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Abstract
Purpose: Exploitation of altered glycosylation in cancer is a major goal for the design of new cancer therapy. Here designed a novel chimeric signal peptide-Galectin-3 conjugate (sGal-3) and investigated its ability to induce cancer-specific cell death by targeting aberrantly N-glycosylated cell surface receptors in cancer cells.
Experimental Design: sGal-3 was genetically engineered from Gal-3 by extending its N-terminus with a non-cleavable signal peptide from tissue plasminogen activator (tPA). sGal-3 killing ability was tested on normal and tumor cells in vitro and its anti-tumor activity evaluated in subcutaneous lung cancer and orthotopic malignant glioma models. The mechanism of killing was investigated through assays detecting sGal-3 interaction with specific glycans at the surface of tumor cells and the elicited downstream pro-apoptotic signaling.
Results: We found sGal-3 preferentially binds to β1 integrin on the surface of tumor cells due to aberrant N-glycosylation resulting from cancer-associated upregulation of several glycosyltransferases. This interaction induces potent cancer-specific death by triggering an
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oncoglycan-β1/calpain/caspase-9 pro-apoptotic signaling cascade. sGal-3 could reduce the growth of subcutaneous lung cancers and malignant gliomas in brain, leading to increased animal survival.
Conclusions: We demonstrate that sGal-3 kills aberrantly glycosylated tumor cells and
antagonizes tumor growth through a novel integrin β1-dependent cell-extrinsic apoptotic pathway. These findings provide proof of concept that aberrant N-oncoglycans represent valid cancer targets and support further translation of the chimeric sGal-3 peptide conjugate for cancer therapy.
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Introduction
Altered glycosylation of cell surface proteins is a characteristic of cancer and leads to abnormal glycoproteins with N- and O-glycans on human tumors (1). Tumor-associated glycosylation occurs through two mechanisms: ‘incomplete synthesis’, which leads to truncated forms of normal glycan structures (2), and ‘neo-synthesis’, where abnormal cancer-specific glycans are generated through cancer-associated changes in expression of glycosyltransferases (3). Aberrantly-enhanced glycosylation contributes to tumorigenesis and tumor immune evasion (4). Carcinomas show increased expression of N-acetylglucosaminyltransferase V (MGAT5), an enzyme that catalyzes the synthesis of GlcNAcβ1,6-Mannose glycan branches, leading to the formation of tetra-antennary N-glycans (5), which carry poly-N-acetyllactosamine, the preferred ligand for Galectin-3 (Gal-3). Consequently, there is a strong interest in exploiting aberrantly glycosylated tumor cell surface proteins as targets for cancer therapy (3), but this objective has not been realized to date (6).
Integrins are cell surface adhesion molecules composed of dimers of α and β subunits and their signaling is important for cell proliferation, survival, cytoskeletal re-organization and migration. Upon activation, integrins undergo rapid, reversible conformational changes, which promotes recruitment of intracellular signaling molecules (7). Modification of integrin extracellular N-termini through glycosylation is required for dimer formation, ligand binding and functional activation (8–10). Alteration in N-linked glycans on cell surface integrins increases the migration and metastasis potential of several cancer types (11).
Lectins are carbohydrate-binding proteins that each recognizes distinct glycan moieties on glycoproteins or glycolipids through carbohydrate recognition domains (CRD). Gal-3 belongs to the β-galactoside binding galectin family, is secreted through a non-classical secretion pathway, and is unique among galectins in that it carries a long collagen-like N-terminal domain that permits oligomerization, and for its dual role in apoptosis (12). Intracellular Gal-3 has a well-documented role as anti-apoptotic factor in cytoplasm and at the mitochondrial membrane through carbohydrate-independent mechanisms (13,14). In contrast, carbohydrate-dependent pro-apoptotic responses of extracellular Gal-3 have been observed at supra-physiological concentrations (1–10 μM) in lymphocytic cells (15), but not
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in other adherent cell types where Gal-3 regulates migration through the modulation of cell adhesion molecules and extracellular matrix (16).
Here we sought to determine whether the weak pro-apoptotic activity of extracellular Gal-3 could be enhanced through a peptide conjugate approach in its N-terminus, and harnessed for targeting aberrantly glycosylated cancer cells. Peptide conjugates have been developed to selectively enhance cell surface receptor binding (17). Our study demonstrates that aberrant β1-integrin glycosylation can be exploited for tumor-specific targeting with a signal peptide conjugated Gal-3, supporting its further development for therapeutic applications.
Materials and Methods
Chemicals, Cell lines, and primary cells.
Recombinant human galectin-3, sugars (lactose, sucrose, and melibiose), apoptosis inhibitors (caspase-3 (Ac-DEVD-CHO), Caspase-8 (Z-IETD-FMK), caspase-9 (Z-LEHD-FMK)), glycosylation inhibitors (Kifunensin for N-linked glycosylation and Benzyl 2-acetamido-2-deoxy-α-D-galactopyranoside for O-linked glycosylation), signaling pathway inhibitors (LY294002 for PI3K/Akt, Cpd22 for ILK, MDL28170 for Calpain, and Verapamil hydrochloride for calcium channels), Transfection reagents (GenePorter and GeneSilencer), glycan purification material (unconjugated Phaseolus Vulgaris Leucoagglutinin (PHA-L), agarose-bound L-PHA, and agarose bound Ricinus Communis Agglutinin (RCA)) were purchased from commercial sources (see Supplemental data). Human glioblastoma cell lines LN-Z308 (p53 null) parental (18), LN229 parental, clone LN229-L16 (tet-on) (19), U87MG and SF767 (20), and embryonic kidney (293HEK), breast (MCF7 and MD468), lung (A549), colon (HCT116) and prostate (LnCaP) cancer cell lines, and human foreskin fibroblasts (HFF1) were grown in DMEM supplemented with 5–10% tetracycline-free FCS (Gibco, Grand island, NY). Primary cultures of human dermal fibroblasts (HDF), human dermal microvascular endothelial cells (HDMEC), human normal breast epithelial cells (MCF10), human astrocytes and glioma neurospheres (N08–74) were grown as described in supplemental data. Cell lines were tested for mycoplasma and their identity verified by SNP analysis.
Generation of sGal-3 expression vectors.
The generation of sGal-3 transient (pUMVC7-Gal3) and stable vectors (pTRE2-sGal3) is described in supplemental data.
Transient cDNA or siRNA transfection studies.
For β1 integrin knockdown, cells were transfected with β1 integrin (sc-35674, sc-44310) or control (RNA-A; sc-37007; Santa Cruz BioTechnology) siRNAs (100 nM) for 72 hrs with siRNA-specific transfectant (Gene Silencer, Genlantis) after which the cells were seeded at 5,000 cells per well in 96-well plates. For sGal3 treatment, 24 hrs after cell splitting, 200 μl of 1x control or sGal-3 conditioned media (CM) were added to each well. For MGAT5 overexpression or knockdown studies, the pCXN2-MGAT5 and pSUPER-MGAT5 expression vectors were used (11,21).
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Generation of stably transfected cells.
Doxycycline-inducible sGal-3 transfected clones were generated in LN229-L16 glioma cells (Tet-on clone derived from LN229)(22) by transfecting them with xxx and yyy plasmids (1:10 ratio). 293 cells stably expressing MGAT5 were generated as described (23).
Production of sGal-3.
293 cells were transiently transfected using GenePORTER reagent (Genlantis) with the pUMVC7-sGal-3 expression vector or pCMV-LacZ as control, and switched to serum free media 16 h later. The CM was collected after 48 hrs, purified, and was either stored in frozen aliquots at –20°C or used undiluted (1x) on target cells in cell viability assays. Purification of sGal-3 from CM was performed using a lactosyl-sepharose column as described (24). Preparation and purification of His-tag sGal3 was performed as described (25), see details in supplemental methods.
RT/PCR and Western Blot Analyses.
Detailed information for immunoblot preparation is provided in supplemental methods. Antibody-mediated activity blocking assays.
Neutralization of β1 integrin on cells was achieved by addition of 5 μg/ml anti-human β1 integrin inhibitory antibodies (clones P5D2 and AIIB2; The Developmental Studies Hybridoma Bank, Iowa city, IA) or control immunoglobulins (normal mouse IgG, Santa Cruz) 24h. before sGal-3 CM treatment.
GST-Gal-3 pulldown assays.
Recombinant GST-Gal-3 constructs were used for the production of rGal-3 in bacteria and used for pulldown assays as described (26) with some modification (see supplemental methods).
Co-immunoprecipitation assays.
To examine the interaction of sGal-3 with tumor cell surface integrins, sGal-3 CM was added to live cultured cells. Briefly, 3 ml of 2x sGal-3 CM was added to 5x106 cells in 10 cm diameter culture dishes (serum-starved for 24 hrs) grown in 10 cm petri dishes and rocked for 4 hrs at room temperature. After sGal-3 CM removal, cells were washed three times with PBS and lysed with CHAPS buffer (30 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1mM EDTA, 0.25% CHAPS (A.G. Scientific, San Diego, CA)) supplemented with a protease inhibitor cocktail (Roche). Aliquots of 750 μg of whole cell extracts at 1μg/μl were pre-cleared with protein G agarose beads at 4°C for 20 min. Subsequently, anti-human galectin-3, β1 integrin, α5 integrin antibodies or non-specific immunoglobulins (1.5 μg/ml; Santa Cruz Biotechnology) were used for immunoprecipitation overnight at 4°C. Protein G agarose beads (20 μl; 50% (W/V), Roche) were added and incubated for another 4 hrs at 4°C. Beads were recovered by centrifugation, washed 3 times with lysis buffer, boiled in Laemmli sample buffer and the immunoprecipitated proteins analyzed by western blot.
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For the detection of MGAT5 synthesized glycans on cell surface integrin β1, L-PHA-cell surface integrin β1 co-immunoprecipitation assays were performed as above except the cultured cells were pre-treated with a pure L-PHA solution (2.5µg/ml)(Vector Labs, Burlingame, CA) for 2 hrs at room temperature. After washing 3x with PBS, a cell extract was prepared by lysis in CHAPS buffer and anti-L-PHA antibodies (1.5 µ/ml Vector Labs) used to immunoprecipitate the L-PHA-bound glycan residues, followed by Western blot for β1 integrin.
Plant lectin pull down assays.
For the detection of glycans synthesized by MGAT5 on β1 integrin, L-PHA agarose-integrin β1 pulldown assays were performed. For the detection of β4GalT-transferred glycan branches, Ricinus communis agglutinin (RCA)-agarose-β1 integrin pulldown assays were used with RCA agarose beads (Vector Lab). Detailed procedures are described in supplemental data.
Apoptosis assays.
For apoptosis analysis, cells were treated with either CM containing secreted Gal-3 or with purified sGal-3, with or without 100 nM AC-DEVD-CHO caspase-3/7 specific inhibitor (BD Bioscience), 20 μM of Z-IETD-FMK caspase-8 inhibitor, or 20 μM of Z-LEHD-FMK caspase-9 inhibitor (MBL international). Caspase-3/7 or −9 Glo assays (Promega, Madison, WI) were performed on sGal-3-treated cells as per the manufacturer’s instructions. The luminescence value (RLU, blank subtracted) was converted to fold induction and the values from control vector-transfected CM-treated cells were considered as 1.
Calpain GLO protease assays.
For calpain protease activity analysis, cells were treated with either CM containing sGal-3 alone or supplemented with 500 nM of calpain inhibitor III (MDL28170, Cayman Chemical, CA). As controls, cells were treated with rGal-3 or sGal-3 CM pretreated with 25 mM lactose or 25 mM melibiose for 30 min. Calpain GLO protease assays (Promega) was performed on sGal-3-treated cells as per the manufacturer’s instructions. The luminescence value (RLU, blank subtracted) was converted to fold induction and the value from 0 h sample was considered as 1. All assays were repeated 3 times independently (n=3) in triplicate.
Calcium colorimetric assays.
For calcium influx accumulation analysis, cells were treated with sGal-3 CM for indicated times. As controls, cells were pre-treated with 50 μM of verapamil (calcium channel blocker, Sigma Aldrich) for 24 hrs or with sGal-3 CM pretreated with 25 mM lactose for 30 min. Calcium colorimetric assay was performed as per the manufacturer’s instructions (Cayman Chemical, Ann Arbor, MI). For further details see supplementary data.
Crystal Violet cytotoxicity assays.
Cells were plated at 5,000 cells/well in 96-well plates and treated with 1x control of Dox-induced sGal-3 CM (~500 ng/ml sGal-3) for 24 to 120 hrs. Thereafter, the cells were fixed in
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a crystal violet (0.2%) /ethanol (2%) solution for 10 min., washed in water and solubilized in 1% SDS. Relative cell number was quantified by acquiring absorbance at 575 nm using a spectrophotometer.
Soft-agar Colony Formation assays.
Six-well plates were layered with 2 ml of 1% agar in DMEM medium supplemented with 10% Tet-free serum. This bottom layer was overlaid with 5,000 cells mixed in 0.33% agar with DMEM and 10% Tet-free serum. One ml of 10% Tet-tested serum containing media +/ − 5 μg/ml of Doxycycline (dox) was added on top of the agar and replaced every 72 hrs. After 21 days the colonies were fixed using 100% methanol and visualized using Giemsa stain according to the manufacturer’s protocol (Sigma). The plates were air-dried to flatten the agar discs, the colonies counted and photographed at 20x. The experiment was repeated three times in triplicate (n=3).
In vivo tumorigenicity experiments.
All animal experiments were performed under Institutional Animal Care and Use Committee (IACUC) guidelines. For the subcutaneous tumor growth experiments 6-week old female athymic nude mice (NCI) (8–10/ group) were injected subcutaneously with 5x106 cells of the indicated cell lines. Mice with LN229-sGal3 tet-on gliomas received oral doxycycline (dox; 2 mg/ml) in drinking water containing 4% sucrose to induce expression of sGal-3 one week post injection of tumor cells until termination of the experiment. Lung cancer cells were preincubated with His-tag sGal3 (500 ng/ml) for 20 minutes at room temperature, then mixed with an equal volume of matrigel (Corning Life Sciences, Tewksbury, MA; cat. No 356234) and injected subcutaneously. Tumor volume was calculated in mm3 = (length x width2)/2.
For the orthotopic brain tumor experiments, 6-week old female athymic nude (NCI) mice were injected intracranially with 5 x 105 LN229-L16 sGal-3 Tet-on cells (clone #11) and divided into two groups (+/− Dox) of 11 mice each. Sixty-three days after the intracranial tumor injection, 10 nM of IR-labeled 2-deoxyglucose (2-DG) (LI-COR, Lincoln, NE) was tail-vein injected and the intensity of dye-stained brain tumor was analyzed 24 hrs later with Olympus FV-1000 microscopy (IR wavelength = 750 nm). Mice were terminated as per IACUC criteria. The Kaplan-Meier survival curve was established using SPSS and MedCalc statistical software.
Statistics.
Statistical analysis was performed using GraphPad Prism v6.01 software (GraphPad Software Inc.). Results are presented as mean ± SEM. For comparison of sample versus control, unpaired t-test was used. For Kaplan-Meir survival study, p-value was calculated by Logrank test. A p-value less than or equal to 0.05 was considered significant. For results p-values are presented as follows: *<0.05, **<0.01, ***<0.001, and ****<0.0001.
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Study approval.
All animal work was performed according to the guidelines for animal experimentation and welfare and approved by the Emory University Institutional Animal Care and Use Committee (IACUC).
Results
N-terminus-modified Gal-3 reduces cancer cell viability in vitro:
To study the importance of the N-terminus in the pro-apoptotic function of Gal-3 (15), we previously made a series of expression constructs that either shortened or extended the N-terminus of Gal-3 and tested them for in vitro cytotoxicity against cancer cells (27). One construct produced a form of Gal-3 with dramatically increased cytotoxicity as compared to wild type Gal-3. This construct generates a ~33-kDa Gal-3 protein (sGal-3) due to the N-terminus conjugation of the signal peptide from tissue-plasminogen activator protein (tPA) (Suppl. Fig. 1A). The engineered signal peptide of sGal-3 functions as a classical secretion signal, but is incompletely processed by signal peptidases, and only the uncleaved form is efficiently secreted. Upon transient expression in mammalian cells (HEK293), sGal-3 is produced abundantly in the conditioned medium (CM) and can easily be distinguished from the endogenous ~27kDa Gal-3 (Fig. 1A). While Gal-3 is now secreted through the Golgi apparatus, there was no evidence for glycosylation (Suppl. Fig. 1B)
Treatment of malignant human glioma cells (LN229) with sGal-3-containing CM mediated tumor cell killing in a time- and dose-dependent fashion, while human foreskin fibroblasts (HFF-1) remained unaffected (Fig. 1B and Suppl. Fig. 1C). Purification of recombinant sGal-3 from the CM using a lactosyl-Sepharose column showed that sGal-3 per se induced tumor cell killing with an IC50 of ~250 ng/ml (Fig. 1C). In contrast, bacterially-produced recombinant Gal-3 (full length, CRD only or artificially elongated to 33 kDa by duplicating collagen repeats 4,5,6) had no tumor killing effect at the same concentration (Fig. 1D and Suppl. 1D), even when mixed with control CM (Suppl. Fig. 1E). Only 100–200-fold higher concentrations of rGal-3 (30–60 μg/ml) were able to induce apoptosis in Jurkat cells, consistent with the literature (15)(Suppl. Fig. 1F). sGal-3 showed tumor-specific killing in a panel of genetically and biologically heterogeneous cancer cell lines, while a variety of non-tumoral cells were resistant to sGal-3 cytotoxicity (Fig. 1E).
The carbohydrate-recognition domain (CRD) of Gal-3 is known to interact with multiple cell surface receptors carrying glycosylated branches containing β-galactoside modifications and this binding can be competed with high concentrations (>mM) of lactose (β-D-galactopyranosyl-(1→4)-D-glucose). Addition of lactose neutralized sGal-3-mediated tumor killing, while the control sugars sucrose (α-D-glucopyranosyl-(1→2)-β-D-fructofuranoside) and melibiose (α-D-galactopyranosyl-(1→6)-D-glucose), which do not bind Gal-3, had no effect (Fig. 1F). The neutralizing effect was not due to a direct survival effect mediated by lactose cell binding per se, as pre-incubation of the tumor cells with lactose did not have a protective effect (Suppl. Fig. 1G). Altogether, these data showed that sGal-3-mediates tumor cell-specific killing, and this is dependent upon its β-galactoside binding function.
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Secreted Gal-3 reduces in vitro and in vivo tumorigenicity
To examine whether the presence of sGal-3 in the extracellular milieu would reduce tumor growth, we generated human glioblastoma cells with inducible sGal-3-expression (clones LN229-sGal-3 tet-on Med and High). Both clones showed tight doxycycline-mediated induction with abundant secretion of sGal-3 in the conditioned medium under induced conditions (Fig. 2A). To examine sGal-3 effect on anchorage-independent growth, we performed soft-agar colony formation assays. sGal-3 induction resulted in a ~4–6- fold decrease in colony number, proportional to the amount of sGal-3 produced in the CM (Fig. 2B). Reduced growth upon sGal3 treatment was not related to a reduction in cell proliferation as there were no changes in cell cycle distribution (Suppl Fig. 2A). Induction of sGal-3 strongly reduced subcutaneous and intracranial in vivo tumor formation and increased animal survival while being well tolerated (Fig. 2C, D, and Suppl. Fig. 2B, C). Furthermore, sGal-3-mediated in vivo antitumor effects were not limited to brain tumors as a short exposure of aggressive lung cancer cells to recombinant His-tagged-sGal3 completely prevented subcutaneous tumor development (Suppl. Fig 2E and F). These data show that sGal-3 has potent anti-tumor activity in vitro and in vivo.
Secreted Gal-3 selectively induces apoptosis in cancer cells
Next we investigated the mechanism of sGal-3 induced tumor cell death. sGal-3-treated glioma cells displayed activation of caspases-3 and −9 and PARP cleavage, and these effects were inhibited by inhibitors of caspase-3 and −9, but not caspase-8 (Fig. 3A–D and SFig. 3A). In contrast, sGal-3 elicited no caspase activation in normal fibroblasts (Fig. 3B–D and SFig. 3B). sGal-3 treatment also induced caspase-3/7 activation in glioma stem-like cells (GSCs) and blocked neurosphere formation, while normal neural progenitor cells were unaffected (Fig. 3E,F). sGal-3 also efficiently induced caspase-7 activation in caspase-3-deficient MCF-7 cells (Suppl. Fig. 3C). To identify apoptosis-related proteins altered by sGal-3 in tumor cells, we performed a protein array and found upregulation of cleaved caspase-3 and pro-apoptotic Bax in the presence of sGal-3, while survivin, a member of the inhibitor of apoptosis (IAP) family was downregulated (Suppl. Fig. 3D). Western blot confirmed these results (Suppl. Fig. 3E,F). These data suggest that sGal-3 induces cancer cell apoptosis through a caspase-9 dependent mitochondrial pathway by disrupting the balance between pro-and anti-apoptotic proteins.
β1 integrin is required for sGal3-mediated cancer cell death.
Extracellular Gal-3 interacts with a variety of cell surface proteins mediating its multiple functions (12). In search of candidate cell surface ligands as mediators of the pro-apoptotic signal of sGal-3, we tested death receptors (Fas, DR4, DR5) and members of the integrin family. We did not find involvement of the death receptors (data not shown), consistent with the lack of caspase-8 activation upon sGal-3-induced apoptosis (Fig. 3C). In contrast, siRNA and neutralizing antibodies against integrin β1 largely prevented sGal-3 mediated activation of caspase-3/7, PARP cleavage, and tumor cell killing (Fig. 4A and Suppl. Fig. 4A,B). Immunofluorescence staining confirmed co-localization of sGal-3 and integrin β1 at the tumor cell surface (Suppl. Fig. 4D). Conversely, overexpression of either α5 or β1 or both integrins in 293 cells induced β1-Gal3 interaction in GST pull down experiments (Suppl.
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Fig. 4E), and sensitized the cells to sGal-3 induced apoptosis (Suppl. Fig. 4F). (Initially reviewer 3 wants to remove this!!) This data demonstrates that sGal-3-mediated tumor cell death requires β1 integrin expression; however, β1 expression alone is not sufficient to explain cancer-specific cytotoxicity. Indeed, HFF-1 and LN229 cells express similar levels of β1 integrin, but only LN229 cells die in response to sGal-3 (Suppl. Fig. 4A,B). Of note, β1 integrin is of higher molecular weight in cancer cells, suggesting a potential role for post-translational modifications.
sGal3-β1 integrin interaction is increased in tumor cells.
To further assess the interaction of sGal-3 with β1 integrin and examine whether integrin β1 exhibits higher affinity for sGal-3 in tumor versus normal cells, we performed co-immunoprecipitation (co-IP) assays. We treated cultured cells with sGal-3, washed off unbound lectin, lysed cells and performed co-IPs to assess sGal-3−β1 interactions at the cell surface. We focused on α5β1 integrin, due to its elevated expression in glioblastoma compared to adjacent normal brain tissue (28). Cell surface interactions between sGal-3 and α5β1 integrin were evidenced in LN229 glioma, but not HFF-1 fibroblasts (Fig. 4B), even though both cell types express comparable levels of α5β1 and bind similar amounts of exogenous sGal-3 at the cell surface (Suppl. Fig. 4G,H). Combined, these experiments show that sGal-3’s affinity for cell surface α5/β1 integrins is increased in tumor cells, and upon binding induces pro-apoptotic signaling.
sGal-3 switches β1 integrin into its active conformation, and β1 activation status regulates sGal-3-mediated tumor cell killing.
The activation status of integrins is dependent upon conformational changes in their extracellular domains, which regulates their ligand affinity (29). We first examined whether sGal-3 treatment could alter β1 integrin conformation, and found that sGal-3 treatment led to a rapid β1 integrin conformation switch into its active form, which was accompanied by induction of PARP cleavage (Fig. 4C). To determine whether conformation of β1 integrin complexes per se influences its binding to Gal-3, we used neutralizing (P5D2) and activating (12G10) anti-β1 integrin antibodies (Fig. 4D). Activating antibody increased β1 integrin affinity for Gal-3 as demonstrated by a GST-Gal-3 pull down experiment, while blocking antibody abrogated β1 integrin-Gal-3 interaction. Congruently, antibody-mediated activation of β1 integrin complex further sensitized tumor cells to sGal-3-mediated PARP cleavage and concomitant death, while a blocking antibody reduced killing (Fig. 4E,F). These results show that sGal-3 interaction and death-inducing signaling is dependent upon the activation state of the β1 integrin complex and suggest that sGal3 can actively switch β1 towards its active state.
sGal-3 mediates tumor cell killing through a calpain/GSK3β-dependent signaling cascade.
Next, we investigated which signaling cascade was involved in sGal-3 triggered apoptosis. By examining downstream mediators of integrin signaling, we found that sGal-3 rapidly (within 30 min.) reduced the level of the inactive form of GSK3β (phosphorylated at Ser 9) in an integrin-linked kinase (ILK)-independent fashion (Fig. 5A, lanes 4,5 and 9,10). To verify ILK inhibitor (Cpd22) activity, we examined phosphorylation of Akt (Ser 473), one of ILK’s known substrates (30), and observed inhibition (Fig. 5A, lane 2 vs. 7). These data
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show that sGal-3 induces both ILK-dependent and -independent integrin signaling. The ILK/Akt axis was not involved in sGal-3-mediated killing as ILK and Akt inhibitors failed to prevent cell death (Suppl. Fig. 5A, B).
Interestingly, phospho-GSK3β downregulation was accompanied by ILK-independent cleavage of total GSK3α/β (Fig. 5A, lanes 4 and 9), an effect which dramatically increased over time (Fig. 5B). Such cleavage is reminiscent of calpain-mediated cleavage on the N-terminus of GSK3β (31), therefore we tested calpain involvement in sGal-3-mediated cell killing. Calpain inhibitor (MDL28170) strongly reduced GSK3α/β cleavage and restored phospho-GSK3β levels (Fig. 5B). A calpain assay confirmed that sGal-3 treatment rapidly increased calpain activity in tumor cells but not in control fibroblasts (Fig. 5C), while a pretreatment with lactose (competitive Gal-3 ligand) prevented calpain activation (Fig. 5D). The observed calpain activation was specific to sGal-3, as rGal-3 failed to achieve it (Fig. 5E). Importantly, calpain activation was necessary for sGal-3-mediated apoptosis, as calpain inhibition decreased levels of both cleaved Bax and PARP (Fig. 5B) and prevented tumor cell death (Suppl. Fig. 5).
Elevated intracellular calcium level is responsible for calpain activation (32), and integrin ligation can increase calcium channel influx (33). To analyze whether sGal-3 could trigger Ca2+ transport, we performed a calcium colorimetric assay in LN229 cells and found sGal-3 rapidly increased cytosolic calcium accumulation (Fig. 5F). Pretreatment with lactose or a calcium channel blocker (verapamil) neutralized this effect. Furthermore, verapamil treatment abrogated sGal3-mediated cell death (Suppl. Fig. 5).
In aggregate, these data show that the mechanism underlying sGal-3-mediated tumor cell death sequentially involves integrin activation, calcium channel facilitated Ca2+ influx, Ca2+-mediated calpain activation, and induction of the pro-apoptotic GSK3β/Bax signaling cascade following calpain-mediated cleavage.
N-linked glycosylation is required for sGal-3-mediated killing.
Considering that aberrant N-glycosylation is associated with malignant transformation (10), and integrins are major carriers of N-glycans (34), we examined whether aberrant N-glycosylation of β1 integrin in tumor cells contributes to their susceptibility to sGal-3. Tumor cell treatment with kifunensine, an inhibitor of α-mannosidases important in N-glycan biosynthesis and formation of complex N-glycans, reduced the molecular weight of β1 integrin, and abrogated GST-Gal-3/β1 interaction (Fig. 6A), while treatment with Benzyl-2-α-GalNAc, an O-glycosylation inhibitor (OGI) at 2 mM concentrations, affected neither Gal-3/β1 integrin interaction nor β1 integrin molecular weight. Furthermore, kifunensine protected tumor cells from sGal-3-mediated killing, whereas Benzyl-2-α-GalNAc did not (Fig. 6B). These results show that complex N-glycans, recognized by galectins, are necessary for sGal-3/β1 integrin interaction and sGal-3-mediated apoptosis.
MGAT5 regulates Gal-3/ β1 integrin interaction.
MGAT5 is the gatekeeper enzyme that controls the synthesis of complex tetra-antennary N-glycans on glycoproteins. It is one of the most important enzymes involved in the regulation of the biosynthesis of glycoprotein oligosaccharides and is believed to underlie aberrant N-
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glycosylation in cancer (5). MGAT-5 is an N-acetylglucosaminyltransferase that catalyzes the addition of N-acetylglucosamine in β1–6 linkage to the α-linked mannose of
biantennary N-linked oligosaccharides present on newly synthesized glycoproteins in the Golgi apparatus (35). Addition of N-acetylglucosamine to α-mannose residues is the limiting step for further branch elongation into poly-N-acetyllactosamines (oligosaccharides comprised of repeating galactose and N-acetylglucosamine residues), which are preferential Gal-3 ligands (36). To determine whether MGAT5 modulation affects Gal-3/β1 integrin interactions, we used overexpression and shRNA neutralization studies. Increased MGAT5 expression augmented the presence of complex N-glycans on β1 integrin of both LN229 and HFF-1 cells as shown in L-PHA pull-down studies of cell extracts (Fig. 6C). L-PHA, is a phytohemagglutinin that has a carbohydrate-binding specificity for the complex N-glycans synthesized by MGAT5. Conversely, MGAT5 knockdown reduced L-PHA binding.
These results were confirmed in a more physiological setting, where cultured cells were treated with pure L-PHA, washed and lysed, and L-PHA bound to cell surface β1 integrin immunoprecipitated with anti-L-PHA antibodies followed by Western blot for β1 integrin (Fig. 6D). Importantly, alteration in MGAT5 expression only affected the composition of cell surface N-glycans, without altering expression of β1 integrin. We then determined whether this post-translational modification altered sGal-3 binding and mediated killing (Fig. 6E,F). Increased MGAT5 augmented β1 integrin binding and sGal-3 killing potency in LN229 cells, and remarkably, somewhat sensitized HFF-1 cells to Gal3-induced cytotoxicity (Fig. 6F). Conversely, reduction in MGAT5 expression reduced LN229 susceptibility to sGal-3-mediated killing. These changes in cytotoxicity were accompanied with alterations in activation of caspase 3/7 (Fig. 6G). Overexpression of MGAT5 rendered HEK293 cells sensitive to sGal3 killing in an N-glycan-dependent fashion (Fig. 6H and Suppl. Fig. 6A).
Overexpression of MGAT5 in glioma cells led to robust activation of β1 integrin as evidenced by talin binding to the cytoplasmic tail of β1 integrin (Suppl. Fig. 6B); a similar response was observed in fibroblasts despite lower transfection efficiency. Co-transfection of MGAT5 and β1 integrin in 293 cells also augmented β1 integrin activation (Suppl. Fig. 6C). Altogether, these results show that MGAT5 promotes β1 integrin conformational activation and the resultant binding to sGal3.
Expression of N-glycosyltransferases is increased in tumor cells.
Three enzymes are critical in the sequential synthesis of high-affinity glycan ligands for Gal-3, which are comprised of tetra-antennary branches containing poly-N-acetyl-lactosamines. Briefly, MGAT5 creates the GlcNAcβ(1–6) Man branched structure, which is further elaborated by β1,4-galactosyltransferases (B4GALT1–8). Subsequent and repetitive reactions by β1,3-acetylglucosaminyltransferases (B3GNT1–4) and β1,4-galactosyltransferases create the tandem repeats of Gal and GlcNAc that constitute poly-N-acetyl-lactosamines. To determine whether tumor cells express aberrant levels of these glycosyltransferases, we performed RT-PCR to assess their mRNA expression. Indeed, tumor cells expressed significantly higher levels of β3GnT2 and β4GalT1, 2, 5 and MGAT5 (Suppl. Fig. 7A,B,D). The expression levels of MGAT5, β3GnT2 and β4GalT5 were also
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elevated in CD133+ glioma stem cells (GSCs) compared to adult brain neural progenitor cells (NPCs) (Suppl. Fig. 7C).
To quantify the glycosyltransferase activities of these enzymes, we probed for the specific glycan structures they synthesize on β1 integrin using branch-specific pull-down assays followed by western blot (Suppl. Fig. 7D). MGAT5-specific glycans were pulled down with L-PHA-agarose, β4GalTs-specific glycans with Ricinus communis agglutinin (RCA)-agarose (37), and for the detection of N-acetyl-lactosamine, the joined product of β3GnT2 and β4GalTs action, we used the Gal-3-GST pull-down system. Tumor cells showed significantly higher amounts of glycan branches than normal cells (Suppl. Fig. 7E). In sum, these results show that tumor cells overexpress multiple glycosyltransferases (Suppl. Fig. 7B), which leads to the coordinated formation of tetra-antennary branches with poly-N-acetyl-lactosamine on β1 integrin (Suppl. Fig. 7D), and explaining why tumor cells display enhanced susceptibility to sGal-3-mediated killing.
Discussion
We have engineered a chimeric form of secreted Galectin-3 (sGal-3), a major glycan binding protein, by extending its N-terminus through the conjugation of a non-cleaved signal peptide. sGal-3 exhibits ~100-fold greater pro-apoptotic activity towards cancer cells than recombinant wild type Gal-3. sGal-3 preferentially binds to cancer cells, which harbor aberrant complex N-glycans on their cell surface due to oncogenesis-related upregulation of glycosyltransferases (38). sGal-3 displays selective and potent cytotoxicity towards cancer cells, and induces a novel oncoglycanated- β1 integrin/calpain/caspase 9 pro-apoptotic signaling axis that is independent of anoikis, which is caspase 8-dependent. sGal-3 is cytotoxic to a variety of genetically heterogeneous cancer cell lines from different organs, even death-resistant cells that have hyperactivation of survival signaling or defective apoptosis pathways (39). Thus, we unveil a new neoglycan-based cancer cell susceptibility to cell death, which can be further exploited for cancer treatment.
Our data evidences that β1 integrin expression is necessary but not sufficient for sGal-3-mediated killing. While both normal and tumor cells express variable levels of β1 integrin, cancer cells display aberrantly-enhanced glycosylation of β1 integrin and we show this underlies the selective pro-apoptotic effect of sGal-3 on cancer cells. Alteration in cell surface β1 integrin glycosylation can promote tumor dissemination (11), and we now show that such tumor-specific epitopes can be targeted for cytotoxic therapy. Because β1 integrin has 11 N-glycosylated Asn residues on its extracellular domain, further work is necessary to determine which of these carry the critical N-glycans responsible for killing selectivity and what novel types of glycan chains are formed. Determining which of the 12 possible αxβ1 integrin dimers can initiate apoptosis in response to sGal3 also needs further investigation.
Additional work is also warranted to determine why sGal-3 is ~60–100-fold more potent at tumor cell killing than rGal-3. One possibility is that preparation of rGal-3 from bacteria compromises its binding activity. To address this caveat, we demonstrated efficient Gal-3-β1 integrin interaction in a pull-down experiment, using recombinant GST-Gal-3. While endogenous Gal-3 is secreted through a non-classical Golgi apparatus-independent secretion
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mechanism, the N-terminal signal peptide of sGal-3 will direct it towards classical secretion. The involvement of the Golgi apparatus in sGal-3 maturation may lead to post-translational modifications not present on endogenous Gal-3. To address this possibility, we produced sGal-3 in cells treated with either N- or O-glycosylation inhibitors, but did not see a change in sGal-3 molecular weight. A more plausible explanation for the novel death-inducing activity of sGal-3 is that the conjugated chimeric N-terminal signal peptide alters protein conformation and behavior. Indeed, we showed that it can induce a shift in β1 integrin conformation to the active state. The tissue plasminogen activator (tPA) signal peptide possesses 15 hydrophobic amino acids in α-helical structure, which may facilitate α-helix-mediated protein-protein interaction. Since extracellular Gal-3 can oligomerize through its N-terminus (40,41), the chimeric signal peptide of sGal-3 could potentially facilitate this process and augment Gal-3-β1 integrin binding, and potentiate downstream signaling via cross-linked integrin complexes. Further work is necessary to address this hypothesis, but it is supported by prior work with Galectin-1, where addition of rigid α-helix or flexible random coil linkers between CRD domains promoted multimerization, lattice formation and augmented glycan binding (42).
Conceptually, sGal-3 binding to β1 integrin could either activate a pro-apoptotic signaling cascade downstream of the activated integrin, or alternatively antagonize pre-existing ligand activated β1 integrin-mediated survival signals. The fact that anoikis, a form of apoptosis induced by cell detachment from the extracellular matrix (ECM), is caspase-8-dependent, rather than caspase-9 in our study; and our finding that knockdown of β1-integrin prevents sGal-3-induced apoptosis, argue against integrin survival signaling blockage as a major mechanism. While growing our cells on standard negatively charged polystyrene (no ECM coating), we considered that integrin-mediated survival signaling might be activated by the cells’ own secreted ECM components. To test this, we examined the activation status of focal adhesion kinase (FAK), a hallmark of ECM-mediated integrin survival signaling, but found no FAK phosphorylation at Y397 (as a positive control we showed fibronectin induced phospho-FAK; data not shown).
Further investigation into the sGal-3 killing mechanism allowed us to define its critical mediators. sGal-3 binds activated β1 integrin, and thereby rapidly triggers intracellular Ca2+ influx and subsequent calpain activation. Calpain is a member of a family of calcium-dependent cysteine proteases, and can activate GSK3β through N-terminal cleavage (43). Calpain can coordinate apoptosis induction via proteolytic activation of pro-apoptotic factors at the mitochondria (44). Concordantly, we found that sGal-3 treatment triggered a calpain-dependent pro-apoptotic cascade, starting from cleavage-mediated activation of GSK3α/β, to downstream Bax, Bad and PARP cleavage. Calpain activation is calcium-dependent, which is regulated by calcium channels (33), and we found that inhibition of calcium channel function successfully interfered with sGal-3/integrin-mediated calpain activation and ensuing apoptotic cell death signals.
Abnormal glycan structures are present in cancer due to altered glycosyltransferase activities (3). Aberrant glycosylation was once thought to be a passenger event in cellular transformation, but is now increasingly recognized as a driver in tumor formation (1). Elevated MGAT5 expression has been reported in various tumor cells and is believed to
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facilitate tumor growth, angiogenesis and metastasis; making it a therapeutic target for cancer (45). Our study evidenced overexpression of MGAT5 in a panel of genetically heterogeneous cancer cells and showed this was, at least in part, the basis for their susceptibility to sGal-3-mediated killing. Neutralization of MGAT5 expression by RNA interference induced resistance to sGal-3 in tumor cells, whereas sensitivity to sGal3-mediated killing could be transferred to normal cells by forced expression of MGAT5. In addition, overexpression of MGAT5 switched β1 integrin into its active confirmation and elevated β1-talin interaction in tumor cells.
Our study further showed that the expression levels of glycosyltransferases (β4GalTs and β3GnT2) that act downstream of MGAT5 in mediating the elongation of tetra-antennary N-glycans into poly-N-acetyl-lactosamine chains were also overexpressed in cancer cells in a coordinated fashion. This led to enhanced N-glycan formation on β1 integrin as detected by glycan-specific plant lectin binding assays. Consistently, inhibition of either β1 integrin expression or N-glycosylation abrogated sGal-3-induced apoptosis. While cancer cell overexpression of individual glycosyltransferases was in the range of 2–2.5 fold, we anticipate that their combined upregulation has a synergistic effect in generating more complex N-glycans on β1 integrin in tumor cells. This likely explains tumor cell hypersensitivity to sGal-3 and suggests a promising therapeutic index for cancer treatment.
Our results shed further light on the glycosylation-dependent pro-apoptotic role of sGal-3 and its possible exploitation for cancer therapy. We showed cancer cells are more sensitive to sGal-3-induced apoptosis compared to normal cells and sGal-3 strongly inhibited tumor cell growth and prolonged mouse survival in subcutaneous and intracranial mouse models. Local delivery of sGal-3 to the tumor microenvironment had no obvious toxicity and was well tolerated by the animals. Therefore, our results support further investigations into using tPA signal peptide-Gal-3 conjugate as a wide-spectrum anti-cancer therapeutic. Novel therapeutic agents have been developed by conjugating natural peptides, peptide analogues, and chemical agents for improved selectivity, efficiency and safety (17,46). The normal function of N-terminal signal peptides is to guide protein sorting and secretion, but it has been shown that uncleaved signal peptide can modify its function (47,48).
In conclusion, our study provides proof of principle for the targeting of neo-synthesized glycoantigens in cancer and shows this can be achieved through treatment with a novel signal peptide-galectins-3 conjugate, which potently and specifically induces cancer cell death. It further demonstrates the potential of chimeric signal peptide conjugation as a novel approach to dramatically enhance protein therapeutic activity.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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	Clinical Significance
Tumor-selective targeting is a critical requirement for successful cancer therapeutics. A major difference between normal and cancer cells is the presence of aberrantly-enhanced glycans on tumor cells. Yet, successful exploitation of augmented glycosylation in cancer for the design of new cancer therapy has remained elusive. Here we show that an engineered chimeric form of Galectin-3 can potently induce cancer-specific cell death by targeting aberrantly-enhanced N-glycans on tumor cells. These findings provide proof-of-principle that aberrant N-oncoglycans represent valid cancer targets that can be successfully targeted for therapeutic gain.
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Figure 1: Secreted Gal-3 inhibits tumor cell viability in vitro.
A) Western blot showing levels of endogenous (Gal-3) and secreted (sGal-3) forms of Galectin-3. Left panel: cell extracts (WCE) and supernatants (CM) from 293 cells 48 hrs after transient transfection with an expression vector encoding LGALS3 cDNA fused to a classical secretion signal (pUMVC7) or control vector pCMV-LacZ (Ctrl.) were analyzed. BSA, Ponceau staining of bovine serum albumin (BSA). Right panel: Coomassie blue staining shows lactosyl-sepharose-purified sGal3 from CM.
B) Crystal violet cell viability assay showing tumor cell-specific toxicity of sGal-3. Human glioma cells (LN229, upper panel), and human fibroblasts (HFF-1, lower panel) were treated in triplicate for 30–120 hrs. with CM from 293 cells either untransfected (UT), or transfected with control (LacZ) or sGal3-expressing vectors. **p <0.01, ***p <0.001 (unpaired t-test).
C) Comparison between sGal-3 CM and rGal-3-mediated cytotoxicity in LN229 and HFF-1 cells after 48 hrs. treatment (upper panel). Quantification is presented as percent of sGal-3/ vector control CM crystal violet staining from triplicates. *p <0.05, **p <0.01, ***p < 0.001 compared to control CM (unpaired t-test).
D) Dose-response of purified sGal-3 on LN229 and HFF-1 cell viability by crystal violet assay after 48 hrs. sGal-3 CM was purified through lactosyl-Sepharose column and

Clin Cancer Res. Author manuscript; available in PMC 2020 December 01.

 (
Author Manuscript	
Author Manuscript	
Author Manuscript	
Author Manuscript
)Lee et al.	Page 20
quantified by ELISA. Quantification from triplicates as above. **p < 0.01 ***p < 0.001 (unpaired t-test). sGal-3 treatment of LN229 cells induced caspase-3 and PARP cleavage (lower panel).
E) Crystal violet assay demonstrating sGal-3 CM induced death at 48 hrs in genetically and biologically heterogeneous malignant human cancer cell lines (black) derived from brain (SF767, LN-Z308 and LN229), breast (MD468 and MCF7), lung (A549 and H1289) and prostate (LnCaP and PC3) tumors. In contrast, primary cultures of human endothelial cells (HDMEC) or fibroblasts (HDF and HFF-1) or normal breast epithelial cells (MCF10) or embryonic neuroepithelial 293 cells (grey) did not show significant decreases in cell viability. Cell viability is expressed as percentage sGal-3 over control CM. Three independent experiments were performed in triplicate (n=3). ***p < 0.001, ****p < 0.0001 compared to control CM (unpaired t-test).
F) Crystal violet assay showing neutralization of sGal-3 CM with lactose. sGal-3 CM was pre-treated for 1 hr with 20 mM (final concentration) of lactose, sucrose, and melibiose, then used to treat tumor (LN229, A549) and normal (HFF-1) cells for 48 hrs. Quantified as percent of sGal-3/control CM crystal violet staining from triplicates. ***p < 0.001 compared to control CM (unpaired t-test).
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Figure 2: Gal-3 secretion reduces the tumorigenicity of malignant glioma cells in vitro and in
vivo.
A) Western blot analysis showing doxycycline (dox)-dependent sGal-3 expression in CM of two sGal-3 inducible clones (Med and High) derived from LN229-L16-tet-on cells after 48 hrs of induction. Thrombospondin-1 (TSP-1) was used as loading control.
B) Soft-agar colony formation assays show dose-dependent inhibition of colony formation upon dox-inducible sGal-3 expression in both clones.
C) sGal-3 inhibits subcutaneous tumor growth. Athymic nude mice were injected s.c. with 5 x 106 cells of each clone (Med and High) and divided into two groups (9 mice/group; 2 tumors/mouse). One group/cell line was left untreated while the second group was given 2 mg/ ml Dox in drinking water containing 5% sucrose to induce expression of sGal-3 one week after tumor cell implantation until termination of the experiment. Average tumor volumes at termination were 4 to 6-fold smaller than controls (p<0.02; unpaired t-test). Dox had no effect on LN229-L16 control tumor growth (data not shown).
D) Kaplan-Meier survival curve for nude mice intracranially injected with 5 x 105 High clone #11 cells (n=12/group). Mean survival time: 63 days for control, and 78 days for sGal-3 group (p = 0.0026; Logrank test). Near-infrared imaging 24 h after injection of fluorescent 2-deoxy-glucose (10 nM) showed increased tumor burden in un-induced mice at day 63, which preceded their rapid decline (right panel, and Suppl. Fig. 2A). No systemic or
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brain toxicity were observed with production of sGal-3 by the tumor cells did (not shown). Dox treatment 
per se 
had no effect on survival of mice implanted with parental LN229-L16 cells (Suppl. Fig. 2B).
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Figure 3: sGal-3 induces apoptosis specifically in tumor cells:
A) Western blot showing cleaved caspase-3 (17 and 19 kDa) and PARP (89 kDa) in sGal-3 treated LN229 cells at indicated times. Cleavage was inhibited by a caspase-3 inhibitor (C3I; Ac-DEVD-CHO, 100 nM).
B) Caspase-3/7 GLO assay shows kinetics of induction of caspase-3/7 cleavage following treatment with sGal-3 in LN229 but not HFF-1 cells.
C) Crystal violet cell survival assay showing that caspase-3 and −9 inhibitors prevent sGal-3-mediated cancer cell (LN229 and LnCaP prostate) death at 72 hrs. Inhibitors: caspase-3 (C3I; Ac-DEVD-CHO; 100 nM), caspase-8 (C8I; Z-IETD-FMK; 20 uM) and caspase-9 (C9I; Z-LEHD-FMK; 20 uM). Quantification is percent of sGal-3/control CM crystal violet staining. N=2 (in triplicates). *p<0.05, **p<0.01 compared to control CM (unpaired t-test)
D) Caspase-9 GLO assay shows induction kinetics of caspase-9 cleavage following treatment with 2x sGal-3 CM in LN229, but not HFF-1 cells. (N = 2)
E) sGal3 CM reduces neurosphere formation by CD133+ glioblastoma patient derived cancer stem-like cells (GSCs) in a dose-dependent fashion. Number of neurospheres formed is expressed as percent in sGal-3/control CM groups. Scale bar: 100 um.
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F) 
Caspase-3/7 GLO assay shows induction kinetics of caspase-3/7 cleavage after GSC treatment with sGal-3 (600 ng/ml). Normal human neural progenitor cells (NPGs) were not affected.
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Figure 4: β1 integrin is required for sGal-3-mediated cell death and shows preferential activation
and interaction with sGal3 in cancer cells due to altered glycosylation.
A) (Left panel) Integrin β1 knockdown protects cancer cells from sGal-3-activated cell death. LN229 cells were pre-treated with either control (si-con) or two independent β1 siRNAs for 72hrs, before being seeded at 5,000 cells/well in 96-well plates. 24 hrs later, cells were treated with 200 μl of 1x control or sGal-3 CM. Cell viability was examined 72 hrs later by SRB assay in triplicates. **p < 0.01; unpaired t-test. (Right panel) Western blot showing efficient siRNA knockdown of β1 protects cells from SGal3 induction of PARP cleavage, a marker of late-stage apoptosis.
B) Co-immunoprecipitation experiments show increased binding of sGal-3 to cell surface β1 integrin on LN229 cells (L) versus HFF-1 cells (H). Cells were cultured for 3 hrs. at RT with sGal-3 CM, then lysed and immunoprecipitated with anti-Gal-3 and β1 and α5 integrin antibodies. Immunoprecipitated proteins were subjected to Western blotting for Gal-3 and β1 integrin. Note that co-IPs between sGal-3 and β1 and α5 integrins are only found in LN229 cells. Intensity of Gal-3-β1 integrin and Gal-3-α5 integrin binding was compared between tumor and normal cells by densitometry (lower panel). Data are graphed as fold binding induction based on co-IP band intensity between tumor and normal cells (normal cell binding was set at 1). The β1/β1 and Gal-3/Gal-3 co-IPs show input levels for each protein in both cell lines.
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Western blot showing that sGal-3 treatment switches 
β
1 integrin into its active conformation and activates PARP cleavage.
GST-Gal-3 pull down experiment shows that 24 hrs pretreatment with antibodies that respectively switch 
β
1 integrin into its active (12G10) or inactive (P5D2) conformation respectively augment or inhibit interaction with Gal-3.
Western blot showing that 
β
1 integrin activation antibody (12G10) augments PARP cleavage in response to sGal-3 in LN229 cells.
Crystal violet cell viability assay showing that 24 hrs pretreatment with antibodies that mediate 
β
1 integrin switch towards active or inactive conformations induces or prevents sGal3-mediated killing in LN229 cells, but has no effect in HFF-1 cells. Left panel, quantification from triplicates (*** p<0.001 unpaired 
t
-test). Right panel, representative images.
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Figure 5: sGal-3 induces calcium influx and triggers a calpain-dependent pro-apoptotic signaling
cascade.
A) Western blot showing that sGal-3 CM (500 ng/ml, 80 min) reduces GSK3β serine 9 phosphorylation and increases Akt serine 473 phosphorylation in LN229 cells. ILK inhibitor cpd22 (0.5 μM, 12 hr pre-treatment/co-treatment) blocked Akt phosphorylation, but had no effect on GSK3β.
B) Western blot showing that sGal-3 (500 ng/ml, 12 hrs) binding to LN229 cells induces a pro-apoptotic response by calpain-dependent cleavage of GSK3β, Bax and Bad. Caspase-8-dependent Bid was not affected. Calpain inhibitor III (10μM cotreatment, 12hrs) blocked the cleavage.
C) Time course of calpain activation in LN229 cells by sGal-3 (500 ng/ml) using a Calpain GLO assay. Calpain activation was absent in Calpain inhibitor III (10 μM co-treatment, 12 hrs) treated cells and in non-tumor cells (HFF-1). N=3 (triplicates). *p <0.05, **p <0.01, ***p < 0.001 (unpaired t-test)
D) sGal-3-mediated activation of calpain (GLO assay) in LN229 cells is blocked by pretreatment (30 min.) with lactose (β-D-Galp-β(1–4)-D-Glc; 25 mM), but not melibiose (D-Gal-α(1–6)-D-Glc; 25 mM). N=3 (triplicates). ***p <0.001 (unpaired t-test)
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Calpain GLO assay showing that sGal-3 CM (500 ng/ml), but not control CM supplemented with rGal-3 (500 ng/ml) activates calpain in LN229 cells. N=3 (triplicates). ***p <0.001 (unpaired 
t
-test)
Calcium colorimetric assay showing that sGal-3 treatment induces cytosolic calcium accumulation in LN229 cells. Verapamil (50 μM, 24 hr pretreatment), a calcium channel blocker, and lactose-pretreated sGal-3 neutralized this effect. N=3 (triplicates). **p <0.01 (unpaired 
t
-test)
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Figure 6. Alteration in MGAT5 expression effects complex N-glycan formation on 31 integrin,
sGal-3-31 integrin interaction and sGal-3-mediated cell killing.
A) GST-Gal-3 pull-down assay showing that kifunensine (100 μM), an α-mannosidase inhibitor that blocks N-glycan processing (NGI), abrogated GST-Gal-3-31 integrin interaction. Loss of N-glycans reduces size of 31 integrin (see input). Treatment with benzyl-N-acetyl-α-D-galactosamide (α-benzyl-GalNAc) (2 mM), an O-glycosylation inhibitor (OGI) had no effect.
B) Crystal violet cell viability assay showing kifunensine pre-treatment (24 hrs) prevented sGal-3-mediated cell death in LN229 cells. Cells were pre-treated with NGI or OGI for 24 hrs, then 1x control or sGal-3 CM was added and cells incubated for another 72 hrs. N=3 (in triplicates). **p<0.01 (unpaired t-test)
C) L-PHA pulldown assay shows MGAT5 overexpression (+) increases, while MGAT5 knockdown (–) decreases L-PHA binding to 31 integrin. Cells were transiently transfected with control plasmid (Ctrl.) or expression vectors for MGAT5 (+) or shRNA for MGAT5 (–) and cell extracts analyzed after 48 hrs. L-PHA-agarose beads were used to specifically pull-down proteins carrying N-glycan branches synthesized by MGAT5, followed by Western blot for 31 integrin (left panel). RT-PCR analysis (middle panel) and Western blot (right panel) show increase/decrease in MGAT5 mRNA/protein levels.

Clin Cancer Res. Author manuscript; available in PMC 2020 December 01.

 (
Lee et al.	
Page 30
) (
Co-immunoprecipitation experiments showing increased/decreased binding of L-PHA to cell surface 
β
1 integrins with overexpression (+) or knockdown (–) of MGAT5. Cells were transiently transfected as in 
C)
, then incubated with purified L-PHA (2.5 μg/ml) for 2 hrs at RT and cell extracts prepared. Cell surface proteins bound to L-PHA were then immunoprecipitated with anti-L-PHA antibodies (2.5 μg/ml) and protein G agarose beads followed by 
β
1 integrin western blot. (Ctrl., +, -) as above.
GST-Gal-3 pulldown assay shows that alteration in MGAT5 expression modulates Gal-3 interaction with 
β
1 integrin. Cells were transiently transfected as in 
C
), then cell extracts were incubated with GST-Gal-3 beads and bound 
β
1 integrin detected by Western blot. (Ctrl., +, -) as above.
Crystal violet cell viability assay showing modulation of MGAT5 expression alters cell sensitivity to sGal-3-mediated killing. Note that increased MGAT5 expression sensitizes HFF-1 cells to sGal-3 killing. Cells were transiently transfected as in 
C)
, then treated with sGal-3 CM for 72 hrs. N=triplicates; *p < 0.05, **p < 0.01 (unpaired 
t
-test).
GLO assay showing modulation of MGAT5 expression alters the cell sensitivity to sGal3-induced apoptosis. Cells were transiently transfected as in 
C)
, then treated with sGal-3 for 6 to 12 hrs and caspase-3/7 activation measured. Note that increased MGAT5 expression sensitizes HFF-1 cells to sGal3-induced caspase 3/7 activation, while MGAT5 knockdown reduces cell death in LN229 cells. Fold induction is based on ratio of sGal-3/ control luciferase units. Fold ratio at 0 hr is 1. (n = 2).
Western blot showing that transient transfection of MGAT5 renders 293 cells susceptible to sGal-3-mediated PARP cleavage.
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A “Bridge-Building” Glycan Scaffold Mimicking Microbial
Invasion for In Situ Endothelialization
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1. Introduction
Vascular grafts made from varying biomaterials to replace dis
eased blood vessels have shown promise for treating peripheral artery diseases, which affect over 230 million people worldwide.
[1]
 
Their outcomes rely on effective “endothelialization”—the crea
tion of an intact layer of endothelial cells (ECs) on the blood-contacting biomaterial surface, a vital process to prevent blood clotting and restore vascular functions.
[2]
 Early biomaterials had suboptimal endothelializatiton because they poorly supported cell adhesion, leading to thrombosis and implant failure.
[3]
 Accord
ingly, current attempts have improved cell adhesion by grafting
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cell-adhesive signals (e.g., arginine-glycine-
aspartate (RGD) peptides) on biomaterials 
substrates to increase ECs’ adhesion;
[4]
 
however, these signals nonselectively facili
tate the attachment of other cells too, which 
share common mechanisms with ECs in 
initiating adhesion, such as via integrin-
RGD binding.
[5]
 Developing a substrate 
that highly and preferentially supports ECs 
adhesion through a new, endothelium-
specific mechanism would greatly benefit 
the design of vascular therapy.
The way fungi infect the human tissue 
may provide an unexpected inspiration 
for designing ECs-adhering materials. 
Spreading through the circulation, fungi 
employ their surface polysaccharides to 
bind carbohydrate-binding proteins on ECs, 
using the latter as a gateway to penetrate 
the endothelium and infect different 
tissue/organs.
[6]
 In this unique process 
called ‘transmigration’, fungi can interact 
with several types of transmembrane 
) (
receptors or secreted proteins of ECs, including galectins.
[7]
 
Galectins, secreted by ECs into the extracellular matrix (ECM),
[8]
 
can recognize carbo hydrate moieties on fungal surface and 
bind integrin receptors on ECs—thereby bridging fungi and the 
endothelium.
[9]
 This mechanism, distinct from common cell 
adhesion processes, could be exploited as a specific strategy for 
improving endothelialization.
Targeting this new mechanism, we sought to engineer a 
galectin-affinitive material and chose glucomannans (GMs) as 
the building block for chemical modification, activity screening, 
and scaffold fabrication. GMs are a series of polysaccharides 
composed of repeating units of glucose and mannose, and 
these two monosaccharides are widely present in glycans or 
glycoconjugates on the fungal surface.
[10]
 The galectin family 
generally prefer polysaccharide ligands containing Gal
b
1-4Glc/ 
GlcNAc, and some galectin members particularly bind 
b
1,2-
linked oligomannosides on 
Candida albicans 
fungal surface.
[11] 
Given that both glucose and mannose appear in the struc
tures of galectin ligands and that galactose and mannose are 
both epimers of glucose (epimerization at C4 and C2, respec
tively), GMs have the potential to possess affinity for galectins 
and mimic the microbial signals for endothelial adhesion. 
Since GMs are hydrophilic polymers, we further hypothesized 
that hydrophobic modification could both manipulate the 
GMs-galectins binding and improve the materials character
istics of GMs. For instance, we and others demonstrated that
) (
The globally high prevalence of peripheral artery diseases poses a pressing need for biomaterials grafts to rebuild vasculature. When implanted, they should promote endothelial cells (ECs) adhesion both profoundly and selectively—but the latter expectation remains unfulfilled. Here, this work is inspired by fungi that invade blood vessels via the “bridge” of galectins that, secreted by ECs, can simultaneously bind carbohydrates on fungal surface and integrin receptors on ECs. A glucomannan decanoate (GMDE) substrate mimicking fungal carbohydrates that highly and preferentially supports ECs adhesion while rejecting several other cell types is designed. Electrospun GMDE scaffolds efficiently sequester endogenous galectin-1—which bridges ECs to the scaffolds as it functions in fungal invasions—and promote blood perfusion in a murine limb ischemic model. Meanwhile, the application of GMDE requires no exogenous pro-angiogenic agents and causes no organ toxicity or adverse inflammation in mice, highlighting its high safety of poten
tial translation. This glycan material, uniquely mimicking a microbial action and harnessing a secreted protein as a “bridge,” represents an effective, safe, and different strategy for ischemic vascular therapy.
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Figure 1. 
Schematic illustration of glucomannan (GM) materials mimicking “microbial invasion” of endothelium. (Left) One of the mechanisms fungi use to infect tissue is mediated by galectins, which bind to “bridge” the fungal surface carbohydrates with the integrin receptors on endothelial cells (ECs). (Right) Design of galectins-affinitive GM substrates to mediate selective ECs adhesion, so as to mimic the above pathological process for potential regenerative application as vascular grafts.
) (
esterification endowed polysaccharides with new bioactivities 
and diverse possibilities of processing.
[12]
 Therefore, in this 
study, we aimed to devise a GMs substrate that could bind, 
sequester, and enrich galectins to preferentially induce ECs 
adhesion, by mirroring the way fungal GMs bind galectins for 
adhering to ECs (
Figure 1
).
2. Results and Discussion
Our first step was to screen a GM derivate with affinity to 
galectin-1, the main galectin family member secreted by
) (
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ECs.
[8]
 First, we prepared four GM esters, by substituting the 
−
OH groups on the polysaccharide chain with acetyl, hexanoyl, decanoyl, and lauryl groups (
−
(CO)
−
(CH
2
)
n
−
CH
3
, where 
n 
=
 0, 4, 8, and 10, respectively, 
Figure 2A
). We obtained four GM esters with their yields (%) as: GM acetate (GMAC; 86%), GM hexanoate (GMHE; 51%), GM decanoate (GMDE; 53%), and GM laurate (GMLA; 45%). The 
1
H NMR spectra of GM and GM derivatives are shown in Figure S1A (Supporting Information). Peaks at 3.00–4.70 ppm could be attributed to the characteristic peaks of carbohydrate ring protons, matching the spectrum of GM. Peaks at 4.44 and near 2.00 ppm could be attributed to anomeric signals and the protons of methyl carbons of acetyl
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groups, respectively. After the modification, new peaks at 0.88 and between 1.26 and 1.56 ppm could be attributed to 
−
CH
3
, and 
−
CH
2 
of GMHE, GMDE, and GMLA, respectively. The peaks between 1.85 and 2.50 ppm could be attributed to 
−
CH
3 
of GMAC. Besides, peaks at 2.26 ppm could be attributed to (
−
(CO)
−
(CH
2
)
n
) for GMHE, GMDE, and GMLA (
n 
= 
4, 8, and 10, respectively). The above information confirmed the successful modification of these compounds. The degrees of substitution (DS) was 3.0 (theoretically maximal), referring to the average
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number of acyl groups substituting the hydroxyl groups on the sugar chain, as calculated from the ratio of the peak areas of the methyl protons of the acyl groups to that of the ring protons of glucose and mannose in 
1
H NMR (Figure S1B, Supporting Information). Next, we calculated the binding energy between galectin-1 (PDB code: 4Y1U) and GM/GM esters through mole
cular docking, and the data indicated that GMDE could have the highest interaction energy absolute value for galectin-1 (71.97 kcal mol
−
1
), with proposed H-bonds built with Cys2,
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Figure 2. G
lucomannan decanoate (GMDE) with affinity for galectin-1. A) Schematic illustration of synthesizing GM derivatives with different aliphatic groups. B) The description and C) illustration of the binding energy and site of galectin-1 for GM derivatives calculated by molecular docking simulation. D) Bio-layer interferometry (BLI) assay examining the binding between galectin-1 and GM derivatives (optimized loading concentration: 125 
µ
g mL
−
1
). E) Dot blotting analysis of the binding between galectin-1 and GMDE with different degrees of decyl substitution. F) Dot blotting analysis of the binding between galectin-1 and GMDE of varying doses for examining dose dependency of the binding.
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His52*2, and Arg73*2 (Figure 2B, C). The binding pattern on 
the H-bonds surface of galectin-1 inferred that the GM unit 
might embed in the sugar binding site, the modified acyl 
indicated possible H-bonds interactions with His52 and Arg73, 
and the extended alkyl chains might cling to the surface to 
introduce extra interactions (e.g., potential H-bond with Cys2). 
To verify the docking outcomes, we performed bio-layer inter-
ferometry (BLI) to examine the interaction between GM deriva
tives and galectin-1. The experimental results confirmed that all 
the four GM esters could bind to galectin-1 to varying extents, 
according to the shift in the associate curve, and the GMDE 
exhibited the highest affinity (Figure 2D). We also employed the 
dot-blotting assay, based on a different principle from BLI, in 
which polyvinylidene difluoride (PVDF) membrane was dotted 
with GM derivatives and incubated with galectin-1. The data 
further verified the preferential binding of galectin-1 towards 
GMDE, in comparison with other GM derivatives (Figure S1C, 
Supporting Information).
To further study the specificity in the binding between 
GMDE and galectin-1, we prepared GMDE with different DS 
of the decyl group from 0.8 to 3.0—calculated by peak areas of 
methyl protons of acyl groups in 
1
H NMR (Figure S1A and S1B, 
Supporting Information) and performed the dot blotting assay 
with galectin-1 (500 ng mL
−
1
). The data showed that the binding 
clearly strengthened as the DS increased from 0.8 to 2.0 and 
saturated between 2.0 and 3.0 (quantified intensity: 361 259 
and 385 127 pixels) (Figure 2E). In addition, we changed the 
dose of GMDE (from 200 to 800 
ji
g) for binding with galectin-1 
(500 ng mL
−
1
) and found that the binding was dose-dependent 
(Figure 2F). Recombinant galectin-1 in four decreasing concen
trations (5 
ji
L; 200, 100, 50, and 25 
ji
g mL
−
1
; from left to right) 
were spotted onto PVDF membranes as reference (Figure S2D, 
Supporting Information). The galectin-integrin binding could 
be disrupted by pretreatment with 
b
-lactose, a known ligand for 
galectins (Figure S2E, Supporting Information). In summary, 
the above data highlighted GMDE with higher affinity than GM 
or other GM derivatives for galectin-1.
We next examined whether GMDE preferentially supported 
ECs adhesion. First, to compare cell adhesion on GM and the 
four derivatives, we sprayed GM (4% in water) and GM esters 
(4% in chloroform) on 12 mm diameter round glasses to form 
films through solvent casting (Figure S2A, Supporting Infor
mation). Except unmodified GM, all the GM esters exhibited 
comparable hydrophobicity (contact angle measurement, 
Figure S2B, Supporting Information) and swelling ratio 
(Figure S2C, Supporting Information). Then, we seeded human 
umbilical vein ECs (HUVEC), murine ECs (SVEC4-10), murine 
osteoblastic cell line MC3T3-E1, human keratinocyte cell line 
HaCaT, and murine lung fibroblasts L929 on to these GM 
substrates. The data showed that HUVEC and SVEC4-10, repre
sentative of ECs, adhered most abundantly on GMDE, moder
ately less on GMHE, but sparsely on GM, GMAC, and GMLA 
(cell images in 
Figure 3A
; quantification in Figure 3B). Notably, 
on GMDE, only HUVEC and SVEC4-10 attached in high num
bers and spread in their normal morphology (Figure 3A; quan
tification in Figure 3C). However, the other cells—osteoblasts, 
keratinocytes, and fibroblasts—do not adhere well to any GM 
esters substrates (Figure 3D). To further study the adhesion of 
other blood vessel-related cells on GM substrates, we extracted
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primary vascular smooth muscle cells (SMCs) from mouse arteries and seeded them on GM substrates. Interestingly, none of the GM substrates supported their adhesion well (Figure S3A [Supporting Information], quantification in Figure S3B, Sup
porting Information). Co-culturing murine ECs (SVEC4-10) and SMCs onto GMDE further showed that markedly more ECs than SMCs adhered to GMDE (Figure S3C, Supporting Infor
mation). These findings highlighted both the high capacity and selectivity of GMDE in supporting ECs adhesion.
Having confirmed GMDE’s unique affinity for ECs, we aimed to examine its potential for development into a vascular graft. For better technical control and material fabrication, we employed electrospinning to weave this glycopolymer into three-dimensional (3D), nanofibrous scaffolds. We chose elec-trospinning because this technology is mature, controllable, and able to produce fibrous structure mimicking that of the tissue ECM. In parallel, we fabricate scaffolds from GMAC and polycaprolactone (PCL)—a commonly used biomaterial for electrospinning—as control groups. The three materials exhibited fibrous and porous structures (
Figure 4A
), with fiber diameters ranging from 500 to 700 nm (Figure S4A, Supporting Information) and porosity between 35 to 45% (Figure S4B, Supporting Information), and high hydrophobicity (Figures 4B and S4C, Supporting Information). Such a degree of porosity and surface area endow the prepared GMDE scaffolds with a desirable structure for endothelial adhesion and nutrients/ gases transportation. In addition, GMDE was slightly more rigid than PCL (Young’s modulus 0.18 
± 
0.03 vs 0.15 
± 
0.02 MPa; Figure S4D (Supporting Information), quantification in Figure S4E, Supporting Information; therefore, it provided a basic mechanical strength comparable to that of PCL scaffolds widely used in broad tissue engineering applications.
Although their physical properties were close, the GMDE scaffold exhibited higher capabilities in supporting ECs adhe
sion than did the two other substrates. Again, other cells did not adhere well to the GMDE fibers (Figure S4F, Supporting Infor
mation), indicating that the selectivity of GMDE for ECs was preserved after electrospinning fabrication. HUVECs adhered in a high density and their native morphology on the GMDE sub
strates (Figure 4C), with their spreading of filopodia clearly char
acterized by scanning electron microscopy (Figure 4D). Their cytoskeleton assembly, in concert with focal adhesion, was well-evidenced by immunofluorescent staining (IF) for F-actin and vinculin, respectively (Figure 4E). In contrast, these cells attached sporadically on PCL or GMAC substrates with poor cytoskeleton assembly. These encouraging data demonstrated that GMDE could be fabricated into nanofibrous scaffolds and, after fabrica
tion, preserved its desirable capability to support ECs adhesion.
Despite the above promising result from GMDE, we should address the key biological mechanisms before fur
ther evaluating the translational potential of this material. In our designing rationale, the GM-based material promoted ECs adhesion through the bridging effect of galectin-1. So, we should validate the biological role of galectin-1 in mediating ECs adhesion on GMDE, which comprised two questions: first, compared with other cells, do ECs secrete a high level of galectin-1 to initiate this binding? Second, does the postulated galectin-bridging mechanism mediate the adhesion of ECs to GMDE?
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Figure 3. G
lucomannan decanoate (GMDE) substrates preferentially supported endothelial cells (ECs) adhesion. A) The adhesion of representa
tive human endothelial (human umbilical vein ECs [HUVEC]), murine endothelial (SVEC4-10), osteoblast (MC3T3-E1), keratinocyte (HaCaT), and fibroblast (L929) cells on different GM substrates (scale bar: 200 
µ
m, 
n 
= 
3). B) Quantification of the adhesion of HUVEC on different GM substrates (
***
p 
< 
0.001; 
****
p 
< 
0.0001 vs the GM group, 
n 
= 
3). C) Quantification of the adhesion of the five cell types on GMDE (
****
p 
< 
0.0001, 
n 
= 
3). D) Quantification of the adhesion of HaCaT, MC3T3-E1, and L929 on different GM substrates. (ns: not significance vs the GM group, 
n 
= 
3). The differences between groups were analyzed using ordinary one-way ANOVA with Tukey’s multiple comparison test in Graph Pad Prism 8.
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Figure 4. 
Electrospun glucomannan decanoate (GMDE) scaffolds supported endothelial cells (ECs) adhesion. A) Representative scanning electron microscopy (SEM) images of polycaprolactone (PCL), GM acetate (GMAC), and GMDE electrospinning fibers (scale bar: 10 
µ
m, 
n 
= 
3). B) Meas
urement of the contact angles of PCL, GMAC, and GMDE electrospinning fibers. C) The fluorescent (scale bar: 200 
µ
m, 
n 
= 
3) and D) SEM images (up: scale bar: 10 
µ
m; down: scale bar: 5 
µ
m, 
n 
= 
3) of human umbilical vein EC (HUVEC) adhesion on PCL, GMAC, and GMDE electrospinning fibers, with individual cell attachment and filopodia highlighted in magnified SEM images. E) Representative images of immunofluorescent staining for cytoskeleton (F-actin; in green) and focal adhesion (vinculin; in red), counter-stained for nuclei (4,6-diamidino-2-phenylindole [DAPI]; in blue) (scale bar: 10 
µ
m, 
n 
= 
3).
) (
To answer the first question, we separately compared murine 
and human ECs against other selected cell types of the same 
species for their expression and secretion of galectin-1. The 
Western blotting data revealed that, as expected, both the 
murine (SVEC4-10) and human (HUVECs) ECs expressed the 
highest level of galectin-1 (
Figure 5A
). In comparison, ECs only 
moderately expressed toll-like receptor (TLR) 2, 4 and mannose 
receptor (MR)—three other receptors widely involved in recog
nizing microbial polysaccharides. Further, since galectins are 
both present intracellularly and secreted to outside of the cell, 
we performed enzyme-linked immunosorbent assay (ELISA) 
to determine the dose of galectin-1 secreted by these different 
cell types, and the results indicated that ECs also produced the 
highest amount of galectin-1 extracellularly, in either the mouse 
or human cell group (Figure 5B). Therefore, high expression of 
galectin-1 could be an inherent characteristic of endothelium, 
which supported our design rationale.
To answer the second question, we tested the involvement 
of galectin-1 and integrin 
$
1 in this process, because galectin-1 
could bridge the carbohydrates with a few integrin receptors on 
the EC surface, among which integrin 
$
1 is a main member. 
First, measurement of galectin-1 enriched in the scaffolds sug
gested that the GMDE meshes sequestered more galectin-1 
from ECs than did PCL (Figure 5C). Next, IF staining detected 
the co-location of galectin-1 (red) and integrin 
$
1 (green) on the 
edge of ECs that adhered on GMDE (Figure 5D). Importantly, 
either blocking the postulated carbohydrate-galectin binding by 
pretreatment with 
$
-lactose or disrupting the galectin-integrin 
binding with a neutralizing antibody markedly decreased ECs
) (
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adhesion on GMDE, but not on PCL (Figure 5F; quantification in Figure 5G), suggesting that the GMDE-galectin-1-integrin axis played a specific and crucial role in mediating the selective adhesion of ECs on GMDE.
In addition, we noticed that MC3T3-E1 secreted a certain amount of galectin-1 but their adhesion on GMDE was poor. To explain this phenomenon, we detected the level of integrin 
$
1 in MC3T3-E1 by immunostaining. Intriguingly, we observed a markedly reduced amount of integrin 
$
1 in MC3T3-E1 cells seeded on GMDE than these cells on the glass; in comparison, HaCaT cells, which expressed a very low level of galactin-1 (and hence adhered poorly on GMDE), did not show any decrease in integrin 
$
1 when seeded on these two substrates (Figure S5A, Supporting Information). Accordingly, adding exogenous galectin-1 to MC3T3-E1 and HaCaT cells seeded on GMDE could increase the adhesion of the latter but not the former (Figure S5B, Supporting Information). These findings further supported the conclusion on the importance of galectin-integrin interaction in general and meanwhile indicated diverse regulatory mechanisms among different cell types.
After validating the biological mechanism, we assessed the potential of the GMDE fibrous scaffold for vascular therapy in a mouse hindlimb ischemia model. We placed the GMDE scaffolds, in comparison with VEGF (positive control), PCL scaffolds (material control), and phosphate-buffered saline (PBS; non-treated control), to the middle site of ischemic limb in pre-ligated left profunda femoris artery – with the right legs kept healthy. The experimental scheme is illustrated in 
Figure 6A
; the placement and macroscopic image of the
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Figure 5. Mechanistic validation of galectin-mediated endothelial cell (EC) adhesion on glucomannan decanoate (GMDE) scaffolds. (A) The expression of major GM-binding receptors, including Toll-like receptor 2/4 (TLR 2/4), mannose receptor (MR), and galectin-1 in murine (L929, MC3T3-E1, SMCs, and SVEC4-10) and human (HaCaT and human umbilical vein EC [HUVEC]) cell lines. B) Enzyme-linked immunosorbent assay (ELISA) of secreted galectin-1 (ng mL−1) of these cells seeded on glass after 24 h (**p < 0.01; ****p < 0.0001, n = 3). C) ELISA of galectin-1 (ng mL−1) secreted by HUVEC seeded on glass, polycaprolactone (PCL), and GMDE scaffolds for 24 h (****p < 0.0001 vs the glass group, n = 3). D) Representative images of immunofluorescent staining (IF) co-staining for gal-1(red), integrin-/31 (green), and nuclei (4,6-diamidino-2-phenylindole [DAPI], blue) of ECs on PCL and GMDE scaffolds at different time points (8, 12, 24, and 36 h) (scale bar: 4 µm, n = 3). E) Quantification of the above IF staining, by the average of three fields randomly selected from each group (****p < 0.0001 vs the PCL group, n = 3). F) The adhesion of HUVEC after competition abolishment of galectin-GMDE binding by /3-lactose or disruption of galectin-integrin binding by a neutralizing antibody of integrin-/31 (scale bar: 200 µm, n = 3). G) Quantification of the above cell adhesion, by the average of cell numbers in three fields randomly selected from each group (****p < 0.0001; ns: not significance vs the control group, n = 3). The differences between groups were analyzed using unpaired two-tailed Student’s t-test in (B), ordinary one-way ANOVA with Tukey’s multiple comparison test in (C), and two-way ANOVA with Tukey’s multiple comparison test in Graph Pad Prism 8 (E,G).
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GMDE scaffold is shown in Figure 6B and C, respectively. We employed Laser Doppler imaging to record the whole blood perfusion in mice hindlimb; it displayed the data as color-coded images, where the Doppler shifts in the reflected light caused by moving blood cells were converted into perfusion values. The Laser Doppler observation through 28 days suggested that the implanted GMDE scaffolds achieved the highest perfu
sion ratio, which was, remarkably, even higher than that in the
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VEGF group. In contrast, the PCL and PBS group gained little efficacy (Figure 6D). Quantification of the mean perfusion ratio further illustrated that the GMDE group exerted a desirable effect as early as between 3 and 7 days and kept restoring blood flow until day 28 (Figure 6E). Taking day 7 as an example, the animals treated with GMDE fibers began to show an obvious trend of recovery, reaching a perfusion ratio of 0.65, while this ratio on the same day in other groups was 0.59 (VEGF),
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Figure 6. 
The glucomannan decanoate (GMDE) scaffolds promoted the blood perfusion recovery in murine hindlimb ischemia. A) Schematic illustra
tion of the experimental setting. B) Placement and (C) the macroscopic image of the scaffold. D) Representative images of mice with blood perfusion in the GMDE, polycaprolactone (PCL), VEGF, and PBS control groups after 0, 3, 7, 14, 21, and 28 days post-surgery. E) Quantitative analysis of blood mean perfusion ratio at 0, 3, 7, 14, 21, 28 day of Control, VEGF, PCL, and GMDE group (
*
p 
<
 0.05; 
**
p 
<
 0.01; 
***
p 
<
 0.001; ns: not significance vs the control group, 
n 
=
 6). The differences between groups were analyzed using two-way ANOVA with Tukey’s multiple comparison test in Graph Pad Prism 8.
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0.44 (PCL), and 0.46 (PBS), respectively. Although the recovery 
slowed down from day 14 to 28, the GMDE group reached the 
highest point of 0.75 on day 28 (the VEGF group being 0.66), 
in contrast to the PCL and PBS groups that ended at around 
0.5 after fluctuation.
Considering that the ligation of the femoral artery could 
induce ischemia in both thigh and calf, which might lead 
to necrosis in muscles (e.g., gastrocnemius), we performed 
histological analysis of the transverse tissue sections to eval
uate angiogenesis in the thigh and necrotic areas in calf. IF 
staining in thigh muscles of CD31 (for ECs) and 
α
-SMA 
(for SMCs) provided evidence for angiogenesis and vascular 
formation promoted by GMDE (
Figure 7A
). The quantification 
of CD31 and 
α
-SMA revealed a significantly higher number 
of newly formed blood vessels in the GMDE scaffolds than 
in PCL or control groups, even reaching the level in healthy 
muscles (Figure 7B). Immunohistochemistry (IHC) staining 
detected more CD31 expression on GMDE fibers than on PCL 
after implantation for 28 days, which further demonstrated 
the affinity of GMDE for ECs (Figure 7C). To further examine 
the necrotic conditions in calf muscles, hematoxylin and 
eosin (H&E) staining of the muscle samples collected on day 
28 revealed healthy and homogeneous myofibers filled with 
myofilaments in GMDE group, which were comparable to 
those in healthy group. However, the muscle fibers remained 
damaged in the PCL and PBS groups (Figure 7D). These find
ings were consistent with the outcomes of the blood perfusion 
recovery demonstrated above.
In addition, the GMDE implants triggered minimal inflam
matory responses, as reflected by the low levels of tumor 
necrosis factor-
α 
and interleukin-6, which were comparable to 
those in PBS control and far lower than those induced by PCL 
(Figure 7E, quantification in Figure 7F). Most importantly, 
the GMDE scaffolds caused no tissue/organ toxicity, as evi
denced by the histological examination of the major organs, 
including the heart, liver, spleen, lung and kidney, upon the 
completion of the 28-day experimental period (Figure 7G). 
These results indicated that the GMDE scaffolds effectively 
promoted angiogenesis to restore blood perfusion in the 
ischemic limbs while exhibiting high in vivo safety in mice.
Our findings provide several insights for designing vascular 
regenerative materials. First, bio-inspired and biomimetic 
materials have recently emerged in multiple medical appli
cations, offering diverse advantages non-presented in tradi
tional materials. Most excellent inventions mimic a biological 
species,
[13]
 organ structure,
[14]
 or physical characteristics,
[15] 
while our approach moves a step further to mirror a specific 
pathological process mediated by a particular type of molecules. 
Its clear biological mechanism at the molecular level is essen
tial for understanding the therapeutic outcomes and in turn 
adjusting the materials design.
Second, many existing methods improve cell adhesion on 
biomaterials through directly engaging cell receptors (e.g., 
integrins) with materials cues,
[16]
 which might be unspecific or 
cause unwanted impacts to the cells.
[17]
 Our design innovatively 
harnesses an endogenous molecule, galectin-1, to “bridge” the 
interaction between the glycomaterial and cell receptors, which 
has two major advantages. One is that this method uses endog
enous galectin-1 secreted by ECs but does not add exogenous
) (
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galectin-1, avoiding the notable drawbacks with the in vivo use of recombinant/exogenous proteins.
[18]
 Also, galectin-1 plays its natural role to link cell receptors, thus presenting a natural signal to the cells. The other advantage is that, based on the feedback from animal studies, researchers could adjust the amount of the bridging molecule enriched on the material surface by tuning the material-galectin interaction to amplify or weaken cell adhesion, without directly manipulating the cell receptors in vivo with potential safety risks.
Third, although the present study chose electrospinning as a mature and controllable technique to fabricate GMDE into transplantable scaffolds, we have also validated the possibility to make GMDE into nano-/microparticles, membranes, fibers, as well as 3D printed scaffolds (data not shown), with a range of mechanical properties for diverse applications. Therefore, other researchers can process this glycan using their preferred means of fabrication for different scenarios.
The limitations of this study, which also inspire our future directions, are in at least two aspects. First, despite GMDE’s high affinity for galectin-1 and preferential support for ECs adhesion, its binding with other proteins remains unknown. In fact, this is a common issue with carbohydrate-based thera
peutic agents or biomaterials, notably those made from glycosa-minoglycans (GAGs;, e.g., heparan sulfate/heparin, hyaluronic acid, etc.),
[19]
 because it is practically difficult to determine each protein GMs or GAGs could bind in the extremely complicated pathological environment.
[20]
 It will be valuable to study this question in a more clinically available, larger animal model, by collecting the in vivo samples and using proteomics and bioinformatics approaches to probe GMDE’s protein “interac-tome.” It will also be meaningful to study the influence of GM components/conformation on the polysaccharide’s galectin-binding affinity. An insightful work investigated the binding of galectin-1 to a series of 
α
-galactomannans varying in their mannose-to-galactose ratios, finding that galectin-1 preferen
tially binds to 
α
-
D
-galactopyranosyl doublets.
[21]
 Thus, it is pos
sibly interesting to explore how different modifications could change the conformation that further influences the protein-binding properties of GM derivatives. Second, ischemic tissue has compensation capacity in two manners.
[22]
 In early period, pre-existing collateral arteries grow, in response to suddenly increased shear stress secondary to occlusion of the femoris artery. Afterwards, hypoxia in ischemia tissue induces angio-genesis to form capillaries that do not have complete wall struc
tures. It is important to note that these immature blood vessels have limited ability to improve perfusion of ischemic tissue.
[23] 
In this study, regarding the newly formed blood vessels, we judged from the co-staining and quantification of CD31/
α
-SMA in samples collected on day 28 that GMDE promoted angio-genesis by forming abundant capillary network (CD31) and matured blood vessels (both CD31 and 
α
-SMA). However, more systemic studies could be performed in future translational stages.
3. Conclusion
In conclusion, we have engineered a glycan material that highly and selectively promotes endothelialization via a completely
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Figure 7. The glucomannan decanoate (GMDE) scaffolds promoted blood vessel formation in hindlimb ischemic muscle in mice. A) Immuno11uores-cence staining for CD31 (red), a-SMA (green), and nuclei (4,6-diamidino-2-phenylindole [DAPI], blue) of thigh muscle samples in GMDE, polycaprol-actone (PCL), VEGF, Control and Healthy groups (scale bar: 50 µm, n = 3). B) Quantification of CD31 and a-SMA, by average of three fields randomly selected from each group (****p < 0.0001; ns: not significance vs the control group, n = 3). C) Immunohistochemistry staining for CD31 in the thigh muscle samples on the GMDE and PCL fibers (scale bar: 100 µm, n = 3). D) The hematoxylin and eosin (H&E) staining of the calf muscle samples from the GMDE, PCL, VEGF, Control and Healthy groups (scale bar: 50 µm, n = 3). (E) Immuno11uorescent staining (IF) staining for TNF-a (green), IL-6 (red), and nuclei (blue) in GMDE, PCL, VEGF, Control and Healthy group (scale bar: 50 µm, n = 3). (F) Quantification of IL-6 and TNF-a in average of three fields randomly selected from each group (****p < 0.0001; ns: not significance vs the control group, n = 3). G) H&E staining of organ samples from the GMDE and Healthy groups (scale bar: 100 µm, n = 3). The differences between groups were analyzed using ordinary one-way ANOVA with Tukey’s multiple comparison test in (B) and two-way ANOVA with Tukey’s multiple comparison test in (F) in Graph Pad Prism 8.
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new, biomimetic mechanism—through mimicking the way 
fungal carbohydrates invade the endothelium. This GMDE sub
strate effectively sequesters galectin-1 secreted by ECs and uses 
galectin-1 as a bridge to link ECs. Without delivering any exog
enous pro-angiogenic factors or grafting cell-adhesive peptides, 
this glycomaterial efficiently promoted vascularization and limb 
ischemic recovery in mice with high safety.
4. Experimental Section
Chemicals and Reagents
: Konjac glucomannan (GM, 84 mPa s) was 
provided by Shimizu Chemical (Japan). Beta-lactose was obtained from 
shanghaiyuanye (China). PCL was purchased from Aladdin (China). 
Recombinant human galectin-1 was purchased from Abcam (UK). 
ELISA kits for mouse and human galectin-1 were purchased from Boster 
(China). For primary antibodies, Rabbit anti-galectin-1, Rabbit anti-CD31 
and mouse anti-integrin-
b
1 were obtained from Abcam (UK). Mouse 
anti-
a
-SMAs were purchased from ProteinTech (China). Anti-beta actin 
was obtained from Cell Signaling Technology (USA). Anti-vinculin was 
provided by Bioss (China). The secondary antibodies, including Alexa 
Fluor 488-conjugated donkey-anti-mouse and Alexa Fluor 546-conjugated 
donkey-anti-rabbit, were purchased from Life Technologies (USA). Actin 
tracker was obtained from Beyotime Biotechnology (China). Fetal bovine 
serum and All cell culture medium (RPMI-1640, DMEM, DMEM/F12) 
were obtained from Life Technologies; Calcium AM/PI kit was purchased 
from shanghaiyisheng (China); GoTaq 2-Step RT-qPCR system was 
purchased from Promega; TFAA and other chemicals and reagents were 
purchased from Sigma-Aldrich unless otherwise stated.
Synthesis of GM Esters
: A premixed solution of TFAA and fatty acid 
(mole ratio of fatty acid to TFAA was 1.23) was stirred mildly at 50 
°
C 
for 20 min, which was described by previous study. Then the freeze-
dried GM was added to the flask. The solution was stirred at 50 
°
C for 
3.0 h. After cooling to room temperature, pour the solution into absolute 
ethanol slowly. The precipitate was filtered, dissolved in chloroform 
after washed with ethanol, and reprecipitated in ethanol overnight in a 
refrigerator. Finally, the precipitation was filtered, washed with ethanol, 
and dried in vacuo to give a solid compound.
Characterization of GM and GM Esters
: GM and GM esters were 
characterized by 
1
H NMR spectroscopy. 
1
H NMR spectra were recorded 
with a spectrometer, using tetramethylsilane (TMS, 
d
 0.00 ppm) as 
an internal standard. Chemical shifts (
d
) were reported in ppm and 
coupling constants (J) in Hz. GM esters (except GMAC in (CD
3
)
2
SO) 
were dissolved in CDCl
3 
(
d
 7.26 ppm) and GM was dissolved in 
D
2
O (
d
 4.80 ppm). The degree of modification of the acyl group was 
calculated from the ratio of the integral areas of the methyl proton 
signals of the acyl group to that of the ring proton signals of glucose and 
mannose, as follows: DS 
= 
([CH
3
]/3)/([ring-H]/7).
Molecular Docking Simulation
: The two-dimensional structures of the 
sugar units as the ligands were drawn by using Chemdraw 14.0 software 
(ChemBioOffice, CambridgeSoft Corporation). The molecular docking 
simulation was then conducted and illustrated by using Discovery 
Studio 3.5 and Discovery Studio Visualizer 2016 (Acceryls Software, 
Inc.) according to the reference. All the ligands were prepared with 
the “Prepare Ligands” module in Discovery Studio 3.5 and checked to 
confirm that each of the conformation was rational. The crystal structure 
of complex of human Galectin-1 and Galbeta1-4GlcNAc (PDB code: 
4Y1U) was selected from the RCSB Protein Data Bank (
http://www1. 
rcsb.org/structure/4Y1U)
 due to the similarity between our research 
objects and the original ligand. The protein was prepared with the 
“Prepare Protein” modules in Discovery Studio 3.5 under a CHARMm 
minimization. The binding site was defined in the position of the original 
ligand. In consideration of the spatial inversion of the ligands, we chose 
the graphical user interface CDOCKER protocol, a CHARMm force field 
based molecular docking tool using a half-flexible receptor, to implement 
the simulation consulting our previous work.
[24]
 The conformations were 
ranked according to the energy index.
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Preparation of Particles, Substrates and Electrospinning Scaffolds
: (1) GM and GM ester particles. A stock solution of GM ester (materials were dissolved in CH
2
Cl
2
, 1 mL, 5 mg mL
−
1
) were prepared, and dropwise into 1% PVA (5 mL) under sonicating for 2 min on ice by using a probe sonicator (T-10, IKA, Germany), and magnetic stirred overnight for stabilization, then dialysed against deionized water in dialysis tubes (MW 3500) until no solvent was detected. Particles were obtained by lyophilization for further use. (2) GM and GM ester membrane substrates. GM (8 mg) dissolved in water (200 
µ
L), or GM esters (8 mg) dissolved in chloroform (200 
µ
L), were sprayed on 12 mm-diameter round glasses to obtain thin films. (3) PCL, GMAC and GMDE electrospinning scaffolds. PCL, GMAC, or GMDE (300 mg) was separately dissolved into a mixed regent (2 mL; chloroform: DMF 
= 
2:1). The parameters of electrospinning were as follows: voltage: 15 KV; humidity: less than 40%; the distance between needle tip and collection board: 15 cm; total volume: 1.95 mL.
Mechanical Tests
: The mechanical tests were carried out at 25 
°
C using an MTS (MTS E44, Exceed) tester. The fiber samples were cut into rectangular specimens with an initial gauge length of 10 mm and width of 8 mm. The thickness of the individual specimens was typically around 0.1 mm and the samples were elongated at a loading rate of 1 mm min
−
1
. The stress–strain curves were obtained by dividing the measured force by the initial gauge cross-section area and dividing the measured displacement by the initial clamp distance. Young’s modulus was calculated from the initial slope of the stress–strain curve.
Validation of the Binding Between Galectin-1 and GMDE
: (1) Biolayer Interferometry (BLI). Octet QK (Forte Bio, USA) and streptavidin-coated (SA) sensors (Forte Bio, USA) were used for studying the interactions between galectin and GM/GM esters. 1 
× 
PBS was used as assay buffer for BLI and the study was conducted at 30 
°
C. SA sensor tips were hydrated in the buffer for 30 min prior to use. The total working volume for samples or buffer was 0.21 mL per well and agitated at 1000 rpm. The hydrated sensors were firstly equilibrated with buffer to establish a stable baseline (90 s), following by loading of sensors with galectin-1 10 
µ
g mL
−
1
 (240 s) and blocking of excess reactive sites using the buffer. Then, binding interaction with different materials was carried out, which included association (90 s) and dissociation (240 s). (2) Dot blotting of GM esters with galectin-1. Gradient concentration of GM esters in chloroform was dotted on PVDF membrane for recombinant human galectin-1 incubation overnight at 4 
°
C. After washed three times with PBS, membrane was immersed in 5% BSA for 1 h and subsequently incubated by the first antibody anti-galectin-1 in 1% BSA overnight at 4 
°
C. The corresponding secondary antibodies in 1% BSA were incubated for another 1 h at room temperature. After washed with PBS, SuperSignal West Pico Chemiluminescent Substrate (Thermos Scientific, USA) was used to detect galectin-1 binding on GM esters. (3) Inhibition assay of dot blotting by 
b
-lactose. GM esters in chloroform were dotted on PVDF membrane and incubated with recombinant human galectin-1 which was pretreated with 
b
-lactose on ice for 1h. Then, the galectin-1 binding to GM esters were detected as mentioned above. (4) Inhibition assay of cell adhesion by 
b
-lactose and anti-integrin-
b
1. Before seeding cells on glass, PCL, and GMDE, HUVEC was incubated with 
b
-lactose and anti-integrin-
b
1 on ice for 1 h, respectively. Then 
b
-lactose and anti-integrin-
b
1 were further added in the HUVEC culture medium for inhibition. After 24 h culture, calcium AM/PI reagent was added into plate wells and incubated for 20 min at 37 
°
C before washed three times with PBS. The image of adhesive cells was captured by ZEISS microscope and adhesion density was measured by ImageJ. The measurement was repeated in triplicate areas.
Scanning Electron Microscopy (SEM) of PCL, GMAC, and GMDE Electrospinning Scaffolds
: The surface morphology of the electrospun fibers of PCL, GMAC, and GMDE was observed by scanning electron microscopy. After gold sputter coating, images of electrospinning fiber were captured using an accelerating voltage of 2 kV. For cells morphologies attached on the fibers, the accelerating voltage is 5 kV.
Cell Culture
: The human umbilical vascular endothelial cell line (HUVEC), human keratinocyte cell line (HaCaT), mouse EC line (SVEC4-10), mouse preosteoblast cell line (MC3T3-E1 Subclone 14), and mouse fibroblast cell line NCTC clone 929 (L929) were all purchased
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from Stem Cell Bank, Chinese Academy of Sciences. Following the 
provider’s instructions, HUVEC, SVEC4-10, and L929 cells were cultured 
in complete RPMI-1640 medium (RPMI-1640 medium supplemented 
with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin). HaCaT 
was maintained in complete DMEM medium. MC3T3-E1 cells and 
SMCs were maintained in complete DMEM/F12 medium. The culture 
condition was 37 
°
C with 5% CO
2
.
Smooth Muscle Cells (SMCs) Isolation
: Mice (10-week-old, Balb/c) 
were sacrificed and then sterilized with 75% ethanol before opening 
the thoraxes. The thoracic aortas were dissected with sterilized surgical 
instruments and washed in Hank’s balanced salt solution (HBSS). After 
the endothelial layers were removed, the aortas were cut into pieces 
and washed in DMEM/F12 medium. These pieces were pressed and 
attached to a collagen-coated culture dish and then incubated for 4 days 
in a 37 
°
C, 5% CO
2 
incubator. After 5 days, fresh medium was added 
and changed every 3 days. The confluent migrated SMCs from media 
explants were harvested with trypsinization.
Live/Dead Staining on GM and GM Ester Films or PCL, GMAC & GMDE 
Electrospinning Fibers
: Before seeding cells, films and electrospinning 
fibers were sterilized by immersing into 75% ethanol and placed under 
UV illumination overnight. HUVEC and other cells mentioned above 
were subcultured on GM and GM ester films at a density of 100 000 cells 
per well in 24-well plate. Meanwhile, these cells were also seeded on 
electrospinning fibers by 5000 cells per well in 96-well plate. These samples 
were incubated after 24 h at 37 
°
C with 5% CO
2
, and subsequently washed 
three times with PBS to remove detached cells. Calcium AM/PI staining 
was performed as mentioned above. The image of adhered cells was 
captured by ZEISS microscope and adhesion density was measured by 
ImageJ. The measurement was repeated in triplicate areas in each group.
Co-Culture of SMCs and ECs on GMDE Substrates
: SMCs and 
SVEC4-10 were simultaneously seeded on GMDE films at 100 000 cells 
per well in 24-well plates. After 24 h, cells cultured on films were 
washed three times with PBS and then fixed by 4% paraformaldehyde 
for further immunofluorescence staining of 
a
-SMA (for SMC) and CD31 
(for SVEC4-10).
Cell Adhesion Assay on GMDE with Exogenous Galectin-1
: MC3T3-E1 or 
HaCaT were seeded on GMDE fibers at a density of 100 000 cells per well 
in 24-well plate. Exogenous galectin-1 (20 ng mL
−
1
) and PBS were added 
in the culture medium, respectively. These samples were incubated for 
24 h at 37 
°
C with 5% CO
2
, and subsequently washed three times with 
PBS. Calcium AM/PI staining was performed as mentioned above.
Western Blotting
: The total proteins of HUVEC, HaCaT, SVEC4-10, 
SMCs, MC3T3-E1, and L929 were extracted by RIPA lysis buffer (Beyotime 
Biotechnology). These proteins were all diluted with SDS-PAGE loading 
buffer (Beyotime) and boiled for 10 min before loading on SDS-PAGE 
and Western blotting.
Enzyme-Linked Immunosorbent Assay (ELISA)
: The culture medium of 
HUVEC, HaCaT, SVEC4-10, SMCs, MC3T3-E1, and L929 were collected to 
examine the expression levels of galectin-1 by ELISA assay kits (Boster) 
following the manufacturers’ instructions. Each group contained three 
replicates.
Immunofluorescence Staining of HUVEC, SMCs, SVEC4-10, HaCaT, 
and MC3T3-E1
: Cells cultured on films or fibers after 24 h were washed 
three times with PBS and then fixed by 4% paraformaldehyde for 
10 min at room temperature. After being washed several times with 
PBS, samples were blocked by 5% BSA for 1 h. The primary antibodies 
in 1% BSA were added before samples were incubated overnight at 
4 
°
C. Then, the corresponding secondary antibodies in 1% BSA incubated 
for another 1 h. After washed with PBS, 4,6-diamidino-2-phenylindole 
(DAPI) was used to counterstain cell nuclei. Samples were covered 
with polyvinylpyrrolidone (PVP) to avoid fluorescence quenching and 
observed under Leica TCS SP8 confocal microscope. The antibodies 
used were listed in chemical and regents.
Animal Model of Hindlimb Ischemia
: Four groups of 8-week-old 
C57BL/6 male mice (
n 
= 
6 mice per group) were injected or implanted 
by following treatment: a) control group (150 
µ
L PBS), b) injected 
1 
µ
g of VEGF in 150
µ
L PBS, c) PCL fibers, and d) GMDE fibers. Mice 
were anesthetized with 1.5% isoflurane inhalation during the surgery.
) (
After making a 5 mm incision at the inguinal crease of mice, the left profunda femoral artery was ligated and excised to induce a hindlimb ischemia while keeping the right muscle healthy. Then, treatments mentioned above were administered by injecting in the central part of ischemic limb or putting implants beside the ischemia femoral artery. The perfusion values for each region of interest (ROI) in four groups over 28 days were recorded using laser Doppler spectroscopy (PSI-Z, Sweden) and calculated to obtain the mean perfusion ratio 
= 
(perfusion in ischemic limb)/(perfusion in healthy limb). The procedures for the animal experiments used in this study were reviewed and approved by the University of Macau Animal Care and Use Committee (Approval No. UMARE-041-2019), complying with the Guidelines for the Care and Use of Laboratory Animals published by the National Institutes of Health, USA.
Immunohistochemistry Staining
: (1) Hematoxylin-Eosin Staining. The muscle samples were collected, immersed in paraformaldehyde (4%) for 24 h at room temperature, then embedded in paraffin. Paraffin-embedded muscle samples were cut into cross-sections (6 
µ
m) and stained with a Hematoxylin-Eosin Staining kit (Jiancheng Bioengineering Institute) according to the manufacturer’s instructions. (2) IHC staining. For the analysis of angiogenesis on GMDE, IHC was performed as previously described. In brief, the tissue sections were deparaffinized, rehydrated, and operated with antigen retrieval by digesting the tissue sections with trypsin, then blocked with BSA (5%, 30 min) and incubated with primary antibody (anti-CD31 antibody) at 4 
°
C overnight. Subsequently, the sections were incubated with horseradish peroxidase (HRP) labeled secondary antibody secondary antibody, followed by incubated with 3,3
′
,5,5
′
-tetramethylbenzidine (TMB) substrate for 10 min at 37 
°
C. Next, the slides were counterstained with hematoxylin for 2 min at room temperature. (3) Immunofluorescence staining. For immunofluorescent staining, the tissue sections were deparaffinized, rehydrated, operated with antigen retrieval, blocked with BSA (5%, 30 min) and incubated with primary antibody at 4 
°
C overnight. The primary antibodies included anti-CD31, anti-
a
-SMA, anti-TNF-
a
, and anti-IL-6 (Abcam). Next, the sections were incubated with secondary antibody secondary antibody, followed by DAPI for nuclear staining. All fluorescence was captured with Leica TCS SP8 confocal microscope. Quantification of the blood vessel density was calculated by Image J.
Statistical Analysis
: Statistical differences between two samples were analyzed through Student’s 
t
-test, while those among three or more samples were analyzed through one-way and two-way ANOVA with Tukey’s multiple comparison test in Graph Pad Prism 8. Data are presented as mean 
± 
standard deviation. Significance was set to 
p 
< 
0.05. (
*
p 
< 
0.05, 
**
p 
< 
0.01, 
***
p 
< 
0.001, 
****
p 
< 
0.0001).
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Affinity enhancement by multivalent

lectin± carbohydrate interaction
Reiko T. Lee and Yuan C. Lee*
Department of Biology, Johns Hopkins University Baltimore, MD 21218, USA
The binding of simple carbohydrate ligands by proteins often requires affinity enhancement to attain biologically relevant strength. This is especially true for endocytotic receptors and the molecules that engage in the first-line of defense. For such purposes, nature often utilizes a mode of affinity enhancement that arises from multiple interactions between the binding proteins and the carbohydrate ligands, which we term glycoside cluster effect. In this review article we give a number of examples and describe important factors in the multi-valent interactions that govern the degree of affinity enhancement.
Keywords: glycoside cluster effect, multi-valent interaction, C-type lectins, affinity enhancement
Abbreviations: CRD, carbohydrate-recognition domain; ASGP-R, asialoglycoprotein receptor; RHL, rat hepatic lectin; MBP, mannose-binding protein; SP, alveolar surfactant protein; BSA, bovine serum albumin; ah, 6-aminohexyl.

Introduction
Since the discovery of mammalian hepatic lectin by Ashwell and Morell about three decades ago, the number and the type of animal lectins have increased dramatically. The major animal lectin types that we know at the moment include C-type lectins, galectins (S-type) and siglecs (I-type), and the sugar-binding characteristics of some members from each family are quite well documented [1]. The basic binding site architecture of both C-type lectins and siglecs is small, accommodating only a single monosaccharide unit, which is sialic acid for siglecs and either Gal- or Man-related structures for C-type lectins. The sugar structure recognized by galectins is a disaccharide, lactose or N-acetyl-lactosamine, which can be internally located in the sugar chain.
The binding affinities of these lectins for carbohydrate ligands as assessed by physical methods and by inhibition assays are quite low, KD generally ranging between 1-0.1 mM. There are cases, however, in which the binding affinity is enhanced by the extended sugar structure interacting with other areas of protein surface, as well as by the protein-protein interaction. The binding affinity can also be dramatically increased by a concomitant clustering of lectin binding sites and carbohydrate recognition units. In this article, we will present mostly our own experimental results to discuss important factors that govern the degree of affinity enhancement in the multivalent interactions.
*To whom correspondence should be addressed. C. Lee.
Tel.: 1-410-516-7041; Fax: 1-410-516-8716; E-mail: vclee@jhu.edu


We call this affinity enhancement due to multivalent interaction, which is substantially larger than the effect of the increased concentration, the glycoside cluster effect [2]. In this article the focus will be mainly on certain C-type lectins with a brief discussion on the dimeric galectins.
C-type lectins
All C-type lectins contain a globular domain called a carbohydrate recognition domain (CRD) that shares certain degree of sequence identity, but more importantly these domains appear to share structural similarity. The C-type CRD requires calcium ion to maintain sugar-binding ability, whence the name C-type was derived [3]. Although characterized initially as a sugar-binding domain, these domains are now known as C-type lectin-like domains [4] and can bind other classes of ligand, which may or may not require calcium. The proteins that contain a C-type lectin-like domain can be subdivided into several groups based on the other domains to which it is connected, as shown in Figure 1 [5]. Four of these subgroups have at least one member in which the biological function is well characterized as sugar-dependent. These are: Group II, type II transmembrane proteins in which the extracellular domain is composed of a C-terminal C-type CRD and a heptad stalk; Group III (collectins), soluble proteins having a C-terminal C-type CRD connected to a collagenous stalk; Group IV (selectins), type I transmembrane proteins in which the extracellular domain is composed of an N-terminal C-type CRD, an EGF domain and
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Figure 1. Subgroups of the C-type lectin family. Courtesy of K. Drickamer, Curr. Opin. Struct. Biol. (1993) 3: 393, by permission of Current Biology, LTD.

multiple complement repeat units; and Group VI, type I transmembrane proteins having multiple C-type CRDs.
Group II C-type lectins
Both the Gal/GalNAc-binding mammalian hepatic lectin, also known as asialoglycoprotein receptor (ASGP-R), and the GlcNAc-binding avian hepatic lectin belong to this family, as well as more recently discovered natural killer cell C-type lectin-like proteins. Both hepatic lectins are endocytotic receptors with a binding affinity for multivalent ligands that is so high (KD <nM) that the ligand-receptor complex can remain associated during the endocytosis via coated pits and subsequent travel to the endosomes [6]. The heptad stalk of hepatic lecins promotes trimerization, and the trimers further dimerize to form stable hexamers. On the hepatocyte cell surface, hexamers are further packed densely to form a large array of binding sites, which is the foundation of immensely enhanced affinity.
The importance of multivalent interaction in generating high affinity was first demonstrated by Ashwell and coworkers, who used a number of desialylated serum glycoproteins having various numbers of exposed Gal residues, to show that a 4-fold increase in the number of terminal Gal residues on the protein can elicit more than 10 000-fold higher affinity toward rabbit hepatic lectin on the plasma membrane [7]. We used a variety of bovine serum albumin (BSA)-based neoglycoproteins [8] that carry various numbers of a single sugar species, usually a monosaccharide or a disaccharide, to unequivocally demonstrate that the hepatic lectin recognizes terminal Gal and 

GalNAc residues and the presence of the penultimate sugar is not important. A linear increase in the density of the terminal Gal/GalNAc residues produces an exponential increase in affinity (Figure 2) [9].
[image: ]
Figure 2. Inhibition of 125I-ASOR binding to the rabbit liver plasma membrane by Gal-BSA and Man-BSA at various sugar coupling levels.
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Surprisingly a very large affinity enhancement can also be achieved by much smaller molecules having just two or three terminal Gal residues [10]. Table 1 column 2 shows IC50 values of Gal-terminated, complex-type glycopeptides and synthetic oligosaccharides that represent terminal structures of the complex-type N-glycans (See Figure 3 for structures). The inhibition assays were carried out using concentrations of both the lectin and the reference ligand [usually 125I-asialooroso-mucoid (ASOR)] well below the dissociation constant. Under such conditions, IC50 approaches KD [11]. In addition, we calculated KD by a curve-fitting program [12] for a number of inhibitors. For this purpose, about 10 inhibition data points (within the range of 10% to 90% inhibition) were fitted with the predetermined KD of the reference ligand (obtained by the curve-fitting of its binding isotherm). The KD values thus obtained are generally only slightly lower than the corresponding IC50 values, the largest difference being ,-,10 fold. The following conclusions can be made from the hepatocyte inhibition data presented in Table 1.
1) The highest affinity increments generated by the best divalent and trivalent structures are close to the maximally attainable enhancement, if one assumes that each Gal-binding site generates an affinity corresponding to KD ^' 0.6 mM.
2) The addition of the fourth Gal residue, as in the tetraantennary structure, does not generate appreciable additional enhancement.
3) Within the same valency group, KD can vary by more than 100-fold (e.g., compare NONA I vs NONA II).
These and other observations on the structure-affinity relationship led us to hypothesize that the basic binding unit
Table 1. The IC50 values of oligosaccharides and glycopeptides.

	

	'C5°, µM
	


	
	Rabbit hepatocyte
	Rabbit/Rat soluble lectin

	monovalent
	

	


	galactosides1 divalent
	400-700
	400-800

	Penta-2,42

	0.3
	30

	Penta-2,6
	4.5
	70

	BI-GP

trivalent
	2.4
	ND3


	NONA-I
	0.007
	0.9

	NONA-II
	0.15
	2.2

	TRI-GP tetravalent
	0.006
	ND

	UNDECA
	0.0034
	3.0



1Several galactosides used as inhibitors include methyl ot/fl-D-galac-

topyranoside and Galfl(1,4)GlcNAcfl(1,2)Man.
2 See Figure 3 for structures.
3ND: not determined.

[image: ]
Figure 3. Structures of Gal-terminated oligosaccharides and glycopeptides.
of rat hepatic lectin on the hepatocyte surface is composed of three binding sites, and they are held in a configuration complimentary to the terminal Gal residues of NONA I (which represents the non-reducing terminal structure of the most common complex-type triantennary glycan) in its preferred conformation. This conformation places the three terminal Gal residues separated spatially by 15, 20, and 25 A [13]. The fact that Penta-2,4 and NONA I produced affinity enhancements that are maximally (or close to maximally) attainable means that the binding event elicits little penalty in the entropic energy, suggesting that hepatic lectin subunits are held rigidly by a force that maintains this complementary configuration.
There are other experimental data to suggest that there is rigid organization of hepatic lectin subunits on rat hepatocyte surface. Three isomeric photoaffinity-labeling reagents, based on the TRI-GP structure, labeled the major (RHL-l) and the minor (RHL-2/3) subunits of hepatic lectin on the rat hepatocyte surface in a very specific manner; i.e., only one specific arm of the TRI-GP structure engages RHL-2/3, while the other two arms engage only RHL-1 [14]. Although the RHL-1 subunit is more abundant than RHL-2/3 by 2 to 4 fold, it was labeled on the hepatocyte surface or plasma membrane much less intensely by reagents involving large molecule, such as radioiodination catalyzed by lactoperoxidase and photo-affinity labeling by certain affinity labeling reagents [15,16]. Such results suggest that the hepatic lectin subunits are held tightly together so as to make the RHL-1 subunit somewhat cryptic. Moreover, we demonstrated that a single molecule of ASOR (,-,40 kDa) can eclipse a number of potential TRI-GP binding sites, which suggests that many RHL hexamers are tightly packed on the hepatocyte cell surface [17].
How much affinity enhancement will there be, if the lectin subunits are not so rigidly and complementarily organized? The detergent-solubilized and affinity-purified lectins from
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both rat/rabbit liver and chicken liver appear to have the same basic subunit organization as on the hepatocyte surface, i.e., they exist as hexamers in the detergent micelle. It appears, however, the force which was responsible in keeping subunits in tight and rigid organization is no longer fully operative, since all subunits are now equally accessible to `large' and `small' reagents alike [16]. As shown in the last column of Table 1, the same set of oligosaccharides still produced respectable affinity enhancement, but the magnitude is greatly diminished. Note also that the IC50 values among divalent and trivalent structures are much closer to each other, i.e., Penta-2,4 and NONA I structures no longer possess the special advantage over other oligosaccharide structures. It appears that, in contrast to the hepatocyte system where the binding of Penta-2,4 and NONA I elicits little entropic penalty, the binding of the same two ligands by the solubilized RHL, in which the subunits are more flexibly organized, would impose a configurational restriction on subunit organization. This would result in negative entropic contribution to the binding energy, and hence a much lower degree of affinity enhancement.
We also have examples of rigidly organized hepatic lectin on hepatocyte surface binding to flexible multivalent ligands. We synthesized a series of divalent and trivalent glycosides that contain only one specific sugar, Gal (Lac) or GalNAc for mammalian hepatic lectins and GlcNAc for chicken hepatic lectin [18,19]. As shown in Figure 4, the divalent structures 

are based on aspartic acid and the trivalent structures on y-glutamylglutamic acid to provide branching points. For the divalent structures, the arm connecting the sugar residue to the carboxylic acid of Asp was varied by addition of glycyl residues as well as by changing the aglycon.
Results of inhibition assays using these synthetic structures with the hepatocyte system are shown in Table 2, colunm 2 [18,19]. The affinity enhancement observed with these compounds are quite reasonable, although lower than that observed for Penta-2,4 and NONA I. These data and more extensive variation of arm with divalent GlcNAc analogs using the chicken hepatocyte system [18] indicated that the optimal arm length is G-ah (glycyl aminohexyl) for a monosaccharide and ah (aminohexyl) for a disaccharide. The derivatives of aspartate with these arm±sugar combinations give maximal terminal sugar-to-sugar spatial separation of ,s-, 30 A. , which should allow simultaneous occupation of binding sites separated by 15, 20 and 25 A. . Structures with much shorter or much longer arms both had decreased affinity enhancement. The table also shows that GalNAc-based multivalent structures give much higher degree of affinity enhancement than the corresponding Gal-based structures. This is expected, since GalNAc itself binds 50±80 fold tighter to the rat hepatic lectin binding site than Gal or Lac.
Colunm 3 of Table 2 shows that the degree of affinity enhancement decreases further, if both lectin and ligands are flexible. Since AH of the interaction is not expected to change
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Figure 4. Structural designs of synthetic divalent and trivalent neoglycopeptides.
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Table 2. The IC50 values of synthetic di- and tri-valent inhibitors1.

	Inhibitor
	I50, µM
	


	
	Rat hepatocyte
	Rat soluble lectin

	Gal-terminated monovalent
	

	


	Lac
	300
	600

	Lac-ah

divalent
	40
	190

	D(ah-Lac)2
	0.6
	7

	YD(ah-Lac)2
	4
	8

	D(Gah-Lac)2

trivalent
YEE(ah-Lac)3
	7
0.05
	30
3

	GalNAc-terminated monovalent
	

	


	GalNAc
	4
	14

	GalNAc-ah
divalent
D(Gah-GalNAc)2
trivalent
YEE(ah-GalNAc)3
	4
0.004
0.0002
	5
0.08
0.004


1Data from ref. [19]. For divalent and trivalent structures, see Figure 4.
significantly with subunit organization, the decreased affinity as compared to the rat hepatocyte experiment (colunm 2) is likely to have arisen almost entirely from the negative effect of AS.
Group III C-type lectins
Lectins of this group are also known as collectins because they contain a prominent collagen stalk in addition to the lectin domain. Members of this family so far discovered all appear to function as innate defense molecules [19], and the binding of the ligand is either purely through carbohydrate, as in the case of mannose-binding proteins (MBPs), or partially via sugars as in the case of surfactant protein A (SP-A) and SP-D. The basic polypeptide construct of the subunits of this group is, from the N-terminal end, a short cysteine-rich domain followed by collagen domain, a short heptad and the C-terminal C-type CRD. Due to the presence of collagenous domain and heptad, the basic organizational unit is a trimer, as shown in Figure 1. The trimers are further bundled together at the N-terminal end to form aggregates. In the case of MBP and SP-A, the aggregates take the form of `bouquet of flower' of up to six trimeric units, whereas in bovine conglutinin and SP-D, four trimers aggregate to form `cruci-form structure (Figure 5). The flower-bouquet structure of MBP strikingly resembles that of Clq, the first component of the complement cascade, and in fact, MBP can initiate the complement cascade and serve as an opsonin just as Clq does. However, the event that triggers these biological responses is the direct binding of MBP to the target organism via sugar recognition, and does not require intermediary binding to IgG.
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[image: ]
Figure 5. Two types of quaternary assembly of collectin subunits.
We carried out a number of studies on the binding specificity, as well as the glycoside cluster effect, using a fragment of MBP that was composed of entire CRD and the heptad neck region [20]. This molecularly-engineered fragment also formed a stable trimer. Although known as mannose-binding protein, MBP is capable of binding also GlcNAc, L-Fuc and Glc with nearly equal affinity [21]. This broad sugar-binding capacity, which is a great asset for a defense molecule, is accomplished by direct coordination of a calcium ion with two vicinal, equatorial hydroxyl groups of sugars [22]. Together with hydrogen bonding to the same two OH groups, the bulk of the binding energy can be generated by just these two OH groups.
Although the binding energy generated at each site is rather low (IC50 ,s-, 1 mM), up to 18 binding sites on the native MBP should generate very high affinity when bound to the surface of invading organisms. Interestingly, the X-ray structure of the trimer shows the three CRDs to be spread out in such a way that the binding sites are far apart (s-, 53 A for rat MBP trimer), and all sites are pointing upward away from the stalk (Figure 6) [23]. Such a configuration of binding sites would be very suited for latching on to the target sugars which may be well-separated on organisms. BSA neoglycoproteins with increasing numbers of Man showed exponential enhancement on affinity (Figure 7), as was observed for hepatic lectins [21]. However, the slope value for MBP was smaller than that for the mammalian hepatic lectin, and the maximum affinity leveled off around 30 nM, when more than 24 Man residues were present per molecule of BSA. Since the per-site dissociation constant for Man is ,-,1 mM, the maximally enhanced affinity (KD) by the occupation of two sites would be ,s-, 1 µM, and that generated by the occupation of three sites would be ,s-, 1 nM. The observed maximal IC50 of 30 nM by the highly mannosylated BSA derivatives lies between 1 µM and 1 nM. This suggests that all three binding sites of the MBP trimer are probably occupied in this binding event, but the affinity enhancement is less than optimal, perhaps due to the binding-site configuration of the MBP trimer being somewhat
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Figure 6. A model of MBP-trimer interacting with oligo-Man glycopeptides, made by superposition of monomer-oligosaccharide complex structure onto each monomer unit of the trimer structure. Note the location and the orientation of the sugar-binding sites. Courtesy of W.I. Weis and K. Drickamer, Structure (1994) 2: 1227, by permission of Current Biology, LTD.
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Figure 7. Inhibition data of lectin binding by neoglycoproteins; - Log(IC50) (y-axis) is plotted against the inhibitor sugar density (x-axis). ■, MBP-trimer binding to 125-I-Man28-BSA. Inhibitors are Man-BSAs carrying various numbers of Man residues. ♦, binding of human splenic galectin to lactose-modified Sepharose beads. Inhibitors are Lac-BSAs carrying various numbers of lactose residues. For detail, see Lee et al. (1991) and Lee et al. (1990), respectively.
flexible. A steeper increase in the affinity of RHL on the hepatic plasma membrane and the observation that the curve never leveled off (Figure 2) agree well with our hypothesis of a tight organization of binding sites and clustering of many trimeric or hexameric units of RHL on the cell membrane.

Since the three binding-sites of MBP trimer are more widely separated than those of hepatic lectins, none of the naturally derived oligo-mannose type glycans, where the outermost sugar spans are probably either comparable to or less than those of NONA I, showed any glycoside cluster effect [24]. In fact, none of the divalent and trivalent synthetic structures of the type shown in Figure 4 is physically capable of binding simultaneously to the two or three sites of MBP. Furthermore, when we synthesized and tested a divalent mannoside of much wider span, [Man-O-(CH2)6NH-CO(CH2)5NH-CO(CH2)2-CONH(CH2)2O(CH2)2]2O, with an expected Man-to-Man distance of more than 60 A, its IC50 was only 2-fold lower than simple mannosides, indicating that no affinity-enhancement (R.T. Lee and Y.C. Lee, unpublished result). Perhaps a very high entropic energy expenditure associated with tying up two ends of a long and flexible molecule negates any gain in the binding free-energy, especially since the binding energy generated at each site is quite small.
In another example, Glick et al. [25] reported that divalent glycosides of sialic acid of various designs and spans all failed to produce any affinity-enhancement when tested on a soluble trimeric ectodomain of influenza virus hemagglutinin, although the X-ray structure of the trimer [26] suggested that some of their glycosides should have been able to occupy two sites of the hemagglutinin simultaneously.
Group IV and Group VI lectins
Just a few comments will be offered on the possible role of the cluster effect for these lectins.
Three selectins belong to Group IV C-type lectin family. Selectins appear not to self-associate in any significant degree and appear to utilize mechanisms other than glycoside cluster effect, such as extended binding area and possible protein-protein interactions, to increase the monomeric binding affinity to the level of KD of µM or lower [27]. Since the ligand binding by this group of immunologically important molecules requires relatively fast on-off rate, the individual binding event probably does not require glycoside cluster effect. A sort of clustering effect is probably operating on the cell surface, not for the purpose of increasing binding affinity, but for the purpose of producing the lymphocyte rolling phenomenon [28].
Group VI, trans-membrane lectin family is an interesting group of cell surface receptors. A prominent feature of the protein backbone construct of this group is the presence of tandemly-linked multiple (8 or more) C-type CRDs [29]. At the moment only one member of this group, macrophage mannose-binding receptor, is a truly carbohydrate-binding protein. A receptor for secretory phospholipase A2 is an important non-lectin member of this group [30]. Macrophage mannose receptor, like MBP, has broad sugar-binding specificity, and is a defense molecule capable of ingesting microorganisms, such as yeast. For the tight binding of mannan and yeast, several of the 8 CRDs are required [31].
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Of the two designs of clustering sugar-binding sites adopted by defense molecules, i.e., the trimeric CRDs further bundled together via a long and somewhat flexible stalk as found in MBP and the sequential arrangement of multiple CRDs as found on the macrophage receptor, the former appears to be more easily adaptable to various sugarbinding orientations. Exactly what advantage, if any, the multiple CRD design has is an interesting question.
Galectins
Galectins constitute yet another group of lectins on which CRDs share different sequence homology from that of the C-type lectins [32]. The tertiary structure of galectin CRD assumes a fl-sheet sandwich that resembles remarkably that of legume lectins, although there is no significant amino acid sequence similarity [33]. All galectins bind fl-galactosides, the preferred disaccharide sequence being lactose and N-acetyl lactosamine. Galectins can be subdivided into three groups on the basis of the polypeptide construct: 1) galectins consisting entirely of CRD which forms stable dimers, 2) galectin in which the CRD is attached at its N-terminal end to a highly sequence-repetitive domain, 3) galectins that contain two tandemly connected CRDs. Here we limit our discussion to the non-covalent dimeric type.
The tertiary and quaternary structures of galectin dimers resemble that of the canonical dimer of the legume lectins in which two monomers associate non-covalently at one end of the molecule that are on the opposite side from the location of the carbohydrate-binding site [33] (Figure 8). For this reason, the two sugar-binding sites are quite far apart (s-, 50 A) located at the opposite ends of an oblong dimer, and more importantly these sites are facing in opposite directions. Such a binding site arrangement is dramatically different from that of MBP and many membrane-associated proteins, e.g., hepatic lectins, where the binding sites are generally pointing toward the same direction. The opposite orientation of the two sites makes it virtually impossible for a synthetic divalent structure of the designs described earlier in this review, to bind to the two sites
[image: ]
Figure 8. Ribbon diagram of human L-14-II-lactose complex. Courtesy of Y.D. Lobsanov, M.A. Gitt, H. Leffler, S.H. Barondes, and J.M. Rini, J. Biol. Chem. (1993) 268: 27034, by permission of American Society for Biochemistry and Molecular Biology, Inc.

simultaneously, even if the linking arm is sufficiently long. As to neoglycoproteins, e.g., highly lactose-substituted BSA derivative, although it is larger than the dimeric galectin, the globular nature of both the ligand and lectin makes it sterically improbable to have two lactose residues occupying the two sites simultaneously. As expected, experimentally the binding of Lac-BSAs by a dimeric galectin did not exhibit density-dependent affinity enhancement seen in the MBP and hepatic lectin experiments (Figure 7) [34].
However, the bipolar binding site arrangement of dimeric galectins and legume lectins is most suited for the cross-linking type of interaction. In fact both legume lectins and dimeric galectins are known for their ability to form extensively cross-linked network resulting in crystalline precipitin. However, this type of cross-linked network is fundamentally different from multivalent interaction of MBP and hepatic lectins. A molecule or a binding unit of MBP and hepatic lectins interacts with a single multivalent ligand molecule at multiple sites, whereas each molecule of galectin or legume lectin interacts with a multivalent ligand only at one site. To illustrate this point, the network of galectin-asialofetuin interaction proposed by Brewer and coworkers [35] is shown in Figure 9. Each galectin dimer interacts with two separate asialofetuin molecules, and if limited to a single dimer of galectin the interaction does not result in affinity enhancement. However, an expansive cross-linking of galectin with a large number of multivalent ligand molecules would be expected to result in affinity enhancement because of the concerted binding event. Once the network is formed, the overall dissociation rate would be expected to be very much slower than the individual dissociation rates. A recent microcalorimetric analysis of ConA binding of multivalent ligands showed that there is no increase in AG per unit sugar for the binding to multivalent ligands, even though the IC50 values showed an apparent increase in inhibitory potency. However, the IC50 values do correlate with the AS of binding [36].
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Figure 9. A model of cross-linking interaction of dimeric galectin with asialofetuin (AsF). The initial precipitin form containing AsF and galectin in 1:9 ratio was converted to a new precipitin form upon addition of more AsF which contains AsF and galectin in 1:3 ratio. Adapted from D.K. Mandal and C.F. Brewer, Biochemistry (1992) 31: 8465.
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Conclusions
The glycoside cluster-effect is an important mechanism for affinity-enhancement in many carbohydrate-lectin interactions. The fact that many endocytotic receptors and defense molecules employ glycoside cluster-effects attests to the effectiveness of this mode of affinity-enhancement.
To produce a strong affinity-enhancement, the configurational complementarity between the lectin binding sites and target sugar residues is of utmost importance. Mammalian hepatic lectin on the hepatocyte surface binding to certain Gal-terminated natural oligosaccharide structures represents the supreme example of high complementarity. In this case, the overall binding energy is close to the sum of the binding energy at individual sites, suggesting that this binding event pays little entropic penalty. A more recent example is a pentavalent or decavalent ligands designed and synthesized for Shiga-like toxin [37].
In contrast, it is often difficult to obtain a meaningful affinity-enhancement using flexible divalent ligands, especially if the distance between the two binding sites is long (>45 A). Presumably, any gain in the binding energy obtained by simultaneous occupation of two binding sites is almost totally offset by the entropical expenditure. This is particularly true for lectins, since the binding energy generated at a typical binding site is rather small.
The orientation and direction of binding sites are other important factors. When the binding sites are pointing in opposite directions, such as in the case of galectins and legume lectins, it is improbable for a molecule of lectin to bind a single multivalent ligand at multiple sites. Sterically more suitable interaction is cross-linking, and one would expect extensive cross-linking will produce affinity enhancement, probably mostly due to a decreased dissociation rate.
The recognition and binding of carbohydrate is important in many biomedical topics, e.g., the initial recognition and the binding of invading microorganisms and their toxins. Inhibitors for the binding step may be potentially important therapeutic agents. If the clustering of target sugar residues is suspected to be a significant factor in the binding event, the use of serum albumin-based neoglycoproteins as inhibitors may be a good starting option. The advantages of neoglyco-proteins are: 1) The size is large enough to allow binding to lectin binding-sites, which might be more than 50 A apart; 2) The incorporation of a large number of sugars into the albumin molecule increases the chance of sugar residues occupying two or more binding sites simultaneously; 3) The globular protein backbone gives a certain amount of rigidity to the spacial arrangement of target sugars, which will reduce the entropic energy loss.
If the presence of an unnatural backbone is not unacceptable and heterogeneity in the molecular size distribution can be tolerated, the synthetic polymers of the linear type, such as polyacrylamide, and of dendrimer type, such as commercially available Starburst, can be effective scaffolding for 

multivalent neoglycoconjugates. In fact, we have synthesized neoglycoconjugates of the linear polymeric type based on poly-L/D-lysine as well as polyacrylamide backbones and found them to be potent inhibitors in the hepatic lectin [38], alveolar macrophage mannose-receptor [39], and MBP [40] systems. The effectiveness of small flexible di- or trivalent molecules as inhibitors is probably limited to a few restricted cases where lectin binding sites are fairly close to each other and relatively rigidly organized, as in the case of hepatic lectins. A parasite, Entamoeba histolytica, expresses a cell-surface Gal/Ga1NAc-binding protein, which represents the adherence as well as the virulence factor. Like in the case of ASGP-R on the rat hepatocyte, GalNAc-containing BSA derivatives are potent inhibitors for this lectin [41]. However, in contrast to RHL none of the divalent GalNAc derivatives (up to 60 A maximum span) showed any significant affinity-enhancement [41] (R.T. Lee, Y.C. Lee, R.L. Schnaar, and W.A. Petri, Jr., unpublished results), suggesting that the organization of the GalNAc-binding protein on the E. histolytica cell surface may be very fluid.
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Abstract Carbohydrates have physiological importance far beyond their roles as source of energy (glycolysis) and activated hydrogen for synthesis (pentosephosphate pathway) or as constituent of the backbone of nucleic acids and of cell wall polysaccharides. The extent of compositional and structural variability of their oligomers (glycans) is unsurpassed in Nature due to the unique property of independently combining the following parameters with sequence: anomeric status, linkage positions, ring size, addition of branches and site-specific introduction of substitutions. The monosaccharides (letters of the third alphabet of life) thus generate ‘words’ (signals) of high-density coding capacity. These ‘words’ are part of the glycans on proteins and lipids, and the glycome represented by these ‘words’ in their entirety has cell type-dependent features. The often limited intramolecular flexibility of oligosaccharides along with an abundance of contact points for intermolecular interactions is ideal for binding processes. Glycan-based ‘words’ can thus be ‘read,’ and their message translated into cellular effects by receptors called lectins. This journal’s special issue covers central aspects of the concept of the sugar code.
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Background
The concept of biological information and its translation into cellular effects is commonly seen as solely embodied by the genetic code. Complementarity between base pairs of nucleotides is the molecular basis for accurately copying templates and hereby starting the flow of biological information (Fig. 1, top). ‘Code words’ established by ‘letters’ of the two alphabets of life, i.e., nucleotides and amino acids, are set in direct relation by the genetic code, and the sequence of the building blocks of each type of oligo- or polymer, i.e., nucleic acids and proteins, completely defines the ‘message.’ As can be deduced from Fig. 2a, b, there are recurring molecular mechanisms for letting the chain of these biopolymers grow, either by phosphodiesters or by peptide bonds.
The situation for coding on the cell surface is different and by considering its inherent requirements gives reason to why Fig. 1 must be extended and the right part of Fig. 2 will look different. In relation to genetic coding, the density of the presented information must reach a high level for signals on the cell surface, because the available space for the multitude of different messages in communication is limited. To accomplish this feat, a different class of bio-molecule is required. It must be endowed with the capacity to allow the synthesis of many more isomers (‘words’) from its structural units (the third alphabet of life) than nucleotides or amino acids permit. As highlighted in Fig. 2, monosaccharides are ideal for this task, a fundamental insight that opened the door "to one of the last great frontiers of biochemistry" (Hart 1992; Cook 1995). The presence of chemically equivalent hydroxyl groups facilitates formation of the glycosidic bond via various linkages that then will bridge monosaccharides from the anomeric
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Fig. 1 Concept of the flow of biological information was initially confined to the realm of the genetic code (top). The growing realization of the functional significance of glycans as platform for the sugar code accounts for adding carbohydrate-based coding to the scheme (bottom); (from Kaltner and Gabius 2012, with permission)
center of one unit to the hydroxyl groups at C1, C2, C3, C4 or C6 of the next furanose(f)/pyranose(p) (Fig. 2c). Although the linkage chemistry is the same, a large set of isomers of dimers (disaccharides) can be generated, in contrast to only one dimer as is the case for nucleic acids and peptides. Additional diversity by branching can occur, yielding "compact units with explicit informational properties" (Winterburn and Phelps 1972). Hence, monosac-charides surpass nucleotides or amino acids in coding 

capacity and, as a consequence, the glycome is very complex (Laine 1997; Rüdiger and Gabius 2009). Accordingly, the paradigm of the flow of biological information needed to be amended by adding glycosylation/glycans (Fig. 1, bottom): DNA codes for the proteins (such as glycosyl-transferases) that build the glycans from the letters of the third alphabet of life, i.e. monosaccharides. Glycans are present ubiquitously on proteins and sphingolipids. With the contributions to the first part of this special issue, principles of protein and lipid glycosylation are depicted and illustrated by instructive examples of how glycan synthesis shapes distinct aspects of cellular (re)activity (Reuter and Gabius 1999; Kopitz 2009; Zuber and Roth 2009; Corfield and Berry 2015; Gabius 2015; Hennet and Cabalzar 2015; Ledeen and Wu 2015).
Glycans in information coding
Since a substantial part of the genome is represented by genes that code for proteins involved in carbohydrate synthesis, activation and transport as well as glycan assembly, modification, remodeling and degradation, it is tempting to assume a physiological significance of the oligosaccharides. By analyzing the deviations from the normal status in diseases, ample support for this notion has been and is being gained (Gahmberg and Tolvanen 1996; Haltiwanger and Lowe 2004; Vogt et al. 2007; Honke and Taniguchi 2009; Moremen et al. 2012; Hen-net and Cabalzar 2015). It is thus imperative to look into the details of the assembly lines for glycans present on both proteins and lipids (Corfield 2017; Kopitz 2017). Product analysis benefits from the enormous technical progress in glycan separation and structural characterization (Lee 2009; Nishimura 2011; Clerc et al. 2016; Song et al. 2016). When covalently linked to their scaffold, the glycans are not hidden but rather accessible. For instance, glycans can reach away for about 3 nm from the core linkage on the protein. On the level of cells, the glycans are thus major components and determinants for contact
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Fig. 2 Illustration of the linkage points of oligomer formation of nucleic acids (a), proteins (b) and glycans (c). In contrast to the letters of the first and second alphabets of life, each carbohydrate unit
1 Springer

can engage any hydroxyl group for letting a chain grow or introduce branches, and the configuration at the anomeric center can vary (from Rüdiger and Gabius 2009, with permission)
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Fig. 3 Illustration of homodimeric galectin-1 as scheme and b-sandwich protein as well as the binding profile of the disaccharide ligand lactose (from Gabius 2015, with permission)

building, and they contribute markedly to the composition of the extracellular matrix. It thus comes as no surprise that infections can start by exploiting glycans as docking sites for bacteria and viruses (Holgersson et al. 2009; van Breedam et al. 2014; Tan et al. 2015). That individual sugar moieties count enormously as surface determinants is illustrated by histo-blood group typing or by disclosing glycan-dependent routes of cell–cell adhesion and communication with the environment (Watkins 1999; Gabius et al. 2011, 2015). The respective work has spurred enormous progress and opened the door to discovering intricate regulation of expression and functional meaning of glycan epitopes, whose presence was initially viewed as a purely phenomenological feature with rather random (or complex) profile. The contributions to the first part of this special issue will introduce principles of glycosylation (Corfield 2017; Kopitz 2017) followed by a close examination of sialylation of N-glycans to illustrate the fine-tuning of their synthesis and the functional importance of seemingly subtle changes (Bhide and Colley 2017). Through the study of these aspects, it will become clear how intriguingly programmable and inherently dynamic the glycome composition is, like a fingerprint characteristic for a certain cell.
As is the case for glycoproteins, sialic acids on glycans of gangliosides exert much more than merely a structural role (Schnaar et al. 2014; Ledeen and Wu 2015; Schen-grund 2015; Kopitz 2017). Their involvement in binding of bacterial toxins has already become textbook knowledge. Dynamic remodeling of these glycans by enzymatic removal of a sialic acid, similarly operative for glycopro-teins, is a functionally powerful means to alter the display of glycan-based signals without need for neosynthesis (Gabius et al. 2016). A formerly cryptic recognition marker is hereby made accessible as response to a distinct signal and ‘read’ by a tissue receptor, e.g., cell activation in the communication between regulatory and effector T cells [as reviewed in Kaltner et al. (2017)].

The precision of this selection process had already been noticed in the classical work on blood group specificity. The obvious capacity of phytohaemagglutinins of selecting (‘reading’) distinct (sugar) epitopes on the erythrocyte surface led W. C. Boyd to propose "the word lectin from Latin lectus, the past principle of legere meaning to pick, choose or select" for such proteins, different in structure from sugar-specific antibodies (Boyd 1954). The contributions to the second part of this special issue will first introduce the reader to principles of lectin structure and applications of lectins in cyto- and histochemistry. Special emphasis will then be given to informative case studies of distinct families with general significance and on the functional pairing of mammalian lectins with glycans (counterreceptors). An original article will finally describe a histochemical assay for evaluating inhibitory capacity of synthetic glycoclusters on binding of human lectins to tissue sections, a structural context displaying the glycome complexity of the physiological situation. This contribution shows how lectin his-tochemistry and synthetic carbohydrate chemistry team up to trace spatial characteristics of lectin binding.
Lectins in information decoding
Plant and animal lectins are a class of carbohydrate-binding proteins distinct from antibodies, enzymes and transport proteins for free mono-, di- and oligosaccharides (for details on definition and applications, see Manning et al. 2017). On the grounds of the concept of the sugar code, a large number of lectins is predicted. The existence of more than a dozen folds for proteins falling into this category attests that diversity of glycans is matched on the level of lectins [see Galleries of Lectins for animal and human lec-tins in Solís et al. (2015) and for plant and fungal lectins in Manning et al. (2017)]. An example for protein folding and the accommodation of the ligand for a human lectin is given in Fig. 3, with a scheme depicting its capacity to

1 Springer

114	Histochem Cell Biol (2017) 147:111–117

Table 1 Structural and spatial properties for regulating affinity and selectivity of glycan/glycoconjugate binding to lectins
Glycan/glycoconjugate	Lectin

Sequence and shape of the reactive epitope (mono- to oligosaccharide incl. branching and substitutions)
Cluster effect of multivalent glycan by N-/O-glycan branching or local density variations of neighboring glycans in a glycoprotein such as a mucin
Cluster effect by non-covalent aggregation of glycoconjugates in microdomains

Architecture of the contact site for the cognate glycan(s) in the carbohydrate recognition domain (CRD)
Modular organization of CRDs in (monomeric) bi- to oligovalent lectins
Non-covalent association of a monomeric lectin into di- to oligomeric aggregates



cross-link counterreceptors. Effectively, cross-linking gly-coprotein targets such as the a5b1-integrin (fibronectin receptor) can initiate signaling, for instance resulting in the caspase-8-dependent induction of anoikis in carcinoma cells (Amano et al. 2012). Looking at ligand binding, functional pairing with a glycan can be taken to the level to reach specificity among the complexity of cellular glyco-conjugates, assigning a family member to a particular mission. As summarized in Table 1, structural and topological factors on both sides cooperate toward this end. Of note in this context, a certain glycan can well be the target of lec-tins from different families (Gabius et al. 2016). As a general theme for the functional pairing, not a single protein but homologous members of a family are present to ‘read’ signals. Starting from an ancestral gene, which gives rise to a distinct fold that is the platform for the contact site of gly-cans, gene duplication and sequence diversification account for group building (Gready and Zelensky 2009).
The contributions to the second part of this special issue will first introduce the principles of lectin structure and applications of lectins in cyto- and histochemistry (Manning et al. 2017). Special emphasis will then be given to informative case studies on two lectin families, i.e., C-type lectins (Mayer et al. 2017) and galectins (Kaltner et al. 2017) in animals and man, to exemplify the resulting acquisition of related but distinct properties on the structural and functional levels and on the functional pairing of mammalian lectins with glycans (counterreceptors). The intricate relation between sugar coding and quality control/intracellular routing of glycoproteins will be described next (Roth and Zuber 2017). Mutual lectin/glycoconjugate recognition is also the basis for the specificity of (ga)lectin-mediated delivery of distinct glycoproteins to axonal segments as shown in Fig. 4 (Velasco et al. 2013), one of the cases of functionality of the sugar code in neuroscience (Higuero et al. 2017).
In general, the ability of lectins to home in on certain glycans and even distinct glycoconjugates makes them valuable tools for their detection. Using labeled lectins, a gly-coprofiling of cells and tissues is thus feasible (Roth 1978, 2011), as documented in Manning et al. (2017). Within this recognition process, topological factors play a role in determining the avidity and selectivity of lectin binding, on the
1 Springer

level of glycoconjugates and their arrangement in clusters (microdomains). Synthetic glycoclusters are potent tools to delineate such structure–activity relationships (Murphy et al. 2013; Roy et al. 2016). Testing their inhibitory potency on lectin binding in tissue sections can provide information on the natural susceptibility of lectin binding in a context of glycan presentation, with potential for guiding the design of inhibitors, as recently tested for plant lec-tins (André et al. 2016) and for mammalian galectins (Roy et al. 2017).
Conclusion
Mechanisms of cellular communication must necessarily use biochemical signals of high coding capacity. As consequence, cells must be equipped with the respective enzymatic machinery, which must be spatially organized to guarantee ordered glycan assembly with the possibility for dynamic switches between glycan structures, a complex process assigned to the cisternal organization of the Golgi apparatus (Roth and Berger 1982; Tartakoff and Vassalli 1983; Roth et al. 1985, 1986; Roth 1987; Velasco et al. 1993; Rabouille et al. 1995; Berger and Roth 1997; Colley 1997; Pavelka 1997; Roth 2002; Shorter and Warren 2002). The implementation of context-dependent variability of products will fulfill the prerequisite to respond to changes in gene expression or of the microenvironment appropriately and swiftly. The special chemical features of monosaccharides to generate unsurpassed structural diversity and the ubiquitous presence of glycans are obvious hints that complex carbohydrates are active players in biocommunication. However, to prove that their "functions pervade biology at all levels" (Hart 2013) was not possible without major advances in glycan analysis and synthesis as well as the realization that lectins are much more than plant-derived tools for cell typing. Strategically combined work on the structurally most complex ‘signals’ (glycans), the ‘translators’ of glycan-encoded information (lectins) and their interplay has now reached the level of cracking the sugar code. Intriguingly, approaches of supramolecu-lar chemistry to program the glycan display of surfaces of
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	Fig. 4 Illustration of the presence of galectin-4 that contributes to normal axon development by delivery of gly-coproteins such as L1 to axon membrane segments (green; arrowheads) (top). Reduction of sulfatide synthesis by sodium chlorate impairs routing of the lectin and perturbs axon growth (filamentous actin labeled in red, bottom). Scale bar 25 µm (kindly provided by J. Abad-Rodrlguez, Toledo, Spain; for details, please see Higuero et al., this issue)
	[image: ]




self-assembled vesicles (Percec et al. 2013; Zhang et al. 2015a; Xiao et al. 2016) or of protein engineering to rationally alter the structure of lectins (Swanson et al. 2015; Zhang et al. 2015b) make the production of test compounds possible for in-depth structure–activity investigations. Functionally oriented perusal of the glycome culminating in the identification of active counterreceptors for tissue lectins is thus the aim of functional glycomics.
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A combination therapy approach is required to improve tumor immune in
fi
ltration and patient response to immune checkpoint inhibitors that target negative regulatory receptors. Galectin-3 is a 
3
-galactoside-binding lectin that is highly expressed within the tumor microenvironment of aggressive cancers and whose expression cor
relates with poor survival particularly in patients with non
–
small cell lung cancer (NSCLC). To examine the role of galectin-3 inhibition in NSCLC, we tested the effects of galectin-3 deple
tion using genetic and pharmacologic approaches on syngeneic mouse lung adenocarcinoma and human lung adenocarcinoma xenografts. Galec-tin-3 
/ 
mice developed signi
fi
cantly smaller and fewer tumors and metastases than syngeneic C57/ Bl6 wild-type mice. Macrophage ablation retard
ed tumor growth, whereas reconstitution with galectin-3-positive bone marrow restored tumor growth in galectin-3 
/ 
mice, indicating that macrophages were a major driver of the antitu
mor response. Oral administration of a novel
small molecule galectin-3 inhibitor GB1107 reduced human and mouse lung adenocarcinoma growth and blocked metastasis in the syngeneic model. Treatment with GB1107 increased tumor M1 macrophage polarization and CD8
þ
 T-cell in
fi
ltration.
Moreover, GB1107 potentiated the effects of a PD-L1 immune checkpoint inhibitor to increase expression of cytotoxic (IFN
y
, granzyme B, perforin-1, Fas ligand) and apoptotic (cleaved caspase-3) effector molecules. In summary, galectin-3 is an important regulator of lung adenocarcinoma progression. The novel galectin-3 inhibitor presented could provide an effective, nontoxic monotherapy or be used in combination with immune checkpoint inhibitors to boost immune in
fi
ltration and responses in lung adenocarcinoma and potentially other aggressive cancers.
) (
Signi
fi
cance: A novel and orally active galectin-3 antagonist inhibits lung adenocarcinoma growth and metastasis and
augments response to PD-L1 blockade.
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Novel Galectin-3 Antagonist Inhibits Lung Cancer Progression
) (
Introduction
Globally, lung cancer is the leading cause of cancer-related mortality (1). Non
–
small cell lung carcinoma (NSCLC) com
prises 80% of total lung cancer cases, with lung adenocarcino-ma being the major subtype (1). In recent years immune checkpoint therapies targeting various negative regulatory receptors on tumor in
fi
ltrating cytotoxic T lymphocytes (CTL) such as programmed death-1 (PD-1), programmed death-ligand 1 (PD-L1), cytotoxic T-lymphocyte associated protein 4 (CTLA-4), and others, have shown unprecedented ef
fi
cacy in NSCLC patients even against late-stage disease (2). However, patient response is limited, thus driving intensive research toward combining immune checkpoint inhibition with other targeted agents to overcome resistance (2).
Tumor-associated macrophages (TAM) are present in the stro-ma of many tumors including NSCLC (3). TAMs acquire an alternative (M2)-like macrophage phenotype and secrete angio-genic and anti-in
fl
ammatory cytokines, which contribute to the immunosuppressive milieu of the tumor microenvironment (4). TAMs can also be important direct targets of PD-1/PD-L1 inhibition and can also promote drug resistance by removing anti-PD-1 antibodies from T cells (5, 6). Indeed, macrophage depletion via colony-stimulating factor-1 receptor (CSF-1R) blockade improved T-cell in
fi
ltration and antitumor activity of PD-1 antagonists in preclinical models of melanoma and breast cancer (7, 8), suggesting that strategies aimed at inhibiting mac
rophage responses are necessary to permit effective immune checkpoint therapy.
One possible target for such combination treatment is galectin-3, a member of a protein family de
fi
ned by af
fi
nity for 
b
-galac-toside-containing glycoconjugates and a conserved carbohydrate-recognition-binding domain (9). Galectin-3 is widely expressed in several cell types such as macrophages, 
fi
broblasts, activated T-lymphocytes and epithelial cells (10
–
12) and is highly expressed in high fatality cancers such as NSCLC (13). In NSCLC particularly in adenocarcinoma, increased galectin-3 expression in tumors, lymph nodes and serum correlates with metastases and is a negative prognostic indicator (13
–
18). The galectin-3 genetic polymorphism rs4652 associated with impaired galectin-3 secre
tion, has been linked to increased survival and response to chemotherapy in NSCLC (18). Galectin-3 can directly enhance cell proliferation (19), apoptosis resistance (20), metastatic potential (19, 21), as well as lung cancer stemness (22). It is also an important constituent of the tumor microenvironment acting on endothelial cells to promote angiogenesis (23). Furthermore many studies have revealed the inhibitory effects of galectin-3 on activated cytotoxic T lymphocytes CTLs (24
–
27) and we have shown it to be essential for M2 macrophage differentiation (28, 29). Hence, galectin-3 forms an ideal candidate target for com
bining with checkpoint blockade.
We examined the role of galectin-3 in NSCLC by utilizing the syngeneic mouse Lewis Lung Carcinoma (LLC1) model, compar-ingtumorgrowth in wild-type (WT) andgalectin-3
–
de
fi
cientmice showing an essential non-redundant tumor-promoting role for galectin-3. Bone marrow (BM) transfer and macrophage deple
tion experiments show that macrophages are a major source of tumor-promoting galectin-3. A newly developed, selective small molecule galectin-3 inhibitor inhibited mouse and human NSCLC tumor growth and metastasis and signi
fi
cantly potenti
ated response to an immune checkpoint inhibitor.
) (
Materials and Methods
Cell lines, culture, and transfections
LLC1 cells and A549 cells were purchased from the European Cell Culture Collection (ECACC 90020104) and were cultured at 37
°
C in 5% CO
2 
(95% air) in DMEM (Sigma D5671) supplemented with 10% FCS, 1% 
L
-glutamine, and 1% peni-cillin/streptomycin. Human cell line A549 was authenticated by short tandem repeat (STR) DNA pro
fi
ling by ECACC. Cells were routinely tested for 
Mycoplasma 
every 6 months. Vector pCMV-KDEL-Gluc-1, expressing G.princeps luciferase (Lux Biotechnologies) was transfected by electroporation (Lonza electroporation kit VCO-1001). Stably transfected cells were selected with G418.
Animals
All animal experimental work was carried out under a project license approved by the local Animal Welfare and Ethical Review body (AWERB) and issued in accordance with the Animals (Scienti
fi
c Procedures) Act 1986. C57Bl/6 mice and female CD1 nude mice were purchased from Harlan Labora
tories. Generation of galectin-3 
/ 
mice by gene-targeting tech
nology has been described previously (30). CD11b-DTR (Diph
theria Toxin Receptor) mice were derived from FVB mice as described (31) and backcrossed over 10 generations onto the C57Bl/6 background. Human galectin-3 knockin mice were generated by Cyagen Biosciences using the TurboKnockout (conditional Knockin) approach by inserting the entire human LGALS3 sequence into exon 1 of mouse Lgals3 so that the expression of human galectin-3 is under control of the mouse gene regulatory element.
Orthotopic LLC1 model
Mice were anaesthetized with iso
fl
uorane. A 1 mm skin incision was made below the right shoulder blade. A total of 103 LLC1-luciferase cells were injected through the intercostal muscles into the lung parenchyma prior to the incision being stapled.
Subcutaneous LLC1 model
LLC1 (2.5 
x 
105) cells were injected subcutaneously into the 
fl
anks of age-matched male WT and galectin-3 
/ 
C57Bl/6 mice. Each animal received an injection of 2.5 
x 
105 cells suspended in 100 
m
L PBS in both 
fl
anks. Tumor volumes were measured with calipers every 1 to 3 days [tumor volume 
= 
p
/6 
x 
(
L 
x 
W
)
3/2
].
LLC1 metastasis model
LLC1 cells were administered via the tail vein (1 
x 
10
6
 cells) and lung lobes were harvested at 7 days. RNA was extracted from lung lobes using a Qiagen RNeasy Kit, converted into cDNA (Quantitect cDNA Synthesis Kit; Qiagen), and luciferase expres
sion was measured by qPCR using primers against Gaussia princeps luciferase (5
'
-TCTGCCTGTCCCACATCAAG-3
'
 forward and 3
'
-CCCTGTGCGGACTCTTTGT-5
'
 reverse; Primer Design) and SYBR Green (ThermoFisher Scienti
fi
c).
Human adenocarcinoma xenograft model
CD-1 nude female mice received 3 
x 
10
6
 human lung adeno-carcinoma cells (A549) in 100 
m
L 1:1 Matrigel:serum-free DMEM in both 
fl
anks. Tumor volumes were measured every 2 to 3 days using digital calipers.
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Macrophage ablation
Macrophages were ablated in C57Bl/6 CD11b-DTR mice (or WT littermates) by administration of 10 ng/g diphtheria toxin (DT) intraperitoneally (i.p.) prior to subcutaneous tumor cell injections.
BM transplant
Mice were injected with 400 
l.L
L liposomal clodronate (Liposoma). After 36 hours, mice were irradiated with 10.5 Gy delivered from an IBL637 gamma irradiator (Gamma Services Ltd.) at a dose rate of 0.64 Gy/min. Following irradiation mice received a single tail-vein infusion of 107 BM cells obtained by 
fl
ushing the femurs of WT and galectin-3 
/ 
donor mice. Transplanted mice were used 8 weeks posttransplant.
Drug preparation
Galectin-3 inhibitor GB1107 (3,4-dichlorophenyl 3-deoxy-3-[4(3,4,5-tri
fl
uorophenyl)-1H-1,2,3-triazol-1-yl]-1-thio-
x
-D-galactopyranoside; Galecto Biotech; ref. 32) was prepared at a concentration of 1 mg/mL in 1% polyethylene glycol, 0.5% hydroxypropyl methyl cellulose (HPMC), and stored in ali
quots at 20
°
C. The anti-PD-L1 monoclonal antibody (clone 10F.9G2) used for 
in vivo 
blockade experiments was purchased from BioXCell and 200 
l.L
g in PBS was administered twice weekly by interperitoneal injection.
Luciferase assays
LLC1 cells stably transfected with pCMV-KDEL-Gluc-1 were assessed for luciferase expression upon addition of 
n
-colenterazine (
n
-CTZ; Lux Biotechnologies 20001) substrate to a 
fi
nal con
centration of 10 
l.L
mol/L to live cells in 96-well plates. Lymph nodes were disaggregated by passing through 40 
l.L
m cell strainers and suspended in PBS. N-CTZ was added at a 
fi
nal concentration of 10 
l.L
mol/L. Luciferase activity was assessed with a BioTek SynergyTM HT Luminometer.
Immunohistochemistry
Formalin-
fi
xed paraf
fi
n embedded sections were deparaf
fi
-nized in xylene and rehydrated in graded ethanol. Epitopes were retrieved by microwaving in 0.01M sodium citrate (pH 6) for Ym1, and cleaved caspase-3 staining and by proteinase K digest (1.25 mg/mL) for 5 minutes for F4/80 staining. Sections were blocked with serum-free protein block (DAKO) and incubated overnight at 4
°
C with primary antibodies, rabbit anti-mouse Ym1 (Stem Cell Technologies, 1:200), rat anti-mouse F4/80 (Abcam, 1:100), rabbit anti-mouse ki-67 (Abcam, 1:200), and rabbit anti-mouse cleaved caspase-3 (clone 5A1; Abcam, 1:1,000). Sections were incubated with species-speci
fi
c biotinylated IgG (Vector), and visualized with 3,3
'
-diaminobenzidine (DAB) substrate.
Immunohistochemistry quanti
fi
cations
Five to ten 
fi
elds were scored for each tumor representing both tumor and stroma. Absolute cell counts were recorded for F4/80 and Ym1 positive cells. Cleaved caspase-3 staining in tumors was quanti
fi
ed by inverting 8-bit TIFF 
fi
les so that DAB-positive areas give the highest pixel intensities. Mean pixel intensities (MPI) were then measured in up to 160 
fi
elds of view covering the entire tumor parenchyma and averaged to give a single value per tumor.
) (
Immuno
fl
uorescence
Tumor sections were incubated with rat anti-mouse F4/80 followed by horseradish peroxidase (HRP)-labeled goat anti-rat IgG (DAKO) and tyramide green (Invitrogen). Sections were microwaved in 0.01M sodium citrate (pH 6) for 5 minutes, reblocked, and probed with rabbit anti galectin-3 (R&D) or rabbit anti Ym1 followed by HRP-labeled goat anti-rabbit IgG (DAKO) and tyramide red (Invitrogen) and mounted in 
fl
uoromount-G with DAPI (eBioscience). Images were captured on a Nikon Eclipse E600 microscope.
Tumor RNA extraction and RT-PCR
Total RNA from LLC1 tumors and lung tissue was prepared using RNeasy kits (Qiagen) and reverse transcribed into cDNA using Quantitect RT kits (Qiagen). cDNA was analyzed using either a SYBR green-based quantitative 
fl
uorescence method (Invitrogen) and Kiqstart primers (Sigma Aldrich) or Taqman primer probe sets (Life Technologies).
SDS PAGE and Western blotting
Cells were lysed in NP-40 (Invitrogen) and separated by 10% to 15% SDS-PAGE. Proteins were transferred to nitrocellulose mem
brane and probed using antibodies against galectin-3, 1:500 (eBioM3/38; eBioscience) and GAPDH, 1:3,000 (14C10; Cell Signaling Technology), followed by species speci
fi
c HRP-conju-gated secondary antibodies (Dako). Bound antibodies were detected using the Enhanced Chemiluminescence 2 Detection Kit (Pierce).
Tumor dissociation and 
fl
ow cytometry
Tumors were minced in serum-free DMEM and digested with Liberase (2 mg/mL; Sigma-Aldrich) and DNase I (Sigma-Aldrich) at 37
°
Cfor 30 minutes. Disaggregated tissue was 
fi
ltered through a 35-
l.L
m nylon mesh, washed, and resuspended in FACS buffer (PBS with 0.1% BSA). Fc receptors were blocked with anti-mouse CD16/32 (Biolegend). Antibody cocktails (anti-mouse Ly6G-paci
fi
c blue, CD11b-BV605, Galectin-3-FITC, CD45-PerCP and CD45-APCcy7, MHC-II-PE, CD206-PEcy7, PD-1-APC, F4/80-AF700, CD4-paci
fi
c blue, PD-L1 BV605, CD3-PerCPcy5.5, IFN
y
-PE, CD8-AF700, all from Biolegend) were added to cells and incubated for 20 minutes at room temperature. Samples were 
fi
xed and RBCs were simultaneously lysed in RBC Lysis/Fixation solution (Biolegend). For intracellular staining, cells were per-meabilized with intracellular staining permeabilization wash buffer (Biolegend) and incubated with anti-CD206 or anti-IFN
y 
(Biolegend). Cells were analyzed using an LSR-Fortessa cell ana
lyzer (Beckton Dickenson).
Statistical analysis
Statistical analyses were performed using Graphpad Prism 7.0 software. Results are represented as mean 
± 
SEM and statistical tests are described in the 
fi
gure legends.
Results
Galectin-3 
/ 
mice do not support the growth and metastasis of LLC1 tumors
To examine lung cancer growth within the correct tissue com
partment, LLC1 cells stably expressing 
G. princeps
-luciferase were injected (1 
x 
10
3
 cells) through the intercostal space directly into the lung parenchyma of control and galectin-3 
/ 
mice.
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Figure 1.
Galectin-3
⠁
/
⠁
 mice do not support 
tumor growth. LLC1 cells were 
injected into the lung parenchyma 
of age and sex-matched C57Bl/6 
WT and galectin-3
⠁
/
⠁
 mice. Tumor 
nodules were enumerated by 
macroscopic counting and draining 
lymph nodes were checked for 
metastases by luciferase assay. 
A, 
Representative hematoxylin and 
eosin
–
stained lung sections from WT 
and galectin-3
⠁
/
⠁
 mice are shown. 
B
–
D
, LLC1 cells were inoculated 
subcutaneously into both 
fl
anks of 
WT or galectin-3
⠁
/
⠁
 mice. 
Representative images (
B
), tumor 
volume (
C
), and tumor weight on day 
19 post-dissection (
D
) are shown. 
Arrows, tumor sites. Data in 
A 
is 
derived from a single experiment, 
n 
1
/
4
 10
–
11. Data from 
B
–
D 
are 
representative of two independent 
experiments, 
n 
1
/
4
 8. Differences were 
compared using an unpaired 
two-tailed 
t 
test; 
⠆⠆⠆
, 
P 
<
 0.001; 
⠆⠆⠆⠆
, 
P 
<
 0.0001 (compared with 
WT on the same day).
) (
Hematoxylin and eosin staining of lung tissue con
fi
rmed the 
presence of tumors in control but not galectin-3
⠁
/
⠁
 mouse lungs 
(Fig. 1A). At 20 days post-injection, 4/10 of control mice had 
tumors, whereas none of the galectin-3
⠁
/
⠁
 mice developed 
tumors (Table 1). In addition, 7/10 control animals displayed 
gross swelling of the mediastinal lymph nodes (MLN; Table 1), 
which were positive for metastatic cells as assessed by luciferase 
assay on homogenized MLNs. Only 1/11 of galectin-3
⠁
/
⠁
 mice 
had luciferase positive MLNs (Table 1).
LLC1 cells expressing luciferase were injected subcutaneously 
in both 
fl
anks of WT and galectin-3
⠁
/
⠁
 mice. After day 10, 
subcutaneous tumors from control animals were much larger 
than those of galectin-3
⠁
/
⠁
 mice. This difference became statis
tically signi
fi
cant at day 12 (
P 
1
/
4
 0.0004). By the end of the study, 
tumors of controls had an average volume of 286 mm
3
 compared 
with a volume of 9 mm
3
 in galectin-3
⠁
/
⠁
 animals (96.9% reduc
tion, 
P 
<
 0.0001; Fig. 1B and C). The weight of tumors from 
control mice was 98% heavier than that of galectin-3
⠁
/
⠁
 mice,
Table 1. 
Galectin-3
⠁
/
⠁
 mice do not support tumor growth
) (
Orthotopic tumors  Genotype No. of mice with primary tumors No. of mice with LN metastases
WT	
4/10 (40%)	
7/10 (70%)
Gal-3
⠁
/
⠁
 0/11 (0%)	
1/11 (9%)
Subcutaneous Tumors 
Genotype No. of mice with primary tumors No. of mice with LN metastases
WT	
36/40 (90%)	
5/12 (41.7%)
Gal-3
⠁
/
⠁
 11/40 (27.5%)	
0/12 (0%)
) (
NOTE: Prevalence of mice with established primary tumors and inguinal lymph node metastases are summarized. Orthotopic and subcutaneous tumor data are representative of one or two independent experiments, respectively.
) (
153 
⠅
 31 mg and 3 
⠅
 2 mg, respectively (
P 
<
 0.0001; Fig. 1D). Of all the tumor cell injections received by each group, only 11/40 led to tumors in galectin-3
⠁
/
⠁
 mice compared with 36/40 in controls (Table 1). A total of 5/12 control mice had luciferase positive metastases in their MLNs whereas galectin-3
⠁
/
⠁
 mice had no metastases (Table 1). These results indicate that galectin-3
⠁
/
⠁
 
mice do not support tumor establishment and spread in a sub
cutaneous LLC1 model. Although LLC1 inoculation increased the serum concentrations of anti-galectin-3 IgG antibodies in galec-tin-3
⠁
/
⠁
 mice, no correlation, either negative or positive, was established between antibody production and tumor volume (Supplementary Fig. S1).
M2 macrophages are reduced in tumors from galectin-3
⠁
/
⠁
 
mice
Tumor stroma F4/80
þ
 macrophages were signi
fi
cantly higher in galectin-3
⠁
/
⠁
 animals compared with control (
P 
1
/
4
 0.0217). However, the ratio of Ym1
þ
/F480
þ
 macrophages was signi
fi
-
cantly higher in controls (
P 
1
/
4
 0.0484, Fig. 2A and B), indicating that higher galectin-3 levels around the tumor environment can drive expansion of M2 macrophages (28). Transcript anal
ysis from whole tumor RNA showed that control tumors had 2.5-, 3.3-, and 16.7-fold higher levels of 
IL4
, 
IL10
, and 
IL13 
transcripts, respectively (
P 
1
/
4
 0.04, 0.024, 0.119, respectively), and displayed a 28.8-fold reduction in 
IFN
g 
mRNA when compared with galectin-3
⠁
/
⠁
 tumors (
P 
1
/
4
 
0.0066, Fig. 2C). These results indicate a cytokine environment that favors M2 macrophage activation in tumors of control but not galectin-3
⠁
/
⠁
 hosts and suggests an important role for galectin-3 in the regulation of TAM phenotype.
) (
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Figure 2.
Bone marrow–derived macrophages support [[C1 tumor growth. A, Subcutaneous tumors from WT or galectin-3 / mice were stained for F4/80 or Ym-1. B, Quantitation of Ym1 and F480 staining in tumor sections. C, RNA was extracted from these tumors and gene expression of various cytokines was assessed by qPCR. D, [[C1 cells were injected subcutaneously in both flanks of CD11b DTR mice (n = 12) and their WT siblings (n = 11). All mice were administered DT (10 ng/ g) prior to cell injection. D and E, Tumor volume (D) and tumor weights (E) following DT administration. F, WT and galectin-3 / mice were treated with clodronate, irradiated, and subsequently transplanted with BM cells from WT or galectin-3 / mice. [[C1 cells were injected subcutaneously into both flanks of transplanted mice and tumor volumes (F) and weights (G) were measured. H, Double immunoflourescence staining for F4/80 (green) and galectin-3 (red) was performed in tumors from galectin-3 / mice receiving either WT or galectin-3 / BM transplants. Dotted line represents the boundary between tumor cells (T) and stroma (S). Data are representative of eight mice per irradiation/transplant control group and 12 mice per experimental group. Two-tailed t tests were used to assess statistical differences. , P < 0.05; , P < 0.001.
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Macrophage depletion impairs tumor initiation
We hypothesized that tumor macrophages may contribute to tumor growth in the LLC1 model. C57Bl/6 CD11b-DTR trans-genic mice were used as a model of macrophage ablation (33). CD11b-DTR transgenic mice and WT siblings received a single diphtheria toxin (DT) injection immediately prior to cell implant. At day 12, 15/24 tumors developed in CD11b-DTR mice compared with 20/22 in controls. CD11b-DTR animals had signi
fi
cantly smaller tumor volumes compared with controls (29.4 
± 
4.1 mm
3
 and 89.4 
± 
0.9 mm
3
, respectively; 
P 
= 
0.0005, Fig. 2D) and signi
fi
cantly reduced tumor weights (9.1 
± 
1.0 and 23.4 
± 
4.0 mg, respectively; 
P 
= 
0.0011, Fig. 2E). To assess the ef
fi
ciency of macrophage ablation in this model, DT was administered to mice with established tumors and F4/80 staining carried out 24 hours after DT administration. An 88% reduction in TAMs was observed in the tumors of DTR transgenic animals (
P 
<
 0.0001; Supplementary Fig. S2A).
Galectin-3 phenotype of BM-derived cells in the tumor
microenvironment determines LLC1 tumor growth
To determine which galectin-3
–
expressing cells are necessary to support tumor growth, we 
fi
rst altered galectin-3 expression in recruited cells. Control and galectin-3
-
/
-
 mice were irradi
ated and transplanted with 10
7
 control or galectin-3
-
/
-
 BM cells. Eight weeks post-BM transplant, LLC1 cells were injected subcutaneously. Transplantation of control BM cells into galec-tin-3
-
/
-
 mice resulted in signi
fi
cantly increased average tumor volume and 
fi
nal tumor weight compared with mice trans
planted with galectin-3
-
/
-
 BM cells (
fi
nal tumor volume 336 mm3 and 
fi
nal weight of 297.6 mg compared with 163.9 and 124.4 mg, 
P 
<
 0.0001 and 
P 
= 
0.0007, respectively; Fig. 2F and G). Dual immuno
fl
uorescence staining showed that the stroma of tumors harvested from galectin-3
-
/
-
 animals transplanted with control BM had F4/80 and galectin-3 dual positive cells (Fig. 2H), although the total number of in
fi
ltrating macro
phages was not different between control or galectin-3
-
/
-
 BM transplanted mice (Supplementary Fig. S2B), suggesting that galectin-3 positive macrophages are recruited to the tumor stroma and contribute to tumor growth.
LLC1 cells 
in vitro 
display cell surface and cytoplasmic galectin-3 staining and release galectin-3 into the culture medium (Supple
mentary Fig. S3A). To determine whether tumor-derived galectin-3 also contributes to tumor growth, galectin-3 was stably knocked down (KD) in LLC1 cells prior to subcutaneous injection (Sup
plementary Fig. S3B). Although LLC1 proliferation was reduced by galectn-3 KD 
in vitro 
(Supplementary Fig. S3C and S3D), tumor growth and 
fi
nal tumor weights of LLC1-galectin-3-KD cells was similar to WT cells (Supplementary Fig. S3E
–
S3G).
High-af
fi
nity galectin-3 inhibitor prevents human lung
adenocarcinoma growth 
in vivo
Recently, a series of monosaccharide galectin-3 inhibitors with low nmol/L af
fi
nities and good selectivity over other galectins have been described (32). From this series GB1107 has high af
fi
nity in man at 37 nmol/L but due to species differences in the galectin-3 carbohydrate binding domain (CBD), the mouse galectin-3 af
fi
nity is 38-fold lower. GB1107 has low clearance (1.2 ml/min/kg, 
t
1/2 
= 
4.5 hours, i.v.) and good uptake upon oral administration, resulting in high oral availability (
F 
= 
75%, orally). As a consequence, dosing GB1107 at 10 mg/kg orally once daily results in a plasma concentration above mouse 
K
d 
over 
) (
24 hours (Supplementary Fig. S4). CD-1 nude mice bearing human lung A549 adenocarcinoma xenografts were treated from day 18 postimplantation once daily with 10 mg/kg GB1107. This resulted in signi
fi
cantly reduced tumor growth and 
fi
nal tumor weights (46.2% smaller compared with vehicle control tumors with 
fi
nal average weights of 117 
± 
16 and 63 
± 
11 mg, respectively; 
P 
= 
0.0132; Fig. 3A). Treatment with GB1107 also inhibited LLC1 growth (tumor volumes decreased 48% compared with controls on day 18, 
P 
<
 0.001) and reduced 
fi
nal tumor weights (47 
± 
14 mg vs. 120 
± 
29 mg controls, 
P 
= 
0.0524) when administered daily from the outset (Fig. 3B). Transcript analysis of tumor RNA from the LLC1 tumors revealed reduced 
galectin-3 
(48% less than vehicle, 
P 
= 
0.018) and mesenchymal markers 
TGF
b 
(45% less than vehicle, 
P 
= 
0.015) and trends for reductions of 
VEGF 
and 
a
SMA 
expression (Fig. 3C). Although there was no change in the M1 marker 
Nos2
, there was a trend towards a reduction in expression of the M2 marker 
Ym1 
(50% less than vehicle) and 
CD98 
(49% less than vehicle), which drives galectin-3
–
mediated M2 macrophage activation (28), suggesting a decrease in M2 skewed TAM accumulation in the tumor. To examine effects on metastasis, LLC1 cells were injected intrave
nously and lung colonization was determined at 7 days postin-jection (Fig. 3D). The presence of metastasis was examined by expression of Gaussia luciferase transcript in whole lung RNA extracts. GB1107 administered daily from day 1 signi
fi
cantly reduced tumor burden by 79.2%. These data suggest that inhibi
tion of galectin-3 with an orally active selective galectin-3 inhib
itor can signi
fi
cantly reduce lung adenocarcinoma growth and metastasis 
in vivo
.
Mice were generated that express the human LGALS3 gene in place of the mouse gene (Hu-Gal-3-KI). Western blot analysis con
fi
rmed expression of only human galectin-3 in mouse liver lysates from Hu-Gal-3-KI mice (Fig. 3E). LLC1 tumor growth was inhibited by GB1107 in Hu-Gal-3-KI mice when administration was delayed until day 5 after inoculation (Fig. 3F).
Galectin-3 inhibitor blocks LLC1-induced alternative
macrophage activation
Given the altered M1:M2 TAM ratio in LLC1 tumors from galectin-3
-
/
-
 mice and inhibitor-treated mice, we next deter
mined the role of LLC1-derived galectin-3 on macrophage polarization. Conditioned media from LLC1 cells 
in vitro 
increased IL4-stimulated arginase activity in BM-derived macrophages (BMDM) and increased gene expression of argi-nase-1 and 
fi
zz1 (Supplementary Fig. S5A and S5B). This increase was inhibited by GB1107, suggesting galectin-3 secret
ed by LLC1 cells induces macrophages to adopt an alternative M2-like phenotype (Supplementary Fig. S5A and S5B). GB1107 did not affect LPS-induced Nos2 expression or nitric oxide (NO) production by BMDMs (Supplementary Fig. S5A and S5C). Although our data show TAMs to be a vital determinant of tumor growth 
in vivo
, treatment of LLC1 cells with inhibitor 
in vitro 
also impacted on cell migration and proliferation albeit at higher concentrations (Supplementary Fig. S5D
–
S5F), sug
gesting some direct effect on galectin-3-mediated tumor cell expansion and migration.
Galectin-3 depletion reduces M2-like macrophages and enhances in
fi
ltration of activated CD8 T cells
TAMs can contribute to T-cell immunosuppression (4). In particular, M2-like macrophages secrete more galectin-3 (34) and
) (
Downloaded from 
http://aacrjournals.org/cancerres/article-pdf/79/7/1480/2789957/1480.pdf
 by Temple University user on 09 March 2023
) (
www.aacrjournals.org
Cancer Res; 79(7) April 1, 2019	
1485
)

Vuong et al.

[image: ] (
Downloaded from 
http://aacrjournals.org/cancerres/article-pdf/79/7/1480/2789957/1480.pdf
 by Temple University user on 09 March 2023
)

Figure 3.
Galectin-3 inhibitor GB1107 inhibits lung adenocarcinoma growth and metastasis in vivo. A, Female CD-1 nude mice received two subcutaneous injections of 3 x 106 A549 cells in a 1:1 ratio of Matrigel and serum-free media. Tumors grew to an average of 166 mm3 before commencement of single daily dosing of vehicle (n = 6) or 10 mg/kg GB1107 (n = 6) from day 18. A, Tumor volumes and weights, along with representative images are shown. B, C57Bl/6 mice were injected subcutaneously with [[C1 cells and orally dosed once daily with vehicle or 10 mg/kg GB1107 from day 1. Tumor volumes and weights are shown. C, RNA was extracted from tumors from B and expression of various genes was evaluated by qPCR. D, To test the effect of GB1107 on metastasis, mice were injected with 1 x 106 [[C1-luciferase cells via the tail vein, followed by daily oral gavage of vehicle (n = 10) or GB1107 (10mg/kg; n = 10) from day 1. On day 7, tumor burden in whole lungs was determined by qPCR using luciferase-specific primers. E, Western blot analysis confirming expression of human galectin-3 in liver lysates from hu-Gal-3-KI mice. Two-tailed t tests were used to determine statistical significance. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (compared with vehicle controls). F, Hu-Gal-3-KI mice bearing bilateral subcutaneous [[C1 tumors received vehicle or 10 mg/kg GB1107 once daily orally from day 5. Tumor volumes and weights on day 14 are shown. Results from E represent the mean ± SEM of two independent experiments of n = 6.
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galectin-3 directly impedes T-cell in
fi
ltration and activation (24
–
27, 35). We therefore investigated whether galectin-3
– 
dependent M2 polarization is also associated with changes in T-cell in
fi
ltration and activation 
in vivo
. Flow cytometric anal
ysis of tumor digests from hu-Gal-3-KI mice treated with GB1107 showed no increase in macrophage in
fi
ltration, but showed a decrease in macrophage CD206 expression indicative of reduced M2 TAMs (Supplementary Fig. S6A; Fig. 4A). Sim
ilarly, although there was no signi
fi
cant change in the total number of CD3
þ
 T cells, GB1107 caused an increase in CD8
þ
 
but not CD4
þ
 T cells within tumors (Fig. 4A). This pattern of immune in
fi
ltration was also observed in tumor digests from galectin-3
⠁
/
⠁
 mice compared with WT C57Bl/6 mice (Fig. 4B). Moreover, in galectin-3
⠁
/
⠁
 tumors, in
fi
ltrating CD8 T cells but not CD4
þ
 T cells displayed trends toward increased PD-1 and IFN
y 
expression, together suggesting that galectin-3 depletion may reprogram the tumor microenvironment to favor proin-
fl
ammatory M1-like macrophages and enhance cytotoxic CD8 T-cell in
fi
ltration and activation. Galectin-3
⠁
/
⠁
 mouse tumors displayed no overall changes in total CD45
þ
 cells, neutrophils, monocytes, or dendritic cells (DC) compared with WT tumors (Supplementary Fig. S6B).
To assess whether other systemic changes in galectin-3
–
deplet-ed mice may also in
fl
uence CD8 T-cell activation, we assessed myeloid populations within the BM of WT and galectin-3
⠁
/
⠁
 
mice. We observed no differences in total CD11b
þ
 cells, neutro-phils, or monocytes including in
fl
ammatory Ly6C
hi
 monocytes (Supplementary Fig. S7). There were however increased DCs in galectin-3
⠁
/
⠁
 compared with WT mice, suggestive of another indirect mechanism by which galectin-3 may enhance antitumor T-cell priming (26).
Galectin-3 inhibitor potentiates the antitumor effects of PD-L1 blockade
We next examined the effect of galectin-3 inhibition in combination with immune checkpoint inhibition. In this study, GB1107 treatment was delayed until day 6 postimplan-tation. Delayed administration of GB1107 alone did not reduce tumor burden and administration of an anti-PD-L1 antibody administered twice weekly intraperitoneally from day 6 also had no impact on tumor growth. However, a combination of GB1107 and anti-PD-L1 antibody treatment signi
fi
cantly potentiated the effect of the single agents (49.5% and 51.4% reduced tumor volumes and weights respectively compared with untreated controls; Fig. 5A and B). The reduced tumor growth in the combination group was associated with an increase in PD-1
þ
 CD8
þ
 T cells (Fig. 5C; Supplementary Fig. S8A
–
S8B) and reduced CD206 expression in macrophages (Fig. 5C). This was combined with a signi
fi
cant decrease in tumoral 
x
SMA (Supplementary Fig. S8C) and an increase in expression of T-cell cytotoxic mediators (
IFN
g 
perforin-1
, 
granzyme B
, and 
fas ligand
; Fig. 5D) and a 10.3% increase (
P 
1
/
4
 0.005) in the apoptosis marker cleaved caspase-3 (Fig. 5E and F) but was not associated with changes in tumor cell proliferation as determined by Ki-67 IHC staining (Sup
plementary Fig. S8D and S8E). There was a corresponding reduction in galectin-3 protein levels within GB1107-treated tumors (Supplementary Fig. S8F). Together our data suggest that combination therapy with galectin-3 inhibitor GB1107 and PD-L1 blocking antibody promotes tumor cell apoptosis and cytotoxic CD8 T-cell activation.
) (
Discussion
In this study we show that galectin-3
⠁
/
⠁
 mice do not support LLC1 tumor growth and deleting galectin-3 in BM-derived cells recruited to engrafted mouse lung adenocarcinomas inhibits tumor growth and spread despite high expression of galectin-3 in the tumor cells. Furthermore, macrophage depletion reduces monocyte recruitment and LLC1 tumor growth, con
fi
rming that depletion of macrophages with liposomal clodronate inhibits LLC1 tumor growth (36). Although the spleen can be an impor
tant source of TAMs in a KRAS and P53-driven model of lung adenocarcinoma (37), the BM compartment has been shown to be the major source of TAMs in the LLC1 model (38). Therefore, we sought to restore galectin-3 in tumor macrophages in galectin-3
⠁
/
⠁
 mice by BM transplant with WT galectin-3-positive BM cells. This results in an increase in tumorgrowth similar to that observed in WT mice. Our previous work has shown that galectin-3 is an important regulator of macrophage function, promoting an "M2" phenotype (28). Our data show that macrophages in tumors from galectin-3
⠁
/
⠁
 mice or mice treated with GB1107 have reduced CD206
þ
 M2-like macrophages and we observe reduced M2-promoting cytokine transcripts and elevated IFN
y 
expression within galectin-3
⠁
/
⠁
 tumors. In addition, conditioned media from LLC1 cells increases alternative activation of macrophages 
in vitro 
and this can be blocked by coculture with GB1107. This demonstrates that galectin-3 contributes to the M2 immunosup-pressive function of TAMs.
TAMs promote many important features of tumor progression including angiogenesis, tumor cell invasion, motility, and metas
tasis and can also suppress T-cell responses (4). These data show that galectin-3
–
expressing macrophages are recruited to the tumor site, develop an M2 phenotype and induce downregulation of CD8
þ
 CTL functions. Galectin-3 has been shown to induce T-cell tolerance resulting in T-cell anergy, through various mechanisms including inhibiting CD8 and TCR clustering (39), destabilizing the immune synapse and promoting internalization of TCR and CD3 chains (40). It can also restrict membrane movement and TCR-associated signaling functions of CD45 (41) and inhibit LFA-1 recruitment thus disrupting proper secretory synapse formation and secretion of IFN
y 
(27).
Galectin-3 may also suppress CTL effector function by binding to LAG-3, a negative regulatory checkpoint, on CD8
þ
 T cells (26) and by inducing apoptosis of CTLs (25) and impairs the antitu
mor functions of natural killer (NK) cells (42). CTLs activated 
in vitro 
show an alteration in the 
N
-glycome with longer and more branched 
N
-glycans resulting in the expression of surface glyco-proteins that exhibit high galectin-3 binding (43). The high concentration of galectin-3 found in tumor microenvironments could potentially explain the loss of CTL functions through reduced motility and signaling functions of surface molecules.
Galectin-3
⠁
/
⠁
 mice have also been shown to have an increase in lymph node plasmacytoid DCs (pDC) compared with WT mice, which are superior in activating CD8
þ
 CTLs compared with conventional DC (26). In addition, galectin-3 knockdown in monocyte-derived DCs increases the proliferation and IFN
y 
pro
duction from antigen-stimulated CD4
þ
 T cells (44). Our pro
fi
ling of BM from WT and gal-3 KO mice showed an increase in CD45
þ
/ MHC-II
þ
/CD11b- DCs in BM of gal-3 KO mice compared with WT. Although our study did not distinguish DC subsets, together the data suggest that galectin-3 may indirectly regulate CD8 function by promoting DC functions. This requires further study.
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Figure 4.
Galectin-3 depletion reduces intratumor M2-like macrophages and CD8 T-cell activation. [[C1 tumors from human Hu-Gal-3-KI mice from Fig. 3E treated with vehicle or GB1107 (n = 6) were digested and processed by flow cytometry. A, Relative prevalence of total macrophages and CD206 expression in macrophages and CD3þ, CD4þ, and CD8þ T cells in tumor digests. B, Flow cytometry analysis of subcutaneous tumors from WT or galectin-3⠁/ mice (n = 4). NS, nonsignificant.
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Figure 5.
Combination therapy with galectin-3 inhibitor GB1107 and PD-L1 blocking antibody promotes tumor cell apoptosis and cytotoxic CD8 T-cell activation. On day 6, mice bearing subcutaneous LLC1 tumors were randomized into four groups and received either no treatment (n = 8), a-PD-L1 neutralizing antibody (200 mg twice weekly i.p.; n = 8), or GB1107 (10 mg/kg once daily orally; n = 8) or a-PD-L1 plus GB1107 (n = 8). Tumor volumes (A) and weights (B) on day 16 are shown. C, Tumor-infiltrating immune populations were analyzed by flow cytometry (n = 4). D, Total RNA was extracted from tumors in each group and qPCR was used to assess relative gene expression. E and F, IHC staining of cleaved caspase-3 was quantified as described in Materials and Methods. Scale bars, 100 mm. Data represent mean ± SE from a single (A, B, and D–F) or two (C) independent experiments. Two-way ANOVA with Tukey's post hoc test was used to test for differences in tumor volume and cleaved caspase-3 IHC scores. One-way ANOVA and Fisher LSD test were used to compare tumor weights, and qPCR and flow
cytometry data were compared using two-tailed t tests. , P < 0.05; , P < 0.01;	, P < 0.001. ns, nonsignificant.
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We show that treatment with GB1107 alone from the outset inhibits LLC1 growth and delayed treatment inhibits LLC1 growth in human galectin-3
–
expressing mice. This re
fl
ects the increased af
fi
nity this inhibitor has on human versus mouse galectin-3. In addition, the galectin-3 inhibitor signi
fi
cantly potentiates the effect of immune checkpoint blockade with an anti-PD-L1 block
ing antibody. It is believed that the limited patient responses to checkpoint inhibition is attributable to the lack of T-cell in
fi
ltra
tion in so-called "cold" tumors (2). Gordon-Alonso and collea
gues, show that galectin-3 binds to the extracellular matrix and to glycosylated IFN
g
, preventing release of IFN
g
-induced CXCL9, which acts as a T-cell chemo-attractant (35). Consistent with this, GB1107 both alone or in combination with anti-PD-L1 increases the number of tumor in
fi
ltrating CD8 CTLs. Therefore, galectin-3 inhibition might provide the critical means to turn a "cold" tumor "hot," and thus responsive to immune checkpoint intervention. Furthermore, CD8
þ
 CTLs within the combination drug-treated tumors are more activated (express more surface PD-1), and the cytokine environment favors tumor rejection with increased expression of cytotoxic (IFN
g
, perforin-1, and granzyme B) and apoptotic (fas ligand) genes with increased caspase activation.
Reduced galectin-3 expression within tumor cells has been shown to reduce tumor growth in many cancers (reviewed in ref. 45), suggested to be due to the anti-apoptotic effect of cytoplasmic galectin-3 binding to K-RAS and engaging anti-apo-ptotic pathways via its NWGR motif (20). However, we show that knockdown of galectin-3 in tumor cells with shRNA had only a partial effect on tumor growth 
in vitro 
but had no signi
fi
cant effect on LLC1 growth 
in vivo
. We also show that treatment with the galectin-3 inhibitor alone could inhibit human adenocarcinoma growth in CD-1 nude mice, which lack a T-cell response but which display innate immunity. These suggest that either tumor derived or macrophage-derived galectin-3 can impact on tumor growth in this model, independent of the T-cell
–
mediated effects.
In conclusion, our results demonstrate that galectin-3 inhibi
tion leads to a reduction in M2-like TAMs and increased in
fi
ltra
tion and activity of CD8
þ
 CTLs within LLC1 tumors resulting in reduced tumor growth and metastasis. Several studies have used other approaches to inhibit galectin-3 in cancer including peptide inhibitors (46), lactulose amines (47), a glycopeptide isolated from cod (48) and large complex plant-derived polysaccharides including modi
fi
ed citrus pectin (49), GCS-100 (39), and galac-tomannans such as GM-CT-01 (50). GCS-100 is currently being developed for chronic lymphoid leukemia and multiple myelo-ma (51). However recent evidence suggests that these complex carbohydrates do not act as inhibitors of the canonical carbohy
drate-binding site of galectin-3 and their physiologic effects may be due to unrelated actions (52). We show using a speci
fi
c and high af
fi
nity inhibitor of the galectin-3 carbohydrate site that pharmacologic inhibition of galectin-3 inhibits lung adenocarci-
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Antibody-mediated blockade for galectin-3 binding protein in 
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The major challenges in pancreatic ductal adenocarcinoma (PDAC) management are local or distant metastasis and limited targeted therapeutics to prevent it. To identify a druggable target in tumor secretome and to explore its therapeutic intervention, we performed a liquid chromatography
–
tandem mass spectrometry (LC-MS/MS)
–
based proteomic analysis of tumors obtained from a patient-derived xenograft model of PDAC. Galectin-3 binding protein (Gal-3BP) is identi
fi
ed as a highly secreted protein, and its overexpression is further validated in multiple PDAC tumors and primary cells. Knockdown and exogenous treatment of Gal-3BP showed that it is required for PDAC cell proliferation, migration, and invasion. Mechanistically, we revealed that Gal-3BP enhances galectin-3
–
mediated epidermal growth factor receptor signaling, leading to increased cMyc and epithelial-mesenchymal transition. To explore the clinical impact of these 
fi
ndings, two antibody clones were developed, and they profoundly abrogated the metastasis of PDAC cells in vivo. Altogether, our data demonstrate that Gal-3BP is an important therapeutic target in PDAC, and we propose its blockade by antibody as a therapeutic option for suppressing PDAC metastasis.
pancreatic cancer 
j 
metastasis 
j 
galectin-3 binding protein 
j 
blocking antibody 
j 
tumor secretome
One of the challenges faced in pancreatic ductal adenocarcinoma (PDAC) management is the absence of targeted therapeutics (1, 2). Thus, 
fi
nding a druggable target is critical. In addition to the mutant K-Ras, which has been identi
fi
ed as a dominant driver and therapeutic target in recent studies (3, 4), multiple targets including epidermal growth factor receptor (EGFR), PI3K, Raf, MEK(Mitogen Activated Protein Kinase-Kinase), and tumor growth factor beta are being investigated (5, 6). However, the clinical appli
cation of these target proteins is still under investigation, and the strategies used for tar
geting the proteins do not take into consideration the genetic and intratumoral hetero
geneity of PDAC (1, 7).
The tumor secretome (8, 9) is an important source of therapeutic or diagnostic targets. As tumor-derived proteins or bioactive molecules are often diluted in the blood, the detec
tion of a locally secreted protein is an attractive alternative method for identifying novel tar
get proteins (10). In practice, analyses of the interstitial 
fl
uid obtained from tumor (11) have revealed the enrichment of cytokines in breast cancer (12), S100A in cholangiocarci-noma (13), and Fascin in head and neck cancer (14). Considering the presence of a stromal-rich microenvironment (15) and intricate communication between PDAC and stel
late cells (2, 16), an investigation of tumor interstitial 
fl
uid (TIF) and anti
fi
brotic therapy in pancreatic cancer seems promising (17). Indeed, a recent study demonstrated that the metabolite pro
fi
le of PDAC-TIF is distinct from that of the plasma (18). Despite the poten
tial advantages associated with analyzing the TIF, few reports exist regarding the proteomic analysis of PDAC-TIF. This might be due to the dif
fi
culty in obtaining fresh PDAC tissue for TIF isolation. Moreover, the high variability in the proteomic pro
fi
les of individual tumors makes it necessary to investigate large numbers of specimens for achieving a statisti
cal signi
fi
cance. To circumvent these limitations, we developed a patient-derived xenograft (PDX) model of PDAC (19) and compared the TIF proteome data with those of breast cancer PDX (20), thereby ensuring PDAC-speci
fi
c or PDAC-enriched target identi
fi
cation.
Galectin-3 binding protein (Gal-3BP) is a highly glycosylated protein that has been identi
fi
ed in multiple screening studies investigating tumor-secretory proteins in mela
noma (21), lung carcinoma (22), and breast cancer (23). Apart from galectin-3, Gal-3BP can also interact with galectin-1; 
β
1-integrins; and extracellular matrix proteins, including collagen, 
fi
bronectin, and laminin (24). In cancer, Gal-3BP is mainly involved in cell
–
matrix or cell
–
cell interactions and affects metastasis or tumor cell
–
stromal cell com
munication (25, 26). Despite extensive research, the role of Gal-3BP in pancreatic cancer remains largely unknown, probably because Gal3-BP is expressed at low levels in the pancreas under normal conditions (from public data; available at
 
https://www.


) (
Signi
fi
cance
Pancreatic ductal adenocarcinoma (PDAC) metastasis is a major cause for poor prognosis; therefore, developing targeted therapeutics is critical for overcoming it. By proteomic analysis of tumor secretome, we identi
fi
ed the galectin-3 binding protein as a druggable target for PDAC metastasis. Further, we developed an antibody for the galectin-3 binding protein and showed that the antibody-mediated blockade is a promising therapeutic strategy for PDAC.
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proteinatlas.org/ENSG00000108679-LGALS3BP/tissue). In this study, we identified high levels of Gal-3BP in PDAC-TIF. Furthermore, the results of this study reveal a function of Gal-3BP in PDAC and indicate that antibody-mediated Gal-3BP blockade might serve as a promising therapeutic strategy against PDAC.
Results
Identification of Gal-3BP as a Secreted Protein in the TIF via Proteomic Analysis of the PDAC PDX Model. To identify a cancer-specific druggable protein target in the pancreas, we analyzed three TIFs obtained from the PDX model of PDAC, along with three TIFs from breast cancer PDX models. In the initial analysis using liquid chromatography–tandem mass spectrometry (LC-MS/MS), 1,413 proteins for PDAC and 1,822 proteins for breast PDX were detected (Fig. 1A). Among them, 87 proteins were expressed at higher levels in PDAC (cutoff 2.5-fold; SI Appendix, Table S1 for raw data) compared to those in the breast. Based on the upregulated fold and literature search for subcellular localization, we selected two secreted proteins: LGALS3BP and progranulin (PGRN). The increased expression of Gal-3BP and PGRN in PDAC TIFs was confirmed (Fig. 1B). Moreover, high levels of these proteins were observed in the culture media of PDAC cells but not in normal HPDE(Human Pancreatic Ductal 

Epithelial) cells, suggesting tumor-specific, active secretion (Fig. 1C). Consistent with their enhanced secretion, the two candidate targets showed elevated expression at the protein (Fig. 1D) and messenger RNA (mRNA) levels (Fig. 1E). Further, Gal-3BP—but not PGRN—was detected in the plasma of the PDX model (Fig. 1F); this suggested that Gal-3BP can be detected in liquid biopsy samples. Therefore, we focused on Gal-3BP for further study. The upregulated Gal-3BP in PDAC was validated in 10 pairs of frozen normal/tumor specimens (SI Appendix, Fig. S1A). Moreover, plasma analysis of 25 PDAC patients by MRM (multiple reaction monitoring; ref. 27) revealed Gal-3BPs are upregulated compared to the plasma of breast patients (SI Appendix, Fig. S1B and C; n = 32; SI Appendix, Table S2 for raw data). Lastly, immunohistochemical (IHC) analysis of tissue microarray (TMA) containing PDAC (n = 153) and matched normal (n = 21) validated our finding (Fig. 1G and SI Appendix, Fig. S2 for raw data), indicating the Gal-3BP is significantly over-expressed in PDAC compared to normal tissue (Fig. 1H for averaged score; see SI Appendix, Table S3 for the scores of each tumor).
Stable Knockdown of Gal-3BP Significantly Reduces the Growth and Tumorigenic Potential of PDAC Cells. Upregulation of galectin-1 and galectin-3 has been observed in cancer (28, 29). Considering the primary binding partners of Gal-3BP are
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Fig. 1. Identification of Gal-3BP, highly secreted in PDAC, by proteomic analysis. (A) Venn diagram depicting the number of proteins quantified via LC-MS/ MS analyses. (B and C) Western blot–mediated validation of Gal-3BP and PGRN identified from TIFs (B) and conditioned media from cancer primary cells (C). (D and E) Secreted Gal-3BP (D) or intracellular mRNA (E) level from five pancreatic cancer cell primary cells, four breast cancer primary cells, and normal pancreatic ductal epithelial cells (HPDE). (F) Detection of Gal-3BP from PDX plasma samples depleted with albumin and IgG. (G) Representative staining images and grading of TMA comprising PDAC (n = 153) and matched normal (n = 21). Bottom panels present enlarged part of insets marked in the middle panels. Scale bar: 200 μm (Top and Middle) and 50 μm (Bottom). (H) A graph showing averaged grade of Gal-3BP staining obtained from the TMA images (n = 7 per group). See SI Appendix, Fig. S2 for raw data.
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Fig. 2. 
Knockdown of Gal-3BP in PDAC cells attenuates proliferation and tumor formation. (
A
) Tumor formation upon the subcutaneous injection of 110621 cells transfected with control shRNA or LGALS3BP shRNA. (
B
) Growth curves of 110621 tumors following subcutaneous injection of tumor cells. Black line indicates the average tumor size in mice injected with shRNA control-transfected cells (
n 
= 
5). The red and blue lines represent the tumor size in each of the two 3BP_sh2 groups. (
C
) Tumor formation upon subcutaneous injection of 110621 cells transfected with control shRNA or LGALS3BP shRNA. (
D
) Growth curves of 110621 tumors following subcutaneous injection of tumor cells. Black line indicates average tumor size in mice injected with shRNA control-transfected cells (
n 
= 
5). The red and blue lines represent the tumor size in each of the two 3BP_sh2 groups. (
E
) Ex vivo measurement of tumor weight. (
F
) IHC depicting Ki67 expression in subcutaneous tumor tissues. Scale bar: 100 
μ
m. Quanti
fi
ed data were determined based on the number of 
K
i
-67
–
positive cells. (
G
) Protein expression analysis of LGALS3BP in tissue lysates from subcutaneous tumor tissue. See
 
SI Appendix
, Fig. S3
 for additional PDC data.
) (
galectin-1 and galectin-3, we 
fi
rst investigated the function of Gal-3BP with respect to cell proliferation by knocking it down in primary PDAC cells. Fig. 2
A 
depicts the expression of Gal-3BP at the mRNA (graph) and protein levels (upper panel) after stable knockdown. In three independent stable cell lines expressing short hairpin RNA (shRNA) against Gal-3BP, signi
fi
cantly atten
uated cancer cell proliferation was observed (Fig. 2
B
). Impor
tantly, when two of the stable cell lines were transplanted into nude mice, the tumor formation rate was dramatically reduced (Fig. 2
C
), compared to that in mice transplanted with wild-type cells (2 tumors versus 10). Moreover, the two tumors formed upon injecting the 3BP_Sh2 cell line showed slower growth (Fig. 2
D
) and low weight (Fig. 2
E
). Further analysis con
fi
rmed the reduced expression of Gal-3BP (Fig. 2
G
) and 
K
i
-67 in the tumor (Fig. 2
F
). The reduced tumorigenic potential by Galk-3BP deple
tion was further con
fi
rmed in another primary PDAC cell, 110526
 (
SI Appendix
, Fig. S3
).
 These data suggest that Gal-3BP is required for PDAC cell growth both in vitro and in vivo.
Gal-3BP Knockdown Significantly Reduces the Adhesion and Migration of PDAC Cells. 
A previous study reported that the silencing of galectin-3 results in suppressed pancreatic cancer cell migration (30). However, the effect of Gal-3BP with respect to PDAC cell mobility remains unknown. Therefore, we investigated 
) (
if Gal-3BP knockdown can alter the ability of PDAC cells to adhere and migrate. We observed that Gal-3BP small interfering RNA (siRNA) transfection (Fig. 3
A
) markedly suppressed the adhe
sion (Fig. 3
B
), migration (Fig. 3
C
), and invasion ability of primary PDAC cells (Fig. 3
D
; additional data in
 
SI Appendix
, Fig. S4
A
–
C
). 
Moreover, transfection of Gal-3BP high primary PDAC cells with Gal-3BP siRNA resulted in reduced expression of epithelial-mesenchymal transition (EMT) markers, such as Zeb1, Claudin-1, and Snail (Fig. 3
E 
and
 
SI Appendix
, Fig. S4
D
–
F
 for additional PDC(Patient Derived Cell) data). Moreover, Gal-3BP overexpres-sion in Gal-3BP low primary PDAC cells resulted in the upregula-tion of 
N
-cadherin, Snail, and Zeb1 (Fig. 3
F
). To exclude the possi
bility that the reduced migration is caused by growth defect, we pretreated a low dose of mitomycin C (MMC) to halt cell growth and performed a transwell assay. Fig. 3
G 
shows the result, indicat
ing Gal-3BP knockdown suppresses PDAC cell migration. When two additional shRNAs targeted Gal-3BP
 (
SI Appendix
, Fig. S3
), 
we found a similar antimigratory effect
 (
SI Appendix
, Fig. S5
).
These results demonstrate that Gal-3BP positively regulates PDAC cell migration and adhesion.
Stable Knockdown of Gal-3BP Significantly Attenuates PDAC Cell Metastasis in a Mouse Model. 
Based on the in vitro data shown in Fig. 3, we examined the role of Gal-3BP in tumor metastasis
) (
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Fig. 3. 
Gal-3BP is required for PDAC cell attachment, migration, and invasion via the regulation of EMT markers. (
A
) mRNA and protein levels of LGALS3BP in 110621 pancreatic cancer primary cells after LGALS3BP silencing using siRNA, determined by real-time PCR and western blotting. (
B
) Adhesion assay of 110621 cells transfected with LGALS3BP siRNA (si3BP) or negative control (siCON). Representative images are shown. Bar graph indicates the adherent cell count. (
C 
and 
D
) Migration (
C
) and Matrigel-coated transwell invasion assay for110621 pancreatic cancer cells transfected with LGALS3BP siRNA (si3BP) or control siRNA (siCON). Representative microscopic images of cells on membrane from each group. (
E
) Western blot analysis of EMT markers from Gal-3BP high, 110621 cells with LGALS3BP knockdown. (
F
) Western blot analysis of EMT markers from Gla-3BP low, 17884 cells with LGALS3BP overexpression. See also
 
SI Appendix
, Figs. S4 and S5
.
 (
G
) Migration assay results of MMC-treated 110621 cells. (
Top
) Representative images of migrated cells. Graph shows quantitation of the images (relative to control).
) (
in vivo. Toward this, we used murine PDAC cells (PKCY(P53-Kras-Cre-YFP); a kind gift from Dr. Sung Jin Kim(Medpacto, Seoul, Korea)) isolated from LSL-Kras G12D; Trp53 R172H; Pdx1-Cre spontaneous model (31). Gal3-BP knockdown in PKCY cells (Fig. 4
A
) also resulted in reduced proliferation (Fig. 4
B
), migration (Fig. 4
C
), and EMT marker expression (Fig. 4
D
), con
sistent with the human PDAC data presented above. We also mea
sured migration of PKCY cells after treatment of MMC, which showed a signi
fi
cant reduction in migration upon Gal-3BP knock
down
 (
SI Appendix
, Fig. S5
B
).
 In addition, two more shRNA clones of Gal-3BP consistently showed reduced proliferation and migration
 (
SI Appendix
, Fig. S6
A
–
C
).
 Using tail-vein injection in syngenic mouse model (in C57BL6 background), we assessed the ability of PKCY cells to form tumors in the lungs (Fig. 4
E 
and
 
SI Appendix
, Fig. S6
D
).
 Lung weights (Fig. 4
F
) and nodule counts (Fig. 4
G 
and
 
SI Appendix
, Fig. S6
E
)
 indicated that Gal-3BP knockdown signi
fi
cantly suppressed PDAC cell metastasis into lungs. The in vivo metastasis results are also validated using addi
tional shRNA clones of PKCY
 (
SI Appendix
, Fig. S6
F
–
H
).
Gal-3BP Interacts with and Enhances EGFR Signaling in PDAC Cells. 
Galectin-3 activates EGFR signaling in several cancers (32
–
34). As EGFR is frequently upregulated and associated 
) (
with poorer prognosis in PDAC (35), we examined whether EGFR activation in PDAC is affected by the upregulation of Gal-3BP, in combination with galectin-3. Indeed, p-EGFR and EGFR level is reduced upon Gal-3BP knockdown in primary PDAC cells (Fig. 5 
A
, 
Left
). Conversely, secreted Gal-3BP
 (
SI Appendix
, Fig. S7
B
)
 treatment on Panc1 cells markedly increased p-EGFR levels (Fig. 5 
A
, 
Right
; additional PDC data in
 
SI Appendix
, Fig. S7
A
).
 In addition, we observed reduced EGFR expression at the mRNA level (Fig. 5
B
) or protein level (Fig. 5
C
, compare 
fi
rst and fourth lanes of EGFR). In the pres
ence of EGF, the time-dependent activation of EGFR was dra
matically abolished in cells with stable Gal-3BP knockdown (Fig. 5
C
), indicating that Gal-3BP is a positive regulator of EGFR activation. This 
fi
nding is further supported by the com
binatorial treatment of two primary PDAC cell lines supple
mented with secreted
 (
SI Appendix
, Fig. S7
B
)
 or recombinant Gal-3BP plus EGF, showing enhanced p-EGFR level (Fig. 5
D 
and
 
SI Appendix
, Fig. S7
C
).
Hence, we examined how Gal3-BP affects galectin-3
–
mediated EGFR activation in PDAC cells. Interestingly, both combinations of EGF(E) plus galectin-3(G3) and EGF plus Gal-3BP(3BP) could enhance EGFR phosphorylation (Fig. 5
E
). Moreover, com
binatorial treatment with galectin-3, EGF, and Gal-3BP
) (
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Fig. 4. 
Stable knockdown of Gal-3BP suppresses PDAC metastasis in mouse allograft model. (
A
) Relative level of Lgals3bp RNA in mouse PDAC cells upon shRNA mediated knockdown. (
B
–
D
) Reduced proliferation rate (
B
), migration (
C
), and EMT marker expression (
D
) in mouse PDAC cells after the knockdown of Gal-3BP. (
E
) Representative images of lung metastasis (
Left
) and H&E staining of lung sections (
Right
) from syngenic mice (C57BL6) injected with control (shCON) or Lgals3bp knockdown (sh3BP) cells. Scale bar: 400 
μ
m. (
F 
and 
G
) Graphs depicting lung weight (
F
) and the number of metastatic lung nodules (
G
). See
 
SI Appendix
, Fig. S6
 for additional shRNA data.
) (
markedly enhanced p-EGFR levels (Fig. 5
E
, last lane). Further, the treatment of EGF on PDAC cells resulted in robust secretion of Gal-3BP (Fig. 5
F
) whereas the treatment with the EGFR inhibitor (EGFRi) inhibited it (Fig. 5
G
). These data suggest that a positive-feedback loop exists in the Gal3-BP
–
EGFR signaling. The coimmunoprecipitation analysis indicated that the Gal-3BP associated with EGFR
 (
SI Appendix
, Fig. S7
D
).
 We next exam
ined the effect of galectin-3 (partner of Gal-3BP) knockdown on Gal-3BP
–
mediated EGFR activation and found galectin-3 knock
down partially inhibited the p-EGFR level, indicating that galectin-3 is also required
—
at least in part
—
for the Gal-3BP
–
mediated EGFR activation (Fig. 5
H
; see 
Discussion
).
Gal-3BP Positively Regulates cMyc via EGFR Activation in PDAC Cells. 
Our data in Fig. 3 indicated that Gal-3BP is required for cellular attachment, migration, and invasion. Based on these results, we sought to identify a functional mediator that can be activated in response to EGFR signaling and that regulates such cellular events. A previous study showed that cMyc is an effector of EGFR signaling in murine pancreatic ductal epithelial cells
Moreover, a recent report demonstrated that cMyc alone can result in the transformation of PanIN cells into PDAC cells
Therefore, we investigated whether Gal-3BP regulates cMyc expression via EGFR activation. A stable knockdown of Gal-3BP (Fig. 6 
A
, 
Top
) resulted in the downregulation of cMyc at the mRNA level (Fig. 6 
A
, 
Bottom
). This result was further validated in another primary PDAC cell clone with transient knockdown of Gal-3BP (Fig. 6
B
). Conversely, the Gal-3BP alone or a combina
tion of Gal-3BP and EGF upregulated cMyc (Fig. 6
(
). Consis
tently, the EGFRi effectively suppressed cMyc upregulation upon 
) (
the Gal-3BP treatment (Fig. 6
D
), indicating that EGFR activation is necessary for the Gal-3BP
–
mediated cMyc activation. This result is validated in EGFR-de
fi
cient cells and generated by CRISPR-Cas9 system
 (
SI Appendix
, Fig. S7
E
).
 In EGFR-de
fi
cient cells, we observed relatively a lower level of Myc (compared to control, right panel), and it changed marginally upon EGF or Gal-3BP treatment (Fig. 6 
E
, 
Right
). In addition, two tumors with stable knockdown of Gal-3BP (see Fig. 2
(
) showed reduced cMyc expression (Fig. 6
F
). Consequently, a reduced expression of several cMyc target genes was observed
 (
SI Appendix
, Fig. S7
E
). 
These data collectively indicate that Gal-3BP enhances EGFR-Myc signaling in PDAC cells. Importantly, the reduced prolifera
tion in response to Gal3-BP knockdown (shown in Fig. 2
B
) is partially recovered upon the exogenous expression of cMyc (Fig. 6
G
), con
fi
rming that Gal-3BP
–
induced PDAC cell proliferation is mediated by cMyc. The reduced p-EGFR and Myc were validated in another PDAC PDC
 (
SI Appendix
, Fig. S7
G
).
 Moreover, the reduced p-EGFR and Myc expression by Gal-3BP knockdown was partially rescued by siRNA-resistant Gal-3BP expression
 (
SI Appendix
, Fig. S7
H
; see
 Materials and Methods
), further support
ing that Gal-3BP activates EGFR-Myc pathway.
Treatment with Gal-3BP Antibodies Inhibits EGFR-Myc Signaling and Metastasis of PDAC Cells in a Patient-Derived Preclinical Model. 
Although Gal-3BP knockdown using shRNA signi
fi
cantly attenuated tumor formation as well as cell migration, the shRNA approach has limitations with respect to clinical application. To develop a therapeutic agent targeting Gal-3BP, we employed an antibody phage display technique (38) to screen speci
fi
c antibod
ies against Gal3-BP (Fig. 7
A
). Initial hit antibodies
—
obtained by
) (
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Fig. 5. 
Gal3-BP enhances EGFR signaling in human PDAC cells. (
A
) Gal3-BP knockdown attenuates EGFR activation. Western blotting to check for EGFR, p-EGFR, and Gal-3BP levels after siRNA-mediated knockdown of Gal-3BP in 110621 cells (
Left
) or overexpression in Panc-1 cells (
Right
). (
B
) Expression analysis of Gal3-BP and EGFR mRNA levels in two independent 110621 clonal cells (sh2 and sh4) with the stable knockdown of Gal-3BP. (
C
) Decreased phosphoryla-tion and expression of EGFR in the background of Gal-3BP knockdown and treatment with 50 ng/mL EGF for the indicated time periods. (
D
) Gal-3BP enhan
ces EGFR activation. Phosphorylation of EGFR was determined by western blotting in 110621 (Gal-3BP expression high cells) and 17884 (Gal-3BP expression low cells) after the combinatory treatment of Gal-3BP (250 ng/mL) and EGF (50 ng/mL). (
E
) Both galectin-3 and Gal-3BP enhance EGFR activation. Phosphory-lation of EGFR was determined by western blotting after combinatorial treatment with Gal-3BP (250 ng/mL), galectin-3 (100 ng/mL), and EGF (50 ng/mL). (
F
) EGF stimulates Gal-3BP secretion. Expression analysis of secreted Gal-3BP in conditioned media by western blotting after treatment with EGF in primary (110621) cells. (
G
) Inhibition of EGFR suppresses Gal-3BP expression. Primary (110621) cells were treated with Erlotinib and Ge
fi
tinib for 2 d and then sub
jected to western blotting for checking the levels of Gal-3BP and p-EGFR. (
H
) Galectin-3 contributes to Gal-3BP
–
driven EGFR activation. Phosphoactivation of EGFR was determined after combinatorial treatment with Gal3-BP, EGF, and Gal3-BP siRNA. See
 
SI Appendix
, Fig. S7
.
) (
screening a Gal-3BP
–
immunized chicken antibody library
— 
exhibited high af
fi
nity to recombinant Gal-3BP in vitro, as veri
fi
ed by enzyme-linked immunosorbent assay (ELISA). Among 
fi
ve candidate antibodies, we selected clones #67 and #84 owing to their inhibitory effect on cell migration (Fig. 7
B 
and
 
SI Appendix
, Fig. S8
A
),
 although they did not signi
fi
cantly interfere with cell proliferation
 (
SI Appendix
, Fig. S8
B
).
 The antibody clones #67 and #84 were able to capture Gal-3BP, as con
fi
rmed by immunoprecipitation (Fig. 7
C
). In addition, consistent with the results of shRNA, the treatment of these two antibodies on primary PDAC cell lines showed a decreased EGFR activation and cMyc expression, although it was not as effective as siRNA-mediated gene silencing (see 
Discussion
;
 
SI Appendix
, Fig. S8
C
–
F
).
 Moreover, we validated tumor-speci
fi
c binding of the two antibody clones (Fig. 7
D 
and
 
SI Appendix
, Fig. S9
A
),
 as examined by frozen section immuno
fl
uorescence (IF) of two PDAC tumors that showed no or very low expression of Gal-3BP
 (
SI Appendix
, Fig. S1
A
,
 red numbers).
Importantly, we also observed the #67 and #84 antibody clones detecting Gal-3BP in orthotopic PDAC tumor tissues both by IF
 (
SI Appendix
, Fig. S9
B
)
 and by IHC staining
 (
SI 


) (
Appendix
, Fig. S9
C
).
 Based on this, we further examined the ef
fi
-
cacy of these two Gal-3BP antibodies in the metastatic tumor model of PDAC. Human primary PDAC cells with stable lucif-erase expression
 (
SI Appendix
, Fig. S10
A
)
 were transplanted into mouse via tail vein, and lung tumor growth was monitored by IVIS(In Vivo optical Imaging System) imaging in conjunction with periodic antibody treatment.
 
