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Purpose Appropriate preclinical mouse models are needed to evaluate the response to immunotherapeutic agents. Immunocompe-
tent mouse models have rarely been reported for gastric cancer. Thus, we investigated immunophenotypes and responses to immune
checkpoint inhibitor (ICl) in immunocompetent mouse models using various murine gastric cancer cell lines.

Materials and Methods We constructed subcutaneous syngeneic tumors with murine gastric cancer cell lines, YTN3 and YTN16, in
C57BL/6J mice. Mice were intraperitoneally treated with IgG isotype control or an anti-programmed death-ligand 1 (PD-L1) neutral-
izing antibody. We used immunohistochemistry to evaluate the tumor-infiltrating immune cells of formalin-fixed paraffin-embedded
mouse tumor tissues. We compared the protein and RNA expression between YTN3 and YTN16 cell lines using a mouse cytokine
array and RNA sequencing.

Results The mouse tumors revealed distinct histological and molecular characteristics. YTN16 cells showed upregulation of genes
and proteins related to immunosuppression, such as Ccl2 (CCL2) and Csf1 (M-CSF). Macrophages and exhausted T cells were more
enriched in YTN16 tumors than in YTN3 tumors. Several YTN3 tumors were completely regressed by the PD-L1 inhibitor, whereas
YTN16 tumors were unaffected. Although treatment with a PD-L1 inhibitor increased infiltration of T cells in both the tumors, the
proportion of exhausted immune cells did not decrease in the non-responder group.

Conclusion We confirmed the histological and molecular features of cancer cells with various responses to ICl. Our models can be
used in preclinical research on ICI resistance mechanisms to enhance clinical efficacy.
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Introduction

Gastric cancer is the fourth leading cause of cancer-related
deaths worldwide due to the dismal prognosis of patients
with metastatic gastric cancer [1]. Several targeted agents,
as well as combined chemotherapy, have been applied to
improve the outcomes but to no avail. Although immune
checkpoint inhibitors (ICIs) were approved for gastric can-
cer several years ago, they only exhibited limited benefits
for a significant proportion of patients [2], and the resistance
mechanisms related to ICIs in gastric cancer remain unclear.

A better understanding of ICI resistance can suggest new
targets for improving the prognosis for gastric cancer pati-
ents. The tumor microenvironment significantly affects the-
rapeutic responses [3-5]. To investigate the exact mechanism
related to ICI resistance and develop clinically efficacious
therapeutics, we need experimental animal models. The

widely used xenograft models do not reliably reflect the
interaction between tumor cells and the host microenviron-
ment. Syngeneic tumors in immunocompetent mice could be
a good tool to evaluate the effectiveness of ICI in preclini-
cal models [6]. Therefore, syngeneic murine models showing
various responses to ICIs are essential for understanding the
mechanisms of resistance to ICIs in gastric cancers. However,
there are only a few reported syngeneic gastric cancer mod-
els [7,8].

Yamamoto et al. [9] developed murine gastric cancer cell
lines from an N-methyl-N-nitrosourea (MNU)-induced gas-
tric cancer mouse model. They reported that four cell lines
from individual single-cell clones showed different tumori-
genic potential and gene expression profiles. In the present
study, we examined the histological and molecular features
of two murine gastric cancer cell lines, in vivo and in vitro.
In addition, we observed a distinct response to programmed
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death-ligand 1 (PD-L1) inhibitors in the two syngeneic gas-
tric cancer models.

The aim of this study is to establish appropriate syngeneic
mouse models to evaluate the effects of immunotherapy in
gastric cancer and to identify the histological and molecular
features of gastric cancers related to response to ICIs.

Materials and Methods

1. Cell culture

We cultured the murine gastric cancer cells, YTN3 and
YTN16, in Dulbecco’s modified Eagle’s medium (DMEM)/
high glucose (Cytiva, Marlborough, MA) supplemented with
10% fetal bovine serum (Hyclone, Logan, UT), 1% penicillin-
streptomycin (Gibco, Thermo Fisher Scientific, Waltham,
MA), and 0.1% MITO+ serum extender (Corning, Corning,
NY) on 0.5 mg/mL type I collagen (Corning) coated cell cul-
ture dish [9]. Cells were incubated at 37°C in a humidified
atmosphere containing 5% CO..

