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Abstract

Galectin-3 is a 31 kD lectin that modulates T-cell responses through several mechanisms including
apoptosis, T-cell receptor (TCR) cross-linking, and TCR down-regulation. We found patients with
pancreatic ductal adenocarcinoma (PDA) responding to a granulocyte-macrophage colony-
stimulating factor (GM-CSF)-secreting allogeneic PDA vaccine developed post immunization
neutralizing antibodies to galectin-3. We show that galectin-3 binds activated antigen-committed
CD8™ T cells only in the tumor microenvironment (TME). Galectin-3-deficient mice exhibit
improved CD8* T-cell effector function, and increased expression of several inflammatory genes.
Galectin-3 binds to LAG-3, and LAG-3 expression is necessary for galectin-3-mediated
suppression of CD8* T cells in vitro. Lastly, galectin-3-deficient mice have elevated levels of
circulating plasmacytoid dendritic cells (pDC), which are superior to conventional dendritic cells
(cDC) in activating CD8* T cells. Thus, inhibiting galectin-3 in conjunction with CD8* T cell-
directed immunotherapies should enhance the tumor-specific immune response.
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INTRODUCTION

We previously reported the clinical outcomes of a phase Il study testing an allogeneic
granulocyte-macrophage colony-stimulating factor (GM-CSF)-secreting pancreatic ductal
adenocarcinoma (PDA) vaccine in 60 patients with resected PDA. Twelve of the 60 (20%)
vaccinated patients demonstrated a greater than 3-year disease-free survival (DFS)
associated with induction of T-cell responses against the PDA-associated antigen,
mesothelin (1). In the present study, we used the enriched vaccine-induced antibody
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responses to probe the vaccine cell lines for PDA-associated antigens that are targets of the
humoral immune response with the goal of identifying proteins important to PDA
development. Using this approach, we identified 11 new PDA-associated proteins for which
specific antibody titers were elevated in the post-vaccination sera (2).

One of the proteins that we identified was galectin-3, a 31-kD lectin that is unique among
the galectin family members due to the presence of both a carbohydrate recognition domain
(CRD) and an oligomerization domain that enables galectin-3 to cross-link its binding
targets. Galectin-3 has been shown in vitro to possess several immunomodulatory functions
such as reducing the affinity of the T-cell receptor (TCR) for its cognate major
histocompatibility complex (MHC) I-peptide ligand by sequestering the TCR from its CD8*
co-receptor (3), inducing apoptosis (4), and internalization of the TCR (5). Galectin-3 also
influences the strength of antigen activation in dendritic cells (DC) (6, 7). Thus, we sought
to develop a mouse tumor model that would allow us to evaluate in vivo the role of
galectin-3 in shaping the antitumor response in a tolerogenic setting.

We previously used the HER-2/neu transgenic (neu-N) mouse model of mammary tumors to
identify mechanisms of tumor tolerance (8). In this study, we crossed the neu-N mice, which
develop neu-expressing mammary tumors, and high avidity CD8* TCR transgenic mice
specific for the immunodominant epitope for neu onto galectin-3 knock-out (KO) mice, and
analyzed CD8* T-cell responses following treatment with a neu-targeted vaccine. This
approach enabled us to examine genome-wide changes in protein expression caused by
galectin-3. Here, we demonstrate that in vivo depletion of galectin-3 increases both the
number of functional CD8* T cells found in the tumor microenvironment (TME) as well as
the expression of inflammatory proteins by these T cells, leading to enhanced tumor
rejection in galectin-3 KO mice when compared with galectin-3 wildtype (WT) mice.
Further, we demonstrate that the effects of galectin-3 extend beyond modulation of T-cell
function to include expansion of plasmacytoid dendritic cells (pDC), which we show to be
more potent activators of CD8* T cells than conventional dendritic cells (cDC).

MATERIALS AND METHODS

ELISA

Costar 3690 96-well half-area EIA/RIA plates (Corning) were coated at 4°C overnight with
purified recombinant proteins at 5 pg/ml in bicarbonate/carbonate coating buffer. The
protein-coated plates were incubated with ELISA Blocker Blocking Buffer (Pierce Biotech)
for 1 h at room temperature. The wells were then incubated with serial dilutions (1:100,
1:200, 1:400, and 1:800) of sera for 2 h at room temperature and with 1:200,000 dilution of
goat anti-human IgG (y-chain specific) peroxidase conjugate (Sigma, A8419) for 1 h at
room temperature. The wells were washed extensively with TBS-T between incubations.
3,3/5,5’-tetramethylbenzidine liquid substrate (Sigma, T0440) was added to the wells and
incubated in the dark for 20 min at room temperature. The color development was stopped
by 1 N sulfuric acid. Absorbance at 450 nm (with a reference wavelength of 570 nm) was
measured on a PowerWave 340 microplate reader (BioTek).
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HER-2/neu (neu-N) and LGALS3~/~ (galectin-3 KO) mice were purchased from Jackson
Laboratories (Bar Harbor, ME), bred and housed in the Johns Hopkins animal facility. High-
avidity neu-specific TCR transgenic mice were generated as previously described, and
avidity was confirmed by tetramer staining (9). Galectin-3 KO mice were backcrossed for 6
generations using a marker-assisted selection (i.e. “speed congenic”) approach. Mouse
genomes were assessed at the DartMouse " Speed Congenic Core Facility at Dartmouth
Medical School. Genetic background at the final backcross generation was determined to be
99.75% for the desired FVB/N background. Backcrossed galectin-3 KO mice were bred
with neu-N and high-avidity neu-specific TCR transgenic mice to generate galectin-3 KO
neu-N and galectin-3 KO high-avidity neu-specific TCR transgenic mouse lines. All
experiments were conducted with female mice between 6-12 weeks of age according to
protocols approved by the Johns Hopkins Animal Care and Use Committee.

