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Abstract

The combination of anti-VEGF blockade (bevacizumab) with immune checkpoint anti-CTLA-4
blockade (ipilimumab) in a phase | study showed tumor endothelial activation and immune cell
infiltration that were associated with favorable clinical outcomes in patients with metastatic
melanoma. To identify potential immune targets responsible for these observations, post-treatment
plasma from long-term responding patients were used to screen human protein arrays. We reported
that ipilimumab plus bevacizumab therapy elicited humoral immune responses to galectin-1
(Gal-1) which exhibits pro-tumor, pro-angiogenesis, and immunosuppressive activities in 37.2% of
treated patients. Gal-1 antibodies purified from post-treatment plasma suppressed the binding of
Gal-1 to CD45, a T-cell surface receptor that transduces apoptotic signals upon binding to
extracellular Gal-1. Antibody responses to Gal-1 were found more frequently in the group of
patients with therapeutic responses and correlated with improved overall survival. In contrast,
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another subgroup of treated patients had increased circulating Gal-1 protein instead, and they had
reduced overall survival. Our findings suggest that humoral immunity to Gal-1 may contribute to
the efficacy of anti-VEGF and anti-CTLA-4 combination therapy. Gal-1 may offer an additional
therapeutic target linking anti-angiogenesis and immune checkpoint blockade.

Immune therapy; melanoma; galectin-1; antibody responses to galectin-1; Anti-VEGF

Introduction

CTLA-4 ligation on activated T cells down regulates T-cell responses, acting as a brake to T-
cell activation (1). Clinical studies have shown that ipilimumab, a fully human monoclonal
antibody (mADb) that blocks CTLA-4 activity, improves overall survival in patients with
metastatic melanoma (2,3). Emerging evidence has suggested potential synergies between
anti-angiogenesis agents and immune checkpoint blockade (4-10). In a phase | trial of
ipilimumab plus bevacizumab (Ipi-Bev) in patients with metastatic melanoma (11), the
response rate was approximately 20%, and the disease control rate was 67.4% in 46 treated
patients. Treatment was associated with enhanced intratumoral endothelial activation,
infiltration of lymphocytes, particularly CD8* T cells. Most patients controlled their disease
and a subset experienced long-term survival. The mechanisms responsible for the effects of
this combination therapy warrant additional investigation.

CTLA-4 is important for suppression of B-cell responses and antibody production by
regulating T follicular helper (TFH) cells, T follicular regulatory (TFR) cells, and T
regulatory cells (Tregs) (12,13). Consistent with this, we have reported that Ipi-Bev elicited
humoral immune responses in melanoma patients (11,14,15). One current goal in cancer
immunotherapy is to better understand the importance of immune responses to specific
targets for both cellular and humoral immunity. One method to do this is to analyze
serologic responses in patients experiencing clinical benefits from treatment. Previous
findings demonstrated that anti—-CLTA-4 blockade increased 1gG that is specific for certain
targets in melanoma patients (10,16,17). To develop IgG responses to specific antigen, class
switching is coordinated by cellular responses from helper CD4* T cells. Targets that have
been identified in such serologic screens also had functional activity (10,16,17). Based on
these findings, we hypothesized that humoral immune responses may detect key targets
involved in maintaining long-term clinical benefits in patients treated with immune
checkpoint blockade. To test this hypothesis, we screened human protein arrays with plasma
from patients responding to Ipi-Bev treatment and identified robust humoral immune
responses to galectin-1, -3, and -9 (11).

Galectin-1 (Gal-1; LGALS1) is significantly upregulated and secreted in many tumors (18).
High levels of Gal-1 are associated with tumor aggressiveness, metastasis, and poor survival
for many cancers (18-22). Extracellular Gal-1 promotes tumor growth and progression by
facilitating tumor cell proliferation, invasion/metastasis, angiogenesis, and immune escape
(18,19,23-27). Depletion of Gal-1 in melanoma cells impeded tumor growth and improved
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survival in murine models (28), highlighting its potential significance for melanoma. Given
Gal-1’s protumoral, proangiogenic, and immunosuppressive roles, we sought to further
characterize humoral immune reaction to Gal-1 in melanoma patients receiving Ipi-Bev, Ipi
alone, and PD-1 blockade in the current study. Humoral immune responses to angiogenic
and immune regulatory factors such as Gal-1 provide an avenue to better understand the
importance of these responses in -relation to outcomes and potential functional significance.