2. Syngeneic model

Five-week-old C57BL /6] mice (DBL, Eumseong, Korea) were
subcutaneously injected with 1x10° YTN3 (n=10) or YTN16
(n=5) cells suspended in 100 pL phosphate buffered saline
with 50% Matrigel Basement Membrane Matrix Growth Fac-
tor Reduced (Corning). The volume of the tumor was meas-
ured three times per week and calculated using the formula
(lengthxwidth?)/2. We collected and weighed the tumor
tissues and fixed them using 10% neutral buffered formalin
(NBF), and embedded them in paraffin for further analysis.

For the treatment with PD-L1 antibody, the mice were
injected with 1x10° YIN3 (n=15) or YIN16 (n=16) cells as
described earlier. When the tumor volume reached 100 mm?,
InVivoPlus anti-mouse PD-L1 (B7-H1) (BioXcell, Lebanon,
PA) or InVivoMab rat IgG2b isotype control (BioXcell) was
intraperitoneally administered once a week for three weeks
(12.5 mg/kg). The volume of the tumor was measured three
times per week. We collected and weighed the tumor tissues
and fixed them using 10% NBF, and embedded them in par-
affin for further analysis.

3. Immunohistochemistry

We cut the formalin-fixed paraffin-embedded tissues into
4 pm-thick sections and performed antigen retrieval using
Tris-EDTA (pH 9.0)+10% glycerol solution. The slides were
blocked in 20% Aqua Block Buffer solution (Abcam, Cam-
bridge, UK) and incubated with the primary antibody over-
night at 4°C. The slides were then incubated with the second-
ary antibody at room temperature for 30 minutes, followed by
detection using the DAB Substrate Kit (Abcam). The antibod-
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ies used for immunohistochemistry were as follows: anti-o-
smooth muscle actin (1:500, #14-9760-82, eBioscience, Ther-
mo Fisher Scientific), anti-CD4 (1:2000, #ab183685, Abcam),
anti-CD8a (1:4000, #98941, Cell Signaling Technology, Dan-
vers, MA), anti-EOMES (1:500, #ab183991, Abcam), anti-F4/
80 (1:500, #70076, Cell Signaling Technology), anti-PD-L1
(1:200, #64988, Cell Signaling Technology), and anti-rabbit
(1:100, #Abc-5003, AbClon, Seoul, Korea). All antibodies
were diluted in an Antibody Diluent for IHC (BD Bioscienc-
es, San Jose, CA).

All the stained slides were scanned using a slide scanner
(Axioscan. Z1, Carl Zeiss Microscopy GmbH, Jena, Germa-
ny) at the Three-Dimensional Immune System Image Core
Facility. Three regions of interest images for each tissue were
acquired from the most intensively stained area, and the im-
munohistochemically stained positive cells were manually
counted. This procedure was performed by two independ-
ent observers. The results are expressed as the mean number
of positive cells per area (mm?). The percentage of exhausted
immune cells is represented as a percentage of EOMES+ cells
to CD8a" or CD4" cells.

4. Mouse cytokine array

Cells (5x10°) were seeded in a collagen-coated 100-mm
culture dish and cultured in 10 mL of serum-free DMEM/
high glucose for 48 hours. The cell culture medium was col-
lected into a 15 mL conical tube and centrifuged at 2,000
rpm, 4°C for 10 minutes. The supernatant was transferred
to a new 15 mL conical tube and stored at —20°C. Cytokine
levels in the conditioned medium were evaluated using the
Proteome Profiler Mouse Cytokine Array Kit, Panel A (R&D
Systems, Minneapolis, MN) following the manufacturer’s
instructions. The pixel density of each spot was measured
using Image]J software.

5. RNA sequencing

Total RNA was extracted using an RNeasy Mini Kit (Qia-
gen, Hilden, Germany) following the manufacturer’s ins-
tructions. Total RNA sequencing was performed using the
NovaSeq platform (Illumina, San Diego, CA). Gene ontology
(GO) analysis of differentially expressed genes (DEGs) was
performed using the DAVID database [10].

