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Inhibition of galectin-1 ligand synthesis accentuates anti-tumor immunity. 
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Abstract 
 

Galectin-1 (Gal-1) has been shown to play a major role in tumor immune evasion by inducing apoptosis 

in Gal-1 ligand+ effector T cells and by promoting the synthesis of T cell immunoregulatory molecules.  

However, little is known about Gal-1�’s spatial arrangement in tumor tissue with respect to tumor-

infiltrating T cells and tumor-initiating cells.  Here, we show that Gal-1 is often expressed in primary 

human melanomas as curvilinear arrays that strategically surround nests of ABCB5+ melanoma-

initiating cells, reminiscent of an immune-privileged site.  To test the Gal-1-mediated immune evasion 

hypothesis and demonstrate the importance of Gal-1 ligands in controlling the fate and function of anti-

tumor immune cells, we treated mice bearing syngeneic tumors with peracetylated 4-fluoro-

glucosamine (4-F-GlcNAc), an inhibitor of Gal-1 ligand biosynthesis, and analyzed tumor growth and 

immune profiles.  We found that 4-F-GlcNAc spared Gal-1-mediated apoptosis of anti-tumor cytotoxic 

and helper T cells and of NK cells by diminishing Gal-1 ligand expression.  4-F-GlcNAc-dependent T 

cell skewing caused elevations in tumor-specific cytotoxic T cells and IFN-γ, and reductions in T cell-

associated immunoregulatory molecules, which collectively resulted in minimal tumor growth.  These 

data implicate Gal-1 in the immunoprotection of tumor-initiating cells and show that inhibiting Gal-1 

ligand synthesis can boost anti-tumor immunity. 
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Introduction  
 
 Galectin-1 (Gal-1), a soluble ß-galactoside-binding lectin, is becoming increasingly appreciated 

as a biological modifier of tumor growth and metastasis (1-6).  Gal-1 can mediate autocrine and 

paracrine activities that favor invasiveness (7-13), drive angiogenesis (14, 15) and regulate anti-tumor 

immune responses (16-20).  Gal-1 regulates the fate and function of effector leukocytes by inducing 

pro-apoptotic signals on effector leukocytes with concomitant skewing of cancer microenvironments 

towards Th2 and regulatory cytokine profiles (16-18, 20, 21).    

Considering recent studies targeting Gal-1 for anti-cancer therapeutic exploitation (16-18, 21), 

few have focused on perturbing complementary Gal-1 ligands to counteract Gal-1-mediated tumor 

immune evasion.  Gal-1 ligands are membrane proteins consisting of one or more N-acetyllactosamine 

Type1 (Galβ1,3GlcNAc) or Type 2 (Galβ1,4GlcNAc) disaccharides on N-linked and O-linked glycans 

(22, 23).  Gal-1 ligands are expressed at a high level on activated CTLs and on pro-inflammatory Th1 

and Th17 cell subsets, and, upon Gal-1-binding, transmit pro-apoptotic signals or promote regulatory 

cytokine production (24-26).  Ligands identified to date include CD4, CD7, CD43 and CD45 among 

others (27).  Thus, as effector T cells express robust levels of Gal-1 ligands, their viability is inherently 

limited in a tumor microenvironment rich in Gal-1.  In fact, when tumor-derived Gal-1 is abrogated, 

enhanced levels IFN-γ-producing cells help prevent tumor progression (16, 18), or when Gal-1 ligand, 

CD43, is absent, tumor growth is impaired (15, 28).  

Here, we show that Gal-1 in human melanomas is frequently arranged in a curvilinear pattern 

surrounding cells expressing the prospective marker of melanoma-initiating cells, ABCB5 (29, 30).  

Within these microenvironmental nests, tumor-infiltrating T cells were often excluded, preventing 

intimate contact with ABCB5+ melanoma-initiating cells.  To evaluate whether modifying Gal-1 ligands 

would impact anti-tumor immune responses, we treated mice bearing syngeneic B16 melanomas or 

EL-4 lymphomas with 4-F-GlcNAc, a biosynthetic inhibitor of Gal-1-binding N-acetyllactosamine 

moieties (8, 9, 31-33).  4-F-GlcNAc treatment inhibited Gal-1 ligand formation on effector T and NK 

cells, which prevented Gal-1-induced apoptosis and caused concomitant increases in melanoma-

specific CTLs and IFN-γ levels.  This immune profile corresponded with significant reductions in tumor 
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growth.  These attenuated tumors were similar in size to those in mice deficient in Gal-1 or in mice 

deficient in Gal-1 ligand CD43 (24), demonstrating that host-derived Gal-1 and putative Gal-1 ligand, 

CD43, are important regulators of anti-tumor T cell immunity.  These data suggest that Gal-1 is 

strategically oriented in human melanomas to provide immune protection from effector T cells and that 

interference of Gal-1 ligand synthesis on effector anti-tumor T cells represents a promising therapeutic 

approach to boost anti-tumor immune responses.    
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Materials and Methods 

Mice, Cell Lines, Antibodies and Chemicals. 

C57BL/6 wild type (wt) mice and Gal-1-/- mice were obtained from Jackson Laboratory. C57BL/6 CD43-/- 

mice were kindly provided by Dr. Hermann J. Ziltener (University of British Columbia, Canada).  

Immunodeficient mice lacking B, T and NK cells that deficient in Rag2 and Jak3 genes (Rag2-/-/Jak3-/-) 

were generated as described (34). Mouse J558L plasmacytoma cells, EL-4 lymphoma cells and 

B16F10 melanoma cells were purchased from American Type Culture Collection (ATCC�™), Inc.  ATCC 

routinely uses various molecular authentication tests to support their ATCC collections. These tests are 

supported by the ATCC Molecular Authentication Resource Center that includes the genomic core and 

by the immunology and proteomic cores.  Antibodies included: anti-mouse/human Gal-1 (N16) and anti-

mouse β-actin (Santa Cruz Biotechnology); alkaline phosphatase (AP)-conjugated anti-goat IgG 

(Southern biotech); allophycocyanin (APC)-conjugated anti-human Fc (Jackson Immunoresearch); anti-

human Gal-1 (Sigma-Aldrich); FITC-labeled anti-mouse CD4, PE-labeled anti-mouse CD3, FITC-

Annexin-V, APC-Cy7-anti-mouse CD19, PerCP Cy5.5 anti-mouse CD8, APC-conjugated anti-mouse 

