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ABSTRACT
Treatment with an agonist anti-OX40 antibody (aOX40) boosts anti-tumor immunity by providing costi-
mulation and driving effector T cell responses. However, tumor-induced immune suppression contributes 
significantly to poor response rates to aOX40 therapy, thus combining aOX40 with other agents that 
relieve tumor-mediated immune suppression may significantly improve outcomes. Once such target is 
galectin-3 (Gal-3), which drives tumor-induced immunosuppression by increasing macrophage infiltration 
and M2 polarization, restricting TCR signaling, and inducing T cell apoptosis. A wide-variety of tumors also 
upregulate Gal-3, which is associated with poor prognosis. Tumor-bearing (MCA-205 sarcoma, 4T1 
mammary carcinoma, TRAMP-C1 prostate adenocarcinoma) mice were treated with a Gal-3 inhibitor 
(belapectin; GR-MD-02), aOX40, or combination therapy and the extent of tumor growth was determined. 
The phenotype and function of tumor-infiltrating lymphocytes was determined by flow cytometry, 
multiplex cytokine assay, and multiplex immunohistochemistry. Gal-3 inhibition synergized with aOX40 
to promote tumor regression and increase survival. Specifically, aOX40/belapectin therapy significantly 
improved survival of tumor-bearing mice through a CD8+ T cell-dependent mechanism. Combination 
aOX40/belapectin therapy enhanced CD8+ T cell density within the tumor and reduced the frequency and 
proliferation of regulatory Foxp3+CD4+ T cells. Further, aOX40/belapectin therapy significantly reduced 
monocytic MDSC (M-MDSCs) and MHC-IIhi macrophage populations, both of which displayed reduced 
arginase 1 and increased iNOS. Combination aOX40/belapectin therapy alleviated M-MDSC-specific func-
tional suppression compared to M-MDSCs isolated from untreated tumors. Our data suggests that Gal-3 
inhibition plus aOX40 therapy reduces M-MDSC-meditated immune suppression thereby increasing CD8+ 

T cell recruitment leading to increased tumor regression and survival.
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Background

Cancer immunotherapy is now considered the “fifth pillar” 
of cancer therapy alongside surgery, radiation, chemother-
apy, and targeted therapy1. One of the most effective types 
of cancer immunotherapy is immune checkpoint blockade 
with anti-PD-1 or anti-CTLA-4 monoclonal antibodies 
(mAb), which alleviate immune suppression. Another 
immunotherapy approach is boosting anti-tumor immu-
nity by providing T cell costimulation with agonist mAbs 
directed against members of the Tumor Necrosis Factor 
Receptor (TNFR) family, such as OX40 (CD134), 4–1BB 
(CD137), and CD27. For example, in pre-clinical and 
clinical studies, agonist anti-OX40 mAb (aOX40) treat-
ment augments effector T cell responses capable of sup-
porting anti-tumor immunity.2–5 Despite the success of 
cancer immunotherapy,6 one issue limiting response rates 
is tumor-induced immunosuppression. How to overcome 
this immunosuppression in order to unleash more potent 
anti-tumor immunity is a central, unresolved issue in 
cancer immunotherapy. Here, we test the hypothesis that 
inhibition of the immunosuppressive molecule galectin-3 

(Gal-3), will synergize with agonist aOX40 therapy to 
promote tumor regression, increase response rates to 
immunotherapy, and improve overall survival.

T cell costimulation with OX40-specific agonists induces 
robust T cell activation and anti-tumor immunity. 
Specifically, aOX40 therapy promotes a differentiated T cell 
effector state characterized by increased cytolytic function 
(IFN-γ, granzyme B), cytokine release (IL-2), and 
survival.3–5,7-9 Further, aOX40 treatment can reverse anergy 
in tumor-reactive CD8+ T cells.2,10,11 Altogether, as demon-
strated by pre-clinical work, aOX40-induced CD8+ T cell activ-
ity facilitates tumor regression. The first-in-human phase 
I clinical trial with an agonist anti-human OX40 mAb 
(NCT01644968), similarly led to increased proliferation of 
CD4+ and CD8+ T cells, and 12 of 30 patients (40%) experi-
enced regression of at least one metastatic lesion. Importantly, 
only mild to moderate side effects were reported.12 Currently, 
research on improving the response to aOX40 therapy is 
focused on combining OX40 agonists with other therapeutic 
modalities that alleviate immune suppression, such as check-
point inhibition (e.g. aOX40/aCTLA-4).10,13,14
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One mediator of tumor-induced immunosuppression that 
can be targeted pharmacologically is Gal-3,15–18 a molecule that 
is upregulated in a wide variety of tumors and is associated 
with both poor prognosis and reduced response to 
immunotherapy.19–22 In fact, tumors that are low or deficient 
in Gal-3 are more likely to respond to checkpoint blockade,21 

thus making Gal-3 blockade an attractive target for combina-
tion with T cell-targeting immunotherapies. Gal-3 is a lectin 
family member with a C-terminal carbohydrate-binding 
domain that recognizes distinct N-glycan moieties found on 
glycoproteins. In addition to this carbohydrate-binding 
domain, Gal-3 has a non-lectin N-terminal domain, which is 
unique to Gal-3 among the galectin family and allows Gal-3 to 
oligomerize into pentamers. Gal-3 pentamers can bind multi-
ple glycans, forming complexes that crosslink a number of 
glycosylated ligands to form a dynamic lattice 
structure.15,16,23 The Gal-3 lattice structures can dysregulate 
T cell activation, thus promoting immunosuppression. For 
example, a Gal-3 lattice binds multiple T-cell receptor (TCR) 
glycoproteins, restricting their mobility and ability to cluster, 
thus reducing antigen sensitivity and T cell activation.16,24 