6. Whole-exome sequencing

Genomic DNA was extracted using a G-spin Total DNA
extraction kit (iINtRON, Seongnam, Korea) following the
manufacturer’s instructions. Whole-exome sequencing was
performed using the Hiseq 2000, 2500, and 4000 (Illumina).
Mm10 sequences were used as mapping references. Muta-
tion and single nucleotide polymorphisms (SNPs) were ana-
lyzed using R package maftools.
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Fig. 1. Histological features of syngeneic mouse tumors. (A) 1x10° of YTN3 (n=10) and YTN16 (n=5) cells were subcutaneously injected
into C57BL/6] mice. (B) Tumor volume and weight of YTN3 (top) and YTN16 (bottom) tumors. Values are presented as meantstandard

error of the mean (SEM). (Continued to the next page)

7. Statistical analysis

Statistical analysis was performed using the R 4.1.1 soft-
ware program and GraphPad Prism 9. Data are presented as
meanzstandard error. Two-way repeated-measures ANOVA
was conducted to compare tumor volumes between the two
groups. The means of the two groups were compared using
a two-sample t test (parametric) or Wilcoxon rank-sum exact
test (non-parametric). Statistical significance was set at p <
0.05.

Results

1. Histologic features of syngeneic mouse tumors

First, to analyze the tumor microenvironment of the
murine gastric cancer models, we subcutaneously injected
murine gastric cancer cell lines into immunocompetent mice
(Fig. 1A and B). On the 37th to 42nd day after cell injection,
we harvested tumors and performed the hematoxylin and
eosin stain. The pathologist (Lee SH) reviewed the slides and
described that the cancer cells of YTN3 tumors formed the
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Fig. 1. (Continued from the previous page) (C) Representative images of H&E staining and immunohistochemistry for a-smooth muscle actin
(a-SMA) (x200, scale bars=50 pm). (D) Representative images for immunohistochemistry; CD8a for cytotoxic T cell, F4/80 for macrophage,
EOMES for exhaustion marker, and programmed death-ligand 1 (PD-L1) for immune checkpoint (x200, scale bars=50 um). (E) Immuno-
histochemistry staining. Positive cells were counted per mm? **p < 0.01, ****p < 0.0001.

intestinal glands, which resembled the intestinal type and
moderately differentiated gastric cancer (Fig. 1C). Mean-
while, YTN16 tumors, where cancer cells are scattered in the
stroma, are similar to poorly differentiated and diffuse-type
gastric cancer. We conducted immunohistochemical staining
for several markers of immune cells and fibroblasts in the
harvested tumor tissues (Fig. 1C-E). Tumor-infiltrating mac-
rophages (F4/80+) and exhausted T cells (EOMES+) were
significantly increased in YTN16 tumors, although the total
number of CD8" T cells (CD8u") was not (Fig. 1D and E). Both
tumors were positive for PD-L1 staining. These results indi-
cate that YTN3 and YTN16 tumors have histologically dis-
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tinct features and YITN16 tumors have a more immunosup-
pressive tumor microenvironment than YTN3 tumors.

2. Molecular characteristics of YIN3 and YTN16 murine
gastric cancer cell lines

Next, we investigated the molecular characteristics of these
cancer cell lines that led to differences in the tumor micro-
environment (Fig. 2A, S1 Fig.). In whole-exome sequencing
data, YIN16 had a barely decreased number of mutations
and SNPs compared to YTN3 (S1 Fig.). Transcriptome analy-
sis showed that 1,503 protein-coding genes were upregulated
in YTN16 cells, and 326 protein-coding genes were upregu-
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Fig. 2. Molecular characteristics of YTN3 and YTN16 murine gastric cancer cell lines. (A) Schematic figure for RNA-sequencing and mouse
cytokine array workflow. (B) Gene ontology (GO) biological process analysis for differentially expressed genes (|fold-change!| =2, p <
0.05) using DAVID database. *p < 0.05, **p < 0.01, ***p < 0.001. (C) Mouse cytokine array panels for conditioned media of YTN3 and YTN16
cells (left). Mean pixel density was quantified for each target protein (right). (Continued to the next page)
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Fig. 2. (Continued from the previous page) (D) The expression of
genes coding cytokine array-targeted proteins from RNA seq-
uencing. *p < 0.05, ***p < 0.001.