CD25, FITC-anti mouse CD69, PerCP Cy5.5 anti-NK1.1, anti-mouse IL-4, -IFN-γ, -IL-10, IL-17 and 

propidium iodide (PI) (Biolegend); goat anti-digoxigenin, mouse anti-human CD3; mouse anti-human 

CD31 (AbD Serotec); rabbit anti-human Gal-1 (ATLAS Antibodies).  Alexa Fluor® 488 donkey anti-

mouse IgG, Alexa Fluor® 594 donkey anti-rabbit IgG, Alexa Fluor® 350 donkey anti-goat IgG 

(Invitrogen).  PE-conjugated TRP-2 pentamer was purchased from Proimmune.  Specific IgG1  anti-

ABCB5 mAb (3C2-1D12) was prepared as described(29, 30, 35, 36). TRIzol, DEPC-treated water, 

Platinum® PCR SuperMix High Fidelity, DTT, FBS, Zeocin, OPTI-MEM, Lipofectamine 2000, and 

protein-G agarose were from Invitrogen.  2-Acetamido-1,3,6-tri-O-acetyl-4-deoxy-4-fluoro-D-

glucopyranose, 4-F-GlcNAc, was prepared as described(8, 9, 37).  D-Glucosamine was purchased 

from Sigma Chemicals.  TUNEL kit, including ApopTag TdT enzyme and reaction buffer, were 

purchased from Millipore. 

Silencing of Gal-1 Expression.  
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The pLKO.1 vector encoding a short-hairpin RNA (shRNA) sequence against mouse Gal-1 

(NM_008495) or encoding a non-silencing, scrambled shRNA control sequence was obtained from the 

RNAi Consortium (TRC) of the Broad Institute (MIT, Cambridge, MA) or from Addgene (Cambridge, 

MA), respectively.  B16 melanoma cells were transduced with shRNA-expressing lentivirus and then 

selected in 1 µg/ml puromycin dihydrochloride (Fisher). The target 21mer sequence of mouse Gal-1 

recognized by the shRNA was: 5�’-CCTACACTTCAATCCTCGCTT-3�’. Gal-1 knockdown (Gal-1KD) was 

>95% as confirmed by Western blotting and by real-time RT-PCR analysis with the following primer 

sequences: forward, 5�’-TCTCAAACCTGGGGAATGTC-3�’, reverse, 5�’-GCGAGGATTGAAGTGTAGGC-

3�’; and control ß-actin forward, 5�’-CATCGTACTCCTGCTTGCTG-3�’ and reverse 5�’-

AGCGCAAGTACTCTGTGTGG-3�’.  

Production of B16 Melanoma Galhi Cells. 

B16 melanoma cells were transfected with a previously reported plasmid encoding Gal-1 fused in frame 

to the Fc portion of human IgG (Gal-1hFc) (38). 

Production of Gal-1hFc. 

Gal-1hFc and non-ß-galactoside-binding mutant (dmGal-1hFc) were prepared as described (38).    

Quantitative Real Time RT-PCR. 

Quantitative real time RT-PCR was performed as previously described (38) using the primers: Gal-1 

Forward: 5�’ TCTCAAACCTGGGGAATGTC 3�’, Reverse: 5�’ GCGAGGATTGAAGTGTAGGC 3�’ and ß-

actin Forward: 5�’ CATCGTACTCCTGCTTGCTG 3�’, Reverse 5�’ AGCGCAAGTAC TCTGTGTGG.  

Samples were analyzed in triplicate and normalized to ß-actin expression.  

Anchorage-Independent Soft Agar Assays. 

Assays were performed as previously described (39).  

Gal-1 Ligand Expression Analysis. 

Cells were analyzed for Gal-1 ligand expression using Gal-1hFc or dmGal-1hFc as previously 

described (38). 

Western Blotting. 

Gal-1 and ß-actin was immunoblotted as previously described (38).  

Koichi Ito
Primer sequesnces repeated

Koichi Ito
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In vivo T cell Activation. 

Dinitrofluorobenzene (DNFB)-skin draining lymph nodes (LN) were harvested 6d post-sensitization from 

mice treated with 100mg/kg 4-F-GlcNAc or glucosamine control on days 1, 3 and 5 post-sensitization , 

and analyzed by flow cytometry as previously described (38).   

Treatment of Mice bearing B16 Melanoma or EL-4 lymphoma with 4-F-GlcNAc. 

B16 melanoma wt, Galhi or GalKD cells were injected subcutaneously (2x105) into the right flank of 6-

week old C57BL/6 wt, CD43-/-, Gal-1-/-  or Rag2-/-/Jak3-/- mice (n=15 for each group, 5 mice per 

experiment).  EL-4 lymphoma cells were injected subcutaneously (5x105) into the right flank of 6-week 

old C57BL/6 wt mice.  Tumor development was monitored as described(18).  Intraperitoneal injections 

of 4-F-GlcNAc or D-glucosamine (Sigma Chemicals) (each at 100mg/kg) were performed every other 

day starting on day 1 or 9 post-injection.  Growth studies were terminated when tumors reached a 

volume greater than 1 cm3.  

Immunofluorescence. 

Mouse tumor and LN tissues were stained with rabbit IgG anti-mouse CD3 (Abcam) and Gal-1hFc or 

dmGal-1hFc (20µg/ml) for 1h at room temperature, and subsequently incubated for 30 min with a 

cocktail of Cy-3 anti-rabbit IgG (Invitrogen) and rabbit anti-human IgG (Abcam), followed by a 30 min 

incubation with Cy-5 anti-rabbit IgG (Invitrogen) and counterstaining with DAPI.  Alternatively, slides 

were stained with rabbit IgG anti-mouse CD3 and rat IgG anti-mouse Gal-1 (R&D Systems) for 1h at 

room temperature, and subsequently incubated for 30 min with a cocktail of Cy-5 anti-rabbit IgG and 

Cy-3 anti-rat IgG and counterstained with DAPI.  Images were acquired using a Nikon eclipse Ti 

microscope and a Nikon FDX-35 digital camera.   