Further, Gal-3 can bind glycosylated cytokines, which hinders 
cytokine diffusion within the tumor microenvironment (TME) 
and can result in reduced CD8+ T cell recruitment to the 
tumor.25 Finally, Gal-3 can polarize macrophages toward an 
M2 (pro-tumor) phenotype via sustained activation of PI3K 
downstream of CD98 binding,26 and preliminary evidence 
suggests that Gal-3 recruits myeloid cells to the tumor site, 
thereby increasing myeloid-derived suppressor cells (MDSC) 
within tumors.27,28

Herein, we tested the hypothesis that Gal-3 inhibition plus 
aOX40 therapy would synergize to promote tumor regression 
and increase survival via a reduction in tumor-induced 
immune suppression. We tested this hypothesis using a novel 
Gal-3 inhibitor, belapectin, which is generated from naturally 
occurring carbohydrate polymers. Belapectin prevents Gal-3 
from binding glycans and thus prevents lattice formation and 
subsequent immunosuppression.29 belapectin appears safe and 
well tolerated and is therefore well positioned for use in com-
bination with immunotherapies.30 Our data demonstrates that 
Gal-3 inhibition in conjunction with aOX40 therapy signifi-
cantly reduced tumor progression compared to either therapy 
alone. This efficacy occurred through a reduction in MDSC 
infiltration and suppression and a concomitant increase in 
T cell effector function. Overall, these data indicate that bela-
pectin plus aOX40 is a novel immunotherapy combination 
capable of reducing tumor-induced immunosuppression to 
augment anti-tumor immunity in preclinical models.

Methods

Mice and cell lines

Wild-type C57BL/6 and BALB/c mice were purchased from 
Jackson Labs (Bar Harbor, ME). Experimental procedures were 
performed following the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals and under the 
supervision of the Institutional Animal Care and Use 
Committee at Providence Cancer Institute. MCA-205 

(sarcoma), TRAMP-C1 (prostate adenocarcinoma), and 4T1 
(mammary carcinoma) cells were grown to confluence in 
RPMI 1640 (Lonza, Walkersville, MD) supplemented with 
10% fetal bovine serum (FBS), 1 M HEPES, 100 mM sodium 
pyruvate, non-essential amino acids, and penicillin/streptomy-
cin/glutamine (ThermoFisher).

In vitro experiments
For Gal-3 expression/secretion, 1.5 × 105 cells of each tumor 

line were seeded into a 24-well flat bottom plate. After 
24 hours, supernatants were removed, centrifuged, and used 
in a Gal-3 ELISA, as per manufacturer’s instructions (Ray 
Biotech). To monitor cell growth and apoptosis, each tumor 
cell line was seeded at 5 × 103 cells per well of a 96-well plate. 
After 24 hours, cells were treated with either 0.2 mg/ml (light 
blue) or 2 mg/ml (purple) belapectin, then monitored for 
48 hours for confluence and apoptosis using Incucyte 
Caspase-3/7 green dye (Sartorius), following manufacturer’s 
instructions. Cells were monitored for 60-hours post- 
treatment.

In vivo tumor growth and antibody/inhibitor treatment
1.5x106 MCA-205 (flank), 1.0 × 106 TRAMP-C1 (flank), or 

5 × 104 4T1 (mammary fat pad) tumor cells were implanted 
subcutaneously into wild-type mice. Tumor growth (area) was 
assessed every 2–3 days with micro-calipers and mice were 
sacrificed when tumors exceeded 150 mm2. Tumor-bearing 
mice were treated (ip) with rat IgG (250 µg; Sigma Aldrich) 
or anti-OX40 mAb (250 µg; clone OX86) (days 4, 8) with and 
without belapectin (2.4 mg/dose; 3x/week for 2 weeks). For 
tumor harvest, tumor-bearing mice were treated with IgG or 
anti-OX40 (days 10, 14) with or without belapectin (days 10, 
12, 14, 16). Tumor-infiltrating lymphocytes (TIL) were har-
vested by cutting tumors into small fragments followed by 
digestion in 1 mg/ml collagenase and 20 mg/ml DNase 
(Sigma Aldrich) in RPMI 1640 for 45 min at room tempera-
ture. TIL were filtered through 70 µm nylon mesh, then stained 
for analysis by flow cytometry. For CD8+ T cell depletion 
studies, anti-CD8 antibody (10 mg/kg; 2x/week; clone 53–6.7; 
Bio-X-Cell) was administered. For CD4+ T cell depletion stu-
dies, anti-CD4 antibody (10 mg/kg; 1x/week; clone GK1.5; Bio- 
X-Cell) was administered, tumor area was measured every 
2–3 days as indicated above.

