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Abstract

The peritoneal cavity is a common site of gastric adenocarcinoma (GAC) metastasis. Peritoneal
carcinomatosis (PC) is resistant to current therapies and confer poor prognosis, highlighting the
need to identify new therapeutic targets. CD47 conveys a “don’t eat me” signal to myeloid cells
upon binding its receptor SIRPa., which helps tumor cells circumvent macrophage phagocytosis
and evade innate immune responses. Previous studies demonstrated that the blockade of CD47
alone results in limited clinical benefits, suggesting that other target(s) might need to be inhibited
simultaneously with CD47 to elicit a strong anti-tumor response. Here, we found that CD47 was
highly expressed on malignant PC cells, and elevated CD47 was associated with poor prognosis.
Galectin-3 (Gal-3) expression correlated with CD47 expression, and co-expression of Gal-3 and
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CDA47 was significantly associated with diffuse type, poor differentiation, and tumor relapse.
Depletion of Gal-3 reduced expression of CD47 through inhibition of c-Myc binding to the CD47
promoter. Furthermore, injection of Gal-3 deficient tumor cells into either wild-type and Lgals3-/
- mice led to a reduction in M2 macrophages and increased T cell responses compared to Gal-3
wild-type tumor cells, indicating that tumor cell-derived Gal-3 plays a more important role in
GAC progression and phagocytosis than host-derived Gal-3. Dual blockade of Gal-3 and CD47
collaboratively suppressed tumor growth, increased phagocytosis, repolarized macrophages, and
boosted T cell immune responses. This data uncovered that Gal-3 functions together with CD47
to suppress phagocytosis and orchestrate immunosuppression in GAC with PC, which supports
exploring a novel combination therapy targeting Gal-3 and CDA47.

CDA47; Galectin-3; Phagocytosis; Peritoneal metastasis; Gastric adenocarcinoma

Introduction

Gastric adenocarcinoma (GAC) imposes a significant global health burden and is frequently
diagnosed in an advanced stage with peritoneal carcinomatosis (PC), a frequent type

of metastasis. Patients with PC have a short overall survival (less than 6 months),
overwhelming symptoms, but limited ineffective or transiently palliative treatments(1-3).
Immunotherapies that inhibit immune checkpoints (i.e., PD-1 or CTLA-4, etc.) have
modestly improved patient outcomes in untreated metastatic and refractory cancer types.
By integration large-scale GAC datasets including TCGA STAD and GSE15459, we

found that Cluster of Differentiation 47 (CD47) expression is extremely high in GAC.

The innate immune signaling can facilitate recognition and clearance of malignant cells
through phagocytosis but also plays a key role in tumor-mediated immune escape(4-7).
CDAT protein, expressed on both healthy and cancer cells, plays a pivotal role as an innate
immune checkpoint by conveying a “don’t eat me message” upon binding to the signal-
regulatory protein alpha (SIRPa) receptor on the myeloid cells(8) and prevents macrophage
phagocytosis. Preclinical and early clinical data have suggested the promise of targeting
phagocytosis checkpoints, such as the CD47 and SIRPa axis, either alone or in combination
with established therapies (9-13). It has been reported that CD47 expression is associated
with poor prognosis and blocking CD47 on GAC cells can provide an advantage in the
preclinical setting(14). However, the potential value of CD47 as a therapeutic target in GAC
patients with PC remains unclear.

Galactin-3 (Gal-3) regulates expression of a multitude of gene products involved in cell
proliferation, growth, self-renewal, differentiation, and apoptosis(15,16). Overexpression
of Gal-3 in tumors has been implicated in cancer progression and metastases(15,17,18).
Additionally, Gal-3 plays a crucial role in promoting tumor-driven immune suppression.
Gal-3 can bind to the T cell receptor (TCR) as a component of the synapse on cell surface,
thereby restricting TCR movement, potentiating TCR down-regulation, and suppressing
early activation of T cells through the TCR signaling pathway(19). Gal-3 deficient mice
exhibit improved CD8" T cell effector function. Gal-3 can suppress CD8 T cell function by
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binding to LAG3 in T cells and also increases IFN-y and Granzyme B production(19). Gal-3
expression on both tumor cells and host-derived cells within the tumor microenvironment
(TME) mediates T-cell suppression(20). Studies have also reported that inhibition of tumor-
derived Gal-3 led to the expansion of tumor-reactive T cells in vitro(21). Furthermore,
tumor-derived Gal-3 alters macrophage polarization from M1 to M2 thus facilitating
immune evasion(22). However, it is still unknown whether Gal-3 collaborates with CD47

to regulate the innate and T cell immunity for novel therapeutic strategy against GAC.

In this study, using bulk RNA-seq and two independent datasets of SCRNA-seq,
immunohistochemistry, and immunofluorescent staining of PC specimens and serial
functional studies, syngeneic mouse model and Lga/s3-/- mice, we uncovered that CD47
was highly expressed on PC cells and associated with a poor prognosis. We further
demonstrated that CD47 and Gal-3 were highly co-expressed in PC cells and Gal3/CD47
high was frequent highly expressed in diffuse type and tumor relapses. Mechanistically,
depletion of Gal-3 in GAC cells reduced expression of CD47 through inhibition of c-Myc
binding to the CD47 promoter. Further, Gal-3 KO in GAC cells resulted in a reduction in
M2 macrophages and increased T cell responses. Inhibition Gal-3 amplified consequences
of inhibition of CD47 by increasing macrophage phagocytosis of GAC cells and T cell
infiltration /n vitroand in vivo. Our results suggested that dual inhibition of Gal-3 and CD47
could produce maximum benefit against GAC PC and could be a promising therapeutic
strategy against PC.