 Paraffin-embedded human melanoma specimens were stained for Gal-1 and ABCB5, CD31 or 

CD3 as previously reported (29).  For TUNEL, Gal-1 and CD3 Immunofluorescence triple labeling; 

sections were incubated with TdT enzyme mixture, consisting of 77µl ApopTag reaction buffer and 33µl 

ApopTag TdT Enzyme, at 37oC for 1h. Sections were incubated with goat anti-digoxigenin, mouse anti-

CD3, rabbit anti-Gal-1 overnight at 4oC, washed, and then incubated with Alexa Fluor® 350 donkey anti-

goat IgG Alexa Fluor® 488 donkey anti-mouse IgG and Alexa Fluor® 594 donkey anti-rabbit IgG at room 
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temperature for 1h. Sections were analyzed with a BX51/BX52 microscope (Olympus).  Images were 

captured using the CytoVision 3.6 software (Applied Imaging). 

Pentamer Staining. 

Tumor-draining LN were harvested on day 17 and minced, and single cell suspensions were blocked 

with anti-mouse CD16 (FcRγ) (1:100) for 10 minutes on ice, and immediately stained with 1 test PE-

conjugated TRP-2 pentamers as described in the manufacturer�’s protocol. Cells were analyzed by flow 

cytometry by gating on CD19-/CD8+ cells. 

Tumor cytotoxicity assays. 

Memory (CD62L-) CD8+ T cells from tumor-draining LN were isolated 15 days post-inoculation by 

immunomagnetic bead sorting. Sorted CD62L- CD8+ T cells were plated at incremental ratios with B16 

or EL-4 tumor cells labeled with CFSE in 96-well round bottom plates.  Naïve CD62L+ CD44lo CD4+ T 

cells were also obtained by immunomagnetic magnetic bead separation and used as negative tumor 

cytotoxicity control.  After 6 hour incubation, cells were stained with 7-Amino-Actinomycin D (7-AAD) for 

10 minutes and analyzed by flow cytometry. 

Statistical Analyses.  Statistical significance was ascertained between groups using a paired 

Student�’s t-test. 

Online Supplemental Material.  Please note that (7) Supplemental Figures and Legends are available 

online. 
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Results 

Gal-1 creates an immune privilege site for melanoma-initiating cells. 

  ABCB5, a mediator of chemoresistance, has recently been described as a bona fide marker of 

human melanoma-initiating cells (29).  ABCB5+ melanoma cells possess greater tumorigenic activity 

and either differentiate into mature chemosensitive ABCB5- melanoma cells or maintain self-renewing 

potential.  Furthermore, ABCB5+ cells elicit an immunoregulatory signature on the tumor micro-

environment, as they have been shown to decrease IL-2-dependent T cell proliferation, promote 

induction of FoxP3+ Tregs and enhance IL-10 levels (30).  Since these immunoregulatory features are 

similar to those created by Gal-1, we hypothesized that ABCB5+ melanoma-initiating cells would 

synthesize higher amounts of Gal-1 than ABCB5- cells.  To our surprise, immunofluorescence analyses 

on primary melanomas indicated that Gal-1 was overexpressed on distinct subsets of ABCB5- 

melanoma cells and not on ABCB5+ cells (Figure 1A and B) or on cells positive for endothelial marker, 

CD31 (Figure 1C).  However, Gal-1-overexpressing tumor cells frequently deposited Gal-1 in 

curvilinear arrays that encased ABCB5+ cells (Figure 1A and B) and restricted CD3+ T cells to the 

margin of these arrays (Figure 1D and E) or to separate zones (Figure 1F), suggesting that Gal-1+ 

tumor cells could protect ABCB5+ cells from immune clearance.  Where CD3+ T cells were in close 

proximity with Gal-1+ cells, there was focal documentation of Gal-1 reactivity with T cell membranes 

(Figure 1G and H), which was associated with apoptotic activity (Figure 1I).  To strengthen our finding 

that Gal-1 is differentially expressed on ABCB5+ and �– populations, we performed immunoblot and 

immunohistochemical analysis of Gal-1 on sorted ABCB5+ or - human G3361 melanoma cells and 

found that ABCB5- cells were positive for Gal-1, whereas ABCB5+ cells were negative (Figure 1J and 

K).  These data help formulate the hypothesis that Gal-1+/ABCB5- melanoma cells form an 

immunoprotective shield around ABCB5+ cells to prevent effector T cells from entering cancer-initiating 

cell niches and that disrupting the Gal-1 �– Gal-1 ligand axis can help circumvent tumor immune 

evasion.  
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Eliminating Gal-1 or Gal-1 ligand, CD43, inhibits effector cytokine expression and B16 

melanoma growth. 

To validate the role of Gal-1 in tumor immune evasion, we implemented the murine B16 

melanoma cell model due to its ability to grow and metastasize in a Gal-1-dependent manner (14, 18, 

40).  As in human melanomas, we found that B16 melanomas contained CD3+ T cells that were often 

marginalized and restricted to zones juxtaposed and reactive to Gal-1 expression (Figure 1L).  To 

directly test Gal-1�’s role, we created B16 melanoma cell lines over-expressing Gal-1 (B16 Gal-1hi) or 

silenced for Gal-1 expression (B16 Gal-1KD).  B16 Gal-1hi cells expressed 25% more Gal-1 than wild 

type (wt) cells, and consisted of a Gal-1 molecule that is fused to a human immunoglobulin Fc domain 

to impart constitutively-active dimeric form (Gal-1hFc) (Figure 2A and S1A).  Conversely, B16 Gal-1KD 

cells, which were produced by RNA interference, exhibited 95% less Gal-1 (Figure 2A and S1A).  

Notably, all cell lines exhibited similar growth activity in anchorage-independent colony formation 

assays (Figure S1B).   

Using these cell variants, we compared the tumor growth over 15 days and found that B16 Gal-

1hi tumors were larger than wt tumors (Student�’s paired t-test, p<0.001), whereas B16 Gal-1KD tumors 

were smaller than wt tumors (Student�’s paired t-test; P<0.01) (Figure 2B).  B16 Gal-1KD tumors 

retained knockdown of Gal-1 expression, while B16 Gal-1hi tumors maintained elevated expression of 

both native Gal-1 and transfected Gal-1hFc 15 days post inoculation (Figure S1C).  Importantly, B16 

Gal-1hi or Gal-1KD tumors grown in Rag2- and Janus kinase (Jak)3-doubly deficient mice, which lack in 

B, T and NK cells (34), were identical (Figure 2C), suggesting that Gal-1-associated differences in 

tumor growth were due to immune responsiveness.     