Materials and Methods

Patients

Patients with metastatic melanoma enrolled in the phase I Ipi-Bev trial (NCT00790010) and
treated with ipilimumab alone or with PD-1 blockade (nivolumab; pembrolizumab) have
been described previously (11,15). Informed consent was obtained from all the patients
involved in this study after the nature and possible consequences of the studies were
explained.

Collection of patient plasma

Blood samples were collected from patients at Dana-Farber/Harvard Cancer Center (Boston,
MA\) through Institutional Review Board (IRB) approved protocols. Blood samples were
collected in Vacutainer tubes containing heparin. They were diluted with equal volume of
RPMI1640 and subjected to Ficoll density gradient separation of PBMCs. The supernatant
above the PBMC layer was collected and used as plasma. Aliquots of the plasma samples
were stored at < -20 °C.

Detection of Gal-1 antibody in patient plasma samples

ProtoArray Human Protein Microarray V5 (Life Technologies, Grand Island, NY) was used
to screen antibodies in the posttreatment plasma samples from three long-term responders to
Ipi-Bev to identify potential reactive antigens as guided by the manufacturer (11). Briefly,
protein arrays were blocked in synthetic blocking solution (Life Technologies) for 1 hour
and then incubated with plasma samples diluted in the blocking solution (1:500) overnight at
4°C. The arrays were washed and detected with Alexa Fluor® 647 goat anti-human IgG
(Life Technologies). The arrays were scanned and image data were acquired using a Gene
Pix scanner. Image data were analyzed using the ProtoArray® Prospector data analysis
software (Life Technologies). Potential antibody targets were identified using Z factor cutoff
of 0.4 as recommended by the manufacturer. Gal-1 was identified as a potential target by this
screening (11). The presence of Gal-1 antibodies in the plasma samples was further
confirmed by immunoblot analysis and ELISA using recombinant human Gal-1 (R&D
Systems, Minneapolis, MN). Immunoblot analyses of Gal-1 antibodies with plasma samples
have been previously described (11). Gal-1 antibodies in plasma were quantitatively
assessed with recombinant human Gal-1 and a His tag with 8 His residues using the ELISA
protocol previously described (15). Plasma samples were diluted 1:500 to 1:2,000 fold.

Affinity purification of Gal-1 antibodies from patient plasma

Recombinant human Gal-1 (6 ug) was coupled to activated NHS (N-hydroxysuccinimide)
magnetic beads (40 ul) per the manufacturer (Thermo Scientific, Waltham, MA). Plasma
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samples (400 ul) were diluted with PBS (800 pl) and incubated with Gal-1-coupled beads
with rotation at 4°C overnight. The beads were isolated with a magnet and washed with PBS
five times. Antibodies bound to the beads were eluted with 0.1 M glycine (pH 2.5) and
neutralized with 1/10 volume of 1 M Tris-Cl (pH 9.0). The antibodies were concentrated
using an Amicon Ultra filter and stored in PBS supplemented with 0.02% BSA at 4°C. IgG
content was determined by ELISA against normal human 1gG (Life Technologies).

Preparation of biotinylated His-Avi-SUMO tagged Gal-1

The Expresso® Biotin Cloning & Expression System (Lucigen, Middleton, WI) was used to
produce biotinylated Gal-1 with His, Avi, and SUMO tags at the N-terminus (HAS-Gal-1).
Primer design and PCR amplification to incorporate His, Avi, and SUMO tags into Gal-1
cDNA were performed according to the instructions provided by the manufacturer. The
Gal-1 cDNA was amplified from total RNA isolated from HUVEC using the following
primers: 5"-CGCGAACAGATTGGAGGTgcttgtggtctggtegecagcaac-3” (sense) and 5”-
GTGGCGGCCGCTCTATTAGtcaaaggccacacatttgatctt-3” (antisense). The resultant PCR
fragment was mixed with pAviTag N-His Vector and used to transform BIOTIN XCell F’
Chemically Competent Cells (Lucigen). The insertion of HAS-Gal-1 sequence was
confirmed by DNA sequencing. For HAS-Gal-1 expression, instructions provided by the
manufacturer (Lucigen) were followed. Briefly, a single colony was inoculated in LB with
kanamycin (30 pg/ml) and 0.5% glucose overnight. Bacterial culture was diluted with LB
(1:100) and incubated with shaking until OD600 reached 0.8. Rhamnose, arabinose, and
biotin were added to the culture at final concentrations of 0.2%, 0.01%, and 50 uM
respectively and incubated overnight with shaking to induce the expression of biotinylated
HAS-Gal-1. Cells were collected and suspended in PBS and subjected to sonication. The
lysate was supplemented with 1% Triton X-100 and 500 mM NaCl and incubated for 1 hour
with shaking on ice, followed by centrifugation at 10,000 rpm for 10 min. HAS-Gal-1 in the
supernatant was purified using HisPur Ni-NTA resin (Thermo Scientific) following the
instructions. HAS-Gal-1 was eluted in PBS plus 250 mM Imidazole and dialyzed against
PBS. The sample was supplemented with 8 mM DTT and stored in aliquots at —20 °C.
Protein identity and biotinylation was confirmed by immunoblot analysis and ELISA using
Gal-1 antibody (R&D Systems, Minneapolis, MN) and streptavidin-HRP respectively.