Materials and Methods

Cells and reagents

The human gastric cancer cell lines AGS (RRID: CVCL_0139), GT5 (RRID: CVCL_8114)
were purchased from American Type Culture Collection. KP-Luc2 murine GAC cell line
was from Dr. Jo Ishizawa in the Department of Leukemia of MDACC and was previously
reported(23). All cell lines have been profiled, authenticated and Mycoplasma testing, in the
Cell Line Core Facility at The University of Texas MD Anderson Cancer Center, every 6
months. TD139 was from Selleck Chem (Cat#S0471) and neutralizing CD47 antibody was
from Bio X Cell (Cat# BEO270).

Patient cohort of PC

PC specimens were collected at The University of Texas MD Anderson Cancer Center
(Houston, USA) under an Institutional Review Board-approved protocol (no. LAB01-543)
after obtaining written, informed consent from each participant. Patients with diagnosed
GAC-PC with ascites were approached when they required a therapeutic paracentesis.

No other selection criteria were applied. This project was in accordance with the policy
advanced by the Helsinki Declaration of 1964 and later versions.

Phagocytosis assay

For in vitro phagocytosis assay by flow cytometry, 5 x 10% macrophages were plated per
well in a 24 well tissue-culture plate. Cells from cell lines that lack endogenous fluorescence
—AGS NC and Gal-3 KO cell were fluorescently labelled with CellTracker™ Green
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CMFDA Dye (Thermo Fisher Scientific, Cat#C7025) per the manufacturer’s instructions
for 30 min at 37 °C and washed twice with 40 ml PBS before co-culture. Macrophages
were incubated in serum-free medium for 2 h before adding 2 x 10° tumor cells and then
were fluorescently labelled with CellTracker™ Red CMTPX Dye (Thermo Fisher Scientific,
Cat#C34552) per the manufacturer’s instructions for 30 min at 37 °C and washed twice with
40 ml PBS before co-culture. The aCD47 antibodies (10 pg/mL) and TD139 (100 nM) were
added into tumor cells 2 days before co-cultured with macrophage. After co-cultured 2 h

at 37°, flow cytometry detected GFP* out of F4/80* cells. For in vivo phagocytosis was
measured as the percentage of GFP* out of F4/80* TAMs. For in vitro phagocytosis assay
by immunofluorescence, macrophage and tumor were incubated for 6 h in an incubator at
37 °C. After incubation, wells were washed vigorously two times with serum-free RPMI

in order to wash away non-phagocytosed tumor cells, then visualized under the Nicon T2
confocal laser scanning microscope.

In vivo xenograft tumor-growth experiments

8 weeks old C57BL/6 and B6.Cg-L gals3'™1Foil} (#006338, Lgals3—/-) mice were purchased
from Jackson Laboratory and maintained at a pathogen-free facility at MD Anderson Cancer
Center. KP-Luc2 NC and Gal-3 KO cells were subcutaneously injected into C57BL/6 and
B6.Cg- Lgals3'm1Polj) respectively. C57BL/6 mice were subcutaneously injected with 1x
10° KP-Luc? cells per site. 5 days after tumor cells incubation, mice were randomly grouped
to receive treatment with PBS, aCD47 antibody (intraperitoneal injection, 200g/mouse,

2 times a week), TD139 (intraperitoneal injection, 300ug/mouse, 3 times a week). Mice
with sum tumor volume >2000 mm3, ulcer >5 mm, hypoactivity or hunched posture were
euthanized. All animal experiment were performed in compliance with approved protocol
(00001488-RN02) by the Institutional Animal Care and Use Committee at MD Anderson
Cancer Center.

Statistical Analysis

Statistical analyses of flow cytometry and immunostaining quantifications were performed
with one-way ANOVA with Tukey’s multiple comparison test, unpaired, two-tailed t test,

or Fisher’s exact test using GraphPad Prism (GraphPad Software, San Diego, CA, USA).
The expression levels of indicated genes among TCGA STAD cohort samples were based
on the RNA Seq V2 RSEM data. TCGA data were downloaded from cBioPortal. For the
survival analysis based on CD47 and CD274 expression, patients with available OS data and
RNA-seq data (n = 415) were selected complete response (n=136), and then stratified into
high (n = 68) and low (n = 68) groups based on the median expression level. Kaplan-Meier
plots were drawn for survival analysis and the log rank Mantel-Cox test was used to
evaluate statistical differences. RNA-sequencing data regarding expression levels for S/IRFA,
PDCDI, LILRBI, LILRB2, CD47and CD274from human tumors and matched healthy
tissues collected by TCGA and GTEx were downloaded as log2(normalized counts +1)
values from UCSC Xena27 (https://xenabrowser.net/). The expression of CD47, SIPRA,
CD274, PDCDI1, CD28, EOMES, LAGS3, ICOS, CTLA4, LILRBI1, IDO1 was analyzed

in Stage IV patients of TCGA STAD, GSE15459 and GSE62254. A P value < 0.05

was considered statistically significant. Error bars represented standard error of the mean
(S.E.M.) when multiple visual fields were averaged to produce a single value for each

Cancer Res. Author manuscript; available in PMC 2024 May 15.


https://xenabrowser.net/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fanetal. Page 5

animal, which was then averaged again to represent the mean bar for the group in each
graph.