Cell lines and media

The NT2.5 is a neu-expressing tumor cell line generated from spontaneously arising tumors
in female neu-N mice as previously reported (10, 11). The 3T3neuGM vaccine line is
genetically modified from 3T3 fibroblast cells to secrete GM-CSF and express rat neu (12).
The T2-DY cell line is a TAP-2-deficient cell line that expresses the D4 MHC 1 allele, and
was generated as previously reported (12). All cell lines are cultured and maintained as
previously reported (8).

Tumor, vaccine, chemotherapy, and adoptive transfer

For tumor clearance studies, mice were tumor challenged with the minimal tumorigenic dose
of 5x104 NT2.5 tumor cells injected subcutaneously (s.c.) in the right upper mammary fat
pad on day 0, given 100 mg/kg cyclophosphamide (CY) intraperitoneally (i.p.) on day 2,
vaccinated with 3 simultaneous s.c. injections of 1x108 3T3neuGM cells in the bottom and
right limbs on day 3, and given 2x10° adoptively transferred high-avidity neu-specific CD8*
T cells on day 4. For tumor-infiltrating lymphocytes (TIL) and lymph node experiments,
mice were given 2 simultaneous s.c. injections of 2x108 NT2.5 tumor cells in the right and
left upper mammary fat pads on day 0, CY on day 8, vaccine on day 9, and 6x106
adoptively transferred CD8* T cells on day 10. High-avidity neu-specific Thy1.2* CD8* T
cells were negatively isolated from spleens of female TCR transgenic mice and adoptively
transferred as previously described (8)

Peptides and antibodies

RNEU20_429 (PDSLRDLSVF) and the negative control peptide LCMV NP113_12¢
(RPQASGVYM) were produced in the Johns Hopkins Biosynthesis and Sequence Facility at
a purity >95%. Antibodies used for flow cytometry studies were: anti-CD8-FITC (BD
Biosciences), anti-CD8-PE (BD Biosciences), anti-CD8-PerCP (BD Biosciences), anti-CD8-
APC (BD Biosciences), anti-galectin-3-AF647 (Biolegend), anti-galectin-3-PE (R&D), anti-
PD1-PE (eBioscience), anti-LAG-3-PE (eBioscience), anti-Thy1.2-PerCP (Biolegend), anti-
CD44-Pacific Blue (eBioscience), anti-CD11b-PE (BD Biosciences), anti-CD11c-FITC (BD
Biosciences), anti-B220-APC (BD Biosciences), anti-Ly6C-PerCP-Cy5.5 (eBioscience),
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anti-IFNy—PE (BD Biosciences), anti-IFNy-Pacific Blue (eBioscience), and anti-Granzyme
B-APC (BD Biosciences). Cellular division was assessed by labeling of high-avidity neu-
specific CD8" T cells with 1.5 uM CellTrace CFSE cell proliferation kit (Invitrogen) prior to
adoptive transfer (8). Permeability was assessed with LIVE/DEAD Fixable Aqua Dead Cell
Stain (Invitrogen). Antibody staining was conducted at 4°C for 20 minutes in FACS buffer
(PBS, 5%FBS, 0.02% NaAzide).

Flow cytometry and intracellular cytokine staining (ICS)

Lymph nodes were dissected 3 and 5 days after adoptive transfer, and tumors were dissected
5 days after adoptive transfer, and homogenized by mashing through 40 uM nylon cell
strainers. Tumors were further processed by enzymatic digestion using collagenase
(Img/mL, Gibco) and hyaluronidase (25 pg/mL, Sigma). After digestion, cells were washed
with RPMI before being trypsinized for 2 minutes with 0.25% Trypsin-EDTA (Gibco).
Lymphocytes were incubated for 5 hours at 37°C in CTL media with RNEU420_429 OF
NP115-126 peptide-pulsed T2-DY target cells in the presence of monensin (GolgiStop, BD
Biosciences) at a lymphocyte to target ratio of 4:1. Cells were surface stained for Thy1.2
expression prior to fixation/permeabilization using a mouse ICS kit (BD Biosciences) to
stain for intracellular IFNy and granzyme B.

In vitro activation and suppression of CD8* T cells with exogenous galectin-3

CDS8™ T cells were negatively isolated from total splenocytes using Dynal CD8* negative
isolation kits (Invitrogen), and stimulated for 3 days with anti-CD3/CD28 (Invitrogen) beads
ata T cell to bead ratio of 1:1 according to the manufacturer’s recommendations (13). For
suppression studies, cells were also incubated with the indicated amount of recombinant
mouse or human galectin-3. For human studies, cells were also incubated with a 5-fold
molar concentration of purified 1gG from patient’s serum, as described in the figures. After
3 days of activation, CD8* T cells were assessed for IFNy production by ICS. Beads were
removed by magnetic separation and cells were plated with fresh anti-CD3/CD28 beads in a
96-well assay plate at a T cell to bead ratio of 1:1 in the presence of monensin (GolgiStop,
Invitrogen) for 5 hours at 37°C. Culture media were also supplemented with fresh galectin-3
at the indicated concentrations. Following the 5-hour incubation period, ICS studies were
conducted as above.