Binding of Gal-1 to CD45

Recombinant human CD45 (R&D Systems) was coated onto 96-well plates (25 ng/well) at
4°C overnight. The coated wells were blocked with 2% BSA in PBS for 1 hour at RT. HAS-
Gal-1(0.1 or 0.5 ug/ml) in TBST plus 0.1% BSA was added to each well coated with CD45
and incubated for 1 hour at RT. The plates were washed with PBST and incubated with
streptavidin-HRP diluted in PBST with 1% BSA for 1 hour at RT. The plates were
thoroughly washed with PBST. Substrate TBM (Sigma, St Louis, MO) was added and
incubated for an appropriate period of time. The reaction was stopped with 1 N HCI. OD450
and OD570 were read in a microplate reader. In some experiments, HAS-Gal-1 was
incubated with equal amounts of a commercial anti-Gal-1 antibody (R&D Systems), control
antibody (R&D Systems), Gal-1 antibodies purified from patient plasma, or normal human
IgG (Life Technologies) for 2 hours at 4 °C before addition to the coated CD45.
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Measurement of circulating Gal-1

Gal-1 concentrations in pretreatment and posttreatment (5-10 weeks after treatment
initiation) plasma samples from Ipi-Bev-treated patients were determined using the
previously described ELISA method(29). Gal-1 in plasma samples from ipilimumab-treated
patients was measured using Magnetic Luminex Screening Assay Kits (R&D Systems) per
manufacturer’s instructions.

Immunohistochemistry for Gal-1

Pretreatment and posttreatment (approximately 12 weeks after initiation of therapy) tumor
tissues were collected, fixed in 10% neutral buffered formalin, dehydrated, and embedded in
paraffin. Five-micrometer thick sections were cut, deparaffinized, rehydrated, and heated in
a steamer for 30 minutes for antigen retrieval in citrate buffer pH 6.0 (Invitrogen, Carlsbad,
CA). After cooling, sections were incubated with peroxidase blocker (DAKO, Carpinteria,
CA) for 5 min and serum-free protein blocker (DAKO) for 20 minutes. Slides were then
incubated at RT for one hour with primary monoclonal antibody against Gal-1(30) diluted
(1:15,000) in Da Vinci green diluent (Biocare Medical, Concord, CA). For the secondary
antibody, Envision anti-mouse HRP-labeled polymer (DAKQ) was applied to the sections
and stained for 30 min. The slides were visualized with diaminobenzidine (DAKO), washed
in distilled water, hematoxylin counterstained, dehydrated, and mounted. Positive and
negative controls were included in each panel of staining for all markers. Immunoreactivity
for Gal-1 was detected in tumor cells and endothelial cells of small blood vessels. All slides
were evaluated and scored semiquantitatively by a pathologist (X.L.) blinded to clinical data.
The intensity (0, negative; 1, weak; 2, moderate; 3, intense) and the percentage of staining
(0-100%) were assessed. H-Scores were based on the results of staining intensity multiplied
by staining percentage. The scores of tumor cells and endothelial cells were recorded
separately and added to obtain a final score, except when the positive staining in both tumor
cells and immune cells made them difficult to distinguish. All scoring was performed twice.
Samples were also reviewed by a second pathologist (S.R.) blinded to the initial review.