Data and materials availability

All dataset and materials generated from this study are available for scientific community
upon request. The data analyzed in this study are publicly available in TCGA Firehose
STAD dataset and in the Gene Expression Omnibus (GEO) at accession numbers

GSE15459 and GSE62254. RNA-Seq data have been deposited at the European Genome-
phenome Archive (EGA). The datasets can be fully accessed under the accession number
EGAS00001003180. All single-cell RNA-sequencing data generated by this study have been
be deposited in the European Genome-Phenome Archive (EGA, https://ega-archive.org/).
The data can be accessed under the accession number EGAS00001004443. Access can be
granted by request from the corresponding author (Jaffer Ajani, jajani@mdanderson.org).
All other raw data are available upon a reasonable request to the corresponding author.

Results

The CD47 “Don’t eat me” signal is enriched in human metastatic GAC

The “Don’t eat me” signal consists of several inhibitory receptors and their ligands on
epithelial cells and myeloid cells including CD47/SIRPa., MHC1/LILRB1/LILRB2, and
PD-L1/ PD-1 (Fig.S1A) which play a pivotal role in physiologic homeostasis of normal
tissues. We systematically analyzed the transcriptome of immune checkpoints and “don’t
eat me” genes in the bulk RNA-seq data from PC specimens and uncovered that CD47and
SIRPA were highly enriched among other “don’t eat me” genes and immune checkpoints
(Fig. 1A and Supplementary Table 1). Intriguingly, we observed CD47 also highly expressed
in two- GAC datasets of stage IV patients (Fig. 1B). Our scRNA-seq data in 20 PC
specimens revealed that CD47 and its receptor S/RPA were highly expressed in tumor cell
cluster and myeloid cluster respectively (Fig.1C). Further, we validated the immune and
epithelial markers by CyTOF in PC specimens and also observed that CD47 was highly
expressed in cytokeratin positive tumor cell clusters, whereas PD-L1 expression was hardly
detected in most cells (Fig. 1D). More importantly, we observed that increased expression
of CD47in patients with short-term survivors (Fig. 1E-F). To further elucidate CD47
expression in different cell types in the PC specimens, we performed flow cytometry in PC
cells from 42 cases (Fig. S1B and Supplementary Tables 2). Further analyses revealed that
high expression of CD47 in EpCAM* tumor cells was significantly associated with shorter
survival (Fig.1G). Finally, we observed that high expression of CD47 was significantly
associated with shorter survival and disease-free survival even in the complete responder
(CR) group of TCGA STAD cohort (Fig. 1H and Fig. S1C) which prompted us to focus on
CDA47 in rest of the study. Altogether, these data suggested that CD47 was highly expressed
in PC cells and prognosticates shorter survival in GAC patients with PC.

Gal-3 correlated with CD47 expression in both primary and metastatic GAC

We previously reported that Gal-3 was an independent prognosticator of shorter survival and
potentially a novel therapeutic target particularly in diffuse type GAC(24). scRNA-seq of
20 PC specimens identified that L GALS3was one of the top genes and highly expressed
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in 13 tumor cell clusters (Fig. 2A and Supplementary Table 3). Further sScRNA-seq analysis
revealed that L GALS3 positively correlated with CD47in tumor cell clusters of shorter
survivors (Fig. 2B and Fig. S2A-B). The positive correlation between Gal-3 and CD47

was also observed in epithelium cell cluster of PC samples in another independent cohort
(25) (Fig. 2C). To further validate the correlation of expression between CD47 and Gal-3

in PC specimens, we stained 51 PC samples (Supplementary Table 4) and found that the
expression of CD47 was significantly positive associated with expression of Gal-3 (Fig.
2D), and we also found that CD47 and Gal-3 frequently co-expressed on the paired primary
tumor and ascites samples (Fig. S2C-D). Furthermore, we validated the expression of Gal-3
and CD47 by immunohistochemistry staining in a primary GAC TMA containing 210
patients and found that the expression of CD47 and Gal-3 was increased in both intestinal
and diffuse GAC tissues compared to non-tumor tissues and the expression of CD47 was
positively associated with the expression of Gal-3 in primary tumor tissues (Fig. 2E and
Supplementary Table 5). Most importantly, we found that high expression of both CD47
and Gal-3 was significantly associated with shorter survival (Fig. 2F), poorly differentiated
GAC, diffuse type, and a higher rate of relapse compared to low expression (Fig. 2G).
Together, we note that CD47 and Gal-3 were positively correlated in both primary and PC
samples.

Down-regulation of Gal-3 suppressed CD47 expression in GAC cells

Having observed that CD47 was highly expressed in primary and metastatic GAC, we note
that fewer studies have focused on the parameters that regulate CD47 and its related “don’t
eat me” signaling. Previous studies have shown that cytokines including TNFa, IL6, and
IFN-+y are involved in regulating CD47 expression(26,27). c-Myc and HER2 were reported
oncogenes that regulated CD47 expression in tumors(11,28). Based on the finding that Gal-3
was positively associated with CD47 in the primary and metastatic GAC tissues, we sought
to explore if the potential regulation of Gal-3 on CD47 in in GAC cells. First, we generated
Gal-3 KO in GAC cell lines AGS and GT5 using Lenti-CRISPR/Cas9 and validated
successful KO of Gal-3 in AGS and GT5 by western blot. Interestingly, we found that Gal-3
KO decreased CD47 expression at the protein level (Fig. 3A) and significantly decreased
CD47 mRNA expression in both GAC cell lines (Fig. 3B). Furthermore, down-regulation
of Gal-3 decreased CD47 expression by flow cytometry in both AGS and GT5 GAC cell
lines (Fig. 3C-D). To further validate this finding, we co-stained CD47 and Gal-3 in Gal-3
KO GAC cells compared to control (NC) cells of AGS and GT5 and found that CD47
expression was dramatically decreased upon Gal-3 KO in two individual clones in AGS