We subsequently evaluated effector cytokines levels in tumor-draining lymph nodes (LN) in wt 

mice bearing B16 Gal-1hi or Gal-1KD tumors.  As previously described(18), mice bearing Gal-1KD tumors 

contained greater levels of IFN-γ+ and IL-17+ T cells, and lower levels of IL-10+ leukocytes (Figure 2D 

and E) (Student�’s paired t-test, p<0.001).  Interestingly, LN draining B16 Gal-1hi tumors contained a 3-

fold greater number of NKT cells when compared to those draining Gal-1KD melanomas (Figure S1D).  

NKT cells have been found to suppress CTL responses in cancer by augmenting IL-13 levels and 
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enhancing activation of IL-4 STAT6 pathway (41), hence their presence may be contributing to Gal-1-

mediated tumor immune evasion.   

To determine the importance of leukocyte-expressed Gal-1 ligands in controlling B16 tumor 

growth, we performed tumor growth studies in mice lacking CD43, a putative Gal-1 ligand.  CD43 is a 

constitutive leukocyte membrane protein that variably displays core 2 O-glycans depending on the 

activation status (42).  The heavily-glycosylated form of CD43, which occurs after T cell activation, has 

been reported to be a major Gal-1 ligand mediating pro-apoptotic activity in effector T cells and 

inducing tolerogenic features in dendritic cells (16, 27).  In an unrelated study, absence of CD43 in mice 

resulted in attenuated B16 melanoma growth and metastasis (28), but its role in Gal-1-mediated tumor 

immune evasion was not addressed.  Here, we inoculated wt or CD43-/- mice with B16 wt or Gal-1hi 

cells and compared tumor growth rates.  We found that in CD43-/- mice, B16 tumors independent of 

their Gal-1 expression grew at an identical rate and were significantly smaller than B16 Gal-1hi tumors 

grown in wt mice, suggesting that CD43 is an important component of Gal-1-mediated tumor immunity 

(Student�’s paired t-test, p<0.001) (Figure 2F).  Based on the prominent role of tumor-derived Gal-1 in 

promoting tumor growth (Figure 2B), we also assessed whether host-derived Gal-1 might play a role 

by performing similar tumor growth experiments in Gal-1 deficient mice.  Regardless of whether Gal-1-/- 

mice were inoculated with B16 wt or Gal-1hi cells, tumors in Gal-1-/- mice grew at a slower rate 

compared with Gal-1hi tumors grown in wt mice (Student�’s paired t-test, p<0.001) (Figure 2G).  These 

data suggested that modifying host-derived Gal-1 or Gal-1 ligand expression may limit tumor growth. 

 

4-F-GlcNAc inhibits the biosynthesis of Gal-1 ligands, sparing activated T cells from Gal-1-

mediated death. 

Gal-1 ligands are comprised of heavily-glycosylated membrane proteins displaying N- and O-

glycans and, depending on antigen�–experience and activation status, are found on both innate and 

adaptive immune cells.  These glycans contain Gal-1-binding determinants consisting of N-

acetyllactosamine Type1 (Galβ1,3GlcNAc) or Type 2 (Galβ1,4GlcNAc) disaccharides (22, 23).  To 

demonstrate the expression and spatial location of Gal-1 ligands on immune cells in activated LN, we 
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painted abdominal skin with 0.5% DNFB (on day 0 and 1) and harvested LN draining DNFB-treated 

skin and non-draining LN and analyzed for T cell Gal-1 ligand expression by immunofluorescence with 

anti-CD3 and Gal-1hFc (38).  As expected in Figure 3A, non-DNFB draining LN had limited numbers of 

Gal-1 ligand+ T cells.  However, LN-draining DNFB-treated skin exhibited intense Gal-1hFc staining on 

T cells residing in the paracortical and subcortical areas, with minimal reactivity in B cell zones (Figure 

3A).  Notably, Gal-1hFc staining co-localized with CD3+ cells in a pattern suggestive of clonal 

expansion of activated T cells (Figure 3A).  As a control, DNFB-draining LN did not stain with a non-

binding mutant form of Gal-1hFc (dmGal-1hFc) (Figure S2).  In addition, there were cells stained with 

Gal-1hFc that did not express CD3 and showed a macrophage/dendritic cell-like morphology, 

suggesting that Gal-1 ligands were also expressed on non-T cells in activated LN. 

To determine whether lowering Gal-1 ligand expression increases the number of effector T cells 

and boosts anti-tumor immunity, we employed treatments with a fluorosugar inhibitor of N-

acetyllactosamine biosynthesis, peracetylated 4-fluorinated glucosamine (4-F-GlcNAc).  4-F-GlcNAc 

has been shown to inhibit the formation of N-acetyllactosamines on T cells and Gal-1-binding 

determinants on ovarian and colon cancer cells (8, 9, 31-33, 43).  Stability analysis of 4-F-GlcNAc in 

mouse plasma showed that the parent compound, fully acetylated 4-F-GlcNAc exhibited a half life of 

~2.3h, indicating that O-acetylated side chains are rapidly metabolized to yield the active compound 

(Figure S3A).  We first evaluated 4-F-GlcNAc-dependent abrogation of Gal-1 ligand synthesis on 

lymphocytes from LN draining DNFB-sensitized skin of mice treated with 100mg/kg 4-F-GlcNAc or 

glucosamine control.  As previously shown (38), non-activated Th cells did not bind Gal-1hFc, whereas 

robust Gal-1hFc staining was evident on Th cells expressing the early activation marker, CD69 (Figure 

3B and C).  In contrast, Gal-1hFc binding on activated Th cells of 4-F-GlcNAc-treated mice was 

markedly reduced, while the number of CD69+ cells remained unchanged (Figure 3B).  In all assays, 

use of lactose-containing buffers confirmed ß-galactoside-dependent binding activity of Gal-1hFc.  To 

assay whether inhibiting Gal-1 ligand formation with 4-F-GlcNAc also prevented Gal-1-mediated 

apoptosis, ex vivo-sorted naïve Th cells were activated with anti-CD3/anti-CD28 in the presence or 

absence of 4-F-GlcNAc for 48h and then exposed to 2.5µM Gal-1hFc with or without lactose control for 
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12h.  FACS staining with PI and Annexin V revealed that 4-F-GlcNAc treatment significantly lowered 

the number of PI/Annexin V double positive cells compared untreated cells (Student�’s paired t-test, 

p<0.001) (Figure 3D and E).  Inhibition of PI/Annexin V positivity with lactose confirmed the 

dependence of ß-galactoside-dependent Gal-1-binding for cell death induction. 