Cloning and purification of recombinant mouse galectin-3

Total RNA was isolated from in vitro activated high-avidity neu-specific CD8* T cells using
the RNEasy Mini Kit (Qiagen). Galectin-3 cDNA was amplified with Superscript I11 First
Strand Synthesis System (Invitrogen) and galectin-3-specific primers containing BamHI and
Ndel restriction sites: 5-GGAATTCCATATGGCAGACAGCTTTTCGCTTAACGATG-3
(Forward) and 5-CGGGATCCTTAGATCATGGCGTGGTTAGCGCTGGTGAGGG-3
(Reverse). The galectin-3 cDNA was cloned into the pET-22B bacterial expression vector
(Novagen), and protein expression carried out according to manufacturer’s instructions.
Galectin-3 was purified from bacterial cell lysate material by binding to lactosyl-agarose
beads (Sigma) and eluting with 200 mM lactose. Purified material was dialyzed into PBS,
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and endotoxin was removed using the ToxinEraser Endotoxin Removal Kit (GenScript).
Endotoxin was quantified to be less than 1.0 EU/mL by the LAL assay (Pierce).

Direct Ex Vivo Antigen Detection Assay

Mice were treated as in tumor challenge experiments, but did not receive cyclophosphamide
or adoptive transfer. Four days after vaccination, CD8* DCs and pDCs were isolated from
spleen tissue using CD8* DC and pDC isolation kits (Miltenyi). CD8* T cells were
negatively isolated from high-avidity neu-specific TCR transgenic mice and labeled with
CFSE as described above. All cells were co-cultured at a 1:1 ratio in CTL media for 3 days
before evaluating CFSE dilution and cytokine production by FACS.

Co-Immunoprecipitation of galectin-3 and LAG-3
10 pug LAG-3-specific (Clone 410C9) (14) or galectin-3-specific (M3/38) antibody and
corresponding isotype controls were conjugated to Protein G Dynabeads (Invitrogen) in PBS
followed by cross-linking with 10mM BS3. CD8* T cells were isolated and activated as
previously described. Cell surface proteins were cross-linked with 10 mM BS(PEG)9 prior
to cell lysis with CelLytic M (Sigma) supplemented with 100 mM lactose and protease
inhibitor. Conjugated beads were incubated at 4°C overnight with CD8* T-cell lysates. After
washing beads with TBST (Tris-Buffered Saline + 0.1% Tween-20) the following day,
bound proteins were eluted by boiling in sample buffer under reducing conditions. Standard
western blotting procedures were followed and protein interactions were shown after
developing membranes for 1 hour on high chemiluminescence film.

Gene Expression Analysis

RNA was extracted using the Stratagene Absolutely RNA Nanoprep Kit. Microarray
hybridization and analyses were performed by the Johns Hopkins Deep Sequencing and
Microarray Core Facility using the NuGen amplification system and an Affymetrix Exon 1.0
ST array. The data discussed in this publication are accessible through GEO Series
accession number GSE59454,

Statistical Analysis

Student’s t tests were performed using GraphPad Prism software assuming equal variances.
Log-rank tests were used for Kaplan-Meier plots. P values of less than 0.05 were considered
to be statistically significant.

RESULTS

Vaccine-induced antibody responses against galectin-3 are associated with improved DFS
in surgically resected PDA patients treated with a GM-CSF-secreting PDA vaccine

We developed a functional proteomic approach to identify PDA-associated proteins that
might serve as targets of the immune response (2). This approach utilizes pre- and post-
treatment sera from patients who received two GM-CSF-secreting pancreatic tumor cell
lines as vaccine and compared serologic reactive proteins between treatment responders
(disease-free survivors or DFS >3 years) and non-responders (early recurrence after a single
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vaccine or DFS <3 years). Paired sera from 60 subjects treated on a recently reported phase
2 study were evaluated by western blot (Figure S1A-D). Proteins that demonstrated an
increase in post-treatment serologic responses were purified by 2-D gel and mass
spectrometry. Eleven proteins were identified (Figure SLE-F, Table S1), two of which were
serologic targets recognized by multiple patient sera. The first protein, annexin A2, induces
an epithelial to mesenchymal transition (EMT) in PDA cells and promotes PDA metastases
(2). The second protein, galectin-3, is a galactoside-binding protein and a known cancer-
associated protein secreted by a number of tumor types (15). Galectin-3, like annexinA2,
induces post-treatment serologic responses that correlate with improved DFS and overall
survival (OS) (Figure 1A-C).

Galectin-3 is known to inhibit T-cell activation by T-cell binding (16). Thus, we
hypothesized that post-treatment serologic responses against galectin-3 improves DFS by
enhancing CD8" T-cell function through inhibition of galectin-3 binding. First, we assessed
the ability of recombinant human galectin-3 to inhibit IFNy production by CD8" T cells
maximally stimulated in vitro with anti-CD3/CD28 beads. The minimal concentration
necessary to observe a significant reduction in IFNy production was 25 pug/mL (data not
shown). Next, we tested whether purified 1gG from pre-vaccinated and post-vaccinated
patient serum could prevent this reduction. 1gG from post-vaccine serum but not pre-vaccine
serum attenuated the suppression observed at 25 ug/mL of galectin-3 (Figure 1D).