and GT5 cell (Fig. S3A). To further elucidate the mechanisms by which Gal-3 regulates
CDA47, we performed RNAseq in AGS cells with Gal-3 KO vs NC cells, and GSEA analysis
revealed that MY C-Targets V1 and MY C-Targets V2 signaling were significantly decreased
upon Gal-3 KO (Fig. 3E-F and Fig. S3B). Gal-3 KO reduced c-Myc expression was further
validated by western blot in both human AGS cell line and mouse KP-Luc2 cell lines (Fig.
S3C) which in line with our prior study demonstrated that overexpression of Gal-3 increased
c-Myc expression in SNU1 with non-Gal-3 GAC cell line(24). Additionally, our previous
study and those by others have demonstrated that Gal-3 regulates c-Myc and activates Wnt
signaling through binding to p-catenin and TCF4 (17,29,30). In the present study, we also
confirmed that Gal-3 KO dramatically decreased the p-catenin and c-Myc levels, while
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re-expression of Gal-3 in Gal-3 KO cells increased the p-catenin and c-Myc levels indicating
Gal-3 regulation of p-catenin and c-Myc in GAC cells (Fig. S3D). To elucidate the role

of c-Myc in regulating CD47 downstream of Gal-3, we conducted siRNA-mediated c-Myc
knockdown in AGS cells and found that c-Myc knockdown reduced CD47 expression,

but Gal-3 expression had no significant impact compared with Scramble-treated cells (Fig.
S3E). Furthermore, a recent study has demonstrated that c-Myc regulates CD47 through
binding directly to the promoter of CD47 in human and murine leukemia and lymphomas
to regulate CDA47 transcription (28,31). Thus, we hypothesize that Gal-3 regulates CD47
through transcriptional factor c-Myc. To prove this, we analyzed ChlIP seq data in multiple
cancer cell datasets pulling down chromatin by c-Myc antibody and found that CD47

locus was enriched in three ChIP seq datasets (Fig. S4A). We performed ChlIP-qPCR after
c-Myc pulldown chromatin in Gal-3 KO cells compared to NC and noticed that KO Gal-3
significantly decreased c-Myc occupancy in the promoter of CD47 using specific CD47
primers spanning c-Myc binding site of the CD47 promoter. Correspondingly, occupancy
of the chromatin open and activation marker, H3k27ac in CD47 promoter was dramatically
reduced upon Gal-3 KO in GAC cell line (Fig. S4B-C). To further confirm the role of
c-Myec in the regulation of CD47 by Gal-3, we conducted c-Myc overexpression in Gal-3
KO cells and found that CD47 expression was enhanced in cells rescued c-Myc (Fig. 3G).
Further, we performed ChIP-gPCR using c-Myc antibody pulldown chromatin at two c-Myc
binding sites of CD47 promoter (Fig.S4B) and found that c-Myc and H3k27ac occupancy
in the promoter of CD47 were decreased in Gal-3 KO cells and were reversed by Gal-3
overexpression (Fig. 3H and Fig.S4C) suggesting Gal-3 regulation of CD47 in GAC cells
required c-Myc occupancy of the CD47 promoter. Besides, we conducted Gal-1 and Gal-2
overexpression in AGS cells and confirmed by qRT-PCR (Fig. S4D) and detected levels of
c-Myc, CD47, and Gal-3 expression by Western blot. No obvious changes in the levels of
c-Myc and CD47 upon Gal-1 and Gal-2 overexpression compared with NC cells (Fig. S4E),
suggesting that neither Gal-1 nor Gal-2 had an impact on CD47 and c-Myc expression.

Depletion of Gal-3 in tumor cells promotes phagocytosis by repolarized macrophages

To elucidate the effects of tumor cell-derived Gal-3 or host Gal-3 on innate immune
response, we utilized our Lgals3—-/-vs WT mice and inoculated murine KP-Luc2 tumor
cells with NC or Gal-3 KO into WT mice and Lgals3-/-mice respectively (Fig. 4A,

left). As a result, we noticed that KO Gal-3 in KP-Luc2 tumor cells significantly reduced
tumor growth and increased phagocytosis of F4/80 on tumor cells (GFP*) in both WT and
Lgal3—/—mice, although Gal-3 KO in KP-Luc2 tumor cells demonstrated better antitumor
effects in Lgal3—-/-mice compared to WT mice (P<0.0001, Fig. 4A-B) indicating that
tumor cell-derived Gal-3 plays more important role in GAC progression and phagocytosis
than that of host-derived Gal-3. To further explore the impact of Gal-3 from GAC cells