Statistical analysis

Two analytic techniques were used to investigate the relationship between the fold change of
Gal-1 antibodies and survival. The first technique employed an 18-week conditional
landmark analysis, which corresponded to the maximum number of weeks between samples.
Patients who were alive at 18 weeks were classified according to whether or not they
achieved a meaningful fold change and followed forward in time. This reduced the sample
size from 43 to 42 patients. The second technique was based on the extended Cox model
with time-dependent covariates. All patients were initially classified as not having a
meaningful fold change for Gal-1 antibodies in circulation. At the time the fold change
(post/pre ratio) increased to at least 1.5, a division that divides the distribution of fold change
values into the lower 2/3 and upper 1/3, the patient was classified as having achieved a
meaningful change. With this approach, differences in the hazard of death for patients who
achieved a meaningful change, compared with those who had not yet or never did, were
estimated. This analysis used the full sample size of 43 patients. To investigate if an increase
in Gal-1 antibody in the circulation was associated with clinical response, 27 patients who
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were assessed for antibody changes on or before the date that response was first recorded
were analyzed. The median time between pre- and post-antibody assessments was 8 weeks
(range: 4 to 14 weeks). Clinical responses were determined using RECIST criteria and
dichotomized into complete responses/partial responses (CR/PR) or stable disease/
progressive disease (SD/PD). In the dataset, 7 patients had CR/PR and 20 patients had
SD/PD. The relationship between response and antibody change and the comparisons of
antibody responses to Gal-1 between Ipi-Bev, ipilimumab, and PD-1 blockade treatments
were assessed using Fisher’s exact test. P values are two-sided. The association of fold
change of circulating Gal-1 with survival was assessed based on fold change of 1.2. This
division point was determined by the method of Contal-O’Quigley(31) and also corresponds
to a division of the distribution of fold change values into the lower 2/3 and upper 1/3. The
differences in binding of Gal-1 to CD45 were evaluated using an unpaired, two-tailed ftest.
P < 0.05 was considered statistically significant for all comparisons.

Ipilimumab plus bevacizumab elicited humoral immune responses to Gal-1

To identify potential targets of humoral immune responses, posttreatment plasma samples
from three responding patients (P12, P13, and P27; Supplementary Table S1) of Ipi-Bev-
and one pembrolizumab-treated patient (P152) were used to screen protein arrays. Proteins
with a Z-factor of 0.4 or greater were considered potential targets, per manufacturer’s
guidance. Gal-1 was identified in protein array screens with plasma of P12 (the Ipi-Bev
patient who achieved complete response) and P152 (durable partial response) having Z-
factors of 0.49 and 0.71, respectively (Supplementary Fig. S1). To confirm Ipi-Bev-induced
antibody responses, Gal-1 antibodies in the pretreatment and posttreatment plasma samples
of five patients with varying outcomes [complete response (CR), partial response (PR),
stable disease (SD) or progressive disease (PD)] were first assessed by immunoblot analysis
and ELISA. Gal-1 antibody increases were detected in four patients by both immunoblot
analysis (Fig. 1A) and ELISA (Fig. 1B).

To further investigate the potential importance of Gal-1 immune responses, Gal-1 antibodies
in pretreatment and posttreatment plasma samples from 43 Ipi-Bev-treated patients were
assessed by ELISA. Sample collection and fold changes for Gal-1 antibodies are
summarized in Table S2. Median follow-up time (based on the inverted Kaplan-Meier
censor) was 204 weeks (95% CI: 131 to 225 weeks) and there were 29 deaths (67%)
reported. An increase in Gal-1 antibody titer by 50% (i.e. fold change = 1.5) was considered
significant and used as the cut-off point. This division point corresponds to a division of the
distribution of fold change values into the lower 2/3 and upper 1/3. Based on this pre-
determined cut-off, 16 (37.2%) of the patients displayed increases in Gal-1 antibody titers as
a function of treatment (Fig. 1C).