Lymphocyte isolation and analysis

Peripheral lymph nodes and spleens were harvested and pro-
cessed to obtain single-cell suspensions. ACK lysing buffer 
(Lonza) was added for 2 min at RT to lyse red blood cells. 
Cells were then rinsed with complete RPMI (cRPMI) 1640 
medium supplemented with 10% FBS, 1 M HEPES, 100 mM 
sodium pyruvate, non-essential amino acids, and penicillin/ 
streptomycin/glutamine (ThermoFisher). To obtain peripheral 
blood lymphocytes, peripheral blood was collected from mice 
via the submandibular vein into tubes containing 50 μl heparin. 
Cells were resuspended in 1 ml of flow cytometry buffer (0.5% 
FBS, 0.02% NaN3 in PBS) and 700 μl of lymphocyte separation 
media (Lonza) was underlain prior to centrifugation. 
Lymphocytes were collected from the interface, washed, and 
analyzed by flow cytometry. To measure cytokine production, 
lymphocytes were incubated in 96-well plates previously 
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coated with aCD3/aCD28 mAbs (2 and 5 µg/ml, respectfully) 
in 10% cRPMI and 1.0 μl/ml GolgiPlug solution (BD 
Biosciences) for 4 h at 37°C. After washing, cells were stained 
and analyzed by flow cytometry.

Flow cytometry

Cells were stained for 30 min at 4°C with: FoxP3 (MF23) PE- 
CF594, Ki-67 (B56) FITC, Ly6G (1A8) FITC (BD Biosciences, 
San Jose, CA), CD4 (RM4-5) BV650, CD8 (53–6.7) BV785, 
CD11b (M1/70) BV785, CD11c (M418) FITC, CD19 (6D5) 
FITC, CD45 (30-F11) BV421, CD45 (30-F11) BV570, CD206 
(C068C2) PE, F4/80 (BM8) BV510, IL-10 (JES5-16E3) APC, 
IL-4 (11B11) BV421, Lag-3 (C9B7W) PerCP-Cy5.5, LAG-3 
(C9B7W) APC, Ly6C (HK1.4) BV510, Ly6C (HK1.4) PerCP- 
Cy5.5, NKp46 (29A1.4) APC, PD-1 (29 F.1A12) PE-Cy7, PD- 
L1 (10 F.92 G) BV711 (BioLegend, San Diego, CA), CD8 
(53–6.7) APC, CD11b (M1/70) FITC, CD11b (M1/70) PE, 
CD45 (30-F11) APC, Fixable Viability Dye eFluor 780, 
Granzyme A (GzA-3G8.5) APC, IFN-γ (XMG1.2) PE, MHC- 
II (M5/144.15.2) FITC, TNF-α (TN3-19) PE-Cy7 
(ThermoFisher), CD3 (17A2) APC, CD19 (6D5) APC, 
FoxP3 (FJK16a) eF450, iNOS (CXNFT) PE-Cy7, MHC-II 
(M5/114.15.2) eF450, NKp46 (29A1.4) FITC 
(ThermoFisher), Arg1 (Cat: IC5868A) APC, and TIM-3 
(215008) PE (R&D, Minneapolis, MN). For intracellular 
stains, cells were fixed and permeabilized using the FoxP3 
Staining Buffer kit (ThermoFisher). For experiments that 
required the sorting of CD11b+Ly6C+, CD4+, or CD8+ 

T cells, TILs were filtered through 70 μm nylon mesh followed 
by a CD45+ positive selection using a CD45 (TIL) Microbeads 
kit (Miltenyi Biotec) and an autoMACS Pro Separator 
(Miltenyi Biotec). Where indicated, cells were sorted on 
a FACSAria II Cell Sorter (BD Biosciences) into 1.7 ml 
tubes containing 400 μl cRPMI. To analyze the suppression 
assay, CFSE MFI was measured on a Fortessa SORP (BD 
Biosciences) or LSRII flow cytometer. All analysis was done 
with FACSDiva (BD Biosciences) and FlowJo software (BD 
Biosciences).

Cytokine bead array

Supernatant was collected from sorted CD4+ and CD8+ T-cells 
cultured in the presence of aCD3/aCD28 (2 and 5 μg/ml, 
respectively) coated 24-well plate for 24 hours for a CBA 
using a ProcartaPlex Mouse Cytokine/Chemokine Panel 1A 
36-Plex kit (EPX360-26012-901; Invitrogen). Data was 
acquired on a Luminex 200 (R&D Systems).

Suppression assay

CD11b+Ly6C+ cells were sorted from tumors by flow cytome-
try and then cocultured with 5 × 104 CFSE-labeled naïve CD8+ 

T cells isolated from the spleens of wild-type mice (Dynabeads 
Untouched Mouse CD8 T Cells Negative Isolation Kit; 
ThermoFisher) plus 2 × 105 accessory cells (CD3− splenocytes) 
in a 96-well round bottom plate coated with aCD3/aCD28 (2 
and 5 μg/mL, respectively). Cells were incubated at 37°C for 

72 hours and then the extent of CFSE dilution was determined 
by flow cytometry.

CFSE labeling

Purified CD8+ T-cells were resuspended at 5–10 × 106 cells/mL 
in 0.1% BSA (Fisher Bioreagents) and labeled with 1 μl CFSE 
(C34554; Invitrogen), immediately followed by vortexing to 
ensure even CFSE labeling on all cells. The suspension was 
incubated at 37°C for 10 min, then 10x the volume of cold 
cRPMI was added. Cells were resuspended at a concentration 
of 1.0 × 106 cells/mL in 10% cRPMI prior to coculturing with 
MDSCs.