SI Appendix
, Fig. S10
B
 shows the changes of region of interest (ROI) signal obtained from IVIS for three groups (immunoglobulin G [IgG], #67, and #84 antibody treated) before and after anti
–
Gal-3BP antibody treat
ments. After 3 wk of treatment, we observed an overall decrease in the ROI values in the Gal-3BP-antibody
–
treated groups (5/7 for #67 Ab and 5/6 for #84 Ab), whereas 5/8 in control group showed increased ROI values
 (
SI Appendix
, Table S4
 for raw data). The hematoxylin and eosin (H&E) staining of dissected lung tissue revealed nodules generated by metastasized PDAC cells, marked by the grids in Fig. 7
E
. We found that the number of nodules (Fig. 7
F
) as well as the metastatic index (measured from the area of cancer cells in the lung; Fig. 7
G
) were signi
fi
-
cantly reduced after treatment with the two Gal-3BP antibody clones. Further, another set of Gal-3BP antibody treatment
) (
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Fig. 6. 
cMyc mediates Gal-3BP
–
driven EGFR activation signal. (
A
) Reduced cMyc protein (
Top
) or RNA (
Bottom
) expression after knocking down Gal-3BP using shRNA (sh3BP). Reduced levels of cMyc mRNA were detected in two 3BP-shRNA 110621 clonal cells (sh2 and sh4). (
B
) Transient Gal-3BP knockdown attenuates cMyc expression in primary (110621) cells. (Top) cMyc protein and (Bottom) RNA levels of Gal-3BP and cMyc. (
C
) Exogenous Gal3-BP increases cMyc expression in primary (110621) cells. Cells were treated with Gal-3BP (250 ng/mL) and/or EGF (50 ng/mL) for 48 h, and the expression of cMyc was examined. (
D
) EGFRi suppresses Gal-3BP driven cMyc expression. Primary (110621) cells were pretreated with Erlotinib or Ge
fi
tinib prior to the addition of Gal-3BP. cMyc protein was detected by western blotting. (
E
) cMyc upregulation by Gal-3BP is abrogated in EGFR-de
fi
cient cells. The 110621 cells were targeted for EGFR using CRISPR-Cas9, and cMyc expression was examined after the treatment of EGF and/or Gal-3BP. (
F
) Depletion of Gal3-BP in tumor suppresses cMyc expression. Western blot analysis of EGFR and cMyc was performed in tumor lysates obtained from the mouse model shown in Fig. 2
C
. (
G
) cMyc restores PDAC proliferation attenu
ated upon Gal-3BP knockdown. Primary (110621) cells with Gal-3BP knockdown were transfected with empty vector (MOCK) or cMyc overexpression plasmid, and proliferation was measured. The level of cMyc protein was con
fi
rmed by western blot (
Right
) Noncontiguous blots are marked by dotted white lines.
) (
showed a prolonged survival of PDAC tumor-bearing mouse (Fig. 7
H
; see 
Materials and Methods
). These data collectively demonstrate that the blocking of Gal-3BP using speci
fi
c anti
bodies is a good strategy to attenuate metastasis and extend sur
vival in PDAC preclinical model (summarized in graphical abstract).
Discussion
A major obstacle in the identi
fi
cation of a drug target or tumor biomarker using the patient samples is the variability across donors, including genetic diversity, lifestyle, disease state, and therapeutic history of each patient (39). To overcome this, a large number of specimens as well as precise statistical analysis is needed, but this not always possible in pancreatic cancer research (40). In this respect, the PDX model serves as an effec
tive preclinical model, wherein most of the host variables are controllable, and an ideal control (ungrafted littermates) can be easily obtained (41). Therefore, despite the known limitations, such as a compromised immune environment (42), the PDX model enables us to design a simple (with a small number of mice), rapid screening strategy for the identi
fi
cation of protein 
) (
biomarkers or therapeutic targets. Further, a dilution effect as well as the intrinsic low-level expression of the tumor-originated secreted protein makes the identi
fi
cation of blood biomarkers dif
fi
cult (43). To circumvent this limitation, we introduced the analysis of TIF and managed to improve the detection of the candidate marker proteins.
The interaction of EGF with EGFR and its activation is well characterized (44). However, despite its critical role in tumori-genesis, not much is known about EGFR-binding proteins (other than EGFR). The STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) database (45) shows 
∼
10 protein interactions, but most of them are adaptors or kin-ases that transmit the activation signal in the cytoplasmic domain
 (
SI Appendix
, Fig. S10
D
).
 In this respect, characteriza
tion of EGFR activating protein contributes to the understand
ing of EGFR activation as well as to designing a therapeutic tar
get. Galectin-3 has been shown to activate EGFR in pancreatic cancer (34) and other cancer types (46, 47). In parallel with the recent progress on the galectin-3 antagonist (48, 49), we dem
onstrate here that anti
–
Gal-3BP antibody is an alternative for effectively blocking the activation of EGFR in PDAC. Despite this, we also need to consider that galectin-3 has multiple
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Fig. 7. 
Anti
–
Gal-3BP antibody isolated by phage display attenuates migration of PDAC cells and metastasis in patient-derived preclinical model. (
A
) Schematic diagram depicting the Gal3-3BP antibody screening by phage display technique. (
B
) Inhibitory effect of Gal3-3BP antibody (CH2-44, CH2-67, CH2-84) on pancre
atic cancer cells (110621) migration. Representative image of migration (
Left
) and its quantitation (
Right
) are shown. (
C
) Immunoprecipitation followed by western blot demonstrated that two antibody clones (#67 and #84) bind with Gal3-BP. Cells treated with IgG were used as a negative control. (
D
). Speci
fi
c binding of anti
–
Gal-3BP antibodies (#67 and #84) on primary PDAC. The #6 sample of PDAC used in
 
SI Appendix
, Fig. S1
A
 was used for IF of Gal-3BP. Dotted area indicates magni
fi
ed region shown aside. (
E
) Representative H&E staining of lung sections. Metastasized tumor regions are marked by black-dotted grids; scale bar: 200 
μ
M. (
F
) A graph showing the nodule count from lung sections obtained from mice injected with primary PDAC cells and treated by antibodies (IgG, #67, and #84; 
n 
= 
22). (
G
) A graph showing metastatic index, indicating the area occupied by tumor cells in each lung (
n 
= 
22). (
H
) Survival curve of the mouse in lung metastasis model, treated with IgG or anti
–
Gal-3BP antibodies. See 
Materials and Methods 
for details.
) (
binding partners (50) other than EGFR. Given Gal-3BP can preferentially interact with galectin-3, the impact of Gal-3BP can be diverse. Indeed, when we analyze proteome after treat
ment of Gal-3BP in comparison with EGF
 (
SI
 Appendix
, Fig. 
S11
),
 we found 
-
50 Gal-3BP
–
speci
fi
c protein changes. This upregulation was reversed by #84 anti
–
Gal-3BP antibody treat
ment
 (
SI
 Appendix
, Fig. S11
,
 last column in heatmap). Hence, we cannot exclude that the antimetastatic effect of Gal-3BP antibody is attributed to multiple signal pathways.
Although we have successfully developed antibodies against Gal-3BP and demonstrated their antitumor effect in a mouse model, several points need to be considered in order to translate this into a therapeutic agent for cancer patients. Firstly, recent reports indicated a multifunctional role of Gal-3BP not only in cancer, but also in innate immunity function (51). In the report, Gal-3BP is induced in response to viral and bacterial infection and regulates cytokine production/secretion, viral assembly, and lipopolysaccharide response (52). Therefore, selective delivery method to tumor site or an appropriate dosage of anti
–
Gal-3BP antibody should be predetermined in order to prevent adverse antiimmune function. Secondly, the effect of Gal-3BP knockdown on metastasis (Fig. 4 
E
–
G
) could be the 
) (
combination of proliferation (Fig. 4
B
) and migration effect (Fig. 4
C
). Even though we provided migration data after MMC treatment (to hold cell proliferation), the antimetastatic effect of Gal-3BP blockade should not be overestimated. Lastly, compared to EGFRi, we need to clarify the pros and cons when we use anti
–
Gal-3BP antibody. To obtain an overview for this question, we performed comparative proteomic analysis between EGFRi and anti
–
Gal-3BP antibody treatment
 (
SI 
Appendix
, Fig.
 S12
).
 We observed that quite a large portion of protein upregulation by EGF
+
Gal-3BP is reversed by either EGFRi or anti
–
Gal-3BP Ab
 (
SI
 Appendix
, Fig. S12
A
, group 
C2
).
 However, we also observed that the expression of a subgroup of C2 (
-
30 proteins) is not reversed by EGFRi. Simi
larly, we found the expression of a subgroup of C6 (
-
50 pro
teins) is reversed by EGFRi, but not by anti
–
Gal-3BP Ab
 (
SI 
Appendix
, Fig. S12
B
).
 Further study on these proteomic changes upn anti-Gal-3BP Ab treatment will allow us to under
stand the molecular impact of the Gal-3BP blockade.
Despite these limitations, we propose the Gal-3BP antibody as a promising therapeutic agent, since it effectively attenuated the metastasis of PDAC cells in our mouse model. One of the major challenges in pancreatic cancer is its highly metastatic
) (
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nature, which restricts the resectable tumor to 15 to 25% upon diagnosis (53). Therefore, in addition to early detection, identifying a therapeutic option to prevent or suppress metastasis is critical for the management of pancreatic cancer. Several potential antimetastatic agents, including matrix metalloprotei-nase inhibitor (54), JG243 (HIF-1a inhibitor; ref. 55), JQ1 (vasculogenic mimicry inhibitor; ref. 56), AZD6244 (MEK inhibitor) with BMS833923 (Hh inhibitor; ref. 57), and Meta-vert (GSK3B and HDAC inhibitor; ref. 58) have been identified. Future studies should focus on combinatorial therapy with Gal-3BP antibody and these antimetastatic agents as well as a promising combination with immunotherapy (59, 60), which will broaden the options available for enhancing the survival of PDAC patients.
Materials and Methods
Ethical Guidelines and Human Sample Acquisition. Human PDAC specimens were obtained and deidentified with permission from the institutional review board of the Asan Medical Center (S2013-0744-0009). Protocols for animal experimentation were reviewed and approved by the Institutional Animal Care and Use Committees of Asan Institute for Life Sciences (AILS, Project Number: 2015-12-164). All mice were maintained in the specific pathogen–free facil-ity of the Laboratory of Animal Research at AILS (Seoul, South Korea). For survival curve of the antibody treatment, we sacrificed mouse when the body weight decreased by more than 20% of the initial value, according to ethics regulation of AILS. The biospecimen and data used in this study were provided by Asan Bio-Resource Center, Korea Biobank Network (2020-20(217)).
Cell Culture and Transfection. Human pancreatic cancer cell lines were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Primary pancreatic cancer cells were cultured in RPMI (Roswell Park Memorial Institute) supplemented with 5% FBS, 1% penicillin/streptomycin, 20 ng/mL EGF, 4 ig/mL hydrocortisone, and 4 ig/mL transferrin. HPDE cells were cultured in keratino-cyte serum-free medium supplemented with EGF and bovine pituitary extract (Invitrogen). All cells were cultured at 37°C in an atmosphere containing 5% CO2. Cells were transfected with control siRNA or LGALS3BP siRNA using Lipofect-amine 2000 (Invitrogen). LGALS3BP siRNA was designed by Genolution Inc. and
had	the	following	sequence:

5'-CGCACCAUUGCCUACGAAAUU-3'.
Primary culture. Primary cancer cells were isolated from tumors derived from PDX models. Fresh tumor tissue was minced into 1- to 2-mm pieces using sterile scissors, scalpel, and forceps. For tissue digestion, the tissue pieces were placed in a 15-mL conical tube containing 3 to 5 mL RPMI medium 1640 (PAN, DEU) supplemented with 5% FBS (PAN, AUS), 1% penicillin/streptomycin (HyClone, United States), 20 ig/mL collagenase type III (Sigma Aldrich, United States), and 840 ng/mL Fungizone (Gibco, United States) and incubated on a shaking incubator at 37°C for 2 h. Following incubation, the digested tissue pieces were washed with RPMI medium 1640 and centrifuged at 800 rpm for 3 min (×3). The tissues were placed in a collagen-coated T25 flask and cultured using RPMI medium 1640 supplemented with 5% FBS, 1% penicillin/streptomycin, 20 ng/mL hEGF (Gibco, United States), 4 ig/mL hydrocortisone (Sigma Aldrich, United States), 4 ig/mL transferrin (Sigma Aldrich, United States), and 840 ng/mL Fungizone at 37°C in an atmosphere containing 5% CO2. After 2 to 4 d of incubation, cells started to attach to the collagen-coated surface of the T25 flask.
Antibodies and Reagents. Cells were lysed in RIPA buffer containing protease and phosphatase inhibitors. Lysates were centrifuged at 14,000 rpm for 15 min, and the supernatant was collected. Subsequently, the proteins were separated via sodium dodecyl sulfate (SDS)–polyacrylamide gel electrophoresis. Immuno-blotting was performed using antibodies against LGALS3BP (R&D systems), p-EGFR (cell signaling), EGFR (cell signaling), CA19-9 (Abcam), and p-actin (Santa Cruz Biotechnology).
shRNA-Mediated Knockdown of Gal-3BP. Plasmids targeting containing shRNA against human and mouse LGALS3BP were purchased from Sigma 

Aldrich: human LGALS3BP (#1 TRCN0000029418; #2 TRCN0000372778; #3 TRCN0000029417; #4 TRCN0000372838; #5 TRCN0000029414) and mouse LGALS3BP (#1 TRCN0000325878; #2 TRCN0000066333; #3 TRCN0000066334; #4 TRCN0000066336; #5 TRCN0000066335). In order to generate recombinant lentiviruses, HEK293T cells were cotransfected with a lentiviral expression vector and lentiviral packaging vectors (VSVG and PAX2) using Lipofectamine 3000 (Invitrogen, Camarillo, CA). Subsequently, the supernatants were collected twice at intervals of 1 d. For transduction of 110621 or PKCY cells, lentiviruses were included in the culture medium for 2 d. Finally, to select cells with a stable knockdown, a selection pressure was applied by using puromycin (1 ig/mL) or puromycin (2 ig/mL).
Generation of siRNA-Resistant, Wobble Mutant Gal3BP Expression Vector.
Mutant recombinant Gal3BP vector was generated by site-directed mutagenesis in the shRNA seed match region of the Gal3BP CDS(Coding Sequence). In the mutant Gal3BP vector, 8 nt of the shRNA sequence targeting the CDS region (AGGA-CAATCGCTTATGAG of the mutant Gal3BP CDS region) were mutagenized using the KOD-Plus-Mutagenesis kit (TOYOBO, Japan), according to the manufacturer’s instruction. The sequence of mutant primers are as follows: Gal3BP_siMut_Forward 5'-GTCTGGCGGCTCAGATAGGACAATCGCTTATG AGAACAAAGCCCTGATGC -3'; Gal3BP_ siMut_Reverse 5'-GCATCAGGGCTTTGTTCT CATAAGCGATTGTCCTATCTGAGCCGCCAGAC-3'.
Migration, Invasion, and Proliferation Assays. The migration and invasion abilities of the cells were assayed by using transwell chambers (Corning Costar) and Matrigel-coated chambers containing 6.5-mm–diameter polycarbonate filters (8-im pore size). The cells were trypsinized and suspended at a final density
of 1 × 106 cells/mL in serum-free medium. Subsequently, 100 iL of the cell suspension was loaded into each of the upper wells, and culture medium supplemented with serum was added to the plate as a chemoattractant. The chamber was incubated at 37°C for 24 h. Following this, the cells were fixed and stained with H&E. Nonmigrated cells in the upper chamber were removed using a cotton swab. The number of migrated and invaded cells was quantified by manual counting under an optical microscope (×200). Cell viability was evaluated using Ezcytox according to the manufacturer’s protocol. Cells were seeded at a density
of 2 × 103 cells/100 iL in each well of a 96-well plate and incubated at 37°C for 72 h. The absorbance of the wells was measured at 450 nm using a Molecular Devices microplate reader, with a reference wavelength of 650 nm.
IHC Analysis. Fresh specimens were immersed in 10% formalin for 4 d and subsequently embedded in paraffin. Paraffin sections (4 im thick) were deparaf-finized using xylene and rehydrated by treatment with graded alcohols. Endogenous peroxidase activity was blocked using 3% hydrogen peroxide prepared in methanol for 20 min. Antigen retrieval was performed via heat treatment in Tris-EDTA buffer (Abcam) for 20 min, followed by incubation with 3% normal goat serum for 20 min to block nonspecific binding. After blocking, the sections were incubated with Ki67 antibody (Abcam, 1:50) diluted in 1% normal goat serum at 4°C overnight. Sections were rinsed in phosphate-buffered saline (PBS) and incubated with HRP(Horse Radish Peroxidase)-conjugated secondary antibody (1:200) at room temperature for 1 h. Finally, the sections were developed using diaminobenzidine (Thermo Scientific) and counterstained with hematoxylin. The samples were mounted with coverslips using Permount (Fisher Scientific), and the sections were observed under a light microscope. Analysis was performed using Image J.
IF Staining of PDX Tissues. PDX samples for IF staining were embedded into OCT(Optimal Cutting Temperature) compound and stored at -80 °C deep freezer until ready for sectioning. The samples were cut into 5-im sections on a cryostat. IF staining was performed according to the manufacturer’s instructions (R&D system, Minneapolis, MN). In brief, tissues were incubated overnight at 4°C with primary antibodies: Gal-3BP (1 ig/mL, R&D systems, Minneapolis, MN) and Gal-3BP #84 and #67 (1 ug/mL, custom mouse monoclonal antibodies, Asan Medical Center Core). Tissue was then stained with 1:1,000-diluted secondary antibodies, donkey anti-goat Alexa Fluor 488 (Invitrogen, Thermo Fisher Scientific, Waltham, MA), and goat anti-mouse Alexa Fluor 488 (Invitrogen). Images were captured using a LMS710 confocal microscope (ZEISS, Jena, Germany) and analyzed using Image ZEN black edition (ZEISS).
IF Staining of Primary Tumors. PDAC (n = 10) and matched normal pancreas (n = 10) tissue samples were collected from 10 patients receiving a
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pancreatectomy. The tissue specimens were obtained during the surgery and immediately cut into pieces. Patient PDAC or PDX samples for IF staining were embedded into OCT and stored at -80 °C deep freezer until ready for sectioning. The samples were cut into 5-µm sections on a cryostat. IF staining was performed according to the manufacturer’s instructions (R&D system, Minneapolis, MN). In brief, tissues were incubated overnight at 4 °C with primary antibodies: Gal-3BP (1 µg/mL, R&D systems, Minneapolis, MN) and Gal-3BP #84 and #67 (1 ug/mL, custom mouse monoclonal antibodies, Asan Medical Center Core). The remaining procedures are the same as the above section.
Generation of CRISPR/Cas9-based EGFR KO cells. Lentiviral guide RNA plasmids (pLKO.sgRNA.EFS.tRFP) were purchased from Addgene (Plasmid, #57823). Two sgRNA (small guide RNA) were designed for EGRF and were inserted into the vector using BsmB I. The sgRNA sequences (5' to 3') targeting EGFR (Exon12, GGGTCCCTGACGCAGAGAAC
GGCCTTACAGTCGGCCTTACAGTCGGCTCCGTCCCTT, Exon14, GAAAACAACACCCTGGTCTG-GAAGTACGCAGACGCCGGCCATGTG) were as follows: sgRNA1, CCCAGGGACTGCGTCTC TTGCCGGAATGTCAGCCGAGGC AGGGAA, sgRNA2, CTTTTGTTGTGGGACCAGACCTTCATGC GTCTGCGGCCGGTA CAC.
The lentiviral production was performed following the manufacturer’s instructions. LentiCas9-Blast (Addgene, #82372) or pLKO.sgRNA.EFS.tRFP (Addgene, #57823) was cotransfected with packaging plasmids pMD2.G and psPAX2 into HEK293 cells using Lipofectamine 2000 (Invitrogen, CA). After 48 h, the lentiviral particles were harvested and infected into PDX cells (110621). For the stable Cas9-expressing cells, the cells were treated with 4 ∼ 8 µg/mL Blasticidin S hydrochloride (Sigma). To examine cMyc expression by EGFR knockout, the Cas9-expressing cells were infected with lentiviruses expressing either control (pLKO5-tRFP; Addg-ene 57823) or sgRNAs (pLKO5-sgRNAs-tRFP). After 48 h, the cells were incubated with Gal-3BP (250 ng/mL, 1 h) and EGF (50 ng/mL, 30 min).
In vivo tumor formation and imaging. Cells (110621 cell line) were resuspended in 100 µL PBS at a density of 2 × 106 and injected into the dorsal flank of 6- to 8-wk-old male BALB/c nude mice. Tumor growth was monitored, and tumor volume was measured using calipers. Tumor size (mm3) = L (length) × W2 (width)/2. Subcutaneous tumors were excised and weighed. Subsequently, tumor tissues were fixed in formalin, embedded in paraffin, and then stained with H&E. IHC was performed to check the expression of Ki-67, which is a marker of proliferating cells, and the number of positively stained cells was calculated by counting the number of immune-positive cells in five selected fields under a microscope.
TMA Analysis. PDAC for TMA were collected from Asan Medical Center tissue cores (Seoul, South Korea). Tissue blocks and their matching H&E–stained slides were retrieved and confirmed by a pathologist to identify representative tumor regions. PDAC (n = 153) or matched normal pancreas (n = 21) were sampled from representative areas using a 2.0-mm punch. For Galetin-3BP IHC staining, paraffin-embedded samples were cut 4-µm sections and incubated with primary antibodies against Gal-3BP (1:100, Solarbio Life Sciences, Beijing, China) and Gal-3BP #84 and #67 (10 µg/mL, custom mouse monoclonal antibodies, Asan Medical Center Core) overnight. Images were taken using a digital camera DP27 (Olympus, Shinjuku, Japan) coupled to an Olympus BX53 Upright Microscope (Olympus). Images were analyzed by Olympus CellSens Standard software. Based on the amount of Gal-3BP–positive cells, the tumor speciem were subdivided into four categories as follows: 0, 10%; 1, 11 to 30%; 2, 30 to 50%; and 3, >50% positive cells. Semiquantative intensity was scored as 0 (negative), 1 (weak), 2 (moderate), and 3 (strong) (Fig. 1G).
TIF Isolation and Proteomic Analysis. Tumor tissues weighing 0.25 g were cut into small pieces (1 to 3 mm3) and carefully washed in 3 mL PBS. Tumor samples were subsequently transferred to 1.5-mL tubes and incubated at 37 °C for 1 h in 1 mL PBS in a humidified CO2 incubator. The samples were then centrifuged, and the supernatant was collected. The LC-MS/MS analysis of the tumor secretome was described previously (61).
Protein Digestion and TMT Labeling. Seven cell samples were suspended in lysis buffer (5% SDS, 50 mM triethylammonium bicarbonate [TEAB], 1× Halt protease inhibitor mixture [Cat. No.: 78429; Thermo Fisher Scientific, Waltham, MA] pH 8.5); lysed for 1 min with the probe sonicator (VCX-130; Sonics and Materials Inc., Newtown, CT) at an amplitude of 28% in pulse mode (1 s on/2 s off); and centrifuged at 18,000 × g for 10 min at 4 °C. The 

protein concentration of each supernatant containing extracted proteins was measured with a BCA(Bicinchoninic Acid) protein quantification kit (Pierce BCA Protein Assay Kit; Cat. No.: 23225; Thermo Fisher Scientific, Waltham, MA). To a 300-µg aliquot of proteins was added dithiothreitol to a final concentration of 20 mM for 10 min at 95 °C to reduce disulfide bonds. Reduced samples were then incubated with 40 mM iodoacetamide for 30 min at room temperature in the dark. By a 10-fold dilution of 12% phosphoric acid, acidified samples were loaded onto suspension-trapping (S-Trap) mini columns (ProtiFi, Farmingdale, NY; Cat. No.: CO2-mini-80). We treated S-trap proteolysis according to the manufacturer’s protocol, followed by the addition of 12 µg Lys-C/ trypsin mixture (Promega Corp., Madison, WI; Cat. No.: V5071) and incubation for 16 h at 37 °C. The eluted peptide mixture was lyophilized using a cold trap and stored at -80 °C until use. Before tandem mass tag (TMT) 7-plex labeling, dried peptide samples were reconstituted in 0.1% formic acid, and the total peptide concentrations were measured using a UV/Vis spectrophotometer (NanoDrop One, Thermo Fisher Scientific) at a wavelength of 280 nm, with the sample type option set to “1 Abs = 1 mg/mL.” In total, 100 µg peptide per sample was mixed with TMT reagent (Thermo Fisher Scientific) and mixed according to the manufacturer’s protocol.
Basic pH Reversed-Phase Fractionation. TMT 7-plex labeled peptide mixture was injected into a 100-µL sample loop with XBridge C-18 column (4.6-mm i.d. × 250-mm length; pore size 130 Å and particle size 5 µm; Waters Corporation, Milford, MA) on a binary HPLC(High Performance Liquid Chromatography) system (20A Prominence, Shimadzu, Tokyo, Japan). The fractionations were performed at a flow rate of 0.5 mL min-1. We used 10 mM TEAB (pH 8.5) as mobile phase A and 10 mM TEAB in 90% acetonitrile (pH 8.5) as mobile phase B. Gradients of 5 to 5% B for 8 min, 5 to 40% B for 57 min, 40 to 44% B for 6 min, 44 to 60% B for 15 min, 60 to 60% B for 6 min, 60 to 5% B for 2 min, and 5 to 5% B for 30 min were applied. After 8 minutes of LC run, 24 cycles of receiving from eight fractions sequentially by 0.45 mL each.
LC-MS/MS. Eight fractionated peptides were separated using the Dionex Ulti-Mate 3000 RSLCnano system (Thermo Fisher Scientific). Each dried sample was reconstituted with 500 µL 0.1% formic acid and a 5-µL aliquot, which was injected into a C18 Pepmap trap column (20 mm × 100 µm i.d., 5 µm, 100 Å; Thermo Fisher Scientific) and separated by an Acclaim Pepmap 100 C18 column (500 mm × 75 µm i.d., 3 µm, 100 Å; Thermo Fisher Scientific) over 200 min (250 nL/min) using a 0 to 48% acetonitrile gradient in 0.1% formic acid and 5% dimethyl sulfoxide for 150 min at 50 °C and measured in triplicate. The LC column was coupled to a Q Exactive MS (Thermo Fisher Scientific) with a nano-ESI(Electrospray ionization) source (2,500 V in positive ion mode). MS settings included MS1 scans (70,000 resolution, 350 to 1800 m/z scan range, 3 × 106 AGC(Automatic Gain Control), and 50 ms maximal ion time) and 20 data-dependent MS2 scans (35,000 resolution, starting from 120 m/z, 200 to 2,000 m/z scan range, 1 × 105 AGC, 120 ms maximal ion time, 1.2 m/z isolation window, HCD(Higher-Energy Collisional Dissociation), 32 specified normalized collision energy [NCE], and 20 s dynamic exclusion).
Proteomic Identification and Quantification. The acquired MS/MS spectra were retrieved on the SequestHT on Proteome discoverer (version 2.4; Thermo Fisher Scientific) and compared with the SwissProt human protein sequence database (March 2021). Precursor mass tolerance was set to ±10 ppm, and MS/ MS tolerance was set at 0.02 Da. The search parameters were set to default parameters, including cysteine carbamidomethylation and lysine TMT6plex as a fixed modification and N-terminal TMT6plex and acetylation and methionine oxidation as variable modifications with two miscleavages. False discovery rates (FDRs) were set at 1% for each analysis using “percolator.” The reporter ion quantification was calculated by signal-to-noise ratio values or intensity. Protein abundance was estimated using quantified unique peptides.
Statistical Analysis for Proteome Data. Raw reporter ion intensities for the average number of technical replications for each channel were log2-transformed and normalized by width adjustment. Sample groups were compared by ANOVA tests with FDR correction using Perseus software (version 1.6.15.0). After protein-wise z-score substitutions, hierarchical clustering was performed on proteins for Euclidean distance with complete linkage and samples based on Spearman’s rank correlation.
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MRM Method Establishment for LGAL Quantification. Representative tryptic peptide for Gal3BP was determined to be ELSEALGQIFDSQR (molecular weight: 1591.78 Da, 2+ charged) after PeptideAltas (www.peptideatlas.org/) search. For MRM method establishment, stable isotope-labeled internal standard (SIS) peptide for ELSEALGQIFDSQR (molecular weight: 1601.81 Da, 2+ charged) was synthesized using heavy isotope labeled lysine at C-terminal (L -Lysine-13C6,15N2) with 95% purity (Peptron, South Korea). To generate a list of possible b- and y-series product ions for doubly charged peptide of ELSEALGQIFDSQR, Skyline software (64 bits, version 19.1.0.193, University of Washington, MacCoss Lab) was used at the m/z range from 300 to 1,400. In brief, peptide sequence was imported into Skyline in FASTA format and designed into light peptide and SIS peptides with a list of fragment ions. Exported transitions from Skyline was used to optimize CE and retention time determination with default instrument parameters. MRM was performed using triple quadrupole MS with a jet stream ESI source (6495 Agilent, Agilent Technologies, Santa Clara, CA) coupled with HPLC system (1290 Infinity, Agilent Technologies, Santa Clara, CA). A mixture of light peptide and SIS peptide was injected directly into a reversed-phase analytical column (Zorbax Eclipse Plus C18 rapid resolution HD, 2.1 × 100 mm, 1.8-μm column [Agilent Technologies]) with 40 °C oven temperature. The peptide samples were separated and eluted at 0.3 mL/min on a linear gradient of mobile phase B from 5 to 30% B in 19 min (mobile phase A: water/0.1% FA (Formic Acid); mobile phase B: acetonitrile/0.1% FA). The gradient was ramped to 70% B for 3 min and ramped to 90% for 3 min and 5% B for 10 min to equilibrate the column for the next run. The total LC run time was 35 min. After the initial MRM run using theoretical transition list from Skyline, the top five most intense transitions for the light peptide and SIS peptide were selected for CE optimization and retention time determination, respectively. Targeted MS acquisitions were performed using 4-min detection windows, a 100-ms cycle time using the dynamic MRM method (SI Appendix, Table S1). The source settings were set as below: gas temperature was 250 °C, gas flow was 15 L/min, nebulizer was 30 psi, sheath gas temperature was 350 °C, sheath gas flow was 10 L/min, capillary was 3500 V for positive ion funneling, nozzle voltage was 300 V, and iFunnel parameters for high-pressure RF(Radio Frequency) were 90 V and low-pressure RF were
60 V. To maximize assay sensitivity, the CE used to fragment light and SIS peptide ions was optimized. In detail, the default linear equation was used to predict the optimal CE for each fragment ion in Skyline software with step size to 1 (5 V on each side of the predicted CE, incremental at 1 V). The CE that showed the highest peak area for each transition was used for final methods development. Five transitions for light peptide and SIS peptide were selected for subsequent MRM analysis. To determine the response curve, MRM was performed using eight points of concentration samples ranging from 0 to 500 fmol with blank plasma matrix. Limit of detection and limit of quantitation were determined as previously described (PMID: 19596694).
Quantification of Plasma LGAL Using MRM. In total, 14 high-abundant plasma proteins (albumin, IgG, haptoglobin,) in 40 ul plasma were depleted using MARS-h14 column (Agilent), and low-abundant protein fraction was denatured using 5% SDS buffer and digested via S-trap mini platform following
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the manufacturer’s protocol (Profiti, United States) using trypsin/LysC protease (Cat. No.: C5071, Promega, United States) (PMID: 29754492). The eluted peptide mixture was dried and reconstituted using 0.1% FA to be 1 ug/ul. The SIS peptide was spiked to be 50 fmol, and targeted MRM analysis was performed using established MRM methods. Quantity information for each transition was extracted using Skyline, and the concentration of plasma LGAL was calculated using peak area of 50 fmol SIS peptide.
Phage Display for the Gal-3BP Antibody Screening. Three white leghorn chickens were immunized and boosted thrice with the recombinant Gal-3BP produced in house. Chickens were euthanized a week after receiving the third booster dose, and their spleens as well as bone marrows were harvested for total RNA isolation using TRIzol Reagent (Thermo Fisher Scientific). Complementary DNA (cDNA) was synthesized using SuperScript IV First-Strand Synthesis System (Thermo Fisher Scientific), according to the manufacturer’s protocol. Using cDNA as a template, the genes encoding the variable regions of heavy and light chains were amplified and used for the construction of a chicken scFv-displayed phage library, as previously described (62). The chicken scFv-displayed phage libraries were subjected to four rounds of biopanning against Gal-3BP, in accordance with the existing protocols (63). The nucleotide sequences of the reactive scFv clones were determined by Sanger sequencing (Cosmogenetech, Seoul, Korea).
Antibody Treatment of Mouse Model of PDAC with Lung Metastasis.
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Statistics. All data are presented as mean ± SE. The comparisons between two groups were performed using Student’s t test, and comparisons among multiple groups were performed using ANOVA. *P < 0.05, **P < 0.01, and ***P < 0.001.
Data Availability. All study data are included in the article and/or SI Appendix.
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Abstract
The galectins are a family of animal lectins that possess similar carbohydrate binding specificities and conserved consensus sequences. The biological properties of mammalian galectins include the regulation of inflammation, cell adhesion, cell proliferation and cell death. Evidence suggests that the biological activities of the galectins are related to their multivalent binding properties since most galectins possess two carbohydrate recognition domains and are therefore bivalent. For example, galectin-1, which is dimeric, binds and cross-links specific glycoprotein counter-receptors on the surface of human T-cells leading to apoptosis [J. Immunol. 163 (1999) 3801]. Different galectin-1 counter-receptors associated with specific phosphatase or kinase activities formed separate clusters on the surface of the cells as a result of the lectin binding to the carbohydrate chains of the respective glycoproteins. Importantly, monovalent galectin-1 is inactive in this system. This indicates that the separation and organization of signaling molecules that result from galectin-1 binding is involved in the apoptotic signal. The separation of specific glycoprotein receptors induced by galectin-1 binding was modeled on the basis of molecular and structural studies of the binding of lectins to multivalent carbohydrates resulting in the formation of specific two- and three-dimensional cross-linked lattices [Biochemistry 36 (1997) 15073]. In this article, the binding and cross-linking properties of galectin-1 and other lectins are reviewed as a model for the biological signal transduction properties of the galectin family of animal lectins.
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1. Introduction
A growing number of biological signal transduction mechanisms involve multivalent ligand–receptor interac
tions (cf.
 Ref. [1]).
 For example, binding of certain growth factors leads to receptor dimerization and concommitant signal tranduction effects (cf.
 Ref. [2]).
 Other ligand–recep-tor systems involve higher degrees of multivalent interactions including the binding of lectins to glycoconjugate receptors (cf.
 Refs. [3–6]).
 Lectins are multivalent carbohydrate bind
ing proteins that are widely found in nature
 [3,5].
 The bio
logical roles of animal lectins including the galectins are increasingly becoming known
 [7–10].
 The galectins, which presently number 14
 [11],
 have been implicated in metastasis, control of cell growth, activation of inflammatory cells and
) (
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regulation of apoptosis
 [9,12,13].
 Importantly, there is grow
ing evidence that the multivalent binding properties of galectins are important in their biological roles
 [14].
Studies have shown that the multivalent binding activity of galectin-1 and many other lectins result in the formation of unique two- and three-dimensional cross-linked lattices with specific multivalent carbohydrates and glycoconjugates 
[15,16].
 Such cross-linked lattices have been used to describe the clustering and separation of distinct glycoprotein recep
tors on the surface of human T cells by galectin-1 leading to cell death (apoptosis)
 [17].
 In this review, we discuss the cross-linking activities of multivalent lectins including the galectins with multivalent carbohydrates, and discuss these interactions in relation to the possible signal transduction mechanisms associated with their biological activities.
2. Multivalent binding properties of lectins
A common binding activity of lectins is their multi-valency. The X-ray crystal structures of many animal and
) (
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[image: ][image: ][image: ][image: ]Fig. 1. (a) Schematic diagram of a type 1 cross-linked complex between a bivalent lectin and a bivalent carbohydrate. (b) Schematic diagram of a type 2 cross-linked complex between a tetravalent lectin and a bivalent carbohydrate. The lectin is represented by a circle and the carbohydrate by a line in both schemes.
plant lectins [18–20] demonstrate their oligomeric structures. As a result, lectin binding leads to cross-linking and aggregation of specific glycoprotein and glycolipid receptors on the surface of cells. In many cases, these interactions result in signal transduction effects including mitogenesis [21], induction of mating reactions in fungi [22], negative regulation of neuroblastoma cell growth [4] and induction of apoptosis in activated human T cells [17,23].
Recent structural studies of multivalent lectin–carbohy-drate cross-linked complexes have provided insights into the molecular nature of these interactions. In general, two types of cross-linked complexes are observed, designated as type 1 and type 2 [15]. In type 1 complexes, a bivalent lectin forms a cross-linked complex with a bivalent carbohydrate. Fig. 1a shows a schematic diagram of type 1 interactions that result in the formation of one-dimensional cross-linked complexes. These complexes are often soluble (cf. Refs. [24,25]), and possess a high degree of polymorphism due to their flexibility. Such complexes may accommodate more than one type of bivalent lectin or bivalent carbohydrate in the cross-linked complex. Examples include the X-ray crystal complexes of dimeric bovine heart galectin-1 cross-linked with a bivalent N-linked glycopeptide [26]. Three different crystal structures were found for the galectin cross-linked with three different conformations of the gly-copeptide, demonstrating the structural flexibility of type 1 interactions.
Cross-linking between a lectin and multivalent carbohydrate in which one of the two molecules possesses a valency greater than two is designated as a type 2 complex. Such a 

complex is shown schematically in Fig. 1b between a tetravalent lectin and a bivalent carbohydrate. These higher multivalent interactions often lead to the formation of two-and three-dimensional cross-linked complexes which may precipitate from solution [27–29]. Furthermore, type 2 complexes can exist as disordered cross-linked complexes, or ordered cross-linked lattices as shown in Fig. 1b. The latter are termed homogeneous cross-linked complexes since a given lattice consists of only a single carbohydrate and a single lectin, even in the presence of a mixture of carbohydrates and lectins in solution [15].
3. X-ray structures of soybean agglutinin (SBA) complexed with four isomeric bivalent pentasaccharides
Insight into the molecular basis for the formation of homogeneous type 2 complexes was obtained with the X-ray crystal structures of the SBA cross-linked with four different bivalent carbohydrates [30,31]. SBA is a tetrameric lectin with binding specificity for GalNAc and Gal residues.
[image: ]
[image: ]
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Fig. 2. Structures of the 2,3-, 2,4-, 3,6- and 2,6-pentasaccharides. The aglycon moiety R is –(CH2)5 COOCH3. The core galactose residue is in the h-anomeric configuration.
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Previous quantitative precipitation experiments and electron micrograph studies [32] indicated that SBA formed unique, homogeneous type 2 complexes with each of the four bivalent pentasaccharides shown in Fig. 2. The X-ray crystal structures of SBA cross-linked with the 2,3-, 2,4-, 2,6- and 3 ,6-pentasaccharides have been subsequently reported [30,31].
The structure of the 2,6-pentasaccharide/SBA cross-linked complex [30] was first established using molecular replacement techniques and refined at 2.6-A˚ resolution to an R value of 20.1%. The crystals were hexagonal with a P6422 space group. Analysis of the crystal lattice revealed that the structural basis of the complex was generated by pentasac-charide molecules cross-linking neighboring SBA subunits. Association between SBA tetramers involved binding of the terminal Gal residues of the pentasaccharide at identical sites in each monomer, with the oligosaccharide cross-linking to a symmetry-related neighbor SBA molecule.
The X-ray crystal structures of SBA cross-linked with the 2,3-, 2,4- and 3,6-pentasaccharides in Fig. 2 were subsequently reported [31]. These structures together with that of the 2,6-pentasaccharide provided insight into the molecular basis of the unique lattices formed by SBA with the four oligosaccharides. Examination of the protein structures of 

the lectin in the cross-linked complexes with the 2,3-, 2,4-, 2,6- and 3,6-pentasaccharides show that they are all similar despite differences in the crystal lattice of the complexes [30]. This indicates that differences in the lattice are due to the structures of the cross-linking carbohydrates. The structures of a portion of the 3,6-pentasaccharide cross-linked lattice with SBA and the 2,3-pentasaccharide cross-linked complex with SBA are shown in Fig. 3a and b, respectively. The structure and conformation of the bound carbohydrates are different in the two complexes, and, as a consequence, the spacings between outer cross-linked SBA molecules (shown as monomers) are different in the two complexes.
Table 1 shows the space group and unit cell dimensions of all four cross-linked complexes [31]. While the 2,4-, 3,6-and 2,6-pentasaccharide/SBA lattices belong to the same space group (P6422), they have distinctly different unit cell dimensions. The 2,4- and 2,6-pentasaccharide lattices exhibit small differences (0.3 A˚ ) along their a and b axes, and a larger difference (2.2 A˚ ) along the c axes. The 3,6-pentasaccharide lattice differs from the other two lattices along the a and b axes (1.3–1.6 A˚ ). The lattice of the 3,6-pentasaccharide/SBA complex also differs along the c axis by 0.6 A˚ relative to the lattice of the 2,4-pentasaccharide/ SBA complex. Differences in the c axes of all three lattices

[image: ]
Fig. 3. The structures of (a) the 3,6-pentasaccharide cross-linked lattice with SBA, and (b) the 2,3-pentasaccharide cross-linked lattice with SBA [31]. The views are in the z plane perpendicular to a twofold axis of the tetramer. Protein molecules are shown as trace models, and the cross-linking oligosaccharides as CPK models (the aglycon moiety is not shown). One SBA tetramer in the middle of each structure (shown as yellow, magenta, green and red trace models) is cross-linked by four pentasaccharide molecules to four SBA monomers (shown in aqua) which are part of adjacent tetramers (not shown). One arm of a pentasaccharide molecule binds to the carbohydrate binding site on each subunit of a tetramer and cross-links to a neighboring tetramer by binding to the corresponding site on another monomer. These figures were generated with program O.
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Table 1
Space group and unit cell parameters of SBA cross-linked with the 2,3-,
2,4-, 3,6- and 2,6-pentasaccharides
	Complex
	Space group
	a (A˚ )
	b (A˚ )
	c (A˚ )
	a (°)
	b (°)
	c (°)

	2,3-SBA
	I4122
	122.6
	122.6
	90.6
	90
	90
	90

	2,4-SBA
	P6422
	144.6
	144.6
	107.2
	90
	90
	120

	3,6-SBA
	P6422
	143.3
	143.3
	107.8
	90
	90
	120

	2,6-SBA
	P6422
	144.9
	144.9
	109.4
	90
	90
	120



can be related to the distances separating the C-6 carbon atoms of the terminal Gal residues of each cross-linking pentasaccharide in symmetry-related SBA monomers. The distances of 19.2, 19.7 and 20.6 A˚ that separate the C-6 atoms of the terminal Gal residues of the 2,4-, 3,6- and 2,6-pentasaccharides, respectively, correlate with the order of the distances along the c axes for all three complexes of 107.2, 107.8 and 109.4 A˚ (Table 1), respectively. Thus, the c axes of the three complexes reflect the differences in the lengths of the three oligosaccharides.
In the 2,3-pentasaccharide complex, the distance between the C-6 atoms of the terminal Gal residues is 15.0 A˚ , which is shorter than the respective distances of the other three carbohydrates. Importantly, the angle between the two LacNAc arms is sufficiently acute to induce the lattice to adopt a different space group (I4122). The crystal lattices of the 2,4-, 3,6- and 2,6-pentasaccharide/SBA complexes possess a common sixfold axis of symmetry. The sixfold axis of symmetry down the c-axis for the 3,6-pentasaccharide cross-linked complex with SBA is shown in Fig. 4a. The 2,3-pentasaccharide complex, by comparison, shows a fourfold axis of symmetry, which is shown in Fig. 4b. The fourfold axis of symmetry results in a cavity between lectin molecules with a diameter of - 45 A˚ , as compared to - 100 A˚ for the other three lattices.

These results show that the molecular basis for the formation of unique, homogeneous type 2 complexes between SBA and the above four carbohydrates are the differences in the atomic structures of the oligosaccharides in each complex. These interactions result from the pseudo symmetry of the outer carbohydrate epitopes of the penta-saccharides and the symmetry of the carbohydrate binding sites of the lectin [30]. This pseudo symmetry found in the pentasaccharides is also found in other naturally occurring branch chain carbohydrates [32].
The above homogeneous type 2 complexes are three-dimensional lattice structures. A unique two-dimensional type 2 cross-linked complex was shown to form between the fucose-specific lectin Lotus tetragonolobus, isolectinA, and a bivalent fucosyl oligosaccharide [33]. Homogeneous two-dimensional type 2 lattices may occur on the surface of cells because of the latter’s geometrical constraints.
4. Formation of glycoprotein–lectin cross-linked complexes
Evidence exists that lectins including galectin-1 form homogeneous cross-linked complexes with specific glyco-proteins. The Man/Glc-specific Jack bean lectin concanava-lin A (ConA) has been shown by quantitative precipitation analysis to form unique, stoichiometric cross-linked complexes with four different glycoproteins which possess different numbers and types of Man-bearing carbohydrate chains as well as different quaternary structures [28]. All of the glycoproteins possess N-linked carbohydrates that bind to ConA. The unique binding stoichiometries of ConA with each glycoprotein were observed to be maintained even in the presence of binary mixtures of the glycoproteins. These

[image: ]
Fig. 4. (a) The sixfold axis of symmetry down the c-axis is shown for the 3,6-pentasaccharide cross-linked complex with SBA, and (b) the fourfold axis of symmetry down the c-axis is shown for the 2,3-pentasaccharide cross-linked complex with SBA [31]. In these views, protein molecules are shown as colored trace models (monomers), with the cross-linking oligosaccharides not shown. These figures were generated with MOLPACK.
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results are evidence for the formation of homogeneous cross-linked complexes between ConA and each glycopro-tein.
Similar studies have shown that galectin-1 from calf spleen and several Gal-specific plant lectins form specific, stoichiometric cross-linked complexes with asialofetuin (ASF), a 48 kDa monomeric glycoprotein possessing three triantennary N-linked complex carbohydrates with terminal Gal residues [29]. The unique binding stoichiometries of galectin-1 with ASF were also observed in the presence of binary mixtures of galectin-1 and other lectins with ASF. These results indicated the formation of homogeneous cross-linked complexes between calf spleen galectin-1 and ASF, as well as the other Gal-specific lectins, even in the presence of mixtures of the molecules. The 16-kDa galectin from chicken liver also shows unique binding stoichiome-tries with ASF similar to that of galectin-1 [34].
5. Restricted receptor segregation into membrane microdomains on human T cells induced by galectin-1
T cell development in the thymus is critically controlled by apoptosis of specific T cell populations. Galectin-1 is produced endogenously by thymic epithelial cells and induces apoptosis of human thymocytes, activated T cells and T lymphoblastoid cell lines (cf. Ref. [17]). In order to understand the role of galectin-1 in immune development, it is important to elucidate the mechanism of galectin-1-induced apoptosis of susceptible thymocytes.
Evidence that multivalent cross-linking of cell surface receptors of susceptible thymodyctes by galectin-1 is involved in the apoptotic signal comes from the observation that monovalent galectin-1 is inactive while dimeric galec-tin-1 is active [23]. The addition of lactose is also observed to inhibit apoptosis, demonstrating that galectin-1 binding to the carbohydrate chains of the glycoprotein receptors is involved in the cross-linking mechanism. Furthermore, the 

initial steps in galectin-1 binding and signaling involve segregation of specific T cell surface glycoprotein receptors into discrete membrane microdomains [17]. Several T-cell glycoproteins from MOLT-4 human T cells were shown to be specific receptors for mammalian galectin-1 binding: CD45, CD43 and CD7 [17]; and previous studies with deletion mutants of the glycoproteins confirmed their importance in the apoptotic response to galectin-1 [17,23,35]. Other T cell glycoproteins have also been shown to bind galectin-1 including CD2, CD3 and CD4. However, these receptors are not required for cell death [17,35]. Immuno-fluorescent localization studies by confocal microscopy, carried out to assess the distribution of CD45 and CD43 receptors on the surface of MOLT-4 human T-cells in the absence (control) and presence of galectin-1 after 20 min at 37 jC [17], are shown in Fig. 5. Exposure of galectin-1 to the cells for this time was sufficient to activate the apoptotic pathway. The distribution of CD45 and CD43 before addition of galectin-1 ( - galectin-1 panel) is observed to be nearly random across the surface of the cells (antibodies to CD45 are labelled with Texas Red (red) and antibodies to CD43 with fluorescein (green)). After 20 min, the cells were cooled to prevent progression along the death pathway, and galectin-1 removed with lactose. The cells were then treated with paraformaldehyde to fix membrane glycoproteins. Galectin-1 binding ( + galectin-1 panel) resulted in CD45 localized in two large patches and CD43 clustered into smaller patches that segregated from CD45. Thus, binding of galectin-1 to susceptible T cells induced redistribution and segregation of CD45 and CD43, suggesting that this process is important for sending the apoptotic signal.
Galectin-1 binding was also shown to result in the clustering of CD7 with CD43 in a similar experiment, and segregated from CD45 as shown in Fig. 5 for CD43 [17]. CD7 and CD43 were co-localized prior to galectin-1 addition, but distributed diffusely over the cell surface. Galectin-1 binding induced aggregation of the CD7/CD43 complexes. Additional studies also showed that CD3 co-


[image: ]
Fig. 5. Confocal micrographs (X 100) of MOLT-4 cells before and after exposure to galectin-1 [17]. After galectin-1 treatment (+ galectin-1 panel), CD45 localized into one or two large islands and CD43 clustered into multiple small aggregates. Control panel (- galectin-1): uniform distribution of CD45 (red) and CD43 (green) on the surface of MOLT-4 cells with some areas of colocalization (yellow). Views are of 0.5-mm slices through the top (left) or center (right) of a single cell.
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localizes with CD45 following galectin-1 treatment [17]. Thus, in the presence of galectin-1, CD45/CD3 and CD43/ CD7 complexes separate from each other into distinct patches as observed in Fig. 5 for CD45 and CD43.
The physical separation of the CD45/CD3 complex from the CD43/CD7 complex induced by galectin-1 binding and cross-linking of the carbohydrate chains of the respective glycoproteins was modeled based on the lattice model for type 2 homogeneous lectin–carbohydrate cross-linked complexes (Fig. 1) [15]. A schematic of these interactions is shown in Fig. 6 [17]. Galectin-1 is envisioned as binding to the carbohydrate chains of CD45 and inducing cross-linking and separation of the CD45/CD3 complex. Likewise, galec-tin-1 is envisioned to bind to the carbohydrate chains of the CD43/CD7 complex and cross-link this binary complex into a separate lattice or series of lattices. The fact that binary complexes of CD45 with CD3 and CD43 with CD7 are observed to separate in the presence of galectin-1, suggests that CD45 and CD3 may bind to each other by protein– protein interactions as do CD43 and CD7. That both 

complexes separate together further suggests that each binary complex behaves as a single molecular species with covalently attached carbohydrate that mediates cross-linking with galectin-1. Thus, unlike in vitro experiments that observed individual glycoproteins forming organized cross-linked complexes with a given lectin [15], the observations of binary complexes of glycoproteins that separate together in the presence of a single lectin (galectin-1) requires a tight complex between CD45 and CD3, and between CD43 and CD7 in order to present themselves as units capable of undergoing organized lattice formation via galectin-1-in-duced cross-linking of their respective carbohydrate chains.
The biochemical mechanism and pathway leading to apoptosis of susceptible T cells associated with the selective cross-linking of specific glycoprotein receptors by galectin-1 is not known. However, the cytoplasmic tail of CD45 has two protein tyrosine phosphatase domains [36], and, while CD43 has no known enzymatic activity, it associates with the fyn tyrosine kinase. Similarly, CD7 has no enzymatic activity, but it has been reported that ligation of CD7 results

[image: ]
Fig. 6. Schematic representation of the redistribution and segregation of galectin-1 receptors following binding of galectin-1 [17]. (a) Random distribution of CD45 and CD3 complexes (squares), and CD43 and CD7 complexes (hexagons) on the cell surface, in the absence of galectin-1. (b) Galectin-1 binding results in homotypic lattice formation of repeating units of the CD45 and CD3 complexes (squares), and CD43 and CD7 complexes (hexagons). (c) Cross-linked complexes of galectin-1 receptors with associated cytoskeletal proteins.
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in tyrosine phosphorylation [37], as does galectin-1 binding [38]. While the requirement for tyrosine phosphorylation in galectin-1-induced apoptosis is not known, this suggests that the segregation of the phosphatase activity of CD45 from the kinase activities associated with CD43/CD7 may activate the death signal via tyrosine phosphorylation.
6. Conclusions
Studies of the binding and cross-linking interactions of galectin-1 with specific glycoprotein receptors on the surface of susceptible T cells leading to apoptosis provides a model for the possible structure–function activities of other members of the galectin family of animal lectins. These types of cross-linking interactions with galectins and other possible animal lectins may be of importance in activating specific cell surface glycoprotein receptors that are associated with signal transduction mechanisms.
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INTRODUCTION
Cells secrete humoral factors for intercellular communi
cation with their surrounding environment. These humoral factors include extracellular vesicles (EVs) that are released by cells in response to various physiological and pathological conditions. EVs are classified according to their biosynthetic and physical properties [1]. More
over, their types include exosomes (diameter 
= 
40
– 
160 nm) and ectosomes (diameter 
= 
0.1
–
1 
μ
m). Exo-somes are homogeneous membrane vesicles of lipid bila-yers. They are formed during endocytic processes and secreted out of the cells upon exocytosis of late
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Abstract
Exosomes are extracellular vesicles primarily responsible for intercellular com
munication, and they contain nucleic acids and proteins. Exosome secretion has been observed in the intestines, suggesting their physiological effects on the receptor cells of target tissues. It is possible that intestinal epithelial cells recognize food components as ligands, resulting in exosome secretion. How
ever, research on intestine-derived exosomes regulated by food ingredients is limited. In this study, Caco-2 cells were utilized as an intestinal epithelial model for proteomic profiling. NanoLC-MS/MS analysis revealed the alteration of exosome properties by epigallocatechin gallate (EGCG) in differentiated Caco-2 cells. This natural polyphenol reduced both the number and size of secreted exosomes and altered the expression of exosomal proteins. The enriched proteins in exosomes were involved in immune response and cell proliferation. In contrast, those in the EGCG-treated group had distinctive functions in the maintenance of skin homeostasis. We also found variable expression of galectin-3-binding protein and fibronectin as molecular signa
tures in exosomes derived from EGCG-treated cells. These results could help elucidate the expression and mechanism of exosomal proteins related to food components.
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endosomes. In contrast, ectosomes are heterogeneous vesicles that are generated during plasma membrane blebbing [1,2]. Both EV types contain cell-derived bio-molecules, such as mRNA, microRNA, enzymes, cyto-kines, receptors and lipids [3]. They can access other proximal- or distal-located cells through bodily fluids and the circulatory system, and might regulate biological functions within the recipient cells [4]. In addition to typical humoral factors such as cytokines, EVs serve as novel mediators of biological information molecules for intercellular communication.
The intestines are responsible for digestion and absorption of ingested foods. Intestinal epithelial cells are located in environments that are exposed to external stimuli and dense microbial milieu. Moreover, the layer of intestinal epithelial cells is a multicellular interface between luminal antigens, immune cells, and neurons of the mucosa. Release of exosome-like vesicles has also been observed at the apical and basolateral sides of the intestinal epithelium with endocytosis of luminal contents [5,6]. As intestinal epithelial cells are constantly exposed to microbial and dietary antigens, extracellular factors such as exosomes might contribute to the maintenance of the normal balance of innate immune responses in the intestinal lumen [7,8]. Recently, in vitro model studies using carnosine, a dipeptide abundant in meat, have reported that microRNAs in exosomes derived from Caco-2 intestine model cells promote neurite outgrowth and its marker gene expression in differentiated neuronal SH-SY5Y cells [9]. Therefore, it is possible that intestinal epithelial cells recognize food components as antigens and secrete exosomes containing functional RNAs and proteins as signaling molecules that exert physiological effects on the recipient cells of target tissues.
Epigallocatechin gallate (EGCG), the main ingredient in green tea, has been extensively investigated for its health benefits, which include prevention of diseases such as arthritis, nervous system disorders, cancer, and heart disease [10]. Food-derived ingredients such as EGCG regulate miRNA expression to promote health. Thus, EGCG has attracted attention for its association with exosome-mediated cellular responses [11]. This natural polyphenol has inhibited tumor-associated macrophage infiltration and M2 polarization and protected cardiomyocytes against infarction by modulating micro-RNAs in secreted exosomes [12,13]. In addition, a micro-RNA subset of exosomes in EGCG-treated cells has been investigated. However, the effects of this ingredient on the cargo proteins in exosomes require further study. Moreover, the lack of protein cargo amplification procedures limits the number of studies on protein identification from exosome preparations [14]. Therefore, understanding of food ingredient effects on the exosome- 

harbored proteins derived from intestinal epithelial cells requires extensive bioinformatic profiling.
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)In this study, we systematically and comprehensively analyzed protein cargoes of exosomes derived from human intestinal epithelial-like Caco-2 cells that were altered with EGCG. This was achieved using proteomic profiling through nanoLC-MS/MS analysis. These bioin-formatic findings might provide an understanding of the biological processes and molecular pathways of intestine-derived exosomes containing food ingredients. Moreover the physiological roles of these ingredient-altered exo-somes were investigated.
2 | EXPERIMENTAL PROCEDURES
2.1	| Study design
The experimental workflow employed in this study is shown schematically in Figure 1. The objective of this study was to systematically and comprehensively analyze the effects of food ingredient EGCG (Figure 1A) on human intestinal epithelial-like cell-derived exosomes using proteomic profiling (Figure 1B). Caco-2 cells, well-established in vitro models for human intestinal epithelial-like cells, were treated with 10 μM EGCG and 0.2% DMSO as a control after two weeks of differentiation (Figure 1C). Exosomes in the cell culture supernatant of differentiated Caco-2 cells were isolated and purified using ultrafiltration and PS-affinity beads (Figure 1D). Purified exosomes were characterized through nanoparticle tracking analysis, and exosomal proteins were identified using mass spectrometry. Samples were subsequently subjected to bioinformatic profiling (Figure 1E).
2.2	| Cellular differentiation of human intestinal epithelial-like Caco-2 cells
Caco-2 cells derived from human colorectal adenocarci-noma cell lines, which have been established as an in vitro model for human intestinal epithelial cells because of their ability to spontaneously differentiate into polar cells with morphological and biochemical characteristics of intestinal cells [15,16]. They were obtained from the American Type Culture Collection (VA, USA) and routinely maintained in Dulbecco's modified Eagle medium (DMEM, 044–29,765; Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) supplemented with 10% fetal bovine serum (FBS, 175012; Nichirei Biosci-ences Inc., Tokyo, Japan) and 1% penicillin–streptomycin (PS, 168–23,191; Fujifilm Wako Pure Chemical
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)[image: ]FIGURE 1 Proteomics workflow of this study.
(A) Structure of EGCG. (B) The proteomic profiling diagram of exosomes derived from Caco-2 cells. (C) Caco-2 cells cultured into differentiated intestine epithelial-like cells and treated with EGCG. (D) Isolation and purification of exosomes from culture medium. (E) A schematic diagram of analysis utilized in this study.
Corporation) at 37 °C in a humidified 5% CO2 atmosphere. Cells from passages 50–53 were used for this study. During differentiation, Caco-2 cells were seeded in a collagen-coated 100 mm dish using Cellmatrix Type I-C (Nitta Gelatin Inc., Osaka, Japan). The manufacturer's protocols were followed at 3.0 x 106 cells/dish. The Caco-2 cells were subsequently cultured for 14 days in growth medium. Media were changed every day during differentiation.

2.3	| Isolation and purification of exosomes from culture medium
 (
18728081, 0, Downloaded from 
https://iubmb.onlinelibrary.wiley.com/doi/10.1002/biof.1918
 by The Institute for Cancer Research, Wiley Online Library on [09/03/2023]. See the Terms and Conditions (
https://onlinelibrary.wiley.com/terms-and-conditions)
 on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License
)Caco-2 cells differentiated to intestinal epithelial-like cells after 14 days of culture; the medium was then changed. The cells were treated with either 10 μM (-)-EGCG (70,935; Cayman Chemical, MI, USA) or 0.2% dimethyl sulfoxide (DMSO, 043–29,355; Fujifilm Wako Pure Chemical Corporation) in DMEM with 1% exosome-
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depleted FBS (A2720803; Thermo Fisher Scientific, MA, USA) as a control. After 24 h, the culture medium was collected and centrifuged at 10,000 x g for 30 min to remove cellular debris. Subsequently, the supernatant was concentrated to 300 μl through centrifugation at 3000 x g for 30 min using a VIVASPIN 20 (MWCO 100,000) ultrafiltration unit (VS2041; Sartorius AG, Göt-tingen, Germany). The exosomes were purified from the concentrated medium using the MagCaptureTM Exosome Isolation Kit PS (290–84,103; Fujifilm Wako Pure Chemical Corporation) and Tim4-immobilized magnetic beads that were capable of capturing exosomes. Exosome sizes and concentrations were determined through nanoparti-cle tracking analysis using Nanosight (NS300; Malvern Panalytical, Worcestershire, UK). This determination was performed at Quantum Design Japan, Inc. (Tokyo, Japan). The exosome sample was diluted with 1 x PBS following the manufacturer's specifications.
2.4	| Identification of liquid chromatography mass spectrometry (nanoLC-MS/MS)
For mass spectrometry sample preparation, purified exo-somes were first reduced in 10 mM dithiothreitol-containing 100 mM ammonium hydrogen carbonate buffer at 56 °C for 30 min, and alkylated in 15 mM indole-3-acetic acid for 30 min at room temperature. Next, exosomal proteins were digested using trypsin in 50 mM ammonium hydrogen carbonate buffer at 37 °C overnight. The trypsinized peptides were lyophilized using centrifugal concentration, wherein 0.1% formic acid was added and centrifugation was conducted at 20,000 x g for 10 min. The supernatant was recovered in a trapping column (C18 Pepmap 100, 5 mm x 300 μm I.D.; Thermo Fisher Scientific, MA, USA) and analyzed using a nanoLC-MS/MS system with a gradient elution from 4 to 35% (vol/vol) solvent A (0.1% formic acid in acetonitrile) on L-column2 ODS (75 μm I.D. x 50 cm length; Chemicals Evaluation and Research Institute, Tokyo, Japan). Solvent B contained 0.1% formic acid in water. The analytical column was maintained at 60 °C. In this study, an UltiMate 3000 liquid chromatograph, a Q-Exactive Plus mass spectrometer, and XcaliburTM software (Thermo Fisher Scientific) were used as a nanoLC-MS/MS system, which was operated in positive ion mode. There were two technical replicates from the same sample in this analysis. Protein sequences were obtained from the MS spectra database using the MASCOT algorithm (Matrix Science, MA, USA).

2.5	| Cell proliferation and survival assay
 (
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)Caco-2 cells were seeded in a 6-well plate at 5.0 x 105 cells and cultured in DMEM at 37 °C in a humidified 5% CO2 atmosphere, with daily refreshment of the medium. After 2, 5, 8, 11, and 14 days, the cells were collected using trypsin and stained with trypan blue (207–17,081, Fujifilm Wako Pure Chemical Corporation). Unstained cells were counted as alive under an inverted microscope, and the cell proliferation rate was calculated. In addition, the cells were treated with 10 μM EGCG or 0.2% DMSO as a control after 14 days of culture. After 24 h, the viable cells were counted through trypan blue staining according to the aforementioned methods. In another approach, cell viability was measured using Cell Counting Kit-8 (CK04, Dojindo Laboratories, Kumamoto, Japan), wherein cells were mixed (1:10) with medium, incubated for 1 h at 37 °C, and their absorbance was measured at 450 nm (Multiscan FC, Thermo Fisher Scientific Inc., Tokyo, Japan).
2.6 | Bioinformatic analysis
The database of previously reported EV proteins was downloaded from Vesiclepedia (http://microvesicles.org/, Version 4.1, 2021. April.). These proteins were then analyzed in comparison with the exosomal proteins obtained in this study using the FunRich software (http://www. funrich.org/, Version 3.1.4). The differentially expressed proteins (DEPs) were defined by p-value <0.05 and log2 fold change > 1 or specific proteins. The proteins excluded from proteins specific to either control or EGCG and DEPs were regarded as exosomal “Core” proteins. Gene Ontology (GO) and pathway analyses were performed using Metascape (https://metascape.org/gp/ index.html#/main/step1, 2021. April. 15) with the following data sets: GO Molecular Function, GO Biological Processes, GO Cellular Components, WikiPathways, and Reactome Gene Sets. These datasets were visualized in R using the ggplot2 package. Finally, STRING (https:// string-db.org/; v.11.5) was used for protein–protein interaction (PPI) network analysis.
2.7 | Statistical analysis
The data represent the mean ± SEM. Statistical analysis was performed using a two-tailed Student's t-test. A probability of p < 0.05 was considered statistically significant.
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3 
| 
RESULTS
3.1	
| 
Differentiation of Caco-2 cells to
intestinal epithelial cells and exposure to EGCG
They differentiate into intestinal epithelial-like cells through long-term culture after confluence. Cell growth at two weeks is shown in Figure
 2A.
 Morphological observations revealed a dome-shaped appearance that is typical of enterocytes, as well as intracellular lipid drop
lets that are characteristic of differentiation (Figure
 2B). 
Exposure of differentiated Caco-2 cells to 10 
μ
M EGCG for 24 h showed no significant difference in cell number and viability compared to 0.2% DMSO treatment as a control (Figure
 2C,
 D).
 These experimental conditions were considered to be within the physiologically accept
able range of EGCG concentrations.
3.2	
| 
Characterization of exosomes
derived from intestinal epithelial-like cells
The size distribution of purified exosomes was evaluated using NanoSight NS300 (Quantum Design Japan, Inc.) nanoparticle tracking analysis. As shown in Figure
 3A, 
the particle concentration curve was linear and smooth, indicating that there are few impurities. The diameter of
) (
FIGURE 2
 Cellular differentiation of human intestinal epithelial-like Caco-2 cells. (A) Cell proliferation during differentiation. (B) Cell morphological changes observed under phase contrast microscopy. The number
(C) and viability (D) of cells treated with or without 10 
μ
M EGCG. The data represent the mean ± SEM of three to six biological replicates.
) (
the exosomes was 80
–
200 nm, with a peak particle size (mode) of 85.4 ± 2.7 nm in the control group and 67.9 ± 3.3 nm in the EGCG-treated group (Figure
 3A).
 The mean particle size of exosomes was 114.5 ± 0.9 nm in the control group and 96.0 ± 2.2 nm in the EGCG-treated group (Figure
 3B).
 These results were consistent with the theoretical exosome size. However, the size of exosomes in the EGCG-treated group was approximately 83.8% smaller than that in the control group. Moreover, the par
ticle concentration was 4.17 
x 
10
10
 in the control group and 0.70 
x 
10
10
 in the EGCG-treated group (Figure
 3C). 
The particle concentration was shown to significantly decrease by 16.8% in the latter group. NanoLC-MS/MS analysis indicated that tetraspanin family members CD9, CD63, and CD81, which are classical markers of exo-somes, were expressed in both treatments of exosomes (Figure
 3D).
 Other exosome markers, flotillin 1 (FLOT1), flotillin 2 (FLOT2), ALG-2-interacting protein X (ALIX), and tumor susceptibility gene 101 (TSG101) were also presented in both treatments of exosomes, although their expression levels were different (Figure
 3D).
 In contrast, calnexin (CANX), which generally indicates contamina
tion by intracellular proteins, and the mitochondrial pro
tein cytochrome c (CYCS) were absent (Figure
 3D). 
Selectin and CD40, commonly known as ectosome markers
 [17],
 were not detected. In this study, centrifuga
tion of the culture supernatant was performed at 10,000 
x 
g
, and a few large extracellular vesicles
)[image: ]
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FIGURE 3
 Characterization of extracellular vesicles as exosomes. Particle size distribution diagram (A), average diameter of particles (B), and the number of exosomes (C) obtained through Nanosight nanoparticle tracking analysis. (D) A bar plot of exosome marker proteins from nanoLC-MS/MS spectra count data. The data represent the mean ± SEM of two technical replicates. Asterisks indicate significant differences analyzed using Student's 
t
-test, *
p 
< 0.05, **
p 
< 0.01 vs. 0.2% DMSO as a control.
)[image: ] (
(>200 nm) were observed, suggesting that the exosomes were primarily purified. It was also evident that the parti
cle size and concentration of exosomes were significantly altered by EGCG treatment of cell-derived exosomes.
3.3	
| 
Comparison of exosomal proteins derived from intestinal epithelial-like cells with or without EGCG
In this study, 383 unique proteins were identified in intestinal epithelial-derived exosomes through 
) (
quantitative proteomic analysis based on label-free nanoLC-MS/MS (Figure
 4A).
 All identified proteins were referenced to known vesicle proteins in the publicly available extracellular proteome database Vesiclepedia 
[18].
 Of the 383 identified proteins, 382 were found in the Vesiclepedia database, with the exception of metal regu
latory transcription factor 1 (MTF1) (Figure
 4A),
 confirm
ing that the isolated exosomes contained abundant exosomal proteins. Of the identified proteins, 352 and 362 were identified in the control and EGCG-treated groups, respectively (Figure
 4A).
 As shown in Figure
 4B, 
the volcano plot reflected the different protein expression
)
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FIGURE 4
 Comparison of exosomes derived from differentiated Caco-2 with or without 10 
1
M EGCG. (A) Venn diagrams of proteins identified in exosomes compared with annotated proteins in Vesiclepedia databases, and of those with 0.2% DMSO as a control versus 10 
1
M EGCG. (B) A volcano plot comparing exosomal proteins in 0.2% DMSO and 10 
1
M EGCG. The x-axis and the y-axis present log
2 
fold change of EGCG/ Control and -log
10 
p
-value, respectively. DEPs were determined through differential expression thresholds (
p
-value <0.05, and log
2 
fold
change > 1 or specific proteins). (C) A column graph presenting the number of 
“
Core
” 
or 
“
DEPs.
” 
A column graph of the percentage of exosome terms in GO in comparison with control and EGCG (D), and comparison of Core and DEPs (E).
)levels in the two groups. A total of 59 DEPs were screened from the results based on a differential expression threshold. Of the 59 DEPs, expression of 28 was significantly decreased, whereas that of 31 DEPs was significantly increased after EGCG treatment (Figure 4B). On the other hand, proteins found to be expressed in both treatments ( log2 fold change < 1 or p-value >0.05) were analyzed as a group of “Core” proteins in exosomes using bioinformatic profiling (Figure 4C). As shown in Figure 4D, approximately 80% of the identified proteins were termed as the “exosome” of “cellular component” in GO using FunRich analysis, suggesting that the exosomes in this study were also enriched with common exosomal proteins. However, GO analysis revealed a low ratio of “exosome” in the DEPs (66.1%), indicating that the quantitatively changed proteins upon EGCG treatment might be signature proteins that differed from common exoso-mal proteins (Figure 4E). Table 1 indicates the top 15 proteins in the spectral counts corresponding to the content of exosomes in the 0.2% DMSO- and EGCG-treated groups, respectively. During EGCG treatment, the 

expression of galectin-3-binding protein (LGALS3BP) was markedly decreased (0.06-fold, vs. control) and that of fibronectin (FN1) was markedly increased (10.07-fold, vs. control). This revealed that LGALS3BP and FN1 are differential expression signatures in the exosomes released during EGCG treatment. As different exosomal protein compositions were observed between the two treatment groups, we profiled the proteins using bioinfor-matic analysis.
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proteins in exosomes
GO analysis through Metascape revealed that “Core” proteins (297) of exosomes were enriched in 1386 biological processes, 234 cellular components, and 177 molecular functions. The top 20 clusters by p-value are shown in Figure 5A. In the biological process of GO, “viral life cycle (protein hit count in GO: 47)”, “regulation of vesicle-mediated transport (52)”, “protein localization to
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TABLE 1
Top 15 in amount of identified proteins


Top 15 in amount of control exosomal proteins


Rank
Gene Symbol
Protein contents in exosomes (%)
a


Fold change (EGCG/Control)
b


1
APOB
5.10
0.48
2
DPP4
3.20
0.71
3
ANXA2
2.88
1.17
4
ATP1A1
2.85
0.81
5
SLC2A3
2.83
0.77
6
UBA52
2.77
0.73
7
APOE
2.46
0.97
8
ACTB
2.39
0.57
9
HSPA8
2.13
0.66
10
PDCD6IP
1.93
0.72
11
SLC3A2
1.62
0.84
12
LGALS3BP
1.35
0.06
13
SLC2A1
1.33
0.81
14
ANXA4
1.32
1.30
15
MFGE8
1.19
0.59


Total (%)
35.36


) (
Top 15 in amount of EGCG exosomal proteins
) (
Rank
Gene Symbol
Protein contents in exosomes (%)
a


Fold change (EGCG/Control)
b


1
ANXA2
3.84
1.17
2
APOB
2.77
0.48
3
APOE
2.71
0.97
4
ATP1A1
2.64
0.81
5
DPP4
2.59
0.71
6
SLC2A3
2.49
0.77
7
UBA52
2.30
0.73
8
ANXA4
1.95
1.30
9
FN1
1.62
10.07
10
HSPA8
1.60
0.66
11
PDCD6IP
1.59
0.72
12
SLC3A2
1.55
0.84
13
ACTB
1.54
0.57
14
LDLR
1.44
1.41
15
TFRC
1.31
1.00


Total (%)
31.94


) (
a
Relative amounts of proteins in exosomes determined by MS spectral count quantification.
b
Spectral count of EGCG divided by that of control.
c
Significant differences were analyzed using Student's 
t
-test (EGCG vs. Control).
) (
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membrane (53)
”
, 
“
vesicle organization (36)
”
, and 
“
cell junction organization (33)
” 
were enriched in proteins related to membrane vesicle formation. The proteins related to immune and inflammatory responses such as
) (
“
myeloid leukocyte activation (65)
” 
and 
“
wound healing (42)
”
, were also enriched (Figure
 5A).
 In the cellular component, 
“
anchoring junction (76)
”
, 
“
apical plasma membrane (46)
”
, 
“
endosome membrane (52)
”
, endocytic
) (
p
-value
c


) (
***
p 
< 0.001
) (
n.s.
) (
n.s.
) (
*
p 
< 0.05
) (
*
p 
< 0.05
) (
n.s.
) (
n.s.
) (
*
p 
< 0.05
) (
n.s.
) (
*
p 
< 0.05
) (
n.s.
) (
***
p 
< 0.001
) (
*
p 
< 0.05
) (
n.s.
) (
*
p 
< 0.05
) (
p
-value
c


) (
n.s.
) (
***
p 
< 0.001
) (
n.s.
) (
*
p 
< 0.05
) (
n.s.
) (
*
p 
< 0.05
) (
n.s.
) (
n.s.
) (
***
p 
< 0.001
) (
n.s.
) (
*
p 
< 0.05
) (
n.s.
) (
*
p 
< 0.05
) (
*
p 
< 0.05
) (
n.s.
)
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FIG U RE 5
 Analysis of the biological functions of 
“
Core
” 
exosomal proteins derived from intestinal epithelial-like cells. GO analysis of the exosomal proteins identified using Metascape; (A) A bubble plot of the categorized top 20 terms based on 
p
-value. (B) A heat map of the top 10 PARENT_GO terms. (C) A bar chart of the top 5 terms at the enrichment factor, categorized by group ID of PARENT_GO. A network map clustered using the WikiPathways database (D), indicated -log
10 
p
-value in bar chart over 35 of annotated gene number (E).
) (
18728081, 0, Downloaded from 
https://iubmb.onlinelibrary.wiley.com/doi/10.1002/biof.1918
 by The Institute for Cancer Research, Wiley Online Library on [09/03/2023]. See the Terms and Conditions (
https://onlinelibrary.wiley.com/terms-and-conditions)
 on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License
)

[image: ]10	YANO ET AL.

vesicle (41)”, “vacuole (59)”, “membrane region (38)”, “late endosome (31)”, and “cell-cell junction (35)” were enriched in proteins related to cell membranes and intercellular adhesion (Figure 5A). Moreover, characteristics of proteins in the exosomal endoplasmic reticulum, including “cell adhesion molecule binding (73)” were enriched in the molecular function of GO (Figure 5A).
As shown in the heat map in Figure 5B, the “immune system process” cluster had the lowest p-value at the PARENT_GO classification, which summarizes hierarchy among GO terms. “Myeloid leukocyte activation” and “neutrophil activation involved in immune response” were amongst the top five terms. Moreover, the “immune system process” cluster (based on enrichment factors) included “regulation of toll-like receptor 3 signaling pathway”, “positive regulation of mast cell activation”, and “positive regulation of myeloid leukocyte-mediated immunity” (Figure 5C). The “cellular process” PAR-ENT_GO cluster also included immune-related terms such as “cytokinetic process” (Figure 5B, C). In addition, the “localization” and “multi-organism process” PAR-ENT_GO clusters included “regulation of exosomal secretion” and “viral budding via host ESCRT complex” (Figure 5B, C). The exosomes purified in this study were also found to be enriched with proteins related to exo-some secretion and formation. These results showed a characteristic enrichment of immune-related proteins.
We performed a pathway analysis of the inter-network of functions of proteins enriched in intestinal epithelial-derived exosomes using the WikiPathway database. Figures 5D and E show that “VEGFA-VEGFR2 signaling pathway (protein hit count in pathway: 36)”, “PI3K-Akt signaling pathway (15)”, “Ras signaling (16)”, “MAPK signaling pathway (9)”, “EGF/EGFR signaling pathway (11)” and “TGF-beta signaling pathway (7)” related to cell proliferation, differentiation, angiogenesis, immunity and inflammation were concentrated. Furthermore, growth factor receptor-bound protein 2 (GRB2), SRC, KRAS, ras homolog family member A (RHOA), and ras-related C3 botulinum toxin substrate 1 (RAC1) appeared at high frequency (Table 2). GRB2, SRC, and KRAS are involved in receptor tyrosine kinase (RTK) signaling activated by growth factors, whereas RAC1 is a RHO family GTP-binding protein similar to RAS. As Caco-2 cells derived from colorectal cancer were used as an intestinal model in this study, enriched proteins were also related to colorectal cancer. Functions of the enriched proteins included “chromosomal and microsat-ellite instability in colorectal cancer” and “metabolic reprogramming in colon cancer” (Figure 5E). The utilization of cellular models might be an experimental consideration and is subject to further study.

3.5 | Functional classification and enrichment analysis of DEPs
 (
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)Of the 59 DEPs, 31 were significantly increased and 28 were significantly decreased during EGCG treatment (Figure 4C). GO analysis showed that DEPs were enriched in 191 and 146 terms in the increased and decreased expression groups, respectively (Figure 6A). There were 44 common terms in both expression groups. To understand their biological functions, we focused on the increase- (the number of terms: 147) and decrease-specific (102) terms for DEPs during EGCG treatment (Figure 6A). Among the top five terms (based on enrichment factor in GO) were “cellular component (20)” and “molecular function (12)” in the increase-specific group, as well as “cellular component (19)” and “molecular function (10)” in the decrease-specific group (Figure 6B). In addition, the “biological process” was grouped using pathway analysis. The percentages of proteins enriched in the “increase (115)” and “decrease (73)” groups are shown in Figure 6C as a two-color pie chart, and the two lowest p-values for each of the four groups are shown in Figure 6D. In the “increase” category, “response to wound healing” and “regulation of body fluid levels”, epidermal keratinocyte differentiation such as “skin development”, and characteristics related to serum coagulation, such as “negative regulation of blood coagulation”, were enriched (Figure 6C, D). In contrast, the “decrease” category included enrichment of “astrocyte activation” and “neural precursor cell proliferation” related to neuronal immunity, and “entry into cell of other organism involved in symbiotic interaction” and “vacuolar transport” (Figure 6C, D).
Next, we focused on the specific proteins detected only in either the control or EGCG-treated groups. Specific proteins accounted for 1.26% of the total exosomal protein mass in the control group, whereas they accounted for 3.30% in the EGCG-treated group. This indicated that specific proteins accounted for a higher proportion of the total exosomal protein mass at the EGCG-treated group. Therefore, we performed PPI analysis on FN1. The analysis showed a markedly increased expression in the EGCG-treated group, and 19 proteins specific to the EGCG-treated group were divided into four clusters (Figure 7). The results showed that FN1 had an abundant protein interaction. Furthermore, the following characteristics were found: “extracellular matrix organization (false discovery rate: 0.0365)” and “formation of the cornified envelope (0.0037)” in the skin structure-related proteins; “common pathway of fibrin clot formation (0.0312)” and “hemostasis (0.0218)” in proteins related to blood coagulation; and “neutrophil
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TABLE 2
Pathway analysis of the 
“
Core
” 
exosomal proteins


Pathway name
Log 
p
-value
Enrichment
VEGFA-VEGFR2 signaling pathway
-
20.92
7.84
Ebola virus pathway on host
-
19.70
16.15
Focal adhesion-PI3K-Akt
–
mTOR-signaling pathway
-
9.16
5.94
Arrhythmogenic right ventricular cardiomyopathy
-
8.17
12.63
Integrin-mediated cell adhesion
-
6.83
9.20
Focal adhesion
-
6.65
6.19
Hippo-Merlin signaling dysregulation
-
6.14
7.76
PI3K-Akt signaling pathway
-
5.41
4.18
Glycolysis and gluconeogenesis
-
15.08
27.36
Metabolic reprogramming in colon cancer
-
9.32
20.30
Pathways in clear cell renal cell carcinoma
-
7.59
11.01
Photodynamic therapy-induced HIF-1 survival signaling
-
5.63
15.36
Nuclear receptors meta-pathway
-
13.20
7.17
NRF2 pathway
-
11.49
10.52
Ras signaling
-
9.86
8.24
G protein signaling pathways
-
8.37
11.20
Regulation of actin cytoskeleton
-
6.18
6.90
) (
Hits for exosomal protein sets in pathways
a


) (
ADAM10, AP2A1, ALB, ALDOA, ANXA1, ARF6, RHOA, BSG, CALR, CFL1, CLIC1, CLTC, CTNNA1, CTNND1, FLNB, GAPDH, GRB2, HSPA1A, HSP90AA1, ITGAV, ITGB1, LDHA, MMP14, PGK1, RAC1, RAP1B, SDCBP, SRC, PRDX2, TPM3, TXN, EZR, YWHAE, ADAM9, NDRG1, OCLN
) (
ACTB, ACTN4, RHOA, BST2, CLTA, CLTC, FLNB, FOLR1, HLA-A, HLA-C, ITGA6, ITGA2, ITGA5, ITGAV, ITGB1, MFGE8, NEDD4, RAC1, TSG101, RAB7A, HAVCR1, VPS4A
) (
GNB1, GNB2, GNG5, GRB2, HSP90AA1, HSP90AB1, ITGA6, ITGA2, ITGA5, ITGAV, ITGB1, KRAS, SLC2A1, SLC2A3, HSP90B1, RAB11B, RAB10, RAB14, GNG12
) (
ACTB, ACTN4, CTNNA1, DSG2, ITGA6, ITGA2, ITGA5, ITGAV, ITGB1, JUP
) (
GRB2, ITGA6, ITGA2, ITGA5, ITGAV, ITGB1, RAC1, RAP1B, SRC, CAPN7
) (
ACTB, ACTN4, RHOA, FLNB, GRB2, ITGA6, ITGA2, ITGA5, ITGAV, ITGB1, RAC1, RAP1B, SRC
) (
CDH1, CDH17, CTNNA1, ITGA6, ITGA2, ITGA5, ITGAV, ITGB1, KRAS, PRKAR2A
) (
GNB1, GNB2, GNG5, GRB2, HSP90AA1, HSP90AB1, ITGA6, ITGA2, ITGA5, ITGAV, ITGB1, KRAS, RAC1, HSP90B1, GNG12
) (
ALDOA, ENO1, GAPDH, GPI, LDHA, LDHB, PGAM2, PGK1, PKM, SLC2A1, SLC2A3, SLC2A5, TPI1
) (
ENO1, GAPDH, GPI, LDHA, PGK1, PKM, SLC1A5, SLC2A1, SLC16A3
) (
ALDOA, ENO1, GAPDH, GPI, LDHA, LDHB, PGK1, PKM, SLC2A1, TPI1
) (
LDHA, PGK1, PKM, SLC2A1, SLC2A3, SLC16A1
) (
ABCC2, SLC26A2, STOM, EPHA3, FABP1, GGT1, GSTA2, GSTP1, HSPA1A, HSP90AA1, HSP90AB1, MFGE8, PRDX1, ABCB1, SLC2A1, SLC2A3, SLC2A5, SLC6A6, SLC6A8, SRC, TXN, SLC7A5, SLC39A14, MYOF
) (
ABCC2, EPHA3, GGT1, GSTA2, GSTP1, HSPA1A, HSP90AA1, HSP90AB1, PRDX1, SLC2A1, SLC2A3, SLC2A5, SLC6A6, SLC6A8, TXN, SLC39A14
) (
ARF6, RHOA, CALM1, GNB1, GNB2, GNG5, GRB2, KRAS, RAB5C, RAC1, RALA, RALB, RAP1B, RRAS2, GNG12, TTBK1
) (
RHOA, CALM1, GNA11, GNAI3, GNB1, GNB2, GNG5, KRAS, PRKAR2A, GNA13, GNG12
) (
(Continues)
)
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	TABLE 2	(Continued)
	

	

	


	Pathway name
	Log p-value
	Enrichment
	Hits for exosomal protein sets in pathwaysa


	

	

	

	ACTB, RHOA, CFL1, KRAS, RAC1, RDX, VIL1, EZR, GNA13, RRAS2, GNG12

	Chemokine signaling pathway
	-4.18
	5.20
	GNAI3, GNB1, GNB2, GNG5, GRB2, KRAS, RAC1, RAP1B, GNG12

	MAPK signaling pathway
	-2.89
	3.47
	FLNB, GRB2, HSPA1A, HSPA8, KRAS, RAC1, RAP1B, RRAS2, GNG12

	EGF/EGFR signaling pathway
	-5.85
	6.39
	AP2A1, ARF6, CFL1, GRB2, KRAS, NEDD4, PLSCR1, RAC1, RALA, RALB, SRC

	Pancreatic adenocarcinoma pathway
	-3.44
	6.39
	RHOA, BRCA2, KRAS, RAC1, RALA, RALB

	Chromosomal and microsatellite instability in colorectal cancer
	-2.97
	6.49
	RHOA, KRAS, RAC1, RALA, RALB

	Integrated breast cancer pathway
	-2.18
	3.62
	ANXA1, BRCA2, CDH1, KRAS, RAC1, RALA

	Gastrin signaling pathway
	-5.45
	7.48
	ANXA2, RHOA, CDH1, GRB2, ITGB1, KRAS, RAC1, SRC, YES1

	Prolactin signaling pathway
	-3.81
	7.48
	GRB2, ITGB1, PPIA, RAC1, SRC, YWHAZ

	MET in type 1 papillary renal cell carcinoma
	-3.40
	8.03
	GRB2, KRAS, RAC1, RAP1B, SRC

	TGF-beta signaling pathway
	-3.28
	5.02
	RHOA, GRB2, ITGA2, ITGB1, PRKAR2A, RAC1, SRC

	Melanoma
	-3.11
	6.96
	CALM1, CDH1, GRB2, KRAS, RAC1

	RAC1/PAK1/p38/MMP2 pathway
	-3.11
	6.96
	GRB2, ITGB1, KRAS, RAC1, SRC

	PDGF pathway
	-3.08
	9.47
	RHOA, GRB2, RAC1, SRC



aProtein hits in the “Core” exosome among gene sets associated with the pathway.

degranulation (0.0037)” in those related to immunity (Figure 7). However, PPI analysis of proteins specific to the control group did not reveal any characteristic association.
4 | DISCUSSION
In this study, we investigated protein cargoes of exosomes derived from intestinal epithelial-like Caco-2 cells. Our analysis primarily focused on the biological functions of the protein cargoes, as well as changes in biological processes and molecular pathways after exposure to EGCG. The nanoLC-MS/MS proteome was utilized in this comprehensive analysis. Our bioinformatic findings suggest that food ingredients such as EGCG may lead to the expression of characteristic proteins in exosomes, resulting in the secretion of exosomes with altered functionality. Moreover, we found that LGALS3BP (decreased) and FN1 (increased) were EGCG molecular signatures in differentially expressed proteins.
The particle concentration curve of the EGCG-treated group revealed a peak sharper than that of the control group at smaller particle sizes, and another peak was observed at 100 nm and 200 nm (Figure 3A). Moreover, 

EGCG treatment showed a marked decrease in secreted exosomes (Figure 3B, C). The accumulated evidence suggests that natural polyphenols, which are plant metabolites, may act on signaling pathways that inhibit EV biosynthesis [19]. Exosome formation involves both endosomal sorting complexes required for transport (ESCRT)-dependent and ceramide-mediated independent mechanisms [20]. ALIX participates in efficient mobilization of ESCRT-III proteins to endosomes and facilitates sorting and transport to exosomes [21]. An epithelial polarity model of Madin–Darby canine kidney (MDCK) cells differentiating into columnar epithelia, similar to Caco-2 cells, has been shown to secrete different exo-somes, ALIX-mediated ESCRT-dependent and ceramide-dependent, depending on the cellular polarity [22]. In this study, ALIX expression in exosomes was significantly suppressed by EGCG treatment (Figure 3D), suggesting that EGCG might have an inhibitory effect on intracellular ESCRT-dependent exosome formation and secretion or the potency of changing them into exosomes with different properties.
Exosomes are abundant in the human intestinal lumen, and they harbor inflammatory cytokines that can be internalized by recipient cells. In a previous study, exosomes promoted macrophage migration and

[image: ] (
aggravated the inflammatory response
 [23].
 The exosome of 
“
Core
” 
group was enriched with characteristics related to immune and inflammatory responses (Figure
 5A, B, 
C).
 GRB2 and SRC, which behave as effector and adapter proteins for RTK play roles in transmitting downstream signals such as KRAS and other MAPKs and AKTs,
) (
leading to the expression of genes responsible for responses such as cell growth, survival, and angiogenesis 
[24],
 supporting the hypothesis that gut-derived exo-somes play an important role in immune regulation
 [7].
In differential protein expression, we found markedly decreased expression of LGALS3BP and markedly
) (
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FIG U RE 6
 Analysis of the biological function of 
“
DEPs
” 
on exosomal proteins derived from intestinal epithelial-like cells. (A) A Venn diagram of GO terms compared with 
“
increase
” 
(red: rich in EGCG) and 
“
decrease
” 
(blue: rich in control) DEPs using Metascape. (B) A bubble plot of the top 5 terms based on enrichment factor in cellular components and molecular function. (C) A double pie chart of the network map of biological processes clustered using the Reactome Gene Sets database. (D) A bar chart partially presenting increase- or decrease-specific biological processes in GO.
)
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FIGURE 7 EGCG-specific exosomal protein associations determined using STRING. The 19 proteins containing FN1 were analyzed for protein–protein interaction. Colored and solid lines represent groups in the same category, and dotted lines indicate inter-clusters.



increased expression of FN1 in the EGCG treatment group (Table 1). Many plant-derived food components, such as polyphenols, have been shown to potentially regulate their functional properties by altering the loading of exosomes released from cells [19]. The 59 DEPs identified in the EGCG treatment were associated with wound healing and skin development (Figure 6, 7), indicating distinctive functionality in exosomal proteins compared to that in control. FN1 is a component of extracellular vesicles derived from hepatocytes, which have the potential to promote EV uptake by targeting cells [25]. Although the number of exosomes in EGCG treatment was reduced, FN1-riched exosomes by EGCG may transfer their cargos to recipient cells more than normal exo-somes. Further research is necessary to verify whether proteins in exosomes were specifically concentrated by EGCG treatment, or protein expression was altered in the cells treated with EGCG. Although the mechanism of its enrichment in exosomes is unknown, it has been reported that EGCG interacts directly with fibronectin and fibrinogen [26], and expression of fibronectin has been reduced in cells treated with this food component [27]. Whether intestinal epithelial-like cell-derived exo-somes exhibit functions related to these results for recipient cells is subject to additional investigation. In addition to physiological functional investigation, differential expression of proteins are normalized against total protein or generally expressed proteins (ex: ACTB, ANXA2 and CD9) as controls. As such, they have potential for use as biomarkers for intestinal epithelial-derived exo-somes stimulated by food components.
Both low (5.5 mM) and high (25 mM) glucose DMEM have been used in previous studies on Caco-2 cell differentiation. In this study, Caco-2 cells were cultured in DMEM containing 25 mM glucose. In a healthy small intestinal lumen, except after a meal, glucose 

concentrations are relatively higher (⠅30 mM) than in other organs [28]. However, Caco-2 cell differentiation experiments have reported that glucose concentration affects the expression of genes related to glucose metabolic pathways [29]. It should be noted that in the present model, the exosome cargo may be altered by different glucose concentrations in DMEM.
 (
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Abstract: The interaction of human galectin-1 with a variety of oligosaccharides, from di-(
N
-acetyllactosamine) to tetra-saccharides (blood B type-II antigen) has been scrutinized by using a combined approach of different NMR experiments, molecular dynamics (MD) simulations, and isothermal titra
tion calorimetry. Ligand- and receptor-based NMR experi
ments assisted by computational methods allowed propos
ing three-dimensional structures for the different complexes, which explained the lack of enthalpy gain when increasing the chemical complexity of the glycan. Interestingly, and in
dependently of the glycan ligand, the entropy term does
) (
not oppose the binding event, a rather unusual feature for protein-sugar interactions. CLEANEX-PM and relaxation dis
persion experiments revealed that sugar binding affected residues far from the binding site and described significant changes in the dynamics of the protein. In particular, mo
tions in the microsecond-millisecond timescale in residues at the protein dimer interface were identified in the presence of high affinity ligands. The dynamic process was further ex
plored by extensive MD simulations, which provided addi
tional support for the existence of allostery in glycan recog
nition by human galectin-1.
)[image: ][image: ][image: ][image: ] (
Introduction
Human galectins are 
b
-galactoside (
b
Gal) binding lectins that participate in the regulation of an extraordinary variety of bio
logical phenomena most of them related, but not only, to im-munity.
[1]
 At the same time, their connection with several dis-
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eases, such as cancer
[2]
 or diabetes has been established, in
creasing the interests in exploiting them in different therapeu
tic strategies, as well in the development of disease biomark-ers. These carbohydrate binding lectins are broadly distributed throughout the body, and while some of them are restricted to certain tissues or cells, others such as human galectin-1 (Gal-1) and human galectin-3 (Gal-3) are ubiquitous.
[3]
 Gal-1 in particu
lar, has been proven to participate in B-cell development and signalling,
[4]
 T-cell immunity,
[5]
 and the regulation of different inflammatory responses.
[6]
 Gal-1 has been recently shown to promote bacterial infections,
[7]
 and to have a prominent rela
tionship with certain types of cancers,
[8]
 where its increased ex
pression has been related to different processes in the disease progression. In fact, it has been pointed out as a key player for cancer immunotherapy resistance.
[9]


Galectins perform their biological functions through the rec
ognition of specific 
b
Gal-containing epitopes present on glyco-proteins and glycolipids. Their multimeric nature endows ga-lectins with the ability to cross-link these glycoconjugates, which is at the heart of their regulatory mechanisms. These oli-gomerization phenomena strongly depend on the organization of their carbohydrate-recognition-domains (CRD), according to which galectins are in fact classified. Thus, prototype galectins, as Gal-1, display two identical CRDs that dimerize in a non-co
valent manner, while tandem-repeat contain two distinct CRDs covalently linked through a peptide fragment. Finally, chimera-type, the only member being Gal-3, displays a single CRD con
nected to a long tail domain at the N-terminus through which
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it oligomerizes. Although the quaternary organization of galec-tins is fundamental for their biological functions, in most cases it is not clear how it does influence ligand binding. A large part of our current knowledge about how galectins bind to their carbohydrate ligands has been obtained through X-ray crystallography
[10]
 although, for these particular systems how
ever, this cannot account for dynamic effects that could have an impact in ligand binding
,
 including conformational plasticity or allostery.
[11]


Gal-1 is a homodimer with a dimerization equilibrium con
stant in the low micromolar range.
[12]
 This oligomeric architec
ture may be relevant for its biological activity,
[13]
 and in fact Gal-1 mutants with altered dimerization properties have shown to have altered biological functions.
[14]
 Early studies
[15]
 
postulated that lactose binding to Gal-1 occurs with a negative cooperativity between the two lectin binding sites, which was related to a global increase of protein dynamics in the low fre
quency motion range (picoseconds timescale), with a concomi
tant increase in conformational entropy. More recently,
[16]
 
based on hydrogen-deuterium exchange experiments, lactose binding was found to increase the exchange rates of Gal-1 resi
dues located on the opposite side of the ligand-binding site, strongly suggesting the existence of protein allostery, which seems difficult to reconcile with the very fast picoseconds timescale of motion. These studies used lactose (Lac) as a ligand, which binds Gal-1 ca. twofold weaker than lactosamine (Gal
13
1-4GlcNAc, LacNAc, 1, Figure 1). Glycan binding preferen
ces of Gal-1, in fact, point to extended glycan chains terminat
ing in LacNAc, both on N- and O-glycans.
[17]
 Opposite to other galectins, further chemical modifications of this simple disac
charide epitope do not improve binding affinity for Gal-1.
Herein, we provide further experimental and theoretical evi
dences of allosterism operating in Gal-1. Motivated by the un
expected positive entropy contribution measured for LacNAc binding, opposite to that observed for Gal-3/LacNAc recogni-tion,
[18]
 the changes in protein flexibility upon ligand binding have been scrutinized. Our results show that upon LacNAc binding, but not upon binding to other lower affinity LacNAc-containing glycans, such as the blood group antigen (4), local protein flexibility increases in the 
j
s-ms time scale. This is a rather different time frame dynamics to that previously report
ed in the ps timescale.
[15]
 This transition to slow dynamic mo
tions upon LacNAc binding influences the energy balance for the recognition process, and thus the affinity, through a fa-


)[image: ] (
Figure 1. Structure and symbol representation of the oligosaccharides whose interaction with Gal-1 is studied herein.
) (
vourable contribution to the binding entropy term. Remarka
bly, the combined experimental (relaxation dispersion NMR) and theoretical analysis (
j
s-MD) performed herein allowed identifying specific residues with a concerted dynamic behav
iour that cluster at the dimerization interface, revealing a com
munication pathway between the two Gal-1 domains.
Results and Discussion
The recognition of LacNAc (1), and LacNAc-containing gly-cans: blood group B antigen (4), and trisaccharide epitopes 2 and 3.
As mentioned above, individual galectins show a large varia
tion in terms of affinity towards naturally occurring ligands as extensively and consistently highlighted in several studies.
[19]
 
Indeed, galectins exhibit rather different recognition patterns for sialylated glycans, polyLacNAc structures, and blood group antigens among others, and this fine specificity has been relat
ed with differential ligand interactions at regions adjacent to the canonical 
13
-Gal binding site.
[20]
 However, the detailed un
derstanding of galectin-binding specificities is still modest given the lack of structural details for galectin complexes in
volving glycan structures larger than trisaccharides, as well as details regarding dynamics and flexibility of both interacting partners. We have recently addressed the impact of glycan flexibility on the binding of the A and B blood group tetrasac-charide antigens to Gal-3.
[18]
 Interestingly, it has also been re
ported that Gal-1 and Gal-3 display opposing affinities towards these antigens.
[21]


Isothermal titration calorimetry experiments
To obtain accurate information on the binding affinity and thermodynamics, isothermal titration calorimetry (ITC) experi
ments were performed for the four glycans (1–4). Fitting of the ITC binding isotherms to a single-site model yielded the disso
ciation binding constants (
K
D
) shown in Table 1. All of them are in the high-medium micromolar range, with the values for LacNAc (99 
j
M
) in agreement with previously reported data.
[17b]
 Data fitting to a sequential binding model (Table 2), as suggested by those previous studies,
[15]
 was as good as or even better than the one-site model in terms of fitting quality (represented by 
c
2
). In this case, the first binding event displays better energetics than the second one, indicating a negative cooperativity between the two binding sites. This difference is
) (
LacNAc (1)	
-
5.5	
-
5.3	
-
0.186	
99
Galili (2)	
-
5.5	
-
5.2	
-
0.385	
95
H type-II (3)	
-
4.3	
-
4.3	
-
0.469	
319
B type-II (4)	
-
4.7	
-
4.3	
-
0.388	
379
) (
Table 1. Thermodynamic parameters for the binding of ligands 1–4 to Gal-1, as determined by ITC experiments. Data fitted to single-site bind
ing model.
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Table 2. Affinity constants obtained from ITC data fitting to one-site and sequential binding models. The quality of the fitting is provided by 
c
2
.
) (


One-site model
Sequential model


Ligand
K
D
c
2
K
D1
K
D2
c
2
LacNAc (1)
99
1365
17
264
317
Galili (2)
95
2309
34
536
1151
H type-II (3)
319
169
196
1100
173
B type-II (4)
379
69
116
422
74
) (
maximum for the LacNAc (1) and galili (2) ligands, for which 
K
D
2
=
K
D
x
15, while for the fucose (Fuc) containing ligands, this difference is smaller.
For either binding model, the affinity for the galili trisacchar-ide (2), which incorporates an additional Gal
a 
residue with re
spect to LacNAc 1, was very similar to that obtained for 1. Indeed, the binding enthalpy remained unaltered, strongly suggesting the absence of significant stabilizing intermolecular contacts provided by the Gal
a 
residue (see below in the NMR analysis). In contrast, the H type-II analogue (3), and especially the tetrasaccharide B type-II antigen (4), displayed somehow lower binding affinities compared to LacNAc 1. In fact, the en
thalpy contribution decreased for the fucosylated ligands, 3 and 4. Also, variations in the binding enthalpy and entropy terms are not correlated, deviating from the commonly ob
served enthalpy-entropy compensation paradigm. Intriguingly, independently on the binding model used, the thermodynamic analysis (Table 1 and Supporting Information) revealed a posi
tive entropy contribution to the binding for all the four li-gands.
[22]
 Although this entropy gain is always moderate (below 0.5 kcal mol
@
1
), it strongly contrasts with the loss of en
tropy (ca. 5 kcalmol
@
1
) observed for LacNAc binding to Gal-3.
[18] 
This highlights the different molecular recognition mecha
nisms operating in both lectins.
Generating the initial 3D models of the complexes
Initial 3D models of the ligand/Gal-1 complexes were built using the X-ray crystallographic structure reported for Gal-1 :lactose,
[23]
 by pair-fitting the binding residue(s) of each studied ligand to lactose followed by MD simulations as de
scribed in the experimental section. The complex formed with LacNAc (1) (Figure 2) is basically identical to that described in the X-ray crystallographic structure with lactose. Briefly, the Gal residue stacks on top of the indole moiety of Trp68, establish
ing key CH–
p 
interactions,
[24]
 with additional hydrogen bond
ing interactions involving residues His44, Arg48, Asn61 and Glu71 of the lectin and atoms Gal O4, Gal O5 and GlcNAc O3 of the ligand. The loop L4, which connects strands S4 and S5, is folded towards the ligand and narrows the binding site cavity. This loop has been shown to exhibit high conformation
al flexibility in 
apo 
structures, populating open and closed con-formations.
[15,25]
 According to the X-Ray crystallography data, His52, located at this loop, participates in hydrogen bonding with the Gal 2-OH of lactose. In our models for 1 and 2
)[image: ][image: ] (
Figure 2. Molecular models for the complexes of Gal-1 with glycans 1, 2, 3, and 4, according to MD simulations (AMBER).
(Figure 2), however, this is a transient interaction, occurring only ca. 25% along the 100 ns MD trajectories.
For 2 and 4, the models show that the Gal
a 
residue is fairly close to the protein surface, although it does not provide addi
tional van der Waals and/or hydrogen bonding interactions. Al
ternatively, the Fuc moiety, present in 3 and 4, is close to the L4 loop, and His52 establishes transient (ca. 25%) hydrogen bonding interactions with Fuc O5 and/or Fuc 4-OH.
NMR experiments
STD-NMR
: 
As an initial experimental validation of the pro
posed 3D complexes and to back up the experimental ITC re
sults, information on the molecular basis of the interaction be
tween Gal-1 and glycans 1–4 was obtained through NMR ex-periments,
[26]
 starting with 
1
H-STD-NMR (STD
=
saturation trans
fer difference),
[27]
 which allows obtaining information on the ligand binding epitope. For all the ligands, significant STD sig
nals were detected for the protons of the central 
13
-Gal unit, in particular for H4, H5 and H6, which is the typical pattern for the interaction of 
13
-Gal-containing saccharides with galec-tins.
[18,28]
 Additionally, ligands 2 and 4, which contain the Gal
a 
unit, showed evident STD signals for some protons of this resi
due (H1, H2 and H3), while the ligands containing Fuc (3 and 4) showed additional and significant STD effects for Fuc H1 (Figure 3 and Supporting Information). These data provide ex
perimental evidence on the binding epitope of glycans 1–4, which involves primarily the 
13
-Gal ring, and with the Gal
a 
(in 2 and 4) and Fuc moieties (in 3 and 4) also in close proximity to the lectin surface, and can be satisfactorily explained involving
) (
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Figure 3. 
1
H-STD-NMR results. Above: NMR spectra for the interaction of Gal-1 with tetrasaccharide 4. On top, reference spectrum with annotations of the 
1
H signals showing STD effect. Middle: STD spectrum with protein irradi
ation at the aromatic region. Below: STD spectrum with protein irradiation at the aliphatic region. Relative STD amplification factor is indicated for H1Fuc, which is larger for the aromatic irradiation STD. Below: Epitope map
ping derived from 
1
H- STD-NMR (irradiation at the aliphatic region) for the interaction of Gal-1 with ligands 1, 2, 3, and 4.
the recognition modes predicted by MD described above (Figure 2).
The presence of the loop L4 close to the binding site is a unique feature of Gal-1
[23]
 and permits explaining the STD NMR effects observed for the Fuc residue. In fact, irradiation at the aromatic region of the protein (
d 
7.7 ppm), increased the rela
tive STD intensities for Fuc H1 with respect to the aliphatic irra
diation, corroborating its proximity to His52. This latter result is in sharp contrast with that reported for the interaction of Gal-3 with 
4,
[18]
 which demonstrated that the Fuc residue is exposed to the solvent, and does not interact with that lectin.
Chemical shift perturbation analysis: 
1
H-
15
N heteronuclear single quantum coherence (HSQC) NMR spectroscopy experi
ments were employed to analyse the chemical shift perturba
tion (CSP) of the amide signals of the lectin upon ligand addi
tion and to obtain additional structural information on the sugar-protein molecular recognition processes from the lectin perspective.
[25,29]
 The addition of 0.5, 1, 3, 5 and 10 equivalents of LacNAc (1) provided a progressive perturbation of the sig
nals of specific amino acids. Most of them are included in the region Asn46-Val76, in 
13
-strands S4, S5, S6 and L4 loop. This observation is again in agreement with the proposed binding mode described above (Figure 2) and reported by X-ray crystal
lography (PDB IDs 4Y1U, 4Q26 and 1W6P). Intriguingly, pertur
bations on several amino acids far beyond the binding site, es
pecially on those located in F3-F4 sheets and close to the 
) (
dimer interface (S1 and loop connecting S1-F2) were also de
tected (Figure 4A and Supporting Information). These results strongly suggest that the interaction with LacNAc induces changes on the whole structure of the protein. Similar observa
tions have been described for the interaction with lactose
[15,16]
 
and lacto-
N
-neotetraose.
[30]


The chemical shift perturbation profile for galili 2 was very similar to that of LacNAc, indicating comparable binding modes (Figure 4A and Supporting Information). This fact is in agreement with the MD simulations that show that the Gal
a 
residue establishes only short-lived interactions with the pro
tein (see Supporting Information for details). Again, these ob
servations contrast with our previous results for Gal-3,
[18]
 where 2 displayed additional stabilizing contacts with several amino acids located at 
13
-strand S3 and thus impacting on the mea
sured CSP for these residues.
The CSP for the fucosylated glycans 3 and 4 (Figure 4B and C) were again similar to that of LacNAc. However, the perturba
tions corresponding to amino acids located at the L4 loop, in particular Ala51-Ala55, were markedly different (Figure 5). This fact indicates a different interaction of this loop region with the non fucosylated and fucosylated glycans, as shown by the STD-NMR analysis and predicted by the MD simulations. (Fig
ure 4B,C and E,F and Supporting Information).
Additional structural information on the role of the Fuc resi
due in the binding process was inferred from the behaviour of the histidine side chain signals (His44 and His52) upon binding. His44 is conserved among galectins, located at strand S4 and consistently involved as hydrogen bonding acceptor from Gal
b 
4-OH, while His52 is located at the L4 loop, unique for Gal-1.
)[image: ] (
Figure 4. Comparison between the average CSP of the backbone amide sig
nals of Gal-1 produced with 1 (in black, 10 equivalents) and in blue with A) ligand 2 (10 equiv), B) ligand 3 (15 equiv), and C) ligand 4 (15 equiv). The corresponding 3D models obtained through docking and MD simulations are shown on the right panels, 
D
–F. The most perturbed amino acids are highlighted in dark blue (CSP over 2
s
) and light blue (CSP 1–2
s
).
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Figure 5. Expansions of 
1
H-
15
N HSQC spectra indicating the perturbations of amino acids at the L4 loop: apo Gal-1 (grey), upon the addition of 10 equivalents of 1 (black) and 10 equivalents of 2 (blue) (above), and comparison (below) with the same expanded regions recorded upon addition of 15 equivalents of 3 (green) and 4 (purple). The trend observed for the CSP measured for the L4 loop region (amino acids 51–55) is different upon addition of 1 and 2 versus 3 and 4.
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)Thus, long-range (2JNH) 1H-15N HSQC experiments were acquired for Gal-1 apo and in the presence of 1 (without Fuc) and 3 (with Fuc) (Figure 6). In the apo form, only the signals corresponding to His52 were observed. Its pattern (Figure 5A, see Supporting Information for details) revealed the existence of an equilibrium among the Ne2-H and the Nd1-H tautomers and the protonated form.[31] Interestingly, addition of LacNAc 1 did not produce substantial changes on the shape of the His52 signals, suggesting no major changes on the equilibrium state (Figure 6B). In contrast, the signals for His44 were now detected and the pattern pointed out to the presence of a very major Ne2-H tautomer, as expected for its role as hydrogen bond acceptor. Upon addition of 3, the situation for His44 did not change with respect to the addition of 1. In contrast, the signals for His52 became broader, even displaying multiple peaks, evidencing the presence of multiple states in slow-medium exchange regime in the chemical shift timescale (Figure 6C). Thus, upon binding to ligand 3, the chemical equilibrium for His52 is kept, although its dynamics is clearly altered, probably reflecting that instead of providing further contacts with the ligand, the loop L4 precludes a proper accommodation of the Fuc moiety.
[image: ]
Figure 6. Above: tautomeric forms for the His side chains. Below: expansions
of long range 1H-15N HSQC spectra of apo Gal-1 (A), upon addition of
10 equivalents of 1 (B) and 10 equivalents of 3 (C).

In summary of this section, ligands 1–4 share a similar binding mode to Gal-1, as deduced from STD and HSQC NMR experiments. Although the Gala and Fuc epitopes are located close to the protein surface in the so-called subsite B (strand S3) and close to the loop L4, respectively, MD simulations and NMR results support that the contacts of these moieties with the lectin are merely transient, with no clear stabilizing interactions taking place. These evidences are also in agreement with the ITC results described above, which show no enthalpy gain when the Gala and Fuc moieties are present. Moreover, the presence of the Fuc unit even decreases the enthalpy contribution. However, there is no clear explanation for the observed moderate entropy enhancement observed by ITC. Therefore, additional experiments and simulations focused on protein flexibility and dynamics were carried out.
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The long-range CSP observed for Gal-1 HSQC titration experiments with ligands 1–4, together with the observed favourable binding entropy, are indicative of structural and dynamic changes in the whole structure of the protein upon ligand binding. Fast motions (in the ps timescale) of Gal-1[15] have been previously investigated by NMR through standard R1 and R2 experiments and highlighted the conformational entropy of the protein as a favourable contribution to the free energy of binding. However, the effects mentioned above regarding long-range chemical shift perturbations strongly suggest the presence of conformational fluctuations in a much slower timescale.[16,32] In order to detect local structural fluctuations and their potential relationship with sugar recognition, phase-modulated CLEAN chemical exchange spectroscopy NMR experiments (CLEANEX-PM)[33] were performed for the apo and bound forms of Gal-1. CLEANEX experiments allow detecting NH protons with fast exchange rates with water (exchange lifetimes in the 5–500 ms range) and are employed to estimate changes on the hydrogen bond stability or solvent accessibility of the backbone amides. In particular, the changes in exchange rates upon addition of medium/high- and low-affinity ligands such as LacNAc 1 and B type-II 4 were analysed. The CLEANEX
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spectrum of Gal-1 showed 13 amide NH cross-peaks out of the 
135 total ones (10%). They belong to amino acids located at 
the dimer interface and the loops connecting S2-F5, S3-S4, S4-
S5, S6-F3 and F3-F4, which correspond to solvent exposed re
gions of the protein (Figure 7). Interestingly, they comprise res
idues directly involved in the binding as well as amino acids lo
cated far away from the binding site, rendering them as suita
ble probes to monitor changes on the protein structure.
The obtained average exchange rates for Gal-1 were 
k
ex
= 
23 s
@
1
 for the 
apo 
form, and 10 s
@
1
 and 20 s
@
1
 for the LacNAc 
(1) and B type-II (4) bound forms, respectively. In fact, high pro-
tein:ligand ratios were employed in order to assure complete 
saturation of the protein. Thus, binding to the higher affinity 
ligand produced a global reduction on the exchange rates, 
while binding to the weaker affinity ligand produced minor 
changes. Remarkably, the four residues at the L4 loop were dif
ferently affected in the presence of both ligands. These results 
clearly demonstrate a different dynamic behaviour of the S4-S5 
connecting loop in the presence of the fucosylated and non-
fucosylated ligands, as also described above in the HSQC NMR 
analysis of His52. In fact, both results likely indicate that, in the 
presence of fucosylated sugars, His52, and in turn, the L4 loop, 
populates different conformations, which are less protected in 
average from water exchange than for non-fucosylated li-
gands.
As in the HSQC-based CSP experiments, significant changes 
in exchange rates were also detected for residues that are far 
away from the binding site. Particularly, the exchange rates of 
residues Ala1-Cys3 at the dimer interface, Ser38 at the S3-S4 
loop, Ala94 at the F3-F4 loop, and Asn113 and Glu115 at the 
S2-F5 loop were reduced upon addition of 1. The effect due to 
the presence of 4 was less pronounced, and did not follow a 
single trend. These results confirm that the whole structure of 
the protein is perturbed upon ligand binding and demonstrat
ed that these effects are larger in the presence of the stronger 
binder. Similarly, previously reported NMR-HDX experiments in
dicated that lactose binding modulates HDX protection factors 
also for residues far beyond the binding site.
[16]


) (
Figure 7. Left: NH-water exchange rates, 
k
ex
 (s
@
1
), obtained from CLEANEX-PM experiments for Gal-1 in the apo and bound forms upon addition of LacNAc (1) and B type-II (2). Right: X-ray structure of Gal-1 :LacNAc (PDB ID: 1W6P). Amino acids with detected exchangeable NH amide protons are highlighted in yellow.
)[image: ] (
Relaxation dispersion NMR experiments
To fully discern the conformational fluctuations of Gal-1 in the 
apo 
state and in the presence of the ligands, relaxation disper
sion (RD) NMR experiments were acquired for the backbone amides. The analysis of these experiments allowed identifying a large number of Gal-1 residues (up to 34) showing 
u
s-ms dy
namics upon LacNAc binding, with line-broadenings ranging from 102 to 768 Hz. Since the individual fitting of the RD pro
files showed that, for a number of residues, there was a high degree of consistency in the obtained parameters (homogene
ous 
k
ex
 and 
p
B 
values), a collective fitting procedure was em
ployed. In the end, a group of 13 residues (Leu4, Ser7, Leu9, Arg18, Asp54, Ala55, Val76, Asp92, Ala121, Ala122, Asp123, Phe126, and Phe133) showed concerted dynamics at 380 s
@
1 
(
k
ex
) with an excited state showing a population (
p
B
) of about 1.5% (Figure 8C). Remarkably, this group of residues naturally clusters in the dimerization region of the protein, distal from the LacNAc binding site. The same RD experiment was per
formed for the Gal-1 :4 complex, and for Gal-3 in its 
apo 
and LacNAc bound forms, as control. For all these cases, only a lim
ited number of residues (between 6 and 13) showed disper
sion. Moreover, the RD-dispersions failed to statistically cluster into collective motions, indicating that they can be attributed to residual thermal motion.
Hence, the RD experiments support the notion that there is a conformational entropy gain of the protein upon ligand binding, consistent with the previous report.
[15]
 Yet, the previ
ous study focused in fast librations in the ps-ns timescale, more prone to capture thermal motion and less associated to functional dynamics. Herein, the observed 
u
s dynamics associ
ated to LacNAc binding provides the adequate experimental framework to support the idea of an allosteric transmission in
duced upon LacNAc binding.
) (
Figure 8. Long-range concerted dynamics in Gal-1. A) Color-coded distribu
tion of whole-protein allosteric pathways determined from selected residues (shown as green sticks) in one binding site of 
apo 
Gal-1 through 
u
s-MD sim
ulations; red and blue colours indicate shorter/efficient and longer/ineffi-cient pathways, respectively. B) Residues most frequently involved in the op
timal and suboptimal pathways (color-coded in a blue gradient) calculated from selected residues (shown as green sticks) in both binding sites of 
apo 
Gal-1. C) Residues (in purple) showing concerted dynamics at 380 s
@
1
 as de
termined by transversal relaxation dispersion (RD) NMR experiments.
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Allosteric communication analysis through MD simulations
In order to further support the NMR findings and analyse in 
detail the existence of allosteric effects, microsecond molecular 
dynamics simulations (
i
s-MD) were carried out, paying atten
tion to possible pathways for dynamic correlation between 
amino acids at the binding site and any other amino acids in 
the protein, as described in the experimental section. As in the 
previous section, Gal-3 was also included as control, since it 
lacks changes in internal dynamics in the 
i
s timescale upon 
LacNAc binding.
The analysis showed that, for Gal-1, the motion of the resi
dues at the binding site propagates throughout the whole 
protomer even reaching the homodimeric interface (Fig
ure 8A). Remarkably, the amino acids appearing at the highest 
frequency in the calculated pathways are concentrated in the 
internal 
13
-strands, constituting the spine of the homodimer 
(Figure 8B). Fittingly, they match those determined experimen
tally to show concerted dynamics in the micro-to-millisecond 
time scale (Figure 8C). In contrast, for Gal-3, the correlated mo
tions dissipated nearby the binding site (Figure S18–S20 in 
Supporting information). Accordingly, remarkable differences in 
the flexibility of the whole protein were also calculated for the 
apo 
and bound states of Gal-1 and Gal-3 with different ligands 
(Figure S21).
Conclusions
The interaction of human galectin-1 with 
N
-acetyllactosamine 
(
1
), the blood B type-II antigen tetrasaccharide (
4
) and its two 
constituting trisaccharides (
2 
and 
3
) is favoured by entropy, in 
strong contrast with the observations for galectin-3 and most 
of lectin-sugar interaction events. In fact, the smaller disacchar
ide displays the best affinity for the lectin. The addition of the 
Fuc and Gal moieties (from 
1 
to 
2 
& from 
1 
to 
3 
and 
4
) pro
vides similar or weaker binding affinities, strongly suggesting 
that the Fuc and Gal do not establish stabilizing contacts with 
the lectin. Indeed, ligand-based NMR experiments indicate that 
these residues only provide, if any, minor contacts with galec-
tin-1. Receptor-based HSQC chemical shift perturbation experi
ments, on the other hand revealed important effects for amino 
acids far from the binding site, which have been further as
sessed by water-exchange CLEANEX-PM experiments. Interest
ingly, the magnitude of those effects correlated with ligand af
finity, very significant for the best affinity ligand, LacNAc (
1
). 
Moreover, relaxation dispersion NMR experiments have shown 
that there is important motion, in the microseconds-millisec
onds time scale, for more than 30 amino acid residues upon 
LacNAc binding, many of them located distant from the bind
ing site. More than ten of these residues cluster at the dimer 
interface. This behaviour is neither observed in the presence of 
the lowest affinity ligand (
4
) nor for LacNAc binding to galec-
tin-3. Molecular dynamics simulations also predict the exis
tence of dynamic correlation between the binding site and dis
tant amino acids, reaching the lectin dimer interface upon 
LacNAc binding. In fact, once the first glycan molecule is 
bound, the second one is bound with smaller affinity, as de-


)[image: ] (
duced by the ITC measurements. The results presented herein show that sugar recognition by galectins is an extremely com
plex process that depends on many factors. Motions in the proteins may take place at different timescales, ligands display different flexibility and presentation of the epitopes both part
ners are important features to consider that affect the experi
mental observations. Indeed, despite their similarity, the proto
type galectin-1 and the chimera-type galectin-3 show rather distinct features in their molecular recognition events. For in
stance, Gal-1 shows a noticeable preference to bind to termi
nal LacNAc structures in complex 
N
-glycans, whereas Gal-3 preferentially recognizes internal LacNAc moieties·
[17a]
 Their dif
ferent conformational flexibility and protein architecture (dimer versus monomer) could underlie the observed features. In fact, binding enthalpies, binding entropies, and motion fea
tures are drastically different, highlighting the difficulty for ach
ieving the full control of protein-sugar interactions. These find
ings shed light on structural and thermodynamic binding fea
tures of the analysed systems that, overall, can be used as clues for the rational design of compounds capable of selec
tively binding Gal-1.
Experimental Section
Materials
Ligands. 
Compound 
1 
(LacNAc), 
2 
(Galili), 
3 
(H type-II) and 
4 
(B type-II) were purchased from Elycityl (references GLY008, GLY074-2, GLY031-2 and GLY038-2).
Expression of unlabelled Gal-1. 
The gene encoding the carbohydrate recognition domain (CRD, 135 amino acids) of human galectin-1 was inserted into the pET21a expression vector. BL21 (D3) E. coli competent cells were transformed with the expression vector by heat shock method (42
°
C for 90 s, 5 min in ice). After one night of incubation on agar plates in the presence of ampicillin at 37
°
C, a single colony harbouring the expression construct was inoculated into 200 mL Luria Broth (LB) medium containing 100 
i
g mL
@
1
 ampi-cillin and it was cultured overnight at 37
°
C with shaking. A precise amount of the culture was then added to 2 L of fresh LB medium containing ampicillin so as to achieve a final OD600 of 0.1. Cells were grown at 37
°
C until OD600 reached 0.6–1.2 and subsequent
ly induced with 1 m
m 
Isopropyl 
13
-
D
-1-thio-galactopyranoside (IPTG). Growth continued for 3 h at 37
°
C. The induced culture was harvested by centrifugation at 5500 rpm for 20 min. The pellet was then purified as explained in Purification of Gal-1 section.
Expression of 
15
 N labelled Gal-1. 
The gene encoding the carbohy
drate recognition domain (CRD) of human galectin-1 was inserted into the pET21a expression vector. BL21 (D3) E. coli competent cells were transformed with the expression vector by heat shock method (42
°
C for 90 s, 5 min in ice). After one night of incubation on agar plates in presence of ampicillin at 37
°
C, a single colony harbouring the expression construct was inoculated into 5 mL of LB medium containing 100 
i
g mL
@
1
 ampicillin for 6 h at 37
°
C with shaking. The culture was centrifuged at 4400 rpm for 5 min. and the pellet was re-suspended in 1 mL of M9 medium containing ampicillin, transferred in a flask with 200 mL of the same medium and then incubated overnight at 37
°
C with shaking. A precise amount of the overnight culture was then added to 2 L of fresh M9 labelled (
15
N-NH
4
Cl as nitrogen source) medium containing am-picillin so as to achieve a final OD600 of 0.1. Cells were grown at
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37
°
C until OD600 reached 0.6–1.2, then induced with 1 m
m 
IPTG 
and again grown 3 h at 37
°
C. The induced culture was harvested 
by centrifugation at 5500 rpm for 20 min. The pellet was purified 
as explained below.
Purification of Gal-1. 
The pellet obtained from the expression in 
BL21 E. coli cells was suspended in lysis buffer containing 22 m
m 
Tris-HCl pH 7.5, 5 m
m 
EDTA, 1 m
m 
PMSF and 1 m
m 
DTT (10 mL of 
lysis buffer were used per g of pellet) and left in ice for 30 min 
with shaking. The cell suspension was lysed by sonication in ice 
(60% amplitude, 12 
x 
20 s, with 59 s intervals between each burst). 
The crude extract was clarified by ultracentrifugation at 35000 rpm 
for 1 h at 4
°
C. The soluble fraction was loaded onto 5 mL 
a
-
Lac-
tose-Agarose resin (Sigma-Aldrich) previously equilibrated with 
equilibration buffer (50 m
m 
TRIS pH 7.2, 150 m
m 
NaCl). The 
column loaded was washed with 100 mL of equilibration buffer 
and then the lectin was eluted with 7 mL of elution buffer 
(150 m
m 
a
-
Lactose pH 7.4 in PBS 1X). Gal-1 purity was checked by 
4–12% SDS-PAGE and by LC-MS. To eliminate the lactose from the 
protein sample, a series of dialysis and washes with centrifuge fil
ters (Sartorius Vivaspin 6 5000 MWCO) using fresh buffer (50 m
m 
sodium phosphate, 150 m
m 
NaCl, 2 m
m 
DTT pH 7.4) were per
formed. The absence of lactose was checked by NMR. The addition 
of the reducing agent in the buffer of Gal-1 is justified by the pres
ence of cysteine residues exposed to the solvent that could cause 
the formation of non-specific dimers or aggregates through inter
molecular disulphide bonds.
NMR experiments. General information. 
The total volume for the 
NMR samples was 500 
m
L, using a precision NMR tube with 5 mm 
outer diameter (New Era Enterprises, Vineland, USA). The pH of the 
buffer was measured with pH meter Crison Basic 20 (Crison Instru
ments SA, Barcelona, Spain) and adjusted with the required 
amount of NaOH and HCl or NaOD and DCl.
Saturation Transfer Difference (STD) NMR. 
All the STD experiments
[27]
 
were acquired using Bruker AVANCE 2 600 MHz spectrometer 
equipped with standard triple-channel probe. The samples were 
prepared in deuterated phosphate-buffered saline (50 m
m 
sodium 
phosphate, 150 m
m 
NaCl, pH 7.4) with 2 m
m 
of dithiothreitol-d
10 
(DTT-d
10
). The standard ratio ligand/Gal-1 used was 1:50, with the 
concentration of protein (unlabelled) set at 50 
m
m
. 
Experiments at 
higher equivalents of ligand (ratio 1:100) were performed to ampli
fy the STD effect and to confirm the preliminary results. In the case 
of 
3
, the ratio used was 1:138. The temperature during the acquisi
tion was 298 K for all the set of experiments. The 1D STD sequence 
from Bruker library with spoil and T2 filter (stddiff.3) was employed 
for STD experiments. STD spectra were acquired with 1028 scans, 
2 s of saturation time using a train of 50 ms Gaussian-shaped 
pulses and 2 s of relaxation delay. The spin-lock filter used to 
remove the NMR signals of the macromolecule was set at 20 ms. 
The on- and off-resonance spectra were registered in an inter
leaved mode with the same number of scans. The on-resonance 
frequency was set for the aliphatic region between 0.55 and 
0.85 ppm and for the aromatic region between 7.67 and 7.73 ppm, 
while the off-resonance frequency was set at 100 ppm. The STD 
NMR spectra were obtained by subtracting the on-resonance spec
trum from the off-resonance spectrum. The STD Amplification 
Factor (STD-AF) and the percentage of STD (STD%) were calculated 
on the basis of the STD spectra. Reference experiments were ac
quired on samples containing only the protein as well as only the 
ligands under the same experimental conditions to verify the au
thenticity of the binding. No signals were detected in the blank 
STD NMR spectra of the ligands alone, made exception for the 
acetyl and methyl group of GlcNAc, GalNAc and Fuc moieties, re
spectively, as highlighted in Figures S3B and S4B, which displayed
)[image: ] (
weak STD signals likely due to direct irradiation effects. The analy
sis of the spectra was carried out using the proton signal with the strongest STD effect as reference (100% of STD effect). On this basis the relative STD intensities for the others protons of the mol
ecules were calculated.
Chemical Shift Perturbation (CSP) Analysis. 
The 
1
H-
15
N HSQC experi
ments were acquired using Bruker AVANCE 2 800 MHz spectrome
ter equipped with cryoprobe. The samples were prepared using 
15
N-labelled Gal-1 at 100 
m
m 
in 90% phosphate-buffered saline (50 m
m 
sodium phosphate, 150 m
m 
NaCl, pH 7.4) with 2 m
m 
of di-thiothreitol (DTT) and 10% D
2
O. The ligands were titrated in the protein sample and at each intermediate point (0.5-1-3–5–10– 15 equivalents of the corresponding sugar), an HSQC experiment was acquired. For this purpose, a standard HSQC sequence was set with 200 (T1) 
x 
1024 (T2) complex data points in 
15
N and 
1
H dimen
sions, respectively. The temperature during the acquisition was 298 K for all the experiments. The CSP data of the titrations were analysed using CcpNmr Analysis software. The average 
1
H and 
15
N CSP were calculated for NH groups of the protein backbone using the formula: 
Dd 
(ppm)
=
[(
Dd
H
2
 + 
(0.14·
Dd
N
)
2
)/2]
1
=
2
) and the results were plotted in graphics with the respective standard deviation.
CLEAN Chemical Exchange (CLEANEX-PM). 
The samples were pre
pared using 
15
N uniformly labelled Gal-1 at 1 m
m 
in 90% phos
phate-buffered saline (50 m
m 
sodium phosphate, 150 m
m 
NaCl, pH 7.4) with 2 m
m 
DTT and 10% D
2
O. The CLEANEX spectra
[33]
 
were acquired for Gal-1 alone, as well as for Gal-1 in presence of li-gands 
1 
(12 equivalents) and 
4 
(10 equivalents). CLEANEX-PM ex
periments were performed using Bruker AVANCE 2 800 MHz spec
trometer equipped with a cryoprobe. These experiments provided information about the exchange rates of NH groups of the protein with the bulk water. The setup has been optimized with TD of 2048 (F3) 
x 
128 (F1) 
15
N and 
1
H dimensions, respectively and 4 points in the F2 dimension, corresponding to 3 different mixing times (25, 50 and 75 ms) and the reference spectrum. The tempera
ture during the acquisition was set at 298 K for all the experiments. The ratio between the peak intensities in the CLEANEX spectra (
V
i
) and reference HSQC spectra (
V
0
) was considered as a measurement of the exchange rate. The analysis was carried out using CcpNmr Analysis software and 
V
i


V
0 
were fitted as function of the mixing time. Exchange rates, 
k
ex
,
 were obtained from the fitting to Equation (1).
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V
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Where 
k 
is 
k
ex
 and 
R
1
 is the effective NH relaxation rate during CLEANEX mixing time.
1
H-
15
N long-range HMQC experiments. Analysis of histidine side chains.
[31]
 In order to deeply analyse the role of two histidines of Gal-1 (His44 and His52) in the ligand binding process long-range HMQC experiments were performed. The spectra were acquired with TD of 1024 (F2) 
x 
160 (F1) for 
1
H and 
15
N dimensions, respec
tively and 96 scans were acquired. The temperature during the ac
quisition was set at 298 K. The samples were prepared using 
15
N uniformly labelled Gal-1 at a concentration between 160 and 260 
m
m 
in 90% phosphate-buffered saline (50 m
m 
sodium phos
phate, 150 m
m 
NaCl, pH 7.4) with 2 m
m 
DTT and 10% D
2
O. 
1
H-
15
N Long-range HMQC were acquired for Gal-1 alone, as well as for Gal-1 in presence of ligands 
1
, and 
3 
with a lectin:ligand ratio of 1:10.
15
N CPMG Relaxation Dispersion. 
Transversal relaxation dispersion experiments
[34]
 were acquired on a Bruker AVANCE 2 800 MHz spec
trometer equipped with a cryoprobe at 298 K using a relaxation compensated pulse CPMG sequence (80 ms total CPMG time) and
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variable effective fields: 25, 50 (x2), 75, 100, 125, 150, 200, 250, 
350, 450, 600, 800 (x2) and 1000 Hz. The experiments were set 
with 32 scans and a TD of 2048 (F3) x 180 (F2) for 
1
H and 
15
N di-
mensions,
[35]
 respectively and 16 points in the F1 dimension. Differ
ent datasets were collected for the following samples: Gal-1 :Apo, 
Gal-1:1, Gal-1:4, Gal-3:Apo and Gal-3:LacNAc. The samples were 
prepared using 15N uniformly labelled Gal-1 or Gal-3 at a concen
tration between 450 and 650 
i
M 
in 90% phosphate-buffered 
saline (50 m
M 
sodium phosphate, 150 m
M 
NaCl, pH 7.4) with 10% 
D2O and the addition of 2 m
M 
DTT as reducing agent only in the 
case of Gal-1. The 15N CPMG Relaxation Dispersion experiments 
were acquired for Gal-1 and Gal-3 alone and in the presence of li-
gands 1 and 4 with a ratio lectin:ligand of 1:20. Dispersion data 
were fit to the Carver and Richards equation using in-house 
Matlab
© 
scripts, either to one field alone or simultaneously using 
data from two fields. Finally a collective fitting was done using dif
ferent clustering residues. Duplicate data were used to obtain an 
estimation of the error and F-test statistics to validate the suitabili
ty of the different models adjusted.
Molecular modeling and MD simulations. General information about 
100 ns MD simulations of Gal1/sugar complexes. 
The starting geo
metries for the initial modelling procedures were built based on 
the X-ray structures of Gal-1 complexed with 
N
-acetyllactosamine 
(PDB ID: 1W6P). The structure of the sugar was superimposed in 
the binding site, employing the most populated conformation 
found for the free state (according to a standard NOE/molecular 
modelling approach). The complex structure was then submitted 
to 100 ns molecular dynamics simulation. Then, the MD simulations 
were performed using Amber16 program with the ff14SB force 
field parameters for protein and GLYCAM06j-1 for the oligosacchar-
ides.
[36]
 Thereafter, the starting 3D geometries were placed into a 
12 
A 
octahedral box of explicit TIP3P waters, and counterions were 
added to maintain electroneutrality. Two consecutive minimiza
tions were performed: 1) involving only the water molecules and 
ions, and 2) involving the whole system. The system was then 
heated and equilibrated in two steps: 1) 20 ps of MD heating the 
whole system from 0 to 300 K, followed by 2) equilibration of the 
entire system during 100 ps at 300 K. The equilibrated structures 
were the starting points for MD simulations (100 ns) at constant 
temperature (300 K) and pressure (1 atm) and constant volume. A 
detailed analysis of each MD trajectory (r.m.s.d., dihedral angles 
and hydrogen-bond evaluation) was accomplished using the 
cpptraj module included in Amber-Tools 16 package.
Microsecond Molecular Dynamics (
m
s-MD) simulations. 
These simula
tions were carried out with AMBER 18 package
[37]
 implemented 
with ff14SB
[38]
 and GLYCAM 06j-1
[36]
 force fields for the proteins 
and carbohydrate ligands, respectively. Binding histidine residues 
(H44 and H52 in Gal-1 and H158 in 
Gal
-3) were modeled in their 
N
ô
1-H tautomeric state (reside name HID in Amber). Protein com
plexes were immersed in a water box with a 10 
A 
buffer of TIP3P
[39]
 
water molecules and neutralized by adding explicit Na
+
 or Cl
@
 
counterions. A two-stage geometry optimization approach was 
performed. The first stage minimizes only the positions of solvent 
molecules and ions, and the second stage is an unrestrained mini
mization of all the atoms in the simulation cell. The systems were 
then heated by incrementing the temperature from 0 to 300 K 
under a constant pressure of 1 atm and periodic boundary condi
tions. Harmonic restraints of 10 kcalmol
@
1
 were applied to the 
solute, and the Andersen temperature coupling Scheme
[40]
 was 
used to control and equalize the temperature. The time step was 
kept at 1 fs during the heating stages, allowing potential inhomo-
geneities to self-adjust. Water molecules were treated with the 
SHAKE algorithm
[41]
 such that the angle between the hydrogen
)[image: ] (
atoms is kept fixed through the simulations. Long-range electro
static effects were modelled using the particle mesh Ewald method.
[42]
 An 8 
A 
cut-off was applied to Lennard–Jones interac
tions. Each system was equilibrated for 2 ns with a 2 fs time step at a constant volume and temperature of 300 K. Five independent production trajectories were then run for additional 1.0 
i
s under the same simulation conditions, leading to accumulated simulation times of 5.0 
i
s for each system.
Allosteric communication analysis through MD simulations. 
The Weighted Implementation of Suboptimal Paths (WISP)
[43]
 was used for the analysis of dynamical networks. First, a correlation matrix (C
ij
) is generated from 1.000 snapshots extracted every 1.0 ns from a converged 
i
s-MD trajectory, by calculating the correlation motion among node-node pairs with Equation (2). In our model, nodes are defined by the whole-residue centre of mass, and two nodes are considered to be in contact if the mean distance be
tween them along the MD simulation is 6 
A 
or less. The length of the edges connecting these nodes quantifies the degree of dynam
ic communication between pairs of connected nodes as defined in Equation (3). This pathway length is inversely proportional to the correlation motion between nodes, meaning that shorter 
w
ij
 values indicate tightly correlated or anticorrelated nodes, whereas larger values indicate less correlated nodes.
) (
C
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=
6
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D
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D
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j
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)
Then, Dijkstra’s algorithm is used to generate all force-node paths, finding the shortest (i.e., optimal) path. To identify not only the op
timal but also suboptimal pathways, WISP employs a bidirectional search. Suboptimal pathways are defined as those closest in length to the optimal one, but not including it. The available code rapidly calculates both optimal and suboptimal communication pathways between two user-specified residues of a protein. For each galec-tin, 100 pathways were calculated between selected binding site resides (H44, R48, H52, W68, E71 for 
Gal
-1; R144, H158, R162, W181, E184 for 
Gal
-3) and all the other residues of the protein. These paths were recalculated for the 
apo 
and 
bound 
forms with to two different ligands (LacNAc 1 and B type-II 4).
Isothermal titration calorimetry (ITC). 
Isothermal Titration Calorime-try experiments were performed using MicroCal PEAQ-ITC calorim
eter. 
Gal
-1 in the presence of the ligand samples (1–4) were pre
pared in phosphate-buffered saline (50 m
M 
sodium phosphate, 150 m
M 
NaCl, pH 7.4) with 1 m
M 
TCEP as reducing agent. The con
centration of the protein solution was set between 100–200 
i
M 
and that of the sugar stock between 5–9 m
M
. During the automat
ed experiment, small amounts of the sugar solution (2–5 
i
L) were titrated into a cell containing the protein solution and the heat dis
persed was detected. The analysis of the curves was accomplished using the MicroCal Origin 7 software. The association constants and the thermodynamic parameters obtained from the fit of the ti
tration profile to a single-site binding and to a sequential binding model are reported in Tables 1 and 2. Examples of titration profiles for each complex with data fitting to single-site binding model are reported in Figure S22.
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Summary
The non-integrin laminin receptor (LAMR1/RPSA) and galectin-3 (Gal-3) are multi-functional host molecules with roles in diverse pathological processes, particularly of infectious or oncogenic origins. Using bimolecular fluorescence complementation and confocal imaging, we demonstrate that the two proteins homo- and heterodimerize, and that each isotype forms a distinct cell surface population. We present evidence that the 37 kDa form of LAMR1 (37LRP) is the precursor of the previously described 67 kDa laminin receptor (67LR), whereas the heterodimer represents an entity that is distinct from this molecule. Site-directed mutagenesis confirmed that the single cysteine (C
173
) of Gal-3 or lysine (K
166
) of LAMR1 are critical for heterodimerization. Recombinant Gal-3, expressed in normally Gal-3-deficient N2a cells, dimerized with endogenous LAMR1 and led to a significantly increased number of internalized bacteria (
Neisseria meningitidis
), confirming the role of Gal-3 in bacterial invasion. Con
tact-dependent cross-linking determined that, in common with LAMR1, Gal-3 binds the meningococcal secretin PilQ, in addition to the major pilin PilE. This study adds significant new mechanistic insights into the bacterial–host cell inter
action by clarifying the nature, role and bacterial ligands of LAMR1 and Gal-3 isotypes during colonization.
Introduction
The non-integrin laminin receptor (LAMR1), also commonly referred to as ribo
somal protein SA (RPSA), is a highly conserved multi-functional protein that has been localized to the cell surface, the cytosol, the 40S ribosomal subunit and, in histone, chromatin and membrane-associated complexes in the nucleus [1–6]. We recently demonstrated that the three major aetiological agents of bacterial meningitis, 
Neisseria meningitidis, Streptococcus pneumoniae 
and 
Haemo-philus influenzae
, engage LAMR1 on the surface of human cells via specific surface ligands [7]. LAMR1 has also been identified as the surface receptor for the 
Escherichia coli 
K1 toxin Cfr1, a number of viruses, and the cellular prion protein [8–13]. LAMR1 also has roles in cell viability, adhesion and motility. Importantly, elevated LAMR1 expression correlates strongly with increased inva
siveness and metastatic potential of cancer cells [2,5,14–16]. Taken together, LAMR1 has important functions in diverse pathological processes, particularly of infectious or oncogenic origins.
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LAMR1 is encoded by the RPSA gene, which is present in 64 copies, although these are predominantly pseudo-genes; it is unclear how many functional copies there are [17], but one or more active genes encodes the 37 kDa ‘precursor’ protein (37LRP), which migrates at 37–45 kDa on SDS–PAGE gels. A proportion of 37LRP migrates to the cell surface, where it is thought to ‘mature’, possibly via dimerization and/or post-translational modification, into the 67 kDa high-affinity receptor (67LR), which migrates at 60–67 kDa on SDS– PAGE gels. The transition from 37LRP to 67LR has never been directly demonstrated, however. It is the 67LR isoform that is thought to act as the receptor for laminin and/or other substrates including elastin or collagen [2,18–21], although the 37LRP isoform has also been suggested to have laminin-binding properties [18,22]. A 120 kDa form of the protein has also been described, but its nature, identity and relationship to 37LRP is unknown [23,24].
37LRP has also been suggested to associate with the 13-galactoside-binding lectin galectin-3 (Gal-3), previously known as the 31 kDa human laminin-binding protein (HLBP31), to form a composite receptor for molecules including laminin [23]. Indeed, a heterodimer containing 37LRP and a protein carrying one or more galectin-3 epitopes has been proposed as the basis for 67LR [23]; this has given rise to confusion in the literature between the homo- and heterodimers. Evidence for heterodimerization has so far been circumstantial, based primarily on (i) the cross-reactivity of anti-Gal-3 antibodies with a 67 kDa protein [23], (ii) that Gal-3 and a 67 kDa protein can be co-eluted from laminin affinity columns by lactose, galactose and N-acetyl-lactosamine [25], and (iii) pre-treatment of laminin with 13-galactosidase abolishes the interaction of the 67 kDa molecule and Gal-3 with laminin [25]. Nevertheless, 67LR is observed in Neuro 2a (N2a) cells, which do not express Gal-3, suggesting that 67LR and 37LRP–Gal-3 heterodimer exist as distinct, but potentially coexisting cell surface populations.
Together with galectin-1, Gal-3 is an important mediator of inflammation, and is involved in recruitment of neutro-phils, bacterial recognition and activation of the phagocytic respiratory burst [26]. Gal-3 is the only chimera-type galectin, and occurs mainly as a monomer in solution [27]; it also self-associates on surfaces and, upon binding to divalent ligands, into homodimers or pentamers [28–30]. Gal-3 has one C-terminal 135-amino acid carbohydrate recognition domain (CRD) that is responsible for binding the 13-galactoside moiety of mono- or oligosaccharides on several host molecules, including the 13-galactosides and the poly-N-acetyl-lactosa-mine residues of host laminin [31], and structurally similar microbial molecules including neisserial lipooligosaccharide (LOS) [32,33]. The N-terminal domain (NTD) of Gal-3 is non-lectin-binding, but can bind proteins as well as recognizing the lipid A/inner core region of bacterial lipopolysaccharides (LPSs) [34]. It is also thought to be responsible for the protein’s self-association, although Gal-3 self-association in solution via its CRD has also been described [35].
A fundamental understanding of the nature and functions of Gal-3 and the multiple isotypes of LAMR1 is central to our understanding of the diverse pathological processes in which these proteins play critical roles. LAMR1 and Gal-3 are both differentially expressed in various cancer cells, and between them play regulatory roles in a broad range of processes, including cancer cell growth, transformation, apoptosis, angiogenesis, adhesion, invasion and metastasis [2,36]. The 

direct relationship between these proteins remains controversial, and is often confusing. As a consequence, our current lack of understanding of the basic biochemistry, cell biology and ligand-specificity of the homo- and heterodimers of 37LRP and Gal-3 remains a hindrance to further progress towards deciphering these important pathological processes.
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)In this study, we show evidence for the self- and mutual association of 37LRP and Gal-3, show their distinctive surface distribution and demonstrate that they target an overlapping repertoire of surface ligands on N. meningitidis. We provide the first evidence that, together with LAMR1, Gal-3 expression enhances bacterial host–cell invasion. Our data clarify much of the confusion relating to LAMR1/Gal-3 monomeric and dimeric isotypes, and will have significant implications in the fields of infection and cancer biology.
3. Results
3.1. Molecular modelling supports the proposed association of 37LRP and Gal-3
The proposed interaction of 37LRP and Gal-3 was investigated using the ZDOCK server (zdock.umassmed.edu) and their docking compared with the previously proposed interaction of two 37LRP molecules forming a homodimer [18]. ZDOCK has been reported to achieve high predictive accuracy on protein–protein docking benchmarks for rigid-body cases and consistent success in the international protein– protein docking experiment [37]. The model revealed a large protein–protein interface between the 37LRP and Gal-3 subunits, involving several prominent 37LRP residues, mainly through salt bridges and hydrogen bonds (figure 1). In the proposed complex between 37LRP and lactose-associated Gal-3 (figure 1a), four salt bridges are apparent. They are K166 of 37LRP with D178 and D154 of Gal-3, R80 of 37LRP with D178 of Gal-3, D151 of 37LRP with R151 and K227 of Gal-3, and D44 of 37LRP with K233 of Gal-3. Hydrogen bonds between N81 of 37LRP and N180 of Gal-3, N29 of 37LRP and K233 and E230 of Gal-3, and Y28 of 37LPR and E230 of Gal-3 are also involved in the interaction (figure 1a). A similar interaction mode occurs between 37LRP and non-liganded Gal-3 (figure 1b). Here, K166 in 37LRP also interacts with D178 and D154 of Gal-3, and S233 of Gal-3 forms a hydrogen bond with D44 in 37LRP.
Importantly, binding of Gal-3 to the proposed heterodi-mer interface is incompatible with both homodimer formation (figure 1c) and laminin binding to at least one of the four proposed laminin-binding sites of 37LRP, because the relevant residues (A114, F116 and Y139 for homodimeriza-tion and F32, E35 and R155 for 37LRP-laminin binding) [38] are either sterically hindered or implicated in the heterodimer interaction. In short, our model supports a hypothesis of the mutual exclusivity of 37LRP homodimerization to form 67LR and 37LRP/Gal-3 heterodimerization for a given 37LRP molecule, while allowing for the possibility that both homo- and heterodimers could coexist as separate molecules. It should be noted, however, that the LAMR1 crystal structure is derived from a truncated protein and the proposed structure of the homodimer is highly speculative; it is possible that the proposed dimer interface may be an artefact of crystallization.
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)Figure 1. Molecular modelling of 37LRP interaction with galectin-3. (a) Ribbon diagram of the heterodimer interaction of 37LRP with (a) lactose-liganded or (b) non-lactose-liganded Gal-3. Residues involved in the hypothetical large protein–protein interface are represented with sticks. (c) Ribbon diagram with superimposed molecular surface of the homodimer interaction of 37LRP (red) with a second 37LRP (cyan) as proposed by Jamieson et al. [18]. (d) Fluorescently labelled recombinant Gal-3 and 37LRP were detected in transiently co-transfected COS7 cells via vYFP or mCherry tags. Cells were fixed at 24 h with 4% paraformaldehyde without permeabilization and stained with Hoechst.

3.2. 37LRP and Gal-3 co-localization on the cell surface
To demonstrate cell surface co-localization of Gal-3 and 37LRP, two independent approaches were adopted. First, COS7 cells were co-transfected with constructs encoding recombinant 37LRP and Gal-3 proteins fused at their C-terminal ends with vYFP (YFP) or mCherry, respectively. Both proteins were successfully expressed and co-localized (figure 1d).
As the data presented in figure 1d could also be consistent with a cytosolic location of the protein, to demonstrate surface localization human cerebrovascular endothelial cells 

(hBMECs) were double-labelled for endogenous 37LRP, 67LR and/or Gal-3. Use of a wide range of antibodies with differing specificities for various isoforms of LAMR1 has resulted in considerable confusion in the literature. We selected antibodies with defined specificities as follows: rabbit IgG polyclonal (IHLR) raised in-house against 37LRP-derived peptide aa263–282 [7] and the commercially available mouse IgG2b monoclonal (A7) raised against the 37LRP-derived peptide aa253–289 were employed to detect 37LRP. Both recognized an indistinguishable approximately 40 kDa protein in human hBMECs in immunoblotting experiments

and produced interchangeable staining patterns in immunos-taining experiments (electronic supplementary material, figure S1; co-localization coefficient: 81.5%). 37LRP was predominantly cytoplasmic but was also present to a much lesser extent in the membrane fraction of hBMECs and in the soluble nuclear fraction (electronic supplementary material, figure S1). IHLR, but not A7, exhibited very low level cross-reactivity with an approximately 60 kDa band (possibly 67LR) in the cytoskeleton-enriched cell fraction of hBMECs.
The widely used mouse IgM monoclonal MLuC5, which is known to block several LAMR1-mediated functions, exhibited a distinct immunostaining pattern from the two 37LRP-specific antibodies and predominantly recognized an approximately 60 kDa protein (presumably 67LR) in hBMEC cellular fractions. This protein was predominantly associated with the cytoskeletal cell fraction, but was also present in small amounts in the membrane and nuclear fractions (electronic supplementary material, figure S1). The commercially available Gal-3-specific mouse monoclonal (MAb; Mac-2 clone M3/38; Biolegends) and goat polyclonal (PAb; AF1154; R&D Systems) antibodies were also employed. Staining of non-permeabilized hBMEC cells clearly demonstrated the co-localization of Gal-3 (using MAb) with 37LRP (figure 2a,b), but not with 67LRon the cell surface (figure 2c). Similar results were obtained using a second Gal-3 MAb (clone 9H3.2; Millipore). Cells stained with anti-Gal-3 PAb and 67LR-specific MLuC5 consistently demonstrated a significant co-localization of Gal-3-specific epi-tope(s) with 67LR (more than 90%), consistent with the existence of a Gal-3-specific epitope associated with the 67LR molecule [23] (figure 2d). The identity of this epitope is unknown, but it is not localized to galectin-3 as two independent galectin-3-specific monoclonal antibodies do not detect a protein in association with 67LR. Additionally, COS7 cells (which exhibit no surface-localized 67LR (electronic supplementary material, figure S2) demonstrated clear surface co-localization of 37LRP and Gal-3 (figure 2e), suggesting that 37LRP/Gal-3 heterodimers are distinct from 67LR, a finding which is consistent with the observation that 67LR can be detected in N2a cells, which do not express Gal-3 [9]. By determining the co-localization coefficient of 37LRP or 67LR with Gal-3 (using MAb M3/38) on hBMECs, we observed that Gal-3 associated with approximately half of the surface-localized 37LRP (50 ± 5.9%); by contrast, only 9.4 ± 2.1% of the surface-localized 67LR co-localized with Gal-3 (figure 2k).
3.3. Gal-3 and 37LRP form homo- and heterodimers
To test the hypothesis that 37LRP is capable of forming homodimers and also heterodimers with Gal-3, as suggested by our model, we employed a bimolecular fluorescence complementation (BiFC) technique. A fluorescing union is formed when two separate non-fluorescent YFP subfragments are brought together by the close association of two intimately interacting proteins [39]. In addition to the full-length YFP, its N- or C-terminal domains (Yn and Yc, respectively) were fused to the C-terminal end of Gal-3 and 37LRP (figure 3a), and transfected into N2a, hBMECs and COS7 cells (figure 3b–g shows N2a cells). Immunoblot analysis of host cells (electronic supplementary material, figure S3) confirmed transfection and protein expression. Although 37LRP was readily observed in COS7 cells by fluorescence microscopy (electronic supplementary material, figure S2) and immunoblotting (electronic supplementary material, 

figure S3), no 67LR was observed in these cells, suggesting that under the experimental conditions tested, 67LR did not form. As the tagged proteins do not form a higher molecular mass protein equivalent to 67LR, it is possible that additional factors may be required subsequent to homodimerization (as detected by our BiFC experiments) for the maturation into the SDS-stable 67LR form of the protein, which are not present in these cells. This would be consistent with the observation that endogenous 37LRP was apparent in these cells (electronic supplementary material, figures S2 and S3), whereas 67LR was not detected. It should also be noted that in cells expressing endogenous 37LRP and 67LR the latter species runs in SDS–PAGE gels with an apparent molecular mass of around 60 kDa, which is lower than might be expected of a homodimer of 37LRP, which has an apparent molecular mass of around 42 kDa (electronic supplementary material, figure S1). The most likely explanation for this is that 67LR is resistant to denaturation in SDS, and thus maintains a more compact structure than during SDS–PAGE and runs with a higher electrophoretic mobility.
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)Cells were examined 24 h post-transfection by confocal microscopy after fixation without permeabilization. Trans-fection with full-length YFP-fused proteins (figure 3c,d, respectively; positive control) resulted in the appearance of punctate fluorescence; non-transfected cells (figure 3b) exhibited negligible fluorescence, as did cells transfected with Yn or Yc constructs alone (figure 5d shows FACS analysis of COS7 cells; see below). Co-transfection of cells with 37LRP–Gal-3, 37LRP-37LRP or Gal-3-Gal-3 (each pair carrying complementary Yn þ Yc) yielded fluorescent cells, indicating both homo- and heterodimerization of both molecules (figure 3e–g). Similar results were observed in COS7 cells, whereas in hBMEC cells, punctate fluorescence could be observed in cells co-transfected with 37LRP–Gal-3 or 37LRP-37LRP, while cells co-transfected with Gal-3–Gal-3 did not fluoresce. The reason for this is not known. Quantification and statistical analysis of surface fluorescence of transfected cells, using confocal and FACS analysis, confirmed the statistical significance of homo-and heterodimerization of both 37LRP and Gal-3 (figure 5d shows data for COS7 cells).
3.4. Surface 67LR is resilient to siRNA knockdown of Gal-3 or 37LRP
Gal-3 or 37LRP was knocked down by targeting LGALS3 or RPSA, respectively, in hBMEC cells over a 48 h period (figure 4). RT-qPCR analysis confirmed the effective and specific silencing of Gal-3 and 37LRP siRNA treatment at the level of mRNA (figure 4j). Fixed siRNA-treated cells were co-stained for either Gal-3 or 37LRP and compared with untreated or mock siRNA-treated cells. RPSA siRNA-treated cells exhibited significantly reduced levels of both surface 37LRP and Gal-3 (figure 4c,g), whereas Gal-3 siRNA-treated cells exhibited significantly reduced surface levels of Gal-3 (figure 4d), but not 37LRP (figure 4i). Approximately 50% of surface-localized 37LRP was Gal-3-associated, and levels of surface-localized Gal-3 were significantly reduced (by approx. 37%) in the presence of 37LRP siRNA (figure 4i), implying that 37LRP promotes Gal-3 surface localization. It should be noted, however, that 37LRP is a ribosomal protein and it is also possible that depressed levels of this protein could reduce transcription of Gal-3. Surprisingly, in both 37LRP and
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Gal-3 siRNA-treated cells, the mean fluorescence intensity of 67LR was not significantly different from untreated (figure 4a,e) or mock siRNA-treated cells (figure 4b,f). Furthermore, overexpression of 37LRP by transfection did not coincide with increased 67LR (electronic supplementary material, figure S2). These observations indicate a low turnover of 

67LR. To further investigate the relationship between expression of RPSA and the appearance of 37LRP and 67LR cells were treated with non-targeting siRNA or RPSA siRNA for 48, 72 or 96 h before fixing and analysis by confocal microscopy. 37LRP was significantly reduced by 48 h, as previously observed, and was still significantly reduced by 72 h, although
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by this time levels had started to recover. By 96 h, 37LRP levels had recovered further and were not significantly lower than in untreated cells (figure 4k). 67LR levels were not significantly different than in untreated or mock-treated cells by 48 h, as had previously been observed. However, by 72 h, there was an approximately 70% reduction in 67LR levels in RPSA siRNA-treated cells compared with untreated or mock-treated cells, which was highly significant. By 96 h, 67LR levels were still significantly depressed in RPSA siRNA-treated cells, although levels had started to recover by this time.
3.5. Gal-3 residue C173 and 37LRP residue K166 are implicated in 37LRP–Gal-3 dimerization
The sole cysteine residue of murine Gal-3 (C186, corresponding to C173 in its human homologue) has been implicated in Gal-3/Gal-3 homodimerization [40] (figure 5a). We substituted alanine for C173 (yielding Gal-3C173A), and fused the mutant molecule to Yn and Yc. Co-transfection of COS7 cells with complementary Gal-3C173A Yn and Yc pairs resulted in very little fluorescence, confirming the central role of C173 in homodimer-ization and the validity of the BiFC approach (figure 5d). Dimerization of Gal-3C173A with wild-type Gal-3 or wild-type 37LRP was also significantly reduced (figure 5d); the latter observation suggests a role for C173 in Gal-3/37LRP heterodi-merization. In contrast, alanine substitution of 37LRP’s two cysteines (C148 and C163) had no statistically significant effect on 37LRP cell surface expression cells as measured by FACS analysis of COS7 cells transfected with the relevant BiFC constructs (electronic supplementary material, figure S4).
Our molecular model suggested that K166 of 37LRP may play an important role in the interaction of this molecule with Gal-3 (figure 1). Substitution of alanine for K166 in 37LRP is predicted to disrupt several interactions between the two molecules (compare figure 1a and figure 5b; for clarity, the position of 37LRP K166 is highlighted in the proposed interaction of 37LRP with superimposed lactose and non-lactose-liganded Gal-3 shown in figure 5c). To investigate this, we purified recombinant 37LRP and a 37LRPK166A derivative, and determined their binding to Gal-3 in ELISA experiments. The ability of the 37LRPK166A derivative to bind rGal-3 was significantly reduced, confirming the involvement of this residue in heterodimer formation and supporting the validity of our model of heterodimerization (figure 5e). By contrast, substitution with phenylalanine or alanine, respectively, of key residues implicated in homodimerization or laminin binding (Y139 and R155, respectively) [38] had no significant impact on Gal-3 binding (Y139F), or reduced binding significantly but to a much lower degree (R155A; figure 5e). The involvement of K166 of LRP in binding to Gal-3 was confirmed by BiFC complementation experiments; K166A derivatives of 37LRP fused to either the N- or C-terminal portions of YFP interacted to a significantly lower degree with their corresponding C- or N-terminal YFP-labelled Gal-3 partners compared with the wild-type molecules (figure 5f ).
3.6. Gal-3 engages meningococci and potentiates cellular invasion
Gal-3 has previously been shown to be expressed in splenic tissue from patients infected with N. meningitidis, but not that of healthy humans, and co-localization of Gal-3 with 

meningococcal colonies on splenic tissue was demonstrated [33]. Quattroni et al. also showed that Gal-3 binds to the lactosamine moiety of meningococcal LOS. To determine whether interaction of meningococci with Gal-3 could potentiate cellular invasion, N2a cells, which do not express endogenous Gal-3, were transfected with a Gal-3-YFP construct prior to infection with meningococci. Diffuse expression of Gal-3 was confirmed by confocal microscopy (figure 6a). Expression of endogenous 37LRP, which co-localized with Gal-3.vYFP on the cell surface, was also confirmed (figure 6a), confirming that these cells were an appropriate model to study the role of Gal-3 in the interaction of meningococci with host cells. Internalized meningococci were measured using a gentamicin protection assay after infection of N2a cells transfected with either the empty vector pcDNA3.1 zeo-vYFP or the same vector containing the Gal-3-YFP construct. Meningococci invaded cells expressing Gal-3-YFP at significantly higher levels than those transfected with the empty vector, or non-transfected cells (figure 6b) confirming a role for Gal-3 in cellular invasion by meningococci. In order to confirm these findings in a more physiologically relevant cell line we knocked down Gal-3 expression by siRNA transfection in hBMEC cells and determined whether invasion of these cells by meningococci was affected. Indeed, transfection with Gal-3 siRNA significantly reduced invasion of these cells by meningococci (strain MC58), whereas transfection with a non-targeting siRNA had no significant effect (figure 6e). Similarly, blockading surface Gal-3 molecules by pre-treating hBMEC cells with polyclonal anti-Gal3 reduced the susceptibility of these cells to meningococcal invasion (figure 6f ).
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lipooligosaccharide-dependent and -independent manner
Quattroni et al. [33] showed that high concentrations (100 mM) of lactose significantly reduced, but did not abolish, binding of Gal-3 to meningococci. Similarly, meningococcal mutants not elaborating the a-chain of LOS showed significantly reduced, but not completely abolished Gal-3 binding (figure 6c). Collectively, this suggested the presence of additional meningococcal Gal-3 receptors. To explore this, we used lactose-liganded recombinant Gal-3 (Lac–Gal-3) in further ELISA assays. Lac–Gal-3 was biologically functional, as determined by its ability to bind 37LRP, N. meningitidis MC58 and 25 additional isolates, irrespective of their invasiveness, serotype or country of isolation (electronic supplementary material, figure S5 and table S1). Meningococcal binding to Lac–Gal-3 was not inhibited by increasing concentrations of lactose (up to 150 mM) or by adding a range of other Gal-3-binding sugars (Lewis X, Lewis Y, core H type II, galactose and fucose; electronic supplementary material, figure S6), suggesting that lactose-liganding had successfully blocked the carbohydrate-dependent (and thus LOS-dependent) binding capacity of Gal-3.
3.8. Gal-3 and 37LRP target common as well as specific meningococcal targets
To identify non-LOS meningococcal Gal-3-binding surface molecules, we employed a re-tagging (a contact-dependent
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cross-linking) approach. MC58 cells were incubated with Lac–Gal-3 conjugated to a light-activated cross-linker. Following photoactivation and subsequent exposure to reducing conditions to allow transfer of the reactive biotin moiety to molecules in close proximity to the Lac–Gal-3, bacteria 

were lysed and the biotin-tagged proteins purified with strep-tavidin-coated magnetic beads as previously described [41]. Extracted biotin-tagged proteins were separated by SDS– PAGE and identified using MALDI-TOF. This approach identified PilQ (accession: NMB1812; 82.4 kDa; score:

2463.12) and PilE (accession: P05431; 18.1 kDa; score: 2029.04) as the only Lac–Gal-3 binding meningococcal surface ligands. PilQ is a conserved outer membrane secretin that is absolutely required for type IV pilus extrusion [42]. PilE is the major glycosylated pilin subunit that forms the shaft of the hair-like and retractile type IV pilus fibre [43,44].
A role for each of these proteins in Lac–Gal-3 binding by whole bacteria was confirmed by testing the Lac–Gal-3 binding activity of pilQ and pilE mutants. As expected, MC58 mutants lacking pilE or pilQ showed significantly reduced Lac–Gal-3 binding when compared with wild-type (figure 6d). Mutation of PorA (a 37LRP-binding, surface-exposed, outer membrane protein employed as a negative control) had no significant effect on Lac–Gal-3 binding (figure 6d). Because PilQ is required for secretion and surface expression of the PilE-containing fibre, it is not possible from these data to distinguish between a direct role for PilQ binding of Gal-3 from an indirect effect owing to the lack of surface PilE. However, these data show that at least PilE expression is required for maximal Gal-3 binding.
4. Discussion
It is increasingly well established that 37LRP and Gal-3 have a complex functional relationship and are likely to play collaborative roles during physiological and pathological events, including the interaction of mammalian host cells with pathogens [2,45]. On the cell surface, each of these molecules has been suggested to be both self-associating as well as associating with each other. However, there is extensive confusion in the literature regarding the relationship between the 37LRP species, assumed to represent the monomer, and a 67 kDa ‘mature’ form of the protein, which has been described as either a homodimer or a heterodimer of 37LRP with Gal-3. Here, we present evidence for both self- and mutual association of both 37LRP and Gal-3. We employed molecular modelling to visualize the 37LRP–Gal-3 interaction supporting previous predictions of mutual association, and further informed the putative critical interfaces and key residues involved. BiFC experiments supported the hypothesis that 37LRP and Gal-3 both homo- and heterodimerize, and that the single cysteine (C173) of Gal-3 (but not the two cysteines of 37LRP) is critical for these associations, as was previously shown for the murine Gal-3 molecule’s equivalent residue C186 [40]. We showed that monomeric 37LRP, its presumed homodimer 67LR and the 37LRP/Gal-3 heterodimer coexist as distinct populations on the host cell surface. It is of note that 67LR has previously been shown to incorporate a Gal-3-specific epitope that is not present on monomeric 37LRP [23,45]. It is likely that this epitope was responsible for the observed co-localization of 67-LR with one or more Gal-3 specific epitopes when a polyclonal antiserum was employed. We show that this is not due to the presence of Gal-3 in this complex, however, as it is not detected by two independent Gal-3-specific monoclonal antibodies. It is possible that homodimerization results in the creation of a new epitope that mimics a Gal-3 epitope. Alternatively, the poly-clonal anti-Gal-3 antiserum may contain 67LR cross-reacting antibodies that are not specific for Gal-3. The latter possibility seems unlikely, however, as the polyclonal antiserum employed was raised against recombinant Gal-3 produced in E. coli. Gal-3 preferentially associated with 37LRP and 

rarely (if at all) with 67LR, and knockdown of Gal-3 had no discernable qualitative or significant quantitative effects on cell surface 67LR, confirming early models which suggested that Gal-3 is not a component of 67LR [9,23]. Interestingly, while 37LRP and Gal-3 are shown here to associate, these proteins dissociate under denaturing SDS–PAGE and thus cannot represent 67LR, which is known to be resistant to dissociation in the presence of SDS. Elevated cell surface 67LR is a prognostic marker for metastatic potential in cancer, yet overexpression of 37LRP by transfection is not coincident with increased 67LR, which is in line with previous observations [46–48]. Indeed, the transition of 37LRP to 67LR has not been conclusively demonstrated to date, and recombinant 37LRP has never been unambiguously shown to associate with higher molecular mass isoforms corresponding to the native 67LR isoform [47]. Our data support the hypothesis that 67LR is a homodimer of 37LRP, but it remains a possibility that the ability of 37LRP to homodimer-ize that we have demonstrated does not represent 67LR, and further experiments will be required to conclusively settle this matter. The delayed reduction in 67LR expression after prolonged siRNA knockdown of RPSA described here represents the clearest evidence yet that 67LR is indeed derived from the smaller protein. It should be born in mind, however, that another plausible explanation for the reduction in 67LR after prolonged knockdown of RPSA is due to a general reduction in protein synthesis that knockdown of 37LRP, a known ribosomal protein, results in a more generalized depression of new protein synthesis. While some 37LRP partitions to the membrane fraction, this precursor protein is predominantly isolated in soluble cytoplasmic cell fractions, where it is known to have a clearly defined ribosomal association and function. By contrast, 67LR has been clearly demonstrated previously to predominate in the membrane and, in particular, preferentially localizes to the environment of ‘lipid raft’ domains and focal plaques, co-localizing with vinculin and b-actinin [3,49]. Our demonstration that 37LRP and 67LR are essentially discrete populations implies that the majority of membrane-associated 37LRP is not lipid-raft-resident or focal-plaque-associated. While we acknowledge that transfec-tion and high-level expression of recombinant proteins can give rise to anomalous protein localization, and that single amino acid changes can have an effect by altering the overall conformation of a protein, the observation that our data are consistent with the in silico modelling data supports our conclusions based on the BiFC experiments.
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)Therapeutic strategies based on 67LR currently involve selective drug targeting, antibodies against 37LRP, polysulfated glycans and siRNA treatment. Resolving the relationship and mechanism(s) governing ‘maturation’ of 67LR may provide new approaches in combinatorial cancer therapy. As interest in LAMR1 derives from its potential for therapeutic intervention, and the molecule is clearly a pathologically significant multi-functional protein involved in a wide variety of processes, assigning roles to differing receptor populations and determining any potential pleiotropism or functional redundancy will be critical for effective and selective targeting.
While the precursor–product relationship between 37LRP and 67LR is widely accepted, the mechanism of 67LR maturation remains unresolved. As we show that 37LRP is the predominant Gal-3-associated LAMR1 population, it is tempting to speculate that Gal-3 may play a regulatory or
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)Figure 7. Illustration of meningococcal binding to host cells using surface ligands. Initial contact mediated by PilC1, which binds its putative receptor, followed by 37LRP/Gal-3-PilE binding, which strengthens the initial contact, and pilus retraction, which brings the two cells closer together. Decametric PilQ on the meningococci surface binds to both 37LRP and Gal-3, establishes intimate contact, strengthens interactions, and triggers host cell signalling events.

mechanistic role in this process. Indeed, modelling revealed that the interaction domains for 37LRP homo- and heterodi-mer formation may overlap, and thus form the basis for two mutually exclusive LAMR1 cell surface populations. In support of our hypothesis that a proportion of cell surface Gal-3 is spatially restricted to 37LRP, previous reports by Buto et al. [23] showed that treatment of A431 cells with cer-ulenin, to inhibit 37LRP acylation, resulted in a marked decrease in detectable Gal-3 and 67 kDa LAMR1 in the NP-40 soluble membrane fraction [23].
The fact that 37LRP and Gal-3 bind common and separate antigens in the human host further supports the hypothesis that the two proteins engage in a joint and mechanistically synchronized interaction during physiological and pathological events. Here, we show that this is paralleled during bacterial–host cell interactions. Using N. meningitidis as a model invasive organism that is known to interact with both Gal-3 and 37LRP [7,33], we showed that both host molecules are targeted by a common bacterial surface ligand (PilQ). The latter protein forms a large (960 kDa) homo-dode-camer complex with an apparent cavity through which the type IV pilus fibre is exported and retracted [50]. PilE is the major subunit that forms the shaft of that fibre [43]. PilQ and PilE remain intimately positioned and are surrounded by LOS, which is the predominant lipid moiety of the outer leaflet of the outer membrane. PorA, the other specific meningococcal ligand for 37LRP, is also a pore-forming outer membrane protein present in large numbers, and juxtapositioned with both PilQ and LOS [7,51]. Meningococci, and perhaps other bacterial pathogens, are likely to have evolved a closely positioned array of 37LRP- and Gal-3-binding surface ligands, with consequences for the virulence of these pathogens. Ligand–receptor interactions may act in concert to enhance cell–cell intimacy and affinity, and trigger downstream host cell-signalling and cytoskeletal rearrangements as a prelude to cellular invasion and tissue penetration [52].
Taken together, these findings lead us to propose a model for the dynamic and mechanistic interaction of the host and bacterial surface proteins (figure 7). We propose that upon entry into the host (mucosa or blood stream), N. meningitidis would initiate contact with host cell surfaces via the type IV 

pili, which extend up to several micrometres, and at the tip may contain the adhesive PilC1 [44]. Retracting pili induces twitching motility that allows the organism to move over host cell surfaces against the tide of mucus or blood flow, until it comes into intimate contact with specific receptors [53]. Secreted forms of Gal-3 may bind LOS and/or bacterial protein ligands, a process that is likely to protect the host from bacterial colonization. However, meningococci may use Gal-3 to enhance its adherence to the host cell surface via Gal-3/ 37LRP heterodimerization, or shed the Gal-3–LOS complex as part of the outer membrane vesicles (which are well known to be shed continuously). Interestingly, surface Gal-3 is thought to be a negative regulator of the LOS-induced inflammatory response, and protects the host from endotoxin shock while also promoting survival of invading bacteria [54]. Similarly, when triggered by specific molecules (e.g. the LAMR1-binding green tea-derived polyphenol, EGCG), surface LAMR1 is believed to inhibit TLR4 and TLR2 responses in mouse macrophages [55,56].
Given that both 37LRP and Gal-3 are broadly distributed in different cellular compartments, their collaborative interaction with the meningococcus or its ligands may not be limited to the cell surface. In the cytoplasm, Gal-3 can bind to Bcl-2 and inhibit cell apoptosis, and in the nucleus it can regulate gene transcription [31,57]. Suppression of Gal-3 in highly malignant human breast carcinoma cells resulted in reversion of the transformed phenotype and led to the inhibition of tumour growth in immunologically suppressed mice [58]. Extracellular Gal-3 can bind to cell surface N-gly-cans and induce monocyte and T-cell apoptosis, which may help bacterial or tumour cell evasion from the immune surveillance. Gal-3 can suppress IL-5 production and inhibit B-lymphocyte differentiation, and increase phagocytosis of neutrophils. In human monocytes, Gal-3 is chemotactic and increases calcium influx at high concentrations, whereas at low concentrations it promotes chemokinesis [59].
In conclusion, we demonstrate the presence of discrete populations of LAMR1 on the epithelial and endothelial cell surface. We show that 37LRP can form homodimers (67LR) as well as heterodimers with Gal-3, which is also capable of forming homodimers. These surface molecules

are likely to play distinct roles in a number of oncogenic, neu-rodegenerative and infectious diseases. 37LRP and Gal-3 target common and specific meningococcal surface ligands, events that are exploited by the organism to enhance its adhesion and cell invasion. Our data enhance our understanding of the roles of Gal-3 and 37LRP in host cell biology, which can be exploited for the design of therapeutic and/or preventive strategies against invasive bacterial and/ or oncogenic diseases.
5. Material and methods
5.1. Cell culture
All cells were cultured at 378C, 5% CO2. Human brain micro-vascular endothelial cells were cultured in endoprime media (PAA) supplemented with 5% (v/v) fetal bovine serum (FBS), IGF, bFGF, ascorbic acid, hydrocortisone and heparin, EGF, VEGF (all from PAA) and 1% antibiotic–antimycotic solution (v/v) (Gibco). Cells were either P2–15 primary cells (ScienCell, USA) or immortalized cells at either early (P10–30) or late (P60–70) passage. Where cells were routinely cultured on fibronectin, fibronectin-coated T75 flasks were used (BD Biosciences). Neuro 2a (N2a) mouse neuroblastoma cells were cultured in Eagle’s minimum essential medium supplemented with 1% (v/v) antibiotic–antimycotic solution and 10% (v/v) FBS. COS7 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen) supplemented with 1% (v/v) antibiotic–antimycotic solution (Gibco) and 10% (v/v) FBS. Cell culture medium was changed every 2 days, and cells were split using trypsin–EDTA (Gibco) upon reaching 90% confluence.
5.2. Flow cytometry
COS7 cells were grown in six-well plates and detached 24 h after transfection using cell dissociation solution (Sigma), washed in PBA buffer (0.5% bovine serum albumin (BSA), 0.5% sodium azide in PBS), resuspended in 0.5% paraformal-dehyde (PFA) in PBS (Oxoid) and subjected to flow cytometry using a Coulter Altra flow cytometer. Data acquisition and analysis were performed with WEASEL v. 2.5 software. In each case, 50 000 cells were counted in triplicate and used to calculate the average BiFC signal intensity + s.e. Full-length YFP fluorescence signal was used as the interas-say reference for maximal fluorescence in each experiment against which the BiFC signal intensities were compared.
5.3. Immunofluorescence
For confocal analysis, cells were grown on acid-etched glass 12 mm coverslips (SLS) that were coated with 0.1% human fibronectin (1 ml 2.5 cm22; Sigma) or laminin10 (1 mg cm22; Millipore) as required. Following any treatments, cells were fixed with 4% PFA (10 min at RT) and, if required, permeabi-lized with 0.1% Triton X-100/1% BSA in PBS (5 min at RT). Following 1 h incubation in PBS/4% BSA to reduce nonspecific binding, coverslips were incubated with primary antibody(s) either as a cocktail or sequentially, depending upon predetermined secondary antibody cross-talk: anti-67-kDa LAMR1 (MAb MLuC5, 1 : 100, Abcam); anti-37-kDa LAMR1 (PAb IHLR, 1 : 100 [7]; MAb A7, 1: 250 (Santa Cruz 

Biotech.); anti-Gal-3 (MAb M3/38, 1:50 (Biolegends); MAb 9H3.2, 1 : 100 (Millipore); PAb, 1 : 50 (R&D Systems)) in PBS-T/4% BSA for 1 h. Coverslips were washed three times in PBS and incubated with conjugated secondary antibody(s): anti-mouse IgM (Alexa647, 1 : 1500; Alexa488, 1 : 1000); anti-mouse IgG (Alexa680, 1: 200); anti-rabbit (Alexa488, 1: 400; Alexa680 1 : 200); anti-goat (Alexa680, 1 : 200) [1 : 200]; anti-rat (Alexa647, 1:200) all from Molecular Probes, in PBS-T/4% BSA for 1 h and washed three times in PBS, once in H2-O. Coverslips were mounted with Prolong Gold anti-fade with/without DAPI (Invitrogen) and images obtained as sections, unless stated otherwise, by confocal microscope. For each experiment, unstained and secondary antibody-alone samples were processed in parallel to control for non-specific staining. Additionally, all possible primary/secondary combinations were checked for cross-reactivity and sequential staining used as required. For all co-localization studies, samples stained for localization of each protein individually were processed in parallel and, in all cases, the fluorescence of adjacent channels was monitored for bleed through.
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Images (400–600 nm optical sections) were acquired using a Zeiss LSM 700 AxioObserver confocal microscope using a Plan-Apochromat 63x/1.40 Oil DIC M27 objective with ZEN 2009 operating software. Images were processed using IMAGEJ and Adobe PHOTOSHOP software. Raw data are available upon request. Co-localization analyses used the ZEN software function with an FI threshold of 50; the data were not intensity-weighted. Mean FI data of individual cells or fields of cells were also obtained using ZEN software.
5.5. Bimolecular fluorescence complementation analysis
BiFC expression constructs were obtained by PCR: cDNA sequences of human LAMR1 (888 bp) and galectin-3 (725 bp) were generated with flanking N-terminal EcoRI/Kozak and C-terminal XhoI restriction sites using the following primer sequences: for galectin-3, 5'-GCGCGAATTCGCCATGGCAGA CAATTTTTCGCT-3' (forward primer) and 5'-GCGCCTCGA GTATCATGGTATATGAAGCACTGGTG-3' (reverse primer); and for LAMR1, 5'-GCGCGAATTCGCCATGTCCGGAGCC CTTGAT-3' (forward primer) and 5'-GCGCCTCGAGAGA CAGTCAGTGGTTGCTCC-3' (reverse primer). The amplified PCR products were digested and ligated into an EcoRI/ XhoI-digested pcDNA3.1zeo vector, which contained either full-length Venus yellow fluorescent protein (vYFP) or the N- or C-terminal regions (Yn or Yc, respectively) of vYFP or full-length mCherry. Cysteine mutations were introduced by site-directed mutagenesis (QuikChange, Stratagene) using the following primer sequences: for Gal-3C173A, 5'-GAGAACAA CAGGAGAGTCATTGTTGCCAATACAAAGCTGGATAATA ACTG-3' (forward primer) and 5'-CAGTTATTATCCAGCTTT GTATTGGCAACAATGACTCTCCTGTTGTTCTC-3' (reverse primer); for 37LRPC148A, 5'-CCTACCTACCATTGCGCTGGCT AACACAGATTCTCCTCTG-3' (forward primer) and 5'-CAG AGGAGAATCTGTGTTAGCCAGCGCAATGGTAGGTAGG-3' (reverse primer); and for 37LRPC163A, 5'-TGGACATTGCCAT CCCAGCCAACAACAAGGGAGCTC-3' (forward primer) and 5'-GAGCTCCCTTGTTGTTGGCTGGGATGGCAATGTCCA-3' (reverse primer). Cells were grown on fibronectin-coated 12 mm glass coverslips and transfected at approximately 60%

confluence using TransIT-2020 at a DNA: TransIT-2020 ratio of 2 : 1 according to manufacturer’s instructions. In brief, preformed DNA: TransIT complexes were added to the growth medium for 4 h. Cells were then washed with growth medium, and recombinant proteins expressed for 24 h before fixing with 4% PFA and subsequent confocal analysis.
5.6. siRNA of galectin-3 and LAMR1
hBMECs were cultured as described and transfected with pre-designed siGENOME SMARTpool (mix of four siRNAs targeting one ORF) targeting LAMR1 (M-013303-01-0005), galectin-3 (M-010606-02-0005) or ON-TARGETplus non-targeting pool control siRNA (Dharmacon, Thermo Scientific). Cells were transfected on day 1 with a final concentration of 37.5 nM siRNA using the DharmaFECT transfection reagents (Dharmacon, USA). The inhibition of LAMR1 and Gal-3 expression was assessed at 48, 72 or 96 h post-transfection 3 by confocal analysis, quantitative polymerase chain reaction (RT-qPCR) and immunoblot analysis. To determine transfec-tion efficiency, non-transfected and siGLO-transfected cells were analysed 1 day after transfection on a FACSCaliber machine (Beckton–Coulter). All galectin-3 or LAMR1 confocal images were acquired at the same resolution and scale, with the same hardware/laser settings used to image untreated control cells. Identical image manipulations were performed on all images stained with the same antibody set.
5.7. qPCR analysis
hBMECs were washed twice with serum-free EndoPrime base medium (PAA) and total RNA extracted using the RNeasy mini kit (Qiagen) according to the manufacturer’s instructions. DNA was removed using RNAase-free turbo-DNAase I (Ambion, Applied Biosystem). RNA was cleaned and concentrated using RNeasy MiniElute clean-up kit (Qiagen). cDNA was synthesized using high-capacity cDNA reverse transcription kit (Applied Biosystems). RT-qPCR was performed in an ABI7500 real-time PCR system (Applied Biosystems) with the brilliant SYBR green qPCR master mix (Stratagene). Cycling was initiated at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, 60°C for 60 s and 60°C for 1 min. Samples were run in triplicate, and relative expression of LAMR1 and galec-tin-3 was calculated using the comparative threshold cycle method normalized to GAPDH. Primers were designed using PRIMER 3 software and obtained from Sigma-Aldrich. Primer sequences were as follows: GAPDH, 5'-GGGAAAC TGTGGCGTGAT-3' (forward primer) and 5'-TTCAGCTCAG GGATGACCTT-3' (reverse primer); LAMR1, 5'-CCATTGAAA ACCCTGCTGAT-3' (forward primer) and 5'-CAGCGCA ATGGTAGGTAGGT-3' (reverse primer); and galectin-3, 5'-CTATAGCCGGGACTCCTTCC-3' (forward primer) and 5'-AGTTCCAGGGCACATACGTC-3' (reverse primer).
5.8. Purification of recombinant protein
Cells from 50 ml culture were re-suspended in 5 ml of buffer B (8 M urea (Sigma), 0.1 M NaH2PO4 (BDH) and 0.01 M Tris– HCl (Sigma) pH 8.0) and then sonicated in an ice bath for 15 cycles of 10 s with 5 s of cooling between cycles. Lysate was centrifuged at 10 000g for 30–40 min at 4°C to pellet cellular debris, followed by incubation of the supernatant with 20 mM imidazole (Qiagen) and cobalt resin (Fisher Scientific) 

overnight at 4°C. Supernatant was passed through a gravity column, extensively washed with buffer C (8 M urea, 0.1 M NaH2PO4 and 0.01 M Tris–HCl, pH 6.3) and incubated overnight at 4°C with buffer E (8 M urea, 0.1 M NaH2PO4 and 0.01 M Tris–HCl, pH 4.5). Buffer exchange was performed using PD-10 desalting columns (Amersham Biosciences), replacing the acidic urea buffer with PBS (pH 7.2). Protein concentration was measured using a Nanodrop ND-1000 spectrophotometer (NanoDrop Technologies) by measuring the absorbance at 280 nm, and proteins were stored at 220°C.
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Cells were lysed with RIPA buffer supplemented with Phos-stop (Merck Millipore) and complete mini EDTA-free protease inhibitor cocktail. Alternatively, cells were fractionated using a cell fractionation kit (Thermo Fisher Scientific) as described in the manufacturer’s instructions. Protein samples were separated on 4–20% gradient SDS– PAGE (Thermo Scientific) at 125 V and calibrated with Col-ourplus broad pre-stained marker. Gels were transferred to nitrocellulose membranes (BioRad) at 10 V for 30 min on a BioRad semi-dry transfer system. Membranes were blocked in Tris-buffered saline with 0.1% Tween20 (TBS-T) containing 5% bovine serum albumin (BSA, w/v). Primary antibodies (in TBS-T/5% BSA) were incubated with the membrane at either 4°C overnight or 1 h at room temperature. Membranes were washed (3 x 15 min) in TBS-T and subsequently probed with conjugated secondary antibody (in TBS-T/5% BSA) for 45 min at room temperature. The membrane was washed (5 x 10 min) with TBS-T before membranes were exposed to ECL substrate (Luminata Crescendo; Millipore) for visualization of immuno-reactive proteins. Antibodies used included anti-67LR (MLuC5), anti-37-kDa LAMR1 (A7 or IHLR) or anti-Galectin-3 (9H3.2).
5.10. Modelling the molecular interaction of galectin-3 with LAMR1
The structures of the Gal-3 CRD and LAMR1 were obtained from the RCSB protein data bank (www.rcsb.org). The molecular docking of Gal-3 (3zsj.pdb: lactose-liganded structure; 3zsm.pdb: non-liganded structure) and LAMR1 (3bch.pdb) was performed employing a server in zdock.umassmed.edu [60,61] based on current knowledge of crystal structures. RASMOL [62] and UCSF CHIMERA [63] were used to generate images of the molecular interactions and docking.
5.11. Bacterial strains, growth conditions and invasion assays
Neisseria meningitidis clinical isolates (electronic supplementary material, table S1) were grown on chocolate horse blood (Oxoid) at 37°C, in an atmosphere of 5% CO2. Mutagenesis of N. meningitidis MC58 pilQ and porA was described previously [7]. To mutate pilE, chromosomal DNA extracted from N. meningitidis C311DpilE (kindly provided by Prof. C. Tang, University of Oxford, UK) was used to mutate MC58 by natural transformation and allelic exchange as described previously [64]. The MC58DlgtF strain used in this study was described previously [65]. For selection of mutants, meningococcal cells were cultured on Mueller–Hinton agar plates supplemented

with 1% Vitox (Oxoid) and, where appropriate, with streptomycin and spectinomycin (100 pg ml21) or kanamycin (50 pg ml21). Invasion assays were performed as previously described [66].
5.12. Expression and purification of recombinant LAMR1
The 37LRP coding sequence was generated with flanking NdeI and NotI restriction sites using the following primer sequences 5'-GGGAATTCCATATGGAGGTGCTATTCCAGGGACCCGG ATCCATGTCCGGAGCCCTTGAT-3' (forward primer) and 5'-AAGGAAAAAAGCGGCCGCTTAAGACCAGTCAGTGG TTGCT-3' (reverse primer). The amplified PCR product was NdeI/NotI digested and ligated into ss-Fc-IRES-Tpz-pEFBOS [67], allowing the expression of N-terminally Fc-tagged 37LRP. Mutations were introduced by site-directed mutagen-esis (QuikChange, Stratagene) using the following primer sequences: for 37LRPR155A, 5'-TAACACAGATTCTCCTCTG GCCTATGTGGACATTGCCATC-3' (forward primer) and 5'-GATGGCAATGTCCACATAGGCCAGAGGAGAATCTGTGT TA-3' (reverse primer); for 37LRPK166A, 5'-CCATCCCATGCA ACAACGCGGGAGCTCACTCAGTGG-3' (forward primer) and 5'-CCACTGAGTGAGCTCCCGCGTTGTTGCATGGAT GG-3' (reverse primer); and for 37LRPY139F, 5'-CCTCTCACGG AGGCATCTTTTGTTAACCTACCTA-3' (forward primer) and 5'-TAGG TAGGTTAACAAAAGATGCCTCCGTGAGAGG-3' (reverse primer). Recombinant 37LRP was expressed in human embryonic kidney (HEK293T) cells grown in DMEM (Gibco) supplemented with 1% (v/v) antibiotic/antimycotic solution, 10% (v/v) FBS and 0.5% L-glutamine (Sigma). Trans-fection was achieved using CaPO4 precipitation. Briefly, DNA/CaCl2 mix was added to an equal volume of 2 x HEPES-buffered saline (pH 7.12), incubated for 10 min at room temperature, and then added to approximately 40% confluent HEK293T monolayers. After overnight incubation, the medium was replaced with Ultra CHO cell medium (Gibco) and cells incubated for a further 48 h. Cells were lysed with RIPA buffer (supplemented with Phosstop (Merck Millipore) and complete Mini EDTA-free protease inhibitor cocktail) and cell debris removed by centrifugation at 20 000g for 10 min at 4°C. Recombinant 37LRP was then purified by protein A affinity chromatography using HiTrap protein A–sepharose HP columns and the AKTA PrimePlus purification system, according to the manufacturer’s instructions (GE Healthcare, Amersham, UK). Briefly, the clarified lysate was mixed with an equal volume of binding buffer, containing 20 mM sodium phosphate and 150 mM NaCl (pH 7.3), and then applied to the column. After washing unbound proteins, using the same buffer, 37LRP was eluted using 0.1 M glycine (pH 2.5), and 

the pH neutralized with 1 M Tris–HCl (pH 8.8). Eluted proteins were then dialysed into PBS.
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100 pl lactose-purified recombinant human Gal-3 (Calbiochem) or BSA (5 pg ml21) in PBS was used to coat amino-reactive 96-well microtiter plates (Immobilizer Amino; Nunc) overnight at 4°C. Bacterial strains were grown in liquid culture, washed and labelled with digoxigenin (Roche) as described previously [51]. Labelled bacteria were added to ELISA plates for 2–4 h at room temperature. Plates were washed with PBS/T and incubated with 100 pl polyclonal anti-digoxi-genin Fab fragment–alkaline phosphatase antibody (1 : 5000; Roche) in PBS/1% BSA for 1 h, and then washed several times as described above. 100 pl of alkaline phosphatase substrate (5 mg ml21; Roche) was added to each well, and the absorbance measured at 405 nm after 15 min using an ELISA reader (Biotek EL800). Inhibition assays were performed as described above, except that bacteria were pre-incubated with lactose or sugars for 2 h at room temperature before being added. For LamR/Gal-3 binding, 100 pl aliquots of 8.7 pg ml21 37LRP proteins were immobilized as above. Following washing in PBS/T, wells were blocked with 1% BSA/PBS for 1 h. 100 pl of 5 pg ml21 Gal-3 was then added and incubated at room temperature for 1 h. After washing, 100 pl of mouse anti-Gal-3 (9H3.2; 1 : 8000 diluted in 1% BSA/PBS) was added and incubated at 4°C overnight. After washing, 100 pl anti-mouse IgG-HRP conjugate (1 : 8000 diluted in 1% BSA/PBS) was added and incubated at 4°C overnight. Plates were again vigorously washed and colour developed by adding 100 pl ABTS substrate (Roche). Plates were read at an absorbance of 405 nm.
5.14. Cross-linking
Cross-linking was performed as described previously [41]. Briefly, N. meningitidis was incubated with Gal-3 conjugated to the light-activated cross-linker Sulfo-SBED. After photoac-tivation, in which the reactive biotin moiety is transferred to molecules in close proximity to the cross-linking agent, cells were washed, lysed, subjected to SDS–PAGE and immuno-blotting, and probed with streptavidin before molecules were identified using MALDI-TOF.
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ABSTRACT
Galectins are small soluble lectins that bind a-galactosides via their carbohydrate recognition domain (CRD). Their ability to dimerize is critical for the crosslinking of glycoprotein receptors and subsequent cellular signaling. This is particularly important in their immunomodulatory role via the induction of T-cell apoptosis. Because galectins play a central role in many pathologies, including cancer, they represent valuable therapeutic targets. At present, most inhibitors have been directed towards the CRD, a challenging task in terms of specificity given the high structural homology of the CRD among galectins. Such inhibitors are not effective at targeting CRD-independent functions of galectins. Here, we report a new class of galectin inhibitors that specifically binds human galectin-7 (hGal-7), disrupts the formation of homodimers, and inhibits the pro-apoptotic activity of hGal-7 on Jurkat T cells. In addition to representing a new means to achieve specificity when targeting galectins, such inhibitors provide a promising alternative to more conventional galectin inhibitors that target the CRD with soluble glycans or other small molecular weight allosteric inhibitors.

INTRODUCTION
Cancer is a complex pathology manifested by uncontrolled growth of cells that have undergone various transformations from physiologically normal cells. Several hallmarks provide a methodical and rational approach in studying this disease, namely the sustaining of proliferative signaling, evasion of growth suppressors, resistance to cell death, replicative immortality, angiogenesis, activation of invasion, and metastasis [1]. In recent years, however, strong evidence has highlighted the critical roles of immune cells present in the tumor micro-environment [2, 3]. For instance, one way that tumor cells can modulate and escape immune destruction is by secretion of various factors such as pro-inflammatory eicosanoids, cytokines, chemokines and other soluble signaling molecules leading to the formation of an immunosuppressive tumor micro-environment [4].
Galectins are multifunctional proteins belonging to the animal lectin family. All galectins share similar binding affinities to β-galactosides and display high amino acid 

sequence homology among their carbohydrate-binding domains (CRDs) [5]. Fifteen different members have been identified and divided in three sub-groups according to their structure: prototype galectins containing one CRD (Gal-1, -2, -5, -7, -10, -13, -14 and -15), tandem-repeat galectins containing two-CRDs covalently linked (Gal-4, -6, -8, -9 and -12) and a chimera-type galectin containing multiple CRDs linked by their amino-terminal domain (Gal-3) [6]. While these proteins perform homeostatic functions inside normal cells, under pathological or stress conditions, cytosolic galectins are released either passively from dead cells or actively via non-classical secretion pathways [7]. Once in the extracellular milieu, they bind all glycosylated growth receptors on the surface of normal and cancer cells to set their signaling threshold [8, 9]. Such properties enable galectins to kill infiltrating immune cells while promoting growth of tumour cells [9]. Galectins are thus ideal targets for effective therapeutics, and new approaches are therefore being developed to modulate their activities [10]. These avenues have focused mainly on carbohydrate-based inhibitors disrupting extracellular
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galectins, which form multivalent complexes with cell surface glycoconjugates to deliver CRD-dependent intracellular signals that modulate cell activation and survival/apoptosis. Despite decades of research, however, the progression in this field has been very slow. In most cases, these inhibitors are high molecular weight, naturally occurring polysaccharides that are used to specifically block the binding of extracellular galectins to carbohydrate structures [11–14]. Unfortunately, such inhibitors often display low affinity, lack of selectivity for a given galectin due to highly conserved homology among galectin CRDs, and are not effective at targeting CRD-independent functions of galectins. Indeed, several studies have shown that several critical biological processes of galectins are mediated via CRD-independent interactions [15–18].
Sequencing of galectins isolated from amphibians, birds, fish, and mammals has revealed extensive sequence similarity [19, 20]. In addition to the presence of a CRD, all galectins harbor a highly conserved three-dimensional structure characterized by a jelly-roll topology composed of an 11- or 12-strand anti-parallel β-sandwich of approximately 135–140 amino acid residues [21]. One of the most common and important structural features associated with galectin function is their ability to form homodimers (Fig. 1B). This is particularly true for the prototype galectins, which consist of two ~14–15 kDa subunits that are non-covalently associated in a monomer-dimer equilibrium [22]. Studies of ancestral structures of fish galectins have indeed shown that galectins have gone through selective pressure for stabilizing this homodimer structure to increase their affinity for their ligand(s) [23]. Such multivalency is critical for galectins to trigger intracellular signaling following their binding to cell surface receptors [24–26]. In the present work, we report a novel peptide-based galectin inhibitor that was specifically designed to disrupt the formation of galectin-7 dimers and its pro-apoptotic function.
RESULTS
As depicted with G protein-coupled receptors, peptides derived from the dimeric interface were shown to disrupt GPCR dimers by interfering with critical interactions between amino acids located at the dimer interface [27, 28]. We hypothesized that the ability of hGal-7 to form homodimers is mediated by critical residues located at the homodimer interface located in a distant region of the CRD. Using a previously described dimeric crystal structure of hGal-7 [29], critical residues possibly involved in the formation of the dimer interface were identified based on their propensity to form hydrogen bonding, hydrophobic, or van der Waals interactions between both protomers of the complex (Fig. 1B). In addition, the design of our peptides was also based on the structural analysis of the hGal-7 dimeric interface, recently reported by Ermakova and colleagues [30]. Specifically, 

their analysis revealed that certain residues were likely to be involved in the dimerization of hGal-7, most notably residues R14, R20, R22, E87, L89, D94, D95, D103, A104, Q105, D130 and F135. These residues appear to symmetrically associate with their respective partner on the second monomer through H-bonding, electrostatic or hydrophobic interactions, or via the formation of disulfide bridges. As such, the peptides were designed as to rationally mimic and disrupt the hGal-7 segment between residues 13–25 and 129–135, since those residues appear to be directly involved in the stabilization of the dimeric structure (Fig. 1C) and consequently hindering the interaction of R14, R20, R22, D130 and F135 with their mirror partners. Accordingly, peptides corresponding to these regions were synthesized, i.e. hGal-7(13–25) (H-Ile-Arg-Pro-Gly-Thr-Val-Leu-Arg-Ile-Arg-Gly-Leu-Val-NH2) and hGal-7(129–135) (H-Leu-Asp-Ser-Val-Arg-Ile-Pro-NH2). To determine whether these peptides could inhibit the formation of the hGal-7 homodimer, we incubated 0.5 μM of recombinant hGal-7 with increasing concentrations of hGal-7(13–25) or hGal-7(129–135) and measured the formation of homodimers.
To measure the ability of the peptides to disrupt the formation of hGal-7 dimers, we used mild denaturing native gel electrophoresis, a commonly used approach to visualize monomer-dimer equilibrium (Fig. 1A and Supplementary Fig. S1) [31–35]. Our results showed a consistent decrease of hGal-7 homodimers starting at a 10 μM concentration of hGal-7(129–135), with a saturation dose of 100 μM (Fig. 2A). Similar results were obtained with hGal-7(13–25) but this compound appeared less potent than hGal-7(129–135) to disrupt hGal-7 homodimers and was consequently not used in subsequent experiments (data not shown). No such effect was observed using the control pituitary adenylate cyclase-activating polypeptide (PACAP) peptide, which was selected based on similarity in amino acid length and minimal toxicity on the cell line, PACAP(28–38) (Fig. 2A), or on a recombinant human gal-1 (hGal-1) or gal-2 (hGal-2) (Fig. 2B, 2C). hGal-1 and gal-2 were chosen as galectin selectivity controls since they are protype galectin that share the greatest sequence similarity to galectin-7 (38%) [29]. Moreover, the ability of the hGal-7(129–135) peptide to disrupt the formation of hGal-7 homodimers was not inhibited by the presence of lactose or LacNac (Fig. 2D, 2E). Further, the ability of hGal-7(129–135) to bind hGal-7 in a concentration-dependent and specific manner was further confirmed using a solid phase binding assay. In this assay, a biotinylated version of hGal-7(129–135) still capable of specifically inhibiting the formation of hGal-7 homodimers (Supplementary Fig. S2) was used to measure binding on immobilized recombinant hGal-7 (Fig. 3). Again, binding was shown to be specific since biotinylated hGal-7(129–135) could bind hGal-7 and not hGal-1 or hGal-2 (Supplementary Fig. S2). This specificity at disrupting hGal-7 dimer formation is provided by distinct three-dimensional arrangements
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[image: ]Figure 1: The dimeric structure of hGal-7. A. Dimer formation of recombinant hGal-7 and hGal-1 at increasing concentrations were compared by polyacrylamide gel electrophoresis in native conditions. B. Structural representation of the hGal-7 (PDB 1BKZ) and hGal-1 (PDB 3W58) dimers with residues 129–135 colored in green and magenta on the hGal-7 dimer interface. Dimer formation in hGal-7 proceeds through a “back-to-back” topology of the monomers while hGal-1 adopts a “side-by-side” structural arrangement, affording additional specificity for galectin inhibition. C. Molecular interactions implicated in the wild-type hGal-7 dimer interface between residues 129–135 of the first hGal-7 monomer (in various colors) and facing residues on the second hGal-7 monomer (in black) (PDB 1BKZ). Hydrogen bonding and electrostatic interactions are identified as dashed lines. The side chain of Phe135 is also involved in a number of van der Waals interactions [29]. The structures were prepared with PyMOL.
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Figure 2: Disruption of the hGal-7 dimer due to increasing concentrations of hGal-7(129–135). A. The recombinant hGal-7 (0.5 μM) was incubated with increasing concentrations of hGal-7(129–135) in 20 mM potassium phosphate buffer (pH 7.1). Incubation of the recombinant B. hGal-1 and C. hGal-2 with hGal-7(129–135) was performed in the same potassium phosphate buffer. The effect of hGal-7(129–135) on the monomeric and dimeric forms of hGal-7/hGal-1/hGal-2 was assessed by Western blotting in native conditions with respective antibodies. The hGal-1/hGal-2 films were overexposed. PACAP28–38 was the control peptide used in order to ensure the specificity of hGal-7(129–135). Recombinant hGal-7 (0.5 μM) was also incubated with increasing concentrations of hGal-7(129–135) in 0.1 mM D. lactose or E. LacNac solutions. Results are representative of three independent experiments.

between otherwise very similar galectin homologues. Indeed, while all monomeric galectins reveal identical topologies, dimer formation in hGal-7 proceeds through a “back-to-back” topology of the monomers while other galectins, including hGal-1 and hGal-2, adopt a “side-by-side” structural arrangement (Fig. 1B) [29]. This structural organization provides additional means to specifically target and disrupt galectin function.
Galectins are well known for their ability to bind glycosylated cell surface receptors, most notably on 

Jurkat T cells, on which galectin binding induces apoptosis [36–42]. We thus tested whether hGal-7(129–135) could modulate the binding of hGal-7 on Jurkat T cells, a cell model that is routinely used to test the pro-apoptotic activity of galectins [43–45]. For this purpose, recombinant hGal-7 was labeled with fluorescein isothiocyante (FITC) and its binding on the surface of Jurkat T cells was measured by flow cytometry in absence or presence of increasing concentrations of hGal-7(129–135). Our results showed that hGal-7(129–135) increased the fluorescent intensity of Jurkat
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Figure 3: Biotin-labeled hGal-7(129–135) is capable of binding to recombinant hGal-7. Binding curve showing a dose-dependent interaction between biotin-labeled hGal-7(129–135) and hGal-7 or hGal-1. Recombinant hGal-7 or hGal-1 (10 μg/ml) were coated on 96-well plates overnight and then incubated 60 min with unlabeled hGal-7(129–135) (1 mM) to eliminate non-specific binding. Incubation with increasing concentrations of biotin-labeled hGal-7(129–135) was performed for 120 min. Results are representative of three independent experiments. Error bars represent standard deviation.