Given the initial success with CTLA-4 mAb-based treatments in patients and the now broad
application of anti—-PD-1 therapies for multiple cancers, a logical next question of
investigation is to ask whether the immune regulation seen with anti—-CTLA-4 may also be
relevant to anti—-PD-1. PD-1 is a clinically active immune check point known to be involved
in regulation of cellular, as well as humoral, immune response. CTLA-4 and PD-1 have both
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similar and different effects on the development and effector functions of TFH cells and
TFR cells (12,13,32,33). Therefore, it is reasonable to ask whether humoral immune targets
identified with CTLA-4 blockade would also have relevance in anti—-PD-1 therapy. To
address whether ipilimumab monotherapy and PD-1 blockade also enhanced antibody
responses to Gal-1, Gal-1 antibodies were measured in pretreatment and posttreatment
plasma samples collected from 35 ipilimumab-treated and 31 PD-1 blockade-treated patients
with metastatic melanoma. These patients were on different trials and not combined with
anti-VEGF, whereas a small part of the PD-1 blockade-treated patients received prior
ipilimumab treatment. Six (17.1%) of the ipilimumab-treated and one (3.2%) of the PD-1
blockade-treated patients displayed an increase in Gal-1 antibody concentration by 50% or
more respectively (Fig. 1D; Supplementary Fig. S2A and B). These findings suggest that
Gal-1 antibody responses may occur less frequently in patients receiving ipilimumab or
PD-1 blockade than the Ipi-Bev combination therapy.

Humoral responses to Gal-1 associated with favorable clinical outcomes to Ipi-Bev therapy

We next examined if enhanced humoral immune responses to Gal-1 were associated with
clinical outcomes to Ipi-Bev therapy. Among the 16 patients with increased antibody titers to
Gal-1 as a function of treatment, 5 (31.3%) had CR/PR, 8 (50.0%) had SD, and 3 (18.8%)
experienced PD (Fig. 2A and B). An increase in antibody response to Gal-1 occurred in
62.5% (5 out of 8) of CR/PR patients, 36.4% (8 out of 22) of SD patients, and 23.1% (3 out
of 13) of PD patients (Fig. 2C and Table S3). Patients with Gal-1 antibody fold change = 1.5
appeared to have a higher clinical response rate than those with fold change < 1.5 (41.7 %
vs. 13.3%), although it did not reach statistical significance presumably due to small number
of patients who were assessed for antibody changes on or before the date that response was
first recorded (n = 27; Table S4). The median survival of the patients with Gal-1 antibody
fold change < 1.5 was 70 weeks (95% CI, 47-81 weeks), whereas that of patients with fold
change = 1.5 was undefined because > 50% of the patients were still alive at the time of the
analysis (Fig. 2D). Patients who achieved a Gal-1 antibody fold change of at least 1.5 had a
hazard of death that was reduced by 73% compared with patients who had not yet or never
achieved a fold change = 1.5 [Hazard ratio: (yes vs. no) 0.27 (95% Cl, 0.11-0.67); Wald P=
0.005]. These observations suggested that humoral immune responses to Gal-1 were
associated with clinical outcomes to Ipi-Bev therapy.

Longitudinal analysis of Gal-1 antibody responses

In order to better understand Gal-1 humoral immune responses following Ipi-Bev treatment,
time courses of Gal-1 antibody titers as a function of treatment were conducted in five
patients who experienced durable clinical benefit from therapy (P5, P6, P12, P13, and P26,
Table S1). All five patients displayed an increase in Gal-1 antibodies following initial
treatment of Ipi-Bev (Supplementary Fig. S3A-E). Somewhat varying dynamic patterns of
Gal-1 antibodies were observed later in the course of treatment: Gal-1 antibody
concentrations either declined slightly after initial increase and remained at that level
(Supplementary Fig. S3A and B) or the antibody titers waxed and waned over time
(Supplementary Fig. S3C-E).
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Circulating Gal-1 antibodies are functional in neutralizing Gal-1