Multiplex immunohistochemistry

Tumor tissue sections (5 μm) were cut from zinc-fixed, paraf-
fin-embedded blocks. These sections were left to dry overnight 
in the oven at 37°C on saline-coated Superfrost Plus micro-
scope slides (Fisher Scientific) or until completely dry. Anti- 
iNOS and anti-Arg1 mAbs were optimized using murine 
iNOS−/- or Arg1−/- brain or liver tissue as negative controls, 
respectively. iNOS−/- tissue specimens were kindly provided by 
Dr. Carol Colton (Duke) and Arg1−/- tissue by Dr. Gerry 
Lipshutz (UCLA). Single-plex chromogenic and TSA-Opal 
immunofluorescence stains were performed on serial sections 
for optimizing each biomarker in the panel. Before performing 
mIHC, the sections were deparaffinized in xylene, rehydrated 
through gradient ethanols, and diH2O. Tissue sections were 
rinsed in 1X TBS before heat-induced epitope retrieval (HIER) 
using Rodent Decloaker (BioCare Medical) in the microwave 
oven for 15 min. Rodent Decloaker was refilled every 5 min. 
Sections were washed with diH2O and 1 X TBS, then the 
sections were circled with PAP pen before incubation with 3% 
H2O2. After the sections were blocked with antibody diluent/ 
block (PerkinElmer), the first biomarker anti-F4/80 (1:1000, 
BM8, eBioscience) was stained. The second biomarker anti- 
iNOS (1:400, rabbit polyclonal, Abcam) was stained after anti-
body stripping was performed using citrate buffer pH 6.0 in the 
microwave oven. Tris-EDTA pH9.0 was used for stripping 
antibodies and further retrieving the epitopes at the same 
time. Then the following biomarkers were stained: anti-Arg1 
(1:64,000, Rabbit Polyclonal, Genetex), anti-CD8 (1:400, 
4SM15; eBioscience), anti-CD11b (1:20,000, EPR1344; 
Abcam), and anti-CD3 (1:100, SP7, SpringBio). Antibody 
stripping was performed using citrate buffer pH6.0 in the 
microwave oven before staining the next biomarker except 
CD8. 3% H2O2 at RT was used instead for this biomarker. 
MACH2 Rb HRP-Polymer (RHRP520H), MACH2 M HRP- 
Polymer (MHRP520H), or rat anti-mouse HRP-Polymer was 
chosen as a secondary antibody in terms of the species of the 
primary antibody. Opal 620 (1:200), Opal 650 (1:400), Opal 690 
(1:400), Opal 570 (1:200), Opal540 (1:400), and Opal520 
(1:200) (all from PerkinElmer) were used for detection. 
Counterstaining was done with DAPI (1 drop of DAPI solution 
into 0.5 ml of TBST, PerkinElmer) for 5 min at RT. After 
a quick wash with 1X TBST, the slides were mounted with 
Prolong Diamond Antifade Mountant (p36970, 
ThermoFisher). Slides were scanned with a Vectra 
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Automated Quantitative Pathology Imaging System and 
images were acquired with Inform Advanced Image Analysis 
Software (Akoya Biosciences).

Clonogenic analysis of 4T1 metastasis

For clonogenic analysis of spontaneous metastasis in 4T1 
tumor-bearing mice, lungs were dissected into 2 mm fragments 
followed by agitation in 1 mg/mL collagenase (Invitrogen), 
100 µg/mL hyaluronidase (Sigma, St Louis, MO), and 20 mg/ 
mL DNase (Sigma) in 1X PBS for 1 hr at RT. Lung digests were 
filtered through 100 µm nylon mesh and then serial dilutions of 
cells were seeded into 6-well tissue culture plates in media 
containing 60 µM 6-thioguanine to select for cancer cells over 
stromal cells and colonies were counted after 7 days.31 The 
serial dilution and the colony count were used to calculate the 
number of clonogenic cancer cells in the original organ.32

Statistical analysis

Statistical significance was determined by unpaired Student 
t-test (for comparison between two groups), one-way 
ANOVA for (comparison among three or more groups), or 
Kaplan-Meier survival (for tumor survival studies) using 
GraphPad Prism software (GraphPad, San Diego, CA); 
a p-value of <0.05 was considered significant.

Results

Combined aOX40/belapectin therapy improves survival 
and reduces metastases

For these experiments we selected 4T1 (mammary carcinoma), 
TRAMP-C1 (prostate adenocarcinoma), and MCA-205 (sar-
coma) tumors, of which TRAMP-C1 and MCA-205 express 
Gal-3 on the surface and all lines secrete Gal-3 at various levels 
(Fig. S1). Initially, we tested whether treatment with the Gal-3 
inhibitor belapectin in vitro affected tumor cell proliferation or 
apoptosis. There was some decrease in proliferation and 
a minimal increase in apoptosis of 4T1 and MCA-205 cells in 
the presence of belapectin, but no impact was observed on 
TRAMP-C1 cell (Fig. S2). To test the effects in vivo, we 
implanted 4T1, TRAMP-C1, or MCA-205 tumors into wild- 
type mice followed by treatment with control Ab (rat IgG), 
aOX40, belapectin, or aOX40/belapectin (Figure 1a). All mice 
had palpable tumors (>4 mm2) at the start of treatment. 
Following treatment, we observed a significant reduction in 
tumor growth and corresponding increase in survival only in 
response to combined aOX40/belapectin treatment compared 
to monotherapies across all three tumor types (Figure 1(b-e), 
Fig. S4), suggesting any direct action of belapectin on tumor 
cells observed in vitro (Fig. S2) did not translate to an in vivo 
effect. We confirmed that combination therapy generated dur-
able long-term memory as 100% tumor-free mice were pro-
tected from subsequent tumor re-challenge. Belapectin also 
enhanced the efficacy of checkpoint blockade (aPD-L1) immu-
notherapy (Fig. S4). Next, we asked whether adaptive immune 
responses were responsible for the efficacy of combination 
therapy by depleting either CD4+ or CD8+ T cells from mice 

prior to the initiation of aOX40/belapectin therapy. CD8+ 

T cell depletion completely abrogated the effects of aOX40/ 
belapectin therapy, as survival was reduced to that of IgG 
controls (figure 1f), while CD4+ T cell depletion did not alter 
survival rates from those observed in immune-competent mice 
(figure 1f).