 

4-F-GlcNAc decreases melanoma growth and Gal-1 ligand synthesis on effector T and NK cells. 

To ascertain whether 4-F-GlcNAc-dependent lowering of Gal-1 ligands on activated T cells 

translates to enhanced anti-tumor immunity, wt mice (n=15/group) inoculated with B16 wt cells were 

treated with 100mg/kg 4-F-GlcNAc or glucosamine control every other day for 16 days.  Compared with 

control glucosamine treatment, 4-F-GlcNAc significantly inhibited tumor growth (Figure 4A) (Student�’s 

paired t-test, p<0.001).  Even on established tumors, 4-F-GlcNAc treatment from day 9 through day 16 

also significantly attenuated tumor growth (Student�’s paired t-test, p<0.001) (Figure 4A).   When 4-F-

GlcNAc treatments were evaluated in CD43- or Gal-1-deficient mice bearing B16 tumors, tumor growth 

was almost completely prevented (Student�’s paired t-test, p<0.01) (Figure 4B).  To analyze the 

presence of Gal-1 ligand+ T cells in these tumors, we immunostained formalin-fixed paraffin-embedded 

tumors with Gal-1hFc and anti-CD3 mAb (Figure 4C and S4).  These data showed that 4F-GlcNAc-

treated mice had 5.4-fold more tumor-infiltrating CD3+ cells than control-treated mice (Figures 4C and 

S4), and that 92.4% ± 4.3 of CD3+ cells infiltrating tumors of control-treated mice expressed Gal-1 

ligands (as well as some non-CD3+ cells forming vascular-like structures) (Figure 4C and S4).  

However, in tumors from 4-F-GlcNAc-treated mice, we observed massive infiltrates of CD3+ cells that 

express reduced levels of Gal-1 ligands (42.1% ± 11.7)  (Figures 4C and S4). To validate modification 

of Gal-1 ligand expression on effector anti-tumor immunocytes from 4-F-GlcNAc-treated mice, tumor-

draining LN were harvested and Gal-1 ligand expression was assayed on Th cells and CTLs and on NK 

cells.  Results showed that Gal-1 ligand expression was significantly inhibited on all three subsets 

(Student�’s paired t-test, *p<0.01 or **p<0.001) (Figure 4D and S3B) and that CD43 was a major Gal-1 

ligand on all three subsets (Figure S3B).  To show that tumor cell-specific CTL death was spared in 4-

F-GlcNAc-treated mice, we stained cells from tumor-draining LN with a pentamer recognizing B16-
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melanoma epitope TRP-2 (180-188/H2Kb), TCR-specific CTLs(44).  We found that TRP-2-specific 

CD8+ T cells were elevated 2-fold compared with control glucosamine treatment and that TRP-2-

specific T cell levels in 4-F-GlcNAc-treated CD43-/- mice were 3-fold greater compared with control 

treated wt mice (Student�’s paired t-test, p<0.01) (Figure 5A and B).  Notably, in control treated Gal-1-/- 

mice bearing B16 tumors, a 3-fold higher level of TRP-2-specific CTLs was also evident compared with 

control treated wt mice, cementing Gal-1�’s role in regulating effector anti-tumor T cell levels.  

Additionally, we sorted memory (CD62L-) CTLs from tumor draining LN, and co-cultured them ex vivo at 

incremental ratios of B16 tumor cells (Figure 5C).  At 6h post-exposure, we found that CTLs from 4-F-

GlcNAc-treated mice induced significantly more tumor cytotoxicity as determined by 7-AAD uptake than 

controls (Student�’s paired t-test, p<0.05) (Figure 5C and S3C).  Notably, increased cytotoxicity 

paralleled the amount of CTLs present in the B16/T cell mixed culture, while no significant tumor cell 

death was observed in naïve Th cell co-cultures (Figure 5C and S3C).  These data suggested that 

attenuated B16 tumor growth rates in 4-F-GlcNAc-treated, Gal-1-/- and/or CD43-/- mice may have been 

due to higher levels of effector anti-tumor CTLs.   

To validate whether 4-F-GlcNAc-dependent Gal-1 ligand lowering on effector lymphocytes was 

responsible for anti-tumor responses, we performed experiments in Rag2-/-/Jak3-/- mice lacking B, T and 

NK cells and found that B16 tumor growth rates were identical (Figure S5).  These data suggest that 

altering Gal-1 ligand synthesis on effector anti-tumor immune cells with 4-F-GlcNAc was necessary for 

augmenting anti-tumor immune activity.     

 

4-F-GlcNAc increases IFN- + T cell levels and lowers IL-10+ T cell levels. 

We and others have shown that Gal-1 not only promotes apoptosis on effector immune cells, 

but can also promote Th2 cell differentiation and IL-10 cytokine secretion (16, 17, 38, 45, 46).  

Therefore, we hypothesized that by abrogating Gal-1 ligand formation on effector T cells, we could 

prevent Gal-1-mediated Th2 skewing and IL-10 production and perhaps increase levels of IFN-γ, which 

has been described as a key determinant in T cell-directed anti-melanoma responses (18, 47).  

Accordingly, 15 days post-injection, we analyzed the cytokine profiles of Th and CTLs of B16 tumor-
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draining LN in 4-F-GlcNAc- and control-treated mice.  We found that, compared with glucosamine 

control treated mice, 4-F-GlcNAc-treated mice exhibited significantly higher levels of IFN-γ+ Th and 

CTLs (Student�’s paired t-test, p<0.01) (Figure 6A, B and F).  Similar elevations in IFN-γ were observed 

in CD43- and Gal-1-deficient mice treated with 4-F-GlcNAc, even though baseline levels of IFN-γ in 

control groups were higher than those in wt mice (Figure 6A, B and F).  In contrast, IL-10+ Th cells 

were significantly diminished in mice treated with 4-F-GlcNAc (Student�’s paired t-test, p<0.01) (Figure 

6C and F).  Of note, the number of IL-10+ cells from control treated CD43- and Gal-1-deficient mice 

were markedly decreased compared with wt mice (Figure 6C), confirming the role of both molecules in 

Gal-1-mediated induction of IL-10 synthesis.  Furthermore, we did not observe significant variation in 

IL-4 and IL-17 levels in wt mice after 4-F-GlcNAc treatment, though a significant in elevation in IL-17 

expression was noted in CD43- or Gal-1-deficient mice treated with 4-F-GlcNAc (Figure 6D, E and F).   