T cells in a concentration-dependent manner following incubation with equal amounts (0.1 μM) of FITC-labeled hGal-7, as compared to fluorescence measured in absence of peptide (Fig. 4A). No such effect was observed in presence of a high concentration of the control peptide (PACAP(28–38)). The effect of hGal-7(129–135) was specific, statistically significant (Fig. 4B), and consistent with the increased number of monomers, which bind to surface glycosylated receptors through their CRDs [38]. The hGal-7(129–135) peptide also inhibited the ability of hGal-7 to induce apoptosis in Jurkat T cells, as measured by poly [ADP-ribose] polymerase 1 (PARP-1) cleavage (Fig. 5A). This inhibitory effect was dose-dependent and also observed using human peripheral blood monocytes (Supplementary Fig. S3). No such effect was observed with the control peptide. This effect on apoptosis was confirmed by flow cytomtery using Annexin V/propidium iodide (PI) staining (Fig. 5B and 5C). Incubation of hGal-7(129–135) (or PACAP(28–38)) alone did not induce apoptosis in Jurkat T cells (Supplementary Fig. S4).
DISCUSSION
In the present work, we report a new peptidic inhibitor that specifically binds hGal-7, disrupts the formation of homodimers, and inhibits the pro-apoptotic activity of hGal-7 on Jurkat T cells. These results show that the dimer interface of the prototype galectins is a viable option for the inhibition of galectins and a potential therapeutic target for the treatment of many diseases in which galectins are involved. To our knowledge, there have been no published reports of dimerization-disrupting inhibitors of galectins. Such inhibitors provide a new avenue for blocking hGal-7 

activity and represent attractive agents against the prototype galectins because they target a second distant site from the active CRD. They are also a complementary alternative to soluble glycans or other small molecular weight allosteric inhibitors that are currently being developed for the targeting of prototype galectins. This peptidic inhibitor also represents an additional means to achieve specificity when targeting galectins. Although soluble glycans have shown physiological responses in in vivo assays for various pathologies where galectins are involved, there is yet little evidence of their specificity. This may not be surprising since galectins display high homology among their CRDs and often show redundancy when binding to glycosylated moieties [29, 46]. Hence, their specific targeting remains ambiguous and challenging, and the use of peptides could improve the current library of selective galectin inhibitors.
We attempted to synthesize other peptides covering other potential sites at the dimeric interface of hGal-7. This strategy was unsuccessful since these peptides were either toxic to Jurkat T cells, showed poor solubility, or were not as effective at disrupting the dimeric interface as hGal-7(129–135) (data not shown). Although we did find a direct interaction between hGal-7(129–135) and hGal-7 through a classical solid-phase binding assay, further tests are required to determine how hGal-7(129–135) binds to the critical residues located at the interface. Interestingly, our preliminary data using an alanine scan strategy has already shown that the substitution of the Asp130 residue by an Ala moiety completely abrogates the ability of the peptide to disrupt hGal-7 homodimers (Supplementary Table 1 and Supplementary Fig. S5). It is clear, however, that hGal-7(129–135) was effective at relatively high concentrations and future modifications will be needed to improve its binding affinity. These alanine
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[image: ]Figure 4: Increased binding of hGal-7 on Jurkat T cells due to increasing concentrations of hGal-7(129–135). A. Histogram showing the mean fluorescence intensities (MFI) of cells following binding of fluorescein isothiocyanate (FITC)-labeled hGal-7 on the surface of Jurkat T cells. B. Binding of FITC-labeled hGal-7 (0.1 μM) on Jurkat T cells following pre-incubation with increasing concentrations of hGal-7(129–135). The PACAP(28–38) peptide was used as a control. Results are representative of three independent experiments. ***p ≤ 0.05. Error bars represent standard deviations.

scans nevertheless suggest that binding of hGal-7(129–135) to monomeric hGal-7 proceeds in a non-native fashion relative to wild-type hGal-7 dimer formation. Indeed, it is currently impossible to structurally rationalize some of the molecular effects of the alanine scan results in the context of wild-type hGal-7 dimer formation. For instance, while Asp130 does not participate in the formation or stabilization of the wild-type hGal-7 dimer interface (Fig. 1C), its replacement to alanine clearly shows significant alteration of the hGal-7(129–135) potency Supplementary Fig. S5. These results suggest a distinct binding mode between hGal- 

7(129–135) and monomeric hGal-7, requiring further structural analyses.
Moreover, the modulation of hGal-7 binding on the surface of Jurkat T cells and an apoptotic response were observed in the presence of the hGal-7(129–135) peptide. The increase in fluorescence was the manifestation of the increased hGal-7 binding on cell surface rather than its accumulation inside the cell, since the binding assays were performed at 0°C and in the presence of sodium azide, which would limit protein internalization [47, 48]. Whether this reflects increased binding of monomeric forms of
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[image: ]Figure 5: Apoptotic levels of Jurkat T cells induced by hGal-7 were decreased due to the presence of hGal-7 (129–135). A. Recombinant hGal-7 was pre-incubated with the respective peptide concentrations prior to its addition to Jurkat T cells for 4 h a 37°C in serum-free RPMI. Apoptosis was measured by Western blot analysis of PARP-1 cleavage. The PACAP28–38 was used as a control. β-actin was used as a loading control. B. Flow cytometric analysis of Jurkat T cells with stained Annexin V (FL1) and propidium iodide-PI (FL3) following binding of recombinant hGal-7 with or without hGal-7(129–135). Cells in the lower right quadrant are representative of annexin V-positive/PI-negative, or early apoptotic cells. Cells in the upper right quadrant indicate annexin V-positive/PI-positive, or late apoptotic cells. C. Histogram showing the percentages of annexin V-positive Jurkat T cells obtained by adding the percentages of cells found in the lower and upper right quadrants. Results are representative of three independent experiments. Error bars represent standard deviation.
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Gal-7, however, is currently unclear and will require more experiments. Nevertheless, the increase of hGal-7 cell surface binding, seen in the presence of hGal-7(129–135), is specific since the control peptide, PACAP(28–38), did not display such effects. Interestingly, even though an increase of cell surface hGal-7 binding was observed, a reduction in the ability of the protein to induce apoptosis of T cells was observed. This supports the idea that the increase in hGal-7 binding on cell surface is due to the increased access of the monomer's CRDs binding glycosylated residues on cell surface receptors while lacking intracellular signaling, highlighting that effective crosslinking of cell surface receptors is critical for inducing apoptosis [25, 49]. Such peptide may thus be a valable tool to study the ability of Gal-7 to modulate T cells functions in vitro or in vivo. We and others have indeed shown that Gal-7 has a strong cytotoxic and inhibitory effects on T cell functions and survival [38, 50], consistent with the ability of galectins to induce to a local (and systemic ?) immunosuppression when produced by cancer cells. Intriguingly, a slight increase in apoptosis is observed with the control peptide, even though the PACAP(28–38) peptide did not display any toxicity on Jurkat T cells alone. PACAP(28–38) is a positively charged peptide that binds cell surface phospholipids but does not translocate within the cytoplasm [51]. Even if the peptide alone does not induce apoptosis, the perturbation exerted by PACAP(28–38) at the cell surface might slightly increase hGal-7-induced necrosis.
MATERIALS AND METHODS

Cell lines and reagents
The Jurkat cell line was maintained in RPMI 1640 medium. The culture medium was supplemented with 10% [v/v] fetal bovine serum, 2 mmol/L L-glutamine, 10 mM HEPES buffer, and 1 mM sodium pyruvate. All cell culture products were purchased from Life Technologies (Burlington, ON, Canada). Isolation of peripheral mononuclear cell (PBMCs) was performed as previously described [17].
Peptide synthesis
The hGal-7(129–135) peptide and its Ala-substituted derivatives ([Ala130]hGal-7(129–135), [Ala131]hGal-7(129–135), [Ala133]hGal-7(129–135) and [Ala135]hGal-7(129–135)), as well as the control peptide PACAP28–38 (an inactive fragment of the human Pituitary Adenylate Cyclase-Activating Polypeptide (PACAP)), were synthesized using standard Fmoc chemistry, as previously described [52]. Briefly, all peptides were assembled using a semi-automatic multi-reactor system. The Rink-amide resin was used as the solid support, and the amino acids of the peptide sequences were introduced under their Fmoc-N-protected form, i.e. 3 eq based on the original substitution of the resin (0.7 mmol.g-1). Couplings of the protected amino acids were 

mediated by (Benzotriazol-1-yloxy)tris(dimethylamino) phosphonium hexafluorophosphate (BOP, 3 eq) and N, N-Diisopropylethylamine (DIPEA, 5 eq) in DMF for 1 h. Coupling efficiency was monitored with the qualitative ninhydrin test. Fmoc removal was achieved with 20% piperidine in DMF for 20 min. In order to obtain a biotin-conjugated peptide, an ε-amino acid (Fmoc-Ahx-OH) linker was first coupled, as described above, to peptidyl resins and then, following the removal of the Fmoc protecting group, a Biotin-NHS derivative (6 eq, Aapptec) was attached to the peptidyl resins with triethylamine (TEA, 6 eq) in dimethylformamide. Peptides were then deprotected and removed from the resin via an acidolytic treatment with trifluoroacetic acid (TFA) containing 1,2-ethanedithiol (2.5%), phenol (3%) and water (2.5%) for 2 h at room temperature. The diethyl ether-precipitated crude peptides were purified by preparative RP-HPLC performed on a Waters PrepLC 4000 System with a Waters 2487 detector set at 220 nm and an XTerra Prep MS C18 column. A linear gradient from eluent A to B with 1% B per 2-min increments (Eluent A = H2O, 0.1% TFA, Eluent B = 60% CH3CN/40% H2O, 0.1% TFA) was used for each purification. Collected fractions were then analyzed by matrix-assisted laser desorption/ionization – time-of-flight (MALDI-TOF) mass spectrometry (Voyager DE System from Applied Biosystems) in linear mode using the α-cyano-4-hydroxycinnamic acid matrix (Carlsbad, CA, USA) and analytical RP-HPLC with a Phenomenex Jupiter C18 column to ensure their homogeneity. Fractions corresponding to the desired product with purity greater than 98% were pooled and lyophilized.
Production of recombinant hGal-7 and hGal-1
Human Gal-7 cDNA was cloned into pET-22b(+) using NdeI and HindIII restriction enzymes. Human pET-Gal-1 vector was generously donated by Dr. S. Sato (McGill University, QC, Canada). The proteins were produced in E. coli BL21 (DE3) cells at 37°C. Isopropyl β-D-1-thiogalactopyranoside (IPTG) (1 mM) was added to the bacterial culture at OD600nm = 0.6–0.7 and then incubated for 4 h at 37°C to allow protein production. Bacterial pellets were resuspended in lysis buffer (0.7 mg/mL lysozyme, 10 mM Tris pH 8, 100 mM NaCl, 1 mM EDTA, 1 mM DTT and a protease inhibitor cocktail) and then incubated for 1 h at 37°C prior to centrifugation for 30 min at 15,000 × g (4°C). The supernatant was then filtered with 500 mL bottle top filter (22 μm) (Corning, New York, NY, USA) and then ran through a lactose-agarose column (Sigma, St. Louis, MO, USA). The protein was eluted in 1 mL fractions with 150 mM lactose solution. Purified fractions were analyzed by SDS-PAGE. The hGal-7 was then concentrated and purified using Centrifugal filter units (Amicon Ultra-15, 10K) (EMD, Millipore, Etobicoke, ON) in 20 mM potassium phosphate at pH 7.1. All subsequent experiments with the recombinant proteins were performed in the same buffer solution unless mentioned otherwise.
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Brilliant Coomassie blue was purchased from BioRad (Bio-Rad Laboratories, Mississauga, ON, Canada). The recombinant protein hGal-2 was purchased from MyBiosource (San Diego, CA, USA).
Western blotting
For the apoptosis tests, whole-cell extracts were homogenized and resuspended in RIPA buffer (Thermo Fisher Scientific, Rockford, IL, USA) containing protease inhibitors (Roche, Laval, QC, Canada). Equal amounts of whole-cell extracts (25 μg) were separated on SDS-PAGE and transferred onto nitrocellulose membranes (Bio-Rad Laboratories). The membranes were first blocked with 5% milk [w/v] in TBS/0.5% Tween 20 [v/v] for 1 h at room temperature and subsequently blotted overnight in a solution of TBS containing 3% BSA [w/v] and 0.5% Tween 20 [v/v]. The following antibodies were used: a rabbit anti-poly-(ADP-ribose) polymerase (PARP)-1 (p25) polyclonal antibody (1:5000; Epitomics, Burlingame, CA, USA) and a mouse anti-β-actin (1:10000; Sigma-Aldrich, St. Louis, MO, USA). Secondary antibodies consisted of horseradish peroxidase-conjugated donkey anti-rabbit (GE Healthcare, Buckinghamshire, England) and sheep anti-mouse (GE Healthcare) IgG. Detection was performed using the enhanced chemiluminescence method (GE Healthcare). For the recombinant protein tests, each peptide was dissolved and maintained in 20 mM potassium phosphate at pH 7.1. The β-lactose and N-Acetyl-D-lactosamine (LacNAc) powders were purchased from Sigma-Aldrich (St. Louis, MO, USA). The recombinant proteins and peptide dilutions were pre-incubated for 1 h at 4°C prior to gel migration. The native polyacrylamide gel was made without SDS to allow molecular weight differentiation between the dimer and monomer. The following antibodies were used: a goat anti-Gal-7 antibody (1:10000; R&D Systems, Minneapolis, MN, USA), a mouse anti-Gal-1 antibody (1:1000; Proteintech, Chicago, IL, USA) and a rabbit anti-Gal-2 antibody (1:1000; Proteintech, Chicago, IL, USA). Secondary antibodies consisted of donkey anti-goat (R&D Systems) or sheep anti-mouse (GE Healthcare) IgG. Detection was performed as mentioned above.
Fluorescent binding assay
Recombinant hGal-7 or hGal-1 (10 μg/mL) was coated overnight at 4°C on black, flat bottom, 96-well polystyrene microplates (Ultident, Montreal, QC, Canada). Thereafter, the plate was blocked with Reagent diluent (PBS-BSA 1%) for 1 h, then incubated with unlabeled hGal-7(129–135) (cold) for 60 min and finally incubated with biotin-labeled [Ahx0]hGal-7(129–135) for 2 h. Lastly, Streptavidin R-phycoerythrin (1/500, Jackson Immunoresearch, West Grove, PA, USA) was applied to samples for 30 min. All incubations were performed at room temperature and the washes between incubations were done with 20 mM potassium phosphate buffer 

pH 7.1. The plate was read by a Tecan Infinite M1000 PRO microplate reader at excitation and emission wavelengths of 488 nm and 670 nm, respectively.
FITC conjugation and hGal-7 binding assay
To assess hGal-7 binding onto Jurkat T cells, 5 μL of a 1.25 mg/mL fluorescein isothiocyanate (FITC)/DMSO solution was added to 300 μL of 1.7 μg/μL recombinant hGal-7 in a 0.1 M NaHCO3 pH 9.2 solution and incubated for 1 h at room temperature on a roller. FITC-labeled hGal-7 was then purified using a PD-10 Sepharose column (GE healthcare) and eluted with PBS containing 0.01% [v/v] sodium azide. FITC-labeled hGal-7 (0.1 μM) was then pre-incubated with hGal-7(129–135) (or related peptides) in 20 mM potassium phosphate buffer pH 7.1 for 1 h at 4°C. Jurkat cells (5 × 105 cells per sample) were harvested in PBS-0.01% [v/v] sodium azide and incubated for 30 min on ice with the FITC-labeled hGal-7 with and without peptides. Cells were then washed with PBS-0.01% [v/v] sodium azide and resuspended in 400 μL of the same buffer and analyzed on a FACSCalibur (BD Biosciences).
Apoptosis assays with Annexin V/PI staining
Apoptosis was measured by flow cytometry using FITC-labeled Annexin V (Biolegend, San Diego, CA, USA) and propidium iodide (PI). Briefly, the corresponding dilutions of recombinant hGal-7 and hGal-7(129–135) peptides were pre-incubated for 1 h at 4°C in serum free RPMI 1640 medium. 2.5 × 105 Jurkat cells were then harvested in the same medium and incubated with their corresponding dilutions at 37°C for 4 h. Cells were washed once in PBS and once in binding buffer (0.01 M HEPES, 0.14 M NaCl, 2.5 mM CaCl2, pH 7.4). Cells were then incubated for 15 min with Annexin V in the dark at room temperature. A total of 400 μL of binding buffer containing 0.25 μg/mL propidium iodide was added to the cells before analysis by flow cytometry.
Statistical analysis
Statistical significance of the experiments was evaluated using the unpaired Student’s t-test or the Fisher’s exact test. Results were considered statistically significant at P ≤ 0.05.
CONCLUSIONS
We have identified a new class of galectin inhibitors that specifically target the dimer interface of hGal-7. Such inhibitor provides an interesting alternative to more conventional galectin inhibitors that target the CRD with soluble glycans. Given the critical role of hGal-7 in cancer, studies are underway to determine whether both types of inhibitors could be used in combination as anticancer agents.
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Galectin 3 is a member of a family of 
β
-galactoside binding proteins and has emerged as an important regulator of diverse functions critical in cancer biology including apoptosis, metastasis, immune surveillance, molecular traf
fi
cking, mRNA splicing, gene expression, and in
fl
ammation. Galectin 3's ability to support cancer cell survival by intra-cellular and extra-cellular mechanisms suggests this molecule is an important component of the tumor mi-croenvironment that potentially could be targeted for therapy. Data is emerging that Galectin 3 is elevated in many cancers including solid tumors and the cancers of the blood. Galectin 3 also appears to be a key molecule produced by tumor microenvironment support cells including mesenchymal stromal cells (MSC) to suppress im
mune surveillance by killing T cells and interfering with NK cell function and by supporting metastasis. Levels of Galectin 3 increase in the MSC of aging mice and perhaps this contributes to the development of cancer in the elderly. Galectin 3 modulates surface protein expression of a diverse set of glycoproteins including CD44 by reg
ulating endocytosis of these proteins. In addition, Galectin 3 binding to receptor kinases such as CD45 and the T cell receptor is critical in the regulation of their function. In this review I will examine the various mechanisms how Galectin 3 supports chemoresistance and metastasis in solid tumors and in leukemia and lymphoma. I will also discuss possible therapeutic strategies to target this Galectin for cancer therapy. This article is part of a Special Issue entitled: Tumor Microenvironment Regulation of Cancer Cell Survival, Metastasis, In
fl
ammation, and Immune Surveillance edited by Peter Ruvolo and Gregg L. Semenza.
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction
In this day of sequencing and single cell technology it is easy to focus on the cancer cell itself when trying to understand a particular cancer and to develop therapeutic strategies for that malignancy. Yet cancer cells are not solitary entities. They require the support of accessory cells to be able to thrive in the organism. Within the body, the cancer cells are protected and nourished within a niche that is referred to as the tumor microenvironment. An excellent example of the cancer cell's reliance on external factors are chronic lymphoblastic leukemia (CLL) cells which exhibit a high rate of spontaneous apoptosis once removed from the body
 [1].
 This is also true for other types of leukemia (e.g. acute myeloid leukemia; AML) and is likely the case for solid tumor cancer cells as well. The microenvironments that comprise various tumor niches are very divergent and depend on the particular cancer
 [2
–
6]. 
The cancer cells which pose the greatest danger to the patient and tra
ditionally are the hardest to eliminate are the cancer stem cells (CSC, or LSC for leukemia stem cells; reviewed in Refs.
 [7
–
11]).
 In leukemia, the LSC reside in bone marrow (BM) as their natural niche, lymphoma
) (
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CSC are found in lymph nodes, and CSC of various solid tumors reside in niches composed of a variety of cells within the diseased organ. While mesenchymal stromal cells (MSC) are a key component of BM, these cells also are recruited to the tumor microenvironment of solid tu
mors
 [9,12
–
14].
 MSC are precursors of osteoblasts, chondrocytes, and adipocytes. Recent data from the Scadden and Kousteni laboratories suggest that dysregulation of osteoblasts in the tumor niche involving the microRNA processor Dicer or Notch/
β 
catenin signaling can result in induction of myelodysplastic syndrome (MDS) or AML
 [15
–
17]. 
These elegant studies suggest that cells in the tumor niche may do more than act as support cells but may be drivers of tumorigenesis in certain instances. Supporting cells like MSC within the microenviron-ment provide chemokines and cytokines to support the cancer cell, they shield the cancer cell from immune surveillance, they can alter the metabolic milieu to create a favorable environment, they may sup
press the differentiation potential of the cancer cell in the tumor niche to promote survival of cancer stem cells, and cells within the microenvi-ronment may even regulate re-localization of the cancer cells to new niches and this drive metastasis. A recent review by Plaks and col
leagues suggest that analysis of cancer stem cells (CSC) require inclu
sion of the components of the microenvironment as the natural tumor niche provides the proper supporting elements required for stem cell self-renewal and could in
fl
uence heterogeneity of CSC populations
 [10].
A global strategy to target the microenvironment is probably impos
sible as each different cancer will have a different microenvironment
)
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associated with that malignancy. Still, it would be useful if a ubiquitous agent could be identified that might modulate the various pro-survival properties of the cells within different tumor niches. Such a molecule could (a) positively regulate survival signaling and suppress stress pathways within the tumor cell, (b) block immune surveillance by inhibiting various immune cells, (c) modulate cell adhesion so as to regulate contact with stromal cells, promote metastasis, and skew tumor cell homing to protective niches, (d) suppress tumor cell differentiation by diverse pathways, (e) control endocytosis of critical cell surface receptors, (f) contribute to cancer membrane structure, and (g) regulate cell survival cascades essential for the tumor cells to survive changes in oxygen or metabolite content within the tumor niche. A protein that can fit in all those categories is Galectin 3 (LGALS3). In this review we will cover the biological properties of Galectin 3 that make it a true mediator of the tumor microenvironment. Based on its diverse functions to support many types of cancer, Galectin 3 may be a molecule that will be worth targeting in many different solid tumors, leukemia, and lymphoma.
2. Galectin 3 biology and cancer

2.1. Galectin 3 structure
Galectins are carbohydrate binding proteins that have a high affinity for β galactosides [18–23]. Each Galectin has at least one carbohydrate recognition domain (CRD). There are at least 14 members of the Galectin family in mammals that are each important in their own right in diverse cancers [19,23–25]. The Galectin family members are grouped structurally by the number and organization of their CRD [18–23]. The CRD among the various Galectins are varied and thus each Galectin differs in its affinity to the various glycans [24]. While 

Galectin members have high affinity for N-acetyllactosamine (LacNAc), they have differing abilities to bind other sugars. Galectin 3 binds a range of non-lactose sugars and Galectin 10 can bind mannose [24]. The glycans recognized by Galectins are on a wide range of molecules including proteins (involving either O-linked or N-linked glycosyla-tions) or glycolipids [18–23,26]. The prototype members (Galectins LGALS1, LGALS 2, LGALS 7, LGALS 10, LGALS 13, and LGALS 14) have a single CRD. The tandem repeat members (Galectins LGALS 4, LGALS 8, LGALS 9, and LGALS 12) have multiple distinct CRDs linked by a -70 amino acid (aa) linker. The lone member of the chimeric group (Galectin 3; LGALS3) has a single CRD with a unique N terminal domain (NTD). A depiction of the structural differences between the three different Galectin subgroups is shown in Fig. 1A. Galectin 3 has a NTD with a 12 aa N terminal region (NTR) that contains the serine 6 phos-phorylation site and a collagen-like sequence (CLS) of -100 aa as well as a CRD of -130 aa that contains the NWGR motif. The NWGR motif within the CRD is similar to one present in anti-apoptotic BCL2 proteins and may be important for interactions with various BCL2 family members [27–30]. The functional significance of the NWGR motif and the serine 6 phosphorylation site will be discussed later. The NTD also endows Galectin 3 the unique ability to form pentamers and allows Galectin 3 to form lattices with glycoproteins and glycolipids.
An elegant mutational study of the CRD in Galectin 3 by the Leffler group demonstrated the importance of the affinity for various carbohydrates on Galectin 3 function and biological properties using neutrophils as a model [25]. Galectin 3 has been shown to activate neutrophils during inflammatory responses [31–33]. Ten Galectin 3 mutants were created but the importance of glycan binding specificity for Galectin 3 function is perhaps best illustrated with the R186S mutant. The R186S Galectin 3 mutant was (a) able to bind lactose but lost the ability to bind LacNac, (b) unable to activate primed neutrophils as determined

[image: ]
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[image: ]Fig. 1. Structure of Galectin 3. A. Galectins are comprised of the prototype tandem, and chimeric groups. Galectin 3 is the sole member of the chimeric group. B. Galectin 3 (LGALS3) protein structure consists of a amino (N) terminal domain that has a N terminal region of 12 amino acids (aa) that contains serine 6 phosphorylation site (S) as well as a collagen-like sequence (CLS) of -100 aa. The carbohydrate recognition domain (CRD) comprises the C-terminal -130 aa and contains the NWGR motif found in BCL2 family proteins.
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by activation of NADPH-oxidase, and (c) was unable to enter vesicles [25]. Previous studies with this particular mutant determined it was unable to mediate intracellular trafficking of glyco-proteins such as gp114 [34]. Galectin 3 has been shown to direct glyco-proteins into vesicles that they may be transported to membranes by a lipid raft independent mechanism. Thus the ability of Galectin 3 to bind LacNac is critical for both extracellular and intracellular functions [25].
Galectin 3 can be cleaved by matrix metalloproteinases (MMP) in the NTD at the alanine 62/tyrosine 63 position [35]. While cleavage abrogated multimerization and hemagglutination as would be predicted, the cleaved Galectin actually displayed greater binding to glycoproteins such as laminin. A functional germline mutation in Galectin 3 at position 64 (proline to histidine; P64H) renders the protein more susceptible to MMP cleavage and women with homozygous alleles P64H Galectin 3 were more prone to develop breast cancer [36]. That the P64H mutation impacts extracellular Galectin 3 suggests that the mutation affects a function relevant to the tumor microenvironment.
2.2. Galectin 3 localization
Galectin 3 is found in the nucleus, in the cytoplasm, and within ex-tracellular spaces on cells [19,20,22,37–39]. Galectin 3 functions as an extracellular protein are well documented but it lacks a classical signal sequence that would direct the protein to ER/Golgi complex for subsequent secretion [19,39]. Possible mechanisms include membrane bleb-bing, use of autophagic vesicles, or exosomes [39]. Galectin 3 has been found in exosomes derived from dendritic cells, bladder cancer cells, and leukemia cells [40–42]. While it is unknown how Galectin 3 becomes cargo in exosomes, an unexplored possibility is that it associates with glycosphingolipids that can form exosomes independent of traditional cellular mechanisms [43,44].
The movement of Galectin 3 between the cytoplasm and nucleus has been an intense area of interest for many years as shuttling of Galectin 3 from the nucleus to the cytoplasm has been shown to be required to protect certain cells from stress challenge [37,38]. The N terminal region containing the serine 6 phosphorylation site has been implicated in nuclear transport as mutation of serine 6 prevents export of Galectin 3 to the cytoplasm [37,38]. While the CRD is critical for carbohydrate binding, this structural domain is also crucial for Galectin 3 localization. Galectin 3 has emerged as an important nuclear protein and both nuclear import sequences (nuclear localization sequence; NLS) and nuclear export sequences (NES) can be found within the CRD [37,38,45]. Monomeric Galectin 3 is imported to the nucleus by passive diffusion while multimeric Galectin 3 is moved into the nucleus via an Importin-mediated mechanism [21,38]. Galectin 3 binds only Importin α but the Importin α/β complex is required for transport [37]. Nuclear export is leptomycin sensitive; however Galectin 3 does not bind Exportin 1 directly (XPO1 aka CRM1; 37, 46). Export of Galectin 3 depends on binding to Nucleoporin 98 (Nup98) and the Nup98:XPO1 complex transports the protein to the nucleus [37,46]. Failure to transport Galectin 3 from the nucleus has been shown to impact β-catenin signaling [46–48]. While this relationship suggests an anti-apoptotic role for Galectin 3, it has other nuclear functions including regulation of spliceosome [49,50]. Galectin 3 binds to SP1 and supports gene expression of Cyclin D1 and Wnt9a by stabilizing the SP1 transcriptional complex [51–53]. Thus localization of Galectin 3 is essential to its function but physiologic outcomes will be cell type specific.
2.3. Galectin 3 and cancer
Galectins as a family have been found to have diverse roles in cancer biology (reviewed in Ref. [23]). The role of Galectin 3 in various cancers is complex as the elevated levels of the protein have been shown to be prognostic for poor survival in many cancers including leukemia, lymphomas, breast cancer, and thyroid cancer but decreased levels of Galectin 3 appear to be detrimental to patients with chronic 

lymphoblastic leukemia (CLL) or prostate cancer [23,36,54–57]. A possible explanation for this variance could involve the intra-cellular localization of Galectin 3 within the cancer cells as the molecule's function will vary depending on whether it is in the nucleus, cytoplasm, nucleus, or extracellular spaces for that matter [23]. In neuro-blastoma, increased expression of Galectin 3 is favorable for patient outcome; however, the prognostic potential appears to depend on the protein being localized to the nucleus [58]. In that study cytoplasmic localization of Galectin 3 was associated with drug resistance supporting the importance of Galectin 3 localization on prognostic impact, at least in neuroblastoma [58]. In melanoma elevated Galectin 3 is beneficial to the patient [59]. Though Galectin 3 was detected in the cytoplasm and nucleus in melanoma samples, association of nuclear Galectin 3 was more significantly associated with good clinical outcome compared to cytoplasmic Galectin 3. Elevated Galectin 3 portends poor outcome in clear cell renal cell carcinoma [60]; yet Galectin 3 was found in the nucleus in these samples indicating that it is very likely Galectin 3 contribution to survival of tumor cells will be cell type specific. Furthermore, studies have been lacking where a series of Galectins have been investigated. Punt and colleagues examined Galectin 1, Galectin 3, and Galectin 9 in cervical cancer and found that high levels of Galectin 1 expression in tumor cells was prognostic for poor outcome while elevated Galectin 3 expression was associated with reduced tumor invasion [61]. Another important aspect of the cervical cancer study was that expression of the Galectins was measured not just in the tumor cells but also the stromal cells and immune cells. Galectin 1 was highly expressed in the stromal cells which were fibroblasts [61]. Thus the composition of the tumor microenvironment will be an important factor for each tumor type. Neuroblastoma can metastasize to the bone and bone marrow and it appears that the tumor cells induce Interleukin-6 (IL-6) production in bone marrow mesen-chymal stem cells (MSC) by a Galectin 3 dependent mechanism [62]. Galectin 3 in the MSC likely supports the neuroblastoma tumor as IL-6 is a critical chemokine that supports tumor cell growth and survival. Thus it will be important to examine other possible sources and potential functions for Galectin 3 in support cells in the tumor micro-environment. MSC, tumor associated macrophages (TAMs), and other cells that make up the tumor niche secrete Galectin 3 and thus could contribute to drug resistance, angiogenesis, metastasis, immune suppression, or other functions that would benefit the tumor cell. In acute lymphoblastic leukemia (ALL) it appears that the stromal derived Galectin 3 is critical for chemoresistance [42]. Changes in glycosylation patterns on receptors or membrane lipids could impact cellular function and immune recognition and thus impact tumorigenesis and drug resistance [57,63–65]. Changes in gly-can patterns on cancer cells will impact the biological functions of Galectin 3 as well as other lectins. In cancers where Galectin 3 has been found to have some role in the malignancy, it will be important to identify changes in glycosylation of the glycoproteins and glyco-lipids that are known to associate with Galectin 3.
3. Galectin 3 and the tumor niche
So when we think of Galectin 3 role in the tumor microenvironment, do we expect that it acts within the cancer cell in response to stimuli form the supporting cells in the niche? Or does it regulate the various support cells to influence leukemia cell survival and/or mobilization? Or does it act as an external factor such as within exosomes to help cells in the microenvironment communicate with each other? Actually the answer to all three questions is “yes”. As will be discussed, Galectin 3 expression in cancer cells is influenced by tumor niche support cells such as MSC and can be influenced by metabolic changes (e.g. hypoxia) that can occur in the malignant microenvironment [42,66–70]. Interestingly, Galectin 3 levels are seen to be increased in the bone marrow of aging mice [67]. It is tempting to speculate that the increased levels
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of Galectin 3 in MSC could influence either tumorigenesis and/or chemoresistance in older cancer patients. Galectin 3 can also be secreted (though the mechanism is not clear) and the protein can have diverse effects on both cancer and support cells by (a) supporting cell:cell interactions, (b) regulating receptor activity on plasma membranes (acting as a rheostat to modulate receptor activity in some cases), (c) serving as a li-gand that can inactivate or even kill T cells, (d) serving as a ligand to support survival signaling and (e) regulating the presence of surface proteins on the plasma membrane by influencing endocytosis of these molecules [19–21,23,29,71–73]. A diagram showing some of the reported functions of Galectin 3 in a representative tumor microenvironment (i.e. AML) is displayed in Fig. 2. These diverse properties make Galectin 3 an important component of the tumor microenvironment in many types of cancers.
3.1. Induction of Galectin 3 by the tumor microenvironment
Recent reports have shown that Galectin 3 is induced in leukemia cells after contact with support cells of the tumor microenvironment including MSC [42,68–70]. Initial studies on microenvironment effect on Galectin 3 expression were conducted in chronic myeloid leukemia (CML) cells [68,70]. Yamamoto-Sugitani and colleagues examined genes that were induced either by co-culture with an immortalized MSC cell line (HS-5) or after adhesion to fibronectin (to mimic cell:cell contact) using a number of CML derived cell lines [68]. Galectin 3 gene expression was elevated in all cell lines with either condition. Galectin 3 protein levels were also found to be higher after co-culture of CML cells with MSC and consistent with a role for Galectin 3 induction in CML, levels of the protein were especially highest during chronic phase [68]. Importantly, microenvironment induced drug resistance and survival imparted to leukemia cells could be attributed, at least in part, to Galectin 3. However, the mechanism of Galectin 3 induction in the CML cells was not clear. In acute lymphoblastic leukemia (ALL) cells, it appears the induction of Galectin 3 is mediated at least in part transcriptionally by a mechanism involving the NF kappa B pathway [42]. A recent study has found that co-culture of ALL cell lines bearing 

t(1:19) translocation with glioma derived U343 cells induces Galectin 3 expression [74]. The ALL cell: U343 co-culture was set up to model central nervous system (CNS) relapse which is common in ALL patients with t(1:19). Krause and colleagues in that study have developed a model where CNS relapse in ALL is driven by the tyrosine kinase Mer which is one of the TAM (Tyro3, AXL, Mer) kinases [74]. Galectin 3 was suggested as a Mer ligand and this suggests an interesting feedback loop between Galectin 3 and Mer in a distinct microenvironment setting [74]. In AML, MSC induce NF kappa B in the leukemic cells so it is possible MSC can induce Galectin 3 in AML cells [75]. It remains to be determined if MSC induce Galectin 3 in AML cells.
Perhaps one of the most intriguing possibilities is that Galectin 3 from one cell can induce expression of Galectin 3 in another cell in a paracrine manner. There is a positive feedback loop between Galectin 3 and integrin 1 [76]. Interestingly, binding of Galectin 3 to integrin 1 results in demethylation of the lgals3 promoter and promotes transcription of the gene [76]. As the induction occurs upon extracellular binding, it would be predicted that Galectin 3 whether from the same cell or from a stromal or other cell would induce such a change (see Fig. 3). Induction of Galectin 3 has been reported in leukemia cells when co-cultured with stromal MSC cells [68–70]. It will be interesting to determine if the mechanism of induction involves integrin 1 or another integrin in these leukemia cell:MSC co-culture models. In our studies, we have observed leukemia cells can also induce Galectin 3 in MSC suggesting that the induction of Galectin 3 between cells can be mutual (Ruvolo et al., unpublished).
4. Galectin 3 intracellular functions
4.1. Galectin 3 as an anti-apoptotic molecule
Galectin 3 can function as an anti-apoptotic molecule [19,27–30, 77–83]. Galectin 3 influences many diverse signal transduction cascades and pro-survival processes that include major oncogenes such as RAS, BCL2, and MYC [19,27–30,77–92]. The tumor suppressor function of
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Fig. 2. Intracellular and extracellular effects of Galectin 3. Galectin 3 within the cancer cell or secreted by MSC exhibits diverse effects on cancer cell survival as well as impacting immune cell function. Representative examples of intracellular effects include induction of BCL2, regulation of RAS, while extracellular examples include regulation of integrin, and regulation of T cell and NK cell immune function.
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Fig. 3. Positivefeedback loops regulated by Galectin 3. Galectin 3 can activate its own gene expression via epigenetic changes modulated by integrin β1. The source of Galectin 3 can be from the same cell (autocrine) or a different cell of the same or different cell type (paracrine). Extra Galectin 3 can activate RAS/RAF to activate MEK. Galectin 3 can also “tune” the TCR via MGAT5. Galectin 3 association with TCR induces glycosylation of the receptor via MGAT5 and additional glycans recruit additional Galectin 3 molecules resulting in dampening of TCR signaling.

p53 involves, at least in part, suppression of Galectin 3 suggesting that inactivation of Galectin 3's anti-apoptotic function is important in some cancer cells [85,93–96]. WT p53 suppresses expression of Galectin 3 by transcriptional mechanisms including binding to a sequence in the second intron of the lgals3 gene [93,94]. Nutlin, a drug which activates p53 via suppression of MDM2, suppresses Galectin 3 expression in cells treated with drug [85]. Galectin 3 has been shown to regulate BCL2 and other BCL2 family members by directly binding these molecules [30,79]. In addition, suppression of Galectin 3 has been shown to reduce BCL2 protein levels in colon cancer cells though the mechanism involved is not clear [78]. We have seen that suppression of Galectin 3 in a p53 WT AML cell line (i.e. OCI-AML3) but not a p53 deletion mutant AML cell line (i.e. THP-1) results in reduced gene expression of both BCL2 and MCL-1 [82]. Whether this effect is mediated by a transcriptional mechanism or by induction of a microRNA remains to be determined. Galectin 3 as an activator of RAS/MAPK has been shown in many instances to support MCL-1 expression [77,88–92]. Galectin 3 stabilization of the MCL-1 protein is likely p53 independent and occurs via ERK mediated phosphorylation as suppression of both ERK phosphorylation and MCL-1 was observed even in AML cells with mutant deleted p53 [82].
Galectin 3 also appears to modulate BCL2 family function possibly via direct binding as it contains the NWGR motif found in the BH1 domain of BCL2 proteins [27]. Galectin 3 has been shown to support mito-chondrial integrity but the protein requires transport to the mitochondria via an annexin family member (synexin; Ref. [83]).
4.2. Galectin 3 role in regulation of signal transduction
Perhaps the best example of Galectin 3 regulation of signal transduc-tion involves RAS [86–92]. Galectin 3 binds K-RAS likely via interaction 

of the CRD with the farnesyl group on RAS [86,89]. Binding of Galectin 3 also appears to depend on K-RAS having GTP bound which is necessary for RAS recruitment of proteins to the plasma membrane [86,89]. RAS nanoclusters at the plasma membrane are necessary for RAS mediated signaling [88]. Use of constitutive active mutant has shown that RAF cannot phosphorylate MEK in the cytoplasm so RAS activation of RAF occurs within the nanocluster [88]. As Galectin 3 has been shown to be a critical component to maintain the RAS nanocluster at the plasma membrane, Galectin 3 is necessary for K-RAS signaling (89; also depicted in Fig. 3). RAS phosphorylation of RAF occurs at the plasma membrane and not in the cytoplasm so the role for Galectin 3 mediated support of RAS signaling is critical. RAS can be supported in lattices independent of Galectin 3 by proteins such as nucleophosmin (NPM) and nucleolin so there are alternative non-Galectin 3 mechanisms for supporting RAS signaling [97]. NPM is one of the most frequently mutated genes in AML (~35%) and this mutation results in the formation of a NES that allows the protein to be exported from the nucleus [98–103]. NPM mutations are actually associated with better survival outcome so while mutant NPM can drive leukemogenesis (perhaps via support of LSC) the mutation does not provide a survival advantage to the cancer cell [99, 100]. Perhaps NPM displaces Galectin 3 in RAS lattices resulting in a less efficient signaling complex or a structure that is more sensitive to effects of chemotherapeutic drugs. At this point in time such a model is only speculation. While Galectin 3 binds K-RAS, Galectin 1 binds H-RAS in a similar manner suggesting a complex regulatory mechanism by which different members of the Galectin family can modulate different signaling cascades — that is Galectin 3 is associated with activation of MEK/ERK and Galectin 1 with PI3K/AKT [86].
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4.3. Galectin 3 and gene expression and microRNA (miR) regulation
Galectin 3 nuclear functions include regulation of gene and microRNA expression, splicing, and possible transport of nuclear proteins [38,45–47,50–52,101–104]. Galectin 3 regulates gene expression via various transcription factors including SP1 [51,52] and -catenin [47,48]. Galectin 3 suppresses the let-7 microRNA family via RAS [92]. Galectin 3 activation of RAS induces MEK/ERK induced expression of Lin28b (which is a suppressor of the let-7 miR family). As the Ras gene is a let-7 target, Galectin 3 is important in a positive feedback loop where active RAS suppresses let-7 via MEK/ERK/Lin28b [92]. The role of Galectin 3 in the regulation of other miRs is not as well studied. However, Galectin 3 works with Mucin 1 (MUC1) to suppress murine miR-322 though the importance of this positive feedback loop in cancer biology is not clear [104]. The human counterpart of murine miR-322, miR-424, has been implicated in regulation of epithelial-to-mesenchymal transition (EMT) and tumor initiation in breast cancer [105]. Galectin 3 has been shown to participate in splicing processes by mechanism involving binding to Gemin4 (a protein that is part of the spliceosome assembly complex) as well as by directly binding U1 snRNP [45,101–103]. However, it has yet to be determined what role Galectin 3 mediated RNA splicing has in cancer biology.
5. Galectin 3 extracellular functions
5.1. Galectin 3 regulation of cell adhesion, plasma membrane organization, and metastasis
Galectin 3 can complex with many molecules that affect cell adhesion including integrins, cadherins, and other cell surface glycoproteins [20,22,106–118]. Galectin 3 can form complexes with integrins or other cell surface proteins (e.g. MUC-1) to initiate signaling pathways that can promote cell adhesion of tumor cells to stromal cells and to activate survival signaling cascades [20,22,116–120]. Galectin 3's unique ability to form pentamers with glycoproteins (or glycolipids) allows the protein to help organize molecules on the surface of the plasma membrane. This function is performed in concert with other proteins on the extra-cellular surface of the plasma membrane (e.g. fibronectin and integrins) as well proteins that lie on the intracellular side of the plasma membrane such as caveolin 1 (CAV1). CAV1 forms rafts that are inhibitory to growth factor signaling [114]. Galectin 3 can reverse CAV1 inhibition of these receptor kinases by inducing SRC mediated phosphorylation of CAV1 [114]. Whereas unphosphorylated CAV1 is inhibitory to signaling, tyrosine phosphorylated CAV1 acts together with Galectin 3 to induce integrin mediated activation of Focal Adhesion Kinase (FAK; see Ref. [114] for review of this process). This mechanism has been well described for mammary epithelial and breast cancer cells [113,114]. Galectin 3 binds to glycoproteins (as well as glycolipids) resulting in the formation of lattices that organize these proteins at the extracellular plasma membrane surface. The number of glycans present on a glyco-protein will influence its binding to Galectin 3 and thus will affect the composition of these lattices. Glycosyltransferases such as mannosyl (alpha-1,6-)-glycoprotein beta-1,6-N-acetyl-glucosaminyltransferase (MGAT5) are responsible for glycosylating many of the proteins that are bound by Galectin 3 [118]. Kinase receptors like TCR and CD44, integrins, and other proteins are bound by Galectin 3 and the complexity of the lattice that is formed also depends on MGAT5-mediated modifications [32,76,106,113–118]. The impact of the Galectin 3 generated lattices on the cell are many fold. They regulate extracellular matrix remodeling of tumor cells involving fibronectin [118]. The Galectin 3 lattice containing integrin 1 also create a positive feedback loop for EGF stimulation of the EGFR receptor [113,114]. In this scenario, integrin linked kinase (ILK) activates SRC to induce RhoA to phosphorylates CAV1 which prevents suppression of EGFR by CAV1 [113]. This process ultimately results in actin and fibronectin reorganization in the tumor 

cell which supports cell motility by blocking adhesion and allowing the tumor cells to metastasize. Another level of feedback regulation of cell adhesion/motility in the Galectin 3/integrin 1 axis involves regulation of gene expression of Galectin 3 by the integrin. Integrin 1 induces epigenetic changes in the Galectin 3 promoter region (i.e. demethyla-tion) that results in enhanced transcription of the Galectin (76; see Fig. 3). MUC-1 has also been implicated in regulation of Galectin 3 gene expression though microRNA was implicated in that model [104]. In the integrin induction mechanism [76] it is possible that Galectin 3 secreted from the same cell or another cell (even of a different cell type) can induce expression of Galectin 3 by autocrine or para-crine mechanisms. Galectin 3 has been implicated in regulation of major cytokines involved in inflammation including those that have been implicated in cancer such as Interleukin-6 (IL-6; Refs. [69,119–121]). Induction of IL-6 by Galectin 3 appears to involve toll-like receptor (TLR) proteins and likely involves interaction of Galectin 3 with the TLR [120]. The mechanism involves protein kinase C (PKC) as phorbol ester can bypass the Galectin 3 requirement. In a study by Chen and colleagues, introduction of recombinant murine Galectin 3 into mice at a dose that mimicked physiologic levels of the lectin found in colorectal cancer patients promoted secretion of a number of cytokines including IL-6 and granulocyte colony-stimulating factor (G-CSF) from vascular endothelium [119]. The recombinant Galectin 3 affected the vascular endothelial cells to express adhesion molecules associated with metastasis including integrin αV/b1, Vascular Cell Adhesion Molecule 1 (VCAM-1) and E-selectin [119]. Consistent with the animal model data, the Chen study found Galectin 3 levels in patients with metastatic colon cancer correlated with increased serum levels of IL-6 and G-CSF [119]. These findings demonstrate that Galectin 3 can influence stimulation of cytokines and adhesion molecules that are essential for tumor metastasis.
5.2. Galectin 3 regulation of immune surveillance
Lectins including Galectins, Selectins, and Siglecs are critical regulators of immune and inflammatory responses. The glycoprotein and gly-colipid content of immune or inflammatory cells as well as their targets will modulate response and lectins such as Galectin 3 are critical in these processes [122,123]. Galectin 3 has a broad range of effects on T cells, NK cells, macrophages, neutrophils, and other immune cells [124–133]. Galectin 3 can suppress cell function or even induce apopto-sis of T cells by binding to CD45 [124,125]. The effect of Galectin 3 on CD45 is dependent on the type of glycans present; while Galectin 3 binds N-glycans on CD45 interaction with O-glycans is required for ap-optotic induction [125]. Galectin 3 is a key player in modulating the adaptive immune response of T cells by regulating T cell receptor (TCR) activation [122,124,129–131]. The TCR is glycosylated by MGAT5 in the Golgi which promotes binding to Galectin 3 resulting in reduced activation of the receptor [124,129]. As TCR activation has been shown to induce MGAT5, a possible negative feedback loop exists where increased glycosylation of the TCR will dampen activity of subsequent TCR molecules produced [122,129]. Possible modulation of TCR activity by Galectin 3 is depicted in Fig. 3. GCS-100, a modified pectin inhibitor of Galectin 3, was found to restore T cell activity and induce interferon gamma production against a number of human solid tumor cells in vitro and the agent was effective restoring T cell immune surveillance against murine mastocytoma P815 tumor cells in an in vivo model [131]. These data illustrate the importance of Galectin 3 in T cell biology and its importance as a suppressor of T cell immune surveillance in cancer. Galectin 3 has been also found to suppress immune surveillance mediated by Natural Killer (NK) cells [134–137]. While Galectin 3 is not toxic to NK cells, it does appear to interfere with binding to regulatory molecules on the cancer cell that serve as ligands for receptors on the NK cell (see Fig. 2; Ref. [134]). There are likely many sources of Galectin 3 in the tumor microenvironment as macrophages, Mast cells, neutrophils, immature dendritic cells as well as MSC can produce
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Galectin 3 [19,20,42,62,137]. Despite that MSC are a rich source of Galectin 3, the role of MSC derived Galectin 3 is understudied. There have been some studies by the Siuod group suggesting Galectin 3 plays a key role in immune suppression in the tumor niche [130,132]. MSC do produce a plethora of immunosuppressive agents including indoleamine 2,3dioxygenase, nitric oxidase synthase 2, prostaglandin E2, transforming growth factor , and hepatocyte growth factor (reviewed in [138]). Considering the broad effects of Galectin 3 on suppression of T and NK cells, it is worth further study to determine the role of MSC derived Galectin 3 in immune suppression especially in models where MSC are a major component of the tumor microenvironment (e.g. leukemia).
5.3. Novel function of Galectin 3 in regulation ofglycoprotein endocytosis
The ability of Galectin 3 to form lattices with glycoproteins and gly-colipids has been implicated in regulating cell adhesion, metastasis, en-docytosis, and other biological processes [26,63,71,72,139,140]. Carlsson and colleagues determined that Transferrin uptake and intracellular trafficking was mediated in part by Galectin 3 [139]. While Clathrin-dependent endocytosis of transferrin was well established, this new Galectin 3 mediated mechanism was important to demonstrate that iron transport by this molecule was more complex than originally envisioned. Importantly, the glycan moiety on Transferrin (which does not affect iron binding) was found to be critical for regulation of uptake and intracellular trafficking of the protein. A hypothesis emerged that aberrant glycosylation in cancer cells could influence transport and trafficking of Transferrin and possibly other proteins [139]. Indeed, en-docytosis of another important cancer associated receptor (CD44) was found to be mediated by Galectin 3. Lakshminarayan and colleagues recently found that Galectin 3 is critical for CD44 endocytosis by a Clathrin-independent mechanism that also requires glycosphingolipids (GSL; Ref. [131]). A representative example of Galectin 3 binding with CD44 and GSL is shown in Fig. 4A. As depicted in Fig. 4B, the lattice that is formed between Galectin 3, glycosylated receptor target protein 

like CD44, and GSL allows for membrane bending and can produce the endocytotic pits described in the Lakshminarayan report [140]. The Lakshminarayan study also identified that interaction of Galectin 3 with GSL resulted in invaginations in the membrane that occurred during the endocytotic process and has been referred to as “membrane bending” [71,72,140]. “Membrane bending” requires both Galectin 3 and GSL. It will be interesting to see if other Galectins can mediate such effects and if specific GSL are involved in this process. The possible cargo of GSL-dependent endocytosis mediated by Galectin 3 is only just emerging. The mechanism may explain how GCS-100 a modified pectin that acts as a Galectin inhibitor may enter the cell. The molecule is very large so diffusion would not seem likely but the molecule could be introduced to cells via endo-cytosis. As of now, integrin 1 endocytosis was also found to be mediated by GSL and Galectin 3 and it is likely that other glycoproteins will also be transported by this mechanism [140].
6. Strategies to target Galectin 3 for cancer therapy
The recent review by Thijssen and colleagues gave an excellent account of the data on Galectin 3 and other Galectin family members as prognostic factors for various malignancies [23]. Glinsky and Raz have advocated for development of modified citrus pectins (MCP) as possible cancer therapeutic agents that would act as competitors to glycans and block Galectin 3 mediated survival function [141]. Considering that Galectin 3 is a major regulator of BCL2 function, the Raz laboratory has also advocated use of MCP for use with BH3 mimetics that are being commonly used for cancer therapy [30]. One such MCP, GCS-100, has proved effective in pre-clinical models of multiple myeloma, lymphoma, leukemia, and solid tumors [23,77,82,131,142,143]. TD139, an inhibitor targeting the glycan binding pocket of Galectin 3 has been shown to block Galectin 3 mediated endocytosis and reduce pro-inflammatory cytokines produced by dendritic cells [143–145]. Other carbohydrate complex drugs targeting Galectin 3 including GM-CT-01 are being developed for clinical use especially for fibrosis [146]. While
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Fig. 4. Glycolipid mediated endocytosis of receptors such as CD44 involves Galectin 3. A. Galectin 3 can form pentamers where each monomer can bind a separate glycoprotein, glycolipid, or inhibitor such as GCS-100. B. Galectin 3 can promote formation of endocytotic vesicles as a result of membrane bending when the Galectin binds various glycoproteins and glycolipids.
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pre-clinical testing of GM-CT-01 is in its early phase, a recent report suggest that the drug can restore cytolytic CD8+ T cell function suggesting the compound may be efficacious for cancer therapy [147]. The various successes with the various Galectin inhibitors suggest further development of these compounds for cancer therapy [23,77,82,131, 142,143].
Galectin 3 inhibitors will not be expected to be a “magic bullet” to cure cancer. As discussed earlier, there are tumors (e.g. melanoma, neu-roblastoma) where the presence of Galectin 3 in the tumor cell is favorable to patients suggesting that Galectin 3 can have pro-apoptotic effects in these cells [58,59]. Furthermore, there are likely redundant survival pathways shared by Galectin 3 with other Galectins or the possibility that alternative survival pathways are activated when one Galectin is suppressed and another may become functional. At least in pancreatic cancer cells, Galectin 1 expression occurs at the expense of Galectin 3 by a p16 mediated mechanism [148]. As Galectin 1 and Galectin 3 have been shown to differ in the particular RAS molecules they regulate, loss of Galectin 3 could turn off MEK/ERK pathways but could lead to active PI3K/AKT signaling if Galectin 1 is induced [86–88]. However, effective therapy could be achieved if inhibitory molecules can suppress both Galectin 1 and Galectin 3. At least for GM-CT-01 and GR-MD-12 there is binding of the inhibitor to Galectin-1 albeit at a lower affinity (~3 fold less) compared to Galectin 3 [149]. Thus effective strategies for cancer therapy may require use of Galectin inhibitors with broad specificity. As both GM-CT-01 and GR-MD-12 are in current clinical trials for melanoma, it will be important to learn whether either of these drugs is effective in treating the disease.
7. Summary
While our knowledge of Galectin 3 function in the tumor microenvi-ronment is growing, there are still many unanswered questions. As a secreted molecule it has diverse effects on both cancer cells and tumor support cells that can either support or impede function. Many binding partners have been identified such as CD44, TCR, EGFR, and integrins but many other glycoproteins that may bind Galectin 3 have yet to be identified. The novel mechanism of Galectin 3 mediated endocytosis of CD44 reveals a very elegant mechanism of interactions of Galectin 3 with target glycoprotein and GSL to cause “membrane bending” and subsequent endocytosis [71,72,140]. Yet, we don't know if other glyco-proteins are similarly regulated by Galectin 3. The positive feedback loop involving integrin mediated induction of Galectin 3 gene expression represents an important regulatory mechanism for the production of Galectin 3 in the tumor microenvironment [76]. It remains to be determined if other such mechanisms exist. The clinical data on prognostic potential of Galectin 3 suggests that Galectin 3 may have both positive and negative effects on cancer cell survival and subcellular localization of the protein likely influences the role of Galectin 3 in different cells. Though Galectin 3 may not support tumor survival in a particular tumor type, it may still serve a pro-tumor role in the particular cancer by acting within the tumor microenvironment to suppress immune surveillance, promote tumor cell:support cell contact, or any number of other functions. An example is neuroblastoma where Galectin 3 appears to be more important in the neuroblastoma MSC as opposed to the tumor cells [58,59]. At present we also have little information on the relationship of Galectin 3 with other Galectin family members in the tumor microenvironment. Diverse cell types can produce different Galectins [18,23,39,137] but rarely have cancer studies focused on more than one Galectin at a time. At least for immunosuppression, Galectin 3 and Galectin 1 both inhibit T cell functions and thus both would need to be inhibited if an immunotherapy response was desired [73]. GM-CT-01 and GR-MD-12, two agents that are currently in the clinic for treatment of solid tumors, are able to suppress both Galectin 3 and Galectin 1 so drugs with broad Galectin specificity are at our disposal [23,149]. The results of these trials are pending. The ability of Galectin 3 to support cancer cells in the tumor microenvironment 

suggests that we continue our investigations of the role of Galectin 3 in the tumor microenvironment.
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Galectin 3 is a member of a family of 
β
-galactoside binding proteins and has emerged as an important regulator of diverse functions critical in cancer biology including apoptosis, metastasis, immune surveillance, molecular traf
fi
cking, mRNA splicing, gene expression, and in
fl
ammation. Galectin 3's ability to support cancer cell survival by intra-cellular and extra-cellular mechanisms suggests this molecule is an important component of the tumor mi-croenvironment that potentially could be targeted for therapy. Data is emerging that Galectin 3 is elevated in many cancers including solid tumors and the cancers of the blood. Galectin 3 also appears to be a key molecule produced by tumor microenvironment support cells including mesenchymal stromal cells (MSC) to suppress im
mune surveillance by killing T cells and interfering with NK cell function and by supporting metastasis. Levels of Galectin 3 increase in the MSC of aging mice and perhaps this contributes to the development of cancer in the elderly. Galectin 3 modulates surface protein expression of a diverse set of glycoproteins including CD44 by reg
ulating endocytosis of these proteins. In addition, Galectin 3 binding to receptor kinases such as CD45 and the T cell receptor is critical in the regulation of their function. In this review I will examine the various mechanisms how Galectin 3 supports chemoresistance and metastasis in solid tumors and in leukemia and lymphoma. I will also discuss possible therapeutic strategies to target this Galectin for cancer therapy. This article is part of a Special Issue entitled: Tumor Microenvironment Regulation of Cancer Cell Survival, Metastasis, In
fl
ammation, and Immune Surveillance edited by Peter Ruvolo and Gregg L. Semenza.
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction
In this day of sequencing and single cell technology it is easy to focus on the cancer cell itself when trying to understand a particular cancer and to develop therapeutic strategies for that malignancy. Yet cancer cells are not solitary entities. They require the support of accessory cells to be able to thrive in the organism. Within the body, the cancer cells are protected and nourished within a niche that is referred to as the tumor microenvironment. An excellent example of the cancer cell's reliance on external factors are chronic lymphoblastic leukemia (CLL) cells which exhibit a high rate of spontaneous apoptosis once removed from the body
 [1].
 This is also true for other types of leukemia (e.g. acute myeloid leukemia; AML) and is likely the case for solid tumor cancer cells as well. The microenvironments that comprise various tumor niches are very divergent and depend on the particular cancer
 [2
–
6]. 
The cancer cells which pose the greatest danger to the patient and tra
ditionally are the hardest to eliminate are the cancer stem cells (CSC, or LSC for leukemia stem cells; reviewed in Refs.
 [7
–
11]).
 In leukemia, the LSC reside in bone marrow (BM) as their natural niche, lymphoma
) (
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CSC are found in lymph nodes, and CSC of various solid tumors reside in niches composed of a variety of cells within the diseased organ. While mesenchymal stromal cells (MSC) are a key component of BM, these cells also are recruited to the tumor microenvironment of solid tu
mors
 [9,12
–
14].
 MSC are precursors of osteoblasts, chondrocytes, and adipocytes. Recent data from the Scadden and Kousteni laboratories suggest that dysregulation of osteoblasts in the tumor niche involving the microRNA processor Dicer or Notch/
β 
catenin signaling can result in induction of myelodysplastic syndrome (MDS) or AML
 [15
–
17]. 
These elegant studies suggest that cells in the tumor niche may do more than act as support cells but may be drivers of tumorigenesis in certain instances. Supporting cells like MSC within the microenviron-ment provide chemokines and cytokines to support the cancer cell, they shield the cancer cell from immune surveillance, they can alter the metabolic milieu to create a favorable environment, they may sup
press the differentiation potential of the cancer cell in the tumor niche to promote survival of cancer stem cells, and cells within the microenvi-ronment may even regulate re-localization of the cancer cells to new niches and this drive metastasis. A recent review by Plaks and col
leagues suggest that analysis of cancer stem cells (CSC) require inclu
sion of the components of the microenvironment as the natural tumor niche provides the proper supporting elements required for stem cell self-renewal and could in
fl
uence heterogeneity of CSC populations
 [10].
A global strategy to target the microenvironment is probably impos
sible as each different cancer will have a different microenvironment
)
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associated with that malignancy. Still, it would be useful if a ubiquitous agent could be identified that might modulate the various pro-survival properties of the cells within different tumor niches. Such a molecule could (a) positively regulate survival signaling and suppress stress pathways within the tumor cell, (b) block immune surveillance by inhibiting various immune cells, (c) modulate cell adhesion so as to regulate contact with stromal cells, promote metastasis, and skew tumor cell homing to protective niches, (d) suppress tumor cell differentiation by diverse pathways, (e) control endocytosis of critical cell surface receptors, (f) contribute to cancer membrane structure, and (g) regulate cell survival cascades essential for the tumor cells to survive changes in oxygen or metabolite content within the tumor niche. A protein that can fit in all those categories is Galectin 3 (LGALS3). In this review we will cover the biological properties of Galectin 3 that make it a true mediator of the tumor microenvironment. Based on its diverse functions to support many types of cancer, Galectin 3 may be a molecule that will be worth targeting in many different solid tumors, leukemia, and lymphoma.
2. Galectin 3 biology and cancer

2.1. Galectin 3 structure
Galectins are carbohydrate binding proteins that have a high affinity for β galactosides [18–23]. Each Galectin has at least one carbohydrate recognition domain (CRD). There are at least 14 members of the Galectin family in mammals that are each important in their own right in diverse cancers [19,23–25]. The Galectin family members are grouped structurally by the number and organization of their CRD [18–23]. The CRD among the various Galectins are varied and thus each Galectin differs in its affinity to the various glycans [24]. While 

Galectin members have high affinity for N-acetyllactosamine (LacNAc), they have differing abilities to bind other sugars. Galectin 3 binds a range of non-lactose sugars and Galectin 10 can bind mannose [24]. The glycans recognized by Galectins are on a wide range of molecules including proteins (involving either O-linked or N-linked glycosyla-tions) or glycolipids [18–23,26]. The prototype members (Galectins LGALS1, LGALS 2, LGALS 7, LGALS 10, LGALS 13, and LGALS 14) have a single CRD. The tandem repeat members (Galectins LGALS 4, LGALS 8, LGALS 9, and LGALS 12) have multiple distinct CRDs linked by a -70 amino acid (aa) linker. The lone member of the chimeric group (Galectin 3; LGALS3) has a single CRD with a unique N terminal domain (NTD). A depiction of the structural differences between the three different Galectin subgroups is shown in Fig. 1A. Galectin 3 has a NTD with a 12 aa N terminal region (NTR) that contains the serine 6 phos-phorylation site and a collagen-like sequence (CLS) of -100 aa as well as a CRD of -130 aa that contains the NWGR motif. The NWGR motif within the CRD is similar to one present in anti-apoptotic BCL2 proteins and may be important for interactions with various BCL2 family members [27–30]. The functional significance of the NWGR motif and the serine 6 phosphorylation site will be discussed later. The NTD also endows Galectin 3 the unique ability to form pentamers and allows Galectin 3 to form lattices with glycoproteins and glycolipids.
An elegant mutational study of the CRD in Galectin 3 by the Leffler group demonstrated the importance of the affinity for various carbohydrates on Galectin 3 function and biological properties using neutrophils as a model [25]. Galectin 3 has been shown to activate neutrophils during inflammatory responses [31–33]. Ten Galectin 3 mutants were created but the importance of glycan binding specificity for Galectin 3 function is perhaps best illustrated with the R186S mutant. The R186S Galectin 3 mutant was (a) able to bind lactose but lost the ability to bind LacNac, (b) unable to activate primed neutrophils as determined
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[image: ]Fig. 1. Structure of Galectin 3. A. Galectins are comprised of the prototype tandem, and chimeric groups. Galectin 3 is the sole member of the chimeric group. B. Galectin 3 (LGALS3) protein structure consists of a amino (N) terminal domain that has a N terminal region of 12 amino acids (aa) that contains serine 6 phosphorylation site (S) as well as a collagen-like sequence (CLS) of -100 aa. The carbohydrate recognition domain (CRD) comprises the C-terminal -130 aa and contains the NWGR motif found in BCL2 family proteins.
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by activation of NADPH-oxidase, and (c) was unable to enter vesicles [25]. Previous studies with this particular mutant determined it was unable to mediate intracellular trafficking of glyco-proteins such as gp114 [34]. Galectin 3 has been shown to direct glyco-proteins into vesicles that they may be transported to membranes by a lipid raft independent mechanism. Thus the ability of Galectin 3 to bind LacNac is critical for both extracellular and intracellular functions [25].
Galectin 3 can be cleaved by matrix metalloproteinases (MMP) in the NTD at the alanine 62/tyrosine 63 position [35]. While cleavage abrogated multimerization and hemagglutination as would be predicted, the cleaved Galectin actually displayed greater binding to glycoproteins such as laminin. A functional germline mutation in Galectin 3 at position 64 (proline to histidine; P64H) renders the protein more susceptible to MMP cleavage and women with homozygous alleles P64H Galectin 3 were more prone to develop breast cancer [36]. That the P64H mutation impacts extracellular Galectin 3 suggests that the mutation affects a function relevant to the tumor microenvironment.
2.2. Galectin 3 localization
Galectin 3 is found in the nucleus, in the cytoplasm, and within ex-tracellular spaces on cells [19,20,22,37–39]. Galectin 3 functions as an extracellular protein are well documented but it lacks a classical signal sequence that would direct the protein to ER/Golgi complex for subsequent secretion [19,39]. Possible mechanisms include membrane bleb-bing, use of autophagic vesicles, or exosomes [39]. Galectin 3 has been found in exosomes derived from dendritic cells, bladder cancer cells, and leukemia cells [40–42]. While it is unknown how Galectin 3 becomes cargo in exosomes, an unexplored possibility is that it associates with glycosphingolipids that can form exosomes independent of traditional cellular mechanisms [43,44].
The movement of Galectin 3 between the cytoplasm and nucleus has been an intense area of interest for many years as shuttling of Galectin 3 from the nucleus to the cytoplasm has been shown to be required to protect certain cells from stress challenge [37,38]. The N terminal region containing the serine 6 phosphorylation site has been implicated in nuclear transport as mutation of serine 6 prevents export of Galectin 3 to the cytoplasm [37,38]. While the CRD is critical for carbohydrate binding, this structural domain is also crucial for Galectin 3 localization. Galectin 3 has emerged as an important nuclear protein and both nuclear import sequences (nuclear localization sequence; NLS) and nuclear export sequences (NES) can be found within the CRD [37,38,45]. Monomeric Galectin 3 is imported to the nucleus by passive diffusion while multimeric Galectin 3 is moved into the nucleus via an Importin-mediated mechanism [21,38]. Galectin 3 binds only Importin α but the Importin α/β complex is required for transport [37]. Nuclear export is leptomycin sensitive; however Galectin 3 does not bind Exportin 1 directly (XPO1 aka CRM1; 37, 46). Export of Galectin 3 depends on binding to Nucleoporin 98 (Nup98) and the Nup98:XPO1 complex transports the protein to the nucleus [37,46]. Failure to transport Galectin 3 from the nucleus has been shown to impact β-catenin signaling [46–48]. While this relationship suggests an anti-apoptotic role for Galectin 3, it has other nuclear functions including regulation of spliceosome [49,50]. Galectin 3 binds to SP1 and supports gene expression of Cyclin D1 and Wnt9a by stabilizing the SP1 transcriptional complex [51–53]. Thus localization of Galectin 3 is essential to its function but physiologic outcomes will be cell type specific.
2.3. Galectin 3 and cancer
Galectins as a family have been found to have diverse roles in cancer biology (reviewed in Ref. [23]). The role of Galectin 3 in various cancers is complex as the elevated levels of the protein have been shown to be prognostic for poor survival in many cancers including leukemia, lymphomas, breast cancer, and thyroid cancer but decreased levels of Galectin 3 appear to be detrimental to patients with chronic 

lymphoblastic leukemia (CLL) or prostate cancer [23,36,54–57]. A possible explanation for this variance could involve the intra-cellular localization of Galectin 3 within the cancer cells as the molecule's function will vary depending on whether it is in the nucleus, cytoplasm, nucleus, or extracellular spaces for that matter [23]. In neuro-blastoma, increased expression of Galectin 3 is favorable for patient outcome; however, the prognostic potential appears to depend on the protein being localized to the nucleus [58]. In that study cytoplasmic localization of Galectin 3 was associated with drug resistance supporting the importance of Galectin 3 localization on prognostic impact, at least in neuroblastoma [58]. In melanoma elevated Galectin 3 is beneficial to the patient [59]. Though Galectin 3 was detected in the cytoplasm and nucleus in melanoma samples, association of nuclear Galectin 3 was more significantly associated with good clinical outcome compared to cytoplasmic Galectin 3. Elevated Galectin 3 portends poor outcome in clear cell renal cell carcinoma [60]; yet Galectin 3 was found in the nucleus in these samples indicating that it is very likely Galectin 3 contribution to survival of tumor cells will be cell type specific. Furthermore, studies have been lacking where a series of Galectins have been investigated. Punt and colleagues examined Galectin 1, Galectin 3, and Galectin 9 in cervical cancer and found that high levels of Galectin 1 expression in tumor cells was prognostic for poor outcome while elevated Galectin 3 expression was associated with reduced tumor invasion [61]. Another important aspect of the cervical cancer study was that expression of the Galectins was measured not just in the tumor cells but also the stromal cells and immune cells. Galectin 1 was highly expressed in the stromal cells which were fibroblasts [61]. Thus the composition of the tumor microenvironment will be an important factor for each tumor type. Neuroblastoma can metastasize to the bone and bone marrow and it appears that the tumor cells induce Interleukin-6 (IL-6) production in bone marrow mesen-chymal stem cells (MSC) by a Galectin 3 dependent mechanism [62]. Galectin 3 in the MSC likely supports the neuroblastoma tumor as IL-6 is a critical chemokine that supports tumor cell growth and survival. Thus it will be important to examine other possible sources and potential functions for Galectin 3 in support cells in the tumor micro-environment. MSC, tumor associated macrophages (TAMs), and other cells that make up the tumor niche secrete Galectin 3 and thus could contribute to drug resistance, angiogenesis, metastasis, immune suppression, or other functions that would benefit the tumor cell. In acute lymphoblastic leukemia (ALL) it appears that the stromal derived Galectin 3 is critical for chemoresistance [42]. Changes in glycosylation patterns on receptors or membrane lipids could impact cellular function and immune recognition and thus impact tumorigenesis and drug resistance [57,63–65]. Changes in gly-can patterns on cancer cells will impact the biological functions of Galectin 3 as well as other lectins. In cancers where Galectin 3 has been found to have some role in the malignancy, it will be important to identify changes in glycosylation of the glycoproteins and glyco-lipids that are known to associate with Galectin 3.
3. Galectin 3 and the tumor niche
So when we think of Galectin 3 role in the tumor microenvironment, do we expect that it acts within the cancer cell in response to stimuli form the supporting cells in the niche? Or does it regulate the various support cells to influence leukemia cell survival and/or mobilization? Or does it act as an external factor such as within exosomes to help cells in the microenvironment communicate with each other? Actually the answer to all three questions is “yes”. As will be discussed, Galectin 3 expression in cancer cells is influenced by tumor niche support cells such as MSC and can be influenced by metabolic changes (e.g. hypoxia) that can occur in the malignant microenvironment [42,66–70]. Interestingly, Galectin 3 levels are seen to be increased in the bone marrow of aging mice [67]. It is tempting to speculate that the increased levels
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of Galectin 3 in MSC could influence either tumorigenesis and/or chemoresistance in older cancer patients. Galectin 3 can also be secreted (though the mechanism is not clear) and the protein can have diverse effects on both cancer and support cells by (a) supporting cell:cell interactions, (b) regulating receptor activity on plasma membranes (acting as a rheostat to modulate receptor activity in some cases), (c) serving as a li-gand that can inactivate or even kill T cells, (d) serving as a ligand to support survival signaling and (e) regulating the presence of surface proteins on the plasma membrane by influencing endocytosis of these molecules [19–21,23,29,71–73]. A diagram showing some of the reported functions of Galectin 3 in a representative tumor microenvironment (i.e. AML) is displayed in Fig. 2. These diverse properties make Galectin 3 an important component of the tumor microenvironment in many types of cancers.
3.1. Induction of Galectin 3 by the tumor microenvironment
Recent reports have shown that Galectin 3 is induced in leukemia cells after contact with support cells of the tumor microenvironment including MSC [42,68–70]. Initial studies on microenvironment effect on Galectin 3 expression were conducted in chronic myeloid leukemia (CML) cells [68,70]. Yamamoto-Sugitani and colleagues examined genes that were induced either by co-culture with an immortalized MSC cell line (HS-5) or after adhesion to fibronectin (to mimic cell:cell contact) using a number of CML derived cell lines [68]. Galectin 3 gene expression was elevated in all cell lines with either condition. Galectin 3 protein levels were also found to be higher after co-culture of CML cells with MSC and consistent with a role for Galectin 3 induction in CML, levels of the protein were especially highest during chronic phase [68]. Importantly, microenvironment induced drug resistance and survival imparted to leukemia cells could be attributed, at least in part, to Galectin 3. However, the mechanism of Galectin 3 induction in the CML cells was not clear. In acute lymphoblastic leukemia (ALL) cells, it appears the induction of Galectin 3 is mediated at least in part transcriptionally by a mechanism involving the NF kappa B pathway [42]. A recent study has found that co-culture of ALL cell lines bearing 

t(1:19) translocation with glioma derived U343 cells induces Galectin 3 expression [74]. The ALL cell: U343 co-culture was set up to model central nervous system (CNS) relapse which is common in ALL patients with t(1:19). Krause and colleagues in that study have developed a model where CNS relapse in ALL is driven by the tyrosine kinase Mer which is one of the TAM (Tyro3, AXL, Mer) kinases [74]. Galectin 3 was suggested as a Mer ligand and this suggests an interesting feedback loop between Galectin 3 and Mer in a distinct microenvironment setting [74]. In AML, MSC induce NF kappa B in the leukemic cells so it is possible MSC can induce Galectin 3 in AML cells [75]. It remains to be determined if MSC induce Galectin 3 in AML cells.
Perhaps one of the most intriguing possibilities is that Galectin 3 from one cell can induce expression of Galectin 3 in another cell in a paracrine manner. There is a positive feedback loop between Galectin 3 and integrin 1 [76]. Interestingly, binding of Galectin 3 to integrin 1 results in demethylation of the lgals3 promoter and promotes transcription of the gene [76]. As the induction occurs upon extracellular binding, it would be predicted that Galectin 3 whether from the same cell or from a stromal or other cell would induce such a change (see Fig. 3). Induction of Galectin 3 has been reported in leukemia cells when co-cultured with stromal MSC cells [68–70]. It will be interesting to determine if the mechanism of induction involves integrin 1 or another integrin in these leukemia cell:MSC co-culture models. In our studies, we have observed leukemia cells can also induce Galectin 3 in MSC suggesting that the induction of Galectin 3 between cells can be mutual (Ruvolo et al., unpublished).
4. Galectin 3 intracellular functions
4.1. Galectin 3 as an anti-apoptotic molecule
Galectin 3 can function as an anti-apoptotic molecule [19,27–30, 77–83]. Galectin 3 influences many diverse signal transduction cascades and pro-survival processes that include major oncogenes such as RAS, BCL2, and MYC [19,27–30,77–92]. The tumor suppressor function of

[image: ]
Fig. 2. Intracellular and extracellular effects of Galectin 3. Galectin 3 within the cancer cell or secreted by MSC exhibits diverse effects on cancer cell survival as well as impacting immune cell function. Representative examples of intracellular effects include induction of BCL2, regulation of RAS, while extracellular examples include regulation of integrin, and regulation of T cell and NK cell immune function.
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Fig. 3. Positivefeedback loops regulated by Galectin 3. Galectin 3 can activate its own gene expression via epigenetic changes modulated by integrin β1. The source of Galectin 3 can be from the same cell (autocrine) or a different cell of the same or different cell type (paracrine). Extra Galectin 3 can activate RAS/RAF to activate MEK. Galectin 3 can also “tune” the TCR via MGAT5. Galectin 3 association with TCR induces glycosylation of the receptor via MGAT5 and additional glycans recruit additional Galectin 3 molecules resulting in dampening of TCR signaling.

p53 involves, at least in part, suppression of Galectin 3 suggesting that inactivation of Galectin 3's anti-apoptotic function is important in some cancer cells [85,93–96]. WT p53 suppresses expression of Galectin 3 by transcriptional mechanisms including binding to a sequence in the second intron of the lgals3 gene [93,94]. Nutlin, a drug which activates p53 via suppression of MDM2, suppresses Galectin 3 expression in cells treated with drug [85]. Galectin 3 has been shown to regulate BCL2 and other BCL2 family members by directly binding these molecules [30,79]. In addition, suppression of Galectin 3 has been shown to reduce BCL2 protein levels in colon cancer cells though the mechanism involved is not clear [78]. We have seen that suppression of Galectin 3 in a p53 WT AML cell line (i.e. OCI-AML3) but not a p53 deletion mutant AML cell line (i.e. THP-1) results in reduced gene expression of both BCL2 and MCL-1 [82]. Whether this effect is mediated by a transcriptional mechanism or by induction of a microRNA remains to be determined. Galectin 3 as an activator of RAS/MAPK has been shown in many instances to support MCL-1 expression [77,88–92]. Galectin 3 stabilization of the MCL-1 protein is likely p53 independent and occurs via ERK mediated phosphorylation as suppression of both ERK phosphorylation and MCL-1 was observed even in AML cells with mutant deleted p53 [82].
Galectin 3 also appears to modulate BCL2 family function possibly via direct binding as it contains the NWGR motif found in the BH1 domain of BCL2 proteins [27]. Galectin 3 has been shown to support mito-chondrial integrity but the protein requires transport to the mitochondria via an annexin family member (synexin; Ref. [83]).
4.2. Galectin 3 role in regulation of signal transduction
Perhaps the best example of Galectin 3 regulation of signal transduc-tion involves RAS [86–92]. Galectin 3 binds K-RAS likely via interaction 

of the CRD with the farnesyl group on RAS [86,89]. Binding of Galectin 3 also appears to depend on K-RAS having GTP bound which is necessary for RAS recruitment of proteins to the plasma membrane [86,89]. RAS nanoclusters at the plasma membrane are necessary for RAS mediated signaling [88]. Use of constitutive active mutant has shown that RAF cannot phosphorylate MEK in the cytoplasm so RAS activation of RAF occurs within the nanocluster [88]. As Galectin 3 has been shown to be a critical component to maintain the RAS nanocluster at the plasma membrane, Galectin 3 is necessary for K-RAS signaling (89; also depicted in Fig. 3). RAS phosphorylation of RAF occurs at the plasma membrane and not in the cytoplasm so the role for Galectin 3 mediated support of RAS signaling is critical. RAS can be supported in lattices independent of Galectin 3 by proteins such as nucleophosmin (NPM) and nucleolin so there are alternative non-Galectin 3 mechanisms for supporting RAS signaling [97]. NPM is one of the most frequently mutated genes in AML (~35%) and this mutation results in the formation of a NES that allows the protein to be exported from the nucleus [98–103]. NPM mutations are actually associated with better survival outcome so while mutant NPM can drive leukemogenesis (perhaps via support of LSC) the mutation does not provide a survival advantage to the cancer cell [99, 100]. Perhaps NPM displaces Galectin 3 in RAS lattices resulting in a less efficient signaling complex or a structure that is more sensitive to effects of chemotherapeutic drugs. At this point in time such a model is only speculation. While Galectin 3 binds K-RAS, Galectin 1 binds H-RAS in a similar manner suggesting a complex regulatory mechanism by which different members of the Galectin family can modulate different signaling cascades — that is Galectin 3 is associated with activation of MEK/ERK and Galectin 1 with PI3K/AKT [86].
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4.3. Galectin 3 and gene expression and microRNA (miR) regulation
Galectin 3 nuclear functions include regulation of gene and microRNA expression, splicing, and possible transport of nuclear proteins [38,45–47,50–52,101–104]. Galectin 3 regulates gene expression via various transcription factors including SP1 [51,52] and -catenin [47,48]. Galectin 3 suppresses the let-7 microRNA family via RAS [92]. Galectin 3 activation of RAS induces MEK/ERK induced expression of Lin28b (which is a suppressor of the let-7 miR family). As the Ras gene is a let-7 target, Galectin 3 is important in a positive feedback loop where active RAS suppresses let-7 via MEK/ERK/Lin28b [92]. The role of Galectin 3 in the regulation of other miRs is not as well studied. However, Galectin 3 works with Mucin 1 (MUC1) to suppress murine miR-322 though the importance of this positive feedback loop in cancer biology is not clear [104]. The human counterpart of murine miR-322, miR-424, has been implicated in regulation of epithelial-to-mesenchymal transition (EMT) and tumor initiation in breast cancer [105]. Galectin 3 has been shown to participate in splicing processes by mechanism involving binding to Gemin4 (a protein that is part of the spliceosome assembly complex) as well as by directly binding U1 snRNP [45,101–103]. However, it has yet to be determined what role Galectin 3 mediated RNA splicing has in cancer biology.
5. Galectin 3 extracellular functions
5.1. Galectin 3 regulation of cell adhesion, plasma membrane organization, and metastasis
Galectin 3 can complex with many molecules that affect cell adhesion including integrins, cadherins, and other cell surface glycoproteins [20,22,106–118]. Galectin 3 can form complexes with integrins or other cell surface proteins (e.g. MUC-1) to initiate signaling pathways that can promote cell adhesion of tumor cells to stromal cells and to activate survival signaling cascades [20,22,116–120]. Galectin 3's unique ability to form pentamers with glycoproteins (or glycolipids) allows the protein to help organize molecules on the surface of the plasma membrane. This function is performed in concert with other proteins on the extra-cellular surface of the plasma membrane (e.g. fibronectin and integrins) as well proteins that lie on the intracellular side of the plasma membrane such as caveolin 1 (CAV1). CAV1 forms rafts that are inhibitory to growth factor signaling [114]. Galectin 3 can reverse CAV1 inhibition of these receptor kinases by inducing SRC mediated phosphorylation of CAV1 [114]. Whereas unphosphorylated CAV1 is inhibitory to signaling, tyrosine phosphorylated CAV1 acts together with Galectin 3 to induce integrin mediated activation of Focal Adhesion Kinase (FAK; see Ref. [114] for review of this process). This mechanism has been well described for mammary epithelial and breast cancer cells [113,114]. Galectin 3 binds to glycoproteins (as well as glycolipids) resulting in the formation of lattices that organize these proteins at the extracellular plasma membrane surface. The number of glycans present on a glyco-protein will influence its binding to Galectin 3 and thus will affect the composition of these lattices. Glycosyltransferases such as mannosyl (alpha-1,6-)-glycoprotein beta-1,6-N-acetyl-glucosaminyltransferase (MGAT5) are responsible for glycosylating many of the proteins that are bound by Galectin 3 [118]. Kinase receptors like TCR and CD44, integrins, and other proteins are bound by Galectin 3 and the complexity of the lattice that is formed also depends on MGAT5-mediated modifications [32,76,106,113–118]. The impact of the Galectin 3 generated lattices on the cell are many fold. They regulate extracellular matrix remodeling of tumor cells involving fibronectin [118]. The Galectin 3 lattice containing integrin 1 also create a positive feedback loop for EGF stimulation of the EGFR receptor [113,114]. In this scenario, integrin linked kinase (ILK) activates SRC to induce RhoA to phosphorylates CAV1 which prevents suppression of EGFR by CAV1 [113]. This process ultimately results in actin and fibronectin reorganization in the tumor 

cell which supports cell motility by blocking adhesion and allowing the tumor cells to metastasize. Another level of feedback regulation of cell adhesion/motility in the Galectin 3/integrin 1 axis involves regulation of gene expression of Galectin 3 by the integrin. Integrin 1 induces epigenetic changes in the Galectin 3 promoter region (i.e. demethyla-tion) that results in enhanced transcription of the Galectin (76; see Fig. 3). MUC-1 has also been implicated in regulation of Galectin 3 gene expression though microRNA was implicated in that model [104]. In the integrin induction mechanism [76] it is possible that Galectin 3 secreted from the same cell or another cell (even of a different cell type) can induce expression of Galectin 3 by autocrine or para-crine mechanisms. Galectin 3 has been implicated in regulation of major cytokines involved in inflammation including those that have been implicated in cancer such as Interleukin-6 (IL-6; Refs. [69,119–121]). Induction of IL-6 by Galectin 3 appears to involve toll-like receptor (TLR) proteins and likely involves interaction of Galectin 3 with the TLR [120]. The mechanism involves protein kinase C (PKC) as phorbol ester can bypass the Galectin 3 requirement. In a study by Chen and colleagues, introduction of recombinant murine Galectin 3 into mice at a dose that mimicked physiologic levels of the lectin found in colorectal cancer patients promoted secretion of a number of cytokines including IL-6 and granulocyte colony-stimulating factor (G-CSF) from vascular endothelium [119]. The recombinant Galectin 3 affected the vascular endothelial cells to express adhesion molecules associated with metastasis including integrin αV/b1, Vascular Cell Adhesion Molecule 1 (VCAM-1) and E-selectin [119]. Consistent with the animal model data, the Chen study found Galectin 3 levels in patients with metastatic colon cancer correlated with increased serum levels of IL-6 and G-CSF [119]. These findings demonstrate that Galectin 3 can influence stimulation of cytokines and adhesion molecules that are essential for tumor metastasis.
5.2. Galectin 3 regulation of immune surveillance
Lectins including Galectins, Selectins, and Siglecs are critical regulators of immune and inflammatory responses. The glycoprotein and gly-colipid content of immune or inflammatory cells as well as their targets will modulate response and lectins such as Galectin 3 are critical in these processes [122,123]. Galectin 3 has a broad range of effects on T cells, NK cells, macrophages, neutrophils, and other immune cells [124–133]. Galectin 3 can suppress cell function or even induce apopto-sis of T cells by binding to CD45 [124,125]. The effect of Galectin 3 on CD45 is dependent on the type of glycans present; while Galectin 3 binds N-glycans on CD45 interaction with O-glycans is required for ap-optotic induction [125]. Galectin 3 is a key player in modulating the adaptive immune response of T cells by regulating T cell receptor (TCR) activation [122,124,129–131]. The TCR is glycosylated by MGAT5 in the Golgi which promotes binding to Galectin 3 resulting in reduced activation of the receptor [124,129]. As TCR activation has been shown to induce MGAT5, a possible negative feedback loop exists where increased glycosylation of the TCR will dampen activity of subsequent TCR molecules produced [122,129]. Possible modulation of TCR activity by Galectin 3 is depicted in Fig. 3. GCS-100, a modified pectin inhibitor of Galectin 3, was found to restore T cell activity and induce interferon gamma production against a number of human solid tumor cells in vitro and the agent was effective restoring T cell immune surveillance against murine mastocytoma P815 tumor cells in an in vivo model [131]. These data illustrate the importance of Galectin 3 in T cell biology and its importance as a suppressor of T cell immune surveillance in cancer. Galectin 3 has been also found to suppress immune surveillance mediated by Natural Killer (NK) cells [134–137]. While Galectin 3 is not toxic to NK cells, it does appear to interfere with binding to regulatory molecules on the cancer cell that serve as ligands for receptors on the NK cell (see Fig. 2; Ref. [134]). There are likely many sources of Galectin 3 in the tumor microenvironment as macrophages, Mast cells, neutrophils, immature dendritic cells as well as MSC can produce
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Galectin 3 [19,20,42,62,137]. Despite that MSC are a rich source of Galectin 3, the role of MSC derived Galectin 3 is understudied. There have been some studies by the Siuod group suggesting Galectin 3 plays a key role in immune suppression in the tumor niche [130,132]. MSC do produce a plethora of immunosuppressive agents including indoleamine 2,3dioxygenase, nitric oxidase synthase 2, prostaglandin E2, transforming growth factor , and hepatocyte growth factor (reviewed in [138]). Considering the broad effects of Galectin 3 on suppression of T and NK cells, it is worth further study to determine the role of MSC derived Galectin 3 in immune suppression especially in models where MSC are a major component of the tumor microenvironment (e.g. leukemia).
5.3. Novel function of Galectin 3 in regulation ofglycoprotein endocytosis
The ability of Galectin 3 to form lattices with glycoproteins and gly-colipids has been implicated in regulating cell adhesion, metastasis, en-docytosis, and other biological processes [26,63,71,72,139,140]. Carlsson and colleagues determined that Transferrin uptake and intracellular trafficking was mediated in part by Galectin 3 [139]. While Clathrin-dependent endocytosis of transferrin was well established, this new Galectin 3 mediated mechanism was important to demonstrate that iron transport by this molecule was more complex than originally envisioned. Importantly, the glycan moiety on Transferrin (which does not affect iron binding) was found to be critical for regulation of uptake and intracellular trafficking of the protein. A hypothesis emerged that aberrant glycosylation in cancer cells could influence transport and trafficking of Transferrin and possibly other proteins [139]. Indeed, en-docytosis of another important cancer associated receptor (CD44) was found to be mediated by Galectin 3. Lakshminarayan and colleagues recently found that Galectin 3 is critical for CD44 endocytosis by a Clathrin-independent mechanism that also requires glycosphingolipids (GSL; Ref. [131]). A representative example of Galectin 3 binding with CD44 and GSL is shown in Fig. 4A. As depicted in Fig. 4B, the lattice that is formed between Galectin 3, glycosylated receptor target protein 

like CD44, and GSL allows for membrane bending and can produce the endocytotic pits described in the Lakshminarayan report [140]. The Lakshminarayan study also identified that interaction of Galectin 3 with GSL resulted in invaginations in the membrane that occurred during the endocytotic process and has been referred to as “membrane bending” [71,72,140]. “Membrane bending” requires both Galectin 3 and GSL. It will be interesting to see if other Galectins can mediate such effects and if specific GSL are involved in this process. The possible cargo of GSL-dependent endocytosis mediated by Galectin 3 is only just emerging. The mechanism may explain how GCS-100 a modified pectin that acts as a Galectin inhibitor may enter the cell. The molecule is very large so diffusion would not seem likely but the molecule could be introduced to cells via endo-cytosis. As of now, integrin 1 endocytosis was also found to be mediated by GSL and Galectin 3 and it is likely that other glycoproteins will also be transported by this mechanism [140].
6. Strategies to target Galectin 3 for cancer therapy
The recent review by Thijssen and colleagues gave an excellent account of the data on Galectin 3 and other Galectin family members as prognostic factors for various malignancies [23]. Glinsky and Raz have advocated for development of modified citrus pectins (MCP) as possible cancer therapeutic agents that would act as competitors to glycans and block Galectin 3 mediated survival function [141]. Considering that Galectin 3 is a major regulator of BCL2 function, the Raz laboratory has also advocated use of MCP for use with BH3 mimetics that are being commonly used for cancer therapy [30]. One such MCP, GCS-100, has proved effective in pre-clinical models of multiple myeloma, lymphoma, leukemia, and solid tumors [23,77,82,131,142,143]. TD139, an inhibitor targeting the glycan binding pocket of Galectin 3 has been shown to block Galectin 3 mediated endocytosis and reduce pro-inflammatory cytokines produced by dendritic cells [143–145]. Other carbohydrate complex drugs targeting Galectin 3 including GM-CT-01 are being developed for clinical use especially for fibrosis [146]. While

[image: ]
Fig. 4. Glycolipid mediated endocytosis of receptors such as CD44 involves Galectin 3. A. Galectin 3 can form pentamers where each monomer can bind a separate glycoprotein, glycolipid, or inhibitor such as GCS-100. B. Galectin 3 can promote formation of endocytotic vesicles as a result of membrane bending when the Galectin binds various glycoproteins and glycolipids.
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pre-clinical testing of GM-CT-01 is in its early phase, a recent report suggest that the drug can restore cytolytic CD8+ T cell function suggesting the compound may be efficacious for cancer therapy [147]. The various successes with the various Galectin inhibitors suggest further development of these compounds for cancer therapy [23,77,82,131, 142,143].
Galectin 3 inhibitors will not be expected to be a “magic bullet” to cure cancer. As discussed earlier, there are tumors (e.g. melanoma, neu-roblastoma) where the presence of Galectin 3 in the tumor cell is favorable to patients suggesting that Galectin 3 can have pro-apoptotic effects in these cells [58,59]. Furthermore, there are likely redundant survival pathways shared by Galectin 3 with other Galectins or the possibility that alternative survival pathways are activated when one Galectin is suppressed and another may become functional. At least in pancreatic cancer cells, Galectin 1 expression occurs at the expense of Galectin 3 by a p16 mediated mechanism [148]. As Galectin 1 and Galectin 3 have been shown to differ in the particular RAS molecules they regulate, loss of Galectin 3 could turn off MEK/ERK pathways but could lead to active PI3K/AKT signaling if Galectin 1 is induced [86–88]. However, effective therapy could be achieved if inhibitory molecules can suppress both Galectin 1 and Galectin 3. At least for GM-CT-01 and GR-MD-12 there is binding of the inhibitor to Galectin-1 albeit at a lower affinity (~3 fold less) compared to Galectin 3 [149]. Thus effective strategies for cancer therapy may require use of Galectin inhibitors with broad specificity. As both GM-CT-01 and GR-MD-12 are in current clinical trials for melanoma, it will be important to learn whether either of these drugs is effective in treating the disease.
7. Summary
While our knowledge of Galectin 3 function in the tumor microenvi-ronment is growing, there are still many unanswered questions. As a secreted molecule it has diverse effects on both cancer cells and tumor support cells that can either support or impede function. Many binding partners have been identified such as CD44, TCR, EGFR, and integrins but many other glycoproteins that may bind Galectin 3 have yet to be identified. The novel mechanism of Galectin 3 mediated endocytosis of CD44 reveals a very elegant mechanism of interactions of Galectin 3 with target glycoprotein and GSL to cause “membrane bending” and subsequent endocytosis [71,72,140]. Yet, we don't know if other glyco-proteins are similarly regulated by Galectin 3. The positive feedback loop involving integrin mediated induction of Galectin 3 gene expression represents an important regulatory mechanism for the production of Galectin 3 in the tumor microenvironment [76]. It remains to be determined if other such mechanisms exist. The clinical data on prognostic potential of Galectin 3 suggests that Galectin 3 may have both positive and negative effects on cancer cell survival and subcellular localization of the protein likely influences the role of Galectin 3 in different cells. Though Galectin 3 may not support tumor survival in a particular tumor type, it may still serve a pro-tumor role in the particular cancer by acting within the tumor microenvironment to suppress immune surveillance, promote tumor cell:support cell contact, or any number of other functions. An example is neuroblastoma where Galectin 3 appears to be more important in the neuroblastoma MSC as opposed to the tumor cells [58,59]. At present we also have little information on the relationship of Galectin 3 with other Galectin family members in the tumor microenvironment. Diverse cell types can produce different Galectins [18,23,39,137] but rarely have cancer studies focused on more than one Galectin at a time. At least for immunosuppression, Galectin 3 and Galectin 1 both inhibit T cell functions and thus both would need to be inhibited if an immunotherapy response was desired [73]. GM-CT-01 and GR-MD-12, two agents that are currently in the clinic for treatment of solid tumors, are able to suppress both Galectin 3 and Galectin 1 so drugs with broad Galectin specificity are at our disposal [23,149]. The results of these trials are pending. The ability of Galectin 3 to support cancer cells in the tumor microenvironment 

suggests that we continue our investigations of the role of Galectin 3 in the tumor microenvironment.
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Abstract
Galectins have essential roles in pathological states including cancer, inflammation, angiogenesis and microbial infections. Endogenous receptors include members of the lacto- and neolacto-series glycosphingolipids present on mammalian cells and contain the tetrasaccharides lacto-
N
-tetraose (LNT) and lacto-
N
-neotetraose (LNnT) that form their core structural components and also ganglio-series glycosphingolipids. We present crystallographic structures of the carbohydrate recognition domain of human galectin-3, both wild type and a mutant (K176L) that influenced ligand affinity, in complex with LNT, LNnT and acetamido ganglioside a
-
G
M3 
(α2,3-sialyllactose). Key structural features revealed include galectin-3's demonstration of a binding mode towards gangliosides distinct from that to the lacto/neolacto-glycosphingolipids, with its capacity for recognising the core β-galactoside region being challenged when the core oligosaccharide epitope of ganglio-series glycosphingolipids 
(G
M3
)
 is embedded within particular higher-molecular-weight glycans. The lacto- and neolacto- glycosphingolipids revealed different orientations of their terminal galactose in the galectin-3-bound LNT and LNnT structures that has significant ramifications for the capacity of galectin-3 to interact with higher-order lacto/neolacto-series glycosphingolipids such as ABH blood group antigens and the HNK-1 antigen that is common on leukocytes. LNnT also presents an important model for poly-
N
-acetyllactosamine-containing glycans and provides insight into galectin-3's accommodation of extended oligosaccharides such as the poly-
N
-acetyllactosamine-modified 
N
- and 
O
-glycans that, via galectin-3 interaction, facilitate progression of lung and bladder cancers, respectively. These findings provide the first atomic detail of galectin-3's interactions with the core structures of mammalian glycosphingolipids, providing information important in understanding the capacity of galectin-3 to engage with receptors identified as facilitators of major disease.
© 2013 Elsevier Ltd. All rights reserved.
) (
Introduction
Galectins are an ancient family of eukaryotic protein, being found in all metazoans examined to date, from sponges and fungi to both invertebrates and verte
brates
 [1,2].
 By definition, galectins share similar amino acid sequence identity and have affinity for β-galactoside-containing saccharides (e.g., lactose) 
[3].
 Structurally, the galectins contain a carbohydrate recognition domain (CRD) comprising approximately 130 amino acids folded into a β-sandwich structure 
(Fig.
 1a). Based on the organisation of the CRDs, the galectins can be divided into the prototype, chimera type and tandem-repeat type
 [2].
 Prototype galectins, of which galectin-1 is a representative, have a single 
) (
CRD and can exist as monomers or homodimers, contrasting tandem-repeat galectins that have two distinct CRDs joined by a linker domain and are encoded as a single polypeptide chain. Galectin-3 is a chimera-type galectin due to the presence of an unusual non-lectin N-terminal domain attached to the CRD via a repetitive proline-, glycine- and tyrosine-rich domain
 [4].
 Functionally, the galectin family exhibits a diverse collection of activities in both intracellular and extracellular environments
 [5–9].
 Even individual galectins perform varied tasks depending on factors such as the tissues that they are expressed in, sub-cellular localisation and the type of glycoproteins that they interact with. Galectins participate in many aspects of cellular homeostasis including the modulation of
) (
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Fig. 1. (a) Overview of the galectin-3-CRD (green ribbons with transparent solvent accessible surface), showing bound lactose (stick representation) (PDB ID: 2NN8) [42]. (b) Primary structures of glycosphingolipids a-GM3, LNT and LNnT oligosaccharides showing the common reducing end lactose moiety and the non-reducing end 3′-substituents (the different glycosidic linkages in LNT and LNnT are in boldface). (c) The chemical structure of lactose showing the numbering of carbon atoms associated with each hexose ring.
cell growth, control of cell cycle progression, cellular differentiation and the induction or inhibition of apo-ptosis. In addition, some galectins are also important in cell adhesion, chemoattraction, cell migration and angiogenesis. A great deal of interest in galectins is directed towards their involvement in disease states, particularly tumour progression and cancer [10], along with inflammation [11] and microbial infections [8].
The interactions between galectins and their endogenous ligands are central to many biological processes, especially those that occur at the cell surface. 

The most diverse and abundant type of cell surface glycolipid in animals are the glycosphingolipids, being typically found in the outer leaflet of the cell membrane in a wide range of living organisms. They are involved in cell–cell recognition processes through interactions with lectins and the modulation of signal transduction by influencing cell surface receptor proteins [12,13], with human cancer cells displaying striking differences in glycosphingolipid expression and presentation [14]. Structurally, glycosphingolipids are composed of a glycan component that is glycosidically attached to the primary hydroxyl group of ceramide, which consists of sphingosine and an amide-linked fatty acid [13]. The glycan component, which is presented at the cell surface, is the main determinant for the structural and functional classifications and forms the basis of the nomenclature of glycosphingolipids. In higher vertebrates, such as mammals, glycosphingolipids are classified into four major series: ganglio-series, lacto-series, neolacto-series and globo-series glyco-sphingolipids [13].
Ganglio-series glycosphingolipids (gangliosides) contain one or more sialic acid (Sia) moieties and are commonly presented on mammalian cell surfaces, with the highest concentration in the central nervous system [15]. Acetamido GM3 (a-GM3; α2,3-sialyllactose) (Fig. 1b) is a trisaccharide consisting of a lactose (Fig. 1c) moiety with a terminal Sia in α2-3 linkage to the galactose and forms the core glycan component of the gangliosides. Gangliosides are engaged in, but not limited to, galectin-dependent cell–cell adhesion, cell growth control and signal transduction [16–18]. Significantly, GM3 is reported to co-localise with transducer molecules in B16 melanoma cells, in which it has a major presence; thus, the interactions such as those detected between galectin-8 and membrane-associated GM3 may be pertinent to the localisation of galectin-8 to lipid rafts (glycosphingolipid-enriched microdomain), as well as subsequent biological events [18,19]. The lacto-N-tetraose (LNT) and lacto-N-neotetraose (LNnT) tetrasaccharides (Fig. 1b) form the core structural components of lacto- and neolacto-series of glycosphingolipids, respectively. Lacto/ neolacto-series glycosphingolipids are the carriers or core components of many glycan antigens, such as ABH/Lewis blood group antigens and the HNK-1 antigen, and are common on haematopoietic cells such as leukocytes [13,20], with altered levels of these glycolipids found in certain cancerous tissues [21]. More recently, the lacto/neolacto-series have been reported to be involved in the functions of immune cells through regulation of lipid raft formation, where mice deficient in lacto/neolacto-series biosynthesis (B3gnt5-deficient mice) displayed increased levels of B cell activation and B cell hyperproliferation, with the galectins hypothesised to be involved in this process [20].
Current structural information about galectin–ligand interactions reveals that galectins bind to the core
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13-galactoside with the same overall configuration. Highly conserved interactions that include a stacking interaction to a conserved tryptophan residue along with hydrogen bonds engaging O4 and O6 of the galactose are exhibited [22]. Despite this highly conserved core 13-galactoside interaction, the galec-tins show greater variability in binding to larger, naturally occurring oligosaccharides [23]. It has long been hypothesised that some of the galectins (galectin-3 is particularly relevant) contain an extended carbohydrate-binding site [3,24], which could accommodate and interact with larger oligosaccha-rides, especially those extended from the O3 position of the core 13-galactoside. This is exemplified by affinity data showing that, whilst galectin-3 and galectin-9 display dramatic increases in affinity for increasingly extended poly-N-acetyllactosamine chains, the affinity to galectin-1 barely changes with increasing chain length [23]. It has been speculated that galectin-3, which has a similar affinity profile to galectin-9, would be able to bind these chains in a comparable fashion to the galectin-9 N-terminal domain, whilst galectin-1 was not anticipated to bind to internal 13-galactose epitopes based on the lack of enhanced affinity for larger poly-N-acetyllactosamine chains and due to proposed clashes within the binding site [25]. A recent study confirmed that the galectin-9 N-terminal domain binds internally to N-acetyllactosamine (LacNAc) dimers (LN2) and trimers (LN3) [25] and specifically interacts with a GlcNAc131-3Gal131-4GlcNAc epitope within the poly-N-acetyllactosamine chain, as opposed to the terminal epitopes.
Understanding the manner in which galectin-3 could bind to such poly-N-acetyllactosamine chains, which are found attached to glycolipids as well as to the N- and O-glycans of glycoproteins, is of importance as they can serve as scaffolds for the presentation of further antigenic glycan structures [26,27]. Recognition of poly-N-acetyllactosamine-modified N-and O-glycans by galectin-3 has been found to facilitate lung-specific metastasis of melanoma cells [28] and bladder tumour cell metastasis, respectively [29]. Core-2 O-glycans that are modified with poly-N-acetyllactosamine have been generally described as metastasis promoting O-glycans [30] and the up-regulation of these structures on bladder tumour cells (on the major histocompatibility complex class-I-related chain A glycoprotein) is a newly discovered mechanism of immune evasion that effectively masks the tumour cells from recognition and killing by natural killer cells, with the recognition and binding of galectin-3 at the tumour cell surface being critical in facilitating this evasion [29].
Here we report the X-ray crystal structures of wild-type (wt) human galectin-3-CRD bound to LNT and LNnT tetrasaccharides and to the a-GM3 trisaccharide. In addition, we explore the structural effects and influence on ligand binding of mutation of 

lysine 176 that is located within the carbohydrate-recognising precinct of galectin-3. Specifically, we undertook site-directed mutagenesis of K176 to a leucine given that this mutation had previously led to indication of a slightly increased affinity for LNT and LNnT and a contrasting and significantly decreased affinity towards a-GM3 (Table 2) [31]. Our crystallographic structures of the K176L galectin-3-CRD mutant in complex with LNT, LNnT and a-GM3 with comparison to wt structures permit examination of the structural features of this mutant and assessment of its influence in recognition of the core glycosphingolipid oligosaccharides. Of significance with respect to the revealed interactions between these glycosphingoli-pids is that many of the larger oligosaccharides that contain the core LNT and LNnT structures, in addition to gangliosides such as the pentasaccharide GM1 that contains the core GM3, bind to the galectins [16,17,23]. Information gained from these complex structures sheds light on the feasibility for galectin-3 to accommodate longer glycosphingolipid glycans and with or without alteration of its recognition mode of the core 13-galactoside. Further, as LNnT is very similar to the di-LacNAc (LN2) tetrasaccharides with the exception of the addition of the 2-N-acetyl group on the reducing end glucose in LN2, then consequently, the galectin-LNnT structure provides insight into galectin interactions with poly-N-acetyllactosamine oligosaccharides.
Results
X-ray diffraction data were collected to a resolution of 1.55–1.80 Å on crystals of wt and K176L mutant galectin-3-CRD that had been soaked or co-crystallised, respectively, in the presence of each oligosaccharide (Table 1). The galectin-3-CRD crystals belong to an orthorhombic crystal system with the same unit cell dimensions to those previously published [32], with one CRD per asymmetric unit in space group P212121 (see Fig. 1a for an overview of the CRD structure). No significant differences are observed between the overall galectin-3-CRD protein structures and those previously reported. In all cases, unambiguous electron density for each oligosaccha-ride was apparent within the galectin carbohydrate-binding site.
Galectin-3 in complex with the ganglio-series glycosphingolipid core (a-GM3)
In the 1.65-Å wt and 1.58-Å K176L mutant galectin-3-a-GM3 complex structures, the lactose portion of this ganglioside is unambiguously assigned by the initial difference electron density map (Fig. 2) and forms the highly conserved galectin–lactose interactions within the galectin-3 carbohydrate-binding site. Electron density was also clearly visible extending from the galactose 3′ position indicating the location of the
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Table 1. X-ray data collection and refinement statistics for wt and K176L mutant galectin-3 in complex with oligosaccharides.

	

	Gal3-LNT
	Gal3-LNnT
	Gal3-a-GM3
	Gal3K176L-LNT
	Gal3K176L-LNnT
	Gal3K176L-a-GM3

	Temperature (K)
	295
	295
	295
	100
	100
	100

	Crystal system, space
	Orthorhombic,
	Orthorhombic,
	Orthorhombic,
	Orthorhombic,
	Orthorhombic,
	Orthorhombic,

	group
	P212121
	P212121
	P212121
	P212121
	P212121
	P212121

	Unit cell parameters (Å)
a
	36.7
	36.6
	37.0
	35.7
	36.1
	35.9

	b
	58.1
	57.8
	58.3
	58.3
	57.6
	57.6

	c
	63.6
	63.5
	63.8
	63.0
	61.9
	62.6

	Resolution (Å)
	58.1–1.55
	63.5–1.70
	63.9–1.65
	42.81–1.80
	42.17–1.60
	27.50–1.58

	

	(1.63–1.55)a
	(1.79–1.70)
	(1.74–1.65)
	(1.90–1.80)
	(1.69–1.60)
	(1.61–1.58)

	Total number of observations
	111,316 (3856)
	105,964 (4161)
	109,194 (2814)
	81,254 (6693)
	122,694 (11,603)
	124,006 (5434)

	Total number of unique observations
	19,413 (2070)
	14,618 (1576)
	16,331 (1665)
	12,411 (1556)
	17,632 (2474)
	18,434 (909)

	Redundancy
	5.7 (1.9)
	7.2 (2.6)
	6.7 (1.7)
	6.5 (4.3)
	7.0 (4.7)
	6.7 (6.0)

	Completeness (%)
	95.0 (71.0)
	94.8 (72.3)
	94.6 (68.3)
	97.8 (87.8)
	99.7 (98.2)
	100 (100)

	I/σ(I)
	22.8 (5.0)
	19.8 (3.3)
	21.6 (1.4)
	6.5 (6.3)
	6.4 (3.7)
	7.7 (2.1)

	Rmerge (%)
	4.6 (12.8)
	8.9 (15.5)
	4.2 (21.3)
	6.7 (9.8)
	6.5 (20.8)
	6.8 (32.8)

	Refinement
	

	

	

	

	

	


	Resolution (Å)
	42.9–1.55
	42.8–1.70
	43.0–1.65
	42.81–1.80
	42.17–1.60
	27.51–1.58

	

	(1.59–1.55)
	(1.74–1.70)
	(1.69–1.65)
	(1.85–1.8)
	(1.64–1.60)
	(1.62–1.58)

	Total number of unique observations
	18,387 (883)
	13,836 (711)
	15,449 (607)
	11,771 (707)
	16,698 (1185)
	17,447 (1264)

	RCryst (%)
	14.7 (20.8)
	15.5 (20.2)
	17.1 (35.7)
	13.9 (15.0)
	15.4 (20.8)
	15.3 (19.7)

	Rfree (%)
	17.1 (26.8)
	17.8 (25.8)
	19.3 (40.6)
	17.8 (16.2)
	18.9 (24.0)
	19.3 (25.0)

	No. of atoms
	

	

	

	

	

	


	Protein
	1188
	1176
	1210
	1149
	1179
	1163

	Ligand
	48
	48
	43
	48
	48
	43

	Water molecules
	112
	116
	118
	207
	182
	199

	Average B-factors (Å2) Protein
	17.6
	20.2
	18.9
	10.5
	13.3
	11.2

	Ligand
	32.5
	40.4
	53.2
	22.2
	22.0
	24.6

	Water molecules
	34.4
	37.1
	35.9
	23.0
	25.0
	23.6

	RMSD
	

	

	

	

	

	


	Bond lengths (Å)
	0.008
	0.012
	0.005
	0.007
	0.008
	0.007

	Bond angles (o)
	1.43
	1.50
	1.25
	1.19
	1.37
	1.21

	Ramachandran plot statistics (%)
	

	

	

	

	

	


	Favoured
	97.4
	95.9
	98.5
	98.5
	99.3
	98.5

	Allowed
	2.6
	4.1
	1.5
	1.5
	0.7
	1.5



a Values in parentheses are for the highest-resolution shell.

non-reducing end Sia. The difference electron density is well defined for the carboxylate group and part of the pyranose ring of the Sia moiety but is poorly defined for the C7–C9 (glycerol side chain) atoms and the 5′-N-acetyl group that are positioned towards the surrounding solvent and do not make interactions with the protein. The carboxylate group of Sia is involved in key interactions with protein, making a direct hydrogen bond with side-chain nitrogen of Trp181 (Fig. 3a). The absence of the lysine side chain in the K176L mutant complex allows for a water molecule (Fig. 3a marked with an asterisk) to occupy a position adjacent the ligand carboxylate, with which it forms a hydrogen bond. In the wt complex, the negatively charged carboxylate is 4.7 Å from the oppositely charged amino group of Lys176 (its side chain being in a slightly curled conformation as in the crystal structure), placing it outside the 4-Å range generally considered 

for salt bridges in proteins [33,34] but still with the potential for longer-range electrostatic interaction.
Galectin-3 in complex with the lacto/neolacto-series glycosphingolipid core (LNT and LNnT)
The LNT- and LNnT-bound wt galectin-3 protein structures are comparable to each other, having an RMSD of 0.07 Å (Cα atoms of Gly112–Ile250) between them. The positive difference electron density maps (|Fo| − |Fc|αcalc), calculated with the ligand omitted, unambiguously define the ligand and show that the tetrasaccharides have an identical binding mode for three of their carbohydrate residues GlcNAc131-3Gal131-4Glc (Fig. 2). The LNT/LNnT reducing end lactose portion forms identical hydrogen bonding interactions to the protein as those in the lactose-bound structures [32], notably via O4 and O6
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[image: ] (
Trp181	
Trp181	
Trp181
) (
Lactose	
3’-substituents
)Fig. 2. Difference electron density (|Fo| − |Fc|Qcalc; grey mesh, contoured at 3 a) within the binding site region of structures of wt galectin-3 in complex with the a-GM3, LNT or LNnT oligosaccharides (stick representations) calculated from refinement prior to inclusion of the ligand in the model. Electron density for the terminal galactose residue is evident at when contoured at 2.0–2.5 a. Broken lines delineate the lactose and non-reducing end 3′-substituents. The protein is represented by a grey solvent-accessible surface.

of the galactose and O3 of the glucose (Fig. 3b and c). Intriguingly, the GlcNAc residue that is 131-3 linked to the lactose portion in both of the tetrasaccharides extends along the galectin-3-binding site forming direct hydrogen bonds with the protein via GlcNAc O6 to side chains of Arg144 and Asp148 (Fig. 3b and c). In addition, water-mediated interactions engage the GlcNAc carbonyl oxygen and side chains of Arg144 and Asn160, and van der Waals contacts are made between GlcNAc C6/O6 and Asp148 and His158 (Fig. 3b and c). Whilst the terminal 131-3-linked (in LNT) and 131-4-linked (in LNnT) galactose residues are relatively poorly defined in the electron density, it is possible to ascertain the general position of these terminal galactose rings via the difference electron density maps contoured at a 2.0 a level, calculated with the ligand omitted. Supportive of their modelled positions is the presence of partial electron density for the terminal galactose residues revealed in 2|Fo| − |Fc|Qcalc electron density maps contoured at 0.7 a after refinement with this carbohydrate moiety included in the model. The crystallographic structures of the galectin-3-CRD K176L mutant in complex with LNT and LNnT (Table 1) each contain one protein molecule in the asymmetric unit and are highly comparable to those of wt galectin-3-LNT/LNnT complexes with an RMSD of 0.18 Å and 0.23 Å, respectively (CQ atom of Pro113–Ile250). There is well-defined electron density for the three carbohydrate residues (GlcNAc131-3Gal131-4Glc) from the reducing end of each tetrasaccharide of LNT and LNnT, and there appears to be no significant influence 

on the binding mode to galectin-3 due to the K176L mutation.
Discussion
The a-GM3 trisaccharide exhibits an identical conformation upon binding to wt galectin-3 and to the K176L mutant, which is intriguing given that the wt protein shows a 6.5-fold greater affinity for this ligand than the mutant protein (Table 2) [31]. We propose a structure-based hypothesis for this phenomenon. The mutant protein structure, having the uncharged leucine side chain coupled with this being shorter and consequently a greater distance from the ligand carboxylate group compared to lysine (5.9 Å and 4.7 Å, respectively), effectively precludes any possible beneficial interaction with the ligand's Sia carboxylate group (Fig. 3a). Analysis of the extent of hydrogen bond presence during molecular dynamics simulations (3 × 100 ns) for both the wt and K176 mutant with a-GM3 shows that interaction is predicted to occur, though to a relatively small extent (~ 11% presence), between the lysine 176 and the carboxylate group of the ligand (Fig. 4). These findings correlate well with the wt galectin-3 showing an increased affinity for a-GM3 compared to the galectin-3 K176L mutant (Table 2) [31].
The manner in which galectin-3 binds a-GM3 is comparable to that reported for X-ray crystal structures for the N-terminal CRD domain of galectin-8 (galectin-8N)
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Fig. 3. Stereo diagrams of the carbohydrate binding region of galectin-3-CRD in complex with (a) a-GM3, (b) LNT and (c) LNnT and showing the water-mediated and direct protein–ligand interactions. The ligand (stick representation) with nitrogen (blue), oxygen (red) and carbon (yellow when in complex with the wt galectin-3-CRD; magenta when in complex with the K176L mutant galectin-3-CRD). The K176L galectin-3 structure shows almost identical conformation and protein– ligand interactions in the binding region to that of wt galectin-3. For clarity, the protein structure shown is just that of the wt (carbons, green) except for the mutated amino acid (K176L; stick representation in magenta). Water molecules (red sphere) are associated with only the wt complex structures with an exception in that of the K176L a-GM3 structure (Fig. 3a), where one water molecule is associated with the mutant structure (magenta sphere, additionally marked by an asterisk).
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Table 2. Reported binding affinities (Kd in micromolars) of wt and K176L mutant galectin-3 for selected carbohydrate ligands [31].

	

	wt
	K176L

	Lactose
	2.8
	2.5

	LacNAc
	1.8
	1.7

	LNT
	0.97
	0.39

	LNnT
	0.65
	0.32

	a-GM3
	1.7
	11



[19] and C-terminal CRD domain of galectin-9 (galectin-9C) [35]. Though the overall binding mode of a-GM3 to these tandem-repeat galectins is similar, there are marked differences in the protein–ligand interactions in the galectin-8N complex compared to those observed in the galectin-3 and galectin-9C complexes. Galectin-8N has an atypically large S3– S4 loop adjacent to the galectin carbohydrate-binding site (location as depicted for galectin-3 in Fig. 5a), which contains an arginine that is not found at this position in any other galectin. This positively charged arginine residue (Arg59) makes interactions with the negatively charged Sia carboxylate group, likely accounting for the 40-fold higher affinity that galec-tin-8N has for a-GM3 compared to that exhibited by galectin-3-CRD [23].

The galectin-3-a-GM3 complex reveals that although galectin-3 can recognise and bind to the core oligosaccharide component of the most simple ganglioside (GM3), this would not be possible when this moiety is embedded into higher-molecular-weight gangliosides where extension is from the galactose O4 position, for example, in GM2, GD2 and GT2. This is because O4 itself is involved in a critical and conserved interaction within the galectin-binding site (Fig. 3a). It is known, however, that the galectins do interact with various higher-molecular-weight gangli-osides, and in those cases, such interactions are presumed to occur instead only with terminal galectin recognition epitopes on these gangliosides. This is exemplified by the crystal structure of galectin-3 in complex with GM1 that revealed binding only to the terminal Gal-131,3-GalNAc epitope [36] and by binding affinity data showing that, whilst galectin-3 binds to GM3 and GM1 with similar affinity, binding was not detected for the structural intermediate GM2 [23]. This phenomenon is accounted for by the fact that, in GM1, the extended portion from O4 comprises the Gal-131,3-GalNAc epitope available for recognition by galectin-3, whereas in the case of GM2, the extension of O4 of one carbohydrate (GalNAc) is insufficient to offer a recognition site, and the unavailability of O4 in the core moiety (GM3) leads to binding of GM2 by galectin-3 being abolished.

[image: ]
Fig. 4. Calculated hydrogen bond presence in simulations of galectin-3-CRD in complex with a-GM3. wt galectin-3 (dark-grey bars) and K176L mutant (light-grey bars). Percentage of frames with a specific hydrogen bond within the total number of frames. Atom names from components on the 2,3-sialyllactose are distinguished with symbols: Sia (″), Gal (′) and Glc (without symbol).
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)Fig. 5. The binding modes of (a) LNT and (b) LNnT (stick representations with blue transparent solvent-accessible surface) when in complex with wt galectin-3-CRD (ribbon representation with grey transparent solvent-accessible surface). The glucose C1 anomeric position undergoes mutarotation and is predominantly 13-conformation in LNT and cx-conformation in LNnT, the anomeric state does not though influence engagement with the protein. Blue arrows extend from, and show the locations of, the free hydroxyl groups in the terminal galactose residue where further carbohydrate extensions occur in glycosphingolipids.
Structural comparison between the wt LNT/ LNnT-bound galectin-3-CRD and the equivalent K176L mutant complexes shows comparable binding modes for the tetrasaccharides, with almost identical ligand conformations and protein–ligand interactions within the binding site (Fig. 3b and c). Essentially, galectin-3 binds to the reducing end lactose moiety in the primary 13-galactoside-binding site, and in the tetrasaccharides, all of the three carbohydrate residues encompassing the lactose moiety and adjacent sugar (i.e., GlcNAc131-3-Gal131-4Glc) are directly involved in binding to the galectin-3-CRD (Fig. 3b and c). Thus, in both wt and mutant complexes, the GlcNAc of LNT and LNnT is well anchored in the galectin-3 carbohydrate-binding 

cleft, and it is clear that it is the dissimilarity of the non-reducing end Gal-GlcNAc linkage (131-3 in LNT and 131-4 in LNnT) that results in the significantly different positioning of the terminal galactose. The terminal 131-4-linked galactose of LNnT lies close to the protein surface, in contrast to the orientation of the terminal 131-3-linked galactose of LNT where it projects into the solvent (Fig. 3b and c). The close proximity of the LNnT terminal 131-4-linked galactose to the protein surface provides opportunity to form weak or transient interactions with the protein (such as potential water-mediated/direct hydrogen bonds between the galactose O6 and the main chain Gly238 and the side chain of Arg144). Overall though, it is apparent that wt galectin-3 has a relatively comparable affinity for both LNT and LNnT (Table 2). It is clear that favourable interactions between galectin-3 and these larger oligosaccha-rides do occur, which is consistent with affinity data showing that galectin-3 has a greater affinity for LNT/LNnT compared to lactose/N-acetyllactosa-mine (Table 2) [23,37,38]. Affinity for the mutant galectin-3 interaction with these two tetrasacchar-ides is just slightly increased (2.5- and 2-fold, respectively) compared to the wt (Table 2) [23,31]. These affinities correlate with the observations from structural comparison between the wt galectin-3-CRD and the K176L galectin-3-CRD mutant complex structures that does not show any major differences in ligand–protein interactions caused by this point mutation.
The demonstrated modes of binding have significance in relation to how galectin-3 would interact with higher-molecular-weight lacto- and neolacto-series glycosphingolipids that contain additional sugar residues extending from the core LNT/LNnT oligosac-charides at different positions depending on the type of terminal antigenic structure undergoing biosynthesis. Lacto-series glycosphingolipids are typically extended at the O3 position of the 131-3-linked galactose moiety, with 2′-cx-fucosylation at the O2 position of this sugar being common (e.g., in the ABH blood group antigens). The galectin-3-LNT complexes determined here reveal that the binding mode of LNT results in the O2 and O3 positions being directed away from the protein surface and that galectin-3 therefore has the capacity to recognise and bind to the core and also to higher-order oligosaccharides of lacto-series glycosphingolipids without clashes to the protein (Fig. 5a). In the galectin-3-LNnT complex, the binding conformation of the terminal 131-4 linkage causes the terminal galactose to be much closer to the protein surface compared to that in LNT, thus limiting the types of extensions that are possible in neolacto-series glycosphingolipids without causing clashes with the protein surface (Fig. 5b). Unlike in the lacto-series glycosphingolipids, a 2′-cx-fucosylation in LNnT would result in a clash with residues located on the galectin-3 S3–S4 loop given the binding mode
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observed here (Fig. 5b). The O3, however, is positioned such that extensions from it would be directed further along the binding groove, potentially allowing for the accommodation of additional antigenic structures that are found on neolacto-series glyco-sphingolipids, such as CD15 (3-fucosyl-LacNAc), sialyl-LewisX or the i antigen. Additional branching from the galactose O6 position, as observed on conversion of the i antigen to the I antigen [39] that we propose, may not be accommodated, as this position is close to a proline residue (Pro117) with which a clash may occur (Fig. 5b).
Structurally, LNnT is very similar to an N-acetyllac-tosamine dimer (LN2) (relevant also for the trimer LN3), with the only difference being the absence of the N-acetyl group at position C2 of the reducing end glucose (giving GlcNAc in LN2). Galectin-3 is expected to bind LN2 (or LN3) in an identical fashion with LNnT besides the extra N-acetyl group interactions observed in galectin-3 N-acetyllactosamine-bound structures [32]. The O3 of the non-reducing end galactose in LNnT and the O1 of the reducing end glucose are directed away from the protein surface such that no direct clashes would occur if there were additional residues extended from either end of this tetrasaccharide (as in the case for poly-N-acetyllacto-samine oligosaccharides). This anticipated ability to accommodate and bind oligosaccharides elongated from either the O3 or the O1 position is further supported by structural comparison of the galec-tin-3-LNnT with galectin-9N-LN3 (N-terminal domain of galectin-9 in complex with LN3 [25]) complexes, the latter providing representation of how longer oligo-saccharides could be accommodated, indicating that there would be no structural conflicts of LN3 binding to galectin-3 via either its terminal or its internal LacNAc unit (Fig. 6).
The structures reported here have provided critical insights into the interactions that occur between galectins and glycosphingolipids, important binding partners that facilitate processes occurring at the extracellular front line between tumour cells and host defences. Our structures of human galectin-3 bound to core glycosphingolipid oligosaccharides reveal that the open nature of the galectin-3-binding site enables modes of binding that would allow for extensions in both lacto- and neolacto-series glycosphingolipids at the chain termini glucose O1 and galactose O3 positions, but with a clear difference in interaction between these two types of glycosphingolipids in regard to extensions of the terminal galactose O2 position. In the neolacto-series (LNnT here), we propose that such extensions would result in unfavourable clashes, and as such, those ligands such as ABH blood group antigens with fucosylation at O2 would not be easily accommodated by galectin-3.
In addition, our structural comparisons of complexes of the lacto and neolacto representatives support that galectin-3 would also have the ability to bind to the 

internal sugar units of poly-N-acetyllactosamine chains, which is of relevance with respect to potential interactions with LN2 and LN3. These findings have significance for galectin-3-mediated immune evasion of tumour cells that display elevated levels of cell surface poly-N-acetyllactosamine presentation. In bladder cancer, which has increased levels of galectin-3 expression [40,41], the ability of galectin-3 to bind internally or at multiple sites on a poly-N-acetyllactosamine chain may facilitate the reported masking of the poly-N-acetyllactosamine-coated major histocompatibility complex class-I-related chain A glycoprotein from recognition by natural killer cells [30].
Significant differences are revealed between galectin-3's mode of interaction with the ganglio-series glycosphingolipids compared to that with the lacto- and neolacto-series. Galectin-3 is not anticipated to have the capacity to recognise the core oligosac-charide epitope of ganglio-series glycosphingolipids (GM3) when embedded within a branched higher-molecular-weight glycan. It is clear that the recognition mode of galectin-3 changes from binding the core β-galactoside to binding the terminal extension region of higher-order gangliosides. This contrasts the situation with the lacto- and neolacto-series where the interaction remains with the core LNT and LNnT regions in the higher-order oligosaccharides of these series and, for the first time, provides a comprehensive view of galectin-3 interactions with three of the four biologically important classes of mammalian glycosphingolipids.
Materials and Methods
LNT and LNnT and a-GM3
LNT, LNnT and α2,3-sialyllactose (a-GM3) were purchased from Dextra Laboratories, UK.
Site-directed mutagenesis
The K176L mutant of galectin-3-CRD was made by using a forward primer (5′-G AGA GTC ATT GTT TGC AAT ACA CTG CT GGA TAA TAA CTG GGG-3′) and a reverse primer (5′-CCT TCC CCA GTT ATT ATC CAG CAG TGT ATT GCA AAC AAT GAC-3′) (mutated bases are underlined), screened by the deletion of an AluI (New England Biosciences) restriction digest site and confirmed via DNA sequencing by Australian Genome Research Facility Ltd. (Brisbane, Queensland, Australia) using the T7 promoter and the T7 terminator primers.
Protein expression and purification
The wt galectin-3-CRD and K176L galectin-3-CRD proteins were expressed and purified following protocols that we previously described for wt galectin-3-CRD [42].
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Crystallisation and ligand soaking
The wt galectin-3-CRD oligosaccharide complexes were generated via soaking galectin-3-lactose-bound crystals in the presence of the aqueous soluble LNT/LNnT/a-GM3 oligosaccharides. Essentially, human galectin-3-CRD with bound lactose was crystallised using the hanging-drop vapour-diffusion method as previously described [42]. The galectin crystals were washed briefly in reservoir solution before soaking in drops containing the corresponding reservoir solution supplemented with 20 mM LNT (21-h soak), LNnT (5-h soak) or a-GM3 (14-h soak). Co-crystallisation was used to generate the K176L mutant galectin-3-CRD oligosaccharide complex structures. The crystallisation condition was the same as the wt galectin-3-CRD but with the drop containing 20 mM oligosaccharide. Crystals grew subsequent to micro-seeding with microcrystals of a crushed wt galectin-3-CRD lactose-bound crystal into a 24-h pre-equilibrated hanging drop. The crystals appeared over 

night and matured in 10 days. The crystals were then crushed and further micro-seeded into fresh, pre-equilibrated drops to remove potential residual wt galectin-3-CRD lactose-bound contamination. Crystals attained typical sizes of 0.4 mm × 0.4 mm × 0.7 mm.
X-ray data collection and structure determination
X-ray diffraction data sets of wt galectin-3-CRD oligosac-charide complexes were collected at room temperature from crystals mounted in 0.7-mm-quartz capillaries on a ProteumR (Bruker AXS, Madison, WI, USA) diffractometer with a MacScience M06XCE rotating-anode generator (wavelength, 1.54184 Å) equipped with a SMART6000 CCD detector. X-ray diffraction data were integrated using SAINT and scaled and merged using SCALA [43]. X-ray diffraction data sets of the K176L mutant galectin-3-CRD oligosaccharide complexes were collected at the Australian Synchrotron, using
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Blu-Ice software [44], at 100 K with a wavelength of 0.9537 Å, and ADSC Quantum detector. X-ray diffraction data of the K176L galectin-3-CRD mutant were integrated using iMOSFLM [45] and scaled with SCALA [43]. Structure determination was performed by rigid-body refinement with Fourier synthesis methods using a previously reported galectin-3-CRD structure (PDB ID: 1A3K) [32] as the initial model, except for the K176L mutant structures where molecular replacement with our galectin-3-CRD structure (2NMO) [42] as the initial model was performed using AMoRe [46]. Refinement was performed using REFMAC5 [47] within the CCP4 suite of crystallographic software [48]. Visualisation of electron density and model building was performed using Coot [49]. Model validation and analysis was performed using MolProbity [50] and SFCHECK [51]. Figures were created using CCP4MG [52].
Molecular dynamics
Molecular dynamics simulation of wt and K176L mutant galectin-3 in complex with sialyllactose were conducted as we previously reported [53] by using the GROMACS molecular dynamics package, version 4.5.5 (Ref. [54]) with the built-in AMBER99SB-ILDN force field [55]. Short-range interactions were truncated at 1.0 nm, whilst the long-range electrostatic interactions were calculated by the particle mesh Ewald method [56], with a cubic spline interpolated grid with 0.12 nm grid spacing. All bond lengths were constrained by the use of the Linear Constraint Solver method [57]. A 2-fs time step was used, and the neighbour list was updated every 5 steps. The ligand parameters were calculated for the General Amber Force Field [58] by using the acpype tool [59] with AM1-BCC partial charges [60]. Following steepest-descent energy minimisation of the protein–ligand complex in a rhombic dodecahedron box filled with TIP3P water, we added four and three Cl− ions to neutralise the charge for the wt and the mutant proteins, respectively. A 100-ps constant volume equilibration (NVT) was performed at 300 K, with the temperature maintained by the velocity-rescale method [61], followed by a 2-ns constant pressure equilibration (NPT), with the pressure controlled by a Parrinello–Rahman barostat [62]. After equilibration, three replicates of 100 ns production runs were carried out for each protein–ligand complex with different random starting velocities. The hydrogen bond formation analysis was performed by using the g_hbond tool (GROMACS) with a donor–acceptor distance of 0.35 nm and hydrogen donor– acceptor angle of less than or equal to 30°.
Accession codes
Protein Data Bank: Atomic coordinates and structure factors have been deposited with accession codes for wt galectin-3 with bound LNT (4LBM), LNnT (4LBN) and a-GM3 (4LBO) and K176L galectin-3-CRD mutant with bound LNT (4LBJ), LNnT (4LBK) and a-GM3 (4LBL).
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The galectin family of secreted lectins have emerged as important regulators of immune cell function; however, their role in B-cell responses is poorly understood. Here we identify IgM-BCR as a ligand for galectin-9. Furthermore, we show enhanced BCR microcluster formation and signaling in galectin-9-deficient B cells. Notably, treatment with exogenous recombinant galectin-9 nearly completely abolishes BCR signaling. We investigated the molecular mechanism for galectin-9-mediated inhibition of BCR signaling using super-resolution imaging and single-particle tracking. We show that galectin-9 merges pre-existing nanoclusters of IgM-BCR, immobilizes IgM-BCR, and relocalizes IgM-BCR together with the inhibitory molecules CD45 and CD22. In resting naive cells, we use dual-color super-resolution imaging to demonstrate that galectin-9 mediates the close association of IgM and CD22, and propose that the loss of this association provides a mechanism for enhanced activation of galectin-9-deficient B cells.
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B
cells play a critical role in the immune response and production of protective antibodies. B-cell activation is triggered by binding of antigen to the B-cell receptor (BCR), which initiates a cascade of intracellular signaling through assembly of a multiprotein complex of kinases and adaptors1. B-cell activation is accompanied by formation of numerous signaling microclusters2. Similar microstructures of antigen receptors have been described in T cells3 and thus have been proposed to represent the basic unit of lymphocyte signaling4. These observations implicate receptor clustering as a mechanism to regulate signaling events, and consequently the cellular outcome of receptor engagement. Indeed, the size and spatial patterning of signaling assemblies significantly contribute to cellular outcomes, with even small variations resulting in altered responses5–7.
Two key parameters influencing the assembly of signaling clusters and regulation of membrane receptor activation are the constitutive nanoscale clustering of membrane proteins referred to as nanoclusters or protein islands8–10, and the cell surface mobility of membrane proteins (or nanoclusters of proteins) 7,11,12. These parameters have important implications for receptor triggering and the assembly of signaling complexes as they influence the interaction between protein partners. Several mechanisms have been identified that impact on the organization and mobility of membrane proteins, including the actin cytos-keleton11–13, protein–protein interactions9,14–16, and membrane microdomains defined by lipid composition8,17.
An often overlooked mechanism controlling membrane protein organization and mobility is the interaction of these cell surface glycoproteins with the family of soluble secreted lectins, known as galectins, which bind and crosslink cell surface proteins, generating glycan-based domains18. Indeed, the galectin lattice influences glycoprotein compartmentalization and lateral mobility at the cell surface19–21. These proteins have emerged as important regulators of the immune response. For example, T cells from mice deficient in Mgat5, which encodes a glycosyl-transferase involved in generation of galectin-binding epitopes, have enhanced T-cell receptor (TCR) clustering at the immunological synapse and increased TCR signaling22. In comparison to T cells, relatively little is known about glycan–galectin interactions in B cells; however, pre-BCR clustering at the pre-B-cell-stromal cell synapse is dependent on pre-BCR/galectin-1/integrin interactions23. Interestingly, a recent study demonstrated decreased antibody titers upon immunization in mice treated with recombinant galectin-924. Galectin-9 belongs to the tandem-repeat subfamily of galectins, which contain two different carbohydrate recognition domains (CRDs) separated by a flexible linker25. In T cells, galectin-9 induces cell death of T helper type 1 (TH1) cells through binding to Tim-326, as well as suppresses generation of TH17 cells and promotes induction of Tregs27. However, the role of galectin-9 in B cells, and the molecular mechanism for decreased antibody production in galectin-9-treated mice has not been investigated.
Here we identify IgM-BCR and CD45 as ligands for galectin-9. Further, we show enhanced BCR microcluster formation and signaling in galectin-9-deficient B cells. Notably, treatment with exogenous recombinant galectin-9 (rGal9) nearly completely abolishes BCR signaling. We investigated the molecular mechanism for galectin-9-mediated inhibition of BCR signaling. We show using super-resolution imaging and single-particle tracking that galectin-9 brings together pre-formed BCR nanoclusters and reduces BCR mobility at the cell surface, and consequently attenuates BCR microcluster formation. We further interrogated the effect of galectin-9 on the organization of cell surface proteins and demonstrate that galectin-9 increases the molecular density of IgM, CD45, CD22, and CD19 within this 

galectin lattice. Using dual-color direct stochastic optical reconstruction microscopy (dSTORM), we show that galectin-9 mediates close association of IgM and CD22 in resting naive B cells and thus propose a novel role for galectin-9 in regulation of B-cell activation.
Results
Galectin-9 is bound to the surface of primary naive B cells. To investigate the underlying mechanism for decreased antibody production in galectin-9-treated mice24, we initially asked if galectin-9 is bound to the surface of B cells. Primary naive B cells were isolated from C57BL/6 (wild type; WT) and Lgals9−/− (Gal9-KO) mice, stained with a fluorescently labeled antibody specific for galectin-9 and examined by flow cytometry and confocal microscopy. We found that galectin-9 is bound to the surface of WT B cells (Fig. 1a), organized in discrete puncta (Fig. 1b). To investigate the in vivo expression of galectin-9, we immunostained inguinal lymph nodes to identify subcapsular sinus macrophages (CD169), B cells (B220), and galectin-9. We found that galectin-9 was readily detectable within the B-cell follicle (Fig. 1c).
Galectin-9 regulates BCR microclusters and signaling. To investigate the effect of galectin-9 deficiency on BCR microcluster formation we employed artificial planar lipid bilayers in which fluorescently labeled anti-BCR antibodies as surrogate antigen are tethered to mimic the in vivo environment of antigen encoun-ter28. Naive B cells from WT and Gal9-KO mice were settled on lipid bilayers containing anti-kappa, fixed after 90 s, and visualized by confocal microscopy. WT B cells spread and form multiple BCR-antigen microclusters2,29 (Fig. 2a). Gal9-KO B cells also spread and form microclusters; however, the area of cell-bilayer contact, and total intensity of antigen is increased (Fig. 2a–c). Moreover, the mean antigen intensity is also increased in Gal9-KO B cells, indicating that the amount of BCR-antigen within individual clusters is increased (Fig. 2d). Given this enhanced microcluster formation, we asked if BCR signaling was altered in Gal9-deficient B cells. Consistent with microcluster data, total tyrosine phosphorylation was increased in Gal9-KO B cells (Fig. 2e). To further investigate this enhanced signaling, we examined phosphorylation of downstream signaling molecules, including CD19, Akt, and extracellular regulated kinase (ERK1/2). Although we did not detect any increase in phospho-CD19 or phospho-Akt, we found that phosphorylation of ERK1/2 was increased in Gal9-KO B cells (Fig. 2f–h). We verified that these differences were not due to altered expression of BCR or CD19 (Supplementary Fig. 1). These data demonstrate that galectin-9 regulates BCR microcluster formation and signaling.
To determine if enhanced microcluster formation and signaling is specifically due to loss of galectin-9 at the cell surface, we titrated the amount of recombinant galectin-9 (rGal9) added to Gal9-KO B cells from 0.1 to 1 μM and then stained cells with anti-galectin-9 antibody and compared this to untreated WT cells. We found that 0.1 μM rGal9 added to Gal9-KO cells was roughly equivalent to the level of endogenous galectin-9 on WT cells (Fig. 3a). We treated Gal9-KO B cells with 0.1 µM rGal9 and then stimulated with anti-IgM and examined ERK phos-phorylation as we found this pathway was enhanced in galectin-9-deficient cells. We found that this treatment was sufficient to restore BCR signaling to that observed in WT B cells (Fig. 3b), demonstrating that the effect of deficiency of galectin-9 is indeed due to lack of galectin-9 at the cell surface. Given that galectin family members share the basic glycan ligand, N-acetyllactosa-mine, we examined an alternative galectin-deficient mouse model. In contrast to Gal9-KO B cells, we found no difference in BCR
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Fig. 1 Galectin-9 is bound to the surface of primary naive B cells. a Representative 
fl
ow cytometry plot (left) and quanti
fi
cation (right) of geometric mean ± SEM of surface staining for galectin-9 in WT (black) and Gal9-KO (blue) B cells from nine independent experiments. b Representative DIC (left) and confocal microscopy images (right) mapped to an 8-bit 
fi
re color scale (ImageJ) of primary WT (top) and Gal9-KO B cells (bottom) stained for surface galectin-9. Quanti
fi
cation of number of galectin-9 puncta is shown on the right (each dot represents 1 cell, 20 cells measured per condition) with the mean ± SEM indicated by the red bar. Scale bar 2 
μ
m. Data representative of three independent experiments. c Representative confocal microscopy images of cryosections of the inguinal lymph node of WT B cells stained for subcapsular sinus macrophages (CD169; blue), B cells (B220; magenta), and Gal9 (green). Scale bar 20 
μ
m. Data representative of three independent experiments. Statistical signi
fi
cance was assessed by Mann-Whitney, ****
p 
< 0.0001
) (
microcluster formation or downstream signaling in galectin-1-de
fi
cient B cells (Supplementary Fig. 2). These data, while not exhaustive of the galectin family, provide strong evidence for speci
fi
city of galectin-9 in regulation of these early events of B-cell activation, consistent with studies demonstrating that structural differences in the carbohydrate recognition domain (CRD) of galectin-1 and galectin-9 de
fi
ne speci
fi
c interactions with cell surface glycoproteins
30
.
We noted that ligands for galectin-9 at the cell surface were not saturated in primary naive B cells and we could add 10-fold more rGal9 to both WT and Gal9-KO B cells (Fig.
 3a).
 Thus, we asked what happens to BCR signaling if we increase the amount of galectin-9 bound to the surface. We observed a substantial reduction in total tyrosine phosphorylation, as well as phosphor-ylation of CD19, Akt, and ERK upon pre-treatment of WT cells with rGal9 (Fig.
 3c
–
f).
 These differences were not due to altered expression of BCR, CD19, or CD45 by rGal9 (Supplementary Fig. 3), nor galectin-9-induced cell death (Supplementary Fig. 4), as has been reported for thymocytes and T
 cells
26,31,32
.
Galectin-9 binds IgM-BCR and CD45
. Our data demonstrate an important role for galectin-9 in regulating BCR signaling; how
ever, the cell surface glycoproteins that bind galectin-9 in B cells have not been identi
fi
ed. To identify potential ligands we performed a pull-down assay using rGal9 followed by mass spectrometry
33
. To not compete with endogenous galectin-9, Gal9-KO primary B cells were lysed, incubated with FLAG-tagged rGal9 followed by magnetic separation using beads conjugated with anti-FLAG, and the ligands were eluted using lactose (Fig.
 4a).
 Isolated proteins were subjected to in-solution tryptic digestion and liquid chromatography tandem mass spectrometry. We identi
fi
ed several potential ligands of galectin-9 in B cells, including CD45 (
Ptprc
), IgM-BCR (
Ighm
), and the BCR-associated signaling chain CD79b (Ig
β
) (Table
 1).
 To con
fi
rm the identity of these ligands, we performed a pull-down assay 
) (
using rGal9 under stringent cell lysis conditions to disrupt protein
–
protein interactions followed by western blotting (Fig.
 4b).
 Consistent with our mass spectrometry results, we identi
fi
ed CD45 and IgM-BCR as potential ligands of galectin-9. To verify that these were indeed direct ligands of galectin-9, we performed far-western analysis
34
 using FLAG-tagged rGal9 as bait protein. We detected galectin-9-binding proteins corre
sponding to the size of CD45 and IgM in reference blots (Fig.
 4c) 
in primary murine B cells. Importantly, a band corresponding to the size of IgM was not detected in far-western using cell lysates from the A20 B-cell line that does not express endogenous IgM. Conversely, a band corresponding to the size of IgM was detected in lysates of A20 B cells expressing hen egg lysozyme (Hel)-speci
fi
c IgM (D1.3). Neither CD45 (B220) nor IgM bands were detected when Jurkat T cells were used. These data provide strong evidence that galectin-9 binds IgM-BCR and CD45.
Galectin-9 alters IgM-BCR nanoclusters
. Identi
fi
cation of IgM-BCR as a ligand of galectin-9, and the potential of galectins to act as cell surface scaffolding proteins
19
 led us to ask whether galectin-9 has a role in organizing IgM-BCR nanoclusters. To investigate this, we employed dSTORM
35
, which permits a lateral resolution of approximately 20 nm, and has been used to study the organization of IgM, IgD, and IgG
 BCRs
9,10,36
. 
Primary WT and Gal9-KO B cells were labeled with Alexa Fluor 647-conjugated anti-IgM Fab fragment, settled on non-BCR-stimulating anti-major histocompatibility complex (MHC) II-coated coverslips to adhere cells, then 
fi
xed and imaged by total internal re
fl
ection 
fl
uorescence microscopy (TIRFM). IgM-BCR are organized into nanoscale clusters in WT B cells
9
 
(Fig.
 5a).
 Nanoclusters of IgM-BCR were also clearly visible in dSTORM images in Gal9-KO B cells, with no obvious difference compared to WT B cells (Fig.
 5a).
 To quantify clustering tendency of IgM-BCR, we used two methods commonly used to assess distribution of proteins from super-resolution images
37
. The
) (
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Fig. 2 Galectin-9 regulates BCR microcluster formation and signaling. a Representative images of primary naive WT (top) and Gal9-KO B cells (bottom) 
fi
xed on bilayers containing anti-kappa as surrogate antigen (Ag) after 90 s of spreading and imaged by confocal microscopy. Bright
fi
eld (left) and confocal (right) visualizing antigen mapped to an 8-bit 
fi
re color scale (ImageJ). Scale bar 2 
μ
m. Quanti
fi
cation of b area of spreading, c total antigen 
fl
uorescence intensity at the cell-bilayer contact, and d mean intensity of antigen for WT (black circles) and Gal9-KO (blue diamonds) cells (each dot represents 1 cell, 200 cells measured per condition), with the mean ± SEM indicated by the red bar, ****
p 
< 0.0001, Mann-Whitney test. Data representative of at least three independent experiments. e
–
h Primary naive B cells from WT and Gal9-KO mice were settled onto anti-IgM-coated plates for the indicated time. Cells were lysed and subjected to SDS-PAGE followed by immunoblotting with e anti-phosphotyrosine and anti-ERK1/2, f anti-phospho-CD19, g anti-phospho-Akt, and h anti-phospho ERK1/2 (pERK) and anti-
β 
tubulin. Data representative of at least three independent experiments. f Quanti
fi
cation of the fold increase in pCD19, pAkt, and pERK, with the mean ± SEM indicated by bar. Data were analyzed by two-way ANOVA, followed by Sidak
’
s multiple comparisons test; *
p 
< 0.05, **
p 
< 0.01
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Hopkins index, which evaluates clustering tendency compared to a random distribution (value of 0.5), was 0.75 for IgM-BCR on both WT and Gal9-KO B cells (Fig.
 5b).
 The 
H 
function derived from Ripley
’
s 
K 
function evaluates the extent of clustering; dis
tance of the 
H 
function peak is related to cluster radius and peak height depends on density of molecules in clusters. We found no difference in the 
H 
function curve in Gal9-KO B cells compared to WT B cells. These 
fi
ndings suggest that galectin-9 does not mediate formation of IgM-BCR nanoclusters; however, galectin-9 is sparsely distributed at the cell surface of naive B cells (Fig.
 1b), 
and therefore dSTORM analysis based on randomly selected regions may underestimate an effect speci
fi
cally within the galectin-9 lattice. To focus our dSTORM analysis on the galectin-9 lattice, we treated Gal9-KO B cells with 
fl
uorescently labeled rGal9. We found that this treatment altered the organization of IgM-BCR, which appeared more clustered compared to WT and Gal9-KO cells (Fig.
 5a).
 Both the Hopkin
’
s index and the 
H 
function of Ripley
’
s 
K 
derived from regions where galectin-9 localized indicated that IgM-BCR was more highly clustered (Fig.
 5b,
 c). The radius of clusters of IgM-BCR inside the galectin-9 lattice is approximately 150
–
250 nm, compared to 50
–
100 nm 
) (
in WT and Gal9-KO B cells (Fig.
 5c).
 To further quantify the effect of galectin-9 on organization of IgM, we used Bayesian cluster analysis
38
. This method is advantageous because: (1) it accounts for non-negligible unclustered background, which can interfere with Ripley
’
s and Hopkins analysis; (2) it takes account of the uncertainty associated with each localization assigned by the Gaussian function; and (3) it reduces the bias arising from subjective user-de
fi
ned analysis parameters, such as threshold and cluster radius. Using this method, we identi
fi
ed the number of clusters per region, cluster radii, number of molecules per cluster, and percentage of localizations in clusters from 3 × 3 
μ
m regions of interest from reconstructed images. Treatment with rGal9 decreased the number of clusters (Fig.
 5d),
 whereas radius of clusters (Fig.
 5e)
 and number of molecules per cluster (Fig.
 5f)
 increased. There was no difference in percentage of localizations within clusters between WT, Gal9-KO, and Gal9-KO treated with rGal9 (Fig.
 5g).
 These 
fi
ndings suggest that galectin-9 brings pre-existing IgM-BCR nanoclusters together, increasing size of clusters and number of molecules per cluster, but without affecting percentage of molecules residing in clusters.
) (
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Fig. 3 
Treatment with exogenous galectin-9 suppresses BCR signaling. 
a 
Representative 
fl
ow cytometric histograms of WT (left) and Gal9-KO (middle) B cells either untreated or treated with various concentrations of recombinant galectin-9 (rGal9; 0.1, 0.2, 0.5, and 1 
µ
M) followed by surface staining for galectin-9 and analyzed using 
fl
ow cytometry. Overlay of endogenous galectin-9 surface expression in WT cells, and Gal9-KO cells treated with 0.1 
µ
M rGal9 (right). 
b 
Naive B cells from WT and Gal9-KO mice treated with 0.1 
µ
M rGal9 were settled onto anti-IgM-coated plates for the indicated time. Cells were lysed and subjected to SDS-PAGE followed by immunoblotting with anti-phospho ERK1/2 and anti-
j3 
tubulin (left panel). Quanti
fi
cation of the fold change in pERK over time, averaged over two independent experiments with the mean ± SEM indicated by the bar (right panel). 
c
–
f 
Naive B cells from WT mice were treated with 1 
µ
M rGal9 and settled onto anti-IgM-coated plates for the indicated time. Cells were lysed and subjected to SDS-PAGE followed by immunoblotting with 
c 
anti-phosphotyrosine and ERK1/2, 
d 
anti-phospho-CD19, 
e 
anti-phospho-Akt, and 
f 
anti-phospho ERK1/2 and anti-
j3 
tubulin. Quanti
fi
cation of the fold change in pCD19, pAkt, and pERK over time, averaged over three independent experiments, with the mean ± SEM indicated by the bar is shown in the right panel. Statistical signi
fi
cance measure by two-way ANOVA followed by Sidak
’
s multiple comparisons test; ****
p 
< 0.0001, **
p 
< 0.01, *
p 
< 0.05
) (
Galectin-9 immobilizes IgM-BCR
. The mobility of IgM-BCR is a critical factor regulating BCR signaling
9,12
. Given dSTORM analysis showed galectin-9 increased cluster size, we wondered whether altered BCR mobility may account for suppressed BCR signaling upon treatment with rGal9. To investigate the effect of galectin-9 on IgM mobility in the steady state, we labeled single particles of IgM on WT and Gal9-KO B cells with Atto-633-conjugated anti-IgM Fab fragments. Cells were settled on anti-MHC II-coated coverslips and single molecules of IgM were visualized using TIRFM. The median diffusion coef
fi
cient of IgM-BCR on Gal9-KO B cells was approximately 30% higher than that on WT B cells (0.037 
μ
m
2
/s compared to 0.027 
μ
m
2
/s; Fig.
 6a), 
consistent with a decrease in the relative frequency of slow-moving IgM-BCR in Gal9-KO B cells (Fig.
 6b).
 To examine the mobility of IgM-BCR inside the galectin-9 lattice, we treated Gal9-KO B cells with 
fl
uorescently labeled rGal9 and visualized and tracked IgM-BCR. We de
fi
ned regions of high and low galectin-9 using the 
fl
uorescence intensity of galectin-9 and then calculated diffusion coef
fi
cient in these regions (Fig.
 6c).
 The median diffusion coef
fi
cient of IgM in galectin-9-high regions was reduced twofold compared to galectin-9-low regions (0.012 
μ
m
2
/s compared to 0.028 
μ
m
2
/s) (Fig.
 6d).
 Approximately 65% of tracked IgM molecules are largely immobilized inside the mask 
) (
compared to 45% of tracked IgM molecules outside the mask (Fig.
 6e).
 This 
fi
nding provides direct evidence for galectin-9 to restrict the mobility of IgM molecules on the B-cell membrane.
We hypothesized that galectin-9-mediated immobilization of IgM-BCR would reduce BCR localization to the contact with an antigen-containing membrane. To test this, we settled WT B cells or cells pre-treated with rGal9 on planar lipid bilayers containing anti-kappa as surrogate antigen for 90 s and then 
fi
xed and visualized by confocal microscopy. We found that BCR-antigen aggregation is reduced in cells treated with rGal9 (Fig.
 6f,
 g). These 
fi
ndings suggest that galectin-9 binds IgM-BCR inducing aggregation and immobilization of IgM nanoclusters, which consequently affects the formation of signaling microclusters upon BCR stimulation.
Galectin-9 increases the density of IgM-BCR and co-receptors
. Our 
fi
nding that rGal9 induces an increase in the size of IgM-BCR clusters and immobilization of IgM are also features con
sistent with the activation of B
 cells
9,10,15,39
.
 To examine if galectin-9 mediated clustering of IgM was suf
fi
cient to induce signaling, we examined calcium 
fl
ux upon treatment of cells with rGal9 by 
fl
ow cytometry. In contrast to stimulation with anti-BCR antibodies, we did not detect any increase in intracellular
) (
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Fig. 4 Galectin-9 binds IgM-BCR and CD45. a Schematic diagram of pull-down assay using FLAG-tagged rGal9 coupled to magnetic beads. Galectin-9-interacting ligands were eluted by treatment with lactose and then identi
fi
ed by mass spectrometry. b Lactose eluted proteins from beads coated (
+
rGal9) or not (
−
rGal9) with rGal9, or in the presence of lactose (
+
lac) or not (
−
lac) were subjected to SDS-PAGE following by immunoblotting using antibodies speci
fi
c to CD45 and IgM. c Cell lysates from primary murine B cells (lane 1), A20 B cells expressing Hel-speci
fi
c IgM (D1.3; lane 2), A20 B cells (lane 3), and Jurkat T cells (lane 4) were lysed and subjected to far-western analysis using FLAG-tagged rGal9. Reference blots probed for CD45 and IgM are shown on the right. Data representative of three independent experiments
) (
calcium upon addition of rGal9 (Supplementary Fig. 5). This 
fi
nding raises the question of why treatment with rGal9, which clusters BCR, does not itself induce B-cell activation. Our data also identi
fi
ed CD45, the most abundant phosphatase on the B-cell surface, as a ligand of galectin-9 (Fig.
 4).
 CD45 is a member of the protein tyrosine phosphatase family and plays an important role in both positive and negative regulation of B-cell activation through dephosphorylation of the activating and inhibitory sites of the Src family kinase
 Lyn
40
.
 This dual regulation of BCR sig
naling by CD45 is dependent on the localization of CD45, as CD45 constitutively dephosphorylates and inactivates Lyn within glycosphingolipid-enriched domains (GEMs), and BCR ligation induces sequestration of CD45 from GEMs
41
. We predicted that galectin-9 modi
fi
es the spatial organization of IgM and CD45 to attenuate signaling. To visualize the effect of galectin-9 on orga
nization of CD45 relative to IgM-BCR, we treated primary WT B cells with 1 
μ
M rGal9 and then 
fi
xed and immunostained using anti-CD45, anti-IgM, and anti-galectin-9 antibodies, and imaged by confocal microscopy. Interestingly, rGal9 often forms a cap at one side of the cell, consistent with the ability of galectins to form a lattice-like structure through galectin
–
glycoprotein interactions (Fig.
 7a).
 We also observed that within the galectin-9 cap, the 
fl
uorescence intensity of CD45 and IgM is increased (Fig.
 7a,
 b). To quantify this observation, we developed a protocol to de
fi
ne galectin-9-high regions (Gal9
hi
g
h
) and galectin-9-low regions (Gal9
low
) (Fig.
 7c)
 and found that the mean 
fl
uorescence intensity 
) (
of both CD45 and IgM is signi
fi
cantly higher in Gal9
high
 regions compared to Gal9
low
 regions (Fig.
 7d).
Reorganization of IgM and CD45 is not due to a global change in membrane structure, as the intensity of IgD, an isotype of BCR that is expressed 10-fold higher than IgM
9
, was not increased within the galectin-9 lattice (Supplementary Fig. 6a
–
c).
One of the best characterized inhibitory co-receptors expressed on B cells is
 CD22
42
.
 The extracellular domain of CD22 is also glycosylated and contains a sialic acid-binding domain, which binds 
α
2,6-linked sialic acids and mediates homotypic interac
tions between CD22 molecules and heterotypic interactions with other glycosylated proteins, including CD45 and
 IgM
43,44
.
 Thus, we investigated if rGal9 also alters organization of CD22. We observed clusters of CD22 with higher 
fl
uorescence intensity inside the galectin-9 cap, which colocalized with IgM clusters (Fig.
 7e,
 f). Consistent with this, the mean 
fl
uorescence intensity of CD22 is increased inside Gal9
high
 regions (Fig.
 7g).
 These 
fi
ndings suggest that rGal9 increases the density of CD22, coincident with the enrichment of IgM, within the galectin-9 lattice. Again, to con
fi
rm the speci
fi
city of CD22 enrichment within the galectin-9 lattice, we examined localization of inhibitory receptor Fc
γ
RIIb, upon treatment with rGal9, and found no enrichment within Gal9
high
 regions (Supplementary Fig. 6d
–
f).
Our 
fi
ndings suggest that galectin-9 enhances the interaction between IgM and CD22 and may provide a mechanistic basis for
) (
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	Table 1 Summary table of top hits of galectin-9-binding proteins identified by MS
	

	

	


	UniprotKB ID	Gene
	Log(e)
	Log(l)
	% Measured
	% Corrected
	Unique
	Total
	Mr
	Total peptides/

	

	

	

	

	

	peptides
	peptides
	

	molecular weight

	Q8VDN2	Atp1a1
	−165.4
	5.7
	17
	31
	12
	29
	112.9
	0.256864482

	Q8C129	Lnpep
	−119.5
	5.58
	11
	23
	10
	21
	117.2
	0.179180887

	P06800	Ptprc
	−114.7
	5.72
	9.2
	17
	11
	25
	144.5
	0.173010381

	P24668	M6pr
	−75.3
	5.8
	21
	36
	5
	16
	31.2
	0.512820513

	Q03265	Atp5a1
	−70.2
	5.33
	18
	24
	7
	12
	59.7
	0.201005025

	P11835	!tgb2
	−63.2
	4.98
	6.8
	9
	4
	7
	84.8
	0.08254717

	P19437	Ms4a1
	−60.9
	5.71
	22
	60
	5
	25
	31.9
	0.78369906

	P10852	Slc3a2
	−59.2
	5.34
	13
	21
	5
	12
	62.2
	0.192926045

	Q8BG07	Pld4
	−52.3
	5.3
	16
	32
	5
	11
	56.1
	0.196078431

	P01872	!ghm
	−39.3
	5.3
	8.6
	16
	3
	9
	50
	0.18

	Q62192	Cd180
	−36.1
	5.19
	6.7
	14
	4
	9
	74.3
	0.121130552

	P51881	Slc25a5
	−32.7
	5.77
	7
	10
	3
	8
	32.9
	0.243161094

	Q61735	Cd47
	−25.6
	5.39
	7.7
	26
	2
	11
	35.3
	0.311614731

	P15530	Cd79b
	−18.8
	5.11
	7.6
	22
	2
	7
	32.1
	0.218068536

	O35424	H2-Ob
	−15.4
	5.18
	6.6
	10
	2
	6
	30.4
	0.197368421

	Relevant statistics from one replicate experiment. Top hits here identified using the following criteria: log(e) score ≤ −10; total peptides ≥ 5; unique peptides ≥ 2 in at least two independent experiments.

	Hits observed in “no bait” controls were removed. Data acquired with input of 2e7 cells and 200 mM lactose elution




the inhibitory effect of galectin-9 on B-cell activation. The intracellular domain of CD22 contains three immunoreceptor tyrosine-based inhibitory motifs that are phosphorylated upon BCR ligation43 and recruit other phosphatases such as Src homology region 2 domain-containing phosphatase-1 (SHP-1), which dephosphorylates Syk, PLCγ2, and CD19 to dampen BCR signaling45. Given our finding of reduced phosphorylation of CD19 in BCR stimulated cells pre-treated with rGal9 (Fig. 3d), we examined if CD19 is also localized within the galectin-9 lattice, and found that CD19 is indeed enriched within Gal9high regions (Fig. 7h–j). These findings suggest that galectin-9 reorganizes IgM-BCR and its co-receptor CD19 together with inhibitory co-receptors CD45 and CD22 to suppress BCR signaling.
GEMs (or lipid rafts) play an important role in initiation of BCR signaling, and the localization of proteins within these domains have important consequences for activation of signal-ing46. We found that when B cells are treated with rGal9, galectin-9 often forms a cap on one side of the cell, reminiscent of the polarization of lipid rafts upon lymphocyte activation47,48. Thus, we asked whether galectin-9 alters the distribution of lipid rafts and association of CD45 and CD22 with these domains. We treated primary B cells with rGal9 and then labeled lipid rafts with fluorescently conjugated cholera toxin β-subunit (CT-B) and immunostained for galectin-9, CD45, and CD22. Treatment with rGal9 increased the intensity of CT-B within galectin-9 regions and this region was enriched for CD45 and CD22 (Fig. 8a, b, e, f). We generated masks defining CT-B-high (lipid raft high, LRhigh) and CT-B-low (lipid raft-low regions, LRlow) regions and then examined the intensity of CD45 and CD22 within these regions (Fig. 8c). The mean intensity of both CD45 and CD22 is increased within lipid raft-rich regions upon treatment with rGal9 (Fig. 8d, g). Together with our previous findings, these data suggest that treatment with rGal9 induces coalescence of lipid raft domains containing CD45 and CD22 to suppress CD19 and BCR activation.
Galectin-9 mediates association of IgM and CD22. We used rGal9 as a tool to understand the molecular mechanism for enhanced B-cell activation in galectin-9-deficient B cells. These studies revealed that rGal9 alters the organization of CD45 and CD22 with respect to IgM-BCR (Fig. 7) and this correlates with suppressed BCR signaling (Fig. 3). To investigate if lack of galectin-9 altered association of IgM-BCR with these proteins in 

the steady state, we employed dual-color dSTORM to examine colocalization of CD45 and CD22 with IgM-BCR in WT and Gal9-KO B cells. We validated our dual-color dSTORM imaging and analysis parameters by labeling IgM with both anti-IgM coupled to Alexa 488 and Alexa 647 (Supplementary Fig. 7). We labeled primary naive B cells from WT and Gal9-KO mice with Alexa 488-labeled IgM-specific Fab fragment and Alexa 647-labeled anti-CD45 (B220) or anti-CD22 and settled them on anti-MHC II-coated coverslips. Dual-color dSTORM revealed that CD45 is localized in nanoscale clusters, which minimally overlap with IgM clusters in WT B cells, with no obvious difference compared to Gal9-KO cells (Fig. 9a). We also found no difference in the Hopkins index, H function curve, mean cluster diameter, and mean cluster area of CD45 in WT and Gal9-KO B cells (Fig. 9b–e). To examine colocalization of IgM and CD45 we performed coordinate-based colocalization (CBC) analysis49, which ranges from −1 (perfectly segregated) to +1 (perfectly colocalized). CBC analysis of WT cells revealed a distribution histogram with two peaks, one approaching −1 and one approaching +1, indicating some degree of colocalization between IgM and CD45 in the resting state; however, the median CBC value for IgM and CD45 was 0.018 indicating that across the population of molecules the distribution is largely uncorrelated (Fig. 9f). We observed a similar distribution of correlation coefficients and nearest-neighbor distance in Gal9-KO B cells (Fig. 9f, g), suggesting that galectin-9 does not influence the association of IgM and CD45 to a significant degree in the steady state.
In contrast to CD45, dual-color dSTORM of IgM and CD22 showed a larger degree of colocalization based on visual inspection of dSTORM images (Fig. 9h). Consistent with previous reports50 CD22 is highly clustered on the surface of resting primary naive B cells. We noted a small but statistically insignificant difference in both the mean Hopkin’s index and the H function curve, with CD22 appearing slightly less clustered in Gal9-KO B cells compared to WT cells (Fig. 9i, j). However, we noted no difference in mean cluster diameter or cluster area of CD22 between WT and Gal9-KO B cells (Fig. 9k, l). CBC analysis of colocalization of IgM and CD22 revealed that the frequency distribution was right shifted in WT B cells, indicating that CD22 is more colocalized with IgM than CD45 in the steady state (Fig. 9m). Indeed, the median CBC value in WT cells was 0.22. In contrast, the median CBC value in Gal9-KO B cells was 0.12, and the nearest-neighbor analysis revealed that the mean distance between IgM and CD22 molecules was increased (Fig. 9m, n).
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Fig. 5 Galectin-9 alters IgM-BCR nanoclusters. a TIRFM image of surface IgM and 
fl
uorescently labeled rGal9 before bleaching for image acquisition (two left panels respectively). dSTORM images reconstructed from single-molecule localization processed by Thunderstorm software mapped to a 
fi
re color scale as indicated; the magni
fi
ed region (3 × 3 
µ
m) from ROI (white box) is shown as 2D image (middle) and 3D surface plot (right) in the order of WT (top), Gal9-KO (middle), and Gal9-KO 
+ 
1 
µ
M rGal9 (bottom). Scale bar represents 2 
µ
m. b Quanti
fi
cation of the distribution of IgM by 
H 
function and
c Hopkins index of localizations inside ROIs. d
–
g Reconstructed images were analyzed by a model-based Bayesian approach to identify nanoclusters and their physical properties. d Number of clusters (one point per ROI). e Cluster radii (one point per cluster). f Number of molecules (one point per cluster). g Percentage of localization in clusters (one point per ROI). Each category contains at least 15 ROIs from three independent experiments (at least four cells per experiment). Statistical analysis was performed using Kruskal-Wallis test with Dunn
’
s multiple comparison test (d, e, f) and one-way ANOVA with Tukey
’
s multiple comparison test (b, g). Red bars indicate mean ± SEM; *
p 
< 0.05, **
p 
< 0.01, ***
p 
< 0.001, ****
p 
< 0.0001
) (
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These 
fi
ndings suggest that galectin-9 mediates close association between IgM and CD22, at least to some extent, in the steady state.
Discussion
Here we identify galectin-9 as a negative regulator of B-cell activation. We found that BCR microcluster formation and sig
naling are enhanced in galectin-9-de
fi
cient B cells. Importantly,
) (
Fig. 6 Galectin-9 immobilizes IgM-BCR and attenuates BCR microclustering. a Diffusion coef
fi
cients and b frequency distribution histogram of single-particle tracking of IgM in WT (black circle) or Gal9-KO (blue diamond) primary B cells with the median indicated in red. Five hundred representative diffusion coef
fi
cients from a total of at least 1500 tracks from three independent experiments. c Representative TIRF image of 
fl
uorescently labeled rGal9 on primary B cell (left) and mask (right) created to differentiate tracks inside Gal9 regions (lower left, red lines) and tracks outside Gal9 regions (lower right, yellow lines). d Diffusion coef
fi
cients and e frequency distribution inside Gal9 regions (black circle) and outside Gal9 regions (black triangle) with the median indicated in red. In all, 250 representative diffusion coef
fi
cients from a total of at least 900 tracks from three independent experiments. f Representative TIRF microscopy images of WT cell (top) and WT cells treated with 1 
μ
M rGal9 (bottom) on arti
fi
cial planar lipid bilayers containing anti-kappa mapped to an 8-bit 
fi
re color scale (ImageJ). g Quanti
fi
cation of the total antigen intensity at the cell-bilayer interface in WT (black circles) and WT treated with rGal9 (open circles), with the mean ± SEM indicated by the red bar. Scale bar represents 2 
μ
m. Statistical signi
fi
cance assessed by Mann-Whitney; ****
p 
< 0.0001, ***
p 
< 0.001, **
p 
< 0.01
) (
we show that the ligands of galectin-9 at the cell surface are not saturated in freshly isolated naive B cells and treatment with rGal9 nearly abolishes BCR signaling. Using a pull-down assay and mass spectrometry we identi
fi
ed IgM and CD45 as ligands of galectin-9 in primary B cells. We further show that galectin-9 plays a role in regulating the spatial organization and dynamics of IgM-BCR and its localization with regulatory surface proteins. We propose that galectin-9 organizes IgM-BCR into larger clus
ters that restrict the mobility of IgM and relocalizes inhibitory molecules, including CD45 and CD22 to directly inhibit BCR signaling (Fig.
 10).
The spatial organization of cell surface proteins in constitutive nanoscale clusters has emerged as a general principle of cell surface proteins
51
. However, the molecular mechanism regulating the size, composition, and stability of these assemblies is an open question. The formation and stability of IgM-BCR nanoclusters is not dependent on the actin cortex, as depolymerization of actin does not alter the size or density of IgM-BCR nanoclusters
9
. Thus, we hypothesized that the galectin-9 lattice may play a role in the nanoscale organization of IgM-BCR. In contrast, super-resolution dSTORM revealed no difference in the size or density of IgM-BCR nanoclusters in galectin-9-de
fi
cient B cells. This is consistent with a recent study demonstrating that glycan-based interactions do not mediate the nanoclustering of dendritic cell-speci
fi
c intercellular adhesion molecule-3-grabbing non-integrin
52
. It may be that formation of BCR nanoclusters (or oligomers) is largely dependent on the direct interaction of BCR components, as suggested by Reth and
 colleagues
16,53
.
 However, we do 
fi
nd that addition of rGal9 induces signi
fi
cant changes in IgM-BCR organization. Inside the galectin-9 lattice, the number of IgM-BCR nanoclusters decreased while the radius of clusters, and the number of molecules in each cluster, increased. Thus, we propose that galectin-9 provides a second layer of organization to IgM-BCR by merging pre-existing nanoclusters.
But how does this observation square with our 
fi
nding that rGal9 suppresses BCR signaling? Indeed, these observations are somewhat counter-intuitive given that BCR stimulation induces the coalescence of BCR nanoclusters to form larger-scale signal
ing microclusters
9
. So, how does the larger cluster of IgM induced by galectin-9 not activate B cells, but instead inhibit BCR sig
naling? We propose two potential mechanisms for galectin-9-mediated control of BCR signaling. First, we propose that galectin-9 induced merging of pre-existing nanoclusters decreases
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Fig. 7 
The galectin-9 lattice increases the molecular density of IgM-BCR and co-receptors. 
a 
Representative confocal images of primary WT B cells treated with 1 
µ
M rGal9 and immuostained for CD45 (cyan), IgM (magenta), and galectin-9 (Gal9; yellow). 
b 
Fluorescence intensity pro
fi
le of CD45, IgM, and Gal9 along the cell membrane. 
c 
Representative example of masking output of algorithm to detect regions of high galectin-9 (Gal9
hi
g
h
) and low galectin-9 (Gal9
low
). 
d 
Mean 
fl
uorescence intensity of CD45 (left) and IgM (right) in Gal9
high
 and Gal9
low
 regions. 
e 
Representative confocal images of WT B cells treated with 1 
µ
M rGal9 and immunostained for CD22 (cyan), IgM (magenta), and Gal9 (yellow). 
f 
Fluorescence intensity pro
fi
le of CD22, IgM, and Gal9 along the cell membrane. 
g 
Mean 
fl
uorescence intensity of CD22 (left) and IgM (right) in Gal9
high
 and Gal9
l
ow 
regions. 
h 
Representative confocal images of WT B cells treated with 1 
μ
M rGal9 and immunostained for CD19, IgM, and Gal9. 
i 
Fluorescence intensity pro
fi
le of CD19, IgM, and Gal9 along the cell membrane. 
j 
Mean 
fl
uorescence intensity of CD19 (left) and IgM (right) in Gal9
l
ow 
and Gal9
high
 regions. Data representative of at least three independent experiments. Each dot represents 1 cell, at least 30 cells measured per condition per experiment. Mean ± SEM indicated by the red bar. Statistical signi
fi
cance assessed by Mann-Whitney; ****
p 
< 0.0001 ***
p 
< 0.001, *
p 
< 0.05. Scale bar 2 
μ
m
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Fig. 8 
rGal9 induces coalescence of lipid raft domains containing CD22 and CD45. 
a 
Representative confocal images of primary WT B cells treated with 1 
μ
M rGal9 and immunostained for CD45 (cyan) and galectin-9 (Gal9; yellow), and 
fl
uorescent cholera toxin (CT-B; gray) to label lipid rafts. 
b 
Fluorescence intensity pro
fi
le of CD45, CT-B, and Gal9 along the cell membrane. 
c 
Representative example of masking output of algorithm to detect regions of high CT-B (lipid raft high; LR
hi
g
h
) and low CT-B (LR
low
). 
d 
Mean 
fl
uorescence intensity of CD45 (left) and Gal9 (right) in LR
low
 and 
LR
high
 regions. 
e 
Representative confocal images of WT B cells treated with 1 
μ
M rGal9 and immunostained for CD22 (cyan), Gal9 (yellow), and 
fl
uorescent CT-B (gray). 
f 
Fluorescence intensity pro
fi
le of CD22, CT-B, and Gal9 along the cell membrane. 
g 
Mean 
fl
uorescence intensity of CD22 (left) and Gal9 (right) in LR
low
 and LR
high 
regions. Data are representative of at least three independent experiments. Each dot represents 1 cell, at least 30 cells measured per condition per experiment. Mean ± SEM indicated by the red bar. Statistical signi
fi
cance assessed by Mann-Whitney; ****
p 
< 0.0001, ***
p 
< 0.001. Scale bar 2 
μ
m
) (
the lateral diffusion of IgM-BCR and consequently suppresses BCR signaling. The mobility of IgM-BCR on the cell membrane can be described as Brownian motion restricted by the underlying actin cytoskeleton
12,54
. The theory of Brownian motion postulates that the larger the particle the slower the movement of the par-
ticle
55
.
 Thus, we would predict that larger clusters of IgM-BCR inside the galectin-9 lattice have a lower diffusion coef
fi
cient compared to smaller clusters outside the galectin-9 lattice, con
sistent with our data. This interpretation is supported by the 
fi
nding that in CD45-de
fi
cient B cells, homotypic clustering of CD22 is enhanced, which correlates with decreased lateral dif-
fusion
50
.
 In addition, IgD-BCR is more densely clustered than IgM-BCR
9
 and this correlates with a 10-fold lower diffusion 
) (
coef
fi
cient compared to IgM-BCR
12
. Thus, we propose that galectin-9 restricts IgM-BCR mobility by organizing IgM-BCR into larger clusters. The mobility of BCR on the cell surface is correlated with BCR signaling; simply depolymerizing actin increases BCR mobility and triggers spontaneous signaling
12
. Consistent with this, treating B cells with lipopolysaccharide increases actin severing and BCR mobility, which lowers the threshold for B-cell activation
54
. Increased diffusion of the BCR (or BCR nanoclusters) may be important for BCRs to join newly forming microclusters. In agreement with this, treatment with rGal9 decreased BCR microcluster formation upon stimulation by membrane-bound antigen. Conversely, increased BCR diffusion would be associated with more microclusters, in line with our
) (
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observation of increased BCR mobility in galectin-9-de
fi
cient B cells and enhanced B-cell activation.
Additionally, we propose that galectin-9 induced merging of BCR nanoclusters regulates the interaction between IgM and the co-receptors CD45 and CD22 to suppress BCR signaling. Our 
fi
nding of CD45 enrichment in the galectin-9 lattice is consistent with our identi
fi
cation of CD45 as a ligand of galectin-9. The 
) (
N-terminal of CD45 has multiple N-glycosylation sites, providing potential binding sites for galectin family members. Indeed, in T cells, CD45 was reported to bind to
 galectin-1
56
–
58
 and galectin-9
33
. In addition, galectin-3 has been reported to bind to CD45 on diffuse large B-cell lymphoma
59
. These 
fi
ndings suggest that CD45 may be a promiscuous ligand of the galectin family, although differential glycosylation of CD45 in different immune
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Fig. 9 
Galectin-9 increases colocalization between CD22 and IgM in primary B cells. 
a 
Representative merged TIRF (top), dSTORM (middle), and dSTORM zoom (bottom) images showing surface CD45 (magenta) and IgM-BCR (green) on primary wild-type (WT) (left) and galectin-9 knockout (Gal9-KO) (right) B cells. dSTORM ROI (3 × 3 
μ
m) is outlined in yellow (middle) and magni
fi
ed in dSTORM zoom (bottom). 
b
–
e 
Quanti
fi
cation of at least 20 ROIs from WT and Gal9-KO B cells pooled from three independent experiments. 
b 
Hopkin
’
s index showing randomness of CD45 organization (one point per ROI). 
c 
H 
function derived from Riplely
’
s 
K 
showing degree of CD45 clustering. 
d 
Mean diameter of CD45 clusters (one point per ROI). 
e 
Mean area of CD45 clusters (one point per ROI). 
f
, 
g 
Quanti
fi
cation of at least 15 ROIs from WT and Gal9-KO B cells pooled from three independent experiments. 
f 
Coordinate-based colocalization (CBC) histograms of the single-molecule distributions of colocalizations between CD45 and IgM. 
g 
Nearest-neighbor distance (NND) analysis of the data shown in 
f
. Symbol represents the median NND of all paired single-molecule localizations from one ROI. 
h 
Representative merged TIRF and dSTORM images showing surface CD22 (magenta) and IgM-BCR (green) on primary WT (left) and Gal9-KO (right) B cells. 
i
–
l 
Quanti
fi
cation of at least 30 ROIs from WT and Gal9-KO B cells pooled from three independent experiments. 
i 
Mean Hopkin
’
s index showing randomness of CD22 organization (one point per ROI). 
j 
H 
function showing degree of CD22 clustering. 
k 
Mean diameter of CD22 clusters (one point per ROI). 
l 
Mean area of CD22 clusters (one point per ROI). 
m
, 
n 
Quanti
fi
cation of at least 20 ROIs from WT and Gal9-KO B cells pooled from three independent experiments. 
m 
CBC histograms of the single-molecule distributions of colocalizations between CD22 and IgM. 
n 
NND analysis of the data shown in 
m
. Colocalization between channels shown in white. Scale bars represent 2 and 1 
μ
m (zoom). Mean ± SEM indicated by the red bar. Statistical signi
fi
cance assessed by Mann-Whitney, *
p 
< 0.05
) (
Fig. 10 
Schematic model of galectin-9 regulation of B-cell activation. 
a 
In resting primary naive WT B cells, galectin-9 facilitates interactions between BCRs and either the inhibitory proteins CD45 or CD22 through binding to N-linked glycans, providing a basal attenuation of B-cell signaling upon antigen stimulation. 
b 
BCR signaling is enhanced in Gal9-KO B cells due to loss of association of BCR with inhibitory co-receptors. 
c 
Treatment of WT B cells with rGal9 induces the association of IgM-BCR with CD45 and CD22 to suppress B-cell signaling
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cell subsets may provide speci
fi
city for distinct galectin binding. Nonetheless, the enrichment of CD45 together with IgM inside the galectin-9 lattice is consistent with the inhibitory effect of galectin-9 on BCR signaling. Previous studies suggest that BCR activation is accompanied by the segregation of BCR and CD45 in order to promote Ig
α–
Ig
β 
phosphorylation
41,60
, consistent with the 
fi
nding that CD45 is excluded from BCR microclusters
2
. Our 
fi
nding that addition of rGal9 induces co-patching of CD45 and IgM and concomitant abrogation of BCR signaling is consistent with this model.
) (
We also observed the enrichment of CD22 inside the galectin-9 lattice. CD22 is a known negative regulator of BCR signaling, which recruits the phosphatase
 SHP-1
45
,
 which dephosphorylates 
CD19
61
 terminating the ampli
fi
cation of BCR signaling. In addition, SHP-1 dephosphorylates PLC
γ
2 and attenuates MAPK activation
42
. Thus, the localization of CD22 together with IgM-BCR upon rGal9 treatment is consistent with our observation of reduced phosphorylation of CD19 and ERK1/2 and likely con
tributes to the inhibitory effect of galectin-9 on B-cell activation. Moreover, in resting naive B cells, dual-color dSTORM
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demonstrated that the colocalization of IgM and CD22 is reduced in galectin-9-deficient B cells, providing a plausible mechanism for enhanced BCR signaling in Gal9-KO B cells.
Interestingly, we found that the ligands for galectin-9 are not saturated in naive B cells and raises the possibility that BCR signaling could be modified under conditions that affect the secretion of galection-9. It is currently not known if B cells secrete galectin-9, which binds to the cell surface, or if other cells secrete galectin-9, which then binds to the surface of B cells. Indeed, galectin-9 is expressed in multiple cell types, including T cells, natural killer cells, and monocytes62. Alterations in galectin-9 secretion and its association with cell surface proteins would provide a mechanism to adjust the threshold of B-cell activation and thus tune B-cell responses. Moreover, recent reports indicate that galectin-9 is induced under inflammatory conditions in peripheral blood mononuclear cells and mesench-ymal stromal cells63, and elevated in the serum of patients in a variety of infections, including HIV, cytomegalovirus, and dengue infection64–66. How this affects the B-cell response in these infections is an important question to address.
Methods
Mice. C57BL/6 (WT) mice were obtained from Charles River, Lgals9−/− (Gal9-KO) mice were obtained from Steven Beverley (Washington University) on behalf of The Scripps Research Institute, and Lgals1−/− (Gal1-KO) were obtained from The Jackson Laboratory. Mice were used at 2–6 months of age for all functional and biochemical experiments and were age- and sex-matched within each experiment. Mice were housed in specific pathogen-free animal facility at University of Toronto Scarborough, Toronto, Canada. All procedures were approved by the Local Animal Care Committee at the University of Toronto Scarborough.
Cell lines and culturing. A20 B cells and A20 expressing Hel-specific IgM (D1.3) were obtained from F. Batista (Ragon Institute), and Jurkat T cells were obtained from T. Watts (University of Toronto). Cell lines were not tested for mycoplasma contamination. Cells were maintained at 37 °C with 5% CO2 in RPMI 1640 containing 10% heat-inactivated fetal bovine serum (FBS), 100 U/mL penicillin and streptomycin (all from Gibco), and 50 µM 2-mercaptoethanol (Amresco).
Cell isolation. Splenocytes were isolated from C57BL/6 WT, Gal9-KO, and Gal1-KO mice using 70 µm cell strainer and phosphate-buffered saline (PBS, pH 7.4, Life Technologies) to collect a single-cell suspension. B cells were purified using negative isolation kit (Miltenyi Biotec Inc. or Stem Cell technologies) according to the manufacturer’s protocol.
Immunohistochemistry. Inguinal lymph nodes from C57BL/6 mice were isolated and immersed in Optimal Cutting Temperature compound (TissueTek) followed by submersion in 2-methylbutane cooled in liquid nitrogen. Frozen tissue blocks were cryosectioned into 12 μm slices and adhered to Superfrost Plus microscope slides (VWR), fixed in 4% paraformaldehyde (PFA), and then air-dried. Tissue slices were rehydrated with PBS for 15 min, permeabilized with 0.5% Tween-20 in PBS for 5 min, then blocked with 5% goat serum in PBS for 30 min. Sections were incubated with CD169-FITC (clone 3D6.112, Biolegend), B220-allophycocyanin (APC) (clone RA3-6B2, Invitrogen), and goat anti-mouse galectin-9 (R&D Systems, Cat. No. AF3535) at 1:200 v/v in blocking buffer for 1 h at room temperature. Sections were washed five times with 0.5% Tween-20 in PBS, and then incubated with secondary antibody Cy3-conjugated bovine anti-goat (Jackson Immunor-esearch, Cat. No. 805-165-180) at 1:1000 v/v for 1 h at room temperature. Slides were washed five times and then mounted in Fluoro-Gel with DABCOTM Anti-fading Mounting Medium. Slides were imaged by laser scanning confocal microscopy with Zeiss LSM510 Meta using a ×100/numerical aperture (NA) 1.40 oil-immersion objective.
Surface staining of galectin-9 for flow cytometry and imaging. C57BL/6, Gal9-KO, or rGal9-treated B cells were first blocked with purified rat anti-mouse CD16/ 32 (Fc-block, 1:250 v/v, clone FCR-4G8, Invitrogen) in fluorescence-activated cell sorting (FACS) buffer (1% bovine serum albumin (BSA), 4 mM EDTA, and 0.01% NaN3 in PBS) for 30 min at 4 °C. Cells were washed three times with FACS buffer and then immunostained with phycoerythrin-conjugated rat anti-mouse galectin-9 antibody (clone 108A2, Biolegend) at 1:200 v/v, or stained with goat anti-galectin-9 antibody (R&D Systems, Cat. No. AF3535) at 1:100 v/v in FACS buffer for 30 min at 4 °C, followed by Cy3-conjugated AffiniPure bovine anti-goat antibody (Jackson ImmunoResearch Laboratories, Cat. No. 805-165-180) at 1:1000 v/v in FACS buffer for 30 min at 4 °C. Cells were then stained with the following antibodies: APC-conjugated anti-CD19 (clone ID3, Biolegend) at 1:200 v/v; Alexa Fluor 488 or 

Alexa Fluor 644 AffiniPure Fab fragment rat anti-mouse IgM, μ-chain-specific (Jackson ImmunoResearch Laboratories, Cat. No 115-547-020 or Cat. No 115-607020) at 1:200 v/v in FACS buffer for 30 min at 4 °C. Cells were washed and resuspended in FACS buffer for flow analysis or imaged by spinning disc confocal microscopy. Cells were analyzed by flow cytometry (BD Fortessa) and plotted using Flowjo software (TreeStar). Cells were imaged by spinning disc confocal microscopy (Quorum Technologies) consisting of an inverted fluorescence microscope (DMI6000B; Leica) equipped with a ×63/1.4 NA oil-immersion objective and an electron-multiplying charge-coupled device (EMCCD) camera (ImagEM; Hamamatsu). Fluorescence intensity images of galectin-9 were pseudo-colored using the fire lookup table in ImageJ. Quantification of number of puncta for all z-sections was performed in ImageJ using a threshold of 2× background intensity followed by “Analyze Particles” algorithm with the following parameters: size 5–100; circularity 0.00–1.00.
Planar lipid bilayer. Artificial planar lipid bilayers were prepared by liposome spreading67 in FCS2 chambers (Bioptechs). 1, 2-dioleoyl-sn-glycero-3-phospho-coline liposomes (Avanti Polar Lipids, Inc.) were mixed with 2.5 × 10−4% bioti-nylated (N-Biotinyl Cap PE; Avanti Polar Lipids, Inc) liposomes. Alexa Fluor 633-streptavidin (1:1000 v/v Life Technologies, Cat. No S21375) was used to tether monobiotinylated anti-mouse kappa light chain (clone HB58, purified in house from hybridoma) as surrogate antigen. Cells were assayed in chamber buffer (0.5% FBS, 2 mM MgCl2, 0.5 mM CaCl2, and 1 g/L D-glucose in PBS). Freshly isolated splenocytes from WT and Gal9-KO mice were allowed to spread and form clusters for 90 s, and then fixed with 4% PFA for 15 min at 37 °C. Cells were imaged using a spinning disc confocal microscope as described above. Images were analyzed using Volocity (Perkin Elmer) to quantify area of cell-bilayer contact, total antigen intensity, and mean antigen intensity, and plotted using Prism6 (GraphPad). Antigen was pseudo-colored using the fire lookup table provided in ImageJ (National Institutes of Health).
Pull-down assay and mass spectrometry. The protocol was adapted from ref. 33. In all, 107–5 × 107 purified B cells from Gal9-KO mice were lysed in NP40 lysis buffer (50 mM HEPES (pH 8.0), 150 mM NaCl, 5 mM dithiothreitol (DTT), 5 mM EDTA, 0.1 % Nonidet-P40, and Roche cOmplete mini EDTA-free protease inhibitor) with three cycles of freeze/thaw using liquid nitrogen. Lysates were cleared by centrifugation at 21 000 × g for 10 min at 4 °C. The cell lysate was incubated with anti-FLAG beads (Sigma-Aldrich) conjugated with 10 µg FLAG-tagged rGal9 (kindly provided by M. Ostrowski, University of Toronto) for 3 h at 4 °C. Beads were subjected to magnetic separation and washing in lysis buffer. Bound proteins were first eluted by 200 mM lactose solution (in distilled water), followed by denaturing elution (125 mM NH4OH). Denatured eluents were evaporated to dryness to remove NH4OH using a vacuum centrifuge, followed by resuspension in 50 mM ammonium bicarbonate (pH 8.0). Both eluents were then subjected to in-solution tryptic digestion followed by peptide desalting and concentration using OMIX C18 tips (Agilent) according to the manufacturer’s instructions. Eluted peptides were dried by vacuum centrifugation and stored at −20 °C prior to analysis. Peptide separations were performed with an increasing acetonitrile gradient (5–40% acetonitrile and 0.1% formic acid) over 90 min using an EASY nLC-1000 HPLC equipped with a 10.5 cm C18 column coupled online to an LTQ XL mass spectrometer (Thermo). MS1 scans were acquired between 400 and 1800 m/z, and up to six of the most intense parent ions were selected for collision-induced dissociation with an isolation width of 2 Da and normalized collision energy of 35 eV. Parent ions selected for analysis more than three times in 30 s were dynamically excluded from analysis for 45 s. Raw spectra were converted to mzXML format using msConvert (PMID: 23051804) and searched against the mouse and Escher-ichia coli proteomes as well as the sequence of Lgals9 and a database of commonly observed contaminants using X! Tandem (PMID: 14976030). Parent ion tolerances were set to +3 and −2 Da and fragment ion mass tolerance was set to 0.4 Da. Oxidation of methionine and tryptophan, as well as deamidation of asparagine and glutamine was permitted as potential modifications during refinement. Results were further compared using ProhitsVM68.
Pull-down assay for western blotting. A total of 1–3 × 107 purified B cells from Gal9-KO mice were lysed in RIPA buffer (10 mM Tris-HCl (pH 8.0), 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM NaCl, and 1 mM phenylmethylsulfonyl fluoride (PMSF)). Lysates were cleared by centrifugation at 21 000 × g for 10 min at 4 °C. Cell lysates were incubated with anti-FLAG beads (Sigma-Aldrich) conjugated with 10 µg FLAG-tagged rGal9 for 3 h at 4 °C in the presence or absence of 50 mM D-lactose. Beads were subjected to magnetic separation and washed in RIPA buffer. Bound proteins were eluted using 200 mM D-lactose in PBS. Protein was mixed with equal volume of 2× Laemmli sample buffer, heated to 95 °C for 10 min, and separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred to polyvinylidene fluoride (PVDF) membrane and blocked with 5% non-fat milk in TBST (20 nM Tris (pH 7.5), 150 mM NaCl, and 0.1% Tween-20) for 30 min at room temperature with gentle shaking. Primary antibodies rat anti-mouse CD45RA (clone 30-F11; Bio-Legend) and goat anti-mouse IgM (Jackson Immunoresearch, Cat. No. 115-005020) were incubated at 1:1000 overnight at 4 °C with gentle shaking. Secondary
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antibodies horseradish peroxidase (HRP)-conjugated donkey anti-rat and donkey anti-goat (Abcam, Cat. No ab102182 and ab97110) were incubated at 1:10000 in 5% non-fat milk in TBST for 1 h at room temperature with gentle shaking. Membranes were washed with TBST and developed with chemiluminescent substrate (West Pico, Thermo Fisher), and imaged by ChemiDoc (Bio-Rad).
Far-western blotting. In all, 1–5 × 107 purified primary murine B cells, D1.3 B cells, A20 B cells, or Jurkat T cells were lysed in RIPA buffer (10 mM Tris-HCl pH 8.0; 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM NaCl, and 1 mM PMSF). Lysates were cleared by centrifugation at 21 000 × g for 10 min at 4 °C. A unit of 25 µg of whole-cell lysate was resolved by 10% SDS-PAGE and transferred to PVDF membrane. Proteins were re-natured in decreasing concentrations of guanidine-HCl (6–0 M) according to ref. 34. Membranes were then blocked with 5% non-fat milk in TBST for 30 min at room temperature with gentle shaking. A unit of 5 µg/mL FLAG-tagged-recombinant galectin-9 in 2.5% skim milk in TBST was used as a bait protein, blots were incubated with bait protein overnight at 4 °C with gentle shaking. Blots were then washed and incubated with anti-FLAG (clone M2, Sigma-Aldrich) at 1:1000 in 5% skim milk in TBST for 1 h at room temperature. Blots were washed and incubated with HRP-conjugated anti-mouse antibody (Jackson Immunoresearch, Cat. No. 115-035-003) at 1:10 000 in 5% non-fat milk in TBST for 1 h at room temperature with gentle shaking. Membranes developed with chemiluminescent substrate (West Pico, Thermo Fisher) and imaged by ChemiDoc (Bio-Rad).
rGal9 and Fab fragment labeling for single-particle tracking. Mouse rGal9 (R&D Systems) was reconstituted at 0.2 mg/mL in 0.1 M NaHCO3 and incubated with 0.2 mg/mL Alexa Fluor° 555 NHS Ester for 1 h at room temperature with gentle mixing. Following labeling, the mixture was dialyzed against 20 mM MOPS, 500 mM sodium chloride, 0.5 mM EDTA, and 1 mM DTT using a 10 000 molecular weight cutoff Slide-A-Lyzer° Dialysis Cassette (Thermo Scientific). A volume of 20 µl of 1 M NaHCO3 was added to 200 µl of 1 mg/mL goat anti-mouse IgM, µchain-specific (Jackson ImmunoResearch, Cat. No. 115-007-020) and incubated with 40 µg/mL Attotec° 633 NHS Ester for 1 h at room temperature with gentle mixing. Following labeling, the mixture was dialyzed against PBS.
Glass coverslip coating for single-particle tracking. Glass coverslips were cleaned in chromic acid (Fisher) for 20 min followed by rinsing with water and acetone. Coverslips were air-dried and then incubated with 1 µg/mL anti-MHC class II (clone M5/114, Sunnybrook Research Institute) for 2 h at room temperature and then washed with PBS.
Cell labeling for single-particle tracking. Primary murine B cells from WT and Gal9-KO mice were labeled with 4 ng/mL Attotec° 633-labeled goat anti-mouse IgM Fab fragment (Jackson ImmunoResearch, Cat. No. 115-007-020) in 0.5% FBS in PBS for 15 min at 4 °C. For rGal9 treatment, 5 × 106 B cells from Gal9-KO mice were incubated with 0.5 µM labeled rGal9 mixed with 0.5 µM non-labeled rGal9 in complete media for 30 min at 37 °C. Labeled cells were washed twice with PBS and resuspended in chamber buffer. Labeled cells were stored on ice prior to imaging. Just before imaging, cells were incubated at 37 °C for 5 min.
Instrument for single-particle tracking and dSTORM. Single-molecule fluorescence microscopy was performed with a TIRF microscope (Quorum Technologies) based on an inverted microscope (DMI6000B; Leica), HCX PL APO ×100/1.47 oil-immersion objective, and Evolve Delta EMCCD camera (Photometrics). Images were acquired continuously at 20 frames/s for 10 s with an EM gain of 200 and the exposure time of 50 ms.
Single-particle tracking. We used the well-established single-particle tracking algorithm by Crocker and Grier69 implemented in Matlab (The MathWorks) by Daniel Blair and Eric Dufresne (http://physics.georgetown.edu/matlab/). Particle positions were determined by measuring the the centroid position with sub-pixel accuracy based on the local maxima and then linking particle positions. Track lengths < 10 were discarded in order to reduce statistical noise. Diffusion coeffi-cients for individual trajectories were determined form the first three data points of the mean squared displacement curves of each trajectory.
Sample preparation for dSTORM. Primary B cells from WT and Gal9-KO mice were stained with Alexa Fluor 647-conjugated Fab fragment goat anti-mouse IgM, µ-chain-specific (Jackson ImmunoResearch, Cat. No. 115-607-020) at 1.5 µg/mL in PBS containing 2% FBS for 15 min at 4 °C, then washed twice with PBS. For dual-color dSTORM, primary WT and Gal9-KO B cells were stained with Alexa Fluor 488-conjugated Fab fragment goat anti-mouse IgM, µ-chain-specific (Jackson ImmunoResearch, Cat. No 115-547-020) at 2.8 µg/mL and either Alexa Fluor 647 anti-mouse CD22 (OX-97, Biolegend) at 2.5 µg/mL or Alexa Fluor 647 anti-mouse/ human B220 (RA3-6B2, Biolegend) at 2.5 µg/mL all in PBS containing 2% FBS for 20 min at 4 °C, then washed twice with PBS. Cells were allowed to spread on anti-MHC-class II-coated coverslips for 10 min at 37 °C. Coverslips were washed gently with PBS to remove unbound cells. Cells were fixed with fixation solution (4% PFA 

and 0.2% glutaraldehyde in PBS) for 40 min at room temperature. The coverslips were washed three times with PBS. Before single-color dSTORM imaging, samples were incubated in PBS containing 0.1 M mercaptoethylamine, 0.5 mg/mL glucose oxidase, 40 μg/mL catalase, and 10% glucose. For dual-color dSTORM, samples were incubated in PBS containing 0.1 M β-mercaptoethylamine hydrochloride (Sigma-Aldrich), 3% (v/v) OxyFlourTM (Oxyrase Inc., Mansfield, Ohio, USA), 20% (v/v) of sodium DL-lactate solution (L1375, Sigma-Aldrich) adjusted to pH ~ 8.3. Fiducial markers (100 nm TetraSpeck Fluorescent Microspheres, Invitrogen) were added to buffer and allowed to settle for 5 min prior to imaging.
dSTORM acquisition and image reconstruction. dSTORM images were acquired on a TIRF microscope as described above. For Alexa Fluor° 647, photoconversion was achieved with 633-nm laser (intensity ranged from 80 to 100 mW/cm2) illumination and conversion from the dark state with 488-nm laser illumination (intensity range from 5 to 20 mW/cm2). Ten thousand images were acquired at a frame rate of 33 frames/s. Dual-color dSTORM images were acquired sequentially on a TIRF microscope, first imaging Alexa 647 followed by Alexa 488 to prevent photobleaching of Alexa 647. For Alexa Fluor° 647, photoconversion was achieved with 633-nm laser (intensity ranged from 80 to 100 mW/cm2) illumination and conversion from the dark state with 402-nm laser illumination (intensity range from 5 to 20 mW/cm2). For Alexa Fluor° 488, photoconversion was achieved with 488-nm laser (intensity ranged from 80 to 100 mW/cm2). Eight thousand images were acquired at a frame rate of 30 frames/s. Fiducial markers, which were visible in both the 488- and 647-nm channels, were used to align the two channels. The images of the beads in both channels were used to calculate a polynomial transformation function that mapped the 488-nm channel onto the 647-nm channel, using the MultiStackReg plugin of ImageJ. The transformation matrix was applied to each frame of the 488-nm channel stack. Reconstructed images were acquired using ThunderSTORM plugin for ImageJ70 according to the parameters shown in Supplementary Fig. 8A. Briefly, camera setup was as follows: pixel size (101.5 nm); photoelectron per A/D count 2.4; base level [A/D count] 414; and an EM gain of 50 (dSTORM) or 200 (dual-color dSTORM). Image filtering was applied to remove camera noise and enhance photoswitching events using a wavelet filter (B-Spline) with B-Spline order of 3 and B-Spline scale of 2.0. Approximate localization of molecules was detected by local maximum method with a peak intensity threshold of std (Wave.F1) and a connectivity of 8-neighborhood. Sub-pixel localization of molecules was identified by fitting point spread function to an integrated Gaussian using weighted least squares method with a fitting radius of 3 pixels. Single molecules may not be adequately resolved in spatially dense organizations and thereby multiple activated molecules are detected as a single blob. Multiple emitter fitting analysis was used to estimate the number of molecules detected as a single blob with maximum five molecules per fitting region. To improve the multi-emitter fitting algorithm, molecules are fitted assuming the same intensity. Super-

resolution images were rendered with a pixel size of 20 nm.
dSTORM post-processing, analysis, and quantification. Reconstructed dSTORM images were post-processed with drift correction using the built-in method in the ThunderSTORM plugin. The workflow for post-processing steps is shown in Supplementary Fig. 8B and consisted of the following steps: (1) remove duplicates, in which repeated localizations of single molecules in one frame, which may occur when using multiple emitter, were removed based on uncertainty radius of localization; (2) filter, in which localizations with an uncertainty >20 nm were eliminated; (3) density filter, in which isolated localizations were removed based on the parameter of at least two neighbors are required in 50 nm radius for a localization to be accepted; (4) drift correction, in which image drift was corrected using fiducial markers; and (5) merging, in which molecules that appeared within 20 nm in multiple frames were merged together. The number of localizations across cells and conditions was similar (Supplementary Fig. 8C). Performance evaluation of dSTORM analysis and post-processing parameters was performed (Supplementary Methods; Supplementary Fig. 9). To reduce processing time, 4000 frames were processed for cluster analysis. For each reconstructed image of WT and Gal9-KO B cells, a 3 × 3 µm region was manually selected but excluded from the cell boundary. For each reconstructed image of rGal9-treated Gal9-KO B cells, a 3 × 3 µm region that colocalized with Gal9, was manually selected for analysis. The Hopkins index and Ripley’s H function analysis were performed by SuperCluster, an analysis tool kindly provided by the University of New Mexico’s Spatio Temporal Modeling Center (http://stmc.unm.edu/). Cluster analysis was performed by a Bayesian, a model-based approach38. In brief, uncertainty, x and y coordinates of each localization in post-processed reconstructed images were exported. The selected 3 × 3 µm regions were analyzed by the published R code of Bayesian cluster analysis38 with an alpha value of 20, pbackground of 0.5, rseq of (5, 200, 10), and thseq of (0, 50, 5). The analyzed data were post-processed to extract data about percentage of molecules localizing in clusters, cluster radius, number of clusters, and number of molecules per clusters.
CBC analysis. Colocalization of dual dSTORM data was conducted using CBC analysis49 using ThunderSTORM. Briefly, this method uses coordinate information of each molecule instead of an intensity-based approach, which would depend on the reconstruction and post-processing parameters chosen. Furthermore, this
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method takes into account the spatial distribution of each set of localizations to prevent false positive colocalization values that result when one of the molecular species is randomly organized. First, the spatial distribution function of the neighboring localizations from the same species in each channel are calculated. Then, from the individual distribution functions, a correlation coefficient is calculated and weighted by distance to the nearest neighbor of the localization’s respective species. As a result, each single molecule of each species is attributed an individual colocalization value, which provides information on the molecule’s local environment. CBC algorithm was applied to x–y coordinate lists of localizations in the 3 × 3 µm region of 647 and 488 channels. A search radius of 70 nm, based on the radius IgM nanoclusters, was used to calculate degree of colocalization values varying from −1 (perfectly excluded) to +1 (perfectly colocalized).
Cell stimulation for western blot. Twenty-four-well plates were coated with 5 µg/ mL AffiniPure F(ab′)2 fragment goat anti-mouse IgM, µ-chain-specific (Jackson ImmunoResearch Laboratories, Cat. No 115-006-020) in PBS overnight at 4 °C. Primary naive splenic B cells from WT and Gal9-KO mice were stimulated for the indicated time, then lysed with Laemmli buffer containing 100 µM DTT followed by SDS-PAGE. For rGal9 treatment, Gal9-KO or WT B cells were pre-treated with 0.1 or 1 µM, respectively, with recombinant mouse galectin-9 (rGal9, E. coli-derived, R&D Systems) in RPMI containing 1% FBS (both Gibco) and incubated for 30 min at 37 °C. Cells were then washed once with RPMI and then stimulated as described above. Proteins were transferred to PVDF and blocked with 5% nonfat skimmed milk or 5% BSA in TBST for 1 h at room temperature or overnight (for 4G10) at 4 °C with shaking. Membranes were immunoblotted with the following antibodies overnight or for 3 h (for 4G10) at 4 °C: mouse anti-P-tubulin (Sigma, 1:5000 in 1% BSA/TBST); rabbit anti-phospho-p44/42 MAPK (ERK1/2 Cell Signaling, Cat. No. 9101, 1:1000 in 1% BSA/TBST); rabbit anti-ERK p44/42 MAPK (ERK1⁄2 Cell Signaling, Cat. No. 9102); 4G10 (Sunnybrook Research Institute, 1:1000 in 1% BSA/1% NaN3/TBST); phospho-CD19 (Tyr531 Cell Signaling, Cat. No. 3571, 1:1000 in 1% BSA/1% NaN3/TBST); and phospho-Akt (Tyr308 Cell Signaling, Cat. No. 4056, 1:1000 in 1% BSA/1% NaN3/TBST). HRP-conjugated secondary antibodies were used at 1:10 000 v/v in 5% non-fat skimmed milk in TBST or 1% BSA in TBST and incubated for 2 h with shaking at room temperature. Membranes were incubated with SuperSignal (Thermo Fisher Scientific) chemiluminescent substrate and then imaged by ChemiDoc (Bio-Rad). Densitometric analysis of western blots was performed using ImageJ (NIH). The amount of phosphorylated protein was normalized to loading control and then expressed as a fold change relative to the 0 min time point. Full blots for all cropped blots presented in the figures are shown in Supplementary Fig. 10.
Calcium signaling. Intracellular Ca2+ flux was measured by flow cytometry. Freshly isolated splenocytes (5 × 106 cells/sample) were labeled with 1 µM Fluo-4, AM (Thermo Fisher) in 10% FBS/Hank’s balanced salt solution at 37 °C for 15 min. Cells were incubated with anti-CD45R (B220) (clone RA3-6B2; Biolegend) for 5 min at
4 °C at a dilution of 1:200. Cells were washed 2× with PBS and resuspended in RPMI. After collecting a baseline reading for 30 s, 20 µg/mL anti-mouse kappa immu-noglobulin light chain (clone HB58) or 1 µM rGal9 was added to the facs tube, and change in fluorescence intensity was recorded on a Fortessa cytometer (BD Bios-ciences) and plotted using Flowjo software (TreeStar). Fold change was calculated by dividing the fluorescence intensity at each time point by baseline intensity.
rGal9 treatment and confocal imaging. Eight-well Lab-Tek chambers were coated with 1 µg/mL anti-mouse MHC II (M5/114, Sunnybrook Research Institute) antibody in PBS for 2 h at room temperature. In all, 5 × 106 primary murine B cells from WT mice were treated with 1 µM recombinant galectin-9 in 2% FBS in RPMI for 30 min at 37 °C. Cells were washed 1× with PBS. Cells were resuspended in PBS and allowed to adhere to chambers for 15 min. Cells were fixed in 2% PFA for 10 min and then washed 2× in FACS buffer (PBS, 1% BSA, and 0.1% NaN3). Cells were incubated with 2 µg/mL purified rat anti-mouse CD16/32 (clone 2.4G2, BDPharmingen) in PBS for 15 min at 4 °C. Cells were incubated with 1 µg/mL goat anti-mouse Gal9 (R&D systems, Cat. No. AF3535) in FACS buffer for 1 h at 4 °C. Cells were washed 3× with FACS buffer. If cells were stained to visualize CD16/32, cells were incubated with 1 µg/mL Alexa-Fluor594 Donkey Anti-Rat IgG (Invi-trogen Cat. No A-21209) for 1 h at 4 °C. Cells were washed 2× with PBS. Cells were incubated with 1 µg/mL Cy3-conjugated bovine anti-goat IgG (Jackson Immu-noResearch, Cat. No. 805-165-180) or Alexa Fluor 488 donkey anti-goat IgG secondary (Jackson ImmunoResearch, Cat. No. 705-545-147) for 1 h at 4 °C. Cells were washed 3× with PBS. Cells were stained with fluorochrome-conjugated antibodies specific for CD45/B220 (RA3-6B2, BD Biosciences), CD22 (OX-97, Biolegend), CD19 (1D3, Biolegend), IgD (11-26c.2a, Biolegend) at 1:100 v/v or IgM (Jackson ImmunoResearch) at 1:1000 v/v for 1 h at 4 °C. Cells were washed 3× with PBS. Cells were mounted in Fluoro-Gel with DABCOTM (Electron Microscopy). Chambers were imaged by spinning disk confocal microscopy (Quorum Technologies) consisting of an inverted fluorescence microscope (DMI6000B; Leica) equipped with a ×63/1.4 NA oil-immersion objective and an EMCCD camera (Image EM; Hamamatsu). Images were acquired using Metamorph software (Molecular Devices). Images were analyzed using Volocity software (Perkin Elmer). The fluorescence signal of CD45, CD22, CD19, IgM, IgD, or FcyRIIb was used to 

define a mask delineating the membrane region. Gal9high regions were determined by the fluorescence signal of Gal9. Gal9low regions were determined by subtracting the Gal9high regions from the membrane region. The mean florescence intensity of CD45, CD22, CD19, IgD, FcyRIIb, and IgM was calculated in Volocity.
Lipid raft staining. Primary murine WT B cells and 1 µM rGal9-treated B cells were labeled with 1 µg/mL Alexa Fluor 555-conjugated Cholera toxin subunit B (Vybrant- Alexa Fluor- 555 Lipid Raft Labeling Kit, Thermo Fisher Scientific) for 15 min on ice. Cells were washed 2× with PBS for 5 min at 4 °C. Cells were then allowed to adhere to anti-MHC II-coated Mattek chambers for 10 min. Cells were fixed with 2% PFA for 15 min and washed 3× with PBS. Cells were then stained for specific proteins as described above.
B-cell apoptosis. Freshly isolated naive B cells from WT and Gal9-KO mice were treated with 1 µM recombinant mouse galectin-9 (rGal9, E. coli-derived, R&D Systems) for 30 min at 37 °C, followed by staining with Fluorescein isothiocyanate (FITC)-conjugated Annexin V and propidium iodide according to the manu-facturer’s protocol (Annexin V Apoptosis Detection Kit, eBioscience), and analyzed by flow cytometry (BD Fortessa). Data were analyzed using FlowJo software.
Statistical analysis. Statistical analysis was performed using GraphPad Prism. The distribution of data was tested using D’Agostino-Pearson omnibus normality test. Comparisons between two groups were performed using Mann-Whitney for data with non-normal distribution. Comparisons between multiple groups were performed by ordinary one-way analysis of variance (ANOVA) for data with normal distribution and Kruskal-Wallis test for data with non-normal distribution. For post hoc analysis, Tukey’s multiple comparison was used for normally distributed data and Dunn’s multiple comparisons test was used for non-normally distributed data. Western blot data were analyzed by two-way ANOVA followed by Sidak’s multiple comparisons test. Sample sizes were chosen based on prior literature using similar methods and reporting moderate effect size. Estimate of variance is reported as standard error of the mean for each data set.
Code availability. ThunderStorm plugin for ImageJ is available at http://zitmen. github.io/thunderstorm/. SuperCluster is available from the University of New Mexico’s Spatio Temporal Modeling Center (http://stmc.unm.edu/). Bayesian cluster analysis code is available in supplementary information in ref. 38. Single-particle tracking algorithms implemented in Matlab (The MathWorks) is available at http://physics.georgetown.edu/matlab/.
Data availability. Lgals9−/− mice require an MTA from The Scripps Research Institute (TSRI). The data that support the findings of this study are available from the corresponding author upon reasonable request.
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[image: ]
References
1. Kurosaki, T., Shinohara, H. & Baba, Y. B cell signaling and fate decision. Annu. Rev. Immunol. 28, 21–55 (2010).
2. Depoil, D. et al. CD19 is essential for B cell activation by promoting B cell receptor-antigen microcluster formation in response to membrane-bound ligand. Nat. Immunol. 9, 63–72 (2008).
3. Choudhuri, K. & Dustin, M. L. Signaling microdomains in T cells. FEBS Lett. 584, 4823–4831 (2010).
4. Harwood, N. E. & Batista, F. D. New insights into the early molecular events underlying B cell activation. Immunity 28, 609–619 (2008).
5. Doh, J. & Irvine, D. J. Immunological synapse arrays: patterned protein surfaces that modulate immunological synapse structure formation in T cells. Proc. Natl Acad. Sci. USA 103, 5700–5705 (2006).
6. Mossman, K. D., Campi, G., Groves, J. T. & Dustin, M. L. Altered TCR signaling from geometrically repatterned immunological synapses. Science 310, 1191–1193 (2005).
7. Salaita, K. et al. Restriction of receptor movement alters cellular response: physical force sensing by EphA2. Science 327, 1380–1385 (2010).
8. Lillemeier, B. F., Pfeiffer, J. R., Surviladze, Z., Wilson, B. S. & Davis, M. M. Plasma membrane-associated proteins are clustered into islands attached to the cytoskeleton. Proc. Natl Acad. Sci. USA 103, 18992–18997 (2006).
9. Mattila, P. K. et al. The actin and tetraspanin networks organize receptor nanoclusters to regulate B cell receptor-mediated signaling. Immunity 38, 461–474 (2013).
10. Maity, P. C. et al. B cell antigen receptors of the IgM and IgD classes are clustered in different protein islands that are altered during B cell activation. Sci. Signal. 8, ra93 (2015).