on macrophage repolarization and function, we co-cultured human macrophages derived
from PBMCs with AGS NC and Gal-3 KO cells for 48 hours, and then the notable M¢2
and M¢1 marker were examined by gRT-PCR. M1-like macrophages related CD80, CD86,
TNFA, and CXCL10were significantly increased when co-cultured with Gal-3 KO cells
compared to untreated NC cells, whereas 7GFBI and TGFBZ2 were significantly reduced in
human macrophages when co-cultured with Gal-3 KO AGS cells compared to NC cells (Fig.
4C). Similarly, U937 monocytes were co-cultured with AGS Gal-3 KO cells significantly
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reduced the production of CSF1, CCLZ, and /L10compared to that of AGS NC cells,
indicating Gal-3 levels in GAC cells govern the macrophage function (Fig. 4D-E). To
further explore the potential mechanisms that Gal-3 regulated macrophage polarization, we
next examined GSEA analysis between NC and Gal-3 KO of AGS cells. We observed that
the interferon alpha and interferon gamma response pathways were upregulated in Gal-3
KO cell compared with NC cells (Fig. S5A). This observation is in line with the previously
study that both Type | and Type Il interferons activate antitumor M1 macrophage (32-36).
No significance of increase phagocytosis was observed in CD47 overexpression cells (Fig.
S5B-C). Next, to elucidate the cooperative actions of Gal-3 and CD47 on phagocytosis of
macrophage, bone marrow derived macrophages (BMDMs) were isolated from mice (Fig.
4F and Fig. S5D) and then BMDMs co-cultured with KP-Luc2 murine GAC cells pretreated
with Gal-3 inhibitor TD139 or neutralizing CD47 antibody (aCD47) alone or combination
treatment. As a result, the combination inhibition of Gal-3 and CD47 in KP-Luc2 cells led
to significantly enhanced phagocytosis of BMDMSs on KP-Luc2 cells when co-culture them
in vitro (Fig. 4G and Fig. S5E). These results suggest that Gal-3 in either human GAC

cells or murine KP-Luc2 tumor cells is responsible to repolarize into M2 macrophages and
suppresses macrophage phagocytosis and cooperates with CD47 protected GAC cells from
phagocytosis.

Gal-3 prevents recruitment and activation of immune effector cells in GAC

To assess the role of Gal-3 in regulating adaptive T cell immune responses and the potential
cooperation with CD47, we first examined CD8 T cell infiltration and response in KP-Luc2
tumors with or without Gal-3 KO in WT and Lga/s3-/-mice. CD8" T cell infiltration in
KP-Luc2 Gal-3 KO cell implanted GAC tumors significantly increased compared to that of
the KP-Luc2 NC cells in WT mice and the CD8* T cell infiltration was even further boosted
when KP-Luc2 Gal-3 KO tumor cells implanted into Lgals3-/—mice (Fig. 5A) indicating
Gal-3 in both tumor cells and host plays an important role in limiting T cell infiltration. To
further examine the association of Gal-3 with CD8* T cell, CD4* T cell, B cell, and NK
cell infiltration, we explored TCGA GAC dataset by MCP-counter, xCELL and quanTIlseq
algorithms and found that the expression of Gal-3 were negatively correlated with CD8* T
cell infiltration in all algorithms (Fig. 5B), which was consistent with the previous report
that Gal-3 inhibitor GB1107 increased CD8* but not CD4" T cells within the tumor(22).
To further explore the potential mechanisms that Gal-3 regulated T cell responses, we
performed GSEA analysis between NC and Gal-3 KO of AGS cells and revealed that TNFa
signaling via the NFKB pathway were upregulated in Gal-3 KO cell compared with NC
cells (Fig.5C). In order to validate the effect of Gal-3 on T cell responses in GAC, we
purified CD8" T cells from human PBMCs and co-cultured with AGS and GT5 NC and
Gal-3 KO cells and then analyzed T cell responses using gRT-PCR and Flow-cytometry
(Fig. S6A). The expression of TNF, /L2, and /FNG in PBMCs significantly increased in
co-cultured with AGS Gal-3 KO cells compared to that in NC cells of AGS cells (Fig.

5D). We found that Granzyme B*CD8* T cells and Perforin"CD8* T cells in PBMCs

were significantly increased in co-culturing with Gal-3 KO cells in both AGS and GT5
cells compared to NC cells (Fig. 5E-F). No significance change in the cytotoxic function
of CD8" T cells was observed in CD47 overexpression cells (Fig. S6B-C). To elucidate
whether there is cooperation between Gal-3 and CD47 on T cell responses, we treated
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AGS cells with Gal-3 inhibitor TD139, neutralizing CD47 antibody (a.CDA47), and their
combination for 2 days and co-cultured with human PBMCs for additional 2 days, then
analyzed GrB and perforin production from CD8* T cells in PBMCs by flow cytometry. As
a result, we found that tumor cells pretreated with the combination of TD139 and CD47
antibody significantly boosted T cell responses (Fig. 5G) in PBMCs compared to either
alone, suggesting that inhibition Gal-3 has synergistic effects with anti-CD47 in activating
cytotoxic T cell functions in GAC.