Galectin-3 binds maximally activated CD8* T cells with a terminally differentiated

phenotype

We employed the neu-N mouse model to evaluate the role of galectin-3 in neu-specific
effector T-cell responses within the TME. Surface galectin-3 was detected only on
adoptively transferred high-avidity neu-specific T cells that had trafficked into the TME
(Figure 2A and Figure S2D). These cells have previously been shown to be tumor-antigen
committed and activated in contrast to adoptively transferred cells remaining in other T-cell
residing sites 5 days after adoptive transfer (8). Because the majority of effector CD8* T
cells in the TME have already been activated and undergone terminal differentiation, we
used lymphocytes isolated from tumor-draining lymph nodes (TDN), which contain
populations of T cells at different stages of division, to illustrate differences in galectin-3
binding during various stages of T-cell activation in vivo. Carboxyfluorescein succinimidyl
ester (CFSE) labeling of adoptively transferred T cells demonstrated that surface galectin-3
was associated with only CFSE dilute and CD44* cell populations indicating that these are
differentiated effector CD8" T cells (Figure 2B).

Next, we evaluated TILs for phenotypic differences associated with increased galectin-3
binding. High-avidity neu-specific CD8* T cells in TILs were separated into galectin-3 high
(galectin-3") versus galectin-3 low (galectin-3!°) populations and analyzed for co-
expression of programmed death 1 (PD-1) and lymphocyte activation gene 3 (LAG-3)
because these two markers are often involved in T-cell tolerance or terminal activation (17—
19). PD-1 and LAG-3 were increased on galectin-3" CD8" T cells when compared with
galectin-3'° cells (Figure 2C). Thus, galectin-3 binding on CD8" T cells occurs almost
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exclusively in the TME on T cells displaying a terminally differentiated or tolerized
phenotype with elevated expression of PD-1 and LAG-3.

LAG-3 is necessary for galectin-3-mediated suppression of T-cell secreted IFNvy in vitro

We next evaluated whether PD-1 and LAG-3 are involved in mediating the downstream
effects of galectin-3’s on T-cell function. These molecules are heavily glycosylated and
possess several binding sites for galectin-3 (20, 21). While WT CD8" T cells exhibited a
20% reduction in IFNy production at exogenous galectin-3 concentrations of 150 pg/mL or
higher, LAG-3 KO CD8* T cells produced maximum IFNy at all concentrations. However,
eliminating PD-1 in CD8* T cells had minimal effect in blocking galectin-3 suppression
(Figure 3A and 3B). Co-immunoprecipitation studies using activated CD8" T-cell lysates
further demonstrated a physical interaction between LAG-3 and galectin-3 (Figure 3C).
Next, cross-linking of cell surface proteins prior to cell lysis allowed us to
immunoprecipitate a LAG-3/galectin-3 complex migrating between 150 and 250 kD with a
LAG-3-specific antibody (Figure 3D). Importantly, we were not able to co-
immunoprecipitate PD-1 with galectin-3 (data not shown). These data establish a link
between LAG-3 and galectin-3 on antigen-committed CD8* T cells, and suggests a new
mechanism by which galectin-3 may regulate CD8* T-cell function.

Depletion of galectin-3 leads to improved tumor-specific CD8" T-cell function

To determine a functional role for galectin-3 in vivo, we bred the neu-N and high-avidity
neu-specific (referred to from hereon as simply “high-avidity”) TCR transgenic mice onto a
galectin-3 KO background. We observed an increase in the total number of IFNy- and
granzyme B-producing T cells only when galectin-3 is knocked out in both the T cell and
the recipient mouse. Depletion of galectin-3 in CD8" T cells alone or in the recipient mouse
alone was insufficient to cause an improvement in CD8* T-cell effector function as
measured by cytokine production (Figure 4A and 4B). This observation is consistent with
the finding that galectin-3 elimination is required in both the recipient mouse and the
adoptively transferred T cell to completely remove galectin-3 from the cell surface (Figure
S2A-C).

Next we tested the ability of high-avidity CD8* T cells to promote long-term tumor control
in a galectin-3-null environment. We previously determined that a minimum of 4x10° high-
avidity CD8* T cells is required to achieve tumor control in approximately 75% of neu-N
mice (8). To illustrate the efficacy of CD8* T cells in galectin-3-depleted mice, we tested if
2x106 galectin-3 KO high-avidity CD8* T cells would be sufficient to mediate a similar
level of tumor control. We compared long-term tumor control in WT neu-N mice receiving
WT high avidity CD8* T cells, galectin-3 KO neu-N mice receiving galectin-3 KO high-
avidity CD8* T cells, and galectin-3 KO neu-N mice without adoptive transfer (Figure 4C).
Consistent with our functional data, we observed improved tumor-free survival in galectin-3
KO mice that received galectin-3 KO CD8* T cells with 90% of mice remaining tumor-free
at the end of 60 days versus 50% of control mice. Furthermore, because 100% of galectin-3
KO mice that did not receive high-avidity CD8" T cells rapidly developed tumors by Day
20, we concluded that the survival benefit is mediated by tumor-specific high-avidity CD8*
T cells. We also compared tumor-free survival in galectin-3 WT mice adoptively transferred
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with either galectin-3 KO or galectin-3 WT high-avidity CD8* T cells. Consistent with our
functional studies, eliminating galectin-3 in high-avidity CD8* T cells alone did not result in
improved survival because this does not eliminate surface galectin-3 that occurs due to
secretion of galectin-3 in the TME (Figure 4D).