Association

Given the development of high titer antibodies to Gal-1 in a number of treated patients
receiving long-term clinical benefit, we next determine if these Gal-1 antibodies were
functional and could block the biological activities of Gal-1. The binding of Gal-1 to CD45
on T cells has been reported to transduce apoptotic signals (19,34-37). Therefore, we
wanted to test if this binding could be blocked by circulating Gal-1 antibodies in patients.
Gal-1 protein was expressed in a fusion form (designated as HAS-Gal-1) with His, Avi, and
SUMO tags at its N-terminus in bacterial cells (Supplementary Fig. S4A and B). The Avi tag
contained the biotinylation consensus sequence and was biotinylated (Supplementary Fig.
S4C). Gal-1 antibodies were isolated from the posttreatment plasma sample collected from a
long-term SD patient (PBI-12, Table S1) who displayed a high titer antibody response to
Gal-1 (Supplementary Fig. S5A and B). Successful enrichment of Gal-1 antibodies was
confirmed by their depletion from the plasma sample and their recognition of Gal-1 and
HAS-Gal-1 (Supplementary Fig. S5C and D). In contrast to the enriched Gal-1 antibodies,
normal human IgG did not recognize Gal-1 or HAS-Gal-1 (Supplementary Fig. S5D). The
binding of HAS-Gal-1 to coated CD45 was demonstrated by ELISA (Fig. 3 and
Supplementary Fig. S6A). This binding was blocked by a commercial Gal-1-specific
polyclonal antibody, but not a control antibody (Fig. 3 and Supplementary Fig. S6A),
indicating that this binding was mediated via interaction between CD45 and the Gal-1
sequence, and not the tags of HAS-Gal-1. This binding was also blocked by p-lactose but
not sucrose (Fig. 3 and Supplementary Fig. S6B), confirming it is f-galactoside dependent.
The binding of HAS-Gal-1 to CD45 was significantly inhibited by the enriched Gal-1
antibodies from the treated patient, while normal human IgG had little effect (Fig. 3 and
Supplementary Fig. S6C). These findings indicate that Gal-1 antibodies induced by Ipi-Bev
therapy can functionally block galactoside-dependent Gal-1 binding.

of increased circulating Gal-1 with reduced overall survival

To further address if endogenous Gal-1 antibodies may be clinically relevant, we examined
Gal-1 expression in melanoma tumors and in the circulation before and after Ipi-Bev
treatment initiation. Gal-1 expression was analyzed in paired pretreatment and posttreatment
tumor biopsies of 8 patients receiving Ipi-Bev including 3 PR, 3 SD, and 2 PD (Table S5).
Gal-1 expression in melanoma cells and tumor associated endothelial cells (TEC) before
treatment varied from being undetectable to highly expressed (Fig. 4A—F, Supplementary
Fig. S7, and Table S5). Complex patterns of Gal-1 expression in response to Ipi-Bev were
observed: some of the patients displayed increased Gal-1 expression in the posttreatment
tumor cells and endothelia (Fig. 4A and B; Table S5) or in endothelia but not in tumor cells
(Fig. 4C and D; Table S5), whereas the others showed decreased Gal-1 expression in tumor
and endothelial cells (Fig. 4E and F; Table S5). An association between Gal-1 expression in
the tumors and clinical responses of these patients was not observed, presumably due to
small sample size.

Ipi-Bev also altered circulating Gal-1 concentrations (Fig. 4G) and was associated with
increased circulating Gal-1 in a subset of patients that included 1 (12.5%), 8 (36.4%), and 5
(38.5%) of CR/PR, SD, and PD patients, respectively, (Fig. 4H). Of note, this subgroup of
patients had limited (2 out of 14) overlap with those displayed increased Gal-1 antibody
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titers (Fig. 4H) and had significantly shortened overall survival [median survival: 13.9 (95%
Cl, 5-19) vs. 21.6 (95% ClI, 16 to @) months, A= 0.0118; Fig. 41]. Similar to Ipi-Bev
treated patients (Supplementary Fig. S8A), pretreatment Gal-1concentrations in the serum
were not associated with survival (Supplementary Fig. S8B), whereas circulating Gal-1
increases were associated with reduced survival in patients treated with ipilimumab alone
(Supplementary Fig. S9).

Discussion

Gal-1 is known to have protumoral, proangiogenic, and immunosuppressive activities in
preclinical studies (18). We show here that a subgroup of melanoma patients increased
circulating Gal-1 in response to Ipi-Bev and this increase was associated with reduced
survival, whereas a different subset of patients demonstrated enhanced antibody responses to
Gal-1 that correlated with better clinical outcomes. Our findings suggest that circulating
Gal-1 and circulating Gal-1 antibodies may be relevant to clinical benefit of Ipi-Bev therapy,
providing a possible biomarker for immune therapy, but also serving as a therapeutic target
alone or in combination with checkpoint blockade.