Because Gal-3 influences cancer cell adherence, migration, 
and metastases,22,23,33 in addition to its direct influence on 
anti-tumor immune responses, we asked whether aOX40/bela-
pectin therapy reduced the incidence of spontaneous lung 
metastases that develop in 4T1 tumor-bearing mice. We 
observed a marked reduction in lung metastases following 
aOX40/belapectin therapy, including an increased percentage 
of mice with no detectable lung metastases (22%) compared to 
those treated with monotherapies alone (Figure 1g). Together, 
these data suggest aOX40/belapectin therapy significantly 
improve anti-tumor immunity in a CD8+ T cell-dependent 
manner, while also reducing tumor cell metastases, leading to 
increased tumor-free survival.

Combination aOX40/belapectin therapy increases 
CD8+ T cell density in the tumor

Given that the therapeutic efficacy of aOX40/belapectin was 
CD8+ T cell-dependent (figure 1f), we examined the pheno-
type of tumor-infiltrating lymphocytes (TIL) in MCA-205 
tumor-bearing mice. We found no significant changes in 
the percent of CD8+, CD4+ T effector (Foxp3−, Teff), or 
CD4+ T regulatory (Foxp3+, Treg) cells across treatment 
groups (Figure 2a), although there was an upward trend in 
CD8+ and CD4+ Teff and a concomitant downward trend in 
Tregs following aOX40 treatment, similar to previous 
observations.3 Similarly, proliferating (Ki-67+) and granzyme- 
producing CD8+ T cells trended up after aOX40 treatment 
but did not reach significance (Figure 2a). However, both 
CD4+ Teff and Treg in the tumor had significantly decreased 
proliferation (Ki-67) following aOX40/belapectin therapy 
(Figure 2a). We assessed the functional potential of the TILs 
by examining cytokine production. While there was no 
change in Th2 cytokine secretion (IL-4, IL-5, IL-6, IL-13) 
across treatment groups, there was a trend toward increased 
Th1 cytokine secretion (IL-2, TNF-α) after combination ther-
apy compared to controls (Fig. S5A). There was also signifi-
cantly increased IFN-γ secretion in the CD8+ T cell 
compartment, which was primarily driven by aOX40 therapy 
(Fig. S5B).

While the frequency of CD8+ T cells within the tumor was 
not changed significantly across treatment groups (Figure 2a), 
the density (# cells/mm2 tumor) of CD8+ T cells within the 
tumor was significantly increased following combination ther-
apy as compared to controls, confirmed by flow cytometry 
(Figure 2b) and multiplex immunohistochemistry (mIHC) 
(Fig. S6). Similarly, CD4+ Teff and Treg cells were present at 
a higher density after treatment with aOX40 (Figure 2b, middle 
and right panels, respectively). We also asked whether combi-
nation therapy changed the ratio of effector CD8+ or CD4+ 

T cells to CD4+ Treg, but found no significant differences in 
these ratios, though there was a trend toward increased ratios 
in the combination therapy cohort (Figure 2c).
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Because aOX40/belapectin combination therapy increased 
CD8+ T cell density within the tumor (Figure 2b), we asked 
whether combination therapy affected T cell priming in the 
lymph node (LN). Within the LN, the frequency of CD8+ 

T cells and CD4+ Teff cells remained the same across all 
treatments (Figure 2d); however, we did observe an increased 
frequency of CD4+ Treg cells (Figure 2d), which was driven 
primarily by aOX40 immunotherapy. CD8+ T cells, CD4+ Teff, 
and CD4+ Treg populations all exhibited significantly 
increased proliferation (Ki-67), also due primarily to OX40- 
mediated co-stimulation (Figure 2d). As expected, aOX40 ther-
apy increased granzyme B expression in CD8+ T cells and this 
increase was not enhanced by belapectin (Figure 2d). However, 
aOX40/belapectin therapy significantly increased CD8+ T cell 
proliferation in the LN over vehicle and belapectin-only 

controls (Figure 2d), which may reflect increased priming in 
the LN and may provide some rationale for the increased CD8+ 

T cell density found in the tumor.

aOX40/belapectin therapy decreases M-MDSCs in the 
tumor

To understand further the mechanism driving increased 
survival following aOX40/belapectin treatment, we exam-
ined other cell types likely to be influenced by Gal-3 inhibi-
tion, primarily myeloid cells and MDSCs. Myeloid cells 
within the TME are a heterogeneous population of 
cells that includes monocytic MDSCs (M-MDSC; 
CD11b+Ly6ChiLy6Glo), polymorphonuclear MDSCs (PMN- 
MDSC; CD11b+Ly6CintLy6Ghi), and tumor-associated 