16	NATURE COMMUNICATIONS | (2018) 9:3288 | DOI: 10.1038/s41467-018-05771-8 | www.nature.com/naturecommunications


NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05771-8	ARTICLE

11. Andrews, N. L. et al. Actin restricts FcepsilonRI diffusion and facilitates antigen-induced receptor immobilization. Nat. Cell Biol. 10, 955–963 (2008).
12. Treanor, B. et al. The membrane skeleton controls diffusion dynamics and signaling through the B cell receptor. Immunity 32, 187–199 (2010).
13. Charrier, C., Ehrensperger, M. V., Dahan, M., Levi, S. & Triller, A. Cytoskeleton regulation of glycine receptor number at synapses and diffusion in the plasma membrane. J. Neurosci. 26, 8502–8511 (2006).
14. Douglass, A. D. & Vale, R. D. Single-molecule microscopy reveals plasma membrane microdomains created by protein-protein networks that exclude or trap signaling molecules in T cells. Cell 121, 937–950 (2005).
15. Tolar, P., Hanna, J., Krueger, P. D. & Pierce, S. K. The constant region of the membrane immunoglobulin mediates B cell-receptor clustering and signaling in response to membrane antigens. Immunity 30, 44–55 (2009).
16. Yang, J. & Reth, M. Oligomeric organization of the B-cell antigen receptor on resting cells. Nature 467, 465–469 (2010).
17. Owen, D. M., Williamson, D. J., Magenau, A. & Gaus, K. Sub-resolution lipid domains exist in the plasma membrane and regulate protein diffusion and distribution. Nat. Commun. 3, 1256 (2012).
18. Brewer, C. F., Miceli, M. C. & Baum, L. G. Clusters, bundles, arrays and lattices: novel mechanisms for lectin-saccharide-mediated cellular interactions. Curr. Opin. Struct. Biol. 12, 616–623 (2002).
19. Garner, O. B. & Baum, L. G. Galectin-glycan lattices regulate cell-surface glycoprotein organization and signalling. Biochem. Soc. Trans. 36, 1472–1477 (2008).
20. Lajoie, P., Goetz, J. G., Dennis, J. W. & Nabi, I. R. Lattices, rafts, and scaffolds: domain regulation of receptor signaling at the plasma membrane. J. Cell Biol. 185, 381–385 (2009).
21. Rabinovich, G. A., Toscano, M. A., Jackson, S. S. & Vasta, G. R. Functions of cell surface galectin-glycoprotein lattices. Curr. Opin. Struct. Biol. 17, 513–520 (2007).
22. Demetriou, M., Granovsky, M., Quaggin, S. & Dennis, J. W. Negative regulation of T-cell activation and autoimmunity by Mgat5 N-glycosylation. Nature 409, 733–739 (2001).
23. Espeli, M., Mancini, S. J. C., Breton, C., Poirier, F. & Schiff, C. Impaired B-cell development at the pre-BII-cell stage in galectin-1-deficient mice due to inefficient pre-BII/stromal cell interactions. Blood 113, 5878–5886 (2009).
24. Ungerer, C. et al. Galectin-9 is a suppressor of T and B cells and predicts the immune modulatory potential of mesenchymal stromal cell preparations. Stem Cells Dev. 23, 755–766 (2014).
25. Tureci, O., Schmitt, H., Fadle, N., Pfreundschuh, M. & Sahin, U. Molecular definition of a novel human galectin which is immunogenic in patients with Hodgkin’s disease. J. Biol. Chem. 272, 6416–6422 (1997).
26. Zhu, C. et al. The Tim-3 ligand galectin-9 negatively regulates T helper type 1 immunity. Nat. Immunol. 6, 1245–1252 (2005).
27. Seki, M. et al. Galectin-9 suppresses the generation of Th17, promotes the induction of regulatory T cells, and regulates experimental autoimmune arthritis. Clin. Immunol. 127, 78–88 (2008).
28. Harwood, N. E. & Batista, F. D. Antigen presentation to B cells. F1000 Biol. Rep. 2, 87 (2010).
29. Fleire, S. J. et al. B cell ligand discrimination through a spreading and contraction response. Science 312, 738–741 (2006).
30. Bi, S., Earl, L. A., Jacobs, L. & Baum, L. G. Structural features of galectin-9 and galectin-1 that determine distinct T cell death pathways. J. Biol. Chem. 283, 12248–12258 (2008).
31. Kashio, Y. et al. Galectin-9 induces apoptosis through the calcium-calpain-caspase-1 pathway. J. Immunol. 170, 3631–3636 (2003).
32. Wada, J., Ota, K., Kumar, A., Wallner, E. I. & Kanwar, Y. S. Developmental regulation, expression, and apoptotic potential of galectin-9, a beta-galactoside binding lectin. J. Clin. Invest. 99, 2452–2461 (1997).
33. Clayton, K. L. et al. T cell Ig and mucin domain-containing protein 3 is recruited to the immune synapse, disrupts stable synapse formation, and associates with receptor phosphatases. J. Immunol. 192, 782–791 (2014).
34. Wu, Y., Li, Q. & Chen, X. Z. Detecting protein-protein interactions by Far western blotting. Nat. Protoc. 2, 3278–3284 (2007).
35. Huang, B., Jones, S. A., Brandenburg, B. & Zhuang, X. Whole-cell 3D STORM reveals interactions between cellular structures with nanometer-scale resolution. Nat. Methods 5, 1047–1052 (2008).
36. Lee, J., Sengupta, P., Brzostowski, J., Lippincott-Schwartz, J. & Pierce, S. K. The nanoscale spatial organization of B-cell receptors on immunoglobulin M-and G-expressing human B-cells. Mol. Biol. Cell 28, 511–523 (2017).
37. Coltharp, C., Yang, X. & Xiao, J. Quantitative analysis of single-molecule superresolution images. Curr. Opin. Struct. Biol. 28, 112–121 (2014).
38. Griffie, J. et al. A Bayesian cluster analysis method for single-molecule localization microscopy data. Nat. Protoc. 11, 2499–2514 (2016).
39. Treanor, B., Depoil, D., Bruckbauer, A. & Batista, F. D. Dynamic cortical actin remodeling by ERM proteins controls BCR microcluster organization and integrity. J. Exp. Med. 208, 1055–1068 (2011).
40. 
Hermiston, M. L., Xu, Z. & Weiss, A. CD45: a critical regulator of signaling thresholds in immune cells. Annu. Rev. Immunol. 21, 107–137 (2003).
41. Shrivastava, P., Katagiri, T., Ogimoto, M., Mizuno, K. & Yakura, H. Dynamic regulation of Src-family kinases by CD45 in B cells. Blood 103, 1425–1432 (2004).
42. Muller, J. & Nitschke, L. The role of CD22 and Siglec-G in B-cell tolerance and autoimmune disease. Nat. Rev. Rheumatol. 10, 422–428 (2014).
43. Leprince, C., Draves, K. E., Geahlen, R. L., Ledbetter, J. A. & Clark, E. A. CD22 associates with the human surface IgM-B-cell antigen receptor complex. Proc. Natl Acad. Sci. USA 90, 3236–3240 (1993).
44. Zhang, M. & Varki, A. Cell surface sialic acids do not affect primary CD22 interactions with CD45 and surface IgM nor the rate of constitutive CD22 endocytosis. Glycobiology 14, 939–949 (2004).
45. Doody, G. M. et al. A role in B cell activation for CD22 and the protein tyrosine phosphatase SHP. Science 269, 242–244 (1995).
46. Cheng, P. C., Dykstra, M. L., Mitchell, R. N. & Pierce, S. K. A role for lipid rafts in B cell antigen receptor signaling and antigen targeting. J. Exp. Med. 190, 1549–1560 (1999).
47. Eleme, K. et al. Cell surface organization of stress-inducible proteins ULBP and MICA that stimulate human NK cells and T cells via NKG2D. J. Exp. Med. 199, 1005–1010 (2004).
48. Gupta, N. et al. Quantitative proteomic analysis of B cell lipid rafts reveals that ezrin regulates antigen receptor-mediated lipid raft dynamics. Nat. Immunol. 7, 625–633 (2006).
49. Malkusch, S. et al. Coordinate-based colocalization analysis of single-molecule localization microscopy data. Histochem. Cell Biol. 137, 1–10 (2012).
50. Gasparrini, F. et al. Nanoscale organization and dynamics of the siglec CD22 cooperate with the cytoskeleton in restraining BCR signalling. EMBO J. 35, 258–280 (2016).
51. Garcia-Parajo, M. F., Cambi, A., Torreno-Pina, J. A., Thompson, N. & Jacobson, K. Nanoclustering as a dominant feature of plasma membrane organization. J. Cell Sci. 127, 4995–5005 (2014).
52. Torreno-Pina, J. A. et al. Enhanced receptor-clathrin interactions induced by N-glycan-mediated membrane micropatterning. Proc. Natl Acad. Sci. USA 111, 11037–11042 (2014).
53. Schamel, W. W. & Reth, M. Monomeric and oligomeric complexes of the B cell antigen receptor. Immunity 13, 5–14 (2000).
54. Freeman, S. A. et al. Toll-like receptor ligands sensitize B-cell receptor signalling by reducing actin-dependent spatial confinement of the receptor. Nat. Commun. 6, 6168 (2015).
55. Bian, X., Kim, C. & Karniadakis, G. E. 111 years of Brownian motion. Soft Matter 12, 6331–6346 (2016).
56. Pace, K. E., Lee, C., Stewart, P. L. & Baum, L. G. Restricted receptor segregation into membrane microdomains occurs on human T cells during apoptosis induced by galectin-1. J. Immunol. 163, 3801–3811 (1999).
57. Stillman, B. N. et al. Galectin-3 and galectin-1 bind distinct cell surface glycoprotein receptors to induce T cell death. J. Immunol. 176, 778–789 (2006).
58. Symons, A., Cooper, D. N. & Barclay, A. N. Characterization of the interaction between galectin-1 and lymphocyte glycoproteins CD45 and Thy-1. Glycobiology 10, 559–563 (2000).
59. Clark, M. C. et al. Galectin-3 binds to CD45 on diffuse large B-cell lymphoma cells to regulate susceptibility to cell death. Blood 120, 4635–4644 (2012).
60. Lin, J., Brown, V. K. & Justement, L. B. Regulation of basal tyrosine phosphorylation of the B cell antigen receptor complex by the protein tyrosine phosphatase, CD45. J. Immunol. 149, 3182–3190 (1992).
61. Pani, G., Siminovitch, K. A. & Paige, C. J. The motheaten mutation rescues B cell signaling and development in CD45-deficient mice. J. Exp. Med. 186, 581–588 (1997).
62. Heng, T. S. & Painter, M. W. The Immunological Genome Project: networks of gene expression in immune cells. Nat. Immunol. 9, 1091–1094 (2008).
63. Gieseke, F. et al. Proinflammatory stimuli induce galectin-9 in human mesenchymal stromal cells to suppress T-cell proliferation. Eur. J. Immunol. 43, 2741–2749 (2013).
64. Chagan-Yasutan, H. et al. Galectin-9 plasma levels reflect adverse hematological and immunological features in acute dengue virus infection. J. Clin. Virol. 58, 635–640 (2013).
65. McSharry, B. P. et al. Human cytomegalovirus upregulates expression of the lectin galectin 9 via induction of beta interferon. J. Virol. 88, 10990–10994 (2014).
66. Tandon, R. et al. Galectin-9 is rapidly released during acute HIV-1 infection and remains sustained at high levels despite viral suppression even in elite controllers. AIDS Res. Hum. Retrovir. 30, 654–664 (2014).
67. Carrasco, Y. R., Fleire, S. J., Cameron, T., Dustin, M. L. & Batista, F. D. LFA-1/ ICAM-1 interaction lowers the threshold of B cell activation by facilitating B cell adhesion and synapse formation. Immunity 20, 589–599 (2004).

NATURE COMMUNICATIONS | (2018) 9:3288 | DOI: 10.1038/s41467-018-05771-8 | www.nature.com/naturecommunications	17


ARTICLE	NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05771-8

0. Liu, G. et al. Using ProHits to store, annotate, and analyze affinity purification-mass spectrometry (AP-MS) data. Curr. Protoc.
Bioinformatics doi: https://doi.org/10.1002/0471250953.bi0816s39 (2012).
1. Crocker, J. C. & Grier, D. G. Methods of digital video microscopy for colloidal

studies. J. Colloid Interface Sci. 179, 289–310 (1996).
2. Ovesny, M., Krizek, P., Borkovec, J., Svindrych, Z. & Hagen, G. M. ThunderSTORM: a comprehensive ImageJ plug-in for PALM and STORM data analysis and super-resolution imaging. Bioinformatics 30, 2389–2390 (2014).
Acknowledgements
We thank Kiera Clayton and Mario Ostrowski for human rGal933; Jose Grespan Guerios for help with dSTORM acquisition; Enayat Mohammad Gul for help with pull-down assays; Wen Zheng for help with cryosectioning and immunostaining of lymph nodes; and Jerry Gu for preparation of schematic model. This work was supported by funding from the Canadian Institutes of Health Research (CIHR; MOP-136808), Natural Sciences and Engineering Council of Canada (NSERC; RGPIN 418756-12), and Canada Research Chair (CRC; 905–231134) to B.T.; King Abdullah Scholarship to N.A.; NSERC graduate student fellowship to L.W.; and NSERC Undergraduate Student Research Award (USRA) to H.F. and W.Z.
Author contributions
A.C., N.A. and B.T. designed the research study. A.C., N.A., F.H.M.B., L.W., L.K.S., A.T.Q., Z.H., H.F. and B.T. conducted the experiments and data analysis. M.S. and D.M. O. provided input and assistance on dSTORM analysis. A.T.Q. and A.S. performed mass spectrometry analysis. A.C., N.A., F.H.M.B., L.W., L.K.S. and B.T. wrote the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-018-05771-8.
Competing interests: The authors declare no competing interests.
Reprints and permission information is available online at http://npg.nature.com/ reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
[image: ]Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/ licenses/by/4.0/.
© The Author(s) 2018

18	NATURE COMMUNICATIONS | (2018) 9:3288 | DOI: 10.1038/s41467-018-05771-8 | www.nature.com/naturecommunications


THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 47, pp. 32344–32352, November 20, 2009 © 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.
Galectin-9 Is a High Affinity IgE-binding Lectin with Anti-allergic Effect by Blocking IgE-Antigen Complex Formation
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Galectin (Gal)-9 was first described as an eosinophil chemoat-tractant. With the progress in research, Gal-9 has come to be known as a versatile immunomodulator that is involved in various aspects of immune regulations, and the entire picture of the function still remains elusive. To uncover as-yet unknown activity of Gal-9, we have been examining the effect of the protein in various disease animal models. Here we show that Gal-9 attenuated asthmatic reaction in guinea pigs and suppressed passive-cutaneous anaphylaxis in mice. These results indicate the mast cell stabilizing effect of Gal-9. In vitro studies of mast cell degranulation involving RBL-2H3 cells demonstrated that Gal-9 suppressed degranulation from the cells stimulated by IgE plus antigen and that the inhibitory effect was completely abrogated in the presence of lactose, indicating lectin activity of Gal-9 is critical. We found that Gal-9 strongly and specifically bound IgE, which is a heavily glycosylated immunoglobulin, and that the interaction prevented IgE-antigen complex formation, clarifying the mode of action of the anti-degranulation effect. Gal-9 is expressed by several mast cells including mouse mast cell line MC/9. The fact that immunological stimuli of MC/9 cells augmented Gal-9 secretion from the cells implies that Gal-9 is an autocrine regulator of mast cell function to suppress excessive degranulation. Collectively, these findings shed light on a novel function of Gal-9 in mast cells and suggest a beneficial utility of Gal-9 for the treatment of allergic disorders including asthma.
Galectin (Gal)2 is a family of lectins characterized by a conserved carbohydrate recognition domain exhibiting binding specificity to 3-galactoside (1). One of the members, Gal-9, has two carbohydrate recognition domains tethered by a linker peptide and is mainly expressed in the epithelium of the gastrointestinal tract and in immune cells (2–5). Gal-9, like other galectins, does not have a signal sequence and is localized in the cytoplasm. However, it is secreted into the extracellular milieu
1 To whom correspondence should be addressed. Tel.: 81-87-869-7417; Fax: 81-87-869-7092; E-mail: niki.t@galpharma.com.

2 The abbreviations used are: Gal, galectin; sGal, stable-form galectin; TIM3, T-cell immunoglobulin and mucin domain containing-protein 3; PBS, Dul-becco’s phosphate-buffered saline without calcium and magnesium; PBS-T, PBS containing 0.05% Tween 20; BSA, bovine serum albumin; HSA, human serum albumin; OVA, ovalbumin; sRAW, specific airway resistance; DNP, 2,4-dinitrophenol; j3-HEX, 13-hexosaminidase; LTC4, leukotriene C4; FACS, fluorescence-activated cell sorter; ELISA, enzyme-linked immu-nosorbent assay.

through poorly understood mechanisms and exerts biological functions by binding to the glycoproteins on the target cell surface via their carbohydrate chains.
Two target glycoproteins of Gal-9 have been identified, namely T-cell immunoglobulin and mucin containing-protein
3 (TIM3) and CD44. TIM3 is expressed by several populations of immune cells including terminally differentiated Th1 cells and CD11b⠁ monocytes. Gal-9 stimulates cell death of TIM3⠁ Th1 cells, leading to the termination of Th1-biased immunore-actions (6). On the other hand, Gal-9 promotes TNFa secretion from CD11b⠁ TIM3⠁ monocytes and enhances innate immunity (7). CD44 is an important adhesion molecule for migrating lymphocytes and eosinophils. Gal-9 interaction with CD44 prevents CD44 from binding to hyaluronic acid, which is a principal ligand for CD44 and for providing a foothold for migrating cells; hence, attenuates accumulation of activated lymphocytes and eosinophils to the inflamed lesion (8).
Other functions of Gal-9, such as in chemoattraction of eosinophils, suppression of Th17 cell differentiation, or promotion of regulatory T-cell differentiation (9, 10) cannot be explained either by TIM3 or CD44 with the limited knowledge we have present, which leaves the possibility of other target molecules of Gal-9. Because lectin binding is more promiscuous than protein to protein interactions, it is possible that Gal-9 has multiple target molecules to exert its various biological functions, as has been demonstrated in Gal-1 or Gal-3 (11–18).
Mast cells play an important defense role in the frontline of host immunity, whereas the excessive activation causes allergic or autoimmune disorders (19). Gal-9 expression has been shown in human cord blood-derived mast cells (20), but the function of Gal-9 in mast cells has not been elucidated yet, although an effect of TIM3 activation in mast cells was demonstrated to augment Th2 cytokine production using a polyclonal anti-TIM3 antibody, which is described as agonistic to TIM3 signaling (21).
In this report we demonstrate anti-allergic activity of Gal-9 administration in animal models. We also show that Gal-9 is an IgE-binding protein and suppresses IgE-antigen complex formation, which underlines the mode of action of the anti-allergic effect of Gal-9.
EXPERIMENTAL PROCEDURES
Expression and Purification of Recombinant Gals—The expression and purification of recombinant Gal-1, Gal-3, Gal-7, Gal-9, stable-form Gal-9 (sGal-9), and mouse stable-form Gal-9
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(msGal-9) were described previously (22–24). Human Gal-4 cDNA was amplified from first-strand cDNAs prepared from the poly(A)+ RNA fraction of human placenta (OriGene Technologies) using forward and reverse primers tagged with extra 5' EcoRI (5'-cgtcctggattcccatggcctatgtccccgcaccg-3') and XhoI (5'-cgaccgctcgagttagatctggacataggacaa-3') sequences, respectively. The amplified cDNA was digested with EcoRI and XhoI, and the resulting cDNA fragment was inserted into the EcoRI-XhoI site of pGEX-4T-2. The glutathione S-transferase fusion protein of human Gal-4 was purified with a glutathione-Sepha-rose column (GE Healthcare). The purified protein was digested with thrombin (GE Healthcare), and then the glutathi-one S-transferase moiety was removed using a glutathione-Sepharose column. All the galectins were intensively dialyzed against Dulbecco’s phosphate-buffered saline without calcium and magnesium (PBS), and then endotoxin was eliminated using Cellufine ETclean L, a poly-⠃-lysine-conjugated resin (Chisso), followed by sterilization through a 0.2-⠄m filter. All the preparations were >95% pure on SDS-PAGE with an endo-toxin level of <0.001 endotoxin units/⠄g (<0.0001 ng of endotoxin/⠄g of protein) in limulus turbimetric kinetic assay with a Toxnometer ET-2000 (Wako). The protein concentration was determined using a bicinchoninic acid assay reagent (Pierce) with bovine serum albumin (BSA) as the standard. The molar concentration was calculated using the following molecular weights: Gal-1, 14,700; Gal-3, 26,200; Gal-4, 35,900; Gal-7, 15,100; Gal-9, 34,700; sGal-9, 33,100; smGal-9, 33,500.
Animal Studies—All the protocols for animal studies were approved by the animal care and biosafety committee of Kagawa University. To establish an asthmatic reaction, male guinea pigs (Hartley, 6 weeks; Kudou) were sensitized by means of daily inhalation of 1% ovalbumin (OVA) for 10 min using an ultrasonic nebulizer (Omron) for 8 days. After a 7-day interval, the animals were challenged by means of inhalation of 2% OVA for 5 min to induce an airway resistance increase, and the specific airway resistance (sRaw) was determined at the indicated time points using a respiratory analyzer Plumos-I (MIPS). To suppress the synthesis of endogenous glucocorticosteroids and facilitate the late-phase asthmatic reaction, the animals were injected with 10 mg/kg metyrapone (Sigma) intravenously 24 h and 1 h before the challenge, whereas 10 mg/kg pyrilamine (Sigma) was injected intraperitoneally 30 min before the challenge to avoid anaphylaxis shock. sGal-9 was administered intraperitoneally (1 mg/body) 30 min before each inhalation of OVA. The sRaw change was calculated by subtracting the initial sRaw value before the induction from the sRaws at the indicated time points and expressed as percentages of the initial sRaw values. After the last sRaw measurement, blood and bronchoal-veolar-lavage fluid were taken for analysis. Total and OVA-specific IgE and IgG1 in the serum were measured using ELISA kits from Dainippon-Sumitomo and Morinaga, respectively. Passive-cutaneous anaphylaxis was induced in female mice (BALB/c, 7 weeks, SLC) sensitized by intravenous administration of mouse IgE anti-2,4-dinitrophenol (DNP) antibody (clone Spe7; Sigma) at 5 ⠄g/mouse a day before the assay. The following day sGal-9 or ketotifen (Sigma) was administered intraperitoneally at the indicated doses. After 30 min 30 ⠄l of 0.15% 2,4-dinitrofluorobenzene (Sigma) dissolved in acetone/
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olive oil (4/1) was topically applied to the surface of the right ear of each mouse, whereas the solvent was applied to the left ear for control. The level of ear edema formation was determined by measuring the ear thickness using a calibrated thickness gauge (Mitsutoyo) and expressed as the ear thickness change according to the formula (R - L) - (R0 - L0), where R and L represent the thickness of the right and left ears at the indicated time points, and R0 and L0 represent the thicknesses just before the 2,4-dinitrofluorobenzene challenge. Statistical analysis of animal studies were carried out using GraphPad software Prism, assessed by two-way analysis of variance, and considered as significant at p < 0.01 (**) or p < 0.001 (***) compared with a PBS control.
Cell Culture—Rat basophilic leukemia RBL-2H3 cells and mouse mast cell line MC/9 were from RIKEN BioResource Center. Human mast cell line HMC-1 and human T-cell lines Jurkat and Molt-4 were from ATCC. RBL-2H3 cells were cultured in minimal essential medium (Sigma) supplemented with 10% fetal bovine serum, penicillin/streptomycin, and gluta-mine. MC/9 was maintained in Dulbecco’s modified Eagle’s medium (Sigma) with 10% fetal bovine serum, 0.05 mM 2-mer-captoethanol, interleukin-2 culture supplement (BD Bio-sciences), and penicillin/streptomycin. HMC-1 was cultured in Iscove’s modified Dulbecco’s medium with 10% fetal bovine serum and penicillin/streptomycin. Jurkat and Molt-4 were maintained in RPMI 1640 medium with 10% fetal bovine serum and penicillin/streptomycin.
Mediator Release from RBL-2H3 Cells—20,000 cells of RBL-2H3 cells per well were seeded into 96-well plates a day before the assay and cultured at 37 °C in a humidified CO2 incubator. Each cell layer was washed once with assay buffer (Hanks’ balanced salt solution containing 20 mM Hepes and 1 mg/ml BSA) and then stimulated by the addition of the optimized concentrations of 0.1 ⠄g/ml Spe7 and 0.016 ⠄g/ml DNP-conjugated human serum albumin (DNP-HSA; Sigma) or 1 ⠄g/ml rat IgE (clone IR162; Serotec) and 0.89 ⠄g/ml anti-rat IgE antibody (clone MARE1; Zymed Laboratories Inc.). Galectins were added at the indicated time points and concentrations. For ⠁-hexosaminidase (⠁-HEX) assay, supernatants were collected 60 min after the addition of DNP-HSA or MARE1, whereas the cell layers were lysed with 0.1% Triton X-100 and collected. The amount of ⠁-HEX was determined by measuring the enzyme activity as described (25) with minor modifications. Briefly, 10 ⠄l of each supernatant or cell lysate was mixed with 10 ⠄l of 1.3 mg/ml 4-nitrophenyl 2-acetamido-2-deoxy-⠁-D-glucopyrano-side (Sigma) dissolved in 100 mM citrate buffer (pH 4.5) and then incubated at 37 °C for 60 min. The reaction was terminated by the addition of 160 ⠄l of 0.2 M glycine (pH 10.4), and the optical density was read at 405 nm. The amounts of histamine and leukotriene C4 (LTC4) were determined using specific ELISA kits from SPI Bio and Cayman, respectively, according to the manufacturer’s instructions, except that 20 mM lactose was added to avoid interference with the ELISA by Gal-9 carried over from the assay.
Measurement ofIntracellular Ca2+ Mobilization—RBL-2H3 cells seeded into an optical-bottomed black 96-well plate (Nunc) at 20,000 cells/well a day before the assay were incubated in 1 ⠄M Fluo-3 AM (Molecular Probes) dissolved in cal-
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cium assay buffer (Hanks’ balanced salt solution containing 20 mM Hepes, 1 mg/ml BSA, 1 mM probenecid) for 90 min at room temperature. The cell layer was washed twice with the calcium assay buffer, and then the kinetics of Ca2⠁ mobilization were monitored by measuring the fluorescence change (excitation, 485 nm; emission, 538 nm) using a microplate reader Fluoros-kan Ascent (Thermo Electron).
Binding Assay—Human IgG1 and IgE from myeloid were purchased from Calbiochem. IgG1 and IgEs (1 g/ml) were coated in 96-well plates (Nunc) by overnight incubation at 4 °C. After washing out the unbound antibodies with PBS containing 0.05% Tween 20 (PBS-T), 10 mg/ml polyethylene glycol 4000 (Merck) was added to the plates followed by incubation for 2 h at room temperature to reduce nonspecific binding. Biotiny-lated galectins prepared using an EZ-link NHS-biotinylation kit (Pierce) were diluted to 0.1 M with 1 mg/ml BSA in PBS-T and then added to the plates followed by incubation for 1 h at room temperature. The average biotin incorporation rate was 1–2 biotins per galectin according to the results obtained with a biotin quantitation kit (Pierce), and the biotinylation did not affect the hemagglutination activity assessed with trypsin-treated fixed rabbit erythrocytes (26). After extensive washing with PBS-T, galectins bound to the plates were detected by the addition of streptavidin-conjugated horseradish peroxidase (Zymed Laboratories Inc.) and a colorimetric enzyme substrate, tetramethylbenzidine (KPL). The color development was stopped in its linear range by the addition of 1 M phosphate, and the optical density was read at 450 nm with a microplate reader Benchmark plus (Bio-Rad). The values were compensated for the number of biotins per galectin and then expressed as relative binding activity in comparison to that of Gal-1. Surface plasmon resonance analysis was carried out using a Biacore 3000 (Biacore). Galectins diluted to 1, 0.1, and 0.01 M with the running buffer (10 mM HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA, and 0.005% surfactant P20) were applied to biotinylated Spe7 immobilized on a SA-sensor chip (Biacore) at the flow rate of 10 l/min at 20 °C. The kinetic constants of the interaction were calculated using BIAevaluation 4.1 software. The effect of galectins on IgE-antigen interaction was examined on the surface of 96-well plates as well as on RBL-2H3 cell surface. The assay in 96-well plates is carried out as follows. First, DNP-HSA (0.1 g/ml) was coated in 96-well plates by overnight incubation at 4 °C. After blocking the plates with 10 mg/ml polyethylene glycol 4000, 0.1 g/ml biotinylated Spe7 dissolved in PBS-T containing 1 mg/ml BSA was added followed by incubation for 1 h at room temperature to allow the interaction between the biotinylated Spe7 and DNP-HSA. Galectins of the indicated concentrations were added 10 min before the addition of the biotinylated Spe7. The plates were washed extensively with PBS-T, and then the remaining antibodies were detected with streptavidin-conjugated horseradish peroxidase and tetram-ethylbenzidine as described above. To examine dissociation of IgE from RBL-2H3 cells, RBL-2H3 cell layers prepared in 12-well plates by 1 day of culture from seeding at 80,000 cells/ well were washed with FACS buffer (PBS containing 1 mg/ml BSA and 0.05% sodium azide), incubated with 0.1 g/ml bio-tinylated Spe7 for 1 h on ice, and then washed with FACS buffer to eliminate unbound Spe7. Then the cells were incubated with 

1 M sGal-9 for 1 h on ice, washed with FACS buffer, and then incubated with 0.5 g/ml streptavidin-conjugated phyco-erythrin (Biolegend) for 30 min to label the remaining biotiny-lated Spe7 on RBL-2H3 cells. After washing with FACS buffer, the cells were dissociated from the plates by pipetting in FACS buffer containing 20 mM lactose and 2 mM EDTA, suspended in 1 g/ml propidium iodide in FACS buffer, and examined with FACSCalibur (BD Biosciences). To examine the effect of Gal-9 on IgE-antigen interaction and IgE-anti-IgE antibody interaction on RBL-2H3 cells, the cell layers incubated with 0.1 g/ml Spe7 or IR162 for 1 h on ice were washed with FACS buffer, incubated with 1 M sGal-9 for 10 min on ice followed by the addition of 0.016 g/ml DNP-conjugated biotinylated BSA (Biosearch Technologies) or 0.89 g/ml biotinylated-MARE1 to the cell layers preincubated with Spe7 or IR162, respectively, and further incubated on ice for 30 min. The cell layers were washed with FACS buffer and incubated with 0.5 g/ml streptavidin-conjugated phycoerythrin for 30 min. Then the cells were dissociated from the plates as described above, stained by propidium iodide, and examined with FACSCalibur.
Periodate Oxidation of IgE—The protocol for antibody was applied as described (27). Briefly, 1.5 g of biotinylated Spe7 was incubated in 20 mM sodium meta-periodate/PBS (or PBS for control) at the concentration of 0.2 mg/ml for 25 h at 4 °C. The periodate reaction was terminated by the addition of the same volume of 50% glycerol and overnight incubation at 4 °C.
Gal-9 Measurement in the Cell Lines—MC/9, HMC-1, Jur-kat, and Molt-4 cells were washed with PBS and suspended in lysis buffer composed of 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1% Triton X-100, and Complete Protease Inhibitor Mixture (Roche Applied Science) and lysed by sonication. The amount of Gal-9 was measured with specific ELISA (28, 29), whereas the total protein amount was determined using bicin-choninic acid assay reagent with BSA as the standard.
Gal-9 Release from Activated Mouse Mast Cell Line MC/9— MC/9 cells were suspended in the culture medium containing 20 mM lactose, seeded into U-bottomed 96-well plates at 20,000 cells/well, and then stimulated by the addition of the indicated concentrations of Spe7 and DNP-HSA. Lactose was added to the medium to diminish binding of Gal-9 to the cell surface glycans. The culture supernatants were collected to measure the levels of LTC4 and Gal-9, whereas the remaining cells were examined by trypan blue excretion to determine living cell numbers.
RESULTS
Gal-9 Suppresses Asthmatic Reaction and Passive Cutaneous Anaphylaxis in Animal Models—It has been shown that Gal-9 exerts eclectic functions in various types of immune cells, although entire picture of the immunomodulatory function of the protein remains elusive. As a part of our efforts to uncover as-yet unknown functions of Gal-9 and explore possible utilities of the protein for the treatment of immunological disorders other than autoimmune diseases in which therapeutic effect of Gal-9 is well established in animal models (6, 10, 29, 30), we asked the effect of Gal-9 in asthma model in guinea pigs (Fig. 1A). In this model animals sensitized with inhaled 1% OVA was challenged with 2% OVA to induce increased airway resistance.
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FIGURE 1. In vivo effects of Gal-9 in asthma and allergy models. A, to induce asthmatic reactions, guinea pigs were sensitized by inhaled 1% OVA for 8 days and challenged with 2% OVA to induce asthmatic reactions, and then sRaw was determined at the indicated time points. sGal-9 was administrated intraperitoneally (1 mg/body) 30 min before the OVA treatments in both the sensitization and challenge. The data are expressed by percent changes in sRaw. The amount of total and OVA-specific IgE and IgG1 was measured by ELISA using serum obtained after the last sRaw measurement. Data shown are the mean ± S.E., n = 7 or 8; **, p < 0.01 compared with PBS control. B, effect on passive cutaneous anaphylaxis in mice. Ear edema was induced in mice by topical challenge with 2,4-dinitrofluorobenzene (DNFB) on the right ear of Spe7-sensitized mice. sGal-9 (left) or ketotifen (right) was administered intraperitoneally 30 min before the challenge. The thickness of the ears was measured and is expressed on the vertical axes as ear swelling (thickness of the right ear over the left; mean ± S.E., n = 4 or 5). ***, p < 0.001 compared with PBS control.
Gal-9 was administered before each OVA inhalation from the sensitization phase. In this study we used sGal-9 in which protease-sensitive linker peptide of Gal-9 is eliminated to stabilize the protein for long storage and for in vivo application but without compromising the activity (24). sGal-9 attenuated sRaw increase in both the immediate and late phases. The total and OVA-specific IgE and IgG1 levels in
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serum determined after the last sRaw measurement were not statistically different between sGal-9 and control groups. The analysis of cells in bronchoalveolar-lavage fluid after the last sRaw measurement showed significant decrease of total and eosinophil numbers in sGal-9 treated group (total: PBS, 8584 ± 686/pl; sGal-9, 4679 ± 974/pl; p < 0.01; eosinophil: PBS, 3514 ± 427/pl; sGal-9, 1139 ± 310/pl; p < 0.01), whereas lymphocytes showed a decreasing tendency by sGal-9 treatment without statistical significance (lymphocyte: PBS, 312 ± 29/pl; sGal-9, 160 ± 71/pl).
The efficacy in the immediate asthmatic reaction implies that sGal-9 suppresses mast cell degranulation and prompted us to examine the effects of sGal-9 on passive cutaneous anaphylaxis model, a simpler in vivo model to examine mast cell degranulation. In this model sGal-9 was administered intrap-eritoneally to mice sensitized with anti-DNP antibody (Spe7), and then the animals were challenged with the antigen on an ear to induce ear edema. The administration of sGal-9 evidently suppressed the ear edema, 1 pg/mouse sGal-9 being equivalent to 20 pg/mouse or more of ketotifen (Fig. 1B). The administration of sGal-9 affected neither the general appearance nor the body weight increase of the animals throughout these two in vivo studies.
Gal-9 Suppresses Mediator Release from RBL-2H3 Cells— The effect of Gal-9 on mast cell degranulation was further assessed in vitro using RBL-2H3 cells, a commonly used model system to examine mast cell degranulation. In Fig. 2A RBL-2H3 cells pretreated with various concentration of Gal-9 were stimulated by the addition of Spe7 plus the antigen DNP-HSA, and then (3-HEX release was measured. Gal-9 suppressed (3-HEX release in a concentration-dependent manner; the efficacies of sGal-9 (Fig. 2A, left) and the natural form Gal-9 (Fig. 2A, right) being indistinguishable, whereas the effect was completely reversed in the presence of lactose. Table 1 summarizes the effects of various galectins as IC50 values. Gal-3, -4, and -9 exhibited inhibitory effects in the concentration range used, whereas Gal-1 and Gal-7 failed. The potency rank order of the inhibition was sGal-9 (both human and mouse type) = Gal-9 > Gal-3 > Gal-4. The effect of Gal-9 was much greater than that of ketotifen, a histamine receptor antagonist with a mast cell stabilizing effect, the IC50 values being 0.22 pM (7.3 pg/ml) and 385 pM (119 pg/ml) for sGal-9 and ketotifen, respectively. The inhibitory effect of Gal-9 was not limited to (3-HEX release, but histamine and LTC4 releases were also suppressed (Fig. 2, B and C).
Next, we examined the effects of Gal-9 when it was added before IgE, after IgE, or after IgE cross-linking (Fig. 2D). The inhibitory effect was observed even after the addition of IgE, indicating that Gal-9 is effective on IgE-primed mast cells, which is consistent with the efficacy of sGal-9 in our passive cutaneous anaphylaxis in mice. A similar effect of Gal-9 was observed when the cells were stimulated by rat IgE (IR162) plus anti-rat IgE antibody (MARE1) (Fig. 2E).
Gal-9 Suppresses the Intracellular Ca2⠁ Mobilization—Be-cause Ca2⠁ influx is known to be a prerequisite step for the degranulation of RBL-2H3 cells (31, 32), we monitored the change in intracellular Ca2⠁ concentration using a calcium indicator, Fluo-3. The addition of Gal-9 by itself stimulated a
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FIGURE 2. 
Attenuation of mediator release from rat basophilic leukemia RBL-2H3 cells by Gal-9.
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Ca2 mobilization (Fig. 3A, upper), but nevertheless, this calcium signal did not stimulate degranulation as was shown in Fig. 2. The aggregation of Fc⠃RI on the addition of IgE plus antigen stimulated a Ca2 mobilization (Fig. 3A, middle); however, it was completely abolished in the presence of Gal-9 (Fig. 3A, upper). These effects of Gal-9 were abrogated in the pres 

ence of lactose (Fig. 3A, lower). We hypothesized that the Gal-9-dependent Ca2 mobilization might be the signal that desensitizes cells as to degranulation. To test this hypothesis, lactose was added to the cells after termination of the Gal-9-induced Ca2 mobilization followed by stimulation with IgE plus antigen to determine whether ⠁-HEX is released (Fig. 3B). The addition of lactose reversed the inhibitory effect of Gal-9 on ⠁-HEX release, indicating that Gal-9-dependent Ca2 mobilization has no direct connection with the anti-degranulation effect.
Gal-9 Is an IgE-binding Protein and Deprives IgE of Binding to Antigen—Because IgE is a highly glycosylated protein, we examined if Gal-9 binds IgE by means of a solid-phase binding assay in which immobilized immunoglobulins on 96-well plates were bound with biotiny-lated-galectins (Fig. 4A). The average biotin incorporation rate was 1–2 per each galectin, and the bioti-nylation did not affect the lectin activity. Gal-9 exhibited prominent binding to IgEs from human (myeloid), mouse (Spe7), and rat (IR162), whereas the binding of Gal-1, -3, -4, and -7 to these IgEs was much weaker. The IgE binding was similarly strong between the natural form Gal-9 and the stable form, sGal-9. Gal-3 has been known as an IgE-binding protein, but the interaction was much weaker than that of Gal-9 even though our recombinant Gal-3 and the reported preparation seems to be similar at least in hemagglutination activity, i.e. the concentration for hemagglutination of our preparation and the reported one was 3 and 2 ⠄g/ml, respectively, using the same referenced protocol involving trypsin-treated fixed rabbit erythrocytes (33). These interactions were completely abrogated in the presence of lactose. The binding between IgE and galectins was further studied by surface plasmon resonance analysis using Biacore. The dissociation constants (Kd) obtained for immobilized Spe7 against sGal-9 and Gal-3 were 3.6 ⠈ 10_8 and 2.4 ⠈ 10_6 M, respectively, which demonstrated the higher affinity of the Spe7-Gal-9 interaction over that of Spe7-Gal-3 in a different assay format.
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Not only binding to IgE, but Gal-9 suppresses the interaction between IgE and antigen. When added to the interaction assay between Spe7 and immobilized DNP-HSA, Gal-9 suppressed IgE-antigen complex formation in a concentration-dependent manner, whereas Gal-1 and Gal-3 were ineffective at 1 jtM (Fig. 4B, left). The interaction between Gal-9 and DNP-HSA is at the background level in this assay. The effect of Gal-9 was also completely abolished in the presence of lactose (Fig. 4B, right), which supports the idea that the target of Gal-9 is carbohydrate chains on IgE. To further examine the relevance, Spe7 was sub-

TABLE 1
Effects of various galectins on RBL-2H3 degranulation
The same experimental procedure as in Fig. 2A was used to evaluate the effects of each galectin. The IC50 value was calculated as the concentration for 50% inhibition from the inhibition curve using GraphPad software Prism and is presented as the mean ± S.E. from at least three independent experiments. When 50% inhibition was not reached in the concentration range used, the IC50 values were assumed to be more than the highest concentration. msGal-9, mouse stable Gal-9.
	Reagent
	IC50 for a-HEX release

	

	

	jtM

	Gal-1
	

	>9

	Gal-3
	2.39
	± 0.46

	Gal-4
	5.65
	± 0.39

	Gal-7
	

	>9

	Gal-9
	0.24
	± 0.04

	sGal-9
	0.22
	± 0.04

	smGal-9
	0.22
	± 0.01

	Ketotifen
	385±66
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jected to periodate oxidation to degrade carbohydrate chains. Periodate oxidation decreased the Spe7 amount in the reaction (Fig. 4C, left) probably because of the increased adsorption of the carbohydrate-less Spe7 to the plastic tube. In accordance with the decreased amount, binding to DNP-HSA of periodate-treated Spe7 decreased compared with the mock treatment, but the binding was insensitive to Gal-9 (Fig. 4C, right). This observation clarifies that carbohydrate chains on IgE are the primary target of Gal-9.
We further confirmed the inhibitory effect by Gal-9 on RBL-2H3 cell surface using the same amount of Spe7 and DNP-HSA for the degranulation assay. sGal-9 showed a limited effect on ripping pre-bound Spe7 out of RBL-2H3 cell surface (Fig. 4D) but suppressed DNP-HSA binding to Spe7 on the cell surface (Fig. 4E, left). We also examined if Gal-9 suppresses interaction between IR162 and MARE1 because Gal-9 suppressed degran-ulation from RBL-2H3 cells stimulated by these antibodies (Fig. 2E). Even in this case, Gal-9 significantly reduced MARE1 attachment by about 40% (Fig. 4E, right).
Induction of Gal-9 Release from Mast Cells—Gal-9 expression in mast cells is shown in human cord blood-derived mast cells (20) and human mast cell line HMC-1 (34). We have repeatedly seen strong signals of Gal-9 out of mast cells in immunohistochemical studies using mouse and human
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FIGURE 3. Effect of Gal-9 on intracellularCa2⠁ mobilization.A, Fluo-3-AM-loaded RBL-2H3 cells were sequentiallyadded with 1 jtM sGal-9 (or PBS for control), 0.1 jtg/ml Spe7, and then 0.016 jtg/ml DNP-HSA at 30-min intervals as indicated by the arrows. The assay was carried out in the absence (upper and middle) or presence (lower) of 20 mM lactose. The fluorescence signal is expressed on the vertical axes as relative fluorescence change (F/F0) from the initial signal value (Mean ± S.D., n = 3). B, no relations between Gal-9-dependent Ca2⠁ mobilization and the anti-degranulation effect of Gal-9 are shown. The assay procedure was basically the same as in Fig. 2A, except that 20 mM lactose or control buffer was added 10 min after the addition of 1 jtM Gal-9, and then the cells were stimulated with Spe7 and DNP-HSA for j3-HEX release (mean ± S.D., n = 3). Representative data of twice reproduced are shown.
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FIGURE 4. Binding of Gal-9 to IgE prevent IgE-antigen complex formation. A, human IgG1 from myeloid, human IgE from myeloid, mouse monoclonal IgE Spe7, and rat monoclonal IgE IR162 were coated in 96-well plates and allowed to interact with biotinylated-galectins. Relative binding is expressed on the vertical axes in comparison with the binding of Gal-1 (mean ± S.D., n = 3). B, prevention of IgE-antigen complex formation by Gal-9 in 96-well plates is shown. DNP-HSA-coated 96-well plates were incubated with 0.1 µg/ml biotinylated Spe7 for 60 min in the indicated concentration of galectins in the presence (right) or absence (left) of 20 mM lactose. The data are expressed by the percentage of Spe7 binding as the binding without galectins is 100% (mean ± S.D., n = 3). C, no effect of Gal-9 on periodate-treated IgE is shown. Biotinylated Spe7 was subjected to periodate oxidation to disrupt carbohydrate chains. The samples were sieved by SDS-PAGE and silver-stained (left) and used for binding assay against DNP-HSA in the presence or absence of 1 µM sGal-9 and 20 mM lactose as indicated (right). The assay condition is basically the same as B. Periodate- and mock-treated Spe7 were used without compensating for the loss of protein during the treatment, and the binding of mock-treated Spe7 in the absence of sGal-9 and lactose was set as 100% (mean ± S.D., n = 4). D, RBL-2H3 cells pre-bound with 0.1 µg/ml biotinylated Spe7 were incubated with 1 µM sGal-9 when indicated, and Spe7, which stayed on the cell surface, was detected by labeling the cells with streptavidin-conjugated phycoerythrin and FACS analysis. The mean fluorescence values are shown in the bar chart (mean ± S.D., n = 3). Dark gray histogram, Spe7-sGal-9-; pale gray histogram, Spe7+sGal-9-; open histogram, Spe7+sGal-9+. E, RBL-2H3 cells pre-bound with 0.1 µg/ml Spe7 (left) or 1µg/ml IR162 (right) were incubated with either 0.016 µg/ml DNP-conjugated biotinylated BSA or 0.89 µg/ml biotinylated-MARE1 in the presence or absence of 1 µM sGal-9 as indicated. The binding of DNP-BSA or MARE1 to the cells was determined by labeling the cells with streptavidin-conjugated phycoerythrin and FACS analysis. The mean fluorescent values are summarized in the bar chart (mean ± S.D., n = 3). Dark gray histogram, Spe7-sGal-9-DNP-or IR162-sGal-9-MARE1-; pale gray histogram, Spe7+sGal-9-DNP+ or IR162+sGal-9-MARE1+; open histogram, Spe7+sGal-9+DNP+ or IR162+sGal-9+MARE1+. Representative data of at least twice-reproduced experiments are shown.

tissue sections (data not shown). ELISA analysis of Gal-9 expression in cell lines demonstrated overwhelmingly high amounts of Gal-9 in mast cell lines over T-cell lines (Fig. 5A). Because mouse mast cell line MC/9 retains FceRI-dependent signaling for degranulation and proinflammatory mediator release, we investigated if Gal-9 is released from the cells with the activation. This cell line released Gal-9 constitu 

tively under the culture conditions we used. The application of Spe7 plus DNP-HSA to the culture stimulated the release of LTC4 at 30 min followed by the augmentation of Gal-9 release at 48 h (Fig. 5B), with the highest release in this experiment of 7.4 ng/106 cells, which corresponds to about 11% of total Gal-9 in the cells (63.6 ± 1.8 ng/106 cells). The viability of the cells monitored by means of trypan blue stain-
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FIGURE 5. 
Expression and release of Gal-9 from mast cells. 
A
, shown is ELISA analysis of Gal-9 expression in T-cell lines (Jurkat and Molt-4) and mast cell lines (HMC-1 and MC/9). 
B
, release of Gal-9 from mast cells by the degranulation stimuli is shown. Mouse mast cell line MC/9 was incubated with the indicated concentrations of Spe7 and DNP-HSA for 30 min or 48 h to measure the released LTC
4
 (
left
) or Gal-9 (
right
), respectively, using specific ELISA. After 48 h incubation, cell number was 5–30% higher in the presence of Spe7 and DNP-HSA compared with the control.Therefore, the amount of Gal-9 in the culture supernatant was compensated bythe cell numberand expressed on the 
vertical axis 
as release of Gal-9 per 10
6
 cells. Data are representative of at least two experiments (mean 
± 
S.D., 
n 
= 
3).
)[image: ]ing was >95% under all the conditions throughout the experiment.
DISCUSSION
We demonstrated in a previous report that Gal-9 suppresses airway inflammation and Th2 cytokine release in a murine model of asthma by preventing CD44-hyaluronic acid interaction of activated lymphocytes and eosinophils (8). In the current study we examined Gal-9 administration in an asthma model in guinea pigs and observed a suppressing effect in both immediate- and late-phase asthmatic reactions. Gal-9 treatment attenuated eosinophil accumulation in the lung. This can be explained by the suppression of CD44-dependent migration of eosinophils by Gal-9, which is supposed to be the major mode of action in ameliorating the late-phase asthmatic reaction. The suppression at immediate-phase reaction, however, is presumed as an effect of Gal-9 on mast cell degranulation or on immediate reactions triggered by the degranulation, especially as Gal-9 administration did not decrease IgE level in the serum. The suppressive effect of Gal-9 on mast cell degranulation was further supported in vivo using a murine passive cutaneous anaphylaxis model and confirmed by in vitro studies involving RBL-2H3 cells.
It is interesting to note that Gal-3 also suppressed degranu-lation from RBL-2H3 cells at a 10-fold higher concentration than Gal-9, although Gal-3 was previously reported to stimulate the degranulation from the cells (35). These differences can be explained by the different assay formats, i.e. they added RBL-2H3 cells to Gal-3-coated plates, whereas we applied galectins directly to the cell culture layers. Because Gal-3 exhibits affinity to Fc€RI as well, it can aggregate Fc€RI to stimulate degranula-tion when immobilized at high density on a culture plate. However, soluble Gal-3 cannot cross-link Fc€RI unless it forms a stable dimer or oligomer, and it probably prevents the interaction between IgE and Fc€RI or between IgE and antigen.
We showed that Gal-9 prevented Spe7 from binding to DNP-HSA, whereas Gal-1 and Gal-3 were ineffective in the concentration ranges used, which correlates well to the binding affinity
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of these galectins as to IgE and the potency rank order of the inhibition in RBL-2H3 degranulation. These results support the hypothesis that the anti-degranulation effect of Gal-9 is largely because of interference with IgE-antigen complex formation. Gal-9 suppressed the interaction between rat IgE IR162 and anti-IgE antibody MARE1 on RBL-2H3 cells by 40%, although degran-ulation from the cells by these antibodies was completely suppressed by Gal-9. Probably, Gal-9 binding to IR162 is a steric hindrance for IR162-loaded Fc€RIs to be in close proximity with each other by MARE1; hence, signal transduction and the following degranulation is suppressed. The exact binding site of Gal-9 on IgEs and how the binding affects IgE structure remain to be investigated.
Expression of TIM3 was reported in human cord blood-derived mast cells (20) and mouse bone marrow-derived mast cells (21). Activation of TIM3 on the bone marrow-derived mast cells by an agonistic polyclonal antibody was reported not to affect mast cell degranulation by immunological stimuli but to augment Th2 cytokine production and also to suppress mast cell apoptosis induced by interleukin-3 withdrawal (21). TIM3 expression in RBL-2H3 cells was detected only by reverse tran-scription-PCR, its level being less than the detection limit on Western blotting (data not shown), suggesting that the surface expression of TIM3, if present at all, must below. The application of Gal-9 to RBL-2H3 cells stimulated a Ca2⠁ mobilization. This calcium signal might come from the Gal-9 interaction with TIM3 in RBL-2H3 cells because Gal-9 binding to TIM3 was reported to stimulate a Ca2⠁ mobilization in Th1 cells (6). Nevertheless, this calcium signal does not seem to play a role in the observed anti-degranulation effects of Gal-9 because the addition of lactose after the calcium signal reversed the effect of Gal-9.
Gal-9 expression was shown in T-cells, B-cells, macrophages, endothelial cells, and fibroblasts in synovial tissue samples from rheumatoid arthritis patients (29), and its release from T-cells was demonstrated using Jurkat T-cells (34). These cells are a plausible source of Gal-9 at the site of inflammation in modulating immune responses. Because mast cells express significantly high amount of Gal-9 over T-cells, we investigated if Gal-9 is secreted from mast cells with degranulation stimuli. Activation of mouse mast cell line MC/9 by Spe7 plus DNP-HSA augmented Gal-9 release into the supernatant. This result suggests that mast cells can be a source of Gal-9 and implies that Gal-9 acts as an autocrine regulator for mast cells to suppress excessive degranulation.
Mast cells release various proinflammatory mediators by activation and trigger allergic diseases such as asthma, atopic dermatitis, allergic rhinitis, and allergic conjunctivitis (36–40). A large number of antagonists against those proinflammatory
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mediators have been developed in an effort to cure uneasy and sometimes deadly symptoms of the disease. However, those antagonists offer limited benefit due to blocking only a part of the reactions triggered by many proinflammatory mediators released from activated mast cells. A humanized anti-IgE neutralizing antibody, Omalizumab, is a more radical approach for the treatment of allergic diseases. This antibody is directed against the binding site of IgE for Fc€RI and prevents free IgE from attaching to mast cells, hence preventing IgE-mediated proinflammatory mediator release as a whole (41). Gal-9 also targets IgE and attenuates the activation of mast cells triggered by the cross-linking of Fc€RI. Gal-9 blocks the access of antigen to the IgE, and the anti-degranulation effect was demonstrated even after the attachment of IgE to Fc€RI on mast cells. This seems to be the beneficial characteristic of Gal-9 over the anti-IgE strategy. Mast cells of symptomatic patients are assumed to have bound IgE, and Gal-9, but not Omalizumab, probably exerts fast-acting efficacy under the conditions as well.
We found that Gal-9 is an IgE-binding protein suppresses IgE-antigen complex formation and, hence, prevents proinflam-matory mediator release from mast cells. Immunological stimulation augments the secretion ofGal-9 from mast cells, implying that Gal-9 is an autocrine regulator of mast cell activity. Gal-9 administration suppresses immediate-phase asthmatic reaction in guinea pigs, which manifests the anti-degranulation effect ofGal-9 in complex pathophysiological conditions where various poly-clonal IgEs are involved. Together with the previously reported function of Gal-9 in suppressing CD44-dependent migration of inflammatory cells to the lesions, the current study would add more value to Gal-9 as a potential candidate to allow the development of a novel protein drug for the treatment of asthma and allergic disorders.
Acknowledgments—We thank Keiko Furutani for technical assistance and Drs. Makoto Iwata (Tokushima Bunri University), Shigeki Katoh (Kagawa University), and Kimishige Ishizaka (La Jolla Insti-tutefor Allergy and Immunology) for useful discussions.
REFERENCES
1. Cooper, D. N. (2002) Biochim. Biophys. Acta 1572, 209 –231
2. Wada, J., and Kanwar, Y. S. (1997) J. Biol. Chem. 272, 6078–6086
3. Türeci, O., Schmitt, H., Fadle, N., Pfreundschuh, M., and Sahin, U. (1997) J. Biol. Chem. 272, 6416–6422
4. Wada, J., Ota, K., Kumar, A., Wallner, E. I., and Kanwar, Y. S. (1997) J. Clin. Invest. 99, 2452–2461
5. Matsumoto, R., Matsumoto, H., Seki, M., Hata, M., Asano, Y., Kanegasaki, S., Stevens, R. L., and Hirashima, M. (1998) J. Biol. Chem. 273, 16976–16984
6. Zhu, C., Anderson, A. C., Schubart, A., Xiong, H., Imitola, J., Khoury, S. J., Zheng, X. X., Strom, T. B., and Kuchroo, V. K. (2005) Nat. Immunol. 6, 1245–1252
7. Anderson, A. C., Anderson, D. E., Bregoli, L., Hastings, W. D., Kassam, N., Lei, C., Chandwaskar, R., Karman, J., Su, E. W., Hirashima, M., Bruce, J. N., Kane, L. P., Kuchroo, V. K., and Hafler, D. A. (2007) Science 318, 1141–1143
8. Katoh, S., Ishii, N., Nobumoto, A., Takeshita, K., Dai, S. Y., Shinonaga, R., Niki, T., Nishi, N., Tominaga, A., Yamauchi, A., and Hirashima, M. (2007) Am. J. Respir. Crit. Care Med. 176, 27–35
9. Hirashima, M. (1999) Int. Arch. Allergy. Immunol. 120, Suppl. 1, 7–10
10. Seki, M., Oomizu, S., Sakata, K. M., Sakata, A., Arikawa, T., Watanabe, K., 

Ito, K., Takeshita, K., Niki, T., Saita, N., Nishi, N., Yamauchi, A., Katoh, S., Matsukawa, A., Kuchroo, V., and Hirashima, M. (2008) Clin. Immunol. 127, 78–88
68. Cherayil, B. J., Weiner, S. J., and Pillai, S. (1989) J. Exp. Med. 170, 1959–1972
69. Woo, H. J., Shaw, L. M., Messier, J. M., and Mercurio, A. M. (1990) J. Biol. Chem. 265, 7097–7099
70. Rosenberg, I., Cherayil, B. J., Isselbacher, K. J., and Pillai, S. (1991) J. Biol. Chem. 266, 18731–18736
71. Dagher, S. F., Wang, J. L., and Patterson, R. J. (1995) Proc. Natl. Acad. Sci. U.S.A. 92, 1213–1217
72. Vlassara, H., Li, Y. M., Imani, F., Wojciechowicz, D., Yang, Z., Liu, F. T., and Cerami, A. (1995) Mol. Med. 1, 634–646
73. Park, J. W., Voss, P. G., Grabski, S., Wang, J. L., and Patterson, R. J. (2001) Nucleic Acids Res. 29, 3595–3602
74. Elola, M. T., Chiesa, M. E., Alberti, A. F., Mordoh, J., and Fink, N. E. (2005) J. Biomed. Sci. 12, 13–29
75. Camby, I., Le Mercier, M., Lefranc, F., and Kiss, R. (2006) Glycobiology 16, 137R–157R
76. Galli, S. J., Kalesnikoff, J., Grimbaldeston, M. A., Piliponsky, A. M., Williams, C. M., and Tsai, M. (2005) Annu. Rev. Immunol. 23, 749 –786
77. Wiener, Z., Kohalmi, B., Pocza, P., Jeager, J., Tolgyesi, G., Toth, S., Gorbe, E., Papp, Z., and Falus, A. (2007) J. Invest. Dermatol. 127, 906 –914
78. Nakae, S., Iikura, M., Suto, H., Akiba, H., Umetsu, D. T., Dekruyff, R. H., Saito, H., and Galli, S. J. (2007) Blood 110, 2565–2568
79. Matsushita, N., Nishi, N., Seki, M., Matsumoto, R., Kuwabara, I., Liu, F. T., Hata, Y., Nakamura, T., and Hirashima, M. (2000) J. Biol. Chem. 275, 8355–8360
80. Sato, M., Nishi, N., Shoji, H., Kumagai, M., Imaizumi, T., Hata, Y., Hirashima, M., Suzuki, S., and Nakamura, T. (2002) J. Biochem. 131, 255–260
81. Nishi, N., Itoh, A., Fujiyama, A., Yoshida, N., Araya, S., Hirashima, M., Shoji, H., and Nakamura, T. (2005) FEBS Lett. 579, 2058–2064
82. Pivniouk, V. I., Snapper, S. B., Kettner, A., Alenius, H., Laouini, D., Falet, H., Hartwig, J., Alt, F. W., and Geha, R. S. (2003) Int. Immunol. 15, 1431–1440
83. Nowak, T. P., Haywood, P. L., and Barondes, S. H. (1976) Biochem. Bio-phys. Res. Commun. 68, 650–657
84. Andersen, B. R., Abele, D. C., and Vannier, W. E. (1966) J. Immunol. 97, 913–924
85. Nobumoto, A., Nagahara, K., Oomizu, S., Katoh, S., Nishi, N., Takeshita, K., Niki, T., Tominaga, A., Yamauchi, A., and Hirashima, M. (2008) Gly-cobiology 18, 735–744
86. Seki, M., Sakata, K. M., Oomizu, S., Arikawa, T., Sakata, A., Ueno, M., Nobumoto, A., Niki, T., Saita, N., Ito, K., Dai, S. Y., Katoh, S., Nishi, N., Tsukano, M., Ishikawa, K., Yamauchi, A., Kuchroo, V., and Hirashima, M. (2007) Arthritis Rheum. 56, 3968–3976
87. Niwa, H., Satoh, T., Matsushima, Y., Hosoya, K., Saeki, K., Niki, T., Hirashima, M., and Yokozeki, H. (2009) Clin. Immunol. 132, 184–194
88. Mazurek, N., Bashkin, P., Petrank, A., and Pecht, I. (1983) Nature 303, 528–530
89. Kanner, B. I., and Metzger, H. (1983) Proc. Natl. Acad. Sci. U.S.A. 80, 5744–5748
90. Hsu, D. K., Zuberi, R. I., and Liu, F. T. (1992) J. Biol. Chem. 267, 14167–14174
91. Chabot, S., Kashio, Y., Seki, M., Shirato, Y., Nakamura, K., Nishi, N., Nakamura, T., Matsumoto, R., and Hirashima, M. (2002) Glycobiology 12, 111–118
92. Zuberi, R. I., Frigeri, L. G., and Liu, F. T. (1994) Cell Immunol. 156, 1–12
93. Rivera, J., and Gilfillan, A. M. (2006) J. Allergy Clin. Immunol. 117, 1214–1225
94. Bradding, P., Walls, A. F., and Holgate, S. T. (2006) J. Allergy Clin. Immu-nol. 117, 1277–1284
95. Gregory, G. D., and Brown, M. A. (2006) Methods Mol. Biol. 315, 35–50
96. de Mora, F., Puigdemont, A., and Torres, R. (2006) Br. J. Dermatol. 155, 1109–1123
97. Bischoff, S. C. (2007) Nat. Rev. Immunol. 7, 93–104
98. Boushey, H. A., Jr. (2001) J. Allergy Clin. Immunol. 108, S77–S83

32352 JOURNAL OF BIOLOGICAL CHEMISTRY 	VOLUME 284• NUMBER 47 • NOVEMBER 20, 2009

[image: ]

	ARTICLE
	

	DOI: 10.1038/s41467-018-05770-9
	OPEN



Galectin-9 suppresses B cell receptor signaling and
is regulated by I-branching of N-glycans
N. Giovannone  1,2, J. Liang1, A. Antonopoulos3, J. Geddes Sweeney1,2, S. L. King1, S.M. Pochebit2,4, N. Bhattacharyya5,6, G.S. Lee6, A. Dell3, H.R. Widlund1, S.M. Haslam  3 & C.J. Dimitroff1,2

Leukocytes are coated with a layer of heterogeneous carbohydrates (glycans) that modulate immune function, in part by governing specific interactions with glycan-binding proteins (lectins). Although nearly all membrane proteins bear glycans, the identity and function of most of these sugars on leukocytes remain unexplored. Here, we characterize the N-glycan repertoire (N-glycome) of human tonsillar B cells. We observe that naive and memory B cells express an N-glycan repertoire conferring strong binding to the immunoregulatory lectin galectin-9 (Gal-9). Germinal center B cells, by contrast, show sharply diminished binding to Gal-9 due to upregulation of I-branched N-glycans, catalyzed by the β1,6-N-acet-ylglucosaminyltransferase GCNT2. Functionally, we find that Gal-9 is autologously produced by naive B cells, binds CD45, suppresses calcium signaling via a Lyn-CD22-SHP-1 dependent mechanism, and blunts B cell activation. Thus, our findings suggest Gal-9 intrinsically regulates B cell activation and may differentially modulate BCR signaling at steady state and within germinal centers.
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A
ntibody (Ab)-mediated immune responses require the coordinated activation and differentiation of antigen inexperienced (naive) B cells into Ab secreting cells (plasma cells) and B cells with immunological memory (memory B cells). The most effective Abs arise from the germinal center (GC) reaction, in which B cells undergo Ab affinity maturation, acquire specialized effector functions via isotype switching, and develop into long-lived memory and plasma cells1. These processes are crucial for pathogen elimination and the development of durable immunity; yet, when aberrantly targeted against host, graft, or innocuous antigen, these same processes can drive autoimmune and autoinflammatory disease, transplant rejection, and chronic allergy. Consequently, deciphering the molecular mechanisms governing B cell activation and differentiation remains a central goal in understanding both normal and aberrant immune responses2.
Glycoprotein-linked carbohydrates, or glycans, are increasingly being recognized for their key regulatory functions during immune homeostasis and inflammation3,4. Through post-translational addition to either asparagine (N-linked) or serine/ threonine resides (O-linked), glycans can alter the biophysical properties of their protein scaffolds3,4. Alternatively, in a specific manner, glycan can themselves serve as binding determinants for a vast array of endogenous glycan binding proteins (lectins) that have myriad functions in the immune system, such as regulation of leukocyte homing, adhesion, pathogen sensing, and immune signaling3,4. As with traditional receptor–ligand interactions, the upregulation, downregulation, or modification of glycan ligands has the ability to regulate lectin binding and activity3–5.
In B cells, among the best understood roles for lectin–glycan interactions in humoral immune responses are those of sia-loglycans and sialic acid-binding lectins (siglecs) in B cell receptor (BCR) signaling. Myriad reports have implicated both CD22 (Siglec 2) and Siglec 10 (Siglec G in mice) lectins as inhibitory co-receptors of BCR signaling that modulate B cell activation and peripheral tolerance6. Mice deficient for CD227, Siglec G8, or both9 exhibit varying degrees of autoimmunity, and congenital mutations in an enzyme modifying CD22 sialic acid ligands are associated with increased risk of autoimmune disease in humans6,10. However, while pivotal advances have been made in understanding the contribution of sialic acid/siglec interactions to B cell function, sialic acids represent only a small fraction of the glycan moieties normally expressed by a mammalian cell3; the vast majority of glycans expressed by B cells have remained largely undefined. Just as characterizing the global gene expression patterns of immune subsets has yielded critical insights into the function of disparate immune populations, including B cells11, defining the global glycan repertoire (the glycome) of immune cells will likely uncover novel lectin–glycan interactions regulating immunity12.
Here, we profile the global N-glycosylation repertoire of B cells at several stages of differentiation. From this analysis, we uncover a role for the immunomodulatory lectin galectin-9 (Gal-9) as a B cell-intrinsic regulator of BCR signaling and activation whose binding is differentially regulated by I-branching of N-glycans. Our data highlight the potential for glycomics-driven approaches to identify novel regulators of adaptive immunity.
Results
B cells differentially express I-branched poly-N-acet-yllactosamine. GCs are dynamic anatomical niches where B cells rapidly proliferate, undergo Ab affinity maturation, and differentiate to memory B cells and plasma cells that confer long-lived immunity1. Accordingly, these cellular transitions require significant reprogramming at each stage in order to drive new B cell 

functionality1,11. We hypothesized that B cell reprogramming during GC responses may extend to N-glycans, which, depending on N-glycan expression patterns, may confer or block interactions with specific endogenous lectins.
To test this hypothesis, we took advantage of an emerging and powerful tool for glycan analysis, N-glycome mass spectrometry (MS), which permits highly sensitive interrogation of global N-glycan structures present on membrane glycoproteins12,13. Specifically, we FACS-sorted human naive, GC, and memory B cells from lymphoid tissue (human tonsil) to high purity (>95%), liberated N-glycans by enzymatic cleavage with PNGase F, and performed matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) MS on the released N-glycans (Fig. 1a–e, Supplementary Fig. 1, Supplementary Fig. 2a–d). We found that all three B cell N-glycomes contained strikingly high levels of N-acetyllactosamines (LacNAc) appearing as chains of 2–4 units, termed poly-N-acetyllactosamine (poly-LacNAc), on multiple N-glycan antennae (Fig. 1c, d). We noted similar findings by flow cytometric staining of B cells with several complex N-glycan- and LacNAc-specific plant lectins, including Erythrina cristagalli (ECA), Solanum tuberosum (STA), Lycopersicon esculentum (LEA), and Phaseolus vulgaris (PHA-L) lectins (Supplementary Fig. 3a, b).
Deeper analysis by tandem MS revealed important structural differences between poly-LacNAcs on naive, GC, and memory B cells: while naive and memory B cell poly-LacNAcs were composed of 2–4 LacNAc units arranged in a straight chain (linear poly-LacNAc), GC B cell poly-LacNAcs were slightly shorter (maximum of 3 units) and branched by additional LacNAcs in an arrangement known as I-branches (also called “adult I” blood group antigen) (Fig. 1c–e, Supplementary Fig. 2a-d). Consistent with expression of I-branched poly-LacNAcs14, GC B cells showed exceptionally high levels of binding to LEA and STA plant lectins, despite similar or slightly decreased expression of complex N-glycans and terminal LacNAcs (Supplementary Figure 3a, c). Moreover, immunohistochemical staining of tonsil tissue with STA lectin revealed diffuse staining in GC compared to mantle zones (Supplementary Fig. 3d). Strong punctate STA staining scattered through GCs was also apparent, possibly corresponding with tingible body macrophages, although with unclear significance.
Taken together, these data demonstrate that the B cell N-glycome is characterized by complex, poly-LacNAc-rich N-glycans that are predominantly linear in naive and memory B cells, but modified with I-branches at the GC stage.
Naive and memory B cells, but not GC B cells, bind Gal-9. Poly-LacNAc containing multi-antennary N-glycans are known to be canonical binding determinants for galectins15,16. Galectins, also called S-type lectins, have broad expression in both immune and stromal tissues and perform a constellation of immunor-egulatory functions through binding to an array of glycosylated receptors15–22. In particular, Gal-9 is known to have potent regulatory effects on adaptive immunity, including dampening of inflammatory T cell responses via binding to T cell immu-noglobulin and mucin-domain 3 (TIM-3)17–22, and has been documented to have strong binding affinity for poly-LacNAcs16,22. In B cells, Gal-9 deficient mice are reported to have increased B cell proliferation, enlarged GCs, and stronger Ab responses to infection, and Gal-9 treatment has been observed to inhibit vaccination-induced antibody responses and ameliorate pathology in mouse models of systemic lupus erythematosus17– 20,23. Yet, a direct mechanism of action of Gal-9 on B cells has remained unclear. Given robust expression of Gal-9-binding glycans by B cells (Fig. 1c–d), we sought to test whether Gal-9
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I-branch expression (Fig. 2a). By contrast, GC B cell binding to another galectin family member, Gal-1, was only minimally impacted, suggesting that the loss of binding may be Gal-9 specific (Fig. 2a). We observed similar binding differences over a range of Gal-9 staining concentrations (Supplementary Fig. 4a). Collectively, these data suggested Gal-9 binding may be differentially regulated between naive, memory, and GC B cells by global alterations in N-glycosylation.
I-branching by GCNT2 physiologically regulates Gal-9 binding. The striking inverse relationship between expression of I-branched poly-LacNAc and Gal-9 binding in GC B cells led us to hypothesize that I-branches directly modulate Gal-9 binding. However, because GC B cells also exhibited slightly reduced expression of complex N-glycans (Supplementary Fig. 3c) and somewhat shorter LacNAc chains (Fig. 1c, d), each of which could theoretically contribute to reduced Gal-9 binding, we sought to directly test the effect of I-branching on Gal-9 binding activity.
On N-glycans, I-branching is thought to be exclusively mediated by the β1,6-N-acetylglucosaminyltransferase GCNT2 (formerly IGNT) (Fig. 2b)24,25. In line with this, we found GCNT2 expression to be significantly increased in GC B cells compared to naive and memory B cells (Fig. 2c). Therefore, to directly assay the effect of I-branching on Gal-9 binding, we generated stable knockdown and overexpression variants of GCNT2 in a GC-derived cell line possessing high GCNT2 (Ramos B cells) and a non-GC derived B cell line with low GCNT2 (NUDUL-1 B cells), respectively (Supplementary Fig. 4b, c). As expected, manipulation of GCNT2 expression in B cells led to corresponding alterations in I-branch expression while having minimal or negligible effect on complex N-glycan expression, sialylation, or total LacNAc content (Supplementary Fig. 4d-f). Remarkably, B cell overexpression of GCNT2 resulted in a near-complete loss of Gal-9 binding (Fig. 2d, top). By contrast, GCNT2 knockdown resulted in over fivefold enhanced Gal-9 binding (Fig. 2e, top). This effect was not universal to all galectins, as binding of Gal-1 was unaffected or trended in the opposite direction (Fig. 2d, e, bottom). Thus, these data suggest that N-glycan I-branching, catalyzed by GCNT2, serves as a physiological inhibitor of Gal-9 binding to GC B cells.
Naive B cells express Gal-9 in blood and lymphoid tissue. The concerted upregulation of GCNT2 in GC B cells and consequent loss of Gal-9 binding suggested that Gal-9 may have important functional roles in naive and memory B cells that are switched off in GCs. To contextualize the roles of Gal-9 in vivo, we characterized Gal-9 expression in human lymphoid tissue. Immuno-histochemical staining for Gal-9 protein in human tonsil, lymph node, and spleen revealed localization of Gal-9 to B cell follicles (Fig. 3a, Supplementary Fig. 5a, b). Gal-9 staining was particularly apparent in tonsil follicular mantle and was somewhat reduced in 

GCs, especially in GC B cell-dense dark zones (Fig. 3a). Interestingly, Gal-9 staining was also apparent in reticular cells of the light zone and sporadically throughout the dark zone (Fig. 3a), as well cells in the medullary cords of lymph nodes (Supplementary Fig. 5a).
Although B cells had not previously been described to produce Gal-9, localization of Gal-9 to lymphoid follicles suggested that B cells themselves may serve as a significant source of Gal-9. Indeed, analysis of publicly available datasets (GSE24759)26 revealed that peripheral blood naive B cells expressed the highest mean LGALS9 (Gal-9) transcript levels of all analyzed subsets (Supplementary Fig. 5c). Moreover, comparison of LGALS9 transcript (Fig. 3b) and Gal-9 protein levels (Fig. 3c, d) in naive, GC, and memory B cells demonstrated that Gal-9 levels were highest in naive B cells, expressed as medium- and full-length isoforms, and reduced in GC and memory B cells. Consistent with expression of linear poly-LacNAc binding determinants for Gal-9, naive and memory B cells, but not GC B cells, exhibited measurable levels of endogenous Gal-9 on their cell surface (Fig. 3d). Detection of Gal-9 on the surface of memory B cells, despite significant downregulation of Gal-9 protein, suggested that Gal-9 produced in trans may be a relevant source of Gal-9 for B cells in vivo, in addition to autologous Gal-9.
CD45 is a major receptor for Gal-9 on naive B cells. To gain insight into the functional importance of Gal-9, we sought to identify its major glycoprotein receptor(s) on B cells. To this end, we utilized an unbiased immunoprecipitation (IP) approach in which cell surface glycoproteins were chemically labeled with biotin prior to IP with Gal-9, followed by detection of immu-noprecipitated Gal-9 receptors by western blot with streptavidin (Supplementary Fig. 5d). Using this approach, a single specific band was detectable in Gal-9 immunoprecipitates at approximately 260 kDa that was absent from control IP conditions (Supplementary Fig. 5d, red arrow). From the band’s apparent molecular weight (~260 kDa), we hypothesized the band was CD45, which is expressed as a full-length isoform in B cells (CD45RABC or CD45R), is known to be heavily glycosylated, and has previously been reported to bind Gal-3 in B cell lymphoma cell lines27. Co-IP experiments revealed association of both recombinant (Fig. 3e) and endogenous (Supplementary Fig. 5e) Gal-9 with CD45. Additionally, treatment of naive B cells with Gal-9 resulted in visible capping of CD45 that was blocked with the inclusion of lactose (Fig. 3f). Moreover, differences in CD45 expression between naive, GC, and memory B cells failed to explain loss of Gal-9 binding to GC B cells, suggesting altered glycosylation of CD45 (via I-branching) is the principal mechanism regulating Gal-9 binding (Supplementary Fig. 5f). Collectively, these data indicate that CD45 is a major glycoprotein receptor for Gal-9 on naive B cells.

Fig. 1 The naive to GC B cell transition is characterized by remodeling of poly-N-acetyllactosaminyl N-glycans (poly-LacNAc) from linear to I-branched. a Schematic of procedure for N-glycome analysis by MS. Human tonsil naive, GC, and memory B cells were sorted by flow cytometry before treatment with PNGase F to enzymatically release N-glycans, which were subsequently processed for MALDI-TOF MS. b Gating strategy for flow cytometric sorting and analysis of B cell subsets. c Partial MALDI-TOF mass spectra of N-glycans from B cells sorted as in b. Note the presence of repeating N-acetylglucosamine/ galactose (LacNAc) units on multiple N-glycan antennae, and the additional LacNAc I-branches found on high mass N-glycans of GC B cells (compare red peaks). Structures outside a bracket have not been unequivocally defined. “M” and “m” designations indicate major and minor abundances, respectively. Full methods and complete spectra can be found in Supplementary Information. d Summary of proposed N-glycan structures present on naive, GC, and memory B cells. Naive and memory B cells are depicted together due to similar N-glycomic features. I-branches are shaded red. A “+/−” signifies that the structure can be found with or without the indicated modification. Numbers indicate number of possible LacNAc units. e Relative quantification of linear vs. I-branched poly-LacNAcs in naive, GC, and memory B cells. Data were computed from common ions found on all B cells and detected at m/z 4402, 4675, 4763, 5124, 5212, 5573. For naive and GC B cells, data in c–e depict one of two experiments, each from a distinct tonsil specimen, with similar results. Data from memory B cells are from a single tonsil specimen from a single experiment
4	NATURE COMMUNICATIONS | (2018) 9:3287 | DOI: 10.1038/s41467-018-05770-9 | www.nature.com/naturecommunications


 (
NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05770-9
ARTICLE
)[image: ] (
b	
Linear	
I-branched	
c
poly-	
poly-


LacNAc	
LacNAc
) (
GCNT2 
β
4GalT
) (
N-glycan antennae
) (
N-glycan antennae
) (
Galactose 
N
-acetylglucosamine	
LacNAc	
Poly-LacNAc
n
) (
GCNT2
) (
* **
) (
2.5 2.0 1.5 1.0
0.5
) (
ns
) (
N GC M
) (
0
) (
N GC M
) (
*** ***
) (
β
3
) (
β
4
) (
β
6
) (
Fold 
D
) (
8 
× 
10
3


) (
6 
× 
10
3


) (
4 
× 
10
3


) (
2 
× 
10
3


) (
ns
) (
GC M
) (
0
) (
N
) (
***
) (
***
) (
ns
) (
a
Naive
 GC
 Mem
) (
Gal-9 binding
) (
Gal-1 binding
) (
Gal-1 binding (
D
MFI)	
Gal-9 binding (
D
MFI)
) (
6 
× 
10
3


) (
4 
× 
10
3


) (
2 
× 
10
3


)[image: ] (
Gal-9 binding (fold 
D
)
) (
d	
e
) (
Ctrl 
GCNT2OE
) (
**
) (
Scr 
shRNA#1 
shRNA#2
) (
1.0
) (
0.5
) (
0
) (
Gal-9 binding	
Gal-9 binding
) (
0.0
) (
4
) (
Gal-1 binding (fold 
D
)
) (
3
) (
2
) (
1
) (
ns
) (
0
) (
0
) (
Gal-1 binding	
Gal-1 binding
)[image: ] (
* *
) (
0
) (
ns ns
) (
10
) (
8
) (
6
) (
4
) (
2
) (
Gal-9 binding (fold 
D
)
) (
2.5
) (
Gal-1 binding (fold 
D
)
) (
2.0 1.5 1.0 0.5
0.0
) (
Fig. 2 
The immunomodulatory lectin Gal-9 strongly binds naive and memory B cells but is inhibited in GC B cells by I-branching of N-glycans. 
a 
Representative histograms (left) and quanti
fi
cation (right) of recombinant Gal-9 (top) and Gal-1 (bottom) by 
fl
ow cytometry to tonsillar naive, GC, and memory B cells ex vivo. Gray histogram represents staining in the presence of 100 mM lactose, a competitive inhibitor of galectin binding. 
b 
Schematic of reported I-branch activity of the glycosyltransferase GCNT2 on N-glycans. GCNT2 initiates I-branching via transfer of an 
N
-acetylglucosamine in a 
13
1,6 linkage, followed by subsequent galactosylation by 
13
1,4 galactosyltransferases (
13
4GalTs). 
c 
Quantitative real-time reverse-transcription PCR (qRT-PCR) analysis of 
GCNT2 
gene expression in human B cell subsets sorted as in Fig.
 1b
 and Supplementary Fig. 1. 
d 
Representative histograms (left) and quanti
fi
cation (right) of recombinant Gal-9 (top) and Gal-1 (bottom) binding by 
fl
ow cytometry to control (
GFP
-transduced) or 
GCNT2
-transduced overexpression variant NUDUL-1 B cells. Gray histograms represent Gal-1 or Gal-9 staining in the presence of 100 mM lactose. 
e 
Representative histograms (left) and quanti
fi
cation (right) of recombinant Gal-9 (top) and Gal-1 (bottom) binding by 
fl
ow cytometry to Ramos B cells transduced with control shRNA (Scr) or shRNAs targeting 
GCNT2
. For 
a
, 
n 
= 
10, where each data point represents an individual tonsil specimen, pooled from two independent experiments. For 
c
, 
n 
= 
5 distinct tonsil specimens pooled from at least three independent experiments. For 
d 
and 
e
, 
n 
= 
3 biological replicates from three independent experiments. For 
a
, 
c
, and 
d 
statistics were calculated using one-way ANOVA with correction for multiple comparisons. For 
e
, statistics were calculated using an unpaired, two-tailed 
t
-test. Throughout, bars and error bars depict mean and standard error of the mean (SEM), respectively. ns 
= 
not signi
fi
cant, *
p 
< 0.05, **
p 
< 0.01, ***
p 
< 0.001
)[image: ] (
Gal-9 induces inhibitory signaling via Lyn, CD22, and SHP-1
. CD45 is known to regulate antigen receptor signaling through the activation of Src family kinases
28
. We therefore hypothesized that Gal-9 binding to CD45 may modulate its signal transduction activity.
To test this hypothesis, we magnetically enriched naive B cells from tonsil by negative selection, treated the cells in the presence or absence of IgM stimulation, and analyzed tyrosine phosphor-ylation by western blot with 4G10 mAb. We observed that Gal-9 induced dose-dependent tyrosine phosphorylation of several proteins, including a band of 
-
53 kDa and a prominent band of 
-
145 kDa (Supplementary Fig. 6a, b). These bands were consistent with the apparent molecular weights of the Src family 
) (
kinase Lyn and the inhibitory co-receptor CD22 (Siglec 2), respectively. Though Lyn is capable of initiating BCR signaling, it has been shown to favor activation of inhibitory signaling pathways through phosphorylation of immunoreceptor-based tyrosine inhibitory motifs (ITIMs) in the cytoplasmic tail of 
CD22
29
–
33
,
 which subsequently recruits the tyrosine phosphatase 
SHP-1
34
.
 Thus, we postulated that Gal-9 binding to CD45 may induce activation of Lyn, CD22, and SHP-1. Indeed, treatment of naive B cells with Gal-9 induced dose-dependent phosphorylation of all three molecules (Fig.
 4a,
 b) that was inhibited by inclusion of lactose. Therefore, these results suggest that Gal-9 binding to CD45 activates inhibitory signaling through the Lyn-CD22-SHP-1 pathway.
) (
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Fig. 3 Gal-9 is expressed by naive B cells and binds the glycoprotein CD45. a In situ expression of Gal-9 in human tonsil. Formalin-
fi
xed, paraf
fi
n-embedded tonsil sections were stained with Gal-9 antibody, PAX5 antibody (to identify B cells), or isotype control, followed by counterstaining with hematoxylin. Scale bar, 200 
μ
m. b Relative comparison of Gal-9 expression by qRT-PCR of FACS-sorted naive, GC, memory B cells (as in Fig.
 1b
 and Supplementary Fig. 1). Data were normalized to a housekeeping control gene 
VCP 
and are shown relative to naive B cells. c Representative western blot (left) quanti
fi
cation (right) of Gal-9 protein expression in lysates of FACS-sorted B cell subsets. Data were normalized to 
β
-actin to control for differences in loading. For Gal-9 blot, the doublet band indicates expression of both medium-length and full-length Gal-9 isoforms. d Representative histogram (left) and quanti
fi
cation (right) of endogenous cell surface Gal-9 detected by ex vivo 
fl
ow cytometry of unpermeabilized naive, GC, and memory B cells. e Co-immunoprecipitation of Gal-9 and CD45 from naive B cell lysates. Untouched naive B cells were magnetically enriched, labeled with Gal-9 (2 
μ
g mL
−
1
), lysed, and
immunoprecipitated/blotted with the indicated antibodies. f Representative immuno
fl
uorescence images of CD45 capping following Gal-9 treatment (4 
μ
g mL
−
1
). Scale bar, 10 
μ
m. For a, data are representative of similar results from 
n 
= 
3 distinct tonsil specimens. For b, 
n 
= 
4 separate tonsil specimens pooled from more than three independent experiments. For c, 
n 
= 
3 distinct tonsil specimens pooled from three independent experiments. For d, 
n 
= 
10, where each data point represents a disparate tonsil specimen pooled from two independent experiments. For e and f, data are representative of three independent experiments using three distinct tonsil specimens. For b and d, statistics were calculated using one-way ANOVA with correction for multiple comparisons. For c, statistics were calculated using a two-tailed, one sample 
t
-test against a hypothetical value of 1. Throughout, bars and error bars depict mean and SEM, respectively. ns 
= 
not signi
fi
cant, *
p 
< 0.05, **
p 
< 0.01, ***
p 
< 0.001
)[image: ] (
Gal-9 suppresses BCR-induced calcium signaling
. Gal-9 induction of Lyn, CD22, and SHP-1 phosphorylation suggested that Gal-9 may be a suppressor of BCR signaling. To test this, we treated magnetically enriched naive B cells with Gal-9 in the presence or absence of IgM crosslinking. Surprisingly, while Gal-9 failed to inhibit phosphorylation of several BCR signaling med
iators, including CD79a, Syk, BLNK, and PLC
γ
II, Gal-9 never
theless strongly suppressed both nuclear factor kappa-B (NF-
K
B) p65 and Jun amino-terminal kinase (JNK) phosphorylation (Supplementary Fig. 6c, d). Interestingly, although Gal-9 also tended to inhibit Erk and Akt signaling in the presence of IgM stimulus, Gal-9 administered alone had the opposite effect and induced signi
fi
cant levels of Akt phosphorylation, while also 
) (
tending to induce phosphorylation of BLNK and Syk 
(
Supple
mentary Fig. 6c, d).
NF-
K
B and JNK are reported to respond to 
fl
uctuations in cytoplasmic calcium through calcium-sensitive kinases; more
over, CD22 and SHP-1 signaling is known to inhibit calcium signaling through the
 BCR
35,36
.
 We therefore sought to examine whether Gal-9 may speci
fi
cally in
fl
uence BCR-induced calcium 
fl
ux. To this end, we stimulated tonsillar B cells in the presence or absence of Gal-9 and measured accumulation of intracellular calcium by 
fl
ow cytometry. Compared to crosslinking with anti-IgM F(ab
’
)
2
, anti-IgD F(ab
’
)
2
, or anti-light chain F(ab
’
)
2 
alone, BCR crosslinking in the presence of Gal-9 resulted in markedly suppressed peak and total calcium 
fl
ux that was lactose-reversible
) (
6
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Fig. 4 Gal-9 induces phosphorylation of Lyn, CD22, and SHP-1 in naive B cells. a Representative western blot and b quanti
fi
cation of Lyn, CD22, or SHP-1 phosphorylation at the indicated sites in magnetically enriched naive B cells treated with recombinant Gal-9 at the indicated concentrations in the absence (left blot) or presence (right blot) of anti-IgM F(ab
’
)
2
-mediated crosslinking (15 
μ
g mL
−
1
) for 5 min. Blots were subsequently stripped and reprobed with antibody against total protein. Data in b were normalized to respective total protein control and are presented relative to no stimulation control. In all experiments, no IgM and IgM-stimulation lanes were loaded on the same gel and probed on the same blot. For a, data are representative of results from four independent experiments. For b, 
n 
= 
3 or more distinct tonsil specimens pooled from three or more independent experiments. Statistics were calculated using a one-sample 
t
-test against a hypothetical value of 1. Throughout, bars and error bars depict mean and SEM, respectively. ns 
= 
not signi
fi
cant, *
p 
< 0.05, **
p 
< 0.01, ***
p 
< 0.001
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(Fig.
 5a
–
c;
 Supplementary Fig. 7b). Importantly, Gal-9 did not interfere with the binding of BCR crosslinking F(ab
’
)
2 
(Supple
mentary Fig. 7a). Although we observed that Gal-9 could induce Akt phosphorylation in the absence of BCR crosslinking (Supplementary Fig. 6d), Gal-9 by itself failed to induce signi
fi
cant calcium 
fl
ux (Supplementary Fig. 7c).
Besides NF
κ
B and JNK, the nuclear factor of activated T cells (NFAT) family of transcription factors are highly sensitive to 
fl
uctuations in cytoplasmic calcium levels due to calcineurin-dependent regulation of nuclear
 translocation
35,36
.
 We thus tested whether Gal-9 could prevent BCR-induced NFAT1 translocation to the nucleus in naive B cells. Strikingly, while IgM crosslinking resulted in robust NFAT1 nuclear translocation, cells co-treated with Gal-9 exhibited signi
fi
cantly less NFAT1 in the nucleus, as measured by both western blot of fractionated lysates (Fig.
 5d,
 e) and immuno
fl
uorescence microscopy (Fig.
 5f,
 g).
Taken together, these results suggest that Gal-9 inhibits BCR-mediated calcium accumulation and the subsequent activity of calcium-sensitive transcription factors.
Removal of sialic acids ablates Gal-9 inhibitory activity
. CD45 and CD22 have been postulated to associate in resting B cells via sialic acid-dependent interactions between CD22 and the heavily sialylated ectodomain of
 CD45
37
–
39
.
 Our 
fi
nding that Gal-9 binds CD45 and induces phosphorylation of CD22 suggested that Gal-9 inhibitory activity may depend on CD22/CD45 association. We 
) (
therefore hypothesized the suppressive activity of Gal-9 may be short-circuited by decoupling of CD22 and CD45.
To test this, we pre-treated tonsillar B cells with 
Arthrobacter ureafaciens 
sialidase to enzymatically remove cell surface sialic acids and measured the ability of Gal-9 to inhibit BCR calcium 
fl
ux. As expected, sialidase treatment resulted in near-total loss of cell surface 
α
2,3- and 
α
2,6-linked sialic acids (Supplementary Fig. 7d), and removal of sialic acids did not impair Gal-9 binding to B cells (Supplementary Fig. 7e). Also as expected from previous studies, sialidase-treatment resulted in much lower (but still measurable) calcium 
fl
ux, in line with reports that CD22 activity is normally restrained by 
cis
 associations
6,38
–
41
 (Fig.
 5h,
 left). Remarkably, however, while Gal-9 treatment effectively sup
pressed BCR calcium 
fl
ux in untreated B cells, B cells pre-treated with sialidase were rendered completely insensitive to the in
fl
uence of Gal-9 (Fig.
 5h,
 middle and right). Thus, these data support a CD22-dependent mechanism of action of Gal-9 on BCR signaling.
Gal-9 inhibits naive B cell activation
. Inhibition of BCR calcium signaling and NFAT1 nuclear translocation suggested Gal-9 may functionally suppress downstream B cell activation. To test this, we stimulated naive B cells with either T-independent stimulus (anti-IgM F(ab
’
)
2
+ 
unmethylated CpG nucleotides) or T-dependent stimulus (anti-IgM F(ab
’
)
2
+ 
recombinant CD40L-trimer (a generous gift from Dr. Gordon Freeman, DFCI
42
)) in the presence or absence of Gal-9. Strikingly, inclusion of Gal-9
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internalization. We therefore queried whether increased internalization of CD45 or CD22 could explain reduced calcium signaling associated with Gal-9 treatment. As controls, we analyzed the internalization of several other glycoproteins, including IgM, IgD, and CD19. Although we observed significant reductions in mAb binding to CD45 and CD22 after Gal-9 treatment, we found that this effect was reversed when Gal-9 was eluted with lactose just prior to Ab staining, indicating competition for Ab binding rather than bona fide internalization (Supplementary Fig. 8a). As expected, Gal-9 also did not induce internalization of IgM, IgD, or CD19 (Supplementary Fig. 8a). Therefore, these data suggest that internalization of CD45 or related glycoproteins is not responsible for Gal-9’s effects on calcium signaling and activation.
B cell-intrinsic Gal-9 autologously regulates BCR signaling. Our findings with Gal-9-treated B cells indicated that Gal-9 is capable of suppressing BCR calcium signaling in trans. However, it was still unclear whether B cell-intrinsic Gal-9 could mediate similar inhibitory activity. Therefore, we tested whether elution of endogenous cell-surface Gal-9 was sufficient to augment BCR calcium flux. In support of a similar role for B cell-derived Gal-9, pre-treatment of B cells with lactose resulted in significantly higher calcium flux in response to BCR triggering (Fig. 7a).
Lactose is known to be a broad-spectrum inhibitor of galectins5. It was therefore possible that the improved calcium flux in lactose-treated B cells arose from indiscriminate elution of other galectin family members. To more precisely assess the effect of endogenous Gal-9 on BCR calcium flux, we generated stable Gal-9 knockdown B cell lines via lentiviral transduction with Gal-9-specific shRNAs. Initial screens of Gal-9, CD22, and SHP-1 expression in numerous B cell lines revealed significantly lower expression of CD22 and/or SHP-1 compared to primary cells in virtually all cell lines tested, and variable expression of Gal-9 that roughly corresponded with presumed cellular origin from either non-GC B cells (Gal-9hi/Gal-9mid, Karpas 1718, REC-1, SUDHL-9, NUDUL-1) or GC B cells (Gal-9lo, Ramos, Namalwa, Raji) (Fig. 7b). Because our data suggested a CD22- and SHP-1-dependent mechanism of action of Gal-9, we selected Karpas 1718 B cells for Gal-9 knockdown, due to co-expression of Gal-9, CD22, and SHP-1 (Fig. 7b, Supplementary Fig. 8b). Additionally, taking advantage of natural heterogeneity across B cell lines (Fig. 7b), we generated in parallel Gal-9 knockdown NUDUL-1 B cells, which expressed Gal-9 but lacked meaningful expression of CD22 and SHP-1, and which we reasoned would be a suitable negative control for Gal-9 activity (Fig. 7b, Supplementary Fig. 8c). Strikingly, Gal-9 knockdown Karpas 1718 B cells, but not NUDUL-1 B cells, exhibited substantially elevated calcium flux in response to BCR crosslinking, supporting an inhibitory 

role for B cell-intrinsic Gal-9 that is dependent on CD22 and SHP-1 (Fig. 7c–j). Moreover, Gal-9 knockdown Karpas 1718 B cells tended to have (but not reaching significance) elevated baseline calcium levels, particularly those cells exhibiting the highest degree of knockdown (Fig. 7d, Supplementary Fig. 8b). Critically, the augmented BCR calcium response observed in Karpas 1718 Gal9 knockdown B cells was reversible upon addition of exogenous Gal-9 (Fig. 7k–m). Taken together, these data suggest that Gal-9 is both an intrinsic and extrinsic regulator of B cell activation that inhibits BCR signaling via a CD22-dependent mechanism (Fig. 8).
Discussion
Here, we utilized whole-glycome MS to characterize the N-glycome of human naive, GC, and memory B cells. These studies unveiled a previously unappreciated role for I-branched N-gly-cans as a physiological regulator of binding of Gal-9, which we found was predominantly expressed by naive B cells and could potently suppress BCR calcium flux in both a B cell-intrinsic and extrinsic manner. We found that Gal-9 bound CD45, induced Lyn-CD22-SHP-1 inhibitory signaling, tempered intracellular calcium levels, attenuated NFAT1 nuclear translocation, and inhibited B cell activation.
I-branched N-glycans are among a growing list of glycan-specific features that specifically mark GC B cells, including peanut lectin (PNA) ligands (asialylated Core 1 O-glycans)43, loss of GlcNAc sulfation44, CD77 antigen (Gb3 glycolipid)45, and GL7 antigen (α2,6-sialylated LacNAc)46. However, the specific functions of many of these glycan moieties have remained enigmatic. Our finding that I-branches regulate Gal-9 binding attributes a physiological function to a long-known developmental blood group antigen (“adult I” blood group)24,47–51. The observed selectivity of I-branching for Gal-9 binding, but not Gal-1 binding, is likely attributable to their respective binding modes: while Gal-9 reportedly favors binding to internal LacNAc residues of a poly-LacNAc chain, Gal-1 preferentially binds to poly-LacNAc termini52–54.
Immunomodulatory roles for Gal-9 have previously been reported on a constellation of immune cell types, including NK cells, macrophages, eosinophils, mast cells, and T cells16,22. In adaptive immunity, Gal-9 has been shown to inhibit the survival and function of inflammatory T cell subsets, including Th1 T cells55–57, Th17 T cells58, and CD8 T cells20,59–61, while concomitantly favoring the differentiation, stability, and effector function of regulatory T cells58,60,62,63. On B cells, however, though Gal-9 had anecdotally been observed to suppress humoral immune responses17–20, a direct function and mechanism of action had heretofore not been explored. Our study demonstrates

[image: ]Fig. 5 Gal-9 suppresses BCR-mediated calcium signaling and nuclear translocation of NFAT1. a Flow cytometric measurement of B cell cytoplasmic calcium levels using Fluo-4AM indicator dye following anti-BCR F(ab’)2 treatment (20 xg mL−1) in the presence or absence of recombinant Gal-9 (2.5 xg mL−1) and/or lactose (25 mM). Data shown are gated on CD19+ CD44hi B cells. Mean fluorescence intensities (MFI) were normalized to average MFI of 30 s baseline. Arrow, time of stimulus. b Area under the curve (AUC) and c peak MFI of data presented in a. d Representative western blot and e quantification of NFAT1 nuclear translocation in magnetically enriched naive B cells treated with anti-IgM F(ab’)2 (15 xg mL−1) in the presence or absence of recombinant Gal-9 (2 xg mL−1) before lysis, fractionation, and blotting with NFAT1 Ab. As controls, cells were incubated in lactose (25 mM), cyclosporin A (100 ng mL −1), or ionomycin (1 xM). Blots were reprobed for -tubulin and Histone H3 as loading and fractionation controls. f Representative immunocytochemistry and g quantification of NFAT1 nuclear translocation in naive B cells treated as in d and e. Scale bar, 10 xm. h Measurement of calcium flux in Arthrobacter ureafaciens sialidase-treated primary B cells, following the indicated stimulus. For a and h, solid line represents mean of five (a) or three (h) tonsil specimens from the same number of experiments. For b and c, n = 5, where each data point represents a distinct specimen pooled from five experiments. For d, data are representative of four experiments. For e, n = 4 specimens pooled from four experiments (CsA and ionomycin, n = 1). For f, data are representative of two experiments. For g, each data point represents average localization score for a single microscopic field (binary scoring of 1 = cytoplasmic or −1 = nuclear). Results are representative of two experiments. For b, c, and e, statistics were calculated using one-way ANOVA with correction for multiple comparisons. For g, a Kruskal–Wallis test was used with Dunn’s correction for multiple comparisons. For h, statistics were calculated using a two-way repeated measures ANOVA using factors “time” and “treatment,” with Bonferroni correction for multiple comparisons. Throughout, bars and error bars depict mean and SEM. ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 6 Gal-9 inhibits B cell activation and proliferation. a Representative contour plots and b quanti
fi
cation of naive B cell proliferation 40 h post-activation with either T-independent (anti-IgM F(ab
’
)
2 
+ 
unmethylated CpG oligonucleotides 
+ 
IL-2/4/10) or T-dependent stimulation (anti-IgM F(ab
’
)
2 
+ 
recombinant CD40L-trimer 
+ 
IL-2/4/10/21), in the presence or absence of the indicated concentration of recombinant Gal-9. 
“
4 
+ 
L
” 
indicates 4 
μ
g Gal-9 plus 10 mM lactose; 
“
4 
+ 
S
” 
indicates 4 
μ
g Gal-9 plus 10 mM sucrose, a non-inhibitory osmolarity control. c Representative histograms and d quanti
fi
cation of CD86 (B7-2) expression on naive B cells 40 h after activation in the presence or absence of Gal-9 at the indicated concentrations, as in b. For a and c, data are representative of 
fi
ve independent experiments. For b and d, 
n 
= 
5 distinct tonsil specimens pooled from 
fi
ve independent experiments. For b, and d, statistics were calculated using a one-sample 
t
-test against a hypothetical value of 100. Throughout, bars and error bars depict mean and SEM, respectively. ns 
= 
not signi
fi
cant, *
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< 0.05, **
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< 0.01, ***
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< 0.001
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that Gal-9 is capable of directly suppressing BCR calcium 
fl
ux and activation by binding CD45 and activating Lyn-CD22-SHP-1 inhibitory signaling.
How Gal-9 transduces a signal through CD45 to activate Lyn and/or CD22 is not clear, but likely involve one of two possibi
lities: (1) Ligand/receptor style activation of CD45 enzymatic activity and subsequent activation of Lyn; (2) Altered CD45 and CD22 membrane distribution to compartments containing Lyn. The 
fi
rst model is supported by a previous study showing that Ab crosslinking of CD45 induces CD22 phosphorylation in a remarkably similar fashion to our own 
fi
ndings
64
. Feasibly, Gal-9 may function as a physiological ligand for CD45 in a similar manner to other receptor-type protein tyrosine phosphatases
28
. Arguably, however, the second model best 
fi
ts with reported galectin biology, particularly the ability of galectins to regulate glycoprotein membrane dynamics through redistribution into 
) (
galectin-glycoprotein networks termed 
“
galectin lattices
”
65
. Increasing evidence suggests that BCR, Lyn, CD45, and CD22 are spatially organized into discrete micro- and nano-domains at steady
 state
38,39,66
.
 In this regard, Gal-9 may promote redis
tribution of CD45 (and by association,
 CD22
38,39
)
 to domains containing
 Lyn
67
,
 which could initiate inhibitory signaling by phosphorylating CD22 ITIMs. This model is supported by similar reports of galectin-mediated regulation of CD45 membrane compartmentalization in T
 cells
68
.
 Additional studies, in parti
cular those assessing localization of CD45, CD22, and IgM by super-resolution microscopy, will be necessary to determine the effect of Gal-9 on the membrane distribution of these glycoproteins.
Our 
fi
nding that Gal-9 speci
fi
cally inhibits calcium signaling is surprising given the well-established roles for SHP-1 in targeting proximal and intermediate regulators of BCR signaling, including
) (
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Fig. 7 B cell-intrinsic Gal-9 is a negative regulator of BCR calcium signaling. a Flow cytometric assessment of B cell cytoplasmic calcium levels using Fluo-4AM indicator dye following anti-BCR F(ab
’
)
2 
stimulation (20 
μ
g mL
−
1
) after 90 min culture in the presence or absence of 25 mM lactose. Depicted are results from CD44
hi
 CD19
+ 
B cells. Mean 
fl
uorescence intensities (MFI) over the entire acquisition period were normalized to the average MFI of the 30 s baseline. Arrow, time of stimulus. b Western blot of lysates from indicated primary cells or B cell lines with the speci
fi
ed combination of Abs. c Analysis of calcium 
fl
ux following anti-BCR F(ab
’
)
2 
stimulation (20 
μ
g mL
−
1
) in Karpas 1718 B cells (CD22
+ 
and SHP-1
+
) transduced with either control shRNA (Scr) or one of two shRNAs against 
LGALS9
. d Pre-stimulation baseline, e peak, or f total calcium 
fl
ux from experiments presented in c. g Analysis of calcium 
fl
ux following anti-BCR stimulation (20 
μ
g mL
−
1
) in NUDUL-1 B cells (CD22
lo
 and SHP-1
lo
) transduced with either control shRNA (Scr) or one of two shRNAs against 
LGALS9
. h Pre-stimulation baseline, i peak, or j total intracellular calcium levels from experiments presented in g. k Analysis of calcium 
fl
ux following anti-BCR stimulation (20 
μ
g mL
−
1
) as in c, except that 10 
μ
g mL
−
1
 recombinant Gal-9 was co-administered with BCR stimulus where indicated. l Peak or m total intracellular calcium levels from experiments presented in k. For a, c, g, and k, the solid line represents the mean and shaded error bars represent SEM from 
fi
ve (a), four (c and g), or six (k) different biological replicates pooled from the same number of independent experiments. For d
–
f and h
–
j, 
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4, where data points depict biological replicates pooled from four independent experiments. For l
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“
time
” 
and 
“
treatment,
” 
with Bonferroni correction for multiple comparisons. For d
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Fig. 8 
Proposed role of Gal-9 and I-branches in the regulation of BCR signaling in naive B cells vs. GC B cells. In naive B cells (right), Gal-9 is expressed at high levels and secreted into the microenvironment by an unconventional mechanism. Autologously, or exogenously, produced Gal-9 binds poly-LacNAc-containing N-glycans on CD45, which are predominantly of the linear type due to low expression of the I-branching glycosyltransferase GCNT2. Gal-9 binding to CD45 activates Lyn (by an undetermined mechanism), which subsequently phosphorylates tyrosine residues in CD22 ITIMs and recruits the protein tyrosine phosphatase SHP-1. SHP-1 phosphatase activity dampens cytoplasmic calcium levels, including calcium accumulation in response to BCR engagement, possibly through its reported ability to activate B cell calcium ef
fl
ux pumps. Diminished intracellular calcium levels results in decreased nuclear translocation and activity of NFAT1 and other calcium sensitive signaling factors, ultimately inhibiting B cell activation. By contrast, Gal-9 activity is downmodulated in GC B cells (left) via the combined downregulation of Gal-9 protein and upregulation of 
GCNT2
, which disfavors Gal-9 binding by modifying N-glycan poly-LacNAcs with I-branches
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 Several lines of reasoning may explain our observations. First, in B cells, CD22 and SHP-1 have been described to associate with and activate the plasma membrane calcium ef
fl
ux pump, isoform 4a (PMCA4a)
69
. It is possible that Gal-9 may speci
fi
cally promote association of CD45 (and thereby CD22) with PMCA4a. Second, Lyn is known to be a dual reg
ulator of BCR signaling, promoting both positive signaling by acting on ITAM-containing molecules such as CD79 and CD19, and inhibitory signaling via phosphorylation of ITIMs in
 CD22
33
. 
Plausibly, the net phosphorylation state for positive BCR signal
ing regulators, including BLNK, Syk, and PLC
γ
II, may appear unchanged due to countervailing actions of Lyn and SHP-1. By contrast, inhibitory factors such as PMCA4a may be shifted toward activation. Third, because galectins have previously been shown to bind an array of glycoproteins, Gal-9 may possibly interact with other glycoprotein receptors at a level below the limit of detection in our IP discovery approach (Supplementary Fig. 5d). Finally, we cannot rule of the possibility that under the relatively strong stimulation conditions used in this study (10
–
20 
μ
g mL
−
1
 anti-BCR F(ab
’
)
2
), effects of Gal-9 on non-calcium dependent BCR signaling pathways may have been inadvertently obscured.
Our 
fi
nding that Gal-9 can act as both an intrinsic and extrinsic regulator of BCR signaling is consistent with the autocrine and paracrine functions described for
 galectins
5,16
.
 Because we observed that Gal-9 is capable of regulating calcium signaling in a B cell-intrinsic manner, it is tempting to speculate that Gal-9 may contribute to maintenance of B cell peripheral tolerance by modulating the threshold of activation. In this regard, Gal-9 activity may be dynamically tuned higher or lower by altering Gal-9 secretion, which occurs by an unconventional and still-unde
fi
ned mechanism, or Gal-9 expression. In contrast to naive B cells, we found memory B cells downregulated Gal-9 while pre
serving binding to exogenous Gal-9. An interesting possibility arising from this 
fi
nding is that the downregulation of Gal-9 may contribute to the lower activation threshold of memory B cells. 
) (
Moreover, Gal-9 produced by other B cells or regulatory immune cells may act to elevate the activation threshold of both naive and memory B cells and/or serve as a contraction mechanism for ongoing B cell immune responses. Additional studies will be needed to parse the relative contribution of Gal-9 presented in 
trans 
vs. 
cis 
to B cell function.
A major unresolved question and area for follow-up study is why Gal-9 and Gal-9 binding are downregulated in GC B cells. This question is particularly intriguing due to possible Gal-9 expression differences between light zones and dark zones of tonsillar GCs (Fig.
 3a),
 and when considered with reports of similar downregulation of both CD22 ligands and SHP-1 in 
GCs
44,46,70
.
 The parallel downregulation of multiple components of the Gal-9/CD22/SHP-1 mechanism proposed here supports the idea that BCR signaling, and in particular calcium signaling, may be fundamentally altered in GC B
 cells
71
.
 Indeed, in line with this notion, anecdotal reports suggest that GC B cells exhibit greater nuclear localization of NFAT1 compared to non-GC 
cells
72
.
 Clearly, additional studies will be required to parse the roles of Gal-9 and more broadly, BCR calcium signaling, in GC biology.
Clinically, Gal-9 has been reported to be elevated in serum during in
fl
ammation, including during infection, suggesting that systemically expressed Gal-9 may promote resolution of B cell responses or perpetuate B cell dysfunction during chronic dis-
ease
22
.
 In addition, Gal-9 has received considerable attention as a possible therapeutic target in cancer, predominantly for its inhi
bitory effects on TIM-3
+ 
T
 cells
21,22
.
 Our 
fi
ndings suggest that Gal-9
’
s in
fl
uence on the B cell compartment will also need to be carefully considered. Our study also adds to mounting evidence that Gal-9 may be harnessed therapeutically to alleviate auto-immune
 disease
17,18,23
,
 or antagonized to promote B cell activa
tion and Ab responses. Indeed, administration of Gal-9 has been shown to mitigate disease severity in preclinical models of 
lupus
18,23
,
 and Gal-9-de
fi
cient mice exhibit enhanced Ab responses to infection
20
 and immunization
19
. Finally, given the
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effect of GCNT2/I-branches on Gal-9 but not Gal-1 binding activity, manipulating GCNT2 expression or activity may be a viable strategy to modulate susceptibility to Gal-9 in a range of clinical settings.
In summary, using an N-glycomics approach, we have uncovered a novel BCR regulatory axis involving Gal-9 that is endogenously tuned through the action of the I-branching enzyme GCNT2. Our findings add to the growing body of literature highlighting the critical roles of glycans and glycan-binding proteins in the regulation of innate and adaptive immunity.
Methods
Contact for reagent and resource sharing. Requests for reagents and additional information should be directed to corresponding authors, Charles J. Dimitroff (cdimitroff@bwh.harvard.edu) or Stuart M. Haslam (s.haslam@imperial.ac.uk).
Antibodies and reagents. Detailed information about antibodies and other reagents used in this study are available in Supplementary Table 2.
Cell lines. Ramos, Raji, and NUDUL-1 B cells were a generous gift from Dr. Shiv Pillai (Ragon Institute of MGH, MIT, and Harvard, Boston, MA). Karpas 1718 B cells were generously provided by Dr. José Martinez-Climent (University of Navarra, Pamplona, Spain). SUDHL-9 B cells were a generous gift from Dr. Alan Epstein (USC Keck School of Medicine, Los Angeles, CA). REC-1 (CRL-3004) and Namalwa B cells (CRL-1432) were purchased from ATCC. All B cell lines were maintained at 0.5 × 106 – 2.0 × 106 cells mL−1 in complete RPMI medium (RPMI 1640 + 10% (v/v) FBS + 25 mM HEPES + 1% (v/v) Penicillin/Streptomycin). Cell lines were not independently confirmed to be mycoplasma-free by our laboratory, although no signs of apparent contamination were observed. Validation of cell lines was performed in-house by RNA and/or protein expression analysis of numerous lineage markers, including CD10, CD19, CD20, CD22, IgM, IgD, IgG, and/or Bcl-6, and results were compared to expression profiles reported by cell line repositories (ATCC and DSMZ) and in publicly available datasets (GSE42204 and GSE2350). Media was renewed every 2-3 days (Ramos, Raji, Namalwa) or every 3-5 days (REC-1, NUDUL-1, and Karpas 1718).
To generate stable Ramos, Karpas 1718, and NUDUL-1 knockdown cell variants, the following shRNA constructs in the pLKO.1-puro vector were used (all from Sigma): human GCNT2 shRNA #1: 5′-GCTCACCTCTATATTAGTTTA-3′; human GCNT2 shRNA #2: 5′-GCTAACAAGTTTGAGCTTAAT-3′; human LGALS9 shRNA #1: 5′-TGGTCAGCACCTGTTTGAATA-3′; human LGALS9 shRNA #2: 5′- CCCTCCTCTCTGACCTTTAAC-3′; Non-target shRNA (“scrambled”): 5′-CAACAAGATGAAGAGCACCAA-3′. Lentivirus containing each shRNA construct was produced by co-transfection of the helper plasmids, pMD2.G-VSV-G and psPAX2-A8.9 into the packaging cell line HEK293T using TransIT-LT1 transfection reagent (Mirus Bio) according to the manufacturer’s protocol. For lentiviral transduction, 1 × 106 Ramos, NUDUL-1, or Karpas 1718 B cells were mixed with 1 mL lentiviral supernatant containing 8 ig mL−1 polybrene, followed by centrifugation (“spinfection”) at 1000×g for 1 h at room temperature. Cells were subsequently cultured in fresh media for 24 h, followed by selection and maintenance in puromycin dihydrochloride (Corning).
NUDUL-1 GCNT2 overexpression cells were generated using similar lentiviral transduction techniques as above. GCNT2 pLenti6.3-DEST overexpression plasmid was generated using LR clonase (Invitrogen) to recombine pLenti6.3-DEST (Invitrogen) with pDONR223-GCNT2 (hORFeome ID: 54744—based on MGC:163396), according to the manufacturer’s recommendations. Lentivirus was generated in transfected HEK293T cells as described above. NUDUL-1 B cells were spinfected as above with either GCNT2 virus or GFP control virus, followed by selection and maintenance of overexpression cells in blasticidin S HCl (Invitrogen).
Tonsil processing, cryopreservation, and thawing. Fresh, anonymized discarded tonsil specimens were obtained from patients undergoing routine tonsillectomies at Children’s Hospital Boston and Faulkner Hospital, in accordance with the Partners Institutional Review Board (IRB), which deemed the research as not meeting the definition of human subjects research. Tonsils were briefly (<1 h) stored on ice in isotonic saline solution before being transferred to Hank’s Balanced Salt Solution (HBSS) for processing. To isolate mononuclear cells, tonsils were minced in HBSS, mashed and strained through a 70 im nylon mesh with a 5 mL syringe plunger, rinsed two times with HBSS, and removed to a conical tube stored on ice. The procedure was repeated for the remaining tissue until the tonsil was fully processed. The resulting cell suspension was separated by density gradient centrifugation through Histopaque 1077 (Sigma) at 1000×g in an Allegra X-12R centrifuge, without the brake. Mononuclear cells were removed from the interface, washed 3× with cold HBSS, and frozen in 90% FBS/10% DMSO freezing media at −80 °C. For long term storage, cells were stored in a vapor-phase of a liquid nitrogen freezer. Cryopreserved tonsil mononuclear cells were rapidly thawed in a 37 °C water bath, 

and warmed, complete RPMI (RPMI 1640 + 10% FBS + 1% Penicillin/Strepto-mycin + 25 mM HEPES) was added dropwise. Cells were then washed and counted for subsequent use. Cell viability was checked with propidium iodine. Viability was routinely >80%.
Flow cytometry sorting. Tonsil mononuclear cells were thawed, washed, and counted as described above. To stain apoptotic and necrotic cells, cells were incubated with Zombie NIR fixable viability dye (Biolegend) for 15 min at room temperature. Cells were washed, resuspended in a surface stain cocktail containing anti-IgD-FITC, anti-CD38-PE, anti-CD27-PE/Cy7, anti-CD19-APC, anti-CD3-APC/Cy7, and anti-CD14-APC/Cy7 (all from Biolegend), and incubated for 45 min on ice. Subsequently, cells were washed two times, passed through a 35 µm nylon mesh and sorted on a BD FACS Aria II at the Harvard Microbiology and Immunobiology (MBIB) Flow Cytometry Core. Lymphocytes were electronically gated according to their forward scatter and side scatter properties, negatively gated to exclude viability dye+, CD3+, and CD14+ cells, and positively gated for B cells (CD19+). B cell subsets were subsequently gated as follows: IgD + CD27- cells (Naive); IgD- CD38hi CD27+/- (GC); IgD- CD38lo/mid CD27 + (Memory) (See also Fig. 1b and Supplementary Fig. 1). The CD27 gate was set based on a PE/Cy7 FMO gating control. Sorted cells were pelleted, washed 2× with PBS, then lysed in Buffer RLT (Qiagen, for RNA analysis), 2% NP-40 lysis buffer (for western blot), or snap frozen in an isopropanol/dry ice slurry (for glycomic analysis).
Magnetic enrichment of naive B cells by negative selection. To enrich naive B cells by negative selection, tonsil mononuclear cells were thawed, washed, counted, resuspended in MACS buffer (PBS + 0.5% BSA + 2 mM EDTA) and labeled for 10 min on ice with B cell isolation kit II antibody cocktail (Miltenyi) supplemented with the following additional antibodies: CD10-biotin (Miltenyi), CD27-biotin (Biolegend), CD77-FITC (Biolegend). Cells were then washed, labeled with anti-biotin and anti-FITC microbeads (Miltenyi), and incubated on ice for 20 min. After washing, the cells were resuspended in MACS buffer, loaded onto one or more LS columns (Miltenyi) placed in MACS separation magnets (Miltenyi), and the flow-through (unlabeled fraction) was collected. Post-sort B cell purity was confirmed on a FACS Canto I using the flow cytometry staining procedures described above, and were at least 85% pure, but typically >90%. Where indicated, to obtain a GC-depleted fraction, sorts were performed as above, except that CD27 antibody was omitted.
N-glycome analysis by mass spectrometry. FACS-sorted human tonsillar Naive, GC, and Memory B cells (Fig. 1b) were sorted to >95% purity (Supplementary Fig. 1) as described above. Sorted B cells were washed three times with PBS before being snap frozen in a dry ice/isopropanol slurry.
Cell pellets were treated as described previously73,74. Briefly, cell pellets (4.7 × 106 cells for naive, 2.8 × 107 cells for GC, and 2.5 × 107 cells for Memory) were subjected to sonication in the presence of detergent (CHAPS), reduced in 4 M guanidine-HCl (Pierce), carboxymethylated, and digested with trypsin. The digested glycoproteins were then purified by C18-Sep-Pak (Waters Corp.). N-glycans were released by peptide N-glycosidase F (E.C. 3.5.1.52; Roche Applied Science) digestion. Released N-glycans were permethylated using the sodium hydroxide procedure and purified by C18-Sep-Pak. The results shown are representative of two independent cell glycan preparations.
To analyze the structure of released glycans, matrix-assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF MS) and MALDI-TOF/ TOF MS/MS were performed. MS and MS/MS data were acquired using a 4800 MALDI-TOF/TOF (Applied Biosystems) mass spectrometer. Permethylated samples were dissolved in 10 il of methanol, and 1 il of dissolved sample was premixed with 1 il of matrix (10 mg mL−1 3,4- diaminobenzophenone in 75% (v/ v) aqueous MeCN), spotted onto a target plate, and dried under vacuum. For the MS/MS studies, the collision energy was set to 1 kV, and argon was used as collision gas. The 4700 Calibration standard kit, calmix (Applied Biosystems), was used as the external calibrant for the MS mode, and [Glu1] fibrinopeptide B human (Sigma) was used as an external calibrant for the MS/MS mode.
For analysis of mass spectra, data were processed using Data Explorer 4.9 Software (Applied Biosystems). The processed spectra were subjected to manual assignment and annotation with the aid of a glycobioinformatics tool, GlycoWorkBench75. The proposed assignments for the selected peaks were based on 12C isotopic composition together with knowledge of the biosynthetic pathways. Proposed structures were then confirmed by data obtained from MS/MS and linkage analysis experiments.
Further glycan structure interrogation was performed using gas chromatography-MS (GC-MS) linkage analysis. Partially methylated alditol acetates were prepared as previously described73. Linkage analysis of partially methylated alditol acetates was performed on a PerkinElmer Life Sciences Clarus 500 instrument fitted with a RTX-5 fused silica capillary column (30 m x 0.32 mm inner diameter; Restek Corp.). The sample was dissolved in 20–50 il of hexanes and injected manually (2–3 il). Injector temperature was set at 250 °C. Partially methylated alditol acetates were eluted with the following linear gradient oven. Initially the oven temperature was set at 65 °C for 1 min, heated to 290 °C at a rate
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of 8 °C per min, held at 290 °C for 5 min, and finally heated to 300 °C at a rate of 10 °C per min.
Plant lectin and galectin staining by flow cytometry. Tonsil mononuclear cells were thawed, washed, and counted as described above before being stained in a series of steps for viability, lectin binding, lectin detection, and lineage markers. To assess viability, cells were first incubated with Zombie NIR fixable viability dye (Biolegend) in PBS for 15 min at room temperature. For lectin stains, cells were resuspended in recombinant, E.coli- derived human Gal-9 (R&D,1 µg mL−1 in 1% BSA), recombinant, E.coli-derived Gal-1 (Peprotech, 50 µg mL−1), or biotinylated plant lectin (Vector) for 45 min on ice. Afterwards, cells were washed and resuspended in anti-human Gal-9-APC (Biolegend, 2 µg mL−1), Gal-1 antibody (R&D, 2.5 µg mL−1), or streptavidin-APC conjugate (Biolegend) in 1% BSA/PBS for 30 min on ice. For Gal-1 stains, Gal-1 antibody was subsequently detected with donkey anti-goat APC (R&D) for 25 min on ice. After lectin staining, cells were washed and stained with a panel of lineage-specific antibodies, including IgD-FITC, CD38-PE, CD19-PerCP, CD27-PE/Cy7, CD3-APC/Cy7, and CD14-APC/Cy7 (all from Biolegend) for 45 min on ice, then washed and acquired immediately on a BD FACS Canto I. Cells were gated as in Fig. 1b and Supplementary Fig. 1. For endogenous Gal-9 surface staining, no recombinant Gal-9 was added. For negative controls of Gal-1 and Gal-9 staining, a competitive galectin inhibitor, 100 mM lactose, was included in recombinant galectin stains, anti-galectin antibody stains, and appropriate wash steps. For CD27 stains, a PE/Cy7 FMO gating control was employed. For calculation of MFIs, the geometric mean was used. For cell line galectin and lectin stains, the same protocol was used, except the antibody surface stain was omitted.
B cell activation and proliferation assessments. Naive B cells were magnetically enriched to >85% purity by negative selection as described above, washed, then resuspended at 2 × 106 cells mL−1 in complete Iscove’s Modified Dulbecco’s Medium (10% FBS, 1% Penicillin/Streptomycin, 15 µg mL−1 gentamycin, 25 mM HEPES). Cells were subsequently treated for 40 h with varying concentrations of Gal-9 plus one of two stimulus cocktails: a T-dependent activation cocktail (Goat anti-human IgM F(ab’)2 (10 µg mL−1) + CD40L recombinant trimer42 (1 µg mL −1) + IL-2 (10 ng mL−1) + IL-4 (20 ng mL−1) + IL-10 (20 ng mL−1) + IL-21 (50 ng mL−1)) or T-independent activation cocktail (Goat anti-human IgM F(ab’)2 (10 µg mL−1) + ODN2006 (100 nM) + IL-2 (10 ng mL−1) + IL-4 (20 ng mL−1) + IL-10 (20 ng mL−1). As a negative control for Gal-9 activity, cells were treated in parallel in the presence of the competitive inhibitor lactose (10 mM) or osmolarity control sucrose (10 mM) where indicated. In some experiments, where indicated, anti-IgD F(ab′)2 or anti-x/1 light chain F(ab′)2 (both Southern Biotech) were used rather than anti-IgM F(ab′)2. Following the 40 hr activation period, cells were pelleted, washed, stained with Zombie NIR viability dye, then stained with CD86 antibody (Biolegend) for 45 min on ice in FACS buffer (2% (v/v) FBS in PBS). Simultaneously, a portion of the activated B cells were permeabilized for 30 min on ice using the FoxP3/Transcription Factor Fixation/Permeabilization Kit (eBioscience), per the manufacturer’s instructions. Permeabilized cells were subsequently stained with Ki-67 antibody (Biolegend) for 45 min on ice. All cells were washed two times and acquired immediately on a FACS Canto I. Cytokines were all purchased from Biolegend. CD40L-Tri was a generous gift from Dr. Gordon Freeman, Dana Farber Cancer Center (Boston MA)42. ODN2006 was purchased from Invivogen.
Quantitative real-time reverse-transcription PCR (qRT-PCR). B cell subsets were sorted to >95% purity by flow cytometry as described above, or washed and pelleted from cell culture (B cell lines), and total RNA was isolated using the RNeasy Mini RNA isolation kit (Qiagen) according to the manufacturer’s instructions. RNA concentration and purity was checked using a BioDrop µLITE, and 0.25 µg RNA per reaction was subsequently converted to cDNA using the SuperScript VILO cDNA synthesis kit (ThermoFisher), per the manufacturer’s instructions. Samples were assayed using Fast SYBR Green Master Mix (Applied Biosystems), and kinetic PCR was performed on a StepOne Plus Real-Time PCR System (Applied Biosystems). Samples were assayed in triplicate. Data were normalized to the housekeeping gene VCP. Relative transcript levels were analyzed using the 2(−ΔΔCt) method76. Primer sequences used can be found in Supplementary Table 1.
Western blot. For analysis of total protein expression, B cells were sorted by flow cytometry as described above, washed, and lysed for 1 h on ice in 2% NP-40 buffer/ Buffer A (150 mM NaCl, 0.5 mM Tris, 1 mM EDTA) supplemented with protease/ phosphatase inhibitors (Protease/ Phosphatase Inhibitor Mini tablets, Thermo). Alternatively, various B cell lines were pelleted, washed 2×, and lysed as above. Lysates were cleared of debris by centrifugation, and either stored at −80 °C for future analysis or used immediately. Lysates were boiled for 10 min in Laemlli reducing sample buffer, and an equal amount of lysate per lane (determined by BCA assay (Thermo)) was loaded onto 4–20% Criterion Tris-HCl polyacrylamide gels (BioRad). Gels were transferred to nitrocellulose membranes (0.2 µm pore size) for western blotting. Membranes were blocked in Odyssey Blocking buffer (Li-cor) for 1 h, blotted overnight (or as described in Supplementary Table 2) with the 

indicated primary antibody, and detected with species-specific IRDye 800CW or 680RD antibody conjugates (Li-Cor) for a half hour. Antibodies were diluted in 1:1 Odyssey Blocking buffer/TBS-Tween 20 (0.1%). Blots were scanned using a Li-Cor Odyssey CLx Near-infrared Imaging System. After scanning, blots were reprobed with antibodies against protein loading control (I3-actin or a-tubulin). Band intensities were calculated using ImageStudio software (Li-Cor), and signal was normalized to housekeeping protein levels in each lane. Uncropped western blots are available in Supplementary Figure 9.
Immunohistochemistry. Formalin-fixed, paraffin embedded tonsil tissue was prepared from fresh tonsil tissue obtained from Boston Children’s Hospital, as described above. Human lymph node and spleen sections were obtained through the Dana Farber/Harvard Cancer Center Specialized Histopathology Services (DF/HCC SHS) Core. Tonsil, lymph node, and spleen sections were stained by the DF/HCC SHS Core using the following protocol: Antigen retrieval on Lecia Bond, H1(30) (Citrate) for 30 min, followed by primary incubation with Gal-9 antibody (10 µg mL−1, Biolegend), PAX5 antibody (CST, 1:50), or isotype control (10 µg mL−1, Biolegend) diluted in Leica antibody diluent, for 30 min. Antibodies were detected with either anti-mouse or anti-rabbit secondary antibody-HRP conjugates followed by development with DAB (Leica Bond Refine Detection Kit) and counterstaining with hematoxylin.
For lectin immunohistochemistry, the same procedure was used, except that sections were blocked with Carbo-Free blocking buffer (Vector) and endogenous biotin was blocked with the Streptavidin/Biotin blocking kit (Vector). Staining was performed with STA lectin (2 µg mL−1) and detected with streptavidin-HRP conjugate followed by development with DAB (Leica Bond Refine Detection Kit) and counterstaining with hematoxylin.
Confocal microscopy. Naive B cells were magnetically enriched from human tonsil by negative selection as described above. Each channel of a poly-L-lysine slide (ibidi) was loaded with 30 µL of a 5 × 106 mL−1 naive B cell suspension with or without treatment reagents added. Cells were treated with or without recombinant human Gal-9 (4 µg mL−1) for 15 min in a 37 °C incubator, iced for 3 min, fixed for 30 min with 3% ice-cold paraformaldehyde in PBS, then washed 3× with ice-cold PBS. As a negative control, cells were either left untreated, or treated in the presence of lactose (50 mM).
For staining, cells were permeabilized with 0.1% Tween-20 in PBS for 10 min at room temperature and blocked with 1% BSA, 0.1% Tween-20 in PBS for 20 min at room temperature. Antibody-conjugate stain against CD45 (Abcam) was diluted in 1% BSA, 0.1% Tween-20 in PBS and stained for 30 min at room. Slides were mounted in Prolong Gold with DAPI (CST) and imaged using an Olympus Fluoview FV1000 confocal microscope at the Optical Microscopy Core Facility of the Program in Cellular and Molecular Medicine at Boston Children’s Hospital equipped with Fluoview software version 3.1. Images were acquired with a 60X water immersion lens and 3X optical zoom for a total magnification of 180×.
Immunoprecipitation and co-immunoprecipitation. GC-depleted B cells or naive B cells were purified by magnetic negative selection techniques as described above. For Gal-9 receptor discovery experiments, cells were first biotinylated to label cell surface glycoproteins using 2 mM EZ-link Sulfo-NHS-biotin (Thermo) in PBS (pH 8.0) followed by quenching in 100 mM glycine. For Gal-9 IP, cells were treated with 2 µg mL−1 recombinant Gal-9 (R&D) in 1% BSA for 30 min on ice, followed by washing and lysis in 2% NP-40 buffer/Buffer A (150 mM NaCl, 0.5 mM Tris, 1 mM EDTA). Lysates were quantified using Bradford reagent to ensure equal protein loading. Gal-9 receptors were immunoprecipitated from at least 50 µg lysate (200 µg for endogenous IPs) mixed with 40 µL of a BSA-blocked Protein G-agarose bead slurry (Life Technologies) loaded with anti-Gal-9 antibody (Biolegend) or anti-CD45 antibody (BioRad). Immunoprecipitation was carried out overnight on a rotator, followed by washing with lysis buffer, elution by boiling in Laemmli reducing sample buffer, and western blot with either streptavidin-800CW (Li-Cor) (for detection of biotinylated surface proteins), Gal-9 antibody (R&D), or CD45 antibody (CST). As controls, IPs were performed in parallel with equal amounts of respective isotype control antibody, CD45 antibody, or Gal-9 antibody in the presence of 200 mM lactose to account for non-carbohydrate dependent interactions. For IP reactions against endogenous Gal-9, the procedure was the same, except that no recombinant Gal-9 was added.
Analysis of BCR signaling by western blot. Naive B cells were magnetically enriched to >90% purity by negative selection, then rested overnight at 37 °C, 5% CO2 at 2.5 × 106 cells mL−1 in complete Iscove’s Modified Dulbecco’s Medium (10% FBS, 1% Penicillin/Streptomycin, 15 µg mL−1 gentamycin, 25 mM HEPES) supplemented with IL-4 (20 ng mL−1, Biolegend). The following morning, the cells were pelleted and resuspended at 5 × 106 cells mL−1 in serum-free IMDM, distributed equally into tubes corresponding with each stimulus, and rested for 1 h at 37 °C, 5% CO2. Stimuli (recombinant human Gal-9 (R&D, 2 µg mL−1 or as specified), goat anti-human IgM F(ab’)2 (Jackson Immunoresearch, 15 µg mL−1), or both were added and the cells were incubated at 37 °C, 5% CO2 for the indicated times. As a negative control of Gal-9 activity, cells were treated in the presence of the competitive inhibitor lactose (25 mM) where indicated. At the end of the time
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course, the cells were immediately iced for 1 min, pelleted, and lysed in RIPA buffer (ThermoFisher) supplemented with PMSF and protease/phosphatase inhibitors (Protease/ Phosphatase Inhibitor Mini tablets, ThermoFisher) for a half hour on ice. Lysates were cleared of debris by centrifugation, boiled for 10 min in Laemlli reducing sample buffer, and loaded onto 4–20% Criterion Tris-HCl polyacrylamide gels (BioRad). Gels were transferred to nitrocellulose membranes (0.2 µm pore size) for western blotting. Membranes were blocked in Odyssey Blocking buffer (Li-cor) for 1 h, blotted overnight with primary antibodies against the indicated phospho-proteins, and detected with species-specific IRDye 800CW or 680RD antibody conjugates (Li-Cor) for a half hour. Antibodies were diluted in 1:1 Odyssey Blocking buffer (Li-Cor)/TBS-Tween 20 (0.1%). Blots were scanned using a Li-Cor Odyssey CLx Near-infrared Imaging System. After scanning, blots were stripped with NewBlot IR Stripping buffer (Li-Cor) until signal was eliminated, and reprobed with antibodies against total proteins. Band intensities were calculated using ImageStudio software (Li-Cor), and phospho-protein signals were normalized to the total protein levels of each corresponding analyte. Uncropped western blots are available in Supplementary Figure 9.
Analysis of BCR calcium flux by flow cytometry. Tonsil mononuclear cells were thawed, washed, and counted as described above. To block Fc receptors, cells were resuspended in human TruStain FcX Fc blocking antibody (Biolegend) diluted in FACS buffer (2% FBS in PBS) for 10 min on ice. Cells were then stained for surface antigens using antibodies against human CD44 and human CD19 (both Biolegend) for 45 min on ice. Cells were subsequently washed two times with FACS buffer before staining with Fluo-4 No-Wash (NW) Calcium Assay kit (ThermoFisher) according to the manufacturer’s instructions. Briefly, cells were resuspended in Assay Buffer at 5 × 106 cells per mL and incubated at 37 °C for 30 min. Afterwards, an equal volume of Fluo-4 dye was added and the cells were incubated again at 37 °C for 30 min, followed by an additional 30 min incubation at room temperature. A baseline reading was acquired for 30 s, after which a premixed combination of goat anti-human IgM F(ab′)2 and donkey anti-human IgG F(ab′)2 (each at a final concentration of 20 µg mL−1, Jackson Immunoresearch), rhGal-9 (2.5 µg mL −1), and/or lactose (25 mM) were added; acquisition was resumed for another 4 min and 30 s. Non-GC B cells were electronically gated (CD19+CD44+), and calcium flux readings were analyzed using the Kinetics platform in FlowJo software (TreeStar). Fluo-4 intensity values were normalized to the average signal intensity of the 30 s baseline. In some experiments, where indicated, anti-IgD F(ab’)2 or anti-x/X light chain F(ab′)2 (final concentration of 20 µg mL−1, both Southern Biotech) were used rather than anti-IgM F(ab′)2 and anti-IgG F(ab′)2.
For assays evaluating endogenous cell surface Gal-9, tonsil mononuclear cells were treated exactly as above, except cells were cultured in Assay buffer containing 25 mM lactose, and anti-BCR stimuli were prepared in Assay buffer supplemented with 25 mM lactose.
For assays involving Karpas 1718 and NUDUL-1 Gal-9 knockdown cell lines, cells were prepared as above, except that the surface stain was omitted. Karpas 1718 B cells were stimulated with goat anti-human IgM F(ab′)2 and NUDUL-1 B cells were stimulated with donkey anti-human IgG F(ab′)2, respectively, as described above.
Enzymatic removal of cell surface sialic acids. To remove cell surface sialic acids, live tonsillar mononuclear cells were washed and resuspended in either serum-free RPMI 1640 alone or RPMI + Arthrobacter ureafaciens sialidase (Roche, [final] = 125 mU mL−1) and incubated at room temperature for 1 h. Cells were pelleted and washed 3 with PBS before proceeding with calcium flux assessments, as described above. Efficiency of sialic acid removal was measured by flow cytometric staining with Sambucus nigra agglutinin and Maackia amurensis agglutinin-II, as described above.
Glycoprotein internalization assay. Naive B cells were magnetically enriched from tonsil by negative selection as described above, followed by treatment with recombinant Gal-9 or Gal-9 in the presence of lactose (25 mM) for 0.5, 2, 10, 30, 60, or 120 min at 37 °C, 5% CO2. Gal-9 was added in reverse timecourse order to synchronize cells for antibody staining at the end of the incubation period. Following the incubation, cells were iced, washed with ice-cold buffer, stained with monoclonal antibodies against CD45, CD22, CD19, IgM, IgD, or Gal-9 for 45 min on ice. Following surface staining, the cells were washed again, and then acquired on a FACS Canto I. As a control for steric effects of Gal-9 on antibody binding, a separate group of cells were incubated with Gal-9, but Gal-9 was eluted just prior to antibody staining (during the wash steps) using wash buffer containing 25 mM lactose.
NFAT1 nuclear translocation assays. For western blot analysis of NFAT1 nuclear translocation, untouched naive B cells were enriched by negative selection and rested for 1 h at 37 °C in serum-free RPMI prior to treatment with one or a combination of the following reagents for 30 min at 37 °C: anti-human IgM F(ab′)2 (15 µg mL−1), recombinant human Gal-9 (2 µg mL−1), lactose (25 mM), cyclos-porin A (100 ng mL−1), or ionomycin (1µM). Cells were subsequently iced for 1 min, pelleted, and lysed as described77. Briefly, cells were lysed in cytoplasmic extract (CE) buffer (0.075% NP-40, 10 mM HEPES, 60 mM KCl, 1 mM EDTA, 

1 mM p-mercaptoethanol, 1 mM PMSF, protease/phosphatase inhibitor tablet (ThermoFisher)) for 5 min on ice. Lysates were pelleted, CE buffer was removed, and nuclei were lysed with a high-salt nuclear extract (NE) buffer (20 mM Tris, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 1 mM PMSF, protease/phosphatase inhibitor tablet (ThermoFisher) for 10 min on ice. Lysates were again pelleted for debris and probed by western blot for NFAT1 or loading controls (p-tubulin or Histone H3 for cytoplasmic and nuclear fractions, respectively). Band intensities were calculated using ImageStudio software (Li-Cor), and phospho-protein signals were normalized to the housekeeping protein levels for each fraction.
For detection of NFAT1 translocation by immunofluorescence microscopy, cells were stimulated as described above with the following modifications: cells were layered onto poly-L-lysine coverslips, fixed in situ with 4% paraformaldehyde for 15 min, quenched with 50 mM ammonium chloride, and simultaneously blocked and permeabilized in 5% BSA/0.3% Triton-X100/PBS for 1 h. Cells were stained overnight with NFAT1 antibody (CST, 1:50), detected with donkey-anti-rabbit AlexaFluor 555 secondary antibody (Biolegend) for 30 min, and mounted with ProLong Gold anti-fade reagent with DAPI (CST) overnight. Slides were imaged on a Nikon Eclipse E600 Microscope using a 100x oil immersion objective. For quantification of NFAT1 localization, each cell in a given field was given a binary score of either 1 (predominantly cytoplasmic NFAT1) or −1 (predominantly nuclear NFAT1), and an average score was calculated per field. For each treatment condition, average scores from at least seven fields are reported.
Statistical analysis. Statistical analyses were performed using Prism 7.0 software (GraphPad). Appropriate statistical tests were chosen with the assumption of sample normality and equality of variance. For tests involving two groups, hypothesis testing was carried out using an unpaired two-tailed t-test. For tests involving three or more groups, a one-way analysis of variance (ANOVA) test was used with Tukey’s correction for multiple comparisons. In cases of unequal variance, the Kruskall–Wallis test was used instead. Where appropriate, a one-sample t-test was used, where groups were compared to a hypothetical value of 1 or 100. For tests comparing two groups sampled at numerous timepoints, as in calcium assays, a two-way repeated measures ANOVA with Bonferroni correction for multiple comparisons was used against the factors “time” and “treatment.” Throughout the study, error bars depict standard error of the mean (SEM) from biological replicates. In each case, sample sizes were estimated based on effect sizes observed in similar studies of glyco-immunology and B cell signaling, including those from our own laboratory. In most cases, the experimenter performed and analyzed the data without blinding, except in analysis of NFAT1 nuclear translo-cation by immunofluorescence (Fig. 5f, g), where the experimenter was blinded to treatment condition before performing quantification. P values <0.05 were considered statistically significant.
Data availability. Datasets generated in this study are either included in this published article or are available from the corresponding author on reasonable request. LGALS9 expression analysis in human hematopoietic cells was conducted using the GEO dataset GSE2475926.
Received: 13 December 2017 Accepted: 26 July 2018
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Galectin-3 Interaction with Thomsen-Friedenreich Disaccharide on Cancer-associated MUC1 Causes Increased Cancer Cell Endothelial Adhesion*
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Patients with metastatic cancer commonly have increased serum galectin-3 concentrations, but it is not known whether this has any functional implications for cancer progression. We report that MUC1, a large transmembrane mucin protein that is overexpressed and aberrantly glycosylated in epithelial cancer, is a natural ligand for galectin-3. Recombinant galectin-3 at concentrations (0.2–1.0 pg/ml) similar to those found in the sera of patients with metastatic cancer increased adhesion of MUC1-expressing human breast (ZR-75-1) and colon (HT29-5F7) cancer cells to human umbilical vein endothelial cells (HUVEC) by 111% (111 ± 21%, mean ± S.D.) and 93% (93 ± 17%), respectively. Recombinant galectin-3 also increased adhesion to HUVEC of MUC1 transfected HCA1.7+ human breast epithelial cells that express MUC1 bearing the oncofetal Thomsen-Friedenreich antigen (GalIJ1,3GalNAc-a (TF)) but did not affect adhesion of MUC1-negative HCA1.7- cells. MUC1-transfected, Ras-transformed, canine kidney epithelial-like (MDE9.2+) cells, bearing MUC1 that predominantly carries sia-lyl-TF, only demonstrated an adhesive response to galectin-3 after sialidase pretreatment. Furthermore, galectin-3-mediated adhesion of HCA1.7+ to HUVEC was reduced by O-glycanase pretreatment of the cells to remove TF. Recombinant galectin-3 caused focal disappearance of cell surface MUC1 in HCA1.7+ cells, suggesting clustering of MUC1. Co-incubation with antibodies against E-Selectin or CD44H, but not integrin-IJ1, ICAM-1 or VCAM-1, largely abolished the epithelial cell adhesion to HUVEC induced by galectin-3. Thus, galectin-3, by interacting with cancer-associated MUC1 via TF, promotes cancer cell adhesion to endothelium by revealing epithelial adhesion molecules that are otherwise concealed by MUC1. This suggests a critical role for circulating galectin-3 in cancer metastasis and highlights the functional importance of altered cell surface glycosylation in cancer progression.
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Galectin-3 is one of 15 known members of the galectin family of naturally occurring galactoside-binding lectins that are expressed intracellularly and extracellularly by many cell types (1). Galectin-3 concentrations are increased up to 5-fold in the sera of patients with breast, gastrointestinal, or lung cancer (2). Moreover, higher galectin-3 concentrations are seen in the sera of patients with metastatic disease than in the sera of patients with localized tumors (2). The source of increased circulating galectin-3 in cancer patients is not clear, but it is probably generated by tumor cells as well as by peritumoral inflammatory and stromal cells (2). It is not known whether this increased circulating galectin-3 has any functional implications for cancer progression.
Cytoplasmic galectin-3 is known to be anti-apoptotic (3), whereas nuclear galectin-3 promotes pre-mRNA splicing (4, 5). Cell surface galectin-3 is involved in various cell-cell and cell-matrix interactions (1, 6, 7) and enhances cancer cell adhesion to and invasion through basement membrane by interacting with extracellular matrix proteins such as fibronectin, collagen, or laminin (1, 8, 9). Galectin-3 expressed on the endothelial cell surface has been shown to promote the adhesion of breast cancer cells to endothelium by interaction with cancer-associated Thomsen-Friedenreich (galactose 131,3N-acetylgalactosamine a- (TF))2 antigen expressed by unknown cell surface molecules (10–14). TF antigen is the core I structure of mucin-type O-linked glycans, but in its simplest nonsialylated, nonextended form it acts as an oncofetal antigen, and its presence/expression is increased in malignant and premalignant epithelia (15).
MUC1 (also known as episialin and DF3) is a large (Mr > 250,000) transmembrane mucin protein expressed on the apical surface of most normal secretory epithelia including those in the mammary gland, and the gastrointestinal, respiratory, urinary, and reproductive tracts. The MUC1 extracellular domain consists of variable numbers of 20-amino acid tandem repeat peptides (VNTR) that are rich in serines, threonines, and prolines. These tandem repeat domains are heavily glycosylated
2 The abbreviations used are: TF antigen, Thomsen-Friedenreich antigen (galactose 131,3N-acetylgalactosamine a-); Tn antigen, N-acetylgalac-tosamine a-; HUVEC, human umbilical vein endothelial cell; ICAM-1, intercellular cell adhesion molecule 1; VCAM-1, vascular cell adhesion molecule 1; PBS, phosphate-buffered saline; ANOVA, one way analysis of variance.
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with complex O-glycans (16). There are several splice variants of MUC1, and no functional differences between these MUC1 variants are known (17–19).
In epithelial cancer cells, there is increased expression of glycoforms of MUC1 that show reduced expression of complex O-glycans and increased expression of shorter oligosac-charides such as sialic acid substituted (20–22) and unsub-stituted TF antigen (21, 23, 24). MUC1 also undergoes a change in its localization to become expressed over the entire surface in epithelial cancer cells (25, 26). MUC1 has been shown to interact via its cytoplasmic domain with important intracellular proteins including (3-catenin (27) and p53 (28) and is therefore involved in signal transduction and regulation of apoptosis. Because of its massive size and length, -250 nm in comparison with -28 nm for typical cell surface adhesion molecules like liver cell adhesion molecule (29), cell surface MUC1 is also believed to function as an anti-adhesion molecule by masking cell surface adhesion molecules (30). Thus, overexpression of MUC1 inhibits inte-grin-mediated adhesion of human breast epithelial cells to extracellular matrix proteins in vitro (31), and down-regulation of MUC1 by antisense oligonucleotide increases E-cad-herin-mediated cell-cell aggregation of breast cancer cells (32). Capping of MUC1 on the cell surface of human breast cancer cells as a result of the addition of a cross-linking anti-MUC1 antibody exposes cell adhesion molecules and increases adherence of these cells to the extracellular matrix (30).
In this study we show that MUC1 is a novel and natural ligand of endogenous galectin-3 in human colon cancer cells and that recombinant galectin-3, at concentrations similar to those found in the blood of cancer patients, causes a significant increase in adhesion of epithelial cancer cells to endothelium as a consequence of its interaction with TF expressed on MUC1.
EXPERIMENTAL PROCEDURES
Materials—Anti-MUC1 (B27.29) and anti-STn (B195.3) (33) antibodies were kindly provided by Dr. Mark Reddish (Biomira Inc., Edmonton, Canada). Mouse anti-galectin-3 antibody was obtained from Novocastra (Newcastle upon Tyne, United Kingdom). Human anti-TF antibody (TF5) was kindly provided by Dr. Bo Jansson (BioInvent Therapeutic, Lund, Sweden) (34). Antibodies against E-Selectin, ICAM-1, VCAM-1, integrin (31, and CD44H were from R & D Systems Europe Ltd (Abingdon, United Kingdom). Peroxidase-conjugated peanut lectin (PNA) and mushroom lectin (ABL), biotin-conjugated jacalin (JAC), Maackia amurensis (MAL-II), and Griffonia simplicifolia lectin (GSL) were purchased from Vector Laboratories Ltd. (Peterborough, United Kingdom). Arthrobacter ureafaciens sialidase (EC 3.2.1.18), Streptococcus pneumoniae endo-N-acetyl-galac-tosaminidase (EC 3.2.1.97), O-glycanase, and recombinant N-glycosidase (peptide-N-glycosidase F; EC 3.2.2.18) were obtained from Glyko Inc., (Oxford, United Kingdom). The non-enzymatic cell dissociation solution was from Sigma. The Vybrant DIO and DiI cell labeling solutions were from Molecular Probes (Eugene, OR).

Cell Lines—The HT-29 human colon cancer cell line was obtained from the European Cell Culture Collection via the Public Health Laboratory Service (Porton Down, Wiltshire, United Kingdom). HT29-5F7 cells, kindly provided by Dr. Thecla Lesuffleur (INSERM U560, Lille, France), are entero-cyte-like subpopulations of HT29 cells that express mainly MUC1 and MUC5B and were isolated as a consequence of their resistance to 5-fluorouracil (35). The cells were cultured in Dul-becco’s modified Eagle’s medium supplemented with 10% fetal calf serum, 100 units/ml penicillin, 100 g/ml streptomycin, and 4 mM glutamine at 37 °C in a humidified atmosphere of 5% CO2. ZR-75-1 human breast cancer cells were kindly provided by Professor David Fernig, School of Biological Science, University of Liverpool and were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum, 0.1 g/ml estradiol, 100 unit/ml penicillin, 100 g/ml streptomycin, and 4 mM glutamine. Human umbilical vein endothelial cells (HUVEC) were obtained from American Type Culture Collection and were cultured in F12K medium supplemented with 0.1 mg/ml heparin, 0.03 mg/ml endothelial cell growth supplement (Sigma), and 10% fetal calf serum at 37 °C. MUC1 transfection of HBL-100 human breast epithelial cells with full-length cDNA encoding MUC1 and the subsequent selection of the MUC1 positive transfectant HCA1.7+ and the negative revertant HCA1.7- cells were as previously described (26). MUC1 transfection of Ras-transformed Madin-Darby canine kidney epithelial-like MDCK-Ras-e cells with full-length cDNA encoding MUC1 and the subsequent selection of the MUC1 positive transfectant MDE9.2+ and the negative revertant MDE9.2- were also as previously described (26).
Production of Human Recombinant Galectin-3—Recombi-nant human galectin-3 was produced in Escherichia coli using pET21a expression vector, which was ligated with a cDNA sequence encoding for human galectin-3, and affinity-purified using asialofetuin-Sepharose 4B as previously described (36).
Immunoprecipitation and Immunoblotting—Subconfluent HT-29 cells were released from the culture plates using a cell scraper (Coster) and lysed on ice in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethyl-sulfonyl fluoride, 1% Triton X-100, plus 2% aprotinin, and 20 g/ml leupeptin) for 10 min before a brief sonication (30 s). The supernatants of the cell lysates were collected after centrifugation at 100,000 X g for 1 h. After dilution to 1 mg of protein/ml with lysis buffer, 1-ml supernatants were precleaned with 50 l of protein A-agarose for 20 min at 4 °C before incubation with either 5 l (20 g) anti-MUC1 antibody (B27.29) or 20 l of anti-galectin-3 antibody for 2 h at 4 °C followed by the addition of 50 l of protein A-agarose for a further hour. After washing, the immunoprecipitates were retrieved by mixing the beads with 40 l of SDS sample buffer and boiling for 10 min before separation on either a 4% (for MUC1 analysis) or 12% (for galec-tin-3 analysis) SDS-polyacrylamide gel. The proteins were transferred to nitrocellulose membranes and probed with either anti-MUC1 or anti-galectin-3 primary antibodies. After application of the peroxidase-conjugated secondary antibodies, the blots were developed with SuperSignal West Dura Extended During Substrate (Pierce) and visualized using a Fluor-S Imager (Bio-Rad).
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Desialylation and Deglycosylation—MUC1 immunoprecipi-tates prepared as described above were divided into six equal aliquots and incubated with or without 0.02 unit/ml N-gly-canase, 0.02 unit/ml A. ureafaciens sialidase, which cleaves 2–3, 2– 6, and 2– 8-linked sialic acid, 0.02 unit/ml S. pneumoniae O-glycanase, which is highly specific for unsubstituted O-linked Gali31,3GalNAca-, or 0.02 unit/ml sialidase plus 0.02 unit/ml O-glycanase for 16 h at 37 °C (37, 38). The immu-noprecipitates were separated on SDS-PAGE (4% running gel and 3.75% stack gel), transferred to nitrocellulose membranes, and probed with 1 ti,g/ml recombinant galectin-3 and then anti-galectin-3 antibody followed by peroxidase-conjugated secondary antibody.
In some experiments, 30 ti,g of cell lysates of MUC1-trans-fected HCA1.7+/- or MDE9.2+/- cells were separated on SDS-PAGE and transferred to nitrocellulose membranes. The membranes were then incubated with A. ureafaciens sialidase (0.02 unit/ml) for 16 h at 37 °C before probing with anti-TF5 antibody.
In other experiments, subconfluent MDE9.2+, MDE9.2-, HCA1.7+, or HCA1.7- cells were incubated with or without A. ureafaciens sialidase (0.02 unit/ml), or O-glycanase (0.02 unit/ml) for 1–3 h at 37 °C before lysis of the cells and followed by blotting with anti-MUC1, anti-TF5 antibody, or TF-binding peanut lectin (PNA).
Cell Adhesion to HUVEC—Subconfluent epithelial cancer (ZR-75-1, HT29-5F7, or HT29) cells or MUC1 transfectant/ revertant cells (HCA1.7+/- or MDE9.2+/-) cultured in 24-well plates were washed with PBS and labeled with 5 ti,g/ml DIO fluorescent cell labeling solution in serum-free Dulbecco’s modified Eagle’s medium for 30 min at 37 °C. The cells were washed with PBS and treated with a nonenzymatic cell dissociation solution (Sigma) that releases the cells from the culture plates while keeping the cell membrane proteins intact. After washing, 5 X 104 cells were incubated with or without recombinant galectin-3 in the presence or absence of 50 mM lactose for 30 min at 37 °C before application for 1 h at 37 °C to a HUVEC monolayer cultured on chamber slides. The chamber slides were then gently washed with PBS and inverted for 10 min at room temperature. The slides were mounted, and the fluorescent-labeled cells were counted between three and ten randomly chosen low power fields using an Olympus B51 fluorescent microscope with a 20X objective (200X magnifications).
Effect of Antibodies against Adhesion Molecules on Cell Adhesion to HUVEC—A range of monoclonal antibodies against potentially relevant adhesion molecules (E-Selectin, CD44H, Integrin-i31, ICAM-1, and VCAM-1) was incubated with HUVEC cells at 25 ti,g/ml for 30 min at 37 °C and remained present during the subsequent 1-h cell adhesion assay as described above.
Effect of Galectin-3 on MUC1 Cell Surface Localization— Subconfluent HCA1.7+/- cells were released from the culture plates using the nonenzymatic cell dissociation solution. After washing, 104 cells were incubated with or without 0.5–1 ti,g/ml recombinant galectin-3 for 1 h at 37 °C. The cell suspensions were then applied to polylysine-coated slides for 30 min at room temperature. After gentle washing, the cells were fixed
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FIGURE 1. Galectin-3 and MUC1 are co-immunoprecipitated in human colon cancer cells (A and 8). HT29 human colon cancer cell lysates were immuno-precipitated (IP) with antibodies against MUC1 (B27.29), BCl-2 or without antibody and then immunoblotted with anti-galectin-3 antibody, showing the presence of endogenous galectin-3 in MUC1 immunoprecipitates (A). Immu-noprecipitation of HT29 human colon cancer cell lysates with anti-galectin-3 monoclonal antibody, mouse IgG or without antibody were immunoblotted with anti-MUC1 antibody (B27.29), showing the presence of MUC1 in galec-tin-3 immunoprecipitates (8). Recombinant galectin-3 binds to MUC1 through TF (C and D). MUC1 immunoprecipitates treated with 0.02 unit/ml A ureafaciens sialidase plus 0.02 unit/ml O-glycanase (C and D, first lanes), with 0.02 unit/ml A ureafaciens sialidase (second lanes), untreated (third lane), or treated with 0.02 unit/ml N-glycanase (fourth lanes) or 0.02 unit/ml O-gly-canase (fifth lanes) (lane 6 is a control mouse IgG immunoprecipitate) and blotted with either galectin-3 (C) or B27.29 anti-MUC1 antibody (D) (two gels) show that galectin-3 binding to MUC1 is not affect by N-glycanase treatment, but binding is reduced by O-glycanase treatment. Galectin-3 binding to MUC1 is markedly increased by sialidase pretreatment of MUC1 (note a large amount of MUC1 remains in the stack gel after sialidase treatment), and this increased galectin-3 binding to MUC1 by sialidase treatment is largely reduced by further treatment of MUC1 with O-glycanase. MW, molecular mass.
with 2% paraformaldehyde, blocked with 5% normal goat serum/PBS, and probed with anti-MUC1 antibody, followed by fluorescent-labeled secondary antibody. MUC1 localization was visualized using an Olympus B51 fluorescent microscope. Focal rearrangement of cell surface MUC1 expression was scored by two observers blinded to the cell treatment who counted the percentage of cells lacking a continuous rim of MUC1 in eight randomly selected low power fields.
Laser Scanning Confocal Microscopy of Cell Adhesion to HUVEC—Samples of epithelial cells adherent to HUVEC were prepared as described above. Before introduction of recombinant galectin-3-treated HCA1.7+ cells to the HUVEC mono-layer, the HUVEC cells were prelabeled with Dil (5 ti,l/well) cell labeling solution for 30 min at 37 °C. After interaction of the HCA1.7+/- HUVEC cells at 37 °C for 30 min, the cells were washed with PBS, fixed in 2% paraformaldehyde/PBS for 20 min, treated with 0.1% Triton X-100 for 5 min, and then treated with 5% normal goat serum/PBS for 30 min. B27.29 anti-MUC1 antibody at 0.5 ti,g/ml in 1% bovine serum albumin/PBS was introduced followed by fluorescein isothiocyanate-labeled secondary antibody. The laser scanning confocal microscopy was performed with Leica SP2 laser scanning confocal microscope
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FIGURE 2. 
Recombinant galectin-3 increases epithelial cancer cell adhesion to HUVEC. 
Preincubation of the cancer cells with various concentrations (0–1.2 
jt
g/ml) of recombinant galectin-3 resulted in increased adhesion of HT29-5F7 colon (
A
) and ZR-75-1 breast (
B
) cancer cells to a HUVEC monolayer. The increased cell adhesion of HT29-57F (
C
) and ZR75 (
0
) induced by 1 
jt
g/ml galectin-3 was largely prevented by the presence of 50 m
M 
lactose. The data are shown as the means 
± 
S.D. from three (
A 
and 
B
) and eight (
C 
and 
0
) separate experiments. *, 
p 
< 
0.01; **, 
p 
< 
0.001, ANOVA.
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(63
X 
water immersion objective). Sequential line by line scan
ning with 476- and 543-nm lasers were used to separate fluo
rescence of dyes. 
z
-Stacks were prepared by obtaining serial sections with 0.5-
jt
m increments and analyzed in orthogonal projections (
x-z 
sections) using Leica software.
Statistical Analysis
—The statistical analyses were performed using unpaired 
t 
test, Fisher’s exact test, or one-way analysis of variance (ANOVA) followed by Newman and Keuls multiple comparisons (StatsDirect for Windows, StatsDirect Ltd., Sale, United Kingdom), where appropriate. The differences were considered significant when 
p 
< 
0.05.
RESULTS
Co-immunoprecipitation of Endogenous Galectin-3 and MUC1 in HT29 Human Colon Cancer Cells
—MUC1 immu-noprecipitation of HT29 cell lysates using B27.29 anti-MUC1 antibody followed by immunoblotting with anti-ga-lectin-3 antibody shows the presence of endogenous galectin-3 in MUC1 immunoprecipitates but not in the con
trol Bcl-2 immunoprecipitates (Fig. 1
A
). In the reciprocal experiment, galectin-3 immunoprecipitation followed by MUC1 immunoblotting also shows the presence of MUC1 in galectin-3 immunoprecipitates but not in the control immu-noglobulin immunoprecipitates (Fig. 1
B
). These results sug
gest a probable interaction between galectin-3 and MUC1 in colon cancer cells.
Direct Binding ofRecombinant Galectin-3 to MUC1 through the Oncofetal TF Carbohydrate Antigen on MUC1
—Recombi-nant galectin-3 probing of MUC1 immunoprecipitates from HT29 cell lysates showed that recombinant galectin-3 bound predominantly to the higher molecular weight allelic form of MUC1 (17) (Fig. 1, 
C 
and 
D
). This binding was not affected if 
) (
MUC1 immunoprecipitates were 
pretreated with 
N
-glycanase, but 
binding was markedly reduced if 
the immunoprecipitates were pre
treated with 
Streptococcal 
endo-
N
-acetylgalactosaminidase (
O
-gly-
canase), which is highly specific for 
liberating unsubstituted TF from 
serine or threonine residues (38). 
Pretreatment of MUC1 immuno-
precipitates with 
A. ureafaciens 
sialidase, which cleaves nonreduc-
ing terminal 
a
2–3, 2–6, and 2–8-
linked sialic acid from galactose, 
N
-acetylgalactosamine and 
N
-ace-
tylglucosamine residues, showed 
the characteristic reduced mobility 
in SDS-PAGE that results from the 
removal of the negatively charged 
sialic acids (31). Desialylation of 
MUC1 greatly enhanced galectin-3 
binding to MUC1, which was then 
markedly reduced following addi
tional 
O
-glycanase treatment. To
gether, these results suggest that 
galectin-3 interacts directly with 
) (
MUC1 and that this interaction is mediated, to a large extent, by 
binding of galectin-3 to the unsubstituted TF disaccharide on 
MUC1.
Recombinant Galectin-3 Enhances Epithelial Cancer Cell 
Adhesion to HUVEC
—We next investigated the functional sig
nificance of the interaction of galectin-3 with MUC1. It had 
been reported previously that endothelial cell-associated galec-
tin-3 mediates heterotypic adhesion of cancer cells to endothe
lium via binding to cancer-associated TF antigen expressed by 
unknown cell surface molecules (10–14). This together with 
the presence of increased circulating galectin-3 concentrations 
in cancer patients and the overexpression in cancer of MUC1 
bearing increased copy numbers of unsubstituted TF, 
prompted us to investigate the role of the interaction between 
galectin-3 and cancer-associated MUC1 in cancer cell adhesion 
to endothelium.
We therefore preincubated MUC1-expressing epithelial 
cancer cells with recombinant galectin-3 at various concentra
tions and subsequently tested the adhesion of the cells to 
HUVECs. It was found that galectin-3 at concentrations (0.2– 
1.0 
jt
g/ml) similar to those found in patients with metastatic 
breast or colon cancer induces a significant increase of cancer 
cell adhesion of human breast cancer cells to the HUVEC 
monolayer. At 1 
jt
g/ml, recombinant galectin-3 increased 
adhesion of ZR-75-1 human breast cancer cells to HUVEC by 
111% (111 
± 
21%, mean 
± 
S.D., 
p 
< 
0.001, ANOVA) (Fig. 2). At 
similar concentration, recombinant galectin-3 caused little 
change of the adhesion of parental (standard) HT29 cells (data 
not shown) but 93% (93 
± 
17%, 
p 
< 
0.001, ANOVA) increased 
adhesion of HT29-5F7, a subpopulation of HT29 cells that have 
greater MUC1 expression than the parental HT29 cells (35, 39). 
In the absence of galectin-3, an average of 35 (35 
± 
5) ZR-75-1
) (
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[image: ]FIGURE 3. Galectin-3 has differing effects on adhesion of MUC1-positive transfectants and MUC1-negative revertants to HUVEC. A, HCA1.7+/-and MED9.2+/- cell lysates (30 µg) were immunoblotted with anti-MUC1 antibody (B27.29) showing high MUC1 expression in MUC1 transfectants HCA1.7+ and MDE9.2+ but not in their revertants HCA1.7- and MDE9.2-. Incubation of the cells with 1 µg/ml recombinant galectin-3 caused increased cell adhesion to HUVEC of MUC1 transfectants HCA1.7+ (8) but not of revertant HCA1.7- nor of either transfected MDE9.2+ or revertant MDE9.2- (C). The data in 8 and Care shown as the means ± S.D. from five (8) and three (C) separate experiments. *, p < 0.01, unpaired t test.
cells and 41 (41 ± 5) HT29-5F7 cells were adherent per randomly selected low power field. The increased adhesion seen with galectin-3 pretreatment was 92 and 88% inhibited by the presence of 50 mM lactose for ZR-75-1 and HT29-5F7 cells, respectively (Fig. 2, C and D).
Recombinant Galectin-3 Selectively Enhances Adhesion of MUC1-transfected Cells to HUVEC—To determine whether the observed effects of recombinant galectin-3 on cancer cell adhesion to HUVEC were related to interaction with MUC1, we assessed the effect of recombinant galectin-3 on cell adhesion in MUC1-transfected, MUC1-positive, and in MUC1-neg-ative (revertant) cells that had lost MUC1 expression. Normal human breast epithelial HBL-100 cells and Ras-transformed Madin-Darby canine kidney epithelial-like MDCK-Ras-e cells, both naturally expressing no MUC1 (26), were transfected with MUC1, and the effects of recombinant galectin-3 on MUC1-positive (transfectant HCA1.7+ and MDE9.2+) and -negative (revertant HCA1.7- and MDE9.2-) cells were determined. The MUC1 transfectants HCA1.7+ and MDE9.2+ showed high levels of MUC1 expression, comparable with those found on breast cancer ZR-75-1 cells (26), and the MUC1-negative revertants HCA1.7- and MDE9.2- showed no detectable MUC1 when assessed by MUC1 immunoblotting (Fig. 3A).
It was found that recombinant galectin-3 at 0.5–1 µg/ml increased adhesion of MUC1 transfectant HCA1.7+ cells to HUVEC. At 1 µg/ml, recombinant galectin-3 caused 112% (112 ± 13%, p < 0.01) increased adhesion of HCA1.7+, but not of MUC1-negative revertant, HCA1.7-, cells (5 ± 19%) (Fig. 3B). In the absence of galectin-3, an average of 2.5 (2.5 ± 1.4) HCA1.7+ cells and 5.8 (5.8 ± 3.0) HCA1.7- cells were adherent per randomly selected low power field.
Unexpectedly, we found that, although the MUC1-trans-fected MDE9.2+ cells express a similarly high amount of

FIGURE 4. Identification of TF expression by MUC1 in HCA1.7+ cells and sialyl-TF by MUC1 in MED9.2+ MUC1- transfectants. Immunoblotting and lectin blotting of MED9.2+ (lanes 1) or HCA1.7+ cell lysates (30 µg) (lanes 2) was performed using anti-MUC1 (a), HRP-PNA (b), anti-TF5 (c), HRP-ABL (d), biotin-JAC (jacalin) (e), biotin-MAL-II (f), anti-STn antibody (h), and biotin-GSL (i). In g, the blot was pretreated with A. ureafaciens sialidase for 16 h before blotting with anti-TF5 antibody. MUC1 in HCA1.7+ cells, but not in MED9.2+, shows strong binding by TF-binding PNA and anti-TF5. MUC1 in both HCA1.7+ and MED9.2+ cells shows binding by the TF and sialyl-TF-binding lectins ABL and jacalin, but only MUC1 in MED9.2+ cells shows weak binding by MAL-II. Sialidase pretreatment of the proteins preblotted on nitrocellulose membrane allows MUC1 in MED9.2+ to be strongly bound by anti-TF5. No apparent expression of sialyl-Tn and Tn was seen on MUC1 in either HCA1.7+ or MDE9.2+ cells (h and i, respectively). MW, molecular mass.
MUC1 to that expressed by HCA1.7+ and ZR-75-1 cells, recombinant galectin-3 (0.5–1 µg/ml) had no significant effect on the adhesion of these cells to HUVEC (Fig. 3C). This prompted us to analyze the glycosylation of the MUC1 expressed by these two MUC1-transfected cell lines. It was found that the MUC1 expressed by HCA1.7+ cells showed strong affinity for the TF-binding peanut lectin (PNA) and for anti-TF antibody (anti-TF5), whereas the MUC1 expressed by MDE9.2+ cells was not bound by either PNA or anti-TF5 antibody when assessed by lectin/immunoblotting (Fig. 4, a– c). However, the MUC1 in HCA1.7+ as well as that in MDE9.2+ cells was strongly bound by the lectins Agaricus bisporus (ABL) and jacalin (Artocarpus integrifolia) that bind sialylated TF as well as TF (Fig. 4, d and e). This suggested that MUC1 in HCA1.7+ cells expresses unsubstituted TF, whereas the MUC1 in MDE9.2+ cells expresses sialylated TF. This was supported by lectin blotting using the sialic acid-binding M. amurensis lectin (MAL-II). MAL-II showed weak but definite binding to MUC1 only in MDE9.2+ but not in HCA1.7+ cells (Fig. 4f). Furthermore, when cell lysates blotted on nitrocellulose membrane were treated first with A. ureafaciens sialidase then probed with anti-TF antibody, the MUC1 in MDE9.2+ cells became strongly bound by the anti-TF5 antibody (Fig. 4g). MUC1 in HCA1.7+ and MDE9.2+ cells was not found to carry either Tn (N-acetylgalactosamine a-) or sialylated Tn antigens when assessed by lectin/immunoblotting using the N-acetyl-galactosamine-binding lectin from G. simplicifolia (GSL) or anti-sialyl-Tn antibody (B195.3) (Fig. 4, h and i). Together, these results suggest that the MUC1 molecules in HCA1.7+
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FIGURE 5. 
Effect of sialidase or 
O
-glycanase treatment of MUC1 transfected/revertant cells on TF/MUC1 expression and on galectin-3-mediated cell adhesion.
A
, MDE9.2
+
cells were treated with 
A. ureafaciens 
sialidase (0.02 unit/ml) for 0, 1 or 3 hat 37 °C before lysis and blotting with anti-MUC1 (B27.29) (
left panel
) or anti-TF (TF5) antibody (
right panel
). Sialidase treatment of the cells results in exposure of TF antigen on MUC1 in MDE9.2
+ 
cells and a reduced MUC1 mobility on SDS-electrophoresis. 
B
, MDE9.2
+
/
- 
cells were treated with 
A. ureafaciens 
sialidase for 1 h (0.02 unit/ml) followed by incubation with 1 
µ
g/ml recombinant galectin-3 before application to a HUVEC monolayer. Sialidase pretreatment of the cells results in increased cell adhesion to HUVEC of MDE9.2
+ 
but not MDE9.2
- 
cells. The data in 
B 
are shown as the means 
± 
S.D. from two experiments each performed in triplicate. 
C
, HCA1.7
+ 
cells were treated with or without 
O
-glycanase (0.02 unit/ml) for 2 hat 37 °C before lysis and blotting with anti-MUC1 (B27.29) antibody (
left panel
) or TF-binding PNA (
right panel
) (two gels). 
O
-Gly-canase treatment of the cells results in reduction of TF expression on MUC1. 
D
, HCA1.7
+
/
- 
cells were treated with or without 
O
-glycanase (0.02 unit/ml) for 2 h followed by incubation with or without 1 
µ
g/ml recombinant galectin-3 before application to a HUVEC monolayer. 
O
-Glycanase pretreatment of the cells results in reduction of cell adhesion to HUVEC of HCA1.7
+ 
but not HCA1.7
- 
cells. The data in 
B 
and 
D 
are shown as the means 
± 
S.D. from three separate experiments. *, 
p 
< 
0.01; **, 
p 
< 
0.001, unpaired 
t 
test. 
MW
, molecular mass.
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cells carry predominantly the unsubstituted TF structure, whereas the MUC1 in MDE9.2
+ 
cells carries predominantly the sialylated TF structure. This is in keeping with the finding that the binding of recombinant galectin-3 to MUC1 is largely mediated through binding of galectin-3 to unsubstituted TF carried on MUC1 (Fig. 1).
Effect of Sialidase Treatment on Galectin-3-mediated Adhe
sion to HUVEC
—Because the experiments above suggested that the different responses of HCA1.7
+ 
and MDE9.2
+ 
cells to galectin-3 in cell adhesion might be accounted for by differ
ences in sialylation of TF carried by MUC1, we pretreated live MDE9.2
+ 
cells with 
A. ureafaciens 
sialidase for 1–3 hat 37 °C. This treatment removes the terminal sialic acid residues from MUC1 and allowed strong binding of the MUC1 by anti-TF antibody (Fig. 5
A
). The MUC1 molecule from the lysed cells again showed the characteristic reduced mobility in SDS-PAGE after sialidase treatment (Fig. 5
A
).
Sialidase pretreatment of the MDE9.2
+ 
cells, followed by galectin-3 incubation resulted in 102% (102 
± 
22%, 
p 
< 
0.01) increased adhesion to HUVEC but did not affect significantly the adhesion of MDE9.2
- 
cells (9 
± 
18%, 
p 
= 
0.4) (Fig. 5
B
). Sialidase pretreatment of HCA1.7
+ 
cells did not affect the cell adhesion induced by recombinant galectin-3 (data not shown). These results strongly suggest that the different adhesive responses of the MUC1 transfectants HCA1.7
+ 
and MDE9.2
+ 
) (
to recombinant galectin-3 are 
largely due to differences in glycosy-
lation of MUC1, with MDE9.2
+ 
expressing sialyl-TF and HCA1.7
+ 
expressing unsubstituted TF.
To further investigate the role 
of TF structure on MUC1 in galec-
tin-3-mediated cell adhesion, we 
pretreated live HCA1.7
+
/
- 
cells 
with 
O
-glycanase for 2 h at 37 °C. 
This resulted in a 35% reduction of 
TF expression on MUC1 in 
HCA1.7
+ 
cells when assessed by 
PNA blotting (Fig. 5
C
). 
O
-Gly-
canase pretreatment of the cells 
resulted in a 46% decrease in the 
galectin-3 (1 
µ
g/ml)-induced adhe
sion of HCA1.7
+ 
to HUVEC but 
did not affect the adhesion of 
HCA1.7
- 
cells (Fig. 5
D
). This pro
vides further evidence that galec-
tin-3 binding to MUC1 requires the 
presence of unsubstituted TF.
Galectin-3 Alters MUC1 Cell Sur
face Localization
—To gain insight 
into the mechanism of the promo
tion of cell adhesion to endothelium 
by galectin-3-MUC1 interaction, 
we next assessed the effect of 
recombinant galectin-3 on MUC1 
cell surface localization. It was 
found that MUC1 spreads almost 
homogenously around the whole 
) (
cell surface of untreated HCA1.7
+ 
cells (Fig. 6
a
). After treat
ment of the cells with 1 
µ
g/ml recombinant galectin-3 for 30 
min, MUC1 lost its homogenous cell surface localization in 
suspension (Fig. 6
b
). When scored in two low power fields for 
each treatment by an observer blinded as to the cell treat
ments, focal loss of circumferential MUC1 staining was seen 
in 65% (44 of 68 cells) of the galectin-3-treated cells com
pared with 7% (4 of 58 cells) of the untreated cells (
p 
< 
0.0001 by Fisher’s exact test; Fig. 6). Confocal microscopy of 
HCA1.7
+ 
cells adhered to the HUVEC monolayer with 
immunostaining for MUC1 shows that MUC1 is absent at 
the epithelial-endothelial contacts (Fig. 6
C
).
Co-incubation with Anti-E-selectin or Anti-CD44H Anti
body Reduces Galectin-3-MUC1-mediated Cell Adhesion to 
HUVEC
—To gain insight into the identity of the adhesion 
molecules in galectin3-MUC1-mediated cell adhesion, we 
determined the effect of co-incubation with antibodies 
against endothelial-associated adhesion molecules. HUVEC 
are known to express various cell adhesion molecules includ
ing ICAM-1, VCAM-1, integrins, CD44H, and E-Selectin 
(40, 41). It was found that pretreatment of the HUVEC 
monolayer with 25 
µ
g/ml antibodies against E-Selectin or 
CD44H before introduction of galectin-3-treated HCA1.7
+ 
cells resulted in significant reduction (82 
± 
14%, 
p 
< 
0.001 
and 72 
± 
13%, 
p 
< 
0.005, respectively, ANOVA) of the cell
) (
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[image: ]FIGURE 6. Galectin-3 induces changes in MUC1 cell surface localization. HCA1.7+ cells were released from culture using a nonenzymatic cell dissociation solution and treated without (a) or with (b) 1 jtg/ml recombinant galec-tin-3 for 30 min beforefixation, probing with anti-MUC1 antibody/fluorescein isothiocyanate-conjugated secondary antibody, and viewing by fluorescent microscopy after blind labeling. 44 of 68(65%) of the cells treated with recombinant galectin-3 (1 jtg/ml) showed a loss ofcontinuous circumferential staining for MUC1 compared with only 4 of 58 (7%) untreated cells (p < 0.0001 by Fisher’s exact test). In C, HCA1.7+ cells were treated with 1 jtg/ml recombinant galectin-3 for 30 min before their introduction to DiI-prelabeled HUVEC monolayer (red color). After fixation, permeabilization and probing with anti-MUC1 antibody/fluorescein isothiocyanate-conjugated secondary antibody, laser scanning confocal microscopy was performed, and the z-stacks were analyzed in orthogonal projections (x–z sections). MUC1 is shown to be absent at the heterotypic intercellular contacts with polarization away from the contact point (yellow arrow). Scale bar, 10 jtm.
adhesion (Fig. 7). Pretreatment of the HUVEC monolayer with antibodies against ICAM-1 resulted in a small but insignificant reduction (35 ± 22%, p = 0.07, ANOVA), and pretreatment of HUVEC with antibodies against integrin-j31 and VCAM-1 did not affect galectin-3-induced cell adhesion.
DISCUSSION
These studies show that cancer-associated MUC1 is a natural ligand for galectin-3 and that the MUC1-galectin-3 interaction is mediated largely via binding of galectin-3 to the TF oncofetal carbohydrate antigen on MUC1. Recombinant galectin-3 at concentrations similar to those found in the sera of patients with metastatic cancer causes marked increase of adhesion of breast and colon cancer cells to human umbilical vein endothelial cells. This effect is mediated largely by binding of galectin-3 to MUC1 via its interaction with unsubstituted TF. Although previous studies have shown an association between cell surface and intracellular galectin-3 and cancer development (1), the functional significance of elevated circulating galectin-3 in cancer patients was unknown. The present study suggests for the first time that circulating galectin-3, by interaction with cancer-associated MUC1, may play a critical role in cancer cell adhesion to endothelium and hence in cancer progression and metastasis.
The observation that incubation of the MUC1-transfected HCA1.7+ cells with recombinant galectin-3 alters MUC1 cell surface localization suggests that this process may be at least partly responsible for the increased cell adhesion as a consequence of revealing adhesion molecules (or ligands) that would otherwise be concealed by the large MUC1 molecule. This leads us to propose a working model of galectin-3-MUC1 interaction (Fig. 8) in which cancer-associated MUC1 on the surface of cancer cells shields the smaller cell adhesion molecules (or ligands to adhesion molecules) and prohibits cancer cell interaction with adjacent cells. Binding of recombinant or circulating galectin-3 to unsialylated TF on cancer-associated MUC1, both of which, i.e. unsialylated TF and MUC1, are overex-


FIGURE 7. Pretreatment of HUVEC with anti-E-selectin or anti-CD44H antibody reduces galectin-3-MUC1-mediated cell adhesion. HUVEC monolayers were separately pretreated with or without 25 jtg/ml of each antibody before the introduction of recombinant galectin-3-treated or untreated HCA1.7+ cells. Pretreatment with antibodies against E-Selectin or CD44H, but not integrin-j31, VCAM-1, or ICAM1, resulted in significant reduction of the cell adhesion to HUVEC. The data are shown as the means ± S.E. from three separate experiments. *, p < 0.005; **, p < 0.001; NS, not significant, when compared with galectin-3-treated cells (ANOVA).
[image: ]
FIGURE 8. Proposed action of galectin-3-MUC1 interaction. Cancer-associated, TF-expressing, MUC1 expressed on the cancer cell surface shields the smaller cell adhesion molecules (or ligands to adhesion molecules). Binding of recombinant or circulating galectin-3 to TF on MUC1 causes redistribution of MUC1 on the cell surface leading to exposure of the smaller cell adhesion molecules (or ligands to adhesion molecules), thus allowing epithelial-endothelial interaction via ligands such as E-Selectin and CD44H.
pressed in cancer cells, causes redistribution of MUC1 on the cell surface and the exposure of the smaller cell adhesion molecules (or ligands to adhesion molecules), thus allowing interaction between the cancer cells and the endothelium.
This model is supported by evidence that MUC1 polarization in human breast cancer cells induced by an anti-MUC1 antibody exposes cell adhesion molecules including integrins and cause adherence of these cells to extracellular matrix proteins in vitro (26). The inhibitory effect of E-Selectin and CD44H antibodies on galectin-3-induced HCA1.7+ adhesion to HUVEC further supports this model. E-Selectin is an adhesion molecule that has a key role in mediating lymphocyte-endothelial and cancer-endothelial interactions (42, 43). CD44H is a transmembrane glycoprotein expressed by many cell types including endothelial (44) and epithelial (40) cells. It is also a known ligand for E-Selectin (45) and has previously been shown to be involved in mediating melanoma cell adhesion to HUVEC (46).
Our model and the experimental data supporting it imply a multivalent action of circulating galectin-3 for it to exert its effect on cancer cell adhesion to endothelium. Although galec-
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tin-3 exists as a single polypeptide protein with one carbohydrate recognition domain, it is known to oligomerize at higher concentrations (8, 47, 48) or when it binds to multivalent carbohydrates (49) and then to function in a multivalent fashion. Indeed, galectin-3 homodimers have been found in the sera of cancer patients (2).
Our results support a dual adhesive and anti-adhesive function for cancer-associated MUC1. It is known that cancer-associated MUC1 can function as an anti-adhesion molecule when its overexpression on the cell surface reduces interaction of cells with their neighbor cells and thus helps the detachment and invasion of cancer cells through the basement membrane (26, 30–32). Conversely, MUC1 can behave as an adhesion molecule when in contact with lectin-like molecules such as ICAM-1 on B cells (50) and thus enhance cell aggregation. It is likely that both the adhesive and anti-adhesive properties of MUC1 are important at different stages of the development and progression of cancer.
Although it has long been known that altered cell surface glycosylation is common in malignant and premalignant epithelia (51, 52), it is only recently that the functional significance of these glycosylation changes has begun to be demonstrated. There is increasing evidence that these glycosylation changes may affect cancer cell adhesion, mobility, and invasion (53, 54). The demonstration that the expression of the unsubstituted TF disaccharide by cell surface MUC1 allows galectin-3 to induce cancer cell adhesion to endothelial cells suggests that the increased expression of unsialylated TF by cancer cells, one of the commonest glycosylation changes in cancer (15, 55), may directly encourage cancer metastasis.
This study not only implies a critical role for circulating galectin-3 in cancer metastasis but also highlights the functional importance of altered cell surface glycosylation in the development and progression of cancer.
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Vijayakumar S, Peng H, Schwartz GJ. Galectin-3 mediates oligomerization of secreted hensin using its carbohydrate-recognition domain. Am J Physiol Renal Physiol 305: F90–F99, 2013. First published May 8, 2013; doi:10.1152/ajprenal.00498.2012.—A multi-domain, multifunctional 230-kDa extracellular matrix (ECM) protein, hensin, regulates the adaptation of rabbit kidney to metabolic acidosis by remodeling collecting duct intercalated cells. Conditional deletion of hensin in intercalated cells of the mouse kidney leads to distal renal tubular acidosis and to a significant reduction in the number of cells expressing the basolateral chloride-bicarbonate exchanger kAE1, a characteristic marker of a-intercalated cells. Although hensin is secreted as a monomer, its polymerization and ECM assembly are essential for its role in the adaptation of the kidney to metabolic acidosis. Galectin-3, a unique lectin with specific affinity for 13-gal-actoside glycoconjugates, directly interacts with hensin. Acidotic rabbits had a significant increase in the number of cells expressing galectin-3 in the collecting duct and exhibited colocalization of galectin-3 with hensin in the ECM of microdissected tubules. In this study, we confirmed the increased expression of galectin-3 in acidotic rabbit kidneys by real-time RT-PCR. Galectin-3 interacted with hen-sin in vitro via its carbohydrate-binding COOH-terminal domain, and the interaction was competitively inhibited by lactose, removal of the COOH-terminal domain of galectin-3, and deglycosylation of hensin. Galectin-9, a lectin with two carbohydrate-recognition domains, is also present in the rabbit kidney; galectin-9 partially oligomerized hensin in vitro. Our results demonstrate that galectin-3 plays a critical role in hensin ECM assembly by oligomerizing secreted monomeric hensin. Both the NH2-terminal and COOH-terminal domains are required for this function. We suggest that in the case of galectin-3-null mice galectin-9 may partially substitute for the function of galectin-3.
metabolic acidosis; collecting duct; intercalated cell; extracellular matrix; clone C
GALECTINS ARE A FAMILY of carbohydrate-binding proteins that have affinity for 13-galactoside-containing glycoconjugates and share similar amino acid sequences. Galectins bind to a wide array of cell surface and extracellular matrix (ECM) glycopro-teins mediating cell-cell and cell-matrix adhesion as well as interacting with cytoplasmic and nuclear proteins modulating signaling pathways (16). Fifteen mammalian galectins have been identified so far, and all galectins contain conserved carbohydrate-recognition domains (CRDs) of 130 amino acids, which are responsible for carbohydrate binding (5). Some galectins such as galectin-8 and galectin-9 have two distinct CRDs in tandem connected by a short linker of up to 70 amino acids. Galectin-3 is a unique galectin with an
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extended binding site for long oligosaccharides in its COOH-terminal CRD and a long proline- and glycine-rich NH2-terminal domain (7). Upon ligand binding by CRD the NH2-terminal domain promotes the oligomerization of galec-tin-3 up to pentamers, and this enables galectin-3 to form heterogeneous, cross-linked lattices with various glycoproteins including laminins (1, 2, 8).
The cortical collecting duct (CCD) of the kidney plays a crucial role in acid-base homeostasis by regulating the expression of acid-base transporters in the intercalated cells. Two distinct populations of intercalated cells have been definitively established to be present in the kidney, the 13-intercalated cell expressing the apical chloride-bicarbonate exchanger pendrin and basolateral V-ATPase and the a-intercalated cell expressing basolateral chloride-bicarbonate exchanger (kAE1) and apical V-ATPase (14). In rabbits, CCDs generally secrete bicarbonate, but metabolic acidosis causes this segment to absorb bicarbonate (22). Using in vitro microperfusion studies on acid-loaded rabbit kidney tubules, we discovered that the reversal in bicarbonate flux in acid-loaded rabbits is mediated by the presence of the novel multidomain protein hensin in the ECM (24). When an immortalized cell line derived from rabbit kidney 13-intercalated cells (clone C) was seeded at high density (HD), the confluent monolayers exhibited a phenotype with apical endocytic activity and robust apical actin cytoskel-eton similar to that of a-intercalated cells. The ECM of these HD cells had abundant hensin, whereas the ECM of monolay-ers derived from cells seeded at low density (LD) had very little hensin and the cells did not resemble the a-intercalated cell phenotype (29). We confirmed the pivotal role of ECM hensin in mediating the adaptation of rabbit kidney collecting ducts to acidosis and in regulating the phenotypic changes in the 13-intercalated cell line, using function-blocking antibody studies (23, 28). Recently, it has been reported that the conditional deletion of hensin in the mouse collecting duct leads to a dramatic decrease in the expression of basolateral chloride-bicarbonate exchanger kAE1, further confirming the role of ECM hensin in the adaptation of the kidney to metabolic acidosis (9).
In the course of our investigations of the ECM assembly of hensin, we discovered that galectin-3 had a specific interaction with hensin in the ECM of HD clone C cells (10). Furthermore, we observed that hensin colocalized with galectin-3 in the ECM of kidney tubules isolated from acid-loaded rabbits (22). In this study, we investigated the nature of the interaction between hensin and galectin-3 and explored the specific role of galectin-3 in ECM hensin assembly. While our studies were ongoing, another research group published their results that demonstrate DMBT1 (a human ortholog of hensin expressed in mucosal epithelia) interacts with galectin-3, using oligo-saccharide-mediated interactions. However, the molecular
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mass of the glycosylated DMBT1 is 300 kDa whereas the molecular mass of glycosylated hensin is only 230 kDa, suggesting substantial difference in the glycosylation pattern of hensin and DMBT1 (21).
MATERIALS AND METHODS
Cell culture. Stock cultures of immortalized 3-inercalated cells (clone C) established from rabbit kidney cortex were maintained at 32°C as described previously (7). The cells were trypsinized, seeded on polycarbonate filters (pore size 0.4 pm; Costar) at a density of 2 X 104 cells/cm2 (low density, LD) or 5 X 105 cells/cm2 (high density, HD), and transferred to 40°C to inactivate the T antigen. Under these conditions the cells resemble a-intercalated cells.
Kidney tissue preparation and generation of metabolic acidosis in vivo. Protocols were reviewed and approved by the University of Rochester University Committee on Animal Resources. Female New Zealand White rabbits weighing 1.5–2.5 kg were maintained on laboratory chow and tap water. Acid loading was accomplished by providing 75 mM NH4Cl in 5% sucrose drinking solution and limiting food intake to 2% of body weight for 3 days. To determine the expression levels of galectin-3 mRNA in the kidney, total RNA was extracted from cortical slices from six normal and six acid-treated rabbits with the RNeasy Mini Kit (Qiagen, Valencia, CA). In the experiment to determine the expression of galectin-9 protein, slices of cortical, medullary, and papillary regions of normal rabbit kidney were homogenized in the presence of protease inhibitors in NP-40 lysis buffer with 0.1% SDS as above and centrifuged at 12,000 rpm for 30 min, and the protein concentration of the supernatant was determined with the Non-Interfering Protein Assay Kit (EMD Biosci-ences, La Jolla, CA).
Antibodies. Polyclonal anti-galectin-3 antibodies were generated in guinea pig as described by Hikita et al. (10). The antisera recognized a single band of 30-kDa molecular mass (the same as authentic His-tagged galectin-3) in bacterial lysates, clone C cell extracts, and kidney tissues (10, 22). New polyclonal antisera to galectin-3 were also generated for this study by immunizing a goat with purified recombinant galectin-3 (Pocono Rabbit Farm and Laboratory, Ca-nadensis, PA) as described in Hikita et al. (10). In addition, the rabbit polyclonal antibody to Galectin-1 (sc-28248) and the goat polyclonal antibody to Galectin-9 (sc-19292) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Guinea pig anti-hensin antibodies against SRCR6–7 domains were obtained as described previously (26). For immunostaining kAE1, the monoclonal antibody IVF12 (Developmental Studies Hybridoma Bank) and rabbit polyclonal AE11-A (Alpha Diagnostics, Harrisburg, PA) were used. In Western blotting studies, 1:200 dilutions of goat polyclonal actin antibody (sc-1616) and mouse monoclonal antibody to GAPDH (sc-66163) from Santa Cruz Biotechnology were used. Rabbit polyclonal serum to cyclophilin A (CypA) was a gift of Cordelia Schiene-Fischer (Max Planck Research Unit for Enzymology of Protein Folding, Halle/Saale, Germany) and was used at 1:2,000 dilution for Western blotting (19).
Western blots of clone C cell lysates and conditioned media containing secreted hensin. Monolayers of HD and LD cells were washed with PBS and extracted with NP-40 lysis buffer (1% NP-40, 50 mM Tris·HCl, pH 7.4, 150 mM NaCl, and 5 mM EDTA) with Complete protease inhibitor pellets (Roche, Indianapolis, IN). After a brief sonication and centrifugation at 8,000 rpm for 15 min in a microcentrifuge, the supernatant was collected and protein concentration was determined with the BCA assay (Pierce, Rockford, IL). Equal amounts of cell lysates (typically 30 pg) were loaded on 7.5% or 4–20% SDS-PAGE precast gels and transferred onto nitrocellulose membrane, which were then exposed to the appropriate primary antibodies and horseradish peroxidase (HRP)-conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA) for 1 h at room temperature. Membranes were then exposed to the chemilumi- 

nescent Pierce ECL Western Blotting Substrate (Thermo Scientific, Rockford, IL) reagent and developed with an X-ray developer. For conditioned medium, clone C cells seeded at low density were cultured to confluence at 40°C, washed with PBS, and cultured in serum-free culture medium for another 6 h. Conditioned medium from both apical and basal compartments of the transwell filters were collected after the 6 h and concentrated with 5,000-kDa-cutoff Cen-tricon centrifugal filter units (Millipore), and their protein concentration was determined with the Non-Interfering Protein Assay Kit (EMD Biosciences). Equal amounts of conditioned medium were loaded onto SDS-PAGE gels, transferred, and blotted as above.
Densitometry. Densitometry of Western blots was performed with ImageJ (National Institutes of Health) software using the Analyze/ Gels drop-down menus and finding the area under the peaks obtained from the Plot Lane command. Densitometry values were normalized with the densitometry values of corresponding actin Western blots (cell lysate) and CypA Western blots (conditioned medium). Two-tailed Student t-test was performed on the densitometric results with Microsoft Excel. The n (number of Western blots) and P (statistical significance) values are indicated in figures.
Real-time PCR. After RNA integrity was verified, first-strand cDNA was synthesized from 500 ng of total RNA with a SuperScript III first-strand cDNA synthesis kit (Invitrogen, Grand Island, NY). Rabbit galectin-3 forward/reverse primer (5'-GGCGCCAGCCCT-TACAGCGC-3', 5'-GGCTTCACCGTGCCCACAAT-3') and rabbit GAPDH forward/reverse primer (5'-ACTCTGGCAAAGTGGATGT-TGTCG-3', 5'-TTGATGACCAGCTTCCCGTTCTCA-3') sets were designed with Primertime QPCR software (IDT, Coralville, IA) and were synthesized by Integrated DNA Technologies. After the annealing and melting temperatures of the primers were optimized, galec-tin-3 mRNA levels of normal and acid-loading kidneys were determined by quantitative real-time PCR (SYBR Green method) normalized to GAPDH with the Bio-Rad MyiQ2 Two Color Real-Time PCR detection system (Bio-Rad, Hercules, CA). ACt values were obtained by subtracting the threshold cycle (Ct) values of the sample from that of GAPDH, and relative quantity (RQ) was determined with the AACt method. Unpaired t-test with two-tailed P value was performed on the RQs of normal and acidotic samples with GraphPad Instat software.
For the investigation of expression levels of various galectins in clone C cells, total RNA was extracted from three independent monolayer cultures of LD and HD with Tripure reagent (Roche) and RNA integrity was analyzed with the Agilent Bioanalyzer Nano 6000 kit. Total RNA was then treated with TURBO DNase (Ambion, Grand Island, NY), and first-strand cDNA was synthesized from 1–2 pg of total RNA with the High Capacity Reverse Transcriptase Kit (Applied Biosystems, Carlsbad, CA). Real-time PCR was performed with a TaqMan method in a 7900HT Sequence Detection System (Applied Biosystems) with TaqMan Universal Master Mix. Predesigned for-ward/reverse primers and fluorogenic probes for rabbit galectin-3, galectin-4, HPRT1, and GAPDH were from ABI (rabbit LGALS3: Oc03398084_m1, rabbit LGALS4: Oc03398870_m1, rabbit HPRT1: Oc03399461_m1, rabbit GAPDH: Oc03823402_g1). Primers and probes for rabbit galectin-1, galectin-7, and galectin-8 were designed based on the Ensembl rabbit sequence for these genes. Rabbit galec-tin-9 primers and probes were designed based on the predicted rabbit galectin-9 sequence (NCBI accession no. XM_002718781). The primers and probes developed and used in the investigation of the expression levels of various galectins in clone C cells are shown in Table 1. The real-time PCR results were analyzed in SDS RQ Manager 1.2, and RQ was determined with the AACt method.
Construction of full-length galectin-3, galectin-9, and galectin-3 NH2-terminal and COOH-terminal expression plasmids. Total RNA was extracted from rabbit kidney tissue with the RNeasy Mini Kit (Qiagen). The cloning PCR primers were designed based on the Gen-Bank sequence database (accession nos. NM001082338 and XM002718781). The full-length rabbit galectin-3 (1–242 aa) cloning forward/reverse primers are 5'-GGAATTCCATATGGCGGATG-
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Table 1. TaqMan real-time PCR primers and probes developed and used in this study
Sequence 5' to 3'
Rabbit galectin-1
Forward primer	GTGTGCAACAGCAAGGAGAAG
Reverse primer	CCCGGCTGGAAGGGAAAC
Probe	CCACGCCCCAGACGC Rabbit galectin-7
Forward primer	GTCCGAGGTGGTCTTCAACAG
Reverse primer	CGATGAGCAGCACCTCGAA
Probe	CCGCGCTCCTCCTTG Rabbit galectin-8
Forward primer	CCCACAGGATAAGTCTGGAGAAAAT
Reverse primer	GAGCTGAAGCTAAAACCAATTGAGT
Probe	CACTCTGGGCATTTAT Rabbit galectin-9
Forward primer	CTGGACAGATGTTCCCAAATCCT
Reverse primer	CCGGGATGCTGGTGAAGAAA
Probe	CACCCATGCTGTACCC
Rabbit galectin-3, galectin-4, GAPDH, and HPRT1 are proprietary (Applied Biosystems) and are referenced in MATERIALS AND METHODS.
GTTTTTCG-3' and 5'-CCGCTCGAGTATCATAGCATGTGA-3', ga-lectin-9 (1–322 aa) cloning forward/reverse primers are 5'-GGGAATTC-CATATGGC GTTC CAAC GCC C C CA-3' and 5'-C C GCTC GAG-TATCTGCACGTGGGTCAGCTG-3', galectin-3 NH2-terminal (GNT; 1–108 aa) cloning forward/reverse primers are 5'-GGAATTCCATATG-GCGGATGGTTTTTCG-3' and 5'-CCGCTCGAGCACAGGCAGTG-GTCCAGCAGA-3', and galectin-3 COOH-terminal (GCT; 108–242 aa) cloning forward/reverse primers are 5'-GGAATTCCATATGCCTTAT-GACCTGCCTCTG-3' and 5'-CCGCTCGAGTATCATAGCAT-GTGA-3'. All galectin cDNAs were generated with the SuperScript III One-Step RT-PCR system with Platinum Taq High Fidelity (Invitrogen) and cloned into Escherichia coli expression vectors pET26b and pET15b (Novagen, Madison, WI) by using NdeI and XhoI restriction enzyme (New England Biolabs, Beverly, MA) cloning sites, respectively. All recombinant constructs (pET26galectin-3, pET15galectin9, pET26GCT, and pET15GNT) were transformed into subclone-efficiency DH5a-competent cells (Invitrogen), screened and confirmed by sequencing.
Production of His-tagged full-length galectin-3, galectin-9, GNT, and GCT proteins. All recombinant galectin expression constructs were transformed into E. coli Rosetta 2(DE3) pLysS expression strain (Novagen, Madison, WI) and induced with 1 mM isopropyl-1-thio-D-galactopyranoside (IPTG) for 4 –6 h. Cultured cells were centrifuged, and the pellet was lysed in lysis buffer (in mM: 50 NaH2PO4, 300 NaCl, and 10 imidazole, with 1% EDTA-free Halt protease inhibitor cocktail, pH 8.0). The lysate was then incubated with lysozyme (1 mg/ml) for 30 min, sonicated on ice, and centrifuged at 10,000 g for 20 min. The supernatant was removed and incubated with 50% Ni-NTA agarose slurry (Qiagen) at 4°C for 1 h, and then the His-tagged proteins were eluted with elution buffer (in mM: 50 NaH2PO4, 300 NaCl, 100 –300 imidazole). Eluates were dialyzed by PBS buffer at 4°C overnight and characterized with 4–20% Mini-protein precast gels (Bio-Rad), and galectin proteins were confirmed by immunoblotting with anti-galectin-3, galectin-9, and anti-His tag antibodies.
In vitro binding assay or pull-down assay. Different concentrations of purified recombinant His-tagged full-length galectin-3, GCT, and GNT proteins (0, 5, 10, 30, 50 µg/ml corresponding to 0, 0.15, 0.33, 1, and 1.7 µM) were dialyzed against Tris-buffered saline (TBS) to remove imidazole and immobilized on equilibrated 50% Ni-NTA agarose slurry beads (Qiagen) with a gentle rocking motion on a rotating platform for 1 h at 4°C. After extensive washes with TBS, conditioned media from clone C cultures (400 µg of total protein) were then added to these beads and incubated with gentle rocking on a platform at 4°C for 1 h. After the beads were washed with TBS to 

remove nonspecific binding partners, galectin-hensin binding proteins were eluted with elution buffer (in mM: 50 NaH2PO4, 300 NaCl, 250 imidazole buffer, pH 8.0). Eluates were then examined by electrophoresis on 4–20% Mini-protein precast gels followed by immunoblot with anti-hensin antibody.
Immunocytochemistry. Clone C cells were plated at low density (5 X 105 cells/cm2) on Transwell filters and cultured in the presence or absence of 10, 20, 30, and 60 µg (0.33, 0.7, 1, and 2 µM) recombinant full-length galectin-3 for 4 –5 days at 40°C. For F-actin staining, monolayers were fixed in 4% paraformaldehyde, blocked and permeabilized with PBS-0.3% bovine serum albumin-0.075% saponin, and stained with rhodamine phalloidin (R-415; Invitrogen) and nuclear stain SYTOX Green (Invitrogen). Stained monolayers were imaged with a FV1000 Olympus Laser Scanning Confocal Microscope and depicted as color images with Adobe Photoshop 6.0 (Adobe Systems, San Jose, CA).
Competitive inhibition studies of galectin-3-hensin interaction. Recombinant His-tagged full-length galectin-3 (20 µg/ml, 0.7 µM) was immobilized on equilibrated 50% Ni-NTA agarose slurry beads (Qiagen). After extensive washes with TBS to remove unbound galectin-3, the beads were incubated with culture medium with and without lactose (20, 50, and 100 mM), sucrose (100 mM), and mannose (100 mM) at 4°C for 1 h with a gentle rocking motion. Conditioned media from clone C cultures (400 µg of total protein) were then added to these beads and incubated with gentle rocking on a platform at 4°C for 1 h. Lactose serves as an effective competitive inhibitor in the range of 10 –100 µM, and a lactose concentration up to 100 µM has been utilized in other competitive inhibition studies (11, 15). After the beads were washed with TBS to remove nonspecific binding partners, galectin-3 binding proteins were eluted with elution buffer (in mM: 50 NaH2PO4, 300 NaCl, 250 imidazole buffer, pH 8.0). Eluates were then examined by electrophoresis on 4–20% Mini-protein precast gels followed by immunoblot with anti-hensin antibody.
Deglycosylation of conditioned medium from clone C LD cultures. We utilized the GlycoPro Enzymatic Deglycosylation Kit (Prozyme, Hayward, CA) to completely remove all N-linked and simple O-linked carbohydrates from the glycoproteins of clone C conditioned media per the manufacturer’s protocol. Briefly, 100 µg total protein of LD clone C medium was concentrated to 35 µl, mixed with 10 µl of 5X incubation buffer, and treated with 1µl of N-glycanase (5 U/ml), 1µl of sialidase A (5 U/ml), and 1µl of O-glycanase (1.25 U/ml) at 37°C for 16–18 h. The normal and deglycosylated LD media were incubated with 0.7 µM recombinant full-length galectin-3 agarose beads as described above and examined by electrophoresis on 4–20% Mini-protein precast gels followed by immunoblot with anti-hensin antibody.
OptiPrep density gradient analysis. Concentrated conditioned media from LD cultures (1 ml, 100 µg/ml) were loaded on 11 ml of 5–40% OptiPrep density gradient medium (Sigma-Aldrich, St. Louis, MO) and ultracentrifuged at 100,000 g for 3 h at 4°C. Proteins in each fraction (1 ml) were precipitated by 10% TCA, dissolved in a sample buffer, and subjected to 8% SDS-PAGE followed by Western blotting with anti-hensin antibody. In studies that tested the effect of galectin-3 and galectin-9 in oligomerizing hensin, the concentrated conditioned medium (100 µg) was incubated with 20 µg (0.7 µM) of galectin-3 in either the presence or the absence of 100 mM lactose and with 32 µg (0.7 µM) galectin-9 for 1 h at room temperature before the samples were analyzed with OptiPrep density gradients as described above. OptiPrep density gradient analyses of standard proteins y-globulin (158 kDa), catalase (232 kDa), and thyroglobulin (670 kDa) were performed to determine the approximate molecular masses of proteins that sediment in the different fractions of the OptiPrep density gradient (data not shown).
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Fig. 1. Real-time PCR results for galectin-3 mRNA levels in normal and acidotic rabbit kidneys. Real-time PCR was performed on RNA extracted from 6 normal and acidotic rabbit kidney cortical tissues with galectin-3 SYBR Green primers as described in 
MATERIALS AND METHODS
. Relative quantity (RQ) was obtained from threshold cycle (C
t
) values with the 
⠆⠆
C
t 
method. GAPDH C
t 
values of corresponding samples were used to normalize the expression levels. Two-tailed Student 
t
-test was performed with Microsoft Excel to obtain 
P 
values.
RESULTS
Galectin-3 synthesis is upregulated in acidotic rabbit kid
neys. 
In a previous study, we demonstrated that the intensity of immunostaining and the number of CCD cells expressing galectin-3 were significantly upregulated in acid-loaded rabbits compared with control rabbits (22). Additionally, immuno-staining revealed a similar expression pattern for galectin-3 in rabbit, mouse, and rat kidneys, suggesting that galectin-3 may play a similar role in acid-base homeostasis in diverse species. In this study we compared the expression levels of galectin-3 from six different cortical kidney tissues of acid-loaded and normal rabbits, using real-time PCR. C
t 
values for GAPDH expression were not significantly different between the two groups (
-
21 cycles for all samples), and hence GAPDH was used as the normalization control for determining the relative quantity of galectin-3 expression. Statistical analysis of the relative expression levels of galectin-3 showed that there was a significant (
P 
< 
0.05) threefold increase in the expression 
) (
levels of galectin-3 in acid-loaded kidney tissues compared with control rabbit kidney cortical tissues (Fig. 1).
High-density clone C cells synthesize and secrete consider
ably more galectin-3 compared with LD cells. 
To examine whether there was a significant difference in the synthesis levels of galectin-3 cells in HD clone C monolayers compared with their LD counterparts, equal amounts (40 
p
g) of cell lysates extracted from HD and LD monolayers were probed with galectin-3 antibody. A typical Western blot result shown in Fig. 2
A
, 
left
, reveals a significantly more intense galectin-3 band in HD cells compared with LD cells. However, immu-noblotting the same samples with anti-GAPDH or anti-actin antibodies revealed no significant difference in their expression levels. Densitometry results of galectin-3 bands from four independent experiments were normalized with those of actin immunoblots. The results showed that galectin-3 levels in the cell lysates of HD cells were three times higher than those of the LD cells (Fig. 2
A
, 
right
). Also, we immunoblotted 30 
p
g of concentrated conditioned media obtained from LD and HD cell cultures with galectin-3 antibody and with a control, CypA antibody, and a typical result is shown in Fig. 2
B
. The data shown in Fig. 2
B 
demonstrate that HD cells secreted signifi
cantly more galectin-3 into the medium compared with their LD counterparts. Densitometric analysis of four independent studies indicated that the average value of galectin-3 in HD medium was 58,249 
± 
1,242 arbitrary units, whereas in the LD medium it was 3,034 
± 
610 arbitrary units, a significant reduction (
P 
< 
0.0001). In summary, HD cells synthesize and secrete more galectin-3 than LD cells.
Addition of recombinant galectin-3 during culture modu
lates LD phenotype. 
We have previously demonstrated that LD monolayers exhibited exuberant basal actin stress fibers, but the apical actin staining was absent. Additionally, these cells did not possess the apical endocytic property and only had sparse microvilli. In contrast, the HD cells, which showed active apical endocytosis, exhibited exuberant apical actin staining and microvilli but diminished basal actin stress fibers. In addition, the cell shapes of these two phenotypes were different, with HD cells being tall with a small cross-sectional
) (
Fig. 2. Western blot results for galectin-3 levels in total cell lysates (
A
) and conditioned medium (
B
) of low-density (LD) and high-density (HD) clone C cells. 
A
, 
left
: 40 
p
g of cell lysates extracted from HD and LD monolayers was probed with guinea pig polyclonal sera against rabbit galectin-3, and the same amount of total cell lysates was probed with actin and GAPDH antibod
ies. 
Right
: densitometric values obtained from 4 inde
pendent Western blots. 
B
, 
left
: 30 
p
g of concentrated conditioned medium obtained from HD and LD cell cultures was probed with galectin-3 antibody, and in control studies the same amount of conditioned me
dium was probed with cyclophilin A (CypA) anti
body. 
Right
: densitometric values obtained from 4 independent Western blots.
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area whereas LD cells were low and flat (28). To test whether galectin-3 had a role in this phenotype remodeling, we cultured LD clone C cells with various doses (10, 20, 30, 60 pg/ml) of recombinant rabbit galectin-3 for 4–5 days in parallel with LD cells with no added galectin-3. The cells were then stained with rhodamine-phalloidin (F-actin) and a nuclear stain (SYTOX Green, Invitrogen) and inspected for morphology. This experiment was repeated three times. In LD cells cultured with 30 and 60 pg/ml galectin-3, we observed patches of cells that resembled HD cells (both in terms of size and shape and in terms of the absence of stress fibers). The patches did not cover the entire monolayer but were observed in -30–40% of the monolayer. Two such patches of HD phenotype cells are shown in Fig. 3, A and B. Detailed investigation of these patches using optical sectioning (laser confocal microscopy) revealed that the cells in these patches were tall and cuboidal with a distinct apical actin cytoskeleton (Fig. 3C). However, a typical LD monolayer lacks a distinct apical actin cytoskeleton and has more basal stress fibers, and the cells are flat (Fig. 3D).
[image: ]
Fig. 3. Typical F-actin staining results of clone C monolayers seeded at low density in the presence of 30 and 60 pg/ml galectin-3. A: clone C cells seeded at low density were cultured in the presence of 30 pg/ml recombinant rabbit galectin-3 for 4–5 days and stained with rhodamine phalloidin (F-actin, depicted in red) and SYTOX Green nuclear stain (X10 field). Arrowheads circumscribe a typical patch of HD phenotype cells that formed out of the LD monolayer in the presence of recombinant galectin-3 during culture. B: representative X20 field of a LD clone C monolayer cultured in the presence of 60 pg/ml recombinant rabbit galectin-3 for 4 days shows the presence of a patch of HD phenotype cells adjacent to LD phenotype cells exhibiting stress fibers (the latter marked by arrows). C: high-magnification (X40) field of the patch area marked with a rectangular box in A. Top: XY projection of the top 4 optical sections (of 0.6 pm) revealing the presence of punctate apical actin. Bottom: actin staining (red) could be easily seen above the nucleus (apical portions) in the XZ projections taken at 2 places marked by arrowheads at top. D, top: typical XY projection of an LD monolayer field (X40) reveals the presence of exuberant stress fibers. Bottom: XZ sections of this field; note the absence of red (actin) staining above the nucleus.