The extracellular functions of Gal-1 require the B-galactoside-dependent binding to
numerous ligands on the surface of tumor cells, tumor-associated endothelial cells, or
activated T cells(18,19). Specifically, binding of Gal-1 to T cells and induction of T-cell
apoptosis by Gal-1 are p-galactoside dependent and can be inhibited by lactose (14, 18, 30).
Our /n vitro studies demonstrated the neutralizing activity of patient-derived Gal-1
antibodies on pB-galactoside-dependent binding of Gal-1 to CD45. These findings suggest
that the humoral responses to Gal-1 arising from the combined Ipi-Bev treatment could be
providing functional blocking of the p-galactoside-dependent activities of Gal-1 and may
contribute to favorable antitumor effects of Ipi-Bev.

Gal-1 plays a key role in tumor immune evasion by inducing apoptosis of effector cytotoxic
T cells(19,26,34,37-41). Antitumor effector T cells express large amounts of Gal-1 ligands
that transmit proapoptotic signals and inhibit the production of antitumor cytokine IFNy
upon binding to Gal-1(19,34,35,38,40,42). Blocking tumor-derived Gal-1 with a neutralizing
antibody reduces tumor growth, enhances tumor rejection, and is accompanied by increases
in tumor-specific cytotoxic T lymphocytes and IFN-y production(25,27). It is plausible that
an increase in functional Gal-1 antibodies resulting from Ipi-Bev treatment could block
Gal-1-mediated T-cell apoptosis and thus enhance antitumor immunity. Increased infiltration
of CD8™ T cells has been observed in the posttreatment tumors of Ipi-Bev patients(11). A
functional antibody response to Gal-1 may contribute to this via multiple mechanisms,
including enhancement of survival of the activated lymphocytes in the tumor
microenvironment.

Gal-1 is known to stimulate tumor angiogenesis and promote metastasis(18,21,23,28,43,44).
Gal-1 is upregulated and secreted from tumors by anti-VEGF treatment as well as hypoxia,
and promotes VEGF-independent angiogenesis, thereby providing a compensatory
mechanism for the growth of tumors resistant to anti-VEGF therapy(27). Mice treated with a
neutralizing Gal-1 antibody exhibited decreased tumor angiogenesis and growth of anti-
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VEGF-resistant tumors(27). A functional antibody response to Gal-1 might prevent or
reduce Gal-1-mediated VEGF-independent angiogenesis in the settings of Ipi-Bev therapy.

Our analyses revealed dynamic changes of Gal-1 in the circulation of treated patients and
heterogeneous expression in tumors in response to Ipi-Bev therapy. Ipi-Bev induced an early
increase in circulating Gal-1 in a subgroup of patients with limited antibody responses to
Gal-1 and this early increase was associated with reduced overall survival. These
observations are in agreement with previously reported roles of Gal-1. A number of factors,
including cytokines (such as TNFa, IL1p, and IFN-y) and activation of endothelial cells,
have been reported to modulate Gal-1 expression(22,45). Significant proportions of Ipi-Bev-
treated patients have profound increases in circulating TNFa, IL1pB, and IFNy, and
prominent activation of endothelia in their tumors(11,14). Anti-VEGF treatment with
bevacizumab upregulates Gal-1 expression and secretion from tumors in animal models of
pancreatic cancer(27). This in itself may contribute to the immune recognition of Gal-1 via
the addition of bevacizumab to ipilimumab, resulting in a higher incidence of increased
antibody titers to Gal-1. In addition, significantly more patients treated with Ipi-Bev
developed the highest titers of antibodies to Gal-1, compared to patients treated with Ipi
alone. This suggests a mechanism of immune recognition involving the addition of
bevacizumab in the setting of immune checkpoint blockade that may relate to the recognized
functional relationships between Gal-1 and VEGF. It is also worthy to note that PD-1
blockade induced the least immunity to Gal-1. This suggests that anti-CLTA-4 and anti—
PD-1 may have distinct influences of humoral immunity, at least to Gal-1, which may be
attributed to different roles of CTLA-4 and PD-1 in the effector function of TFR cells and
antibody production (12,13,32,33).