Figure 1. Combined aOX40/belapectin therapy improves survival and reduces metastases. A) Schematic of experimental protocol. 4T1 mammary carcinoma cells were 
implanted orthotopically (mammary fat pad) in female BALB/c mice, while MCA-205 (sarcoma) or TRAMP-C1 (prostate) tumor cells were implanted subcutaneously in 
female or male C57BL/6 mice, respectively. Mice were treated with IgG or aOX40 (days 4, 8) with and without belapectin (days 4, 6, 8, 11, 13, 15). B) 4T1 tumor growth 
was determined across the four treatment groups. C-E) Survival of mice implanted with C) 4T1, D) TRAMP-C1, or E) MCA-205 tumors that were monitored biweekly and 
euthanized when tumor area reached >150 mm2 (n = 7–14/cohort). *P < .05, **P < .01, ***P < .001; ***P < .0001; Log-Rank test. F) Survival of MCA-205 tumor-bearing 
mice treated with aOX40/belapectin therapy (as in A) along with CD4+ or CD8+ T cell depletion. G) Spontaneous lung metastases from 4T1 tumor-bearing mice were 
determined by clonogenic assay. Graph depicts data from n = 3 independent experiments, *P < .05, **P < .01, ****P < .0001; 1-way ANOVA.
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macrophages (TAMs; CD11b+Ly6CloLy6GloF4/80+). TAMs 
can be further divided into MHC-IIhi or MHC-IIlo cells 
(Figure 3a). Each of these cell types can utilize varying 
mechanisms to suppress T cells including arginine deple-
tion (arginase 1; Arg1), nitric oxide (NO) secretion (iNOS), 
and/or PD-1 engagement (PD-L1). For example, MHC-IIlo 

TAMs have been reported to exhibit increased Arg1 expres-
sion and are therefore categorized as M2-like alternatively 
polarized macrophages.34 We noted that aOX40/belapectin 
therapy resulted in an influx of CD11b+ cells into the 
tumor (Figure 3b) and therefore investigated phenotypic 
changes in M-MDSCs and/or other myeloid cell popula-
tions within the tumor. Anti-OX40/belapectin treatment 
reduced the frequency of M-MDSCs and MHC-IIhi 

TAMs and increased the percent of MHC-IIlo TAMs in 

comparison to aOX40 monotherapy (Figure 3c). We also 
examined the potential suppressive function of these cell 
types based upon the expression of Arg1, iNOS, and PD-L1 
(Figure 3d). Interestingly, M-MDSCs had increased iNOS 
and decreased PD-L1 expression following combination 
therapy compared to monotherapy controls (Figure 3e). 
Thus, tumors treated with aOX40/belapectin therapy had 
a reduced percentage of M-MDSCs, and the remaining cells 
exhibited a less suppressive phenotype.

Several significant differences were also observed in the 
phenotype of TAMs within the TME as both MHC-IIhi 

and MHC-IIlo subsets had increased expression of iNOS 
following combination therapy (Figure 3e). Interestingly, 
MHC-IIlo TAMs isolated from aOX40/belapectin -treated 
tumors also expressed significantly less Arg1, a commonly 

Figure 2. Combination aOX40/belapectin therapy increases CD8+ T cell density in the tumor. MCA-205 tumor-bearing mice were treated with IgG, aOX40 (days 10, 14), 
and/or belapectin (days 10, 12, 14, 16). Tumors were harvested on day 17 for analysis by flow cytometry, data presented as (A) percent of parent population and (B) 
density (cells/mm2 tumor tissue). C) Ratio of Teff/Treg and CD8+/Treg densities. D) Flow cytometry data collected from lymph nodes collected the same day (day 17) as 
tumor harvest. Teff/Treg were identified by CD4+, FoxP3− or FoxP3+, respectively. Data from 2 independent experiments, n = 4/cohort; boxes depict median (line), 95% 
CI (box), and minimum/maximum values (whiskers); *P < .05, **P < .01, ***P < .001; 1-way ANOVA.
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reported M2 marker, in comparison to belapectin mono-
therapy (Figure 3e). We confirmed these results by mIHC, 
where aOX40-treated tumors exhibited increased Arg1 co- 
staining with CD11b and F4/80, and conversely, combina-
tion therapy treated tumors exhibited increased iNOS co- 
staining with CD11b and F4/80 and a reduced ratio of 
Arg1:iNOS as compared to controls (Fig. S7). Together, 
these data indicate that aOX40/belapectin therapy modu-
lates the composition of myeloid cell types within the 
tumor and significantly increases iNOS expression in 
M-MDSCs and TAMs, while reducing the extent of sup-
pressive proteins such as Arg1 and PD-L1.

Combined aOX40/belapectin therapy reduces 
M-MDSC functional suppression within the TME
Anti-OX40/belapectin therapy induced an increased number 
of CD8+ T cells when normalized to tumor size (Figure 2) and 
decreased percentage in M-MDSCs (Figure 3) in comparison 
to aOX40. We did not observe a difference in the density of 
M-MDSCs across treatments (Figure 4a), likely due to the 
increased total number of CD11b+ cells in the tumor due to 
aOX40 (Figure 3b). However, the ratio of CD8+ T cell: 
M-MDSCs, which, importantly, takes into account the number 
of immune cells compared to the size of the tumor, was 
increased 2.5-fold in tumors (Figure 4b). Thus, we found that 

Figure 3. Combined aOX40/belapectin therapy decreases M-MDSCs within the tumor. MCA-205 tumor-bearing mice were treated as in Fig. 2. Tumors were harvested on 
day 17 for analysis by flow cytometry. A) Gating strategy to identify M-MDSC, PMN-MDSC, and TAMs. B-C) The total number of B) CD11b+ cells and C) The frequency of 
M-MDSC, PNM-MDSC, and TAM/MHC-IIhi, TAM/MHC-IIlo of total CD11b+ cells across treatment types. D) Representative histogram depicting Arg1, iNOS, and PD-L1 
expression in M-MDSC (green, open) and PMN-MDSC (purple, open) compared to CD11b− cells (gray, filled). E) The MFI of Arg1, iNOS, and PD-L1 expression for each 
subset is shown. Data are representative of 1 of 2 independent experiments; mean ± SD; *P < .05, **P < .01; 1-way ANOVA.
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combination therapy enhanced the ratio of CD8+ T cells to two 
suppressive cell populations, CD4+ Treg (Figure 2d) and 
M-MDSCs (Figure 4b) on a per tumor-size basis.