Galectin-3 interacts with hensin via its COOH-terminal carbohydrate-recognition domain. We have previously demonstrated that hensin is secreted into the conditioned medium of both LD and HD cultures, but it is present in a monomeric form in the conditioned medium of LD cultures and in higher-order oligomeric forms in the HD conditioned medium. To examine the nature of interaction between hensin and galec-tin-3 (i.e., to test whether the interaction is a protein-protein interaction or a carbohydrate-dependent interaction), we incubated concentrated conditioned media from LD cultures (100 pg total protein) with recombinant galectin-3 (20 pg) immobilized with Ni-NTA beads at 4°C in the presence or absence of various concentrations of lactose (20, 50, and 100 mM), a specific inhibitor of the carbohydrate binding activity of galec-tin-3. In control experiments, a similar procedure was performed but in the presence of nonspecific disaccharide inhibitors sucrose and mannose (13, 25). The bound proteins were eluted with SDS-PAGE sample buffer and investigated by immunoblotting with hensin antibody (Fig. 4A). The results showed that the interaction of galectin-3 with hensin was inhibited in the presence of lactose in a dose-dependent manner, but the presence of a moderately high concentration of sucrose and mannose (100 mM) did not prevent the interaction of galectin-3 with hensin, demonstrating that the interaction between galectin-3 and hensin is primarily carbohydrate mediated.
To determine the role of galectin-3 CRD in its interaction with hensin more directly, we incubated concentrated conditioned media from LD cultures (100 pg total protein) with Ni-NTA beads immobilized with various amounts (as indicated in Fig. 4B) of recombinant galectin-3, the CRD of galectin-3 (GCT), and the NH2-terminal domain of galectin-3 (GNT). After extensive washing, proteins bound to the Ni-NTA beads were eluted and immunoblotted with hensin antibody (Fig. 4B). The results showed that a dose-dependent increase in hensin bands was observed in the eluates of galectin-3-bound beads, indicating specific interaction of the galectin-3 with hensin (Fig. 4B, left). Moreover, a similar dose-dependent increase in hensin bands was also observed in the eluates of the GCT-bound beads, confirming the role of galectin-3 CRD in the interaction with hensin (Fig. 4B, center). In contrast, no hensin band was observed in the eluates of the GNT-bound beads, suggesting that the NH2-terminal domain of galectin-3 has no significant role in mediating the interaction of galectin-3 with hensin (Fig. 4B, right).
Galectin-3 is unable to interact with deglycosylated hensin. Finally, to conclusively establish that galectin-3 interacts with hensin through carbohydrate-mediated interactions, we subjected conditioned media from LD cultures to enzymatic degly-cosylation (both O- and N-deglycosylation) and then incubated the deglycosylated medium with recombinant galectin-3 (20 pg) immobilized on Ni-NTA beads. In control studies, conditioned medium that was not subjected to deglycosylation was incubated with galectin-3 beads in a similar manner. The bound proteins eluted from the beads as well as the supernatant containing the unbound proteins were then investigated by immunoblotting with hensin antibody. The results showed that our deglycosylation procedure resulted in a considerable reduction in the molecular mass of hensin (Fig. 5, lanes 1 and 2), confirming the effectiveness of deglycosylation. In the case of nondeglycosylated conditioned medium (Fig. 5, lanes 3 and 4),
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Fig. 4. Anti-hensin antibody Western blots of eluates bound to recombinant galectin-3 immobilized on Ni-NTA agarose beads in the presence (
+
) or absence (
⠋
) of lactose, sucrose, and mannose (
A
) and eluates bound to Ni-NTA agarose beads with various amounts of galectin-3, COOH-terminal domain (GCT), and NH
2
-terminal domain (GNT) (
B
). 
A
: 20 
p
g recombinant galectin-3-bound Ni-NTA agarose beads were incu
bated with 400 
p
g of concentrated LD conditioned medium at 4°C for 1 h in the presence of indicated amounts of lactose (competitive inhibitor of galectin-3) and nonspecific ligands sucrose and mannose, and the eluates were examined by Western blotting with hensin antibody. 
B
: indicated amounts of recombinant galec-tin-3 (
left
), recombinant GCT (
center
), and recombinant GNT (
right
) immobilized on beads were incubated with 400 
p
g of concentrated LD conditioned medium as in 
A
, and the eluates were examined by Western blotting with hensin antibody. Hensin bands were observed only in the eluates of galectin-3 and GCT beads and not in the GNT beads. CRD, carbohydrate-recognition domain.
)[image: ] (
most of the hensin appeared in the bound fraction (Fig. 5, 
lane 3
) and only a small amount was present in the supernatant (Fig. 5, 
lane 4
). In contrast, in the deglycosylated medium (Fig. 5, 
lanes 5 
and 
6
) most of the hensin was present in the supernatant
)[image: ] (
Fig. 5. Anti-hensin antibody Western blots of galectin-3 bound and unbound fractions of deglycosylated and nondeglycosylated LD conditioned medium. Conditioned medium from LD monolayers (100 
p
g total protein) was sub
jected to enzymatic deglycosylation (to remove all 
N
-linked and simple 
O
-linked carbohydrates from glycoproteins) and incubated with 20 
p
g/ml galectin-3 containing Ni-NTA beads. After centrifugation and wash, the unbound supernatant and eluates from the beads were probed by Western blotting with anti-hensin antibody (
lanes 4–6
). In the nondeglycosylated conditioned medium most of the hensin is retrieved in the galectin-3 bound fraction (
lane 3
), whereas in the deglycosylated conditioned medium most of the hensin is retrieved in the unbound supernatant fraction (
lane 6
). The molecular mass of the conditioned medium that was subjected to deglycosy-lation is significantly reduced to 
--
210 kDa (
lane 2
) from the normal size of nondeglycosylated hensin, 230 kDa (
lane 1
).
) (
fraction (Fig. 5, 
lane 6
) and no detectable hensin band was observed in the bound fraction (Fig. 5, 
lane 5
). This result demonstrated that deglycosylated hensin was incapable of binding to galectin-3.
Galectin-3 oligomerizes secreted hensin. 
We have previ
ously demonstrated that galectin-3 colocalizes with hensin only in the ECM of HD cells but not in LD ECM (10). Also, addition of galectin-3 to LD cultures led to the development of HD morphology (Fig. 3) and induced apical endocytosis. These results suggested that galectin-3 mediates the ECM assembly of hensin. To understand the mechanism by which galectin-3 could facilitate ECM assembly of hensin, we utilized the OptiPrep density gradient method to fractionate high-molecu
lar-mass oligomers of hensin. We incubated concentrated con
ditioned medium from LD cultures (100 
p
g total protein) with recombinant galectin-3 (20 
p
g/ml or 0.7 
p
M) in the presence or absence of lactose for 1 h at room temperature. The samples were then placed on an OptiPrep gradient and ultracentrifuged, and all 12 of the 1-ml fractions of the OptiPrep gradient were analyzed by immunoblotting with anti-hensin antibody. A similar procedure was performed on concentrated LD medium incubated with 0.7 
p
M recombinant galectin-3 CRD (GCT; 10 
p
g). These experiments were performed independently at least three different times, and the results of the experiments were similar to each other. Typical results of this study are shown in Fig. 6. The presence of hensin in the LD medium was observed only in the first three fractions corresponding to 158–220 kDa, indicating it is primarily monomeric (Fig. 6
A
). However, in samples incubated with galectin-3, hensin existed in higher-order oligomeric forms as evidenced by its presence in all fractions up to 
fraction 12 
(Fig. 6
B
). This change in the oligomeric status was not observed in samples treated with lactose in addition to galectin-3 or in samples treated with the recombinant galectin-3 CRD. These results demonstrated that although the CRD of galectin-3 was required for its interaction with hensin, both the NH
2
-terminal and COOH-terminal domains of galectin-3 were required for the oligomerization of hensin.
) (
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Fig. 6. Anti-hensin antibody Western blots of OptiPrep density gradient fractions of LD conditioned medium incubated with galectin-3 in the presence or absence of lactose and GCT. A: 1 ml of concentrated conditioned medium from LD cultures (100 µg/ml) was placed on 11 ml of 5–40% OptiPrep density gradient medium and ultracentrifuged, and TCA-precipitated proteins from each 1-ml fraction were examined by Western blotting with anti-hensin antibody. Similar density gradient analyses of standard proteins -y-globulin (158 kDa), catalase (232 kDa), and thyroglobulin (670 kDa) were performed, and their locations in the different fractions of the density gradient are marked at bottom. The medium shows no hensin oligomerization. B: an anti-hensin Western blot of density gradient fractions of conditioned medium incubated with 20 µg/ml (0.7 µM) galectin-3 with oligomerization to fraction 12. C: anti-hensin Western blot of density gradient fractions of conditioned medium samples incubated with both galectin-3 and lactose; the lactose prevented hensin oligomerization. D: anti-hensin Western blot of the density gradient fractions of conditioned medium incubated with 0.7 µM (10 µg/ml) recombinant GCT alone; there was no hensin oligomerization.
Expression profile of other galectins in clone C cells. Poland et al. (20) performed a thorough investigation of the expression levels of various galectin transcripts in Madin-Darby canine kidney (MDCK) cells and found, in descending order of abundance, galectin-3, galectin-9, galectin-8, galectin-1, galec-tin-4, and galectin-7. We performed a real-time PCR investigation of these galectin transcripts in clone C cells seeded at high and low densities. Our results showed that in clone C cells there was a significant level of mRNA expression of galectin-1, galectin-8, and galectin-9 in addition to galectin-3, with average Ct values ranging from 21 to 24 cycles, whereas those of galectin-4 and galectin-7 were around 29–30 cycles (Fig. 7A). An examination of the RQ of mRNA transcripts showed that galectin-3 mRNA levels in HD cells were 2.3 times those of LD cells (RQ of galectin-3 in HD was 2.293 ± 0.047 compared with 0.985 ± 0.033 arbitrary units in LD; P < 0.001). Similarly, the galectin-9 transcript level in HD cells was 2.6 times that of LD cells (RQ of galectin-9 in HD was 2.382 ± 0.143 compared with 0.906 ± 0.055 arbitrary units in LD; P < 0.001). However, there was a significant decrease in the 

mRNA level of galectin-1 and galectin-8 in HD cells compared with LD cells (Fig. 7B).
Galectin-9 may replace galectin-3 function in galectin-3-null mice. It has recently been shown that the collecting duct-specific conditional deletion of hensin in mice leads to a drastic reduction in the number of cells expressing the basolateral chloride-bicarbonate exchanger of the a-intercalated cells, kAE1 (9). In light of this observation, we examined frozen sections of galectin-3 knockout mice (B6.Cg-Lgals3tm1Poi/J; The Jackson Laboratory) by immuno-staining with antibodies that recognize kAE1. The results did not show any significant difference in the number of cells expressing kAE1 between the wild-type and galectin-3 knockout kidneys (data not shown). This is consistent with the earlier observation that bicarbonate secretion and intercalated cell function in galectin-3-null mutant mice were similar to those of wild-type mice (3). These results suggested that in the absence of galectin-3 another lectin might replace its role in the oli-gomerization of hensin. Galectin-1 and galectin-9 are the other galectins primarily expressed in the kidney (12). Of these, galectin-1 is expressed in very low levels in the normal adult kidney, and its expression is restricted to kidney interstitial tissues (12, 31). In addition, galectin-1 is structurally similar to the galectin-3 CRD, and addition of galectin-3 CRD alone to the monomeric hensin-containing LD medium did not lead
[image: ]
Fig. 7. Real-time PCR results showing mRNA levels of various galectins in LD and HD monolayers of clone C cells. A: total RNA was extracted from 3 independent monolayer cultures of LD and HD, and real-time PCR was performed with the TaqMan method. Average Ct values for various galectins investigated in this study as well as that of HPRT1 (control) are shown. Primers and probes that were developed and used in the investigation are shown in Table 1. B: real-time PCR results were analyzed in SDS RQ Manager 1.2, and RQ was determined with the AACt method. Average normalized RQ values of various galectins in LD and HD cells are shown. Error bars show SE. Two-tailed t-test analysis showed a significant increase (P < 0.001) in the mRNA levels of galectin-3 and galectin-9 in HD cells compared with LD cells.
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to hensin oligomerization (Fig. 6D); however, the CRD domain of galectin-3 is clearly required for hensin-galectin-3 interaction and subsequent oligomerization (Fig. 6, B and C).
In contrast, galectin-9 is a tandem-repeat galectin containing two linked CRDs. Galectin-9 is expressed primarily in proximal tubules of the renal cortex, and its expression is upregu-lated in normal adult kidneys compared with embryonic kidneys (30). To test the possible role of galectin-9 in hensin oligomerization, we expressed recombinant rabbit galectin-9 in a bacterial expression system (Fig. 8A, lane 1). Western blotting of equal amounts of tissue lysates (20 pg) from normal rabbit kidney cortex, medulla, and papilla confirmed that ga-lectin-9 is expressed in significant amounts in the rabbit kidney cortex and medulla (Fig. 8A, lanes 2 and 3). However, examination of 40 pg of cell lysates from clone C cells (LD and HD) or concentrated HD conditioned medium by Western blotting with galectin-9 antibody did not show any detectable bands. Since our real-time PCR studies showed a significant amount of galectin-9 expression at the transcript level we repeated our Western blotting studies with 100 pg of cell lysates from HD and LD cells, and we still did not detect any galectin-9 bands (data not shown). This result suggests the possibility that, although galectin-3 and galectin-9 transcripts are made in significant amounts in HD clone C cells, there may be significant differences in the translational efficiency or half-life of
[image: ]
Fig. 8. Western blot of kidney tissue extract and clone C cell lysate with galectin-9 antibody (A) and OptiPrep density gradient fractions of conditioned medium incubated with recombinant galectin-9 (B). A: a goat polyclonal antibody to galectin-9 was used for Western blot of 20 pg of tissue extract from cortical, medullary, and papillary tissues of normal rabbit kidney (lanes 2–4) along with 40 pg of recombinant galectin-9 (lane 1) and 40 pg of clone C lysates (HD, lane 5; LD, lane 6) and conditioned medium (lane 7). The antibody recognized an --45-kDa band in lane 1 containing the recombinant galectin-3, confirming its specificity. B: anti-hensin Western blot of OptiPrep density gradient fractions of LD conditioned medium incubated with 0.7 pM (32 pg/ml) of recombinant galectin-9, showing oligomerization of hensin to fraction 7.

galectin-9, thus enabling galectin-3 to be the primary partner of hensin in its oligomerization.
To investigate the effect of recombinant galectin-9 in mediating hensin oligomerization, we incubated concentrated conditioned medium from LD cultures (100 pg) with 0.7 pM recombinant galectin-9 (32 pg; molar equivalent to 20 pg galectin-3) at room temperature for 1 h and investigated the OptiPrep fractions by Western blotting with anti-hensin antibody as before. The result showed that hensin bands were detected infractions 2–7, representing oligomeric forms up to 600 kDa (Fig. 8B). This result demonstrated that recombinant galectin-9 was able to convert monomeric hensin to oligomeric hensin, although not to the same extent as that of galectin-3.
DISCUSSION
In a previous study, in light of the observation that galectin-3 coeluted with hensin in an ion exchange column despite their tremendously different isoelectric points (hensin pI = 4.86, galectin-3 pI = 8.95), it was suggested that galectin-3 may be interacting with hensin via protein-protein interactions rather than carbohydrate-mediated interactions (10). Our studies clearly demonstrated that only the COOH-terminal CRD domain of galectin-3 interacted with hensin in a dose-dependent manner; the NH2-terminal domain did not interact. Furthermore, galectin-3 failed to interact with the deglycosylated form of hensin, and the galectin-3-hensin interaction was competitively inhibited by the addition of lactose. These results unequivocally established that galectin-3 interacted with hensin through its CRD. In this context, it is noteworthy that a recent study utilizing surface plasmon resonance technology (SPR) has established that the oligosaccharide side chains of DMBT1 (a human ortholog of hensin expressed in mucosal epithelia) are recognized by the CRD of galectin-3 and modification in the pattern of oligosaccharides modulates the binding parameters of DMBT1 with galectin-3 (21).
Our results demonstrated that although galectin-3 interacted with hensin through its lectin domain, full-length galectin-3 containing the nonlectin NH2-terminal domain was required for oligomerizing hensin. Several biochemical studies have shown that, when bound to multivalent glycoconjugates, ga-lectin-3 self-associates through intermolecular interactions involving the NH2-terminal domain (11, 17). This NH2-terminal-dependent self-oligomerization of galectin-3 has been proposed to be critical for most of the extracellular functions of galectin-3 including cellular adhesion, signal transduction through receptor clustering, and lattice formation (18). Our observation that LD cultures formed HD phenotypes only in patches suggested that, in addition to mediating hensin oli-gomerization, galectin-3 might be mediating receptor clustering. In this context, it is significant to note that galectin-3 is observed in an ECM pattern in terminally differentiated cells of the intestine and prostate compared with its cytoplasmic pattern in less differentiated epithelia (6, 12). We have previously demonstrated that av31-integrin clustering regulates ECM assembly of hensin and a6-integrin participates in the ECM hensin-triggered signal transduction in intercalated cells (28). In future studies, it will be interesting to directly test whether galectin-3 participates in clustering of these integrin receptors.
Although there was some confusion in the cell types expressing galectin-3 in the kidney collecting duct, results from
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several studies including our own have established that both principal cells and a-intercalated cells express galectin-3 in various species. In rabbits, using double-immunolabeling studies, we showed that galectin-3 was expressed in the a-intercalated cells and principal cells of the medullary collecting duct and CCD (22). Other studies have confirmed the expression of galectin-3 in the a-intercalated cells of the human medullary collecting duct and in the a-intercalated cells of the mouse inner medullary collecting duct (3, 32).
Many different lines of evidence support a role for galectin-3 in the adaptation of the kidney to metabolic acidosis. In a previous study, using immunostaining techniques, we observed that after 3 days of acid loading the intensity of cellular staining for galectin-3 and the number of cells expressing galectin-3 increased in the CCDs (22). The percentage of CCD cells expressing galectin-3 increased from -26% to 66% in the outer cortex and from 64% to 78% in the inner cortex. Many 13-intercalated cells expressed galectin-3 after acidosis. Moreover, after acid loading both galectin-3 and hensin were found in the ECM of microdissected CCDs. Subsequent to our study, Cheval et al. (4) showed that galectin-3 was one of the most significant tags identified by serial analysis of gene expression (SAGE) analysis to be upregulated in outer medullary collecting ducts from mice with metabolic acidosis. They validated their SAGE analysis results by performing real-time PCR on RNA extracted from microdissected CCDs obtained from 3-day and 14-day acidotic mice. The real-time PCR studies showed a significant 2.8-fold increase in galectin-3 mRNA levels in 3-day acidotic mice and a 5.1-fold increase in galec-tin-3 mRNA levels in 14-day acidotic mice (4). Our new results from this study showing a significant threefold increase in the galectin-3 mRNA levels in the cortex of 3-day acidotic rabbits compared with those from normal rabbits are consistent with the results of Cheval et al. (4) and point to an important role for galectin-3 in acid-base regulation.
Despite these strong indicators pointing to a key role for galectin-3 in acid-base regulation, galectin-3-null mutant mice exhibited no significant difference in urinary bicarbonate excretion or in serum bicarbonate concentration (3). In the present study, we observed no significant difference in the expression of a-intercalated cell chloride-bicarbonate exchanger kAE1 in galectin-3 null mice, although a significant reduction in its expression has been reported in hensin-null mice (9). These observations led us to explore other kidney galectins that could possibly substitute for the function of galectin-3 in its absence. Our results described in this report suggested that galectin-9 is a possible candidate that could replace the functions of galectin-3 in its role in acid-base regulation. Further studies, possibly using double-mutant mice (for galectin-3 and galectin-9), will be needed to confirm this possibility.
Our studies reveal the presence of galectin-9 protein in kidney lysates but not in the cell lysates of intercalated cell lines. However, a significant amount of galectin-9 expression at the transcript level is noted in the cell lines, consistent with previous observations in MDCK cells. Further investigation of the synthesis and half-life of galectin-9 protein in clone C cells would be important. It would also be interesting to determine what other cell types in the kidney synthesize galectin-9.
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Abstract
Intracerebral hemorrhage (ICH) is a devastating disease with high rates of mortality and morbidity. Galactose lectin-9 (Gal-9) belongs to the family of β-galactoside-binding lectins, which has been shown to play a vital role in immune tolerance and inflammation. However, the function of Gal-9 in ICH has not been fully studied in details. Several experiments were carried out to explore the role of Gal-9 in the late period of ICH. Primarily, ICH models were established in male adult Sprague Dawley (SD) rats. Next, the relative protein levels of Gal-9 at different time points after ICH were examined and the result showed that the level of Gal-9 increased and peaked at the 7th day after ICH. Then we found that when the content of Gal-9 increased, both the number of M2-type microglia and the corresponding anti-inflammatory factors also increased. Through co-immunoprecipitation (CO-IP) analysis, it was found that Gal-9 combines with Toll-like receptor-4 (TLR-4) during the period of the recovery after ICH. TUNEL staining and Fluoro-Jade B staining (FJB) proved that the amount of cell death decreased with the increase of Gal-9 content. Additionally, several behavioral experiments also demonstrated that when the level of Gal-9 increased, the motor, sensory, learning, and memory abilities of the rats recovered better compared to the ICH group. In short, this study illustrated that Gal-9 takes a crucial role after ICH. Enhancing Gal-9 could alleviate brain injury and promote the recovery of ICH-induced injury, so that Gal-9 may exploit a new pathway for clinical treatment of ICH.
Keywords Gal-9 · TLR-4 · ICH · Microglia · Neuroinflammation · Neuronal restoration
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Introduction
Intracerebral hemorrhage (ICH) is a kind of hemorrhagic stroke subtype that approximately accounts for 10% to 15% of all stroke incidences and can lead to poor prognosis, which is endangering the health of people all over the world (Jolink et al. 2019; Cheng et al. 2020). Although many treatments for ICH have been proposed, the recovery of ICH patients is still not satisfactory, few patients returning to independent life after six months (Wu et al. 2020). ICH elicits a series of unusual responses, such as neuroinflamma-tion, brain edema, as well as cerebral angiospasm, which can regularly result in cell death (Zhang et al. 2019; Hou et al. 2012). Furthermore, many studies have shown the crucial
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role of inflammation after ICH (Wu et al. 2020; Zhang et al. 2018). Microglia, macrophages, and T lymphocytes are the main inflammatory cells in central nervous system (CNS). All of them have subtypes that significantly affect the reaction of the immune system to destructive state (pro-inflammatory) or regenerative state (anti-inflammatory). Therefore, anti-inflammation should be regarded as a potential therapeutic strategy and is likely to conduce the recovery of nerve function after ICH (Klebe et al. 2015; Zhang et al. 2020).
Galectins are a group of proteins that bind β-galactosides via evolutionarily conserved sequence elements of the carbohydrate recognition domain (CRD) (Jiang et al. 2013). Galactose lectin-9 (Gal-9) is a new member of the galectin family and is commonly expressed in various cells, including eosinophils, endothelial cells, T lymphocytes, Dendritic cells (DCs), macrophages, lymph nodes, small intestinal epithelial cells, and vascular endothelial cells (Holderried et al. 2019). Gal-9 belongs to the tandem repeat galactose lectin, encoding two conserved carbohydrate recognition domains, the N-terminal sugar recognition domain (N-CRD) composed of 148 amino acid residues, and the C-terminal sugar recognition domain (C-CRD) composed of 149 amino acid residues, which are connected by a peptide chain (John and Mishra 2016). Numerous experiments have proved that Gal-9 is a key immune regulatory molecule (Nishikawa et al. 2018), which not only participates in the management of cell adhesion, migration, proliferation, apoptosis, but directly interacts with pathogenic microorganisms, and can also affect the differentiation and function of regulatory cells, as well as the maturation of DCs, the effect of disease-resistant pathogens (John and Mishra 2016; Merani et al. 2015). Under normal physiological conditions, Gal-9 maintains the stability of the CNS. However, Gal-9 can act as an intracellular regulator to control the inflammatory response and reduce the damage of the CNS under the condition of homeostasis imbalance or pathology (Chen et al. 2014). Microglia and macrophages are the most effective CNS damage repair and regeneration regulators (Hanisch and Kettenmann 2007). But they are a double-edged sword for repairing damage to the CNS (Hu et al. 2015). On the one hand, activated microglia and macrophages promote the recovery of nerve function by removing dead cells, regulating the inflammatory response, and releasing cell-friendly factors such as brain-derived neuro-trophic factor, interleukin-4 (IL-4), and neurogenic growth factor (Hanisch and Kettenmann 2007; Kwon et al. 2013; Miron et al. 2013). On the other hand, these cells also delay nerve repair and amplify the damage in the late stage of ICH (Miron et al. 2013; Ekdahl et al. 2003; Liu et al. 2007). M1-type microglia releases destructive pro-inflammatory mediators to aggravate brain injury (Haber et al. 2018). In contrast, M2-type microglia releases a large number of protective and anti-inflammatory factors to protect brain after ICH (Mosser and Edwards 2008; David and Kroner 2011).
1 Springer

Gal-9 has been proved to play an important role in modulating the innate immune response as well as adaptive immune responses (Harwood et al. 2016). During the acute stage of ICH, T-cell immunoglobulin and mucin domain 3 (TIM-3) binds to Gal-9 to promote the differentiation of microglia into the M1-type and more pro-inflammatory factors such as IL-1β and TNF-α were released, leading to cell death and exacerbating brain damage in second brain injury (SBI) (Chen et al. 2019). As is known to all, Toll-like receptor-4 (TLR-4), which is expressed in almost all kinds of CNS cells, is essential for a variety of immune functions, such as cytokine secretion and microglial phagocytic activity (Leitner et al. 2019). In the previous study, Gal-9 may have promoted the transformation of microglia into the M2-type and secreted more anti-inflammatory factors by competitively binding to TLR-4 in the recovery period of ICH (Chen et al. 2019).
Currently, there are no studies on the protective effect of Gal-9 on the brain injury after ICH. Therefore, this study aims to explore the effect of Gal-9 after ICH and the change in the anti-inflammatory factors, the degree of cell apoptosis, and neurodegeneration, and the recovery of learning and memory, sensory, and motor functions in depth.
Materials and Methods

Animals and Ethics Approval
Adult male Sprague Dawley (SD) rats (8–12 weeks) weighing 250–300 g were provided by the Shanghai Experimental Animal Center of the Chinese Academy of Sciences (Shanghai, China). All protocols for laboratory animals are approved by the Animal Care and Use Committee of Soo-chow University and implemented in accordance with the manuals of the National Institutes of Health. The ethical approval Reference Number is 2018-198. All experimental animals were housed in an appropriate environment in which the humidity and temperature were well controlled and fed ad libitum. In addition, the rats were placed on a thermostatic pad during the operation, and indicators such as blood pressure and blood oxygen saturation were detected. Meanwhile, their eyes were moistened with eye cream to prevent dryness. The procedures of execution were carried out in accordance with the euthanasia guidelines, and cervical dislocation was performed after deep anesthesia. In a word, we endeavored to reduce the usage rate and suffering of rats to the greatest extent.
Pseudo-randomization was used to assign rats to each experimental group. Random numbers were generated by excel, researchers assigned these random numbers to each animal and group, and then randomly assigned rats to each experimental group. When animals were redistributed and
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the intervention was carried out, all the experimenters were blind and did not understand the grouping of the experiment and the type of intervention. Rats were randomly assigned to the following groups: Sham group, ICH 1d group, ICH 3d group, ICH 7d group, ICH 10d group, ICH 14d group, ICH + Si-NC group, ICH + Si-Gal-9 group, ICH + Vector group, ICH + OE-Gal-9 group.
Establishment of an ICH Model In Vivo
A rat ICH model was established via injecting 100 μl of autologous blood into the right basal ganglia as previously recommended (Deinsberger et al. 1996). The specific operation was as follows: for the first part, each rat in the surgery group was anesthetized with 4% chloral hydrate. Additionally, the rectal temperature was regulated at 37 °C ± 0.5 °C by a feedback-controlled heating pad and the blood pressure, blood glucose, and arterial oxygen saturation level were monitored by catheterization of the right femoral artery. Then the rat was placed and fixed in the three-dimensional positioning frame (ZH-LanxingB-type stereotaxic frame, China). The investigators extracted 100 μl of autologous blood from the rat’s femoral artery using a microinjector, and a hole was made about 3.5 mm to the right of the sagittal suture. The microinjector was installed on the stereotactic frame, and the needle was inserted slowly, about 5.5 mm deep. Subsequently, 100 μl of autologous blood was injected into the right basal ganglia with a speed of approximately 20 μl/min tardily, and the needle was removed 5 min after the injection. The hole in the skull was sealed by bone wax. The incision was eventually sutured tightly after verifying that there was no bleeding. The rats in the Sham group were simply injected with the same volume of saline solution with the method just illustrated. Brain sample was collected after the rats were performed cervical dislocation. A scheme of the coronal brain sections of rats from the Sham group and ICH 3d group is shown in Fig. 1a.
Experimental Group Design
Before the experimental model was established, all rats were sequentially numbered and randomly assigned to two experimental groups (28 rats to the Sham group and 135 rats to ICH group). A researcher who did not participate in this experiment was responsible for the numbering and grouping using a table of random numbers. All ICH rats were randomly assigned to each experimental group by this researcher. The specific details of experiment 1 were as follows: the relative protein level of Gal-9 in the Sham group and ICH group (which was divided into 1, 3, 7, 10, and 14 days after ICH groups) in the brain tissues of rats was detected by western blotting analysis and immunofluores-cent staining. 6 rats were randomly selected for each group.

After the analysis, the time point at which the Gal-9 was mostly expressed was selected to conduct Co-Immunopre-cipitation analysis to explore the relationship between Gal-9 and TLR-4 after ICH.
The details for experiment 2 were as follows: all rats were given ICH modeling two days after the intervention (plasmid and its control group transfection; Si-RNA and its control group transfection), and the brain tissue was taken at seven days after ICH modeling. Two kinds of plasmids were used. One could express Gal-9 in rat brain tissues (OE-Gal-9), and the other plasmid was an empty Vector (Vector), which was used as the Negative control for the ICH + OE-Gal-9 group. Both plasmids (Gene Name: NM-012977.1, purchased in 2019) were obtained from GenScript (China). They were diluted to 0.5 mg/ml with an enhanced transfection solution before intracerebroventricular injection in the rats. All transfection operations were strictly performed according to the manufacturer’s instructions. 10 μl of entranster-in vivo DNA transfection reagent (Catalogue Number: 18668-11-2, purchased in 2019, Engreen, China) was immediately added to 5 μl of plasmid and Vector. These solutions were then mixed for 15 min at a temperature of about 25 °C.
To down-regulate the protein level of Gal-9 expression, an Si-RNA (Sequence: ACAAAGCAGAATGGAAAGT, purchased in 2019) for Gal-9 was purchased from Gen-Script (China). The following operations of Entranster-in vivo RNA transfection reagent (Catalogue Number: 1866811-1, purchased in 2019, Engreen, China) were based on the instructions provided by the manufacturer, roughly as follows: 5 nmol Gal-9 Si-RNA was dissolved into 66.5 μl DEPC RNase-free water, and 5 μl Entranster-in vivo RNA transfection reagent was added to 10 μl diluted Gal-9-Si-RNA. The solution was mixed for 15 min at 25 °C. Then 15 μl of the Entranster-in vivo Si-RNA mixture was injected into the rats’ right paracele at 48 h before the ICH model was established.
Western Blotting Analysis
The western blotting analysis has been described as reported (Young et al. 2019; Zoufal et al. 2019). Briefly, brain specimens taken from the brain tissue of the blood-swatted side 3 mm before the needlepoint were used to performed WB and dissected with a chisel and mechanically split in the Cell lysis buffer for western and IP and phenylmethanesulfonyl fluoride mixture with a volume ratio at 100:1. Protein concentrations were determined by the bicinchoninic acid (BCA) method with a special assay kit (Beyotime, China). The protein samples (40 μg/lane) were loaded into a 12% SDS–polyacrylamide gel, and then transferred to a polyvinylidene difluoride membrane 5% bovine serum albumin (BSA, BioSharp, China) was used to block the membrane at room temperature for 1 h.
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Fig. 1 ICH model and experimental design. a Brain coronal sections are shown. b Experiment 1 explored the time course of changes of Gal-9 after ICH. c Experiment 2 was performed to explore the role of Gal-9 after ICH

Then the membrane was incubated with original antibodies (Specific antibody information is shown in Table 1) at 4 °C more than 8 h. Additionally, β-tubulin (Catalogue Number: 2128L, purchased in 2019, Cell Signal Technology USA) could also be detected and was treated as a contrast control. At last, the membrane was incubated with an HRP-conjugated secondary antibody (Catalogue Number: 7076S, purchased in 2019, Cell Signal Technology, USA) at 25 °C for 1 h. Enhanced Chemiluminescence (ECL) kit (Catalogue Number: KF003, purchased in 2019, Affinity, China) was applied to detect band signals, and the optical
1 Springer

density of the bands was analyzed by ImageJ software (NIH, USA).
Co-immunoprecipitation Analysis
The procedure for CO-IP was operated as illustrated previously (Zhang et al. 2015). The sample of the brain was prepared as described for the western blotting. First, the brain samples were lysed in cell lysis buffer for western blotting and IP (Beyotime, China). Second, each mixture was incubated with Gal-9 antibody or rabbit IgG (negative control)
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Table 1 Resource identifiers for antibodies
Antibody name	Gal-9 antibody	CD11b antibody GFAP antibody	TLR-4 antibody	CD206 antibody NeuN antibody
Target antigen	Human, rat, mouse Human, rat, mouse Human, rat, mouse Human, rat, mouse Human, rat, mouse Human, rat, mouse
Vendor	ABCAM	ABCAM	ABCAM	SANTA CRUZ SANTA CRUZ ABCAM
Cat number	ab69630	ab62817	ab4674	sc-293072	sc-58986	ab177487
Clonality	Monoclonal anti Monoclonal anti Polyclonal anti	Polyclonal anti	Polyclonal anti	Monoclonal anti-

body	body	body	body	body	body
Host organism	Rabbit	Goat	Mouse	Mouse	Mouse	Rabbit
Comments	IHC-P, IHC-F, WB WB, IF	WB, IF	WB, IP, IF	WB, IF	WB, IF
Application dilu WB = 1:500	IF = 1:300	IF = 1:300	WB = 1:1000	IF = 1:100	IF = 1:300
tion	IF = 1:500

(Catalogue Number: 7074v, purchased in 2019, Cell Signal Technology, USA) and agitated for 3 h at 4 °C. Protein A/G Plus-Agarose (Catalogue Number: sc-2003, purchased in 2019, Santa Cruz, USA) was then added to each group of the protein mixture, and the protein-antibody-bead mixture was incubated for 8 h at 4 °C with rotary agitation. Third, the mixtures were washed 5 times with Cell lysis buffer and then denatured with 20 μl 2 × SDS loading buffer. Finally, western blotting was performed to detect the relative protein levels of TLR-4.
Immunofluorescent Staining
Immunofluorescent staining was used to observe the expression of protein in microglial cells and the transformation of phenotypes around the hematoma, which was performed as reported (Greenhalgh et al. 2012). For this experiment, the brain samples obtained from the brain tissue 4 mm after the insertion point were cut into equal 4 μm sections and were fixed in 4% paraformaldehyde and embedded in paraffin. Slides were dewaxed at the beginning of immunofluores-cence staining. Later, paraffin sections were stained with primary antibodies (specific antibody information is shown in Table 1) and appropriate secondary antibodies (Catalogue Numbers: A-21202 and A-21432, purchased in 2019, Life Technologies Corporation, USA). Eventually, the sections were observed by the fluorescence microscope. At least six sections chosen randomly from each sample were examined. ImageJ (NIH, USA) was used to determine the fluorescence intensity of each group. The analysis was implemented by a researcher who was blind to each experimental condition.
Fluoro-Jade B Staining
As previous reported (Wu et al. 2019), FJB is an experiment used to detect the degree of cell necrosis. In this experiment, FJB staining was used to assess the death of cells in the cortex and basal ganglia. Firstly, the brain sections were dewaxed, dehydrated, and then soaked in 80% ethanol 

containing 1% (w/v) sodium hydroxide for 5 min and then in 70% ethanol for 2 min. After washing with distilled water for 2 min, the sections were soaked in 0.06% (w/v) potassium permanganate for 10 min and stained with FJB mixed with acetic acid (Sigma-Aldrich, USA) for 20 min. The sections were washed for 1 min for three times, dried in an air oven at 50 °C for 5–15 min, and sealed with neutral resins. The sections were examined by fluorescence microscopy, and the images were captured. The positive cells were counted and analyzed technically by an observer who was blind to each experimental condition.
TUNEL Staining
Apoptotic cells around hematoma were scored by TUNEL staining (Matheson et al. 2020). Roughly, the sections were dewaxed and dipped in 0.1% TritonX-100 for 8 min and washed two times with PBS. They were then incubated with the TUNEL reaction mixture for 60 min at 37 °C. The sections were observed with a fluorescence microscope. The number and percentage of apoptotic cells were counted by an observer without knowledge of the experiment.
Enzyme-Linked Immunosorbent Assay (ELISA)
Cerebrospinal fluid from the foramen magnum of the occipital bone and arterial blood from the femoral artery were collected on day 7 after ICH in experiment 2, and the supernatant after centrifugation was taken to perform ELISA. The contents of IL-4 and IL-13 were measured by the respective ELISA kits (IL-4 ELISA kits Catalogue Number: RA20088; IL-13 ELISA kits Catalogue Number: RA20034, purchased in 2019 Bio-Swamp, China), strictly following the instructions of the manufacturers. IL-4 ELISA kit sensitivity: ≤ 1.2 pg/ml. Specificity: The kit was used to detect IL-4, and there was no obvious cross-reaction with other similar substances. IL-13 ELISA kit sensitivity: ≤ 0.5 pg/ ml. Specificity: this kit was used to detect IL-13, and there was no obvious cross-reaction with other similar substances.
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Neurological Behavior Scores
On days 1, 3, 5, and 7 after ICH, 9 to 12 rats in each group from experiment 2 were observed for behavioral impair
ment by a neurofunctional scoring criteria, and were evaluated by seven diverse indicators, namely spontane
ous activity, body proprioception, vibrissae touch, limb symmetry, lateral turning, forelimb outstretching, and climbing, as illustrated previously (Garcia et al.
 1995; 
Hua et al.
 2002)
 (details are listed in Table
 2).
Rotarod Test
To test the motor function of rats after ICH, the rats were placed on a rubber stick, and the speed of the rubber stick was increased from the initial five revolutions per minute (rpm) to 40 rpm during 300 s from the moment the rub
ber stick started rotating. The time it took for the rats to fall from the stick (latency) was recorded. The rats from each experimental group were trained just 3 days before surgery, 5 times a day, 10 min at a time. The data of the day before surgery were recorded, and the average data of three times were taken as the basal value. The rats were tested by the same methods on days 1, 3, 5, 7, 10, 14, 21, 28, 35 after ICH.
) (
Adhesive Removal Test
This test was performed to detect the sensory and motor function of the forelimbs after hemorrhagic brain injury in rats. A sticky paper with a size of 5 mm × 5 mm was attached to the palms of both forelimbs of the rats. The times from attaching the paper to touching the paper, and from attaching the paper to completely removing the paper were recorded. If the paper was not touched or removed within 120 s, the time was recorded as 120 s. The rats were trained 3 days before the operation, 3 times a day, and 2 min at each interval. The results were recorded 3 times a day before the operation, and the mean value was calculated as the basal value before the operation. The rats were tested by the same methods on days 1, 3, 5, 7, 10, 14, 21, 28, 35 after ICH.
Morris Water Maze
The Morris water maze was carried out to test the long-term cognitive ability of rats after hemorrhagic brain injury (Xia et al.
 2018).
 The experimental devices include a round pool with a diameter of 180 cm and a high platform with a side length of 10 cm. During the experiment, the platform was placed in a fixed position, flooded with water, and the plat
form was about 1.5 cm under the water surface. A long-term behavior experiment, performed at days 29 to 34 after the surgery, which was divided into 2 parts. The first part was
) (
Table 2 
Neurobehavioral evaluation criteria for the sub-tests
) (
Sub-test	
Scoring
) (
0	
1	
2	
3
) (
Lateral turning (LT)	
Animal had no turning at Animal had unequal	
Animal turned bilaterally Animal turned bilaterally at
all on one side	
turning	
less than 45° on both	
least 45° on both sides
sides
Forelimb outstretching	
Animal had a paretic	
Animal walked in circles Animal walked asymmetri
 Animal briskly walked sym-


(FO)	
forelimb	
cally or to one side	
metrically on forepaws
Climbing (CL)	
Animal failed to climb	
Animal climbed to the top Animal climbed to the top
or circled instead of	
and had a weak grip or	
and had a strong grip
climbing	
animal climbed but had a
strong grip
) (
1 
Springer
) (
Spontaneous activity (SA) Animal was akinesitic	
Animal moves slowly or
minimally
Body proprioception (BP)	
Animal had a unilateral
response
Vibrissae touch (VT)	
Animal had a unilateral
response
Limb symmetry (LS)	
Hemiparesis	
Left forelimb or left
hindlimb flexed
) (
Animal approached 1–2 walls
Animal had either a weak bilateral response or weak left response and brisk right response
Animal had either a weak bilateral response or weak left response and brisk right response
) (
Animal approached at least 3 walls of the cage or raised on hindlimbs to explore the top of the cage
Animal had a brisk bilateral response
Animal had a brisk bilateral response
) (
Asymmetric extension	
All limbs were extended
symmetrically
)
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designed to detect spatial learning ability (days 29 to 33). In short, the rats were placed in the platform quadrant in the opposite position (the second quadrant) and had to find the platform within 60 s. The rats accomplished the trial 3 times and were then left on the platform for 15 s to enhance their memory. The time spent for searching the platform and swimming distance were recorded. The second part tested spatial memory ability (34 days). The platform was removed and the rat was placed in the contralateral quadrant (with respect to the original position of the platform). The movement of the rat in the pool was then recorded for 60 s. The software tracked the time of the rat stayed in the second quadrant of the platform and the frequency with which it crossed the platform location.
Statistical Analysis
All data were shown as mean ± SD. GraphPad Prism 8.0 software (GraphPad, USA) was used to analyze the data. Data groups (two groups) with normal distribution were compared using the two-sided unpaired Student test. Differences in the means among multiple groups were analyzed using a one-way ANOVA or two-way ANOVA followed by the Bonferroni/Dunn post hoc test. Behavioral tests used the two-way repeated ANOVA. Assessments of the normality of data were carried out for all analyses. In the behavioral experiment, both the maximum and minimum of outliers are excluded. P < 0.05 indicates that there is a statistically significant difference. All power analysis of 2-sided test > 0.8 in this study.
Results
General Observation
According to the monitoring data, there was no significant difference in body weight, body temperature, respiration, blood pressure, blood glucose, and other vital signs between the ICH groups. No rat died in the Sham group. The total animal mortality rate in the ICH groups of this study was 11.4% (21/184). 21 rats died due to anesthesia or modeling. There was no statistically significant difference in mortality between the experimental groups. The representative coronal sections of rats in the Sham operation group and the ICH group are shown in Fig. 1a.
Time Course and Spatial Expressions of Gal-9 After ICH
The protein level of Gal-9 in the ipsilateral cerebral hemisphere was detected by WB on days 1, 3, 7, 10, and 14 after the establishment of the ICH model. The results showed 

that Gal-9 expression levels increased on day 1 after ICH, peaked on day 7, and began to decline after day 10 obviously (Fig. 2a, b). Furthermore, brain tissue from the Sham and ICH-day 7 groups were selected for CO-IP. The results showed that Gal-9 was bound to TLR-4 in the late stage of ICH (Fig. 2e), and the correlation was statistically different compared to the Sham group (Fig. 2f). IF staining was used to locate the expression of Gal-9 in microglia (CD11b), and neurons (NeuN), astrocytes (GFAP). The results showed that Gal-9 was mainly expressed in the microglia, and was slightly expressed in neurons and astrocytes (Fig. 2c). At the same time, staining results showed that compared with the Sham group, the change in the expression of Gal-9 in microglia after ICH-day 7 was consistent with western blotting (Fig. 2d).
Increased Gal-9 Expression Activated the TLR-4 Signal Pathway and Promoted the Conversion of Microglia Into M2-Type
To further explore the role of Gal-9 after brain injury, ICH treatment was carried out at 2 days after plasmid and Si-RNA transfection. The results of WB and IF staining showed that the expression of Gal-9 had a statistically significant increase or decrease (Fig. 3a–d). CO-IP showed that the binding of TLR-4 to Gal-9 after ICH changed with the expression of Gal-9 (Fig. 3e, f). IF staining of the microglia and M2-type microglia was conducted to further explore this observation. The result showed that the number of M2-type microglia changed with the expression level of the Gal-9. When Gal-9 expression increased, the numbers of M2-type microglia in the total microglia increased and when the Gal-9 expression decreased, the result was reversed (Fig. 4a,
c). 

Increased Gal-9 Reduced Brain Cell Death After ICH
To determine the damage of brain cells after ICH, TUNEL staining and FJB staining were used to examine cell death. TUNEL staining showed that the number of apoptotic cells was significantly increased in the Si-Gal-9 treatment group, while the OE-Gal-9 produced the opposite results (Fig. 4b,
). Similarly, the result of FJB staining was consistent with the above results (Fig. 5a–c). We conclude that Gal-9 can effectively reduce the degree of brain cell death after brain injury.
The Content of Anti-inflammatory Factors Varied with the Content of Gal-9
ELISA was performed to detect anti-inflammation factors (IL-4 and IL-13) in CSF and serum of rats in experiment 2. After reducing the expression of Gal-9, the concentration
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Fig. 2 The levels of Gal-9 in the brain tissues of rats after ICH. a The level of Gal-9 on days 1, 3, 7, 10, and 14 post ICH. b Quantification of the changes in the levels in Gal-9. c The Gal-9 (green) and microglia marker (CD11b, red), neuron marker (NeuN, red), astro-cyte marker (GFAP, red), and nuclei labeled with DAPI (blue) are shown. Arrows indicated Gal-9-positive cells, Scale bar = 40 μm. d The relative fluorescence intensity of Gal-9 in microglia. e The Gal-9/
of factors in CSF and serum decreased compared to the ICH + OE-Gal-9 group, and there was no significant difference between the ICH, ICH + Si-NC, and ICH + Vector groups (Fig. 6a–d).

TLR‐4 interactions in the brain tissues were determined using CO-IP. f Quantitative analysis was performed. The black dots represent individual data in each group. All data are displayed as means ± SD; mean values for the Sham group were normalized to 1.0; NS, no significant difference vs. Sham group; **P < 0.01 and *P < 0.05 vs. Sham group; n = 6
Ethology Experiments Showed That Gal-9 Promoted the Recovery of Motor and Sensory Functions
To evaluate the effect of Gal-9 on the behavior of the experimental animals, we performed several behavioral
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Fig. 3 Effects of Si-Gal-9 and over-expression-Gal-9 treatments on the protein level of GaL-9 in the brain tissues after ICH. a, c The levels of Gal-9 were significantly reduced under the treatments of Gal-9 Si-RNA. Opposite results were observed in the ICH + OE-Gal-9 group. Arrows indicated Gal-9-positive microglia, scale bar = 40 μm. Quantification of the levels of Gal-9 (b, d); mean values for the Sham group were normalized to 1.0. e Gal-9/TLR-4 interactions in brain 

tissues after ICH. f Quantitative analysis was performed. The mean values for the Sham group were normalized to 1.0. The black dots represent individual data in each group. All data were displayed as means ± SD; mean values for Sham group were normalized to 1.0; *P < 0.05 vs. Sham group; &&P < 0.01 and &P < 0.05 vs. ICH + Si-NC group; @@P < 0.01 and @P < 0.05 vs. ICH + Vector group; n = 6
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◂Fig. 4 Changes in the number of M2-type microglia cells and the result of Tunel staining. a The microglia marker (CD 11b, green), M2-type microglia marker (CD206, red), and nuclei labeled with DAPI (blue) are shown. Arrows indicated the M2-type microglias. Scale bar = 40 μm. b Tunel staining was performed to detect apop-tosis in brain tissues after ICH. Arrows indicated TUNEL-positive cells. c The number of M2-type microglial in various groups is shown. d The percentage of TUNEL-positive cells in the various groups is shown. The black dots represent individual data in each group. Scale bar = 40 μm. All values are represented as means ± SD; **P < 0.01 vs. Sham group; &&P < 0.01 and &P < 0.05 vs. ICH + Si-NC group; @P < 0.05 vs. ICH + Vector group; n = 6
experiments. In the beginning, the results showed that, compared with the ICH + OE-Gal-9 group, the ICH + Vector group had a lower score (day 3, 5), while the ICH + Si-NC group had a significantly higher score than the ICH + Si-Gal-9 group (day 3, 5) (Fig. 5d). Next, we performed longer behavioral experiments. The Rotard test showed that the overall performance of animals from the ICH + OE-Gal-9 group was better than rats from the ICH + Vector group (day 5, 7, 10, 14, 21, 28), and the overall performance of rats from the ICH + Si-NC group was better than rats from the ICH + Si-Gal-9 group (day 5, 7, 10, 14, 21), while no significant statistical difference was observed between the ICH, ICH + Vector and ICH + Si-NC groups (Fig. 6e). Finally, the adhesive removal test showed that the recovery of sensory function in the ICH + OE-Gal-9 group was faster than that in the ICH + Vector group (day 5, 7, 10, 14, 21, 28), the recovery of the ICH + Si-NC group was faster than ICH + Si-Gal-9 group (day 5, 7, 10, 14, 21, 28), while there was no significant statistical difference between the ICH, ICH + Vector, and ICH + Si-NC groups (Fig. 6f).
The Water Maze Experiment Showed That Increased Levels of Gal‑9 Improved the Recovery of Learning and Memory
We performed a water maze experiment to analyze the time it took the animals to find the platform and the distance they swam. The results showed that, in the ICH + OE-Gal-9 group, the time to find the platform was significantly shorter than in the ICH + Vector group (day 29, 31, 32), and the swimming distance was significantly shorter than that of the ICH + Vector group (day 29, 31, 32). Reversely, in the ICH + Si-Gal-9 group the time to find the platform was significantly longer than in the ICH + Si-NC group (Day 29, 31, 32, 33), and the swimming distance was significantly increased (Day 29, 31, 32, 33). In terms of time and distance, there was no significant difference between the ICH, ICH + Vector, and ICH + Si-NC groups (Fig. 7a–c). The groups also differed in memory, as the ICH + OE-Gal-9 group spent significantly more time in the second quadrant than the ICH + Vector group, and crossed the platform position more frequently than the ICH + Vector group, while the 

ICH + Si-NC group spent more time in the second quadrant than the ICH + Si-Gal-9 group, and crossed the platform position slightly more frequently than the ICH + Si-Gal-9 group (Fig. 7d–f).
Discussion
ICH is a kind of critical illness with relatively high disability and mortality (Ren et al. 2020), causing numerous pathological events, for instance, cell apoptosis, necrosis, inflammatory cell infiltration, and abnormal body behavior (Macellari et al. 2014; Chen et al. 2015; Wang and Dore 2007). Microglia are innate immune cells in CNS that undertake an important character in innate immunity and acquired immunity (Carrillo-Jimenez et al. 2019), and mainly take an immune role when differentiated into the M1-type or M2-type (Lan et al. 2019). M1-type microglia can produce pro-inflammatory factors that not only competent at swallowing hematoma components and cell fragments, but can also cause tissue damage, and promote the inflammatory process after brain injury (Wan et al. 2016). In contrast, M2-type microglia assume the fateful part in the secretion of anti-inflammatory factors, tissue remodeling, angiogenesis, and other brain protection (Hu et al. 2012). TIM-3 is a trans-membrane receptor expressed in T lymphocytes, monocytes, natural killer cells (NK), dendritic cells (DC), and other immune cells (Anderson 2012). One of its ligands is Gal-9 (Nishino et al. 2017). Gal-9 is highly expressed in both the innate and adaptive immune cells as a kind of soluble lectin, which plays an important role in immune tolerance and the inflammatory response. It is involved in cell differentiation and maturation, adhesion and aggregation, chemotaxis, activation and apoptosis, and takes a key role in acute inflammation, allergic disease tumors, and autoimmune diseases (John and Mishra 2016). TLR-4 is an essential receptor for various immune effects, which is expressed in nearly all CNS cells, such as activating inflammatory pathways and releasing various cytokines. According to previous studies (Chen et al. 2019), at the preliminary stage of ICH, the content of TIM-3 increased, leading to the competitive binding of TIM-3 to Gal-9; this signaling pathway participates in SBI. Meanwhile, the combination of Gal-9 and TIM-3 led to the transformation of microglial cells into M1-type (pro-inflammatory phenotype). Blocking the TIM-3/Gal-9 pathway has been shown to reduce SBI after ICH. In this experiment, we designed a series of experiments to explore the brain protection of Gal-9 in late ICH period, as we wanted to explore whether the transformation of microglia subtypes, the changes in inflammatory cytokines, brain cell mortality, and the individual behavioral differences were related to the content of Gal-9 (Fig. 8).

1 Springer

278	NeuroMolecular Medicine (2021) 23:267–284

[image: ]

Fig. 5 FJB staining and Neurological behavior scores. a FJB staining showed neuronal degeneration in the cortex and basal ganglia of rats in different groups. FJB-positive cells/mm2 were quantified in the cortex (b) and basal ganglia (c). Arrows pointed to FJB-positive cells, n = 6, scale bar = 100 rm. All values are represented as means ± SD. The black dots represent individual data in each group. d Neurological behavior scores. Day 1, 3, 5 indicated that there was statistically 

significant on day 1, day 3, day 5 after ICH. Day 3, 5 indicated that there was statistically significant on day 1, day 3, day 5 after ICH. Sham group, n = 10; ICH group, n = 9; ICH + Si-Gal-9 group, n = 9; ICH + Si-NC group, n = 8; ICH + Vector group n = 9; ICH + OE-Gal-9 group, n = 10. **P < 0.01 vs. Sham group; &P < 0.05 vs. ICH + Si-NC group; @@P < 0.01 and @P < 0.05 vs. ICH + Vector group
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	Fig. 6 Effects of Gal-9 on inflammatory factors, motor ability, and sensory ability in rats after ICH. a The levels of IL-4 in the CSF of rats in different groups. b The levels of IL-13 in the CSF of rats in various groups. c The levels of IL-4 in the serum of rats in various groups. d The levels of IL-13 in the serum of rats in various groups. The black dots represent individual data in each group, n = 6. e Rotarod Test. f Adhesive removal test. Day 1, 3, 5, 7, 10, 14, 21, 28, 35 indicated that there was statistically significant on day 1, day 3, day 5, day 7, day 10, day 14, day 21, day 28, day 35 after ICH. Day 5, 7, 10, 14, 21 indicated that there was statistically significant on day 5, day 7, day 10, day 14, day 21 after ICH. Day 5, 7, 10, 14, 21, 28 indicated that there was statistically significant on day 5, day 7, day 10, day 14, day 21, day 28 after ICH. Sham group, n = 10; ICH group, n = 9; ICH + Si-Gal-9 group, n = 9; ICH + Si-NC group, n = 8; ICH + Vector group n = 9; ICH + OE-Gal-9 group, n = 10. **P < 0.01 vs. Sham group; &&P < 0.01 and &P < 0.05 vs. ICH + Si-NC group; @P < 0.05 vs. ICH + Vector group
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At present, Gal-9 is mainly studied in multiple tumor diseases, such as the concentration of Gal-9 increased in the serum of chronic lymphocytic leukemia patients, and Gal-9 induced apoptosis of melanoma cells (Premeaux et al. 2018). In the recent years, more and more studies find out that Gal-9 is closely related to the development of many CNS diseases and plays an important role in them. The concentration of Gal-9 in the serum and CSF was significantly elevated in HIV patients, and the Gal-9 concentration in multiple sclerosis patients was significantly improved (Stancic et al. 2011). Similarly, the concentration of Gal-9 was associated with the severity of glioma (Liu et al. 2016). We speculate that Gal-9 takes a critical role in a variety of diseases due to its correlation with immune effects. In our study, from the analysis of the trend of Gal-9 changes with time in brain tissues by western blotting, it was determined that its content began to increase after ICH, peaked on day 7. Then we found that Gal-9 is mainly expressed in microglial cells after ICH by immunofluorescence and binds 

tightly with TLR-4 by CO-IP. Through these experiments, we investigated that Gal-9 is likely to be directly related to the immune function in CNS. Therefore, the data suggested that Gal-9 is highly related to the repair of brain injury. In addition, we considered that Gal-9 plays its role by binding to TLR-4 through CO-IP, but the specific role it plays were addressed in experiment 2.
After that we upregulated the expression level of Gal-9 by over-expression-plasmid transfection in the brain tissue, and then found that the M2-type number of microglia increased significantly. As a comparison, when the content of Gal-9 decreased, the number of M2-type microglial cells decreased correspondingly. CO-IP analysis showed that the content of TLR-4 would vary with the content of Gal-9; previous study has completed the colocalization of Gal-9 and TLR-4, and the result shows that the overlap of TLR-4 and Gal-9 was significantly attenuated when TIM-3 was increased and aggravated when TIM-3 was decreased. Thus, it can be seen that in the recovery stage of ICH when
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Fig. 7 The Morris Water Maze showed that Gal-9 could help to restore learning and memory abilities in rats after ICH. Representative images illustrate swim paths on days 33 (a, learning) and 34 (d, memory) after ICH. The escape latency (b) and swimming distance (c) from days 29–33 was recorded and analyzed. e The time spent in the second quadrant varied between groups. f The frequency of rats crossing the platform area. The black dots represent individual data in each group. Day 29, 30, 31, 32, 33 indicated that there was statistically significant on day 29, day 30, day 31, day 32, day 33 after ICH. Day 29, 31, 32, 33 indicated that there was statistically signifi 

cant on day 29, day 31, day 32, day 33 after ICH. Day 29, 31, 32 indicated that there was statistically significant on day 29, day 31, day 32 after ICH. Sham group, n = 10; ICH group, n = 9; ICH + Si-Gal-9 group, n = 8; ICH + Si-NC group, n = 9; ICH + Vector group, n = 9; ICH + OE-Gal-9 group, n = 10; NS, no significant difference vs. Sham group; NS, no significant difference vs. ICH + Si-NC group; NS, no significant difference vs. ICH + Vector group; **P < 0.01 and *P < 0.05 vs. Sham group; &P < 0.05 vs. ICH + Si-NC group; @P < 0.05 vs. ICH + Vector group
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Fig. 8 In the acute phase after ICH, the combination of Gal-9 and TIM-3 induced microglial cells to differentiate into the M1-type, resulting in brain injury, while in the recovery phase after ICH, the combination of Gal-9 and TLR-4 induced microglial cells to differen-

TIM-3 is reduced, Gal-9 is combined with TLR-4 to play a neuroprotective role in M2-type microglia (Chen et al. 2019). So we believed that Gal-9 exerts an immune effect on the microglial phenotypic transformation caused by binding to TLR-4. At the same time, the concentration of two typical anti-inflammatory factors (IL-4 and IL-13) in CSF and serum increased. These two inflammatory factors are biological effector molecules that inhibit the development of inflammation and promote the repair of injury, which might also confirm the changes of M2-type micro-glial cells from another aspect. These findings show the unique character of Gal-9 amid managing the inflammatory factors. Since a portion of IL-4 and IL-13 are secreted by M2-type microglia, it is may also reflect that Gal-9

tiate into the M2-type, initiating a series of brain-protective measures,
including the release of anti-inflammatory factors such as IL-4 and IL-13 that promote brain injury repair
causes the transformation of the microglia phenotype, thus changing the level of inflammatory factors secreted by microglia. Similarly, by turning down the content of Gal-9, it is discovered that the amount of M2-type micro-glia decreased, and the content of anti-inflammatory factors decreased accordingly. As other studies have shown, cell apoptosis is the main form of cell death after ICH (Sukumari-Ramesh et al. 2016; Delgado et al. 2008). In this study, we examined degeneration cells and apoptosis cells in the brain tissue after ICH. The results showed that the degree of cell death could be alleviated when the Gal-9 content was increased, and when we inhibited the expression of Gal-9, the degree of cell damage increased. As is known to all, cell death is directly related to ICH injury,
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especially in functional areas. We observed that the cell death changed with the Gal-9 content in different ways and results showed that Gal-9 could effectively prevent cell death, which strongly demonstrated the protective effect of Gal-9 after ICH. This finding is also consistent with the inhibition of inflammation by Gal-9.
All of the experiments above, which explored the effects of Gal-9 at the molecular level, were complemented with experiments to verify whether Gal-9 is helpful to the behavioral levels. Our short-term neurobehavior score revealed that ICH rats over-expressing Gal-9 performed better than the rats in the Si-Gal-9 group in climbing, spontaneous activity, body proprioception, vibrissae touch, limb symmetry, lateral turning, and forelimb outstretching. Thus, the limb performance of ICH rats recovered faster with increasing levels of Gal-9, indicating that Gal-9 has anti-injury effects and repair ability that were also reflected at the behavioral level. We then conducted long-term ethology experiments to validate these findings further. The long-term Rotarod Test can convincingly demonstrate changes in the motor ability of rats after ICH. By analyzing the time that the rats in each group were able to stay on the Rotarod System, we could see that with the increasing levels of Gal-9, the motor ability of rats improved significantly, indicating that the movement of rats recovered better than in the control group. These results show that the brain injury was also decreased with the Gal-9-over-expressing, which means that Gal-9 protected the brain tissue. Furthermore, the adhesive removal test reflected the recovery process of the rats’ sensory ability in the contralateral limb of damaged brain tissue. Compared with the control group, the time to remove the paper also fluctuated when the Gal-9 level changed, and the overall curve showed that Gal-9 could promote the recovery of the rats’ sensory ability. Finally, we did the Morris Water Maze experiment from days 29 to 34 after ICH, and we observed that the time and path of each group were different. The rats in ICH + OE-Gal-9 group spent significantly less time looking for the platforms and swam fewer distance, suggesting that the learning ability of these rats was superior to that of rats from the other groups. On day 34, we removed the platform and allowed the rats to find the platform to evaluate the memory ability of each group of rats by relevant indicators (frequency across the platform and time spent in the second quadrant). The results showed that the memory ability of the rats was the least damaged when Gal-9 was over-expressed. Sure enough, the rats in ICH + OE-Gal-9 group crossed the platform more often than the other rats (although the numbers were not statistically significant, the trend was towards an improvement) and stayed in the second quadrant the longest to search the platform on day 34, indicating that Gal-9 also had a positive effect on the recovery of the memory function after ICH. From these set of behavioral experiments, we can conclude that Gal-9 has positive effects on the recovery of motor, sensory, learning, and memory abilities.
1 Springer

In the future, we will focus on the upstream of Gal-9, and research how to regulate the expression of Gal-9 to seek more therapeutic target for ICH in the clinic. According to previous report (Yasinska et al. 2019), some signaling pathways (such as fibronectin leucine-rich transmembrane/latrophilin/TIM-3/ Gal-9 pathway) were activated in pathological/physiological conditions, and Gal-9 can be transferred to the cell surface or enhanced the secretion. Whether this signaling pathway worked in the CNS disease, even for ICH, needs to be further studied.
This study also had some limitations. First, we did not implement randomicity in gender, as all the experimental animals were male rats; we should consider the effect of gender in future experiments. Second, although we have explored the role of Gal-9 in binding to TLR-4, the specific binding conditions and the involvement of other signaling molecules in the binding process have not been investigated and should be addressed in the future.
Conclusion
To sum up, all of the experimental results show the protective role of Gal-9 after ICH, as well as its positive role in functional nerve recovery. Increased expression of Gal-9 can promote the generation of anti-inflammatory factors, reducing cell death, and contribute to the recovery of a motor, sensory, learning, and memory abilities. This might open a distinct path for the clinical treatment even to promote the long-term recovery of ICH patients.
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ABSTRACT
Purpose: 
Malignant mesothelioma is a uniformly fatal cancer of the pleural and peritoneal spaces. Several chal
lenging clinical problems include poor understanding of the pathophysiology, inaccurate diagnosis from tissue samples, and unsuccessful treatment strategies. The purpose of this study was to use microarray analysis to identify specific gene expression changes in mesothelioma compared with normal mesothelium.
Experimental Design: 
We performed gene expression analysis on mesothelioma tissue specimens from 16 patients and compared these to 4 control pleural tissue samples using cDNA microarray filters with 4132 clones. Multiple normal
ization and analysis approaches were used. Quantitative reverse transcription-PCR and immunohistochemistry were used to validate results.
Results: 
Genes (166) were significantly up-regulated, and 26 were down-regulated. Validation of 18 genes using real-time PCR confirmed array predictions in every case. Analysis revealed activation of several key pathways includ
ing genes involved in glucose metabolism, mRNA trans
lation, and cytoskeletal remodeling. Expression profiling identified processes likely responsible for 18-fluoro-2-deoxy-glucose uptake and tumor localization by positron emission tomography, and a role for hypoxia-inducible factor-1 was suggested. Potentially important up-regulated genes in
cluded 
gp96, 
lung resistance-related protein, galectin-3 bind-


) (
Received 11/5/02; revised 3/18/03; accepted 3/19/03.
The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked 
advertisement 
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
1
 Supported by National Cancer Institute Grant NCI PO1 66726, Mildred Sheel-Stiftung fu˝r Krebsforschung (#98-02288), and a Cancer Molecular Pathology Training Grant, NIH R25-CA87812.
2
 These authors contributed equally to this work.
3
 To whom requests for reprints should be addressed, at Department of Pulmonary Medicine, 8
th
 Floor, BRB II/III 421 Curie Boulevard, Phil
adelphia, PA 19104. Phone: (215) 573-9933; Fax: (215) 573-4469; 
E-mail: Albelda@mail.med.upenn.edu.


) (
ing protein, the 
M
r
 67,000 laminin receptor (on tumor vessels), and voltage-dependent anion channels. Prospective testing using reverse transcription-PCR confirmed up-regulation of these novel markers.
Conclusions: 
Expression profiling revealed marked up-regulation of energy, protein translation, and cytoskeletal remodeling pathways in mesothelioma. Additional genes that could be important in our understanding of the patho
genesis of mesothelioma, aiding in diagnosis, or improving targets for therapy were also identified.
INTRODUCTION
Malignant pleural mesothelioma is a uniformly fatal cancer of the pleura, affecting 2,500 Americans annually. The inci
dence is rising sharply in Europe where 5,000 –10,000 cases per year are expected (1). No intervention has proven to be curative, despite aggressive chemotherapeutic regimens and prolonged radiotherapy. The median survival in most cases is only 12–18 months after diagnosis.
Several clinical problems regarding the diagnosis, patho-physiology, and treatment of malignant mesothelioma remain unsolved. Making a diagnosis of mesothelioma from pleural fluid is notoriously difficult and often requires a thoracoscopic or open pleural biopsy. Relatively few mesothelioma-specific markers have been identified often necessitating a “diagnosis by exclusion.” Although it is well established that asbestos expo
sure is a major risk factor in the development of mesothelioma (2), the molecular steps in carcinogenesis remain unknown. A recent suggestion that SV40 virus may be a cocarcinogen raises additional pathophysiologic questions. Finally, given the poor response to current therapies, a better understanding of the molecular pathways active in this disease could potentially provide new targets for therapy.
One potentially useful approach to solve these issues would be to identify specific gene expression changes in cancerous mesothelial cells. Progress in this area has been limited and, to date, has been performed mostly in cell lines (3, 4). Recent reports from the Brigham and Women’s Hospital using actual tumor tissues identified 20 genes that were overexpressed in mesothelioma tissues (5, 6).
Expression profiling offers the opportunity to analyze gene expression changes in mesothelioma in an unbiased manner. Therefore, we performed microarray analysis of mesothelioma tissues from 16 patients and compared these results with 4 control pleural tissue samples. To our knowl
edge, this approach has not yet been used to describe me-sothelioma tissues in a comprehensive manner. Our first goal was to characterize major pathways altered in malignant mesothelioma. Our second goal was to identify genes that could be involved in the pathophysiology of mesothelioma or that might serve as diagnostic markers to improve the accu
racy of tumor classification.
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MATERIALS AND METHODS
Tissue Acquisition. Patients in this study presented to the Hospital of the University of Pennsylvania between October 1999 and December 2000, and underwent a standard thoracot-omy for diagnostic or therapeutic reasons. Mesothelioma tissue was obtained from those patients with a confirmed pathological diagnosis and who had not received prior therapy. Intraoperative malignant mesothelial samples and nodules were dissected from associated fat and connective tissue, but no microdissection was performed. H&E staining was performed to verify the presence of tumor cells. Samples were immediately frozen in liquid nitrogen before RNA analysis. Control pleural tissue was obtained from patients undergoing resection for lung cancer at an area distant from the tumor site. Tissue acquisition was approved by the Institutional Review Board at the University of Pennsylvania.
RNA Preparation. Three-hundred mg of each tumor specimen was subjected to RNA extraction using standard techniques (7). Briefly, tissues were homogenized in guanidinium isothiocyanate buffer at room temperature, extracted with phe-nol-chloroform-isoamyl alcohol, and precipitated with isopro-panol in the presence of sodium acetate. After initial recovery and resuspension of the RNA pellet, a DNase step was performed for 3 h at 37°C using 80 pg of RNase inhibitor (Roche, Alameda, CA), 60 pg of RNAsin (Promega, Madison, WI), and 10 units of RNase free DNase (Roche) in 1 M Tris (pH 7.4) buffer solution. Total RNA was then re-extracted, precipitated, and dissolved in water.
Microarray Hybridization. Hybridization was performed on GF211 GeneFilters Microarrays (Research Genetics, Inc., Carlsbad, CA) that contain 4132 named human genes based on the protocol supplied by the manufacturer. Gene names are listed according to the UniGene human-sequence collection (available at UniGene Web Site).4

Hybridizations, washes, and scanning were performed as described previously (8). Briefly, the gene filter membranes were prewetted in 0.5% SDS and prehybridized for 2 h at 42°C in 5 ml of Microhyb solution (Research Genetics, Inc.) containing 1.0 pg/ml Cot1 DNA (Life Technologies, Inc., Gaithersburg, MD) and 1.0 pg/ml poly-deoxyadenylate (Research Genetics).
Ten pg of DNase-treated total RNA and 2 pg oligodeoxy-thymidylic acid (Promega) were incubated at 70°C for 10 min, and rapidly chilled on ice. Using SuperScript II RT (Life Technologies, Inc.), RNA was next reverse transcribed according to the manufacturer’s instructions but in the presence of radioactive [33P]dCTP. Labeled probes were purified using chromatography columns to remove any unincorporated nucleotides.
Labeled double-stranded cDNA was added to the prehy-bridization buffer and the filters hybridized for 18 h at 42°C. Posthybridization washes were performed twice at 50°C in 1X SSC (2X SSC, 15 mM sodium citrate, and 150 mM NaCl) and 1% SDS for 20 min, and once at room temp in 0.5X SSC and 1% SDS for 15 min. After drying, the membranes were placed in cassettes and scanned using the phosphorimager (Hewlett
4 Internet address: http://www.ncbi.nlm.nih.gov/Unigene.


Packard). After each hybridization the filters were stripped by boiling in 0.25% SDS solution and reused for up to three times.
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)Data Analysis. The images resulting from the phosphor-imager were imported directly into the image analysis “Pathways” software (Research Genetics, Inc.). The background ra-diointensity for each array was simultaneously recorded. A full description of the data analysis is beyond the scope of this paper, however, is available at our website.5 Software used for data analysis included Microsoft Access, Microsoft Excel, Visual Perl, and Visual Basic. Briefly, our initial step was to remove the background intensity from every hybridization experiment. Normalization was performed in three separate ways. Global normalization was used to calculate gene expression levels based on the average total intensity on each filter. A second method normalized using the average intensity of the 250 genes with the least amount of variability across hybridization experiments. The third method used genes that had the most similar expression levels in each array. In this approach, a Gaussian curve was fitted to a plot of number of genes versus intensity level for each array. The genes that fell within one SD of the mean in all of the arrays were chosen. In our data set, there were 200 genes that fit these criteria.
Three gene prediction techniques to identify significantly changed gene expression levels were used from the data from each normalization process: Student’s t test (9), significant analysis of microarrays6 (10), and patterns of gene expression7 (11).
Using combinations of three normalization tools and three gene prediction techniques, this process generated nine separate lists of genes with differential expression. To be considered a “significantly changed gene,” a gene had to satisfy the following criteria: (a) the gene must appear on at least four separate lists of significant genes; (b) the P using the Student’s t test after at least one normalization method must be <0.001; and (c) a gene must have at least a 2-fold change in gene expression level between sample groups.
Genes were categorized using the vocabulary defined by the GO8 Consortium.9 The complete vocabulary is structured into three broad categories, reflecting the biological roles of genes: (a) molecular function: tasks performed by individual gene products; (b) biological process: broad biological goals accomplished by ordered assemblies of molecular functions; and (c) cellular component: subcellular structures, locations, and macromolecular complexes.
Significant genes were grouped under the appropriate GO
5 Internet address: http://www.uphs.upenn.edu/lungctr/academic_programs/ pulmonary/research/labs/albelda.
6 Internet address: http://www-stat.stanford.edu/---tibs/SAM.

7 Internet address: http://www.cbil.upenn.edu/PaGE.

8 The abbreviations used are: GO, Gene Ontology; RTQ-PCR, real-time quantitative PCR; GAPDH, glyceraldehyde-3-phosphate dehydrogen-ase; LDH, lactate dehydrogenase; ChoRE, carbohydrate response element; HIF, hypoxia-inducible factor; VEGF, vascular endothelial growth factor; PET, positron emission tomography; 18FDG, fluorine-18 fluoro-2-deoxy-D-glucose; eIF, eukaryotic translation initiation factor; hsp, heat shock protein; LRP, lung resistance-related protein; VDAC, voltage-dependent ion channel; IAP, inhibitor of apoptosis.
9 Internet address: http://www.geneontology.org.

 (
function and then ranked in groups by the most up-regulated functions (see Table 2). In addition, we examined the list of significant genes and pursued verification studies on a subset that might be useful diagnostically or those that had potentially interesting functions.
Several genes were noted to be consistent with infiltration with WBCs in our tumor samples. Immunostaining with an anti-CD45 antibody (see below) confirmed the presence of infiltrating leukocytes in all of the tumors and pleural samples that were examined. Accordingly, a “virtual microdissection” was performed to remove genes that we suspected to be present because of contaminating WBCs. Genes with the following GO vocabulary words were removed: class II MHC antigen, anti
microbial humoral response, antipathogen response, defense response, response to bacteria, immune response, and response to pathogenic bacteria.
Real-Time Semiquantitative PCR Confirmation of Selected Genes. 
To validate a subset of genes with significant changes, real-time, reverse transcription-PCR was performed. Four pools of RNA (300 
p
g each) were created. The first pool consisted of RNA (60 
p
g each) from 5 normal pleural tissues. The second and third pools consisted of RNA from 5 patients (60 
p
g each) each, randomly selected, who had been analyzed previously on microarrays. The fourth pool consisted of RNA from 5 patients (60 
p
g each) who had not been studied on the microarrays and was designated our “prospective” pool.
Three-hundred 
p
g of RNA from each pool of total RNA was reverse-transcribed using 0.5 
p
g oligodeoxythymidylic acid (Promega), 10 m
M 
deoxynucleoside triphosphates (Clontech, Palo Alto, CA), 1 unit of Powerscript Reverse Transcriptase in 5
X 
First-Strand Buffer and 100 m
M 
DTT (Clontech) for 80 min at 42°C. Gene sequences available at the National Center for Biotechnology Information GenBank and Unigene databases were selected to design primers. Optimum primer sequences were selected after verification for gene-specific complementa
tion using the National Center for Biotechnology Information Blast program.
10
 Semiquantitative analysis of gene expression was performed using a Cepheid Smart Cycler using the manufacturer’s protocol for the Sybr-Green kit supplied by Roche (Cepheid, Sunnyvale, CA). cDNA concentrations from each pool were normalized using two control genes that showed no change in expression on the arrays: ubiquitin and cytochrome p450 reductase. Standard curves were generated by preparing serial dilutions, and the relative level of expression of each of the verified genes was determined.
Immunoperoxidase Staining. 
Immunostaining was per
formed on a subset of genes. Five 
p
m, frozen tissue sections were mounted on slides, permeabilized with acetone, and fixed in 5% blocking serum (PBS/BSA/Azide) for 20 min. The slides were incubated with 5–10 
p
g/ml of the following antibodies: cytokeratin (5/18; NovoCastra, Newcastle upon Tyne, United Kingdom), anti-Grp94 (StressGen, Victoria, Canada), the 
M
r
 
67,000 laminin receptor (LabVision, Fremont, CA), and CD-45 (Sigma, St. Louis, MO). Visualization was achieved by the use
10
 Internet address: 
http://www.ncbi.nlm.nih.gov/blast.
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Table 1
Clinical characteristics of patients undergoing thoracotomy for debulking of malignant mesothelioma
Patient
Age
Sex
Pathology from operative specimen
1
75
M
Epithelioid subtype
2
66
F
Epithelioid subtype with pseudoglandular and papillary features
3
72
M
Epithelioid subtype
4
39
M
Epithelioid subtype
5
69
M
Epithelioid subtype
6
57
M
Epithelioid subtype with spindle cell growth
7
55
M
Epithelioid subtype with papillary features
8
68
M
Sarcomatous/biphasic subtype
9
62
M
Epithelioid subtype
10
64
M
Epithelioid subtype
11
51
M
Epithelioid subtype
12
77
M
Spindle cell subtype with significant lymphocytic infiltrate
13
61
M
Biphasic subtype
14
63
M
Biphasic subtype
15
75
M
Epithelioid subtype
16
54
M
Biphasic subtype
of Vectastain kit or by Alkaline Phosphatase kit (Vector Labo
ratories, Burlingame, CA) using the manufacturer’s protocols.
RESULTS and DISCUSSION
Clinical Characteristics of Patients with Malignant
Mesothelioma
Sixteen patients with malignant mesothelioma underwent resection and debulking for their pleural disease. Their clinical characteristics are presented in Table 1. The average age at time of operation was 63.0 years, with 1 female. The average smok
ing history was 33.3 pack-years. Fifteen of the patients had some history of asbestos exposure. Thirteen of the patients underwent a pleurectomy. Pathology was either epithelioid (75%), sarcomatous (6%), or biphasic (19%).
Summary of Hybridization Experiments and Selection of Significant Genes
Tumors from the 16 cancerous patients was compared with 5 samples of normal pleura. No microdissection was performed. The normal pleura was a thin layer of tissue “stripped” from the chest wall that consisted of mesothelial cells and a small amount of adherent connective tissue.
RNA from each tissue was extracted, reverse transcribed, and labeled with [
33
P]dCTP, and arrayed on “unichannel” nylon microarrays containing 4132 genes. Our entire data set is avail
able on the web.
5


In validation studies, the average radiointensity of the same gene varied by 8%. Because 1 of the 5 normal pleural arrays demonstrated a variability of 
>
15%, we removed this sample from additional data analysis. Another test of experimental validity was performed by taking the tumor from a single patient and repeating hybridizations on 3 separate days on three new arrays from the same manufacturing lot. Regression analysis demonstrated 12% variability of the same tumor run at three different times.
Of the 4132 genes analyzed, 166 (4.0%) genes were clas
sified as “significantly” up-regulated and 26 (0.6%) genes
) (
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“significantly” down-regulated based on the criteria described in the “Materials and Methods.” The degree of gene expression up-regulation varied from 2-fold to 11-fold, and the degree of down-regulation ranged from 2-fold to 5-fold decrease in gene expression. A complete list of these genes is available at our website.
We used the GO Consortium vocabulary to categorize significantly up-regulated genes by important molecular functions (Table 2). The categories with the most number of changed genes included those involved with cytoskeletal reorganization (GO categories: extracellular matrix genes, epidermal development, cell shape and cell size control, and cell migration and motility), protein synthesis (GO categories: protein synthesis, RNA processing and modification, and translation factors), and metabolic pathways (GO categories: oxioreductase and energy generation). We additionally analyzed a group of significantly up-regulated genes that might have potential use as surface receptors for diagnostic markers, as well as other genes with possible therapeutic and prognostic implications. Table 3 lists the significantly down-regulated genes. We did not identify any pathways with consistent changes. Of interest was the down-regulation of the retinoblastoma gene, a finding consistent with cell cycle dysregulation.
Hierarchical cluster analysis was also used to interpret patterns of gene expression (12). We used Cluster and Tree-View11 to create the clustering and dendograms to visualize all of the genes in selected gene categories (Fig. 1). The various clusters examined involved in cellular metabolism were mRNA translation genes, oncogenes, cytoskeletal reorganization genes, and genes responsible for apoptosis. As shown in Fig. 1 (also available at our website),5 mesotheliomas demonstrated consistent up-regulation of gene expression in three major pathways: glucose metabolism (Fig. 1A), mRNA translation (Fig. 1B), and cytoskeletal reorganization (Fig. 1D). Interestingly, a number of other pathways that might have been expected to be up-regulated in mesothelioma [genes classified in oncogenesis (Fig. 1C) and in apoptosis (Fig. 1E)] showed no consistent changes.
Validation of Selected Gene Expressions
RTQ-PCR was used to confirm expression levels of 18 genes by comparing three pools of cDNA derived from RNA of mesothelioma patients to one pool of RNA from normal pleural samples. (Fig. 2). Two of the mesothelioma pools (5 patients in each pool), combined in Fig. 2, contained RNA obtained from the same patients that had been used on the original array. The third mesothelioma pool contained RNA from 5 new patients not used to generate the array data. Two genes (ubiquitin and cytochrome p450) that had equivalent expression on the arrays were used to normalize the RTQ-PCR data across samples, because the expression of genes that have traditionally considered to be housekeeping genes and used for normalization, i.e., 13-actin or GAPDH, were actually highly elevated in tumor patients. As shown in Fig. 2, there was a very high level of agreement between the array and the real-time PCR data supporting the validity of the array data.
11 Internet address: http://rana.lbl.gov.

Analysis of Specific Pathways and Genes
Glucose Metabolism and the Warburg Effect. One of the most striking changes we observed in the mesotheliomas was up-regulation of many genes in the pathway involving glycolysis and the Krebs cycle (Fig. 1A; Fig. 3): Seven of the 10 enzymes present were up-regulated with an average fold increase of 2.8. Especially prominent increases were seen in GAPDH (6.4-fold increase; P < 0.00077), LDH (5.5-fold increase; P < 0.00001), and phosphoglycerate kinase 1 (3.9-fold increase; P < 0.0011; Table 2; Fig. 3). These changes were confirmed by RTQ-PCR (Fig. 2).
 (
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)These findings are consistent with observations that cancer cells maintain high aerobic glycolytic rates, and produce high levels of lactate and pyruvate despite the presence of oxygen, a phenomenon known historically as the Warburg effect (13, 14). Preferential reliance of glycolysis is correlated with disease progression in several cancers such as breast cancer, non-small cell lung cancer, uterine cancer, and hematological malignancies (14, 15), and the activities of several of the glycolytic enzymes such as LDH, hemokinase, pyruvate kinase, and phosphofruc-tokinase have been reported to be significantly increased in cancer cells.
It is interesting to consider the mechanisms of this metabolic activation. A ChoRE, a 5'-CACGTG-3' motif, controls transcription of several of these metabolic enzymes including hexokinase, GAPDH, pyruvate kinase, enolase, and LDH. The binding site for the ChoRE contains an E-box sequence, CACGGG; however, the transcription factors binding this site still remain poorly understood (16–18). Although glucose is a major regulator of the ChoRE promoter, two other potential participants include HIF-1 and c-myc (19–21). DNA sequence and functional analyses have revealed that the ChoRE promoter has an active HIF-1 and c-myc binding site, and that it stimulates expression of ChoRE-dependent glycolytic enzymes.
To study a possible relationship between glycolytic enzyme expression with HIF-1 and c-myc expression, we used RTQ-PCR to correlate expression of these two transcription factors with two of the up-regulated glycolytic enzymes that have the ChoRE promoter: GAPDH and LDH. We made cDNA from 4 patients who had relatively low glycolytic enzyme expression levels and 4 patients who had high glycolytic enzyme expression levels on the microarray hybridization experiments. We then used RTQ-PCR to measured their GAPDH and LDH levels, as well as the gene expression levels of HIF-1a and c-myc. There was a very strong and significant (P < 0.05) correlation between HIF-1 and LDH (r2 = 0.98, Spearman coefficient) and HIF-1 and GAPDH (r2 = 0.85, Spearman coefficient). The correlation with c-myc was much lower pronounced (GAPDH r2 = 0.59 and LDH r2 = 0.41).
Although these data are only correlative, and do not prove cause and effect, the significant association between HIF-1 levels and up-regulation of glycolytic enzymes in mesothelioma is intriguing. Hypoxia is a usual feature of many solid cancers, and has been linked to malignant transformation, metastasis, and treatment resistance (22, 23). Thus, the up-regulation of HIF-1 in tumors is common where it functions as a key transcription factor that potentially regulates 9 of the 11 glycolytic enzymes
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Table 2 Selected significant up-regulated genes with diagnostic therapeutic, and prognostic implications Genes are grouped by the vocabulary from the GO Consortium
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	GenBank accession no.
	Gene name
	Fold change
	P

	Cytoskeletal reorganization
	

	

	


	H15446
	Annexin VII (synexin)
	12.10
	0.00349

	AA668178
	Karyopherin ⠈3
	11.69
	0.00092

	AA235002
	Annexin VIII
	11.68
	0.00759

	AA485668
	Integrin ⠆4
	10.58
	0.00805

	AA598517
	Keratin 8
	9.35
	0.06881

	AA664179
	Keratin 18
	8.90
	0.05876

	N67487
	Microfibrillar-associated protein 2
	8.60
	0.00667

	H90899
	Desmoplakin I & II
	7.95
	0.00134

	T98612
	Collagen III, ⠈1
	6.08
	0.00410

	AA425450
	Neuromedin B (Integrin ⠈E)
	5.84
	0.00394

	AA451895
	Annexin V (endonexin II)
	5.75
	0.00241

	AA219045
	Microtubular associated protein 1b
	5.75
	0.00957

	AA419015
	Annexin IV
	5.72
	0.00624

	AA490172
	Collagen I, ⠈2
	5.55
	0.00481

	AA160507
	Keratin 5
	5.32
	0.02919

	AA487427
	Rho GDP dissociation inhibitor
	5.18
	0.01831

	AA464982
	Annexin XI
	5.02
	0.00537

	AA463257
	Integrin ⠈2
	4.78
	0.00194

	H99676
	Collagen IV, ⠈1
	4.48
	0.00311

	R40850
	⠈-centractin
	4.42
	0.00047

	T60117
	⠈-spectrin
	4.25
	0.00177

	AA888148
	Tubulin ⠆2
	3.97
	0.00155

	AA634103
	Thymosin ⠆4
	3.69
	0.00028

	AA677534
	Laminin
	3.62
	0.00326

	AA634006
	⠈2 actin
	3.43
	0.00304

	R76314
	rho G
	3.40
	0.00316

	AA188179
	Arp2/3 protein complex subunit p41-Arc (ARC41)
	2.66
	0.00013

	AA485959
	Keratin 7
	2.66
	0.04224

	AA464748
	Collagen VI, ⠈2
	2.58
	0.01141

	H94892
	ral-A
	2.36
	0.00015

	AA626787
	rac
	2.32
	0.00012

	AA486321
	Vimentin
	2.31
	0.01496

	R44290
	⠆-actin
	2.28
	0.00058

	Protein synthesis
	

	

	


	AA676471
	Eukaryotic translation initiation factor (eIF3)
	8.65
	0.00175

	R43973
	Elongation factor 1⠊
	6.02
	0.00142

	H09590
	Eukaryotic initiation factor (EIF) 4AI
	5.82
	0.00466

	R54097
	Translational initiation factor 2⠆ (eIF-2⠆)
	4.40
	0.00013

	AA669674
	Eukaryotic Translation initiation factor (EIF) 3
	3.30
	0.00026

	R43766
	Eukaryotic translation elongation factor 2
	3.09
	0.00087

	R37276
	Eukaryotic initiation factor (eIF) 4G1
	2.43
	0.00005

	Metabolic pathways
	

	

	


	AA676466
	Argininosuccinate synthetase
	9.06
	0.03367

	R15814
	Malate dehydrogenase
	7.56
	0.00152

	AA664284
	Ubiquinol-cytochrome c reductase
	6.45
	0.00013

	H16958
	Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
	6.41
	0.00077

	H05914
	Lactate dehydrogenase-A (LDH-A)
	5.53
	0.00001

	AA447774
	Cytochrome c1
	5.40
	0.00282

	N93053
	Cytochrome c oxidase
	4.99
	0.00089

	R12802
	Ubiquinol-cytochrome c reductase core protein II
	4.69
	0.00255

	AA455235
	Aldehyde dehydrogenase 6
	3.98
	0.00990

	AA599187
	Phosphoglycerate kinase 1
	3.92
	0.00110

	AA775241
	Aldolase A
	2.61
	0.00082

	Genes with potential therapeutic and prognostic implications
	

	


	AA598676	Reticulocalbin 2
	12.74
	0.00041

	AA629897
	Laminin receptor (67kD)
	11.56
	0.00181

	AA458861
	Death associated protein
	10.94
	0.00000

	AA485353
	Galectin-3 binding protein
	10.38
	0.00026

	AA156461
	Pituitary tumor-transforming (PTT) interacting protein
	9.46
	0.00004

	H99170
	Calreticulin (precursor)
	6.69
	0.00162

	T66814
	Voltage-dependent anion channel (VDAC) 2
	6.56
	0.00046

	AA044059
	Voltage-dependent anion channel (VDAC) 1
	5.99
	0.00025

	AA158991
	Lung resistance related protein (major vault protein)
	5.54
	0.00001

	AA394136
	PCTAIRE 3
	5.42
	0.00095

	W56266
	Mitogen-activated protein kinase kinase kinase 8 (MAPKKK 8)
	5.28
	0.01120
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Table 2 Continued
) (
GenBank accession no.
Gene name
Fold change
P
W73874
Cathepsin L
5.27
0.00605
AA599127
Superoxide dismutase I (Cu/Zn)
5.21
0.00060
AA293571
Apoptosis (APO-1) antigen 1
4.74
0.02522
AA598758
Adenotin (Tumor rejection antigen gp96)
4.67
0.00040
H12044
p53 inducible protein
4.45
0.00218
H01340
Mitogen-activated protein kinase kinase kinase 10 (MAPKKK 10)
4.08
0.00506
AA039231
Calmodulin-related protein (NB-1)
3.78
0.00260
H95960
SPARC/osteonectin
3.65
0.03699
AA442991
Prothymosin 
a
3.59
0.00031
AA444051
S100 calcium-binding protein A10 (Calpactin 1, p11)
3.51
0.01050
AA460291
Bcl-2 binding component 6 (bbc6)
3.31
0.00144
AA464731
S100 calcium-binding protein A11 (Calgizzarin)
2.74
0.01052
R11526
Parathymosin
2.34
0.00915
) (
a
 In order to be considered “significantly changed,” a gene had to satisfy the following criteria: (
a
) the gene must appear on at least four separate lists of significant genes; (
b
) the 
P 
using the Student’s 
t
-test after at least one normalization method must be 
<
0.001; and (
c
) a gene must have at least a 2-fold increase in gene expression level between sample groups.
) (
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(21, 24, 25) in addition to other genes such as VEGF and erythropoietin. It is thought that HIF-1 then orchestrates the adaptation of cancer cells to hypoxia by inducing glycolysis, angiogenesis, and erythropoiesis.
One interesting clinical implication of these observations is that the marked up-regulation of glycolysis-related genes may represent the molecular explanation for the increased metabolic activity seen in mesotheliomas when imaged using PET scans using radiolabeled 
18
FDG, a compound that correlates directly with glucose metabolism (26). 
18
FDG is transported into cells and phosphorylated; however, 
18
FDG-phosphate is an unsuit
able substrate for the next enzyme (phosphoglucose isomerase) in the glycolytic pathway. Increased hexokinase activity, to
gether with increased glucose transporter expression in tumor cells compared with that in surrounding tissue, results in selec
tive 
18
FDG accumulation in the tumor (27). Because 
18
FDG is labeled with the positron-emitting nuclide 
18
F, an image of the tumor can be seen using PET. Up-regulation of glycolytic en
zymes could potentially be useful therapeutically if, or when, new treatments are developed that target enhanced glucose metabolism in tumors.
Initiation of mRNA Translation. 
A second pathway in which many genes were markedly up-regulated in mesothelioma was the mRNA translation pathway (Fig. 1
B; 
Fig. 4). Protein synthesis occurs on the ribosome; however, the ribosome does not bind to mRNA directly, but must be recruited to mRNA by the concerted action of many eIFs (28, 29). Among our top up-regulated genes, 4 were ribosomal proteins and 6 were elon
gation factors (Table 2). As shown in Fig. 4, significant over-expression of genes was observed in almost all parts of the translation initiation pathway including eIF1
-y
, eIF4A1, eIF3, eIF2
3
, eIF3, and eIF4G1.
This up-regulation may be highly significant because there is both experimental and observational evidence linking over-expression of eIFs to oncogenesis. Experimentally, overexpres-sion of eIF-4E (30) or eIF4G (31) in NIH 3T3 cells causes tumorigenic transformation. Cells overexpressing eIF-4E showed a 130-fold increase in VEGF protein production (32). Conversely, down-regulation of eIF4E levels in transformed fibroblasts (33) or human head and neck squamous carcinoma 
) (
cell lines (34) using antisense technology leads to a loss of tumorigenicity. In observational studies, eIF4E was shown to be overexpressed in a broad range of rat tumors and cells lines compared with normal tissues (35), and in human breast and prostate carcinomas, as well as non-Hodgkin’s lymphomas (36, 37). Several additional translational initiation factors have been discovered subsequently to be up-regulated in human tumors, including: eIF2G in 30% squamous lung carcinomas (38), eIF-4AI in human melanoma cells, eIF-2B in human breast cancer cell lines, and eIF-3 in breast cancer (39), squamous cell esoph
ageal carcinomas, and prostate cancer (40).
Cytoskeletal Reorganization. 
Many genes in the cy-toskeletal reorganization pathway are also up-regulated (Table 2; Fig. 1
D
). Given the epithelial differentiation of mesothelioma cells compared with normal mesothelial cells, it was not surprising to observe marked up-regulation of a number of cytokeratin genes: cytokeratin 8 (9.3-fold increase; 
P 
= 
0.06), cytokeratin 18 (8.9-fold increase; 
P 
= 
0.058), cytokeratin 5 (5.32-fold increase; 
P 
= 
0.029), and cytokeratin 7 (2.66-fold increase; 
P 
= 
0.042). The relatively high 
P
s suggest wide variation among tumors. Keratins constitute the major intermediate filaments in several simple epithelial tissues such as liver, intestine, and pancreas, and their presence has been used extensively in the diagnosis of tumors from epithelial and nonepithelial origin. For example, keratin 8 and keratin 18 are commonly associated with both well- and poorly differentiated carcinoma cells (41). Staining of the mesotheliomas with an anti-cytokeratin 18 antibody showed very strong staining of tumor cells with no staining of normal mesothelium (Fig. 5). The expression of the intermediate filament vimentin was also increased 2.3-fold (
P 
= 
0.01).
Given the known tendency for malignant mesothelioma cells to generate abundant stromal tissue (42), it was also not surprising to see laminin (3.62-fold increase; 
P 
= 
0.003) and several collagen genes among the most strongly up-regulated: collagen III, 
a
1 (6-fold increase; 
P 
= 
0.004), collagen I, 
a
2 (5.55-fold increase; 
P 
= 
0.0048), collagen IV, 
a
1 (4.48-fold increase; 
P 
= 
0.003), and collagen VI, 
a
2 (2.58-fold increase; 
P 
= 
0.011). A number of these increases were confirmed with semiquantitative PCR (Fig. 2).
Actin filaments are key molecules in the regulation of cell
)
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Table 3 Significantly down-regulated genes in malignant mesothelioma There were no distinct patterns of changes in gene expression.
Down-

GenBank	regulated
accession no.	Gene name	fold change	P	Protein function
R43753	Sialyltransferase 8E (⠈-2,	6.03	<0.0001 A member of glycosyltransferase family 29, which may
8-polysialytransferase)	be involved in the synthesis of gangliosides GD1c,
GT1a, GQ1b, and GT3 from GD1a, GT1b, GM1b, and GD3, respectively.
 (
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)AA644211	Prostaglandin-endoperoxide synthase 2	5.07	0.0009 Prostaglandin-endoperoxide synthase (PTGS), also known

as cyclooxygenase, is the key enzyme in prostaglandin biosynthesis that it is responsible for the prostanoid biosynthesis involved in inflammation and mitogenesis. The expression of this gene is deregulated in epithelial tumors.
AA128328	Retinoblastoma binding protein 1	4.83	0.0004 It binds directly to retinoblastoma protein (pRB) which
regulates cell proliferation.
N25141	Cullin 3	4.77	0.0003 Involved in cell cycle transition from S phase to G2.
AA156571	Alanyl-tRNA synthetase	4.29	0.0001 Catalyzes the attachment of alanyl to tRNA.
AA187349	Ferredoxin 1	4.28	0.0004 A small iron-sulfur protein that transfers electrons from
NADPH through ferredoxin reductase to a terminal cytochrome P450.
T71272	Decoy receptor 1 (DcR1)	4.09	0.0002 Tumor suppressor gene that is a potent inhibitor of e2F-

mediated transactivation.
R52085	Growth differentiation factor 10	4.01	0.0004 Regulator of cell growth and differentiation in both
embryonic and adult tissues.
H17398	Brain-specific angiogenesis inhibitor 3	4.00	0.0006 May play a role in angiogenesis.
T68892	Secreted frizzled-related protein 1	3.96	0.0005 A member of the SFRP family that act as soluble
modulators of Wnt signaling.
AA676797	Cyclin F	3.94	0.0002 Important regulators of cell cycle transitions through their

ability to bind and activate cyclin-dependent protein kinases. Cyclin F is the largest of the cyclins yet whose role is least understood.
AA010352	EST	3.90	0.0010 Unknown.
AA283693	Osteoclast stimulating factor 1	3.62	0.0001 Induces bone resorption, acting probably through a
signaling cascade which results in the secretion of factor(s) enhancing osteoclast formation and activity.
N26665	EST	3.58	0.0008 Unknown.
H15112	Uracil-DNA glycosylase	3.54	0.0009 Prevent mutagenesis by eliminating uracil from DNA
molecules by cleaving the N-glycosylic bond and initiating the base-excision repair (BER) pathway.
H62029	Dual-specificity tyrosine-(Y)-	3.47	0.0008 Belongs to the DYRK family of dual-specificity protein
phosphorylation regulated kinase 3	kinases that catalyze autophosphorylation on serine/
threonine and tyrosine residues.
AA448866	EST	3.37	0.0007 Unknown.
AA621019	Par-6 partitioning defective 6 homolog c	3.34	0.0003 Involved in the establishment of cell polarity in epithelial
(C. elegans)	cells.
H11603	Adaptor-related protein complex 3, beta 2	3.14	0.0007 Facilitates the budding of vesicles from the golgi
subunit	membrane and may be directly involved in trafficking
to lysosomes.
AA521083	Protein phosphatase 6	2.58	0.0007 May function in cell cycle regulation.
AA448184	Ubiquinol-cytochrome c reductase, Rieske	2.52	0.0010 Component of the ubiquinol-cytochrome c reductase
iron-sulfur polypeptide 1	complex.
AA704492	Transducin-like enhancer of split 4	2.49	0.0004 Nuclear effector molecule.
AA284528	Serine protease 2 (trypsin 2)	2.44	0.0005 A trypsinogen, which is a member of the trypsin family of
serine proteases.
AA461304	Beta glucosidase 2	2.37	0.0006 Unknown.
	AA460830	Polymerase (RNA) II (DNA directed) polypeptide J
	2.18	0.0005 A subunit of RNA polymerase II.


AA045192	Retinoblastoma 1	2.01	0.0003 Tumor suppressor gene whose loss results in deregulated
cell proliferation and apoptosis.

adhesion, cell spreading, and cell configuration, and are critical for the regulation of various cell functions, including proliferation (43). Many studies have demonstrated genes that regulate the actin-based cytoskeleton are important in the oncogenic process and have been reported to correlate with prognosis in 

patients with various cancers (44). For example, small GTPases of the rho family (such as rho, rac, cdc42, ralA, ral-GDS, and ral-BP1) induce particular surface protrusions generated by actin-remodeling reactions that change cell shapes, and influence cell adhesion and locomotion (43, 45). In addition, the rho
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Fig. 1 Two-dimensional hierarchical clustering analysis of selected gene ontologies in 4 normal pleural samples and 16 malignant mesotheliomas. Expression levels are relative to normal pleural tissue, and color coded with red and black corresponding to an increase and no change in gene expression, respectively. Full visualization of hierarchical clustering is available.5
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 (
Fig. 2 
Validation of microarray hybridization results by RTQ-PCR to compare gene expression in pools of patients. The first pool consisted of RNA (60 
p
g each) from pleural tissue from 5 normal patients. The second and third pools consisted of RNA from 5 patients (60 
p
g each) each who had been studied on the microarrays. The average expres
sion for these two pools is la
beled “Confirmation of Prior Mesothelioma Samples” on the figure. The third pool consisted of RNA from 5 patients (60 
p
g each) who had not been studied on the microarrays and was des
ignated “Prospective Evaluation of New Patients with Mesotheli-oma” on the figure. In general, there was good correlation be
tween the degree of up-regula
tion of the microarray results. In all of the cases, direction of change in gene expression in both techniques was the same.
)[image: ]

family of genes have roles in cytoskeletal transformation, regulation of expression of growth-promoting genes, and progression of cell cycles through the G1 phase of the cell cycle (43, 46). Rho family proteins induce tumorigenic transformation of rodent fibroblasts (47). Our experiments demonstrate increases in expression of rho family genes including rho G (3.4-fold increase; P = 0.003), ral-A (2.4-fold increase; P = 0.00015), and rac (2.3-fold increase; P = 0.00012).
We also observed up-regulation of thymosin 3-4 (3.7-fold change; P = 0.00028), a protein that binds monomeric actin, a component of the cytoskeleton, and may act as an actin buffer, preventing spontaneous polymerization of actin monomers into filaments supplying a pool of actin monomer when the cell needs filament (48). It is not clear how increased expression of thymosin 3-4 might promote metastasis, but it is likely related to the need for cells to migrate (49). Thymosin 3-4 has already been demonstrated to be highly up-regulated in several tumors including renal, bladder, prostate, colorectal, and thyroid neoplasms (50, 51).
Identification of Other Potentially Important Genes
In addition to those genes that were part of defined activated pathways, our analysis identified a number of other significantly up-regulated genes that might be useful in understanding the pathogenesis of mesothelioma and/or assist in diagnosis (Table 2). A subset of these was chosen for additional analysis. Up-regulation of these genes was verified by real-time PCR (Fig. 2) and/or immunohistochemistry (Fig. 5).
gp96 (Adenotin). Gp96 (also known as adenotin, endo-plasmin, tumor rejection antigen 1, gp100, grp 94, or stress-inducible tumor rejection antigen gp96) is a cytoplasmic and cell surface-expressed member of the cellular hsp family, most closely related to hsp90 (52). On the array, gp96 was 4.7 fold up-regulated in mesothelioma tissue compared with normal 

pleura (P = 0.0004). RTQ-PCR demonstrated a 4–10-fold difference in mesothelioma tissues compared with normal pleural samples (Fig. 2). Immunostaining showed variable gp96 up-regulation in 10 of 19 tumors (Fig. 5). None of the normal pleura demonstrated any significant gp96 staining. Gp96 has been implicated as an important cellular hsp that has been known for its ability to induce tumor-specific immunity in animals that are immunized with it (53, 54).
 (
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)Lung-related Resistance Protein. Our array data show marked overexpression of a chemoresistance gene called LRP. LRP gene expression was up-regulated by 5.5-fold on the array (P = 0.00001) and by 4–6-fold using RTQ-PCR (Fig. 2). LRP is a Mr 110,000 protein that is the major “vault” protein in humans. Vaults are cytoplasmic organelles that are localized to the nuclear membrane and act as a transporter, mediating nu-cleocytoplasmic exchange and have been shown to remove cytostatic drugs such as doxorubicin, vincristine, VP-16, Taxol, and gramicidine-D (55). Overexpression of LRP has been demonstrated to select for doxorubicin resistance in colon and non-small cell lung carcinoma cells lines (56), and elevated expression levels of LRP have been seen in colorectal and ovarian carcinomas and may serve as prognostic factors (57, 58).
Human malignant mesotheliomas are extremely resistant to chemotherapy with very low response rates to a wide variety of chemotherapeutic agents such as doxorubicin. Our data suggest that overexpression of LRP may be involved. This finding could be important therapeutically, because it has been shown that ribozymes capable of degrading LRP decrease the levels of doxorubicin that accumulate in the nucleus. If clinically useful (i.e., small molecule) inhibitors to LRP are developed, they could potentially be used to great advantage in the treatment of mesothelioma.
Galectin-3 Binding Protein. Galectin-3 binding protein (also known as Mac-2) is an endogenous 3-galactoside-binding
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Fig. 3 
Gene expression changes in glycolysis and the Krebs cycle. Genes that qualified as up-regulated (
>
2-fold change with a 
P 
< 
0.001) are marked in 
dark gray
. 
Light gray boxes 
indicate genes that were on the array but did not reach cutoffs. 
Uncolored boxes 
indicate genes that were not present on the mi-croarray so were not evaluated. Actual mesothelioma gene ex
pression levels compared with controls are indicated 
adjacent to the corresponding enzyme
. Increased glycolysis and oxida
tive phosphorylation are critical to malignant mesothelioma on-cogenesis. Pathway reflects the Warburg effect for mesothelial tumors.
) (
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protein that has been implicated in cell growth, differentiation, adhesion, and malignant transformation (59). The protein has been shown to bind collagen and fibronectin, to be located in the extracellular matrix, and to promote cell adhesion and spreading by binding to 
3
1-integrins. Galectin-3 binding protein has been demonstrated to have prognostic significance in several tumors. In head and neck squamous cell carcinomas, levels of galectin-3 binding protein contributed additional prognostic value to con
ventional clinical staging of patients (44). Investigators in Mich
igan have demonstrated expression has been correlated with advanced tumor stage in colon cancer, although direct evidence for a role in metastasis is lacking (60). Similarly in breast cancer 
) (
and non-small cell lung cancer, increased expression levels have been proven to be an indicator of poor survival (61). In me-sothelioma, galectin-3 binding protein demonstrated a 10-fold up-regulation (
P 
= 
0.00026) from hybridization experiments. Its role in mesothelioma tumor progression awaits additional experimentation.
M
r
 67,000 Laminin Receptor. 
One of the most highly up-regulated genes on the array was the 
M
r
 67,000 laminin receptor, which showed an 11.6-fold increase (
P 
= 
0.0018). However, unlike the close correlation we observed between the real-time PCR data and the array data for most of our other up-regulated genes (Fig. 2), we observed only a very small
)
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Fig. 4 
Gene expression changes in genes involved in initiation of mRNA translation. Color cod
ing is described in Fig. 3. The translation initiation pathway is promoted by a specific set of initiation factors. Several key components of this pathway are up-regulated. In step 1, eIF6, eIF3 (2–3-fold up-regulated), and eIF1A induce dissociation of the 80S ribosomal complex into 40S and 60S components. In step 2, the specific tRNA derivative used to initiate protein synthesis, methionyl-tRNA (
met-tRNA
) binds to eIF-2 (2-fold up-regulated) to form a complex. In step 3, binding of the 40S ribosomal subunit to met-tRNA to form the 43S initiation com
plex is regulated by eIF-2
13 
(2.5-fold up-regulated). In step 4, the eIF-4 complex (composed of 3 proteins: eIF-4E, eIF-4G, and eIF-4A), which is 2-fold up-regulated, binds to the m7G-cap structure of the mRNA.
) (
(1.3–1.6-fold) increase using PCR. Interestingly, when we per
formed immunohistochemistry, we observed very little expres
sion of the 
M
r
 67,000 laminin receptor on the tumor cells but did note strong staining of blood vessels within the tumor (Fig. 5
C, arrow
). In contrast, blood vessels in normal lung tissue did not show expression.
The 
M
r
 67,000 laminin receptor is a nonintegrin protein of 
M
r
 67,000 that was isolated on a laminin affinity column in the late 1980s (62). It binds to a cysteine-rich domain in the short arm of the laminin 
3
1 chain. This receptor plays a role in tumor development, progression, and metastasis. For example, its up-regulation on tumor cells is associated with the malignant phe
notype and prognosis in breast, lung, and ovarian cancer (63– 
) (
66). Given a report by Kallianpur 
et al. 
(67) that mesothelioma tissues expressed the 
M
r
 67,000 laminin receptor, we were somewhat surprised by the lack of tumor cells staining in our tissue samples. Although we have no clear explanation, it is possible that the protease and acid treatment that Kallianpur 
et al. 
(67) used on their formalin-fixed, paraffin-embedded mate
rial changed the type of staining that we observed using acetone-fixed frozen sections and a different antibody. Instead of tumor cell staining, we observed strong expression on the vessels within the tumor, those vessels presumably involved in angio-genesis.
This vessel-staining pattern is consistent with a second function attributed recently to the 
M
r
 67,000 laminin receptor,
)
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Fig. 5 
Immunostaining was performed on select genes. 
Black arrow 
indicates normal pleural tissue in patients with normal lung histology on the 
left panel 
(
X
100 except H&E 
X
40). Staining of mesotheli-oma samples demonstrated sig
nificant increase in cytokeratin and gp96 (adenotin) expression on the 
right panel 
(
X
40 except gp96 
X
100). Although the 
M
r
 
67,000 laminin receptor was in
creased on the microarray, it appears to be a result of up-regulation on the vessels within the mesothelioma tumors.
)[image: ]

specifically that this molecule is involved in angiogenesis in retinal tissues (68). Little data has yet accumulated on the role of the Mr 67,000 laminin receptor in tumor angiogenesis, although a synthetic laminin peptide that binds to this receptor has been shown to inhibit experimental tumor angiogenesis (69). On the basis of our data, we would propose that up-regulation of the Mr 67,000 laminin receptor may play a role in the development of tumor vessels in mesothelioma.
Voltage-dependent Anion Channels. Two genes highly up-regulated in mesothelioma were the VDAC 1, which was increased 6-fold (P = 0.00025), and VDAC 2, which was increased 6.5-fold (P = 0.00046). VDAC 1 was up-regulated 2–3-fold using real-time PCR. VDAC is the primary pathway for metabolite diffusion across the outer mitochondrial membrane, that in its open configuration is permeable to molecules as large as Mr 5,000 (70). VDAC has 

been linked recently to cellular apoptosis through its interaction with the Bcl-2 family of proteins, although the effects of these proteins on VDAC are controversial. VDACs appear to interact with Bcl-2 family members and regulate levels of apoptosis. The importance of up-regulation of VDAC in mesothelioma is currently unclear. It has been shown that mesotheliomas express relatively high levels of both bax and Bcl-xL, and that transfection of mesothelioma cells with additional Bcl-xL protein enhances resistance to apoptosis (71, 72). Having higher levels of VDAC may amplify any imbalance between pro- and antiapoptotic Bcl-2 family members that may be created by proapoptotic therapies.
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)Comparisons with Other Studies
Although differential display is not quantitative, it is interest-

ing to compare our results with the study conducted by Gordon
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et al. (5). In their comparison, 14 known genes (and about an equal number of expressed sequence tags) were identified to be more highly expressed in mesothelioma than in normal pleura, including the a-folate receptor and IAP-1. Of the 5 genes that were on our array (histone acetyltransferase 1, ribosomal proteins S15a and L27a, IAP-1, and palmitoylated erythrocyte membrane protein), all showed up-regulation with a range of 2.7–4.7-fold, although the expression levels of some were quite low. The correlations in gene up-regulation between genes up-regulated in mesothelial and me-sothelioma cells in culture was much lower (3, 4), likely as a result of the major changes occurring in cells during the explanation and culture process.
Gordon et al. (6) have reported recently results using transcript profiling to discover 5 genes (MRC OX-2, KIAA097, VAC-I3, calretinin, and PTGIS) that were preferentially expressed in malignant mesothelioma versus lung adenocarcinomas. Our array experiments contained VAC-3 (also called annexin VIII), and we similarly found it to be one of our most highly up-regulated genes (11.8-fold; P = 0.008; see Table 2). Annexin VIII is a specialized calcium and phospholipid-binding protein normally present on lung endothelium, skin, and liver (73). Annexin VIII is also expressed in acute promyelocytic leukemia cells, although not in any other lymphoid malignancies (74, 75). In acute promyelocytic leukemia, annexin VIII plays a role in signal transduction of cellular proliferation (75, 76). This gene can potentially serve as a diagnostic marker in biopsy samples.
Caveats
Although microarray technology can provide vast amounts of data, there are a number of limitations and caveats that must be considered in the interpretation of this and any other such experiment. First, selection of genes that have “real” and biologically significant differences between normal and tumor samples is still an imperfect science. There are large amounts of variability at every step of the array process. Clearly using large sample numbers is an advantage to obtaining reliable results. Data analysis is also important. Rather than depending on any one normalization or gene selection technique, we used a multiplicity of approaches and selected genes that were commonly identified in multiple combinations of analysis algorithms. The goal of our gene identification strategy was not necessarily sensitivity (there are likely many gene differences that we did not detect), but specificity. On the basis of our real-time PCR validation, this goal was achieved. Of the 16 genes validated using real-time PCR (those shown in Fig. 2 plus data showing no change in ubiquitin and cytochrome p450 reductase), there was a striking similarity between the array data and the PCR data in all but 1 of the genes (up-regulation of the Mr 67,000 laminin receptor being the one exception). The validity of our results was additionally supported by showing very similar results with PCR when analyzing a pool of RNA from five mesothelioma tumors that had not been included in the original array. Thus, we feel that the normalization and gene selection protocols used accurately identified significantly changed genes and feel confident in the validity of the “non-PCR confirmed” data points.
Another limitation of our microarray hybridization experiments is they failed to predict genes that have been proven to be differentially expressed in malignant mesothelioma by reverse tran- 

scription-PCR or other molecular biology techniques. Several potential reasons explain this finding in our experiments. Microarray sensitivity for selection of differentially expressed genes is unknown (77). Many well known genes (i.e., thrombospondin, p21, NCAM, p16, and NF2) were not on our nylon microarrays (4132 genes). Furthermore, to minimize our false-positive rate of prediction of differentially expressed genes, we filtered those genes with low intensities and heterogeneous expression. As a result, we eliminated genes (i.e., platelet-derived growth factor and p53) that could have important clinical implications to maintain a rigorous selection process. As bioinformatic tools improve, investigators can use the data available publicly to reanalyze the data and extract more differentially expressed genes.
 (
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)A third caveat to be considered in our study is that micro-dissection of tumor tissue was not performed. Thus, a mixture of cells including tumor, infiltrating WBCs, stromal cells, and tumor vessels were all analyzed. The limitations of this approach were evident from our initial analysis where we noted that a number of WBC-specific genes were up-regulated. Im-munostaining with an antibody against the common leukocyte antigen CD45 confirmed that tumors and normal pleural tissues were infiltrated to various degrees by leukocytes. This confounding factor was reduced to some degree by a “virtual microdissection” (i.e., using gene ontology data to “subtract out” leukocyte-specific genes), but this process is by nature incomplete and cannot remove genes common to all cells.
Another example of potentially confusing data are illustrated by our findings with the Mr 67,000 laminin receptor. Although this receptor was up-regulated in the tumor samples, it was not expressed on the tumor cells, but on the infiltrating vessels. On the other hand, using nonmicrodissected tissues has the advantage of revealing what genes will be expressed in a standard clinical biopsy specimen where only macrodissection will be feasible. If one is looking for potentially diagnostic or prognostic genes, it may be more important to sample the entire tissue milieu including white cell, stromal, and endothelial cell genes. Clearly a number of validation steps including quantitative RNA analysis, protein measurements, and immunostaining are important when trying to assign significance to a specific gene identified in microarray data.
Conclusion
Microarray analysis of mesothelioma tumors revealed activation of a number of key pathways including genes involved in glucose metabolism and mRNA translation. These findings are consistent with the need of the tumor to enhance energy and protein production, and provide a molecular basis for the clinical observation that mesotheliomas show strong uptake of 18FDG on PET scanning. HIF-1 may have an important role in regulation of energy metabolism and will be the subject of additional study. Other up-regulated genes included gp96, LRP, galectin-3 binding protein, the Mr 67,000 laminin receptor (on tumor vessels), and voltage-dependent anion channels. Additional study of these proteins may be important to improving our understanding of the pathogenesis of mesothelioma, and will hopefully improve diagnostic methods and treatments.
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Summary. Having identified glycans of cellular glycoconjugates as versatile molecular messages, their recognition by sugar receptors (lectins) is a fundamental mechanism within the flow of biological information. This type of molecular interplay is increasingly revealed to be involved in a wide range of (patho)physiological processes. To do so, it is a vital prerequisite that a lectin (and its expression) can develop more than a single skill, that is the general ability to bind glycans. By studying the example of vertebrate galectins as a model, a total of five relevant characteristics is disclosed: i) access to intra- and extracellular sites, ii) fine-tuned gene regulation (with evidence for co-regulation of counterreceptors) including the existence of variants due to alternative splicing or single nucleotide polymorphisms, iii) specificity to distinct glycans from the glycome with different molecular meaning, iv) binding capacity also to peptide motifs at different sites on the protein and v) diversity of modular architecture. They combine to endow these lectins with the capacity to serve as multi-purpose tools. Underscoring the arising broad-scale significance of tissue lectins, their numbers in terms of known families and group members have steadily grown by respective research that therefore unveiled a well-stocked toolbox. The generation of a network of (ga)lectins by evolutionary diversification affords the opportunity for additive/synergistic or antagonistic interplay in situ, an emerging aspect of
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(ga)lectin functionality. It warrants close scrutiny. The realization of the enormous potential of combinatorial permutations using the five listed features gives further efforts to understand the rules of functional glycomics/lectinomics a clear direction.
Key words: Adhesion, Glycosylation, Lectin, Proliferation, Sialylation
Introduction
The ubiquitous presence of glycans has posed the enigma of their functional significance for decades, “a sugary coating” (or glycocalyx, a term introduced in 1963 by H. S. Bennett) being typical for pro- and eukaryotic cells (Gasic and Gasic, 1962; Bennett, 1963; Rambourg et al., 1966; Ito, 1969). Proteins and sphingolipids alike serve as scaffolds to present the glycan chains (Klenk, 1942; Ginsburg and Neufeld, 1969; Kornfeld and Kornfeld, 1976; Stults et al., 1989; Sharon and Lis, 1997; Buddecke, 2009; Corfield, 2015, 2017; Kopitz, 2017). They are the products of a large machinery comprised of more than 500 components that take care of all steps from the synthesis of building blocks and their activation to oligomer assembly and dynamic remodeling (Brockhausen and Schachter, 1997; Habuchi et al., 1998; Reuter and Gabius, 1999; Chen et al., 2001; Kaneko et al., 2001; Patsos and Corfield, 2009; Wilson et al., 2009; Zuber and Roth, 2009; Moremen et al., 2012; Hennet and Cabalzar, 2015; Schengrund, 2015; Bhide and Colley, 2017; Kaltner et al., 2019; Parker and Newstead, 2019; Reily et al., 2019). The term ‘complex carbohydrates’ for the
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resulting wide array of compounds, the glycome of a cell, graphically reflects the exceptionally high level that the natural variability among glycans reaches compared to that of oligonucleotides and peptides (Sharon, 1975).
The initial assumption that strategically surface-positioned carbohydrate oligo- and polymers can be signals for cellular recognition has developed into the paradigm of the sugar code (Eylar, 1965; Roseman, 1970, 2001; Cook, 1986, 1995; Schnaar, 1991; Gabius, 2006, 2009; Lopez and Schnaar, 2009; Kaltner et al., 2018; Kaltner and Gabius, 2019). In fact, carbohydrates are now considered as (third) alphabet of life falling into line with nucleotides and amino acids, each monomer representing a ‘letter’. The chemical properties of monosaccharides, most prominently the presence of a hydroxyl group at (nearly) each carbon atom ready for chain building with an activated donor, facilitate to enzymatically generate many more ‘code words’ than is possible by the 5',3'-phosphodiester linkage between nucleotides or the peptide bond between amino acids (Rüdiger and Gabius, 2009). Glycans as a molecular message hence reach an unsurpassed level of information density in a minimum of space (Winterburn and Phelps, 1972; Laine, 1997; Gabius and Roth, 2017). Noteworthy for turning glycan-encoded information into bioactivity, the ability of each carbohydrate to engage in the directed modes of hydrogen, coordination and C-H/π bonding makes highly specific recognition processes with receptors possible. The site-specific introduction of phosphate and sulfate groups into glycans expands this potential, as is the case by post-translational modifications of proteins with these two groups.
Historically, the selectivity and the specificity of glycan-protein interactions were traced first by detecting activities in plant extracts that agglutinate erythrocytes strictly according to their histo-blood group ABH status. This finding led to coining the term lectin “from Latin lectus, the past participle of legere meaning to pick, choose or select” or to read in order to distinguish these (glyco)proteins from similarly agglutinating serum antibodies (Boyd, 1954; Boyd and Shapleigh, 1954). As a laboratory tool, lectins soon found widespread applications to spot and to localize carbohydrate epitopes cyto- and histochemically (Roth, 1987, 2011; Taatjes and Roth, 1991; Spicer and Schulte, 1992; Danguy et al., 1994; Manning et al., 2017a). This binding can not only establish a firm contact between cells but can also cause outside-in signaling, thereby triggering cellular responses such as mitogenesis or apoptosis (please see below).
The capacity of plant lectins (phytohaemagglutinins) to ‘read’ glycan-encoded ‘messages’ and then to ‘translate’ them into post-binding responses was first described for the so-called phytohaemagglutinin (PHA; from red kidney beans (Phaseolus vulgaris)). It “was found to be a specific initiator of mitotic activity” in leukocytes of heparinized whole blood (Nowell, 1960). This finding had paradigmatic importance for the search of the missing link between a cellular glycoconjugate 

and glycan-inhibitable processes such as cell adhesion or control of proliferation in animals and man. The following verbatim quotation puts the underlying hypothesis (expectation) into words: since “it has been suggested that complex carbohydrate-containing molecules may function in synaptic recognition and transmission through establishment of cell-cell contacts and possibly also as mediators of communication between the surface and the interior of the cell”, “the presence in neural tissue of enzymes and proteins capable of interacting with saccharides is to be expected”. Indeed, by performing the respective experiments (i.e. haemagglutination assays with trypsinized rabbit erythrocytes to detect lectin activity in extracts and affinity chromatography on resin presenting galactose as ligand to purify the active protein from organ extract), this assumption was proven to be true: a β-galactoside-binding protein with strong agglutinating activity was isolated at a yield of about 400 mg/kg from electric organ tissue of Electrophorus electricus (Teichberg et al., 1975). Moreover, agglutinating activity blocked by β-galactosides such as thiodigalactoside was shown to be present in various tested mammalian and avian organs and cells.
Measuring high titers of thiodigalactoside- and lactose-inhibitable haemagglutination with extracts of chick embryo (pectoral muscle) and of a murine neuroblastoma (N- 18) cell line, less so in extracts of adult rat organs, pointed to a widespread presence and pronounced developmental regulation of corresponding protein(s) (Teichberg et al., 1975). One way to meet the expectation for a broad-scale occurrence of tissue constituents with this binding capacity, matching the ubiquitous presence of glycans, was taken by applying a special technique called glycocyto- and histochemistry: β-galactosides as the ligand part of labeled (neo)glycoconjugates detect the presence of sugar receptors in cells and in tissue sections and thus are an efficient tool for screening. Specific (glycan-inhibitable) positivity was obtained during monitoring for binding with these custom-made synthetic reagents in diverse organs and cell types (for examples, please see Gabius et al., 1987, 1988, 1990; Sinowatz et al., 1988; Bardosi et al., 1989; for review, please see Gabius et al., 1993). Illustrating a possible clinical relevance, the presence of binding sites for histo-blood group A and H epitopes (both known high-affinity ligands for lectins) in sections of lung tumors correlated positively with survival of cancer patients (Kayser et al., 1994). Stepwise elaboration of the structural complexity of the glycan part of neoglycoconjugates up to complex-type N-glycans and glycodendrimers with multiple branching is feasible by elegant chemical and chemoenzymatic protocols (Unverzagt et al., 2002; Chabre and Roy, 2009, 2010; Oscarson, 2009).
These pioneering findings on widespread occurrence of lectin activity in extracts, cells and tissue sections prompted to proceed to purify the detected galactose-binding lectins by affinity chromatography and to
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determine their characteristics; most important for a classification of the proteins is the sequence. The more sequences became available, the clearer the notion became for the existence of not just very few proteins with this specificity but of a family. By performing calculations of the homology score of their sequences, a phylogenetic relationship was unveiled, and the term S-type lectins (due to the requirement to add a thiol such as dithiothreitol or β-mercaptoethanol to protect the activity for haemagglutination of at that time known family members) was coined, in analogy to ‘C-type’ for a group of homologous lectins that require Ca
2+
 for lectin activity (Drickamer, 1988). Interestingly, the first member of this family traced by its endocytic activity on hepatocytes for an asialoglycoprotein (“exposed, terminal galactosyl residues were identified as specific determinant for hepatic recognition and uptake”) and thus originally called asialoglycoprotein receptor shares specificity to this type of sugar (Morell et al., 1968, 1971; Hudgin et al., 1974). Today, this family of animal (S-type) sugar receptors is known by the name ‘galectin’, and research on their structural and functional aspects is a burgeoning area (Harrison and Chesterton, 1980; Barondes, 1984, 1997; Kasai and Hirabayashi, 1996; Gabius, 1997; Hirabayashi, 1997, 2018; Cooper, 2002; Kaltner and Gabius, 2012; Kaltner et al., 2017; de Jong et al., 2020). The next section explains in detail the currently accepted criteria for calling a protein ‘galectin’.
What is a galectin?
Firstly, a galectin is classified as a lectin, meaning that it is able to bind carbohydrates without being an antibody, an enzyme that processes the bound sugar or a 
) (
sensor/transporter for free mono- to oligosaccharides (Kocourek, 1986; Barondes, 1988; Gabius et al., 2011). Considering that the already mentioned disaccharides with non-reducing-end galactose, i.e. thiodigalactoside and lactose (Lac), are the canonical inhibitors of galectin-dependent haemagglutination, a simple shortening of the resulting term ‘galactose-binding lectin’ by four syllables explains the origin of the now commonly used term ga(lactose-binding)lectins. Since specificity to β-galactosides does not suffice for an unambiguous classification, other types of lectins such as mentioned C-type lectins, the biohazard ricin or bacterial and fungal adhesins, for example during uropathogenic colonization (Ielasi et al., 2016; Moonens and Remaut, 2017), also binding galactose, two structural properties are added to reach a clear separation. They are the three-dimensional arrangement to give stability to the binding site and characteristic sequence features within the contact region. The carbohydrate recognition domain (CRD) of a galectin is a β-sandwich (Fig. 1). In this type of fold, a set of amino acids called the signature sequence is responsible for contact building to the ligand, and this is why they are mostly conserved (Fig. 1). These two structural features, i.e. global fold and sequence signature, complete the galectin definition.
That this 3-point definition, i.e. mono- or disaccharide specificity, fold and sequence signature, is vital is further highlighted by noting that more than a dozen types of protein domains have acquired the capacity to accommodate glycans as ligands, among them the β-sandwich. Deserving particular attention, galectins are not the only β-sandwich-type lectins: four other classes of mammalian lectins use this fold as a platform, i.e. the pentraxins, the endoplasmic reticulum
) (
Fig. 1
. Illustration of the crystal structure of 
homodimeric chicken galectin (CG)-1A (1QMJ) as 
ribbon diagram (left: with bound ligand lactose; right: 
with structures of highly conserved amino acids 
involved in binding cognate β-galactosides and thus 
forming the sequence signature for galectins; from 
Kaltner and Gabius, 2012, with permission).
)
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(ER)-based chaperones calnexin and calreticulin, the cargo handlers between ER and Golgi apparatus such as ERGIC53 and the CRD of N-glycanase, also called PNGase (Fujimoto et al., 2014; Solís et al., 2015). Thus, the combination of fold and sequence signature is obviously mandatory for correct and unambiguous assignment of a carbohydrate-binding protein to a lectin family. When relating structures to functions, the apparent development of a large toolbox of lectin families ensures that functional pairing between glycans and lectins (based on complementarity as is the case between strands of nucleic acids or between proteins and nucleic acids in the workings of the genetic code) is likely to reach the degree of molecular diversity that is required for the significance that the term ‘sugar code’ implies. Toward the same end, developing diversity from an ancestral gene can be expected.
Mechanistically, gene duplications and implementation of sequence divergence during evolution underlie the growth in numbers of members of a family. This is a common route to diversity that has generated the largest group size in the case of the C-type lectins (Gready and Zelensky, 2009; Mayer et al., 2017). The study of this type of CRD has taught the salient lesson that it can gain remarkable versatility in ligand recognition, making Ca2+-independent glycan binding and association to proteins possible, as for example documented for the mannose receptor group and the myeloid C-type lectin receptors (East and Isacke, 2012; Tang et al., 2019). The named mechanisms have similarly been productive in the case of galectins, as illustrated in Fig. 2 by presenting the galectin inventory of several animals from various branches of the phylogenetic tree. Overall, phyla especially rich in galectins are Nematoda, Arthropoda and Chordata (Takeuchi, 2018). Up to 17 different proteins have been identified to be expressed in vertebrates (Fig. 2). Among them are the products of three genes, in which even deviations from the canonical sequence signature are present, i.e. the Charcot-Leyden crystal protein (galectin-10), the eye lens-specific galectin-related inter-fiber protein (GRIFIN) and the galectin-related protein (GRP) (Ackerman et al., 1993; Leonidas et al., 1995; Ogden et al., 1998; Zhang et al., 2000; Cooper, 2002; García Caballero et al., 2016a,b, 2018; Manning et al., 2018a; Ruiz et al., 2018; Ueki et al., 2019). Of note, the occurrence of site-specific changes in the sequence signature can either be confined to distinct species (for GRIFIN; García Caballero et al., 2018) or can generally be found among vertebrates (for GRP; Manning et al., 2018a), and then impairment of binding the canonical glycan ligand ensues. By convention, they are counted among galectins due to the strict conservation of the fold and an overall sequence homology. The structural platform of galectins, as is also known from C-type lectins and closely related C-type lectin-like proteins (Gready and Zelensky, 2009), thus allows for the generation of variants without activity as β-galactoside-specific lectin, a noteworthy hint toward galectin activities beyond requirement for glycan 

binding. That the galectin CRD can gain additional binding capacity to distinct proteins (please see below) takes the analogy even one step further.
In summary, the classical definition states that a galectin is a β-galactoside-binding protein with β-sandwich fold and conserved sequence signature. Phylogenetically, the development of galectins into a family began with an ancient ancestor. It most likely had the (precursor of the) sequence signature for facilitating contact formation with β-galactosides. Vertebrates express two proteins that belong to this family despite the presence of deviations from this typical signature, i.e. GRIFIN and GRP. The ubiquitous presence of galectins in the animal kingdom illustrated in Fig. 2 very much suggests fundamental role(s), likely by an interplay with omnipresent galactose-containing glycans. Investigations on galectin activities that started with the described detection of the ability to bridge erythrocytes have opened a very fertile research area rich in discoveries. They have led to the conclusion that an initially assumed “one galectin – one phenomenon relationship does not exist” (Kasai, 1997). In contrast, galectins are now considered to be multifunctional. What does this mean?
The multifunctionality of galectins
In principle, the term ‘gene’ had often been associated with the expectation that its product has a single function. “However, this orderly view of biology has turned out to be overly simplistic”, one reason resting on the discovery of moonlighting (Copley, 2012). That eye lens crystallins and enzymes of metabolic pathways or cycles (argininosuccinate lyase, α-enolase and lactate dehydrogenase) or the neurotrophic factor neuroleukin and phosphohexose isomerase were revealed to be identical (“sharing genes”; Piatigorsky et al., 1988) is by no means exceptional. In fact, an increasing number of proteins have been and are being described to exert more than one autonomous activity by distinct sites of a domain (Jeffery, 2003, 2009, 2018; Huberts and van der Klei, 2010; Copley, 2012; Zanzoni et al., 2019), and galectins are among them. In addition, and in fact providing a further source for multifunctionality, galectins can cause pleiotropic effects due to functional pairing with counterreceptors such as cognate glycans of different glycoproteins via the same contact site, namely the one for β-galactosides shown in Fig. 1, and downstream signaling along various pathways (please see below). Multifunctionality of galectins can arise, too, by structural variations based on single nucleotide polymorphism, alternative splicing, shifts to different types of architecture to present the CRD and the modular design of a protein when it consists of more structural units than the CRD (please see below). Their ability to aggregate cells in a carbohydrate-inhibitable manner is therefore just one, a readily measurable aspect of lectin functionality. After all, the binding of a lectin to a cell surface can do (much)
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Fig. 2. Illustration of the composition of the galectin family in selected organisms at different positions of the phylogenetic tree (for schematic presentation of the main types of galectin architecture, please see Fig. 8). Evidence for presence of galectins on the level of the gene (Roman number), the mRNA (Arabic number) and the protein (numerical denotation) is summarized and given as number in each case. Special cases are highlighted: GRIFIN with its species-dependent variability of lectin activity (+) and the presence/absence polymorphism of Gal-6 exclusively found in certain mouse strains (*) as well as the tetrameric design of two distinct oyster galectins (#); from Kaltner and Gabius, 2012, updated and extended.
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more than to let cells make contacts.
The first evidence for a cellular response following surface binding of an animal lectin came from testing for an effect on proliferation, in analogy to the already noted case of PHA that initiated to trace the now widely documented mitogenicity of plant agglutinins (Nowell, 1960; Borrebaeck and Carlsson, 1989). Murine Thy-1-negative spleen cells and lymphocytes but not chicken thymocytes were stimulated by homodimeric chicken galectins (Lipsick et al., 1980; Pitts and Yang, 1981; Levi and Teichberg, 1985). The rate of proliferation was also found to be enhanced by mammalian galectins in cell types different from immune cells, first in the case of bovine pulmonary artery endothelial cells and smooth muscle cells (Sanford and Harris-Hooker, 1990) and thereafter also for example in the case of human lung (IMR-90) fibroblasts (Inohara et al., 1998). Remarkably, at the same time, proteins referred to as “transforming growth factor (TGF)-γ
2
” (due to functional similarity to TGF-α/β; Yamaoka et al., 1991) or as “autocrine negative growth factor” (causing S/G
2
 growth arrest, in leukemic cells followed by apoptosis (likely via inducing predominance of Bax over Bcl-2; Novelli et al., 1999)) were found to have the sequence of a galectin, i.e. galectin- 1 (Gal-1): they yet did not require sugar binding for activity (Wells and Mallucci, 1991; Yamaoka et al., 1993). This galectin’s growth-regulatory activity profile is induced by outside-in signaling via various pathways following glycan- or protein-mediated binding; it covers the range from mitogenicity to growth arrest, also including anoikis/apoptosis. The actual outcome depends on the cell type as well as its functional and phenotypic status (for reviews, please see Pace and Baum, 1997; Hsu and Liu, 2002; Yang and Liu, 2003; Villalobo et al., 2006; Smetana et al., 2013). As a consequence, Gal-1 has been called “a bifunctional regulator of cellular proliferation”, and, “unsurprisingly, the interpretation of the actions of Gal-1 in 
) (
developmental situations, both normal and neoplastic, is often very complex” (Scott and Weinberg, 2004).
What inspecting the effects of Gal-1 on cell growth teaches us is that the same protein called galectin can exert entirely different effects on a characteristic of a cell, and this by pairing with various molecular targets and/or post-binding routes. Dual (Janus-like) effects are triggered beyond this special functional aspect. Concerning adhesion, tipping the balance in either direction is possible: whether cell attachment to a matrix, e.g. to glycoproteins such as fibronectin or laminin, or aggregate formation will be favored or blocked is a matter of the properties of the experimental setting (for examples on Gal-1, -3 and -8, please see Cooper et al., 1991; André et al., 1999; Levy et al., 2001; Friedel et al., 2016). By proceeding to test galectins in diverse assay systems and analyzing their interaction with counterreceptors, the activity profile was extended step by step. At present, the already known range of functional versatility of galectins, compiled in Table 1, is broad, and this table makes obvious why galectins have been described to present more than one face to the observer (Kasai, 2018).
When looking at Table 1, the collective body of evidence that underlies this summary justifies to call galectins multifunctional proteins - and it raises the question how it can be explained that they succeeded in becoming multitalented proteins or colloquially “jack of all trades” (a term applied explicitly to Gal-3; Newlaczyl and Yu, 2011). The following five sections answer this question by focusing on the corresponding features of galectin genes and proteins as well as describing their up to now delineated contributions to the galectins’ functional complexity. The first section on the absence of the sequence for a signal peptide solves the mystery of why galectins are generally found intracellularly. This aspect of localization engenders the opportunity for a dedication of these effectors to function in cells.
) (
Table 1. 
Survey of functions of vertebrate galectins
a
.
) (
Intracellular	
Cell surface/extracellular
) (
bridging cells
bridging cells and matrix
bridging (glyco)proteins
contributing to host defence and tissue remodeling (cell (e.g. mast cell or neutrophil)
activation, opsonization, scavenging, sensing foreign glycans)
eliciting outside-in signaling
- cell death/growth regulation
- gene expression
- mediator production and release
regulating
- cell migration/motility
- surface residency of glycoproteins by cross-linking slowing endocytosis
) (
nuclear
involved in pre-mRNA splicing
regulating gene expression
) (
cytoplasmic
regulating cell death/growth
routing glycoproteins
sensing damage to intracellular vesicles and calling for help
) (
a
type of activity depends on spatiotemporal context and properties of respective counterreceptor in the particular context, with potential for triggering either negative or positive effects (e.g. anti- or pro-adhesive/inflammatory); (patho)physiological read-out in each aspect is often complex with noted specificity for cell type (e.g. diverse classes of mediators such as chemo- and cytokines, enzymes such as MMPs or reactive oxygen species and distinct members for each class)
)
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Toward multifunctionality: absence of a signal peptide
This property commonly accounts for protein presence in intracellular compartments (Arnoys and Wang, 2007), and it makes vertebrate galectins special among lectins of these species. Proof-of-principle studies on Gal-1 have revealed the synthesis of galectins on free ribosomes (Wilson et al., 1989). As a consequence, galectins, when produced, are cytoplasmic proteins, also capable of entering the nucleus (Smetana et al., 2006; Haudek et al., 2010; Funasaka et al., 2014), this pattern of immunohistochemical positivity being exemplarily shown in different types of cells/organs in Fig. 3a-d. Panel d of this figure already indicates disparity in distribution of staining for galectins. The discovery of export of Gal-1 from the cytosol to the extracellular space, first described in the case of murine muscle (C2) cells by its localization, actually together with laminin extracellularly, and by immunoprecipitation of externalized protein after metabolic labeling (Cooper and Barondes, 1990), was more than just a reason to let galectins join the rather small class of proteins that are secreted via non-classical routes. Interestingly, pioneering studies on exploring the possibility for galectin externalization had been done on chicken pectoral muscle and intestine (Barondes and Haywood-Reid, 1981; Beyer and Barondes, 1982).
Looking at the biochemical nature of other proteins traveling from the nucleus and/or the cytoplasm to the extracellular space, “many of the known unconventional secretory proteins are cytokines, growth factors, or other molecules with important signaling roles in physiological processes such as inflammation, angiogenesis, cell differentiation, or proliferation” (Nickel and Seedorf, 2008). Important for alerting and orchestrating defence (and even “more than just signaling the alarm”; Roan et al., 2019), extracellular availability of endogenous effectors of this group contributes to the so-called damage-associated molecular patterns (DAMP), metaphorically referred to as (dual-function) alarmins (Matzinger, 1994; Oppenheim and Yang, 2005; Bianchi, 2007; Bertheloot and Latz, 2017; Yang et al., 2017), and galectins (especially Gal-3) have been nominated as candidates to join this group under certain circumstances (Sato and Nieminen, 2002; Sato et al., 2009). To become a member of this group points to an equally eminent physiological relevance for galectins, and this at different sites of a cell.
Following the demonstration of translation on free ribosomes, galectin routing through the ER and Golgi apparatus was independently excluded. Experimentally, no impact on extent of secretion of another galectin, i.e. Gal-3, was measured when blocking this classical export route via the ER and Golgi apparatus by brefeldin A (Lindstedt et al., 1993; Sato et al., 1993). Galectins thus find their way to the extracellular space (matrix, cell surface or medium), hereby residing in- and outside of cells, and become an active part of communication 

between cells. “The presence of galectin-1 in extracellular matrix [(ECM)] affects interactions of cells with ECM, such as cell adhesion, cell migration, and cell survival” (He and Baum, 2006), as already noted above. Precluding autoimmune disease onset for example by bridling effector T cell activity or driving tumor progression are clinically relevant examples for the two sides of the coin of this type of auto- and/or paracrine communication (Wang et al., 2009; Wu et al., 2011; Smetana et al., 2015; Orozco et al., 2018). The dual localization in- and outside of cells lets galectins engage in contacts at various sites of cells, all this made possible by the absence of a signal sequence.
Concerning the molecular basis of their export, it is being revealed that crossing the membrane by vesicular and non-vesicular transport is facilitated by a steadily growing number of non-conventional mechanisms (Hughes, 1999; Popa et al., 2018; Sato, 2018; for an instructive illustration, please see Fig. 3 in Sato, 2018). Definitely, galectin export is not a random process. As informative as the ongoing dissection of these externalization processes is, this work has recently been flanked by an alternative strategy: answering the question on what will happen if a galectin is instructed to enter the ER by protein engineering, that is by adding a leader sequence to its cDNA, will help us understand better why galectins lack a signal sequence. Interestingly, several human galectins have an N-glycosylation motif (Kutzner et al., 2020) so that they might become glycoproteins.
When pursuing this approach by combining cDNA engineering and ectopic expression, conventionally secreted galectin protein could be obtained from yeast cells and its properties analyzed. Maintained activity of lactose binding of the product as well as transfer of an N-glycan to the sequon of human Gal-1 at 95NLT97 and its processing were documented, also glycosylation and secretion of Gal-4 from human embryonic kidney (HEK293T) cells (Kutzner et al., 2020). These results suggest the following conclusion: by taking unconventional export routes, a galectin literally avoids becoming N-glycosylated at available sequon(s). After all, the presence of an N-glycan on human Gal-1 impacts galectin function. It has been shown to reduce both the lectin’s affinity and growth-regulatory activity elicited by counterreceptor (ganglioside GM1) cross-linking on the surface of human neuroblastoma (SK-N-MC) cells, likely by interfering with counterreceptor binding and/or appropriate lattice formation (Kutzner et al., 2020); and an N-glycan will also cover a sizeable region on the protein’s surface, thereby masking it and blocking formation of respective contacts (please see below).
In summary, the absence of a signal peptide ensures production of active (non-glycosylated) protein, which will then first be present in the cytoplasm and then also in the nucleus; the development of various mechanisms for externalization ensures that the protein can reach the extracellular compartment. A constitutive expression as a house-keeping activity would render galectins unable
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[image: ]Fig. 3. Illustration of immunohistochemical detection of galectins in different cell types and subcellular compartments by light (a, b, e-g) and fluorescence microscopy (c, d). Antibody binding was visualized either with alkaline phosphatase-conjugated second-step reagents and Vector® Red AP substrate or by Alexa Fluor® 568-labeled second-step antibody. a. In fixed murine initial-segment epididymis, Gal-3-specific staining was seen in nuclei of basal cells (black arrowheads) in contrast to only, if at all, weak staining of the cytoplasm and of nuclei of principal cells (white arrowheads). b. In esophagus of the adult rat, Gal-7 was detected in the cytoplasm of the non-keratinized stratified squamous mucosal epithelium (black arrowhead). The underlying lamina propria was negative (white arrowhead). c. In fixed developing chicken bone, signal for CG-3 (nominally red) in the nuclei (arrowheads) of osteoclasts overlaps with the 4',6-diamidino-2-phenylindole (DAPI) signals for counterstained nuclei and thus appears in magenta. d. CG-3 was detected in a subnuclear and perinuclear band-like area within the pseudostratified columnar epithelium of adult chicken ureter (white arrowheads, top left), whereas the respective area was negative for CG-1A (white arrowheads, bottom right). In sections of fixed adult chicken retina (e-g), qualitative and quantitative differences in CG expression were documented for: CG-2 was almost exclusively seen in the ganglion cell layer (GC) (e), CG-3 was strongly expressed in the inner layers including the GC, roots of Müller cells (MR), nerve fiber layer (F) and internal limiting membrane (ILM), as well as also prominently in the amacrine cell layer (AC), the outer plexiform (OP) and the outer nuclear layer (ON) up to the external limiting membrane (ELM) (f). g. In contrast, the retina was completely negative for C-GRIFIN expression, which is exclusively found in the lens (inset of g). Lack of staining in retina also serves as negative control. Antibody concentrations: anti-CG-1A: 2 µg/mL; anti-CG-2: 2 µg/mL; anti-CG-3: 0.125 µg/mL (d) or 0.5 µg/mL (c,f); anti-Gal-3 (murine): 0.5 µg/mL; anti-C-GRIFIN: 2 µg/mL. Scale bars: 10 µm.
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to participate effectively in cellular dynamics and stage-specific processes among cell types. A galectin therefore has access to binding partners both intra- and extracellularly. In order to achieve spatiotemporally regulated expression, for example to switch production on or off during differentiation or a pathogenetic process, galectin genes are expected to exhibit a distinct feature, that is a promoter region equipped with a large number of motifs for binding transcription factors so that combinatorial permutations are plentiful toward the given aim.
Toward multifunctionality: presence of fine-tuned gene regulation
This trait of intimately controlled galectin expression already became visible when measuring galectin activity in extracts of organ specimens obtained in the course of development and finding marked differences at different time points (Den et al., 1976; Nowak et al., 1976; Kobiler and Barondes, 1977) as well as when starting to explore their expression profiles cyto- and immunohistochemically, e.g. by monoclonal antibodies against the Mac-2 antigen (Gal-3). In murine lung, to give an example, alveolar macrophages and bronchial epithelium were positive, and a strong response to “specific differentiative signals” was found by measuring pronounced upregulation of percentage of positivity of peritoneal macrophages (from <2% to >96%) upon i. p. injection of thioglycollate into mice to obtain peritoneal exudates (Ho and Springer, 1982; Flotte et al., 1983). Initial mapping of the promoter region of the human Gal-3 gene pinpointed the presence of multiple sites with putative affinity for transcription factors spread all over this sequence, this study also providing initial evidence for respective relationships to explain why serum addition can turn on Gal-3 production (Kadrofske et al., 1998). Similarly, the upregulation of Gal-1 expression by butyrate was attributed to a distinct sequence motif defined as an Sp1-binding site (at -57 to -50; GGGGCGGG) in the 5'-proximal promoter region of the gene for human Gal-1 (Lu and Lotan, 1999). The ensuing detection of a variability in increasing gene activation by butyrate among human galectins attests to the existence of promoter divergence (Katzenmaier et al., 2014). Indeed, these regions of galectin genes evidently contain the postulated sets of sequence motifs for effective regulation, leading to “finely tuned” expression (Chiariotti et al., 2004).
In order to illustrate the occurrence of multiple sequence motifs and distinctive patterns for potential of binding transcription factors among promoter regions of human galectin genes, an overview of the results of the comparison between respective sequence hits for Gal-1, -3 and -8 is presented in Fig. 4, separated into unique and shared features. Obviously, the molecular set-up is available to facilitate instances of stand-alone presence or of co-expression of galectins, giving direction to the 

detailed functional promoter analysis. In addition to the possibilities for intricate regulation at this level, transcription of galectin genes can start from different sites, products then being subject to alternative splicing and generation of various polyadenylation sites (for information on examples of Gal-3 and -8, please see Voss et al., 1994; Gopalkrishnan et al., 2000; Bidon et al., 2001; Kaltner et al., 2009, 2011).
In aggregate, the inspection of untranslated gene sequences and the current status of their functional analysis raise the expectation for differential expression of galectins, in time (e.g. embryogenesis) and in space (e.g. different cell populations and types). What systematic immunohistochemical monitoring of galectins demonstrates, for example presented in the cases of human Gal-2 and -8 in this journal (Danguy et al., 2001; Saal et al., 2005), is that expression patterns for galectins exhibit cell-type selectivity, up to the unique case of GRIFIN. It is exclusively expressed in the eye lens (Fig. 3g illustrates its absence in retina together with eye lens positivity as positive control), and this under the control of two transcription factors (i.e. L-Maf, Pax-6) that also drive the expression of crystallins (García Caballero et al., 2016b, 2019). That bovine and human α-crystallin interacts with murine GRIFIN (Barton et al., 2009) and that α-, β- and δ-crystallins are among the list of binding partners of chicken GRIFIN (García Caballero et al., 2019, 2020) is suggestive evidence for a concerted expression. Their co-regulation, ability to associate and presence in the main lens body most likely help to establish the tight packing of proteins in the eye lens essential to let it become “biological glass” (Bassnett et al., 2011).
Having herewith described patterns of distribution for individual galectins, the next step is the extension of applying immunohistochemistry to reach a comprehensive analysis for all galectins of an organism, and this requires non-cross-reactive antibodies. Such full-scale monitoring for a vertebrate can most conveniently be attained for a species with a comparatively small number of family members. The respective survey given in Fig. 2 pinpoints chicken as most suited study object with its seven galectins (CGs), which represent all types of vertebrate galectin architecture (details in this structural aspect will be presented below). By taking the mapping of profiles of tissue distribution from single members to the complete family for this test case, the occurrence of individual patterns of distribution with overlaps but also differences were ascertained (Kaltner et al., 2015; Manning et al., 2017b, 2018b). This result is exemplarily documented for adult chicken retina in Fig. 3e-g (for information on galectin mapping in murine organs, please see Lohr et al., 2007 for proto-type galectins and Nio-Kobayashi, 2018 for a review).
That intricate regulatory mechanisms are operative to control expression for each galectin could best be demonstrated in an experimental setting, when the galectin fingerprint is successively taken during the
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stages of cellular maturation that starts from a single progenitor cell type. To do so, the eye lens with its origin from a single type of progenitor cell that develops into cuboidal epithelium and highly specialized fiber cells offers a very attractive model (Maisel et al., 1981; Piatigorsky, 1981; Chow and Lang, 2001; Bassnett and Sikic, 2017). The course of cell maturation from the progenitor cells of ectodermal origin to the fully differentiated phenotypes is schematically illustrated in Fig. 5. By analyzing sections from different regions of the eye lens by immunohistochemistry at a distinct stage of development (i.e. HH stage 36) with non-cross-reactive anti-CG-specific antibody preparations, the concept of a fine-tuned regulation given above was verified (Fig. 6; for data on immunohistochemical monitoring during the course of development on the level of the complete CG family, please see Garc
i
a 
) (
Caballero et al., 2020).
Moving from an application in embryology to histopathology, fingerprinting of galectins in tumors has potential to relate their expression to prognosis and the tumor microenvironment as well as to refine tumor diagnosis (Gabius et al., 1984, 1986a,b; Nagy et al., 2003; Langbein et al., 2007; Saussez et al., 2010; Remmelink et al., 2011; Dawson et al., 2013; Smetana et al., 2015; Živicová et al., 2017, 2018). The detection of association of altered extent of galectin presence with clinical parameters will then give direction to functional assays, as was similarly the case to identify galectins as factors in the pathogenesis of osteoarthritis (Toegel et al., 2014, 2016; Weinmann et al., 2016, 2018).
In summary, lectin expression is subject to an exquisite control that guarantees individual profiles in space and time, far from a uniform pattern of house-
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Fig. 4. 
Illustration of the degree of complexity of putative possibilities for transcriptional regulation of expression of human Gal-1, -3 and -8 genes. Based on computational searches for sequences with predictable affinity for transcription factors in the 2500 bp promoter region upstream of the transcription start site (settings: complete identity of core sequence and entire motif similarity of at least 0.8), respective proteins with at least one potential site for binding are listed (for details on position of sequences and explanation of the acronyms of the identified proteins, please see Toegel et al., 2016; Weinmann et al., 2016, 2018). Sequence motifs for binding can either be unique for a certain galectin (given in blue, yellow and red), shared by a set of two galectins (given in green, magenta or brown) or common for all three galectins (given in white).
)
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Fig. 5. 
Determination and differentiation route of cells that form the mature eye 
lens. At about embryonic developmental stage HH 17-18, cells of ectodermal 
origin are the source of the epithelium of the lens vesicle. In the next phase, cells 
can be directed to two routes: to undergo differentiation and elongation with loss 
of organelles to become primary lens fibers, or to form the central anterior 
epithelium. During eye lens development, cells in the central anterior epithelium 
can divide and generate new epithelial cells or can migrate to the equatorial pole 
at the annular pad and, afterwards, elongate and differentiate to nucleated fiber 
cells and secondary fiber cells.
)keeping proteins. The sophistication of gene regulation together with the access to intra- and extracellular sites by cytoplasmic production and subsequent externalization team up to make a galectin available at distinct places at a certain time in order to engage in functional pairing(s). Looking at the similar degree of plasticity at the level of glycan display determined by (plant/fungal) lectin histochemistry, the notion for rather widespread presence of β-galactosides and a co-regulation of galectins and their counterreceptors is arising. Remarkably, the mentioned case of Gal-1 that has been called a “bifunctional regulator of cellular proliferation” (Scott and Weinberg, 2004) has already indicated versatility with respect to the biochemical nature of ligands. It can be a glycan of a cellular glycoconjugate and it can also be a protein. Thus, the next two sections deal with ligands of galectins.
Toward multifunctionality: glycans as ligands
By the definition for a lectin given above, the 

canonical (glycan) ligand for a galectin is a β-galactoside. The ‘letter’ galactose (of the sugar alphabet) is a rather common constituent of the spatially accessible terminal section of N- and O-glycans, of the glycosaminoglycan keratan sulfate and of glycan chains of sphingolipids. Structural variability among β-galactosides is generated by different linkages of galactose to the glycan chain (β1,3 or β1,4; α1,3 in chain extensions), by different subterminal moieties in the chain and different substitutions (sialylation/ sulfation, blood group epitopes). As a consequence, a large set of potential ligands for galectins is available (Fig. 7). This situation is clearly different from the presence of a highly unique signal as mannose-6-phosphate is. It is produced in a 2-step synthesis on high-mannose- or hybrid-type N-glycans of a small set of target proteins and is recognized as a postal code for delivery to lysosomes by the two P-type lectins (Dahms and Hancock, 2002; Kornfeld, 2018).
In contrast, most of the glycan chains of vertebrate glycoproteins are known to present β-galactosides. The
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dynamic tailoring of the glycan sequence and of the local density of cognate epitopes opens the way to modulate their properties as (ga)lectin ligands. Most notably, occupancy of the 6'-OH group of the galactose unit (by sialylation) precludes an interaction with a galectin so that α2,6-sialylation is like a molecular 
) (
switch-off mechanism. In principle, to reach the aim of building a versatile recognition system operative at many sites, presentation of various types of ligands and intimately regulated expression of several members of the galectin family compose the contents of a toolbox that is ideal to generate a large quantity of permutations
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Fig. 6. 
Schematic representation of an eye lens of a chicken embryo at HH stage 36 together with photomicrographs that illustrate distinct staining patterns for localization of CG-1A (
a-a’’’
), CG-3 (
b-b’’’
)
, 
CG-8 (
c-c’’’
) and C-GRIFIN (
d-d’’’
) in different regions of the lens (secondary (yellow)/primary (orange) lens fibers (
a-d
); transitional zone (green, 
a’-d’
); annular pad (blue, 
a”-d”
) and central anterior epithelium (magenta, arrowheads in 
a’’’-d’’’
)). Processing of sections with the specific anti-CG-1A IgG fraction led to moderate homogeneous staining in secondary/primary fiber cells (
a
), nucleated fiber cells at the transitional zone (
a’
), equatorial epithelial cells of the annular pad (
a”
) and central anterior epithelial cells (
a’’’
). In contrast, strong signals for presence of CG-3 were detected in nucleated fiber cells (
b’
) and anterior/equatorial epithelial cells (
b”, b’’’
)
, 
whereas secondary and primary fiber cells were only weakly stained (
b
). Low signal intensity for CG-8 presence was observed in fiber cells (
c, c’
) and, comparatively stronger, in epithelial cells at the annular pad (
c”
) and cells of the anterior central epithelium (
c’’’
). Presence of C-GRIFIN was restricted to fiber cells, with strong staining intensity in primary and secondary fiber cells (
d
) and moderate intensity in nucleated fiber cells at the transitional zone (
d’
)
. 
Antibody concentrations: 1 µg/mL for anti-CG-1A and anti-CG-3; 4 µg/mL for anti-CG-8 and anti-C-GRIFIN (for details on CG expression in the eye lens during the course of development, please see Garc
i
a Caballero et al., 2020). Scale bars: 20 µm.
)
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en route 
to multifunctionality.
When examining Fig. 7 accordingly, the number of the types of β-galactosides (and also two glycans, in which N-acetylgalactosamine (GalNAc) takes the place of galactose) used as headgroups and known to be ligands for members of the galectin family is indeed high. A large panel of methods has been helpful to collect information on affinity, selectivity and specificity 
) (
in glycan-galectin recognition (for an overview of the techniques, please see Table 1 in Solís et al., 2015; for selected illustrations of experimental data obtained in assays with human Gal-1, please see Fig. 4 in Gabius et al., 2011; for an example of testing galectin specificity with synthetic glycocompounds histochemically, please see Roy et al., 2017; for an overview on binding profiles for glycans measured by frontal affinity chromatography,
)[image: ][image: ] (
Fig. 7. 
Illustration of the structures of di- to tetrasaccharides and the headgroup of sulfatide that are known as galectin ligands (symbols used for carbohydrates are explained in the bottom part).
)
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please see Iwaki and Hirabayashi, 2018; for a survey on the architecture of the contact region between glycans and mammalian galectins beyond Gal-1, please see Romero and Gabius, 2019). Notably, structural features such as presentation of N-acetyllactosamine in tandem repeats (Gal131,4GlcNAc131,3; LacNAc) in especially 131,6-linked chains of complex-type N-glycans (added by GnT-V) or core 2/4 mucin-type O-glycans (added by C2GnT), introduction of a sialic acid moiety or a sulfate group at the 3'-position of galactose or substitution of the LacNAc core to build histo-blood ABH group determinants will shift affinity values between galectins. As a consequence, often seemingly subtle structural alterations among 13-galactosides endow cells with a graded responsiveness to individual galectins. Toward the same aim, the topology of glycan presentation can be altered.
A potent means to increase the affinity of a galectin to a glycan ligand is to arrange galactose-containing headgroups in clusters, either by local vicinity of headgroups in branched N- or O-glycans, as determined for a glycoprotein (asialofetuin) with three triantennary N-glycans (Dam et al., 2005), or by microdomains, whose high-affinity binding capacity to Gal-1 and -3 is impaired by disrupting their integrity by extracting cholesterol (Kopitz et al., 2010). Interestingly, loading of the binding sites on a glycoprotein with galectin proceeds in a gradient of decreasing affinity constants, letting occupancy of the first site(s) attain (very) high fractional affinity (Dam et al., 2005). Local clustering of sites suited for contact defined by the glycans’ sequence and also their conformer status (the third dimension of the sugar code following structural aspects of linear and branched glycan chains as first and second dimensions; von der Lieth et al., 1998; for detailed information on conformers of the pentasaccharide of ganglioside GM1 and their (differential) selection by lectins, please see Ledeen et al., 2018) can therefore guide a galectin to its high-preference target in the specific context, and this can not only happen on cell surfaces and in the ECM but also in the cell.
In addition to glycoconjugates at extracellular sites, pairing of a galectin with glycans is also possible intracellularly. What has puzzled researchers in the field for decades, i.e. intracellular galectin presence without an obvious glycan to bind to, is now making sense. Currently attracting enormous attention, damage to membranes of endocytic vesicles or phagosomes can make glycans accessible to galectins such as Gal-3 and - 8 in the cytoplasm. Their association to these docking sites can then initiate the autophagy program in response to harm done to endomembranes by serving as a core for the formation of a complex together with tripartite motif 16 (TRIM 16), an E3 ubiquitin ligase and link to autophagy mediators such as ULK1 or Beclin-1 (for a review on intracellular galectins as effectors to start autophagy programs, please see Hong et al., 2018; for more details on peptides as docking site for galectins, please see the next section). In these cases, the glycan 

that is now accessible signals danger, its binding by a galectin is followed by its interaction with a protein of the autophagy response: intracellular galectins sense danger and call for help. This apparent bifunctionality of first binding a glycan, thereafter a protein is – mutatis mutandis – evocative of the interplay between two sites in a slime mold lectin (discoidin I) to exert its crucial role in the ordered cell migration upon starvation (Gabius et al., 1985). In our context, this intracellular galectin activity embodies one route to multifunctionality by involving more than one contact region within the CRD, a clear case of moonlighting (for more details on peptides as ligands, please see the next section).
As noted at the end of the previous section, the application of (plant/fungal) lectin histochemistry has taught us that glycan profiles are subject to change in the course of cellular processes such as differentiation or acquisition of the malignant phenotype. Plant, fungal and bacterial lectins have all been used as tools to detect respective alterations, and such data make us wonder why these differences actually occur. The work on the endogenous lectins that likewise have become tools in cyto- and histochemistry (for an example on Gal-1, please see Gabius et al., 1991) has uncovered an important clue. All in all, shifts in the composition of the cellular glycome alter its capacity to interact with tissue lectins. Differentiation/disease-associated epitopes could become functional markers, if a tissue lectin could be found that ‘reads’ such a signal and then ‘translates’ its meaning into a (patho)physiological consequence. The case of the three C-type lectins known as selectins and the co-expression of counterreceptors for them in inflammation and cancer progression has already furnished striking proof for intimately regulated functional pairing within the concept of the sugar code (McEver, 1997; Ley, 2003; Borsig, 2018; Ivetic, 2018). Indeed, several molecular mechanisms have already been discovered that verify this fundamental hypothesis for galectins, as now given below.
An often encountered modality to alter the glycophenotype is removing or adding a sialic acid residue from glycan chains. Actually, this type of glycan remodeling had been detected in the course of neuroblastoma cell differentiation or effector T cell activation, and it had been traced back to the activation of a cell surface ganglioside neuraminidase (Kopitz et al., 1994, 1997; Wang et al., 2009). This enzyme converts the hexasaccharide of ganglioside GD1a by a desialylation step to the pentasaccharide of ganglioside GM1, a counterreceptor for Gal-1 and therefore a signal for growth control (Kopitz et al., 1998, 2001; for reviews, please see Ledeen et al., 2012, 2018). Intriguingly, enzymatic downsizing transforms a masked glycan into a compact molecular ‘message’ that is ‘read’ by a galectin resulting in reduced cell proliferation.
The same aim, that is making such a signal accessible, is reached by turning down the extent of sialylation, often seen to be high on tumor cell surfaces,
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on the level of the transfer of sialic acid from the donor (CMP-sialic acid) to the acceptor (glycan chain) by a sialyltransferase. α2 ,6-Sialylation of N-glycans in (pancreas) carcinoma cells can be interpreted as a means to make binding and therefore growth regulation by a galectin impossible. If this is the case, then decreasing the level of presence of α2,6-linked sialic acids could make tumor cells susceptible to growth control by galectin(s). Indeed, the tumor suppressor p16INK4a was shown to instruct pancreatic carcinoma (Capan-1) cells to revert from malignant growth to being responsive to Gal-1 to undergo anoikis this way. The tumor suppressor’s negative effect on sialic acid synthesis (by downregulation of mRNA and/or protein levels of two enzymes of this pathway, i.e. GNE and NANS) and the resulting decrease in degree of α2,6-sialylation of N-glycans are the reasons why surface glycoproteins of p16INK4a-positive tumor cells bind Gal-1 better, as shown by cytofluorometry: anoikis is then induced by the pairing of Gal-1 with the fibronectin receptor (α5131-integrin), which in a cascade first causes activation of focal adhesion kinase and in the next step of caspase-8 (André et al., 2007; Amano et al., 2012). Strikingly and making sense pathophysiologically, the extents of presence of Gal-1 (and also of the α5131-integrin) on the cell surface are increased at the same time in a concerted manner. Hereby, compelling evidence is provided for a co-regulation of glycan and protein (to generate the productive glycoprotein counterreceptor) as well as of the galectin: its binding via the cognate glycan cross-links the effector glycoprotein to set the stage for downstream signaling. Distinct glycans, by virtue of their presentation by a particular protein and their interaction with a tissue lectin, hence qualify as functional biomarkers. In aggregate, the dynamic remodeling generates both a phenotypic characteristic, in the case of α2,6-sialylation of N-glycans cyto- and histochemically readily detectable by a fungal lectin (i.e. PSL, from Polyporus squamosus; Mo et al., 2000; Toma et al., 2001) or by human siglec-2 (CD22) (Lohr et al., 2010), and a sugar-based signal ‘read’ and ‘interpreted’ by a galectin.
In addition to the dynamic remodeling via a glycosidase or by substrate availability, glycosyltransferases are already known whose expression affects tumor cell properties. Their activities implement new characteristics in the glycome, with relevance for galectin binding. With focus on O-glycosylation, introduction of a 131,6-branch in mucin-type O-glycans (by C2GnT) and ensuing polyLacNAc addition (by alternating action of a 134GalT and a 133GnT) were associated with induction of Gal-1-dependent cell death in T lymphoma cells (Galvan et al., 2000; Cabrera et al., 2006). An efficient attack on bladder cancer cells by cytotoxic T lymphocytes via HLA class I recognition occurred by prolonging its surface presentation in a lattice that Gal-3 holds together (Sutoh Yoneyama et al., 2017), whereas natural killer (NK) cell silencing happened, if Gal-3 bound to the 

polyLacNAc extension of O-glycans of MHC class I-related chain A interferes with tumor cell-NK cell (here the activating receptor NKG2D) recognition (Tsuboi et al., 2011).
Intriguingly (but not unexpected), keeping O-glycans small by making branching impossible can have remarkable consequences. Introducing a sialic acid moiety via an α2,6-bond into mucin-type core 1 O-glycans at the early stage of O-glycosylation, that is into the Ser/Thr-linked GalNAc moiety (by ST6GalNAc-II), is referred to as a suppressor mechanism for breast cancer metastasis. The presence of this sialic acid residue precludes enzymatic extension of the so-called Tn antigen (Tn=“T antigen nouvelle”, αGalNAc, CD175) to the Thomsen-Friedenreich disaccharide (TF antigen, Gal131,3GalNAcα, CD176; for reviews on Tn/T antigens, please see Berger, 1999; Ju et al., 2011; Gabius et al., 2015), a galectin ligand shown in Fig. 7. Therefore, Gal-3 binding is prevented that otherwise would both elevate tumor cell retention in lung and cell interactions establishing emboli (Murugaesu et al., 2014). Also, α2,3-sialylation of the TF epitope on tumor cells will then be precluded. This process would otherwise produce a ligand for siglec-9 expressed on myeloid cells, this glycan-lectin interplay also favoring tumor progression (Beatson et al., 2016; Fraschilla and Pillai, 2017).
Toward the same end, the loss of expression of the specific protein to present the cognate glycan and to convey its message can occur. Reflecting clinical significance, this is the case for CD7: accumulation of CD7-negative T lymphoma cells is often seen during disease progression in patients who suffer from Sézary syndrome. This phenomenon is likely, at least in part, due to these cells’ resistance to Gal-1-induced cell death, because pairing of Gal-1 with CD7 is essential to trigger apoptosis in these tumor cells (Rappl et al., 2002). Overall, these examples on affecting glycan and glycoconjugate display illustrate the emerging intimate interplay between cellular glycosylation and galectins.
To test this relationship quantitatively in a bottom-up manner, a box of bricks for building custom-made model test systems would be ideal. Design and application of nanoparticles (obtained by self-assembly of amphiphilic Janus glycodendrimers) with chemically programmable surface glycan profile have already proven very helpful for this purpose (Percec et al., 2013). The possibility to vary glycan density and structural complexity systematically generates versatile tools to answer questions for example on activity differences among galectins (Zhang et al., 2014; Xiao et al., 2018). In addition, as already indicated above, natural galectin variants are based on either alternative splicing or single nucleotide polymorphism, as is the case for Gal-8, a bridging factor between myeloma and vascular endothelial cells (Friedel et al., 2016), and respective protein pairs have already been tested with glycodendrimersomes to reveal first evidence for functional differences by linker length variation (33 or
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74 amino acids) and occurrence of the F-to-Y transition at position 19 (Ruiz et al., 2014; Zhang et al., 2015).
Of conspicuous significance for the (patho)-physiological multifunctionality of galectins, glycans as docking sites for galectins can be attached to a multitude of natural scaffolds. In other words, the glycosylation machinery can add the label for galectin binding to many proteins: when this happens to cell-type-specific proteins, then post-binding effects are locally restricted, and the elicited signaling can in principle take a host of directions depending on the nature of the target glycoconjugate. The expression of galectins at various sites, noted above, is then instrumental to make context-specific pairings possible. Fittingly, galectins (and other types of tissue lectins) appear to be selective among the cellular glycoconjugates (Gabius et al., 2016). In other words, the nature of the target glycoconjugate(s) for a galectin can vary with the cell type (for a compilation of documented glycoconjugate counterreceptors for Gal-1 and -3, please see Table 2). Hereby, phrased as a take-home message, the same galectin is able to interact with components in diverse pathways to exert its pleiotropic effects noted above, for example an integrin (on carcinoma cells; Sanchez-Ruderisch et al., 2011) or the mentioned glycoprotein CD7 (on activated or leukemic T cells). In addition, as already indicated above in the context of growth regulation via glycan-inhibitable or -insensitive cell binding of Gal-1, the Gal-3 and -8-dependent initiation of autophagy and crystallin association to eye-lens-specific GRIFIN, galectins do bind motifs other than the β-galactosides depicted in Fig. 7.
Toward multifunctionality: peptides as ligands
The interaction of galectins with peptides is not 
) (
confined to very few cases. Table 2 presents known peptide-based ligands for Gal-1 and -3 along with cognate glycoconjugates. The contact between the two partners of such a recognition process can involve different regions within the β-sandwich fold of a galectin, even a part of the section that accommodates the canonical glycan ligand lactose. In that case, the presence of the NWGR motif in Gal-3 (with the Trp engaged in the C-H/π-based molecular rendezvous with galactose and the following Arg residue, both belong to the signature sequence; please see Fig. 1), which is known to be a part of the BH1 domain of the Bcl-2 family of proteins, the lactose-inhibitable association of Gal-3 with Bcl-2 and the loss of this galectin’s anti-apoptotic activity by the G-to-A mutation verify the assumption of a functional significance of this part of the sequence signature for a peptide-based Gal-3–Bcl-2 interaction in the cytoplasm (Yang et al., 1996; Akahani et al., 1997).
When in the nucleus, Gal-3 is able to upregulate activity of distinct promoters, for example of the cyclin D1 promoter (Lin et al., 2002). Physical interaction with a transcription factor, i.e. the thyroid-specific transcription factor (TTF)- 1, or a role in pre-mRNA splicing add to the already documented nuclear activities (Park et al., 2001; Paron et al., 2003; Nakahara and Raz, 2007). The interaction of Gal-1 with the transcription factor TFII-I, a general component of spliceosomes, did yet not require an essential amino acid for lactose binding, i.e. N46, because the N46D mutant was as active as the wild-type protein (Voss et al., 2008). Proceeding from mutagenesis to physical mapping, interaction analysis by (
1
H-
15
N HSQC) NMR spectroscopy using isotopically labeled protein is a means to identify the actual contact sites. By performing
) (
Table 2. 
Survey of cellular glycoconjugates and proteins that have been identified as counterreceptors for human galectin-1 (Gal-1) and galectin-3 (Gal-3).
) (
Type of
ligand Gal-1	
Gal-3
) (
ovarian carcinoma antigen CA125, CD2, CD3, CD4, CD6, CD7, CD43, CD45, CD69, CD95(Fas), CD146 (MCAM, MUC18), CD166 (ALCAM), carcinoembryonic antigen (CEA), fibronectin (tissue), gastrointestinal mucin, hsp90-like glycoprotein, β
1
-integrin (CD29), α
1
/α
4
/α
5
/α
7
β
1
-, α
IIb
β
3
- 
and
 α
4
β
7
-integrins, cell adhesion molecule L1, keratan sulfate, laminin, lamp-1, Mac-2-binding protein, nephrin, neuropilin-1, receptor protein-tyrosine phosphatase (RPTPβ), thrombospondin, Thy-1, tissue plasminogen activator, von Willebrand factor, chondroitin sulfate proteoglycan, distinct neutral glycolipids, ganglioside GM1
) (
CD6, CD7, CD11b of CD11b/CD18 (Mac-1 antigen, CR3), CD13 (aminopeptidase N), CD32, CD43, CD44, CD45, CD66a,b, CD71, CD95, CD98, CD146 (MCAM, MUC18), CD147, CD166 (ALCAM), CEA, colon cancer mucin, corneal mucin (MUC16), pancreas cancer mucin-4 and MUC1-D (N-glycan at Asn36), cubilin, C4.4A (member of Ly6 family), mDectin-1/2, desmoglein-2, epidermal growth factor receptor, glycoform of IgE, haptoglobin β-subunit (after desialylation), hensin (DMBT-1), insulin receptor, insulin-like growth factor-1 receptor, β
1
-integrin (CD29), 
α
4
/α
5
/β
1
-
 and α
ν
β
3
-integrins, interferon-γ, keratan sulfate, LI-cadherin, laminin, lamp-1/-2, lubricin, Mac-2-binding protein, Mac-3, MAG, MP20 (tetraspanin), Na
+
/K
+
-ATPase, NG2 proteoglycan, NKp30, TCR complex, tenascin, tissue plasminogen activator, SIGN-R1, Toll-like receptor-4, transforming growth factor-β receptor, vascular cell adhesion molecule-1, vascular endothelial growth factor receptor 2, von Willebrand factor, ganglioside GM1
) (
Glycoconjugate
) (
AGE products, Alix/AIP-1, ATP synthase. b-subunit, axin, Bax, Bcl-2, β-catenin, CXCL12, Cys/His-rich protein, Gemin4, glycogen synthase kinase-3β, hnRNP A2B1, hnRNP Q, mSufu, Mer receptor tyrosine kinase, myosin-2A, NLRP3 (NOD-like receptor family, pyrin domain containing 3, cryoporin), non-receptor tyrosine kinases c-Abl and Arg, nucleoporin Nup98, nucling, oncogenic K-Ras, OCA-B, pCIP, PIAS1, synexin (annexin VII), Tsg101, thyroid-specific transcription factor (TTF)-1, transcription factor TFII-I, tripartite motif protein (TRIM) 16 (and also 5α, 6, 17, 20, 22, 23 and 49)
) (
B lymphocyte adaptor molecule of 32 kDa (Bam32), CaV1.2 L-type calcium channel (α
1
-subunit), FOXP3, Gemin4, oncogenic H-Ras/RBD of C-Raf , OCA-B, pre-B cell receptor (human, not murine system), transcription factor TFII-I
) (
Protein
)
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Fig. 8. 
Illustration of types of architecture of (in)vertebrate galectins that originate from the ancestral carbohydrate recognition domain (CRD; center), as listed in Fig. 2 (choice of color reflects homology up to identity of CRDs in the proto-type (homodimeric) proteins). Non-covalently associated homodimers are called ‘proto-type galectins’, linker-connected heterodimers (and hetero-oligomers) are ‘tandem-repeat-type galectins’ and a C-terminal CRD connected to an N-terminal section with phosphorylation sites and collagen-like repeats is ‘chimera-type galectin’ (Gal-3 in vertebrates); for details on chicken galectins, please see Fig. 4 in Kaltner and Gabius, 2012.
)[image: ]this type of experiment, the binding of the pre-B cell receptor to Gal-1 was revealed to engage entirely independent sites of interaction for this protein ligand and for lactose (Elantak et al., 2012), terminologically entirely correct moonlighting by the galectins ensured. Remarkably, Gal-1 is also a binding partner of OCA-B, known as a B cell-specific transcriptional coactivator involved in immunoglobulin gene expression and a signaling molecule (Yu et al., 2006). In addition to peptides, binding to the farnesyl chain (of oncogenic H-Ras) in the case of Gal-1 (Rotblat et al., 2004; Yu et al., 2015) and to nucleic acids in the case of Gal-3 (Wang et al., 1995) is documented. In this special instance, the strongly basic isoelectric point of Gal-3 (as also exhibited by Gal-8) may play a role.
In summary, the CRD of galectins has more to offer as a platform for interactions than the canonical affinity to β-galactosides. Cognate peptide motifs add proteins to the growing list of counterreceptors of galectins. Each galectin – due to the sequence divergence – has its own specificity spectrum (and even very closely related galectins such as human Gal-1 and -2 that share 43% sequence identity differ in profile of binding partners and of triggered effector mechanisms, here stimulation of non-uniform sets of caspases in activated T cells; Sturm et al., 2004), as is the case for the expression and localization profiles. To reach multifunctionality, the already discussed factors would already suffice but – last but not least – there is a further feature of enormous functional significance, i.e. the architecture of galectins.
Toward multifunctionality: galectin architecture
The experimental read-out in the popular haemagglutination assay is based on a distinct aspect of 

lectin architecture, i.e. the ability to bridge ligands on opposing cell surfaces. In functional terms, cross-linking by galectins will also be the basis to bring counterreceptors together in lattices on membrane surfaces. This arrangement slows down endocytosis, which prolongs residence time of the cognate glycoproteins on the cell surface, as has been mentioned above as a consequence of HLA class I–Gal-3 recognition on bladder tumor cells (Sutoh Yoneyama et al., 2017). Along this line and of conceivable clinical perspective for type 2 diabetes, a probable link between diet and insulin production by glycosylation of a distinct surface glycoprotein has been reported in an animal model: rate of endocytosis of the pancreatic β cell glucose (Glc) transporter 2 (causing its removal from the plasma membrane) was enhanced by attenuation of N-glycan branching (by GnT-IVa); less branching is assumed to account for a decrease in extent of aggregate formation of this glycoprotein with galectins such as Gal-9, probably crucial for shortening the Glc transporter’s surface residency (Ohtsubo et al., 2005). Building of high-order galectin-glycoconjugate complexes also is the decisive step toward post-binding signaling, as for instance triggered en route to a mitogenic stimulation, and “the same may also be true for the induction of other biological effects in cells by lectins” (Sharon, 1994). Since the galectin CRD contains a single contact site for β-galactosides, cross-linking can only be achieved by somehow forming CRD clusters, and here galectin architecture comes into play.
Actually, the CRD display in vertebrate galectins looks simple but is strategically highly sophisticated, a graphical overview given in Fig. 8. As shown, three types are established: a non-covalent association of the same type of CRD (proto type), a linker-based (thus
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covalent) association of two different types of CRD (tandem-repeat type) and a modular design, in which the CRD is connected to an N-terminal segment with two sites of serine phosphorylation (relevant for nuclear transport) and a section established by non-triple-helical collagen-like repeats (relevant for aggregate formation) to build a chimera-type galectin, in Gal-3 (Fig. 8). These classifying terms have already been entered into Fig. 2, which in boxes tabulates the presence of representatives of each group and the variability in numbers among selected animals. What’s more, with respect to the types of galectin design, exchange of CRDs is possible among individual homodimeric galectin proteins. This was first shown for rat GRIFIN (Ogden et al., 1998), and CRDs can even switch partners to create heterodimers (Miller et al., 2018).
The given panel of three types of galectin design means that diverse combinations of counterreceptors can be included into lattices, and, beyond this, that lattices of different spatial organization arise by either involving a bi- or a multivalent galectin. Actually, Gal-3 is unique among galectins by being able to turn its monomer into aggregates using contacts between the N-terminal tail and/or between CRDs or both (for a survey on the structural basis of Gal-3 aggregation, please see Flores-Ibarra et al., 2018; for experimental determination of the tail’s critical length for aggregation, please see Kopitz et al., 2014). This possibility for generating galectin-glycoconjugate complexes of non-identical topological order had first been discovered for the proto-type Gal-1 vs the chimera-type Gal-3 (Ahmad et al., 2004). The 
) (
differences in protein architecture combined with sharing affinity to the same counterreceptor can then be the basis for functional antagonism. Indeed, blocking Gal-1 activity by Gal-3 was found for these two galectins in tumor cell growth regulation (Kopitz et al., 2001; Sanchez-Ruderisch et al., 2010) and in nanoparticle aggregation (Ludwig et al., 2019a). When shared bivalency is combined with disparity in target selection, in contrast, this scenario can lead to different post-binding effects, tandem-repeat-type Gal-4 being unable to inhibit neuroblastoma cell growth 
in vitro 
that homodimeric Gal-1, -2 and -7 all reduce (Kopitz et al., 2003, 2012). In contrast, its special affinity to sulfatides, especially with long-chain (C24) fatty acids, predestines it as cargo transporter in apical or axonal delivery of glycoproteins (Delacour et al., 2005; Stechly et al., 2009; Velasco et al., 2013). Since vertebrates have genes for members of each of the three design groups (Fig. 2), the arising potential for (complex) functional interactions 
in situ 
has intriguing implications for the study of galectin expression. Obviously, a comprehensive network analysis is essential to delineate all possibilities for such an interplay by co-expression.
Equally relevant as antagonism is, cooperation toward the same read-out, i.e. manifestation of pro-degradative/inflammatory effects via activation of the NF-κB pathway in osteoarthritis, has been documented. Testing mixtures of Gal-1, -3 and -8 in line with their immunohistochemically detected co-upregulation in osteoarthritis pathogenesis revealed this type of functional cooperation (Toegel et al., 2014; Weinmann et
)[image: ] (
Fig. 9. 
Illustration of galectin histochemical staining profiles in cross sections through fixed murine testis. Photomicrographs document overviews (
a-h
), and regions at increased magnification (
i-w
) are presented for distinct cell types (i.e. cells of the spermatogenic cycle (
i-m
): the respective part of the tubule analyzed is indicated as a boxed area marked with an arrow in panel 
a
; Sertoli cells (
n-r
): the part of the tubule analyzed is designated by the boxed area marked with a filled arrowhead in panel 
a
; Leydig cells (
s-w
): the part of the intertubular interstitium analyzed is highlighted by the boxed area marked with an open arrowhead in panel 
a
. 
a. 
Negative control by omission of the incubation step with first-step reagent (labeled galectin) to exclude lectin-independent signal generation. 
b. 
Strong binding of wild-type Gal-1 in the cytoplasm of cells of the seminiferous epithelium and comparatively stronger positivity in Leydig cells (white arrowhead). 
Inset to b 
exemplarily shows extent of reduction of galectin binding by incubation of labeled probe in the presence of cognate sugar (lactose; 200 mM). 
c-f. 
The linker-connected variant proteins stained round spermatids, particularly strong in the Golgi and the acrosomal cap region. In the cytoplasm of spermatogenic cells, the degree of intensity was stronger for (Gal-1)
2
-GG 
(c) 
and for (Gal-1)
2
-8S (
d
) than for the respective tetramers, i.e. (Gal-1)
4
-GG (
e
) and (Gal-1)
4
-8S (
f
). Presence of 10 mM lactose nearly completely inhibited binding of (Gal-1)
4
-8S (
inset to f
). 
g. 
Processing with labeled Gal-3-like Gal-1, i.e. Gal-3NT/1, generated a staining profile and degree of intensity comparable to those obtained with wild-type Gal-1 (
b
), whereas binding sites for wild-type Gal-3 were detected at moderate level of staining in the cytoplasm of cells of the seminiferous epithelium (
h
). The Golgi region of spermatogenic cells in stage VII (arrow)/XII (open arrowhead) of the spermatogenic cycle and residual bodies (filled arrowhead) within the epithelium of a stage XII tubule section showed prominent dot-like staining (
h
). Enlarged views of the main cell types (please see corresponding boxed areas in 
a
) document nearly identical staining profiles for labeled wild-type Gal-1 (
i, n
) and Gal-3NT/1 (
l, q
) with a strong and rather homogeneous cytoplasmic positivity of cells of the spermatogenic cycle (round spermatid, open arrowhead; spermatocyte, filled arrowhead; spermatogonia, arrow; 
i, l
) and of Sertoli cells (arrows; 
n, q
). Leydig cells (arrows, 
s, v
) were strongly positive, whereas interstitial macrophage-like cells (filled arrowhead, 
s, v
) were negative. 
j, k. 
Processing of sections with labeled homodi- and tetrameric variant protein, i.e. (Gal-1)
2
-GG 
(j)
, (Gal-1)
2
-8S (
inset to j
), (Gal-1)
4
-GG (
k
) and (Gal-1)
2
-8S (
inset to k
), led to very strong staining intensity in acrosomal caps, cytoplasm and Golgi region of round spermatids, and, occasionally, in the Golgi region of spermatocytes (filled arrowheads). Cytoplasm of spermatocytes (filled arrowheads), spermatogonia (arrows) (
j, inset to j
), Sertoli cells (arrows, 
o, inset to o
) and Leydig cells (arrows, 
t, inset to t
) presented weak staining intensity after testing (Gal-1)
2
-GG and (Gal-1)
2
-8S. Reduced level in staining intensity was observed in these cell types when applying (Gal-1)
4
-GG (
k, p and u
) and (Gal-1)
4
-8S (
insets to k, p and u
). Notably, macrophage-like cells in the intertubular interstitium (filled arrowheads in 
t, inset to t; u, inset to u
) were stained by the labeled variants with strong intensity. Binding of wild-type Gal-3 was detected in the cytoplasm of the cells of the spermatogenic epithelium (spermatids, open arrowhead; spermatocytes, filled arrowhead; spermatogonia, arrow in 
m
, Sertoli cells, arrow in 
r
) at a moderate and in the cytoplasm of Leydig cells (arrow, 
w
) at a low level. Golgi regions of round spermatids (open arrowhead, 
m
) and of macrophage-like cells in the intertubular interstitium (filled arrowhead, 
w
) were strongly positive for Gal-3 binding. The following concentrations were applied: Gal-1: 0.25 µg/mL; (Gal-1)
2
-GG, (Gal-1)
2
-8S, (Gal 1)
4
 GG, (Gal-1)
4
-8S, Gal-3NT/1: 0.5 µg/mL; Gal-3: 8.0 µg/mL. Scale bars: a-h, 50 µm; n-w, 5 µm; for details on technical protocol, please see Kutzner et al., 2019.
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al., 2018). This proof-of-principle evidence for functional additivity/synergy and antagonism between galectins highlights the interest to routinely combine mapping galectin presence with functional assays using mixtures. Besides its comparatively small group size, as indicated above, the representation of all three types of design for the CGs is another reason to study their expression in detail as a model with relevance for mammalian galectins.
When looking at Figs. 2, 8 the fundamental question arises as to why vertebrates express galectins of these distinct types of architecture and not for example the covalently linked homotetramers of Mollusca. As a step toward finding an answer to this problem, oligomers with the CRD of human Gal-1 as building block were created. By respective protein engineering on the level of the CRDs to alter galectin architecture purposefully, termed lectinology 4.0 (Ludwig et al., 2019b), variants were obtained and tested functionally along with the wild-type proteins. This approach revealed effector activity of the homotetramer with the CRD of human Gal-1 already at low levels of counterreceptor (ganglioside GM1) presence, which will likely compromise the physiological functionality of the mentioned GD1a-to-GM1 conversion in cell growth regulation (Kopitz et al., 2017). In contrast, the very potent aggregation of microbial pathogens by the natural homotetramer can contribute to protect the oyster in an environment replete of such challenges (Tasumi and Vasta, 2007). Elucidating functions of such other types of design can thus inspire innovative ideas to design and to test variants based on a CRD of a human galectin for medical applicability.
Traveling along this route, any CRD can become a part of an established architecture, a productive approach to define the significance of the architecture for function, as explained here for Gal-3: when the chimera-type 
) (
protein acquired bivalency like Gal-1, the resulting homodimer of the Gal-3 CRD was no longer an antagonist of the growth-inhibitory Gal-1. Instead, it was as active as negative regulator as the Gal-1 homodimer (Ludwig et al., 2019a). Flanking such proliferation assays experimentally, the effect of the redesign of a natural CRD arrangement can also be tested by lectin histochemistry. This study line has been initiated for linker-connected Gal-1 homodi- and tetramers and a Gal-3-like Gal-1 protein (Kutzner et al., 2019). Examples for the impact of altering the protein design from the wild-type version to variants of human Gal-1 on the characteristics of cell staining are given in Fig. 9 and Fig. 10, together with a summary of the staining profiles in murine testicular tissue, which is presented in Table 3. Obviously, already the introduction of a short linker (Gly-Gly) into the Gal-1 homodimer leads to changes relative to non-covalently associated wild-type Gal-1 that are clearly seen for Leydig and macrophage-like cells (Fig. 9a-f,i-k,n-p,s-u). Whether one can attribute a shuttling of the Gal-1 CRD into a new structural context to deviations in staining relative to the respective wild-type galectin is answered next: the modular transplantation of the Gal-1 CRD onto Gal-3’s N-terminal tail to create a Gal-3-like Gal-1 protein alters binding properties for these cell types relative to Gal-3 (Fig. 9g,h,l,m,q,r,v,w; Table 3). The special mode of presentation of photomicrographs in Fig. 10 enables the reader to spot described differences at a glance.
In summary, the approach of combining strategic engineering of galectin variants with their comparative testing has gained first insights into the ways the protein architecture determines the functionality of a CRD. On a fundamental level with relevance beyond galectins, it has thus proven its merits for clarifying architecture (protein design)-function relationships. The take-home message of this section is that the type of architecture
) (
Table 3. 
Histochemical profiling of carbohydrate-inhibitable staining by biotinylated wild-type and variant galectins in sections of fixed adult murine testis
a
.
) (
Type of protein
Gal-1
(Gal-1)
2
-GG
(Gal-1)
2
-8S
(Gal-1)
4
-GG
(Gal-1)
4
-8S
Gal-3NT/1
Gal-3
Seminiferous tubules














Spermatogonia
b


++/+++
++
++
+
+
++/++
++
Spermatocytes
b


++/+++
++/+++
c


++/+++
c


+/+++
c


+/+++
c


++/+++
++
Round spermatids
b


++/+++
+++
d


++++
d


++++
d


++++
d


++/+++
++
Elongated spermatids
b


+++
++++
e


+++
e


++++
e


+++
e


+++
+/++
Sertoli cells
b


++/+++
++
++
+
+/-
++/+++
+/+++f
Basal lamina
-
-
-
-
-
-
-
Inter-tubular interstitium














Leydig cells
b


+++
-
-
-
-
+++
+
Vessel walls
+
-
-
-
-
+/-
-
Connective tissue
+
-
-
-
-
+
++
Macrophage-like cells
b


-/+
+++
+++
+++
+++
-/+
+++
) (
a
intensity of staining in sections is grouped into the following categories: -, no staining; +, weak; ++, medium; +++, strong; ++++, very strong; 
b
staining of cytoplasm; 
c
Golgi region, <10% of cells; 
d
Golgi region and caps (cap phase of acrosome formation, stage VI/VII of the spermatogenic cycle); 
e
elongated acrosomal caps; 
f
dot-like staining pattern of residual bodies (stage XII of the spermatogenic cycle); for details on protein characteristics, please see Kutzner et al., 2019.
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(CRD display and modular design) is a key factor to shape the respective protein’s activity profile as lectin. That a CRD is presented in more than one type of modular set-up, as shown in Fig. 8, enables functional diversity and so contributes to reach multifunctionality.
) (
Conclusions
Nature’s invention of high-density information coding by sugars is the molecular basis for a wide variety of (patho)physiological processes. This
) (
Table 4. 
Five factors toward establishing multifunctionality of vertebrate galectins.
) (
Factor	
(Patho)physiological importance
) (
Glycan specificity	
ability to ‘read’ glycan-encoded signals with a β-galactoside core
) (
ability to bind distinct proteins (at the contact site for glycans or at different sites of the CRD as well as at other types
Protein specificity	
of module in the chimera-type galectins or the linker between CRDs in tandem-repeat-type galectins)
) (
ability of galectins to first reside in the cytoplasm and also to then directly access the nucleus (requires development
Absence of a signal peptide	
of export mechanisms to exert functions extracellularly besides release by cell death)
) (
a
single nucleotide polymorphism (e.g. F19Y in human Gal-8 or H64P in human Gal-3); 
b
operative for the linker sequence of certain tandem-repeat-type galectins such as Gal-8.
) (
Fig. 10. 
Illustration of effect of altering galectin architecture on staining profiles of a seminiferous tubule of fixed adult murine testis. Wild-type (WT) Gal-1, its linker-connected tetrameric variant (Gal-1)
4
-GG, Gal-3-like Gal-1 (Gal-3NT/1) and WT Gal-3 were tested on serial sections. Moderate and homogenously distributed staining of all cell types within the seminiferous tubule was characteristic for WT Gal-1 (top left). In contrast, the covalently linked tetramer selectively bound to the Golgi area of maturing spermatids (top right). The staining pattern of the Gal-3NT/1 variant (bottom right) with its strong positivity of the Golgi area and weak cytoplasmic staining of maturing spermatids was more similar to that of Gal-1 WT than to that of Gal-3 WT (bottom left). Probes (WT and variant galectins) were applied in the following concentrations: Gal-1 WT: 0.25 µg/mL; (Gal-1)
4
-GG, Gal-3NT/1: 0.5 µg/mL; Gal-3 WT: 8.0 µg/mL. Scale bars: 5 µm.
)[image: ] (
Variability of protein architecture incl. modular design
Variability of gene (promoter, SNP
a
) and mRNA (alternative splicing
b
) sequences
) (
ability to form different types of topological arrangements with counterreceptors, to alter quaternary structure by self-association and to build multi-contact complexes
ability to be expressed in specific spatiotemporal patterns with cell-type selectivity and responsiveness to inducers; ability to gain functional divergence by single-site deviations in gene sequences (in individuals) and by altering linker length by exon skipping in tandem-repeat-type galectins (e.g. exon V in CG-8)
)
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perception guarantees future research on glycans a place in the limelight, drawing on a colloquial expression for work on lectins becoming more and more popular (Sharon, 1998). Since tissue lectins are a means to turn glycan-encoded signals into biological activities, increasing attention is in parallel naturally paid to characterizing their expression, structures and functions. That not a single but more than a dozen folds for proteins have all developed a contact region for glycans underscores the validity of the assumption of the fundamental significance of glycan-lectin recognition. Understanding this molecular interplay based on molecular complementarity means cracking the sugar code (Gabius, 2017). Matching the diversity and the dynamic regulation of the cellular glycome, ancestral lectin genes were the starting points to give rise to families of homologous proteins, by gene duplications and diversification with equally finely tuned expression profiles. This feature contributed to let lectins acquire multifunctionality. Factors that underlie multi-functionality have been identified and explained herein using galectins as instructive example.
To date, five characteristics are known to team up along the way toward multifunctionality for galectins (Table 4). As this table documents, there is much more to note than the capacities to bind glycans and to serve as a bridge between cells, a view initially held and already judged to be “restrictive” so that “it is certainly more full of promise” to rate galectin activities as being “dependent on the organ or cell type ...., and the same lectin may probably mediate several biological activities” (Caron et al., 1990). Henceforward, details obtained on each of the five listed items starting with the sugar specificity in Table 4 are sure to make their mark on the way we view (ga)lectins now and in the future.
The ongoing elucidation of how multifunctionality is attained in the case of galectins provides incentive to study other classes of vertebrate lectins accordingly, looking for analogies. Comparative considerations with plant lectins, using this information, are also proving worthwhile: leguminous lectins appear to help to achieve the dense packing of the contents of plant seed protein bodies by protein/protein-glycan interactions (Gansera et al., 1979; Einhoff et al., 1986; Freier and Rüdiger, 1987; Kummer and Rüdiger, 1988; Wenzel et al., 1993), exactly as suggested for vertebrate GRIFIN and its interplay with crystallins above. In both cases, a lectin is like a molecular glue (a term also applied when sugar determinants are involved to fabricate supramolecular entities, the “carbohydrate gluing” of the extracellular giant hemoglobin from the murine worm Perinereis aibuhitensis (Ebina et al., 1995; Yamaki et al., 1998)). It will thus not be surprising to find more cases of “gluing” with glycans and/or peptides as binding partner(s) for mammalian lectins.
Also, the emerging principle of teamwork between members of the galectin family, with potential for additivity/synergy or antagonism depending on the context and on the architecture of lectins, may well be 

extrapolated. Along this line, a productive interplay between members of various lectin families in situ can be envisioned. It can likely also be operative during dynamic glycan remodeling. The case study of GD1a-to-GM1 conversion illustrates the possibility for a mode of lectins working in relays: a receptor for ganglio side GD1a, i.e. myelin-associated glycoprotein (siglec-4), is known as inhibitor of axon growth by pairing with GD1a (Quarles, 2007), desialylation then abolishing this interaction and making Gal-1–GM1 binding possible for switching to neuritogenesis (Wu et al., 2016). In this sense, the information presented in this review is intended to offer inspiration and a guideline for further efforts to understand the fundamental rules of letting lectins become efficient and versatile translators of the sugar code.
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-
cadherin and EGFR are known to be closely associated hence regulating differentiation and proliferation notably in epithelia. We have previously shown that galectin
-
7 binds to E
-
cadherin and favors its retention at the plasma membrane. In this study, we shed in light that galectin
-
7 establishes a physical link between E
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cadherin and EGFR. Indeed, our results demonstrate that galectin
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7 also binds to EGFR, but unlike the binding to E
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cadherin this binding is sugar dependent. The establishment of E
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7 to EGFR thus lead to a regulation of its signaling and intracellular trafficking allowing cell proliferation and migration control. In vivo observations further support these results since an epidermal thickening is observed in galectin
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7 controls epidermal homeostasis through the regulation of E
-
cadherin/EGFR balance.
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Galectin-7 is a member of the galectin family encompassing soluble lectins with a large variety of ligands and functions. In contrast to certain galectins which are widely expressed in various tissues galectin-7 expression is restricted to pluristratified epithelia such as the epidermis
1,2
. Furthermore this lectin is observed both in the extracellular compartment and in the cytosol, in mitochondria and even in the nucleus
3
. Galectin-7 is involved in multiple functions
3
 such as keratinocyte proliferation and differentiation
4
, wound healing
5,6
, cell migration and control of cell adhesion through direct interaction with E-cadherin
7–9
. Galectin-7 has been reported in several cancers as a marker but also as an actor in tumor progression
10,11
.
E-cadherin, a 120 kDa molecule, is one of the major constituents of adherent junctions. At the epithelial cell surface, trans-membrane E-cadherin associates with E-cadherin molecules from adjacent cell ensuring intercellular cohesion and communication. Different proteins have been found to regulate E-cadherin stability at the plasma membrane including β-catenin, p120-catenin, galectin-7 or tyrosine kinase receptors. Indeed, many studies suggest that Epidermal Growth Factor Receptor (EGFR) is involved in molecular complexes with E-cadherin and catenins
12,13
. These studies demonstrate that while EGFR activation can disrupt E-cadherin function, E-cadherin can reversely antagonize EGFR activity
14,15
. Moreover, these results indicate a dynamic relationship between EGFR and E-cadherin that regulates the function of both molecules.
EGFR is a cell-surface tyrosine kinase receptor that plays a fundamental role regulating cellular metabolism, growth and differentiation by initiating a complex signal transduction cascade
16
. After EGF binding EGFR is phosphorylated, ubiquitinated and internalized. The major EGFR downstream signaling pathways include the mitogen-activated protein kinase (MAPK), the phosphoinositide 3-kinase (PI3K)/Akt, the phospholipase C (PLC), the Janus kinase (JAK), and the signal transducer and activator of transcription (STAT) proteins
17
. Deregu
lated EGFR signaling and trafficking have been associated with numerous types of cancer
18
. EGFR extracellular domain consists of four subdomains following the signal peptide. These domains are heavily decorated with N-glycans and are involved in cancers notably as a result of aberrant or excessive glycosylation
19,20
, inappropriate N-glycosylation often resulting in EGFR dysfunction
21,22
. These glycosylations are major regulators of growth factor binding to EGFR
23
 and EGFR is a target of therapy including its inhibition by small molecules interfering with its intracellular kinase domain or by antibodies directed against its extracellular region
24
. Interestingly, regarding carbohydrates, galectin-7 displays preferential binding to internal or terminal LacNAc repeats carried by N-glycan
25,26
, highly represented in EGFR extracellular domain.
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In this study, we discover that EGFR, galectin-7 and E-cadherin form a complex in vitro and propose an original in silico structural modeling for these interactions. Interestingly, we also unveil that galectin-7 is a direct partner of EGFR via interactions through carbohydrate domains and decipher the relationship between EGFR and galectin-7 and the physiological consequences for homeostasis. By focusing on downstream signaling and subsequent EGFR endocytosis we demonstrate that galectin-7 is involved in the regulation of EGFR phospho-rylation and trafficking.
Results
Galectin-7 directly links E-cadherin to EGFR. We previously documented that galectin-7 binds to E-cadherin and regulates its dynamics at the plasma membrane7. Moreover overexpression of EGFR correlates with perturbation of the E-cadherin/catenin complex suggesting an underlying functional interaction between growth-regulatory factors and E-cadherin with consequences on the balance between proliferation and differentiation as illustrated by the results of Wilding et al.27. Hence, we decided to study a potential interaction between galectin-7, EGFR and E-cadherin using HaCaT cell line, an immortalized keratinocyte human cell line in which we have ensured that E-cadherin and EGFR co-precipitate (Fig. S1A). We generated HaCaT stable clones with a highly reduced galectin-7 expression by shRNAs gene silencing as previously described (ShGal7)7. We performed an E-cadherin internalization assay in presence or absence of EGF and measured the internal intensity of fluorescence corresponding to E-cadherin. As previously described7, at basal level E-cadherin is internalized with better efficiency in absence of galectin-7. In presence of 100 ng/ml EGF we observed that E-cadherin is 2.3 times more efficiently internalized in HaCaT cells when compared to cells without EGF (Fig. 1A). E-cadherin endocytosis is more intense in cells depleted of galectin-7. Thus galectin-7 has effects similar to those of an EGF antagonist on E-cadherin endocytosis and does negatively regulate the E cadherin endocytosis in absence as in presence of EGF. These results prompted us to consider that galectin-7 could form a tripartite complex between E-cadherin and EGFR as EGFR was pinpointed as a potential partner of galectin-7 in our preliminary proteomic study.
We thus realized in vitro binding assays with purified proteins. Recombinant human galectin-7 (rGal7) was incubated with a recombinant chimeric E-cadherin containing the E-cadherin ectodomain (Asp155-Ile707) fused to a C-terminal 6-Histidine tag (E-cad-His) and with the EGFR ectodomain (Met1-Ser645) fused to Fc fragment (Human IgG1-Fc (Pro100-Lys330) (EGFR-Fc). Experiments were conducted with protein G sepharose in such a way that only EGFR-Fc can bind to the beads. Strikingly, galectin-7 and E-cadherin were precipitated by EGFR extracellular domain (Figs. 1B, S1B). However, although the binding between E-cadherin and galectin-7 is sugar independent7, mutated form of galectin-7 with a R74S substitution in the carbohydrate recognition domain (CRD) faintly precipitated in vitro with recombinant EGFR-Fc and E-cadherin. These results strongly support a direct interaction between these three proteins reinforcing the concept of a tripartite complex. We thus checked the direct inding of galectin-7 and EGFR in vivo.
Galectin-7 directly interacts with EGFR in vivo and in vitro through glycosylation of its extra-cellular domain. We therefore performed immunoprecipitation of galectin-7 followed by western blots revealing that galectin-7 co-precipitates EGFR in addition to E-cadherin in HaCaT cells (Figs. 2A, S2A). To better define the relationship between EGFR and galectin-7, we performed in vitro pull-down experiments with purified proteins. As it can be observed on Figs. 2B and S2B, galectin-7 has been retained by EGFR-FC, demonstrating a direct interaction between these two proteins. As EGFR is known to be heavily glycosylated and because of the above results, we thus explored the importance of these glycosylation motifs for galectin-7 interaction by using galectin-7 R74S mutant. As shown on Figs. 2B and S2B, this mutated lectin-deficient form of galectin-7 is not co-precipitated with EGFR-FC in vitro. Hence this defective binding with the CRD-mutant ascertains a glycosylation-dependent interaction between galectin-7 and the EGFR extracellular domain.
In order to further characterize this interaction in living cells, we performed a proximity ligation assay (PLA) allowing the visualization of interactions between two proteins in close proximity (less than 40 nm) with the appearance of red fluorescent dots at the location of their interaction. As observed in Fig. 2C, galectin-7 and EGFR do interact under these conditions. In order to better characterize the interaction inside this tripartite complex, we decided to study this interaction in silico.
In silico assessment and modeling of Galectin-7, E-cadherin complex and insights for EGFR interaction. To further decipher and assess this interaction, we have conducted in silico modeling between E-cadherin, EGFR and galectin-7 based on previous experiments7.
Because galectin-7 interacts with EGFR through its CRD domain, interaction between galectin-7 and E-cad-herin should take place at distance of the CRD domain. Bcl2 being the only already described protein interacting with galectin-7 independently of its CRD domain, we investigated if the glycosylation-independent interaction between E-cadherin and galectin-7 might echo the Bcl-2/galectin-7 interaction. Interestingly, even if Bcl-2 and E-cadherin do not share global similarity, they share a common motif of 47 residues with 26% identity at the level of E-cadherin extracellular domain 4 (EC4) which was identified by local alignment on E-cadherin extracellular sequence. Similarly, when aligning E-cadherin domain 3 (EC3) with Bcl-2 using the same protocol, another motif of 25 residues can be identified which shares 30% identity between each other (fig. S3A,B). Furthermore, a series of surface residues of E-cadherin, important for interaction between galectin-7 and E-cadherin, can be successfully structurally superposed on Bcl-2, confirming a similar interaction mode (Fig. 3A). These observations suggest that galectin-7 interaction with E-cadherin might be mediated by the latter domains 3 or 4. Docking simulations with either domain 3 or domain 4 allow to identify most probable interface residues. While recurring residues of domain 4 do not constitute a patch on the motif found by local sequence alignment, 50% of domain
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Figure 1. Galectin-7 interacts with both E-cadherin and EGFR and modulates E-cadherin endocytosis. (A) Modulation of E-cadherin internalization by galectin-7 and EGF. Representative images of HaCaT and ShGal7 #2 after E-cadherin antibody uptake for 30 min. Cells were previously treated or not with 100 ng/mL of EGF. Histograms represent corresponding quantifications in percentage reported to HaCaT not treated cells. Scale bars stand for standard deviation. (B) In vitro binding assays were performed using recombinant wild-type human galectin-7 (rGal7); CRD mutated human galectin-7 (R74S), Extracellular domain of human E-cadherin fused to a His tag (E-cad-his) and extracellular domain of human EGFR fused to human IgG1 Fc fragment (EGFR-Fc). In each conditions, EGFR-Fc was pulled down using protein G sepharose coated beads. E-cadherin precipitated with EGFR-Fc only in presence of galectin-7 (n = 3). Cropped images are from samples run on the same gels. Full-length blots are displayed in supplementary Fig. S1B.
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[image: ]Figure 2. Galectin-7 interacts and colocalizes with EGFR. (A) Co-immunoprecipitation experiments indicate that galectin-7 is a partner of EGFR and E-cadherin. Images shown are representative of images taken from distinct western blots. Full-length blots are displayed in supplementary Fig. S2A.Galectin-7 directly interacts with extracellular domain of E-cadherin independently of glycosylation motifs. (B) In vitro binding assays were performed using recombinant wild type human galectin-7 (rGal7); CRD mutated human galectin-7 (R74S) and extracellular domain of human EGFR fused to human IgG1 Fc fragment (EGFR-Fc). WT galectin-7 (rGal7) precipitated with EGFR-Fc unlike mutated galectin-7 (R74S) Full-length blots are displayed in supplementary Fig. S2B. (C) Confocal images of Proximity Ligation Assays confirming that galectin-7 is in close proximity with EGFR in cellular context. Galectin-7—S100A11 pairs were used as negative controls. At least 3 independent experiments were conducted.
3 motif residues are part of the interface in at least 1000 docking poses even though this domain is smaller than EC4. These residues, when mutated in silico, affect E-cadherin binding mode (data not shown), confirming their fundamental role in the interaction. Interestingly, the most impacting mutations are those affecting several residues at the same time, particularly those impacting the DDGG motif of Ecad, equivalent to the DNGG found in Bcl-2 (Fig. 3A). Moreover, the Bcl-2 motif identified in E-cadherin domain 4 is buried and thus not accessible to bulky residues of Bcl-2 structure (PDB ID: 2XA0). On the contrary, the motif found in domain 3 lies on the surface of the protein. Thus, while E-cadherin and Bcl-2 interaction with galectin-7 are similar these findings suggest that E-cadherin domain 3 is the most probable domain able to interact with galectin-7 which we confirmed by docking simulations. Furthermore, model of ectodomain 3 has good energy values all along the sequence and the motif of interest forms a β hairpin offering a great surface for an interaction.
Molecular docking experiments have led to an interesting pose that supports galectin-7/E-cadherin interaction. The best pose obtained is supported both in terms of energy (total docking score = 3812) and in terms of statistical distribution of score values for the best first thousand poses obtained (Z-score = 5.20). This interaction model also corresponds to a region where the density of interaction in terms of pose is the highest (Fig. S3B) suggesting that the physico-chemical characteristics of the regions involved in the interaction are favorable and converge towards the optimal pose obtained. Moreover, the most interacting residues of E-cadherin in the top 1000 docking poses include the ones composing the sequence motif identified previously. In addition, these
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residues were also at the interface in the best pose (Fig. S3C). All these results greatly support our molecular complex model.
We observed that E-cadherin extracellular domain 3 interacts with galectin-7 at the level of its dimerization interface (Fig. 3B–D). This region is found twice in galectin-7 and adopts a symmetrical arrangement which allows the binding of two E-cadherin molecules on both sides of galectin-7 (Fig. 3B–D). The binding of the two E-cadherin molecules is made in a symmetrical manner when docking first pose is considered. This pose is the most relevant, with a docking score highly superior to others (Fig. S3D). Thus both CRD domains of each galectin-7 are free to interact with sugars. The computation of solvent accessibility of galectin-7 CRD with and without the two E-cadherin molecules docked confirms that there are no significant differences (Fig. 3E). It confirms the glycosylation-independent interaction mode of galectin-7 to E-cadherin. Finally, it also supports the capacity of galectin-7 to bind E-cadherin independently of its CRD and EGFR through sugars at the same time.
EGFR is known to adopt particularly complex and flexible conformations, and can be observed as monomers and as dimers which have particular impacts for EGFR functions28. Interestingly, such interaction between E-cadherin and EGFR through galectin-7 would modify EGFR degree of freedom and therefore impact its dynamics and functions as it has been previously demonstrated in molecular dynamic simulation inter alia28. Also, even if it was not resolved in experimental structures, EGFR conformation is modulated by the binding of more than 10 long N-glycans. These types of sugars have very diverse lengths and molecular weights. Here, without experimental information about these sugars, a precise atomistic model cannot be proposed. However, galectin-7/E-cadherin interaction region is near 100 Å away from the membrane, a distance compatible with the apex part of EGFR. Considering that N-glycans glycosylating human EGFR can have very long chains, one can imagine a long-range interaction (< 40 nm as indicated by PLA) mediated by sugar chains.
Galectin-7 depletion favors EGFR phosphorylation and impact its downstream signaling. As we previously described the functional effect of galectin-7 binding to E-cadherin7, we examined this effect on EGFR. We thus studied EGFR phosphorylation level in both control and ShGal7 clones. After an overnight starvation to free cells from growth factors, we treated cells with 100 ng/ml of EGF or diluent during 15 min and cell extracts were submitted to Western blot analysis. Remarkably, in absence of exogenously added EGF, EGFR displays a threefold basal activation levels in ShGal7 cell lines in comparison to HaCaT cells (Figs. 4A,B lower panel, S4D). This is not due to a higher amount of EGFR present at the plasma membrane as assessed by a cell surface biotinylation assay (data not shown). Thus galectin-7 plays a major role in the regulation of EGFR phosphorylation basal level. EGFR possesses multiple downstream targets such as Src, Akt or ERK. Hence, we compared the activation of these different pathways in presence or absence of galectin-7. We did not observe any difference on Src pathway (Fig. S4A) but we observed an increased phosphorylation on ERK and Akt in cells deficient for galectin-7 (figs. 4A,B, S4D). Thus galectin-7 restrains basal level of signaling pathways depending on EGFR phosphorylation.
When adding 100 ng of EGF for 15 min, a strong increase of EGFR phosphorylation was observed both in presence and in absence of galectin-7. For instance, activation of EGFR phosphorylation upon addition of EGF showed a 37 fold increase in HaCaT cells (Fig. S4B). In absence of galectin-7 EGFR phosphorylation as well as Akt and Erk pathways showed the same tendency in the different conditions as in absence of EGF reinforcing the previous data showing that galectin-7 impairs EGFR phosphorylation and its downstream pathways. However these increases seem to be limited in presence of EGF which could be due to an activation plateau. In these experimental conditions we also detected an increase of STAT3 pathway (Fig. S4C) but Src pathway was still not activated (Fig. S4A). In order to reinforce these observations we repeated these experiments in presence or in absence of gefitinib, a specific inhibitor of EGFR tyrosine kinase activity hence ensuring that indeed they do depend on EGFR activity. As shown in Figs. 4C and S4A, S4C, S4E all the described pathways except Src are activated in a stronger manner in the absence of galectin-7.
These results hence points out that the interaction between EGFR and galectin-7 restrains EGFR constitutive and ligand-inductible phosphorylation and thus its downstream pathways.
As phosphorylation level has multiple consequences on receptors, we examined these different parameters.
Galectin-7 depletion favors EGFR ubiquitination but not degradation. EGF treatment induces EGFR phosphorylation but also ubiquitination. Indeed signaling receptors are tightly regulated by this post-translational modification, ubiquitination contributing to receptor endocytosis, sorting, and downregulation29. We thus wondered if galectin-7 could influence EGFR ubiquitination. We therefore performed immunoprecipi-tation experiments on cell lysates from HaCaT and ShGal-7 after EGF treatment during the indicated times, revealing that, as for phosphorylation (Figs. 5A, S5A), total EGFR ubiquitination was more intense in cells deprived for galectin-7 especially after 5 min of stimulation (Figs. 5A, S5A). This led us to suppose that galectin-7 would negatively regulate EGFR ubiquitination. In fact ubiquitination after ligand binding plays a fundamental role both in EGFR endocytosis and intracellular sorting. Indeed, EGFR ubiquitination starts at the plasma membrane and continues along the endocytic pathway. Ubiquitination is also critical at later steps targeting EGFR for degradation through trafficking to lysosomes30. Hence, we explored if galectin-7 influences EGFR degradation.
To determine EGFR stability, we checked the level of EGFR at different times of EGF treatment in presence of cycloheximide. Cycloheximide inhibits translation thus the EGFR neo-synthesis that could otherwise mask degradation. We didn’t observe any significant differences in EGFR degradation in our assays between cells depleted or not in galectin-7 (Figs. 5B, S5B). These results have been confirmed by immunofluorescence through co-staining of EGFR and LAMP-1 at 30 mn, 1 h or 1hr30min (Fig. 5C) since it can be observed that in absence of galectin-7 EGFR is not massively targeted to lysosomal compartments. Thus galectin7 doesn’t seem to be a major regulator of EGFR degradation.
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Figure 3. Galectin-7 interacts with both EGFR and E-cadherin. (A) Structural alignment of sequence motifs	▸ found in E-cadherin ectodomain 3 and Bcl-2. The threonine residues, as well as the DXGG motif can be structurally aligned with high precision. Cα of aligned residues are represented as spheres. (B) In silico model of interaction of two E-cadherin molecules on both sides of galectin-7 homodimer placed on the plasma membrane. Galectin-7 chains are presented in green shades, E-cadherin ectodomains in light grey. Ectodomains 3 are colored in pale violet and blue. A zoom on the binding region can be seen on the right. On the zoom, pale blue E-cadherin 3 ectodomain is displayed in transparency mode to better observe the interaction interface. (C) Top view of two E-cadherin molecules interacting with galectin-7. The same color scheme of Fig. 3 has been used. The two N-ter E-cadherin ectodomains are cut for clarity. (D) (a) First docking poses on the galectin-7 dimer for the first and second ectodomain 3 (EC3) of E-cadherin, in cyan and magenta, respectively. Chains of galectin-7 dimer are represented in green shades. Sequence motif identified in E-cadherin in colored in yellow. In E-cadherin, interface frequent residues are colored in orange. Interface frequent residues made by galectin-7 with the first E-cadherin molecule are in red; those with the second molecule are in blue. (b) Sequences of the two EC3 molecules and the galectin-7 dimer are displayed. Sequences and contacts are colored as described above. (E) Relative solvent accessibility in of CRD domains of galectin-7 (defined by residues S1-P10, S30-P76 and L120-V127) with and without two E-cadherin molecules according to Naccess.
Galectin-7 impacts EGFR trafficking. The previous results led us to hypothesize that ubiquitination modification would influence EGFR endocytosis. In order to decipher the consequences of galectin-7 depletion we studied EGFR intracellular trafficking by co-staining with markers of several intracellular compartments. To this purpose, pulse-chase experiments were conducted stimulating cells for 20 min with 100 ng ml−1 EGF and after removing unbound ligand chased for 15 min to 1 h. Immunofluorescence staining followed by colocaliza-tion analysis establishes the endocytic trafficking of EGF thought the degradative pathway from early (TfR positive) to late (CD63 positive) compartments. At late stages EGFR partially colocalizes with CD63 in both HaCaT cell line and ShGal7 cells indicating that EGFR is able to reach the late endosomal compartments (Fig. 6A). As ubiquitination is also implicated in the early steps of endocytosis and because EGFR degradation is not impacted in cells depleted of galectin-7, we investigated if EGFR could be more efficiently recycled to the plasma membrane. We incubated cells with fluorescent transferrin which uptake allowed us to explore early and recycling endosomes. Our results show a tendency to a higher co-localization in cells lacking galectin-7 suggesting that a high amount of the endocytosed P-EGFR in mutant cells is recycled back to the plasma membrane (Fig. 6B,C). Thus during EGF stimulation, galectin-7 restrains P-EGFR endocytosis and its recycling to the plasma membrane.
Interestingly, as described above in proximity ligation assay, we observed an interaction between galectin-7 and EGFR in cell cytoplasm. To confirm these results we used recombinant galectin-7 coupled to Cy3 (rgal7-Cy3) and performed co-staining with P-EGFR. Strikingly, recombinant galectin-7 was repeatedly observed in endocytosed P-EGFR-containing vesicles (Fig. 6D), indicating that galectin-7 was probably co-endocytosed with P-EGFR. On the contrary, colocalization assays of rgal7 and LAMP-1 gave no signal (data not shown), letting us consider that galectin-7 could travel with P-EGFR only during the early steps of endocytosis. All these results made us consider that galectine-7 exerts a negative control on EGFR endocytosis and recycling.
Galectin-7 impacts cell migration in absence of EGF. As galectin-7 restrains EGFR phosphorylation and signaling pathway even in absence of added EGF we wondered if galectin-7 could also alter cell motility and cell proliferation. So we set up wound healing assay using insert removal technics7 to investigate the migratory potential of galectin-7 depleted clones in cell starvation conditions. Sixteen hours after insert removal, the ShGal7 clones exhibited a significant increase in wound healing capacity of respectively 60% (ShGal7 #1) and 90% (ShGal7 #2) compared to control HaCaT cells under starvation condition (Fig. 7A,B). Interestingly when adding soluble recombinant galectin-7 to ShGal7 clones we can observe that cell migration is similar to control cells (Fig. 7A). Hence this rescue reinforces the hypothesis that galectin-7 also exercises a negative control over cell migration capacity in these conditions. On the contrary, addition of EGF, increases cell migration capacity under all conditions and this capacity is abolished in the presence of gefitinib (Fig. 7A middle and lower panel). These results confirm the role of galectin-7 in restraining unwanted EGFR activation in the absence of EGF.
Galectin-7 depletion impairs epidermis differentiation. To decipher the impact of galectin-7 depletion in vivo we used galectin-7 null mice generated in our laboratory8. Refined observations of tail skin of both wild-type and gal7−/−mice revealed the thickening of the epidermis with an accumulation of round cells at the basal layer in absence of galectin-7 (Fig. 8A). To evaluate if this observation could be due to an excess of cell proliferation we performed cell proliferation assay seeding the different cell lines at the same confluence and evaluated cell population size regularly during more than 10 days. A statistical difference is already detectable after 1 week in culture with a higher number of cells counted in both ShGal7 clones compared to the HaCaT cell lines. We can observe on Fig. 8B that HaCaT cells need about an additional 48 h to multiply their population by 3. Thus galectin-7 inhibits growth factor dependent cell proliferation. We therefore studied the distribution of keratin 14 (K14) and keratin 10 (K10) which are respectively markers of basal undifferentiated and differentiated keratinocytes of the epidermis upper layers2. Mice deficient for galectin-7 instead of having a single layer of basal cells as observed in wild-type mice exhibit two or even more layers of K14 expressing cells (Fig. 8C) as quantified in Fig. 8D. In addition, a large number of cells with a double K10/K14 labeling can be observed in comparison to the control. To assess these results, we performed RT-qPCR in our cultured cell models unravelling that galectin-7 depletion induces a strong reduction of K10 mRNA expression, while no modification of K14
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Figure 3. (continued)
can be detected (Fig. S6A). Consistently, addition of soluble galectin-7 on HaCaT cells led to the increase of K10 transcription (Fig. S6B).
EGFR is known to be a regulator between cell proliferation and cell differentiation. Indeed, it negatively regulates cell differentiation hence decreasing K10 expression. Relying on our observations in mice we studied the effect of the addition of EGF at 100 ng/ml for 16 h on HaCaT cells and studied the level of K10 transcripts. As expected4 EGF induces a significant decrease of K10 transcription in HaCaT cells, having a profile similar to the one observed in absence of galectin-7. Only a non-significant tendency is observed in the cells without galectin-7 probably due to their already weak level of expression (Fig. S6B lower panel). These observations led us to conclude that galectin-7 is involved in keratinocytes differentiation and appears to have an antagonist effect compare to EGFR signaling.
Discussion
In this study we first pointed out a new tripartite complex between EGFR, galectin-7 and E-cadherin. We also highlighted that galectin-7 not only bridges these two molecules but also regulates both E-cadherin dynamics in response to EGF and EGFR signaling and trafficking. Interestingly, we found that the presence of galectin-7 is essential to maintain minimal levels of EGFR activation in the absence of its ligand.
We and others have previously published that a direct binding of galectin-7 can modulate the function or localization of its bound partners31 notably E-cadherin though a sugar-independent binding of its extracellular domain7. In the present study, we show that galectin-7 also directly binds to EGFR through its extracellular domain but in a carbohydrate-dependent manner. Herein, we propose an in silico model of galectin-7 making a bond between EGFR and E-cadherin. This robust model leads us to hypothesize that galectin-7 would limit the degree of EGFR freedom. EGFR being otherwise a very flexible molecule galectin-7 probably thus renders its endocytosis less efficient and possibly modifies its interaction with ligands. We also reveal here for the first time that in keratinocytes galectin-7 can bind simultaneously to both membrane proteins, EGFR and E-cadherin, sustaining their cross-regulation at molecular level.
Galectin-7 is known to play a critical role functioning as a regulator of keratinocyte proliferation and migration, as well as maintaining and restoring epidermal homeostasis. Herein we address a new role for galectin-7 in EGFR regulation and function. Indeed, we unravel that impairment of the interaction between EGFR and galectin-7 strongly increases EGFR phosphorylation and its main downstream pathways Akt, Erk and STAT3 inducing their over-activation. Interestingly our results reveal similarities with those obtained by Amaddi et al. on flotillin. However membrane microdomain-associated flotillin proteins knockdown (flotillin-1/reggie-2) results in reduced EGF-induced phosphorylation of EGFR and in reduced activation of the downstream MAPK and Akt signaling32. Hence galectin-7 and flotillin could have antagonistic role in the regulation of EGFR signaling pathways.
Signal transducing molecules have been shown to affect membrane trafficking33 with important consequences for biological cell outputs. Exposure to stress leads to the removal of the receptor from the cell surface, and this has been proposed to potentiate cell death. Conversely, stress-activated receptor might also be temporary or reversibly removed from the membrane, thereby promoting cell survival and/or proliferation17. This cell response to stress must be strongly considered in the case of the regulation by galectin-7 as the expression of galectins has been repeatedly related to stress situation3,25. Here we observe that galectin-7 depletion favors EGFR phosphoryla-tion and ubiquitination. These early activation motifs on membrane-based EGFR have been implicated in both endocytosis and degradation during EGF treatment. Nevertheless our results reveal that EGFR doesn’t seem to be more degraded in cells deprived of galectin-7. Thus galectin-7 appears to be implicated in EGFR retention at the plasma membrane. In our experiments, loss of galectin-7 resulted in enhanced EGFR activation and recycling but also as a consequence in increased cell proliferation and migration. Such derailed endocytosis and recycling of cell-surface proteins, including EGFR/RTK, along with disturbed downstream signaling has been implicated in multiple cancers34 and is in line with our results on cell proliferation and migration.
Interestingly, it has been published that N-linked glycosylation can define the individual properties of extra-cellular and membrane-associated proteins and that modifications of these glycosylations can alter constitutive cell proliferation and trigger epithelial-to-mesenchymal transition19. The authors suggest that the allosteric
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Figure 4. Aberrant EGFR phosphorylation by galectin-7 deficient cells is the cause for alteration of	▸ downstream pathways. (A) Quantification of the blots of Figure (B) are representative of at least 3 independant experiments. Mean ± SEM : * p < 0.1 **p < 005 ***p < 0001 (B) Cells were treated or not with EGF (100 ng/mL) for 15 mn before being lysed. Immunoblots were probed for phospho EGFR (Y1068), total EGFR, phospho-Erk (p-ERK) total Erk, phopho-Akt, total Akt and GAPDH. Untreated cells were also blotted separately (lower panel) to better quantify the signal. Cropped images are from samples run on the same gels. Full-length blots are displayed in supplementary Fig. S4C. (C) Cells were incubated with EGF and with 15 µM of gefitinib for 15 mn before being lysed. Immunoblots were probed for phosphor-EGFR (Y1068), total EGFR, phospho-Erk (p-Erk) total Erk, phopho-Akt, total Akt and GAPDH. Cropped images are from samples run on the same gels. Full-length blots are displayed in supplementary Fig. S4D. Scale bars stand for standard deviation.
organization of EGFR Tyrosine Kinase is dependent on extracellular N-glycosylation events and that EGFR functions would be linked to the N-glycosylation status of EGFR. Hence aberrant glycosylation would favor the constitutive activation of EGFR, conducting to proliferation and invasiveness. Thus the key role of glycosylation motifs in the control of endocytic pathways of decorated membrane protein has been recently reviewed with a special emphasis on the control of this phenomenon by galectins35. This role can be strengthened at the light of our results. Indeed, our model supports the hypothesis that pathologic glycosylation of EGFR extracellular domain impairing galectin-7 binding would disrupt its control on proliferation and migration. These effects on migration can be related to previous results revealing that galectin-7 appeared to promote cell migration7,8. It is important to note, however, that the difference between these results and the present results may be due to the presence or absence of serum or even to the fact that the observations were made in vivo where a range of growth factors including EGF are present.
In vitro studies show that activation of EGFR plays an important role in re-epithelialization by increasing keratinocyte proliferation and cell migration in acute wounds36. Furthermore, it has been recently shown that E-cadherin is a master regulator of junctional and cytoskeletal tissue polarity in stratifying epithelia regulating the suprabasal localization and activation status of the EGFR essential to facilitate the development of a functional epidermal barrier37. To fulfill our study, in vivo observations in galectin7−/− mice compared to wild-type mice pointed out defects in epidermis differentiation in absence of galectin-7, hence revealing a thickening of the epidermis accompanied by an accumulation of K14 positive cells. In accordance with these data from the literature and our own results, we hypothesized that galectin-7 would control this differentiating step by regulating E-cadherin and EGFR functions thus preventing excessive proliferation, migration and therefore tumorigenic development. It has also been shown that an excess of galectin-7 has an impact on the epidermis, being associated to its thickening8. Hence, galectin would act as a regulator whose precise dosage is required at the tissue level.
Galectin-7 down-regulation in stratified epithelia has been reported to be associated with the development of several cutaneous manifestations and disorders and even to esophageal dysfunction in systemic sclerosis patient38. As EGFR and E-cadherin are closely related and regulated, we predicted a mechanism in which galectin-7 would be a major actor of epidermis differentiation through the cross-regulation of EGFR and E-cadherin. These results provide unique mechanistic insights into how EGFR and E-cadherin would be interacting which is essential for the understanding of epithelial homeostasis and the development of anti-cancer strategies.
Experimental procedures
Cell culture. The HaCaT cell line (Human adult low Calcium high Temperature) were grown in Dulbecco’s Modified Eagle Media (DMEM, Invitrogen) supplemented with 2 mM essential amino acids (Invitrogen), 10 units.ml−1 penicillin, 10 μg.ml−1 streptomycin (Invitrogen) and 10% foetal bovine serum (FBS) in a 5% CO2 atmosphere at 37 °C. Two independent clones with reduced expression of galectin-7 were generated by stable expression of shRNAs as previously described7.
Animals. Mice were kept on a C57Bl/6 background and housed in a specific pathogen-free animal facility. All experiments were performed on 2 months-old female mice. Animals were handled respecting the French regulations for animal care and wellness, and the Animal Experimentation Ethical Committee Buffon (CEEA-40) approved all mice work. We confirm that the authors complied with the ARRIVE guidelines.
Histology and immunostaining. Tissue processing and immunostaining were performed as previously described7. The primary antibodies used are described in supplementary materials.
Nuclei were stained with Hoechst33342 (H3570, Invitrogen) and confocal acquisition was performed using a Leica SP5 microscope. Quantifications were realized with the ImageJ software (Version 2.3.0/1.53f.—http:// imagej.net/Contributors).
Immunofluorescence. Cells were washed with PBS and fixed for 20 min in paraformaldehyde (PFA) 4% at room temperature before being permeabilized for 20 min in PBS—0.025% saponin and then blocked for 30 min in PBS—0.025% saponin—1% BSA (Bovine Serum Albumin, Sigma-Aldrich). Cells were incubated overnight at 4 °C in PBS—0.025% saponin, 1% BSA containing the primary antibody. The following day, cells were incubated at room temperature in PBS—0.025% saponin—1% BSA containing the secondary antibody coupled to a fluorochrome for 1 h protected from light. The nuclei were stained with 10 μg.ml − 1 Hoechst33342 (H357C, Invitrogen). Coverslips were mounted on slides with Fluoromouont-G (0100–01, Southern Biotech) and visualized using an SP5 confocal scanning Tandem RS (Leica) and analyzed by ImageJ software (Version 2.3.0/1.53f.—
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http://imagej.net/Contributors). In order to quantify the colocalization rate, the Mander coefficient was used with the ImageJ software (Version 2.3.0/1.53f.—http://imagej. net/Contributors). The threshold values were all adjusted to the same value and then the area of the different images corresponding to the three signals were calculated. At least 3 independent experiments have been conducted. Antibodies are detailed in supplementary materials.
Immuno- and co-immunoprecipitations. Experiments were performed as previously described9. Whole cell extracts were prepared from confluent cells grown on 10 cm tissue culture dishes. For the detection of EGFR ubiquitination, total EGFR Immunoprecipitation was performed with 600 μg of proteins from whole cell extracts of HaCaT or shGal-7 cells pretreated with 100 ng.ml − 1 EGF for the indicated times. The negative control was carried out from a lysate of untreated HaCaT cells. Ubiquitin was revealed with an antibody from Santa Cruz (sc8017, dilution 1/1000).
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Figure 5. Upregulation of EGFR phosphorylation and ubiquitination in absence of galectin-7 after EGF	▸ treatment. (A) Time course of EGFR activation by EGF in HaCaT or shGal-7 cells treated with 100 ng/mL EGF. Whole cell extracts were prepared at the indicated times and analyzed by immunoblotting for P-EGFR and E-cadherin. Immunoprecipitation of total EGFR from whole cell extracts of HaCaT or shGal-7 cells obtained after treatment with 100 ng/mL EGF for the indicated times. Immunoblots were probed for ubiquitin and total EGFR. Cropped images are from samples run on the same gels. Full-length blots are displayed in supplementary Fig. S5A. Scale bars stand for standard deviation. (B) EGFR Protein stability after EGF treatment. For EGFR stability experiments, HaCaT cells were plated in 6 wells plates, starved overnight then treated with EGF 100 ng/ mL and Cycloheximide at 25 µg/mL. After the indicated times, cells were lysed and total EGFR levels were detected by immunoblotting. Cropped images are from samples run on the same gels. Full-length blots are displayed in supplementary Fig. S5B. (C) Representative immunofluorescence of EGFR (green) and LAMP-1 (red) in HaCaT cells and in ShGal7 #2 after 30, 60 and 90 min of treatment with 100 ng/mL of EGF. Nucleus are stained in blue (Hoescht) Scale bar = 15 µM.
In vitro binding assay. 0.3 M of purified proteins (recombinant human E-cadherin 8505 and recombinant human EGFR 344-ER R&D system) were mixed and incubated in 100 μl of lysis buffer (25 mM TrisHCl pH 7.5, 100 mM CaCl2, 1 mM EDTA, 1 mM EGTA, 0.5% NP40, 1% TritonX-100, and a protease inhibitor cocktail (11836145001, Roche)) overnight at 4 °C under agitation. Then, 60 μl of protein-A-Sepharose (P9424, Sigma) was added and samples were incubated 3 h at 4 °C under agitation. Samples were washed twice with PBS—0.5% NP40 and twice with PBS before resuspension in Laemmli buffer.
Western blot. Proteins (30–50 μg of total cell lysates) were separated in SDS-PAGE gels and transferred to PVDF membranes (Amersham Hybond-P, GE Healthcare). Membranes were then blocked in PBS-T (PBS— 0.1% Tween 20) supplemented with 5% non-fat milk for 1 h at RT and incubated with the primary antibody overnight at 4 °C. Immunoblots were visualized using a horseradish peroxidase-conjugated secondary antibody followed by enhanced chemiluminescence detection with an ImageQuant LAS 4000 developer (GE Healthcare).
Proximity ligation assay. The assay was performed with the Duolink in Situ Red Starter kit from Sigma-Aldrich according to the manufacturer’s instructions.
In vitro wound healing assay. Cells were plated in 12-well plates on both sides of a plexiglass insert that was removed once the cells had reached confluence (T0) and cell culture medium was replaced by serum-free medium. Cells in the entire well were imaged at T0 and T16 (T = 16 h) and the wound closure was calculated by the difference of the covered area by the cell monolayer between T0 and T16. Images were taken with a Leica MZFLIII system through an Axiocam HRc from Zeiss. Results are mean of three independent experiments performed in triplicate.
Antibody uptake experiments. Cells were incubated in fresh growth medium containing the anti-E cadherin antibody on ice or at 37 °C for different periods of time. Surface-bound antibodies were removed by 1 wash cold PBS then 3 × 5 min acid washes (0.5 M acetic acid, 0.5 M NaCl in PBS) under agitation on ice. Cells were washed with ice-cold PBS + + (PBS + 1 mM CaCl2 + 0.5 mM MgCl2), then fixed in 4% paraformal-dehyde for 20 min at room temperature and processed for immunofluorescence. The images for quantification were taken with a DMRA2 Leica Microscope. For quantification, the images were background subtracted and cellular regions were identified to measure the total fluorescence intensity using the ImageJ software (Version 2.3.0/1.53f.—http://imagej.net/Contributors). Fluorescence intensity measured from cells incubated with E-cad-herin antibody 1 h on ice were averaged and subtracted from the values measured for the corresponding clones. For each condition tested, three independent experiments were performed and approximately 15 cell groups were analyzed per experiment.
Cell proliferation assay. Cells were seeded at a density of 5.104 cells per well of 24-well plates and cultured for 2 weeks renewing the medium 3 times a week. Two wells of plated cells per each condition were trypsinized each day the first week and every other day the second week. Total cell numbers were counted in a Malassez cell and expressed as the mean ± standard deviation (SD). Cell number was graphed to obtain the growth curves. Results are mean of three independent experiments performed in duplicate.
E-cadherin modeling. We modeled the five extracellular domains of human E-cadherin using the mouse structure as template (PDB ID: 3Q2V). Alignment between human and mouse sequences were performed using ORION39,40. The percentages of sequence identity and coverage obtained are of 60.8% and 82.3% respectively. The ORION alignment has then been used by MODELLER41, resulting in a high-quality model with a DOPE Z-score = − 4.27. Z-scores represent the number of standard deviations from the mean of a distribution (generally random) of a given value. The highest the absolute value, the better. Using the same protocol and the same template, we modeled the third domain of E-cadherin extracellular region which has a sequence identity of 76.7% with the template with a coverage of 100%. The resulting model has a DOPE Z-score of − 2.5.
In silico study of E-cadherin/Galectin-7 interaction. The study of interaction between human E-cad-herin model and galectin-7 crystal structure (PDB ID: 1BKZ) was performed through docking simulations using
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Figure 6. Galectin-7 in endocytosed with EGFR and modulates EGFR endocytosis. (A) Representative immunofluorescence of CD63 (green) and EGFR (Red) after 30 min and 1 h of treatment with EGF. Nucleus are stained in blue (Hoescht). (B) Representative immunofluorescence of transferrin (green) and P-EGFR (red) in HaCaT cells and in ShGal7 #2 cells at 15 and 30 min after treatment with 100 ng/mL of EGF. Nucleus are stained in blue (Hoescht) Scale bar = 15 µM (C) The Mander’s coefficient has been calculated from signal quantifications performed on ImageJ software (Version 2.3.0/1.53f.—http://imagej.net/Contributors) from different samples (n = 3). It corresponds to the ratio between the amount of colocalization signal on the amount of signal of vesicular compartments (respectively Tfr and CD63). (D) Representative immunofluorescence of galectin-7 (red) and P-EGFR (green) in HaCaT cells after 30 mn of EGF treatment at 100 ng/mL. Nucleus are stained in blue (Hoescht) Scale bar = 15 µM.
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 54,000 poses were generated with 3 predictions per each rotation and default scoring func
tion, resulting in more than 162,000 docking experiments.
To model the interaction of galectin-7 with 2 E-cadherin molecules, the first E-cadherin was blocked to avoid E-cadherin/E-cadherin interactions. Galectin-7 is a highly symmetrical homodimer except for the seven first residues of the N-ter extremity which are in open conformation in chain B and close conformation in chain A. Because these residues are important for E-cadherin/galectin-7 interaction and are inherently flexible, we replaced chain A by a duplication of chain B. Expect for this small region both chains are very close to each other (global RMSD of 0.3 Å). Each E-cadherin molecule forms the same contacts with galectin-7, resulting in a set of consensus residues that might be responsible for the interaction.
Modeling of full E
-
cadherin/Galectin
-
7 complex. 
Construction of the full E-cadherin-galectin-7 com
plex has been built using the galectin-7 docked with two copies of E-cadherin ectodomain 3. E-cadherin model
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)Figure 7. Galectin-7 downregulation enhances cell migration of HaCaT keratinocytes. (A) Percentage of wound closure normalized to HaCaT WT cells in insert removal wound healing experiments. Rescue experiments have been conducted with 0.5 mM of recombinant galectin-7. Experiments with gefitinib were conducted with 15 µM of gefitinib. Mean ± s.e.m. are represented (n = 4). (B) Images have been extracted from videos of cell migration. Magnification 20 × .
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B
)Figure 8. Absence of galectin-7 impairs skin differentiation. (A) Representative staining of wild type and Gal7−/− mice tail with Hematoxylin/Eosin. A thickening of the epidermis is well observable in Gal7−/− mice. Magnification 40 × . (B) Curves are the results of total cell proliferation assays of HaCaT and shGal7 #2 cell lines counted during 11 days to calculate the mean ± standard deviation (SD). Results are mean of three independent experiments performed in duplicate. (C) Representative immunostaining of keratin 14 (green) and keratin 10 (red) in WT and Gal7−/− mice mice tail epidermis showing localization of these two proteins. Scale bar = 15 µm. (D) Quantifications of the ratio of K14 positive/total cells performed of immunostaining of keratin 14 and keratin 10. Quantification were performed on ImageJ software (Version 2.3.0/1.53f.—http://imagej. net/Contributors) from different samples from different 2 months old female mice (WT : n = 6 and gal7−/−` : n = 4).
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Figure 8. (continued)
Scientific Reports |	(2021) 11:22705 |	https://doi.org/10.1038/s41598-021-02042-3	natureportfolio

	www.nature.com/scientificreports/



[image: ]D
[image: ]
[image: ]
Figure 8. (continued)
of the five ectodomains (PDB: 3QV2) have then been aligned on both copies of ectodomain 3, resulting in a galectin-7 molecule interacting with two complete E-cadherin. Finally, the full complex has been manually positioned to membrane model containing phosphatidylcholines and phosphatidylserines. Lipids lipid content follow the protocol of Arkhipov et al.28: 30% POPS and 70% POPC in intracellular side and 100% POPC in extracellular side.
Statistics. The mean and standard deviation were graphed for each sample and P- values reported as follow * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001.
Statistical significance was determined using ANOVA tests when no other precision is indicated in the legend of the figure. The standard error from at least 3 independent biological replicates is plotted as shown with reported p-values comparing highlighted samples. In all cases a p-value of less than 0.05 is considered to be significant. Statistical analysis was performed using a combination of AnaStats and Excel softwares.
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ABSTRACT
Background: Advanced glycation end products (AGE), the reactive derivatives of nonenzymatic glucose-protein condensation reactions, are implicated in the multiorgan complications of diabetes and aging. An AGE-specific cellular receptor complex (AGE-R) mediating AGE removal as well as multiple biological responses has been identified. By screening an expression library using antibody against a previously identified component of the AGE-R complex p90, a known partial cDNA clone was isolated with homology to galectin-3, a protein of diverse identity, and member of the galectin family.
Materials and Methods: To explore this unexpected finding, the nature of the interactions between galectin-3 and AGE was studied using intact macrophage-like RAW 264.7 cells, membrane-associated and recombinant ga-lectin-1 through -4, and model AGE-ligands (AGE-BSA, FFI-BSA).
Results: Among the members of this family (galectin-1 through 4), recombinant rat galectin-3 was found to exhibit high-affinity 125I-AGE-BSA binding with satura 

ble kinetics (kD 3.5 x 107 M ') that was fully blocked by excess unlabeled naturally formed AGE-BSA or synthetic FFI-BSA, but only weakly inhibited by several known galectin-3 ligands, such as lactose. In addition to the p90, immunoprecipitation with anti-galectin-3, followed by 125I-AGE-BSA ligand blot analysis of RAW 264.7 cell extracts, revealed galectin-3 (28 and 32 kD), as well as galectin-3-associated proteins (40 and 50 kD) with AGE-binding activity. Interaction of galectin-3 with AGE-BSA or FFI-BSA resulted in formation of SD S-, and f3-mercaptoethanol-insoluble, but hydroxylamine-sensi-tive high-molecular weight complexes between AGE-ligand, galectin-3, and other membrane components. Conclusions: The findings point toward a mechanism by which galectin-3 may serve in the assembly of AGE -R components and in the efficient cell surface attachment and endocytosis by macrophages of a het-erogenous pool of AGE moieties with diverse affinities, thus contributing to the elimination of these pathogenic substances.