Inhibition Gal-3 synergized with CD47 blockage suppressed tumor progression in the
syngeneic mouse model

Due to the high expression of Gal-3 and CD47 in metastatic GAC, their positive correlation
and their regulation in innate and T cell immunity, we sought to investigate if targeting

both Gal-3 and CD47 on innate and T cell immune responses could be recapitulated /in

vivo. For this, we first implanted KP-Luc2 murine GAC cells with labeled GFP luciferase
into C57BL/6 mice, and then treated with TD139, aCD47 and combinational treatment

(Fig. 6A and Fig. S7A). Tumor growth was monitored by bioluminescence weekly. At the
end, tumors were collected, weighed, snap frozen or formalin-fixed and paraffin embedded
for molecular analyses by gRT-PCR and IF staining for macrophage/T cells (F4/80 and
CD8), and flowcytometry for T cell responses. As a results, the combinational treatment led
to a robust reduction in tumor growth compared with the untreated or single treatment

group (Fig. 6A and Fig. S7B). Correspondingly, we found increased phagocytosis in

the combination group (Fig. 6B) and increased infiltration of F4/80 (Fig. S7C), which

was in line with recent study(37) indicating that macrophages increased in the tumor
microenvironment. More interestingly, TD139 significantly increased IFNy™* production by
CD8™ cells and cytotoxic T cell infiltration which further augmented when combining with
CDA7 blockage (Fig. 6C-D). More importantly, combination treatment increased the notable
M1 macrophage markers-/rf1, Irf5, Ca80, Cd86 expression, whereas decreased notable M2
macrophage markers-MrcI and Arg1 in the tumor microenvironment (Fig. 6E). Additionally,
combination treatment significantly increased T cell response genes 7nfa, Gzmb and Ifng
expression, indicating that the combination treatment repolarized macrophage and increased
T cell infiltration as well as their cytotoxic function. Taken together, these data demonstrated
that inhibition of Gal-3 synergized with CD47 blockade to suppress tumor progression
through activation of both innate and adaptive immune responses (Fig. 6F).

Discussion

CDA47 is one of the major players in conveying the “don’t eat me” signal upon binding its
receptor SIRPa on the myeloid cells. There is considerable interest in targeting CD47 in the
oncology space, however, little has been known about its role in GAC patients with PC. Our
multiple profiling in PC cells has shown that CD47 overexpression in primary tumors and
PC cells which correlated with poor patient survival. Both CD47 and Gal-3 were positively
correlated, and KO of Gal-3 significantly decreased CD47 expression in GAC cell lines.
Combined inhibition of CD47 and Gal-3 further increased phagocytosis by macrophages and
enhanced CD8* T cell function /7 vitro and /n vivo. Our data suggest that Gal-3 and CD47
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dual inhibition produced most beneficial effects against advanced GAC cells and targeting
both Gal-3 and CD47 could be a promising therapeutic strategy against GAC with PC.

CDA47 is a trans-membrane protein ubiquitously expressed on human cells but overexpressed
on many types of tumor cells. Signaling through the CD47-SIRPa axis plays an important
role in the homeostatic processes including erythrocytes, platelets, and hematopoietic stem
cell maintenance(8). Tumor cells upregulate CD47 that triggers an interaction between
CDA47 and SIRPa-the “don’t eat me” signaling in the macrophages, inhibiting phagocytosis
to evade innate immune surveillance and to facilitate cancer growth and metastases(38).
Thus, CD47-SIRPa blockade has emerged as a next-generation of cancer immunotherapies
in various malignancies in the preclinical and clinical settings(39). Using scRNAseq and
CyTOF as well as other methodologies, we discovered that CD47 is highly expressed

in GAC tissues and PC cells which prompted us to target CD47 in GAC PC cells.

However, several clinical studies suggest that blocking the CD47-SIRPa axis alone is

not sufficient to induce tumor regression in several cancer types (9,40,41) which may

be attributed by several aspects. 1). the phagocytosis relies on the balance between
prophagocytic (eat me) in myeloid cells and antiphagocytic (don’t eat me) signals on
targets cells(42). 2). CDA47 levels are only modestly increased relative to surrounding
healthy tissue in most human tumors(43). 3). The TME heterogeneity and co-exists with
other innate and adaptive immune checkpoints such as B2M/LILRB1/2 or PD-1/PD-L1
etc. Thus, combination therapies are strongly recommended. Recent appealing data support
the combination therapy of targeting of the CD47/SIRPa axis with other oncotargets or
other immune checkpoint blockades to improved tumor control such as combination of
anti-CD47 with trastuzumab, which eliminating HER2 positive breast cancer and overcomes
trastuzumab resistance(44); combination with rituximab in lymphoma led to improved
clinical responses(12). Combination with other immune checkpoint blockades such as
CTLA-4i or PD-1i/PD-L1i has been studied by several research groups aiming to increase
in the efficacy by blockade of the axes that cancer cells use to avoid being cleared by

the immune system(45). In line with the present study that single treatment of aCD47 did
not sufficiently influence phagocytosis and T cell responses in both in vivo and in vitro,
few studies also indicated that combination treatment with aCD47 could be more efficient
to suppress tumor growth (8,46). Thus far, only anti-PD-1 and Her2 antibodies have been
approved by FDA in GAC. However, the expression of PDCD1 and mutation/amplification
of ERBBZwas very low in our GAC specimens by whole exome sequencing (WES)(47),
scRNA-seq, and CyTOF analysis which prompted us to explore other immune/oncotargets
that highly expressed in GAC patients.