To validate these findings in endogenous antigen-specific T-cell responses, we used the
Panc02 tumor model to compare endogenous antitumor T-cell responses in galectin-3 KO
mice versus WT mice in response to whole-cell GM-CSF vaccination (22). Sixty days
following treatment, a significantly higher percentage of galectin-3 KO mice were tumor-
free versus that of control WT mice (Figure 4E). Together, data from these two mouse
models provide evidence that galectin-3 can affect vaccine efficacy, and may potentially do
so via modulation of CD8* T cells.

Galectin-3-depletion leads to increased expression of pro-inflammatory genes in CD8* T

cells

Since galectin-3-depletion results in increased numbers of IFNy—and granzyme B-
producing high-avidity CD8* T cells, we were interested in identifying other inflammatory
signals that may be affected by galectin-3. We used whole genome microarray analysis to
compare galectin-3 WT CD8* TILs isolated from galectin-3 WT neu-N mice (WT/WT),
galectin-3 WT CD8* TILs isolated from galectin-3 KO neu-N mice (WT/KO), and
galectin-3 KO CD8™ TILs isolated from galectin-3 KO neu-N mice (KO/KO). Adoptively
transferred CD8" T cells in TILs were purified from endogenous T cells by FACS sorting on
Thy1.2 and global gene expression patterns were compared between groups. We found that
in both KO/KO and WT/KO CD8* T cells, molecules associated with inflammatory
response processes were increased relative to that in WT/WT cells (Figure 5A). Upstream
regulator pathway analyses predicted activation of TNFa, IFNy, and IL6 signaling pathways
in the KO/KO CD8™ T cells but not in WT/KO CD8* T cells (Table S2).

We also show that S100A8 expression is increased almost 7-fold in galectin-3 KO/KO
CD8* T cells when compared with that in WT/WT cells (Figure 5B). SI00A8 and S100A9
are EF-hand Ca2* binding proteins that are heavily involved in several inflammatory
processes and possess tumoricidal properties in vitro. These inflammatory response genes
are expressed by neutrophils, but have not been reported to be expressed by T cells (23).

Inhibition of galectin-3 expression leads to an increase in pDCs in galectin-3 KO mice

The increased expression of several inflammatory proteins in WT high-avidity CD8 T cells
adoptively transferred into galectin-3 KO recipient mice suggests that other cell types are
impacted by galectin-3 signaling. Galectin-3 has been reported to play a regulatory role in
neutrophils and DCs (6, 7, 24).

We observed a significant increase in the numbers of CD11c* B220* Ly6C* cells in the
galectin-3 KO versus in the galectin-3 WT neu-N mice corresponding with pDCs.
Furthermore, the overall number of pDCs found in lymph nodes did not seem to vary
significantly between naive mice given tumor alone, and mice with tumors that are also
treated with CY and a GM-CSF vaccine (Figure 6A). This finding indicates that galectin-3
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may instead play an intrinsic role in pDC homeostasis rather than solely during immune
stimulation, as was the case for CD8* T cells.

A reciprocal relationship has been shown to exist between pDCs and myeloid-derived
suppressor cells (MDSC) (25). Because pDCs appear to be significantly elevated in the
absence of galectin-3, we determined if there was a corresponding decrease in the number of
immature myeloid cells, which have the potential to develop into MDSCs. In contrast to
what was observed with pDCs in galectin-3 KO mice, the number of immature myeloid cells
found in lymph nodes is minimal in naive and tumor-only mice. GM-CSF will induce
MDSCs and this is seen in mice with tumors receiving the GM-CSF vaccine regardless of
whether galectin-3 is knocked out. However, even under these conditions, the galectin-3 KO
mice have significantly fewer immature myeloid cells than the WT mice indicating that
galectin-3 plays a role in GM-CSF recruitment of immature myeloid cells, and potential
development into MDSCs (Figure 6B).

While pDCs are known to be involved in the promotion of inflammatory processes
important for reversing microbial infections (26), they are also known to be
immunosuppressive in the TME when galectin-3 is present (natural environment) (27-29).
To clarify the function of pDCs following GM-CSF vaccination in the absence of galectin-3,
we evaluated their capacity to induce proliferation of naive high-avidity CD8* T cells
compared with CD11c* CD8* conventional dendritic cells in vitro using a direct ex-vivo
antigen detection (DEAD) assay. Our data indicate that naive T cells proliferate to a greater
extent and produce more IFNy when co-cultured with both pDCs and cDCs than when co-
cultured with either DC subtype alone (Figure 6C-D). Furthermore, co-culture of naive T
cells with pDCs alone activated a significantly greater number of T cells than with cDCs
alone. These findings support a new role for galectin-3 as a regulator of pDCs via inhibiting
their function as T-cell activators in the promotion of anticancer inflammatory responses.