 

4-F-GlcNAc decreases EL-4 lymphoma growth and Gal-1 ligand expression on effector T and NK 

cells, by increasing IFN-  and diminishing IL-10 levels. 

To strengthen observations of 4-F-GlcNAc efficacy on effector anti-tumor immune cells and 

corresponding anti-tumor activity, we performed identical experiments in mice bearing a syngeneic EL-

4 lymphoma that expresses Gal-1 (Figure 7A).  As expected, there was a dramatic reduction in EL-4 

tumor size in 4-F-GlcNAc-treated (wt and Gal-1-/-) mice compared with those in control glucosamine 

treated mice (Student�’s paired t-test, p<0.001) (Figure 7B and C).   We found that Th cells and CTLs, 

as well as NK cells from tumor draining LN showed diminished expression of Gal-1 ligands after 4-F-

GlcNAc treatment (Figure 7D) and concomitant increased levels of IFN-γ+ Th cells and CTLs when 

compared to the glucosamine-treated control (Figure 7E and S7D).  Similar results on IFN-  

expression were also observed in Gal-1-/- mice (Figure S6A and E).  We also found minor elevations in 

IL-17+ T cells in 4-F-GlcNAc-treated wt and Gal-1-/- mice (Figure S6C and E).  Conversely, IL-10+ Th 

cells were significantly diminished in 4-F-GlcNAc-treated wt and in Gal-1-/- mice (Student�’s paired t-test, 

p<0.001) (Figure 7E and S6B and D).  Accordingly, we observed enhanced tumor cytolytic activity in 

co-cultures of EL-4 tumor cells and CTLs cells from tumor-draining LN of wt or Gal-1-/- mice treated with 
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4-F-GlcNAc (Figures S7A and B).  These data corroborated 4-F-GlcNAc inhibitory effects on B16 

tumor growth and stimulatory effects on effector anti-tumor immunocyte levels. 
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Discussion 

There is compelling evidence suggesting that Gal-1 helps establish immune privilege in cancer 

(18).  Gal-1 has been shown to hamper the vitality of effector anti-tumor T cells and production of anti-

tumor cytokine, IFN-γ, while inducing the expression of immunoregulators, IL-10 and regulatory T cells 

(17, 18, 47).  To provide direct histological evidence illustrating Gal-1�’s role in tumor immunoprotective 

hypothesis, we performed immunofluorescence of Gal-1 and T cells in human melanomas.   We found 

that Gal-1 is over-expressed on tumor cells that frequently deposit Gal-1 in a curvilinear pattern 

surrounding ABCB5+ melanoma-initiating cells (29, 30).  Furthermore, we found that Gal-1 is 

associated with T cells undergoing apoptosis at outer edge of the protective Gal-1+ cellular boundary.  

We speculate that this immunoprotective �“shield�” helps prevent T cell infiltration into the core of these 

melanoma-initiating cell nests.   

To analyze the dependence of Gal-1 ligands in Gal-1-mediated tumor immune evasion, we used 

a fluoro-glucosamine inhibitor of N-acetyllactosamine formation, 4-F-GlcNAc.  This inhibitor, while the 

precise mechanism of anti-carbohydrate action is not fully understood, suppresses N-acetyllactosamine 

formation on glyco-metabolically active T cells and prevents consequent lectin-binding activity, 

including binding to Gal-1 (8, 9, 31-33, 43).  We first established that Gal-1 ligand diminution on 

activated T cells via 4-F-GlcNAc treatment in vivo can alleviate Gal-1-mediated apoptotic activity in 

activated T cells.  This observation indicated that effector anti-tumor T cells in a 4-F-GlcNAc-treated 

mouse could expand without restriction from a Gal-1 checkpoint, and perhaps provide more 

immunologic regulators to create effective anti-tumor immune activity.  To this end, we evaluated 4-F-

GlcNAc-mediated anti-tumor and immunomodulation efficacy in mice bearing syngeneic tumors, whose 

growth and progression is dependent on effector T cell suppression controlled by Gal-1 (18).   We 

treated mice bearing tumor expressing variable levels of Gal-1 with N-acetyllactosamine-lowering 

doses of 4-F-GlcNAc or used mice deficient in candidate Gal-1 ligand, CD43, as controls.  We 

observed marked reductions in tumor growth using both experimental approaches along with ablation 

of Gal-1 ligand expression on effector T cells and NK cells and resultant elevations in IFN- + Th cells 

and CTLs and melanoma-specific CTLs and reductions in IL-10+ T cells.  Furthermore, increased tumor 
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cytolytic activity was observed on tumor cells co-cultured with memory CTLs from 4-F-GlcNAc-treated 

tumor-bearing mice.  Importantly, we found that established tumors were also sensitive to 4-F-GlcNAc 

treatment, suggesting that anti-tumor immunity can be stimulated even after effector T cell subset 

differentiation has been imprinted in tumor-draining LN.  Since Gal-1 has been shown to stimulate 

tumor angiogenesis and related metastatic potential (14, 40, 48), inhibition of Gal-1 ligand synthesis on 

tumor endothelial cells could explain for suppressed tumor growth.  However, 4-F-GlcNAc was 

ineffective at slowing tumor growth in immunodeficient mice, implying that 4-F-GlcNAc-dependent 

immune cell protection may be more influential on tumor growth than on Gal-1 ligand-dependent tumor 

angiogenesis. These results suggested that 1.) Gal-1-binding N-acetyllactosamines are targetable 

moieties on effector Th cells and CTLs and NK cells, 2.) CD43 is a major Gal-1 ligand transmitting Gal-

1-mediated immunoregulation and 3.) 4-F-GlcNAc treatment can interfere with N-acetyllactosamine 

formation to prevent Gal-1-mediated apoptosis and raise the level of anti-tumor immune cells.  