Several reports have noted that Gal-3 expression was significantly higher in poorly
differentiated GAC and lymph node positive cancers(48-50). From our scRNA-seq data,
we noticed that Gal-3 was the one of the top genes in tumor clusters and it positively
correlated with CD47 in both primary and metastatic GAC. Intriguingly, we observed that
the percentage of double positive cells was 45.04% in PC samples using scRNA-seq; and
patients with double positive conferred worse prognosis. Most importantly, we found that
Gal-3 positively regulated CD47 expression at the level of transcription through promoting
c-Myc binding to the CD47 promoter in GAC. Further, we revealed that overexpression of
c-Myc in AGS Gal-3 KO cells significantly increased CDA47 expression indicating c-Myc
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upregulated CD47 expression downstream of Gal-3, which is in line with previously report
(28). Gal-3 has been reported mediating both innate and T cell immunosuppression thus
forms an attractive target in addition to CD47. Tumor cells secrete Gal-3 that mediates
innate and adaptive immune responses through promoting macrophage polarization from

M1 to M2, inducing CD8* T cell apoptosis, and restricting TCR clustering(22). The
compelling evidence of Gal-3 in boosting tumor growth and immune suppression has

made it an exciting target for cancer therapy. The key finding in this study is that

Gal-3 suppressed phagocytosis by macrophages and KO Gal-3 promoted phagocytosis and
increased macrophage infiltration which in part through CD47 downregulation. Furthermore,
we showed that phagocytosis significantly increased by macrophages when treated in TD139
especially in combination with anti-CD47 therapy. In the present study, blocking CD47
alone did not significantly induce T cell responses. However, when blocking CD47 in
combination with inhibition of Gal-3 using TD139 significantly boosted phagocytosis and
increased cytotoxic T cell function /n vitro. Co-targeting Gal-3 and CD47 in the KP-Luc2
syngeneic mouse model, CD8* T cell infiltration, and T cell responses were synergistically
increased along with tumor regression in vivo. Our studies have demonstrated that Gal-3
amplified CD47 signaling in innate immunity; and also have a direct effect to T cell immune
responses. Taken together, these data demonstrated that inhibition of Gal-3 combined with
CDA47 blockade should be a strategy to follow.

In summary, our data uncovered that Gal-3 synergized with CD47 to suppress phagocytosis
and orchestrated an immunosuppressed milieu in the tumor microenvironment. Dual
blockade of Gal-3 and CD47 boosted both innate and adaptive T cell responses, thus
providing rationale for a clinical trial in advanced GAC patients.

Supplementary Material
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Significance:

Dual inhibition of CD47 and Gal-3 enhances tumor cell phagocytosis and reprograms
macrophages to overcome the immunosuppressive microenvironment and suppress tumor
growth in peritoneal metastasis of gastric adenocarcinoma.
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Figure 1. “Do not eat me” gene CD47 is enriched in peritoneal metastases of GAC and associated

with poor survival.

A, Bulk RNA-seq analysis on PC specimen (n = 20) using a curated panel of immune
checkpoint and “don’t eat me” gene. Unsupervised hierarchical clustering was performed
on the normalized RNA expression data of indicated genes. B, Box plot analysis showed
immune checkpoint and “don’t eat me” genes of stage IV of TCGA STAD (n=41) and
GSE15459 (n=60). C, Expression profile of “don’t eat me” genes CD47, SIRFA, CD274,
PDCD1, LILRBI1 and LILRBZwere shown in dot-plot with normalized expression levels
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of indicated genes from scRNA-seq data. D, CD47 and PD-L1 were detected on 6
representative PC ascites samples, as examined by CyTOF using antibodies against notable
cell type markers, and CD47 and PD-L1. E, Normalized expression levels of CD47and
SIRPA in tumor cluster and myeloid cluster between long-term survivors and short-term
survivors was shown as violin plots (A<0.0001). F, “Don’t eat me” genes CD47, SIRPA,
CD274, PDCD1, LILRB1 and LILRBZ2were shown on the heatmap based on bulk RNA-seq
analysis on PCs patients with long-term survivors (>12 month) and short-term survivors
(<8 month). G, Representative contour plots (left) and quantification of CD47 expression
(right) on EpCAM™ tumor cells detected on PC samples between long-term survivor (>12
month) and short-term survivor (<8 month) (n=42), as assessed by flow cytometry. H, The
association of CD47and overall survival of complete responders (CR) patients from TCGA
dataset (n=136). Log rank (Mantel-Cox) test was used.
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Figure 2. CD47 overexpression corelated with Gal-3 in PC specimens of GAC.
A, scRNA-seq analysis of unfractionated tumor cells from 20 PC samples. B, Normalized

expression levels of LGALS3and CD47in tumor cell clusters between long-term survivors
and short-term survivors is shown by violin plots (left). Correlation between LGALS3and
CD47in short-term survivor tumor clusters from scRNA-seq data (£<0.0001, right). C,
Scatter plot showed the correlation of LGALS3and CD47in epithelial cells in GEO183904
cohort. D, Representative immunofluorescence images (left) and the association analysis
(right) of Gal-3 and CDA47 staining on PC samples (n=51). Scale bar: 50 um. E,
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Representative immunohistology staining of Gal-3 and CD47 images of intestinal and
diffuse type in TMA samples (left). Scale bar: 100 um. The association analysis of Gal-3
and CDA47 staining in primary GAC of TMA (n=210; £<0.0001, right). F, The association of
Gal-3 and CD47 high expression and low expression with overall survival in TMA samples.
G, The association of CD47 and Gal-3 high expression with tumor grade (£<0.0001), diffuse
type (P=0.0008) and tumor relapse (P=0.0435) respectively. Student’s test was used unless
otherwise indicated.
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Figure 3. Depletion of Gal-3 suppressed CD47 expression in GAC cells.
A, Western blot analysis of Gal-3 and CD47 expression in AGS and GT5 cells with or

without Gal-3 KO (h = 3 biological replicates). B, The expression levels of CD47 mRNA
examined by gRT-PCR in NC and Gal-3 KO cells in both AGS and GT5 cells (n=3
biological replicates). C and D, Representative histogram level and quantification of Gal-3
and CD47 in NC and Gal-3 KO cells in AGS and GT5 cells by flow cytometry, respectively
(n = 3 biological replicates). E and F, Highly upregulated hallmark pathways were revealed
by GSEA analysis of RNAseq data in AGS NC cells compared with Gal-3 KO cells. G,

Cancer Res. Author manuscript; available in PMC 2024 May 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fan et al.