Combined aOX40/belapectin treatment was associated 
with increased CD8+ T cell infiltration within the tumor 
(Figure 2) and with changes in the M-MDSC compartment 
suggesting reduced suppressive function (Figure 3). 
However, the presence of suppressive markers alone is not 
sufficient evidence of their suppressive activity.35 Therefore, 
to test the hypothesis that the suppressor function of 
M-MDSCs is reduced due to aOX40/belapectin, we exam-
ined the ability of M-MDSCs isolated from aOX40/belapec-
tin-treated tumors to functionally suppress CD8+ T cell 
proliferation. CFSE-labeled naïve CD8+ T cells were co- 
cultured with M-MDSCs isolated from tumors and the 
extent of CFSE dilution was determined after 72 hrs. 
Indeed, M-MDSCs isolated from aOX40/belapectin-treated 
mice exhibited reduced suppressive function as compared 
to M-MDSCs from either monotherapy-treated cohort 
(Figure 4c). To quantify this phenotype, we calculated the 
proliferation index (PI), which is based upon the number of 
total divisions of dividing cells. Comparison across treat-
ment groups revealed a significantly increased PI within the 
aOX40/belapectin-treated cohort as compared to controls 
(Figure 4d). Together with the altered M-MDSC phenotype 
(Figure 3), these functional data demonstrate that aOX40/ 
belapectin treatment alleviates M-MDSC-mediated T cell 
suppression.

Discussion

Although cancer immunotherapy can generate potent anti- 
tumor immunity against a variety of malignancies, several 
barriers limit its therapeutic efficacy in the majority of patients. 
For example, tumor-induced immunosuppression via tumor- 
intrinsic (e.g., increased expression of Gal-3, PD-L1, TGF-β, 
IL-10, anti-apoptotic molecules, etc.) or extrinsic (e.g., induc-
tion/recruitment of Treg, MDSCs, etc.) mechanisms often hin-
ders the generation of curative responses. In the current study, 
we tested the hypothesis that inhibiting Gal-3 with belapectin 
would alleviate immune suppression within the TME, thereby 
boosting the efficacy of aOX40 immunotherapy. Indeed, using 
three different tumor models, we demonstrated that aOX40/ 
belapectin therapy markedly increased tumor-free survival 
compared to controls (Figure 1(c-e) in a CD8+ T cell- 
dependent manner (figure 1f). Further studies revealed that 
combination therapy reduced the frequency and suppressive 
capacity of M-MDSCs within the TME (Figures 3C and Figures 
4c, respectfully), which was associated with an increased den-
sity of CD8+ T cells within the tumor (Figure 2b and Fig. S6). 
Taken together, these data demonstrate that aOX40/belapectin 
therapy alters the suppressive TME through a reduction in 
MDSC infiltration and suppressive function with 
a concomitant increase in IFN-γ-producing effector CD8+ 

T cells (Fig. S5B).
Gal-3 is highly expressed in numerous tumor types includ-

ing melanoma, head and neck squamous cell carcinoma 
(HNSCC), non-small cell lung cancer (NSCLC), breast, 

Figure 4. aOX40/belapectin therapy reduces the suppressive function of M-MDSC within the TME. MCA-205 tumor-bearing mice were treated as in Figure. 2 and tumors 
harvested on day 17. A) Density of M-MDSC per tumor across treatment groups. B) Ratio of CD8+ T cells to M-MDSCs across treatment groups. Graphs depict the mean ± 
SD. C) M-MDSCs (CD11b+Ly6C+) were sorted from tumors and co-cultured (1:1) with CFSE-loaded naïve CD8+ T cells isolated from spleens of wild-type mice and 
stimulated on aCD3-coated plates for 72 hrs. Representative histograms of CD8+ T cell CFSE staining are shown. D) Graphs represent % Proliferation Index (PI) (Total # 
cell divisions/# cells divided) of CD8+ T cells co-cultured with M-MDSCs divided by PI of T cells alone. Data depicts the mean ± SD of 2 independent experiments *P < .05 
(1-way ANOVA).
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cervical, and colorectal cancer among others.16,20,36 Increased 
Gal-3 expression correlates with metastasis and is a negative 
prognostic indicator.36–40 Gal-3 is also widely expressed and 
secreted by numerous cell types present within the TME 
including macrophages, fibroblasts, and activated T cells them-
selves and can exert immune suppression through increased 
M2 macrophage polarization and impaired T cell receptor 
signaling in the TME.15,26,41,42 Thus, Gal-3 is under investiga-
tion as a therapeutic target to inhibit cancer,43 and preclinical 
studies have demonstrated the ability of Gal-3 inhibitors to 
impact tumor growth and/or reduce metastasis. For example, 
GCS-100, a modified citrus pectin carbohydrate that binds Gal- 
3, limited metastasis of murine melanoma and rat prostate 
cancer cells, likely through inhibiting or interfering with cell- 
cell interactions driving metastasis through Gal-3.24,44–47 