In summary, our findings demonstrated that increases in circulating Gal-1 were associated
with poor clinical outcomes, whereas immune checkpoint treatment-related antibody
responses to Gal-1 were functional and correlated with favorable clinical outcomes. These
findings provide useful mechanistic insights into the antitumor and potential synergistic
effects of combining immune checkpoint blockade with anti-angiogenesis agents, and
further establish Gal-1 as a therapeutic target.
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Figure 1.
Ipilimumab plus bevacizumab (Ipi-Bev) elicited antibody responses to Gal-1 in patients with

metastatic melanoma. A and B, Detection of Gal-1 antibodies in pretreatment and
posttreatment plasma samples of representative patients by immunoblot analyses (A) and
ELISA (B). Clinical responses of the patients are also indicated (CR, complete response;
PR, partial response; SD, stable disease; and PD, progressive disease). C, Gal-1 antibody
titers in the pretreatment and posttreatment plasma samples of 43 Ipi-Bev-treated patients
measured by ELISA. Patients were grouped by Gal-1 antibody fold change = 1.5 or < 1.5.
The numbers of patients in each group are indicated. D, Proportions of patients treated with
Ipi-Bev (n=43), ipilimumab (s = 35), and PD-1 blockade (/7= 31) with Gal-1 antibody fold
change = 1.5. Statistically significant differences are noted between treatment groups with
Ipi-Bev patients having the greatest incidence of Gal-1 antibody fold change > 1.5 (P=
0.044 to ipilimumab alone; £=0.0005 to PD-1 blockade).
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Figure2.
Antibody responses to Gal-1 correlate with clinical outcomes in metastatic melanoma

patients treated with Ipi-Bev. A, Patients were plotted based on their Gal-1 antibody fold
changes. Each bar represents a patient and the color of the bar indicates clinical response of
the patient (CR, complete response; PR, partial response; SD, stable disease; and PD,
progressive disease). There were 8 CR/PR (1 CR and 7 PR), 22 SD, and 13 PD patients.
Gal-1 antibody titer was considered as increased when fold change = 1.5. B, Composition of
the 16 patients with a Gal-1 antibody increase. Numbers (and %) of CR/PR, SD and PD
patients with Gal-1 antibody fold changes = 1.5 are shown. C, Frequencies of Gal-1
antibody increase by clinical responses. D, Kaplan-Meier survival curves of patients based
on Gal-1 antibody fold change = 1.5 or < 1.5 (= 0.0031). The median survival of the
patients with Gal-1 antibody fold change < 1.5 was 70 weeks (95% ClI, 47-81), whereas that
of patients with fold change = 1.5 was unreached.
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Figure 3.
Anti-Gal-1 antibodies isolated from an Ipi-Bev-treated patient abrogate Gal-1 binding to

CD45. Anti-Gal-1 antibodies were affinity purified from plasma. Biotinylated HAS-Gal-1
(250 ng/ml) was incubated with a commercial anti-Gal-1 polyclonal antibody (Gal-1 Ab) or
control antibody (10 pg/ml), enriched endogenous Gal-1 antibodies (Gal-1 1g) or normal
human IgG (1.98 pg/ml) prior to incubation with coated CD45. The binding of HAS-Gal-1
to CD45 was detected with streptavidin-HRP. Sucrose and lactose were added to the reaction
at 5 mM. Data are presented as Mean + SD of 3 experiments.
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Figure 4.

Ipi-Bev therapy altered Gal-1 expression in tumors and in the circulation. A and B, Patient
P27. Gal-1 expression was hardly detected in the pretreatment tumors (A) but was intensive
in tumor cells and tumor associated endothelial cells (TEC) posttreatment (B).
Representative TEC and tumor cells are indicated with arrows and arrow heads respectively.
C and D, Patient P20. Gal-1 expression was highly expressed in tumor cells but not TEC
pretreatment (C). Strong Gal-1 expression was observed in tumor cells and TEC
posttreatment (D). E and F, Patient P28. Gal-1 was highly expressed in tumor cells and TEC
pretreatment (E). Reduced and no Gal-1 expression was detected in tumor cells and TEC
posttreatment (F). G, Pretreatment and posttreatment circulating Gal-1 concentrations of the
patients (= 43). H, Different subsets of patients had increased circulating Gal-1 and
antibody responses to Gal-1 in response to Ipi-Bev. Patients are grouped by clinical
responses. |, Kaplan-Meier survival curves of patients based on circulating Gal-1 fold
changes as a result of Ipi-Bev treatment. Increases in circulating Gal-1 were significantly
associated with shortened overall survival (P= 0.012). The median survival of the patients
with circulating Gal-1fold change = 1.2 was 13.9 months (95% CI, 5-19), while that of
patients with fold change < 1.2 was 21.6 months (95% Cl, 16 to ©0).
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