DISCUSSION

Our data describe four novel findings supporting galectin-3 as a regulator of antigen-specific
T-cell activation within the TME. First, galectin-3 binds T cells only after they have been
activated and trafficked into the TME. In addition, T cells and host-derived cells within the
TME, but not tumor cells, are the major sources of galectin-3 that mediate T-cell
suppression. Second, galectin-3 regulation of activated T cells leads to genome-wide
changes in inflammatory gene expression. Third, galectin-3 complexes with LAG-3 on
activated terminally differentiated T cells, and functional LAG-3 is required for galectin-3-
mediated T-cell suppression. Fourth, inflammatory pDCs that enhance antigen-specific T-
cell activation are increased in the absence of galectin-3.

We show that galectin-3 binding on T cells occurs primarily in the TME, and only to tumor-
specific T cells. One leading hypothesis is that activation of CD8* T cells leads to changes
in the glycosylation machinery that increases the number and accessibility of LacNAc
motifs available for galectin-3 binding (30). However, glycan remodeling fails to explain
why only a small percentage of activated CD8* T cells in peripheral lymphoid tissue bind
galectin-3 while the majority of activated CD8* T cells in the tumor bind galectin-3. Thus,
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the TME must provide other conditions that are not satisfied elsewhere to promote
galectin-3 binding.

The leading assumption is that tumor cells are the major source for galectin-3 (31). While
this may be the case for certain tumor types, our data demonstrate that galectin-3 expression
by predominantly tumor-specific CD8" T cells and stromal cells within the TME, but not
tumor cells, result in cancer-specific CD8" T-cell suppression. Fibroblasts have been shown
in models of fibrosis to secrete large amounts of galectin-3, and are also known to be
important for establishing the TME (32). Our findings highlight the importance of targeting
not just tumor cells, but also stromal cells for effective cancer immunotherapy. Future
studies should focus on identifying the specific tumor stromal cell types that secrete
galectin-3 as well as what other additional factors provided by the TME promote galectin-3
binding to T cells.

We also performed genome-wide analysis to evaluate changes that occur in tumor-specific
CD8™ T cells resulting from binding of extracellular galectin-3 in an in vivo setting. The data
demonstrate that removal of galectin-3 leads to increased activation of proinflammatory
pathways within CD8* T cells. Recent data from several groups demonstrate the capacity for
galectin-3 to suppress T-cell function by inducing T-cell anergy via TCR clustering, and that
these T cells can be rescued by removing surface galectin-3 (3, 33). Our gene array findings
demonstrate that the mechanisms of T-cell regulation by galectin-3 extends beyond TCR
signaling, and includes altering T-cell fate at the gene expression level. These findings
indicate that the addition of galectin-3-targeted therapy to existing cancer vaccines may need
to occur before such alterations become irreversible. Additional studies should also further
elucidate the role of the S100A8/9 signaling pathway as a potential mediator of T-cell Iytic
activity.

Our in vivo data also demonstrate improved tumor-specific CD8* T-cell effector function
and tumor-free survival only when galectin-3 is deleted from both adoptively transferred T
cells and the recipient mouse, which corresponds to our microarray findings demonstrating
upregulation of proinflammatory pathways under the same conditions. These conditions are
associated with the complete absence of galectin-3 on the CD8* T-cell surface at the time
they are infiltrating the tumor. Therefore, these data suggest a role for galectin-3 in
modulating CD8"* T-cell function by engaging surface glycoproteins. However, the absence
of endogenous galectin-3 may also enhance antitumor immunity by affecting other cell types
involved with T-cell activation. Galectin-3 KO DCs have been shown to increase both T-cell
number and cytokine production in helminthic infections, and promote greater Th17
responses to fungal antigens (6,7,34). Furthermore, intracellular galectin-3 can also promote
TCR down-regulation in CD4* T cells via interactions with the protein Alix at the
immunological synapse (5), which would be expected to result in less CD8" T-cell
activation.

PD-1 and LAG-3 are two major co-receptors that have been shown to modulate T-cell
function, and their co-expression has been shown to be associated with regulating terminal
T-cell activation/exhaustion (17). Our finding that LAG-3 expression is associated with
galectin-3 binding, and further, is required for galectin-3 suppression in vitro provides a hew
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mechanism through which LAG-3 can regulate CD8* T cells. LAG-3 is capable of
negatively regulating the function of CD8* T cells despite the fact that CD8* T cells do not
interact with MHC 11, a known ligand of LAG-3. Anti-LAG-3 antibody therapy was shown
to reverse this effect in CD4*-depleted mice, which indicates a direct role for LAG-3 on
CD8™ T cells (35). The mechanism by which LAG-3 mediates CD8" T-cell activity is
unknown. LAG-3 can be extensively glycosylated, and as a result, would be a likely target
for galectin-3 binding. Our in vitro data suggest that CD8* T-cell suppression can be
induced by galectin-3 cross-linking of LAG-3; however, whether this mechanism exists in
vivo remains to be elucidated.

Our data also support a link between galectin-3 and activation of inflammatory pDCs.
Interestingly, LAG-3 has been reported to negatively regulate pDC homeostasis (36). Thus,
steady state levels of extracellular galectin-3 may be necessary to regulate pDC expansion
via LAG-3. Further, because pDCs are either directly or indirectly involved with the
homeostasis of both MDSCs and Tregs, dysregulation of pDCs may have downstream
consequences on these cell types (25). Indeed, our findings that immature myeloid cells
proliferate significantly less in response to GM-CSF vaccination in galectin-3 KO mice are
consistent with the notion of reciprocal regulation between pDCs and MDSCs.