INTRODUCTION
Glucose and other reducing sugars react spontaneously with a wide spectrum of proteins in vitro and in vivo to initiate a post-translational modification process, the late products of which comprise of a heterogeneous group of irreversible adducts called advanced glycation end products
Address correspondence and reprint requests to: Helen Vlassara, The Picower Institute for Medical Research, 350 Community Drive, Manhasset, NY 11030, U.S.A.
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(AGE) (1,2). In vivo formation of AGE-proteins proceeds slowly under normal ambient glucose concentrations, while the rate of AGE accumulation is enhanced in the presence of hyperglycemia, as in diabetes mellitus (3,4). Numerous studies suggest that AGEs play an important role in the structural and functional alterations that occur in long-term diabetes and more slowly in normal aging (1-5).
Binding and internalization of AGE-modified proteins is facilitated through specific cell surface
Copyright © 1995, Molecular Medicine, 1076-1551/95/$10.50/0 Molecular Medicine, Volume 1, Number 6, September 1995 634-646
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receptors identified first on cells of the mono-cyte/macrophage lineage (6,7) and subsequently on endothelial (8), mesangial cells (9) and other cell types (4,10). In addition to the uptake and degradation of senescent AGE-modified proteins by macrophages, AGE-receptor/ligand interactions initiate a range of biologically important cellular responses, including chemotaxis, activation, cytokine, and growth factor secretion (4,5). Based on these properties, cellular AGE-receptors are thought to contribute to normal growth patterns and tissue turnover.
Initial studies to determine the molecular composition of AGE receptors revealed two AGE-binding polypeptides at approximately 30 and 90 kD, based on AGE-specific affinity precipitation of radiolabeled cell surface proteins from the murine macrophage cell line, RAW 264.7 (11,12). Subsequently, two AGE-binding proteins, designated p60 and p90, were isolated from rat liver membranes and partially sequenced (13). Antisera raised against purified p60 and p90 recognized surface determinants and blocked AGE binding and AGE-dependent responses of human monocytes/macrophages (13), rat T cells (14), and murine mesangial cells (15). This broad range of activity across cellular systems and species suggested that this AGE-receptor system involves highly conserved proteins. Additional AGE-binding proteins, a 35-kD protein, named RAGE, and an 80-kD protein homologous to lactoferrin were also described (16,17), further expanding this novel class of molecules. The molecular mechanisms by which single AGE-binding proteins associate with other membrane proteins, how they form complexes with them or how they specifically recognize various members of the highly heterogeneous family of AGE structures is unknown. AGE-receptor ligand interactions are only weakly inhibited by free carbohydrates or by proteins modified by early glycation products such as the Amadori adduct (6,8,9,14).
Other mammalian proteins with lectin-like affinity for a spectrum of sugars and glycoconju-gates have been described (18,19). Among them, galectins consist of a well defined family of molecules sharing characteristic amino acid sequences and affinity for p-galactoside sugars (19,20). Of these, galectin-3, first described as a cell surface marker for activated macrophages (Mac-2) (21), was subsequently identified as a lactose-specific lectin present on various cells and cellular compartments (22-25). The cDNA and the protein product have been characterized 

by several laboratories, reporting it as a 35-kD carbohydrate-binding protein (CBP35), a nuclear protein with a role in cell cycle regulation (22); a 32-kD molecule isolated from rat basophilic leukemia cells that binds rat IgE through carbohydrate moieties (26), and as a 29-kD lung lectin with lactose specificity (HL29) (25). The principal physiological role of this molecule in humans remains unknown.
In this report, we describe the identification of the polypeptide currently termed galectin-3 as a macrophage cell membrane protein that exhibits high-affinity binding for nonenzymatically glycated (AGE)-modified proteins and which facilitates covalent complex formation with these ligands.
MATERIALS AND METHODS
Chemicals and Reagents
Recombinant galectin-3 (rat, and murine CBP-35) was prepared as previously described (26). C-terminal domain peptide (18 kD) of murine galectin-3 was a generous gift from Dr. John L. Wang (Michigan State University, East Lansing, MI, U.S.A.). Recombinant human galectin-1 and -2, and rat galectin-4 (domain I) were provided by Drs. H. Leffler and S. H. Barondes (University of California, San Francisco), bovine serum albumin (BSA) (Fraction V, low endotoxin), Nonidet P-40 (NP-40), and Triton X-100 were purchased from Boehringer-Mannheim Biochemicals (Indianapolis, IN, U.S.A.). Glucose, lactose, galactose, ovalbumin, hydroxylamine, hydrazine, 2-PAM and glycoconjugates were purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.). Sodium 125I (s.a. 10 mCi/100 µ1) was obtained from New England Nuclear (Boston, MA, U.S.A.). Nitrocellulose membranes were from Schliecher & Schuell (Keene, NH, U.S.A.). The chemically synthesized AGE, 2- (2-furoy1)-4(5)- (2-furany1)-1H-imidazole hexanoicacid (FFI-HA) (27,28) was generously provided by Dr. Peter Ulrich (The Picower Institute, NY, U.S.A.). Pyrraline and pentosidine were a gift of Dr. Vincent Monnier (Case Western Reserve, CL).
Preparation and Radiolabeling of Ligands
AGE-modified bovine serum albumin (AGE-BSA) and ovalbumin (AGE-Ova) were made by incubating each protein with 0.5 M glucose at 37°C for 6 weeks in phosphate-buffered saline
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(400 mM, pH 7.4), as previously described (13,15). Unincorporated glucose was removed by dialysis against PBS. AGE-modification was measured by an AGE-specific ELISA (29). AGE-BSA contained approximately 300 AGE U/mg, AGE-OVA 1000 AGE U/mg, and BSA contained <3 U/mg.
The chemically defined model AGE, FFI-HA, was synthesized and linked to BSA as described previously (27). Ligand radioiodination was performed with carrier-free-125I using IODO-beads (Pierce, Rockford, IL, U.S.A.) according to the manufacturer's instructions.
Membrane Preparation
Cells of the murine macrophage-like cell line, RAW 264.7 were cultured in monolayers and were collected by gentle scraping and washing in phosphate buffered saline (PBS), centrifuged at 500 X g for 5 min, disrupted with a tight Dounce homogenizer, in a solution of PBS containing 1 mM EDTA and protease inhibitors, 2 mM phe-nyl-methyl-sulfonyl-fluoride (PMSF), 10 µg/m1 aprotinin, 5 ng/ml pepstatin, 1 mM benzami-dine. Nuclei and cell debris were removed by centrifugation at 1000 x g for 10 min. The cellular membranes were isolated from the supernatant by centrifugation at 10,000 X g for 20 min at 4°C. The resulting membrane-enriched fraction was solubilized in PBS containing 0.5% NP-40, and protease inhibitors as described above. This material was then used for ligand and Western blot studies. In addition, whole cell extracts were prepared by lysing cells in PBS containing 0.5% NP-40 and protease inhibitors. After 10 min incubation on ice, nuclei and cell debris were removed by centrifugation at 10,000 x g for 10 min. Protein concentrations were determined by BCA protein assay (Pierce).
Ligand and Western Blotting
In most studies described below, pure recombinant murine galectin-3 or cell membrane preparations were mixed with an equal volume of Laemli 2 x SDS-PAGE sample buffer containing 5% 2-mercaptoethanol, electrophoresed on 12% SDS-PAGE, and then electroblotted onto a nitrocellulose filter, as previously described (30). For ligand blot analysis, following blocking for 1 hr in a solution of PBS containing 1.5% BSA and 0.1% Triton X-100, 1 mM MgC12 and 1 mM CaC12, the nitrocellulose filters were probed 125I-AGE-BSA (300 nM) in blocking solution in the 

presence or absence of various competitors. The blots were washed three times with PBS containing 0.1% Triton X-100 and exposed to Kodak XAR-5 film at —80°C. Quantitation of bound radioactivity was performed on a Molecular Dynamics phosphorimager and the values were expressed as relative phosphorimage units. For Western blot analysis, following blocking with PBS containing 2% BSA, electroblotted proteins were probed with various primary antibodies as indicated and visualized by using alkaline phos-phatase-conjugated secondary antibodies and the NBT/BCIP western blot detection method (31). In separate studies, recombinant human galectin-1, -2, and -3, and rat galectin-4 (domain I) were subjected to SDS-PAGE through a 4-20% gel (5 µg/lane) and electroblotted onto nitrocellulose membranes. Filters were either stained with Amido black or probed with 125I-AGE -B SA.
Antibodies
Avian anti-rat polyclonal antibodies, raised against purified rat liver AGE-binding proteins p60 and p90, were prepared as described (13). Rat monoclonal antibody (mAb) specific to mu-rine galectin-3 was purified from culture supernatants of hybridoma M3/38 (ATCC TIB166) using protein G-sepharose column (Boehringer-Mannheim Biochemicals). Isotypic rat IgG2a was purchased from Zymed Immunochemicals (South San Francisco, CA, U.S.A.). A polyclonal antibody to CBP-35 was generously provided by Dr. J. L. Wang, Michigan State University.
Radiolabeling, Immuno-Precipitation and Ligand-Precipitation
RAW 264.7 cells (1 X 107) were surface radiola-beled using lactoperoxidase-catalyzed iodination as described (30). After surface iodination, deter-gent-solubilized whole cell extracts were pre-cleared by incubation with BSA-Sepharose for 1 hr at 4°C. For immunoprecipitation, 2.5 µ,g of mAb M3/38 or the isotype control (rat IgG2a) were added and the incubation was extended for 14 hr at 4°C with gentle rocking. To isolate the Ab-Ag complexes, goat anti-rat antibodies, linked to agarose beads (Sigma) were added to the incubation. After an additional 2 hr, the Ab-Ag complexes were isolated by centrifugation at 2,000 x g and washed four times with PBS containing 0.5% NP-40. An equal volume of Laemli SDS -PAGE buffer containing 2.5%

H. Vlassara et al.: Galectin-3: A Novel AGE-Binding Protein	637

p-mercaptoethanol was added to the obtained pellets. For ligand affinity precipitation, AGE-BSA was coupled to activated Sepharose-4B as described (13). After preclearing the cell extracts with BSA-Sepharose, AGE-BSA-Sepharose was added and the incubation was extended for 1 hr at 4°C with gentle rocking. The complexes were separated by centrifugation at 2000 x g and washed extensively with PBS containing 0.5% NP-40. An equal volume of Laemli SDS-PAGE buffer containing 2.5% P-mercaptoethanol was added to the washed ligand affinity precipitate. Following boiling for 2 min, the proteins were electrophoresed through a 12% SDS-PAGE gel. Ligand- and immuno-precipitated proteins were visualized by autoradiography.
Aggregation Studies
Recombinant murine galectin-3, M3/38-immu-noprecipitated galectin-3 or NP-40 detergent-sol-ubilized cell membrane preparations were mixed with AGE-BSA or FFI-BSA at 1µg/ml in PBS containing 1 mM CaC12 in the presence or absence of hydroxylamine (50 mM), hydrazine (100 mM) or 2-PAM (50 mM). The aggregates were visualized by autoradiography of dried gels and the amount was quantitated by phosphor-image analysis.
Immunofluorescence
RAW 264.7 cells were plated on coverslips coated with BSA at 1 mg/ml and were grown in DMEM for 2 days. Prior to assay, the medium was removed and replaced with 1 ml of fresh medium in the presence or absence of 50 mg/ml AGE-BSA. After the incubation, the cells were fixed in 3.5% formalin in PBS for 10 min at room temperature, blocked in PBS containing 0.1% BSA and 0.02% sodium azide for 15 min. Anti-galectin-3 and isotype control mAb were added to the cells and the incubation was allowed to continue for 1 hr. After washing the cells four times in PBS, FITC-conjugated goat anti-rat IgG (Fab)2 was added to the cells and incubated for 1 hr at room temperature. The cells were then washed four times in PBS and photographed.
RESULTS
Antibody to the AGE-Binding Protein p90 Recognizes Galectin-3
By screening an expression library from activated macrophages with an antibody made to
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FIG. 1. Recombinant galectin-3 is recognized by anti-p90 antibody
Purified recombinant murine galectin-3 (1 µg/lane) was subjected to SDS-PAGE through a 12% gel and electroblotted onto nitrocellulose. After blocking with 2% BSA in PBS for 2 hr, the blots were exposed to each of the primary antibodies as shown: rat IgG2a; anti-galectin-3 mAb M3/38; purified avian serum IgG; or purified IgG fraction of avian anti-p90. Immunoreactivity was visualized by the appropriate alkaline phosphatase-conjugated goat anti-chicken IgG or mouse anti-rat IgG and NBT/BCIP color reaction.
the 90-kD subunit (p90) of the AGE receptor complex (13), we isolated a sequence that corresponded to galectin-3. To test the relationship between galectin-3 and known AGE-binding proteins, we conducted Western blot analysis of purified recombinant murine galectin-3 with polyclonal antibodies raised against the purified 90-kD AGE-BP protein from rat liver membrane. A monoclonal antibody to galectin-3 (mAb M3/ 38), and likewise the polyclonal chicken anti-p90, but not an isotypic rat IgG2a, nor a normal chicken IgG, identified a 32-kD band in Western blots (Fig. 1). This was consistent with the possibility that p90 contains an epitope shared by galectin-3 or that the 90-kD protein consists of more than one polypeptide, one of which is ga-lectin-3.
To confirm and expand the question of whether galectin-3 or any other members of the galectin family, comprising of galectin-1 through -4 (19 —21), exhibit AGE-binding activity, we performed ligand blot analysis of recombinant human galectin-1, -2, and -3, and rat galectin-4 using 125I-AGE-BSA as ligand. As shown in Fig. 2A, galectin-3 and -4 (domain I), but not galectin-1 or -2, could bind AGE-BSA under identical conditions. Phosphorimage analysis (Fig. 2B) indicated that, among all, galectin-3 exhibits the strongest activity, while galectin-4
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FIG. 2. Ligand blot analysis of galectins 1-4 
Recombinant human galectin-1, -2, -3 and rat galec-tin-4 (domain I) were subjected to SDS-PAGE (4
20% gel, 5 µg/lane) and electroblotted onto nitrocel
lulose membrane. (A) Blots were either stained with Amido black or probed with 
125
I-AGE-BSA. Protein staining of filters (1) and autoradiographs of ligand blots (2) are shown. (B) Comparison of 
125
I-AGE-BSA binding to galectins by phosphorimage (PI) analysis. Data are expressed in relative PI units/µg protein.
recognized approximately 50% of the labeled AGE-ligand bound by galectin-3.
Recombinant Galectin-3 Binds AGE-Modified Proteins
To test whether galectin-3 itself exhibits AGE-specific binding activity, purified rat galectin-3 was immobilized onto nitrocellulose membrane (3 µg/dot) and probed with increasing amounts of 
125
I-AGE-BSA or 
'25I
-BSA in the presence or absence of 50-fold excess unlabeled AGE-BSA or BSA native. As shown in Fig. 3, galectin-3 bind
ing of '
25
I-AGE-BSA rose to saturation in a con
centration-dependent manner. Radioligand binding was completely abrogated by unlabeled AGE-BSA added in excess of 50-fold. Scatchard plot analysis of the binding data (Fig. 3, inset) were consistent with a single class of binding sites and an affinity of 3.5 x 10
7
 W
I
. This affinity is of the same order of magnitude re-
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FIG. 3. AGE binding activity of galectin-3 
Purified recombinant rat galectin-3 (3 µ,g/dot) was immobilized onto a nitrocellulose filter. After block
ing with 2% BSA in blocking buffer for 2 hr filters were probed with increasing concentrations of 'I-AGE-BSA (solid line) or '
25
I
-
BSA (dotted line) in the presence or absence of 100-fold excess unlabeled ligand. After 1 hr, the filters were washed and counted for bound radioactivity. Specific binding was calculated by subtracting nonspecific from total fil
ter-associated radioactivity. (Inset) Scatchard analysis of binding data (representative of three independent experiments).
ported previously for the AGE-receptor on mac-rophages/monocytes 
(5).
Similar AGE-binding activity was exhibited by galectin-3 immuno-precipitated from RAW 264.7 cell extracts using mAb M3/38. The im-muno-precipitated material was subjected to SDS-PAGE and, after transfer to nitrocellulose, to ligand blot and Western analysis. Under these conditions, four proteins with apparent molecu
lar weights of 28, 32, 40, and 50 kD were pre
cipitated by mAb M3/38, which displayed 
125
1
-
AGE-binding activity on ligand blotting (Fig. 4A, Lane 2), and which are likely to represent vari
ous galectin-3 mono-, or multimeric forms (18), or galectin-3 complexed with other membrane proteins. Two of these (shown by arrows) exhib
ited crossreactivity with a polyclonal anti-CBP-35 antibody. By comparison, isotypic IgG2a antibody failed to precipitate any AGE-binding species (Fig. 4A, Lane 1).
To determine the domain responsible for AGE binding, recombinant galectin-3 was di
gested with collagenase 
(32,33) 
and the result
ing 18-kD C terminus was used for ligand blot analysis. As shown in Fig. 4B, this portion of the molecule bound 
125
1-AGE (Lane 1) in a manner that was inhibited in the presence of
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FIG. 4. 
Panel (A) NP-40 detergent extracts pre
pared from RAW 264.7 cells (2 X 10
5
 cell 
equiva-lents/lane) were subjected to immunoprecipitation with either isotype control rat IgG2a (Lane 1) or an-ti-galectin-3 mAb M3/38 (Lane 2). After SDS-PAGE through a 12% gel and electrotransfer onto nitrocel
lulose, filters were subjected to ligand blotting using 
125
I-AGE-BSA. (B) Purified 18-kD carboxyl-terminal domain of recombinant murine galectin-3 (3 µg/ lane) was subjected to ligand blot analysis using 
125
I-AGE-BSA in the presence (Lane 2), or absence (Lane 1) of 50
-
fold unlabeled AGE-BSA. (C) Filters were either stained with Amido black or probed with 
125
1-AGE-BSA. Protein stain of the filters (1,2) and autoradiography of the ligand blots (3,4) are shown. (D) Quantitative analysis of 
125
I-AGE-BSA binding to either intact galectin-3 or its 18-kD C-terminal peptide. Data from Panel C are expressed in phosphorimage units (PI)/mg protein.
50-fold excess 
unlabeled AGE-BSA (Lane 2), indicating AGE-binding specificity. In addition, when compared to the intact protein, the C-terminal fragment of galectin-3 exhibited stronger AGE-binding activity (Fig. 4 C and D); phosphorimage analysis indicated that the C terminus while retaining full AGE binding activity, as the intact protein, this is consid
erably higher than the binding activity of in-
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FIG. 5. Effect of carbohydrates on AGE-bind
ing to galectin-3
Anti-Galectin-3 immunoprecipitated material from 
RAW 264.7 cells (2 X 10
5
) was subjected to SDS-
PAGE (12%) and ligand blot analysis using 'I-
AGE-BSA (300 nM) in the presence or absence or 
the indicated unlabelled competitors: AGE-BSA, FFI
-
BSA, FFI-HA at 50
-
fold excess (15 µM), lactose, ga
lactose, galactosamine, and glucosamine at 100 mM, 
and Amadori product (1-deoxy-l-propyl-amino-fruc-
tose) at 1 mM. The amount of radioactivity associ
ated with galectin-3 was determined by phospho-
rimage analysis of three identical experiments and 
expressed as percentage (mean ± SD) of 
125
1-AGE-
BSA bound in the absence of competitors.
tact galectin-3. The finding suggests that the 
C terminus may contain the principal AGE-
binding site domain of galectin-3 and the re
moval of collagen-like domain may facilitate 
the access of AGE-BSA ligand to this binding 
domain.
Carbohydrates Are Not Effective 
Competitors of AGE-Binding to Galectin-3
Galectin-3 has been identified as a lectin with 
binding specificity to carbohydrate moieties such 
as lactose, galactose and galactosamine (21,22). 
To test whether the galectin-3 AGE-binding do
main functionally overlaps with that for simple 
carbohydrates, competitive ligand blot inhibition 
experiments were performed. Equal amounts of 
galectin-3 immunoprecipitated from RAW cell 
detergent extracts were subjected to SDS-PAGE 
and electrotransferred onto nitrocellulose. 
125
I-
AGE-BSA ligand blot analysis was performed in 
the presence or absence of a large excess of un
labeled competitors. Compared with the com
plete inhibition achieved by unlabeled AGE-BSA
) (
D
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5
0
)
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FIG. 6. Immuno- and ligand-affinity precipitation of surface radioiodinated RAW 264.7 cells Detergent extracts prepared from surface radioiodi-nated RAW 264.7 cells were subjected to immuno-precipitation using isotype control rat Ig2a (Lane A), anti-galectin-3 mAb M3/38 (Lane B), or ligand-affin-ity precipitation using AGE-BSA-sepharose (Lane C). The precipitates were boiled in sample buffer containing 2.5% 0-mercaptoethanol and electropho-resed through a 12% SDS-PAGE gel. Proteins were visualized by autoradiography.
and FFI-HA, a synthetic AGE recognized by macrophage AGE receptors, added either free or attached to BSA (FFI-BSA) (6,7) at 50-fold excess (15 µM), the addition of lactose, galactosamine, and glucosamine at more than 3 x 105-fold excess (100 mM) failed to significantly alter 125I-AGE-BSA binding to galectin-3 (Fig. 5). Neither pentosidine (35) nor pyrraline (36), two other known AGEs competed for binding to galectin-3 (Fig. 5). Furthermore, a model synthetic product of the early steps of nonenzymatic glycation, 1-deoxy- 1 -propyl-amino-fructose (Amadori), also failed to compete with AGE-BSA binding at concentrations as high as 1 M, ruling out the possibility that similar early glycation structures present in AGE-proteins prepared in vitro contribute significantly to AGE binding by galectin-3 (Fig. 5).
Cell-Surface Galectin-3 Binds AGE-BSA
Galectin-3 has been variously described as a cytoplasmic, nuclear, surface-associated, and a secreted protein (18-22,26). To demonstrate that galectin-3, when present on the cell surface is capable of binding AGE-ligands, surface-iodinated 

RAW 264.7 cell extracts were subjected to immu-noprecipitation with M3/38 mAb, or ligand-affinity precipitation studies using an AGE-BSA-Sepharose affinity system. As shown in Fig. 6, Lane B, autoradiographic analysis of M3/38 immunoprecipitated cell extracts revealed a surface labeled polypeptide of approximately 35 kD, running identically with galectin-3. A surface-label polypeptide band of identical molecular weight was similarly identified by li-gand-affinity precipitation of the same extracts (Fig. 6, Lane C). In addition, using either procedure, a polypeptide with the apparent molecular weight of 90 kD was identified (p90) (Fig. 6B and C).
AGE-BSA Treatment Causes Redistribution of Galectin-3 on the Cell Surface
The cellular consequences of AGE-BSA/galec-tin-3 interaction were further investigated by immunofluorescence studies of RAW 264.7 cells using mAb M3/38 or isotypic control. In untreated cells, galectin-3 was diffusely distributed on the cell surface (Fig. 7A), but after incubation of parallel cultures with AGE-BSA for 30 min, a distinct pattern of patchy distribution of galec-tin-3 immunoreactivity was observed (Fig. 7B). In contrast, staining with the isotypic control was negative (Fig. 7C).
Interaction of AGE-Ligand with Cell Surface Proteins Results in Formation of High-Molecular Weight Aggregates
Galectin-3 has been shown to exhibit positive cooperativity in binding to multivalent glycopro-teins, suggesting that the lectin has a tendency to self-associate resulting in dimers or oligomers (32,33). To inquire whether AGE-binding promotes similar aggregation of galectin-3, cellular membranes prepared from RAW 264.7 cells were incubated with 125I-AGE-BSA or 125I-FFI-BSA and at various intervals the mixture was subjected to SDS-PAGE through 12% gels under reducing conditions (2.5% p-mercaptoethanol). The formation of SDS-insensitive, /3-mercapto-ethanol-resistant aggregates was quantitated by phosphorimage analysis of the high-molecular weight material forming on the top of the gel. In contrast to incubations with unmodified BSA, which did not induce aggregate formation (Fig. 8, Lanes g and h), the interaction of 125I-AGE-BSA or 1251-FFI-BSA with membrane proteins
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induced the formation of very high molecular weight complexes (Fig. 8, Lanes b—d). The addi
tion of hydroxylamine, a known inhibitor of thioester linkage, at 100 mM prior to the addi
tion of 
125
1-FFI-BSA abrogated aggregate forma
tion (Fig. 8, Lane f).
To investigate whether these complexes con
tained galectin-3, membrane-associated galec-tin-3 was also immunoprecipitated from RAW 264.7 cells by mAb M3/38, and radioiodinated before incubation with unlabeled AGE- or FFI
-
BSA. The interaction of this radiolabeled galec-tin-3 with either ligand resulted in the formation of SDS-, and -mercaptoethanol-insoluble high-molecular weight complexes (Fig. 9 c and e). The addition of hydroxylamine (50 mM) prevented this aggregate formation (Fig. 9 d and f). Simi
larly, the interaction of recombinant galectin-3 with AGE- and FFI
-
BSA also led to the formation of large hydroxylamine-inhibitable aggregates (data not shown). Other nucleophiles, such as hydrazine (100 mM), 2-PAM (50 mM), and io-doacetamide (1 mM), also inhibited the forma
tion of aggregates (data not shown).
DISCUSSION
Initially, monocyte/macrophages and subse
quently other cell systems were found to bind AGE-modified substrates with high-affinity saturable kinetics, implying the existence of specific receptor(s) (6-9). This binding is not antagonized by the presence of simple sugars, glycoconjugates or early glycation reaction prod-


) (
High MW Complex
66 kD
Membrane	
+	
+
125
 I-FFI-BSA	
+	
+	
+	
+	
+
cold FFI-BSA	
+
Hydroxylamine
125
1-BSA
FIG. 8. AGE ligand induces membrane protein complex formation
RAW 264.7 cell membrane preparations were incu
bated with 
125
1-FFI-BSA at 37°C for the indicated time. After adding SDS-PAGE buffer containing 5% p-mercaptoethanol, the samples were boiled and electrophoresed through a 12% gel. The proteins were visualized by autoradiography. 
125
I-FFI-BSA was incubated without cell membrane (Lane a), with cell membrane for 1, 3, and 6 hr, respectively (Lanes b—d), in the presence of 50-fold unlabeled FFI
-
BSA for 6 hr (Lane e), in the presence of mem
brane extracts and hydroxylamine (100 mM, 6 hr) (Lane f). Unmodified 
125
I-BSA alone (Lane g) or with cell membrane used as controls (6 hr) (Lane h). Very high molecular weight complex formation is indicated on top of gel by arrow. Data are repre
sentative of six independent experiments.
)[image: ]FIG. 7. Distribution of galectin-3 on RAW 264.7 cell surface by immunofluorence
Cells were treated with BSA (a) or AGE-BSA (b and c) for 30 min and probed with either anti-galectin-3 mAb M3/38 (a and b) or isotype control (c) followed by FITC-conjugated goat anti-rat IgG.
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)FIG. 9. Phosphorimage analysis of high-molecular weight aggregates forming during galec-tin-3 and AGE-ligand interaction
After radioiodination, galectin-3 immunoprecipitated from RAW 264.7 cell membranes were incubated for 24 hr at 37°C alone (a) or with unmodified-BSA (b). Similar preparations were incubated with AGE-BSA (c) or with FFI-BSA (e) alone or in the presence of hydroxylamine (100 mM) (d and f). High-molecular weight complex formation was quantitated by phos-phorimage (PI) analysis and expressed as PI U/mg protein. Data are representative of three independent experiments.
ucts, such as Schiff bases or Amadori products in large molar excess, nor by proteins modified by formaldehyde, acetylation or maleylation, which define in part the so-called scavenger receptors (6-9,13,14). AGE-receptor interactions have been linked to a wide variety of normal potentially pathogenic responses, including migration, activation, cytokine and growth factor induction, and matrix protein secretion (4,5,8,9,14,15). These findings have further encouraged the identification and isolation of AGE-binding proteins and the molecular definition of the AGE-receptor complex (11-13,16,17).
Derived from the covalent attachment of reducing sugars, the advanced glycation products that form spontaneously on proteins or lipid substrates in vivo represent a structurally heterogeneous class of reactive adducts that can form infra- and intermolecular crosslinks (1-5). One such chemically defined AGE structure is the furoyl-furanyl imidazole (FFI), the first AGE-crosslink identified in vitro (27) as well as in 

animal tissues (28), while others subsequently isolated include the pyrrole containing AFGP (34), the pentosidine (35), and pyrraline (36); however, the large majority of AGE structures remains undefined.
We have previously described two polypep-tides, designated p60 and p90, as components of the macrophage AGE-receptor (13). During studies designed to provide cDNA clones corresponding to p90 using antibodies made to purified rat liver p90, we repeatedly isolated a partial cDNA clone corresponding to galectin-3.
Galectin-3, a cellular protein previously studied for its relatively low binding activity for a broad range of simple carbohydrates (Kd 4 X 105 M-1) (37) is found in the cell nucleus, the cy-tosol, on the cell surface, as well as extracellu-larly and has been implicated in events such as macrophage migration, adhesion, immune response modulation, growth and differentiation and is included to the Galectins, a family of lec-tins, sharing affinity for p-galactoside sugars (18-26). There has been no clear evidence however that galectin-3 acts as a surface receptor, since protein and cDNA sequence analysis of this molecule indicated neither transmembrane anchor sequences, nor signal peptide (38). Western blot analysis of recombinant murine galectin-3, using the same antisera developed against the rat liver 90-kD AGE-binding polypeptide (anti-p90) (13) that were used in expression screening revealed strong immunoreactivity between these antisera and galectin-3. This raised the possibility of either an immunologic cross-reactivity between p90 and galectin-3 or of immunoreactivity directed to galectin-3-like epitopes copurified with the p90 polypeptide.
The physical association of galectin-3 with AGE-receptor components versus an independent role of galectin-3 as an AGE-binding protein was investigated further. First, it was ascertained that galectin-3 possessed distinct binding affinity for AGE-modified albumin, a property which was not shared by two other members of the galectin family (galectin-1 and -2) and only partially by galectin-4. Then, evidence was obtained to show that purified recombinant galectin-3 is capable of independently and specifically binding AGE-modified proteins with saturable kinetics (Kd = 3.5 x 107 M-1). This binding affinity was lower than the affinity observed in intact membrane preparations (X10-9) (13), which may reflect either the need for a membrane localization or for cooperation of more than one of the AGE receptor components. Nevertheless, the affinity
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of galectin-3 for AGEs is distinctly higher than that for carbohydrates (Kd = 4 X 105 M- ' ) (37), even when FFI-HA is used for comparison with monovalent sugars. In addition, based on competitive studies with previously known ligands of galectin-3 such as lactose, galactose, and other glycoconjugates added in large excess, the recognition site for AGE-moieties appeared to be distinct from those for carbohydrate moieties. At least one AGE-binding domain colocalizes to the same 18-kD C-terminal fragment of galectin-3 that contains the carbohydrate recognition domain of the molecule. Although our data do not distinguish between a single or multiple binding sites for AGE-modified ligands on galectin-3, the specificity of this protein for AGE-moieties was further defined in experiments using chemically defined synthetic "early" or Amadori, and "late" glycation intermediates (1-4) in competition experiments. Consistent with reports on lack of recognition by other AGE-binding proteins (6,8,13,14), Amadori failed here to displace AGE-ligands, thus eliminating the role of early glycation products in this interaction. In contrast, the model synthetic AGE ligands, FFI-HA and FFI-BSA (25,26), previously shown to be readily recognized by macrophages (6,7,11,12) competed very effectively. Surface binding of FFI-BSA has been associated with macrophage/ monocyte activation, cytokine release (39) and autocrine AGE-receptor up-regulation (40), mimicking and even surpassing the identical activities of naturally formed AGE-BSA. Owing its efficiency most probably to the higher concentration of AGE-modifications per polypeptide compared to the naturally formed AGE-BSA, the validity of the synthetic FFI-BSA was confirmed while it also proved a valuable probe for the present studies.
AGE-affinity precipitation of surface-labeled cell extracts yielded polypeptides with identical mobility to galectin-3 at 35 and 90 kD, while immunoprecipitation with anti-galectin-3 revealed in addition, a 50-kD protein, which indicated the proximity, and possible association of galectin-3 with other AGE-binding polypeptides on the cell surface (e.g., p90 and p60). Alternatively, exposure of cells to AGEs may enhance the surface expression of galectin-3, an antigen, first recognized as a macrophage activation marker (21). Given the known property of AGEs to induce macrophage activation (39,40), this would not be inconsistent with this hypothesis. The latter was supported by immunofluores-cence studies showing that upon exposure of 

RAW cells to AGE-BSA, the presence of galec-tin-3 on the cell surface intensified, while it mobilized to form discrete complexes. Based on the previously reported propensity of galectin-3 to associate with itself (18,32,37), we sought to evaluate whether AGE ligands may also promote galectin-3 complex formation.
Our results indicate that interaction of AGE-and FFI-modified BSA with either membrane-derived or recombinant galectin-3 resulted in the formation of high-molecular weight aggregates in a time-dependent manner. These complexes proved resistant to SDS or f3-mercaptoethanol treatment but were completely inhibitable in the presence of nucleophiles, such as hydroxy-lamine, hydrazine, and 2-PAM. The lability of the complexes to hydroxylamine at an alkaline pH suggested that the interactions within the complexes may involve the formation of covalent bond between galectin-3 and other molecules, and that the bond is likely a thioester. The presence of such thioester linkages has been previously reported for complement factor C3 (41,42,43) and ubiquitin-activating enzyme E1 (44). Internal thioester bonds mediating the fixation of complement factor C3 to biological targets seem necessary for complement function (42,43). Similarly, the attachment of ubiquitin El and subsequent trafficking of target proteins to degradation pathways is also dependent on high energy thioester linkages (44). Although further characterization of the nature and the functional significance of the linkages formed between galectin-3 and AGE-modified proteins is necessary, it is possible to speculate that the formation of high energy thioester bonds may contribute to the efficient attachment, and uptake of proteins modified in vivo by a wide range of AGE moieties with variable affinities, to be subsequently escorted toward intracellular degrada-tive compartments.
The presence of galectin-3 on the cell surface is interesting since there is no consensus trans-membrane spanning domain present in its sequence (18,38). Thus, it is conceivable that this polypeptide is expressed on the cell surface in association with other subunits of the AGE-receptor complex which may contain such domains. In this regard, our immuno-precipitation and affinity studies using anti-galectin-3 and li-gand blot analysis, showed that in addition to the p90 and to anti-galectin-3-reactive polypeptides, two other species with approximate molecular weights of 40 and 50 kD were associated with galectin-3 and were capable of binding AGE-BSA.
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The identity of these molecules is under investigation; however, they are likely to correspond to one or more of the already characterized macrophage surface AGE-binding proteins (13,16). Thus far, the primary role of galectin-3 has remained unclear, although it has been suggested that galectin, among others, may play a role in macrophage adhesion to basement membranes and subsequent migration toward the site of inflammation via interaction with laminin (45), or that it may be associated with neoplastic progression of colon carcinoma (46).
Collectively, our data provides evidence of a novel class of in vivo forming ligands for galec-tin-3, advanced glycation end products. The physiologic significance of this interaction is under further investigation. However, the observation that galectin-3 exhibits high-affinity binding activity for AGE-modified proteins, constitutes a novel activity for this molecule and introduces it as a new member of the macrophage receptor system for AGE-modified senescent macromolecules.
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Carbohydrate-Binding Protein Identification by Coupling Structural Similarity Searching with Binding Affinity Prediction
Huiying Zhao,
[a,b]
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Carbohydrate-binding proteins (CBPs) are potential biomarkers and drug targets. However, the interactions between carbohy
drates and proteins are challenging to study experimentally and computationally because of their low binding affinity, high flexi
bility, and the lack of a linear sequence in carbohydrates as exists in RNA, DNA, and proteins. Here, we describe a structure-based function-prediction technique called SPOT-Struc that identifies carbohydrate-recognizing proteins and their binding amino acid residues by structural alignment program SPalign and binding affinity scoring according to a knowledge-based statistical potential based on the distance-scaled finite-ideal gas reference state (DFIRE). The leave-one-out cross-validation of the method on 113 carbohydrate-binding domains and 3442 noncarbohydrate binding proteins yields a Matthews correlation coefficient of 0.56 for SPalign alone and 0.63 for SPOT-Struc (SPalign 
1 
binding affinity scoring) for CBP prediction. SPOT-


) (
Struc is a technique with high positive predictive value (79% correct predictions in all positive CBP predictions) with a reason
able sensitivity (52% positive predictions in all CBPs). The sensi
tivity of the method was changed slightly when applied to 31 APO (unbound) structures found in the protein databank (14/31 for APO versus 15/31 for HOLO). The result of SPOT-Struc will not change significantly if highly homologous templates were used. SPOT-Struc predicted 19 out of 2076 structural genome targets as CBPs. In particular, one uncharacterized protein in 
Bacillus subtilis 
(1oq1A) was matched to galectin-9 from 
Mus musculus
. Thus, SPOT-Struc is useful for uncovering novel carbohydrate-binding proteins. SPOT-Struc is available at 
http:// sparks-lab.org
. 
V
C
 2014 Wiley Periodicals, Inc.
DOI: 10.1002/jcc.23730
) (
Introduction
Carbohydrates are associated with many biological processes and perform essential roles at the cellular level in living organ
isms. These roles are typically through engagement with pro
teins by both noncovalent (carbohydrate-protein binding) and covalent (glycosylation) interactions. Glycoproteins and glyco-lipids decorate the surfaces of all living cells and, conse
quently, tissues with a variety of carbohydrates to form the cell’s glycocalyx. The spatial patterns of such carbohydrate dec
orations alter during cell development
[1]
 and in tumor progres
sion and metastasis.
[2,3]
 Thus, recognition of cell-surface carbohydrates by carbohydrate-binding proteins (CBPs) is the subject of intensive studies particular in the area of biomarker discovery and inhibitor design.
[2,4]
 Moreover, cell-surface resi
dent carbohydrates are also exploited by CBPs associated with clinically significant pathogens, including various bacteria, viruses, and parasites, for cell invasion and immune detection avoidance.
[5]
 As a result, many CBPs in pathogens have been conceived as potential drug targets.
[6]


However, not all CBPs and their binding mechanisms are known. Moreover, more and more proteins have been sequenced without knowledge of their function(s) due to increasingly inexpensive sequencing techniques. Although there is one high-throughput technique (glycan arrays) for detecting novel CBPs and investigating their binding specific-ity,
[7–11]
 it is challenging to construct a sizeable, diverse glycan array because of difficulty in synthesis and isolation of carbo
 
) (
hydrates. Here, we focus on a complementary approach: pre
diction of CBPs and their binding amino acid residues by computational techniques.
Currently, predicting CBPs and determining their carbohydrate-binding amino acid residues are treated as two separate problems.
[12–16]
 Someya et al.
[12]
 predicted CBPs by combining protein sequence information with support vector machines. This approach used sequence patterns and frequen
cies of grouped amino acids as input and has achieved a Mat
thews correlation coefficient of 0.67 by leave-one-out cross-
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validation based on a dataset of 345 CBPs and non-CBPs. This method is limited to CBP prediction. Many more methods have been developed for predicting carbohydrate-binding amino acid residues based on their three-dimensional struc
tures. For example, Shionyu-Mitsuyama et al. predicted binding residues by building empirical interaction rules.
[13]
 Tsai et al. utilized 3D probability density maps.
[15]
 Machine-learning tech
niques have also been established by utilizing binding propen
sity and solvent accessibility
[17]
 or selected geometric and chemical features.
[18]
 These methods, however, cannot distin
guish CBPs from non-CBPs.
Here, we will introduce a template-based method that can simultaneously predict CBPs and their carbohydrate-binding amino acid residues. This work is inspired by our template-based technique named SPOT-Struc for structure-based predic
tion of DNA-/RNA-binding proteins and their binding sites.
[19,20]
 In this approach, a target structure is first structur
ally aligned to the proteins with known protein-RNA/DNA complex structures. Significantly aligned structures are then used for building model complex structures between target structure and template RNA/DNA and for predicting binding affinities. Binding affinity calculations are used as a filter to recognize true positives and remove false positives.
In this work, we extend SPOT-Struc to CBPs. Such an exten
sion is possible because hundreds of protein-carbohydrate complex structures have been deposited in the protein data-bank
[21]
 despite experimental challenges as a consequence of the low binding affinity and the highly flexible structures of carbohydrates. This dataset of CBP complex structures is used as templates to predict CBPs based on structural similarity between a template and a target structure by SPalign.
[22] 
Structural similarity is further combined with binding affinity scoring by a knowledge-based energy function proved useful for proteins,
[23,24]
 protein-DNA/RNA,
[19,20]
 and protein-ligand interactions.
[25]
 Our method was tested by leave-homolog-out on 113 nonredundant CBPs and 3442 non-CBPs and achieved the Matthews correlation coefficients of 0.63 and 0.58 for pre
diction of CBPs and carbohydrate-binding amino acid residues, respectively. The sensitivity and positive predictive value (PPV) of CBP prediction are 52% and 79%, respectively. A similar level of sensitivity was achieved for APO and HOLO structures. Application of this method to structural genomics targets revealed several new putative CBPs.
Methods and Materials
Template library of CBPs (T523)
A template library was built based on the PROCARB database that contains 604 protein-carbohydrate complex structures.
[26] 
We then removed all glycoproteins and selected only those proteins with more than five amino acid residues binding with carbohydrates. Here, a residue is defined as a carbohydrate-binding amino acid residue if it has one or more heavy atoms that are within 4.5 
A˚
 distance from any heavy atoms of carbo
hydrates as used for defining DNA and RNA-binding resi-dues.
[19,20]
 We further divided selected proteins into domains 
) (
by the automatic domain parser DDomain.
[27]
 Both domains and their corresponding chains are included in the final tem
plate library that has 523 CBPs as templates. We have included both domains and chains in the template library so as to increase the possibility of locating a suitable template.
Positive binding-domain dataset (BD113)
We built a positive database of carbohydrate-binding domains for training and cross-validation by first excluding the chains in T523. We further removed the redundant proteins using BLASTClust
[28]
 with a sequence identity cutoff of 30%. The final dataset contains 113 CBPs.
Negative (nonbinding) dataset (NB3442)
We built the negative dataset by querying the PDB database and removing all PDB files containing carbohydrates. The pro
tein chains were parsed into domains by DDomain.
[29]
 All redundant domains were removed by BLASTClust
[28]
 with a sequence identity cutoff of 30%. One representative domain was randomly selected from each cluster. The final dataset contains 3442 protein domains.
APO31/HOLO31 dataset
To examine the effect of binding-induced change of protein conformations on PPV and sensitivity of CBP detection, we built a dataset with both bound (HOLO) and unbound (APO) structures of CBPs. We located APO structures by selecting homologous sequences of proteins in BD113. All APO chains are divided into domains according to SCOP
[27]
 or by DDo-main.
[29]
 Only HOLO and APO domains with sequence identity 
≥
50% were selected. Here, the pairwise sequence identity was calculated by ALIGN0 program from FASTA2 package.
[30]
 We found 31 APO-HOLO domain pairs. The majority of the pairs (27 out of 31) have sequence identity more than 80%.
Structural genomics targets (SG2076)
Our method was applied to 2076 structural genomics targets that were collected by us from previous study on structure-based prediction of DNA-binding proteins.
[19]
 This dataset was obtained by querying structural genomics targets in the pro
tein databank. All structures were divided into domains by the automatic domain parser DDomain.
[29]
 Redundancy was removed using BLASTClust
[28]
 with a sequence identity cutoff of 30%.
Distance-scaled finite-ideal gas reference state-based statistical potential for protein-carbohydrate interactions
We used the same equation as the distance-scaled finite-ideal gas reference state (DFIRE)-based interaction for proteins
[23,24] 
as below
) (
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where 
N
obs
(
i
,
 j
, 
r
) 
is the number of pairs of atoms 
i 
and 
j 
within the spherical shell at distance 
r 
observed in a given complex-structure database; 
r
cut
 is the interaction cutoff dis
tance; 
D
r
cut 
is the bin width at 
r
cut
;
 the value of 
a 
(1.61) was determined by the best fit of 
r
a
 to the actual distance-dependent number of ideal-gas points in finite protein-size spheres.
[23]
Due to lack of a large nonredundant dataset for protein-carbohydrate complex structures and to avoid the possibility of over training, we built our statistical potential based on a nonredundant dataset of 3574 protein structures
[31]
 but with simplified atom types so that they can be utilized for most protein-ligand (including protein-carbohydrate) interactions. We used 11 standard sybyl atom types in mol2 format as defined by openbabel (C.2, C.3, C.ar, C.cat, O.2, O.3, O.co2, N.4, N.am, N.pl3, S.3, N.2, N.ar) for proteins. As before, we set 
r
cut 
= 
15 
A˚
 and 
r
cut 
= 
0.5 
A˚.
[31]
 To ensure the usefulness of the protein-based statistical potential for scoring protein-ligand binding affinity, we have applied it to the PDBbind dataset (v2013-core).
[32]
 This dataset contains 195 protein-ligand com
plexes with known binding affinity. The observed correlation coefficient between predicted and actual binding affinity of 0.52 confirms the usefulness of the statistical potential for scoring binding affinity.
Prediction protocol
The protocol for CBP prediction is as follows. First, the target structure is aligned against those templates with sequence identity 
< 
30% from the template library T523 by structure alignment tool SPalign.
[22]
 Here, templates with 
>
30% sequence identity to the target are excluded to examine the ability of our method to go beyond sequence homologs. SP-score is used to measure the structural similarity between tem
plate and query structures. If an SP-score is greater than a threshold, the model for the complex structure between the query protein and the template carbohydrate is constructed by replacing the template protein structure with the query structure in the template complex structure. The model com
plex structure will be utilized to calculate the binding affinity by the DFIRE statistical potential. The binding affinity is calcu
lated using only 
C
a
 and 
C
b 
atoms on the interface of proteins and all atoms in carbohydrates to avoid possible steric clashes between unoptimized side chains of amino acid residues and template carbohydrates. The interface atoms of proteins are atoms that have distance less than 7 
A˚
 with at least one atom in carbohydrate. This interface cutoff for binding affinity scor
ing was optimized to achieve the best result for predicting CBPs. We do not perform side-chain optimization because of the lack of efficient and accurate methods for side-chain opti
mization in the presence of carbohydrates. If the binding affin
ity is stronger than a threshold, the query is predicted as the
)[image: ] (
Figure 1. Distributions of the best SP-scores of the templates in the tem
plate library for the protein domains in the positive (BD113, filled bars) and 
negative (NB3442, open bars) datasets, respectively. The templates with 
more than 30% sequence identity to the query sequence are excluded.
CBPs. If the binding affinity does not satisfy the threshold or 
the structural similarity SP-score is lower than a structural simi
larity threshold, the query is predicted as a non-carbohydrate 
binding protein.
Performance evaluation
The performance of the proposed method is measured by sen
sitivity [SN 
= 
TP/(TP
+
FN)], PPV [PPV 
= 
TP/(TP
+
FP)] and MCC.
) (
p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ffi
(
TP
+
FN
) (
TP
+
FP
) (
TN
+
FP
) (
TN
+ 
FN
)
) (
where TP, TN, FP, and FN refer to true positives, true nega
tives, false positives, and false negatives, respectively.
Results
SPalign for CBP prediction
We first examine the possibility of using SP-score alone from SPalign for CBP prediction. SP-score is a structural-alignment score that is independent of the sizes of proteins in compari
son. SP-score ranges from 0 to 2. A higher SP-score indicates higher structural similarity. An SP-score at about 0.5 indicates that the same structural fold is likely shared by the two struc
tures in comparison.
[22]
 Figure 1 compares the distributions of SP-scores obtained by comparing template structures to the structures in BD113 (filled bars) to those in NB3442 (open bars). The comparison is made after removing any templates with sequence identity more than 30% to the positive query structure. The result shows that only 5.3% nonbinding targets from NB3442 have an SP-score of more than 0.7 with a tem
plate structure. In contrast, 98% of binding targets can find a template with SP-score 
> 
0.7. It is clear that a structure-alignment program alone can provide a reasonable prediction
) (
TP
X
TN
-
FP
X
FN
) (
MCC
=
) (
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Table 1. 
Leave-homolog-out cross-validation for PSI-BLAST, SPalign, and SPOT-Struc with positive BD110 and negative NB3442 datasets.


Positive predictive
Sensitivity


Method
value (%)
(%)
MCC
[a]


PSI-BLAST
86
34
0.53
SPalign
75
43
0.56
SPalign 
+ 
binding scoring (SPOT-Struc)
79
52
0.63
[a] Matthews correlation coefficient.




) (
of CBPs. We found that SPalign can achieve an MCC value of 0.56 with a sensitivity of 43% and a PPV of 75% for the SP-score threshold of 0.778.
Combining SPalign with the DFIRE-based statistical potential
To go beyond the one-step prediction of CBPs by the structural alignment program SPalign, we combined SPalign with binding affinities estimated by the extended DFIRE statistical potential, [eq. (1)]. Two thresholds, SP-score and binding affinity were opti
mized using the leave-one-out scheme on BD113/NB3442. The grid for SP-score was 0.01. For a given SP-score, we located the binding affinity that yields the highest MCC value. The final MCC value is 0.63 with 0.72 and 
-
0.43 as the thresholds for SP-score and binding, respectively. The corresponding sensitivity and PPV are 52% and 79%, respectively. This result indicates that combin
ing SPalign and binding affinity can significantly improve over SPalign (12% for the MCC value, 20% for sensitivity, and 4% for PPV) as shown in Table 1.
For a baseline comparison, we also predict CBPs using PSI-BLAST
[28]
—a commonly used tool for sequence-to-profile hom-olog search. We made four iterations of search by PSI-BLAST utilizing the NCBI nonredundant protein sequence library. It predicts a target as CBP if the most significant template from T523 has an 
E
-value smaller than a threshold. As with SPalign-based techniques, the templates are removed if their sequence identities with a target are higher than 30%. The highest MCC value of PSI-BLAST is 0.53 with a PPV of 86% and a sensitivity of 34%. As shown in Table 1, the MCC value is 6% lower than SPalign and 19% lower than SPalign combining with binding affinity scoring. Thus, the combination of SPalign with binding affinity is the most effective method for detecting CBPs. The receiver operating characteristic curves for PSI-BLAST, SPalign, and SPalign 
+ 
Binding affinity scoring (SPOT-Struc) are shown in Figure 2.
The effect of bound/unbound structures on CBP prediction (APO/HOLO dataset)
We examined the effect of bound/unbound structures on CBP prediction. A target protein will be predicted as a CBP if its SP-score and binding affinity value satisfy the above-established thresholds. The numbers of positive predictions for HOLO and APO sets are 15 and 14, respectively. Only the APO structure 1e4lA was not recognized as a CBP because its SP-score with template 2d24A1 is 0.719 (slightly less than the threshold 0.72) while the HOLO structure 1e55B has a SP-score 
) (
of 0.724. These results suggest that using APO structures does not lead to a large reduction of the sensitivity of our method, at least for the dataset we were able to obtain.
The effect of homology models on CBP prediction (APO/ HOLO dataset)
To examine the effect of use of homology-modeled structures on CBP prediction, we used the SPARKS 
X
[33]
 method that per
forms sequence-to-template structure profile-profile alignment followed by modeller for model building.
[34]
 If we allow homologous templates in the SPARKS X template library (sequence identity 
> 
30%), there is no change to the sensitivity of the prediction: the same 15 proteins were predicted as CBPs. Conversely, if only templates with a sequence identity of 
<
30% are used as the templates for target proteins, SPOT-struc predicted 11 proteins as CBPs. Three of the four mis-predicted proteins did match to complex templates with struc
tural similarity that is close to but lower than the threshold of 0.72. Another protein failed to be predicted as a CBP because its predicted binding affinity, 
-
0.426, is slightly higher than the threshold of 
-
0.43.
Binding site prediction
Predicted structures from SPOT-Struc can be used to predict binding residues. A residue is defined as a binding site if any heavy atom in that residue is 
<
4.5 
A˚
 away from any heavy atom of carbohydrate. All other residues are defined as non
binding residues, regardless of if they are on the surface or in the protein core. Predicted binding sites are evaluated against actual binding sites using the MCC value, sensitivity, and PPV. For 59 correctly predicted CBPs from BD113, an average MCC value of 0.51 with standard deviation of 0.30 was achieved with a sensitivity of 57% and a PPV of 57%. The MCC values of the predicted binding residues in these 59 proteins are shown
) (
Table 2. 
Structural genome targets predicted as CBPs.
Target	
Template
SP-score
Binding
Seq ID	
Function
1y89B	
2ri1A
0.95
-
0.66
24.3	
CBP
[a]


3cbwA	
2cipA
0.89
-
1.51
22.7	
CBP
1vdwA	
2qvrA
0.88
-
0.87
19.8	
CBP
3hnmA	
2j7mA
0.87
-
1.04
19.6	
CBP
3gglA	
2j7mA
0.87
-
0.74
28.7	
CBP
2p0vA	
2vn4A1
0.85
-
0.74
6.8	
UNK
[b]


3ebvA	
2dsvA
0.84
-
4.16
23.5	
CBP
3eypA2	
2j1uA
0.83
-
0.82
19.9	
CBP
3ejnA	
3ck7B
0.82
-
0.57
20.4	
Other
[c]


3mkvA	
2vhlA
0.82
-
0.66
22.7	
Other
[c]


1zoxA	
1mfbH1
0.82
-
0.71
23.6	
Other
[c]


3c5yE	
2vvpA
0.8
-
1.4
22.9	
CBP
1oq1A	
2e6vA
0.8
-
0.82
16.6	
UNK
[b]


1t9fA	
1v6wA2
0.79
-
1.58
14.9	
UNK
[b]


1xpwA	
2vmdA
0.77
-
0.61
4.2	
CBP
2nlyA	
1w1a1
0.76
-
0.55
15.7	
CBP
2ghsA	
1ms1A1
0.73
-
0.63
6.8	
Other
[c]


3e5zA	
1ms1A1
0.73
-
1.71
16.6	
CBP
2p4oA	
1ms8A1
0.73
-
0.6
7.9	
UNK
[b]


[a] Targets were annotated as having putative function related to car-


bohydrate binding. [b] Unknown functions. [c] Annotated with other functions.
) (
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Figure 2. Sensitivity versus false positive rate given by PSI-BLAST, SPalign, and SPOT-Struc (SPalign 
1 
Binding affinity Scoring).
in Figure 3 as a function of the structural similarity score SP-score between predicted and actual protein structures. In gen
eral, a higher SP-score tends to achieve a higher MCC value although the overall correlation coefficient between MCC and SP-score is only 0.30.
Figure 4a shows one successful example by comparing pre
dicted CBP binding sites with native binding sites for Fucolectin-related protein in 
Streptococcus pneumoniae 
sero-type 4 (target 2j1uA). For this target, the SPOT-Struc prediction achieved an MCC of 0.88 although the sequence identity between this target and template 2j7mA (a carbohydrate-binding module from a 
Clostridium perfringens N
-acetyl-
b
-hexo-saminidase) is only 18%. The SP-score (the structural similarity) between predicted and native structures is 0.81. There are 125 residues aligned within 2.2 
A˚
 root-mean-squared distance.
For some proteins, their binding-site prediction is poor despite accurate structure predictions (Fig. 3). An example is shown in Figure 4b, The SP-score between the predicted structure based on the template 1uxxX and the native structure 1uyzB is 0.94. There are 120 residues aligned with a RSMD of 1.6 A
˚
. However, the predicted binding region and native binding region do not overlap with each other as shown in the figure. We found that both template (1uxxX for ctcmB 6) and native proteins (1uyzB for cmcBM6-2) belong to the same family 6 carbohydrate-binding module. This binding module contains two carbohydrate-binding clefts, cleft A (ctcBM6) and cleft B (cmcBM6-2).
[35
1
 Cleft A is located in the loop region connecting the inner and outer 
b
-sheet, and cleft B is located at the concave surface of two 
b
-sheets.
[35
1
 The predicted binding region of the target is cleft A, in good agreement with experimentally validated binding sites (Trp-92, Tyr-33, Glu-20, and Thr-23). The native complex structure, conversely, reveals binding in cleft B. That is, the predicted com
plex structure captures another binding region of the target.
Binding site prediction for APO/HOLO/homology modeling structures
For 14 predicted CBPs shared by APO and HOLO targets, we achieved an average MCC value of 0.44 for predicted binding 
) (
sites with a sensitivity of 54% and a PPV of 49% for HOLO structures, compared to the MCC value of 0.45, a sensitivity of 55%, and a PPV of 49% for APO structures, and the MCC value of 0.43, a sensitivity of 53%, and a PPV of 48% for model struc
tures based on highly homologous templates. If only remote-homology templates (sequence identity 
< 
30%) were used, the average MCC value is reduced to 0.36 for predicted binding sites of 11 predicted CBPs. Thus, binding-site prediction does not strongly depend on HOLO (bound), APO (unbound), or close homology models for this set of proteins.
Application to structural genomics targets
We further applied our method to 2076 domains determined by structure genome projects. The trained thresholds (0.72 for SP-score and 
2
0.42 for the binding scoring) were used. As shown in Table 2, nineteen targets from 2076 domains were predicted as CBPs. Among them, 11 out of 19 (57%) were annotated as CBPs or putative CBPs by Uniprot.
[36
1
 Four of the eight remaining predicted CBPs are listed with other known functions—a putative SusD homolog of 
Bacteroides fragilis 
(3ejnA), an amidohydrolase from 
Burkholderia phytofirmans 
(3mkv), a CMRF35-like molecule 1 from mouse (1zoxA), and a calcium-binding protein from 
Agrobacterium tumefaciens 
(2ghsA). The remaining proteins are uncharacterized proteins from 
Bacillus subtilis 
(1oq1A), 
Caenorhabditis elegans 
(1t9fA), 
Nostoc punctiforme 
(2p4oA), and 
Bacteroides thetaiotaomicron 
(2p0vA). For example, a putative susD homolog of 
B. fragilis 
(3ejnA) was matched to susD, a starch-binding protein in 
B. thetaiotaomicron 
VPI-5482 (3ck7B).
[37
1
 CMRF35-like molecule 1 of mouse (1zoxA) was matched to a sugar-binding antibody FAB fragment (1mfbH1).
[38
1
 The uncharacterized protein from 
B. subtilis 
(1oq1A) was matched to galectin-9 from 
Mus muscu-lus 
(2d6oX).
[39
1
 In the latter case, the identification of a puta
tive galectin in 
B. subtilis 
is important, if confirmed, because
)[image: ] (
Figure 3. The MCC value for predicted carbohydrate-binding residues as a function of the structural similarity between the query and template according to the SP-score.
) (
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Figure 4. Comparison between predicted and native binding regions for protein (red) and carbohydrate (magenta) of target, and protein (green) and carbohydrate (cyan) in template. The red and green colors represent predicted and native structures, respectively. a) Query 2j1uA on template 2j7mA with sequence identity of 18% and SP-score of 0.81 (125 residues aligned with a RMSD of 2.16 A˚). b) Query 1uyzB on template 1uxxX with sequence identity of 25% and SP-score of 0.94 (120 residues aligned with a RMSD of 1.58A˚).

the protein could serve as a drug target for an antibacterial agent.
Discussion
In this study, we have developed a method for simultaneous prediction of CBPs and their binding residues. This is the first template-based method to detect CBPs based on their known protein structures. The leave-one-out validation reveals its high PPV (79%) with reasonable sensitivity (52%) for a dataset of 113 binding and 3442 nonbinding domains. Its application to 31 APO structures leads to only a small reduction in sensitivity. Using highly homologous templates did not reduce the accuracy of CBP prediction, while using models based on remote homology (<30% sequence identity) somewhat decreased sensitivity of the method. Our method predicted eight structural genome targets that are putative CBPs.
Two thresholds, SP-score and binding affinity, were trained as two independent variables to optimize the MCC of prediction. It is possible that a less restrictive binding affinity may be applicable for a highly similar structure. Such structure-alignment-dependent binding affinity was found useful in improving structure-based prediction of DNA-binding pro-teins[19,40] but not for RNA-binding proteins.[20] Here, we found that introducing different thresholds for different SP-scores does not lead to increase in MCC values.
In this work, nonbinding residues were defined as all other residues including residues in the protein core. This definition was made to facilitate future comparison with a sequence-based technique we are developing. Such a definition will improve the MCC value because protein core residues can be easily predicted as nonbinding residues. If binding and nonbinding residues were limited to surface residues defined as 

20% or more residue surface areas accessible, the MCC value did reduce somewhat from 0.51 to 0.48 for 59 predicted CBPs.
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)[image: ]One limitation of this method is its dependence on complex template structures. That is, it will not be able to predict CBPs with novel carbohydrate-binding structures. The fact that we can achieve 52% sensitivity suggests that binding structural types are likely limited.[41,42] As more and more complex structures are solved, our method will likely further improve in its sensitivity by incorporating newly solved structures in its template library.
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Carbohydrate-Binding Protein Identification by Coupling Structural Similarity Searching with Binding Affinity Prediction
Huiying Zhao,
[a,b]
 Yuedong Yang,*
[a,b,c]
 Mark von Itzstein,
[c]
 and Yaoqi Zhou*
[a,b,c,d]
) (
Carbohydrate-binding proteins (CBPs) are potential biomarkers and drug targets. However, the interactions between carbohy
drates and proteins are challenging to study experimentally and computationally because of their low binding affinity, high flexi
bility, and the lack of a linear sequence in carbohydrates as exists in RNA, DNA, and proteins. Here, we describe a structure-based function-prediction technique called SPOT-Struc that identifies carbohydrate-recognizing proteins and their binding amino acid residues by structural alignment program SPalign and binding affinity scoring according to a knowledge-based statistical potential based on the distance-scaled finite-ideal gas reference state (DFIRE). The leave-one-out cross-validation of the method on 113 carbohydrate-binding domains and 3442 noncarbohydrate binding proteins yields a Matthews correlation coefficient of 0.56 for SPalign alone and 0.63 for SPOT-Struc (SPalign 
1 
binding affinity scoring) for CBP prediction. SPOT-


) (
Struc is a technique with high positive predictive value (79% correct predictions in all positive CBP predictions) with a reason
able sensitivity (52% positive predictions in all CBPs). The sensi
tivity of the method was changed slightly when applied to 31 APO (unbound) structures found in the protein databank (14/31 for APO versus 15/31 for HOLO). The result of SPOT-Struc will not change significantly if highly homologous templates were used. SPOT-Struc predicted 19 out of 2076 structural genome targets as CBPs. In particular, one uncharacterized protein in 
Bacillus subtilis 
(1oq1A) was matched to galectin-9 from 
Mus musculus
. Thus, SPOT-Struc is useful for uncovering novel carbohydrate-binding proteins. SPOT-Struc is available at 
http:// sparks-lab.org
. 
V
C
 2014 Wiley Periodicals, Inc.
DOI: 10.1002/jcc.23730
) (
Introduction
Carbohydrates are associated with many biological processes and perform essential roles at the cellular level in living organ
isms. These roles are typically through engagement with pro
teins by both noncovalent (carbohydrate-protein binding) and covalent (glycosylation) interactions. Glycoproteins and glyco-lipids decorate the surfaces of all living cells and, conse
quently, tissues with a variety of carbohydrates to form the cell’s glycocalyx. The spatial patterns of such carbohydrate dec
orations alter during cell development
[1]
 and in tumor progres
sion and metastasis.
[2,3]
 Thus, recognition of cell-surface carbohydrates by carbohydrate-binding proteins (CBPs) is the subject of intensive studies particular in the area of biomarker discovery and inhibitor design.
[2,4]
 Moreover, cell-surface resi
dent carbohydrates are also exploited by CBPs associated with clinically significant pathogens, including various bacteria, viruses, and parasites, for cell invasion and immune detection avoidance.
[5]
 As a result, many CBPs in pathogens have been conceived as potential drug targets.
[6]


However, not all CBPs and their binding mechanisms are known. Moreover, more and more proteins have been sequenced without knowledge of their function(s) due to increasingly inexpensive sequencing techniques. Although there is one high-throughput technique (glycan arrays) for detecting novel CBPs and investigating their binding specific-ity,
[7–11]
 it is challenging to construct a sizeable, diverse glycan array because of difficulty in synthesis and isolation of carbo
 
) (
hydrates. Here, we focus on a complementary approach: pre
diction of CBPs and their binding amino acid residues by computational techniques.
Currently, predicting CBPs and determining their carbohydrate-binding amino acid residues are treated as two separate problems.
[12–16]
 Someya et al.
[12]
 predicted CBPs by combining protein sequence information with support vector machines. This approach used sequence patterns and frequen
cies of grouped amino acids as input and has achieved a Mat
thews correlation coefficient of 0.67 by leave-one-out cross-
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validation based on a dataset of 345 CBPs and non-CBPs. This method is limited to CBP prediction. Many more methods have been developed for predicting carbohydrate-binding amino acid residues based on their three-dimensional struc
tures. For example, Shionyu-Mitsuyama et al. predicted binding residues by building empirical interaction rules.
[13]
 Tsai et al. utilized 3D probability density maps.
[15]
 Machine-learning tech
niques have also been established by utilizing binding propen
sity and solvent accessibility
[17]
 or selected geometric and chemical features.
[18]
 These methods, however, cannot distin
guish CBPs from non-CBPs.
Here, we will introduce a template-based method that can simultaneously predict CBPs and their carbohydrate-binding amino acid residues. This work is inspired by our template-based technique named SPOT-Struc for structure-based predic
tion of DNA-/RNA-binding proteins and their binding sites.
[19,20]
 In this approach, a target structure is first structur
ally aligned to the proteins with known protein-RNA/DNA complex structures. Significantly aligned structures are then used for building model complex structures between target structure and template RNA/DNA and for predicting binding affinities. Binding affinity calculations are used as a filter to recognize true positives and remove false positives.
In this work, we extend SPOT-Struc to CBPs. Such an exten
sion is possible because hundreds of protein-carbohydrate complex structures have been deposited in the protein data-bank
[21]
 despite experimental challenges as a consequence of the low binding affinity and the highly flexible structures of carbohydrates. This dataset of CBP complex structures is used as templates to predict CBPs based on structural similarity between a template and a target structure by SPalign.
[22] 
Structural similarity is further combined with binding affinity scoring by a knowledge-based energy function proved useful for proteins,
[23,24]
 protein-DNA/RNA,
[19,20]
 and protein-ligand interactions.
[25]
 Our method was tested by leave-homolog-out on 113 nonredundant CBPs and 3442 non-CBPs and achieved the Matthews correlation coefficients of 0.63 and 0.58 for pre
diction of CBPs and carbohydrate-binding amino acid residues, respectively. The sensitivity and positive predictive value (PPV) of CBP prediction are 52% and 79%, respectively. A similar level of sensitivity was achieved for APO and HOLO structures. Application of this method to structural genomics targets revealed several new putative CBPs.
Methods and Materials
Template library of CBPs (T523)
A template library was built based on the PROCARB database that contains 604 protein-carbohydrate complex structures.
[26] 
We then removed all glycoproteins and selected only those proteins with more than five amino acid residues binding with carbohydrates. Here, a residue is defined as a carbohydrate-binding amino acid residue if it has one or more heavy atoms that are within 4.5 
A˚
 distance from any heavy atoms of carbo
hydrates as used for defining DNA and RNA-binding resi-dues.
[19,20]
 We further divided selected proteins into domains 
) (
by the automatic domain parser DDomain.
[27]
 Both domains and their corresponding chains are included in the final tem
plate library that has 523 CBPs as templates. We have included both domains and chains in the template library so as to increase the possibility of locating a suitable template.
Positive binding-domain dataset (BD113)
We built a positive database of carbohydrate-binding domains for training and cross-validation by first excluding the chains in T523. We further removed the redundant proteins using BLASTClust
[28]
 with a sequence identity cutoff of 30%. The final dataset contains 113 CBPs.
Negative (nonbinding) dataset (NB3442)
We built the negative dataset by querying the PDB database and removing all PDB files containing carbohydrates. The pro
tein chains were parsed into domains by DDomain.
[29]
 All redundant domains were removed by BLASTClust
[28]
 with a sequence identity cutoff of 30%. One representative domain was randomly selected from each cluster. The final dataset contains 3442 protein domains.
APO31/HOLO31 dataset
To examine the effect of binding-induced change of protein conformations on PPV and sensitivity of CBP detection, we built a dataset with both bound (HOLO) and unbound (APO) structures of CBPs. We located APO structures by selecting homologous sequences of proteins in BD113. All APO chains are divided into domains according to SCOP
[27]
 or by DDo-main.
[29]
 Only HOLO and APO domains with sequence identity 
≥
50% were selected. Here, the pairwise sequence identity was calculated by ALIGN0 program from FASTA2 package.
[30]
 We found 31 APO-HOLO domain pairs. The majority of the pairs (27 out of 31) have sequence identity more than 80%.
Structural genomics targets (SG2076)
Our method was applied to 2076 structural genomics targets that were collected by us from previous study on structure-based prediction of DNA-binding proteins.
[19]
 This dataset was obtained by querying structural genomics targets in the pro
tein databank. All structures were divided into domains by the automatic domain parser DDomain.
[29]
 Redundancy was removed using BLASTClust
[28]
 with a sequence identity cutoff of 30%.
Distance-scaled finite-ideal gas reference state-based statistical potential for protein-carbohydrate interactions
We used the same equation as the distance-scaled finite-ideal gas reference state (DFIRE)-based interaction for proteins
[23,24] 
as below
) (
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where 
N
obs
(
i
,
 j
, 
r
) 
is the number of pairs of atoms 
i 
and 
j 
within the spherical shell at distance 
r 
observed in a given complex-structure database; 
r
cut
 is the interaction cutoff dis
tance; 
D
r
cut 
is the bin width at 
r
cut
;
 the value of 
a 
(1.61) was determined by the best fit of 
r
a
 to the actual distance-dependent number of ideal-gas points in finite protein-size spheres.
[23]
Due to lack of a large nonredundant dataset for protein-carbohydrate complex structures and to avoid the possibility of over training, we built our statistical potential based on a nonredundant dataset of 3574 protein structures
[31]
 but with simplified atom types so that they can be utilized for most protein-ligand (including protein-carbohydrate) interactions. We used 11 standard sybyl atom types in mol2 format as defined by openbabel (C.2, C.3, C.ar, C.cat, O.2, O.3, O.co2, N.4, N.am, N.pl3, S.3, N.2, N.ar) for proteins. As before, we set 
r
cut 
= 
15 
A˚
 and 
r
cut 
= 
0.5 
A˚.
[31]
 To ensure the usefulness of the protein-based statistical potential for scoring protein-ligand binding affinity, we have applied it to the PDBbind dataset (v2013-core).
[32]
 This dataset contains 195 protein-ligand com
plexes with known binding affinity. The observed correlation coefficient between predicted and actual binding affinity of 0.52 confirms the usefulness of the statistical potential for scoring binding affinity.
Prediction protocol
The protocol for CBP prediction is as follows. First, the target structure is aligned against those templates with sequence identity 
< 
30% from the template library T523 by structure alignment tool SPalign.
[22]
 Here, templates with 
>
30% sequence identity to the target are excluded to examine the ability of our method to go beyond sequence homologs. SP-score is used to measure the structural similarity between tem
plate and query structures. If an SP-score is greater than a threshold, the model for the complex structure between the query protein and the template carbohydrate is constructed by replacing the template protein structure with the query structure in the template complex structure. The model com
plex structure will be utilized to calculate the binding affinity by the DFIRE statistical potential. The binding affinity is calcu
lated using only 
C
a
 and 
C
b 
atoms on the interface of proteins and all atoms in carbohydrates to avoid possible steric clashes between unoptimized side chains of amino acid residues and template carbohydrates. The interface atoms of proteins are atoms that have distance less than 7 
A˚
 with at least one atom in carbohydrate. This interface cutoff for binding affinity scor
ing was optimized to achieve the best result for predicting CBPs. We do not perform side-chain optimization because of the lack of efficient and accurate methods for side-chain opti
mization in the presence of carbohydrates. If the binding affin
ity is stronger than a threshold, the query is predicted as the
)[image: ] (
Figure 1. Distributions of the best SP-scores of the templates in the tem
plate library for the protein domains in the positive (BD113, filled bars) and 
negative (NB3442, open bars) datasets, respectively. The templates with 
more than 30% sequence identity to the query sequence are excluded.
CBPs. If the binding affinity does not satisfy the threshold or 
the structural similarity SP-score is lower than a structural simi
larity threshold, the query is predicted as a non-carbohydrate 
binding protein.
Performance evaluation
The performance of the proposed method is measured by sen
sitivity [SN 
= 
TP/(TP
+
FN)], PPV [PPV 
= 
TP/(TP
+
FP)] and MCC.
) (
p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ffi
(
TP
+
FN
) (
TP
+
FP
) (
TN
+
FP
) (
TN
+ 
FN
)
) (
where TP, TN, FP, and FN refer to true positives, true nega
tives, false positives, and false negatives, respectively.
Results
SPalign for CBP prediction
We first examine the possibility of using SP-score alone from SPalign for CBP prediction. SP-score is a structural-alignment score that is independent of the sizes of proteins in compari
son. SP-score ranges from 0 to 2. A higher SP-score indicates higher structural similarity. An SP-score at about 0.5 indicates that the same structural fold is likely shared by the two struc
tures in comparison.
[22]
 Figure 1 compares the distributions of SP-scores obtained by comparing template structures to the structures in BD113 (filled bars) to those in NB3442 (open bars). The comparison is made after removing any templates with sequence identity more than 30% to the positive query structure. The result shows that only 5.3% nonbinding targets from NB3442 have an SP-score of more than 0.7 with a tem
plate structure. In contrast, 98% of binding targets can find a template with SP-score 
> 
0.7. It is clear that a structure-alignment program alone can provide a reasonable prediction
) (
TP
X
TN
-
FP
X
FN
) (
MCC
=
) (
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Table 1. 
Leave-homolog-out cross-validation for PSI-BLAST, SPalign, and SPOT-Struc with positive BD110 and negative NB3442 datasets.


Positive predictive
Sensitivity


Method
value (%)
(%)
MCC
[a]


PSI-BLAST
86
34
0.53
SPalign
75
43
0.56
SPalign 
+ 
binding scoring (SPOT-Struc)
79
52
0.63
[a] Matthews correlation coefficient.




) (
of CBPs. We found that SPalign can achieve an MCC value of 0.56 with a sensitivity of 43% and a PPV of 75% for the SP-score threshold of 0.778.
Combining SPalign with the DFIRE-based statistical potential
To go beyond the one-step prediction of CBPs by the structural alignment program SPalign, we combined SPalign with binding affinities estimated by the extended DFIRE statistical potential, [eq. (1)]. Two thresholds, SP-score and binding affinity were opti
mized using the leave-one-out scheme on BD113/NB3442. The grid for SP-score was 0.01. For a given SP-score, we located the binding affinity that yields the highest MCC value. The final MCC value is 0.63 with 0.72 and 
-
0.43 as the thresholds for SP-score and binding, respectively. The corresponding sensitivity and PPV are 52% and 79%, respectively. This result indicates that combin
ing SPalign and binding affinity can significantly improve over SPalign (12% for the MCC value, 20% for sensitivity, and 4% for PPV) as shown in Table 1.
For a baseline comparison, we also predict CBPs using PSI-BLAST
[28]
—a commonly used tool for sequence-to-profile hom-olog search. We made four iterations of search by PSI-BLAST utilizing the NCBI nonredundant protein sequence library. It predicts a target as CBP if the most significant template from T523 has an 
E
-value smaller than a threshold. As with SPalign-based techniques, the templates are removed if their sequence identities with a target are higher than 30%. The highest MCC value of PSI-BLAST is 0.53 with a PPV of 86% and a sensitivity of 34%. As shown in Table 1, the MCC value is 6% lower than SPalign and 19% lower than SPalign combining with binding affinity scoring. Thus, the combination of SPalign with binding affinity is the most effective method for detecting CBPs. The receiver operating characteristic curves for PSI-BLAST, SPalign, and SPalign 
+ 
Binding affinity scoring (SPOT-Struc) are shown in Figure 2.
The effect of bound/unbound structures on CBP prediction (APO/HOLO dataset)
We examined the effect of bound/unbound structures on CBP prediction. A target protein will be predicted as a CBP if its SP-score and binding affinity value satisfy the above-established thresholds. The numbers of positive predictions for HOLO and APO sets are 15 and 14, respectively. Only the APO structure 1e4lA was not recognized as a CBP because its SP-score with template 2d24A1 is 0.719 (slightly less than the threshold 0.72) while the HOLO structure 1e55B has a SP-score 
) (
of 0.724. These results suggest that using APO structures does not lead to a large reduction of the sensitivity of our method, at least for the dataset we were able to obtain.
The effect of homology models on CBP prediction (APO/ HOLO dataset)
To examine the effect of use of homology-modeled structures on CBP prediction, we used the SPARKS 
X
[33]
 method that per
forms sequence-to-template structure profile-profile alignment followed by modeller for model building.
[34]
 If we allow homologous templates in the SPARKS X template library (sequence identity 
> 
30%), there is no change to the sensitivity of the prediction: the same 15 proteins were predicted as CBPs. Conversely, if only templates with a sequence identity of 
<
30% are used as the templates for target proteins, SPOT-struc predicted 11 proteins as CBPs. Three of the four mis-predicted proteins did match to complex templates with struc
tural similarity that is close to but lower than the threshold of 0.72. Another protein failed to be predicted as a CBP because its predicted binding affinity, 
-
0.426, is slightly higher than the threshold of 
-
0.43.
Binding site prediction
Predicted structures from SPOT-Struc can be used to predict binding residues. A residue is defined as a binding site if any heavy atom in that residue is 
<
4.5 
A˚
 away from any heavy atom of carbohydrate. All other residues are defined as non
binding residues, regardless of if they are on the surface or in the protein core. Predicted binding sites are evaluated against actual binding sites using the MCC value, sensitivity, and PPV. For 59 correctly predicted CBPs from BD113, an average MCC value of 0.51 with standard deviation of 0.30 was achieved with a sensitivity of 57% and a PPV of 57%. The MCC values of the predicted binding residues in these 59 proteins are shown
) (
Table 2. 
Structural genome targets predicted as CBPs.
Target	
Template
SP-score
Binding
Seq ID	
Function
1y89B	
2ri1A
0.95
-
0.66
24.3	
CBP
[a]


3cbwA	
2cipA
0.89
-
1.51
22.7	
CBP
1vdwA	
2qvrA
0.88
-
0.87
19.8	
CBP
3hnmA	
2j7mA
0.87
-
1.04
19.6	
CBP
3gglA	
2j7mA
0.87
-
0.74
28.7	
CBP
2p0vA	
2vn4A1
0.85
-
0.74
6.8	
UNK
[b]


3ebvA	
2dsvA
0.84
-
4.16
23.5	
CBP
3eypA2	
2j1uA
0.83
-
0.82
19.9	
CBP
3ejnA	
3ck7B
0.82
-
0.57
20.4	
Other
[c]


3mkvA	
2vhlA
0.82
-
0.66
22.7	
Other
[c]


1zoxA	
1mfbH1
0.82
-
0.71
23.6	
Other
[c]


3c5yE	
2vvpA
0.8
-
1.4
22.9	
CBP
1oq1A	
2e6vA
0.8
-
0.82
16.6	
UNK
[b]


1t9fA	
1v6wA2
0.79
-
1.58
14.9	
UNK
[b]


1xpwA	
2vmdA
0.77
-
0.61
4.2	
CBP
2nlyA	
1w1a1
0.76
-
0.55
15.7	
CBP
2ghsA	
1ms1A1
0.73
-
0.63
6.8	
Other
[c]


3e5zA	
1ms1A1
0.73
-
1.71
16.6	
CBP
2p4oA	
1ms8A1
0.73
-
0.6
7.9	
UNK
[b]


[a] Targets were annotated as having putative function related to car-


bohydrate binding. [b] Unknown functions. [c] Annotated with other functions.
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Figure 2. Sensitivity versus false positive rate given by PSI-BLAST, SPalign, and SPOT-Struc (SPalign 
1 
Binding affinity Scoring).
in Figure 3 as a function of the structural similarity score SP-score between predicted and actual protein structures. In gen
eral, a higher SP-score tends to achieve a higher MCC value although the overall correlation coefficient between MCC and SP-score is only 0.30.
Figure 4a shows one successful example by comparing pre
dicted CBP binding sites with native binding sites for Fucolectin-related protein in 
Streptococcus pneumoniae 
sero-type 4 (target 2j1uA). For this target, the SPOT-Struc prediction achieved an MCC of 0.88 although the sequence identity between this target and template 2j7mA (a carbohydrate-binding module from a 
Clostridium perfringens N
-acetyl-
b
-hexo-saminidase) is only 18%. The SP-score (the structural similarity) between predicted and native structures is 0.81. There are 125 residues aligned within 2.2 
A˚
 root-mean-squared distance.
For some proteins, their binding-site prediction is poor despite accurate structure predictions (Fig. 3). An example is shown in Figure 4b, The SP-score between the predicted structure based on the template 1uxxX and the native structure 1uyzB is 0.94. There are 120 residues aligned with a RSMD of 1.6 A
˚
. However, the predicted binding region and native binding region do not overlap with each other as shown in the figure. We found that both template (1uxxX for ctcmB 6) and native proteins (1uyzB for cmcBM6-2) belong to the same family 6 carbohydrate-binding module. This binding module contains two carbohydrate-binding clefts, cleft A (ctcBM6) and cleft B (cmcBM6-2).
[35
1
 Cleft A is located in the loop region connecting the inner and outer 
b
-sheet, and cleft B is located at the concave surface of two 
b
-sheets.
[35
1
 The predicted binding region of the target is cleft A, in good agreement with experimentally validated binding sites (Trp-92, Tyr-33, Glu-20, and Thr-23). The native complex structure, conversely, reveals binding in cleft B. That is, the predicted com
plex structure captures another binding region of the target.
Binding site prediction for APO/HOLO/homology modeling structures
For 14 predicted CBPs shared by APO and HOLO targets, we achieved an average MCC value of 0.44 for predicted binding 
) (
sites with a sensitivity of 54% and a PPV of 49% for HOLO structures, compared to the MCC value of 0.45, a sensitivity of 55%, and a PPV of 49% for APO structures, and the MCC value of 0.43, a sensitivity of 53%, and a PPV of 48% for model struc
tures based on highly homologous templates. If only remote-homology templates (sequence identity 
< 
30%) were used, the average MCC value is reduced to 0.36 for predicted binding sites of 11 predicted CBPs. Thus, binding-site prediction does not strongly depend on HOLO (bound), APO (unbound), or close homology models for this set of proteins.
Application to structural genomics targets
We further applied our method to 2076 domains determined by structure genome projects. The trained thresholds (0.72 for SP-score and 
2
0.42 for the binding scoring) were used. As shown in Table 2, nineteen targets from 2076 domains were predicted as CBPs. Among them, 11 out of 19 (57%) were annotated as CBPs or putative CBPs by Uniprot.
[36
1
 Four of the eight remaining predicted CBPs are listed with other known functions—a putative SusD homolog of 
Bacteroides fragilis 
(3ejnA), an amidohydrolase from 
Burkholderia phytofirmans 
(3mkv), a CMRF35-like molecule 1 from mouse (1zoxA), and a calcium-binding protein from 
Agrobacterium tumefaciens 
(2ghsA). The remaining proteins are uncharacterized proteins from 
Bacillus subtilis 
(1oq1A), 
Caenorhabditis elegans 
(1t9fA), 
Nostoc punctiforme 
(2p4oA), and 
Bacteroides thetaiotaomicron 
(2p0vA). For example, a putative susD homolog of 
B. fragilis 
(3ejnA) was matched to susD, a starch-binding protein in 
B. thetaiotaomicron 
VPI-5482 (3ck7B).
[37
1
 CMRF35-like molecule 1 of mouse (1zoxA) was matched to a sugar-binding antibody FAB fragment (1mfbH1).
[38
1
 The uncharacterized protein from 
B. subtilis 
(1oq1A) was matched to galectin-9 from 
Mus muscu-lus 
(2d6oX).
[39
1
 In the latter case, the identification of a puta
tive galectin in 
B. subtilis 
is important, if confirmed, because
)[image: ] (
Figure 3. The MCC value for predicted carbohydrate-binding residues as a function of the structural similarity between the query and template according to the SP-score.
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Figure 4. Comparison between predicted and native binding regions for protein (red) and carbohydrate (magenta) of target, and protein (green) and carbohydrate (cyan) in template. The red and green colors represent predicted and native structures, respectively. a) Query 2j1uA on template 2j7mA with sequence identity of 18% and SP-score of 0.81 (125 residues aligned with a RMSD of 2.16 A˚). b) Query 1uyzB on template 1uxxX with sequence identity of 25% and SP-score of 0.94 (120 residues aligned with a RMSD of 1.58A˚).

the protein could serve as a drug target for an antibacterial agent.
Discussion
In this study, we have developed a method for simultaneous prediction of CBPs and their binding residues. This is the first template-based method to detect CBPs based on their known protein structures. The leave-one-out validation reveals its high PPV (79%) with reasonable sensitivity (52%) for a dataset of 113 binding and 3442 nonbinding domains. Its application to 31 APO structures leads to only a small reduction in sensitivity. Using highly homologous templates did not reduce the accuracy of CBP prediction, while using models based on remote homology (<30% sequence identity) somewhat decreased sensitivity of the method. Our method predicted eight structural genome targets that are putative CBPs.
Two thresholds, SP-score and binding affinity, were trained as two independent variables to optimize the MCC of prediction. It is possible that a less restrictive binding affinity may be applicable for a highly similar structure. Such structure-alignment-dependent binding affinity was found useful in improving structure-based prediction of DNA-binding pro-teins[19,40] but not for RNA-binding proteins.[20] Here, we found that introducing different thresholds for different SP-scores does not lead to increase in MCC values.
In this work, nonbinding residues were defined as all other residues including residues in the protein core. This definition was made to facilitate future comparison with a sequence-based technique we are developing. Such a definition will improve the MCC value because protein core residues can be easily predicted as nonbinding residues. If binding and nonbinding residues were limited to surface residues defined as 

20% or more residue surface areas accessible, the MCC value did reduce somewhat from 0.51 to 0.48 for 59 predicted CBPs.
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)[image: ]One limitation of this method is its dependence on complex template structures. That is, it will not be able to predict CBPs with novel carbohydrate-binding structures. The fact that we can achieve 52% sensitivity suggests that binding structural types are likely limited.[41,42] As more and more complex structures are solved, our method will likely further improve in its sensitivity by incorporating newly solved structures in its template library.
Acknowledgments
We also gratefully acknowledge the use of the High Performance Computing Cluster "Gowonda" to complete this research. This research/project has also been undertaken with the aid of the research cloud resources provided by the Queensland Cyber Infrastructure Foundation (QCIF).
Keywords: glycan binding' sugar binding ' carbohydrate binding ' protein function prediction ' structural alignment' knowledge-based energy function ' statistical energy function
How to cite this article: H. Zhao, Y. Yang, M. Itzstein, Y. Zhou. J. Comput. Chem. 2014, 35, 2177–2183. DOI: 10.1002/jcc.23730

[1] R. S. Haltiwanger, J. B. Lowe, Annu. Rev. Biochem. 2004, 73, 491.
[2] S. Nakahara, A. Raz, Anti-Cancer Agents Med Chem 2008, 8, 22.
[3] S. Hakomori, Cancer Res. 1996, 56, 5309.
[4] K. O. Francois, J. Balzarini, Med. Res. Rev. 2012, 32, 349.
[5] A. Moran, O. Holst, P. Brennan, M. von Itzstein, Microbial Glycobiology: Academic Press, 2009.
[6] A. Brown, M. K. Higgins, Curr. Opin. Struct. Biol. 2010, 20, 560.

 (
1096987x, 2014, 30, Downloaded from 
https://onlinelibrary.wiley.com/doi/10.1002/jcc.23730
 by The Institute for Cancer Research, Wiley Online Library on [09/03/2023]. See the Terms and Conditions (
https://onlinelibrary.wiley.com/terms-and-conditions)
 on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License
) (
WWW.C-CHEM.ORG
FULL PAPER
)[image: ] (
S. Fukui, T. Feizi, C. Galustian, A. M. Lawson, W. G. Chai, 
Nature Biotech-nol. 
2002
, 
20
, 1011.
H. Tateno, A. Mori, N. Uchiyama, R. Yabe, J. Iwaki, T. Shikanai, T. Angata, H. Narimatsu, J. Hirabayashi, 
Glycobiology 
2008
, 
18
, 789.
C. D. Rillahan, J. C. Paulson, 
Annu. Rev. Biochem. 
2011
, 
80
, 797.
N. X. Arndt, J. Tiralongo, P. D. Madge, M. von Itzstein, C. J. Day, 
J. Cell Biochem. 
2011
, 
112
, 2230.
R. M. King, C. J. Day, L. E. Hartley-Tassell, I. F. Connerton, J. Tiralongo,
M. A. McGuckin, V. Korolik, 
J. Basic Microb. 
2013
, 
53
, 240.
S. Someya, M. Kakuta, M. Morita, K. Sumikoshi, W. Cao, Z. Ge, O. Hirose, S. Nakamura, T. Terada, K. Shimizu, 
Adv. Bioinformatics 2010
, 
2010
, 289301.
C. Shionyu-Mitsuyama, T. Shirai, H. Ishida, T. Yamane, 
Protein Eng 
2003
, 
16
, 467.
M. Kulharia, S. J. Bridgett, R. S. Goody, R. M. Jackson, 
J. Mol. Graph. Model. 
2009
, 
28
, 297.
K. C. Tsai, J. W. Jian, E. W. Yang, P. C. Hsu, H. P. Peng, C. T. Chen, J. B. Chen, J. Y. Chang, W. L. Hsu, A. S. Yang, 
PLoS One 
2012
, 
7
, e40846.
C. Taroni, S. Jones, J. M. Thornton, 
Protein Eng. 
2000
, 
13
, 89.
A. Malik, S. Ahmad, 
BMC Struct. Biol. 
2007
, 
7
, 1.
H. Nassif, H. Al-Ali, S. Khuri, W. Keirouz, 
Proteins 
2009
, 
77
, 121.
H. Y. Zhao, Y. D. Yang, Y. Q. Zhou, 
Bioinformatics 
2010
, 
26
, 1857.
H. Zhao, Y. Yang, Y. Zhou, 
Nucleic Acids Res. 
2011
, 
39
, 3017.
H. M. Berman, J. Westbrook, Z. Feng, G. Gilliland, T. N. Bhat, H. Weissig,
I. N. Shindyalov, P. E. Bourne, 
Nucleic Acids Res. 
2000
, 
28
, 235.
Y. Yang, J. Zhan, H. Zhao, Y. Zhou, 
Proteins 
2012
, 
80
, 2080.
H. Y. Zhou, Y. Zhou, 
Protein Sci. 
2003
, 
12
, 2121.
Y. D. Yang, Y. Zhou, 
Protein Sci. 
2008
, 
17
, 1212.
C. Zhang, S. Liu, Q. Q. Zhu, Y. Q. Zhou, 
J. Med. Chem. 
2005
, 
48
, 2325.
A. Malik, A. Firoz, V. Jha, S. Ahmad, 
Adv. Bioinformatics 
2010
, 
2010
, 436036.
A. G. Murzin, S. E. Brenner, T. Hubbard, C. Chothia, 
J. Mol. Biol. 
1995
, 
247
, 536.
S. F. Altschul, T. L. Madden, A. A. Schaffer, J. H. Zhang, Z. Zhang, W. Miller, D. J. Lipman, 
Nucleic Acids Res. 
1997
, 
25
, 3389.
H. Y. Zhou, B. Xue, Y. Zhou, 
Protein Sci. 
2007
, 
16
, 947.
E. W. Myers, W. Miller, 
Comput. Appl. Biosci. 
1988
, 
4
, 11.
Y. D. Yang, Y. Zhou, 
Proteins 
2008
, 
72
, 793.
R. Wang, X. Fang, Y. Lu, C. Y. Yang, S. Wang, 
J. Med. Chem. 
2005
, 
48
, 4111.
Y. Yang, E. Faraggi, H. Zhao, Y. Zhou, 
Bioinformatics 
2011
, 
27
, 2076.
N. Eswar, B. Webb, M. A. Marti-Renom, M. S. Madhusudhan, D. Eramian, M. Y. Shen, U. Pieper, A. Sali, 
Curr. Protoc. Protein Sci. 
2007
, Chapter 
2
, Unit 2, 9.
) (
V. M. Pires, J. L. Henshaw, J. A. Prates, D. N. Bolam, L. M. Ferreira, C. M. Fontes, B. Henrissat, A. Planas, H. J. Gilbert, M. Czjzek, 
J. Biol. Chem. 
2004
, 
279
, 21560.
R. Apweiler, M. J. Martin, C. O’Donovan, M. Magrane, Y. Alam-Faruque, R. Antunes, D. Barrell, B. Bely, M. Bingley, D. Binns, L. Bower, P. Browne, W. M. Chan, E. Dimmer, R. Eberhardt, A. Fedotov, R. Foulger, J. Garavelli, R. Huntley, J. Jacobsen, M. Kleen, K. Laiho, R. Leinonen, D. Legge, Q. Lin, W. D. Liu, J. Luo, S. Orchard, S. Patient, D. Poggioli, M. Pruess, M. Corbett, G. di Martino, M. Donnelly, P. van Rensburg, A. Bairoch, L. Bougueleret, I. Xenarios, S. Altairac, A. Auchincloss, G. Argoud-Puy, K. Axelsen, D. Baratin, M. C. Blatter, B. Boeckmann, J. Bolleman, L. Bollondi, E. Boutet, S. B. Quintaje, L. Breuza, A. Bridge, E. deCastro, L. Ciapina, D. Coral, E. Coudert, I. Cusin, G. Delbard, M. Doche, D. Dornevil, P. D. Roggli, S. Duvaud, A. Estreicher, L. Famiglietti, M. Feuermann, S. Gehant, N. Farriol-Mathis, S. Ferro, E. Gasteiger, A. Gateau, V. Gerritsen, A. Gos, N. Gruaz-Gumowski, U. Hinz, C. Hulo, N. Hulo, J. James, S. Jimenez, F. Jungo, T. Kappler, G. Keller, C. Lachaize, L. Lane-Guermonprez, P. Langendijk-Genevaux, V. Lara, P. Lemercier, D. Lieberherr, T. D. Lima, V. Mangold, X. Martin, P. Masson, M. Moinat, A. Morgat, A. Mottaz, S. Paesano, I. Pedruzzi, S. Pilbout, V. Pillet, S. Poux, M. Pozzato, N. Redaschi, C. Rivoire, B. Roechert, M. Schneider, C. Sigrist, K. Sonesson, S. Staehli, E. Stanley, A. Stutz, S. Sundaram, M. Tognolli, L. Verbregue, A. L. Veuthey, L. N. Yip, L. Zuletta, C. Wu, C. Arighi, L. Arminski, W. Barker, C. M. Chen, Y. X. Chen, Z. Z. Hu, H. Z. Huang, R. Mazumder, P. McGarvey, D. A. Natale, J. Nchoutmboube, N. Petrova, N. Subramanian, B. E. Suzek, U. Ugochukwu, S. Vasudevan, C. R. Vinayaka, L. S. Yeh, J. Zhang, U. Consortium, 
Nucleic Acids Res. 
2010
, 
38
, D142.
N. M. Koropatkin, E. C. Martens, J. I. Gordon, T. J. Smith, 
Structure 
2008
, 
16
, 1105.
M. Cygler, S. Wu, A. Zdanov, D. R. Bundle, D. R. Rose, 
Biochem. Soc. Trans. 
1993
, 
21
, 437.
M. Nagae, N. Nishi, T. Murata, T. Usui, T. Nakamura, S. Wakatsuki, R. Kato, 
J. Biol. Chem. 
2006
, 
281
, 35884.
M. Gao, J. Skolnick, 
Nucleic Acids Res. 
2008
, 
36
, 3978.
A. B. Boraston, D. N. Bolam, H. J. Gilbert, G. J. Davies, 
Biochem. J. 
2004
, 
382
, 769.
H. J. Gabius, S. Andre, J. Jimenez-Barbero, A. Romero, D. Solis, 
Trends Biochem. Sci. 
2011
, 
36
, 298.
) (
Received: 27 February 2014
Revised: 27 May 2014
Accepted: 25 August 2014
Published online on 15 September 2014
) (
Journal of Computational Chemistry 
2014
, 
35
, 2177–2183	
2183
)[image: ]

 (
10974644, 1999, 3, Downloaded from 
https://onlinelibrary.wiley.com/doi/10.1002/(SICI)1097-4644(19991201)75:3
<505::AID-JCB14>3.0.CO;2-I by The Institute for Cancer Research, Wiley Online Library on [10/03/2023]. See the Terms and Conditions (
https://onlinelibrary.wiley.com/terms-and-conditions)
 on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License
) (
Galectin-3 Regulates the Adhesive Interaction Between Breast Carcinoma Cells and Elastin
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Abstract	
Galectin-3 is a beta-galactoside binding lectin whose precise physiological role is not yet defined. In the present studies, we questioned whether galectin-3 plays a role in the adhesion of breast carcinoma cells to elastin. The impetus for this analysis was the initial observation that the cellular receptor for elastin, the 67 kDa elastin/laminin protein may have galectin-like properties (Mecham et al. [1989] J. Biol. Chem. 264:16652–16657). We therefore analyzed the adhesion of breast carcinoma cells to microtiter wells coated with elastin under conditions which eliminate integrin participation in adhesion. The adhesion assay was done in the absence and presence of purified recombinant galectin-3. We hereby demonstrate that high concentrations of galectin-3 ligate breast carcinoma cells to microtiter wells coated with elastin. Galectin-3 also demonstrated a specific binding interaction with purified elastin in a dose and lactose dependent manner. Furthermore we demonstrated by immunoprecipitation that endogenous galectin-3 in breast carcinoma cells is associated with tropoelastin. Lastly, the breast carcinoma cells which expressed galectin-3 on their surface, demonstrated enhanced cellular proliferation on elastin compared to galectin-3 null expressing cells. These studies suggest that galectin-3 is capable of regulating the interactions between cells and elastin. J. Cell. Biochem.
75:505–514, 1999.	
0 
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Whereas the precise physiological role of ga-lectin-3 is still elusive, mounting evidence suggests its involvement in the regulation of cell-extracellular matrix interactions [Sato and Hughes, 1992; ochieng et al., 1992; Warfield et al., 1997; Kuwabara and Liu, 1996]. In breast epithelial cells, low expression of galectin-3 has been linked to low cloning and plating efficiencies while high expression improves the interaction of cells with different substrata [Makker et al., 1995; Warfield et al., 1997]. The mechanisms by which galectin-3 modulates the interactions of cells with extracellular matrices is not well defined, and may vary in different cell types and at different stages of differentiation or transformation. For example, it has been demonstrated that galectin-3 expression is crucial for transformed cells to acquire the anchorage independent growth in soft agar [Raz et al.,
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1990; Makker et al., 1995]. Recent studies suggest that galectins modulate cell to extracellu-lar matrix interactions in a novel fashion by interaction with integrins such as a7b1 or a1b1 [Gu et al., 1994; ochieng et al., 1998].
It is presumed that cells interact with elastin via the non-integrin 67 kDa elastin/laminin receptor [Lesot et al., 1983; Malinoff and Wi-cha, 1983; Rao et al., 1983]. Whereas the mature receptor on the cell surface is 67 kDa, its full-length gene encodes only a 37 kDa precursor protein [Yow et al., 1988; Rao et al., 1989]. It is believed the precursor is bonded to a 30 kDa protein to form the mature chimeric receptor. Since the discovery of this receptor, it has been known that it has galectin-like properties because lactose modifies its biological activities. More recently, the work of Buto et al. [1998], suggested that the 67 kDa receptor is a heterodimer stabilized by strong intramolecu-lar hydrophobic interactions, carried by fatty acids bound to the 37 kDa precursor and to a galectin-3 cross-reacting molecule. We have therefore hypothesized that galectin-3 is part of the 67 kDa elastin/laminin receptor complex
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)and contributes to the cell-elastin or cell-laminin interactions.
On the surface of mesenchymal cells, there are high affinity receptors for elastin-peptides. These peptides are capable of triggering intracellular signaling which may be responsible for synthesis or recruitment of cell surface -120 kDa receptors for insoluble elastin [Groult et al., 1991]. It is possible that similar signaling responses may be triggered in non-mesenchy-mal cells. Breast carcinoma cells interact well with insoluble elastin [Parsons et al., 1991], and the elastin receptors in these cells may be activated in a fashion similar to the mesenchy-mal cells. Despite recent progress in the characterization of the 67 kDa elastin receptor, our knowledge of cell-elastin interactions still lag behind the well characterized cell-laminin or cell-collagen interactions. It is likely that in regards to tumor growth either in situ or in micrometastases, cell-elastin interactions are as important as the interactions of cells with either laminin or collagen IV.
We hereby demonstrate that galectin-3 at high extracellular concentrations, can ligate breast carcinoma cells to elastin. We further demonstrate that galectin-3 is tightly associated with insoluble elastin, an association which can be downregulated by lactose. Our data also suggest that galectin-3 is associated with soluble tropoelastin intracellularly and is an integral part of the cell to elastin receptor complex.
MATERIALS AND METHODS
Human breast carcinoma cell lines BT-549; Sk-Br-3; MDA-MB-435; and 11–9-1–4 (derived from BT-549) [Makker et al., 1995] were obtained from Dr. Avraham Raz, Karmanos Cancer Institute. All the cell lines were cultured in DMEM (Sigma) supplemented with 100 jig/ml penicillin-streptomycin, 2.5 jig/ml Fungizone, 20 ng/ml epidermal growth factor, 98 ng/ml cholera toxin, 10% heat inactivated fetal bovine serum, 2 mM glutamine, and non-essential amino acids. The cultures were maintained at 37°C in a humidified atmosphere of 5% CO2 and 95% air. Recombinant galectin-3 was isolated and purified as described [Ochieng et al., 1993].
Ligation of Breast Carcinoma Cells to Elastin by

Recombinant Galectin-3
Insoluble elastin was washed extensively with PBS containing 1 M NaCl to dissociate any non-specifically bound protein. The elastin fi 

bers were then resuspended in PBS at 4 mg/ml and the suspension (100 jil/well) added to the wells of an ELISA micro-titer plate (Immulon 1B, Dynex Technologies) and incubated overnight at 37°C. The wells were then washed once with PBS and 200 jil of 3% heat inactivated fatty acid free bovine serum albumin in PBS added to each well to block non-specific sites for 1 h at 37°C. The wells were once more washed with PBS and serumless, calcium-free DMEM/F12 medium containing increasing doses (0–25 jig/well) of galectin-3 added to each well and allowed to incubate for 15 min at 37°C. The breast carcinoma cells, BT-549 (subclone 11–9-1–4) cells were then added to the wells at 5 X 104 cells/well in the serumless medium and allowed to incubate for 1 h at 37°C. The same number of cells/well were also plated in wells coated with 3% bovine serum albumin (open bars) in the presence of galectin-3 (0–25 jig/ well) and incubated as above. The wells were then washed (3x) with serumless medium and the number of cells ligated to elastin per well determined by the Alamar blue method as previously described [Warfield et al., 1997].
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)To test whether the cells adhere to glycopro-teins which may be associated with elastin fibers such as fibrillin, the elastin (5 mg/ml) was treated with anhydrous hydrazine and 1% hydrazine sulfate overnight at 80°C. The solubi-lized elastin was then used to coat the wells of a microtiter plate and cellular adhesion performed as described above.
Growth of Breast Carcinoma Cells on Elastin
Insoluble elastin was washed and added to ELISA microtiter plates as described above. Breast carcinoma cells (galectin-3 expressing and null expressing cell lines, 2 x 104 cells/ well) were then added to wells containing elas-tin after blocking with BSA, in DMEM/F12 medium containing 10% serum and allowed to grow for up to 10 days in a humidified CO2 incubator. The cells were then photographed using a digital camera (Kodak) and the images analyzed by Adobe Photoshop.
Binding of Galectin-3 to Elastin
Insoluble elastin was washed with high salt and added to ELISA microtiter plate as described above. After blocking the non-specific sites with 3% bovine serum albumin, serially diluted aliquots of recombinant galectin-3 (0–16 jig/well) were added to the wells in duplicates

 (
Ligation of Breast Carcinoma to Elastin by Galectin-3	
507
)in the absence and presence of 200 mM lactose. To demonstrate elastin binding specificity, galec-tin-3 in the same concentration range was also added to wells coated with BSA alone. After 1 h of incubation at 37°C, the wells were washed twice with PBS containing 0.05% tween and 100 jil of rabbit polyclonal antibodies to galec-tin-3 (1:500) added to each well and incubated at 37°C for 30 min. The wells were then rinsed 3X with PBS and 50 jil of biotinylated goat anti-rabbit IgG (Vectastain-ABC kit) added to each well and incubated for 5 min at 37°C.After washing the wells (3x) with PBS, 50 jil of Vectastain ABC reagent was added to each well and incubated for a further 5 min at 37°C. The wells were then washed extensively (6x) with PBS and then alkaline phosphate substrate (Blue PhosTM) added and absorbance (650 nm) determined by a microplate reader (Dynex Tech.).
Immunoprecipitation

of Elastin-Galectin-3 Complex
In order to establish the physiological relevance of elastin-galectin-3 interactions, we questioned whether the two proteins are associated either intracellularly or on the cell surface of breast carcinoma cells which express both galectin-3 and elastin. The cells were lysed in lysis buffer (calcium/magnesium free PBS containing, 0.5% NP 40, 1 mM EDTA, 2 mM PMSF, pH 7.5). The lysate was pre-cleared by incubating for 2 h with protein A/G agarose and aliquots (200 jig of protein each) of the lysate incubated with 0, 5, 10, and 20 jig of recombinant galectin-3 for 2 h at 4°C followed by either rabbit pre-immune serum or rabbit polyclonal anti-galectin-3 antibodies (10 jig/tube) for 10 h at 4°C in eppendorf tubes. Protein A/G agarose was then added to each tube and allowed to incubate for 2 h at 4°C. The agarose was then washed 5x with PBS containing 0.05 % tween and boiled for 5 min with 1X SDS-sample buffer. The samples were then analyzed by 10% SDS-PAGE, transferred to immobulin-P membrane and probed with mouse anti-human elastin which recognizes bands of tropo-elastin in Western blots. The membranes were washed and probed with peroxidase labeled sheep anti-mouse IgG, followed by incubation with Amher-sham chemiluminescence reagents and exposed to X-ray film. In another set of experiments, the lysates (200 jig of protein each) were incubated with either non-immune mouse 

antibodies or mouse monoclonal anti-elastin (Sigma) after pre-clearance. The immunopre-cipitation was done as described above, and the membranes probed with rat monoclonal anti-galectin-3 (TIB 166) [Warfield et al., 1997]. The membranes were washed and then probed with peroxidase labeled goat anti-rat IgG and the bands visualized as described above.
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Interactions of Breast Carcinoma Cells

With Elastin
Strong adhesion of cells to extracellular matrix proteins depend on a number of factors, such as the activation state of the cell surface receptors and optimal biochemical conditions such as pH, divalent cations, and incubation temperatures. In the case of cell to elastin adhesion, despite the lack of involvement of inte-grins, divalent cations, and serum factors are needed for optimal interaction with insoluble elastin [Ochieng et al., unpublished data]. The divalent ions and serum factors may be necessary for the activation or recruitment of the 67 kDa elastin receptor. In analyzing the involvement of galectin-3 in cell to elastin interaction, we employed conditions which were unfavorable for integrins (lack of divalent ions). Biological activity of galectin-3 is independent of divalent cations and serum, especially when using exogenously supplied protein. Serum was excluded in the medium because serum proteins such as fibronectin and fetuin could potentially interact with elastin and promote cellular adhesion via other receptors.
In the adhesion assays, the insoluble elastin after washing in buffer containing high salt, was immobilized very well to the floor of the wells and could not be removed by gentle washing. We have consistently shown that galectin-3 expressing breast carcinoma cells such as 11–91–4 and MDA-MB-435 interact much better with elastin compared to low galectin-3 expressing cells such as SK-Br-3. In our hands, we have repeatedly observed that approximately 10–20% of the galectin-3 expressing cells when added to micro-titer wells coated with elastin will adhere within 1 h of incubation at 37°C. In the case of low galectin-3 expressing cells, less than 5% of the added cells adhere after 1 h of incubation (data not shown). This phenomenon is true for other extracellular matrix proteins, laminin, and collagen IV [Warfield et al. 1997].
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)We therefore wanted to determine whether exogenously added galectin-3 could improve the interaction of breast carcinoma cells with elas-tin. Our data (Fig. 1) demonstrate that galec-tin-3 by itself can significantly promote the adhesion of cells to immobilized elastin. The galectin-3 mediated ligation of cells to elastin was concentration dependent. It is likely that for cells to interact optimally with elastin, secreted galectin-3 is concentrated on the cell surface to ligate or improve their adhesion to elastin. If this is so, then galectin-3 mediated adhesion of cells to elastin could be a physiologically relevant mechanism of cell-elastin interaction. The experiment was repeated three times with BT-549 clone 11–9-1–4, and once with MDA-MB-435. Both are tumorigenic cells lines of breast cancer. In all cases, high concentrations of galectin-3 were capable of ligating cells to elastin. We estimated that approximately 40–50% of the cells added to the wells were ligated to elastin at 25 jig/ml of galectin-3. Similar concentrations of galectin-3 were unable to ligate the cells to wells coated with BSA alone (Fig. 1).
[image: ]
Fig. 1. The ligation of breast carcinoma, BT-549, subclone 11–9-1–4 cells to elastin by galectin-3. The cells in calcium free, serumless DMEM/F12 medium were plated at 5 X 104 cells/well in elastin coated microtiter wells (solid bars) in the presence of recombinant galectin-3 (0–25 µg/well). The same number of cells/well were also plated in wells coated with bovine serum albumin (open bars) in the presence of galectin-3 (0–25 µg/ well). The adherent cells were determined after 1 h. The experiment was repeated three times with 11–9-1–4 cells.

To further explore the interaction of breast carcinoma cells with elastin, the cells were added to elastin coated wells and allowed to incubate for up to 10 days. In this experiment, we were interested in testing the hypothesis that galectin-3 expressing cells have a higher propensity to adhere and proliferate on elastin compared to low galectin-3 expressing cells. By day 3 of incubation of the various cell lines with elastin, we consistently observed that the cells (11–9-1–4) which express high levels of galec-tin-3 [Makker et al., 1995; Warfield et al., 1997], interacted very well with insoluble elastin (Fig. 2A). There were numerous cells (arrow heads) associated with individual elastin fibers (arrows). This was in contrast to the cells (SK-Br-3) with little or no expression of galectin-3 (Fig. 2B). In this case, there were fewer cells associated with elastin fibers and were easily detached by washing. Interestingly, the cells which had better interactions with elastin (high galectin-3 expression) also had a tendency to proliferate while on the elastin fibers or in close proximity to the fibers as shown in Figure 2A. After 7 days of growth on elastin fibers, the galectin-3 expressing cells (11–9-1–4) literally covered the elastin fibers, resulting in expanding colonies of proliferating cells (Fig. 2C). The galectin-3 null expressing cells (SK-Br-3), on the other hand, showed little or no proliferation on elastin after 7 days of growth (Fig. 2D). The experiment was repeated four times with similar results each time. The experiment was also repeated with MDA-MB-435 (high galectin-3 expression) and BT-549 (lack galectin-3 expression) cell lines. The MDA-MB-435 cells as expected proliferated rapidly on elastin fibers, while BT-549 only interacted marginally with elastin (data not shown).
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To explain the ability of galectin-3 to ligate cells to elastin, we questioned whether the lec-tin interacts specifically with insoluble elastin. Indeed in five separate experiments, we demonstrated by ELISA that galectin-3 interacts very strongly with insoluble elastin. The binding curve was saturable and lactose dependent (Fig. 3). Similar concentration of galectin-3 did not bind to bovine serum albumin coated wells (nonspecific binding). To eliminate the possibility that galectin-3 interacts via the sugar moieties which may be present in elastin, the elastin
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Fig. 2. 
Growth of galectin-3 expressing and null expressing cell lines on elastin. The wells of a microtiter plate were coated with elastin as described in Materials and Methods. The cells (2 
x 
10
4
 cells/well) were then added to the elastin coated wells in DMEM/F12 medium containing 10% bovine serum and allowed to grow for 3 days (
A,B
) or 7 days (
C,D
). Galectin-3 expressing 11–9-1–4 cells (
A,C
) and SK-Br-3 (
B,D
). The cells are depicted by arrow-heads and elastin-fibers by arrows.
)[image: ] (
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)fibers were treated with anhydrous hydrazine which cleaves glycosidic bonds. The anhydrous hydrazine completely solubilized the elastin after about 5 h of the treatment. The addition of galectin-3 to wells coated with hydrazine solubi-lized elastin yielded saturable binding curves similar to Figure 3 (data not shown), suggesting that galectin-3 was directly interacting with peptide domains of elastin in a novel fashion.
To further explore the interaction of galec-tin-3 with elastin, we questioned whether intra-cellularly expressed elastin (tropoelastin) is associated with galectin-3 in cells which express both proteins. It has been demonstrated that whereas tropoelastin is mainly synthesized by fibroblasts in the mammary gland, breast epithelial cells can also express the protein [Krishnan and Cleary, 1990]. Our data clearly demonstrate that polyclonal antibodies to galec-tin-3 can bring down a complex of proteins containing tropoelastin (with bands in the range 

of -'55–70 kDa) from lysed breast carcinoma cells (Fig. 4A). Non-immune rabbit serum (control) failed to specifically immunoprecipitate the complex (Fig. 4A, lane 1). Addition of excess recombinant galectin-3 to the lysates (lanes 3 to 5) did not increase the amount of immunoprecip-itable complex, implying that the complex probably exists intracellularly in a saturated state with all the galectin-3 binding sites on tropoelas-tin occupied. The complex was also brought down with mouse monoclonal antibodies against elastin. When the membrane was probed with rat anti-galectin-3, a strong band at 30 kDa (galectin-3) and a smaller band at -'62 kDa, were observed (Fig. 4B). The data strongly suggest that the association between galectin-3 and elastin is a physiologically relevant phenomenon. Studies are currently ongoing to evaluate further the nature of this complex, including the -'62 kDa protein which cross-reacts with anti-galectin-3 antibodies.

 (
510	
Ochieng et al.
)[image: ]Fig. 3. Binding of galectin-3 to elastin. The wells of a microti-ter ELISA plate were coated with elastin as described in Materials and Methods. Recombinant galectin-3 (0–16 µg/well) was then added to the wells in duplicates in the absence of lactose (circles; line A) or presence of 200 mM of lactose (squares; line B). Galectin-3 in the same concentration range was also added in duplicates to wells coated with bovine serum albumin alone (triangles; line C). After 1 h of incubation at 37°C, galectin-3 bound to elastin was determined by ELISA as described in Materials and Methods. The absorbance of the alkaline phosphate substrate was determined at 650 nm.
DISCUSSION
In the present study, we have demonstrated that galectin-3 associates in a novel fashion with both the soluble and insoluble elastin. This specific association could be important in the regulation of cell-elastin interactions. The adhesive interactions of cells with elastin is not well defined compared to the other extracellu-lar matrix proteins, because the main physiological function of elastin is to impart elasticity to vertebrate elastic tissues. Nevertheless, it has been demonstrated that insoluble elastin as well as elastin peptides are capable of promot-ing not only cellular adhesion, but also proliferation [Parsons et al., 1991; Jung et al., 1998]. It is probable that in the case of certain primary as well as metastatic tumors growing in elastin rich tissues such as the lungs, their interaction with elastin is pivotal to their proliferative potential and formation of micrometastases in those tissues [Timar et al., 1991; Svitkina and Parsons, 1993]. For example, in the case of breast elastosis, interaction of the tumor cells with excess elastin in the breast may exacer 

bate tumor growth [Kao et al., 1986; Khatun et al., 1992].
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)It is established that the 67 kDa elastin/ laminin receptor has galectin-like properties because lactose and anti-galectin-1 antibodies are capable of modifying its biological activities [Mecham et al., 1989]. This, taken together with the recent studies suggesting galectin-3 may be a novel component of the 120 kDa elastin/laminin receptor complex [Buto et al., 1998], prompted us to question whether galec-tin-3 has a direct role in cell-elastin interactions. Presently it is not clear which part of the chimeric 67 kDa receptor protein is responsible for strong cellular adhesion to elastin. Sequences in the 37 kDa precursor protein have been shown to interact with elastin peptides [Castronovo et al., 1991]. However the contribution of the -'30 kDa component in elastin binding is virtually unknown.
The ability of galectin-3 to interact with elas-tin in a lactose dependent manner suggests that this is a novel interaction. The interaction may involve both the R- and carbohydrate recognition domains which have been shown to participate in non-covalent homodimeriation of the molecule leading to positive cooperativity [Hsu et al., 1992; ochieng et al., 1993; Kuklinski and Probsteimer, 1998]. To explain the ability of galectin-3 to ligate the cells to elastin, we postulate that the exogenously supplied recombinant galectin-3 forms a covalent complex with the 37 kDa precursor of the 67 kDa elastin/ laminin receptor on the cell surface resulting in the mature protein which in turn promotes the cellular adhesion to elastin. Alternatively high concentrations of galectin-3 may form higher order oligomers by positive cooperativity [Hsu et al., 1992; ochieng et al., 1993], with some molecules binding specifically to elastin and others to its cell surface expressed ligands such as lysosomal associated membrane proteins [Do et al., 1990], thereby acting as a bridge which links the cells to elastin coated wells (Fig. 5). Other cellular mechanisms may also be involved. For example, cell-elastin interactions may take place in two or more phases. Galec-tin-3 on the cell surface, may form a temporary bridge between cells and insoluble elastin, followed by the full participation of the 67 kDa in the adhesion as a late response.
We compared growth potentials of various cell lines on elastin, to further implicate galec-tin-3 in cell-elastin interactions. All the galec-
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Fig. 4. 
Association of Elastin and galectin-3. Galectin-3 express
ing breast carcinoma cells were lysed and the lysate immunopre-cipitated with either rabbit pre-immune serum (
A, lane 1
) or rabbit polyclonal antibodies to recombinant human galectin-3 (
A, lanes 2–5
). In lanes 2–5, the lysates were incubated with 0, 5, 10, and 20 µg of recombinant galectin-3 for 2 hat 4°C prior to the addition of galectin-3 antibodies. The samples then resolved by 10% reducing SDS-PAGE, blotted, and the membrane probed
) (
with mouse monoclonal antibodies to elastin. The bands repre
sent tropoelastin 
-
62–67 kDa. The immunoprecipitation was also done with either non-immune mouse serum (
B, lane 1
) or mouse monoclonal anti-elastin (
B, lane 2
). In this case the membrane was probed with rat monoclonal anti-galectin-3. The galectin-3 band (30 kDa) as well as a band which most likely represents a galectin-3 dimer (

62 kDa) are represented in 
B, lane 2
.
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Fig. 5. 
A model depicting two possible ways by which galectin-3 ligates cells to elastin. In 
A
, galectin-3 and the precursor of 67 kDa laminin receptor are joined by acylation to form the mature 67 kDa laminin receptor which is then used for adhesion to elastin. In 
B
, some of the galectin-3 molecules interact with elastin while others with polylactosamine containing glycans on the cell surface via their carbohydrate recognition domains. The galectin-3 molecules then interact with each other via their R-domains, forming bridges which ligate the cells to the elastin.
) (
tin-3 expressing cell lines proliferated rapidly on elastin while the galectin-3 null expressing cell lines only interacted marginally with elas-tin. Presently we do not know whether galec-tin-3 expression is the rate limiting step in such interactions. One approach to address this quan
dary is to stably transfect the galectin-3 express
 
) (
ing cell lines with anti-sense galectin-3 gene and show whether the transfected cells have reduced proliferative capacity on elastin. Galec-tin-3 expression has already been demonstrated to play a significant modulatory role in the interaction between cells and two extracellular matrix proteins, laminin and collagen IV [Warf-


)

 (
Ligation of Breast Carcinoma to Elastin by Galectin-3	
513
)ield et al., 1997]. Interestingly, the 67 kDa elastin/laminin receptor can also mediate the interaction of cells with collagen [Minafra et al., 1992].
The ability of anti-galectin-3 polyclonal antibodies to immunoprecipitate a complex consisting of tropoelastin, suggests that galectin-3 is tightly associated with the intracellular soluble elastin. Presently, we do not know the significance of this association. It could be a novel pathway by which galectin-3 is secreted to the extracellular space since this protein lacks the signal peptide [Barondes et al., 1994]. We cannot however, rule out the possibility that the complex also comprises the 67 kDa receptor which has been shown to be associated with tropoelastin [Hinek and Rabinovitch, 1994]. Therefore the association of galectin-3 and intra-cellularly expressed tropoelastin and possibly the insoluble extracellular elastin implies a modulatory role in cell to elastin interactions. Moreover this modulatory role of galectin-3 may extend to the interaction of cells with other extracellular matrix proteins such as laminin [ochieng and Warfield, 1995].
In summary, we have demonstrated that ga-lectin-3 on the cell surface has the propensity to ligate or increase the adhesion of breast carcinoma cells to insoluble elastin. We have also demonstrated that galectin-3 interacts specifically with both soluble and insoluble elastin. It appears that galectin-3 uses its carbohydrate recognition domain in its interaction with elas-tin. The enhanced interaction of breast carcinoma cells (which express galectin-3) with elas-tin, further implicates galectin-3 in cell to elastin interactions. We also postulate based on our data, that galectin-3 may cooperate with the 67 kDa elastin/laminin receptor protein or its precursor to regulate cell-elastin interactions. Furthermore, it is tempting to speculate that the expression of galectin-3 and the 67 kDa elastin-laminin receptor confer on breast carcinomas, the propensity to form micrometas-tasis on elastin-rich tissues such as the lungs.
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The recognition of carbohydrates by lectins plays key roles in diverse cellular processes such as cellular adhesion, prolifera
tion, and apoptosis, which makes it a therapeutic target of signi
fi
cance against cancers. One of the most functionally active lectins, galectin-3 is distinctively known for its speci
fi
c binding af
fi
nity toward 
β
-galactoside. However, despite the prevalence of high-resolution crystallographic structures, the mechanistic basis and more signi
fi
cantly, the dynamic process underlying carbohydrate recognition by galectin-3 are currently elusive. To this end, we employed extensive Molec
ular Dynamics simulations to unravel the complete binding event of human galectin-3 with its native natural ligand N-acetyllactosamine (LacNAc) at atomic precision. The simu
lation trajectory demonstrates that the oligosaccharide diffuses around the protein and eventually identi
fi
es and binds to the biologically designated binding site of galectin-3 in real time. The simulated bound pose correlates with the crystallographic pose with atomic-level accuracy and recapitulates the signature stabilizing galectin-3/oligosaccharide interactions. The recog
nition pathway also reveals a set of transient non-native ligand poses in its course to the receptor. Interestingly, kinetic anal
ysis in combination with a residue-level picture revealed that the key to the ef
fi
cacy of a more active structural variant of the LacNAc lay in the ligand
’
s resilience against disassociation from galectin-3. By catching the ligand in the act of 
fi
nding its target, our investigations elucidate the detailed recognition mechanism of the carbohydrate-binding domain of galectin-3 and underscore the importance of ligand
–
target binary com
plex residence time in understanding the structure
–
activity relationship of cognate ligands.
) (
Apart from being the key energy source to human body, carbohydrates are involved in many extra- and intracellular functions such as cell adhesion, cell recognition, known to be informational encoders in cell signaling pathways. Their bio
logical activities are usually mediated by carbohydrate recog
nizing proteins, such as lectins (1, 2). Galectins are a family of animal lectin receptors, which show high af
fi
nity to 
β
-galac-tosides (3). Till now 15 types of galectins have been identi
fi
ed in the mammals. At least extracellularly, galectins generally
) (
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function by binding to the carbohydrate portion of glyco-conjugates on the cell surface. In regard to this, as a family of galactoside-binding proteins, galectins have been implicated in multiple biological activities including regulation of apoptosis, cell adhesion (4) and cell signaling (5).
Recent investigations into their molecular mechanisms have been triggered by the reports of functional galectin-8 ligand speci
fi
cities regulating its cell sorting (6) and by the discovery that galectin-3 induces lattice formation with branched Ngly-cans on cell surfaces 
via 
cross-linking glycosylated ligands to regulate cell surface receptor traf
fi
cking (7, 8). Several of these discoveries implicate galectins as potential targets for novel anticancer and anti-in
fl
ammatory compounds 
via 
inhibiting their inherent galactoside binding. As a result, last decades have seen the emergence of focused efforts on the development of high-af
fi
nity inhibitors showing selectivity for individual members of galectin. In particular, galectin-3 has remained the central protein in the midst of inhibitor discovery, as its overexpression has been associated with cancer drug resistance (9, 10), and hence it has been identi
fi
ed as a valuable thera
peutic target in the 
fi
ght against cancers (11). The majority of ongoing search for potent galectin-3 inhibitor has been invested on synthesizing novel derivatives of N-Acetyllactos-amine (LacNAc), which is characterized as the prototypical natural ligand for the carbohydrate recognition domain (CRD) of galectin-3 till date. Speci
fi
cally, the efforts by Nilsson group have seen the synthesis of LacNAc derivative such as methyl 2-acetamido-2-deoxy-4-O-(3-deoxy-3-[4-methoxy-2,3,5,6-tetra 
fl
uorobenzamido]-beta-D-galactopyranose)-beta-Dglucopyr-anoside (here by referred as 
“
LacNAc derivative
”
) (12), which has been established as a high-af
fi
nity inhibitor of galectin-3. 
Figure 1
 depicts the crystallographic structure of the galectin-3 in its apo-form and the chemical structures of the two ligands of our interest. The targets of the present work are twofold: (a) to elucidate a real-time account of the dynamical ligand recognition pathway of the native ligand by galectin-3 and (b) to establish a kinetic basis for the structure
–
activity relationship among related inhibitors tar-getting galectin-3.
The crystallographic structures of human galectin-3 with bound LacNAc (see
 Fig.
 2
A
) and 
“
LacNAc Derivative
” 
(see 
Fig.
 2
B
) show a 
β
-sandwich fold with a six-strand sheet (named S1
–
S6) constituting so-called 
“
S-side
” 
and a 
fi
ve-strand sheet (named F1
–
F5) termed as 
“
F-side.
” 
The structure includes a
)[image: ] (
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Figure 1. System of interest of current investigations: Left, crystallographic pose of active site of galectin-3 in its apo-form. Right, the chemical structures of two ligands of interest, namely LacNAc and its synthetic derivative.

conserved shallow binding groove on the S-side over strands S4 to S6 that interacts mainly with the galactose moiety of LacNAc (13). When ligand binds within this site, key residue– ligand interactions are known to stabilize the bound pose. As most of the galectin-3 inhibitors are based on the carbohydrate skeleton, it is quite imperative to understand the mechanism of recognition process and key interactions driving the binding event. Additionally, ligand binding to a protein often comprises of formation of non-native encounter complex, which might contribute to the landscape of entire ligand-binding phenomena. In the case of galectins, as a matter of fact, these questions were never answered concretely in an atomic level so far.
A more important purpose of the current work is to rationalize the high binding affinity of “LacNAc derivative” (12) over its parent molecule LacNAc toward galectin-3 via structure– activity relationship. Seminal works by Copeland et al. had earlier demonstrated drug residence times inside the protein active site as the true metric of drug efficacy (14, 15). The formation and duration of binary receptor–ligand complexes are elemental to many physiological processes, more so especially during drug design initiatives. The overall structure–activity relationship is generally quantified using binding parameters such as IC50 or Kd. However, as an emerging theme, drug– target binary complex residence time has been debated as an alternative perspective on lead optimization. The dissociative half-life of the receptor–ligand binary complex has been identified as a crucial metric of compound optimization especially during hit to lead calculations. Multiple investigations have shown evidence that long residence time has specific advantages such as duration of pharmacological effect and selectivity of protein target (14, 15). This hypothesis, together with the requirement of ligand’s thermodynamic stability at binding pocket, has worked as a basis of the current work.
2 J. Biol. Chem. (2021) 297(5) 101271

In light of these questions pertaining to interaction of galectins with a carbohydrate-based ligand, we employ classical molecular dynamics (MD) simulation to elucidate the mechanism of binding of prototypical ligand LacNAc and one of its synthetic derivatives with the CRD of galectin-3. Specifically, going beyond the tradition of in silico docking approaches, in this work, we simulate complete kinetic process of spontaneous binding of both the ligands into CRD of galectin-3. The simulations vividly capture the event of spontaneous binding of both the ligands, from solvent to galectin-3 pocket, at an atomic precision. The eventual simulated bound pose is in excellent agreement with crystallographic one. The simulations, together with the Markov state model (MSM) (16–19) analysis of the aggregated trajectories, elucidate kinetically feasible pathways of ligand recognitions in both systems and provide key insights into binding mechanisms and key nonnative intermediates. An analysis of the ligand-binding/ unbinding kinetics points out that the origin of experimentally reported large difference in the binding-affinity between the two ligands lies in their different ligand-residence time. A residue-level analysis identifies key interactions of the binding pocket residues (Trp181, Arg144, and Arg162) with the tet-rafluorophenyl ring of the derivative as the key determinant for the synthetic ligand to latch into the pocket.
Results
Simulated trajectory captures the ligand-recognition event by galectin-3
Notwithstanding the prevalence of static crystallographic poses of carbohydrate-binding domain of galectin-3 in its ligand-bound pose (12), a dynamical account of the oligosaccharide-recognition process by the protein is currently elusive. In a bid to explore the mechanism of the recognition
[image: ]
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[image: ]Figure 2. Crystallographic pose of galectin-3 bound with ligands. A, ligand LacNAc (PDB: 1KJL) and (B) “LacNAc derivative” (PDB: 1KJR). The li-gands are shown in Licorice representation. Also shown are the key amino-acid residues interacting with the ligand (yellow stick representation). The protein is shown in gray cartoon representation.
process of native ligand LacNac by galectin-3, we undertook an ambitious initiative of MD simulations to see if we can mimic the full process of ligand recognition: in other words, if the ligand can be individually caught in its act of binding to its designated cavity within the simulation timescale. Accordingly, we initiated multiple long independent unbiased all-atom MD simulations to explore the diffusion of multiple copies of ligand copies, initially randomly distributed in water, around galectin-3 (see Experimental procedures and model and Fig. 3A for simulation setup).
Movie S1 depicts one such representative MD trajectory of a single LacNAc molecule in its course to bind the CRD domain of galectin-3. The movie demonstrates that LacNAc initially freely diffused in solvent media and occasionally interacted with various part of the protein. Eventually, the ligand identified the S-side of the protein and settled in the designated CRD of the protein within a microsecond-long simulation period. The overlay (Fig. 3B) of the final LacNAc-bound pose (green), as obtained at the end of the simulation, with that of crystallographic pose (pdb id: 1KJL) (gray) shows near-identical match, thereby attesting to the successful capture of the bound pose in computer simulation. The visual inspection indicated that the final simulated pose recapitulates all key interactions with multiple amino acid residues identical to crystallographic structures. The time evolution of distance between LacNAc and binding pocket quantifies successful
[image: ]

Figure 3. Simulation captures crystallographic pose. A, current simulation setup with initial configuration of galectin-3 in the presence of LacNAc molecules in aqueous media. B, the time profile of distance between Lac-NAc and the designated binding pocket of the Galectin. Also annotated are the representative snapshots of ligand-unbound and bound pose (overplayed with the crystallographic pose (pdb id: 1KJL)).
ligand-binding process as the distance decreases and eventually gets plateaued at an average value of 0.4 nm (Fig. 3, bottom).
Identification of key residues stabilizing the ligand in the galectin-3-binding site
The expanded snapshot in Figure 4A illustrates the key interactions between the LacNAc and the aforementioned binding pocket residues at the completion of binding event. In particular, the ligand is found to form direct hydrogen bonds with asn174, glu184, arg186, and arg162. Water-mediated hydrogen bonds are also found with the LacNAc through asn160 and glu165, which form a stabilizing network of interactions. We have also observed a charge center-based electrostatic interaction of the ligand with arg162. These are interestingly the same residues identified in NMR and X-ray crystallographic studies as the signature interactions between LacNAc and residues in binding site (13). The time profiles depicted in Fig. S1 show the formation of consistent hydrogen bonds between several residues and LacNAc after it settles into the binding pocket. Along with the electrostatic interactions, we also find strong stacking interaction between Trp181 and hydrophobic atoms of LacNAc. This is consistent with previous report that Trp181 acts as a receptor for galactose residues
J. Biol. Chem. (2021) 297(5) 101271 3
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Figure 4. Assessing residues crucial for ligand binding. A, closed view image of the binding pocket residues interacting with LacNAc in its native bound pose. B, assessing the stabilizing effect of key residues around bound pose via in silico mutation: Time profile of pocket–ligand separation in simulations subsequent to Trp181Ala and Arg162Ala mutation in ligand-bound pose.

in polysaccharides during binding via cation–sr hydrophobic interaction, which play a main role in the binding affinity of polysaccharides with the protein (12). Overall, the visual inspection of our simulation trajectories and subsequent analysis confirm the presence of these signature stabilizing interactions in the ligand-bound pose.
Our analysis points toward two key residues (Trp181, Arg162), which are instrumental in this particular molecular recognition event. To further assess the importance of these residues in stabilizing the ligand-bound pose, we individually mutated two aforementioned key residues Trp181 and Arg162 to alanine in the LacNAc-bound pose via in silico approach and subsequently performed independent control simulations with the in silico mutated protein. Figure 4B depicts the simulated pocket–ligand distance profiles after the in silico Trp181Ala and Arg162Ala mutation in the ligand-bound pose. We find that both the mutations orchestrate the unbinding of the ligand from the designated cavity within a short timescale. Together, these observations from control simulations lend credence to a significant role of these key residues in stabilizing the ligand-bound pose. Interestingly, we find that the overall structure of the binding pocket of galectin-3 remains mostly unchanged during the period of simulation, which
4 J. Biol. Chem. (2021) 297(5) 101271

spanned both the event in which LacNAc had explored solvent media and it remained bound to the CRD domain. This is reflected well in mostly unchanged root-mean-squared deviation (RMSD) profile of galectin-3-binding pocket throughout the simulation trajectory (see Fig. S2). This observation is consistent with prior report (20) of a stable binding pocket of galectin in both apo and ligand-bound form.
Simulation identifies metastable non-native encounter complex
For a quantitative understanding of the kinetics and thermodynamics of the binding event of the native ligand LacNAc, we curated all simulation trajectories into a comprehensive statistical model, known as Markov state model (MSM) (16–19) (see Experimental procedures and model). As shown in Figure 5A, the analysis predicted the existence of LacNAc in four different sites around the protein: Visual inspection and overlay with the crystallographic pose identified states U and B as the solvated and native-bound states of galectin-3 respectively, which are the key major states (see Table 1 for their relative populations). The standard free energy of binding of the parent ligand (LacNAc) computed using these equilibrium
[image: ]
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Figure 5. A Markov state model characterizing galectin-3 recognition of LacNAc. A, network showing the LacNAc-binding pathway. Path flux is represented with thickness of arrows and path percentages are indicated. B, key interactions stabilizing transient intermediate I1 and I2 of LacNAc.

populations was ΔG0sim = − 3.89±0.9 kcal.mol−1, which is in reasonable agreement with experimental value (12) of ΔG0exp = − 5.25 kcal.mol−1.
Apart from the fully unbound and native bound pose of LacNAc, our quantitative model also predicts the occurence of a pair of short-lived metastable protein–ligand encounter complexes, labeled here as I1 and I2. (Fig. 5, A and B) The visual inspection of ligand locations in these two non-native encounter complexes (see Fig. 5B for an expanded view of I1 and I2) shows that LacNAc is present either in a distal location (state I1) or in the reverse side (the F side) of the CRD (state I2). A kinetic analysis (see Experimental procedures and reference (21)) elucidates all probable pathways that LacNAc would utilize for traversing from fully unbound (U) state to native bound (B) pose. Figure 5A represents the network of transition paths of LacNAc with their respective net-flux contribution. Interestingly, as shown in Figure 5A, we find that overall binding process of LacNAc is mostly dominated by the direct U→B pathway On the other hand, only a minor contribution to the overall pathway comes via U→I1→B transition. Interestingly, any pathway through I2 does not contribute to the ligand binding, which is mostly due to the fact that the ligand is located on the reverse side of the CRD in this non-native pose, suggesting it to be a “off-pathway” intermediate complex.
What is the origin of these intermediates? Figure 5B highlights the key interactions stabilizing LacNAc in I1 and
Table 1
Characteristics of the all four macrostates for galectin-3/LacNAc
system
 (
Macrostate
U (unbound)
I1
I2
B (bound)
)
	Stationary population
	Committor probability

	35.27%
	0

	0.37%
	0.017

	0.44%
	0.016

	63.92%
	1.0
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I2 intermediate. The ligand is found to bind in I1 site, stabilized through backbone hydrogen bonds. On the other hand, the major contribution comes from side chains of asp215 and gln201, although gln201 main chain also forms a hydrogen bond with the ligand. In the I1 site, the main-chain hydrogen bonds are mostly contributed by thr243, leu242, pro113, and leu114. The methyl group from acet-amido functional group of the ligand is found to have hydrophobic contacts with 1le115 and val116. It is most probably the absence of strong hydrogen bonds between ligand and side chains of pocket residues, which makes the stability of the poses I1 and I2 comparatively weaker than the crystallographic binding pocket, which eventually makes these intermediates a transient resting pocket, before it finally binds to the experimentally defined binding pocket. Interestingly, previous NMR investigation of binding of long-chain carbohydrate-based ligand, for example, gal-actomannans to galectin-3 (22) had shown that F-side of the protein exhibits significant binding affinity toward long-chain carbohydrates. From the aforementioned interactions between ligand and residues in I1 and I2, as presented in the previous report of flexible conformational behavior of polysaccharides in solution environment (22), we can conjecture that the metastable states, which are obtained from the simulation trajectories, might assist CRD in binding with long polysaccharides and the aforementioned residues might potentially be a subset of the residues, which might help in affinity toward carbohydrates.
Exploring common traits of galectin recognition in a rationally designed galectin inhibitor
While LacNAc is the prototypical ligand extensively investigated as a reference for binding to galectin-3, a key thrust in medicinal chemistry involving galectin-3 has been the rational design of competitive inhibitors. A key question is: how
J. Biol. Chem. (2021) 297(5) 101271 5
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conserved is the overall galectin-recognition mechanism, as elucidated in the current investigation for parent ligand Lac-NAc? In this regard, we chose a “LacNAc derivative” (see Fig. 1), which has been rationally designed and crystallized by Nilsson et al. (see Fig. 2). This derivative has shown more superior biological activity than LacNAc against galectin-3, and hence it gives us the opportunity to explore the commonalities in its features of the binding mechanism with the parent ligand, as well as to establish a structure–activity relationship between these two ligands.
We exploited a similar simulation strategy for “LacNAc derivative” (LacNAc-2,3,5,6-tetrafluoro-4-methoxy-benzamide), as described previously in the case of LacNAc, to discover the traits of its galectin-3-binding process. Accordingly, we carried out a similar set of long MD simulations to see if the trajectory of LacNAc derivative can be derived in its act of getting bound to galectin-3. Very interestingly, during the time course of the long simulation, we find that, similar to its parent ligand, the LacNAc derivative also settles in the designated binding pocket, with accurate recapitulation of the crystallographic bound pose (see Fig. S3). A comparison of pocket–ligand distance profiles of LacNAc and its synthetic derivative (see Fig. S3) indicates that overall binding timescales are very similar for both the ligands, suggesting that the estimated on-rate constants of both the 

ligand would be of same order of magnitudes. As would be divulged later, this would be eventually confirmed by an estimate of these kinetic constants.
Figure 6 compares the interaction between the binding pocket residues and LacNAc derivative with that with the native ligand. While the derivative retains most of the interaction with the binding pocket residues as in native ligand LacNAc, it also primarily establishes contact with Arg144 through pi–cation and donor–pi interactions due to the presence of an extra 4-F ring (See Fig. 6B). An additional hydrogen bond through the methoxy group has also been noticed with arg144. We also find carbon–pi interaction between trp181 and hydrophobic atoms of galactosamine ring. Besides the stabilizing interactions of the 4F-ring, multiple hydrogen bonds are observed to be formed during the ligand arrest into the galectin-3-binding pocket, most notable among those are with arg162, glu184, and asn174, all of which are contributed from galactosamine ring. We have conducted residue-wise free-energy analysis to understand the relative importance of residues in the ligand-binding pocket for both the ligands (Fig. 6C, red bar for parent ligand, green bar for the derivative). Most of the residues in the binding pocket contribute favorably toward binding of LacNAC derivative over the parent ligand. Notable among them are arg144,
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Figure 6. Molecular determinants of galectin-3/ligand recognition. A, key ligand–residue interactions stabilizing the bound pose. Hydrogen-bond formation between His158, Arg162, Asn164, and Glu184 with ligand after the binding event and stacking overlap between aromatic side chain of Trp181 and galactose residue of ligand. B, the interaction diagram for LacNAC derivative. C, MMPBSA per-residue energy contributions. The red bars correspond to LacNAc while the green bar corresponds to the derivative.
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his158, asn160, arg162, trp181, and glu184. In particular, arg144 shows favorable interaction with the derivative, whereas it is noted that it has no binding contributions for the parent ligand.
A similar quantitative analysis for LacNAc derivative suggests that its protein-recognition kinetics can be adequately described by three key ligand states at different parts of protein or solvent (Fig. S4). We find that, similar to its parent ligand LacNAc, the ligand-binding equilibrium in the derivative is also majorly guided by direct transition between ligand-unbound state of the proteins (UB) to its crystallographic bound pose (B). Nonetheless, the analysis also predicts the presence of a single transient non-native encounter complex (I) with a very low population, and there is a small but finite probability of an alternate pathway in which the ligand-binding process can be mediated by this short-lived intermediate (see Table 2). A visual comparison between this transient intermediate (I) of the LacNAc derivative, with those of the LacNAC (i.e., I1 and I2) suggests that the I2 resembles that of the transient intermediate (I) observed in case of the derivative. A closer observation of the snapshot (see Fig. S4) suggests that transient intermediate of LacNAc derivative is located on the same place of protein as in I2, making hydrogen bonds with gln201, gln220, lys210, and his217. Additionally, the intermediate corresponding to the derivative makes pi–carbon interaction with leu203 and makes both donor–pi and pi–carbon interactions with his217. We speculate that these additional interactions make for relatively higher population (1.97%) of the intermediate (I) macrostate of Lac-NAc derivative than its corresponding counterpart (intermediate I2) of parent ligand LacNAc (0.44%).
Longer ligand residence time holds the key to ligand efficiency in galectin-3
Irrespective of the similar signatures of the binding events by both the ligands, it is intriguing to note the report of superior binding affinity of the LacNAc derivative over the native ligand (12). To decipher the origin of the superior efficiency of the LacNAc derivative over the native ligand, we explored the free energetics and kinetics (see description in Experimental procedures).
Interestingly, an estimation of standard binding affinity of the derivative, based on the relative population of ligand-bound and -unbound macro state, yielded a value of ΔG0sim = − 5.70±0.8 kcal.mol−1. A comparison of computed binding free energies (see Table 3) between two ligands (ΔG0sim = −5.70±0.8 kcal.mol−1 for versus −3.8 ± 0.9 kcal.mol−1 for LacNAc) confirms the superior binding affinity of LacNAc derivative over LacNAc toward galectin-3, in accordance with the experiments.
Table 2
Characteristics of the MSM-derived macrostates for galectin-3/
LacNAC-derivative system 

	Macrostate
	Stationary population
	Committor probability

	U (unbound)
	3.27%
	0

	I
	1.97%
	0.315

	B (bound)
	94.80%
	1.0
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Table 3
Comparison of computed binding constants across two ligands
Ligand/protein system	ΔG0simðKcal ImolÞ Kon (M−1s−1)	Koff (s−1)

	LacNAc/Galectin
	−3.8
	2.8 ×
	108

	1 ×
	106


	LacNAc derivative/Galectin
	−5.70
	1.4 ×
	108

	0.038 ×
	106




The kinetic aspect of ligand recognition process involves a delicate balance between binding or on-rate constant (Kon) versus unbinding or off-rate constant (Koff). In order to delve deeper into the origin of superior binding affinity of LacNAc derivative over the parent ligand, we computed the plausible rate constants for transition from the ligand-unbound mac-rostate to the ligand-bound macro state and vice versa (see Experimental procedures for equations of rate constants), following the protocol of our past investigations (23, 24). The ligand binding on-rate constant (Kon) for LacNAc, as derived here, is estimated to be 2.8 × 108 M−1s−1, while for its synthetic derivative, a similar analysis of Kon yields a value of 1.4 × 108 M−1s−1 (see Table 3). This indicates very similar order of magnitude of ligand-binding rate constants for both the ligands, while suggesting a slightly faster binding kinetics for the natural ligand LacNAc than that of its derivative.
However, on the other hand, binding off-rate constant (Koff) was estimated to be 1 × 106 s−1 for LacNAc and 0.038 × 106 s−1 for its derivative, indicating around 25 times slower unbinding rate constant in LacNAc derivative than the parent ligand. Since the off-rate constant is inversely related to the ligand-residence time in the pocket, the analysis also indicates that LacNAc derivative would have longer residence time in the pocket than LacNAc. Together, significantly slower unbinding rate of LacNAc derivative from the pocket of galectin-3 than that of LacNAc, coupled with very similar on-rate constants (see Table 3) in both cases, dictates that off-rate constant would be the key determinant of the superior binding effi-ciency of the synthetic derivative over the parent ligand Lac-NAc. Our observation of longer ligand-residence time or slower off-rate constants guiding ligand efficiency in galectin-3 echoes past hypothesis of Copeland et al. (14, 15) of off-rate constant as a key determinant of ligand efficiency. This concept was primarily observed from studies of mutation-based resistance to inhibitors of HIV-1 protease by Maschera et al. (25), who studied mutants of the HIV-1 protease, which were resistant to the AIDS drug saquinavir. Key findings from this study proposed that the in vitro values of inhibition constants (Ki) for the wild-type and mutant enzymes and the corresponding IC50 values for inhibition of viral replication in cell culture were both strongly correlated with the off-rate (koff) of the saquinavir protease complex, whereas the association rate constant (kon), in contrast, varied less than twofold among the mutant enzymes.
Dissecting the molecular determinants of ligand residence
Nonetheless, the predicted longer residence time of the LacNAc derivative over its parent ligand in the galectin-3 pocket warrants a molecular interpretation. Toward this end, we employed a metadynamics simulation approach to explore the relative resilience of the synthetic derivative over LacNAc
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in the binding pocket of galectin-3. Specifically, via metady-namics simulation, we investigated if the egress of LacNAc derivative from the pocket would have taken relatively longer time than that of LacNac and if we can dissect the key ligand– residue interactions accounting for this difference. Figure 7 compares the ligand–pocket distance profile of LacNAc and its derivative as we simulate their unbinding process from the native bound pose of the galectin-3 via metadynamics simulation. Within the same metadynamics protocol and compared across multiple trajectories, we find that LacNAc derivative in general would take considerably more time for egress from the bound pose than the parent ligand.
The major difference between LacNAC and its derivative is the presence of an additional tetrafluoro ring in the derivative. The presence of tetrafluoro ring in the LacNAc derivative introduces additional interactions (otherwise absent in the native ligand) with certain key residues of the binding pocket, which would prevent the ligand against unbinding from the galectin-3. Figure 8 provides a pictorial view of the key lingering interactions between tetrafluoro ring LacNAc derivative and certain key residues of the protein, which would help the ligand to reside in the pocket longer than the native ligand. As illustrated by the residue– ligand distance profiles of the meta dynamics trajectory, we find that these additional interactions between the tetra-fluoro ring and certain pocket residues are stable against metadynamics biasing.

Specifically, the distance profiles (see Fig. 8A) suggest that Trp181 and its interaction with tetrafluoro ring are crucial for the elongated ligand residence of the LacNAc derivative. Trp181, as reported in literature and as observed in our multiple repeats of atomistic simulations (also see Fig. 4), is an important residue not only for initial stabilization of the ligand in the protein pocket but also for resisting the exit. The observation of metadynamics simulation trajectory indicated that although an initial flip of tetrafluoro ring destabilized the LacNAc derivative from its initial position, the native carbon– pi interactions between the galactosamine ring and trp181 remained intact. Additionally, we have observed partial resting of the ligand through pi-stacking interactions between tetra-fluoro ring and his158. His158 also established amide–ring interactions with the tetrafluoro moiety. This is a cooperative attachment and duly supported by the residue–residue pi-stacking between his158 and trp181. A similar facilitation was also observed between lys176 and trp181 (see Fig. S5) where they are interacting through pi–carbon noncovalent bonds. These two neighboring residues (his158 and trp181) lend interim stabilization against any probable position fluctuations for trp181, which in turn is utilized by the LacNAc derivative to resist egress from the protein pocket. Moreover, the tetra-fluoro ring re-establishes favorable noncovalent interactions with arg144 when the rest of the ligand has lost all native contacts during the penultimate stages of exit. This additional interaction with arg144 holds the derivative in the pocket for a

[image: ]
Figure 7. Assessing ligand resilience in the binding pocket. Comparison of ligand-egress trajectory as obtained from metadynamics simulations of unbinding of LacNAc and LacNAc derivative.
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Figure 8. Key interactions of the LacNAc derivative, which holds the ligand back for longer residence time. A, interactions between Trp181 and the ligand, (B) interaction between Arg144 and the ligand, and (C) interaction between Arg162 and the ligand; Pi–carbon (orange dashes); pi–cation (red dashes).

longer duration than the pocket. This is illustrated via a resilient Arg144/tetrafluoro ring interactions during the ligand egress (see distance profile in 8B). Fig. S6 renders the detailed pictorial representation of interaction between LacNAc derivative and the binding pocket residues. As shown in Fig. S6 and in the distance profile (8C), during the final stages of egress, as last resorts, the tetrafluoro ring moiety initially clings to trp181 through pi–pi stacking interactions and finally establishes pi–cation interaction with arg162, before it ultimately leaves in the bulk.
Discussion
The mechanism of ligand recognition by biologically important receptors has remained a crucial topic of interest. Computational docking approach has remained a traditional route for exploration of the key interactions responsible for ligand/receptor complex formation, which aids experimental investigations. However, the approach has often been found to be riddled with shortcomings involving limited exploration. More often, the traditional experimental techniques also lack temporal and spatial resolution to elucidate the rare transient events in the kinetic pathways of ligand approach to the receptor. In this respect, long-timescale all-atom MD simulation of recapitulating the actual protein/ligand-binding event comes out as a method of choice. While this is known to be a tedious and time-intensive exercise, due to its “wait and watch” nature, when successful, this approach can provide a real-time account of the ligand recognition process in an unbiased manner. The current work provides one such success story by simulating the oligosaccharide recognition process by galectin-3 at crystallographic precision. This work presents a rather rare computational example of oligosaccharide-binding simulation performed in explicit water without any artificial forces applied to guide the ligand into the receptor site. The approach enables one to observe a high-resolution trajectory of the 
[image: ]

oligosaccharide binding to the galectin-3 and comments on the potential discovery and importance of noncanonical binding sites.
As summarized in Figure 9, the current work provides a glimpse of binding mechanism of galectin-3 to its native ligand LacNAc and one of its fluorine-based synthetic derivatives (referred here as “LacNAc derivative”) at an atomic precision via combining long unbiased binding MD simulations and statistical analysis. The simulation captures the li-gands in their act of binding to its designated binding site of galectin-3. The simulated ligand-bound pose is in identical match with crystallographic structure. Among many other key stabilizing interactions, the simulation emphasizes the importance of C-H/π interaction between Trp181 and Lac-NAc, which is further validated by subsequent mutation-based control simulations in which the ligand was found to be dissociated in the absence of Trp residue at 181th location. The analysis of the aggregated simulation data showed the presence of transient metastable states apart from the solvated and native-bound state. However, the network of binding path, analyzed by transition path theory, predicts a direct binding from solvent to binding site as single dominant binding pathway, without any considerable net flux mediated via these intermediates. Overall, the estimates of relatively faster binding on-rate constant and off-rate constant of LacNAc to galectin-3, in addition to direct binding from solvent as the single dominant pathways, stand in distinct contrast to the traits of ligand-binding events in proteins with solvent-occluded binding site (23, 24).
The question arises: how representative are our observations made based on the simulation of galectin-3 with a prototypical ligand and its synthetic derivative? A comparison of experimentally solved crystal structures (PDB:3T2T-galectin-1, PDB:1KJR-galectin-3, PDB:5DUV-galectin-4, PDB:5JP5-galectin-5, PDB:3ZXE-galectin-7, PDB:3AP4-galectin-8, and PDB:6L64-galectin-10) provided insightful information, which
J. Biol. Chem. (2021) 297(5) 101271 9
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Figure 9. A pictorial summary of key findings of the current simulation. The discovery of metastable noncanonical protein/ligand encounter complex and ligand-residence time as the major factor for function of galectin-based ligand are crucial takeaway.

further rationalizes our efforts toward finding the binding pathways for galectin-3. A comparison of galectin-3 with other galectin isoforms such as galectin-1, 10, 4, 5, 7, and 8 shows similar binding site chemistry exhibited by galectin-3 (see Fig. 10). Presence of tryptophan residue, which provides a hydrophobic anchor site and the strategically placed arginines along with presence of histidines and asparagine residues in the CRD of galectins, can be suitably utilized toward design of efficient therapeutic molecules, which can competitively inhibit this class of proteins. Our extensive binding simulation
10 J. Biol. Chem. (2021) 297(5) 101271

study in the present work therefore bolsters enrichment of contemporary information from a “bulk-to-site” perspective.
As an important result, the current simulations identified that the origin of superior binding affinity of the LacNAc derivative over its parent ligand is rooted in its longer ligand-residence time in the binding pocket. This was unequivocally demonstrated by an estimate of off-rate constants for both the ligands, which was 25 times slower in case of the synthetic derivative. The prediction of longer residence time as the crucial factor for the efficacy of synthetic ligand mirrors
[image: ]
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Figure 10. A layout of a set of crystallographic poses of galectin family bound to its native ligand. Also shown in the center is the superposed poses of all galectins.

seminal hypothesis of Copeland et a!. (14, 15). Although there are established experimental methods for measuring dissociative half-life (such as separation methods, spectroscopic differentiation, recovery of biological activity, and immobilized binding partner methods) (14), it is so far not possible to elucidate the chemical mechanism of longer/shorter attachment of receptor–ligand complexes through these rather expensive and time-consuming techniques, which in contrast are achievable through computational approaches such as metadynamics and steered molecular dynamics. Computationally, it is possible to get an estimate of the trends and chemistry behind a particular macromolecular recognition event provided enough sampling is accumulated in the backend.
In last few years, research led by Nilsson et a!. has explored various different chemistries to target Galectin-3. One such effort reports precise investigation of the phenyltriazolyl-thiodigalactosides fluoro-interactions with galectin-3 generated compounds with reportedly high affinity (Kd 7.5 nM) and selectivity (46-fold) over galectin-1 for asymmetrical thiodigalactosides with one trifluorophenyltriazole and one coumaryl moiety (26). In another work where C1-galactopyranosyl heteroaryl derivatives were evaluated, it was observed that selectivity and affinity are driven by the structure of the aryl substituent to give compounds selective for either galectin-1 or galectin-3. The affinities from this work were found to be close to or better than those of lactose and other natural galectin-binding disaccharides, selectivities offered by the C1-heteroaryl groups are better than that of lactose and at the same time compound drug-like properties 

are potentially better than those of natural saccharides (27). In a separate work, a series of 3-(4-(2,3,5,6-tetrafluorophenyl)-1,2,3-triazol-1-yl)-thiogalactosides with different para sub-stituents were evaluated against galectin-3 where it was noticed that inhibitors substituted at the 3-position of a thi-odigalactoside core cause the formation of an aglycone-binding pocket through the displacement of an arginine residue (Arg144) from its position in the apoprotein. Another crucial observation from the authors was that for the other ligands, the affinity appeared to be regulated mainly by des-olvation effects, disfavoring the polar substituents, but this theory is partly opposed by these class of compounds where the 2,3,5,6-tetrafluorophenyl functional group forms cation– pi interaction with Arg144, which stacks on top of the substituted tetrafluorophenyl group in all crystal structure complexes (28). Contemporarily, fluorine interactions were further investigated systematically using phenyltriazolyl-thiogalactosides fluorinated singly or multiply at various positions on the phenyl ring. Galectin-3 X-ray structures with these ligands revealed potential orthogonal fluorine–amide interactions with backbone amides and one with a side-chain amide. The two interactions involving main-chain amides have a strong influence on affinity, whereas the interaction with the side-chain amide did not influence affinity (29).
Finally, galectin-3 being a cancer drug target, the nonca-nonical binding regions of galectin-3, as reported in the current work, can be used to develop possible lead molecules that can target the sites, which in turn can reduce the binding affinity of galectin-3 to polysaccharides, since it has been
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proposed that binding on one side attenuates the binding affinity of the other side (22).
Experimental procedures
The crystal structure of galectin-3 (PDB ID: 1KJL (12)) without the substrate serves as the initial structure of the protein for exploring binding events of the parent ligand LacNAc and LacNAC derivative. The ligand-free galectin-3 is placed at the center of the dodecahedron box with 11 Å distance between protein surface and box. The protein system is solvated with 15,644 TIP3P (30) water molecules and sufficient number of potassium and chloride ions were added to maintain the KCl concentration to 150 mM and render the system electroneutral. Subsequently, three copies of LacNAc molecules were introduced at random positions and orientations in the bulk solvent media of the system. The protein and ligand molecule were kept mutually far apart at the start of the simulations. Figure 3A represents a typical snapshot of the initial simulation setup adopted in the current work. Throughout the simulations, the ligand molecules were allowed to diffuse freely in the absence of any artificial bias. The system included a total of 49,441 atoms for the simulation of native ligand LacNAc.
An identical procedure was repeated for simulating the diffusion of LacNAc derivative around protein. In this case the system was constituted of the protein, three copies of “LacNAc derivative,” and 13,813 TIP3P water models, 150 mM KCl in a dodecahedron box of same volume as in the case of system with LacNAc, giving rise to a system size of 43,963 atoms. Amber14sb (31) force field was used for protein. The parameters for the LacNAc were generated from glycam carbohydrate builder while the parameters of LacNAc derivative were optimized using GAAMP.
All unbiased MD simulations were performed with Gromacs-2018.6 (or higher version) simulation package (32, 33) using leap-frog integrator with time step of 2 fs. The simulations were performed in NPT ensemble. Nose–Hoover thermostat (34, 35) and Parrinello–Rahman barostat (36) were used to maintain the average temperature of the system at 310.15 K with a relaxation time of 1.0 ps and at 1 bar constant pressure with a coupling constant of 5.0 ps respectively. The Verlet (37) cutoff scheme was employed in the simulations with the Lennard–Jones interactions being cut off at 1.2 nm. Particle Mesh Ewald (PME) summation (38, 39) was used to treat long-range electrostatic interactions. All bond lengths involving hydrogen atoms were constrained using the LINCS algorithm (40) for protein–ligand and SETTLE algorithm (41) for TIP3P water molecules. Multiple realizations of the unbiased MD simulations were initiated by assigning random velocities to all particles. The simulations were boosted by usage of Graphics Processing Units (GPUs) (42).
Multiple long independent and unbiased binding MD trajectories were generated, each of which ranged between 1 and 2.57 μs in case of LacNAc and its derivative. The simulations were terminated only after one of the copies of the ligand got bound in the CRD and remained settled there for the rest of the simulation period. The protein–ligand binding process was
12 J. Biol. Chem. (2021) 297(5) 101271

verified by visual inspection and by computing (i) the radial distance between respective center of mass of the binding pocket and the ligand and (ii) the RMSD of the simulated bound conformation from that of the X-ray crystal structure. The binding pocket was defined by a set of protein heavy atoms within 0.5 nm of ligand in the X-ray structure of bound conformation. The ligand was confirmed to be bound to galectin-3 when the RMSD remained below 0.2 nm and the cavity–ligand distance was below 0.5 nm for a simulation duration of at least 100 ns. Apart from the microsecond long trajectories, 100 short independent trajectories, each 100 ns long, were initiated from different ligand-bound states of system involving protein and LacNAc, which were a priori curated via k-means clustering of long binding trajectories.
The cumulative short and long trajectories were then aggregated to construct an MSM for quantitative description of recognition processes in case of both the ligands (16–19) and for the identification of kinetically relevant states and their inter-conversion rates from the simulated trajectories. PyEMMA (43) (http://pyemma.org) was used to construct and analyze the MSM from all the obtained trajectories. Fig. S7 illustrates the MSM protocol employed in the current work for both the li-gands. The nearest-neighbor binary contact matrix between heavy atoms of protein residues and ligand with a cutoff of 0.5 nm was used as input coordinates for MSM building. Time-lagged independent component analysis (tICA) (44–46) with a lag time of 10 ns was used for dimensionality reduction, which projected the high dimensional data onto 20 tICA components based on kinetic variance. This 20-dimensional tICA data was clustered into 500 clusters using k-means clustering algorithm (47). To get the appropriate lag time, 500-microstate MSMs were built at different lag times. The implied timescale (ITS) plot plateaued beyond 10 ns and hence a lag time of 10 ns was chosen to build the MSM, which ensures the Markovianity of the model (see Fig. S7 for both the ligands). For a comprehensible understanding of the ligand recognition process, the 500-microstate MSM was coarse-grained into a set of macro states. The time-scale separation of ITS plot suggested the presence of four macrostates. Accordingly, a coarse-grained four-state kinetic model was constructed with a 10 ns lag-time. PCCA+ was used for coarse-graining purpose. The stationary population of the four macro states was computed.
For the other ligand, i.e., “LacNAC derivative,” a similar protocol was employed, wherein a set of 36 short independent trajectories, each 250 ns long, were initiated. Similar protocol as the parent ligand has been followed in this ligand as well, where we computed the contact matrix between ligand-2 and amino-acid residues of the protein. The obtained 138 dimensional data is projected onto 20 dimensions using tICA for a lag time of 100 steps (1 ns). The projected data is subjected to clustering using k-means clustering algorithm and a similar number of microstates (i.e., 500) were chosen in this case of LacNAc derivative as well. Based on ITS, a 3-macrostate MSM is built using the discretized data. The representative snapshots of the three states are shown in the figures. For LacNAC derivative, the ITS plateaued beyond 7.5 ns and hence a lag time of 7.5 ns was chosen to build the MSM.
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Binding free energies (AG) of LacNAc and its synthetic derivative to galectin-3 were calculated from the stationary populations of bound and unbound macrostates as obtained from the MSM,
( abound  )
AG = −RTlog		(1)

aunbound
where abound and aunbound represent stationary population of bound and unbound macrostates, R is the universal gas constant, and T is the absolute temperature. This result is converted to standard free energy AG0 for comparison with experimental data.
The kinetic parameters reported in the current article were calculated using the mean first passage time (MFPT) between MSM-derived key macrostates. The MFPT was computed as the average time taken for the transition from the initial(unbound) to the final(bound) macrostate. The calculation included both the direct transition from the initial state to the final state and transitions through other intermediate states. The on-rate and off-rate constants were
respectively calculated as kon =	1 

MFPTonC and koff =	1 

MFPToff,
where C is the ligand concentration. Finally, transition path theory (TPT), proposed by Metzner et al. (21), was employed for enumerating all possible transition paths between unbound and bound macrostates and their respective fluxes were computed.
As would be illustrated in the Results section, a key finding of the MSM-based kinetic analysis is the considerably slow ligand-unbinding rate of the LacNAC derivative over LacNac, which is suggestive of their distinct residence times in the pocket. In a bid to characterize the key molecular determinants responsible for distinct ligand residence time, we simulate the ligand exit process from the pocket using meta-dynamics (48, 49). Based on visual inspection, we chose a combination of two collective variables (CVs) for biasing the metadynamics simulations: (i) distance between center of mass of ligand and residue 162 and (ii) number of hydrogen bonds between ligand and residues 158(his), 162(Arg), 174(Asn),184(Glu). A well-tempered variant of the metady-namics simulation (50) was employed for our study where a history-dependent bias V(S, t) is typically constructed in the form of periodically added repulsive Gaussians, where S is the chosen CV, which could be multidimensional. At any time given time t, the free energy F(S) can be obtained from the deposited bias V(S, t) as per the following equation:
AT
V(S; t → ∞) = − T+AT F(S)+C
where T is the simulation temperature, which is 300K, and AT is the tempering factor through which the amplitude of the bias deposited at a point in the collective variable space is tuned down, and C(t) is a time-dependent constant, which is irrelevant for the present work. The history-dependent biases were added along both CVs at an interval of 500 steps. Other numerical parameters include the initial Gaussian hill height 
[image: ]

h = 1.2 kJ/mol and Gaussian width w = 0.00981 nm (distance), 0.227 (hydrogen bonds), and bias factor of 6.0. All metady-namics simulations were performed using Gromacs2018 and its PLUMED (51, 52) plugin.
The residue–ligand interactions are calculated with Arpeggio (http://biosig.unimelb.edu.au/arpeggioweb/) and rendered with Pymol (http://pymol.org). MMPBSA calculations were conducted with gmmpbsa tool (53).
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ABSTRACT:
 Nuclear magnetic resonance (NMR) spectroscopy and 
molecular modeling methods have been strategically combined to 
elucidate the molecular recognition features of the binding of 
threonine O-linked Thomsen-Friedenreich (TF) antigen to chimera-
type avian galectin-3 (CG-3). Saturation transfer di
ff
erence (STD) 
NMR experiments revealed the highest intensities for the H4 protons 
of both the 
β
-
D
-Gal
p 
and 
α
-
D
-Gal
p
NAc moieties, with 100 and 71% of 
relative STD, respectively. The methyl protons of the threonine 
residue exhibited a small STD e
ff
ect, <15%, indicating that the 
interaction of the amino acid with the protein is rather transient. Two-
dimensional transferred nuclear Overhauser e
ff
ect spectroscopy NMR 
experiments and molecular modeling suggested some di
ff
erences in 
conformer populations between the free and bound states. A dynamic 
) (
binding mode for the TF antigen
−
CG-3 complex consisting of two poses has been deduced. In one pose, intermolecular 
interactions were formed between the terminal threonine residue and the receptor. In the second pose, intermolecular 
interactions involved the internal Gal
p
NAc. The di
ff
erence in the trend of some shifts in the heteronuclear single-quantum 
coherence titration spectra indicates some disparities in the binding interactions of CG-3 with lactose and TF antigen. The results 
obtained from this model of the avian orthologue of human galectin-3 will allow detailed interspecies comparison to give 
sequence deviations in phylogeny a structural and functional meaning. Moreover, the results indicate that the peptide sca
ff
old 
presenting TF antigen could be relevant for binding and thus provides a possible route for the design of galectin-3 inhibitors with 
improved a
fli
nity and selectivity.
)[image: ] (
T
he growing awareness that the glycan component of cellular glycoconjugates stores biological information, embodied by the term 
“
sugar code
”
,
1
 has attracted an increasing amount of attention to the analysis of glycan
−
lectin interactions. In fact, these sugar receptors provide a route to translate the sugar-encoded information into cellular re-sponses.
2
−
6
 Homing in on branch-end epitopes, the family of galactoside-binding lectins (galectins) elicits a wide range of biological functions involved in immune and in
fl
ammatory responses and tumor development, including cell adhesion, migration, and survival.
7
−
12
 This broad activity pro
fi
le explains the emerging interest in galectins as targets for drug discovery. In principle, galectin-dependent responses are triggered on the basis of the selection of the glycan counter-receptor and the ensuing cross-linking of the selected glycan moiety. While homodimeric and tandem repeat-type family members are natural cross-linking agents, galectin-3 is a unique type. It is 
) (
monomeric and known to harbor the carbohydrate recognition domain (CRD) in the C-terminal region, a collagenase-sensitive section, and the N-terminal region containing sites for serine phosphorylation.
2,10,13,14
 In the presence of suitable multivalent ligands, galectin-3 is known to form pentamers and is thus capable of cross-linking.
15
 This tendency to oligomerize has been attributed to the N-terminal non-lectin domain of galectin-3. Of note is the fact that the functional antagonism of galectin-3 to pro-apoptotic galectin-1, blocking negative growth regulation in neuroblastoma and pancreatic carcinoma cells,
16,17
 makes structural studies of this protein clinically relevant. Equally importantly, phylogenetic analysis has revealed that despite diversity in the other two classes,
) (
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Figure 1. 1H NMR (500 MHz) STD spectrum (saturation time of 2 s with on-resonance irradiation at the aromatic region) of a 1:100 mixture of CG-3 and the TF antigen at 278 K. The bottom trace shows the STD spectrum, while the top trace shows the off-resonance spectrum. The protons showing the strongest STD effect are annotated.

galectin-3 is the only member of the galectin group with a trimodular design.12,18 Thus, galectin-3 presents itself as a unique model for comparative structure−activity studies between different organisms, with the aim of giving sequence deviations in phylogenesis a functional meaning. With these two perspectives in mind, the therapeutic and the phylogenetic, we here initiate a strategically combined analysis of glycan binding, using experimental and computational approaches. On the glycan side, the focus is on the Thomson-Friedenreich (TF) antigen, the core 1 O-glycan disaccharide, Gal/31→3GalNAca, also known as T-antigen. It has selectivity for galectin-3 binding compared to galectin-1 and is known to account for binding of galectin-3 to mucins, and also the pentasaccharide of ganglioside GM1.19−25 Structural analysis of the complex by crystallography and flexible docking has been reported for human galectin-3.24,25 Because its avian orthologue, i.e., chicken galectin-3 (CG-3), has recently been identified,26 a comparative analysis is possible. Moreover, the TF binding mode can be compared to the complex of this glycan with a fungal galectin from the edible mushroom Agrocybe aegerita.27 It is also intriguing to compare if and how the dynamics and flexibility of the full-length galectin-3 is affected by its interaction with the TF antigen in solution. While X-ray crystal structures provide static representations of molecules arranged in a periodic crystal lattice, solution NMR data provide average information over randomly oriented molecules in solution. The NMR spectroscopy and molecular modeling methods have been an integral component of conformational analysis of carbohydrates, both free and bound to lectin.28 To assess the potential of the peptide portion to be located in the direct vicinity of the core 1 disaccharide in complex formation with CG-3, a threonine residue attached to the glycan moiety was used in our study. Likewise, previous monitoring of glycopeptides and glycan derivative libraries has indicated a possibility for peptide− aglycone interactions.29−31
· MATERIALS AND METHODS
Galectin Purification. The chimera-type avian galectin-3 was obtained by recombinant production and isolated by aflinity chromatography on lactosylated Sepharose 4B as a crucial step, routinely checked for purity by one- and two-dimensional gel electrophoresis and gel filtration.26,32 Activity 

was ascertained by heme agglutination and solid-phase binding assays.26,32,33 15N-labeled CG-3 was obtained using 15NH4Cl as the medium additive as described previously.34

NMR Experiments. O-[2-(Acetamido)-2-deoxy-3-O-/3-D-galactopyranosyl-a-D-galactopyranosyl]-L-threonine (TF anti-gen−Thr conjugate) was purchased from Toronto Research Chemicals. The NMR samples were prepared in deuterated phosphate buffer [10 mM phosphate, 137 mM NaCl, and 2.7 mM KCl (pH 7.3)]. STD experiments35 were performed at a lectin concentration of 50−60 M on a Bruker Avance 500 MHz NMR spectrometer equipped with a 5 mm TXI inverse probe head at 278 K. Protein saturation (on the resonance frequency in the aromatic region) was achieved by using a series of 50 ms Gaussian pulses with a total saturation time of the protein of 2 s and a maximal field strength of 50 Hz. The ligand:lectin ratio was set between 20:1 and 100:1. TR-NOESY experiments were conducted on a Bruker Avance 600 MHz spectrometer equipped with a triple-channel cryoprobe at 278 K. Different mixing times were employed: 100, 150, and 200 ms. These experiments were conducted for a ligand:protein molar ratio of 10:1 using a 60 M preparation of lectin as the final concentration in the NMR tube. No purging spin-lock period to remove the NMR signals of the macromolecule background was employed. The nOes were translated into distances using the isolated spin pair approximation and the intraresidual H1′−H5′ (Galp) and H1−H2 (GalpNAc) distances as a reference. Uncertainties in the distances between different mixing times were less than 6%.
Molecular Modeling. The threonine conjugate of the TF antigen and lactose were generated using the GLYCAM web carbohydrate builder36 and the tleap module distributed with ANTECHAMBER version 1.27.37 The GLYCAM06 (Gly-cam_06g.dat downloaded from the Woods group Web site)38 and PARM99SB39 parameter sets were employed to model the ligand and receptor, respectively. The threonine residue of the conjugate was in the zwitterionic state. Automated docking of the TF antigen to CG-3 was performed using the GlideXP version 5.7 scoring function of Schrödinger, Inc.40 The three-dimensional model for chicken galectin-3 was generated through the SWISS-MODEL repository database41,42 from the sequence A4GTP0 (UniProt database) and by using Protein Data Bank (PDB) entry 1A3K (carbohydrate
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Figure 2. (A) NOESY spectrum (500 ms) for the TF antigen. (B) TR-NOESY spectrum (200 ms mixing time) for the TF antigen (50 sM) bound to CG-3 (500 sM). Insets are shown at the bottom.

recognition domain of human galectin-3) as a template. The NMR structure of CG-3 is still to be completed; however, all the available data are in agreement with the employed model. A survey of 38 galectin−carbohydrate complexes (Table S1 of the Supporting Information) was performed to assess the most frequently occurring position of the terminal galactosyl residue during binding. On the basis of this analysis, manual docking was conducted by superimposing the /3-D-Galp residue of the TF antigen with that of N-acetyllactosamine in the crystal structure of human galectin-3 in complex with this ligand (PDB entry 1A3K), which was subsequently energy minimized. Details of the docking, molecular dynamics simulations, and postprocessing of trajectories are provided as Supporting Information.
· RESULTS AND DISCUSSION
The interaction of CG-3 (tested as a CRD mimicking the natural form after proteolytic truncation) with the Thr−TF antigen conjugate was studied by NMR spectroscopy and molecular modeling. Combining these two approaches afforded the structural and conformational characterization of the TF antigen in the free and in lectin-bound states. In addition, the interacting epitope of the TF antigen was identified, and the mobility of CG-3 when accommodating the TF antigen and lactose was determined and compared. This comparison allowed us to propose the mode of recognition of the TF antigen by the galectin.
Binding of the TF Antigen by CG-3. STD experiments provide key information about the regions of the ligand that interacts with the protein. The STD spectrum of the TF antigen bound to CG-3 is shown in Figure 1. The 1H and 13C NMR assignments of the ligand resonances are summarized in Figure S1 of the Supporting Information. The protons that present the highest STD intensities are both H4 of /3-D-Galp and a-D-GalpNAc, with 100 and 71% of the relative STD, respectively. The next most intense STD effects correspond to 

H5′ and H1′ of /3-D-Galp. The rest of the protons present less than 50% of the relative STD. This pattern is in contrast with the STD pattern usually observed for the recognition of lactose by galectins.43 In this well-studied case, H4, H5, and H6 of the terminal galactose residue receive most of the saturation from the galectin, while the rest of protons are poorly saturated. The protons of the Thr residue are overlapping with the protons of the sugar moiety, but the methyl group of the Thr shows a small STD effect, <15%, indicating that the interaction of the amino acid with the protein is rather transient.
Conformation of the TF Antigen in the Free and Lectin-Bound States. To determine the conformational preference of the TF antigen in the bound and free states, we present an evaluation of proton nuclear Overhauser enhancements (nOes). Typically, nOes are observed for proton pairs within a maximal distance of 4.0 Å. Therefore, changes in the presence or intensity of nOes are evidence of variations in the relative spatial orientation of specific proton pairs, which can be related to specific dihedral angles. The comparison of the nOe signals from NOESY (free) and TR-NOESY (bound) was used to identify changes in the conformational preference of the TF antigen from the free to the bound state. The left-hand side of Figure 2 shows the NOESY spectrum (free state), whereas the right-hand side shows the TR-NOESY spectra (bound state). Insets included in the spectra specify the key nOes. The observed intraresidue nOe between H1′ and H5′ of the /3-D-Galp unit as well as the absence of an H1−H5 nOe or a strong H1−H2 nOe of the a-D-GalpNAc moiety permitted assessment of the typical low-energy chair conformation. These nOes were maintained when the ligand was bound to CG-3. In addition, the inter-residue H1′−H3 nOe strongly suggested the presence of the exo anomeric orientation around the /3(1→3) glycosidic bond, with a of 60°, in both the free and bound states. With regard to the a-D-GalpNAc−Thr linkage, in the free state the H1−H/3 Thr nOe was stronger than the intraresidue H1−H2 nOe, indicating a very close contact
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Table 1. Relevant nOes (percent) Derived from the Experimental Data and Corresponding Distances
a


) (
NOESY
b
 
TR-NOESY
b


unbound model 1, 
α
-
D
-Gal
p
NAc-OThr (
ϕ
α
 = 
−
43
°
; 
ψ
α
 = 
−
150
°
)
unbound model 2, 
α
-
D
-Gal
p
NAc-OThr (
ϕ
α
 = 
−
43
°
; 
ψ
α
 = 
−
20
°
)
) (
manualDock
Figure 4A
best GlideXP pose in Figure 4B
) (
a
Distances from molecular models at the de
fi
ned 
ϕ 
and 
ψ 
angles (unbound models 1 and 2) are also included. Distances derived from automated 
docking structures are listed at the bottom (bound models 1 and 2). 
b
nOe enhancements are shown, along with the derived distances in parentheses. 
nOes were translated into distances using the isolated spin pair approximation and the intraresidual H1
−
H5 distance for the Gal residue and H1
−
H2 
distance for GalNAc as references.
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Figure 3. 
Adiabatic maps obtained from the rotation of 
ϕ 
and 
ψ 
angles at each glycosidic bond. Contour levels are drawn with high- to low-energy regions colored gradually from red to blue. Superimposed on every map are plotted the interproton distances: H1
′
−
H3 for the 
β
-
D
-Gal
p
NAc-(1
→ 
3)-
α
-
D
-Gal
p 
linkage and H1
−
H
γ
(Me) Thr and H5
−
H
γ
(Me) Thr for the 
α
-
D
-Gal
p
-Thr linkage. The table underneath shows
ϕ 
and 
ψ 
angles predicted from the adiabatic maps, those derived from nOe information (unbound main, unbound minor, and bound) and those derived from automated docking structures.
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→
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1% (2.5 Å)
0.6% (2.7 Å)
1.1% (2.4 Å)
0.5% (2.7 Å)
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1.4% (2.4 Å)
1.2% (2.3 Å)
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2.5 Å
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3.3 Å
4.6 Å
2.4 Å
2.4 Å
3.1 Å
3.1 Å
4.3 Å
) (
between H1 and H
β 
of Thr. Moreover, there were nOes between H1 of Gal
p
NAc and H
γ
(Me) of Thr (weak) and H5 of Gal
p
NAc and H
γ
(Me) (medium). The simultaneous presence of all these nOes suggests the existence of a conformational equilibrium around 
ψ 
of the 
α
-
D
-Gal
p
NAc
− 
Thr linkage in the free state. In the bound state, the relative intensity of the H1
−
H
β 
Thr nOe versus that of the intraresidue H1
−
H2 nOe was maintained. In this case, the H1
−
H
γ
(Me) Thr and H5
−
H
γ
(Me) nOe cross-peak intensities were below the noise level. This fact suggests the existence of certain conformational selection. Because the intensities of the observed cross-peaks are very similar in both the free and bound states (although of di
ff
erent sign), the lack of the two peaks mentioned above, H1
−
H
γ
(Me) Thr and H5
−
H
γ
(Me), points toward the recognition of the 
ϕ 
= 
−
60
° 
and 
ψ 
= 
−
60
° 
conformer. Table 1 summarizes the pertinent nOe intensities, their corresponding distances, and those obtained from molecular models constructed with 
ϕ
α
 values of 
−
60
° 
and 
−
60
° 
and 
ψ
α
 values of 180
° 
and 
−
60
° 
for the 
α
-
D
-Gal
p
NAc-(1
→
O)
−
Thr bond. Unbound model 1 agrees with the 
) (
presence of the H1
−
H
γ
(Me) Thr nOe but does not explain the nOes between the H1 and H
β 
of Thr and between H5 and H
γ
(Me) of Thr. In contrast, unbound model 2 accounts for the nOes observed between H1 and H
β 
of Thr and H5 and H
γ
(Me) of Thr, but not the nOe from H1 to H
γ
(Me) of Thr. It is worth noting that all these nOes could arise from 
−
gauche 
and 
+gauche 
values of 
ϕ
α
 and 
ψ
α
, respectively, except for a narrow range of 
ψ
α
 below 14
° 
for which the distance from H1 to H
γ
(Me) of Thr is larger than 4 Å. The fact that in the free state, nOes were observed simultaneously for the H1
−
H
γ
(Me) Thr, H1
−
H
β 
Thr, and H5
−
H
γ
(Me) Thr proton pairs could be reconciled only with the presence of multiple conformations. Therefore, in the free state, three interconverting rotamer states may exist for the 
ψ
α
 angle: 
−
gauche
, 
+gauche
, and 
anti
. If the 
ψ
α
 
anti 
state were predominant, the H5
−
H
γ
(Me) Thr nOe would not have been observed and the H1
−
H
β 
proton pair would have been weakened with a distance of 
∼
3.6 Å. Hence, either or both of the other two plausible rotamers for the 
ψ
α
 angle (
−
gauche 
and 
gauche
) should be present. In contrast, the H1
− 
H
γ
(Me) Thr nOe and H5
−
H
γ
(Me) Thr nOe were not
) (
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observed in the bound state. The absence of these nOes strongly suggests that the −gauche ψα rotamer is more populated in the bound state.
Thus, molecular dynamics simulations (see below) were employed to rationalize these nOe data. Figure 3 shows the adiabatic maps obtained by variations in the ϕ and ψ angles, for each glycosidic bond. These maps revealed the global and local minima, providing information about preferred conformations and flexibility. The corresponding distances are mapped atop each plot. A summary of the allowed dihedral angles, predicted by the adiabatic maps, and the corresponding dihedral angles for TF antigen in the bound and free models, is presented in the table underneath Figure 3. It should be noted that a relatively high degree of conformational freedom is associated with the ψ angles of both glycosidic bonds. Moreover, an even flatter energy well was obtained for theϕ and ψ angles of the reducing-end glycosidic bond. The maps coupled with the experimental nOes demonstrated the preference of the exo anomeric conformation around the β(1→3) glycosidic bond, in the free and bound states.
To rationalize the TR-NOESY data, molecular docking of TF antigen to the binding site of a homology model of CG-3 was performed. The docking was done in two ways: manual and automated. The manual docking involved the overlay of the β-D-galactosyl residues of the crystal structure of N-acetyllactos-amine (PDB entry 1A3K) and the constructed bound-state conformation of TF antigen (bound model 1), followed by refinement and GlideXP scoring. The resultant binding pose is shown in Figure 4A, along with its GlideXP score. Panels B and C show the binding poses obtained from automated docking. Panel B (bound model 2) corresponds to the best scoring pose, while panel C shows a binding pose that is consistent with the NMR TR-NOESY data (see Figure 3) for the ϕ and ψ angles of the TF antigen in the binding poses obtained from GlideXP. Indeed, the ϕ and ψ angles of the nonreducing linkage for the conformer in panel C provided H1′−H3 distances very similar to those derived from the nOe data. The dihedral angles of the nonreducing linkage were thus consistent with the experimentally observed conformation. In panels B and C, the terminal nonreducing β-D-Galp unit has been translated one sugar unit to the right with reference to the corresponding residue of N-acetyllactosamine in the crystal structure of PDB entry 1A3K. Nonetheless, the position of the internal α-D-GalpNAc residue of the TF antigen was consistent with that of the terminal β-D-Galp residue of N-acetyllactosamine.
We then sought to determine the possibility of observing the poses in panels B and C of Figure 4 in reported crystal structures. Thirty-eight carbohydrate−galectin complexes were analyzed (see Table S1 of the Supporting Information), from monosaccharides to hexasaccharides. Thirty-six ligands contained at least one galactosyl residue, either as a terminal or as an internal residue. Fittingly, the position of one of these galactosyl residues always coincided with that of β-D-Galp observed in PDB entry 1A3K, as shown in Figure 4A. The preference of a galactosyl residue for this position was also shown in cases confined to monosaccharides (PDB entries 2GAL and 2ZGN), a thioglycoside analogue (PDB entry 1A78), or the α-anomer of lactose (PDB entry 2D6M). Interestingly, the ligand from PDB entries 3AFK and 3AYA was the TF antigen, and the position of the β-D-Galp residue also matched that in PDB entry 1A3K. However, the binding modes in 3AFK and 3AYA were different relative to that determined from our TR-NOESY data: in the crystal structures, the methyl 
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Figure 4. Docking poses of the TF antigen, colored by element type, with the CG-3 homology model: (A) manual docking, (B) best scoring pose, and (C) high-scoring pose in agreement with experimental TR-NOESY data. The GlideXP scores are shown below each panel. The carbon atoms of the X-ray structure of N-acetyllactosamine and the TF antigen extracted from PDB entries 1A3K and 3AYA, respectively, are colored lime green and orange, respectively. (D) Overlays of mono- and disaccharides from eight galectin−saccharide complexes with PDB entries 1A3K (lime green), 3OY8 (magenta), 2GAL (yellow), 3NV2 (red), 3NAJ (tan), 3AYE (dark green), 3AYA (orange), and 3AFK (cyan). (E) Overlay of trisaccharide α-D-GalpNAc-(1→3)-β-D-GalpNAc-(1→3)-β-D-Galp [PDB entry 2EAL (yellow)] with N-acetyllactosamine [PDB entry 1A3K (lime green)] and the TF antigen from docking to the homology model (element type).
group of the threonine residue is oriented toward the solvent, while the TR-NOESY data also indicate a transitory orientation of this group toward the surface of CG-3. The overlay of eight mono- and disaccharides is depicted in Figure 4D. Even though there are positional variations in the reducing-end residues, the overlap of the nonreducing β-D-Galp residues is evident. This overlap suggests that this pose is predominant in galectins in complexes with saccharides bearing a nonreducing-end galactosyl residue. We also found one case of a trisaccharide fragment, α-D-GalNAc-(1→3)-β-D-GalpNAc-(1→3)-β-D-Gal (PDB entry 2EAL), from Forssman pentasaccharide, where the nonreducing terminal residue was shifted such that the internal β-D-GalpNAc residue now overlaid with the terminal β-D-Galp residue of N-acetyllactosamine in PDB entry 1A3K. The poses obtained from our automated dockings closely mimic this crystal structure, as outlined in Figure 4B. Analysis of the stabilizing interactions between the ligands and galectins from the crystal structure of PDB entry 2EAL and from the docking (data not shown) revealed that the majority of the contacts involve the internal β-D-GalpNAc residue (of 2EAL), with only one hydrogen bond interaction between the nonreducing-end O6 atom and the NE atom of Trp82. Hence, this docking pose was also included in our MD simulations. The pose was stabilized by a salt bridge between the NH3 + group of threonine and the side chain of E174, which would be absent if the nonreducing terminal β-D-Galp residue were fully equivalently positioned with that in 1A3K. It is noteworthy that this was the best scoring binding pose from GlideXP docking studies. Also consistent with the NMR data, the methyl group of the threonine side chain, although transient, is oriented toward the protein. Thus, the alternative binding pose might also be plausible.
Distinctive Molecular Dynamics of CG-3 upon Binding of the TF Antigen. Initial analysis of the protein backbone flexibility of human galectin-3 has produced evidence of
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Figure 5. (A) Superposition of the HSQC spectra: CG-3 (black) and 1:20 CG-3:TF antigen molar ratio (brown). (B) Superimposition of HSQC spectra: CG-3 (black) and 1:20 CG-3:lactose molar ratio (blue). (C) Average (1H and 15N) chemical shift perturbation of CG-3 upon addition of TF antigen (brown bars) and lactose (blue bars). The residues that are affected by the addition of the TF antigen and not by lactose are annotated. (D) Model of CG-3 with the TF antigen docked in pose 2 (brown) and lactose docked (blue). CG-3 residues affected only by the addition of the TF antigen are highlighted in yellow. The proteins are numbered as follows: Y16 (Y108), F43 (F135), D46 (D138), F47 (F139), H56 (H148), I69 (I161), S73 (S165), and G80 (G172).

increased conformational entropy upon ligand binding.44,45 To evaluate the effect of the TF antigen−Thr conjugate on the structure of CG-3, we performed 1H−15N heteronuclear single-quantum coherence (HSQC) titration experiments and compared them to the effect of lactose. In addition, we conducted molecular dynamics simulations in an attempt to distinguish between the different binding poses obtained from docking and to obtain insights into the observed differences in residue fluctuations in TF antigen and lactose complexes. Changes in the HSQC spectra (in the absence and presence of a given ligand) facilitate the identification of the protein residues that are mostly affected as a result of binding to the added ligand. Moreover, comparisons of the changes derived by different ligands permit identification of residues that are selectively affected. The HSQC spectrum of apo-CG-3 is colored black in panels A and B of Figure 5. The HSQC spectra after the addition of the TF antigen−Thr conjugate (1:20 CG-3:TF antigen−Thr conjugate molar ratio) are superimposed in brown in Figure 5A. The spectrum recorded after addition of lactose (1:20 CG-3:lactose molar ratio) is colored blue in 

Figure 5B. Figure 5C shows the average chemical shift perturbation derived from these HSQC experiments, due to the presence of each ligand, with brown bars for the addition of TF antigen and blue bars for the presence of lactose. It can be deduced that those residues affected by lactose binding were also affected by the addition of the TF antigen. However, some additional variations were observed when the TF antigen was added. These extra residues are mapped in yellow in the protein model, as depicted in Figure 5D. The most evident changes are shown in the brown bars of the figure, especially for Y108, F135, H148, I161, and S165 and to a lesser extent for residues D138, F139, G172, K217, and K218. All these residues that are affected by only the TF antigen are located along the fl-sheet surface and at the loops connecting them. Because these residues are relatively far from the typical lactose binding site, these observations may suggest the presence of an alternative binding mode, for example, that observed in PDB entry 2EAL.
Molecular Dynamics Simulations of the Free TF Antigen and Complexes of CG-3 with the TF Antigen and Lactose. The nOe- and TR-NOESY-derived interproton
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distances for the β-D-Galp-( 1 →3)-α-D-GalpNAc linkage suggested the existence of one major conformer at this site in both the free and bound states. However, a single conformer could not account for all the experimental data of the α-D-GalpNAc-(1→O)-Thr linkage: two or moreψ angles could be populated. Thus, MD simulations were performed to understand the dynamics of the TF antigen in the free state and also to provide atomic-level insights into the modes of binding of the TF antigen to CG-3. However, in the course of generation of the TF antigen−CG-3 complex, two modes were spawned: manualDock and glideXPDock (see Materials and Methods). It was therefore necessary to determine which of these poses was more consistent with the available experimental NMR HSQC, TR-NOESY, and STD data. To this end, the following analyses were performed on the entire trajectories of the complexes: nOe-derived interproton distances, per residue root-mean-square fluctuations (rmsfs), per residue/atom solvent accessible surface areas (SASA), intra- and intermolecular hydrogen bond interactions, and molecular mechanics generalized Born surface area calculations (MM-GBSA). Furthermore, the entire trajectories were separated into NMR-consistent and NMR-inconsistent populations and reanalyzed. From these analyses, the manualDock complex was selected as the more consistent, and on this basis, a dynamic binding mode for the TF antigen− CG-3 complex comprising two poses was proposed.
The root-mean-square deviations showing equilibration of the free and bound ligand trajectories are shown in Figure S2 of the Supporting Information. The ring atoms and backbone atoms of the threonine residue were employed for the free ligand, while the backbone atoms of the receptor were used for the complexes.
nOe-Derived Interproton Distances. A comparison of the experimental and MD-derived interproton distances for both the free and bound TF antigen is presented in Table 2.
Table 2. Experimental and Computationala nOe-Derived Distances (angstroms)
[image: ] (
NOESY
b
TR-NOESY
c


) (
experimental/ MD
) (
experimental/ 
glideXPDock
/
manualDock
)
	H1′−H5′
	2.5
	2.5
	


	

	2.57 ± 0.20
	2.50 ± 0.18/2.46
	± 0.19

	H1′−H3
	2.72
	2.36
	


	

	2.34 ± 0.22
	2.27 ± 0.46/2.23
	± 0.17

	H1−Hβ
	2.36
	2.33
	


	

	2.26 ± 0.19
	2.30 ± 0.20/2.19
	± 0.19

	H5−Hγ(Me)
	2.69
	nod

	


	

	3.28 ± 0.38
	3.23 ± 0.27/3.42
	± 0.51

	H1−Hγ(Me)
	3.52
	nod

	


	

	3.84 ± 0.35
	4.20 ± 0.20/3.51
	± 0.46


aThe value of ⟨1/r6⟩−1/6 averaged 80 and 20 ns of simulation time for the ligand and each complex, respectively, for comparison with the NOESY and TR-NOESY data, respectively. bUnbound ligand. cBound ligand. dNot observed nOe.
For the free TF antigen, the nOe distances showed good overall agreement with the experimental data, including interglycosidic nOe distances that are important for determining the conformational properties of carbohydrates. For example, the H1−Hγ(Me) Thr distances of 3.52 and 3.84 ± 0.35 Å for the experimental and MD data, respectively, are in good agreement considering the α-D-GalpNAc-(1→O)-Thr linkage. The H1′−

Article
H3 distance is slightly underestimated by the simulation (2.61 Å vs 2.34 ± 0.22 Å), while the H5−Hγ(Me) Thr distance is overestimated (2.69 Å vs 3.28 ± 0.38 Å). When CG-3 binds, the majority of the interglycosidic nOes observed in the free state of the TF antigen (H1′−H3 and H1−Hβ Thr) are preserved, suggesting similar conformational properties for those dihedral angles that influence these interproton distances (ϕβ, ψβ, and ϕα). The MD interproton distances for both the glideXPDock and manualDock complexes agreed favorably with the respective experimental distances. While the H1−Hγ(Me) Thr and H5−Hγ(Me) Thr nOes were observed in the free state, they were not detected in the complex, which is evident from the TR-NOESY data. These interproton distances are largely dependent on the values adopted by ψα and pointed to differences in the conformational preferences of this dihedral angle for the complexed and free TF antigen. The H1−Hγ(Me) Thr distances computed from the glideXPDock and manualDock trajectories were 4.20 ± 0.20 and 3.51 ± 0.46 Å, respectively. Given the 4 Å limit of nOe detection,46 the glideXPDock trajectory seemed to be more consistent in this case, but as will be shown later, other considerations ruled out the glideXPDock complex. However, neither glideXPDock (3.23 ± 0.27 Å) nor manualDock (3.42 ± 0.51 Å) trajectories could explain the absence of the H5−Hγ(Me) Thr nOe.
The average dihedral angles and populations sampled in the course of the MD simulations are listed in Table S2 of the Supporting Information. The rotamer populations of the ϕβ, ψβ, and ϕα dihedral angles in the glideXPDock and manualDock complexes echoed those of the free ligand, though the −gauche ψβ population was remarkably larger (90%) in the manualDock complex. For the ψα torsion angle, the partition was based on values that could result in a distance of greater than or less than 4.0 Å between the α-D-GalpNAc H1 and Thr Hγ protons. This cutoff was determined to be 14° by performing rotations about the ψα angle while monitoring the H1−Hγ(Me) distances. Thus, in the free state, two ψα rotamers, 32 ± 11° and −4 ± 13°, were populated with populations of 58 and 42%, respectively. The disappearance of the H1−Hγ(Me) nOe in the complex indicated a preference for the latter conformer. This conformer was predominant (88%) in the glideXPDock complex and existed for only 30% of the time in the manualDock complex, which explained the H1−Hγ(Me) distances of 4.20 ± 0.20 and 3.51 ± 0.46 Å computed from the glideXPDock and manualDock simulations, respectively.
Root-Mean-Square Fluctuations (rmsfs). As shown earlier (Figure 5), chemical shift differences in the backbone NH moiety were observed in the spectra of free CG-3, as well as CG-3 loaded with the TF antigen or lactose. Remarkably, changes were also observed for residues situated away from the binding site (Figure 5C and Table S3 of the Supporting Information). For the purpose of determining the extent to which the glideXPDock and manualDock complexes were consistent with the observed changes, per residue rmsfs were calculated from both trajectories and compared with those computed from a trajectory of apo-CG-3 (Figure S3 of the Supporting Information). Differences in fluctuations were observed for the specified residues between apo- and holo-CG-3, especially for the glideXPDock complex. In particular, for residues 161, 165, 217, and 218, located on a loop very distal from the ligand binding cavity, differences in their fluctuations were more obvious in the glideXPDock system than in the manualDock complex. Noteworthy, these MD fluctuations echoed the trends observed in the experimental data: the
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Table 3. Binding Free Energy Changes (kilocalories per mole) Computed from the Trajectories of the GlideXP and Manually Docked TF Antigen to CG-3
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Molecular mechanics van der Waals energy. 
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Molecular mechanics coulombic energy. 
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Polar contribution to the solvation energy. 
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Nonpolar contribution to the solvation energy. 
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Contribution from the bond, angle, and dihedral angle strain energies. 
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Total energy excluding contributions from entropy. 
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) (
backbone NH group of S165 showed larger di
ff
erences in the complex with the TF antigen than in that with lactose.
Solvent Accessible Surface Area (SASA). 
The STD data pointed to a binding pose in which the H4 protons of 
β
-
D
-Gal
p 
and 
α
-
D
-Gal
p
NAc are the closest residues from the surface of the protein. The per residue and per atom SASA values are presented in Figure S4 and Table S4 of the Supporting Information.
Hydrogen Bonding Interactions. 
Hydrogen bonding interactions were also determined from the trajectories of the complexes, using donor
−
acceptor distance and donor
−
H
− 
acceptor angle cuto
ff
s of 3.5 Å and 100
°
, respectively. A hydrogen bond was deemed important if it persisted for at least 5% of the simulation time. The objective was to determine essential features of the di
ff
erent modes of binding of the TF antigen and to try to understand the basis of the rotamer population changes of the 
ψ
α
 angle observed in the TR-NOESY data. The hydrogen bond distances and percent occupancies from the 
glideXPDock 
and 
manualDock 
complexes are provided as Tables S5 and S6, respectively, of the Supporting Information. Interestingly, the salt bridge that was formed between the NH
3
+
 group of threonine and the carboxyl side chain of E174 in the GlideXP docked complex was absent during the explicit-solvent simulation under the constraints employed here to de
fi
ne hydrogen bonds. A qualitative description of the intermolecular hydrogen bonds for the threonine, 
α
-
D
-Gal
p
NAc, and 
β
-
D
-Gal
p 
residues was performed using the following notation: none, high, and intermediate, respectively, for the 
glideXPDock 
trajectory and low, inter
mediate, and high, respectively, for the 
manualDock 
trajectory. A larger conformer selectivity of the NMR-consistent 
ψ
α
 
dihedral angle was observed for the 
glideXPDock 
pose (see Table S2 of the Supporting Information). However, the absence of any intermolecular hydrogen bonds between the threonine residue and the receptor in the 
glideXPDock 
structure, in conjunction with the mutual presence of all intramolecular bonds involving the threonine residue in both trajectories, made it di
ffi
cult to determine the origin of the conformational preference. With regard to the di
ff
erent binding poses, the hydrogen bonding data coupled with the per residue SASA data suggested that the shape of the TF antigen was 
“
concave 
” 
and 
“
convex
” 
for the 
manualDock 
and 
glideXPDock 
complexes, respectively, from the perspective of the receptor. The 
β
-
D
-Gal
p 
and threonine residues occupied the tips, while the 
α
-
D
-Gal
p
NAc residue was at the center of the curvature.
Molecular Mechanics Generalized Born Surface Area (MM-GBSA) Calculations of Interaction Energies. 
As a
) (
further step, the 
glideXPDock 
and 
manualDock 
trajectories were subjected to MM-GBSA analyses to quantify the interaction energies between the TF antigen and CG-3 in both complexes. In this study, only the trajectories of the complexes were employed, as reported previously for a polysaccharide
− 
antibody complex.
47
 The advantages of utilizing MM-GBSA analyses were (1) the ability to decompose the interaction energies into contributions from molecular mechanics energies, polar and nonpolar contributions to solvation and desolvation, van der Waals, and electrostatics and (2) the fact that the use of several structures derived from MD simulations provided an average of ensembles as opposed to a single docked structure. The computed interaction energies and decomposition into di
ff
erent energy components are listed in Table 3. To determine the extent to which the results of the computed free energy changes could be in
fl
uenced by the choice of solvation model, igb values of 1, 2, and 5 were employed. Overall, the 
A
G
TOT 
indicated that the 
manualDock 
complex was preferred in solution. The conformational entropic penalties were <1 kcal/mol, although they were slightly higher for the 
glideXPDock 
complex. The presence of several hydrogen bonds between the TF antigen and CG-3 in both complexes strongly suggests the predominance of polar interactions for determin
ing the overall binding free energies. The Coulomb energy contributions also lent credence to this statement. However, as expected for carbohydrates, the polar solvation term was very unfavorable in both complexes and almost neutralized the Coulomb energy term, thus resulting in the major net favorable contributions arising from the van der Waals components. A similar observation has been noted in other studies involving oligosaccharide
−
protein complexes.
47
−
49
 Given the absence of unanimity in the outcomes of the analyses in determining which complex was more consistent with the available NMR data, the 
manualDock 
and 
glideXPDock 
trajectories were partitioned into subtrajectories whose 
ψ
α
 angles would result in the H1
−
H
γ
(Me) Thr distance being greater than or less than 4.0 Å (nOe not observed in the NMR analysis). The trajectories for which the H1
−
H
γ
(Me) Thr distance was greater than 4.0 Å were denoted NMR consistent, while those for which the distance was less than 4.0 Å were called NMR inconsistent. The previous analyses conducted for the entire trajectories were also performed on these subtrajectories. In the interest of brevity, the majority of these data are provided as Supporting Information, and we have highlighted the results from the NMR consistent trajectory of the 
manualDock 
complex.
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Table 4. Binding Free Energy Changes Computed (igb = 2) from Subsets of the Trajectories of the GlideXP and Manually Docked TF Antigen to CG-3
) (
(
A
E
vdw
)
a
−
24.77 
± 
2.96
−
24.76 
± 
3.07
−
17.76 
± 
3.84
−
20.15 
± 
4.22
(
A
E
coul
)
b


−
54.20 
± 
13.81
−
49.08 
± 
14.41
−
65.63 
± 
26.01
−
57.71 
± 
21.71
(
A
G
polar,GB
)
c


62.91 
± 
11.72
58.15 
± 
12.40
62.45 
± 
22.06
59.21 
± 
17.14
(
A
G
nonpolar
)
d


−
3.94 
± 
0.32
−
3.92 
± 
0.35
−
3.24 
± 
0.32
−
3.51 
± 
0.37
(
A
E
bat
)
e
0.00
0.00
0.00
0.00
(
A
G
TOT
)
f
−
20.00 
± 
3.94
−
19.61 
± 
4.12
−
24.18 
± 
8.65
−
22.16 
± 
5.81
−
T
A
S
g


1.24
0.79
1.28
0.80
) (
a
Molecular mechanics van der Waals energy. 
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Polar contribution to the solvation energy. 
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Figure 6. 
Two poses for the TF antigen bound to CG-3 identi
fi
ed in the NMR consistent trajectory of the manually docked ligand: (A) pose 1 and (B) pose 2.
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The interproton distances for these subtrajectories are listed in Table S7 of the Supporting Information. As expected, the MD-derived H1
−
H
γ
(Me) Thr distance compared favorably and unfavorably with the experimental nOe-derived distances for the NMR consistent and NMR inconsistent trajectories, respectively. Interestingly, no signi
fi
cant changes were observed in the other interproton distances.
In the case of the rmsfs, improvements were observed in the 
manualDock 
NMR consistent trajectory. In particular, residues K217 and K218 that were very similar in the entire trajectory of the 
manualDock 
complex now showed distinct separations from values computed from apo-CG-3 (Figure S5 of the Supporting Information). The corresponding rmsfs for the partitioned 
glideXPDock 
trajectories are given in Figure S6 of the Supporting Information. The SASA values (see Table S8 of the Supporting Information) led to the same conclusions derived from the entire 
manualDock 
trajectory, though the SASA for the H1
′ 
proton showed a slight 1.42 Å
2
 increase. Notably, splitting the 
glideXPDock 
complex did not alleviate the high solvent accessibility of H4
′ 
in either subtrajectory. The MM-GBSA-derived interaction energies for these subtrajecto-ries are listed in Table 4. As was the case with the entire trajectories, the 
manualDock 
complexes were predicted to be more stable than the 
glideXPDock 
complexes, whether NMR consistent or inconsistent. Interestingly, the 
manualDock 
NMR consistent interaction energies were more favorable than the 
) (
NMR inconsistent counterparts. Of note is the slight increase in the entropic penalties of these subtrajectories relative to the complete trajectories: 0.54 kcal/mol for the full trajectory compared to 1.28 and 0.80 kcal/mol for the 
manualDock 
NMR consistent and inconsistent trajectories, respectively. This is to be expected given that the conformational space of the bound TF antigen is further restricted by the partitioning when compared to the free state. On these bases, two binding poses were proposed by analyzing the NMR consistent trajectory of the 
manualDock 
complex, as depicted in Figure 6. The nonreducing-end 
β
-
D
-Gal
p 
residue served as an anchor in both poses, making strong intermolecular hydrogen bonds with the receptor. The O4 atom of this residue formed the characteristic hydrogen bond with the NE2-HE2 proton of H148 in the binding pocket. In the 
fi
rst pose, pose 1, hydrogen bond interactions were formed primarily between the threonine residue and N170 and W171 of CG-3 (Figure 6). This binding mode can be used for the design of new peptide
−
carbohydrate ligands aiming to enhance the participation of the peptide in the binding recognition. In the second pose, pose 2, hydrogen bonds were formed predominantly between the internal 
α
-
D
-Gal
p
NAc and R134, R152, and R176 of CG-3 (Figure 6). Pose 2 is in agreement with the orientation observed in the X-ray crystal structure of the TF antigen in complex with the carbohydrate recognition domain of galectin-3.
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Common to both poses was a hydrogen bond between the O4 atom of 
α
-
D
-
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GalpNAc and E174. E174 may serve as an arm that holds α-D-GalpNAc close to the protein surface during conversions between the poses. Pose 1 may rationalize the weak STD enhancement of the Hγ(Me) Thr protons. A complete listing of the hydrogen bonding data is provided in Tables S9 and S10 of the Supporting Information.
· CONCLUSIONS
In this study, we have analyzed the molecular recognition features of the binding of the threonine O-linked TF antigen to chimera-type avian galectin-3. The most intense STD effects correspond to the H4 protons of the fl-D-Galp and α-D-GalpNAc moieties, which is in contrast with the usually observed STD pattern for the recognition of lactose by galectins. The weak saturation of the methyl protons of the Thr residue observed by STD NMR suggests the existence of fleeting contacts with CG-3. TR-NOESY NMR experiments and molecular modeling revealed possible differences in conformational populations between free and bound states. Analysis of heteronuclear single-quantum coherence titration (HSQC) binding data indicated that the residues of CG-3 affected upon binding with lactose and the TF epitope were very similar, being located in the same region around the expected lactose-binding site. However, the trend of some shifts in the HSQC spectra was different, indicating disparities in binding interactions. The differences were observed in residues localized far from the lactose-binding site along the fl-sheet surface and at the loops connecting them. Molecular dynamics simulations revealed two possible binding poses of which one, pose 2, coincides with that of the X-ray resolved crystal structure of the TF antigen in complex with galectin-3. Interestingly, pose 1 (Figure 6A) revealed unique low-occupancy intermolecular interactions formed primarily between the terminal threonine residue and galectin-3. These findings are an indication of the fine binding specificity of the TF antigen toward galectin-3 and demonstrate the importance of multidisciplinary strategies in revealing the structural and molecular basis of carbohydrate−lectin interactions. Respective structural work on human galectin-3 is underway. We are also undertaking binding studies of human galectin-3 with MUC1 20-mer repeats that have the TF antigen attached at one of the glycosylation sites to delineate any contribution of the protein backbone to binding. This way, interspecies differences in these aspects (interaction with the glycan and peptide parts) are likely to be identified, facilitating the relation of deviations in sequence between the two galectins to changes in binding properties. Moreover, this study may further the development of novel approaches for the structure-based design of galectin-3 inhibitors with improved affinity and selectivity.
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(38) Kirschner, K. N., Yongye, A. B., Tschampel, S. M., González-Outeiriño, J., Daniels, C. R., Foley, B. L., and Woods, R. J. (2008) GLYCAM06: A generalizable biomolecular force field. Carbohydrates. J. Comput. Chem. 29, 622−655.
(39) Hornak, V., Abel, R., Okur, A., Strockbine, B., Roitberg, A., and Simmerling, C. (2006) Comparison of multiple amber force fields and development of improved protein backbone parameters. Proteins: Struct., Funct., Bioinf. 65, 712−725.
(40) Glide, version 5.7 (2011) Schrödinger, LLC, New York.
(41) Kiefer, F., Arnold, K., Künzli, M., Bordoli, L., and Schwede, T. (2009) The SWISS-MODEL Repository and associated resources. Nucleic Acids Res. 37, D387−D392.
(42) Kopp, J., and Schwede, T. (2004) The SWISS-MODEL Repository of annotated three-dimensional protein structure homology models. Nucleic Acids Res. 32, D230−D234.
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BACKGROUND Arrhythmogenic cardiomyopathy (AC) is a myocardial disease due to desmosomal mutations whose pathogenesis is incompletely understood.
OBJECTIVE The purpose of this study was to identify molecular pathways underlying early AC by gene expression profiling in both humans and animal models.
METHODS RNA sequencing for differentially expressed genes (DEGs) was performed on the myocardium of transgenic mice over-expressing the Desmoglein2-N271S mutation before phenotype onset. Zebrafish signaling reporters were used for in vivo validation. Whole exome sequencing was undertaken in 10 genotype-negative AC patients and subsequent direct sequencing in 140 AC index cases.
RESULTS Among 29 DEGs identified at early disease stages, Lgals3/ GAL3 (lectin, galactoside-binding, soluble, 3) showed reduced cardiac expression in transgenic mice and in 3 AC patients who suffered sudden cardiac death without overt structural remodeling. Four rare 

missense variants of LGALS3 were identified in 5 human AC pro-bands. Pharmacologic inhibition of Lgals3 in zebrafish reduced Wnt and transforming growth factor-b signaling, increased Hippo/YAP-TAZ signaling, and induced alterations in desmoplakin membrane localization, desmosome integrity and stability. Increased LGALS3 plasma expression in genotype-positive AC patients and CD98 activation supported the galectin-3 (GAL3) release by circulating macrophages pointing toward the stabilization of desmosomal assembly at the injured regions.
CONCLUSION GAL3 plays a crucial role in early AC onset through regulation of Wnt/b-catenin signaling and intercellular adhesion.
KEYWORDS Arrhythmogenic cardiomyopathy; Gene expression; Inflammation; LGALS3; Transgenic models; Wnt signaling
(Heart Rhythm 2021;18:1394–1403) © 2021 Heart Rhythm Society. This is an open access article under the CC BY license (http:// creativecommons.org/licenses/by/4.0/).