Page 22

The expression level of c-Myc, CD47 and Gal-3 was determined by Western blot (n =3
biological replicates) in Gal-3 KO AGS cells with or without overexpression of c-Myc. H,
Quantitative ChlP-gPCR analysis was performed using CD47 promoter primers spanning
c-Myc binding site after chromatin pulldown using c-Myc and H3k27ac antibodies in AGS
Gal-3 KO cells with or without rescued Gal-3 overexpression (n = 3 biological replicates).
Student’s test was used unless otherwise indicated.
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Figure 4. Depletion of Gal-3 promotes phagocytosis by repolarizing macrophages.
A, Diagram of inoculation of KP-Luc2 NC and Gal-3 KO cells in C57BL/6 WT and

Lgals3 KO mice (left). Tumor growth engrafted with KP-Luc2 NC and Gal-3 KO cells in
both C57BL/6 WT and Lga/s3 KO mice were measured (n = 5mice per group, right). B,
Representative contour plots and quantification phagocytosis of KP-Luc2 NC and Gal-3
KO cells in both C57BL/6 WT and Lgal/s3 KO mice at the end point of experiment by

flowcytometry.
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C, Expression levels of CD80, CD86, TINF (upper), CXCL10, TGFB1 and TGBFZ (bottom)
were examined qRT-PCR in primary human donor-derived macrophages co-cultured with
NC and Gal-3 KO cells of AGS for 48h (n = 3 biological replicates). D, Diagram of
Diagram demonstrates the experiments procedure of co culturing U937 with AGS NC and
AGS Gal-3 KO cell. E, U937 was treated with 80nM PMA for 48h, and co-cultured with
NC and Gal-3 KO cells of AGS for 48h, expression levels of CSF1, CCL2 and IL10

were examined by gRT-PCR (n = 3 biological replicates). F, Diagram demonstrates the
isolation of macrophage from bone marrow of mice. G, Representative contour plots and
quantification of phagocytosis of KP-Luc2 by BMDMs pretreated with aCD47, TD139 and
combination treatment for 48 h (n = 4/group), as examined by flow cytometry. One-way
ANOVA was used in A, B, G. Student’s test was used unless otherwise indicated.
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Figure 5. Inhibition of Gal-3 boosted T cell responses in GAC.
A, Representative immunofluorescence staining images (left) and quantification (right) of
CDS8™" in KP-Luc2 NC and Gal-3 KO cells in WT and Lgals3-/- KO mice (n = 5 mice per
group). Scale bars, 50 um. B, Spearman correlation of L GALS3 expression and CD8* T
cell, CD4* T cell, B cell and NK cell infiltration by MCP-counter, quaTlseq and xCELL

algorithm in TCGA STAD cohort (n=415). C, Highly upregulated hallmark pathways were

revealed by GSEA analysis of RNAseq data in AGS Gal-3 KO cells compared with
NC cells. D, The expression levels of 7NVF /L2and /FNG examined by gRT-PCR in
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human PBMCs co-cultured with AGS NC and Gal-3 KO cells for 48h (n = 3/group). E,
Representative contour plots and quantification of GrB and Perforin in CD8" T cells after
co-cultured with of AGS Gal-3 KO or NC cells with CD8 T cells for 48h (n = 4/group),

as examined by flow cytometry. F, Quantification of GrB and Perforin CD8" T cells after
co-cultured with of GT5 Gal-3 KO or NC cells for 48h (n = 4/group), as examined by flow
cytometry. G, Representative contour plots (left) and quantification of GrB and Perforin
expression (right) in human peripheral CD8* T cells co-cultured with AGS cells of the
indicated treatment (n = 4/group), as examined by flow cytometry. AGS cells was treated
with aCD47, TD139 and combination treatment for 48 h before co-culture with PBMCs.
One-way ANOVA was used A and G. Student’s test was used unless otherwise indicated.
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Figure 6. Dual inhibition of Gal-3 and CD47 suppressed tumor growth through increasing
phagocytosis and T cell infiltration and response.

A, Representative bioluminescence images over 28 days (left) and quantification (right) of
engrafted with KP-Luc2 cell in C57BL/6 mice (n = 5 mice per group) in the indicated
treatment. B, Representative contour plots and quantification of phagocytosis at the endpoint
day 28 (n =5 mice per group), as examined by flow cytometry. C, Representative contour
plots and quantification of tumor IFNy*CD8* T cells (n =5 mice per group), as examined
by flow cytometry at day 14 (n=5 mice per group). D, Representative immunofluorescence
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staining images (left) and quantification (right) of tumor infiltrating CD8" T cells in tumor
core and total area (n =5 mice per group). Scale bars, 100 um. E, Notable markers of

M1 and M2 Macrophage (top) and T cell related genes expression (bottom) were shown

in heatmap of indicated treatment (n=5 mice per group). F, Schematic illustration of the
impact of Gal-3 and CD47 in phagocytosis and immune regulation in GAC in TME; and
co-targeting Gal-3 using TD139 and CD47 using aCD47 antibody synergistically boost both
innate and adaptive immune responses that lead to tumor suppression. One-way ANOVA
was used A-D.
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