 Since tumor endothelial cells have also been shown to express Gal-1, it is possible that host-

derived endothelial cells infiltrating and feeding tumors in mice can also secrete sufficient 

concentrations of Gal-1 to facilitate tumor immune evasion (14, 48).  To address whether host-derived 

Gal-1 contributes to Gal-1-mediated tumor immune evasion, we investigated tumor growth in mice 

deficient in Gal-1.  We show that tumor growth was attenuated in Gal-1 deficient mice and, compared 

with wt mice, displayed higher levels of IFN- + Th cells and CTLs, including melanoma-specific CTLs, 

and lower levels of IL-10+ Th cells.  Of note, when 4-F-GlcNAc treatment was included in tumor bearing 

Gal-1-/- mice, the tumors were even smaller and effector T cell populations were higher, suggesting 

that, to effectively interfere with the Gal-1 �– Gal-1 ligand axis, Gal-1 from the host and the tumor or all 

prospective Gal-1 ligands need to be targeted to achieve maximal anti-tumor immune efficacy. 

Because N-acetyllactosamines are key moieties for sialyl Lewis X and platelet (P)-/ leukocyte 

(L)- and endothelial (E)-selectin ligand formation, 4-F-GlcNAc treatment can also interfere with the 

capacity of T cells to traffic to inflamed sites.  Indeed, 4-F-GlcNAc can alleviate T cell recruitment to 

inflamed skin by interfering with E-selectin ligand synthesis (31-33, 43).  In studies performed here, 

while we demonstrate that Gal-1 ligands are significantly lowered on effector T cells following 4-F-
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GlcNAc treatment, this inhibitory effect did not interfere with the ability of these cells to traffic to tumors.  

Unlike inflammation in the skin, which requires E- and P-selectin-binding activity on inflammatory 

leukocytes (49-51), the tumor vasculature, particularly in melanomas, does not express E-selectin or P-

selectin (52).  Hence, 4-F-GlcNAc-treated tumor-infiltrating T cells can mobilize to melanomas 

independent of E- and P-selectin-dependent binding activity and elicit anti-tumor activity.  In addition, 

we have found that 4-F-GlcNAc treatment does not greatly affect L-selectin ligand expression on high 

endothelial venules and alter the distribution of pattern of naïve lymphocytes to secondary lymphoid 

organs (32).  Thus, endothelial cells do not appear to be particularly sensitive to glycometabolic 

modulation in vivo.   

Interestingly, while N-acetyllactosamines can serve as binding-partners for other galectins, there 

appeared to be a marked therapeutic specificity of 4-F-GlcNAc for Gal-1 ligand abrogation.  Indeed, if 

Gal-9 ligands were disrupted due to 4-F-GlcNAc treatment, there may have been an immune 

neutralizing response or antagonism of the anti-tumor immune boost conferred by interference of Gal-1 

ligand synthesis.  That is, since Gal-9 has been shown to enhance anti-tumor immunity via TIM-3 

engagement (53), disrupting the Gal-9 �– Gal-9 ligand axis could have paradoxically promoted tumor 

growth. 

  Using a sensitive and specific analytical method to measure 4-F-GlcNAc in plasma, we found 

that the parent, fully-acetylated 4-F-GlcNAc compound was quickly deacetylated, which was entirely 

consistent with a very high clearance of the parent drug from systemic circulation in vivo.  As described 

for other acylated sugars (54), metabolism of parent compound is presumably the result of ubiquitous 

esterases.  Collectively, these findings suggest that metabolites of fully-acetylated 4-F-GlcNAc are 

responsible for 4-F-GlcNAc�’s activity in vivo.  Efforts have been initiated to identify the major bioactive 

metabolites in plasma.    

In summary, data show that the spatial orientation of Gal-1 in human melanomas is illustrative 

of an immune �“shield�” that surrounds and protects putative melanoma-initiating cells from effector anti-

tumor T cells, highlighting Gal-1�’s potentially critical role in the tumorigenicity and/or progression of 

melanomas in patients.  Furthermore, targeting the Gal-1 ligand arm of the Gal-1 �– Gal-1 ligand axis 
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can boost anti-tumor immunity and suppress tumor growth, representing a new potentially effective 

mode of cancer treatment.    
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Figure Legends 

Figure 1.  Analysis of the spatial distribution of Gal-1 expression in melanomas.  Primary human 

melanomas (A-I) (n=3) and murine B16 melanomas (L) (n=3) were immunostained for Gal-1 (A-I and 

L, red), CD31 (C, green), ABCB5 (A and B, green) and CD3 (D-I and L, green) and counterstained 

with DAPI (A-H and L, blue).  Arrows in (A) and (B) indicate that ABCB5+ tumors cells were encased in 

Gal-1 deposits and/or Gal-1-overexpressing tumor cells that frequently formed curvilinear arrays (bars 

in (A) =100µm and in (B) =50µm).  In (C), arrows indicate that Gal-1 was not uniformly co-localized on 

cells expressing vascular marker, CD31 (bar =200µm). Dashed lines in (D), (E) and (F) demarcate 

spatial evidence of Gal-1 expression/deposits restricting CD3+ T cell infiltration (bars in (D) =100µm and 

in (E) and (F) =200µm).  Arrows in (G), (H) and (L) indicate that Gal-1 was reactive to CD3+ T cell 

membranes (bars in (G) and (H) = 25µm and in (L) = 100µm).  Arrow in (I) indicates that TUNEL+ cells 

(blue) were associated with Gal-1-reactive CD3+ T cells.  In (J) and (K), immunohistochemical and 

immunoblot analysis of Gal-1 was performed on sorted human ABCB5+ or - G3361 melanoma cells. 

(bars =100µm).  Experiments were repeated 3-times.    

Figure 2.  Interfering with the Gal-1 �– Gal-1 ligand axis alters B16 melanoma progression in 

immunocompetent mice.  Gal-1 from B16 Gal-1hi and B16 Gal-1KD cells was quantified by Western 

blotting (A).  Tumor growth in mice inoculated with B16 melanoma (n=15) was assayed.  Statistically 

significant differences compared with wt tumor, *p<0.01 and **p<0.001 (B).  Tumor growth (mean±S.D) 

was assayed in Rag2-/-/Jak3-/- immunodeficient mice (n=15) inoculated with B16 Gal-1hi or B16 Gal-1KD 

cells (C).  Cells from tumor-draining LNs were analyzed for IFN- , IL-10 and IL-17 expression by flow 

cytometry.  Representative plots and statistical analysis from 3 independent experiments are displayed 

in (D) and (E), respectively. Statistically significant differences compared with B16 Gal1hi tumors; 

*p<0.01, **p<0.001 (E).  CD43-/- mice (F) or Gal-1-/- mice (G) were injected subcutaneously with wt or 