Introduction
Arrhythmogenic cardiomyopathy (AC) is an inherited heart muscle disorder that causes life-threatening arrhythmias and cardiac sudden death, particularly in the young and in athletes.1–4 The inheritance pattern of the disease is mostly autosomal dominant with low penetrance.5–7 Despite recent advances in AC research, the molecular and cellular 

mechanisms leading from an aberrant desmosomal protein to myocardial tissue replacement remain incompletely understood.
Animal-based studies previously demonstrated Wnt/b-catenin inhibition leading to translocation of junction plako-globin (JUP) protein from intercalated discs to the nucleus, where it acts as a b-catenin competitor.8 Wnt/b-catenin
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signaling suppression was also confirmed by the subsequent identification of a glycogen synthase kinase-3 (GSK3 ) inhibitor, which rescued the AC phenotype in zebrafish models, and by the discovery of aberrant Hippo/YAP signaling pathway activation leading to -catenin cytoplasmic sequestration and JUP nucleus translocation.9–12 However, abnormal JUP nuclear translocation and decreased -catenin activity are not sufficient to reproduce in vitro the AC phenotype.13

A systematic study in a transgenic AC mouse model was adopted to identify differentially expressed genes (DEGs) during the early disease stage.14 We found the galectin-3 (LGALS3/GAL3) gene as a regulator of Wnt/ -catenin signaling pathway in early stages and validated its effects in zebrafish reporter lines. Mechanical and signaling functions of this molecule likely link cell-to-cell stabilization to myocardial injury, inflammation, and fibrogenesis, thereby constituting a potential biomarker of AC. Accordingly, phar-macologic inhibition of Lgals3 in zebrafish reporter lines reduced Wnt signaling and induced alterations in desmopla-kin (DSP) membrane localization. Thus, our findings demonstrate a potential role for GAL3 in early AC stages.
Materials and methods
Tissue samples collection
Myocardial samples of 4 transgenic mice without cardiac structural changes overexpressing the desmoglein-2 (dsg2) N271S mutation (TgNS<2wks) were collected. Age-matched, wild-type (WT) FVB/N strain littermates and over-expressing WT dsg2 (TgWt) mice were used as controls to exclude interference of transgene expression.14

Paraffin-embedded heart tissue from genotype-positive AC patients was used for experimental validation, including patients who died in the concealed, acute, and overt phases of the disease. Control samples were derived from patients who died of trauma.
Human, zebrafish, and mouse samples were collected according to government and institutional guidelines. The protocols were approved by the University Hospital ethical committee (University of Padua) and the Animal Experimentation Commission of the Academic Medical Center (University of Amsterdam), respectively. All animal experiments conformed to the guidelines from Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes and adhered with the ARRIVE Guidelines for the care and use of laboratory animals. Human tissue studies were in compliance with the Declaration of Helsinki as revised in 2013.
Gene expression and ontology analysis
Transcriptome assembly and annotation, quantitative poly-merase chain reaction, and western blot validation methods are described in the Supplemental Materials and Methods.
Transcript abundance estimation was performed using Cufflinks Version 2.2.1 (open source software). For differential expression analysis at the gene level, DESeq2 

(Bioconductor Version 1.6.3; open source software) with false discovery rate cutoff of 0.05 and log2 fold-change (FC) cutoff of Log2FC1 >2, Log2FC2 –2 was used.
Gene ontology (GO) and molecular pathway analysis were carried out with the “Panther classification system” to analyze the main function of DEGs and to identify enriched biological themes within a gene dataset. Predicted protein-protein interaction networks based on DEGs were produced using STRING: Protein-Protein Interaction Networks (http://string-db.org/). Network statistics were obtained using the NetworkAnalyst tool (http://www.networkanalyst.ca/).
Zebrafish lines, chemical treatment, and whole-mount RNA in situ hybridization
Zebrafish (Danio rerio) embryos and adults were raised, staged, and maintained at the Zebrafish Facility of the University of Padua, under standard conditions and according to national laws and EU regulations on animal welfare. In vivo analyses of Wnt, transforming growth factor-(TGF ), and Hippo/YAP-TAZ signaling and DSP protein detection are described in the Supplemental Materials and Methods.
Genetic testing
Whole exome sequencing was performed in 10 selected AC patients negative for disease-related gene variants using the SureSelect Clinical Research Exome V2 kit (Agilent, Santa Clara, CA). Sanger sequencing of exon and exon-intron boundaries of LGALS3 (lectin, galactoside-binding, soluble, 3; NM_002306.3) was performed on 140 index cases.
Results
Gene expression profile in TgNS mice before AC phenotype development
RNA-Seq analysis identified 10 overexpressed and 19 under-expressed genes in TgNS<2wks tissue compared to the age-matched control groups (2 Wt<2wks and 3 TgWt<2wks mice) (Table 1).
These 29 DEGs are mainly involved in cellular (27.3%, GO: 0009987, P = .0434) and metabolic (24.2%, GO: 0008152, P = .000444) processes, and response to stimulus (9.1%, GO: 0050896, P = 9.68E-8). This gene set was not of sufficient size to obtain significant functional enrichment by pathway analysis; therefore, DEGs were manually characterized based on literature search. The gene Lgals3, which was found to be significantly decreased in TgNS compared to Wt and TgWt hearts (Log2FC = –4.01, P = 1.38E-04), is engaged in different biological events, tissues and plays a relevant role in cardiovascular diseases among other clinical conditions.15

GAL3 quantification in TgNS mice and AC human specimens
We hypothesized an early GAL3 role in disease pathogenesis, as previous studies showed that GAL3 directly binds to DSG2 and enhances intercellular adhesion,16 and that
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	Table 1	Transcriptional profile of TgNS<2wks compared to the
age-matched control group (Wt and TgWt <2wks)

	No.
	Gene name
	Log2FC
	P value

	1
	C2
	–5.27
	7.44E-05

	2
	Fbxl16
	–4.02
	4.32E-05

	3
	Lgals3
	–4.01
	1.38E-04

	4
	Sp
	–3.54
	3.62E-05

	5
	Syp
	–3.05
	9.26E-06

	6
	Cbr2
	2.97
	6.09E-06

	7
	4930481A15Rik
	2.95
	6.12E-04

	8
	Lrrn1
	2.78
	2.04E-04

	9
	Unc79
	–2.71
	3.76E-04

	10
	Slc22a3
	2.71
	4.46E-05

	11
	Cd163
	2.69
	1.15E-05

	12
	Capn6
	–2.67
	6.40E-06

	13
	Doc2b
	–2.63
	4.40E-05

	14
	Hif3a
	2.52
	4.69E-05

	15
	Mapk4
	–2.51
	2.72E-06

	16
	Tdrd9
	–2.49
	8.04E-05

	17
	Cybrd1
	–2.44
	6.26E-05

	18
	Kcnv2
	2.44
	1.84E-05

	19
	Mgl2
	2.38
	3.65E-04

	20
	Ms4a7
	–2.32
	1.77E-04

	21
	Tgfa
	–2.27
	2.07E-05

	22
	Lrat
	2.25
	4.79E-04

	23
	Erc2
	–2.24
	1.19E-04

	24
	Ptprv
	–2.22
	1.02E-05

	25
	Crispld1
	–2.16
	6.67E-06

	26
	Lrg1
	2.15
	4.33E-05

	27
	Tbx15
	–2.13
	2.67E-04

	28
	Scg3
	–2.12
	5.08E-04

	29
	Pex5l
	–2.02
	2.11E-04



FC = fold=change; Wt = wild-type.
Lgals3 regulates GSK3 activity leading to Wnt signaling suppression.17 Validating the RNA-Seq results, quantitative polymerase chain reaction analysis of ventricular tissue demonstrated an approximately 4-fold reduction in Lgals3 mRNA expression in TgNS<2wks compared to Wt and TgWt of the same age. In contrast, no differences were observed in mice aged >3 weeks (Figure 1A). Western blot analysis confirmed that the observed decrease in Lgals3 mRNA levels was accompanied by a significant reduction in GAL3 protein expression in ventricular tissue of TgNS<2 wks mice.
To extend these findings to human AC, we investigated GAL3 expression in paraffin-embedded heart tissue from control patients and genotype-positive patients with early and late disease stages. Immunohistochemical staining demonstrated GAL3 labeling in the intercalated discs of car-diomyocytes (Figure 1B).
Compared to control tissue, GAL3 expression was reduced in tissue from 3 young DSP and JUP carriers (7, 14, and 15 years, respectively) who suffered sudden death at early disease stages (ie, in the absence of fibrofatty replacement). In contrast, no significant changes of GAL3 expression were detected in patients with advanced AC stages (Figure 1B).
CD98 is a glycoprotein highly expressed in macrophages when alternatively activated by GAL3 binding. In the 

absence of GAL3 (early disease stages), no CD98+ cells were observed, whereas during acute inflammatory response and in more advanced disease stages CD98+ macrophages were found (Figure 1B).
Wnt signaling inhibition following GAL3 inhibition in zebrafish
Previous studies have demonstrated a link between Lgals3 and GSK3 activity/Wnt signaling regulation,17 with aberrant GSK3 distribution and Wnt suppression apparently key to explaining disease progression.10 To explore the potential functional consequences of reduced Lgals3/ GAL3 expression, we inhibited GAL3 pharmacologically in zebrafish using the compound TD139, an inhibitor targeting the glycan binding pocket of GAL3 with high binding affinity for the arginine residues (Arg48 and Arg73) of the unique carbohydrate-recognition domain (CRD) of GAL3.18 The in vivo impact of TD139 on Wnt signaling was investigated in a transgenic Wnt reporter zebrafish line. TD139 administration into 2- and 3 day-old embryos led to reduced Wnt signaling activity as indicated by a significant decrease in Wnt-responsive fluorescent signal in the cardiac region comparable with that obtained by administration of Xav, a known Wnt signaling antagonist (Figure 2).
Reduced Wnt signaling also has been linked to TGF and Hippo/YAP-TAZ signaling alterations.11 In this setting, transgenic reporter zebrafish lines were treated by TD139 showing inhibition of GAL3 activity, reduced TGF , and increased Hippo/YAP-TAZ signaling, confirming the interconnection among these pathways (Figure 3).
Alterations in desmosome structure following
GAL3 inhibition in zebrafish
We next evaluated the distribution of Dsp after TD139 treatment. Two-day-old TD139-treated zebrafish embryos displayed abnormal Dsp localization in epidermal cells compared to controls. In particular, in treated embryos, Dsp was not equally distributed in the whole cell membrane but showed a focally reduced or absent signal (Figure 4B, arrows).
Desmosome integrity and localization were evaluated through ultrastructural investigation (Figure 4). In the epidermis of TD139-treated embryos, desmosomes appeared disconnected from the cytoskeletal complex and not regularly distributed (Figure 4E, arrows). Moreover, internal and external desmosomes plaques displayed a “pale” phenotype (Figure 4E, arrowhead) compared to controls. Taken together, these observations indicate a functional role for Gal3 in mediating proper desmosomal structure and integrity, as well as colocalization with desmosomal proteins.
LGALS3 expression in blood samples of AC patients To determine the potential of LGALS3 as a biomarker, we assessed a series of 40 AC patients who fulfilled the Task Force
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Figure 1 A: Lgals3 and Gal3 reduction in TgNS,2 weeks mice by quantitative polymerase chain reaction and western blotting. B: Immunohistochemistry analysis performed on myocardial tissues of patients with arrhythmogenic cardiomyopathy (AC) at early-stage disease showed galectin-3 (GAL3) reduction at the intercalated discs in comparison with control samples and end-stage AC myocardium. Massive inflammatory response in acute-stage disease is characterized by CD681 and CD981 cells, whereas in the early-stage disease CD981 cells, designating alternatively activated macrophages, are completely missing, similar to the control samples (Ctrl). SD = sudden death; Tx = transplantation.

Criteria (TFC)5 and carried desmosomal pathogenic/likely pathogenic variants. Significantly increased levels of LGALS3 were found in the blood of patients compared to controls (Log2FC = 5.02, P = 1.50E-03), confirming GAL3 recruitment during healing processes as reported in a previous study.19

LGALS3 rare genetic variants in AC index cases
To determine whether genetic variants in LGALS3 may contribute to AC, we performed genetic sequencing in a cohort of 150 AC index cases identifying 5 LGALS3 missense variant carriers (4%; 4 males; mean age 39 6 11 years) (Table 2).
All 4 LGALS3 rare missense variants were highly conserved among species (with maximum and positive PhastCons and PhyloP scores, respectively) and predicted by in silico tools to affect the protein structure. Of note, we 

found the rare missense variant c.485G>A, which occurred in the unique CRD of GAL3 conferring the loss of its function (Figure 5).
Ad hoc assessment of the genetic burden in LGALS3 demonstrated a large excess of rare nonsynonymous variants among our AC cohort compared to the general population (Table 3). The analysis highlighted a 5.8-fold enrichment of LGALS3 rare variants in our AC patients (Fisher exact test, P = 2.10E-03).
Functional analysis of the LGALS3 c.485G>A
variant in zebrafish
To assess the in vivo impact of the rare missense variant c.485G>A located in the unique CRD of GAL3, we injected human WT LGALS3 mRNA in zebrafish embryos, which caused growth delay, dysmorphology, and increased mortality compared to control-injected sibs. This suggests
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Figure 2 Inhibition of Gal3 decreases Wnt signaling in vivo. A–C: Two-day treatment of Wnt reporter zebrafish embryos with the Gal3 inhibitor TD139 induces a decrease of Wnt-responsive signal (green fluorescence; compare B with A). C: The Wnt inhibitorXav was used as positive control for Wnt inhibition. D, E: Three-day treatment with TD139 confirms a strong Wnt signaling decrease. All images show the head region of 2 or 3 days-post-fertilization (dpf) embryos in the lateral view, anterior to the left. h = heart region. F: Quantitative analysis of Wnt-related fluorescence, shown as integrated (Integ.) density expressed in arbitrary units (A.U.). Statistical test: One-way analysis of variance followed by Tukey test. **P <.001. n = 6 measurements per condition. GFP = green fluorescence protein. ctrl = control.

interfering, dominant negative, or overexpression-induced effects on zebrafish development. In contrast, injection of the c.485G>A LGALS3 variant had no detectable effects on embryonic growth, morphology, and mortality. Wnt 

signaling seemed to remain unmodified under all conditions. These data confirm that c.485G>A in LGALS3 results in complete loss of function of GAL3, in line with the in silico prediction (Figure 6).

[image: ]
Figure 3 Gal3 inhibition reduces transforming growth factor-beta (TGF ) signaling and increases Hippo/YAP-TAZ signaling in zebrafish embryos. A–C: TGF signaling, analyzed in a zebrafish TGF reporter line (green signal), appears reduced upon TD139 treatment. D–F: YAP-TAZ signaling, analyzed in a zebrafish YAP-TAZ reporter line (green signal), appears increased upon TD139 treatment. A, B, D, E: 2 days-post-fertilization (dpf) zebrafish heads in lateral view, anterior to the left. Scale bar in E applies to all panels. C, F: Integrated (Integ.) density of the signals expressed as arbitrary units (A.U.). *P <0.05; **P <.01. n = 6 measures per condition. ctrl = control.
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Figure 4 Inhibition of Gal3 induces cell junction impairment. A, B: Two-day treatment of zebrafish embryos with the Gal3 inhibitor TD139 leads to decrease and altered distribution (white arrows) of Desmoplakin (Dsp; red signal) in the plasma membrane of epidermal cells. C: Quantitative analysis of Dsp fluorescence, shown as integrated (Integ.) density expressed in arbitrary units (A.U.). Statistical test: Unpaired t test. ***P < .001; n = 6 measurements per condition. D, E: Ultrastructural images of epidermal cell junctions in 2 days-post-fertilization (dpf) zebrafish embryos. D: Control (ctrl) shows regular desmosome disposition with well-defined external and internal plaques, the latter connected with cytoskeletal filaments. E: TD139-treated epidermidis shows structural alteration of cell–cell junction. Desmosomes appear disconnected from the cytoskeletal complex and irregularly distributed along a focally widened cell membrane (arrows). Internal and external plaques show a pale phenotype (arrowhead). Focal cell necrosis is visible. Original magnification !50,000.

Discussion
Transcriptome profiling in AC mutant mice preceding structural abnormalities14 displayed decreased Lgals3 cardiac expression encoding for GAL3, a member of the galectin family, which is thought to have a dual positive or negative regulatory function during the assembly and stabilization of intercellular junctions.20 Indeed, we observed a different expression of Lgals3/GAL3 in the early vs the late stage of the disease. Subsequent genetic analysis of a larger AC 

cohort highlighted LGALS3 rare variants in 4% of cases, corresponding to a significant 5.8-fold increase of LGALS3 rare variants in affected patients compared to the control population.
Intercellular adhesion and Gal3
Few studies to date have investigated disease pathways in the early stages of AC. Previous ultrastructural studies in AC patients and mechanotransduction in in vitro assays


	Table 2
	LGALS3 rare variants identified in AC patients
	

	

	


	No.
	cDNA
	Protein
	dbSNP ID
	gnomAD
	SIFT

	1
	c.29 C>T
	p.Ala10Val
	rs202159462
	0.025°/a
	Tolerated (score: 0.06)

	2
	c.137C>G
	p.Pro46Arg
	rs200440596
	0.02°/a
	Deleterious (score: 0)

	3
	c.137C>G
	p.Pro46Arg
	rs200440596
	0.02°/a
	Deleterious (score: 0)

	4
	c.485G>A
	p.Arg162His
	rs201865041
	0.002°/a
	Deleterious (score: 0)

	5
	c.18+1_18+4delGTAA
	—
	rs745877914
	0.01°/a
	—



AC = arrhythmogenic cardiomyopathy; dbSNP = Single Nucleotide Polymorphism database; gnomAD = Genome Aggregation Database; SIFT = Sorting Intolerant from Tolerant (algorithm).
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Figure 5 A: Electropherogram of LGALS3 c.485G>A missense mutation identified in a heart transplant patient affected by arrhythmogenic cardiomyopathy (patient 4). B: Three-dimensional structure of GAL3. Left: Wild-type (Wt) protein presenting the H-bond with the ligand. Right: p. Arg162His mutant with loss of H-bond in the carbohydrate-recognition domain (CRD)–GAL3 binding domain. Comparative view of the same structures shows a remarkable spatial reorganization of the CRD-GAL3 pocket.

indicated that abnormal cell–cell mechanical coupling, exacerbated by strenuous exercise, plays an important pathogenic role.14,21,22 In our study, transcriptional data obtained from TgNS<2wks mice exhibited decreased expression of Lgals3, which is involved in a wide array of cellular activities, such as regulation of cellular trafficking of glycoproteins, signaling, and cell adhesion.15

Table 3 Distribution of LGALS3 rare variants in AC patients vs healthy controls
Variants	AC pts Ctrl pts OR (95% CI)	P value
Nonsynonymous	5	305 5.812 (0.075–0.41) 2.10E-03
No variants	295	104,589
AC = arrhythmogenic cardiomyopathy; Ctrl = control patients from gno-mAD database; CI = confidence interval; OR = odds ratio.

GAL3 is composed of a 21-amino-acid-long N-terminal stretch with 2 sites for serine phosphorylation, followed by 9 non–triple-helical collagen-like Pro/Gly-rich repeats, which harbor cleavage sites for diverse proteases, and the C-terminal CRD with a conserved sequence motif that confers affinity for b-galactoside–containing glycans. GAL3, as do other galectins that mediate signal transduc-tion events on the cell surface,23 enhances intercellular adhesion through CRD direct binding to the extracellular domain of cadherins and specifically with DSG2, as previously demonstrated in experiments in intestinal, corneal, and conjunctival epithelia.16,24–26 Also, GAL3-reactive sites colocalize with the DSP and DSG proteins in primary squamous carcinomas, pointing to the potential role of GAL3 in mediating intercellular contacts. The role of ga-lectins as agonists or antagonists of adhesion depends on the expression level and location of these lectins, the glycosylation pattern of the receptors, the binding valence
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Figure 6 A–C: Injection of human wild-type LGALS3 induces developmental delay and dysmorphology in zebrafish embryos (C) compared to mutated LGALS3 (B) or control solution (A). A’–C’: Wnt signaling (red signals) appears unmodified D, D’: Injection of human LGALS3 mRNAs is verified by conjugated green fluorescence protein (GFP) expression. All embryos are at 1day-post-fertilization (dpf) and in lateral view, anterior to the left. Scale bar in C’ applies to A’– C’. Scale bar in D’ applies to D and D’. E: Chart displaying similar viability in embryos injected with control solution or mutated LGALS3. Mortality is double in case of wild-type LGALS3. ctrl = control; mut = mutated; wt = wild-type.

of the interaction, and the repertoire of receptors clustered by these lectins.20

GAL3-inhibited zebrafish embryos displayed abnormal and irregularly distributed desmosomes with “pale” internal and external plaques, as observed in previous studies in hu-mans.21 Thus, our findings underscore a role for GAL3 in modifying desmosomal ultrastructure, with reduced cell– cell adhesion as a consequence of diminished GAL3 levels possibly leading to cardiomyocyte injury and death.
Intercellular adhesion and Wnt signaling
suppression
Aberrant GSK313 distribution has been proposed to explain morphofunctional and arrhythmic features of the disease pro-gression.10,27 Lgals3 is an upstream regulator gene of GSK313. Recent studies demonstrated that lower expression of Lgals3 leads to reduced levels of phospho-GSK313 at 

serine 9, thus increasing GSK313 activity, and phospho-GSK313 reduction leads to phosphorylation of 13-catenin and its subsequent degradation, suppressing Wnt signaling.17 To prove this concept, Gal3 expression was pharmacologically inhibited in a Wnt reporter zebrafish line showing clearly suppression of the Wnt signaling and reduced expression levels of downstream targets. Taken together, our findings indicate that suppression of Wnt/13-catenin signaling mediated by a desmosomal gene defect downregulates Lgals3 expression at early disease stages, specifically in the intercalated disc. Through a feedback loop, this reduced GAL3 expression triggers additional desmosomal instability and inflammation, leading to a compensatory increase in systemic GAL3 mediated by alternative macrophage activation CD981 during the acute inflammatory phase in an effort to counterbalance the destabilization of the desmosomal complex.
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GAL3: Inflammation, wound repair and heart
failure
GAL3 was previously reported as the link between macrophages and fibrosis.15 Myocardial injury generates inflammatory processes that stimulate GAL3 secretion, which leads to interleukin-4–induced alternative macrophage activation, up-regulation of profibrotic genes stimulating matrix production, enhanced wound healing through scar production, and ultimately cardiac remodeling.28,29 Overexpression and secretion of GAL3 are associated with several diseases and have been extensively studied in the context of fibrosis and heart failure.19,30,31 However, little is known, and often with contradictory findings, on the mechanism responsible for GAL3 inhibition or downregulation.32 In this context, our experiments have demonstrated that overexpression of Lgals3 in an in vivo model causes increased mortality rates typical of heart failure Wnt dysregulation effects,30,31 whereas inhibition of GAL3 expression causes aberrant desmosome assem-bly.16,20 Overall, the effects of GAL3 at the myocardial level may depend on its dual positive or negative regulatory function during the assembly and stabilization of intercellular junctions.
In our series of 40 AC patients with definite TFC and genotype-positive for desmosomal mutations, we found expression levels of LGALS3 significantly increased in blood, thus confirming recruitment of GAL3 through inflammatory cells (monocytes, macrophages) in healing and fibro-genic processes.26,28,32 We further showed the myocardial recruitment of CD981 macrophages at the acute inflammatory disease phase, supporting our hypothesis that upon cardiac reduction of GAL3, circulating macrophages release GAL3 at the injured region and pointing toward the stabilization of desmosomal assembly. As a whole, our data suggest that GAL3 cardiac reduction triggers compensatory GAL3 production, which activates CD98 and alternative macrophage activation by a GAL3 feedback loop mechanism. GAL3/LGALS3 compensatory serum and tissue levels have been also related to dilated cardiomyopathy and myocarditis and very recently its release from the heart into the circulation has been proven.33–36 Circulating LGALS3 levels may not be disease-specific but probably reflect in general healing and fibrotic conditions.37 The transitional absence and subsequent presence of GAL3 have also demonstrated in other conditions (eg, epidermis lesions).38 In order to explore complement system activation and the role of myocardial GAL3 expression during the early stage of AC, a time–course analysis of cardiac and serum GAL3 in animal models should be undertaken in future studies.
LGALS3 rare genetic variants in AC index cases
Whole exome sequencing and direct sequencing in 150 AC index cases with definite TFC highlighted 4% of LGALS3 rare genetic variants. Genomic comparison among species showed that LGALS3 rare missense variants were highly conserved and predicted to significantly affect protein structure conferring the loss of GAL3 function. In this regard, our 

data demonstrated a possible association between low expression levels of LGALS3 and loss of function rare missense variants on key functional domains. Specifically, we demonstrated no effects on disease status when zebrafish embryos overexpressed c.485G.A LGALS3 compared to their WT counterparts; instead, overexpression of the WT LGALS3 in zebrafish leads to increased mortality rates, reduced development, and dysmorphology. These findings support further that LGALS3 genetic variants confer the complete loss of protein function, which ultimately impacts Wnt signaling, decrease intrinsic cell adhesion reserve, and eventually increase susceptibility to AC. Nevertheless, the causal role of LGALS3 rare variants in AC pathogenesis should be supported by cascade family screening.
Study limitations
Several molecules have been developed as GAL3 inhibitors, but TD139 currently is being examined in several clinical trials, and its specific interaction with the CRD binding site of GAL3 has been thoroughly demonstrated. Although no direct readout to measure the degree of GAL3 inhibition by TD139 was developed, our data and that of other investigators demonstrated that Lgals3 downregulation and Wnt suppression mutually occur.17,37 As such, we can confidently state that TD139 suppresses Wnt signaling. The link with recently reported inflammatory biomarkers such as anti-DSG2 antibodies should be undertaken.39

Conclusion
Our data support a potential pathogenic role of LGALS3 in the myocardial injury of AC mediated by destabilization of desmosomes. Reduced Lgals3 myocardial expression levels in prephenotypic disease stages suppress Wnt signaling pathway and activate an excess of proinflammatory processes by recruitment of circulating GAL3. Understanding the role and function of this molecule in disease pathogenesis might enable identification of high-affinity and selective galectin inhibitors to regulate inflammatory processes and disease progression.
Appendix
Supplementary data
Supplementary data associated with this article can be found
in the online version at https://doi.org/10.1016/j.hrthm.2021.

04.006.
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Abstract: 
Galectins are a family of glycan binding proteins that stand out for the wide range of biological phenomena in which they are involved. Most galectin functions are associated with their glycan binding capacities, which are generally well characterized at the oligosaccharide level, but not at the glycoprotein or glycolipid level. Glycolipids form the part of cell membranes where they can act as galectin cellular receptors. In this scenario, glycan presentation as well as the membrane chemical and structural features are expected to have a strong impact in these molecular association processes. Herein, liposomes were used as membrane mimicking scaffolds for the presentation of glycosphingolipids (GSLs) and to investigate their interaction with Galectin-3 and the N-domain of Galectin-8 (Gal8N). The binding towards GM3 and GM1 and their non-silaylated GSLs was compared to the binding to the free glycans, devoid of lipid. The analysis was carried out using a combination of NMR methods, membrane perturbation studies, and molecular modeling. Our results showed a different tendency of the two galectins in their binding capacities towards the glycans, depending on whether they were free oligosaccharides or as part of GSL inserted into a lipid bilayer, highlighting the significance of GSL glycan presentation on membranes in lectin binding.
Keywords: 
lectins; presentation; NMR; molecular recognition; glycolipids; galectins
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1. Introduction
Glycans are presented at cell surfaces attached to either proteins (glycoproteins) or lipids (glycolipids), where they can be recognized by carbohydrate-binding proteins (lectins) to mediate or influence diverse processes such as cell adhesion, signaling, intracellular trafficking, or pathogen recognition
 [1].
 In mammals, the most common presentation of glycans on lipids occurs on a ceramide (Cer) scaffold to generate glycosphingolipids (GSLs). Ceramide structures vary in length, hydroxylation pattern, and degree of saturation of the fatty acid moieties, resulting in lipid structural diversity that impacts the presentation of the attached glycan at the membrane surface
 [2].
 However, most structural diversity of glycolipids is provided by the glycan moiety. In vertebrates, the first sugar linked to Cer can be either Galactose (Gal), or Glucose (Glc), with the latter being typically glycosylated to give lactosylceramide (Gal
13
1-4Glc
13
Cer, LacCer). This neutral core is the common structure for the ganglio-, lacto-, neolacto-, globo-, and isoglobo- GSL series, as found in mammals. Regardless of whether they are based on the ganglio-series sugar core, all GSLs containing at least one Neu5Ac residue are referred to as gangliosides
 [3].
Accumulating evidence indicates that many cellular events are highly influenced by gangliosides acting as cellular receptors
 [4].
 For instance, GM1 or GD1a/b are known to be exploited by pathogens as ligands for bacterial toxins
 [5–7]
 and viral adhesins
 [8–10].
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Most growth factor receptors are known to be regulated by gangliosides [11–13]. Tumor-associated gangliosides have been suggested to play important roles in malignant cancer progression, [4,14–16] and represent a potential opportunity to be exploited in cancer immunotherapy [17].
Lectins, in particular galectins and sialic acid-binding immunoglobulin-like lectins (Siglecs), [18] have been noted as functional protein receptors for gangliosides. It has been suggested that cell-surface enzymatic glycan remodeling modulate molecular recognition events and cellular function by shifting affinities between these two lectin families [18]. A compendium of work using mammalian cells have shown that galectins can bind GM1 present on the cell surface [19–21]. Other studies have correlated lectin, specifically Galectin-3 [22], binding to gangliosides with endocytic processes [23], leading to the so-called GlycoLipid-Lectin (GL-Lect) hypothesis, according to which, upon lectin-binding to glycolipids and glycoproteins, membrane curvature is induced, promoting the formation of endocytic pits, leading to clathrin-independent carriers (CLICs) [24–26].
Insights into the molecular basis of the interaction between galectins and GSLs has been provided by X-ray crystallography [27,28], although these studies have been carried out using only the glycan component, devoid of the lipid moiety. Moreover, most of our current knowledge about galectin-glycan binding preferences comes from surface-based assays [23,29] or affinity chromatography studies, [30] where glycan presentation is expected to strongly differ from that occurring for GSLs anchored at the cell membrane. In any case, these studies have shown that although galectins share the ability to recognize Gal moieties, the affinity and selectivity towards Gal-containing saccharides differ significantly, resulting in subtle but relevant diverse glycan binding preferences. Glycan presentation [31] and density [32], which have been shown to strongly affect the affinity and selectivity of these molecular recognition processes [33], are expected to become especially relevant for GSLs anchored at cell membranes where glycan epitope accessibility, dynamics, and conformational preferences are anticipated to dramatically differ from other glycan presentations [34,35], as those imposed by the above mentioned experimental settings. In spite of these evidences [18], there are very few detailed studies at high resolution on the interaction between lectins and gangliosides [36], probably due to the difficulties in handling glycolipids in a hydrophilic medium. In fact, our atomistic knowledge on these processes in the cellular context is still scarce. Recently, using self-assembled dendrimers, which form lamellar structures together with lipids, mixed vesicles were formed, named glycodendrimersomes, in order to study the distribution and their interaction with different galectins [37]. Regardless, this is still far from in vivo conditions.
The addition of Neu5Ac to lactose (α2-3 linked), as often found in the glycan moieties of gangliosides, has been shown to decrease the affinity for some galectins, while producing the opposite effect for others. Galectin-3 (Gal3) and the N-terminal domain of Gal-8 (Gal8N) are among the galectins that, in solution, show preference for the presence of Neu5Ac, being this effect much more pronounced for Gal8N [30]. Interestingly, Gal8N has been proposed to bind GM3 but not GM1 on cell surfaces [23], while Gal3 binding to GM1/GM3 containing liposomes was not observed unless it was chemically attracted to the lipid bilayer [22].
Herein, we have used liposomes as membrane-mimicking scaffolds for the presentation of GM1 and GM3 gangliosides, along with their corresponding non-sialylated GSLs, LacCer, and asialoGM1 (aGM1), for exploring their interaction features (Scheme 1a) with Gal3 and Gal8N. The binding was compared to that occurring in solution between the galectins and the isolated glycan moieties. Interestingly, different relative binding affinities were observed, depending on the presentation either as a free species or presented on the membrane. Therefore, we provide experimental evidence on how glycan presentation on cell membranes may impact their recognition features and eventually, their associated functions.
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stants (KD) (Table 1) for the interaction of Gal3 and Gal8N with the saccharides (Scheme 1b) were then deduced by using standard 1H-15N-HSQC titration experiments, employing 15N labelled galectins. Lactose was also included in the analysis for comparative purposes. The observed chemical shift perturbation (CSP) of the backbone amide signals of Gal3 in the presence of either lactose or 3'SL are shown in Figure S2A. The presence of the Neu5NAc in 3'SL strongly affects a few localized residues at strand S5 and S4 and increased the binding affinity only slightly (by 1.8-fold) with respect to that of lactose (Table 1). On the contrary, the interaction with GM1 and aGM1 oligosaccharides (Figure S2B,C) produced similar CSP profiles and a slightly worsened (GM1 penta, by a 2.5-fold decreased aGM1 tetra), binding affinity with respect to lactose. For Gal8N, the binding to 3'SL was slow in the chemical shift timescale, while for the other three analogues it was in the fast exchange regime. In fact, the estimated affinity following intensity changes between the free and bound states [41] of Gal8N for 3'SL was ca. 30 stronger than for lactose, while for GM1 and aGM1
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was in the same order of magnitude with respect to lactose. Moreover, the observed CSP pattern for Gal8N/3'SL (Figure 2) covered a much more extended region along the Gal8N sequence than that observed for Gal3, affecting almost all residues at strands S3, S4, and S5. When the interactions of the GM1 and aGM1 to Gal8N were compared (Figure S2E,F), the observed CSP (fast exchange) were again comparable to those for lactose. Overall, our data agree with X-ray crystallographic structures of Gal8N with 3'SLN (pdb 3vko) and Gal3 with 3'SL and GM1 (pdbs 4lbo and 3ayc), and with the reported binding affinity data [30,42,43]. It was shown that 3'SL was a better binder than GM1 and aGM1 sugars for both lectins, which displayed parallel affinity for these oligosaccharides to that for lactose, while Gal8N
REVIEW
showed much increased affinity for 3'SL, with respect to lactose than Gal3 (30-fold and
4 o 18
1.8-fold, respectively).
[image: ]
Figure 1. 1H-STD-NMR and correspoding referencspecta for the interaction of glycans (a) iiurr 1 1H STD-NMR and corresponding reference spe ctra for the interaction of glycans (a) 3′SL, b) GM1 pentasacchride, n (c) aGM1 tetrasacchride with Gal-3 ful length, and schematic rep-3'SL, (b) GM1 pentasaccharid e, and (c) aGM1 tetrasaccharide with Gal -3 full length, and schematic esentation of the STD NMR-based glycan bindng epitopes (below): a solid urve indicates min representation of the STD NMR-based glycan binding epitopes (below): a solid curve indicates mabinding epitope, and a dashed curve inicates additional minor conacts with the protin. indin g epitope, and a dashed curve indicates additional minor contacts with the protein. Residues howing no STD NMR signals are far from the protein surface. The asterisk indicates and mpurity Residues showing no STD NMR signals are far from the protein surface. The asterisk indicates and E OH).
impurity (EtOH).
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Fiiure 2 CSP plot measured for the interaction of al8	ith lactose in blue) and 3′SL (in orange)
Figure 2. CSP plot measured for the interaction of Gal8N with lactose (in blue) and 30SL (in orange) o protei satratio for te 20 and 1.5 olar atio coplexes, respectively. e oleclar oel upon protein saturation for the 20 and 1.5 molar ratio complexes, respectively. The molecular model
coresos t te r	rst	/3′SLN (pdb 3vko), where the residues

corresponds to the X -ray crystallographic structure of Gal8N/30SLN (pdb 3vko), where the residues afected n the presence of 3′SL and not with actose are iglighted in re. 3′SLN is represented as affected in the presence of 30SL and not with lactose are highlighted in red. 30SLN is represented as sticks with Neu5Ac in magenta, Gal n yelow, and GlcNAc in blue. The key W86 s represented n sticks with Neu5Ac in magenta, Gal in yellow, and GlcNAc in blue. The key W86 is represented in
b a k b	ickblack as ball and sticks.
2.2. he Bindi of alectis to aliosies	oel ebraes
2.2. The Binding of Galectins to Gangliosides in Model Membranes
IIn rerorder tto iegive a stestep frrforward ttowards a rmore tlnatural sci,scenario, tethe iibinding fof lGal3
and	lGal8N tto	tiiGSL-containing	esliposomes was then	.analyzed. ItIt swas	tesizehypothesized ttthat

tsthese GSL in liposomes soehosomehow mimicmimic thethe glycanglycan presntationpresentationat atthe thcell cell mebrane.membrane.The The liposoms were uilt by adding th differen GSL, LacCer G3, GM1, or aGM1 to liposomes were built by adding the different GSL, LacCer, GM3, GM1, or aGM1 to the lipid the lipid mixture (see mrials and methods) at either 1 or 10 equivalnts, with respect to mixture (see Section 4) at either 1 or 10 equivalents, with respect to the lectin. Blank HSQC the lctin. Blank HSQC experiments were carried out using ake (wit no GSL included) experiments were carried out using naked (with no GSL includ ed) phosphatidylcholine phosphatidylcho
(PC) liposomes.
First a siilar	spectrosco aroac	ase o	onitori te caes i te
First, a similar NMR spectroscopy approach, based on monitoring the changes in the 1-15N HSQC spectra of the galectins in the absence and presence of te S-containing H-15N HSQC spectra of the galectins in the absence and presence of the GSL-containing liposomes was attempted. However, no CSP wre observed, but a significant reduction iposomes was attempted However no CSP were observed but a significant reduction in the intesities of the lctin cross peaks depending on the galectin and on the chemical in the intensities of the lectin cross peaks, depending on the galectin and on the chemical nature of the binding partner Athough diferent effects can be behind this intensiy denature of the binding partner. Although different effects can be behind this intensity crease we consider it highly ikely that when the saccharidelectin complex is formed decrease, we consider it highly likely that when the saccharide-lectin complex is formed, since he saccharide s atached to the liposome the efective rotational correlation time of since the saccharide is attached to the liposome, the effective rotational correlation time of the system becomes very large, the transverse relaxation rate is fast, the signals broaden, he system becomes very arge the ransverse relaxation rate is fast the signals broaden and the cross peak intensities decrease In act the bserved reduction in the signal inten and the cross-peak intensities decrease. In fact, the observed reduction in the signal sties was a general trend for all the HSQC cross peaks with no specifcity for hose intensities was a general trend for all the HSQC cross peaks, with no specificity for those corresponding to amino acid residues at the binding site. Thus, the data were analyzed by comparing the average peak volumes for all the lectin signals.
For Gal3, no reduction in the cross-peak intensities was observed in the presence of the naked PC liposomes (Figure 3, Gal3 vs. PC bars), while a subtle, although measurable, reduction was detected when the liposomes contained one equivalent of LacCer or GM3 respect to Gal3 (Figure 3a, grey bars). Further decrease of the intensities were perceived when 10 equivalents of these gangliosides respect to Gal3 were present in the liposomes (Figure 3a, red bars), evidencing the existence of lectin binding to the sugar moieties on the liposomes. A different behavior was observed when the liposomes contained GM1 or aGM1. In these cases, the cross-peak volumes were already significantly reduced with just one equivalent of ganglioside (more than 50% in average), as shown in Figure 3a, and in the presence of the liposomes containing 10 equivalents of GM1 or aGM1, all the lectin cross-peaks completely vanished in the HSQC spectrum. This evidence suggests
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that,experimnalunderthese conditions,experimental Gal3 bindsconditions, strongerGal3 tobinds GM1 strongeror toaGM1 GM1thanor to aGM1LacCerthan Inerestingly this is he opposite trend to that observed for the fre oligsaccha-to LacCer or GM3. Interestingly, this is the opposite trend to that observed for the free be 1) Under the experimental conditions described herein when this glycan is oligosaccharides (Table 1). Under the experimental conditions described herein, when d in the
this glycan is presented in the membrane mimetc, the highest affinities are shown by
membranemimetic the highest affinities areshown by GM1/aGM1
GM1/aGM1.

[image: ]Figure 3. Quantification of the p eak volume reduction of (a) 15N-Gal3 CRD and (b) 15N-Gal8N upon binding to liposomes containing only PC or the glycolipids LacCer, GM3, GM1, or aGM1. For Gal3, 1 eq and 10 eq of the corresponding glycolipid with respect to the protein is shown, while Quantification
for Gal8N only the data with 1 eq glycolipid are shown, as with 10 equivalents all the HSQC cross of the peak volume reduction of (a) 15N Gal3 CRD and (b) 15N Gal8N upon peaks vanished.
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Cmpetitin expeiments were then performeto educe the selectivity of the binding s ofglycolipid respect to the lectin produced the disappearance of all the nals Theefore these experiments suggested not onl tat the bindg tendency
event. Particularly, to a solution of the complex formed by the GSL-containing liposomes
N was similar to that for Gal3 CRD with a higher afinity for GM1 and aGM1 and the lectin (either Gal3 or Gal8N) at 1:1 molar ratio, different molar equivalents of a given competitor (a known glycan ligand) were added, and the HSQC spectrum recorded again for the mixture. For the complexes generated with LacCer, lactose was added; for the GM3-containing liposomes, 3/SL was added; for the GM1 and aGM1-containing liposomes, the disaccharide of the T-antigen epitope (Galβ1-3GalNAc) was added [44].
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Figure 4. Competition experiments with Gal3-CRD. (a) Peak volume reduction of 15N-Gal3 CRD
i u	4 C	etiti	eri	t	th G l3 CRD ( Pe k l	d ti	f 15N G 3 CRDi
he
in the presence of differently functonazed liposomes: PC only or one equivalent (with respect presence of d fferently functionalized liposomes PC only or on equivalent (with respect to the ectin) of glycolipid (LacCer GM3 GM1 or aG1 ; (b) Peak volume recovery of 15N-Gal3 CRD/Lac-to the lectin) of glycolipid (LacCer, GM3, GM1, or aGM1); (b) Peak volume recovery of 15N-Gal3 Cer contining liposomes un th addition of 10 and 20 equivalents of lactose as binding compet-CRD/LacCer containing liposome s upon the addition of 10 and 20 equivalents of lactose as binding tor; (c)competitor; Peak (c)volumePeak volumerecovery of recovery15N-Gal3of15 N-Gal3CRD/GM3 CRD/GM3containing containingliposomes liposomesupon the uponadditionthe ofaddition 10 nd 2 equivalents of 3 SL as binding competitor; (d) Peak volume recovery of 15N-Gal3 CRD/aGM1 of 10 and 20 equivalents of 30SL as binding competitor; (d) Peak volume recovery of 15N-Gal3 ontaining liposomes upon the addition of 10 an 20 equivalents of Galβ1 3GalNAc as binding com CRD/aGM1 containing liposomes upon the addition of 10 and 20 equivalents of Galβ1-3GalNAc as binding competitor; (e) Peak volume recovery of 15N-Gal3 CRD/GM1 containing liposomes upon etitor; (e) Peak volume recovery of N Gal3 CRD/GM1 containing lipo omes upon the addition of
0	20 eq ivalen of G β G N c as bindingcomp to
the addition of 10 and 20 equivalents of Galβ1-3GalNAc as binding competitor.
For hGal8-Nter, a similar situation occurred for the LacCer-containing liposome. The
orhGal8-Nter, similar situationoccurred for theLacCercontaining liposome. The diton of 10 equivalents of lactose to the NMR sample with Gal8N/ LacCer system only addition of 10 equivalents of lactose to the NMR sample with Gal8N/ LacCer system only provided a partial recovery (ca. 80%) of the HSQC intensities (Figure 5A). In contrast, the addition of one equivalent of 3SL to the sample containing the mixture of the GM3-containing liposome (one eq) with the lectin provided the complete recovery of the initial cross-peak volumes.
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ability of the glycosphingolipids with the galectins than the corresponding oligosac tion abilitof thglycosnos wtte aectns an e corresonnoosc-tion ability of the glycosphingolipids with the galectins than the corresponding oliosac charides In free solution 3′SL provides much better interactions than any other glycan chares. n free suto, 3/roves mucetter nteractons tan anoter can, charides In free solution 3′SL provides much better interactions than any other glycan due to the additional interact on provided by the s alic acid moiety to key amino acid due to the additional interacton rovete sac acmoetto keamino acid due to the additiona interaction provided by the siaic acid moiety to key amino acid residues located at the S5 strand This is especially notorious for the 3′SL/Gal8N resues located at he S5 strand. This is especially notorious for the 30SL/Gal8N inter-residues located at the S5 strand. This is especially notorious for the 3SL/Gal8N action that is in the slow exchange regime in the chemical shift timescale (Figure S2D for Supplementary Material). Although the Neu5Ac residue is also present in GM1 and aGM1
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oligosaccharides, NMR data clearly indicates that it does not participate in direct binding contacts with the galectins. While in a solution, the Gal and the sialic acid residues of GM3 are well exposed to provide the key intermolecular contacts, this is not the case in the liposome’s environment. Herein, only the relatively long GM1 and aGM1 gangliosides display the proper accessibility of the terminal Gal moiety to provide the impetus for the interaction (Scheme 1). Within the liposome, the Gal residue in LacCer and GM3 is not permanently exposed to let the interaction to take place in an efficient manner. MD simulations support this view of the role of the presentation of the glycan to establish the essential binding contacts.
Besides the presentation of the glycans, the obtained data also suggests that different partners (galectins in this case) may provide distinct interactions with the membrane. Herein, perturbations have been observed on the membrane surface of GM3, GM1, and aGM1 containing liposomes only upon the addition of Gal8N, and not of Gal3 (Figure 7), even though both lectins mostly recognize the same epitopes on the GSLs.
Moreover, it has been proposed, using coarse-grained and atomistic simulations, that in membranes containing GM3 and GM1, clusters are formed that differ in size, with GM3 clusters being larger and more stable than those of GM1 [48]. Moreover, only in the atomistic simulations, it was reported that the terminal monosaccharide moieties of the headgroups, Neu5Ac for GM3 and 13Gal for GM1 contribute to the cis-interactions to generate the clusters.
The different results obtained using different experimental approaches to tackle molecular recognition events point out the tremendous difficulty of translating in vitro results to the in vivo environment. Care should be taken when extracting conclusions from experiments conducted under specific conditions. Molecular recognition details may differ from solution to surfaces to membrane-like environments. The presentation of the interacting sugar epitope is essential and, therefore, the length and chemical nature of the linkers used to attach the ligands to surfaces should influence the obtained results. In our particular context, galectins are ubiquitous proteins, and their biological activity has been reported to take place at the cell surface, but they are also involved in intracellular trafficking and around disrupted vesicles, among other locations [49]. In most of these events, galectins may be in close contact to membranes that contain their saccharide partners. The in vivo scenario is even more complex since we must consider that all cells have a glycocalix that is formed not only with glycolipids but also heavily glycosilated extracellular proteins. Thus, depending on the presentation in the membrane or in solution, the binding to the preferred epitopes may subtly vary, highlighting the remarkable complexity of these phenomena in vivo and the difficulty of understanding these interaction processes using reductionistic approaches.
4. Materials and Methods

4.1. Materials
Glycans: 3'-Sialyllactose, asialo-GM1, and GM1 saccharide were purchased from Carbosynth.
Lipids: eggPC (L-α-phosphatidylcholine 840051), gangliosides (GM3 860058 and GM1 860065), and lactosylceramide (D-lactosyl-13-1,1'-N-stearoyl-D-erythro-sphingosine 860598) were purchased from Avanti Polar Lipids. Asialoganglioside GM1 (G3018) was obtained from Sigma-Aldrich (St. Louis, MO, USA).
Fluorescent probe 6-dodecanoyl-2-dimethylaminonaphthalene (Laurdan) from Invit-rogen (Waltham, MA, USA).
All other materials (salts and organic solvents) were of analytical grade.
4.2. Protein Expression and Purification
The protein expression and purification are described elsewhere [50,51]. Briefly, proteins’ sequence in pET11a vector was transformed in BL21(DE3) E. coli. For labelled protein, a 5 mL overnight culture was added in one liter of M9 media containing antibiotic and 15N-NH4Cl (1 g) as the nitrogen source. When the culture reached 0.7–1.2 of OD600, protein
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expression was induced by the addition of 1 mM Isopropyl β-D-1-thio-galactopyranoside (IPTG) and growth continued for 3 h at 37 °C. After, cells were harvested and resuspended in a column buffer (PBS 1× pH 7.2, 2 mM EDTA, 2 mM β-mercarptoethanol /DTT, 0.1% NaN3) and 1 mM PMSF was added to inhibit proteases cleavage. The suspension was sonicated and the crude extract clarified by centrifugation at 35,000× g rpm for 30 min at 4 °C. The soluble fraction was loaded onto a pre-equilibrated α-Lactose-Agarose resin (Sigma-Aldrich) column and washed with 50 mL of column buffer. To elute recombinant h-Gal8N-ter 7 mL of elution buffer (150 mM α-Lactose in column buffer) was injected. Protein purity was checked by SDS-PAGE and subsequently confirmed by LC-MS.
Both galectins were thoroughly dialyzed against PBS, pH 7.4 until no lactose was present, before use.
4.3. Liposome Preparation
Powdered lipids were dissolved in an organic solution (2:1 chloroform: methanol, v/v). The desired amount was transferred to a glass vial, evaporates to dryness under a N2 stream, and kept under a vacuum for 2 h to remove all organic solvents. The obtained lipid film was then hydrated with the desired buffer (PBS pH 7.4) and vigorously vortexed to obtain multilamellar vesicles. After, the sample was subjected to 10 freeze and thaw cycles and extruded through 0.1 µm pore-size Nucleopore filters using a mini-extruder. Large Unilamellar Vesicles (LUVs) of 100 nm diameters were obtained.
The lipid concentrations were varied depending on the assay performed. The lipo-somes were prepared in at a final lipid concentration of 30 mM, being 28:2 mM PC:glycolipid when 10 equivalents of glycolipids were included, with respect to the lectin and 29.8:0.2 mM when one equivalent of glycolipids were included with respect to the lectin.
4.4. NMR Experiments
All spectra were performed at 298 K, on Bruker AVANCE 2 600 MHz and 800 MHz Bruker spectrometers equipped with cryoprobes.
The 1H NMR resonances of the ligands (3'-Sialyllactose, asialoGM1, and GM1 saccha-rides) were assigned through TOCSY (60 and 90 ms mixing times), NOESY (500–600 ms mixing times), and HSQC experiments using the Bruker AVANCE 2 600 MHz spectrometer equipped with standard triple-channel probe (600 MHz). Ligands were dissolved in deuterated phosphate buffered saline solutions at a concentration of 1 mM.
For saturation-transfer difference (STD NMR) experiments 30–50 µM of full- length galectin 3 were prepared in deuterated PBS and 70 equivalents of ligand was added. The on-resonance frequency was set at the aliphatic region (~0.77 ppm) and the off-resonance frequency at −25 ppm. To achieve protein saturation, a series of 25–50 ms PC9 pulses was used with a total saturation time of the protein of 2 s in the 600 MHz spectrometer. A spin-lock filter (100 ms) was used to remove the NMR signals of the macromolecule.
To analyze the binding of sugar moiety of gangliosides to galectins and calculate affinities 1H−15N-HSQC were recorded on 50 µM 15N-labeled hGal-3 CRD, at 298 K. Chemical shift perturbations (CSP) were followed and dissociation constants (KD) were calculated using the CcpNmr Analysis 2.4.2 software. 1H−15N-HSQC were recorded analyzing the binding of galectins to liposomes. After, the peak volumes of the cross-peaks were measured, using the CcpNmr Analysis 2.4.2 software [52].
4.5. Membrane Polarization
Liposomes were prepared as described above, including a 0.5% Laurdan in DMSO. Samples emission spectra (400 nm to 600 nm) were acquired in a Quanta Master 40 spectrofluorometer (Photon Technology International, Birmingham, AL, USA) setting the wavelength excitation at 360 nm. GP values were estimated with the equation GP = ((I440 − I490)/(I440 + I490)), where I440 and I490 corresponded to the emission intensity at 440 nm and 490 nm, respectively.
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4.6. Model Building and MD Details
The initial geometries of the heterogeneous lipid bilayers were built using the CHARMM membrane generator [53]. In all cases, a rectangular box (X and Y initial length of 100 Å) was generated containing a 14:1 ratio of randomly distributed 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, 140 lipids) and the corresponding glycosylceramide (10 glycolipids) in each leaflet. In addition, a water thickness of 17.5 Å (TIP3P) [54] above and below the membrane was also included. Next, some water molecules were replaced by ions (NaCl) up to a fixed concentration of 150 mM, following a Monte-Carlo (MC) approach [55].
In order to check that the POPC membrane was correctly generated, the area per lipid was calculated. The computational value of the area per lipid was 65.2 Å2, fairly close to the experimentally obtained previously [56] for the liquid crystalline phase of POPC bilayers (64.3 ± 1.3 Å2) at 30 ◦C.
To prepare the glycolipid unit, the crystallographic coordinates of ceramide (18:1/18:0) moiety were retrieved from the Protein data base (PDB ID: 5J14). This structure was optimized using Gaussian 16 package [57] to generate the “true” minimum (Nimag = 0). Next, RESP charges were generated at HF/6-31G(d) level to be consistent with AMBER and GLYCAM parametrization [58]. A two-stage fitting was employed assigning the same partial charge for the aliphatic protons (atomic charge equilibration predicted by atom paths). Similar to the lipid17 force field, these partial charges were not fixed to zero. An in-house script was applied to change the atom types to be consistent with the extension to lipids and glycolipids of GLYCAM_06 force field [59]. Systems containing Gal-3 (PDB ID: 1KJL) were prepared aligning the principal axis to z and then by translating the protein 45 Å along the z-axis.
System equilibration and MD simulations. The Amber20 software [55] with GLYCAM_06j-1, ff14SB [60] and lipid17 [61] force field parameters were applied for glycolipids, proteins, and lipids, respectively. Five different steepest descent/conjugate gradient minimizations (maximum 20,000 steps) were carried out on the initial structures of POPC:Glycolipid bilayers. In the first minimization, the positions of POPC, glycolipids, and ions were restrained using harmonic potential restraints with a force constant k of 100 kcal mol-1 Å-2. For the second minimization, POPC and glycolipids were only restrained. Subsequent minimizations were performed without any restraints. In these steps, temperature was maintained by using a Langevin thermostat [62]. After minimization, the system was gradually heated increasing the temperature in two steps: (a) from 10 to 100 K during 5 ps (NVT assemble) and (b) from 100 to 303 K at NPT assemble (100 ps) using a Berendsen barostat (1 bar) [63]. Assuming periodic boundary conditions (PBC), the particle mesh Ewald method was employed for modelling long-range electrostatic interactions, whereas the cutoff for non-bonded interactions was set to 10 Å. The SHAKE algorithm [64] was used to constraint covalent bonds involving hydrogen atoms. Next, a 5 ns simulation (10 steps, 500 ps each step) in the NPT assemble was performed to equilibrate the system. The final snapshot of this equilibration was used as a jumping-off point for MD production under the same conditions. Four consecutive MD simulations (100 ns each) was run to obtain the final production trajectory. Three independent replicas were carried out for each system. To check the soundness of the generated models within the simulation time, potential energy, and RMSD values were employed. In all cases, the analysis of the RMSD showed that these POPC–glycolipid membranes reached a geometric equilibrium after 15 ns (Figure S4 in Supplementary Materials). In addition, these systems were completely stable, displaying potential energy values of −2.19, −3.01, −2.58, and −2.55 105 kcal/mol for 1–4, respectively.
Data analysis. Solvent Accessible Surface Area (SASA) was estimated to assess the availability of the glycan epitope to interact with the lectin in the liposome environment. SASA was calculated along the simulation time by using the cpptraj module. Raw data were referenced to the maximum value (in Å2) obtained for the free ligand in a water box (100% SASA). Next, a bisquared smoothing algorithm with a sampling proportion of 0.1 was applied for the final plot representation (Figure 7).
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Paradigms for glycan-binding receptors in cell adhesion Maureen E Taylor and Kurt Drickamer

Diverse glycans found on the surfaces of mammalian cells provide a basis for selective adhesion between cells mediated by glycan-specific receptors. Well-understood examples of cell adhesion based on such interactions include selectin-mediated rolling of leukocytes on endothelia. Other receptors with similar selectivity for specific sugar epitopes on cell surfaces are being characterised. However, the simple paradigm of adhesion resulting from receptors on one cell binding to glycans on another cell applies in only a limited number of systems. Instead, glycans and receptor– glycan interactions often modulate adhesion in indirect ways, such as by changing the organisation of cell surface glycoproteins and by antagonising the effect of protein adhesion systems.
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Introduction
Ever since the diversity of carbohydrates found on mammalian cell surfaces was recognised, it has been speculated that unique combinations of sugars on individual cells might form the basis for specific cell adhesion events [1]. Proteins able to bind to these glycans present a plausible mechanism for specific recognition events, in which a glycan-binding receptor on one cell interacts with glycans on another cell [2]. However, in many cases, the role of glycan–receptor interaction may be to modulate adhesion rather than to provide a simple bridge between cells (Figure 1). In reviewing the current state of this field, with particular emphasis on progress in the past two years, it is now possible to set high standards for evidence implicating specific receptor–glycan interactions in cell adhesion. The focus of this review will be on mammalian adhesion systems, evaluating which potential adhesion systems are understood in molecular detail and which are supported by convincing physiological evidence about how they function.

Selectins in normal and tumour cell
adhesion
The selectins remain the best characterised glycan-bind-ing receptors with well-defined roles in cell adhesion [3,4]. Experimental approaches ranging from X-ray crystallography to analysis of knockout mice have documented how selective interactions of the selectins with glycoprotein ligands bearing glycans terminating in the sialyl-Lewisx or sialyl-Lewisa tetrasaccharides lead to transient adhesion between leukocytes and endothelia (see Figure 2 for a summary of key glycan structures). Although the selectins share the ability to interact with the simple sialyl-Lewisx structure, it appears that an increased level of specificity is achieved in the case of lymphocyte L-selectin through binding to sulphated versions of this ligand found on the high-endothelial venules of peripheral lymph nodes. The importance of this modification for creating an optimal ligand has been well demonstrated in biochemical studies [4]. In recent work, the physiological importance of the sulphation has been further documented by examination of knockout mice lacking both of the sulphotransferases expressed in the high-endothelial venules [5⠂]. These mice show dramatically reduced homing of lymphocytes to the lymph nodes, providing in vivo evidence confirming that a very specific glycan is the primary target for this cell adhesion receptor. Other recent work has emphasised that flexibility within the selectin molecules, in addition to the characteristics of the glycan–protein interaction, has to be optimised to facilitate the making and breaking of bonds needed during rolling of leukocytes on endothelia [6].
In addition to serving as a model for glycan-mediated cell adhesion in the normal function of the immune systems, the selectins provide insights into abnormal adhesion events that occur during tumour metastasis. Given the range of glycosylation differences that distinguish the surfaces of tumour cells from the surfaces of normal cells, it has long been speculated that changes in glycosylation may confer advantages on tumour cells during growth or metastasis [7]. Binding of tumour cell glycans to the selectins provides a route for tumour cell migration into tissues and many findings, including the fact that knockout mice lacking E-selectin or L-selectin display reduced susceptibility to metastasis, indicate that there is likely to be a link between sugar-recognition processes and altered cell adhesion in cancer [8]. Recent studies have defined specific target glycoprotein ligands for P-selectin that are found on the surface of colon carcinoma cells, including CD44v [9⠂], which has previously been defined as a ligand for L-selectin on haematopoietic cells [10]. Other studies have indicated a role for sulphated glyco-lipids [11]. Thus, specific information about tumour cell
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Figure 1
[image: ]
Models for how glycan–receptor interactions function in cell adhesion. The standard paradigm shown at the left involves glycoproteins on one cell interacting with a receptor such as a selectin molecule on another cell. Earlier studies of galectins have suggested that they link glycans on two cells, but more recent evidence suggests that they may enhance adhesion by clearing cell surface mucins and exposing other adhesion receptors. Modulation of adhesion by polysialic acid is illustrated at the right.

ligands for glycan-binding receptors is beginning to illuminate some of the ideas about tumour cell adhesion, but the molecular details remain to be fully defined.
Figure 2
[image: ]
Structures of glycans that serve as common ligands for cell adhesion molecules, including the selectins, DC-SIGN and the scavenger receptor C-type lectin. The glycans take the form of short branched structures with multiple terminal residues. The symbol notation is explained at the bottom of the figure.

Identification of blood cell glycoprotein
ligands for DC-SIGN
While the function of the selectins as cell adhesion molecules is now well documented, the importance of other glycan-binding receptors in cell adhesion, as opposed to clearance of pathogens or turnover of serum glycoproteins, remains less well understood. One receptor with a particularly ambiguous dual function is DC-SIGN, which was originally named as a cell adhesion receptor, Dendritic Cell Specific Intercellular adhesion molecule 3-Grabbing Nonintegrin, but which has been more extensively investigated for its role in binding to pathogens ranging from viruses to nematodes [12–14]. Several recent studies have provided insight into the original observation that DC-SIGN promotes antigen-independent interaction between T cells and the surfaces of dendritic cells that may be presenting cognate antigens.
One of the problems in analysing DC-SIGN has been its dual binding specificities for both high-mannose oligo-saccharides and glycans bearing the Lewisx trisaccharide [15]. The former specificity underlies its interactions with envelope glycoproteins of HIV and other viruses, while the latter has been suggested to mediate interaction with surface glycoproteins of schistosomes and other parasites [13,16]. However, the role of either of these specificities in cell adhesion has been more difficult to establish. Recent studies have provided information on potential counter-receptors for DC-SIGN that begins to clarify its possible functions as an adhesion receptor.
Previous studies have identified the receptor CEACAM1 on neutrophils as a target ligand for DC-SIGN [17]. More

www.sciencedirect.com	Current Opinion in Cell Biology 2007, 19:572–577

574 Cell to cell contact and extracellular matrix

recently, mass spectrometry has been employed to demonstrate that CEACAM1 on neutrophils is a carrier of Lewisx and fucosidase treatment was used to show that binding of DC-SIGN is dependent on the presence of fucose [18⠂⠂]. An important finding was that CEACAM1 expressed in HEK293 cells binds to DC-SIGN through high-mannose oligosaccharides and is thus not dependent on the presence of fucose. By contrast, glycosylation of CEACAM1 expressed in Chinese hamster ovary cells seems to be more like the protein in neutrophils, and binding to DC-SIGN is through fucose-containing gly-cans. These studies emphasise the need for caution in interpreting adhesion of glycan-binding receptors with target glycoproteins expressed in heterologous cells.
In other recent work, similar approaches have been used to demonstrate that Lewisx structures are also present on ICAM-3 from neutrophils and that binding of DC-SIGN to ICAM-3 requires such fucose-containing glycans rather than high-mannose-type glycans [19⠂⠂]. This set of results is consistent with the original finding that DC-SIGN interacts with ICAM-3 [12]. However, the biological implications of the interaction are less clear because no binding was detected for DC-SIGN isolated from mono-cytes or T or B lymphocytes. Thus, the results do not support a role for DC-SIGN binding to glycans on ICAM-3 in the adhesion of T cells to dendritic cells. For binding of neutrophils and dendritic cells, the relative abundance of Lewisx structures on various neutrophil surface glyco-proteins suggests that Mac-1 and CEACAM1 may be more quantitatively important than ICAM-3. Neutro-phil-induced maturation of dendritic cells is mediated by TNF-a, so it is suggested that neutrophil adhesion to DC-SIGN may serve to target delivery of this cytokine to the dendritic cells [20].
The scavenger receptor C-type lectin: a
novel endothelial receptor that binds Lewisx The scavenger receptor C-type lectin (SRCL) is a hybrid surface molecule on endothelial cells that, like other scavenger receptors, is organised as extended rod-like domains composed of coiled-coils of a-helices adjacent to collagen-like helices [21,22]. SRCL is unique amongst the scavenger receptor family in having a carbohydrate-recognition domain at the distal end of the rod domains. Screening of a glycan array with SRCL revealed that it shows unusually selective binding to only a few structures, consistent with a possible role in adhesion perhaps analogous to that of the selectins [23]. Lewisx is the best ligand and Lewisa is practically the only other target. In recent studies, the structural basis for this narrow binding specificity has been elucidated [24⠂⠂]. Although both DC-SIGN and SRCL bind to Lewisx, they do so in remarkably different ways. In DC-SIGN, the terminal fucose residue occupies the primary ligand-binding site, ligating to a critical calcium ion, and galactose makes additional contacts in a secondary binding site (Figure 3). The roles 

of these sugars are reversed in SRCL, with galactose in the primary binding site and fucose making accessory contact. The exact role of SRCL in cell adhesion remains to be elucidated, but is has been demonstrated that it binds to glycoproteins on the surface of metastatic breast tumour cells and thus could have a role like that proposed for the selectins in the spread of tumours [25].
A role for galectins in endothelial cell
interactions
The galectins are soluble glycan-binding proteins that have been proposed to link cells to each other and to the extracellular matrix by virtue of their bivalency (Figure 1). Some galectins achieve bivalency as a result of dimerisation of a constituent polypeptide that contains a single carbohydrate-recognition domain, while in other galectins two binding sites are adjacent to each other in a single polypeptide [26,27]. The valance of galectin-3, one of the most extensively studied of the galectins, has been somewhat unclear because the galectin-3 polypeptide encodes a single carbohydrate-recognition domain, and the purified protein behaves primarily as a monomer [28]. It has been suggested that galectin-3 dimer formation is driven by binding to ligand. Fluorescence resonance energy transfer has now been used to demonstrate interaction of galectin-3 polypeptides, labelled with two different dyes, at the surfaces of cells [29⠂]. The experiments do not define the exact stoichiometry of the complexes, but they are consistent with formation of lattices.
Galectin-mediated crosslinking of glycans attached to receptors for antigens and other protein ligands on the surface of a single cell has been associated with regulation of receptor activation, while crosslinking of other surface glycoproteins leads to induction of intracellular signalling and results in apoptosis [30]. However, another recent study suggests a connection between surface lattice formation caused by galectin-3 and regulation of cell adhesion [31⠂⠂]. Tumour cells derived from breast epithelial cells have lost their normal polarised morphology, so that normally apical glycoproteins, such as the mucin MUC-1, are spread over the whole surface. Addition of galectin-3 to such cells leads to clustering of MUC-1, because of binding of galactose-containing epitopes, causing exposure of surface structures that would otherwise be masked by the heavily glycosylated extra-cellular domain of MUC-1. The exposed structures have not been defined, but the clustering of MUC-1 enhances interaction with endothelial cells that is dependent on E-selectin and CD44H, suggesting that surface glyco-proteins expressing glycan ligands for these receptors have been unmasked.
Polysialic acid and regulation of adhesion
in the nervous system
Another known modifier of cell adhesion is polysialic acid,
which is attached to a select set of proteins, including the
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Figure 3
[image: ]
Two distinct mechanisms for binding of the Lewis" trisaccharide by receptors. In the primary binding site of DC-SIGN, fucose forms coordination bonds with the critical calcium ion (dotted lines), while additional interactions ensure preferential binding of fucose in this primary binding site (green arrow), and secondary interactions with the terminal galactose increase selectivity for the Lewis" structure (blue arrow). By contrast, the galactose residue of Lewis" occupies the primary binding site in the scavenger receptor C-type lectin and packs against a tryptophan residue, while fucose makes secondary interactions (blue arrows).

neural cell adhesion molecule (NCAM) [32]. A major effect of polysialylation is to inhibit cell adhesion in general rather than to interfere directly with specific adhesive interactions. Molecular force and other measurements have been used to validate the hypothesis that the charge on extended polysialic acid chains causes increased repulsion between apposing membranes, and this repulsion is sufficient to overcome the effect of binding interactions between cell adhesion molecules, such as NCAM [33,34]. Although such experiments have helped to clarify the molecular mechanisms of polysialic acid function in opposing adhesion, questions remain about how polysialylation works.
Recent studies have addressed the question of why such a limited number of proteins are targets for polysialic acid addition. As with other protein-specific glycosylations, the structural features that direct polysialylation are proving to be subtle. It is clear that one of the fibronectin type III repeats of NCAM is key to directing polysialylation, but the actual glycan attachment site is in an adjacent immunoglobulin-like domain [35]. Changes to the fibro-nectin type III repeat can result in intermediate phenotypes in which polysialylation is reduced but not eliminated or polysialylation is shifted from N-linked 

to O-linked glycans. The results of mutagenesis and structural studies have been interpreted to indicate that correct polysialylation requires both specific surface features on the fibronectin type III repeat and an appropriate geometrical arrangement of this domain relative to the acceptor glycan [36].
Analysis of knockout mice demonstrates that the absence of NCAM causes specific, relatively minor abnormities in brain development while knocking out of both of the sialyltransferases that create the polysialic acid chains causes more severe neurological defects that are lethal in the first few weeks after birth [37⠂]. Most strikingly, knocking out of NCAM together with elimination of polysialylation prevents most of the defects associated with lack of polysialylation. The phenotypes observed indicate that a primary role of polysialylation is to inhibit NCAM-mediated adhesion, though polysia-lylation also affects some additional developmental processes that do not involve NCAM. In spite of our incomplete understanding of the function of polysialy-lation, its role in development of the nervous system suggests that it helps to maintain needed plasticity in cell interactions. This concept has been exploited to increase nerve regeneration following injury by
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	Table 1

	Numbers of glycan-binding receptors with potential roles in cell adhesion

	Receptor family	Number of	Receptors with proposed roles
human	in cell-cell adhesion receptors

	C-type lectin	24	L, E and P-selectin
DC-SIGN
Scavenger receptor C-type lectin?
Galectins	9	Several possible
Siglecs	13	Myelin-associated glycoprotein

	




expressing sialyltransferases that make polysialic acid at the site of the glial scar [38••].
Conclusions
On the basis of the structures of glycan-binding receptors known to be expressed on cell surfaces, it is possible to screen genomes to identify additional receptors (www.im-perial.ac.uk/research/animallectins). Such a genomic analysis suggests that the number of human glycan-bind-ing receptors in the three main lectin groups is less than 50 (Table 1). Of these, only a few have at least partially documented roles in cell adhesion even in two of the most complex multicellular situations, the immune system and the nervous system, while many more are involved in pathogen recognition, glycoprotein clearance and signalling events. Even for some receptors proposed to play a role in adhesion, such as myelin-associated glycoprotein, much of the available evidence points more towards functions in communication between cells [39]. Although there are additional glycan-binding receptors that do not fall into these structural categories, taking these into account would probably not dramatically increase the number of glycan-mediated adhesion systems. From the examples studied so far, it seems likely that gly-can–receptor interactions are particularly suited to a special set of transient cell adhesion events or to regulation of adhesion.
Strikingly, amongst all the great diversity of potential and known glycan structures attached to cell surfaces, a very limited set of structures is targeted for binding interactions involved in adhesion. Chief amongst these structures is the Lewisx trisaccharide, along with its sialylated and sulphated derivatives. On the basis of the considerations above, it is unlikely that the diversity of cell surface glycans will be matched by a similar range of adhesion receptors. Other considerations, such as continuing evolutionary pressure from microbial pathogens, may need to be invoked to explain the diversity of glycan structures [40].
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Protein–ligand interactions serve as fundamental regulators of numerous biological processes. Among protein–ligand pairs, glycan binding proteins (GBPs) and the glycans they recognize represent unique and highly complex interactions implicated in a broad range of regulatory activities. With few exceptions, cell surface receptors and secreted proteins are heavily glyco-sylated. As these glycans often represent highly regulatable post-translational modifications, alterations in glycosylation can fundamentally impact GBP recognition. Among GBPs, galectins in particular appear to engage a diverse set of glycan determinants to impact a broad range of biological processes. In this review, we will explore factors that impact galectin activity, including the effect of glycan modification on galectin–glycan interactions.
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1 Introduction
Protein–ligand interactions play a critical role in virtually ev
ery biological process, from direct recognition of microbes to the regulation of fundamental metabolic pathways.
While many examples of protein–ligand interactions exist, glycan binding proteins (GBPs) and their respective carbo
hydrate (glycan) ligands have recently emerged as one of the most fundamental, yet unique examples of regulatory net
works capable of modulating biological processes [1]. GBPs possess the ability to recognize a broad range of distinct car
bohydrate determinants that often completely envelope a cell [2]. As more than half of the molecular weight of many gly-coproteins is often glycan in origin and nearly 80% of all human proteins posses glycan modifications, glycans pro
vide a very unique and highly regulatable substrate for GBPs
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to interact with cells [2]. Specific glycan modifications are not directly encoded by the genetic signature responsible for a given glycoprotein, but instead are governed by an entire array of different glycosyltransferase enzymes [2]. This allows cells to rapidly change the types of glycan modifications on a given glycoprotein by simply altering the repertoire, loca
tion and activity of the various glycosyltransferases [2]. In this way, glycan modifications provide a plastic substrate that can directly govern cellular sensitivity to GBPs, providing an additional and complex regulatory feature of GBP–glycan interactions that can occur independent of protein receptor expression [1–6].
Among GBP–glycan interactions that appear to influence a wide variety of complex processes, galectins perhaps reg
ulate the broadest range of cellular functions [4–6]. This in part likely reflects the expression of various galectin fam
ily members in the vast majority of tissues and the abil
ity of galectins to recognize 
3
-galactosides, some of the most common terminating carbohydrate determinants on mammalian glycans [7]. Despite the ability of galectins to engage 
3
-galactoside-containing glycans, modifications of 
3
-galactosides can specifically impact glycan recognition by
) (
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individual galectin family members, with distinct conse
quences on cellular sensitivity to galectin-mediated activities [4–6]. In this review, we will provide an overview of the factors that regulate galectin activity, including the unique relation
ship between galectin–glycan interactions and galectin func
tion. In doing so, we will not attempt to provide an exhaustive review of the impact of glycan modifications on galectin– glycan interactions. Instead, we hope to provide several key examples that illustrate how specific glycan modifications can differentially impact the ability of galectins to engage various glycan ligands, with unique consequences on cellular sensi
tivity to galectin activity.
2	
Discovery of galectins
In an effort to understand how biology may decode com
plex cell surface carbohydrate structures into meaningful bi
ological outcomes, several investigators sought to determine whether mammals, like plants, possess GBPs. The first exam
ple of a vertebrate GBP was provided by Ashwell and Morell, who isolated a hepatic GBP, the Ashwell–Morell or asialo-glycoprotein receptor, previously shown to clear asialoglyco-proteins [8, 9]. While early studies suggested a role for the Ashwell–Morell receptor in the uptake of desialylated glyco-proteins, it was not until nearly 40 years later that the func
tional consequence of this receptor in platelet clearance be
came apparent [10]. However, despite the uncertainty of its function for many years, the pioneering work of Ashwell and Morell suggested that like plants, mammals actually possess functional GBPs.
In the wake of Ashwell and Morell’s discovery, many re
searchers sought to determine whether additional vertebrate GBPs exist capable of engaging terminal galactose-containing glycans. In 1975, a soluble 
3
-galactoside binding carbohydrate binding protein termed “electrolectin” was purified from the electric organ of the electric eel [11]. This carbohydrate bind
ing protein is now known to be the first described mem
ber of the galectin family. Subsequent studies led by the
) (
Figure 1. 
Galectin family mem
bers. Galectins can be divided 
into three subfamilies, based on 
the organization of the carbohy
drate recognition domain:
prototypical	
(galectin-1,
galectin-2,	
galectin-7	
and

galectin-10), chimeric (galectin-
3) and tandem repeat (galectin-
4, galectin-8, galectin-9 and 
galectin 12). Each of these 
subfamilies also exhibit unique 
quaternary structures, with 
prototypical and at least 
some tandem repeat galectins 
forming dimers and chimeric 
galectin-3 forming higher order 
oligomers.
) (
groups of Barondes and Kornfeld demonstrated that similar 
3
-galactoside binding proteins exist in chicken and bovine 
tissue, respectively [12, 13]. These results suggested that this 
protein might be widely expressed in different species. In
deed, galectins are present in all metazoans, making these 
GBPs one of the most evolutionarily ancient GBP families 
expressed in mammals [14]. Fifteen members of the galectin 
family have been described, with eleven of these found in 
humans (Fig. 1) [15].
3	
Key regulators of galectin activity
While the discovery of galectins resulted from their abil
ity to recognize affinity supports containing 
3
-galactoside-
containing ligands, early attempts to purify galectins also 
isolated another key variable that regulates the carbohydrate 
binding activity of several galectin family members. Although 
several groups simultaneously sought to isolate 
3
-galactoside-
binding proteins, only Teichberg and colleagues originally 
used reducing conditions in all isolation buffers [11]. As a re
sult, other attempts initially failed to successfully isolate sim
ilar galectin family members, even when using protocols that 
were otherwise essentially identical [16]. Subsequent studies 
demonstrated that isolated electrolectin required reducing 
conditions for sustained activity [17,18], strongly suggesting 
that the reducing requirements for galectin activity reflected 
an intrinsic galectin requirement as opposed to simply facili
tating the purification process.
Due to this unique dependence of early galectin family 
members on reduced thiols for carbohydrate recognition, 
in 1988, these lactose-binding GBPs were termed “S-type 
Lectins” as a result of their putative requirement of reduced 
cysteine residues for glycan engagement [19]. The depen
dence of these early galectins for reduced thiols appeared to 
be analogous to C-type GBPs, which require calcium for gly-
can recognition and suggested a general theme for key addi
tional regulators that impact mammalian GBP function [19]. 
However, in 1991 Hirbayashi and Kasai substituted serine
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for cysteine residues and demonstrated that these mutants exhibited virtually no change in the ability of galectin-1 (Gal-1) to bind to asialofetuin-agarose [20]. These results were corroborated by subsequent studies and demonstrated that the cysteine residues of Gal-1 are not necessary for glycan-binding [20–23]. Instead, these studies demonstrated that the reduced thiols of cysteine residues are important for main
taining protein stability and that oxidation at such residues eliminates Gal-1 carbohydrate binding activity [20–23].
While reducing agents can protect Gal-1 from oxidative inactivation, as the extracellular environment is oxidative by nature, the unique sensitivity of Gal-1 to alterations in redox potential likely evolved to specifically regulate Gal-1 function [24,25]. For example, as ligand engagement partially protects Gal-1 from oxidation, failure to bind ligand following release from a cell may not only facilitate oxidative inactivation, but also provides a unique form of spatial and temporal regula
tion of Gal-1 activity [24,25]. This may be especially important in the modulation of galectin-mediated leukocyte turnover during tissue injury and inflammation. In this setting, Gal-1 released immediately following tissue injury may quickly saturate available glycan ligands, causing the residual Gal-1 to undergo oxidative inactivation [26]. As Gal-1 can impede chemotaxis and target neutrophils for turnover, this unique form of regulation would be predicted to allow neutrophils to accumulate unrestrained, thereby facilitating pathogen neu
tralization and the removal of necrotic tissue [27]. However, as neutrophils encroach on and damage viable cells surround
ing an area of tissue injury, reduced and therefore active Gal-1 may engage these neutrophils, inhibiting their chemo-taxis and inducing their turnover [28]. As galectins possess the unique ability to induce neutrophil turnover independent of apoptosis, a process called preaparesis, this may allow neutrophils to maintain membrane integrity in the face of inflammation until successfully phagocytosed [29]. Similar redox-based regulatory networks may govern Gal-1 activity in the setting of fetal-maternal tolerance [30, 31]. As a re
sult, while the requirement for reducing conditions became one of the earliest biochemical descriptors of galectins, the unique sensitivity of Gal-1 and other galectins to redox poten
tial suggests a fundamental feature that regulates the activity of several members of the galectin family [32].
While much remains unknown regarding the redox reg
ulation of galectins, several key studies provide biochemical insight into the mechanism whereby oxidation eliminates Gal-1 activity. As Gal-1 possesses six Cys residues, oxida
tion can result in intramolecular and intermolecular disul
fide bond formation, depending on Gal-1 concentration [22]. Intramolecular disulfide bond formation results in profound conformation changes in redox sensitive galectins [33, 34]. In Gal-1 in particular, this appears to be due to disulfide bond formation between Cys2 and Cys130, cysteine residues that normally reside just outside the dimer interface, in ad
dition to other disulfide pairs, including Cys16-Cys88 and Cys42-Cys60 [23, 32, 35]. Disulfide bond formation-induced alterations in the tertiary structure of Gal-1 prevent further 
) (
dimerization and effectively eliminate carbohydrate recogni
tion [36]. As monomeric mutants display enhanced sensitiv
ity to oxidative inactivation, monomeric intermediates likely facilitate disulfide bond formation through enhanced flexi
bility of individual Cys resides [23, 27]. Similarly, the ability of glycan ligand to reduce Gal-1 sensitivity to oxidation may reflect an ability to modulate Gal-1 dimerization, as engage
ment by glycan ligand enhances Gal-1 dimerization, while carbohydrate recognition fails to similarly protect monomeric versions of Gal-1 from oxidative inactivation [17, 27, 37] (Fig. 2). Recent studies suggest that nitrosylation of Cys57 can protect Gal-2 from oxidative inactivation, providing an
other intriguing example of redox regulation of galectin ac
tivity [38,39].
While the unique sensitivity of Gal-1 to oxidative inactiva
tion can complicate the study of Gal-1 in biological systems [29, 40], the ability of redox potential to regulate carbohy
drate independent activities of Gal-1 represents a relatively unexplored, yet critical factor responsible for Gal-1 function [23,27, 36,41,42]. This is especially important when consider
ing that while oxidation appears to impact the carbohydrate binding capacity of Gal-1, subsequent studies suggested that oxidized Gal-1 actually possesses biological activity that oc
curs through glycan-independent processes [23, 36,41,43–46]. Indeed, oxidized Gal-1 appears to regulate neurite outgrowth and may be important in overall neuron regeneration fol
lowing injury [23, 36, 41, 43–47]. Whether oxidation of other galectins likewise converts these proteins into alternative products with distinct biologically activity remains unknown. These results suggest that galectins in some ways may belong to the morpheeins, a class of proteins that possess drastically different biological activities depending on the conformation state of the protein [48].
While some of the first galectins described appeared to possess a unique requirement for reducing conditions to maintain glycan recognition, subsequent studies demon
strated that other members of the galectin family, in par
ticular galectin-3 (Gal-3), do not display the same sensitiv
ity to changes in redox environment [49]. As these addi
tional family members retain the ability to bind 
3
-galactoside-containing glycans, despite failing to display a requirement for reduced thiols, “S-type lectin” ineffectively captured all members of this GBP family. Given their common prefer
ence for 
3
-galactoside-containing glycans, the carbohydrate ligand preference became their defining feature [50]. There
fore, members of this protein family were re-named galectins due to their common affinity for 
3
-galactosides [50]. Isolation of different galectins not only revealed distinct sensitivities for thiol reduction, but also demonstrated unique tertiary and quaternary configurations. As the first galectin described, galectin-1 became an example ofthe prototypical galectin sub
type, which exists largely as homodimers composed of two identical carbohydrate recognition domains (CRDs). In con
trast, galectin-3 (Gal-3), the only member of the chimeric sub
group, exists as a pentamer through self-association mediated by an N-terminal collagenous domain not capable of carbo-
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	Figure 2. Regulation of galectin activity. Galectin-1 (Gal-1) can undergo oxidative inactivation through the formation of in-tramolecular or intermolecular disulfide bond formation, depending on Gal-1 concentration. In contrast, galectin-3 (Gal-3), which is resistant to oxidative inactivation, can be inactivated by proteolytic cleavage of the N-terminal domain required for Gal-3 oligomerization. Similar cleavage of the intervening linker between the carbohydrate recognition domains of tandem-repeat galectins, as shown for galectin-8 (Gal-8), can also eliminate their biological activity.
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)hydrate recognition. Finally, several galectin family members belong to the tandem repeat subfamily composed of two distinct CRDs tethered by a linker peptide (Fig. 1) [51]. It should be noted that while galectins are defined by their ability to recognize 3-galactoside-containing glycans, many, if not all of these proteins possess important regulatory roles through intracellular interactions that often occur independent of carbohydrate recognition [52]. Although these activities will not be reviewed here, they represent an active area of study that continues to illustrate the diverse range of biological activities attributable to this protein family.
While not all galectins display the same sensitivity to oxidative inactivation, evolution appears to have selected alternative regulatory pathways capable of governing the activity of galectin family members insensitive to redox potential. For example, although galectin-3 (Gal-3) does not undergo oxidative inactivation, proteolytic cleavage of the N terminal collagenous domain required for oligomerization prevents the Gal-3 CRD from existing in a multivalent configuration [53]. As Gal-3 oligomerization is required for most of its carbohydrate-dependent functions, cleavage of the N terminal domain of Gal-3 effectively eliminates many of its biolog-ical activities [54, 55]. Similar cleavage of the linker peptide responsible for tethering the distinct domains of tandem-repeat galectins likewise eliminates many of their biological functions [56]. While detailed studies regarding the consequences ofprototypical galectin oxidation remain to be tested, oxidative inactivation appears to be most apparent with Gal-1, Gal-2 and Gal-7. As prototypical galectin signaling likely also 

requires functional bivalency [57], oxidative inactivation may not only prevent carbohydrate recognition, but also inhibit prototypical galectin dimerization. In this way, regulatory features appear to prevent carbohydrate recognition or severely compromise the quaternary organization required for effective galectin function (Fig. 2).
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Regardless of the overall quaternary and unique domain organization of galectin subfamily members, the shared affinity of each galectin CRD for 3-galactoside-containing gly-cans ultimately appears to reflect a collection of key conserved amino acids within each CRD [50, 58,59]. Early studies demonstrated that site directed mutagenesis of several conserved amino acids could eliminate carbohydrate recognition [20]. Crystallographic studies corroborated these findings and demonstrated that distinct hydrogen bonds are responsible for galectin–glycan interaction. For example, in Gal-1 His45 and Arg49 interact with the 4-OH of galactose, Arg49, Asn62 and Glu72 interact with the 6-OH of galactose and Arg49 and Glu72 interact with the 3-OH of N-Acetylglucosamine [60–66] (Fig. 3). Three additional conserved residues (Glu55, Arg74, Asn47) help stabilize this binding, while a conserved trypto-phan residue likely stabilizes the hydrophobic face of galactose through van der waals interactions [60–66]. Although the crystal structures of the entire galectin family remain
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Figure 3. 
Structure of galectin-1 carbohydrate recognition do
main. Prototypical galectins exist as homodimers with carbohy
drate recognition domains that face in opposite directions. Struc
tural studies elucidated the carbohydrate binding pocket of the galectin family, highlighting conserved amino acids responsible for the 
3
-galactoside specificity of galectins. Lactosamine modifi
cation can differential impact core carbohydrate recognition do
main interactions with 
3
-galactoside ligands. Here, galectin-1 is shown associated with its inhibitor TDG. The crystal structure data was obtained from open source NCI database (PDBID 3OYW) and reconstructed using SwissPBD Viewer. Key residues involved in glycan recognition for galectin-1, galectin-3 and galectin-7 are highlighted in red.
to be solved, key features of these conserved residues likely form similar LacNAc interactions across all known galectins [60–66].
While galectins within and across species clearly share common domains and a low-level binding affinity for 
3
-galactoside-containing glycans such as lactose and LacNAc, the unique and overlapping preference of individual galectin family members for various presentations of these simple sugars likely underlies the distinct and complementary ac
tivities of each family member. Discrete residues that reside in close approximation to amino acids required for LacNAc recognition likely dictate the impact of 
3
-galactoside modi
fications on glycan recognition [67]. This allows variation in 
3
-galactoside modifications to differentially regulate cellular recognition by individual galectins [2, 68]. In this way, rela
tively simple glycan modifications largely driven by epigenetic alterations in glycosyltransferase expression, localization and 
) (
activity can directly impact the sensitivity of cells to the sig
naling effects of different galectins [1,2,4–6].
While glycan variation can impact galectin engagement and therefore signaling function, the specific impact of glycan modification on galectin–glycan interactions re
mained elusive for many years. This was due in large part to the technical difficulty of examining GBP–glycan interac
tions. Unlike protein-protein interactions, where site-directed mutagenesis can provide an effective tool to examine the critical residues required for ligand engagement, as com
plex glycan synthesis represents the coordinated effort of many different enzymes, carbohydrates cannot be readily “cloned” in the same fashion as their protein counterparts [69]. As a result, efforts to directly introduce very specific alterations in glycan structure to determine the key require
ments for galectin binding often requires complex chemoen-zymatic processes [70]. Thus, early studies seeking to exam
ine the specificity of galectins for glycan ligands often uti
lized relatively simple carbohydrate structures to ascertain general galectin–glycan preferences [11–13]. However, the increased availability of more complex glycan structures, pro
vided through highly diverse and well-characterized glycan libraries, has completely changed our understanding of key features of galectin–glycan interactions [71–73]. As a result of data generated using these glycan libraries, in addition to unique glycan binding preference observed using differ
ent assay platforms, distinct patterns of galectin interactions with glycan ligands have emerged, continuing to provide im
portant insight into galectin function.
5	
Polylactosamine: A common ligand for
galectins
Some of the earliest studies seeking to identify physiolog
ical ligands for galectins utilized metabolically labeled gly-cans released from cells to assess which glycans are prefer
entially engaged by Gal-1 [74, 75]. By employing a variety of glycosidases to elucidate the general composition and motifs of bound glycans, these studies elegantly demonstrated that Gal-1 exhibits a significant preference for polylactosamine (polyLacNAc) containing glycans [74,75]. Subsequent studies using solid-phase assay systems with defined glycan libraries, such as glycan microarrays, produced similar results and sug
gested that additional galectin family members, including Gal-2, Gal-3, Gal-7, Gal-8 and Gal-9 likewise prefer polyLac-NAc glycans [67,71,76–81]. However, other studies failed to corroborate some of these findings. For example, key results obtained using frontal affinity chromatography (FAC), sur
face plasmon resonance (SPR) and isothermal calorimetry (ITC) demonstrated that while some galectins, such as Gal-3, Gal-7, Gal-8 and Gal-9, exhibit enhanced binding to polyLac-NAc [71, 80, 81], neither Gal-1 nor Gal-2 display a similar polyLacNAc preference [71,76,79–82].
While individual studies examining galectin-polyLacNAc interactions appear to be conflicting, the binding outcomes
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Figure 4. 
Quaternary structure can influence galectin–glycan interactions. While the majority of human galectins exhibit a preference for polylactosamine (polyLacNAc) glycans in solid-phase assays, this predilection is not observed for some galectins in solution-based approaches. This may in part reflect different modes of polyLacNAc recognition coupled with unique aspects of the quaternary structure of individual galectin family members. Galectin-1 (Gal-1) and other prototypical galectins primarily exist as rigid dimers with carbohydrate recognition domains facing opposite directions. Several prototypical galectins also appear to preferentially engage the terminal lactosamine of polyLacNAc. As a result, co-engagement of lactosamine-containing ligands is likely facilitated by the conformational flexibility afforded by extended polyLacNAc structures. In contrast, in solution-based assays, crosslinking interactions appreciated on solid supports are no longer apparent. Unlike Gal-1, galectin-3 (Gal-3) and other tandem repeat galectins oligomerize through flexible linkers and therefore do not exhibit the same rigid carbohydrate recognition domain orientation. These galectins appear to have instead evolved the ability to primarily interact with polyLacNAc through internal lactosamine motifs, allowing the same polyLacNAc preference to be observed in solution and solid-phase-based assays. These differences in polyLacNAc engagement allow simple polyLacNAc modifications to differentially impact galectin–glycan interactions with significant consequences on cellular sensitivity to galectin-induced signaling.
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in each assay system may actually reflect unique modes of polyLacNAc recognition displayed by individual galectins (Fig. 4). For example, in solution-based assays, where the terminal galactose of LacNAc and polyLacNAc is presented equivalently, Gal-1 and Gal-2 likewise exhibit similar recog
nition [71, 80]. These results suggest that Gal-1 and Gal-2 specifically engage only the terminal LacNAc motif irrespec
tive of polyLacNAc length. Consistent with this, removal of the terminal 
3
-galactose of polyLacNAc completely pre
 
) (
vents Gal-1 and Gal-2 binding regardless of the assay system [76, 77, 80]. However, despite only recognizing the terminal LacNAc motif, Gal-1 and Gal-2 exhibit a clear preference for polyLacNAc following glycan immobilization [76]. As Gal-1 and Gal-2 exist as relatively rigid dimers with CRDs facing opposite directions [60–63], the preference of Gal-1 and Gal-2 for polyLacNAc in solid-phase systems might reflect preferen-tial binding and optimal crosslinking of the terminal LacNAc motifs of polyLacNAc, a process that only becomes apparent
) (
⠂
C 
2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim	
www.proteomics-journal.com


)

 (
16159861, 2016, 24, Downloaded from 
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/10.1002/pmic.201600116
 by The Institute for Cancer Research, Wiley Online Library on [09/03/2023]. See the Terms and Conditions (
https://onlinelibrary.wiley.com/terms-and-conditions)
 on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License
) (
Proteomics 
2016, 
16
, 3111–3125	
3117
) (
following glycan immobilization (Fig. 4). In contrast, as Gal-3 does not exist as a rigid dimer, but instead oligomerizes through a flexible linker [83], Gal-3 appears to have evolved a different mechanism for polyLacNAc binding. Unlike Gal-1 and Gal-2, Gal-3 recognition of polyLacNAc remains unaf
fected following removal of the terminal 
3
-galactose [76,80], strongly suggesting that Gal-3 intrinsically recognizes poly-LacNAc through internal LacNAc engagement. Consistent with this, Gal-3 displays a distinct preference for polyLac-NAc glycans in either solution-based or solid-phase assays [71, 76, 80]. The distinct modes of polyLacNAc recognition exhibited by Gal-1, Gal-2 and Gal-3 extend to other mem
bers of the galectin family, including Gal-7 and Gal-8 [67,80], suggesting that unique interactions with polyLacNAc glycans may likewise impact the relative preference for polyLacNAc by additional galetins in various assay systems.
Unique modes of polyLacNAc engagement may not only be relevant when interpreting galectin–glycan interactions in disparate assays, but might also allow distinct polyLacNAc modifications to differentially impact galectin–glycan inter
actions. The most classic and well-studied polyLacNAc modi
fication capable of differentially impacting galectin binding is sialylation, which typically occurs as a 
a
2-3 or 
a
2-6 terminal 
3
-galactoside modification. While the addition of 
a
2-6 sialic acid often inhibits LacNAc recognition by all galectins [71,80,82], this same modification on polyLacNAc fails to impact Gal-3 recognition, likely due to the ability of Gal-3 to primarily rec
ognize internal LacNAc motifs within polyLacNAc [76]. Given the preferential engagement of the terminal LacNAc motif by Gal-1 and Gal-2, 
a
2-6 sialylation completely prevents polyLac-NAc recognition by these two galectins [29,71,77,79,80,84] (Fig. 5). As 
a
2-3 sialylation inhibits Gal-2 LacNAc recognition, 
) (
but fails to affect Gal-1 binding, 
a
2-3 sialylation of polyLac-NAc also inhibits Gal-2 binding, while failing to significantly impact engagement by Gal-1 [76]. In this way, 
a
2-3 versus 
a
2-6 sialylation can differentially impact the binding of Gal-1, Gal-2 and Gal-3 toward polyLacNAc glycans. However, in con
trast to Gal-1, Gal-2 and Gal-3, sialyation and even sulfation actually appears to positively influence glycan recognition by other members of the galectin family. For example, sulfation of LacNAc can substantially enhance binding by Gal-4, and both sulfation and sialylation can similarly augment glycan recognition by Gal-8 [66, 67, 73, 85]. As Gal-4 and Gal-8 rep
resent tandem repeat galectins, occasionally the distinct do
mains of these galectins can exhibit preferential engagement of different forms of LacNAc modifications, as shown for sulfated or sialylated glycans by Gal-8 [66,67,73,86]. In con
trast to terminal modifications of polyLacNAc, such as sialyla-tion, internal modification of polyLacNAc appears to produce the opposite effect on galectin recognition. Given the prefer
ence of Gal-3 for internal LacNAc motifs within polyLacNAc, addition of 
a
1-3 fucose to internal LacNAc motifs, which uniformly inhibits galectin recognition of LacNAc, prevents Gal-3 polyLacNAc recognition. In contrast, this same modifi
cation fails to prevent polyLacNAc engagement by Gal-1 and Gal-2 [67,76]. Thus, distinct modes of polyLacNAc binding by individual members of the galectin family allow simple gly-can modifications to differentially impact glycan engagement (Fig. 6).
The impact of glycan modification is not limited to bio
chemical analysis of galectins with purified glycans, but also results in the unique regulation of cellular sensitivity to galectin-induced signaling. Alterations in cell surface sialy-lation specifically regulate the ability of Gal-1 to recognize
)[image: ] (
Figure 5. 
Individual galectin family members differentially recognize polylactosamine (polyLacNAc). While each galectin family member displays a common ability to interact with polyLacNAc, the mode of interaction between different family members can fundamentally differ. For example, galectin-1 (Gal-1) preferentially engages the terminal lactosamine (LacNAc) unit of polyLacNAc glycans. Consequently, terminal modifications, such as 
a
2,6-sialylation, are more likely to impact recognition by Gal-1. In contrast, galectin-3 (Gal-3) preferentially engages internal LacNAc units within polyLacNAc and therefore may not be impacted by terminal modifications, but may instead be influenced by internal polyLacNAc modifications.
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Figure 6. Lactosamine modification differentially impacts galectin binding. While galectin proteins are defined by their common affinity for I3-galactoside, each galectin varies in its recognition of modified galactose residues. For galectin-1 (Gal-1), galectin-2 (Gal-2) and galectin-3 (Gal-3), the affinity for modified lactosamine (LacNAc) motifs compared to LacNAc alone is shown on the left panel. Similarly, binding preferences toward different polylactosamine (polyLacNAc) modifications is compared to polyLacNAc in the right panel. The black Ys indicate positive binding between each respective galectin and the glycan structure, while the blue Ys indicate increased binding compared to baseline binding (LacNAc for the left panel and polyLacNAc for the right panel). Gal-1, Gal-2 and Gal-3 all display higher binding toward polyLacNAc than LacNAc in solid-phase assays. The red Ns indicate no binding toward the respective glycan.
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)T cells, which in turn influences the response of distinct T cell populations to Gal-1. Seminal studies demonstrated that following differentiation, CD4 T helper (Th) cells possess unique glycan signatures. CD4 Th2 T cells cap glycans with a2-6 sialic acid, while CD4 Th1 and Th17 T cells instead modify cell surface glycans with a2-3 sialic acid [87]. As Gal-1 can recognize a2-3 sialylated glycans, the ability of Gal-1 to readily engage Th1 and Th17 cells renders these CD4 T cell populations sensitive to Gal-1-induced signaling. In contrast, Gal-1 fails to similarly bind or alter the activity of a2-6 sialylated Th2 cells [87]. Unlike the differential sensitivity displayed by CD4 T cells to Gal-1, distinct CD4 T cell populations remain equally sensitive to Gal-3, strongly suggesting that unlike Gal-1, alterations in T cell surface sialylation fail to impact Gal-3 binding or signaling [87]. Unique modes of polyLacNAc recognition displayed by Gal-1 and Gal-3 may therefore differentially impact the sensitivity of distinct CD4 T cell populations to individual galectin family members [87].
The unique influence of sialylation on galectin binding and signaling does not appear to be limited to CD4 T cells. Gal-1, Gal-2, Gal-3 and Gal-8 also display preferential binding to polyLacNAc glycans on myeloid cells, while retaining differential sensitivity to cell surface sialylation [76]. Similar to CD4 T cells, a2-6 sialylation also inhibits binding by Gal-1 to myeloid cells, while a2-3 sialylation fails to significantly 

impact Gal-1 engagement. Addition of sialic acid with either linkage inhibits binding by Gal-2, while neither modification appears to readily influence Gal-3 recognition [76]. Similar examples of the differential impact of sialic acid modifications can be observed for Gal-1, Gal-2, Gal-3 and Gal-8 binding to chinese hamster ovary (CHO) cells [67, 76, 78, 88]. The distinct impact of sialylation appears to reflect terminal versus internal LacNAc recognition of polyLacNAc-containing glycans, as removal of the terminal I3-galactose severely inhibits Gal-1 and Gal-2 recognition, while failing to similarly impact Gal-3 [76]. These binding preferences do not appear to reflect non-specific engagement of the cell surface gly-cocalyx, as alterations in galectin binding directly correlate with changes in cellular outcomes, including the preferential internalization of cell-bound galectin [67, 76, 78]. It should be noted that while polyLacNAc may serve as a common galectin ligand, some cell surface glycoprotein substrates might not possess polyLacNAc structures. Thus, on the surface of some cells, a2-6 sialylation can impact cellular engagement by Gal-3, where this modification can protect neo-plastic cells from Gal-3-induced apoptosis [89,90]. As a result, differences in glycan modification and the types of LacNAc-containing glycans available to galectins influence the sensitivity of a given cell to different members of the galectin family.
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6	
Impact of core glycan presentation on galectin–glycan interactions
While polyLacNAc represents a common ligand for many members of the galectin family, these structures typically do not exist as isolated glycans, but instead represent spe
cific modifications on core glycan structures [2]. Common core structures on glycoproteins can be elongated to pos
sess polyLacNAc glycans, which in turn can be further al
tered to possess additional modifications. Most glycoprotein modifications reside on core N-glycans, which are initiated in the ER as an attachment of a presynthesized core struc
ture to asparagine or O-glycans, which are synthesized de novo onto serine/threonine residues in the Golgi apparatus [2]. While galectins can occasionally recognize key features of core glycans, the terminal modifications of these glycans most commonly represent the dominant glycan motif that supports galectin–glycan interactions [67, 71, 91]. As similar modifications can terminate N- or O-glycans, many studies have evaluated whether core N- or O-glycans bear key gly-can ligands responsible for conveying galectin-induced sig
naling in a given cell. This has been largely accomplished by pharmacological or genetic engineering that directly im
pact the production of particular core glycans, followed by determining the impact on galectin recognition and conse
quent alterations in cellular behavior. Using this general ap
proach, T cells deficient in particular core O-glycan structures often display a key requirement for complex O-glycans for galectin-induced signaling [92, 93]. This signaling can oc
cur through engagement of a variety of different glycopro-teins and can result from binding to either core 1 or core 2 O-glycans, depending on the cell type and particular glyco-protein receptor involved [93,94]. Pharmacological inhibition of core glycans likewise suggested that O-glycans serve as the dominant carriers of galectin ligands on T cells [95], al
though in some T cell populations, including Jurkat T cells, which are deficient in complex O-glycans due to a muta
tion in Cosmc, N-glycans can also mediate T cell responses [21,96].
In contrast to a variety of T cell lines, N-glycans expressing polyLacNAc ligands on the surface of myeloid cells mediate galectin recognition and subsequent signaling [97]. Similar N-glycan engagement by Gal-3 on the surface ofT cells may neg
atively regulate T cell signaling through engagement of poly-LacNAc glycans mediated by the extension of tetra-antennary N-glycans generated through the activity of MgatV [98]. Loss of MgatV prevents Gal-3 from removing key constituents from the immunological synapse, resulting in a heightened T cell response that increases the probability of autoimmu-nity. In other cells, such as CHO cells, Gal-1 and Gal-3 like
wise recognize complex N-glycans [88]. These studies illus
trate that many different core glycans express galectin lig-ands, allowing for a variety of cell surface glycoproteins to be
come potential ligands for different members of the galectin family.
) (
As Gal-1 and Gal-2 in particular prefer extended car
bohydrate structures that terminate in LacNAc largely irrespective of the type of core structure, elongated N- or O-glycans may provide the same degree of LacNAc flexibil
ity needed to optimally bind LacNAc, as observed for poly-LacNAc glycans [88, 91]. Similar to polyLacNAc, the pref
erence for terminal LacNAc bearing N-glycans can only be observed for some galectins in surface bound assays, as solution-based approaches fail to demonstrate a similar pref
erence [79]. However, in addition to presenting polyLacNAc or simple LacNAc glycans in a favorable manner follow
ing glycan immobilization, core glycan structures can also present branched glycan ligands, each of which terminate in LacNAc [2]. Presentation of multiple terminating Lac-NAc motifs on branched structures enriches galectin ligand density, increasing the probability of effective LacNAc en
gagement and therefore enhancing the overall strength of galectin binding [99]. In this scenario, although the binding strength between individual CRDs and LacNAc may remain unaltered [100], the combined binding of multiple CRDs increases the overall avidity of this interaction [101]. Thus, while the microscopic K
a
 between galectin CRDs and Lac-NAc may remain intrinsically unchanged, the lattice structure generated between homodimeric or oligomeric galectins and branched glycan structures not only stabilizes these interac
tions, but also mediates the complex networks of cell surface glycoproteins needed to propagate distinct signaling events [99,102]. This likely allows galectins to induce alterations in the half-life, localization and potential lattice formation of glycan bearing receptors [99,103–106]. Galectin interactions with branched and other cell surface glycans likely medi
ate many of the immunoregulatory and other activities of galectins.
Although branched structures appear to serve as key lig-ands for galectins in a variety of settings, attempts to de
termine the effect of branching on binding affinity have at times produced conflicting results. This may in part reflect similar differences in results obtained following examina
tion of galectin binding toward polyLacNAc, where the as
say system can provide different results regarding the im
pact of LacNAc presentation on galectin recognition, yet, in so doing, offer important information regarding the poten
tial mode of galectin-induced lattice formation. For example, screening of galectins by FAC indicated a higher affinity for most human galectins with increased branching [71]. This increased affinity is especially pronounced for Gal-7 and Gal-9 when comparing interactions with biatennary to tetraan-tennary structures. A recent microarray study confirmed this preference for branched structures by Gal-1 and Gal-3 [76]. In contrast to these solid-state assays, ITC studies on Gal-1 and Gal-3 show that neither has an increased affinity for branched structures over non-branched structures [81]. As the impact of simultaneous tethering of branched struc
tures by galectins in the setting of FAC or microarrays may result in higher avidity interactions not realized in assays
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where glycan and galectin are free in solution, these differ
ences may reflect preferences largely dictated by alterations in avidity primarily appreciated when branched glycans are bound to a solid-state surface. Importantly, as surface bound glycans reflect the type of orientation that galectins evolved to recognize when signaling mammalian cells, this orientation likely dictated an evolutionary selection for specific lattice orienting interactions that facilitate galectin binding and sig
naling [98, 99, 103–106]. Thus, while results obtained using different assay systems may occasionally appear conflict
ing, in many ways these studies provide important insight into the modes and mechanisms whereby galectins prefer
entially engage different glycan ligands with implications in the overall function of galectins in the regulation of cellular processes.
7	
Blood groups, glycolipids and other galectin ligands
In addition to sialylation, LacNAc or terminal 
3
-galactoside-containing glycans can be modified in a variety of ways that can likewise differentially impact recognition by members of the galectin family. A classic example of this can be found in early studies suggesting that Gal-1 can bind the ganglio-side GM1, where engagement of this glycolipid actually ap
pears to induce cellular signaling [107]. FAC and microar-ray studies demonstrate that other galectin family members can recognize a variety of glycolipids, with Gal-8 in particu
lar displaying high affinity for GM3 and GD1a [67, 71, 108]. While these later studies further illustrate key differences in the binding profile exhibited by individual galectins, the biological consequences of these later interactions remain less well understood. In addition to glycolipids, galectins similarly display differential recognition of other modifica
tions to the core LacNAc structure, including the T anti
gen (Gal
3
1-3GalNAc), LacDiNAc (GalNAc
3
1-4GlcNAc) and type 1 (Gal
3
1-3GlcNac) versus type II (Gal
3
1-4GlcNAc) Lac-NAc glycan structures [80, 109, 110]. Several studies suggest that interactions with T antigen in particular may be criti-cal in the ability of some galectins to regulate tumor metas
tasis, which has resulted in the development of inhibitors designed to block galectin-mediated cancer progression [111, 112].
Perhaps the most well-known 
3
-galactose modifications are ABO(H) blood group antigens. The addition of 
a
1-2 fu-cose to LacNAc generates the type II H antigen and resides on the surface of red blood cells (RBCs) of blood group O individuals. This H antigen can be additionally modified by attachment of a 
a 
1–3 N-acetylgalactosamine (GalNAc) or 
a 
1–3 galactose to the terminal galactose that results in the formation of blood group A or blood group B, respec
tively [113]. Unlike alloimmunization that occurs following transfusion or transplantation [114, 115], the formation of anti-A and anti-B antibodies occurs spontaneously early in life and represents the first recognized immunological bar
 
) (
rier to tissue transfer between individuals [113]. Early stud
ies suggested a preference of some galectins for ABO(H) blood group antigens and recent glycan microarray studies largely corroborated these results [71,116], with Gal-2, Gal-3, Gal-4 and Gal-8 displaying high binding to ABO(H) blood groups [67, 76]. Conversely, blood group A and B modifica
tions of LacNAc actually inhibit Gal-1 interactions [76] (Fig. 6). Preference for blood group antigens does not appear to be an artifact of the glycan microarrays, as Gal-1, Gal-2, Gal-3 and Gal-8 displayed a similar preference of blood group A and B bearing red blood cells. However, as ABO(H) antigens are polymorphic in nature, these carbohydrate antigens do not likely represent functional mammalian receptors for galectin family members.
Although several studies suggest a potential impact of polymorphic ABO(H) antigen expression in the human pop
ulation [117–119], the ability of several galectin family mem
bers to recognize these glycans may actually reflect an evo
lutionary ancient role of this protein family. As microbes exist that decorate themselves in blood group antigens and blood group positive individuals cannot make anti-blood group antibodies, galectins appear to fill an important gap in adaptive immunity by selectively targeting microbes that utilize blood group molecular mimicry [15, 120, 121]. In
terestingly, while galectins recognize the same antigen on RBCs, galectins failed to directly induce loss of membrane integrity following RBC engagement [120]. This differential outcome observed following galectin binding of the same glycan ligand not only represents a fundamental aspect of host protection against molecular mimicry, but also demon
strates that GBP engagement of the exact same glycan can result in a completely different outcome depending on the cell. As a result, unlike many different protein–ligand in
teractions where discrete receptor-ligand pairs induce pre
dictable signaling pathways, the impact of galectin–glycan interactions can be directly influenced by the type of pro
tein or lipid expressing a given glycan ligand on the cell surface.
In addition to providing innate immunity against molec
ular mimicry [122], many key studies demonstrated that galectins recognize a diverse range of pathogens with var
ied outcomes [123–126]. For example, Gal-3 is antimicro
bial toward 
C. albicans
, can engage 
Neisseria meningitidis
, 
Helicobacter pylori 
and 
Pseudomonas aeruginosa 
and can op-sonize 
T. cruzi 
[124, 127–130]. Gal-1 can also bind various viral pathogens, where it inhibits Influenza or Nipah viral en
try or actually enhances HIV infection [131–133]. While sev
eral of these interactions likely reflect engagement of self-like structures, it clearly remains possible that galectins recog
nize many microbes through the binding of unrelated glycan antigens [134]. As galectins are present in all metazoans and represent one of the oldest animal GBP families described, some of their earliest biological activity likely reflected recog
nition and removal of potential pathogens [135]. Understand
ing these binding preferences may not only provide impor
tant insight into the biochemical nature of galectin–glycan
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interactions, but will also likely facilitate new appreciation of the breadth and consequences of galectin engagement of different microbes.
8 Conclusions
Galectins are unique proteins with the ability to recognize and decode a diverse array of glycan motifs. As the presenta
tion, modification and overall context of glycans can influence galectin binding, these interactions represent highly regulat-able modifications with significant implications on a variety of cellular processes [1, 4–6, 136]. Recent studies using flu
orescence polarization have sought to take advantage of the distinct binding properties of individual galectins by design
ing small molecule inhibitors capable of docking adducts into unique sites that surround the CRD of each galectin [137,138]. These inhibitors will not only provide a unique opportunity to further understand the function of individual members of the galectin family, but also enable specific targeting of individual or multiple galectins involved in a wide variety of diseases. As these tools and additional techniques become available, including ever-expanding glycan libraries, the im
pact of glycan modification on the sensitivity of various cells to galectin-mediated effects will become increasingly clear. As galectins regulate a broad range of biological activities, including cells involved in the adaptive immune responses germane to autoimmunity, infectious disease, cancer, trans
plantation and even transfusion [4, 5, 139–142], understand
ing the impact of glycan modifications on the binding affinity and overall biological activities of different galectin family members will provide important insight into their function with broad implications in a variety of biomedical disciplines.
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THROMBOSIS AND HEMOSTASIS
The role of galectin-3 and galectin-3
–
binding protein in 
venous thrombosis
Elise P. DeRoo, Shirley K. Wrobleski, Evelyn M. Shea, Ramsey K. Al-Khalil, Angela E. Hawley, Peter K. Henke, 
Daniel D. Myers Jr, Thomas W. Wakefield, and Jose A. Diaz
Department of Surgery, Section of Vascular Surgery, Conrad Jobst Vascular Research Laboratories, and Unit for Laboratory Animal Research, University of 
Michigan, Ann Arbor, MI
) (
Galectin-3–binding protein (gal3bp) and its receptor/ligand, galectin-3 (gal3), are secreted 
proteins that initiate signaling cascades in several diseases, and recent human proteomic 
data suggest they may play a role in venous thrombosis (VT). We hypothesized that 
gal3bp and gal3 may promote VT. Using a mouse stasis model of VT, we found that gal3bp 
and gal3 were localized on vein wall, red blood cells, platelets, and microparticles, 
whereas leukocytes expressed gal3 only. Gal3 was dramatically increased during early VT 
and gal3bp:gal3 colocalized in the leukocyte/endothelial cell interface, where leukocytes 
were partially attached to the vein wall. Thrombus size correlated with elevated gal3 and 
interleukin-6 (IL-6) vein wall levels. Recombinant gal3 promoted VT and increased vein 
wall IL-6 mRNA. Although recombinant gal3 restored the VT size in gal3 
/ 
mice, it had no 
effect on IL6 
/ 
mice, suggesting that gal3:gal3bp promotes VT through IL-6. Moreover, 
significantly fewer activated neutrophils were present in the gal3 
/ 
vein walls. In a group 
) (
of human patients, elevated circulating gal3bp correlated with acute VT. In conclusion, gal3bp:gal3 play a critical role in VT, likely via 
IL-6 and PMN-mediated thrombotic mechanisms, and may be a potential biomarker in human VT. (
Blood
. 2015;125(11):1813-1821)
) (
Key Points
) (
We determined the location of gal3bp and gal3 and their role in promoting VT and leukocyte/endothelial cell interactions for the first time.
Gal3bp and gal3 have the potential to be used as targets for future VT therapies.
) (
In the United States, an estimated 900 000 people are affected by venous thrombosis (VT)/pulmonary embolism (PE) annually.
1
 Causes for VT were originally identi
fi
ed to be blood stasis, hypercoagulability, and changes in the vein wall expression of procoagulant adhesion molecules.
2
 However, in the 1970s, in
fl
ammation was added as a contributing factor to VT.
3
 If not treated acutely, VT/PE is a morbid and life-threatening condition, and the Centers for Disease Control and Prevention estimate that as much as 30% of persons affected will die within 1 month of their initial diagnosis.
4
 The current standard treatment is anticoagulation therapy, but this carries signi
fi
cant bleeding risks. Intracranial hemorrhage occurs in 1.15% of patients receiving anticoagulation therapy each year, with a case fatality rate (major bleeding) of 13%.
4
 Therefore, it is imperative that con
tinuous methods for safe, cost-effective therapies for VT be established.
Galectin-3
–
binding protein (gal3bp), a60- to 90-kDa protein, and its receptor/ligand, galectin-3 (gal3), a 
;
35-kDa protein, are secreted proteins that can interact with each other to promote cell-to-cell adhesion and initiate pathologic, proin
fl
ammatory signaling cascades.
5-8
 Both gal3bp and gal3 are found in most normal adult tissues, mainly in epithelial and myeloid/amoeboid cells,
9
 but to our knowledge they have never been previously explored in platelets (PLTs), red blood cells (RBCs), microparticles, vein walls, and venous thrombus, all 
) (
critical elements that participate in VT. Gal3 is found within the nucleus, cytoplasm, cell surface, and extracellular space as a mono
mer, or multimer, or itis fragmented as aresult of enzymatic cleavage.
10
 
Gal3 multimerization is known to have physiologic consequences, such as enhancing the ability of gal3 to facilitate cell-to-cell interactions.
11,12 
Gal3bp and gal3, in both its monomeric and multimeric forms, are thought to play pathologic roles in a number of diseases such as cancer and rheumatoid arthritis.
7,8,13,14
 In cancer, gal3bp and both gal3 mono
mers and multimers contribute to metastasis by promoting cell-cell adhesion.
7,9,13
 Exogenous gal3, administered IV to mice or directly to cultured cells in doses intended to mimic the amount of circulating gal3 observed in patients with in
fl
ammatory diseases (1-10 
m
g/mL), induces the secretion of interleukin-6 (IL-6), CCL2, the mouse version of human MCP1, and tumor necrosis factor (TNF)-
a
.
9
 Both cell-cell adhesion and in
fl
ammation are mechanisms deeply involved in VT.
2,3
 
The importance of IL-6 was recently highlighted in the context of VT in the same animal model as was used in the present work. Wojcik et al showed that neutralizing IL-6 signi
fi
cantly reduces VT via reductions in CCL2.
15
 Although gal3bp and gal3 have been shown to be impor
tant in a number of diseases, their role in VT has yet to be investigated.
In prior studies from our laboratory, high levels of gal3bp were detected in procoagulant, circulating microparticles from patients with VT.
2
 These 
fi
ndings led us to investigate gal3bp and gal3 to
) (
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define the role they play in VT.2,16 We hypothesized that gal3bp and gal3 promote VT. The purpose of this study was to determine (1) whether gal3bp and gal3 are prothrombotic; (2) the location of gal3bp and gal3 in solid tissue (vein wall and thrombus) and blood (RBCs, white blood cells [WBCs], PLTs, and microparticles); (3) the proinflammatory properties of gal3bp and gal3 during VT, and whether the induction of IL-6 through gal3 promotes thrombosis; and (4) whether gal3bp and gal3 are associated with VT in humans.
Methods
Animals
Male mice (n 5 244), 8 to 10 weeks old (20-25 g) and all of the C57BL/6 strain background, were used. This included wild-type (WT) and gal3 knockout (KO), and IL-6KO mice (Jackson Laboratories, Bar Harbor, ME; stock #006338 and #002650, respectively).
Inferior vena cava stasis model
Surgery. Mice were anesthetized with isofluorane and inferior vena cava (IVC) ligation was performed as previously described.17 Treatments were given 24 hours before surgery (Day 21) and mice were killed at 3 hours, 6 hours, and 48 hours postligation, as previously described.17 Non-VT mice did not undergo surgery. The number of animals per experiment is described in the figure legends.
Gal3bp antibody treatment. Mice received one dose of anti-mouse gal3bp antibody (Abcam, Cambridge, MA), 20 g diluted in saline or an equal volume of saline via intraperitoneal injection.
Gal3 treatment. Mice received one dose of human recombinant galectin-3 (rGal3; Peprotech, Rocky Hill, NJ), 5 pg diluted in saline or an equal volume of saline given IV.
Harvest. Blood was collected from the retro-orbital venous sinus, to prevent platelet activation, into a tube containing sodium citrate (3.2%). The IVC and associated thrombi were removed and weighed in grams (thrombus weight). Vein wall samples were immersed in 1.0 mL TRIzol (Invitrogen, Grand Island, NY), homogenized, and then frozen in preparation for quantitative real-time polymerase chain reaction (qRT-PCR) analysis, or they minced finely using a scalpel and placed in 1% sodium dodecyl sulfate preparation for western blot analysis. For histology, the IVC, aorta, and surrounding tissues were removed as previously described.15

Isolation of PLTs, microparticles, and WBCs
PLT, microparticle, and leukocyte isolation. See supplemental Methods, available on the Blood Web site.
Western blot analysis
Western blot analyses were performed using 7 pg protein per lane, and 4% to 12% bis-Tris NUPAGE gels (Bio-Rad Laboratories, Inc., Hercules, CA). Gels were run in 13 3-(N-morpholino)propanesulfonic acid buffer for 60 minutes at 150 V, followed by 15 minutes at 200 V. Membranes were blocked with 5% bovine serum antigen (BSA) in Tween–Tris-buffered saline (TTBS) before incubation with antibodies. Membrane-bound gal3bp was detected using a rabbit anti-mouse gal3bp antibody (Abcam); 1:500, 5% BSA in TTBS, and gal3 using a Rat anti-mouse gal3 antibody (R&D Systems, Minneapolis, MN); and 1:100, 5% BSA in TTBS. Membrane-bound IL-6 was detected using a rabbit anti-mouse antibody (1:500, 5% BSA in TTBS; Abcam). Membrane-bound 13-actin was detected using a horseradish peroxidase–conjugated mouse anti-bird 13-actin antibody (Santa Cruz Biotechnology, Dallas, TX) 1:2000, 5% BSA in TTBS. Appropriate secondary antibodies were used. Membranes were visualized using the Bio-Rad Gel-Doc Imager, and band intensity was quantified using the Bio-Rad Gel-Doc Imager’s Volume Analysis Tool.

Histology
Hematoxylin and eosin (H&E), immunohistochemistry (IHC), and immuno-fluorescence (IF) were performed on non-VT 3 hours, 6 hours, and 48 hours postligation on IVC and IVC and thrombus samples.
H&E. H&E stain was prepared as previously described.18

Immunohistochemistry for Gal3. IHC was prepared as previously described and stained for gal3. Primary antibodies were diluted in mouse anti-mouse gal3 (1:500, Novus Biologicals, Littleton, CO). A mouse-on-mouse (MOM) kit was used to reduce background noise. Secondary antibody and avidin-biotin complex steps, followed by color development with 3,3'-diaminobenzidine (DAB) substrate and then slides were counter-stained with hematoxylin QS (all reagents from Vector Laboratories, Burlingame, CA).
 (
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)IHC for leukocytes. Slides were depariffinized and rehydrated using xylene, graded ethanol, and water. Antigen retrieval was performed using 10 mM sodium citrate (1.47 g in 500 mL dH20 pH to 6.0) for 5 minutes at 30% power in a microwave. Endogenous peroxide activity was blocked by soaking slides in 3% H2O2 in methanol for 10 minutes and then blocked in 2.5% normal goat serum (blocking buffer) for 30 minutes. Rat anti-mouse Ly-6G was diluted (1:1000, 0.5 pg/mL) in 2.5% normal goat serum, placed on slides, and incubated for 30 minutes. The control tissue received no primary antibody. Impress anti-rat Ig solution containing peroxidase was added to all slides (Vector Laboratories). Slides were color developed with DAB substrate (Vector Laboratories) for 1 minute, and then the reaction was stopped by putting slides in distilled water. Slides were counterstained with Hematoxylin QS (Vector Laboratories) for 45 seconds, washed in distilled water, and then cover-slipped when dry.
IF.	Samples were cryopreserved, cut into 6-p sections, and probed for

gal3bp and gal3. Primary antibodies were diluted for gal3bp and gal3, as described previously. Gal3bp was secondarily labeled with a fluorescein isothiocyanate (FITC)-conjugated antibody (Thermo Scientific Pierce, Waltham, MA) and gal3 was secondarily labeled with Texas Red dye.
qRT-PCR: Gal3bp, gal3, IL-6, and CCL2 IVC wall gene expression
RNA was isolated by homogenizing IVC samples in TRIzol reagent, as per the manufacturer’s protocol. Of the total RNA, 5 pg was reverse transcribed using Oligo dT, RNaseOUT, and Moloney murine leukemia virus reverse transcriptase (all from Invitrogen, Grand Island, NY). Gene expression determinations used commercially available primers (mouse gal3BP [Lgals3bp]: PPM24925E; mouse gal3 [Lgals3]: PPM06208C; mouse IL-6: PM03015A; mouse CCL2: PPM03151F; USA-QIAGEN Inc., Valencia, CA) in a Rotor-Gene 3000 thermocycler (Corbett Life Science, San Francisco, CA). Relative expression levels were normalized to 13-actin (PPM02945B) expression (USA-QIAGEN Inc.).
Statistics
All statistical analyses were performed using GraphPad Prism 6 (GraphPad Software, San Diego, CA). Statistical differences between groups were determined using a Student t test with Welch correction and a 1-way analysis of variance with a Tukey multiple-comparison test performed between groups for additional comparisons. Spearman correlations among thrombus weight, gal3, IL-6, and CCL2 were also performed. A value of P # .05 was considered significant, and data are reported as mean 6 standard error of the mean.
Results
Gal3 is increased locally and systemically during VT
Systemic gal3 and gal3bp (western blot analysis). RBCs. Gal3bp and gal3 were detected in VT and non-VT samples. Gal3bp (64kDa) levels did not significantly vary. A faint ;100-kDa band
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Figure 1. The effects of VT on Gal3BP and gal3 in blood-circulating elements (systemic) or thrombus and vein wall (Local). Western blot and quantification: western blot analysis of gal3BP and gal3 in RBCs (n 
= 
1 per band), WBCs (n 
= 
5 per band), PLTs (n 
= 
3 per band), procoagulant microparticles (n 
= 
3 per band), thrombus (n 
= 
1 per band), and vein wall (n 
= 
1 per band) collected from non-VT (–) (n 
= 
21) or VT (
+
) (n 
= 
25) mice 48 hours postthrombosis. Actin was used as a loading control. Quantification of blot intensity relative to loading control is shown below. gal3BP, galectin 3–binding protein; gal3, galectin 3; gal3m, gal3 monomer; gal3MD, gal3 multimer dimer; gal3MT, gal3 multimer trimer; gal3d, gal3 degradation product; IVC, vein wall; MP, procoagulant microparticles.
) (
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was detected in all samples on the gal3bp blot, which may represent a conjugated form of gal3bp, or gal3bp in association with another protein (data not shown). Multiple bands were also observed on the gal3 blot. Gal3 monomers (gal3m), multimer dimers (gal3MD), and degradation products (gal3d) were detected in all samples. 
3
-actin was used as a loading control. Individual lanes represent RBC lysate from a single mouse (Figure 1).
WBCs. 
Only gal3 was detected. Gal3m, gal3MD, and multiple trimers (gal3MT) were detected and upregulated in the VT group. Gal3m trimers were present in the non-VT condition (twofold increase), considerably lower levels than were found in VT. Individual lanes represent WBC lysate pooled from 5 mice (Figure 1).
PLTs. 
Gal3bp and gal3 were detected in both groups. Gal3bp was abundant in both VT and non-VT and did not vary between the 2 conditions. Gal3m, gal3MD, and gal3MT and degradation products (
-
22 kDa) were considerably upregulated in the VT condition (gal3m 
>
twofold increase). Gal3MT trimers were detected only in VT PLT samples. Individual lanes represent PLT pooled from 3 mice (Figure 1).
Microparticles (MP). 
Gal3bp and gal3 were detected in both the VT and non-VT groups. Gal3bp was slightly decreased (
<
onefold) in the VT group, whereas gal3m and gal3MD were considerably upregulated. The faint gal3MD bands (
>
35 kDa) were detected in the VT group only (Figure 1). Individual lanes represent MP pooled from 3 mice.
Local gal3 and gal3bp (western blot analysis). 
Thrombus. 
Gal3bp and gal3 were present in large quantities in 48-hour thrombi. Only monomeric gal3 (
-
37 kDa, gal3m) was present and/or de
tectable. Individual lanes represent a protein sample derived from a single 48-hour murine thrombus (Figure 1).
IVC. 
Gal3 and gal3bp were detected in both groups. Gal3 was upregulated in VT mice compared with non-VT mice. Gal3bp levels 
) (
did not differ between VT and non-VT mice (Figure 1). Individual lanes represent an IVC sample from a single mouse.
qRT-PCR and IHC analysis. 
IVC. 
Gal3bp and gal3 mRNAin IVC was quanti
fi
ed by qRT-PCR for the VT and non-VT groups (Figure 2A). Gal3bp mRNA levels were similar in VT and non-VT (0.0150 vs 0.0118, respectively). A signi
fi
cant increase in gal3 mRNA was observed in VT mice (0.0915 vs 0.0305, 
P 
< 
.05) compared with non-VT mice. Gal3bp and gal3 mRNA levels were quanti
fi
ed relative to 
3
-actin expression (Figure 2A). To con
fi
rm gal3 VT increases, IHC was performed on slides from VT and non-VT groups. These slides showed a qualitative increase in gal3 staining at the lumen/vein wall interface (Figure 2B).
Vein wall expression of gal3 correlates with thrombus weight
Thrombus weight was measured and gal3 expression in the IVC was quanti
fi
ed by qRT-PCR for VT (3, 6, and 48 hours) and non-VT groups (Figure 3A-B). Thrombus weight increased between 3 hours and 48 hours, as did the expression of gal3 in the IVC. A statistically signi
fi
cant, positive correlation was found between gal3 expression in the IVC and thrombus weight (r
2
 = 
0.77, 
P 
< 
.05) (Figure 3C).
Vein wall expression of gal3 correlates with vein wall expression of IL-6
The expression of gal3 and IL-6 was measured in IVC samples collected from VT (48 hours) and non-VT mice (Figure 4A). Sig
ni
fi
cant increases in gal3 (
P 
< 
.05) and IL-6 (
P 
< 
.05) expression were observed in VT mice. A signi
fi
cant positive correlation was found between gal3 expression and IL-6 expression (r
2
 = 
0.81, 
P 
< 
.05) (Figure 4A).
)
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Figure 2. The effects of VT on Gal3BP and gal3 in vein wall and thrombus (local). 
Gene expression and Histology. (A) Analysis of gal3BP and gal3 in vein wall by qRT-PCR: gal3BP and gal3 mRNA isolated from the IVC (vein wall) of non-VT (n 
= 
8) or 48 hours VT (n 
= 
12) WT mice were quantified using qRT-PCR. Gene expression was quantified relative to b-actin. (B) H&E and IHC for gal3. H&E stain and IHC for gal3 in both non-VT and VT conditions. Arrows indicate positive stained cells. Of note, the number of gal3 positive cells were increased on VT condition.
)[image: ] (
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Vein wall expression of IL-6 correlates with vein wall expression of CCL2
The expression of IL-6 and CCL2 was measured in IVC samples collected from VT mice (48 hours) that either received rGal3 or saline before surgery, and samples collected also from non-VT mice. IL-6 expression was signi
fi
cantly increased in mice that underwent surgery compared with non-VT mice (0.00715 vs 0.00054, 
P 
< 
.05) (Figure 4B). Furthermore, IL-6 expression was signi
fi
cantly in
creased in mice that received rGal3 before undergoing surgery compared with mice that received a control injection before undergoing surgery (0.02382 vs 0.00715, 
P 
< 
.05) (Figure 4B). CCL2 expression was increased in mice that underwent surgery compared with non-VT mice, but this increase failed to reach statistical signi
fi
cance (Figure 4B). CCL2 expression was also
) (
Figure 3. Gal3 correlation with IVC
1
thrombus weights: time course. 
(A) IVC or IVC
+
thrombus weight 3 hours, 6 hours, or 48 hours (n 
= 
5 per time point) postligation, and in non-VT mice (n 
= 
5). (B) Expression of gal3 in the vein wall of non-VT and VT mice 3 hours, 6 hours, or 48 hours postligation. (C) Correlation between gal3 gene expression in the IVC and IVC
+
thrombus weight. VT, venous thrombosis; IVC, inferior vena cava.
) (
increased in mice that received rGal3 before undergoing surgery compared with mice that received saline, but this increase also failed to reach statistical signi
fi
cance (Figure 4B). A strong positive cor
relation was found between IL-6 expression and CCL2 expression (r
2
 = 
0.79, 
P 
< 
.05) (Figure 4B).
Exogenous gal3 does not increase thrombus weight in IL-6–deficient mice
Thrombus weight was evaluated at 48 hours postligation in WT, Gal3KO, and IL-6KO mice that either received rGal3 or saline before surgery (Figure 5). Gal3KO and IL-6KO mice treated with saline had signi
fi
cantly smaller thrombi than WT mice that received saline (0.0210 
± 
0.0025 g vs 0.0320 
± 
0.0009 g and 0.0211 
± 
0.0031 g vs
)[image: ]
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Figure 4. Gal3/IL-6 and IL-6/CCL2 correlations in VT. 
(A) Gal3 and IL-6 gene expression in the IVC of non-VT (n 
= 
4) and 48 hours VT (n 
= 
3) mice. Shown below is the correlation between gal3 and IL-6 gene expression in individual mice. (B) IL-6 and CCL2 gene expression in the IVC of non-VT (n 
= 
4), 48 hours VT (n 
= 
3), and 48 hours VT mice that were treated with recombinant human gal3 (n 
= 
4). Shown below is the correlation between IL-6 and CCL2 expression in individual mice.
) (
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0.0320 
± 
0.0009 g, respectively; both 
P 
< 
.05) (Figure 5). Sta
tistically signi
fi
cant increases in thrombus weight were observed in WT and Gal3KO mice that received rGal3 compared with saline controls (0.0402 
± 
0.0034 g vs 0.0320 
± 
0.0009 g and 0.0391 
± 
0.0020 g vs 0.0210 
± 
0.0025 g, respectively; both 
P 
< 
.05). No increase in thrombus weight was observed in IL-6KO mice that were given rGal3 vs saline controls (0.0211 
± 
0.0031 g vs 0.0248 
± 
0.0019 g; NS) (Figure 5). Thrombi harvested from IL-6KO mice that received rGal3 remained signi
fi
cantly smaller than thrombi harvested from WT mice treated with saline (0.0248 
± 
0.0019 g vs 0.0320 
± 
0.0009 g; 
P 
< 
.05) (Figure 5).
Leukocyte migration during VT is dependent on gal3
IVC and thrombus Ly6G
+
 cells were assessed in WT and gal3KO mice at 3 hours, 6 hours, and 48 hours postligation (Figure 6 A-B). A signi
fi
cant reduction in leukocyte extravasation was observed in samples collected from gal3KO mice at 48 hours postligation com
pared with those collected from WT mice (
P 
< 
.05) (Figure 6B).
Gal3-gal3bp interactions at the lumen-vein wall interface
To determine whether gal3-gal3bp contribute to thrombosis, we examined the locations of gal3bp and gal3 in non-VT and VT IVC samples using IF. Endothelial cells, lining the IVC, stained posi
tively for gal3bp (Figure 7B,F, 
FITC
). Gal3bp endothelial cell staining was absent in areas of the IVC that were 
fl
ush against a thrombus (Figure 7J). Neutrophils and endothelial cells stain
ed positively for gal3 (Figure 7C,G,K, 
Texas Red
). Samples in which the endothelial cell layer was well visualized showed 
) (
proin
fl
ammatory leukocytes interacting with 
“
sockets
” 
of gal3bp in the vein wall (Figure 7D,H and Figure 8D,H,L). Neutrophils circulating (Figure 8A-D) or migrating (Figure 8E-L) into the IVC,
)[image: ] (
Figure 5. The effect of recombinant gal3 (rGal3) on 48 hours IVC
1
thrombus weight in WT, Gal3KO, and IL-6KO mice. 
Columns from left to right: IVC or 48 hours postligation IVC
+
TW in non-VT (black column, n 
= 
4), WT (white, n 
= 
10), rGal3-treated WT (white, n 
= 
4), Gal3KO (gray, n 
= 
7), rGal3-treated Gal3KO (gray, n 
= 
4), IL-6KO (gray with dots, n 
= 
7), and rGal3-treated IL-6KO (gray with dots, n 
= 
3) mice.
)
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Figure 6. Leukocyte infiltration into the vein wall of WT and Gal3KO mice. (A) Representative pictures of 48 hours postthrombosis initiation showing leukocyte infiltration in C57Bl/6 mice and Gal3KO mice (original magnification 
3
20). (B) Quantification of leukocyte mi
gration into the vein walls of WT and Gal3KO mice at 3 hours, 6 hours, and 48 hours (n 
= 
5 per time point) post-IVC ligation, and non-VT (n 
= 
5) were examined under high-power oil-immersion light microscopy. Note that in Gal3KO mice, leukocyte extravasation was significantly depressed compared with WT mice at 48 hours after thrombosis was initiated, the time point used for most of the experiments described in this manuscript.
)[image: ]

were negative for gal3bp. Leukocytes partially attached to the vein wall (Figure 8E-H) were observed in contact with 1 socket of gal3bp at the vein wall surface. Leukocytes totally attached to the vein wall were observed in contact with at least 2 sockets of gal3bp (Figure 8I-L). Strong RBC autofluorescence at the red and green wavelengths made it impossible to identify any specific gal3bp or gal3 staining therein.
Discussion
Gal3bp and gal3 are known to play important roles in a number of pathologic conditions, such as cancer, infections, diabetes, atherosclerosis, wound healing, asthma, and rheumatoid arthritis, but their role in VT has not been defined.11,12,19-25 This study shows that gal3 and gal3bp are associated with murine thrombogenesis, that gal3 and gal3bp interact at the thrombus–vein wall interface, and that gal3 may be contributing to thrombosis through proinflammatory, IL-6–dependent mechanisms. Our findings suggest that gal3bp and gal3 may be potential therapeutic targets, and biomarkers, in human VT.
Animal model
We acknowledge that the IVC ligation model used in this study has been shown to drive thrombus formation through an endothelial cell–derived, tissue factor–dependent mechanism as opposed to a leukocyte-derived, tissue factor–dependent mech-anism.26 Thus, there is evidence that venous thrombogenesis is a complex and multifactorial-driven process that involves coagulation, inflammation, and fibrinolysis. Thus, tissue factor, von Willebrand factor, neutrophil extracellular traps, the coagulation cascade, P- and E-selectin, leukocyte migration, cytokine production including IL-6 and PAI-1, and plasminogen/plasmin among others play important roles in VT and were studied using several animal models including the IVC ligation model. The result 

of this work shows that gal-3 contributes to the inflammation and leukocyte-driven components of VT.
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Gal3bp and gal3 were found in all tissue and blood elements pertinent to the thrombi that were examined, except leukocytes.
Gal3bp. Consistent with observations of patients in the study by Ramacciotti et al, large quantities of gal3bp were found in mouse microparticles.2 Although gal3bp was abundant in all elements studied except leukocytes, gal3bp was not significantly increased in any elements in the VT condition.
Gal3 monomer and multimers. In contrast, gal3 was markedly increased in the VT condition in all blood and tissue samples. As the concentration of gal3 protein increases, gal3 is known to form multimers, from dimers to pentamers.5,10,27,28 Multimerization of gal3 occurs via the N-terminal domain and does not interfere with gal3’s ability to bind carbohydrate ligands though its carbohydrate recognition domain in its C-terminal domain.11 In our study, gal3 was upregulated not only at the monomer level in IVC and thrombus, but also at the multimer (dimers and trimers, ;67, 80 kDa) level in RBCs, WBCs, PLTs, and microparticles, indicating high levels of gal3 within these elements. Gal3 multimerization is known to have physiologic consequences, such as enhancing the ability of gal3 to facilitate cell-cell interactions.11,12 Cell-to-cell adhesion plays a major role in thrombogenesis, both at the thrombus–vein wall interface and within the thrombus itself.29,30 The adhesive properties of gal3 multimers may contribute to gal3’s apparent prothrombotic function. We suspect that the increase in gal3 protein observed during VT in PLTs may be caused by in situ translation of preexisting gal3 mRNA, because PLTs, although lacking in nuclei, have been shown to possess translational machinery.31,32 To the best of our knowledge, RBCs and microparticles do not possess translational machinery, so the increase in gal3 observed is likely a result of the transport of preexisting gal3 protein to their surface or from cytosol.33

Gal3 degradation products. In addition to observing an abundance of gal3 monomers and multimers, we observed an
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[image: ]Figure 7. Gal3BP and gal3 at the lumen/IVC interface. Non-VT images: Top raw (A-D); VT images 48 hours after thrombosis was initiated from an area where there was not thrombus/vein wall contact, middle raw (E-H); and VT images 48 hours after thrombosis was initiated from an area where there was thrombus/vein wall fusion, bottom raw (I-L). Note that vein wall gal3 and gal3bp are abundant in areas where the thrombus is not contacting the vein wall (F-G), but disappear in areas where the thrombus contacts the vein wall (J-K). Red blood cell fluorescence is predominately nonspecific autofluorescence. The IVC lumen is indicated with an asterisk in DAPI images. White arrows indicate WBCs. (A,E,I) Nuclear DAPI staining. (B,F,J) Gal3bp localization (FITC). (C,G,K) Gal3 localization (Texas Red). (D,H,L) Merge of images.
increase in gal3 degradation products (,36 kDa) in circulating RBCs, PLTs, and MPs. Gal3 is a known substrate for matrix metalloproteinases 2 and 9.10 These enzymes cleave the Ala62-Try63 bond within gal3, yielding a C-terminal domain fragment (-22 kDa) and an N-terminal domain fragment (-10 kDa). Cleavage of gal3 significantly alters its function. Interestingly, after cleaved, gal3 can no longer multimerize, but the C-terminal domain fragment has ahigherbinding capacity forligands thanintactgal3.9,10 Thus, itis possible that cleavage of gal3 decreases its ability to promote cell-cell interactions while enhancing its ability to stimulate cell-signaling cascades. The relevance of gal3 degradation fragments to thrombosis has yet to be determined.
Gal3 plays a proinflammatory role in the context of VT
Evidence has mounted showing that a number of inflammatory cytokines have prothrombotic effects.34 Inflammatory cytokines implicated in thrombosis include IL-6, IL-8, P-selectin, TNF-a, CCL2, and C-reactive protein.34 Several studies have shown that gal3 upregulates IL-6 in pathologic conditions.7,8,35 We have previously shown that IL-6 plays a key role in promoting VT.15 We therefore decided to investigate the relationship between gal3 and IL-6 during VT. The strong correlation we observed between gal3 and IL-6 expression in the vein wall led us to examine whether these were mechanistically involved in venous thrombo-genesis. The WT mice that were given rGal3 had significantly elevated thrombus weights and increased vein wall expression of IL-6. Conversely, IL-6KO mice had smaller VT, and recombinant gal3 did not restore the thrombogenic phenotype. These data suggest that gal3 promotes thrombosis in an IL-6–dependent manner. We also found an increase in CCL2 expression in the vein wall of VT mice treated with rGal3, further supporting a role of gal3in the inflammatory component of VT. Based on the data we gathered in this study and that of Wojcik et al,15 we believe gal3bp and gal3 are upstream elements of a pathway that upregulates IL-6, and ultimately CCL2, during VT. Understanding the pathway(s) by which gal3 and gal3bp upregulate inflammatory cytokines 

is imperative because points along this pathway could serve as targets for future therapies to prevent VT.
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Inflammation was first linked to VT in a study published by Stewart et al in 1974.3 Gal3bp and gal3 promote inflammation not only by upregulating the expression of inflammatory cytokines, but also by attracting and facilitating the migration of WBCs into tissue.20,36-38 Sato et al found that gal3 accumulation in the alveolar space of infected lungs correlated strongly with the onset of neutrophil infiltration,20 and Hsu et al found that gal3KO mice had less inflammatory cell infiltration into the peritoneal cavity upon thio-glycollate broth injection than gal31/1 mice.37 To the best of our knowledge, before this study no investigations had been performed on the role of gal3bp and gal3 in leukocyte migration during VT. Our IHC and quantification of leukocyte extravasation in WT and Gal3KO mice demonstrated that gal3 contributes to the inflammatory component of VT. In addition, in IVC samples harvested from mice without VT, we observed socketlike positive signals for gal3bp at the vein wall surface, interacting with gal3-rich leukocytes. This pattern was also observed in samples harvested from mice with VT in areas where the thrombus was not attached to the IVC, and that disappeared in areas where the thrombus was strongly adhered. It is likely that vein wall areas that were flush against the thrombus underwent hypoxia and tissue damage—even perhaps cell death— which could explain the lack of gal3bp and gal3 staining in these regions. The observation that the vein wall stained positively for both gal3bp and gal3 is consistent with our western blot data, which showed both gal3bp and gal3 bands in blots performed using homogenized vein wall samples. In all observed cases of neutrophil attachment to and migration into the vein wall, gal3-rich neutrophils were interacting with gal3bp-rich “sockets” in the endothelium. To the best of our knowledge, no previous studies have shown galectin or galectin-binding protein sockets in the vein wall. Moreover, leukocyte extravasation into the vein wall of VT1 mice was significantly reduced in gal3-deficient mice 48 hours postligation. Based on these
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Figure 8. Gal3BP and gal3-mediated leukocyte interactions with the IVC. 
Sockets distribution of gal3bp appears to be interacting with gal3 rich leuko
cytes (H,L). Red blood cell fluorescence is predomi
nately nonspecific autofluoresence. The IVC lumen is indicated with an asterisk in DAPI images. Yellow arrows indicate WBC that is not attached to the vein wall. White arrows indicate gal3bp sockets on the vein wall. (A,E,I) Nuclear DAPI staining. (B,F,J) Gal3bp localization (FITC). (C,G,K) Gal3 localization (Texas Red). (D,H,L) Merge of images.
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observations, we strongly suspect that a gal3-mediated pathway contributes to the leukocyte-driven component of VT.
Gal3 and Gal3bp as biomarkers candidates
In the present work, we present 2 biomarker candidates, circulating gal3bp and gal3, both of which are elevated in humans and mice during VT (supplemental Figure 1A-B). Our gal3 values were clearly below the levels of the circulating level range in humans. Our human blood samples were collected using sodium citrate and not EDTA. In addition, we used bank samples stored for more than 6 months.39 Storage of samples for this long can cause gal3 levels to decrease in samples. None of these factors affected gal3bp assay performance, but they likely did affect gal3 assay performance. Future studies should evaluate the levels of gal3bp and gal3 in a larger cohort of VT1 and VT– individuals immediately after their blood is drawn. The ability of gal3bp and gal3 to accurately diagnose or rule out VT should then be evaluated and compared against the ability of currently used biomarkers (such as D-dimer) to do so.
Gal3 and Gal3bp as therapeutic candidates
Both blocking gal3bp and knocking out gal3 reduced thrombus weight (supplemental Figure 1C). The significant decreases observed in the thrombus weights of mice deficient in gal3 or treated with a gal3bp-depleting antibody confirm that both of these proteins are prothrombotic and suggest that both are potential therapeutic targets. Although gal3KO mice had lower thrombus weights than anti-gal3bp–treated mice, the difference between the 2 groups was not significant. Whether the therapeutic effect of eliminating gal3 or blocking gal3bp was caused by the prevention of an interaction between the 2 proteins, between the individual proteins and some of their alternative ligands, or some combination of both, remains to be evaluated. Regardless of the mechanism, our data suggest that reducing gal3 and gal3bp can have protective effects against VT.

Conclusion
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)This is the first study to demonstrate a role for gal3bp and gal3 in experimental VT. We have shown that gal3bp and gal3 possess prothrombotic and proinflammatory properties in the context of experimental VT, and that these proteins may be ideal targets for therapies that seek to prevent VT. Furthermore, based on our findings, we believe that gal3 and/or gal3bp should be rigorously investigated to determine their quality as potential biomarkers of VT.
Acknowledgments
This work was supported by National Institutes of Health, National Heart, Lung, and Blood Institute grant HL080962-01A5, The Baiardi Family Foundation (Elizabeth Anne Baiardi Research Fund), and the Conrad and Caroline Jobst Foundation.
Authorship
Contribution: E.P.D. and J.A.D. conceived and designed the study; E.P.D., E.M.S., R.K.A.-K., and A.E.H. collected data; E.P.D., P.K.H., and J.A.D. analyzed and interpreted data; E.P.D. and J.A.D. performed statistical analysis; E.P.D., S.K.W., P.K.H., and J.A.D. wrote the paper; E.P.D., S.K.W., P.K.H., D.D.M., T.W.W., and J.A.D. provided critical analysis and revision of the paper; and all authors gave final approval of the paper.
Correspondence: Jose Antonio Diaz, Conrad Jobst Vascular Research Laboratories, University of Michigan, NCRC, 2800 Plymouth Rd B26, R251N, Ann Arbor, MI 48109; e-mail: josediaz@ med.umich.edu.

BLOOD, 12 MARCH 2015 x VOLUME 125, NUMBER 11	GALECTIN-3 AND VENOUS THROMBOSIS 1821
References 	


1. Wakefield TW, McLafferty RB, Lohr JM, Caprini JA, Gillespie DL, Passman MA; Executive Committee of the American Venous Forum. Call to action to prevent venous thromboembolism. J Vasc Surg. 2009;49(6):1620-1623.
2. Ramacciotti E, Hawley AE, Wrobleski SK, et al. Proteomics of microparticles after deep venous thrombosis. Thromb Res. 2010;125(6): e269-e274.
3. Stewart GJ, Ritchie WG, Lynch PR. Venous endothelial damage produced by massive sticking and emigration of leukocytes. Am J Pathol. 1974; 74(3):507-532.
4. Linkins LA, Choi PT, Douketis JD. Clinical impact of bleeding in patients taking oral anticoagulant therapy for venous thromboembolism: a meta-analysis. Ann Intern Med. 2003;139(11):893-900.
5. Woo HJ, Lotz MM, Jung JU, Mercurio AM. Carbohydrate-binding protein 35 (Mac-2), a laminin-binding lectin, forms functional dimers using cysteine 186. J Biol Chem. 1991;266(28): 18419-18422.
6. Newlaczyl AU, Yu LG. Galectin-3—a jack-of-all-trades in cancer. Cancer Lett. 2011;313(2): 123-128.
7. Silverman AM, Nakata R, Shimada H, Sposto R, DeClerck YA. A galectin-3-dependent pathway upregulates interleukin-6 in the microenvironment of human neuroblastoma. Cancer Res. 2012; 72(9):2228-2238.
8. Filer A, Bik M, Parsonage GN, et al. Galectin 3 induces a distinctive pattern of cytokine and chemokine production in rheumatoid synovial fibroblasts via selective signaling pathways. Arthritis Rheum. 2009;60(6):1604-1614.
9. Dumic J, Dabelic S, Flo¨gel M. Galectin-3: an open-ended story. Biochim Biophys Acta. 2006; 1760(4):616-635.
10. Ochieng J, Green B, Evans S, James O, Warfield P. Modulation of the biological functions of galectin-3 by matrix metalloproteinases. Biochim Biophys Acta. 1998;1379(1):97-106.
11. Yang RY, Rabinovich GA, Liu FT. Galectins: structure, function and therapeutic potential. Expert Rev Mol Med. 2008;10:e17.
12. Liu FT, Hsu DK, Zuberi RI, et al. Modulation of functional properties of galectin-3 by monoclonal antibodies binding to the non-lectin domains. Biochemistry. 1996;35(19):6073-6079.
13. Grassadonia A, Tinari N, Iurisci I, et al. 90K (Mac-2 BP) and galectins in tumor progression and metastasis. Glycoconj J. 2004;19(7-9): 551-556.
0. 
Takenaka Y, Fukumori T, Raz A. Galectin-3 and metastasis. Glycoconj J. 2004;19(7-9):543-549.
1. Wojcik BM, Wrobleski SK, Hawley AE, Wakefield TW, Myers DD Jr, Diaz JA. Interleukin-6: a potential target for post-thrombotic syndrome. Ann Vasc Surg. 2011;25(2):229-239.
2. Diaz JA, Ramacciotti E, Wakefield TW. Do galectins play a role in venous thrombosis? a review. Thromb Res. 2010;125(5):373-376.
3. Patterson KA, Zhang X, Wrobleski SK, et al. Rosuvastatin reduced deep vein thrombosis in ApoE gene deleted mice with hyperlipidemia through non-lipid lowering effects. Thromb Res. 2013;131(3):268-276.
4. Diaz JA, Ballard-Lipka NE, Farris DM, et al. Impaired fibrinolytic system in ApoE gene-deleted mice with hyperlipidemia augments deep vein thrombosis. J Vasc Surg. 2012;55(3):815-822.
5. Rabinovich GA, Liu FT, Hirashima M, Anderson A. An emerging role for galectins in tuning the immune response: lessons from experimental models of inflammatory disease, autoimmunity and cancer. Scand J Immunol. 2007;66(2-3): 143-158.
6. Sato S, Ouellet N, Pelletier I, Simard M, Rancourt A, Bergeron MG. Role of galectin-3 as an adhesion molecule for neutrophil extravasation during streptococcal pneumonia. J Immunol. 2002;168(4):1813-1822.
7. Zuberi RI, Hsu DK, Kalayci O, et al. Critical role for galectin-3 in airway inflammation and bronchial hyperresponsiveness in a murine model of asthma. Am J Pathol. 2004;165(6):2045-2053.
8. O’Driscoll L, Linehan R, Liang YH, Joyce H, Oglesby I, Clynes M. Galectin-3 expression alters adhesion, motility and invasion in a lung cell line (DLKP), in vitro. Anticancer Res. 2002;22(6A): 3117-3125.
9. Nachtigal M, Ghaffar A, Mayer EP. Galectin-3 gene inactivation reduces atherosclerotic lesions and adventitial inflammation in ApoE-deficient mice. Am J Pathol. 2008;172(1):247-255.
10. Iacobini C, Amadio L, Oddi G, et al. Role of galectin-3 in diabetic nephropathy. J Am Soc Nephrol. 2003;14(8 Suppl 3):S264-S270.
11. Cao Z, Said N, Amin S, et al. Galectins-3 and -7, but not galectin-1, play a role in re-epithelialization of wounds. J Biol Chem. 2002;277(44): 42299-42305.
12. Day SM, Reeve JL, Pedersen B, et al. Macrovascular thrombosis is driven by tissue factor derived primarily from the blood vessel wall. Blood. 2005;105(1):192-198.
13. 
Sacchettini JC, Baum LG, Brewer CF. Multivalent protein-carbohydrate interactions. A new paradigm for supermolecular assembly and signal transduction. Biochemistry. 2001;40(10): 3009-3015.
14. Pugliese G, Pricci F, Leto G, et al. The diabetic milieu modulates the advanced glycation end product-receptor complex in the mesangium by inducing or upregulating galectin-3 expression. Diabetes. 2000;49(7):1249-1257.
15. Diaz JA. Inflammation and acute venous thrombosis. US Oncol Hematol. 2011;7(1):68-71.
16. Aleman MM, Walton BL, Byrnes JR, Wolberg AS. Fibrinogen and red blood cells in venous thrombosis. Thromb Res. 2014;133(Suppl 1): S38-S40.
17.  (
Downloaded from 
http://ashpublications.org/blood/article-pdf/125/11/1813/1384348/1813.pdf
 by guest on 09 March 2023
)Weyrich AS, Schwertz H, Kraiss LW, Zimmerman GA. Protein synthesis by platelets: historical and new perspectives. J Thromb Haemost. 2009;7(2): 241-246.
18. Zimmerman GA, Weyrich AS. Signal-dependent protein synthesis by activated platelets: new pathways to altered phenotype and function. Arterioscler Thromb Vasc Biol. 2008;28(3): s17-s24.
19. Mause SF, Weber C. Microparticles: protagonists of a novel communication network for intercellular information exchange. Circ Res. 2010;107(9): 1047-1057.
20. Rodriguez AL, Wojcik BM, Wrobleski SK, Myers DD Jr, Wakefield TW, Diaz JA. Statins, inflammation and deep vein thrombosis: a systematic review. J Thromb Thrombolysis. 2012;33(4):371 -382.
21. Chen C, Duckworth CA, Zhao Q, Pritchard DM, Rhodes JM, Yu LG. Increased circulation of galectin-3 in cancer induces secretion of metastasis-promoting cytokines from blood vascular endothelium. Clin Cancer Res. 2013; 19(7):1693-1704.
22. Almkvist J, Karlsson A. Galectins as inflammatory mediators. Glycoconj J. 2004;19(7-9):575-581.
23. Hsu DK, Yang RY, Pan Z, et al. Targeted disruption of the galectin-3 gene results in attenuated peritoneal inflammatory responses. Am J Pathol. 2000;156(3):1073-1083.
24. Hughes RC. Galectins as modulators of cell adhesion. Biochimie. 2001;83(7):667-676.
25. Christenson RH, Duh SH, Wu AH, et al. Multi-center determination of galectin-3 assay performance characteristics: Anatomy of a novel assay for use in heart failure. Clin Biochem. 2010; 43(7-8):683-690.

 (
Glycobiology 
vol. 16 no. 10 pp. 959–968, 2006
doi:10.1093/glycob/cwl021
Advance Access publication on July 11, 2006
Search for glucose/galactose-binding proteins in newly discovered protein sequences using molecular modeling techniques and structural analysis
) (
Downloaded
 from 
https://academic.oup.com/glycob/article/16/10/959/782267
 by Temple University Law School Library user on
 09
 March
 2023
) (
Madhumita Patra and Chhabinath Mandal
1


Indian Institute of Chemical Biology, 4, Raja S. C. Mullick Road, Jadavpur, Kolkata 700032, West Bengal, India
Received on March 8, 2006; revised on June 21, 2006; accepted on July 9, 2006
Sugar moieties serve as specificity markers in a wide variety of biochemical functions, and periplasmic glucose/galactose-binding proteins (GGBPs) serve as the primary receptors for transport and chemotaxis. Recently, complete genome sequencing projects have revealed many open reading frames for such receptors. On the basis of the homology search with the known x-ray structures (PDB ID: 3GBP/1GCA) of a periplasmic receptor protein from 
Salmonella typhimurium
, we selected four putative proteins with amino acid identities between 30 and 48% for the prediction of three-dimensional (3D) structures of the proteins as well as their complexes with glucose and galactose. We could successfully identify the key residues involved in coordination with calcium ion spanning over two loop structures. We calculated the ligand-binding affinities and hydrogen bonding patterns of the modeled structures and compared with those of the x-ray structures. The calculation of free energies of binding of the modeled structures to glucose and galactose in the presence of water suggested that two of four putative proteins can form com
plexes with dissociation constants in the micromolar range (1–10 
m
M). Electrostatic potentials on the surfaces near the sugar and calcium-binding sites of the modeled structures were predominately negative as found in case of the x-ray structure. Taken together, our results suggest that the prod
ucts of two newly discovered genes would serve as receptors for the transport of glucose and galactose.
Key words: 
galactose/glucose/modeling/receptor/structure 
Introduction
Sugar moieties associated with glycoproteins and polysac
charides are involved in the determination of virulence and pathogenicity of many infectious agents (Casadevall and Liise-anne, 1999; Weissman 
et al
., 2006). In mammalian cells, some kinases are sensitive to different oligosaccha-rides leading to dramatic perturbation of signaling path
ways (Clodfelder-Miller 
et al
., 2005; Nagaoka 
et al
., 2005). The periplasmic GGBPs of the gram-negative bacteria serve as the primary receptors for transport and in some cases for chemotaxis in response to compounds such as
) (
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sugars, ions, and small peptides. The binding of a ligand to a free periplasmic receptor activates that protein, allowing it to be recognized by distinct membrane components spe
cific to transport and in some cases to chemotaxis (Mowbray 
et al
., 1990). X-ray structures of a periplasmic glucose/ galactose-binding receptor protein from 
Salmonella typh-imurium 
bound to glucose, galactose, or unliganded form have been solved (PDB ID: 3GBP/1GCA/1GCG) at 2.4 Å/ 1.7 Å/1.9 Å resolutions (Mowbray 
et al
., 1990; Zou 
et al
., 1993; Flocco and Mowbray, 1994). The protein consists of two highly similar 
a
/
b
-domains; each domain is made up of a core of parallel 
b
-sheets sandwiched between two layers of 
a
-helices. The domains are linked by a hinge made up of three polypeptide strands. The ligand is almost completely buried in a binding site located in the cleft between the two domains.
In our present study, we have searched for the newly dis
covered protein sequences that have significant sequence homology with the bacterial protein, but their three-dimensional (3D) structural information is not yet avail
able. Using BLAST search, taking the periplasmic receptor protein sequence as query in the “nr” database, we have identified four homologous sequences in the complete genome sequences of the bacterial species, that is, 
Clostrid
ium tetani 
(Brüggemann 
et al
., 2003), 
Pseudomonas syringae 
(Feil 
et al
., 2005), 
Actinobacillus pleuropneumoniae 
(Acces
sion number: ZP_00134897; Gillaspy, A.F. 
et al
., unpub
lished data), and 
Treponema pallidum 
(Fraser 
et al
., 1998), to examine their mode of binding with the ligand. The homologous protein genes were predicted by the conceptual translation of the identified open reading frames.
In these four sequences, the residues that are playing important roles in glucose/galactose binding as well as in calcium binding in 3GBP/1GCA are found to be highly conserved. Only sequences with identities in the range from 30 to 50% were selected because higher identities would always lead to very similar structure. 3D structures of these proteins have been predicted by homology modeling, and the glucose or galactose molecule has been docked to arrive at the structures of the complexes using computer-aided modeling techniques. The analysis of these structures allowed us to examine the feasibility of the formation of calcium-binding loops (CBLs) and the nature of interaction of glucose/galactose with these proteins. Another striking observation was the highly negatively charged environment of the galactose/glucose-binding pocket (Mowbray 
et al
., 1990; Flocco and Mowbray, 1994). To verify whether this is a necessary condition for glucose/galactose binding, we cal
culated the electrostatic potentials of all the modeled pro
teins and examined their nature in the vicinity of the binding pocket.
) (
© The Author 2006. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.
permissions@oxfordjournals.org 
959
)

 (
M. Patra and C. Mandal
) (
Results and discussion
In this study, we are in search of bacterial GGBPs in the newly sequenced genomes. The tertiary structures of a bac
terial glucose/galactose-binding protein (GGBP) from the pathogenic bacteria 
S. typhimurium 
have been determined in complex with glucose at 2.4 Å (Mowbray 
et al
., 1990) and galactose at 1.7 Å (Zou 
et al
., 1993) resolutions as well as in the unliganded form at 1.9 Å resolution (Flocco and Mowbray, 1994). Earlier the structure of 
L
-arabinose-binding protein (ABP) from 
Escherichia coli 
was reported at 1.7 Å resolution (Quiocho and Vyas, 1984) having a novel bind
ing site geometry that accommodates both its 
α
- and 
13
-ano-mers. It has a sequence very different from GGBP of 
S. typhimurium 
but shows very high similarity with its 3D structure where 70% of the structures superpose with a root mean square deviation (RMSD) of 2.0 Å (Vyas 
et al
., 1991).
To find out the protein sequences homologous to GGBP from 
S. typhimurium
, BLAST search was performed with its amino acid sequence as the query. Among the BLAST hits, we selected four sequences on the basis of their high homology in a particular region of the sequence with the query sequence, which formed the CBL in the structure of the query sequence but <50% amino acid identity in the entire sequence. All these selected protein sequences belong to bacteria. The conserved hypothetical protein from 
A. pleuropneumoniae 
showed 48% sequence identity and 
-'
72% sequence similarity with the query sequence. The hypotheti
cal protein from the bacteria 
C. tetani 
showed 47% identity and 
-'
64% similarity with the query sequence, and the hypo
thetical protein from 
T. pallidum 
showed 36% identity and 56% similarity with GGBP sequence from 
S. typhimurium
. The uncharacterized protein from 
P. syringae 
showed only 30% identity and 
-'
48% similarity. Amino acid sequences of these four proteins were used as target sequences for 3D structure prediction and analysis of the calcium as well as glucose/galactose-binding sites. After the initial structures were predicted by the combination of ANALYN and MODELYN (Mandal, 1998), they were refined by the reg
ularization of segments with deletions or insertions using DISCOVER module of InsightII of Accelrys (San Diego, CA).
Predicted structures were checked for main chain confor
mations using PROCHECK (Laskowski 
et al
., 1993) which 
) (
showed that initially >90% of the 
4) 
–
Ni 
plots were in the core regions and <3% together in the generously allowed and disallowed regions of Ramachandran’s plot. Most of the residues that fell in the disallowed regions were from the loop regions in which major insertions and deletions were made. On further refinement of the main chain conforma
tions selectively in these regions, 
4) 
–
Ni 
plots of all the nong-lycine residues of all the modeled structures were outside the disallowed regions. Side chain planarity of the planar groups in phenylalanine, tyrosine, tryptophan, histidine, arginine, glutamine, asparagines, glutamic acid, and aspar-tic acid was checked using PROCHECK where deviations from planarity were identified by measuring RMS distances of planar atoms from the best-fitted plane; residues having RMS distances >0.03 Å for rings and 0.02 Å for other groups were marked as outliers (Laskowski 
et al
., 1993). Modeled proteins from 
A. pleuropneumoniae
, 
C. tetani
, 
T. pallidum
, and 
P. syringae 
showed 1.8, 8.0, 5.7, and 2.0% outliers, respectively, of the total planar group-containing residues compared with 2.8% in the x-ray structure (3GBP) of 
S. typhimurium
. RMSDs of bond lengths and bond angles of all the modeled structures were within 0.02 Å and 3.5
°
, respectively, from the standard values indicating rea
sonably good structural parameters.
We checked protein geometry of the modeled structures by calculating clashscores and rotamer outliers using MOL-PROBITY (Davis 
et al
., 2004). For modeled structures of proteins from 
A. pleuropneumoniae
, 
C. tetani
, 
T. pallidum
, and 
P. syringae
, all atom clashscores were 1.68, 1.2, 0.4, and 2.1, respectively, compared with a clashscore of 1.7 for the x-ray structure (3GBP) of 
S. typhimurium
; rotamer outliers for the respective structures were 11, 13, 13, and 19% as compared with 7% for the x-ray structure as calculated using MOLPROBITY. The multiple sequence alignment of the query and the modeled proteins is shown in Figure 1 that shows the highly conserved amino acid residues; the residues involved in coordination with calcium ion are shown as boldfaced letters. All the modeled structures were structurally superposed with respect to the calcium atoms of the common core of the structures and shown in Figure 2.
Calcium atoms were added to our modeled structures by superposing them with the x-ray structure with respect to a set of calcium atoms, which showed RMSD <0.3 Å, followed
) (
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Fig. 1. 
Multiple alignments of the partial sequences showing the calcium- and sugar-binding regions of the modeled proteins and the starting scaffold (3GBP). The amino acid residues involved in coordination with the calcium ion are boldfaced. The conserved set of amino acid in all the sequences are identified by an “*” and semi-conserved amino acids marked with “colon (:)” or “ dot (.).”
960
)

Structural modeling of glucose/galactose-binding proteins

[image: ]
 (
Downloaded
 from 
https://academic.oup.com/glycob/article/16/10/959/782267
 by Temple University Law School Library user on
 09
 March
 2023
)Fig. 2. Ribbon representation of the superposed structures of the modeled proteins with the crystal structure of 3GBP. The ligand molecule is shown in space filling representation and is colored by atoms. Ribbon colors are as follows: cyan for GGBP from Salmonella typhimurium; light pink for model of protein from Actinobacillus pleuropneumoniae; light green for model of protein from Clostridium tetani; light blue for model of protein from Treponema pallidum; and light yellow for model of protein from Pseudomonas syringae. Color figure is given as supplementary material online.
by the transfer of the calcium ion. Potential coordinating atoms in a modeled structure were identified measuring distances of the residues within 4 Å around the calcium atom, and the equivalent amino acids were identified. Energy minimization and molecular dynamics were performed to get a regularized structure of the calcium-binding environment similar to that of the x-ray structure; distance constraints were applied to obtain a coordination shell of similar geometry. In periplasmic GGBP of S. typhimurium, the calcium ion is surrounded by seven ligands (Vyas et al., 1987, 1991) in two CBLs (CBL-1 and CBL-2). The amino acid sequence from 134 to 142 (DLNKDGKIQ) forms the major CBL (CBL-1), and this sequence is found to be highly conserved in the three target sequences selected for modeling. The loop CBL-2 only participates in calcium binding via Glu-205 side chain, whereas the side chains of Asp-134, Asn-136, Asp-138, and Gln-142 and the main chain of Lys-140 of loop CBL-1 are involved in calcium binding (Figure 3). We have identified all the conserved equivalent residues and calcium-coordinated atoms in the modeled structures as discussed below and presented in Table I and Figure 4. In the modeled proteins from A. pleuropneumoniae and C. tetani, the CBLs also consist of the residues from 134 to 142, the residues involved in calcium binding are Lys-140 main chain oxygen and the side chains of Asp-134, Asn-136, Asp-138, Gln-142, and Glu-205 (Table I). All the residues involved in coordination are identical, and only two amino

[image: ]
Fig. 3. Mode of calcium binding in 3GBP. The calcium ion is shown in pink. The residues of protein involved in binding are colored by atom and shown in sticks. The distances of calcium ion from their coordinating atoms are also shown. The calcium ion has a classical seven-ligand coordination. Color figure is given as supplementary material online.
acids in the entire loop are different from those of GGBP. The situation is very similar in case of modeled protein from T. pallidum although it has less overall sequence identity with 3GBP. In this protein also, the CBLs consist of the residues from 134 to 142, and the residues participating in calcium coordination are Ile-140 main chain oxygen and side chains of the residues Asp-134, Asn-136, Asp-138, Gln-142, and Glu-205 differing only in one amino acid, the coordinating backbone oxygen of Lys-140 is replaced with that of Ile-140 (Table I). Although the modeled protein from P. syringae has only two residues, Asp-134 and Asp-138, identical with those involved in calcium coordination in GGBP of S. typhimurium, the calcium coordination shell is partially satisfied by other residues. The main chain oxygen of Gly-140 and the side chains of Asp-134, Asp-138, Asp-141, and Asn-205 are involved in calcium coordination in this case, and two other coordination positions are occupied by water molecules to satisfy all the seven positions (Table I). Similar seven-ligand calcium coordination was also observed in case of a fucose-binding lectin (Mitchell et al., 2002).
Glucose has been docked into the binding site of the modeled structures by superposing them with the x-ray structure, bound to glucose (3GBP), with respect to the structurally conserved regions followed by the transfer of the glucose molecule to the binding site. The optimization of the structures of the complexes was performed by repeated molecular dynamics and energy minimization in the presence of water as described in Materials and methods, and the free energies of complex formation were calculated both in the presence and in the absence of calcium. The binding energies are summarized in Table II, and their hydrogen bonding (H-bonding) patterns are given in Table I. In all the cases including the crystal structure (3GBP) of GGBP from S. typhimurium bound to glucose, there are small differences in binding energies in the presence and absence of calcium. In a recent study, it has been shown that calcium depletion has a small effect on the secondary structures of GGBP of E. coli resulting in the reduction of its thermal stability, and glucose binding eliminated the effect induced by calcium depletion by restoring secondary structures similar to that of the native protein (D’Auria
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Table I. Residues involved in coordination with calcium ion and also hydrogen bonding in the complexes of proteins with glucose and galactose
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	Species
	Accession number
	% Identity (positive score)
	Residues involved in coordination with Ca
	Sugar involved in complex formation
	Residues of protein and water involved in H-bonding

	Salmonella typhimurium (3GBP)
	3GBP
	

	Asp-134(OD1)
	Glucose
	Asp-14(OD2)-Glc:HO4

	

	

	

	Asn-136(OD1)
	

	Asn-91(OD1)-Glc:HO6

	

	

	

	Asp-138(OD1)
	

	Asn-91(HD22)-Glc:O1,O5

	

	

	

	Lys-140(O)
	

	His-152(HE2)-Glc:O6

	

	

	

	Gln-142(OE1)
	

	Asp-154(OD1)-Glc:HO1

	

	

	

	Glu-205(OE1)
	

	Arg-158(HH11/HH21)-Glc:O2

	

	

	

	Glu-205(OE2)
	

	Asn-211(HD21)-Glc:O3

	

	

	

	

	

	Asp-236(OD1)-Glc:HO2,HO3

	

	

	

	

	

	Asp-236(OD2)-Glc:HO2

	

	

	

	

	

	Asn-256(HD22)-Glc:O1

	

	

	

	

	

	Glc:O3-HOH(H1)

	Actinobacillus pleuropneumoniae (Str1)
	ZP_00134897
	48 (72)
	Asp-134(OD1)
	Glucose
	Asp-14(OD2)-Glc:HO4

	

	

	

	Asn-136(OD1)
	

	Asn-91(OD1)-Glc:HO6

	

	

	

	Asp-138(OD1)
	

	Asn-91(HD22)-Glc:O1,O5

	

	

	

	Lys-140(O)
	

	His-152(HE2)-Glc:O6

	

	

	

	Gln-142(OE1)
	

	Asp-154(OD1)-Glc:HO1

	

	

	

	Glu-205(OE1)
	

	Arg-158(HH11/HH21)-Glc:O2

	

	

	

	Glu-205(OE2)
	

	Asn-211(HD21)-Glc:O3

	

	

	

	

	

	Asp-236(OD1)-Glc:HO2,HO3

	

	

	

	

	

	Asp-236(OD2)-Glc:HO2

	

	

	

	

	

	Asn-256(HD22)-Glc:O1

	

	

	

	

	

	Glc:O3-HOH(H1)

	Clostridium tetani (Str2)
	AA035457
	47 (64)
	Asp-134(OD1)
	Glucose
	Asp-14(OD1)-Glc:HO4

	

	

	

	Asn-136(OD1)
	

	Asp-14(OD2)-Glc:HO4

	

	

	

	Asp-138(OD1)
	

	Asn-91(OD1)-Glc:HO6

	

	

	

	Lys-140(O)
	

	Arg-92(HE)-Glc:O6

	

	

	

	Gln-142(OE1)
	

	Asp-154(OD1)-Glc:HO1

	

	

	

	Glu-205(OE1)
	

	Arg-158(HH11)-Glc:O1

	

	

	

	Glu-205(OE2)
	

	Arg-158(HH21)-Glc:O2

	

	

	

	

	

	Asn-211(HD21)-Glc:O3

	

	

	

	

	

	Asp-236(OD1)-Glc:HO2,HO3

	

	

	

	

	

	Asp-236(OD2)-Glc:HO2

	

	

	

	

	

	Glc:O3-HOH(H1)

	Treponema pallidum (Str3)
	F71312
	36 (53)
	Asp-134(OD1)
	Glucose
	Asn-14(HD22)-Glc:O4

	

	

	

	Asn-136(OD1)
	

	Asn-91(OD1)-Glc:HO6

	

	

	

	Asp-138(OD1)
	

	Arg-92(HE)-Glc:O6

	

	

	

	Ile-140(O)
	

	His-152(HE2)-Glc:O5

	

	

	

	Gln-142(OE1)
	

	Ser-154(HG)-Glc:O2

	

	

	

	Glu-205(OE1)
	

	Asp-183(OD1)-Glc:HO4

	

	

	

	Glu-205(OE2)
	

	Asn-211(HD21)-Glc:O3

	

	

	

	

	

	Asp-236(OD1)-Glc:HO3

	Pseudomonas syringae (Str4)
	AAY38297
	30 (48)
	Asp-134(OD1)
	Glucose
	Asp-10(OD2)-Glc:HO6

	

	

	

	Asp-138(OD1)
	

	Asn-152(HD21)-Glc:O1

	

	

	

	Gly-140(O)
	

	Tyr-183(HH)-Glc:O6

	

	

	

	Asp-141(OD1)
	

	Glu-211(OE1)-Glc:HO2,HO3

	

	

	

	Asn-203(OD1)
	

	Glc:O6-HOH(H2)
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Table I. continued
Accession	% Identity	Residues involved in Sugar involved in	Residues of protein and water
Species	number	(positive score) coordination with Ca complex formation involved in H-bonding
Water-1(O)

Water-2(O)
 (
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 by Temple University Law School Library user on
 09
 March
 2023
)Salmonella typhimurium (1GCA)	1GCA	Asp-134(OD1)	Galactose	Asp-14(OD1)-Gal:HO4
Asn-136(OD1)	Asn-91(OD1)-Gal:HO6
Asp-138(OD1)	Asn-91(HD22)-Gal:O1,O5
Lys-140(O)	His-152(HE2)-Gal:O6
Gln-142(OE1)	Asp-154(OD1)-Gal:HO1
Glu-205(OE1)	Arg-158(HH11/HH21)-Gal:O2
Glu-205(OE2)	Asn-211(HD21)-Gal:O3
Asp-236(OD1)-Gal:HO2,HO3 Asp-236(OD2)-Gal:HO2 Asn-256(HD22)-Gal:O1 Gal:O3-HOH(H1)
Actinobacillus pleuropneumoniae (Str1) ZP_00134897 48 (72)	Asp-134(OD1)	Galactose	Asp-14(OD2)-Gal:HO4
Asn-136(OD1)	Asp-14(OD1)-Gal:HO4
Asp-138(OD1)	Asn-91(OD1)-Gal:HO6
Lys-140(O)	Asn-91(HD22)-Gal:O1,O5
Gln-142(OE1)	His-152(HE2)-Gal:O6
Glu-205(OE1)	Asp-154(OD1)-Gal:HO1
Glu-205(OE2)	Arg-158(HH11/HH21)-Gal:O2 Asn-211(HD21)-Gal:O3 Asp-236(OD1)-Gal:HO2,HO3 Asp-236(OD2)-Gal:HO2 Asn-256(HD22)-Gal:O1 Gal:O3-HOH(H1)
Clostridium tetani (Str2)	AA035457	47(64)	Asp-134(OD1)	Galactose	Asp-14(OD1)-Gal:HO4
Asn-136(OD1)	Asp-14(OD2)-Gal:HO4
Asp-138(OD1)	Asn-91(OD1)-Gal:HO6
Lys-140(O)	Asn-91(HD22)-Gal:O1
Gln-142(OE1)	Arg-92(HE)-Gal:O6
Glu-205(OE1)	Asp-154(OD1)-Gal:HO1
Glu-205(OE2)	Arg-158(HH11)-Gal:O1 Arg-158(HH21)-Gal:O2 Asn-211(HD21)-Gal:O3 Asp-236(OD1)-Gal:HO2,HO3 Asp-236(OD2)-Gal:HO2 Gal:O3-HOH(H2)
Treponema pallidum (Str3)	F71312	36(53)	Asp-134(OD1)	Galactose	Asn-91(HD22)-Gal:O5
Asn-136(OD1)	Asn-91(OD1)-Gal:HO6
Asp-138(OD1)	Arg-92(HE)-Gal:O6
Ile-140(O)	His-152(HE2)-Gal:O5
Gln-142(OE1)	Ser-154(OG)-Gal:HO1
Glu-205(OE1)	Asp-183(OD1)-Gal:HO4
Glu-205(OE2)	Asn-211(HD21)-Gal:O3
Asp-236(OD1)-Gal:HO3 Asp-236(OD2)-Gal:HO2
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Table I. continued
Accession	% Identity	Residues involved in Sugar involved in	Residues of protein and water
Species	number	(positive score) coordination with Ca complex formation involved in H-bonding

 (
Pseudomonas syringae 
(Str4)	
AAY38297	
30(48)	
Asp-134(OD1)	
Galactose	
Asp-10(OD2)-Gal:HO6
Asp-138(OD1)	
Asn-152(HD21)-Gal:O1
Gly-140(O)	
Tyr-183(HH)-Gal:O6
Asp-141(OD1)	
Glu-211(OE1)-Gal:HO2,HO3
Asn-203(OD1)	
Gal:O6-HOH(H1)
Water-1(O)	
Gal:O4-HOH(H2)
Water-2(O)	
Gal:HO6-HOH(O1)
)

[image: ]
Fig. 4. Mode of interaction of calcium ion with modeled proteins. The residues of protein involved in coordination with the calcium ion are colored by atom and shown in stick representation. Six residues are involved in calcium binding in case of modeled protein from Actinobacillus pleuropneumoniae (A), Clostridium tetani (B), and Treponema pallidum (C) similar to that of 3GBP, whereas five residues and two water molecules are involved in case of modeled protein from Pseudomonas syringae (D). The calcium ion is shown as pink sphere. Color figure is given as supplementary material online.
et al., 2006). Hence, this small difference in binding energies in the presence and absence of calcium is quite reasonable.
Total free energies of the complexes have two components: van der Waals (vdW) and electrical. The contribution of the vdW interactions is lower, varying between –16 and –26 kcal/mol, compared with the electrical contributions with variations in the range from –58 to –92 kcal/mol (Table II). Values of AGbind were calculated by the linear interaction energy approximation as described in Materials and methods (Aqvist and Mowbray, 1995) for the complexes of glucose with all the models as well as the x-ray structure and presented in Table II. It may be noted that the calculated AGbind values for the complexes of glucose with the proteins from S. typhimurium (3GBP), A. pleurop-neumoniae, and C. tetani are negative. Therefore, these proteins will form stable complexes with glucose, as these complexes have lower free energy in the protein–water environment compared with water. The values of AGbind for
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proteins from S. typhimurium (3GBP), A. pleuropneumo-niae, and C. tetani (Table II) correspond respectively to dissociation constants (Kd) of 0.018, 8.1, and 10.0 jiM, respectively. Our calculated AGbind value of –10.71 kcal/ mol for the GGBP–glucose complex is very close to the range of experimental values from –9.1 to –10.1 kcal/mol (Aqvist and Mowbray, 1995). On the contrary, the calculated AGbind values for T. pallidum and P. syringae are positive (Table II), indicating that the complex formation of glucose with these proteins in the aqueous medium is thermodynamically unfavorable.
 (
Downloaded
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 by Temple University Law School Library user on
 09
 March
 2023
)A substantial portion of the electrical energy arises from H-bonding interaction, which plays a major role in the binding affinity. The side chains of the residues Asp-14, Asn-91, and Asn-256 from domain 1 and His-152, Asp-154, Arg-158, Asn-211, and Asp-236 from domain 2 interact with the hydroxyl groups and ring oxygen of the sugar molecule in the crystal structure (Table I). The sugar molecule is also involved in H-bonding with the water molecule through hydroxyl group oxygen atom (O3) at position C-3 of sugar. The residues involved in H-bonding with glucose are found to be almost conserved in the modeled proteins from A. pleuropneumoniae, C. tetani, and T. pallidum. In the modeled protein from A. pleuropneumoniae, it is fully conserved, and in the modeled protein from C. tetani, Asn-256 of domain 1 is not involved in H-bonding with glucose and also His-152 of domain 2 is replaced by Arg-92 of domain 1. Modeled protein from T. pallidum lacks Asn-256 from domain 1 as well as Arg-158 from domain 2. Here, Asp-14 and Asp-154 are replaced by Asp-183 and Ser-154 of domain 2. In case of modeled protein from P. syringae, a different set of residues are involved in H-bonding with glucose. In this case, side chains of the residues Asp-10 from domain 1 and Asn-152, Try-183, and Glu-211 from domain 2 are involved in H-bonding with glucose showing significantly negative free energy of complex formation with the sugar, although it has less sequence homology with the crystal structure. The H-bonding interaction of sugar hydroxyl group oxygen atom (O3) with the water molecule is found to be conserved in case of modeled proteins from A. pleuropneumoniae and C. tetani. In the modeled protein from T. pallidum, there is no such type of H-bond, but in the modeled protein from P. syringae, a different hydroxyl group oxygen atom (O6) is involved in H-bonding with a water molecule.