The role of pDCs in tumor immunity remains unclear. While they are important for antiviral
immunity, they have also largely been associated with tolerance induction, and poor
prognosis in cancer. It may be possible that pDCs have a stimulatory role in the absence of
extracellular galectin-3. Our microarray finding that the expression of several inflammatory
genes in T cells is increased as a result of galectin-3 deficiency in only host-derived cells
helps support this hypothesis. Although these results may be due simply to a reduction of
surface galectin-3 on the T cell, a more compelling argument is that the expansion of host-
derived pDCs in the absence of galectin-3 helps to skew the immune response toward
inflammation. Further studies will be necessary to characterize differences in cytokine
production and functionality of pDCs in the presence and absence of galectin-3.

In summary, these findings develop a comprehensive profile of the extensive impact that
galectin-3 plays at every stage of an antitumor immune response in a tolerogenic mouse
model. We propose that patients who develop anti-galectin-3 antibody titers in response to
vaccination are able to neutralize the immunosuppressive effects of galectin-3 either directly
or by disruption of galectin-3/receptor lattices, and as a result, mount a more effective
cytotoxic CD8* T-cell response against tumor cells. TCR engagement, co-receptor
activation, and the cytokine milieu have long been considered the three signals that
determine T-cell fate. However, consideration of protein glycosylation as a “Signal 4” may
now help to uncover a new class of molecules for immunomodulation (Figure 7).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Vaccine-induced galectin-3 antibody responses correlate with improved DFS (1:400
dilution of sera were compared from pre- and post-vaccination samples)

A) Pre-vaccine titers shown for patients who were either disease-free >3 years (DFS>3yr),
disease-free less than 3 years (DFS<3yr), patients who received only a single vaccine before
disease recurring (single Vac), or healthy donors (Donors). B) Post-vaccine titers for
patients divided by DFS >3 years (left panel) or < 3 years (right panel) shown before the
first vaccine (pre-Vac), 28 days after the first vaccine (Vac 1), after chemoradiation which
was given after the first vaccine (post-Rx), and after two additional vaccines given after
completing chemoradiation (Vac 3). C) Titers shown over time for 8 of the 12 patients
demonstrated DFS>3 years. These patients received a total of 5 vaccinations (Vac 1, Vac 2,
Vac 3, Vac 4, and Vac 5), the first one before chemoradiation, the 2", 34, and 4t each one
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month apart beginning one month after completing chemoradiation, and the 5™, 6 months
after completing the 4t vaccination. D) Antibodies were purified from patient serum by
Protein G isolation, and then incubated with healthy donor T cells and recombinant human
galectin-3 as described in materials and methods. TOP) Gating of IFNy* CD8* T cells on
histogram plots. BOTTOM) Percentages of IFNy* CD8* T cells after a 3 day anti-CD3/
CD28 activation in the presence of various conditions as shown in the graph. All
experiments were performed at least 2 independent times with 3 replicates per sample. Bar
graph data are represented as mean = SD.
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Figure 2. Activation of CD8"* T cellsincreases surface bound galectin-3
A) Tissues were processed according to the procedure outlined in materials and methods 5

days after adoptive transfer into neu-N mice. Histogram overlays demonstrate comparison of
surface galectin-3 mean fluorescence intensity (MFI) from Thy1.2* high-avidity CD8* T
cells from TIL, TDN, and Spleen. A LIVE/DEAD permeability stain was included to gate
exclusively on nonpermeabilized cells identified by low LIVE/DEAD staining B) High-
avidity CD8* T cells were labeled with 1.5uM CFSE prior to adoptive transfer into neu-N
mice. Galectin-3 surface staining is shown with CFSE dilution and CD44 expression for
cells gated on Thy1.2, 3 days post adoptive transfer. C) TILs were extracted 5 days after
adoptive transfer. Cells were gated on Thy1.2 and divided into galectin-3" and galectin-3!°
staining populations based on isotype staining controls. A comparison of PD-1 and LAG-3
co-expression is shown for galectin-3" and galectin-3° population. Hi=high; lo=low;
TDN=tumor-draining lymph nodes; gal=galectin-3; TIL=tumor-infiltrating lymphocytes. All
experiments performed at least 2 independent times with 3-5 mice per group.
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Figure 3. LAG-3 but not PD-1 expression isrequired for galectin-3 suppression of I|FNy
production by T cells

The effect of increasing concentrations of extracellular galectin-3 on the percentage of
IFNy-producing CD8* T cells is shown for A) PD-1 knockout versus wild type T cells in
and B) LAG-3 knockout versus wild type T cells. Experiments performed at least 2
independent times with 3 replicates per sample with errors bars representing SD. C) Co-
immunoprecipitation of LAG-3 and galectin-3 from activated CD8" T-cell lysates with
either a galectin-3-specific antibody (M3/38) or a LAG-3-specific antibody (410C9). D) Co-
immunoprecipitation of a LAG-3/galectin-3 complex with LAG-3-specific antibody after
cross-linking of cell surface proteins on activated CD8" T cells prior to cell lysis as
described in materials and methods.
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Figure 4. Removal of surface galectin-3 from high-avidity CD8* T cellsleadsto improved
effector function and tumor clearance