Further, GCS-100 was shown to inhibit directly myeloma cell 
growth and induce apoptosis in vitro.44 In our study, combina-
tion aOX40/belapectin therapy significantly reduced the inci-
dence of spontaneous lung metastases in 4T1 tumor-bearing 
mice (Figure 1g). Although we did not observe any impact of 
belapectin monotherapy on tumor growth in vivo, our in vitro 
analyses revealed that belapectin monotherapy slightly 
increased apoptosis of 4T1 and MCA-205 tumor cells. We 
also detected the greatest benefit of aOX40/belapectin combi-
nation therapy in 4T1 and MCA-205 tumor-bearing mice. 
Tumor cells undergoing apoptosis are known to upregulate 
CD40L and release damage-associated molecular patterns 
(DAMPs) that can promote antigen presenting cell costimula-
tion and activation, respectively.48 Thus, our observation that 
aOX40/belapectin therapy boosted T cell priming in the LN 
(Figure 2d) may reflect increased tumor cell death, which 
subsequently may contribute to increased priming in vivo.

Recent work demonstrated that treatment with the small 
molecule Gal-3 inhibitor, GB1107, reduced the growth of 
human lung A549 adenocarcinoma xenografts and LLC1 
tumors in vivo.38 In addition, Gal-3 inhibition was associated 
with decreased expression of M2-polarized macrophages and 
increased CD8+ T cell infiltration in the tumor. Notably, the 
effects of GB1107 monotherapy were limited to early treatment 
(1 day post-tumor implant); when dosing was delayed until day 
6 post-implantation, monotherapy had no impact on tumor 
burden, unless treatment was combined with PD-1 blockade. 
In the current study, we observed a similar lack of monotherapy 
efficacy as belapectin treatment alone had little to no impact on 
tumor growth and metastasis (Figure 1). However, in combina-
tion with aOX40 therapy, we observed a significant reduction in 
tumor burden and concomitant increase in survival in mice 
across multiple tumor models including TRAMP-C1, 4T1, and 
MCA-205 (Figure 1). Further analysis revealed that aOX40/ 
belapectin therapy altered the TME through a reduction in the 
frequency and suppressive function of M-MDSCs (Figure 4c) 
along with a subsequent increase in cytotoxic CD8+ T cell 
infiltration (Figure 2b and Fig. S6). Recent work also showed 
that Gal-3 blockade restored IFN-γ production by CD8+ T cells 
in vitro,24,49 supporting the hypothesis that Gal-3 functionally 
impairs TCR signaling.41,42 Whether aOX40/belapectin therapy 
alters TCR signaling is currently under investigation, but we 
believe this is unlikely to be the major mechanism of action 
because related metrics of CD8+ T cell function, including 

granzyme B expression and IFN-γ production, are relatively 
similar between the aOX40 monotherapy and aOX40/belapectin 
cohorts (Figure 2a, Figure 2d and Fig. S5B). In contrast, we 
observed a robust decrease in total M-MDSCs (Figure 3c) and 
their expression of Arg1 and PD-L1, in conjunction with 
increased iNOS (Figure 3c). Along with the significant increase 
in MHC-IIhi TAMs (Figure 3c), we believe this reflects repolar-
ization of the TME to favor tumor rejection. One potential 
mechanism that may facilitate TAM reprogramming is through 
altered cytokine distribution within the TME. For example, 
recent work suggested that Gal-3 hinders the ability of IFN-γ 
to diffuse through the tumor matrix, thereby minimizing 
CXCL9 secretion by tumors cells in response. The overall effect 
led to the reduction of CD8+ T cells trafficking to the tumor.25

The presence of MDSCs in the tumor predicts reduced overall 
survival and poor disease-free survival across multiple tumor 
types.50 MDSCs encompass a heterogeneous population of imma-
ture myeloid cells that suppress both innate and adaptive immu-
nity through inhibiting T cell proliferation and decreasing 
cytokine secretion. While MDSCs can be identified phenotypi-
cally, due to their heterogeneous nature the ‘gold standard’ to 
identify MDSCs is to demonstrate their suppressive capabilities.35 

We found that aOX40/belapectin combination therapy not only 
reduced the suppressive capacity of MDSCs, but also reduced the 
overall percent of MDSCs suggesting that combination therapy 
prevents their generation and/or migration. Gal-3 has been 
reported as a chemoattractant for myeloid cells,28,51 thus inhibit-
ing Gal-3 with belapectin may prevent myeloid cell migration to 
the tumor. Macrophages also impede CD8+ T cells from entering 
the tumor,52 so a reduction in myeloid cells due to Gal-3 inhibi-
tion could result in increased CD8+ T cell infiltration, which we 
also observed as a result of combination therapy. This could start 
a feed-forward loop, whereby the cytokine milieu, now dominated 
by activated CD8+ T cells and Th1 cytokines in the tumor, 
determines the fate of myeloid cells,53 which take on a more M1- 
like, anti-tumor phenotype.

In summary, our data highlights the therapeutic potential of 
Gal-3 inhibition in conjunction with aOX40 immunotherapy 
to inhibit metastasis and reprogram the TME to favor M1 
macrophage polarization and the generation of potent effector 
CD8+ T cells responses. Notably, belapectin appeared safe and 
well-tolerated in previous clinical studies and is currently being 
evaluated in a phase I trial in combination with checkpoint 
blockade at our institution (NCT02575404). Thus, we believe 
that these results support the evaluation of aOX40/belapectin 
combination therapy in future clinical trials.
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