 (
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Table II. 
Empirical free energies of the complex formation between proteins (crystal structure and the modeled structures) with glucose and galactose in aqueous solution in the presence and absence of calcium ion
) (
Protein structures
Sugar in complex
Free energy in kcal/mol








D
G
bind 
in kcal/mol
With the Ca
2+
 ion


Without the Ca
2+
 ion


vdW
Electrical
Total
vdW
Electrical
Total
None
D
-Glucose
–
–
–
–17.30
–71.06
–88.36
–
Salmonella typhimurium 
(3GPB, x-ray)
D
-Glucose
–16.45
–92.77
–109.22
–16.96
–91.58
–108.54
–10.71
Actinobacillus pleuropneumoniae (Str1, model)
D
-Glucose
–21.10
–83.92
–105.02
–21.64
–82.94
–104.58
–7.04
Clostridium tetani 
(Str2, model)
D
-Glucose
–16.16
–85.24
–101.40
–17.84
–82.79
–100.63
–6.91
Treponema pallidum 
(Str3, model)
D
-Glucose
–26.44
–58.09
–84.53
–25.89
–58.26
–84.15
5.03
Pseudomonas syringae 
(Str4, model)
D
-Glucose
–25.21
–61.75
–86.96
–23.52
–63.56
–87.08
5.91
None
D
-Galactose
–
–
–
–12.88
–66.58
–79.46
–
Salmonella typhimurium 
(1GCA, x-ray)
D
-Galactose
–19.13
–85.18
–104.31
–18.82
–84.04
–102.86
–10.31
Actinobacillus pleuropneumoniae 
(Str1, model)
D
-Galactose
–22.19
–77.16
–99.35
–19.94
–79.64
–99.58
–8.07
Clostridium tetani 
(Str2, model)
D
-Galactose
–17.37
–79.82
–97.19
–17.93
–78.65
–96.58
–7.34
Treponema pallidum 
(Str3, model)
D
-Galactose
–28.50
–57.84
–86.34
–25.18
–59.35
–84.53
1.88
Pseudomonas syringae 
(Str4, model)
D
-Galactose
–26.42
–57.84
–84.26
–25.04
–60.12
–85.16
2.21
) (
1GCA, x-ray structure of GGBP complexed with Gal; 3GPB, x-ray structure of GGBP complexed with Glc.
) (
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) (
We docked galactose into the binding site of the modeled proteins on the basis of the x-ray structure of GGBP–galactose complex (1GCA) and optimized for getting the stable struc
ture of the complex in the same way as that of glucose com
plex. The analysis of their free energy of complex formation shows that the modeled proteins have similar values with galactose as glucose (Table II). The contributions of the vdW interactions for all the complexes range from –18 to – 29 kcal/mol, whereas the electrical contributions show higher variations ranging from –58 to –85 kcal/mol. The values of 
D
G
bind
 for proteins from 
S. typhimurium 
(3GBP), 
A. pleuropneumoniae
, and 
C. tetani 
as summarized in Table II correspond respectively to 
K
d 
of 0.039, 1.45, and 4.90 
m
M. 
K
d 
value for the GGBP–galactose complex (1GCA) from 
S. typhimurium 
is more than two times that of the GGBP– glucose complex (3GBP) suggesting a weaker complex with galactose. The experimentally determined 
K
d 
value is about 3.5 times less than the lowest value in the range from 0.14 to 4.0 
m
M (Aqvist and Mowbray, 1995). Calcu
lated 
D
G
bind
 values for the complexes of galactose with the proteins from 
T. pallidum 
and 
P. syringae 
are positive; hence, no complex formation is expected in the aqueous medium.
The residues involved in the H-bonding with galactose in all the modeled proteins are found to be identical in case of the complexes with glucose (Table I). Here, the sugar hydroxyl group oxygen atom (O3) is found to be involved in H-bonding with the water molecule, and this interaction is found to be conserved in case of modeled proteins from 
A. pleuropneumoniae 
and 
C. tetani
. In the modeled protein from 
T. pallidum
, there is no such type of H-bond, but in the modeled protein from 
P. syringae
, a different set of hydroxyl group oxygen atoms (O6 and O4) as well as hydrogen atom of the hydroxyl group (HO6) at position C-6 is involved in H-bonding with water molecules. These 
) (
results confirm the dual specificity of these receptors for glucose and galactose.
ABP from 
E. coli 
has only 14% sequence identity with the GGBP from 
S. typhimurium
, but a high degree of structural similarity is present (Quiocho and Vyas, 1984; Vyas 
et al
., 1991). The ABP is also composed of two globular domains connected by three polypeptide segments, and the ligand-binding site is located in the cleft between the two domains. In the crystal structure (3GBP) as well as the modeled structures, the residues involved in H-bonding with the sugar have similarity with ABP from 
E. coli
. In ABP, the side chain of the residues Lys-10, Glu-14, Asp-90, Arg-151, Asn-205, and Asn-232 and also two water molecules are involved in H-bonding with the sugar (Vyas 
et al
., 1991). In the crystal structure of 
S. typhimurium 
and also in the mod
eled proteins from 
A. pleuropneumoniae 
and 
C. tetani
, the side chains of the residues Asp-14, Asn-91, Arg-158, Asn-211, and Asp-236 as well as one water molecule are involved in H-bonding with the hydroxyl groups and ring oxygen of the sugar molecule (Table I) which are identical or very similar to the residues involved in ABP. Modeled protein from 
T. pallidum 
lacks Arg-158 as well as water molecule involved in H-bonding with the sugar, and also Asp-14 is replaced by Asn-14. In case of modeled protein from 
P. syringae
, a different set of residues, that is, side chains of the residues Asp-10, Asn-152, Try-183, and Glu-211, and one water molecule are involved in H-bonding with the glucose.
The calculation of electrostatic potential on the surfaces around the binding site shows that the calcium-binding site is extensively negative due to the presence of acidic residues required for calcium binding except for the hypothetical protein of 
P. syringae
. Electrostatic potential surfaces of the crystal structure of 
S. typhimurium 
and a few modeled proteins are shown in Figure 5. The glucose/galactose-binding
) (
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Fig. 5. Electrostatic potential surfaces of the modeled proteins. Blue region represents positively charged environment, red for negatively charged, and white for hydrophobic surroundings. The calcium-binding site is shown by yellow bands and glucose-binding site by black bands. (A) 3GBP; (B) a hypothetical protein of Actinobacillus pleuropneumoniae with 48% amino acid identity; (C) a hypothetical protein of Treponema pallidum with 36% amino acid identity; (D) a hypothetical protein of Pseudomonas syringae with 30% amino acid identity. Color figure is given as supplementary material online.
site is mostly negatively charged with a small patch of a positively charged region in case of crystal structure and modeled proteins from A. pleuropneumoniae and C. tetani. The ligand-binding site is mostly negatively charged with a small patch of a hydrophobic region in case of modeled protein from T. pallidum and P. syringae. The highly negative potential surface around the positively charged calcium ion-binding site is necessary for the neutralization of the positive charge as is observed in other calcium-binding lectins.
Conclusions
We have modeled the structures of four bacterial proteins taking the crystal structure of a periplasmic glucose/galactose-binding receptor protein from S. typhimurium (PDB ID: 3GBP/1GCA) as template. Glucose and galactose were separately docked into the binding sites of the structures to study the physiochemical forces involved in such binding. The acidic residues involved in the coordination with calcium ion form a major CBL in 3GBP. It is also found to be conserved in modeled protein sequences except in the peri-plasmic protein from P. syringae due to less overall sequence homology. Seven calcium-coordinating atoms could be identified for all the structures, which also include one or two water molecules.
Optimum 3D structures of the complexes of glucose and galactose were predicted by energy minimization and molecular dynamics simulations of the complexes in the presence of water molecules both in the presence and in the absence of calcium ions. There are only minor differences in the calculated free energy of binding between the models in calcium bound and unbound forms; this small change is expected as a recent study (D’Auria et al., 2006) on calcium binding to GGBP from E. coli demonstrated small changes in the secondary structures of the protein by calcium depletion reducing its thermal stability, which was restored by glucose binding.
Total free energy of complex formation of glucose and galactose with the models, including the x-ray structures, of the proteins was found to increase in the order S. typhimu-rium < A. pleuropneumoniae < C. tetani < T. pallidum ≈ P. syringae indicating the order of decreasing strength of
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binding, which is also the order of decreasing amino acid identity/similarity with the starting scaffold used for homology modeling. The calculation of AGbind values by the linear interaction energy approximation (Aqvist and Mowbray, 1995) suggests that both glucose and galactose can form thermodynamically stable complexes with the proteins from S. typhimurium, A. pleuropneumoniae, and C. tetani (Table II), whereas the proteins from T. pallidum and P. syringae gave positive values indicating no complex formation. It should be pointed out that the proteins from T. pallidum and P. syringae are less homologous to the starting scaffold (GGBP from S. typhimurium) for homology modeling, amino acid identities being only 36 and 30%, respectively. Hence, it remains uncertain whether the positive value of AGbind is due to inaccuracy in structure prediction or intrinsic inability of these proteins in binding to glucose/ galactose; however, this can only be answered by the experimental determination of their structures.
 (
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)The most reliable values of Kd determined by various experimental techniques for binding of GGBP from S. typhimurium to glucose and galactose fall in the ranges 0.04–2 jiM and 0.14–4 jiM, respectively (Aqvist and Mowbray, 1995). Our calculations give the Kd values for binding of GGBP from S. typhimurium to glucose and galactose as 0.018 and 0.039 jiM, respectively. Both these values are close to the lower side of the range, implying that this method predicts a little higher values in terms of association constant Ka. Considering the empirical nature of the prediction, this may be considered to be reasonably successful in the cases where experimental values are available for verification. Calculated Kd values, predicted for the complexes of the putative periplasmic proteins from A. pleuropneumo-niae and C. tetani with glucose and galactose, lie between 1.45 and 10.0 jiM which are in good agreement with the experimental range of values; hence, these proteins are expected to serve as glucose and galactose receptors having dual specificity of these sugars in these bacteria.
Materials and methods
The initial structures of the glucose/galactose-binding peri-plasmic proteins were obtained by knowledge-based homology modeling using our in-house software package of ANALYN and MODELYN (Mandal, 1998). The starting scaffold for homology modeling was the x-ray crystallograph-ically determined structure of a bacterial glucose/galactose-binding periplasmic receptor from pathogenic bacteria S. typhimurium (PDB ID: 3GBP/1GCA) (Mowbray et al., 1990; Zou et al., 1993; Flocco and Mowbray, 1994). The modeled structures were refined using the InsightII (2005) of Accelrys equipped with DISCOVER as the energy minimization and molecular dynamics module. Structural optimization involved energy minimization (100 steps each of steepest descent and conjugate gradient methods) using cff91 force field followed by dynamics simulations. A typical dynamics run for structure regularization consisted of 1000 steps of 1 fs after 100 steps of equilibration with a conformation sampling of 1 in 10 steps at 300K. At the end of the dynamics simulation, the conformation with lowest potential energy was picked for the next cycle of refinement using the ANALYSIS
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module of InsightII. This combination of minimization and dynamics was repeated until satisfactory conformational parameters were obtained. Special care was taken in the structural zones where major insertion or deletions were made.
The structures of the complexes were obtained by the superposition of the modeled protein structures with the experimental structure of S. typhimurium in complex with glucose/galactose (3GBP/1GCA), followed by optimization with repeated energy minimization and dynamics simulation. In this case, 1000 steps of equilibration were allowed in every span of 10 ps dynamics at 300K. To investigate the influence of water molecules on sugar and calcium ion binding, water molecules were added and associated with the complex using the Assembly/Soak option of InsightII to cover the desired area during molecular dynamics simulations and energy minimization. From the values of the free energies of complex formation of glucose/galactose in water and water–protein environments, we have calculated the absolute binding energies following the linear interaction energy approximation method of Aqvist and Mowbray (1995) using the relation DGbind = 1/2 D<Vel

l-s> + aD<VvdW

l-s >, where DGbind is the absolute binding energy, D stands for differences in the electrical (Vel

l-s) and vdW (VvdW

l-s ) components of the free energies of the ligand solvent (l-s) systems, that is, in pure water and protein-containing water environments. The weight factors of the electrical and vdW contributions were taken, respectively, as 0.5 (1/2) and 0.16 (a) used by them for a very similar system. Association constant (Ka) was calculated using the thermodynamic relation DGbind = –RTlnKa, where R is the ideal gas constant and T the absolute temperature; Kd was calculated by taking the inverse of Ka.
Position constraints were applied to the atoms, which were >10 Å away during energy minimization and molecular dynamics of the complexes. During the regularization of the structures of the complexes with calcium and glucose/ galactose, the distances between the calcium ion and the atoms involved in coordination with the calcium ions were kept constant by applying “generic distance constraints” from the DISCOVER module of InsightII.
ANALYN was used for the analysis of prealigned sequences of the target and scaffold proteins and was run on IBM-compatible PC. MODELYN was used for automated prediction of the initial target structure and for its structural analysis after refinement; it was run both on IBM-compatible PC in the Windows environment and in FUEL workstation of Silicon Graphics, Inc. in the IRIX environment. InsightII was run on FUEL workstation and Altrix 350 server of Silicon Graphics, Inc. in the IRIX environment. CLUSTALW (Thompson et al., 1994) was run through the Internet for multiple alignment of the amino acid sequences. The electrostatic potential surfaces of the proteins were determined by MOLMOL (Koradi et al., 1996). PROCHECK (Laskowski et al., 1993) was used for checking the structural parameters. Both MOLMOL and PROCHECK were run on FUEL in the UNIX operating system. MOLPROBITY (Davis et al., 2004) was used for all-atom contact analysis in terms of clashscores (number of atoms having atom pair overlaps ³ 0.4 Å of 1000 atoms) and for the calculation of rotamer outliers. MOLPROBITY, being a general-purpose web service offering quality validation for 3D structures of 

proteins, nucleic acids, and complexes, was used through the Internet. H-Bonding patterns of the modeled and x-ray structures were obtained by adding hydrogen (x-ray structures lack hydrogen atoms, and DISCOVER needs these atoms for minimization and dynamics) followed by optimization of the complex by energy minimization and molecular dynamics. The free energies of binding of the complexes were calculated using the DOCKING module of InsightII. Protein BLAST (Altschul et al., 1997) was used through the Internet for finding homologous sequences.
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Supplementary data are available at Glycobiology online (http://glycob.oxfordjournals.org/)
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Abstract
Purpose Recent studies have shown that TIM3 plays an important role in T-cell failure, which is closely related to the resistance to anti-programmed cell death protein 1 (PD-1) treatment. However, there have been no reports on the application of peptide blockers to TIM3. In this study, we endeavored to identify the in vitro and in vivo anti-tumor activities of a TIM3-targeting peptide screened from the phage peptide library.
Methods Phage display peptide library technology, surface plasmon resonance, flow cytometry, and mixed lymphocyte reaction were utilized to screen and demonstrate the bioactivities of P26, a TIM3-targeting peptide. Meanwhile, tumor growth assay was performed to evaluate the anti-tumor effect of P26.
Results In terms of affinity, we demonstrated that P26 specifically binds to TIM3 at the cellular and molecular levels, which therefore blocks the interaction between TIM3 and Galectin-9 (Gal-9) and competes with Gal-9 to bind TIM3. Additionally, P26 significantly increases T-cell activity and elevates IFN-γ and IL-2 levels in a dose-dependent manner. Notably, P26 also counteracts Gal-9-mediated T-cell suppression. More importantly, P26 can inhibit growth of MC38-hPD-L1 tumor in mice. Conclusions P26, as a novel TIM3-binding peptide, has the ideal bioactivity connecting to TIM3 and the potential prospect of application in immunotherapy as an alternative or adjuvant to existing agents.
Keywords P26 · TIM3 · Phage display peptide library · Biological activity · Anti-tumor

Introduction
Immunotherapy is increasingly recognized as one of the most promising treatments for cancer therapy, and there has been a focus on the development of treatments aiming at some immunological checkpoint molecules such as anti-cytotoxic T-Lymphocyte-Associated Protein-4 (CTLA-4)
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and PD-1 in melanoma, kidney cancer, Hodgkin’s disease, and lung cancer [1]. However, tumors grow in the complex networks consisting of epithelial cells, blood vessels and lymphatic vessels, cytokines and chemokines, and infiltrating immune cells [2]. In some cancers including colorectal cancer, the blockade of CTLA-4 or PD-1 does not achieve an ideal therapeutic effect and incentivizes the efforts to locate other immune checkpoint inhibitors, such as TIM3. Recent studies have shown that TIM3 plays an important role in T-cell failure. The resistance to anti-PD-1 treatment is partly due to the up-regulation of TIM3 expression in T cells, and the use of anti-TIM3 antibodies in combination with anti-PD-1 inhibitors can override drug resistance [3, 4].
The TIM gene family contains eight members (TIM1-8) in mouse chromosome 11B1.1 and three members (TIM1, TIM3, and TIM4) in human chromosome 5q33.2 [5]. Human TIM3, also known as HAVCR2, is a type I membrane protein with 302 amino acids, of which 63% are identical to murine TIM3 (281 amino acids) [6]. The main ligands of TIM3 are carcinoembryonic antigen cell adhesion molecule 1 (CEACAM-1), phosphatidylserine (PS), high-mobility
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group protein B1 (HMGB1), and Galectin-9 (Gal-9) [3], among which Gal-9 was the first being identified and its interplay with TIM3 triggers an immunosuppressive outcome through the activation of JUN N-terminal kinase (JNK) and AKT signaling pathways [7]. Some of the latest findings have shown that TIM3 acts as a biomarker that represses the spontaneous immune reactions in the high grade serous ovarian cancers (HGSC) [8], and up-regulation of TIM3 and regulatory T-cell infiltration could mediate the resistance to radiation therapy and PD-L1 blockade [9].
Phage display technology, as a selection-based system, is a well-used biological method and has been successfully applied to various fields [10]. We previously identified peptides blocking VEGF–VEGFR-1 interaction using this technique [11–13]. In the study, we focused on screening the peptides specifically targeting TIM3. Here, four rounds of subtractive screening were performed using the 293T cells stably expressing human TIM3 and the 12-mer phage display peptide library to identify the TIM3-binding peptides. A novel high-affinity TIM3-targeting peptide with excellent biological activities, P26, was identified. P26 can compete with Gal-9 for binding to TIM3 and diminish the biological functions of TIM3/Gal-9. P26 also exhibits the anti-tumor function in vivo. These results suggest that P26 may have potential applications as an immunological checkpoint inhibitor or supplementation to other immune checkpoint inhibitors.
Materials and methods

Reagents
The Ph.D.-12 phage display peptide library kit was purchased from New England Biolabs. Histopaque-1077 (10771) was from Sigma-Aldrich. CD4+ T-cell isolation kit (130-096-533) and Mo-DC Generation Toolbox I (130-093568) were obtained from Miltenyi Biotech. The Human IFN-gamma DuoSet ELISA (DY285B) and Human IL-2 DuoSet ELISA (DY202) were from R&D Systems. The TMB substrate single solution (D0022) was purchased from Yacoo. Opdivo (NDC 0003-3772-11) was obtained from Bristol-Myers Squibb. Gal-9 fusion protein (CHI-HF-210GAL9) and TIM3 fusion protein (CHI-MF-210T3-C050) were obtained from Chimerigen. The anti-TIM3 monoclonal antibody C23 was generated by our laboratory. Anti-GAPDH (10494-1-AP) was purchased from Proteintech. HRP-anti-mouse (ab6789) was obtained from Abcam.
Cell lines and cell culture
Human renal epithelial cell line 293T and 293T-TIM3 were obtained from KYinno and maintained in Dulbecco’s
1 Springer

modified Eagle’s medium (DMEM) at 37 "C, 5% CO2. The media were supplemented with 10% FCS (Gibco) plus Peni-cillin/Streptomycin. Mouse colon cancer cell line MC38-hPD-L1 was obtained from Biocytogen (Beijing, China) and cultured in RPMI-1640 plus 10% FBS (Gbico) and hygromy-cin B (100 μg/mL) at 37 "C, 5% CO2. Mo-DC Differentiation Medium (130-094-812) and Mo-DC Maturation Medium (130-094-813) were purchased from Miltenyi Biotech.
Western blot analysis
Cells were lysed in buffer containing 50 mM Tris–HCl pH 7.0, 150 mM NaCl, 2 mM EDTA, 2 mM dithiothreitol, 1% SDS, and 1 × protease inhibitor cocktail from Roche. The protein concentration was quantified by the BCA protein detection kit. Samples were separated by SDS-PAGE and electro-blotted to the nitrocellulose membranes, which were blocked with 5% non-fat milk in PBS for 1 h at room temperature, probed with the indicated primary antibodies at 4 "C overnight, and incubated with HRP-conjugated secondary antibody for 45 min at room temperature. Protein bands were visualized with the enhanced chemiluminescence system.
Screening of TIM3‑targeting peptides by phage display random peptide library
293T-TIM3 (target cells) and 293T (negative absorption cells) were used to screen the random phages display peptide libraries. Panning was performed by procedures suggested by Peptide Library Kit with some modifications. After amplification of the ultimate phage peptide library obtained by subtractive screening, one part of phage supernatant was subjected to next-generation sequencing (NGS, completed by Abace-Biology) to select frequently occurring peptide coding sequences. Another part was subjected to ELISA to select positive clones. Finally, preferred peptide sequences were selected based on the results of both NGS and ELISA. The candidate peptides and a control peptide (P0) were synthesized by Apeptide using standard solid-phase Fmoc chemistry. FITC conjugates were produced by DGpeptides.
Examination of binding specificity and ligand competition binding assays
Surface plasmon resonance (SPR) assay. The affinity identification between P26 and TIM3 was performed by immobilizing the TIM3 protein (50 μg/mL) on the surface of the nanogold sensor chip after the chip was activated by EDC/ NHS. P26/Gal-9 competition assay was performed by immobilizing Gal-9 protein (25 µg/mL) on the sensor chip. Each sample was injected at a flow rate of 20 μL/min for about 7 min. KD, ka, and kd were calculated by Trace Drawer Evaluation (version 2.0).
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Flow cytometry. After blocking with 1% BSA-PBS for 30 min at room temperature and washing, 500 i.LL of cell suspension (2 × 106 293T-TIM3 or 293T cells) was incubated with FITC-conjugated P26 peptide and/or Gal-9. After incubation for 30 min at room temperature and washed twice with PBS, the cells were resuspended in 200 i.LL PBS for flow cytometry analysis.
Isolation and purification of dendritic cells (DCs) and CD4+ T cells and mixed lymphocyte reaction (MLR)
The blood of donors was diluted (volume ratio 1:1) with physiological saline, and human peripheral blood mononuclear cells (PBMCs) were isolated with the human lymphocyte separation solution Histopaque-1077 by centrifugation at 400 g for 40 min at room temperature. The obtained PBMCs were washed for three times with PBS and subjected to magnetic bead sorting. CD4+ T cells were isolated from the remaining cells after isolation of DCs by the Mo-DC generation kit I and CD4+ T cell isolation kit. DCs were cultured in Mo-DC differentiation medium for 7 days and then replaced with Mo-DC mature medium for 3 days.
Mature DCs and newly isolated T cells (different donors) were mixed for MLR. About 1 × 104 DCs and 1 × 105 T cells per well were mixed and cultured in 200 µL RPMI-1640 medium plus 10% FBS. To evaluate the activity of P26 (gradient effect), competitive inhibition (P26 and Ligand), as well as synergistic effect (P26 and PD-1 inhibitor OPDIVO), indicated concentrations of peptide, OPDIVO, and Gal-9 were added to the corresponding wells to interact with the cells. The expression levels of IFN-γ or IL-2 secreted in the cell supernatant were measured on the fifth day by ELISA assay.
ELISA assay for T‑cell activity
IFN-γ and IL-2 in MLR cell supernatants were detected according to the ELISA kit procedure. Briefly, 100 i.LL of capture antibody solution (2 i.Lg/mL) was coated in a 96-well plate overnight at room temperature. On the second day, the capture antibody solution was aspirated out, and the wells were washed three times with 300 i.LL of PBST containing 0.05% Tween 20. Afterwards, wells were blocked with 300 i.LL of 1% BSA-PBS for 1 h. After sealing, the wells were similarly washed and incubated with 100 i.LL of test samples or standards per well for 2 h. After that, each well was incubated with the detection antibody (125 ng/mL, 100 i.LL) for 2 h. After incubation with 100 i.LL of HRP-con-jugated secondary antibody for 20 min, color was developed with TMB. The test wells were read at the wavelength of 450/570 nm using an ELISA plate reader (Bio-Rad).

Tumor growth assay
C57BL/6 mice transgenic for B-hHAVCR2 (TIM3) (Biocy-togen, Beijing, China) were used to evaluate the anti-tumor activity of P26 in vivo. After 1 week of adaptive feeding, 6-week-old female mice were inoculated with 0.1 mL of MC38-hPD-L1 cells (1 × 106 cells) by subcutaneous injection on the right scapula followed by the measurements of tumor volume and body weight. When the average tumor volume reached about 80 mm3, mice were randomly divided into three groups and administrated with different drugs: (A) PBS (control), (B) ATE (PD-L1 inhibitor Atezolizumab, 10 mg/kg/4d, as the positive group), (C) P26 (5 mg/kg/d), and (D) P26 (5 mg/kg/d) plus ATE (10 mg/kg/4d). The weight and tumor volume of the mice were measured twice a week. When the body weight loss (% BWL) was above 20%, the drug was discontinued, and then, ethically acceptable execution to mice was adopted upon the failure of weight loss recovery in 72 h. The weight and volume of tumors were then analyzed.
Statistics analysis
All the data were expressed as means ± SEM of duplicate or triplicate samples. Histograms and line charts were generated by GraphPad Prism 6.0. T tests or one-way ANOVA was used to determine the p values. Statistical significance was determined as a p value < 0.05.
Results
Screening of specific peptides binding to TIM3 from a random library
293T-TIM3 and 293T cells were, respectively, used as the target cells and negative absorption cells to select a random phage display 12-mer-peptide library. The expression of TIM3 in the 293T-TIM3 cell line was verified by Western blot analysis (Fig. 1a) and flow cytometry (Fig. 1b). The enriched phage clones showed a significant increase in relative yield during four rounds of step-by-step bio-panning (Fig. 1c). After the fourth round, one part of phage supernatant of the ultimate phage peptide library was subjected to NGS, and another part was subjected to ELISA. Twenty clones from the screen-amplified round 4 phage library were subjected to cell ELISA, and the relative ratios of the OD490 values of the positive clones (binding with 293T-TIM3 cells to binding with 293T cells) were compared and analyzed (Fig. 1d). Twenty frequently occurring peptide coding sequences were screened by NGS, and then, ten peptides were synthesized based on the results of NGS and phage ELISA for further study (Fig. 1e). The result showed that

1 Springer

786	Cancer Chemotherapy and Pharmacology (2020) 86:783–792

[image: ]

Fig. 1 Screening and synthesis of TIM3-targeting peptides from a random Phage Display 12-mer-Peptide Library. a Stable expression of exogenous human TIM3 protein in 293T cells was detected by Western Blot. b Expression of TIM3 on the surface of 293T cells was detected by flow cytometry. c Recovery of positive clones of TIM3-binding phages from each round by subtractive bio-panning in the Phage Display 12-mer-Peptide Library. d Relative ratio of the OD490 value of the positive clone’s association with target cells
there was no homology or consensus motif in these clones. Next, we sought to test whether the peptides could activate CD4+ T cells. Peptides (100 μg/mL) were added to the co-culture of DCs and T cells, and ELSIA was proceeded to detect IFN-γ produced by DCs and T cells in cell supernatants during the co-culture. Peptide P26 with the strongest activity in inducing IFN-γ was selected for further analysis (Fig. 1f).
1 Springer

(293T-TIM3) to the control cells (293T) was compared and analyzed by ELISA. e Amino acid sequences of 20 clones screened by NGS, and 10 peptides (boxed) were synthesized based on the results of ELISA and NGS. f Secretion of IFN-γ by peptides and cells incubation after co-culture. The BC0 group contained only T cells, the BC group contained only DCs and T cells, and the other groups were mixed cultures of peptides and DCs and T cells. Data were showed as mean ± SEM, *p < 0.05, **p < 0.01
Affinity of P26 to TIM3
Affinity of P26 to TIM3 was examined by SPR and flow cytometry. In SPR assay, P26 dose-dependently associated with TIM3 and 3.44 × 10–5 M of affinity constant (KD), 4.94 × 10–2 Ms−1 of ka, and 1.70 × 10–2 s−1 of kd were obtained (Fig. 2a). No specific binding between P0 and TIM3 was found (Fig. 2b). In flow cytometry, P26 exhibited
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Fig. 2 The binding affinity of peptide P26 to TIM3. a The KD value of P26 binding to TIM3 was examined by SPR (sensor chip of TIM3). b SPR-binding curves of negative control peptide P0 (sensor chip of TIM3). c The binding specificity of P26-FITC (25 µg/mL and 50 µg/mL) to293T-TIM3 cells and the capacities of FITC-P26 and
a higher binding curve to 293T-TIM3 cells than to 293T cell (Fig. 2c). Therefore, P26 can specifically recognize either free or adherent TIM3.
P26 blocks the interaction between TIM3 and Gal-9
The competitive binding test between P26 and Gal-9 to TIM3 was also conducted by SPR and flow cytometry. The results of flow cytometry also indicated a competitive relationship between P26 and Gal-9′s bindings to 293T-TIM3 cells (Fig. 2c). In addition, the binding between Gal-9 and TIM3 was validated by SPR and the KD, ka, and kd values

FITC-Gal-9 (10 µg/mL) to compete for binding to 293T-TIM3 cells were examined by flow cytometry. d The KD value of Gal-9 binding to TIM3 was detected by SPR (sensor chip of TIM3). e Effects of indicated concentrations of P26 on Gal-9-TIM3 binding tested by SPR (sensor chip of Gal-9)
were 6.27 × 10–7 M, 1.07 × 10–4 Ms−1, and 6.71 × 10–3 s−1, respectively (Fig. 2d). However, P26 significantly decreased TIM3/Gal-9 interaction (Fig. 2e). Therefore, P26 can not only specifically bind to TIM3 but also compete with Gal-9, resulting in diminished TIM3/Gal-9 interaction.
P26 activates T cells and reverses Gal-9-inhibited T-cell activation
To evaluate the impact of P26 on T-cell activation and proliferation, MLR experiments were performed. The levels of IFN-γ and IL-2 in the supernatant were slightly increased
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after DC-cell presentation, but were markedly elevated by P26 in a dose-dependent fashion (Fig. 3a and b). Furthermore, P26 and the PD-1 inhibitor, OPDIVO, jointly stimulated T cells, and the combined indexes (CI) [14, 15] of P26 and OPDIVO were 0.736 for IFN-γ and 0.771 for IL-2, respectively (Fig. 3c and d). In addition, we evaluated the 

competitive effect of P26 on TIM3/Gal-9-regulated T-cell activation. Gal-9 (5 µg/mL) reduced the levels of IL-2 and IFN-γ from DC-primed T cells. However, in the presence of P26, Gal-9-mediated inhibition on T-cell activation was abrogated (Fig. 3e and f). Therefore, P26 has the capacity to reverse Gal-9-inhibited T-cell activation.

[image: ]Fig. 3 The secretion of IFN-γ and IL-2 after co-incubation of P26 and P26 with other drugs in MLR was detected by ELISA. a and b IFN-γ (a) and IL-2 (b) secretion levels after incubation of different concentrations of P26. c and d Secretion of IFN-γ (c) and IL-2 (d) after co-incubation of P26 (25 µg/mL) and PD-1 inhibitor OPDIVO
1 Springer

(0.1 µg/mL). e and f Secretion levels of IFN-γ (e) and IL-2 (f) after co-incubation of P26 (100 µg/mL) and Gal-9 (5 µg/mL). Data were analyzed and presented as mean ± SEM, *p < 0.05, **p < 0.01. n.s. no significance
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P26 inhibits tumor growth in vivo
The MC38-hPD-L1 tumor-bearing B-hTIM-3 humanized mice model was used to evaluate whether P26 has an inhibitory effect on tumor growth in vivo. A dosing regimen was established (Fig. 4a), and the PD-L1 inhibitor ATE was used as a positive control. One week after withdrawal, tumor nodules were separated and then weighed for statistical analysis, the differences between the tumors in each group were compared, and tumor volume growth curves were shown. The results showed that, compared with the solvent control group, both P26 and ATE groups could significantly inhibit the growth of MC38-hPD-L1 tumor cells (Fig. 4b and c). In terms of tumor volume, the inhibition rates were 43.71% for ATE and 34.19% for P26 (Fig. 4d). The differences between P26 and ATE-inhibited tumor growth were statistically insignificant (Fig. 4b and d). Likely due to the small sample size, the differences between co-treatment (P26 plus ATE) and single treatment (P26 or ATE) were insignificant, but combination of P26 and ATE did show a stronger inhibition on tumor weight (Fig. 4b) and volume (54.98%) (Fig. 4d).

These results demonstrate that P26 has a considerably negative impact on tumor growth.
Discussion
In this report, a panel of 12aa peptides targeting TIM3 were screened and identified by the phage peptide library display technology (screening procedures shown in Fig. 5a). Finally, peptide P26 was singled out as a focus and its binding properties as well as biological activities were examined. In terms of affinity, the results showed that P26 can specifically bind to TIM3 at the cellular and molecular levels. Additionally, P26 can block the TIM3/Gal-9 interaction and compete with Gal-9 to bind TIM3. The competition and blocking effects of P26 and Gal-9 may be due to the shared binding site of P26 and Gal-9 on TIM3, and thus, the occupation by P26 to TIM3 will significantly thwart the recruitment and binding of Gal-9. On the other hand, the topologically structural alteration of TIM3 protein upon the interaction with P26 may lead to the augmented difficulty of TIM3 binding

[image: ]

Fig. 4 P26 inhibited tumor growth in mice. a Schema for subcutaneous implantation of MC38-hPD-L1 cells in mice on day 0, therapeutic injection of indicated drugs on day 10, and the mice were sacrificed on day 36. b and c Weight (b) and photos (c) of MC38-hPD-L1 

tumor nodules on day 36. d Curves showing the changes of tumor volume. Data represent mean ± SEM, (n = 7). *p < 0.05, **p < 0.01. n.s. no significance
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	Fig. 5 a Schematic diagram of the design and screening procedure for TIM3-binding peptides. b The mechanism by which the TIM3-binding peptide P26 activates T cells in a simulated organism environment
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to Gal-9 resulted from the covered or disappeared binding sites. Collectively, the mechanism related to the blockade of TIM3 and Gal-9 by P26 is worthy of exploration. With regard to biological functions and activities, P26 is able to activate CD4 + T cells; notably, P26 also reactivates Gal-9-mediated T-cell suppression in a mock physiological environment (Fig. 5b).
From the in vivo experiment, our results indicate that P26 can inhibit MC38-hPD-L1 tumor growth in mice. The dose of P26 selected for in vivo experiments is 5 mg/kg, which is partly based on the in vitro SPR analysis. Besides, the previous studies offered us some valuable reference on the dosage, which utilized 5 mg/kg [16] or 2–4 mg/kg [17] of peptides.
It should be emphasized that our present study failed to outline P26′s in vivo distribution in tumor and other tissues. We realized that measuring the in vivo levels of P26 and establishing its correlation with the endpoint of tumor
1 Springer

growth inhibition are still problematic, which need to be solved in future work of positioning P26 as a therapeutic drug. TIM3 predominates on the surface of T cell existing in the blood and peripheral tissues apart from infiltrated tumor tissues [16–18], which forms a severely big hurdle and abrogates the precise tracing of P26 even with the fluorescence labels. Furthermore, the traditional fluorescent labels are susceptible to multiple factors such as pH and prone to cancelation in the long term [19, 20]. In general, fluorescent dyes with varied colors last amid the scope of delectability within minutes to 7 days under the fixation status [21–23]. For the present study of 36-day observation course, the fluorescence conjugated to the P26 would definitely disappear or formidably fatigue upon excitation. Besides, peptide might be degraded at some sites with the fluorescent probes alive, so the fluorescence from either chemicals or proteins may fail to reflect the authentic status of peptides in vivo [24–26]. Thus, fluorescence labeling of P26 bears the incompatibility
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in our study. Additionally, mass spectrometry analysis of in vivo levels of P26 may be a viable option, but the procedures require some optimizations. Finally, P26-specific antibody is in the process of development for the purpose of establishing antibody-based detection techniques and assisting the further therapeutic development of P26.
TIM3 has emerged as a promising target for tumor immu-notherapy, and a few antibodies against TIM3 have been reported to exhibit excellent effects in enhancing antiviral immune responses, stimulating IFN-mediated anti-tumor immunity of T cells, and counteracting tumor growth [27]. Also, there are some reports on TIM3 inhibitors, but mechanisms of the action are still unclear. It has been shown that the anti-tumor mechanism of anti-TIM3 requires CD4+ T cells and CD8+ T cells producing IFN-γ, and the model dependence on host CD11+ DC is relatively minimal [28]. Plus, it has also been reported that anti-PD-1 immunother-apy could develop resistance due to selective activation of TIM3, leading to immune escape [29]. Additional studies have shown that the use of combined antibodies against TIM3 and anti-PD-1 can prevent resistance to PD-1 therapy and reverse T cell failure and enhance anti-tumor activity of NK cells [17, 30]. In view of these resistance mechanisms, the combination of PD-1 and TIM3 inhibitors after anti-PD-1 treatment may be an effective treatment strategy for reversing anti-PD-1 resistance in the future.
Peptides have the advantages of small molecular mass, low cost, and easy access to synthesis, and are gradually becoming attractive for drug research and development [31]. Studies of related peptides on CTLA-4, PD-1, and PD-L1 have demonstrated the ideal functional activities in tumor immunotherapy [31–34]. However, so far, there have been no reports on the application of peptide inhibitors of TIM3, and the mechanism and development of TIM3-targeting peptides still require further research and optimization. Encouragingly, this study proposes the novel peptide P26 which is involved in the interference of TIM3/Gal-9 interaction and activation of CD4+ T cells through increased expression of cytokines (IFN-γ, IL-2). Moreover, in the in vivo experiments, P26 also played a beneficial role in inhibiting tumor growth in MC38-hPD-L1 colon cancer cell-bearing mice. To maximize and optimize the suppressive effect of P26 on tumor, key residues in the P26 peptide sequence and underlying mechanism are worthy of further research. In addition, it is necessary to study the selectivity and specificity of P26, which will assist clinical selection of drugs. Hence, the prospect of peptide P26 is bound to be attractive, and may have the potential to act as an alternative, adjuvant, or supplement to antibody-based therapy in immunotherapy of cancer.
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Abstract
Purpose Recent studies have shown that TIM3 plays an important role in T-cell failure, which is closely related to the resistance to anti-programmed cell death protein 1 (PD-1) treatment. However, there have been no reports on the application of peptide blockers to TIM3. In this study, we endeavored to identify the in vitro and in vivo anti-tumor activities of a TIM3-targeting peptide screened from the phage peptide library.
Methods Phage display peptide library technology, surface plasmon resonance, flow cytometry, and mixed lymphocyte reaction were utilized to screen and demonstrate the bioactivities of P26, a TIM3-targeting peptide. Meanwhile, tumor growth assay was performed to evaluate the anti-tumor effect of P26.
Results In terms of affinity, we demonstrated that P26 specifically binds to TIM3 at the cellular and molecular levels, which therefore blocks the interaction between TIM3 and Galectin-9 (Gal-9) and competes with Gal-9 to bind TIM3. Additionally, P26 significantly increases T-cell activity and elevates IFN-γ and IL-2 levels in a dose-dependent manner. Notably, P26 also counteracts Gal-9-mediated T-cell suppression. More importantly, P26 can inhibit growth of MC38-hPD-L1 tumor in mice. Conclusions P26, as a novel TIM3-binding peptide, has the ideal bioactivity connecting to TIM3 and the potential prospect of application in immunotherapy as an alternative or adjuvant to existing agents.
Keywords P26 · TIM3 · Phage display peptide library · Biological activity · Anti-tumor

Introduction
Immunotherapy is increasingly recognized as one of the most promising treatments for cancer therapy, and there has been a focus on the development of treatments aiming at some immunological checkpoint molecules such as anti-cytotoxic T-Lymphocyte-Associated Protein-4 (CTLA-4)
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and PD-1 in melanoma, kidney cancer, Hodgkin’s disease, and lung cancer [1]. However, tumors grow in the complex networks consisting of epithelial cells, blood vessels and lymphatic vessels, cytokines and chemokines, and infiltrating immune cells [2]. In some cancers including colorectal cancer, the blockade of CTLA-4 or PD-1 does not achieve an ideal therapeutic effect and incentivizes the efforts to locate other immune checkpoint inhibitors, such as TIM3. Recent studies have shown that TIM3 plays an important role in T-cell failure. The resistance to anti-PD-1 treatment is partly due to the up-regulation of TIM3 expression in T cells, and the use of anti-TIM3 antibodies in combination with anti-PD-1 inhibitors can override drug resistance [3, 4].
The TIM gene family contains eight members (TIM1-8) in mouse chromosome 11B1.1 and three members (TIM1, TIM3, and TIM4) in human chromosome 5q33.2 [5]. Human TIM3, also known as HAVCR2, is a type I membrane protein with 302 amino acids, of which 63% are identical to murine TIM3 (281 amino acids) [6]. The main ligands of TIM3 are carcinoembryonic antigen cell adhesion molecule 1 (CEACAM-1), phosphatidylserine (PS), high-mobility

0123456789)1 3

784	Cancer Chemotherapy and Pharmacology (2020) 86:783–792

group protein B1 (HMGB1), and Galectin-9 (Gal-9) [3], among which Gal-9 was the first being identified and its interplay with TIM3 triggers an immunosuppressive outcome through the activation of JUN N-terminal kinase (JNK) and AKT signaling pathways [7]. Some of the latest findings have shown that TIM3 acts as a biomarker that represses the spontaneous immune reactions in the high grade serous ovarian cancers (HGSC) [8], and up-regulation of TIM3 and regulatory T-cell infiltration could mediate the resistance to radiation therapy and PD-L1 blockade [9].
Phage display technology, as a selection-based system, is a well-used biological method and has been successfully applied to various fields [10]. We previously identified peptides blocking VEGF–VEGFR-1 interaction using this technique [11–13]. In the study, we focused on screening the peptides specifically targeting TIM3. Here, four rounds of subtractive screening were performed using the 293T cells stably expressing human TIM3 and the 12-mer phage display peptide library to identify the TIM3-binding peptides. A novel high-affinity TIM3-targeting peptide with excellent biological activities, P26, was identified. P26 can compete with Gal-9 for binding to TIM3 and diminish the biological functions of TIM3/Gal-9. P26 also exhibits the anti-tumor function in vivo. These results suggest that P26 may have potential applications as an immunological checkpoint inhibitor or supplementation to other immune checkpoint inhibitors.
Materials and methods

Reagents
The Ph.D.-12 phage display peptide library kit was purchased from New England Biolabs. Histopaque-1077 (10771) was from Sigma-Aldrich. CD4+ T-cell isolation kit (130-096-533) and Mo-DC Generation Toolbox I (130-093568) were obtained from Miltenyi Biotech. The Human IFN-gamma DuoSet ELISA (DY285B) and Human IL-2 DuoSet ELISA (DY202) were from R&D Systems. The TMB substrate single solution (D0022) was purchased from Yacoo. Opdivo (NDC 0003-3772-11) was obtained from Bristol-Myers Squibb. Gal-9 fusion protein (CHI-HF-210GAL9) and TIM3 fusion protein (CHI-MF-210T3-C050) were obtained from Chimerigen. The anti-TIM3 monoclonal antibody C23 was generated by our laboratory. Anti-GAPDH (10494-1-AP) was purchased from Proteintech. HRP-anti-mouse (ab6789) was obtained from Abcam.
Cell lines and cell culture
Human renal epithelial cell line 293T and 293T-TIM3 were obtained from KYinno and maintained in Dulbecco’s
1 Springer

modified Eagle’s medium (DMEM) at 37 "C, 5% CO2. The media were supplemented with 10% FCS (Gibco) plus Peni-cillin/Streptomycin. Mouse colon cancer cell line MC38-hPD-L1 was obtained from Biocytogen (Beijing, China) and cultured in RPMI-1640 plus 10% FBS (Gbico) and hygromy-cin B (100 μg/mL) at 37 "C, 5% CO2. Mo-DC Differentiation Medium (130-094-812) and Mo-DC Maturation Medium (130-094-813) were purchased from Miltenyi Biotech.
Western blot analysis
Cells were lysed in buffer containing 50 mM Tris–HCl pH 7.0, 150 mM NaCl, 2 mM EDTA, 2 mM dithiothreitol, 1% SDS, and 1 × protease inhibitor cocktail from Roche. The protein concentration was quantified by the BCA protein detection kit. Samples were separated by SDS-PAGE and electro-blotted to the nitrocellulose membranes, which were blocked with 5% non-fat milk in PBS for 1 h at room temperature, probed with the indicated primary antibodies at 4 "C overnight, and incubated with HRP-conjugated secondary antibody for 45 min at room temperature. Protein bands were visualized with the enhanced chemiluminescence system.
Screening of TIM3‑targeting peptides by phage display random peptide library
293T-TIM3 (target cells) and 293T (negative absorption cells) were used to screen the random phages display peptide libraries. Panning was performed by procedures suggested by Peptide Library Kit with some modifications. After amplification of the ultimate phage peptide library obtained by subtractive screening, one part of phage supernatant was subjected to next-generation sequencing (NGS, completed by Abace-Biology) to select frequently occurring peptide coding sequences. Another part was subjected to ELISA to select positive clones. Finally, preferred peptide sequences were selected based on the results of both NGS and ELISA. The candidate peptides and a control peptide (P0) were synthesized by Apeptide using standard solid-phase Fmoc chemistry. FITC conjugates were produced by DGpeptides.
Examination of binding specificity and ligand competition binding assays
Surface plasmon resonance (SPR) assay. The affinity identification between P26 and TIM3 was performed by immobilizing the TIM3 protein (50 μg/mL) on the surface of the nanogold sensor chip after the chip was activated by EDC/ NHS. P26/Gal-9 competition assay was performed by immobilizing Gal-9 protein (25 µg/mL) on the sensor chip. Each sample was injected at a flow rate of 20 μL/min for about 7 min. KD, ka, and kd were calculated by Trace Drawer Evaluation (version 2.0).
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Flow cytometry. After blocking with 1% BSA-PBS for 30 min at room temperature and washing, 500 i.LL of cell suspension (2 × 106 293T-TIM3 or 293T cells) was incubated with FITC-conjugated P26 peptide and/or Gal-9. After incubation for 30 min at room temperature and washed twice with PBS, the cells were resuspended in 200 i.LL PBS for flow cytometry analysis.
Isolation and purification of dendritic cells (DCs) and CD4+ T cells and mixed lymphocyte reaction (MLR)
The blood of donors was diluted (volume ratio 1:1) with physiological saline, and human peripheral blood mononuclear cells (PBMCs) were isolated with the human lymphocyte separation solution Histopaque-1077 by centrifugation at 400 g for 40 min at room temperature. The obtained PBMCs were washed for three times with PBS and subjected to magnetic bead sorting. CD4+ T cells were isolated from the remaining cells after isolation of DCs by the Mo-DC generation kit I and CD4+ T cell isolation kit. DCs were cultured in Mo-DC differentiation medium for 7 days and then replaced with Mo-DC mature medium for 3 days.
Mature DCs and newly isolated T cells (different donors) were mixed for MLR. About 1 × 104 DCs and 1 × 105 T cells per well were mixed and cultured in 200 µL RPMI-1640 medium plus 10% FBS. To evaluate the activity of P26 (gradient effect), competitive inhibition (P26 and Ligand), as well as synergistic effect (P26 and PD-1 inhibitor OPDIVO), indicated concentrations of peptide, OPDIVO, and Gal-9 were added to the corresponding wells to interact with the cells. The expression levels of IFN-γ or IL-2 secreted in the cell supernatant were measured on the fifth day by ELISA assay.
ELISA assay for T‑cell activity
IFN-γ and IL-2 in MLR cell supernatants were detected according to the ELISA kit procedure. Briefly, 100 i.LL of capture antibody solution (2 i.Lg/mL) was coated in a 96-well plate overnight at room temperature. On the second day, the capture antibody solution was aspirated out, and the wells were washed three times with 300 i.LL of PBST containing 0.05% Tween 20. Afterwards, wells were blocked with 300 i.LL of 1% BSA-PBS for 1 h. After sealing, the wells were similarly washed and incubated with 100 i.LL of test samples or standards per well for 2 h. After that, each well was incubated with the detection antibody (125 ng/mL, 100 i.LL) for 2 h. After incubation with 100 i.LL of HRP-con-jugated secondary antibody for 20 min, color was developed with TMB. The test wells were read at the wavelength of 450/570 nm using an ELISA plate reader (Bio-Rad).

Tumor growth assay
C57BL/6 mice transgenic for B-hHAVCR2 (TIM3) (Biocy-togen, Beijing, China) were used to evaluate the anti-tumor activity of P26 in vivo. After 1 week of adaptive feeding, 6-week-old female mice were inoculated with 0.1 mL of MC38-hPD-L1 cells (1 × 106 cells) by subcutaneous injection on the right scapula followed by the measurements of tumor volume and body weight. When the average tumor volume reached about 80 mm3, mice were randomly divided into three groups and administrated with different drugs: (A) PBS (control), (B) ATE (PD-L1 inhibitor Atezolizumab, 10 mg/kg/4d, as the positive group), (C) P26 (5 mg/kg/d), and (D) P26 (5 mg/kg/d) plus ATE (10 mg/kg/4d). The weight and tumor volume of the mice were measured twice a week. When the body weight loss (% BWL) was above 20%, the drug was discontinued, and then, ethically acceptable execution to mice was adopted upon the failure of weight loss recovery in 72 h. The weight and volume of tumors were then analyzed.
Statistics analysis
All the data were expressed as means ± SEM of duplicate or triplicate samples. Histograms and line charts were generated by GraphPad Prism 6.0. T tests or one-way ANOVA was used to determine the p values. Statistical significance was determined as a p value < 0.05.
Results
Screening of specific peptides binding to TIM3 from a random library
293T-TIM3 and 293T cells were, respectively, used as the target cells and negative absorption cells to select a random phage display 12-mer-peptide library. The expression of TIM3 in the 293T-TIM3 cell line was verified by Western blot analysis (Fig. 1a) and flow cytometry (Fig. 1b). The enriched phage clones showed a significant increase in relative yield during four rounds of step-by-step bio-panning (Fig. 1c). After the fourth round, one part of phage supernatant of the ultimate phage peptide library was subjected to NGS, and another part was subjected to ELISA. Twenty clones from the screen-amplified round 4 phage library were subjected to cell ELISA, and the relative ratios of the OD490 values of the positive clones (binding with 293T-TIM3 cells to binding with 293T cells) were compared and analyzed (Fig. 1d). Twenty frequently occurring peptide coding sequences were screened by NGS, and then, ten peptides were synthesized based on the results of NGS and phage ELISA for further study (Fig. 1e). The result showed that
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Fig. 1 Screening and synthesis of TIM3-targeting peptides from a random Phage Display 12-mer-Peptide Library. a Stable expression of exogenous human TIM3 protein in 293T cells was detected by Western Blot. b Expression of TIM3 on the surface of 293T cells was detected by flow cytometry. c Recovery of positive clones of TIM3-binding phages from each round by subtractive bio-panning in the Phage Display 12-mer-Peptide Library. d Relative ratio of the OD490 value of the positive clone’s association with target cells
there was no homology or consensus motif in these clones. Next, we sought to test whether the peptides could activate CD4+ T cells. Peptides (100 μg/mL) were added to the co-culture of DCs and T cells, and ELSIA was proceeded to detect IFN-γ produced by DCs and T cells in cell supernatants during the co-culture. Peptide P26 with the strongest activity in inducing IFN-γ was selected for further analysis (Fig. 1f).
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(293T-TIM3) to the control cells (293T) was compared and analyzed by ELISA. e Amino acid sequences of 20 clones screened by NGS, and 10 peptides (boxed) were synthesized based on the results of ELISA and NGS. f Secretion of IFN-γ by peptides and cells incubation after co-culture. The BC0 group contained only T cells, the BC group contained only DCs and T cells, and the other groups were mixed cultures of peptides and DCs and T cells. Data were showed as mean ± SEM, *p < 0.05, **p < 0.01
Affinity of P26 to TIM3
Affinity of P26 to TIM3 was examined by SPR and flow cytometry. In SPR assay, P26 dose-dependently associated with TIM3 and 3.44 × 10–5 M of affinity constant (KD), 4.94 × 10–2 Ms−1 of ka, and 1.70 × 10–2 s−1 of kd were obtained (Fig. 2a). No specific binding between P0 and TIM3 was found (Fig. 2b). In flow cytometry, P26 exhibited
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Fig. 2 The binding affinity of peptide P26 to TIM3. a The KD value of P26 binding to TIM3 was examined by SPR (sensor chip of TIM3). b SPR-binding curves of negative control peptide P0 (sensor chip of TIM3). c The binding specificity of P26-FITC (25 µg/mL and 50 µg/mL) to293T-TIM3 cells and the capacities of FITC-P26 and
a higher binding curve to 293T-TIM3 cells than to 293T cell (Fig. 2c). Therefore, P26 can specifically recognize either free or adherent TIM3.
P26 blocks the interaction between TIM3 and Gal-9
The competitive binding test between P26 and Gal-9 to TIM3 was also conducted by SPR and flow cytometry. The results of flow cytometry also indicated a competitive relationship between P26 and Gal-9′s bindings to 293T-TIM3 cells (Fig. 2c). In addition, the binding between Gal-9 and TIM3 was validated by SPR and the KD, ka, and kd values

FITC-Gal-9 (10 µg/mL) to compete for binding to 293T-TIM3 cells were examined by flow cytometry. d The KD value of Gal-9 binding to TIM3 was detected by SPR (sensor chip of TIM3). e Effects of indicated concentrations of P26 on Gal-9-TIM3 binding tested by SPR (sensor chip of Gal-9)
were 6.27 × 10–7 M, 1.07 × 10–4 Ms−1, and 6.71 × 10–3 s−1, respectively (Fig. 2d). However, P26 significantly decreased TIM3/Gal-9 interaction (Fig. 2e). Therefore, P26 can not only specifically bind to TIM3 but also compete with Gal-9, resulting in diminished TIM3/Gal-9 interaction.
P26 activates T cells and reverses Gal-9-inhibited T-cell activation
To evaluate the impact of P26 on T-cell activation and proliferation, MLR experiments were performed. The levels of IFN-γ and IL-2 in the supernatant were slightly increased
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after DC-cell presentation, but were markedly elevated by P26 in a dose-dependent fashion (Fig. 3a and b). Furthermore, P26 and the PD-1 inhibitor, OPDIVO, jointly stimulated T cells, and the combined indexes (CI) [14, 15] of P26 and OPDIVO were 0.736 for IFN-γ and 0.771 for IL-2, respectively (Fig. 3c and d). In addition, we evaluated the 

competitive effect of P26 on TIM3/Gal-9-regulated T-cell activation. Gal-9 (5 µg/mL) reduced the levels of IL-2 and IFN-γ from DC-primed T cells. However, in the presence of P26, Gal-9-mediated inhibition on T-cell activation was abrogated (Fig. 3e and f). Therefore, P26 has the capacity to reverse Gal-9-inhibited T-cell activation.

[image: ]Fig. 3 The secretion of IFN-γ and IL-2 after co-incubation of P26 and P26 with other drugs in MLR was detected by ELISA. a and b IFN-γ (a) and IL-2 (b) secretion levels after incubation of different concentrations of P26. c and d Secretion of IFN-γ (c) and IL-2 (d) after co-incubation of P26 (25 µg/mL) and PD-1 inhibitor OPDIVO
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(0.1 µg/mL). e and f Secretion levels of IFN-γ (e) and IL-2 (f) after co-incubation of P26 (100 µg/mL) and Gal-9 (5 µg/mL). Data were analyzed and presented as mean ± SEM, *p < 0.05, **p < 0.01. n.s. no significance
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P26 inhibits tumor growth in vivo
The MC38-hPD-L1 tumor-bearing B-hTIM-3 humanized mice model was used to evaluate whether P26 has an inhibitory effect on tumor growth in vivo. A dosing regimen was established (Fig. 4a), and the PD-L1 inhibitor ATE was used as a positive control. One week after withdrawal, tumor nodules were separated and then weighed for statistical analysis, the differences between the tumors in each group were compared, and tumor volume growth curves were shown. The results showed that, compared with the solvent control group, both P26 and ATE groups could significantly inhibit the growth of MC38-hPD-L1 tumor cells (Fig. 4b and c). In terms of tumor volume, the inhibition rates were 43.71% for ATE and 34.19% for P26 (Fig. 4d). The differences between P26 and ATE-inhibited tumor growth were statistically insignificant (Fig. 4b and d). Likely due to the small sample size, the differences between co-treatment (P26 plus ATE) and single treatment (P26 or ATE) were insignificant, but combination of P26 and ATE did show a stronger inhibition on tumor weight (Fig. 4b) and volume (54.98%) (Fig. 4d).

These results demonstrate that P26 has a considerably negative impact on tumor growth.
Discussion
In this report, a panel of 12aa peptides targeting TIM3 were screened and identified by the phage peptide library display technology (screening procedures shown in Fig. 5a). Finally, peptide P26 was singled out as a focus and its binding properties as well as biological activities were examined. In terms of affinity, the results showed that P26 can specifically bind to TIM3 at the cellular and molecular levels. Additionally, P26 can block the TIM3/Gal-9 interaction and compete with Gal-9 to bind TIM3. The competition and blocking effects of P26 and Gal-9 may be due to the shared binding site of P26 and Gal-9 on TIM3, and thus, the occupation by P26 to TIM3 will significantly thwart the recruitment and binding of Gal-9. On the other hand, the topologically structural alteration of TIM3 protein upon the interaction with P26 may lead to the augmented difficulty of TIM3 binding

[image: ]

Fig. 4 P26 inhibited tumor growth in mice. a Schema for subcutaneous implantation of MC38-hPD-L1 cells in mice on day 0, therapeutic injection of indicated drugs on day 10, and the mice were sacrificed on day 36. b and c Weight (b) and photos (c) of MC38-hPD-L1 

tumor nodules on day 36. d Curves showing the changes of tumor volume. Data represent mean ± SEM, (n = 7). *p < 0.05, **p < 0.01. n.s. no significance
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	Fig. 5 a Schematic diagram of the design and screening procedure for TIM3-binding peptides. b The mechanism by which the TIM3-binding peptide P26 activates T cells in a simulated organism environment
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to Gal-9 resulted from the covered or disappeared binding sites. Collectively, the mechanism related to the blockade of TIM3 and Gal-9 by P26 is worthy of exploration. With regard to biological functions and activities, P26 is able to activate CD4 + T cells; notably, P26 also reactivates Gal-9-mediated T-cell suppression in a mock physiological environment (Fig. 5b).
From the in vivo experiment, our results indicate that P26 can inhibit MC38-hPD-L1 tumor growth in mice. The dose of P26 selected for in vivo experiments is 5 mg/kg, which is partly based on the in vitro SPR analysis. Besides, the previous studies offered us some valuable reference on the dosage, which utilized 5 mg/kg [16] or 2–4 mg/kg [17] of peptides.
It should be emphasized that our present study failed to outline P26′s in vivo distribution in tumor and other tissues. We realized that measuring the in vivo levels of P26 and establishing its correlation with the endpoint of tumor
1 Springer

growth inhibition are still problematic, which need to be solved in future work of positioning P26 as a therapeutic drug. TIM3 predominates on the surface of T cell existing in the blood and peripheral tissues apart from infiltrated tumor tissues [16–18], which forms a severely big hurdle and abrogates the precise tracing of P26 even with the fluorescence labels. Furthermore, the traditional fluorescent labels are susceptible to multiple factors such as pH and prone to cancelation in the long term [19, 20]. In general, fluorescent dyes with varied colors last amid the scope of delectability within minutes to 7 days under the fixation status [21–23]. For the present study of 36-day observation course, the fluorescence conjugated to the P26 would definitely disappear or formidably fatigue upon excitation. Besides, peptide might be degraded at some sites with the fluorescent probes alive, so the fluorescence from either chemicals or proteins may fail to reflect the authentic status of peptides in vivo [24–26]. Thus, fluorescence labeling of P26 bears the incompatibility
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in our study. Additionally, mass spectrometry analysis of in vivo levels of P26 may be a viable option, but the procedures require some optimizations. Finally, P26-specific antibody is in the process of development for the purpose of establishing antibody-based detection techniques and assisting the further therapeutic development of P26.
TIM3 has emerged as a promising target for tumor immu-notherapy, and a few antibodies against TIM3 have been reported to exhibit excellent effects in enhancing antiviral immune responses, stimulating IFN-mediated anti-tumor immunity of T cells, and counteracting tumor growth [27]. Also, there are some reports on TIM3 inhibitors, but mechanisms of the action are still unclear. It has been shown that the anti-tumor mechanism of anti-TIM3 requires CD4+ T cells and CD8+ T cells producing IFN-γ, and the model dependence on host CD11+ DC is relatively minimal [28]. Plus, it has also been reported that anti-PD-1 immunother-apy could develop resistance due to selective activation of TIM3, leading to immune escape [29]. Additional studies have shown that the use of combined antibodies against TIM3 and anti-PD-1 can prevent resistance to PD-1 therapy and reverse T cell failure and enhance anti-tumor activity of NK cells [17, 30]. In view of these resistance mechanisms, the combination of PD-1 and TIM3 inhibitors after anti-PD-1 treatment may be an effective treatment strategy for reversing anti-PD-1 resistance in the future.
Peptides have the advantages of small molecular mass, low cost, and easy access to synthesis, and are gradually becoming attractive for drug research and development [31]. Studies of related peptides on CTLA-4, PD-1, and PD-L1 have demonstrated the ideal functional activities in tumor immunotherapy [31–34]. However, so far, there have been no reports on the application of peptide inhibitors of TIM3, and the mechanism and development of TIM3-targeting peptides still require further research and optimization. Encouragingly, this study proposes the novel peptide P26 which is involved in the interference of TIM3/Gal-9 interaction and activation of CD4+ T cells through increased expression of cytokines (IFN-γ, IL-2). Moreover, in the in vivo experiments, P26 also played a beneficial role in inhibiting tumor growth in MC38-hPD-L1 colon cancer cell-bearing mice. To maximize and optimize the suppressive effect of P26 on tumor, key residues in the P26 peptide sequence and underlying mechanism are worthy of further research. In addition, it is necessary to study the selectivity and specificity of P26, which will assist clinical selection of drugs. Hence, the prospect of peptide P26 is bound to be attractive, and may have the potential to act as an alternative, adjuvant, or supplement to antibody-based therapy in immunotherapy of cancer.
Acknowledgements We thank Zhuona Rong, Shanmei Chen, Bing Wang, and Yizhe Sun for their discussion and technical support in experiments. Also, we appreciate North Medicine and Function Food 

Discipline of Heilongjiang Province (Grant No. 2018-TSXK-02) for partial funding support to this research.
Author contributions TZ designed and performed most of experiments and wrote the manuscript. CS and SM supervised this project. SW and CZ screened the peptide library. DT completed some data analysis and charting.
Funding This work was funded by the National Natural Science Foundation of China (No. 81773219), Basic Research Projects (No.12Z1201501), and the Basic Medical Discipline Team (No. JDXKTD-2019002) of Jiamusi University, China.
Data availability All data generated or analyzed during this study are included in this published article.
Compliance with ethical standards
Conflict of interest We declare that we have no financial conflict of interest or non-financial conflict of interest.
Ethical approval The animal study was approved and supervised by the Biomedical Ethical Committee of Peking University Cancer Hospital and Institute (Permit Number: Animal-2012-01) and performed along established institutional animal welfare guidelines concordant with the US guidelines (NIH Publication #85–23, revised in 1985). Study using blood from human donors was approved and supervised by the Ethical Committee of Peking University Cancer Hospital and Institute.
Consent to participate All donors of blood gave informed consent before participating in this study.
Consent for publication All author read and approved publication.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
References
1. Das M, Zhu C, Kuchroo VK (2017) Tim-3 and its role in regulating anti-tumor immunity. Immunol Rev 276(1):97. https://doi. org/10.1111/imr.12520

2. Fridman WH, Pagès F, Sautès-Fridman C, Galon J (2012) The immune contexture in human tumours: impact on clinical outcome. Nat Rev Cancer 12(4):298–306. https://doi.org/10.1038/ nrc3245

3. He Y, Cao J, Zhao C, Li X, Zhou C, Hirsch FR (2018) TIM-3, a promising target for cancer immunotherapy. Onco Targets Ther 11:7005–7009. https://doi.org/10.2147/ott.S170385

4. Romero D (2016) Immunotherapy: PD-1 says goodbye, TIM-3 says hello. Nat Rev Clin Oncol 13(4):202–203. https://doi. org/10.1038/nrclinonc.2016.40


1 Springer

792	Cancer Chemotherapy and Pharmacology (2020) 86:783–792

5. Freeman GJ, Casasnovas JM, Umetsu DT, DeKruyff RH (2010) TIM genes: a family of cell surface phosphatidylserine receptors that regulate innate and adaptive immunity. Immunol Rev 235(1):172–189. https://doi.org/10.1111/j.0105-2896.2010.00903.x

6. Monney L, Sabatos CA, Gaglia JL, Ryu A, Waldner H, Chernova T, Manning S, Greenfield EA, Coyle AJ, Sobel RA, Freeman GJ, Kuchroo VK (2002) Th1-specific cell surface protein Tim-3 regulates macrophage activation and severity of an autoimmune disease. Nature 415(6871):536–541. https://doi.org/10.1038/415536a

7. Starling S (2017) Immune tolerance: a mother’s greatest gift is TIM3. Nat Rev Immunol 17(11):662–663. https://doi.org/10.1038/ nri.2017.120

8. Fridman WH, Zitvogel L, Sautès-Fridman C, Kroemer G (2017) The immune contexture in cancer prognosis and treatment. Nat Rev Clin Oncol 14(12):717–734. https://doi.org/10.1038/nrcli nonc.2017.101

9. Oweida A, Hararah MK, Phan A, Binder D, Bhatia S, Lennon S, Bukkapatnam S, Van Court B, Uyanga N, Darragh L, Kim HM, Raben D, Tan AC, Heasley L, Clambey E, Nemenoff R, Karam SD (2018) Resistance to radiotherapy and PD-L1 blockade is mediated by TIM-3 upregulation and regulatory T-cell infiltration. Clin Cancer Res 24(21):5368–5380. https://doi.org/10.1158/1078-0432.Ccr-18-1038

10. Rahbarnia L, Farajnia S, Babaei H, Majidi J, Veisi K, Ahmadza-deh V, Akbari B (2017) Evolution of phage display technology: from discovery to application. J Drug Target 25(3):216–224. https ://doi.org/10.1080/1061186x.2016.1258570

11. An P, Lei H, Zhang J, Song S, He L, Jin G, Liu X, Wu J, Meng
L, Liu M, Shou C (2004) Suppression of tumor growth and metastasis by a VEGFR-1 antagonizing peptide identified from a phage display library. Int J Cancer 111(2):165–173. https://doi. org/10.1002/ijc.20214

12. Hetian L, Ping A, Shumei S, Xiaoying L, Luowen H, Jian W, Lin
M, Meisheng L, Junshan Y, Chengchao S (2002) A novel peptide isolated from a phage display library inhibits tumor growth and metastasis by blocking the binding of vascular endothelial growth factor to its kinase domain receptor. J Biol Chem 277(45):43137– 43142. https://doi.org/10.1074/jbc.M203103200

13. Zhou Z, Zhao C, Wang L, Cao X, Li J, Huang R, Lao Q, Yu H, Li Y, Du H, Qu L, Shou C (2015) A VEGFR1 antagonistic peptide inhibits tumor growth and metastasis through VEGFR1-PI3K-AKT signaling pathway inhibition. Am J Cancer Res 5(10):3149–3161
14. Chou TC (2006) Theoretical basis, experimental design, and computerized simulation of synergism and antagonism in drug combination studies. Pharmacol Rev 58(3):621–681. https://doi. org/10.1124/pr.58.3.10

15. Chou TC, Talalay P (1984) Quantitative analysis of dose-effect relationships: the combined effects of multiple drugs or enzyme inhibitors. Adv Enzyme Regul 22:27–55
16. Wolf Y, Anderson AC, Kuchroo VK (2020) TIM3 comes of age as an inhibitory receptor. Nat Rev Immunol 20(3):173–185. https ://doi.org/10.1038/s41577-019-0224-6

17. Sakuishi K, Apetoh L, Sullivan JM, Blazar BR, Kuchroo VK, Anderson AC (2010) Targeting Tim-3 and PD-1 pathways to reverse T cell exhaustion and restore anti-tumor immunity. J Exp Med 207(10):2187–2194. https://doi.org/10.1084/jem.20100643

18. Anderson AC, Joller N, Kuchroo VK (2016) Lag-3, Tim-3, and TIGIT: co-inhibitory receptors with specialized functions in immune regulation. Immunity 44(5):989–1004. https://doi. org/10.1016/j.immuni.2016.05.001

19. Zhao JJ, Chen J, Wang ZP, Pan J, Huang YH (2011) Double labeling and comparison of fluorescence intensity and photostability between quantum dots and FITC in oral tumors. Mol Med Rep 4(3):425–429. https://doi.org/10.3892/mmr.2011.457

20. 
Kaieda T, Kobatake S, Miyasaka H, Murakami M, Iwai N, Nagata Y, Itaya A, Irie M (2002) Efficient photocyclization of dithienylethene dimer, trimer, and tetramer: quantum yield and reaction dynamics. J Am Chem Soc 124(9):215–224. https://doi. org/10.1021/ja0115722

21. Süel G (2011) Use of fluorescence microscopy to analyze genetic circuit dynamics. Methods Enzymol 497:275–293. https://doi. org/10.1016/b978-0-12-385075-1.00013-5

22. Yagi A, Hamano S, Tanaka T, Kaneo Y, Fujioka T, Mihashi K (2001) Biodisposition of FITC-labeled aloemannan in mice. Planta Med 67(4):297–300. https://doi.org/10.1055/s-2001-14314

23. Hermanson TG (2013) Bioconjugate Techniques, 3rd edn. Elsevier, Amsterdam, pp 395–463
24. Böttger R, Hoffmann R, Knappe D (2017) Differential stability of therapeutic peptides with different proteolytic cleavage sites in blood, plasma and serum. PLoS ONE 12(6):e0178943. https://doi. org/10.1371/journal.pone.0178943

25. Hamman JH, Enslin GM, Kotzé AF (2005) Oral delivery of peptide drugs: barriers and developments. BioDrugs 19(3):165–177. https://doi.org/10.2165/00063030-200519030-00003

26. Yi J, Liu Z, Gelfand CA, Craft D (2011) Investigation of peptide biomarker stability in plasma samples using time-course MS analysis. Methods Mol Biol 728:161–175. https://doi. org/10.1007/978-1-61779-068-3_10

27. Li G, Hou C, Dou S, Zhang J, Zhang Y, Liu Y, Wang Z, Xiao H, Wang R, Chen G, Li Y, Feng J, Shen B, Han G (2019) Monoclonal antibody against human Tim-3 enhances antiviral immune response. Scand J Immunol 89(2):e12738. https://doi.org/10.1111/sji.12738

28. Ngiow SF, von Scheidt B, Akiba H, Yagita H, Teng MW, Smyth MJ (2011) Anti-TIM3 antibody promotes T cell IFN-gamma-mediated antitumor immunity and suppresses established tumors. Cancer Res 71(10):3540–3551. https://doi.org/10.1158/0008-5472.CAN-11-0096

29. Koyama S, Akbay EA, Li YY, Herter-Sprie GS, Buczkowski KA, Richards WG, Gandhi L, Redig AJ, Rodig SJ, Asahina H, Jones RE, Kulkarni MM, Kuraguchi M, Palakurthi S, Fecci PE, Johnson BE, Janne PA, Engelman JA, Gangadharan SP, Costa DB, Freeman GJ, Bueno R, Hodi FS, Dranoff G, Wong KK, Hammerman PS (2016) Adaptive resistance to therapeutic PD-1 blockade is associated with upregulation of alternative immune checkpoints. Nat Commun 7:10501. https://doi.org/10.1038/ncomms10501

30. Seo H, Kim BS, Bae EA, Min BS, Han YD, Shin SJ, Kang CY (2018) IL21 therapy combined with PD-1 and tim-3 blockade provides enhanced NK cell antitumor activity against MHC class I-deficient tumors. Cancer Immunol Res 6(6):685–695. https:// doi.org/10.1158/2326-6066.Cir-17-0708

31. Li C, Zhang N, Zhou J, Ding C, Jin Y, Cui X, Pu K, Zhu Y (2018) Peptide blocking of PD-1/PD-L1 interaction for cancer immunotherapy. Cancer Immunol Res 6(2):178–188. https://doi. org/10.1158/2326-6066.CIR-17-0035

32. Boohaker RJ, Sambandam V, Segura I, Miller J, Suto M, Xu B (2018) Rational design and development of a peptide inhibitor for the PD-1/PD-L1 interaction. Cancer Lett 434:11–21. https://doi. org/10.1016/j.canlet.2018.04.031

33. Chang HN, Liu BY, Qi YK, Zhou Y, Chen YP, Pan KM, Li WW, Zhou XM, Ma WW, Fu CY, Qi YM, Liu L, Gao YF (2015) Blocking of the PD-1/PD-L1 interaction by a D-peptide antagonist for cancer immunotherapy. Angew Chem Int Ed Engl 54(40):11760– 11764. https://doi.org/10.1002/anie.201506225

34. Davila E, Kennedy R, Celis E (2003) Generation of antitumor immunity by cytotoxic T lymphocyte epitope peptide vaccination, CpG-oligodeoxynucleotide adjuvant, and CTLA-4 blockade. Cancer Res 63(12):3281–3288
Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

1 Springer

 (
16000854, 2009, 11, Downloaded from 
https://onlinelibrary.wiley.com/doi/10.1111/j.1600-0854.2009.00981.x
 by The Institute for Cancer Research, Wiley Online Library on [09/03/2023]. See the Terms and Conditions (
https://onlinelibrary.wiley.com/terms-and-conditions)
 on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License
) (
Traffic 2009; 
10: 
1569–1578	
ã
 2009 John Wiley & Sons A/S
doi:10.1111/j.1600-0854.2009.00981.x
Review
Adaptive Regulation at the Cell Surface

by 
N
-Glycosylation
)[image: ] (
James W. Dennis
1,2,∗
, Ken S. Lau
3
, Michael Demetriou
4
 and Ivan R. Nabi
5


1
Samuel Lunenfeld Research Institute, Mount Sinai Hospital, 600 University Avenue R988, Toronto, ON, Canada M5G 1X5
2
Departments of Molecular Genetics, Laboratory Medicine and Pathology, University of Toronto, ON, Canada
3
Department of Pathology, Massachusetts General Hospital, Charlestown, MA, USA
4
Department of Neurology & Department of Microbiology and Molecular Genetics, University of California, Irvine, CA, USA
5
Department of Cellular and Physiological Sciences, Life Sciences Institute, University of British Columbia, Vancouver, BC, Canada
*Corresponding author: James W. Dennis,

dennis@mshri.on.ca


The association of receptors and solute transporters with components of the endocytic machinery regu
lates their surface levels, and thereby cellular sensitivity to cytokines, ligands and nutrients in the extracellu-lar environment. Most transmembrane receptors and solute transporters are glycoproteins, and the Asn (
N
)-linked oligosaccharides (
N
-glycans) can bind animal lectins, forming multivalent lattices or microdomains that regulate glycoprotein mobility in the plane of membrane. The 
N
-glycan number (sequence-encoded NXS/T) and context-dependent Golgi 
N
-glycan branch
ing cooperate to regulate glycoprotein affinities for the galectin family of lectins. Galectin-3 binding reduces EGF receptor trafficking into clathrin-coated pits and caveolae lipid rafts, decreases ligand-independent recep
tor activation and promotes 
α
5
β
1 integrin remodelling in focal adhesions. 
N
-glycan branching in the medial Golgi increases glycan affinity for galectins, and the Golgi pathway is sensitive to uridine diphosphate-N-acetylglucosamine (UDP-GlcNAc) supply, in turn hex-osamine pathway metabolites (fructose-6-P, glutamine and acetyl-CoA). Thus, lattice avidity and cellular respon
siveness to extracellular cues are regulated in an adaptive manner by metabolism and Golgi modifi
cation to glycoproteins. Computational modelling of the hexosamine/Golgi/lattice has provided new insight on cell surface adaptation in cancer and autoimmune disease.
Keywords: N-glycosylation, Golgi, endocytosis, galectins, signaling, computational modeling
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The number of receptors at the cell surface is an impor
tant determinant of ligand–receptor complex formation, thereby intracellular signalling. Transmembrane protein movement is rapid in the lipid bilayer, but exchange occurs with less dynamic compartments including coated pits, caveolae, adhesion junctions, focal adhesions and lectin microdomains (or ‘lattice’) (1). Transmembrane proteins contain cytosolic motifs with affinities for components of the endocytic machinery as well as actin filament net
works, which are both necessary for temporal and spatial coordination of endocytosis (2,3). Recruitment of trans-membrane receptors into endocytic domains increases the probability of their removal from the cell surface, thereby reducing the potential for ligand binding (4). It is likely that endocytosis and pinocytosis evolved early in single-cell eukaryotes as a means of capturing macro
molecules and polarizing the cell for mobility towards nutrients. However, the complexity of cues required for metazoan morphogenesis places additional demands on endocytosis as a regulator of cell surface receptors to signalling pathways. Most cell surface receptors are glyco-proteins with Asn (
N
)-linked oligosaccharides (
N
-glycans). In mammalian cells, glycoproteins transit from the endo-plasmic reticulum (ER) through the Golgi where 
N
-glycans are trimmed and remodelled 
en route 
to the cell sur
face (5). Metazoan evolution has seen a marked expansion of Golgi enzymes and lectins that bind these glycan struc
tures. As discussed below, lectins bind receptors and solute transporters with affinities dependent on 
N
-glycan number and structure, acting as one of several tethers that regulate glycoprotein trafficking (6–8).
Galectins Cross-Link Glycoproteins
Galectins are expressed widely in metazoans and bind to 
N
-acetyllactosamine (Galβ1,4GlcNAc) (9), a reoccurring sequence in branched 
N
-glycans and the major family of galectin ligands at the cell surface (10). Galectins are produced in the cytosol, exported to the cell surface by a non-classical pathway (11), and may gain access to apical carrier vesicles in polarized epithelial cells (12). The galectins have either one or two carbohydrate reactive domains (CRDs), but both classes can form multimers and cross-link glycoproteins to form higher order lattices.
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Glycoproteins display affinities for galectins in proportion to the number of N-glycans (gene encoded) and their structural modifications as a result of passage through the Golgi (context/environment dependent). Galectin-3 has one CRD and an N-terminus that forms up to pentamers in the presence of multivalent ligands (i.e. glycoproteins with multiple N-glycans) (13). Galectin-3 oligomers have been detected on neutrophils and endothelial cells by fluorescence resonance energy transfer (FRET) (14). The orientation of N-glycans on surface proteins is irregular and the geometry of galectin-3 multimers allows different glycoproteins to participate in the lattice structure.
Modelling and experimental data suggest that the extracel-lular domain of epidermal growth factor receptor (EGFR) is restrained from self-association, but the mechanism has been unclear (15). More recently, galectin-3 has been shown to bind the N-glycans on EGFR and other surface glycoproteins, slowing lateral diffusion and loss to endocy-tosis (7). In human glioblastomas, an activating mutation in EGFR deletes part of the extracellular domain (EGFRvIII) leaving only 8 of 12 N-glycan sites, and increases ligand-independent dimerization and activation (16,17). Domain II–IV confers unknown intramolecular interactions that maintain EGFR and other receptor tyrosine kinases (RTKs) in an autoinhibited state before ligand stimulation and the N-glycans in domain III of ErbB3 have been shown to play a role in negative regulation of receptor dimerization and activation (18). EGFR-GFP mobility in carcinoma cells measured by fluorescence recovery after photobleach-ing (FRAP) displays approximately twofold increase in lateral mobility when the lattice is disrupted by glycan competition or galectin-3 siRNA (19). N-glycans appear to ‘insulate’ against ligand-independent EGFR dimerization and raise the threshold for ligand activation. N-glycans extend over 10 A˚ from the protein surface, and may restrict the approaches between monomers for EGFR dimerization (18). Alternatively, galectin cross-linking is expected to separate glycoproteins ligands by ∼100 ˚A, consistent with a physical barrier to ligand-independent dimerization (20) (Figure 1A). The lattice does not likely present a barrier to ligand-mediated receptor dimerization, as activated receptors affinities for cognate receptors are ∼108 − 1012M, whereas affinities for galectins are ∼10−5 − 10−7 M.
Although expression levels of galectins vary between tissues, these proteins may frequently be in excess at the cell surface. Thus, the limiting factor for lattice avidity is Golgi N-glycan modification (8). Glyco-protein affinities for galectins increase in proportion to Galβ1,4GlcNAcβ branches on N-glycans. The medial Golgi β1,6N-acetylglucosaminyltransferase V (gene and enzyme referred to as Mgat5) initiates the fourth branch in the Golgi N-glycan branching pathway (Figure 1A). Mammary carcinoma cells from polyomavirus middle T (PyMT) transgenic mice on a Mgat5−/− background (21) display reduced levels of signalling receptors and sensitivity to acute stimulation by EGF, insulin-like growth factor (IGF), 

platelet-derived growth factor (PDGF), basic fibroblast growth factor (bFGF) and transforming growth factor-β (TGF-β) (7). Increased fractions of EGFR and TGF-βR localize to early endosome and caveolin-1 (Cav1) microdomains in Mgat5−/−, suggesting that loss of lattice avidity changes equilibrium in favour of these compartments. Enabling association with galectins by expression of Mgat5 in PyMT Mgat5−/− tumour cells or blocking endocytosis restored surface receptors and sensitivity to EGF and TGF-β. These experiments indicate that modification by Mgat5 increases receptor affinities for galectin-3 and protects receptors against loss to endocytosis.
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)The T-cell receptor (TCR) α, β subunits are N-glycosylated on at least seven NXS/T sites and the TCR complex is fully assembled in the ER prior to N-glycan processing in the Golgi (22). TCRs are clustered by binding peptide-major histocompatibility complex (MHC) and leukocyte αLβ2 integrin on antigen-presenting cells (23). When a threshold number of TCRs are recruited, the immune synapse is stabilized by actin remodelling, and T-cell proliferation begins several hour later (24). On naive T cells, galectin-3 binding impedes precocious TCR clustering and increases the threshold for activation by antigen-presenting cells (6). TCRs are well known to have low monomeric affinities for peptide-MHC ligands, consistent with a mechanism of competition by galectin binding to N-glycan on TCR and possibly MHC. In Mgat5−/− mice, TCRs cluster and signal at lower doses of agonist, and mutant mice develop spontaneous autoimmune disease (6). Similarly, mice mutant in β1,3-N-acetylglucosaminyltransferase (β3GnT2), an enzyme that extends branched N-glycans with poly-N-acetyllactosamine, show a lower threshold for TCR activation (25). Selective removal of NXS/T sites from TCR also enhances diffusion, multimerization and functional avidity (26). With cessation of T-cell responses, surface levels of the adhesion receptor cytotoxic T-lymphocyte antigen (CTLA)-4 increase, a process dependent on increases in both gene expression and N-glycan branching (8). Higher surface levels of CTLA-4 oppose CD28-dependent adhesion to CD86/CD80 on antigen-presenting cells, thereby inhibiting the TCR-induced stop (i.e. adhesion in tissues), which results in growth arrest (27).
TCRs continuously cluster in an exploratory manner, but only infrequently form a strong synaptic attachment to antigen-presenting cells. This is similar to the stochastic probing by filopodial and circular ruffles until cells sense a chemotactic gradient for directional movement (28). Intermediate substratum adhesiveness allows focal adhesion turnover in motile cells (29), and galectin–glycan interactions regulate the dynamics of integrin turnover. Galectin-3 interacts with Mgat5-branched N-glycans on integrin α5β1 on mammary tumour cells, and promotes turnover of focal adhesions, phosphatidylinositol 3-kinase (PI3-K) signalling, fibronectin fibrillogenesis, cell spreading and motility (30,31). Galectin-8 promotes motility and re-epithelialization of wounds in vivo (32,33), and binds
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	Figure 1: N-glycan-dependent regulation of surface glycoproteins. A) Oligosaccharyltransferase (OT) utilizes the preassembled donor Glc3Man9GlcNAc2-pp-dolichol to transfer the glycan to NXS/T motifs on glycoproteins in the ER. Glycoproteins transit from the ER to cis, medial and trans Golgi en route to the cell surface. The N-acetylglucosaminyltransferases, designated by their gene names (Mgat1, Mgat2, Mgat4 and Mgat5), generate branched N-glycans that display a range of affinities for galectins. The Mgat1, Mgat2, Mgat4 and Mgat5 Km values for UDP-GlcNAc and acceptors are indicated. B) Simulation of fractional change in surface glycoproteins as a function of Golgi UDP-GlcNAc concentration and N-glycan multiplicities (n). C) The dynamic range of change in surface glycoproteins as a function of endocytosis rate with an increase of Golgi UDP-GlcNAc from 1.5 to 6 mM (8).
to αM integrin in cultured neutrophils regulating adhesion	expressed on immune cells. Siglecs bind subsets of
and H2O2 production (34).	Asn (N)- and Ser/Thr (O)-glycans terminating with SA (35).
The siglecs are transmembrane lectins that cluster in an
The siglecs are sialic acid (SA)-binding immunoglobulin-	SA-dependent manner, restricting the mobility of certain
like lectins, and the 14 human proteins are differentially	glycoproteins at the cell surface (36). The B-cell siglec,
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CD22 clusters by binding SAα2–6Gal on its own glycans, blocking CD22 binding to B-cell receptor (BCR). CD22 has a cytosolic tail with three immunoreceptor tyrosine-based inhibitory motif (ITIM) motifs that recruit SH2 domain containing tyrosine phosphatase-1 (SHP1), which binds to BCR and suppresses signalling. In B-cells lacking the SAα2–6Gal ligand, BCR and CD22 colocalize with high efficiency in raft/clathrin domains resulting in excessive SHP1-dependent BCR downregulation and endocytosis (37). Importantly, this BCR defect is normalized in mice deficient in both CD22 and SAα2–6Gal ligands (38). In a similar manner, galectin-3 binds N-glycan on the tyrosine phos-phatase receptor CD45 and regulates association with TCR, thereby setting thresholds to T-cell activation (39).
N-Glycan Branching and Glycoforms
Cooperative binding is the result of multiple sites on one or both partners that increases the effective local concentration of reactants (40). The association constant (Ka = kon/koff) increases in a more-than-additive manner due to a lower effective unbinding constant (koff−effective), when multiple binding sites are in close proximity. Thus, recently unbound molecules are more likely to rebind (Ka = > kon/koff−effective). Cooperativity has been demonstrated by isothermal calorimetry for galectins-1, -2, -3, -4, -5, -7 binding to the serum glycoprotein asialofetuin, which has three occupied NXS/T sites with bi- and some tri-antennary glycans (13,41).
Galectin-3 affinity increases with respect to the number of N-acetyllactosamine branches per N-glycan and their extension with polylactosamine (42). In the medial Golgi, N-acetylglucosaminyltransferases I, II, IV, V and IX (encoded by Mgat1, Mgat2, Mgat4a/b, Mgat5 and Mgat5b) initiate the branches in a sequential manner, but enzyme levels and catalytic efficiencies decrease in the same order (43) (Figure 1A). Lack of sequence homology suggests an independent emergence of Mgat1 then 2 in early metazoans, and subsequently 3, 4a/b and 5/5b. In the medial Golgi, reaction times are limited as glycoproteins transit past these enzymes. Therefore, branching is variable at each NXS/T site, as well as elongation with polylactosamine, sialic acid (NeuNAc or SA), fucose (Fuc) and N-acetylgalactosamine (GalNAc). More than 40 N-glycan structures have been identified on EGFR from a single source (44). Eight NXS/T sites on EGFR are occupied with N-glycans, and when the glycoform distribution is modelled with only 14 possible N-glycans distributed randomly over each site, the potential number of glycoforms is 203 490 (8). Therefore, EGFR glycoform distribution represents a broad gradation of affinities for the galectin lattice.
In epithelial cells, Golgi N-glycan branching is sensitive to uridine diphosphate (UDP)-GlcNAc levels (8). De novo synthesis of UDP-GlcNAc by the hexosamine pathway requires the central metabolites fructose-6-p, glutamine 

and acetyl-CoA, thereby coupling N-glycan biosynthesis to basic metabolism (45). GlcNAc is also salvaged by GlcNAc-6-kinase (NAGK) and converted to UDP-GlcNAc in mammalian cells (46). The N-glycan branching pathway displays multistep ultrasensitivity to UDP-GlcNAc. Ultra-sensitivity describes a delayed response that sharply rises over a narrow range of stimulus (sigmoidal curve) with a Hill coefficient (nH) >> 1 (47). In the Golgi, these dynamics occur due to decreasing Mgat1, 2, 4, 5 activities moving down the branching pathway, decreasing affinities of Mgat1, 2, 4, 5 for a common substrate (Km for UDP-GlcNAc), sequential ordered reactions and limited reaction times due to transit of glycoprotein substrates through the Golgi (8) (Figure 1A). Thus, high-affinity galectin ligands (tri- and tetra-antennary N-glycans) increase in a sig-moidal manner as a function of increasing UDP-GlcNAc (8). Polylactosamine (repeats of Galβ1,4GlcNAcβ1,3) further enhances affinities for galectins, and Mgat5-branched N-glycans are the preferred substrate for these extensions (48). However, polymer length is also inversely proportional to glycoprotein transit rates through the trans Golgi (49,50).
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)Differential Regulation by N-Glycan Number and Branching
The affinity of glycoproteins for the galectin lattice depends on the number of the N-glycans per peptide (multiplicity) as well as their branching. To explore the interaction between multiplicity and branching, we calculated the steady-state distributions of glycoproteins at the cell surface as a function of N-glycans number and Golgi UDP-GlcNAc concentration (8). As a prototypic lectin, galectin-3 was present in non-limiting concentrations. Glycoprotein affinity was estimated to be proportional to the sum of N-glycan binding affinities for each glycoform (> Ka). The threshold for stable association of a glycoprotein with the lattice was a single tri-, two bi- or approximately six mono-antennary N-glycans (> Ka > 1.28 mM−1), based on experimental data (42). Glycoforms are generated probabilistically from a set of all N-glycan structures made under a particular condition and distributed in a combinatorial manner with respect to the number of available NXS/T sites. Glycoforms are retained at the cell surface with half-lives proportional to occupied NXS/T sites and N-glycan branching, and countered by endocytosis rates as modelled (Figure 1B,C).
The multiplicity of NXS/T sites in extracellular domains in growth-promoting receptor kinases (e.g. EGF, INS, PDGF) is high, while receptor kinases mediating differentiation (e.g. TβR, EphR) are commonly <5. A high number and density of sites generate avidity for the lattice, resulting in an increased surface retention (>D50) at basal Golgi UDP-GlcNAc concentrations (∼1.5 mM). As UDP-GlcNAc increases, binding of glycoproteins to galectin, and consequently, surface levels will increase in a shallow graded manner. In contrast, glycoproteins with <5
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)N-glycans (e.g. GLUTs, T R, CTLA-4) fall largely below the threshold for stable association with galectin, but as UDP-GlcNAc increases, higher branching on these glycoproteins stabilizes lattice association. As such, glycoproteins with one or few N-glycans are most dependent on branching for lattice association, and increase at the surface with sigmoidal responses to UDP-GlcNAc that mirror the ultrasensitive output of tri-and tetra-antennary N-glycans (Figure 1B). Experimentally in epithelial and tumour cell lines, we observed that EGF, PDGF and IGF receptors increase first in a shallow graded manner, followed by T R in a sigmoidal response. Given the evolutionary trend in NXS/T multiplicity for receptors kinases, this observation suggests a mechanism whereby growth signalling can precede arrest signalling in a manner ‘coupled’ by UDP-GlcNAc metabolism (8). TGF- autocrine signalling increases with UDP-GlcNAc in a manner consistent with its low multiplicity receptors, along with its growth arrest activity. TGF- enhances collagen, fibronectin and proteoglycan expression, as well as canonical SMAD2/3 signalling that slows cell cycle progression by suppressing c-myc expression (51,52). Activation of c-Myc in tumours promotes changes in metabolism including increased UDP-GlcNAc required for growth (53,54). Oncogenic activation of Raf/Mak/Ets increases transcription of Mgat4 and Mgat5 (55–57) and N-glycan branching (58), thereby reducing the dependence of Mgat4/Mgat5 products on UDP-GlcNAc (8,59).
Other reports of N-glycan/galectin-dependent regulation of surface glycoproteins include the renal Ca++ and K+ channels TRPV5 and ROMK1, each with one available site (60,61). The N-glycan on these channels is sensitive to modification by Klotho, a putative sialidase that enhances affinity for galectin-1 and protects the glycoproteins from coated-pit endocytosis. Klotho is described as an aging suppressor, and has been implicated in FGF signalling (62). The glucose transporters GLUT2 and GLUT4 also have a single N-glycan and are dependent on branching and galectin binding for optimal surface retention (8,63). Insulin stimulates an increase in surface GLUT4 in muscle in a ‘quantum’ manner (ultrasensitive) and accelerates the disposal of blood glucose (64). High glucose increases
GLUT2 surface levels in	cells to promote insulin

secretion. GLUT2 also promotes glucose export during gluconeogenesis in liver.
Metabolites change very rapidly in cells (65), but gly-coproteins turnover more slowly. Therefore, the hex-osamine/Golgi/lattice may bridge this time gap by sensing metabolite flux and integrating them over the time frame of glycoprotein turnover to adapt the cell surface. In this regard, Mgat5−/− mice display midlife phenotypes including hypoglycaemia, resistance to weight gain on a high fat diet, hypersensitivity to autoimmune disease, poor stem cell maintenance, osteoporosis and early aging (66). Human polymorphism in Mgat genes may interact with 
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)metabolism and other genes to alter these important age-related phenotypes. For example, coinheritance of two rare polymorphisms, one encoding hyperactive Mgat1 and another that reduces NXS/T occupancy in CTLA-4, cooperate biochemically to lower branching and surface expression of CTLA-4, and genetically to increase the probability of multiple sclerosis and rheumatoid arthritis (67). CTLA-4 receptor, a low multiplicity receptor (2 N-glycans), is upregulated at the surface of activated T-cell to suppress aberrant T-cell proliferation. The interaction between Mgat1 and CTLA-4 is dependent on the ultrasensitivity of N-glycan branching, increasing UDP-GlcNAc upon T-cell activation, the low NXS/T multiplicity of CTLA-4 and tension between association to the lattice or to the endocytic domains (8).
Endocytosis and Signalling
Endocytosis controls the fraction of transmembrane proteins at the cell surface, such as integrins, cadherins, receptors and the solute and ion channels (3,4). Membrane invaginations and vesicle formation deliver cargo to early endosomes, followed by trafficking to recycling endosomes and the trans Golgi network back to the cell surface, or to sorting and late endosomes for delivery to lysosomes for degradation. Endocytosis is driven in part by actinomycin remodelling and stimulated by Src kinases and small GTPases Rab5/Ras/Cdc42/Rac1, signalling intermediates commonly activated in proliferating, motile and malignant cells (68). Oncogenic transformation enhances endocytosis and trafficking rates, which contribute to selective loss of low multiplicity surface glycoproteins such as T R. Upregulation of Mgat4, Mgat5, 3GnT8 and galectin-3 in cancer cells reduces the dependence of the lattice on UDP-GlcNAc and favours surface retention of growth receptors, as discussed earlier (59).
A significant fraction of many glycoproteins are located in the endomembrane compartments, a source that can be mobilized and retained at the cell surface. Surface levels of EGFR family members are commonly increased in breast cancer, and correlate with reduced survival time (69). Cancer mutations in the endocytic machinery can promote cell proliferation by retaining growth receptors either at the cell surface or maintaining their activity in endosomes (reviewed in 70). In Drosophila, avalanche, Rab5, tsg101 and vps25 are mediators of endocytosis and have been identified as tumour-suppressor genes. The avalanche and rab5 mutants cause an early block of internalization, and surface receptors do not reach the early endosome. The tumour-suppressor phenotypes appear to be due to an excess accumulation of growth receptors and a failure to suppress growth signalling (reviewed in 71). The scrib-dlg-lgl tumour suppressor pathway disrupts endocytosis, and thereby tumour necrosis factor (TNF)/Jnk signalling to cell death, suggesting for a role in cancer cell survival (72).
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Figure 2: Simulation (left) and experimental data (right) for EGF-dependent activation of Erk in Mgat5
+
/
+
 and Mgat5
−
/
−
 cells. 
A and B) EGF dose response (C, D) time-course following addi
tion of saturating dose of EGF to serum-starved cells. Mgat5
+
/
+
 
and Mgat5
−
/
−
 tumour cells sur
face receptors were measured by Scatchard analysis at 14 000 and 2500, respectively. E) Theoretic distributions of the activation sta
tus in a cell population following a D
50 
amount of stimulus resulting in the same 50% mean response. The graph shows the expected D
50 
distribution for an all-or-nothing response, which results in two populations of responders (red), or a single cell population reflecting a graded response (blue). F) Erk-p nuclear intensity in single cell analysis before and after stimula
tion with a 
D
50
 dosage of EGF. Erk activation proceeds as a single cell population response when moni
tored at the single cell level, indi
cating a graded response (nH 
∼
 1).
)[image: ] (
In carcinoma cells, loss of E-cadherin and EGFR from adhesion junctions leads to the epithelial-to-mesenchymal transition (EMT) and the invasive phenotype (73). EGFR is normally tethered in epithelial cell junctions where it binds to the tumour suppressor neurofibromatosis (NF2/merlin), which reduces receptor sensitivity to EGF. Once adhesion junctions are lost, EGFR displays increased trafficking between endosomes and the cell surface, as a consequence of increased membrane and actin remodelling. Substratum-dependent activation of integrins recruits talin, vinculin as well as RTKs at the ruffling edges of cells, where clustering in focal adhesions lowers the threshold for ligand-dependent dimerization and signalling (74).
) (
EGFR is also tethered by Cav1 in cholesterol/sphingolipid-rich rafts, which restrict lateral diffusion and negatively regulate ligand-dependent signalling (19). Cav1 is a non-glycosylated integral membrane protein containing a 20-amino-acid scaffolding domain that binds and negatively regulates multiple receptors and scaffold proteins (75). Cav1 binds cholesterol in lipid rafts (76) and where local diffusion and interaction of proteins are slowed. Branched 
N
-glycans on EGFR promote binding to the lattice and sensitivity to ligand, while inhibiting receptor sequestration in Cav1 microdomains (19). Phosphorylation at Y14 by Src kinases promotes Cav1 endocytosis and suppresses its activity as an inhibitor of signalling (77,78). Although surface EGFRs are reduced in PyMT Mgat5
−
/
− 
tumour cells due to a weakened lattice and loss to
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Figure 3: Subnetworks of EGFR signalling with interacting dyn
amics. 
A) Modules pathway are separated by the dashed lines. B) Simulation of downstream Erk activation with 2500 and 14 000 EGFR using the model by Schoe-berl modified to measure maxi
mum signalling (89) (Figure 2). Cal
culations were done with ligand-induced endocytosis (blue) or with
out (red). C) Simulation of the Ras-GTP to Erk-pp portion of the pathway with Hill coefficient calcu
lation (independent of EGFR endo-cytosis). D) Simulation of Erk acti
vation with increasing EGFR/cell and saturating EGF, the receptor-proximal portion of the EGF sig
nalling pathway, with and without blocking ligand-induced endocyto-sis. The arrows indicate surface receptors for Mgat5 mutant and wild-type cells, showing the res
cue by blocking endocytosis.
)[image: ] (
endocytosis, Cav1 downregulation compensates for this loss. Forced expression of Cav1 completely suppressed responsiveness to EGF in Mgat5
−
/
−
 tumour cells, but Cav1 had no effect in wild-type cells, suggesting the Mgat5-fortified lattice acts dominantly to Cav1 rafts (19). The 
CAV1 
gene maps to a tumour suppressor locus (D7S522; 7q31.1) and is frequently deleted or mutated in human carcinomas (79). However, increased 
N
-glycan branching is also very frequently observed in carcinomas, and would be expected to override negative regulation in CAV1-expressing tumour cells (19).
Signalling Module, Sensitivity and Ultrasensitivity
Another apparent compensating factor in Mgat5
−
/
− 
tumour cells is mitochondrial H
2
O
2
(80), a byproduct of oxidative respiration. 
H
2
O
2
 has a role in signalling as a short-range inhibitor of protein tyrosine phos-phatases (PTPs) including PTEN, LAR, PTP1B and LMW-PTP (81 –84), thereby lowering the thresholds for RTK signalling (85). As a normal component of signalling, H
2
O
2 
) (
is produced downstream of RTK activation with recruit
ment of Rac1-NADPH-dependent oxidase (NOX) (84,86). Oxidation of Cys residues by 
H
2
O
2
 in the active site of PTPs is reversible by thioredoxin/NADH with a half-life of 
∼
30 min (83). When cells are stimulated with EGF-coated beads, lateral propagation of PI3K signalling occurs with ultrasensitivity (Hill slope, nH 
> 
1) due to positive feedback from Rac1/H
2
O
2 
(i.e. PTEN inhibition) (85). Com
putational modelling indicated that Rac1/H
2
O
2 
regulates both threshold to ligand and the subsequent switch-like dynamics of this portion of the response. Microfilament remodelling appears highly ultrasensitive at the level of individual membrane foci, many of which are rapidly extended and retracted in an exploratory manner. How
ever, sensitivity (not ultrasensitivity, nH 
< 
1) to small changes in EGF-EGFR is perceived as a gradient across the cell and can polarize cells for directional motility. Endocytosis in Mgat5
−
/
−
 tumour cells is countered by a weakened lattice, shifting steady-state levels of RTKs from the surface to the endosomes and Cav1
+
 rafts. Mgat5
−
/
−
 tumour cells display a non-migratory epithelial morphology, whereas Mgat5
+
/
+
 tumour cells display mes-enchymal markers (7). Nonetheless, Mgat5
−
/
−
 tumour
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cells display high basal PI3K/Akt activation, oxidative respiration, H2O2 production, proliferate in culture and when injected into mice (80). Elevated H2O2 produced by the electron transport chain also contributes to PI3K/Akt signalling and growth factor independence of other tumour models (87,88).
EGFR signalling can be modelled as a series of interacting subnetworks, each with characteristic stimulus/response dynamics. The EGF-EGFR to Ras-GTP response is shallow or graded, reflecting sensitive over an extended larger range of EGF-EGFR concentrations (i.e. the opposite
of ultrasensitivity, slope	0.1) (Figure 3A,B). This is

because of rapid membrane proximal activation of EGFR/Grb2/Shc, followed by endocytosis of EGF-EGFR and downregulation of the signal (89). EGFR has a surface half-life of 8 h (90), but acute EGF binding recruits Cbl-CIN85-endophilin, resulting in rapid coated-pit endocytosis ( 5 min) and inactivation of the receptor by phosphatases in the early endosomes (91,92). Blocking EGF-EGFR endocytosis enhances EGFR to Ras-GTP signalling, although it remains graded (Figures 2 and 3B).
In contrast, the Ras-Raf-Mek-Erk signaling is highly ultrasensitive (nH = 5 − 10) due to several features of the pathway (93) (Figure 3C). Notably, the kinases mediate dual phosphorylation of their substrates in a distributive or second-order manner, and both positive feedback from Mek to Raf phosphorylation and zero-order kinetics for Mek are observed (94,95). Remarkably, the interaction of EGFR to Ras (nH 0.1) with Ras-Raf-Mek-Erk (nH 10) results in a near hyperbolic response for EGFR to Erk (nH 1), consistent with experimental observations (90) (Figure 3D). In the Drosophila embryo, Spitz/EGF to mitogen-activated protein kinase (MAPK) signalling is indeed a graded response, but downstream MAPK activation of the Ets transcription factor, PntP1 changes again, becoming ultrasensitive by a zero-order mechanism (96). Thus, modules of EGF signalling pathway differ in stimulus/response relationships, as required for high sensitivity to membrane polarizing cues (nH < 1), and switch-like commitment to cell differentiation or division (nH > 1). Subject to many stimuli and producing multiple responses, these pathways are remarkably integrated at the level of modular sensitivity.
The inefficiency of N-glycan branching, the resulting gly-coprotein heterogeneity at the cell surface and the low-affinity but high-avidity multivalent binding of lectins is not easily understood without a larger frame of reference. The computational model described earlier for adaptive regulation of surface glycoproteins revealed unanticipated interactions with metabolism and evolutionary trends in NXS/T content of receptor kinases (8). Support for the model came from autoimmunity and cancer phenotype of Mgat5 mutant mice (8,39), and more recently genetic association studies in autoimmunity. We might anticipate many more examples where polymorphisms in 

glycoproteins interactions with Golgi pathways and sugar-nucleotide metabolism in a synergistic manner to cause human degenerate conditions. In evolutionary terms, the Golgi/lattice model may contribute to heritable phenotypic variation, thus adaption and metazoan radiation that has survival value. Although our knowledge of biological systems is very limited, computational modelling as described herein can provide important insights and should lead to the design of new combination therapies.
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Tyrosine-phosphorylated Galectin-3 Protein Is Resistant to Prostate-specific Antigen (PSA) Cleavage*
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[image: ][image: ]Background: Galectin-3 PTMs are involved in tumorigenicity of prostate cancer.
Results: Phosphorylation of galectin-3 by c-Abl and dephosphorylation by PTEN serve as shut off/on switch for its cleavage by
PSA.
Conclusion: Galectin-3 cleavage by PSA may play a role during prostate cancer progression.
Significance: The ratio of phosphorylated/nonphosphorylated galectin-3 may be a complimentary indicator in addition to PSA
level in prostate cancer patients.

[image: ]



Galectin-3 is a chimeric carbohydrate-binding protein, which interacts with cell surface carbohydrate-containing molecules and extracellular matrix glycoproteins and has been implicated in various biological processes such as cell growth, angiogenesis, motility, and metastasis. It is expressed in a wide range of tumor cells and is associated with tumor progression. The functions of galectin-3 are dependent on its localization and post-translational modifications such as cleavage and phosphorylation. Recently, we showed that galectin-3 Tyr-107 is phosphorylated by c-Abl; concomitantly, it was also shown that galectin-3 can be cleaved at this site by prostate-specific antigen (PSA), a chymot-rypsin-like serine protease, after Tyr-107, resulting in loss of galectin-3 multivalency while preserving its carbohydrate binding activity. Galectin-3 is largely a monomer in solution but may form a homodimer by self-association through its carbohydrate recognition domain, whereas, in the presence of a ligand, galec-tin-3 polymerizes up to pentamers utilizing its N-terminal domain. Oligomerization is a unique feature of secreted galec-tin-3, which allows its function by forming ordered galectin-glycan structures, i.e. lattices, on the cell surface or through direct engagement of specific cell surface glycoconjugates by traditional ligand-receptor binding. We questioned whether Tyr-107 phosphorylation by c-Abl affects galectin-3 cleavage by PSA. The data suggest a role for galectin-3 in prostate cells associated with increased activity of c-Abl kinase and loss of phos-phatase and tensin homologue deleted on chromosome 10 (PTEN) activity. In addition, the ratio of phosphorylated/de-phosphorylated galectin-3 might be used as a complementary value to that of PSA for prognosis of prostate cancer and a novel therapeutic target for the treatment of prostate cancer.
Galectin-3 is one of the animal lectins belonging to the galec-tin family that includes a total of 15 proteins. Human galectin-3
* This work was supported, in whole or in part, by a National Institutes of Health grant (to A. R.). This work was also supported by American Cancer Society Grant “The interplay between prostate-specific antigen and galec-tin-3 during prostate cancer progression” IRG 11-053-01-IRG (to V. B.).
1 To whom correspondence should be addressed: Dept. of Oncology, Karma-nos Cancer Institute, Wayne State University, 110 E. Warren Ave., Detroit, MI 48201. Tel.: 313-758-4333; E-mail: balanv@karmanos.org.


is an 30-kDa carbohydrate-binding protein comprising 250 amino acid residues. Galectin-3 has three different domains: a short N-terminal domain that contains two serine phosphory-lation sites at positions 6 and 12 (1) and regulates cellular targeting, a collagen a-like domain that is cleavable by proteases and contains a few serines and tyrosines that may be phosphor-ylated (2), and a C-terminal domain composed of 130 amino acids that contains a single carbohydrate recognition domain (CRD)2 (3).
Galectin-3 is the only member of the galectin family that can form homodimers and homopentamers through intermolecular interactions involving the N-terminal domain (4). Galec-tin-3 multimers can cross-link cell surface glycoconjugates (glycoproteins or glycolipids) causing activation of cell signaling pathways. They can also mediate cell-cell and cell-extracel-lular matrix adhesion by serving as a bridge to bind cells to each other and to extracellular matrix proteins (5). The function of galectin-3 is dependent on post-translational modifications such as phosphorylation and proteolytic cleavage as well as on its multivalency (2, 6–13).
Because the main function of galectin-3 is scaffolding of gly-coconjugates performed intracellularly or extracellularly, any PTMs of galectin-3 would change these interactions. For example, the cleavage of collagen-like sequence of galectin-3 by MMPs and other proteases changes the affinity of the lectin to the glycoconjugates and self-association of the galectin-3 molecules (14–17); similarly, phosphorylation of serine 6 significantly changes the interaction of galectin-3 with its ligands (6). Both the carbohydrate recognition domain and the N-terminal domain were shown to be involved in formation of galectin-3 multimers.
Intracellularly, galectin-3 is predominantly localized in the cytoplasm, and although no consensus signal sequence for either secretion or nuclear translocation was found in galec-tin-3, it may be secreted and/or translocated to the nucleus via a nonclassical pathway (18–21). The intracellular and extracel-

2 The abbreviations used are: CRD, carbohydrate recognition domain; PSA, prostate-specific antigen; PTEN, phosphatase and tensin homologue deleted on chromosome 10; Gal-3, galectin-3; MMP, metalloproteinase; BAMEC, bovine adrenal microvascular endothelial cells.
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lular galectin-3 has different functions, which are determined by the pattern of post-translational modifications as well as the different set of ligands.
Galectin-3 plays multiple roles in cancer pathogenesis, proliferation, and metastasis. Not only the intensity of galectin-3 expression but also its intracellular distribution and extracellu-lar concentration were found to be important for cancer progression. In human prostate cancer, galectin-3 expression was reported to be down-regulated with progressive stages (22). We demonstrated that although the levels of intact galectin-3 decreased, the levels of galectin-3 cleaved by proteases increased with progression of the prostate cancer (23).
Recently, we identified Tyr-107 as one of the targets of c-Abl and Arg kinases and demonstrated that the presence of phos-phorylated galectin-3 increases cell motility and alters cell morphology (2). Saraswati et al. (29) showed that active prostate-specific antigen (PSA) cleaves galectin-3 between amino acid Tyr-107 and Gly-108.
In the present study, we demonstrate that phosphorylation by c-Abl at the Tyr-107 residue of galectin-3 blocks its cleavage by PSA and affects extracellular functions of galectin-3, leading to increased angiogenesis, chemotaxis, and heterotypic aggregation. We show that dephosphorylation of galectin-3 Tyr(p)-107 by phosphatase and tensin homologue deleted on chromosome 10 (PTEN), which is frequently down-regulated in progressive prostate cancer and is associated with gain of function and oncogenic signaling (24), allows the cleavage by PSA and inhibits its function.
MATERIALS AND METHODS
Cell Lines and Antibodies—The human prostate cancer cell line LNCaP C4-2B (LNCaP) was purchased from Urocor (Oklahoma City, OK) and maintained in RPMI 1640 medium (Invit-rogen) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals). Bovine adrenal microvascular endothelial cells (BAMEC) were a gift from Dr. D. Banerjee (University of Puerto Rico, San Juan, Puerto Rico) and cultured in medium consisting of minimal essential medium with Earle’s salts and L-glutamine (Invitrogen) supplemented with 10% fetal bovine serum (HyClone, Logan, UT) and antibiotics (Mediatech). Human prostate cancer PC3M cells were a gift from Dr. Fidler (University of Texas MD Anderson Cancer Center, Houston, TX) and cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS (Atlanta Biologicals). All cells were maintained in a humidified chamber with 95% air and 5% CO2 at 37 °C. The cells were grown to near confluence and detached from the monolayer with 0.25% trypsin and 2 mM EDTA for 2 min at 37 °C. The use of cell lines was approved by the Human Investigation Committee, Wayne State University, Detroit, MI.
Customized polyclonal rabbit anti-galectin-3 antibody against the recombinant whole molecule was created by Zymed Laboratories Inc. (South San Francisco, CA). Monoclonal rat anti-galectin-3 M3/38 antibody was isolated from the supernatant of hybridoma TIB-166 (American Type Culture Collection, Manassas, VA). Phospho-tyrosine blot was performed with anti-Tyr(P) antibody coupled with IRDye 800 (Rockland
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Immunochemicals, Gilbertsville, PA). Mouse anti-13-actin antibody was purchased from Sigma-Aldrich.
Plasmid Constructs and Purification of Recombinant Pro-teins—Galectin-3 was PCR-amplified from a pcDNA-Gal-3 wild type vector and subcloned into pVitB (modified pcDNA6) as a BamHI-EcoRI fragment. Full-length galectin-3 and 1–107 and 108–250 human galectin-3 were subcloned into the pET30as (modified pET30a) vector as a BamHI-XhoI fragment and overexpressed in Escherichia coli at 20 °C. The expression construct introduced a His tag to the protein. The soluble protein was purified by nickel-agarose affinity chromatography. The protein was concentrated in a buffer containing 20 mM Tris (pH 7.9), 25% (v/v) glycerol, 10 mM DTT, 2 mM EDTA and stored at -80 °C. The His tags were not removed from the protein.
c-Abl Kinase Assay— c-Abl kinase assay was performed using the HTScan Abl1 kinase assay kit (Cell Signaling Technology) according to the manufacturer’s instructions.
Three-dimensional Growth and Tube Formation Assay—To analyze in vitro angiogenesis and interactions between epithelial and endothelial cell formation of tubular networks by co-cultured BAMEC and LNCaP cells, a three-dimensional growth and tube formation assay was performed as described (25). Matrigel (10 l) was added to each chamber of the slide ( -Slide, ibidi, Martinsried, Germany) and gelled by a 30-min incubation at room temperature, after which 15,000 BAMEC and 5000 LNCaP cells were plated onto the gel in 50 l of the Eagle’s minimal essential complete medium. In some chambers, full-length galectin-3 or its fragments were added. After 36 h, three-dimensional structures were observed under phase contrast microscope and photographed. Images were acquired with an Olympus (Melville, NY) IX71 microscope supporting a Hamamatsu ORCA-ER video camera. Tube formation image analysis was done using the web-based Image Analysis Win-Tube module of Wimasis online software.
Western Blot Analysis—Cells were grown up to 80% confluence, and whole-cell lysates were prepared in lysis buffer (20 mM Tris-HCl (pH 7.4), 0.1% SDS (Fisher Scientific), 1.0% Triton X-100, 0.25% sodium deoxycholate, 1 mM EGTA, 1 mM EDTA, 5 mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 1 g/ml leupeptin, 1 g/ml pepstatin, 1 g/ml aprotinin (Sigma). An equal amount of protein was loaded on the gel, resolved by 10% SDS-PAGE, and electroblotted onto polyvinylidene difluoride membrane (Immobilon® FL, Millipore). Membranes were quenched in a solution of TBS containing 0.1% casein and 0.1% Tween 20 for 60 min or in 2% gelatin from cold water fish skin (teleostean gelatin) in the case of phospho-blots (Sigma) in TBST (TBS containing 0.1% Tween 20) on a rotary shaker. Blots were incubated with the appropriate primary antibodies, washed, and then incubated with the appropriate secondary antibodies conjugated with IRDye 800 (Rockland Immunochemicals) or Alexa Fluor 680 (Invitrogen) for 30 min at room temperature. After incubation with both the primary and the secondary antibodies, membranes were washed four times with TBST at 5-min inter-vals. Immunoblots were visualized, and the density of each band was quantitated using the Odyssey infrared imaging sys-
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tem and Odyssey application software (LI-COR Biosciences, Lincoln, NE).
Chemotaxis—This assay was performed using a Boyden chamber (Neuroprobe, Cabin John, MD). In the lower chamber, the chemo-attractant Matrigel (BD Biosciences, Bedford, MA) alone or mixed with various concentrations of recombinant galectin-3, galectin-3 1–107, or galectin-3 108 –250 was added. LNCaP (5 X 104) cells suspended in basic DMEM were loaded in the upper chamber. The two chambers were separated by a polycarbonate filter of 5-micron pore size and incubated in a 37 °C tissue culture incubator for 5 h, after which the filter was removed, the cells on top of the filter were wiped off, and the migrated cells were fixed, stained using Protocol Hema 3 stain set (Fisher Scientific), and counted under microscope. Each assay was carried out in triplicate.
Wound-healing Assay—A wound-healing assay was performed according to a published protocol (25).
Statistical Analysis—Data experiments are expressed as mean ± S.D. of three independent experiments. Comparisons between the groups were determined by using the one-way analysis of variance test using an on-line calculator.3 p < 0.05 was considered statistically significant.
RESULTS
Recently, we demonstrated that galectin-3 could be phos-phorylated by c-Abl at Tyr-79, -107, and -118 (2). PSA was demonstrated to cleave galectin-3 between Tyr-107 and Gly-108 and produce a functionally active, monovalent lectin (29). Because Tyr-107 is the major phosphorylation site, we checked the ability of active PSA to cleave galectin-3 phosphorylated on Tyr-107. Wild type galectin-3 was purified and used as a substrate for active c-Abl kinase in an in vitro assay. Active PSA was added to untreated (unphosphorylated) and treated (phosphor-ylated) galectin-3. After incubation at room temperature for
2 h, the presence of cleaved protein and the phosphorylation status of galectin-3 were checked by Western blot analysis. Our experiment confirmed the published data (29) that unphosphor-ylated galectin-3 can be digested by active PSA and also demonstrated that phosphorylation of Tyr-107 blocks this cleavage (Fig. 1, panel I).
Next, we tested whether endogenous secreted galectin-3 could be phosphorylated on tyrosine residues. We used PC3M cells to demonstrate that after treatment with EGF and PDGF, tyrosine phosphorylation can be detected on secreted galec-tin-3. c-Abl inhibitor AMN107 significantly blocked galectin-3 tyrosine phosphorylation, indicating that this is primarily a c-Abl-dependent event (Fig. 1, panel II). We further analyzed whether galectin-3 phosphorylated on Tyr-107 in vivo blocks the cleavage of secreted galectin-3 by PSA. As none of the prostate cancer cell lines that we tested secreted phosphorylated galectin-3 and endogenous PSA, we co-cultured PC3M (secreted galectin-3 Tyr(P)-107 after EGF treatment) and LNCaP cells (secreted endogenous PSA) and collected the conditioned medium after EGF treatment. As expected, based on the results of in vitro experiments, phosphorylation blocks cleavage of galectin-3 in conditioned medium (Fig. 1, panel III).
3 T. W. Kirkman, personal communication.

Until now, a few authors (2, 26–28) have confirmed that tyrosine residues on galectin-3 can be phosphorylated; however, to the best of our knowledge, no one has demonstrated a tyrosine phosphatase that can dephosphorylate these residues. Based on in silico docking (Fig. 1, panel IV), we predicted that PTEN can be one of the tyrosine phosphatases that can at least partially be responsible for galectin-3 dephosphorylation. To prove it, we phosphorylated galectin-3 in vitro with active c-Abl and then treated it with PTEN (Fig. 1, panel V). The results suggest that PTEN can be responsible for dephosphorylation of galectin-3 Tyr(P)-107 in vivo.
Cleavage of galectin-3 with PSA creates a mixture of two galectin-3 fragments: galectin-3 1–107 containing the NH2-ter-minal domain with a repeated collagen-like sequence and the functional carbohydrate recognition domain of galectin-3 containing residues 108–250. To understand the physiological relevance of galectin-3 cleavage by PSA, we constructed peptides of amino acid sequences resulting from cleavages at Tyr-107 fused with His tags for purification using nickel-agarose affinity chromatography. We then performed some of the functional assays with which galectin-3 is involved. Three-dimensional co-cultures of epithelial (LNCaP) and endothelial (BAMEC) cells were performed on Matrigel to study the tube formation in the presence of galectin-3 and its fragments.
Full-length galectin-3 added to the medium showed 127 units of tubes and 12 loops, respectively, as compared with 73, 55, and 76 units of tubes and 0 loops by control and 1–107 and 108 –250 fragments, respectively (Fig. 2, A and B). Thus, we tested the effect of galectin-3 1–107 and 108–250 fragments as well as full-length galectin-3 on migration of LNCaP cells. A Boyden chamber-based cell migration assay, in which the cells must penetrate a porous polycarbonate filter toward a che-moattractant, demonstrated that migration of LNCaP cells toward Matrigel with added full-length galectin-3 was significantly higher as compared with control (wells without recombinant protein) or either of the two fragments of galectin-3, although we observed increased cell migration toward the galectin-3 CRD domain (Fig. 2C).
We used LNCaP (null galectin-3), DU145 (stable clone with reduced galectin-3 expression), and PC3M cell lines to examine the effect of full-length galectin-3 and galectin-3 1–107 and galectin-3 108–250 on cancer cell motility using a wound-healing assay. As shown in Fig. 2D, the addition of galectin-3 induced cell motility, whereas galectin-3 1–107 and 108–250 did not show a significantly increased motility as compared with the control. These results suggest that only full-length galectin-3 promotes prostate cancer cell motility.
DISCUSSION
Galectin-3 is a chimeric carbohydrate-binding lectin, which interacts with intracellular glycoproteins, cell surface molecules, and extracellular matrix proteins based on its intra- and extracellular distribution. The investigation of galectin-3 revealed its involvement in various biological phenomena such as cell growth, adhesion, angiogenesis, apoptosis, motility, and metastasis. This protein is widely expressed in various tumor cells, and its expression is correlated with tumorigenesis, tumor progression, and metastasis. The functions of galectin-3 are
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FIGURE 1. Phosphorylation of galectin-3 on Tyr-107 regulates its cleavage by PSA. Panel!, phosphorylation on Tyr-107 (pY107) blocks the cleavage ofGal-3 by PSA in vitro.An equal amount of recombinant galectin-3 wild type was loaded on the gel. Lane 1, galectin-3. Lane 2, PSA-treated galectin-3. Lane3, galectin-3 was phosphorylated by c-Abl and treated with PSA. The reaction was stopped by adding sample buffer, resolved on a 10% SDS-PAGE gel, and immunoblotted using anti-galectin-3 antibody (A) or anti-Tyr(P) (pTyr) antibody (B). Panel !!, tyrosine phosphorylation of galectin-3 in vivo is blocked by c-Abl inhibitor. PC3M cells were treated with 150 ng/ml EGF and 50 ng/ml PDGF for 8 h. One plate was also treated with 1 jtM AMN107 (c-Abl inhibitor). Conditioned media were collected, and galectin-3 was immunoprecipitated with TIB166 antibody. Samples were resolved using 10% SDS-PAGE gel and immunoblotted with anti-phosphotyrosine antibody (top panel) anti-galectin-3 (HL31) (middle panel). The bottom panel represents overlapping Tyr(P) and galectin-3 blots loaded and run on an SDS-PAGE gel. Panel!!!, EGF treatment blocks cleavage of galectin-3 in conditioned medium of co-cultured LNCaP and PC3M cells. LNCaP and PC3M cells were co-cultured for 24 h. One plate was treated with 150 ng/ml EGF for 8 h. Conditioned medium was collected and concentrated using Millipore filters with a 3-kDa cutoff. 50 jtg oftotal protein was loaded and run on a gradient (4–20%) SDS-PAGE gel. Aftertransfer, membrane was blotted with polyclonal HL31 antibody, which can recognize multiple epitopes on galectin-3, for 2 hat room temperature. Panel !V, docking of Gal-3 phosphorylated on Tyr-107 with PTEN. Autodock4 (Scripps Research Institute) was used to dock the phosphorylated version of Gal-3 and PTEN. His-123, Cys-124, Asp-92, and His-93 represent amino acids from the catalytic active site and form the PTEN HCXXGXXR motif, the Cys-124 and Arg-130 residues are essential for catalysis, and the His-123 residue is important for the conformation of the P loop. Panel V, dephosphorylation of galectin-3 Tyr(P)-107 with PTEN. Lane 1, wild type recombinant galectin-3 phosphorylated with c-Abl. Lane 2, phosphorylated galectin-3 treated with PTEN for 2 h at 30 °C. Lane 3, recombinant untreated galectin-3. the top panel represents 15% of the sample mixture run on 10% SDS-PAGE and visualized with Coomassie Blue stain. The rest of the samples were resolved using 10% SDS-PAGE gel and immunoblotted with anti-phosphotyrosine antibody (second panel) and anti-galectin-3 (HL31) antibody (third panel). The bottom panel represents overlapping Tyr(P) and galectin-3 blots. The normalized integrated intensity was calculated as band integrated intensity. AU, arbitrary units.

dependent on its binding partners and its localization and can change as a result of post-translational modifications such as cleavage and phosphorylation. It was shown that galectin-3 can be phosphorylated by casein kinase I at serine residues with serine 6 being the main site phosphorylated. Galectin-3 phos-phorylated at serine 6 showed reduced binding to laminin and asialomucin and resulted in a diminished ability of galectin-3 to protect cells from cisplatin-induced apoptosis (1). Glycogen synthase kinase f3 (GSK-313) is responsible for phosphorylation of serine 92 and 96, and these phosphorylations are mediated by Axin (29). In our recent study, we demonstrated that galectin-3 could be phosphorylated by c-Abl at Tyr-79, -107, and -118, where Tyr-107 is the major phosphorylation site (2). Galectin-3 is also known to be a substrate for MMP-2 and -9. Cleavage sites of human galectin-3 by MMPs were identified between Gly-32- 

Ala-33 and Ala-62-Tyr-63 amino acids resulting in 27- and 22-kDa peptides, respectively (12). Recently, it was shown that galectin-3 can be cleaved by the prostate-specific antigen after Tyr-107, and this cleavage destroys galectin-3 multivalency while preserving its carbohydrate binding activity (29). In solution, galectin-3 largely occurs as a monomer. It can also form homodimer by self-association through its CRDs in the absence of its binding ligands. However, in the presence of its carbohydrate binding ligands, galectin-3 can polymerize up to pentam-ers through its N-terminal domain (4, 30). Oligomerization is a unique feature of surface or secreted galectin-3, which allows formation of ordered galectin-glycan structures, also called lattices, on the cell surface or through direct engagement of specific cell surface glycoconjugates by traditional ligand-receptor interactions (31). Although secreted galectin-3 can interrupt
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FIGURE 2. Functional significance of galectin-3 cleavage by PSA. A, the effect of recombinant full-length galectin-3 and 1–107 and 108–250 fragments on endothelial cell morphogenesis.Three-dimensional heterotypic co-cultures of BAMEC and LNCaP cells on Matrigel were performed in the presence of 10 jtg/ml recombinant galectin-3 and its fragments. B, quantitative evaluation of tube formation assay. C, chemotaxis assay in LNCaP cells. Full-length galectin-3 (10 jtg/ml) increases chemotaxis in LNCaP cells as compared with fragments of galectin-3 and control cells. Data points show the mean ± S.E. (n = 3) in each condition. D, prostate cancer cells cell migration in the scratch assay. The assay was performed with LNCaP, Du145, and PC3M cell lines. The scratch assay was done to assess in vitro migration of cultured prostate cancer cells stimulated by full-length galectin-3, galectin-3 1–107, and galectin-3 108–250. A uniform wound was made in each plate using a 1-jtl pipette tip. The wound area was observed immediately, and at 24 h after creation, cells were counted. Cells were grown under identical conditions. E, a pathway graphic describing the possible mechanisms for the roles of PSA-resistant galectin-3 in the tumorigenesis and progression of prostate cancer.

protein interactions by blocking the access of other galectins, its main function is scaffolding of a preferred set of cell surface glycoconjugates, which explains the functional importance of the N terminus of galectin-3. The molecular modeling of the hamster galectin-3 N-terminal domain predicted its role in carbohydrate binding. Moreover, this modeling also predicted that Tyr-102 of hamster galectin-3 (homologous to Tyr-107 of human galectin-3) makes significant contributions to oligosac-charide binding (32).
Based on the available data, we hypothesized that phos-phorylation on Tyr-107 may block the cleavage of galectin-3 by PSA. Our experiments confirm this hypothesis, and we suggest a model demonstrating possible functions of galec- 

tin-3 in prostate cells with increased activity of c-Abl and Arg kinases.
Although c-Abl fusion proteins have not been detected in solid cancers, recent data indicate that deregulation could be also caused by a genetic mechanism (33). It was also shown that activity of c-Abl increased in PC3 prostate cancer cells overex-pressing the Shb adapter protein (34). Galectin-3 secreted from PC3M cells in our experiment was also phosphorylated on tyrosines. Silencing of PTEN and GSK-3(3 is frequently associated with advanced prostate cancers and likely serves critical roles in promoting androgen receptor and PI3K/Akt gain of function (35–37). We demonstrate here that PTEN can be responsible for dephosphorylation of galectin-3 Tyr(P)-107.
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We suggest in our model that activation of c-Abl or Arg and loss of PTEN occur during the tumor formation and progression of prostate cancer (Fig. 2E). As a consequence of disrupting the balance between phosphorylation and dephosphorylation, galectin-3 is phosphorylated at Tyr-107 by c-Abl and secreted; phosphorylated galectin-3 is resistant to cleavage by PSA and able to cross-link its cell surface ligands to form lattice-like structures that trigger the initiation of cell surface molecule-associated cell signaling. This cross-linking is associated with extracellular activities of galectin-3 including cell adhesion and signal transduction. However, in noncancerous prostate and in some prostate cancer cases, unphosphorylated galectin-3 is cleaved at tyrosine 107 by PSA, resulting in removal of the N-terminal part including the collagen-like sequence, thus blocking its ability to create the lattices and promote the cancer behavior of the cells. As compared with truncated galectin-3, PSA-resistant intact galectin-3 may exert biological activities through ligand cross-linking to boost the tumorigenesis and progression of prostate cancer.
It was shown that extracellular full-length galectin-3 could increase the motility of cancer cells, mediating metastatic cell adhesion to the endothelium and increased angiogenesis (38– 42). To demonstrate whether galectin-3 cleaved by PSA can promote endothelial cell morphogenesis, we added recombinant full-length galectin-3 and 1–107 and 108–250 fragments to co-cultured BAMEC and LNCaP cells on Matrigel. Only full-length galectin-3 induced endothelial cell chemotaxis, facilitating their motility during the initial phase of tube formation, whereas fragments did not show the effect. Here, we show that although galectin-3 induced branching morphogenesis of endothelial cells, galectin-3 1–107 and 108–250 failed to do so. Endothelial cell migration is a prerequisite for angiogenesis. Cell migration requires cytoskeleton reorganization involving phosphorylation of cytoskeleton-associated tyrosine kinases and formation or removal of focal adhesion complexes that are sites of cell substrate contact and where the traction force necessary for cellular movement is generated (43).
When we evaluated the effect of galectin-3 1–107 and 108– 250 fragments as well as full-length galectin-3 on migration of LNCaP cells in Boyden chamber-based cell migration assay, we found that migration of LNCaP cells toward Matrigel with added full-length galectin-3 significantly increased as compared with control and two fragments of galectin-3. However, we also observed increased cell migration toward galectin-3 CRD domain as compared with N-terminal domain and control. We suggest that this occurs due to the ability of galectin-3 CRD domain to form homodimers and may function in the same way as galectin-1, which is also known to play a role in tumor angiogenesis, although galectin-3 and galectin-1 bind distinct cell surface glycoprotein receptors (44, 45). As we expected, in a scratch assay, cells treated with galectin-3 showed increased motility as compared with control or either of the two fragments of galectin-3.
The results of these experiments confirm that only full-length galectin-3 functions as the factor promoting chemotaxis, morphogenesis, and cell motility. Earlier, we demonstrated that galectin-3 digested with MMP-2 and -9 significantly induced migration and angiogenesis as compared with full-length galec-
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tin-3. Because MMP can remove either 32 or 64 amino acids, we presume that rest of the N terminus has an increased ability to oligomerize as compared with full-length galectin-3.
We posit that post-translational modifications of galectin-3 in the cells are but one component of a constellation of factors contributing to cancer disease prevalence and severity. In conclusion, the data suggest that the balance between the level of c-Abl and PTEN activity will determine the galectin-3 phos-phorylation on Tyr-107. We speculate that this association might be used as a marker for prognosis and a therapeutic target for the treatment of prostate cancer.
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Abstract
Breast cancer cells release a large quantity of biocargo-bearing extracellular vesicles (EVs), which mediate intercellular communication within the tumour microenviron-ment and promote metastasis. To identify EV-bound proteins related to metastasis, we used mass spectrometry to profile EVs from highly and poorly metastatic breast cancer lines of human and mouse origins. Comparative mass spectrometry indi
cated that integrins, including 
α
v and 
j3
1 subunits, are preferentially enriched in EVs of highly metastatic origin over those of poorly metastatic origin. These results are consistent with our histopathological findings, which show that integrin 
α
v is associ
ated with disease progression in breast cancer patients. Integrin 
α
v colocalizes with the multivesicular-body marker CD63 at a higher frequency in the tumour and is enriched in circulating EVs of breast cancer patients at late stages when compared with circulating EVs from early-stage patients. With a magnetic bead-based flow cytometry assay, we confirmed that integrins 
α
v and 
j3
1 are enriched in the CD63
+
 
subsets of EVs from both human and mouse highly metastatic cells. By analysing the level of integrin 
α
v on circulating EVs, this assay could predict the metastatic potential of a xenografted mouse model. To explore the export mechanism of inte-grins into EVs, we performed immunoprecipitation mass spectrometry and identified members of the galectin family as potential shuttlers of integrin 
α
v
j3
1 into EVs. In par
ticular, knockdown of galectin-3, but not galectin-1, causes a reduction in the levels of cell surface integrins 
j3
1 and 
α
v, and decreases the colocalization of these integrins with CD63. Importantly, knockdown of galectin-3 leads to a decrease of integrin 
α
v
j3
1
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	export into the EVs concomitant with a decrease in the metastatic potential of breast cancer cells. Moreover, inhibition of the integrin αvj31 complex leads to a reduction in the binding of EVs to fibronectin, suggesting that integrin αvj31 is important for EV retention in the extracellular matrix. EVs retained in the extracellular matrix are taken up by fibroblasts, which differentiate into cancer associated fibroblasts. In summary, our data indicate an important link between EV-bound integrin αvj31 with breast cancer metastasis and provide additional insights into the export of integrin αvj31 into EVs in the context of metastasis.
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1 INTRODUCTION
Breast cancer is regarded as the most common cancer in women globally, accounting for one fourth of cancer incidences and one sixth of cancer-related mortalities among women (Sung et al., 2021). Although early-stage, non-metastatic breast cancer is often curable with locoregional and systemic therapies, advanced-stage, metastatic breast cancer is considered incurable with current treatment options and has poor prognosis (Waks & Winer, 2019). Therefore, it is critical to identify patients with higher metastatic risks at an early stage and to elucidate the underlying mechanisms of breast cancer metastasis and progression.
Extracellular vesicles (EVs) are a burgeoning research field in cell biology. EVs are membrane-bound vesicles secreted by various cell types and can derive from both the release of intraluminal vesicles by fusion of multivesicular bodies with the plasma membrane and the outward budding and blebbing of the plasma membrane (Van Niel et al., 2018). In the tumour microenvi-ronment, EVs transport many bioactive cargoes including proteins and RNAs, mediating a variety of interactions with cells and non-cell components within tumours, and can potentiate malignant transformation and metastatic phenotypes (Zhang et al., 2021). These findings have inspired a number of basic studies focusing on the underlying mechanisms of cancer development and progression (Zhang et al., 2021) as well as translational research investigating the utility of EVs as cancer-associated biomarkers (Shah et al., 2018, Xu et al., 2018) and delivery vehicles of anticancer agents (Möller & Lobb, 2020, Zhang et al., 2019).
Among different EV-bound molecules, integrins, a family of transmembrane proteins composed of diverse α and j3 subunits that have multifaceted functions in cell adhesion and cell signalling (Cooper & Giancotti, 2019), are known to play a crucial role in metastasis development (Mo et al., 2020, Paolillo & Schinelli, 2017). There is now considerable interest in EV-bound integrins in cancer research, initiated by a landmark study in 2015, which demonstrated the pivotal role of EV-bound integrins in organotropic metastasis (Hoshino et al., 2015). Primary tumour cells secrete organotropic EVs bearing different heterodimeric integrins αvj35, α6j31 and α6j34, which are preferentially taken up by resident cells in distant metastatic sites such as fibroblasts and epithelial cells in the lung and Kupffer cells in the liver. Preferential uptake of such tumour cell-derived EVs directs resident cells to activate Src phosphorylation and upregulate gene expression of the pro-inflammatory S100 family, which prepares a favourable microenvironment for new colony formation and growth of metastatic cancer cells. In addition, targeting these EV-bound integrins inhibits EV uptake and reduces distant metastasis. Colorectal cancer cells are found to elicit integrin beta-like 1-enriched EVs to target fibroblasts for premetastatic niche formation (Ji et al., 2020), while EVs from epithelial ovarian cancer cells bear abundant integrin α5j31 complexed with asparaginyl endopeptidase to target human peritoneal mesothelial cells for peritoneal metastasis (Li et al., 2020). Additional studies have shown important roles of different EV-bound integrin heterodimers to promote angiogenesis (Krishn et al., 2020) and cell migration (Fedele et al., 2015), to induce neuroendocrine differentiation (Quaglia et al., 2020), and to modulate the homing of lymphocytes in intestinal tissues (Shimaoka et al., 2019). More importantly, a recent large-scale proteomic study, which compared EV protein cargo from sixty diverse human cancer cell lines, including breast cancer lines, demonstrated that levels of integrins αv, α6, and j31 correlate with cancer progression amongst a broad variety of epithelial cancer cell-derived EVs (Hurwitz & Meckes, 2019).
Previously, we have demonstrated the horizontal transfer of metastatic traits dependant on EV-bound microRNA-200 (miR-200), using a series of isogenic mouse breast cancer cell lines (Le et al., 2014). In addition, we have reported the pivotal role of miR-125b enclosed within breast cancer cell-derived EVs in activating cancer-associated fibroblasts (CAFs) in the tumour microenvironment (Vu et al., 2019). In this work, we investigated the associations of EV-bound integrins with breast cancer metastasis as well as the utility and export mechanisms of integrins in EVs. Specifically, to identify the differentially expressed integrins associated with metastasis, we adopted a two-step purification method to obtain ultrapure EVs and performed comparative mass spectrometry to profile EVs from human and mouse breast cancer lines of different metastatic capabilities. Then, we focused on the integrin candidates that were consistent in both human and mouse cell lines and validated the overexpression of integrins αv and j31 in EVs of highly metastatic origin using a magnetic bead-based flow cytometry assay. Applying this assay

[image: ]ZHANG ET AL.	3 of 25
to integrin αv in circulating EVs, we were able to evaluate metastatic potential using a xenografted mouse model. The results from these experiments, which were also consistent with our histopathological data, indicate that integrin αv in EVs is associated with progression in breast cancer patients. Furthermore, we demonstrated that the export of integrin αvj31 into EVs is, in part, regulated by galectin-3 and that integrin αvj31 is important for the fibronectin-based retention of EVs that promotes fibroblast differentiation. This work highlights the association of integrin αvj31 with breast cancer metastasis, and suggests the potential of EV-bound integrin αvj31 as a novel prognostic and therapeutic target in breast cancer metastasis.
2 RESULTS
2.1	Purification of extracellular vesicles from breast cancer cells
Cancer cells naturally secrete biomolecule-carrying EVs into the extracellular space to mediate metastasis and other related biological processes (Becker et al., 2016). To obtain ultrapure EVs devoid of protein contaminants, we applied a two-step purification regimen combining flotation ultracentrifugation and fast protein size-exclusion liquid chromatography (FPLC-SEC) (Figure 1a). We cultured breast cancer cells with EV-depleted medium and harvested the conditioned medium (CM), which we subjected to serial centrifugation and 0.45 μm filtering to remove dead cells and debris. Clarified CM went through flotation ultracentrifu-gation with a 60% sucrose cushion and then FPLC-SEC. FPLC-SEC fractions were collected individually for analysis, and we found that EVs were enriched predominantly in fractions 8–14, indicated by particle peaks detected using nanoparticle tracking analysis, while vesicle-free proteins were detected in fractions 19–41, as determined by bicinchoninic acid (BCA) assay and absorbance at 280 nm (Figure 1b). The high purity of isolated EVs can be deduced from the distinctly separated peaks for EVs and vesicle-free proteins, respectively. After FPLC-SEC, we concentrated EVs using a centrifugal concentrator for characterisation. Using western blots, we observed increased levels of EV markers ALIX, TSG101, and CD63, and reduced level of cellular markers GAPDH in the isolated EVs as compared to the parental cells (Figure 1c and Figure S1A). Moreover, the absence of the endoplas-mic reticulum marker CANX in the purified EVs indicates that the EVs were free from cellular contamination (Figure 1c and Figure S1A). Flow cytometry analysis further confirmed the enrichment of CD63 on the EV surface (Figure 1d). EVs collected in fractions 8–14 demonstrated a typical cup-shape and double-membrane morphology when examined by transmission electron microscopy, indicating that the purified EVs were intact (Figure 1e). Nanoparticle tracking analysis revealed that the diameters of isolated EVs ranged from 50 to 380 nm, with ∼ 115 nm particles the most prominent, as expected for EVs (Figure 1f). Collectively, these data show that our two-step purification method can isolate highly pure and intact EVs for further analysis.
2.2	Identification of integrins in metastatic breast cancer-derived EVs
To examine EV proteins associated with metastasis, we compared EVs from two human breast cancer cell lines, MCF10CA1a (CA1a) and MDA-MB-231 (MB-231), which have similar rates of proliferation and similar EV production. CA1a cells are the most metastatic in a series of cell lines derived from MCF10A cells (Santner et al., 2001). Mice xenografted with these cells have been used as a reliable metastatic model (Jin et al., 2009, Lei et al., 2014, Tian et al., 2003). MDA-MB-231 cells were derived originally from a breast cancer patient who suffered from metastasis (Cailleau et al., 1974). When inoculated into immunodeficient mice, MB-231 cells are poorly metastatic although sub-clones of these cells have been derived with enhanced metastatic potential (Kang et al., 2003). We have shown previously that CA1a cells have a higher metastatic potential than the original MDA-MB-231 cells (Le et al., 2014). To confirm the difference in metastatic capabilities of two human breast cancer cells available in our lab, we transduced CA1a cells and MB-231 cells with a lentiviral plasmid expressing luciferase. CA1a-luciferase (CA1a-luc) and MB-231-luciferase (MB-231-luc) cells of equal counts were injected intravenously into nude mice via the tail vein, to generate metastatic models suitable for monitoring by bioluminescent imaging (Figure 2a). After 7 weeks, four out of seven nude mice injected with CA1-luc cells showed bioluminescence signal in the lungs while only two out of seven mice injected with MB-231-luc cells showed sustained colonization in the lungs (Figure 2a-b). The average bioluminescent signal in the lung of CA1a-cell-injected mice was significantly higher than in MB-231-cell-injected mice. This demonstrated that CA1a cells have higher metastatic potential than MB-231 cells in our experimental setting. In addition, we also selected a pair of isogenic mouse breast cancer cells of different metastatic capabilities: highly metastatic 4T1 cells and poorly metastatic 4TO7 cells (Le et al., 2014, Vu et al., 2019). This strategy was designed to allow us to identify proteins enriched in EVs derived from highly metastatic cells from both humans and mice.
To identify the EV-bound integrins associated with breast cancer metastasis, we isolated EVs from breast cancer cells with different metastatic potentials and profiled the cancer-derived EVs using comparative mass spectrometry. We identified 552 and 581 proteins in EVs derived from the human CA1a and MB-231 cells, respectively, and, 634 and 568 proteins in the EVs derived from the mouse 4T1 EVs and 4TO7 cells, when requiring at least two unique peptides identified per protein (Figure 2c and Figure S1B). CA1a EVs and MB-231 EVs had an overlap of 441 proteins while 4T1 EVs and 4TO7 EVs presented an overlap of 551 proteins (Figure 2c and Figure S1B). Gene ontology (GO) analysis of the overlapped protein entries pointed to ‘cell-cell
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)FIG U RE 1 Isolation and characterization of EVs from breast cancer cells. (a) Schema of isolation strategy to obtain breast cancer cell-derived EVs from conditioned medium using a two-step EV isolation regimen combining flotation ultracentrifugation and fast protein size-exclusion liquid chromatography (FPLC-SEC). Purified EVs were combined from SEC fraction 8 to 14 and concentrated using a filter unit with 100-kDa cut-off. (b) Separation of EVs from vesicle-free proteins using FPLC-SEC, indicated by the concentrations of EVs as determined using nanoparticle tracking analysis, and the concentration of free proteins, determined using BCA assay and absorbance at 280 nm in each fraction of the FPLC-SEC. (c) Western blot analysis of proteins in CA1a cells and purified EVs. (d) Flow cytometry analysis of CD63 in purified EVs. (e) Representative images of EVs before and after FPLC-SEC (fraction 8–14 were combined), obtained by transmission electron microscopy. Scale bars: 0.5 μm. (f) Size distribution of the isolated EVs, determined by nanoparticle tracking analysis (100x diluted)
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)FIG URE 2 Proteomic profiling of human breast cancer cell-derived EVs. (a) Injection of 5×106 human breast cancer CA1a-luc cells and 5×106 MB-231-luc cells in the tail vein of nude mice resulted in lung metastasis that can be monitored by bioluminescent imaging. Shown are the bioluminescent images of the mice at 7 weeks. (b) Log2 bioluminescent signal (photon/s) in the lung area in week 3, 5 and 7. (c) Venn diagram showing overlaps of identified proteins in CA1a EVs and MB-231 EVs from comparative proteomic profiling with known human EV protein entries from Vesiclepedia. (d) Scatter plot comparing the abundance of proteins identified in CA1a and MB-231 EVs. (e) Protein-protein interaction network analysis of proteins enriched in CA1a EVs compared to MB-231 EVs. Student’s t-test *P ≤ 0.05
adhesion’, ‘cell adhesion’, and ‘signal transduction’ in biological processes, which are also broadly recognized functions of integrins (Table S1 and S2). Top-ranked common GO entries in cellular components included ‘extracellular exosome’, ‘membrane’ and ‘extracellular space’, confirming the EV origin of the profiled proteins (Table S1 and S2). In terms of molecular functions in GO analysis, many protein binding-related entries are prominent, suggesting potential active protein-binding interactions among the EV proteins. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis identified top entries such as ‘Endocytosis’, ‘Focal adhesion’, ‘Pathways in cancer’, and ‘Proteoglycans in cancer’ in common, which are well known to link to the biogenesis of EVs and the functions of EV protein cargo (Sung et al., 2021, Van Niel et al., 2018). The high efficiency and accuracy of EV protein identification were also evident from the high alignment rate of identified proteins with reported EV protein entries from Vesiclepedia (Figure 2c and Figure S1B).
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In a comparative analysis, we found that integrins α2, α3, α5, αv, a6, j31, j34, and j35 were more abundant in CA1a EVs than in MB-231 EVs (Figure 2d-e) and that integrins α2, α3, αv, j31, j35, and j36 were enriched in 4T1 EVs as compared to 4TO7 EVs (Figure S1C-D). Among these candidates, integrins α2, α3, αv, and j31 were commonly upregulated in metastatic EVs in both human and mouse pairs. Our findings corroborate a previous large-scale proteomic study (Hurwitz & Meckes, 2019), where integrin profiles of EVs from sixty diverse human cancer cell lines, including breast cancer cells, were compared, revealing that levels of integrins αv, α6, and j31 correlate with cancer stage (Hurwitz & Meckes, 2019). Moreover, integrins αv and j31 are the most abundant alpha and beta integrin subunits in breast cancer-derived EVs, respectively (Hurwitz & Meckes, 2019). Given these results, we focused on integrins αv and j31 (ITGAV and ITGB1) for further analysis.
2.3	Integrins αv and flu are enriched in EVs from highly metastatic breast cancer cells
To validate the levels of integrins αv and j31 on the surface of cancer-derived EVs, we developed a flow cytometry-based assay that allows us to detect surface proteins on EVs using affinity-capture magnetic beads. In brief, magnetic beads pre-conjugated with an antibody specific for human CD63, an established EV surface marker (Kalluri & Lebleu, 2020), were incubated with either CA1a EVs or MB-231 EVs of equal particle counts. EV-bead complexes were then stained with fluorescent dye-conjugated antibodies and analysed using a flow cytometer. As we found that the anti-human CD63 antibody on pre-conjugated beads did not bind to mouse CD63, we performed an in-house conjugation based on streptavidin-biotin interaction (Sedlak et al., 2020), to produce mouse CD63-capturing magnetic beads by incubating streptavidin-conjugated magnetic beads with biotin-labelled anti-mouse CD63 antibody. We observed a higher level of ITGB1 (Figure 3a) and ITGAV (Figure 3b) in CA1a EVs than in MB-231 EVs. The enrichment in ITGAV and ITGB1 in CA1a compared to MB-231 EVs was confirmed by Western blot analysis (Figure 3c). The mouse EV pair from isogenic cells manifested a similar trend, that is, an upregulation of ITGB1 (Figure 3d) and ITGAV (Figure 3e) in 4T1 EVs in comparison to 4TO7 EVs. We excluded the possibility that the observations were induced by binding of fluorescent dye-conjugated antibodies to magnetic beads or autofluorescence coming from EVs themselves, as groups of stained beads alone or unstained EV-beads did not show significant background fluorescence (Figure 3a, b, d e). CD63 (Figure S2A), ITGB1 (Figure S2C), and ITGAV (Figure S2D) were abundant on the cell surface of breast cancer cells while CD11b was lacking (Figure S2B). We detected high percentages of CD63-positive EV-bead complexes, as a positive control, in all EV-staining groups; while CD11b, a marker of myeloid cells that is not present in the cancer cell lines we used, was not detected (Figure S3A, B). The number of bead-bound EV particles (equal to the number of input EVs less the number of unbound EVs in the supernatant) was approximately 2.3×108 EV particles per 10 μg beads, with no significant difference between CA1a and MB-231 EVs (Figure S4A-B). We also compared ITGAV, ITGB1 and CD63 using a non-reducing gel (to better detect CD63) followed by Western blotting (Figure S4C). CD63 levels were slightly higher in MB-231 EVs albeit the molecular weight of CD63 was slightly different between the two cell lines which could be due to different patterns of glycosylation. The levels of ITGAV and ITGB1 proteins were clearly higher in CA1a EVs, consistent with our flow cytometry data and our Western blot data in Figure 3c (using reducing gel). Taken together, these data validated our proteomic analyses, and establish that integrins αv and j31 are upregulated in EVs from highly metastatic cells when compared to EVs from poorly metastatic cells.
2.4	Association of integrin αv with disease progression in breast cancer patients
To better understand the clinical prognostic values of integrin αv, we examined the association of integrin αv with a set of clinicopathological parameters in patients with breast cancer using immunohistochemistry (IHC) of tumour sections. As we developed these assays, we were able to identify a suitable antibody for staining of ITGAV but not for ITGB1 despite testing an array of candidate antibodies. A total of 51 patients with breast cancer were eligible for study inclusion at the Guangxi Medical University hospital. ITGAV staining intensity was scored on a scale from 1 to 4 (low to high, respectively) (Figure 4a). The cohort reported an average score of 2.52 ± 0.44 (mean ± SD, same format for subsequent values in this section). We observed that patients with lymph node metastasis showed a significantly higher ITGAV score than those without (2.67 ± 0.47 vs. 2.27 ± 0.23; P = 0.001; Figure 4b). Moreover, analysis of node (N) stage, which evaluates the extent of lymph node metastasis, demonstrated that patients with more advanced N stage (N2 and N3) had a significantly increased ITGAV score as compared to those with N0 and N1 status (2.85 ± 0.57 vs. 2.46 ± 0.39; P = 0.022; Figure 4c). There were only two cases of patients with distant metastasis/M1 stage among the cohort of 51 patients, which is consistent with public statistics (Lord et al., 2012, Tosello et al., 2018). We pooled patients with locally advanced (TNM stage IIB to stage III) and metastatic (TNM stage IV) breast cancer and compared them with patients with early-stage breast cancer (TNM stage I to IIA), with reference to the MD Anderson definition (Kantarjian et al., 2011). Patients with locally advanced and metastatic disease reported a statistically significant higher ITGAV score as compared to patients with early-stage disease (2.75 ± 0.45 vs. 2.33 ± 0.34; P ≤ 0.001; Figure 4d). In addition, receiver operating characteristic (ROC) curve analysis illustrated that high ITGAV scores discriminate patients with locally advanced and metastatic breast cancer from patients
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)FIG U RE 3 Integrin αv and /31 are more abundant on the surface of EVs from breast cancer cells of highly metastatic origin than EVs from cells of moderately metastatic potential. (a-b) Flow cytometry analysis of integrin /31 and αv (ITGB1 and ITGAV, respectively) on the surface of EVs from human highly-metastatic CA1a and poorly-metastatic MB-231 breast cancer cells, captured on anti-human CD63 magnetic beads. Graphs present the average percentage of EV-bead complexes with positive staining for ITGB1 and ITGAV in CA1a and MB-231 EVs ± SEM. (c) Western blot analysis of ITGAV and ITGB1 in CA1a and MB-231 EVs. TSG101 was used as a loading control. (d-e) Flow cytometry analysis of ITGB1 and ITGAV on the surface of EVs from mouse highly-metastatic 4T1 and poorly-metastatic 4TO7 breast cancer cells, captured on anti-mouse CD63 magnetic beads. Graphs present the average percentage of EV-bead complexes with positive staining for ITGB1 and ITGAV in 4T1 and 4TO7 EVs ± SEM. Student t-test **P ≤ 0.01, *** P ≤ 0.0001
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FIG U RE 4
 Integrin 
α
v is associated with cancer progression in patients with breast cancer. (a) Scoring scheme and representative images from ITGAV IHC staining of tissue sections from patients with breast cancer. (b) Association of ITGAV expression score with the presence of lymph node metastasis (LM). (c) Association of ITGAV expression score with cancer N stages. (d) Association of ITGAV expression score with locally advanced and metastatic group (stage IIB - IV) and early staged group (I-IIA). (e) Receiver operating characteristic curve analysis of the diagnosis for locally advanced and metastatic group based on ITGAV expression score. (f) ELISA analysis of ITGAV protein in circulating EVs (number of ITGAV molecules per 10
5
 EVs) purified from blood samples of patients with early stage (I and II) and late stage (III and IV) breast cancer. (g) Receiver operating characteristic curve analysis of the diagnosis for early and late-stage group based on ITGAV level in circulating EVs. Mann-Whitney test *
P 
≤ 
0.05, **
P 
≤ 
0.01, ***
P 
≤ 
0.001. (h) Representative IHC images of tumour sections stained for ITGAV (red) and CD63 (brown) from breast cancer patients. (I) ITGAV-CD63 colocalization analysis using Chi-square test
)
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with early-stage breast cancer (area under curve = 0.770; 95% confidence interval = 0.631 - 0.909; P = 0.001; Figure 4e). Other parameters examined, including age, T stage, tumour location (left or right), Ki-67 index, p53 status, p16 status, and cytokeratin status, did not show a significant difference among groups. Collectively, these data demonstrated that high levels of integrin αv is indeed associated with disease progression in breast cancer patients.
In an independent study, we obtained blood samples from 56 breast cancer patients at the Singapore National University Hospital. Blood cells and debris were removed by centrifugation, and EVs were isolated from the supernatant using two rounds of ultracentrifugation. ITGAV was measured in the isolated EVs using ELISA. We were able to detect ITGAV in only three out of 30 patients (10%) with early-stage cancer (stage Iand II) but in nine out of 26 (34.6%) patients with late-stage cancer (stage IIIA, IIIB and IV). The average level of ITGAV was significantly higher in circulating EVs of late stage cancer, compared to early-stage cancer (Figure 4f). The ROC curve indicated that ITGAV in circulating EVs can be used as an indicator of late-stage breast cancer although it is not as robust as the ITGAV IHC analysis (Figure 4g). The low rate of ITGAV detection in circulating EVs was due to the limited blood volume (0.5–1 ml per sample) available to us and the abundant blood-cell-derived EVs masked the detection of tumour-derived EVs.
To confirm if ITGAV could be released in tumour-derived EVs, we analysed the colocalization of ITGAV and CD63 in tumours using a tissue array collected from 128 breast cancer patients at the Singapore National University Hospital (Table 5). The analysis conducted by two independent certified pathologists indicated a high degree of ITGAV-CD63 colocalization in 37 out of 54 patients (68.5%) with locally advanced and metastatic breast cancer but only 18 out of 66 patients (27.3%) with early-stage breast cancer indicating a significant difference between the two groups (χ2 = 20.4, P < 0.00001) (Figure 4h-i). Of note, ITGAV was very low in normal adjacent breast tissues collected from four anonymized breast cancer patients although CD63 was high in all of these samples (Figure S4D). CD63 is a marker of multivesicular bodies, the major endosomal compartment giving rise to CD63 EVs. Thus, the higher colocalization of CD63 and ITGAV suggests a higher probability of ITGAV export into EVs in advanced breast cancer. The significant association between ITGAV-CD63 colocalization with locally advanced and metastatic breast cancer also suggests a prognostic value for this co-staining, which can be used to predict metastatic probability.
	2.5	Integrin αv is elevated in circulating EVs from xenografted mice bearing metastatic tumours
To investigate whether metastatic cells secrete EVs bearing increased ITGAV into the circulation in vivo, we implanted an equal count of either CA1a cells or MB-231 cells into the flanks of NSG mice. Blood was collected for isolation of circulating EVs, and tumours were fixed and sectioned for immunofluorescence staining. Mice were sacrificed when the tumour reached 15 mm at the largest dimension (Figure 5a). Circulating EVs of two mice from the same group were pooled to improve EV recovery. We confirmed that anti-human CD63 magnetic beads did not capture mouse circulating EVs from uninjected NSG mice (Figure 5b). Next, we incubated anti-human CD63 magnetic beads with circulating EVs from un-injected, MB-231-implanted, and CA1a-implanted mice, and found that only circulating EVs from CA1a-implanted mice exhibited increased levels of ITGAV (Figure 5c). To confirm this result, we co-stained the tumour sections with fluorescent anti-human CD63 and anti-human ITGAV antibodies and examined them using confocal microscopy. Colocalization coefficients were then calculated with a coefficient closer to one indicating more colocalization. We observed that CA1a tumours had more localisation of CD63 and ITGAV than MB-231 tumours (Figure 5d), supporting our finding that increased ITGAV was exported into the cancer-derived EVs in metastatic tumours in vivo.
	2.6	Galectin 3 mediates the export of integrin αv into EVs from metastatic cells
To confirm the association of ITGAV with ITGB1 in EVs derived from CA1a cells, we produced in-house conjugated anti-human ITGAV magnetic beads and precipitated ITGAV CA1a EVs. We observed a high abundance of ITGB1 in the ITGAV EVs, suggesting a strong association of ITGAV and ITGB1 in CA1a EVs (Figure 6a). ITGB4 and ITGB5 were also detected albeit at lower levels on ITGAV EVs from CA1a cells (Figure S5A). Next, to identify the proteins that potentially regulate the export of ITGAV into CA1a EVs and MB-231 EVs, we performed immunoprecipitation (IP) to pull down ITGAV and associated proteins in CA1a cell lysates and used mass spectrometry for protein identification. GO analysis of the IP and co-IP proteins from ITGAV pull-down in CA1a EVs showed ‘cell-cell adhesion’ and ‘cadherin binding involved in cell-cell adhesion’ among the top-ranked entries in biological processes and molecular functions, reflecting the broadly known function of ITGAV in cell adhesion (Table S3). Moreover, in the GO analysis of cellular components, top entries included ‘extracellular exosome’, ‘membrane’, and ‘extracellular space’, implying the potential abundant export of ITGAV and associated proteins into EVs (Table S4). When mapping the ITGAV-IP and co-IP proteins onto protein-protein interaction (PPI) databases, we established a PPI network consisting of 39 proteins (Figure 6b). Our attention was drawn to two candidate proteins, galectin-1 (Gal-1) and galectin-3 (Gal-3), in the network, which are known to be glycosylation-dependent interactors of ITGB1 (Obermann et al., 2017), the integrin beta subunit associated with ITGAV in CA1a EVs. Gal-1 and Gal-3 belong to the β-galactoside-binding family of galectins and are reported to regulate integrin
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)FIG U RE 5 Integrin αv is enriched in circulating EVs from xenografted mice bearing metastatic breast cancer tumours. (a) Schema of implanting CA1a or MB-231 cells in the flank of NSG mice for circulating EV analysis and confocal imaging. (b) Flow cytometry analysis of anti-human CD63 beads incubated with EVs from untreated NSG mouse serum (control, cont.). (c) Flow cytometry analysis of ITGAV on EVs from the serum of NSG mice bearing CA1a tumour, MB-231 tumour or no tumour in the flank (cont), captured by anti-human CD63 beads. Serum from two mice in the same group were pooled (n = 3 paired groups of mice). (d) Representative images and colocalization analysis of ITGAV and CD63 in CA1a and MB-231 tumours. Xenografted tumour sections were stained for CD63 and ITGAV. Images and 3D projection were obtained using confocal microscopy to identify colocalized staining and calculate the colocalization coefficient index (n = 6 mice). Student’s t-test, ****P ≤ 0.0001.
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)FIG URE 6 Galectin-3 mediates the export of integrin αv and β1 into CA1a EVs. (a) Flow cytometry analysis of ITGB1 on ITGAV+ EVs from CA1a cells, captured by anti-human ITGAV beads. (b) Proteins associated with ITGAV in CA1a cells and MB-231 cells, identified using immunoprecipitation and mass spectrometry with a biotinylated ITGAV antibody and immobilized streptavidin magnetic beads. Shown in the map are known protein-protein interactions among the most abundant ITGB1- and ITGAV-associated proteins Yellow nodes indicate proteins with higher enrichment in the ITGAV immunoprecipitation of CA1a cells compared to MB-231 cells. (c-d) qRT-PCR and Western blot analysis of galectin-1 and -3 (Gal-1/3 encoded by LGALS1/3) in CA1a cells transduced with shRNAs targeting Gal-1/3 or a scrambled (Scr) control shRNA. (e-f) Flow cytometry analysis of ITGB1 and ITGAV on CA1a EVs after knockdown of Gal-1 and Gal-3, captured by anti-human CD63 beads. (g-h) Representative confocal microscopy images and colocalization coefficient (CoE) analysis of ITGB1 and ITGAV with CD63 in CA1a cells after knockdown of Gal-1 and Gal-3 (n = 6). (i) H & E staining of lung sections from NSG-SGM3 mice injected (i.v.) with CA1a cells transduced with the scrambled or Gal-3 shRNAs, compared to untreated mice. Metastatic nodules are indicated by the arrows. Scale bar: 500 μm. The graph presents the percentage of lung area with metastasis (n = 4–6). Student’s t-test ** P ≤ 0.01, *** P ≤ 0.001, ns: non-significant

[image: ]12 of 25	ZHANG ET AL.
shuttling in cells (Fortin et al., 2010, Hönig et al., 2018). Importantly, Gal-1 and Gal-3 were lacking in parallel ITGAV pull-downs using in MB-231 cells, the parental cells of low metastatic potential that give rise to MB-231 EVs with low abundance of ITGB1 and ITGAV.
To investigate whether Gal-1 and Gal-3 regulate the export of ITGAV to CA1a EVs, we knocked down LGALS1 and LGALS3, which encode Gal-1 and Gal-3, respectively, in CA1a cells using short hairpin RNAs (shRNA). Four shRNA sequences were pre-selected for LGALS1 and LGALS3, respectively, from the Broad Institute RNAi Consortium (Root et al., 2006), based on predicted efficacies, and cloned into a lentiviral vector. Our pre-selected shRNA sequences demonstrated high efficiency in knocking down LGALS1 and LGALS3 (Figure S5B-C). We selected the most efficient shRNA target sequences to knock down LGALS1 and LGALS3. qPCR and western blot analysis showed that the shRNA-mediated knockdown led to a significant reduction of LGALS1 and LGALS3, at both mRNA and protein levels, as compared to wild-type or negative control using scrambled shRNA (Figure 6c-d). Knockdown of either Gal-1 or Gal-3 did not cause a significant change in mRNA and protein levels of ITGB1 or ITGAV in CA1a cells, as shown by qPCR and Western blotting (Figure S5D-G). However, Gal-3 knockdown led to a minor reduction of ITGB1 and ITGAV on the surface of CA1a cells, as shown by flow cytometry analysis (Figure S5H-I). We then used our affinity-based magnetic beads to capture the CD63 subset of EVs from wild-type and knockdown CA1a cells and analysed the EV surface for ITGB1 and ITGAV. Flow cytometry data showed that knockdown of Gal-3 but not Gal-1 led to a reduction of EV surface levels of ITGB1 and ITGAV in the CD63 subset of CA1a EVs (Figure 6e-f), further confirmed by decreased colocalization of CD63 and ITGB1 or ITGAV in Gal-3 knockdown cells (Figure 6g-h). To test if Gal-3 is important for breast cancer metastasis, we injected CA1a cells treated with scrambled and Gal-3 shRNA into the tail vein of immunodeficient NSG-SGM3 mice. After 9 weeks, we observed many metastatic nodules in the lung of the mice bearing CA1a with scrambled shRNA but very few nodules were found in the mice injected with CA1a cells subjected to Gal-3 knockdown (Figure 6i). These data demonstrate that Gal-3, in part, contributes to the export of integrin avj31 into CA1a EVs and thereby plays an important role in breast cancer metastasis.
2.7	Integrin αvβ1 mediates EV binding to fibronectin in the extracellular matrix
To facilitate the tracing of CA1a EVs, we engineered the surface of CA1a EVs with a labelling system based upon Gaussia luciferase and biotin dual reporters (Lai et al., 2014). This system features two lentiviral vectors, namely, a biotin acceptor (BA) vector and a biotin ligase (BL) vector (Figure 7a). The BA vector contains a membrane targeting signal that recruits the Gaussia luciferase biotin acceptor fusion protein to the EV membrane, while the BL vector catalyzes biotin addition to the biotin acceptor site. BA and BL vectors also express separate green fluorescent protein (GFP) and mCherry as transduction reporters. CA1a cells co-transduced with BA and BL lentiviral vectors demonstrated strong signals of dual GFP and mCherry fluorescence, as determined by flow cytometry and fluorescent microscopy, respectively, indicating the high efficiency of dual transduction (Figure 7b-c). Dual transduced cells express abundant biotin as shown by western blot detection using streptavidin (Figure 7d).
Given the role of integrin avj31 in fibronectin-dependant cell adhesion (Zhang et al., 1993), we wondered whether integrin avj31 on the EV surface plays a role in EV binding to fibronectin in the extracellular matrix. To block integrin avj31, we used a potent and highly specific small-molecule inhibitor, Compound 8 (C8) (Reed et al., 2015). Blocking integrin avj31 inhibited the adhesion of CA1a cells to fibronectin-coated plates, as indicated by the reduction of fluorescence signal from CFSE cell labelling when adding C8 (Figure 7e). This result confirmed the presence of integrin avj31 on the surface of CA1a cells and established that one function of integrin avj31 is to mediate fibronectin-dependent cell adhesion. We next blocked integrin avj31 on the surface of CA1a-BA EVs with C8 and used bioluminescence from Gaussia luciferase surface labelling as a readout to quantify the retention of EVs in fibronectin-coated plates. We found a dose-dependent decrease of bioluminescence from Gaussia luciferase-labelled EVs with increased C8 concentration (Figure 7f). Subsequently, we pretreated a fibronectin-coated plate with CA1a EVs and washed the plate twice before adding mouse primary fibroblasts to the plate. After 72 h, we found a significant increase in Acta2, which encodes the CAF marker aSMA (Figure 7g). Moreover, knockdown of Gal-3 abolished the effect of CA1a EVs on Acta2 upregulation in fibroblasts, suggesting that Gal-3 mediated EV production plays a role in fibroblast differentiation (Figure 7h). The results are consistent with our previous study in which we demonstrated the role of breast cancer EVs in promoting fibroblast differentiation into CAFs and how CAFs contribute to cancer metastasis (Vu et al., 2019). Taken together, the above data demonstrated the important role of surface integrin avj31 in EV binding to fibronectin in the extracellular matrix.
3 DISCUSSION
Over the past decade, we have seen compelling evidence that establishes the multifaceted, instrumental functions of EVs in tuning the tumour microenvironment, especially in promoting metastasis, as we recently reviewed (Lima et al., 2021, Mo et al., 2020) and previously investigated (Le et al., 2014, Vu et al., 2019) in agreement with other studies (Armacki et al., 2020, Shinde et al., 2020, Zomer et al., 2015). A seminal work by Hoshino et al (Hoshino et al., 2015) accentuates the cardinal roles of EV-bound integrins in mediating the preferential uptake of cancer-derived EVs by stromal cells for pre-metastatic niche establishment. Indeed, altered
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)FIG URE 7 ITGAV-B1 complex is essential for fibronectin-dependant EV retention. (a) Schema of lentiviral vectors transduced in CA1a cells to allow for gaussia luciferase and biotin expression on EV surface. TS, targeting signal. TM, transmembrane domain. IRES, internal ribosomal entry site. (b-c) Dual-transduction led to dual GFP and mCherry florescence in CA1a cells as shown by flow cytometry and fluorescent microscopy, respectively. (d) Western blot analysis showing the expression of biotin in CA1a cells after dual transduction. (e) Fluorescent signals of CFSE-labelled CA1a cells that adhered on a fibronectin-coated plate after a treatment with increasing concentration of C8 compound which blocks the integrin αvj31 complex. (f) Bioluminescent signal of CA1a-BA EVs (1010 particles/ml) adhered to a fibronectin-coated plate under the influence of C8 in a dose-dependent manner. Adhesion of CA1a-BA EVs to a BSA-coated plate is included as a negative control. (g) qPCR analysis of CAF markers, Acta2 and MMP9 in mouse primary fibroblasts after 72-h incubation in fibronectin-coated plate pretreated with CA1a EVs (the plate was incubated with 5×109 EVs and washed twice). (h) qPCR analysis of Acta2 in mouse primary fibroblasts after 72-h incubation in fibronectin-coated plate pretreated with EVs from CA1a cells transduced with scrambled or Gal-3 shRNA (KD). Acta2 and MMP9 expression in EV treated cells were normalized to beta-actin and presented as fold change relative to the untreated control. Student’s t-test, *P ≤ 0.05, **P ≤ 0.01, *** P ≤ 0.001. Each data point represents a biological replicate
integrin expression has frequently been described in various cancers and the versatility and complexity of diverse integrins make these alternations influence every step of cancer progression and metastasis (Hoshino et al., 2015). Here, we identified a panel of upregulated EV-bound integrins from comparative mass spectrometry-based profiling of EVs from breast cancer cells of different metastatic potentials. Among these integrin candidates, integrin αv and j31 were of special interest to us as they were consistently upregulated in both human and mouse EVs of highly metastatic origin. Our proteomic data were supported by a large-scale proteomic study where integrins αv and j31 were found as the most abundant alpha and beta integrin subunits, respectively, in breast cancer-derived EVs (Hurwitz & Meckes, 2019). Moreover, increased EV-bound integrin αv and j31 are pan-cancer markers that correlate with advanced cancer stages (Hurwitz & Meckes, 2019). Our results also showed the consistent upregulation of integrin αv and j31 in both human and mouse EVs of highly metastatic origin.
We validated the upregulation of integrin αv and j31 in both human and mouse metastatic EVs using an affinity-capturing, magnetic bead-based flow cytometry protocol. As EVs frequently contain a large proportion of particles below 200 nm in diameter, direct analysis of single EVs using conventional flow cytometers is often challenging as the particles are smaller than the wavelength of lasers and EVs, with much fewer surface molecules compared to cells, and thus generate less signal (Hamidi
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& Ivaska, 2018, Lannigan & Erdbruegger, 2017). Although there are now advanced imaging flow cytometers that can analyse smaller particles, complex optimization is required, and the availability of advanced equipment also limits the current utility of such approaches (Hamidi & Ivaska, 2018, Lannigan & Erdbruegger, 2017). Our magnetic bead-based method combines the advantages of both, capturing EVs based on affinity specific to EV surface markers and amplifying the physical size and the fluorescence signal of EVs to be analysed using conventional flow cytometers.
Our approach to bead-aided EV flow cytometry could also detect integrin αv on circulating EVs in xenografted mice. Importantly, the higher level of integrin αv on EVs was able to predict the metastatic potential, which relied on several attributes. We used anti-human CD63 magnetic beads to capture cancer-derived EVs of human origin in mouse circulating EVs, since the antihuman CD63 magnetic beads did not recognize mouse CD63. Furthermore, CD63 is enriched in EVs from endosomal pathways (Görgens et al., 2019). The mice we selected were NSG, which are commonly used in xenografted models and lack a substantial set of T, B, and NK cells (Sung et al., 2020). These immune cells are all reported to produce CD63+ EVs (Okoye Isobel et al., 2014, Oksvold et al., 2014, Shultz et al., 2019), while EVs from mature red blood cells are mostly plasma membrane-derived (Zhang et al., 2019). Depleting immune cells contributed to reducing background mouse EVs. This design enabled us to detect human integrin αv on cancer-derived EVs from mouse circulating EVs. However, this approach, based on species-specific reactivity, would not be applicable to detecting cancer-derived EVs in circulation in humans as many other cell types also secrete human CD63+ EVs into the circulation and such EVs would thereby confound the results. Hence, finding EV surface markers specific to cancer-derived EVs will facilitate the future translation of this method.
Despite not being able to capture and detect cancer-derived EVs from circulating EVs in patient samples, we purified the total EV population from patients’ blood and compared the level of ITGAV using ELISA. Interestingly, integrin αv was detected more frequently in circulating EVs of patients with late-stage (III and IV) than early-stage (I and II) breast cancer. We cannot be certain whether the detectable integrin αv originated exclusively from tumour cells in the patients. However, our data suggest that integrin αv levels in total-blood EVs can be used as a prognostic marker. Furthermore, we demonstrated that integrin αv is associated with breast cancer progression from IHC analysis of tumour sections. Indeed, the association of elevated integrin αv levels with progression and poor prognosis in patients has been reported in many solid tumours, including colorectal cancer (Di Pace et al., 2020), gastric cancer (Waisberg et al., 2014), and esophageal adenocarcinoma (Wang et al., 2019). Targeting integrin αv reduced metastasis in a breast cancer mouse model (Loeser et al., 2020). In particular, we observed integrin αv overexpression in breast cancer patients with lymph node metastasis and advanced N stage, consistent with an earlier report on integrin αv-related lymph node metastasis in patients with laryngeal and hypopharyngeal carcinoma (Cheuk et al., 2020). In addition, we also found that colocalization of integrin αv and CD63 was highly associated with lymph-node and distant metastasis in breast cancer patients, consistent with ITGAV-CD63 colocalization in xenografted CA1a tumours. Together with our in vitro and in vivo data, this observation highlights EV-bound integrin αv as a potential novel target for prognostics and therapeutics in breast cancer.
We observed that knockdown of Gal-3 in CA1a cells led to the downregulation of integrin αv and j31 in CD63+ EVs, a result supported by decreased colocalization of CD63 with integrin αv and j31 following knockdown. Since integrin j31 is an abundant binding partner in integrin-αv-positive CA1a EVs, we hypothesized that the export of integrin αv to EVs is dependent on integrin j31. Our findings were consistent with previous studies that illustrated interactions between Gal-3 and integrin j31 (Hönig et al., 2018, Lu et al., 2011). Furtak et al demonstrated that Gal-3 mediates endocytosis of integrin j31 in breast cancer cells (Lu et al., 2011) and Hönig et al. reported that knockdown of Gal-3 reduced integrin j31 tethering to the apical plasma membrane in epithelial cells (Hönig et al., 2018). As reviewed by us and others (Kalluri & Lebleu, 2020, Zhang et al, 2021), there are many steps that can allow protein cargo to be exported into exosomes. Export can derive from delivery and tethering of protein cargo to the membrane followed by endocytosis of the cargo, an initial step in exosome biogenesis. Later processes, such as interactions of early endosomes with other membrane-bound organelles and formation of intraluminal vesicles through inward invagination of late endosomal membrane, provide opportunities for additional cargo to be exported into EVs (Kalluri & Lebleu, 2020, Zhang et al, 2021). As Gal-3 mediates two out of these important steps, delivery and tethering of integrin j31 to membrane and endocytosis of integrin j31, it makes sense that knockdown of Gal-3 would cause a reduction of integrin j31 together with the partnered integrin αv in CD63+ EVs. Furthermore, Gal-3 is found to recruit the ESCRT component ALIX, another common EV biogenesis player and EV marker, to repair Leu-Leu-OMe-induced lysosomal membrane damage (Furtak et al., 2001). In a PPI network of overexpressed proteins in CA1a EVs compared to MB-231 EVs, we noticed the presence of galectin-3-binding protein (LGALS3BP), which is known to interact with both ITGAV/B1 (Jia et al., 2020) and Gal-3 (Rosenberg et al., 1991, Stampolidis et al., 2013), a result that could imply an interaction network among these three proteins. We achieved high Gal-3 knockdown efficiency, but this led only to a partial reduction of integrin αvj31 in CD63+ EVs. This result likely indicates that Gal-3 only contributes to the control of ITGAV/B1 export to EVs in part and that other mechanisms or alternative pathways likely also facilitate the export.
One of the known ligands of integrin αvj31 is fibronectin (Koths et al., 1993), which is a key glycoprotein in the cancer-related extracellular matrix (Zhang et al., 1993) and can bind to integrins via the RGD motif recognition to mediate cell adhesion (Saad et al., 2002). Given this, we applied an integrin-αvj31-specific small-molecule inhibitor to block integrin αvj31 on EVs (Reed et al., 2015) and observed a dose-dependent reduction of EV attachment to fibronectin. This experiment mimicked the cancer-associated extracellular microenvironment that involves fibronectin and integrin αvj31 and suggested that ITGAV/B1 may be
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FIG U RE 8 A working model for integrin αvj31 in the tumour microenvironment. (1) Breast cancer cells secrete EVs to mediate their communication with other cell types, including fibroblasts, endothelial cells and immune cells, in the tumour microenvironment (TME). The TME cells in turn support tumour growth, angiogenesis and metastasis. (2) EVs from metastatic breast cancer cells are enriched in integrin αvj31 complex that is sorted into EVs by Gal-3 in the cells. (3) Integrin αvj31 attaches EVs to fibronectin in the extracellular matrix (ECM) that may help to attract more host cells into the TME
crucial to the fibronectin-dependent retention of metastatic EVs in the tumour microenvironment. We further showed that EVs retained on fibronectin were taken up by fibroblasts, which differentiated into CAFs. We and others have also shown that CAFs are important for tumour growth and metastasis. Hence, the role of integrin αvj31 in mediating EV retention has an indirect effect on CAF differentiation and metastasis. Strikingly, we observed that knockdown of Gal-3 led to a significant decrease in metastatic colonization of CA1a cells, supporting the role of Gal-3 in mediating integrin αvj31 export and mechanisms related to metastasis.
In summary, our study demonstrates that integrin αvj31 is linked to EVs from metastatic breast cancer cells, whose export into EVs is in part regulated by Gal-3 (Figure 8). Additionally, ITGAV/B1 is important to the fibronectin binding and retention of metastatic EVs, which we previously demonstrated to be taken up by a variety of stromal cells in the tumour microenvironment, including fibroblasts, endothelial cells, and immune cells (Vu et al., 2019) (Figure 8). It is increasingly accepted that the tumour is a complex conglomerate of cancer cells, stromal cells, EVs, and extracellular matrix, which act in concert for the tumour to metastasise and progress (Lima et al., 2021). Thus, combination/comprehensive strategies targeting multiple aspects of tumour biology are now in progress and in use to treat cancer and these approaches are shifting the therapy paradigm (Johansson, 1997, Nguyen et al., 2021). We hope that our study contributes a valuable piece to solve the bigger puzzle of the tumour microenvironment through understanding the implications of EV-bound integrin αvj31 in breast cancer metastasis.
4	MATERIALS AND METHODS
4.1	Cell culture
4.1.1	Tissue culture conditions and cell line origins
As previously described (Vu et al., 2019), cells were cultured in DMEM (Thermo Fisher, USA) supplemented with 10% foetal bovine serum (FBS) (Biosera, France), 1× penicillin-streptomycin (pen-strep) (Thermo Fisher, USA), and 1× Plasmocin prophylactic (InvivoGen, USA) and incubated at 37◦C with 5% CO2. Human embryonic kidney (HEK)-293T cells and human breast
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cancer MDA-MB-231 (MB-231) cells were purchased from ATCC. Human breast cancer MCF10CA1a (CA1a) cells and mouse breast cancer 4T1 and 4TO7 cells were obtained from Karmanos Cancer Institute (Wayne State University, USA).
4.1.2	Establishment of luciferase cell lines for in vivo metastasis monitoring
CA1a and MB-231 cells were transduced with a lentivirus vector expressing surface membrane-bound firefly luciferase (pLV-Fluc-SmCherry-Puro) modified with a CAG promoter, as previously described (Le et al., 2014, Vu et al., 2019). CA1a-luc and MB-231-luc cells were selected with 3 μg/ml puromycin (Thermo Fisher, USA) for 2 weeks and sorted using fluorescence-activated cell sorting (FACS) twice to establish stable cell lines.
4.1.3	Establishment of galectin-knockdown cell lines using shRNA
shRNA sequences were obtained from the Broad Institute RNAi Consortium (Root et al., 2006), selected based on algorithm-predicted scores, and cloned into a proprietary lentiviral vector featured with dual selection markers of copGFP and puromycin resistance (Guangzhou IGE Biotech, China). A non-targeting scrambled shRNA sequence was cloned into the same vector and used in parallel as a negative control. shRNA sequences were summarised in Table 4. Transduced CA1a cells were selected and maintained as described above.
4.1.4	Establishment of CA1a-BA-BL cells
Biotin acceptor (BA) lentiviral vector was obtained from Prof. Xandra Breakefield (Harvard Medical School, USA) and Dr. Charles Lai (Academia Sinica, Taiwan), and biotin ligase (BL) lentiviral vector was purchased from Vector Core Facility of Massachusetts General Hospital, USA (Lai et al., 2014). CA1a cells were co-transduced with BA and BL vectors, and later selected and maintained as described above.
4.2	EV production and assays
4.2.1	EV purification using flotation ultracentrifugation and FPLC-SEC
FBS was diluted in DMEM and ultracentrifuged at 120,000 xg for 18 h at 4°C using a SW32Ti rotor (Beckman Coulter, USA) for EV depletion, 0.22-μm-filtered, and then further diluted with DMEM to create a 10% FBS-supplemented medium with 1x pen-strep for the purpose of EV production, as previously described (Vu et al., 2019). We cultured mouse or human breast cancer cells with an EV-depleted medium and collected the conditioned medium (CM). CM went through three rounds of low-speed differential centrifugation to remove dead cells and then was 0.45-μm-filtered. 25 ml of clarified CM was layered on top of a 2 ml 60% sucrose cushion (Acros Organics, USA) and ultracentrifuged at 100,000 xg for 90 min at 4°C using a SW32Ti rotor (Beckman Coulter, USA). We collected the interface of '3 ml between the sucrose cushion and CM. We then layered 10 ml of the interface from the first-round flotation ultracentrifugation on top of a 0.75 ml 60% sucrose cushion and ultracentrifuged them at 110,000 xg for 12 hat 4°C using a SW41Ti rotor (Beckman Coulter, USA). The interface of '1 ml was collected in each tube from the second-round flotation ultracentrifugation. A prepacked qEV10 SEC column (Izon Science, New Zealand) was connected to the NGC Quest 10 Chromatography System (BioRad, USA). We equilibrated and eluted the samples with 0.22-μm-filtered, degassed PBS in 75 fractions (2 ml/fraction) at 4°C. Fractions were collected individually for nanoparticle tracking analysis and BCA assay. Absorbance at 280 nm was obtained from the integrated ChromLab Software (BioRad, USA). EV-enriched fractions 8–14 were combined, 0.45-μm-filtered and loaded onto an Amicon Ultra-15 centrifugal filter unit (MilliporeSigma, USA) and centrifuged at 3260 xg at 4°C for further concentration, as reported earlier (Vu et al., 2019).
4.2.2	Isolation of EVs from patient whole blood samples
Whole blood samples from patients with breast cancer at various stages were collected by clinicians at the National University Hospital with informed consent. Sample processing was performed according to the approval of the Institutional Review Board at the National University of Singapore. Frozen samples were transferred into new 1.5 ml Eppendorf tubes and centrifuged at 1600 xg, 4°C for 15 min twice to clear off the cells and cell debris. EVs were pelleted from the supernatant by ultracentrifugation
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at 100,000 xg, for 70 min at 4°C using a micro-ultracentrifuge (Hitachi CS 150NX) and washed once with PBS, then resuspended in 50 l PBS.
4.2.3	Nanoparticle tracking analysis
We analysed the concentration and size distribution of EVs using a NanoSight NS300 nanoparticle tracking analyser (Malvern, UK) or ZetaView nanoparticle tracking analyser (Particle Metrix, Germany). We loaded a total of 0.5 ml of EVs into the sample chamber, recorded three videos for each sample, and analysed the recordings with similar detection thresholds within each batch according to the recommended protocols (Waldman et al., 2020). We used the average concentration from three recordings as the EV concentration.
4.2.4	Protein concentration analysis
We used bicinchoninic acid (BCA) assay to measure the protein concentrations with a Pierce BCA Protein Assay Kit (Thermo Fisher, USA). Standards were generated with BSA (New England Biolabs, USA) using serial dilution. A total of 25 l of either samples or standards were loaded into each well of a 96-well plate and 250 l of BCA working reagent was added. The plate was put on a plate shaker for 30 s for a thoroughly mixing and then incubated at 37°C for 30 min. We cooled the plate to room temperature (RT) and then measured the absorbance at 562 nm using the Synergy H1 microplate reader (Biotek, USA).
4.2.5	Transmission electron microscopy (TEM)
As previously described (Vu et al., 2019), we fixed the EVs using 4% paraformaldehyde, loaded them onto a copper grid and performed subsequent washes using PBS, 1% glutaraldehyde, and distilled water. We then incubated the EVs with 4% uranyl acetate and imaged the EVs using a FEI Tecnai 12 BioTwin TEM (FEI/Phillips, USA) at 100 kV.
4.2.6	Magnetic bead-based flow cytometry for EV surface protein analysis
We incubated human EVs of similar counts (' 5.0×1010 particles) with anti-human CD63 magnetic beads ('30 g, Thermo Fisher, USA) with orbital rotation and vibration mixing on a HulaMixer (Thermo Fisher, USA) for 20 h at 4°C. EV-bead complexes were isolated using a DynaMag magnet (Thermo Fisher, USA), washed with 0.22- m-filtered 0.1% BSA-supplemented PBS three times. To compare the EV binding, we collected the supernatant from the first wash and measured concentration of unbound EVs using ZetaView nanoparticle tracking analysis instrument (Particle Metrix, Germany). For further analysis, bead-bound EVs were stained with fluorophore-conjugated anti-human CD63, anti-human ITGAV, anti-human ITGB1, anti-human ITGB4, anti-human ITGB5, and anti-human CD11b antibodies (BioLegend, USA) for 45 min at RT. Stained EV-bead complexes were washed three times with 0.22- m-filtered 0.1% BSA-supplemented PBS before being analysed using a CytoflexS flow cytometer (Beckman Coulter, USA). Mouse EVs were incubated with in-house conjugated anti-mouse CD63 magnetic beads, washed, stained with fluorophore-conjugated anti-mouse CD63, anti-mouse ITGAV, anti-mouse ITGB1, and anti-mouse CD11b antibodies (BioLegend, USA), and analysed in a similar fashion. We generated in-house conjugated anti-mouse CD63 magnetic beads by incubating streptavidin-conjugated magnetic beads (Thermo Fisher, USA) with biotin-labelled anti-mouse CD63 antibody (Miltenyi Biotec, Germany) with orbital rotation and vibration mixing on a HulaMixer (Thermo Fisher, USA) for 45 min at RT. We generated anti-human ITGAV magnetic beads in a similar manner by incubating streptavidin-conjugated magnetic beads (Thermo Fisher, USA) with biotin-labelled anti-human ITGAV antibody (BioLegend, USA). Three washes were performed using 0.22- m-filtered 0.1% BSA-supplemented PBS after the conjugation. Fluorescence was analysed using a CytoFLEX S flow cytometer (Beckman). The percentage of beads with positive integrin signal reflected the integrin levels as we used equal counts of EVs and beads across assays, and the beads were saturated at the concentration we used.
4.3	ELISA assay for ITGAV quantification
50 l EVs isolated from patients’ whole blood samples were lysed in 0.1% Triton-X to the final volume of 100 l. The level of ITGAV was assessed using the ITGAV ELISA kit (Aviva Systems Biology, USA) according to the manufacturer’s instruction. Absorbance at 450 nm was detected using the Tecan Spark 10M multimode microplate reader.
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4.4	Mass spectrometry
4.4.1	In-gel trypsin digestion of SDS gel bands
The protein bands for a pair of samples from an SDS-PAGE gel were cut into∼1 mm cubes and subjected to in-gel digestion followed by extraction of the tryptic peptide, as reported previously (Vestad et al., 2017). The excised gel pieces were washed consecutively in 200 l distilled water, 100 mM ammonium bicarbonate (Ambic)/acetonitrile (1:1) and acetonitrile. The gel pieces were reduced with 70 l of 10 mM DTT in 100 mM Ambic for 1 hat 56°C, alkylated with 100 l of 55 mM Iodoacetamide in 100 mM Ambic at RT in the dark for 60 min. After wash steps as described above, the gel slices were dried and rehydrated with 50
l trypsin in 50 mM Ambic, 10% ACN (20 ng/ l) for 16 h at 37° C. The digested peptides were extracted twice with 70 l of 50% acetonitrile, 5% formic acid (FA) and once with 70 l of 90% acetonitrile, 5% FA. Extracts from each sample were combined, filtered by a 0.22- m spinning unit, and lyophilized.
4.4.2	Protein Identification by nano LC/MS/MS Analysis
The in-gel tryptic digests were reconstituted in 20 l of 0.5% FA for nanoLC-ESI-MS/MS analysis, which was carried out using an Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher, USA) equipped with a nanospray Flex Ion Source, and coupled with a Dionex UltiMate3000RSLCnano system (Thermo Fisher, USA) (Thomas et al., 2017, Yang et al., 2007). The gel extracted peptide samples (20 l) were injected onto a PepMap C-18 RP nano trapping column (5 m, 100 m i.d x 20 mm) at 20 l/min flow rate for rapid sample loading and then separated on a PepMap C-18 RP nano column (2 m, 75 m x 25 cm) at 35° C. The tryptic peptides were eluted in a 120 min gradient of 5% to 38% acetonitrile (ACN) in 0.1% FA at 300 nl/min, followed by a 7 min ramping to 90% ACN-0.1% FA and an 8 min hold at 90% ACN-0.1% FA. The column was re-equilibrated with 0.1% FA for 25 min prior to the next run. The Orbitrap Fusion is operated in positive ion mode with spray voltage set at 1.6 kV and source temperature at 275°C. External calibration for FT, IT and quadrupole mass analysers was performed. In data-dependent acquisition (DDA) analysis, the instrument was operated using FT mass analyser in MS scan to select precursor ions followed by 3 s “Top Speed” data-dependent CID ion trap MS/MS scans at 1.6 m/z quadrupole isolation for precursor peptides with multiple charged ions above a threshold ion count of 10,000 and normalized collision energy of 30%. MS survey scans at a resolving power of 120,000 (fwhm at m/z 200), for the mass range of m/z 375–1575. Dynamic exclusion parameters were set at 40 s of exclusion duration with ±10 ppm exclusion mass width. All data were acquired under Xcalibur 4.3 operation software (Thermo Fisher, USA).
4.4.3	Data analysis
The DDA raw files for CID MS/MS were subjected to database searches using Proteome Discoverer (PD) 2.3 software (Thermo Fisher, USA) with the Sequest HT algorithm. Processing workflow for precursor-based quantification. The PD 2.3 processing workflow containing an additional node of Minora Feature Detector for precursor ion-based quantification was used for protein identification and protein relatively quantitation analysis between samples. The database search was conducted against a Homo sapiens database containing 20,367 sequences downloaded from UniProt, or a Mus musculus database that has 47,929 sequences downloaded from NCBInr plus a common contaminant (246 entries) database. Two-missed trypsin cleavage sites were allowed. The peptide precursor tolerance was set to 10 ppm and fragment ion tolerance was set to 0.6 Da. Variable modification of methio-nine oxidation, deamidation of asparagines/glutamine and fixed modification of cysteine carbamidomethylation, were set for the database search. Identified peptides were further filtered for a maximum 1% false discovery rate (FDR) using the Percolator algorithm in PD 2.3 along with additional peptide confidence set to high and peptide mass accuracy ≤5 ppm. The final protein IDs contained protein groups that were filtered with at least two peptides per protein. Relative quantitation of identified proteins between the two samples was determined by the Label Free Quantitation (LFQ) workflow in PD 2.3. The precursor abundance intensity for each peptide identified by MS/MS in each sample was automatically determined and their unique plus razor peptides for each protein in each sample were summed and used for calculating the protein abundance by PD 2.3 software without normalization. Protein ratios were calculated based on pairwise ratio for paired samples. Human and mouse EV protein entries were obtained from Vesiclepedia (Yang et al., 2018) and Venn diagrams were generated using Bioinformatics & Evolutionary Genomics tools (Ghent University, Belgium). Gene ontology analysis and pathway analysis were facilitated using a database for annotation, visualization and integrated discovery version 6.8 (Kalra et al., 2012) and Kyoto Encyclopedia of Genes and Genomes (Huang et al., 2008). Protein-protein interaction network analysis was performed using STRING databases (Kanehisa et al., 2021) and visualized using Cytoscape and BioRender.
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4.5	Animal experiments
All mouse experiments were performed in accordance with study protocols approved by the institutional animal ethics committee. NSG mice (NOD.Cg-Prkdcscid Il2rg tm1Wjl /SzJ), NSG-SGM3 mice (NOD.Cg- Prkdcscid Il2rg tm1Wjl Tg(CMV-IL3,CSF2,KITLG)1Eav/MloySzJ) and nude mice (Nu/J) were purchased from the Jackson Laboratory (USA) and bred in our facility.
4.5.1	In vivo metastasis models
5×105 CA1a-luc or MB-231-luc cells were injected per 6-week-old female nude mice intravenously via the tail vein. Bioluminescent images of the mice were acquired every week using the IVIS Lumina III system 10 min after an i.p. injection of D-luciferin at 150 mg/kg (Caliper Life Sciences), under anaesthesia with 1% isoflurane.
Similarly, female NSG-SGM3 mice at 6–8 weeks old were injected with 1×106 CA1a cells expressing either scrambled shRNA or Gal3 shRNA in the tail vein. After 9 weeks, the mice were sacrificed, and the lung tissue was collected.
4.5.2	ITGAV detection in circulating EVs from xenografted mice
A total of 250,000 CA1a or MB-231 cells were resuspended in PBS-Matrigel (Corning, USA) solution (1:1 ratio) and implanted in the flanks of 8-week-old female NSG mice. When tumours reached 15 mm in diameter, the mice were sacrificed, and the whole blood was taken collected. The blood was allowed to clot undisturbed for 30 min at RT and then centrifuged at 1500 × g for 15 min at 4°C. We collected the serum from the resulting supernatant and pooled the serum from two mice of the same group. Circulating EVs were prepared from equal volumes of serum inputs using ExoQuick Ultra EV Isolation Kit for Serum (System Biosciences, USA), following the manufacturer’s protocol. We then incubated the isolated circulating EVs with anti-human CD63 magnetic beads (Thermo Fisher, USA), and stained them with fluorophore-conjugated anti-human ITGAV antibody (BioLegend, USA) for flow cytometry analysis, as described above.
4.5.3	Immunofluorescence staining of tumour sections
As previously described (Vu et al., 2019), CA1a or MB-231 xenografted tumours were fixed in formalin and then embedded in paraffin. We prepared sections of 5 μm and dewaxed them in xylene. Rehydration was performed in down-gradient alcohols (100%, 95%, 70%) and later water. We conducted the antigen retrieval by superheating the sections in a laboratory microwave oven for a further 30 min after the pre-boiling of Envision Flex Target Retrieval high pH Solution (Dako, Denmark). Sections were allowed at least 20 min to cool down in the antigen retrieval solution. Rabbit anti-ITGAV primary antibody (Abcam, dilution 1:500) was applied to sections and incubated for 30 min at RT after blocking. Signal detection was facilitated by adding goat anti-rabbit secondary antibody conjugated with HRP (Perkin Elmer, USA), followed by Opal 570 fluorophore (Perkin Elmer, USA), with incubation for 10 min at RT each. Sections were then re-microwaved with a new retrieval solution to strip unbound anti-ITGAV antibody and to unmask CD63 antigens. Blocking reagent was re-applied for 10 min at RT. After incubating with mouse anti-CD63 antibody (Abcam, dilution 1:500) for 30 min at room temperature, we added goat anti-mouse secondary antibody conjugated with HRP (Perkin Elmer, USA), followed by Opal 480 fluorophore (Perkin Elmer, USA), with incubation for 10 min at RT each. We acquired the images using an LSM-880 NLO confocal laser scanning microscope (Zeiss, Germany) and presented them with pseudo-colours. Images of five representative fields were captured per tumour section and we calculated and used the average coefficient from five images per tumour.
4.5.4	Haematoxylin and eosin staining for metastasis quantification
The lungs were excised from NSG-SGM3 mice and fixed in 10% formalin (Sigma-Aldrich, USA) for 48 h. The tissue was dehydrated sequentially in one bath of 70% ethanol, one bath of 80% ethanol, one bath of 90% ethanol and three baths of 100% alcohol. The tissues were cleared in three baths of Histo-Clear (National Diagnostics, USA), soaked in two baths of paraffin wax at 65°C and embedded in paraffin. Paraffin blocks were cut at 4 μm using a microtome (Leica RM2255) and dried overnight at RT. Sections were deparaffinised in Histo-Clear for 5 min twice, then immersed into two baths of 100% ethanol, one bath of 90% ethanol, one bath of 70% ethanol and one bath of deionized water, each for 2 min. After washing with water, sections were stained with Harris’s haematoxylin for 7 min and differentiated in freshly made 70% alcohol with 0.1% HCl for 30 sec. Stained sections were
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washed and blued under running tap water for 5 min or until the excess stain was washed away. Sections were then counterstained with Eosin Y ethanol solution (Sigma-Aldrich, USA) for 10 sec. After a quick wash three times in water, sections were dehydrated in one bath of 70% ethanol, one bath of 90% ethanol and two baths of 100% ethanol, each for 30 sec. Sections were then cleared with Histo-Clear for 10 min, dehydrated in 100% ethanol for 7 min, then dried overnight and mounted with mounting medium and coverslip. Images of H & E stained lung sections were captured using the Leica DM6B Upright Microscopes system and analysed using ImageJ software in a blinded manner (version 1.53).
4.5.5	Mouse primary fibroblast isolation
Mouse primary fibroblast were isolated from female NSG-SGM3 mice as previously described (Vu et al., 2019). Briefly, the mice were euthanized, the ears were removed and sterilized with 70% ethanol for at least 5 min. The ears were then cut into small pieces and incubated with RPMI supplemented with 10% FBS, 1× penicillin-streptomycin, 1× plasmocin (1:1) and 5 mg/ml collagenase type IV (Thermo Fisher Scientific, USA) at 37◦ C, with shaking at 250 rpm for 90 min. Tissue suspension was filtered through 70 μm strainer, washed once with 10 ml of RPMI with 10% FBS at 700 xg for 5 min. Cell pellets were resuspended in 10 ml RPMI with 10% FBS and seeded into 100 mm plate. After 3 days, the medium was replaced and the cells were monitored daily until they reached 80% confluence (passage 1). Fibroblasts were subcultured and used within the 1st to 5th passage.
4.6	Immunohistochemistry staining of tumour sections from breast cancer patients
We collected formalin-fixed, paraffin-embedded (FFPE) tumour samples of breast cancer from 51 breast cancer patients (including seven cases of luminal A, 29 cases of luminal B, seven cases of HER2-enriched and eight cases of basal-like subtypes) who were hospitalized for surgery at the First Affiliated Hospital of the Guangxi Medical University, China. Study inclusion criteria included: (1) the patients were women; (2) the diagnosis of primary breast cancer was confirmed histopathologically; (3) the patients were diagnosed for the first time without receiving breast cancer treatments or surgery before; and (4) medical records were available and patients agreed to grant access for the purpose of retrieving clinicopathological parameters. Study exclusion criteria included: (1) the patients were men; (2) the patients received prior therapy or surgery to treat breast cancer; and (3) the patients were clinically immunocompromised or were experiencing major systemic diseases. Clinical data were de-identified to protect the privacy of the study participants. We prepared FFPE sections of 5 μm, followed by deparaffinization and rehydra-tion in xylene, down-gradient alcohols (100%, 95%, 85%, 75%, 50%) and water, heat-mediated antigen retrieval, and peroxidase blocking. Rabbit anti-ITGAV antibody (Abcam, dilution 1:500) was then applied to sections and incubated for 60 min at RT. Detection was facilitated by Supervision Mouse/Rabbit-HRP Broad Spectrum Detection System (Long Island Biotech, member of Mindray Medical, China), according to the manufacturer’s protocols. Haematoxylin was applied for nuclear counterstain. We scored the membrane and cytoplasm staining of tumour cells accordingly and the final score for each image was the weighted average of IHC scores multiplied by percentages of tumour cells within each scale. We captured images of five representative fields for each tumour section and the average score from five images was considered as the final score for each case. The study protocol was approved by the institutional review board, and written informed consents were obtained from all study participants. Histopathological diagnosis was reviewed, and images were examined by two board-certified pathologists (GC and JYL) independently. Cancer staging was referred to the American Joint Committee on Cancer (AJCC) Cancer Staging Manual, Eighth Edition (Szklarczyk et al., 2019).
To better understand the prognostic values of integrin αv and CD63 co-expression, we studied the association of the co-expression with a set of clinicopathological parameters in patients with breast carcinoma. A total of 128 patients with breast carcinoma were selected from a set of inclusion and exclusion criteria. The inclusion criteria are all the breast carcinoma cases in the National University Hospital from year 2012 to 2014 with available clinical and histological data, and sufficient FFPE cancer tissue. Exclusion criteria include cases that show poor tissue condition, not suitable for immunohistochemical staining. Clinical data collected include gender, age, laterality of tumour, type of surgery, presence of neoadjuvant treatment, initial stage pre neoadjuvant, clinical and radiological presence of recurrence, and presence of distant metastasis. The histological data collected include the histological type as according to WHO Classification of Breast Tumours (5th edition, 2019) (Edge & Edge, 2017), histological grading as according to the Nottingham Histological Score, biologic markers status (estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) immunoreaction), presence, extent and grade of in-situ carcinoma component, presence of lymphovascular invasion (LVI), and status of margin. The cases are staged according to the Breast Cancer Staging Manual by American Joint Committee on Cancer (8th Edition, 2017) (Editorial Board 2019). In addition, we obtained the normal breast tissue adjacent to the tumours in eight anonymized patients with breast cancer. We found that four samples had only fat tissues and found four samples contain normal mammary glands. Hence, we used the four samples with normal mammary glands for the staining. The study protocol was approved by the Domain Specific Review Board (DSRB) committee of the National University Hospital (Singapore).
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Tissue microarray was prepared from each of the cases’ FFPE tissue blocks (Table 5). IHC staining was performed using antibodies against CD63 (Santa Cruz, Cat no. sc-15363) and CD51 (Abcam, Cat no. ab179475). The IHC staining pattern was assessed by two certified pathologists and scored as “1” (negative) if only red cytoplasmic staining (CD51) or only brown granular cytoplasmic staining (CD63), or very weak/negligible/no staining for both were observed; and scored as “2” (positive) if both red (CD51) and brown granular cytoplasmic (CD63) were observed. Cases were pooled into two separate groups in which the first group consisted of early-stage non-invasive/non-metastatic breast carcinoma (<T3, N0, M0, no LVI) and the second group consisted of locally advanced breast carcinoma (T3 & above), cases with lymph node invasion (lymph node infiltrating tumour cells-ITC, N1 & above), metastatic (M1) and/or lymphovascular invasion (LVI); with reference to the MD Anderson definition. The Chi-square test was used to test the associations between co-expression of CD63 and CD51 with disease characteristics.
4.7	In vitro assays
4.7.1	Quantitative reverse transcription PCR
TRIzol (Thermo Fisher, USA) was used for RNA extraction, according to the manufacturer’s protocol. We diluted the stock RNA to 50 ng/μl for reverse transcription. A total of 500 ng total RNA was applied for reverse transcription of mRNA, with a High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher, USA). Quantitative PCR (qPCR) was performed using a Ssofast Green qPCR kit (BioRad, USA) for mRNA quantification in a CFX-96 qPCR machine (BioRad, USA) or QuantStudio 6 Flex Real Time PCR system (Applied Biosystems, USA). mRNA levels were normalized to GAPDH or ATCB mRNA levels. Primer design was facilitated using PrimerBank (Amin et al., 2017) (10.1093/nar/gkr1013) and Primer-BLAST (Wang et al., 2011). We attached the primer sequences in Table S6.
4.7.2	Western blots
Protein concentration was determined using the BCA assay, as described above. As described earlier (Vu et al., 2019), we diluted protein samples in reducing buffer (4x Laemmli sample buffer (Biorad, USA) with 10% β-mercaptoethanol), and heated the mixture for 10 min at 95° C. For non-reducing gel electrophoresis, the samples were diluted in 4x Laemmli Sample Buffer without β-mercaptoethanol. Similar amounts of protein (35 μg of total cell lysate) were loaded onto a 10% SDS-PAGE resolving gel with a 4% stacking gel (for galectin-1, a 15% SDS-PAGE resolving gel with a 6% stacking gel). Electrophoresis was conducted at 70 V for stacking and 120 V for resolving till the sample dye reached the gel bottom. We used wet transfer to blot the samples to a PVDF membrane activated by 100% methanol. The membrane after transfer was blocked with 5% skimmed milk (BD Biosciences, USA) in TBST buffer (20 mM Tris base, 150 mM NaCl and 0.1% Tween 20) for 1 hat RT. The membrane was then incubated with primary antibodies, anti-TSG101 antibody (Santa Cruz), anti-ALIX antibody (Santa Cruz), anti-Calnexin (Santa Cruz), anti-Gal-1 antibody (Cell Signalling Tech, USA), anti-Gal-3 antibody (Abcam, UK) and anti-GAPDH antibody (Abbkine, USA) in TBST containing 5% skimmed milk overnight at 4°C and washed three times (5 min each time) with TBST at RT on a plate shaker. We then incubated the membrane with peroxidase-labelled anti-mouse or anti-rabbit secondary antibody (Vector Laboratories, UK) in TBST with 5% skimmed milk for 1 h at RT. Membrane was then washed three times (5 min each time) with TBST at RT on a plate shaker before signal developing with the WesternBright ECL HRP substrate kit (Advansta, USA) using a ChemiDoc Touch Imaging System (BioRad, USA).
4.7.3	Immunofluorescence staining of cells
Cover slips were washed with ethanol, coated with poly-D-lysine (Millipore, USA) for 1 h at RT and then washed with 0.22-μm-filtered PBS. A total of 200,000 cells were seeded onto the coated cover slip in each well of a 12-well plate overnight. Next, cells were washed with PBS three times and fixed in 4% paraformaldehyde for 15 min at RT. Cells were treated with 5% BSA (Sigma Aldrich, USA) with 0.2% triton X-100 (Sigma Aldrich, USA) for 60 min at RT and incubated with anti-CD63 antibody (Abcam, UK) and anti-ITGAV (Abcam, UK) or anti-ITGB1 (eBioscience, USA) antibodies in with 3% BSA (Sigma Aldrich, USA) with 0.05% triton X-100 (Sigma Aldrich, USA) overnight at 4°C. Cells were washed three times with PBS containing 0.05% Triton before incubation with anti-mouse-AF488 and anti-rabbit-647 antibodies (Jackson ImmunoResearch, USA) for 60 min at RT on a plate shaker, and then washed three times with PBS. Cells were incubated with Hoechst Stain (Sigma Aldrich, USA) in PBS for 15 min at RT and washed three times with PBS. The cover slips were mounted on glass slides with ProLong Glass Antifade Mountant (Thermo Fisher, USA). Images were acquired using a Zeiss LSM 880 Confocal Microscope.
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4.7.4	Fibronectin binding assay of cells
Untreated, black 96-well plates were coated with human fibronectin (0.3 g/ml, 100uL) overnight at 4°C and then blocked with 1% BSA for 1h at RT, followed by three washes. A total of 100,000 CA1a cells were resuspended in DMEM with addition of compound 8 (C8) (Chemscene, USA) to reach desired concentrations, and incubated for 30 min at 4°C. Cells were then dispensed into wells of fibronectin-coated black 96-well plates and incubated for 30 min at RT with a 5% CO2 supply. Calcein AM was added to the wells to reach the final concentration of 2 M dye per 100,000 cells, followed by another incubation for 30 min at RT with 5% CO2 supply and two gentle washes with PBS to remove unbound cells. We read fluorescence at 494/517 nm using a microplate reader after adding 100 l PBS to each well.
4.7.5	Fibronectin binding assay of EVs
Untreated, black 96-well plates were coated with human fibronectin at a concentration of 1.28 g/ml, 100 l per well overnight at 4°C. BSA 1 mg/ml was used to coat the wells designated for negative control overnight at 4°C. EVs from CA1a-luc cells were incubated with C8 (Chemscene, USA) at the desired concentrations for 30 min at 4°C, dispensed into the wells, and put on a plate shaker for 2 h at RT. We then washed the wells three times with PBS, added 100 l coelenterazine native at 2 g/ml (Nanolight, USA) into each well, and read bioluminescence signals using Tecan Spark multimode microplate reader (Tecan, Switzerland).
4.7.6	Fibroblast activation assay
EV-depleted RPMI medium supplemented with 10% FBS was prepared in a similar manner to EV-depleted DMEM medium, as described above. 48-well plates were coated with human fibronectin at concentration of 5 g/ml, 200 l per well overnight at 4°C. The plate was washed twice with sterile PBS. Purified EVs from CA1a cells with or without scrambled or Gal-3 shRNA were added into the plate at 5x109 EVs/well in PBS, and the plate was placed on a shaker at a speed of 300 rpm for 2 h at RT. The plate was gently washed twice with sterile PBS. Mouse primary fibroblasts were seeded into EV-pretreated wells at the density of 50,000 cell per well in EV-depleted RPMI complete medium and incubated at 37° C, 5% CO2. Fibroblasts were starved in serum-free media for 24 h before treatment. After 72 h, the plate was gently washed twice with PBS, and 0.5 ml of Trizol was added for RNA extraction and RT-qPCR.
4.8	Statistical analysis
We used GraphPad Prism 7 to perform all the statistical analysis using Student’s one-tailed t-tests, unless stated otherwise. A p-value less than 0.05 was considered significant, based on at least three independent replicates. Additionally, clinical data were further analysed using Stata 16 and IBM SPSS Statistics 26.0, Mann Whitney’s test and Chi-square test.
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