Effector function of TILs was assayed after genetic elimination of galectin-3 in the CD8 T
cell, the tumor stroma, or in both. TILs were isolated and cytokine expression assessed
according to the protocol outlined in materials and methods. The absolute number is shown
for Thy1.2* CD8* T cells/mg tumor expressing either A) IFNy or B) Granzyme B. All
experiments were performed at least 2 independent times with 3-5 mice per group. Dot plot
data are represented as mean £ SEM. C) All neu-N recipient mice were treated as outlined in
materials and methods. Adoptive transfer groups (n=10) received 2x10° galectin-3 WT or
KO high-avidity CD8* T cells as indicated above on day 4. The control group of galectin-3
KO mice (n=7) did not receive adoptive transfer to assess endogenous antitumor response.
Mice were followed every 5 days for palpable tumor formation. D) Galectin-3 WT neu-N
mice received adoptive transfer of either 2x106 galectin-3 WT high-avidity CD8" T cells
(n=10) or 2x106 galectin-3 KO high-avidity CD8" T cells (n=10) after receiving treatment
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as outlined in materials and methods. Mice were followed every 5 days for palpable tumor
formation. E) WT C57BI/6 mice (n=15) or galectin-3 KO C57BI/6 mice (n=15) received
2.5%10° Panc02 tumor cells on day 0, 100 mg/kg CY and 50 pg PC61 on day 2, and whole-
cell GM-CSF vaccine on day 3. Mice were followed every 5 days for development of
palpable tumor formation at the injection site. One-tailed p-values are shown.
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Figure 5. Removal of galectin-3 increases expression of inflammatory moleculesin high-avidity
CD8* T cells

A) Summary of microarray findings comparing high-avidity galectin-3 WT CD8* TILs from
galectin-3 WT neu-N mice (WT/WT) (n=4), high-avidity galectin-3 WT CD8* TILs from
galectin-3 KO neu-N mice (WT/KO) (n=4), and high-avidity galectin-3 KO CD8* TILs
from galectin-3 KO neu-N mice (KO/KO) (n=4). Analysis was performed using Ingenuity
Pathway Analysis (IPA) software using a filter for linear fold-changes = 2, and p < .05.
Molecules listed above the arrows between each group are immune-associated genes found
to be upregulated between groups. Molecules listed below each group are immune-
associated genes found to be upregulated in comparison to the WT/WT control. CCLS,
CXCL16, Gp49a/Lilrb4, Lyz1/Lyz2, and RNASE3 were found to be upregulated in both
WT/KO and KO/KO groups in comparison with WT/WT. (*) denotes transcription factors.
B) Confirmation of S100A8 expression in KO/KO TILs by western blot with S100A8-
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specific monoclonal antibody (R&D). Total protein concentration quantified by measuring
absorbance at 280 nm. 6 ug of total protein was loaded per sample.
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Figure 6. An increasein pDCsin galectin-3 KO neu-N miceis associated with lower number s of
immature myeloid cells

Galectin-3 KO and WT neu-N mice were left untreated (n=3), challenged with 5x10% NT2.5
tumor cells (n=3), or challenged with 5x10% NT2.5 tumor cells and treated with CY on day 2
and whole cell GM-CSF vaccine on day 3 (n=4). All mice were sacrificed on day 6, and
axillary and inguinal lymph nodes were dissected and pooled for each mouse. Tissues were
processed according to that described in the materials and methods section, and cells stained
for expression of CD11b, CD11c, B220, and Ly6C. The total number of cells was averaged
for each lymph node, and is shown for A) pDCs (CD11c* B220* Ly6C*) and B) immature
myeloid cells (CD11b* Ly6C*). C) Cells were co-cultured at a 1:1 ratio as specified in the
figure prior to being assessed for either CFSE dilution or IFNy production by flow
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cytometry. Cytokine expression was assessed by intracellular cytokine staining (ICS) as
outlined in materials and methods. D) Statistical comparison of cell division in T cells +
pDC vs. T cells + pDC + ¢DC. Data are represented as mean £ SEM. This experiment was
repeated once with similar results. All experiments were performed at least 2 independent
times with 3-5 mice per group in A and B, and with 3 replicates per group in C and D.
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Figure 7. N-glycosylation of co-regulatory molecules serves asthe signal 4 required for optimal
T-cell activation

In the vaccine draining node (VDN) where naive T-cell priming occurs, activating signals
are delivered via TCR recognition of peptide-MHC | complexes presented by dendritic cells
(Signal 1) and interactions between co-stimulatory molecules and their ligands (Signal 2).
Furthermore, cytokines secreted by regulatory cell populations also impact cellular
differentiation (Signal 3). Plasmacytoid dendritic cells (pDC) are increased in number in the
absence of extracellular galectin-3, and the cytokines they secrete may skew T-cell
differentiation in the direction of a more pro-inflammatory phenotype. Activation of CD8 T
cells leads to increased expression of the co-regulatory molecules PD-1 and LAG-3 by
terminally differentiated effector CD8 T cells. In the tumor microenvironment, expression of
PD-L1 by tumor cells can suppress T-cell function via PD-1. Changes in glycosylation of
LAG-3 (Signal 4) make it a more favorable target for galectin-3 binding, which in turn leads
to cross-linking and activation of the LAG-3 signaling complex. Cross-linking of LAG-3
results in suppression of effector CD8 T-cell function. Lack of galectin-3 increases
S100A8/9 expression, which may also lead to optimization of lytic function.
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