B16 Gal-1hi tumor cells, and tumor growth was assessed every other day.  Statistically significant 

difference compared with wt tumor cells grown in CD43-/- mice (**p<0.001) or in Gal-1-/- mice 

(***p<0.0001).  Data represent mean ± SD of 3 independent experiments. 
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Figure 3.  Gal-1 ligands on activated T cells and Gal-1-mediated apoptosis are inhibited by 4-F-

GlcNAc treatment.  (A) Immunofluorescence of CD3 (red) and Gal-1 ligands (green) was performed 

on LNs draining DNFB-sensitized skin.  Representative microphotographs taken at 4X (upper and 

middle panels) and 10x (lower panel) are shown (Inset = 40x) (bars =100µm).  (B) DNFB-abdominal 

skin sensitization as in (A) was performed in mice treated with 100mg/kg 4-F-GlcNAc or glucosamine 

control.  Cells from DNFB-draining LNs were stained with anti-CD4, anti-CD69 and Gal-1hFc and 

analyzed by flow cytometry.  (C) Naïve Th cells were activated ex vivo for 48h in the presence or 

absence 15µM 4-F-GlcNAc.  Gal-1hFc staining in the presence or absence of lactose was then 

performed and cells analyzed by flow cytometry. (D) Activated T cells as prepared (C) were incubated 

with 2.5µM Gal-1hFc for 24h, and cell death was evaluated by Annexin V staining and PI uptake.  (E) 

Graphical representation of data from 3 different experiments is shown as mean± SD Annexin V+ 

staining/PI+ uptake.  Statistically significance difference compared with untreated cells, **p<0.001 and 

***p<0.0001.  To control for Gal-1hFc-binding, 50mM lactose was added to culture medium or buffers. 

Figure 4.  4-F-GlcNAc diminishes Gal-1 ligands on T and NK cells and limits the growth of 

nascent and established B16 melanomas.  (A) Tumor growth was assayed in mice inoculated with 

B16 melanoma cells and treated every other day with 100mg/kg 4-F-GlcNAc or glucosamine control 

starting from day 1 or from day 9 (n=15/group).  Statistically significant difference compared with no 

treatment, **p<0.001.  Data represent the mean ± SD of 3 independent experiments. (B) Photographs 

of 3 representative tumors harvested on day 17 from wt, CD43-/- or Gal-1-/- mice treated or untreated 

with 4-F-GlcNAc (Left Panel).  N.D. - tumors were not detected.  Tumor size was calculated (mean ± 

SD) on day 17 from wt, CD43-/- or Gal-1-/- mice treated or untreated with 4-F-GlcNAc (n=15/group) 

(Right Panel).  Statistically significant difference compared with no treatment, *p<0.01 and **p<0.001.  

(C) Immunofluorescence of Gal-1 ligands (green) and CD3 (red) and counterstaining with DAPI (blue) 

was performed on B16 melanomas from control- or 4-F-GlcNAc-treated mice.  Representative 

microphotographs from 4 experiments are shown (bars =200µm).  (D) On day 17, cells from tumor-

draining LN of 4-F-GlcNAc or control-treated mice were stained with anti-CD4, anti-CD8, anti-NK1.1 

and Gal-1hFc (with or without lactose) and analyzed by flow cytometry.   
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Figure 5.  4-F-GlcNAc enhances specific anti-B16 melanoma responses.  (A) Wt, CD43-/- or Gal-1-/- 

mice inoculated with B16 melanoma cells (n=15/group) were treated every other day with 100mg/kg 4-

F-GlcNAc or glucosamine control starting on day 1.  CD8+/CD19- gated cells from tumor-draining LNs 

blocked with anti-CD16 mAb were analyzed by flow cytometry for TRP-2 pentamer binding.  (B) Data 

are represented graphically from 3 different experiments.  Bars represent mean ± SD TRP-2 binding.  

Statistically significant difference compared with control untreated group, *p<0.01. (C) Memory CTLs 

from 4-F-GlcNAc-treated or control-treated mice bearing B16 melanomas were co-cultured with CFSE-

labeled B16 melanoma cells.  After 6h, cultured cells were stained with 7-AAD, and cell viability of 

CFSE+ cells was analyzed by flow cytometry.   

Figure 6.  4-F-GlcNAc elevates IFN-γ + and IL-17+ T cell levels and decreases IL-10+ T cells.  Wt, 

CD43-/- or Gal-1-/- mice inoculated with B16 melanoma cells (n=15/group) were treated every other day 

with 100mg/kg 4-F-GlcNAc or glucosamine control starting on day 1.  CD4+ and CD8+ T cells from 

tumor-draining LN were analyzed for IFN- , IL-4, IL-10 and IL-17 expression by flow cytometry.  

Representative dot plots for CD4/IFN-  (A), CD8/IFN-  (B), CD4/IL-10 (C), CD4/IL-4 (D) and CD4/IL-17 

(E) are shown. (F) Graphical representation of data from 3 different experiments.  Bars represent mean 

± SD of % Double Positive Cells.  Statistically significant difference compared with control untreated 

group, *p<0.01. 

Figure 7.  4-F-GlcNAc diminishes Gal-1 ligands on T and NK cells and limits EL-4 lymphoma 

growth.  (A) Expression of Gal-1 and loading control, ß-actin, on B16 and EL-4 tumors was compared 

by Western blot analysis. (B) Tumor growth was assayed in mice inoculated with EL-4 tumor cells and 

treated every other day with 100mg/kg 4-F-GlcNAc or glucosamine control for 15 days (n=5/group). 

Statistically significant difference compared with control treatment in wt mice, **p<0.001.  Data 

represent mean ± SD of 3 independent experiments. (C) Photographs of 3 representative tumors from 

wt or Gal-1-/- mice treated or untreated with 4-F-GlcNAc (Left Panel). Tumor size (mean ± SD) on day 

15 from wt or Gal-1-/- mice treated or untreated with 4-F-GlcNAc (n=6/group) is graphically represented 

(Right Panel).  Statistically significant difference compared with control treatment, **p<0.001.  (D) Cells 

from tumor draining LNs from wt or Gal-1-/- mice treated or untreated with 4-F-GlcNAc were stained with 
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anti-CD4, anti-CD8, anti-NK1.1 and Gal-1hFc (+/- lactose) and analyzed by flow cytometry.  (E) Cells 

from tumor-draining LN cells were analyzed for IFN- , IL-4 and IL-10 expression by flow cytometry.  

Representative dot plots are shown.  
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