lated in YTN3 cells among the 2584 DEGs (| fold-change | >
2, p <0.05) (52 Table). GO biological process terms indicated
that terms related to epithelial to mesenchymal transition
(EMT) were enriched in YTN16 cells, while the term cell dif-
ferentiation was enriched in YTN3 cells (Fig. 2B). This result
was consistent with the finding that YTN3 tumor showed
moderately differentiated histological features. Addition-
ally, terms associated with immunosuppression, such as the
negative regulation of macrophage cytokine production and
natural killer cell degranulation, were enriched in YTN16
cells. YIN16 cells showed increased positive regulation of
interleukin-10 (IL-10) secretion, while YIN3 cells showed
increased positive regulation of interferon-gamma (IFNy)
production. IL-10 is a key anti-inflammatory mediator that
downregulates class II MHC expression and proinflamma-
tory cytokine secretion [11]. IENy can stimulate hundreds of
genes, including inflammatory molecules, apoptosis regula-
tors, cell cycle regulators, and transcriptional activators [12].

We hypothesized that secreted proteins can modulate
the tumor microenvironment. Therefore, we performed a
cytokine array with conditioned media from each murine
gastric cancer cell line. Eleven cytokines were differentially
expressed between YIN3 and YTN16 cells (Fig. 2C). In the
RNA sequencing data, the expression of the following genes
encoding targeted proteins in the cytokine array was signifi-
cantly changed (p < 0.05): IlTrn (IL-1ra), Ccl2 (CCL2), Csfl
(M-CSF), and Cxcl1 (CXCL1) (Fig. 2D). IL-1ra (interleukin-1
receptor antagonist), a natural inhibitor of IL-1a and IL-1B
[13]; CCL2 (C-C motif chemokine ligand 2), also known as
monocyte chemoattractant protein 1 (MCP1); and M-CSF
(macrophage colony-stimulating factor) are highly expressed
in YIN16 cells. CXCL1 (C-X-C motif chemokine ligand 1)
was upregulated in YTN3 cells. Taken together, these mole-
cular characteristics of cancer cell lines may be responsible
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for the distinct immunophenotypes in the tumor microenvi-
ronment.

3. Response to PD-L1 inhibitor in syngeneic mouse tumors

To investigate the response to PD-L1 inhibitor in syngeneic
mouse tumors, YIN3 and YTN16 cancer cells were trans-
planted subcutaneously into the right flank of mice. After
the tumor volume reached 100 mm®, anti-PD-L1 antibody
and IgG isotype control (12.5 mg/kg) were intraperitoneally
administered (Fig. 3A-C). The PD-L1 inhibitor showed an
antitumor effect only in YTN3 tumors. Moreover, four YTN3
tumors completely regressed (S3 Fig.). In contrast, the vol-
ume and weight of YTN16 tumors did not significantly differ
with treatment (Fig. 3C). These results revealed that tumors
constructed using two different murine gastric cancer cells
with distinct molecular characteristics showed diverse res-
ponses to PD-L1 inhibitor.

4. Reprograming of tumor microenvironment after PD-L1
inhibitor treatment

Finally, we confirmed the histological changes in the tumor
microenvironment after PD-L1 inhibitor treatment using
immunohistochemical staining (Fig. 4A and B). As expected,
the number of tumor-infiltrating CD8" T cells increased after
treatment in both YTN3 and YTN16 tumors. Meanwhile, the
number of CD4* T cells was increased only in YTN3 tumors.
The proportion of exhausted T cells to total T cells was lower
in YTN3 tumors than in YTN16 tumors, but the difference
was not significant. These results indicate that PD-L1 inhibi-
tor treatment led to a reduced ratio of exhausted T cells and
increased T cells in the responder group. As a result of the
reprogrammed tumor microenvironment, tumor growth
was effectively inhibited.

Discussion

In this study, we established two syngeneic mouse mod-
els with different sensitivities to ICI. Notably, the two mouse
models reproduced the different histological and molecular
characteristics of human gastric cancers, associated with the
response to PD-L1 inhibitor. YTN3 syngeneic tumors—that
were significantly affected by PD-L1 inhibitor—demon-
strated histological characteristics of intestinal-type gastric
cancers, while YTN16 tumors exhibiting resistance to PD-L1
inhibitor showed the histologic feature of the diffuse-type
tumors. Immunologic profiling of syngeneic tumors revea-
led that the proportion of immune cells expressing exhaus-
ted markers in YIN16 was higher than that in YITN3, and
macrophages accumulated more in tumors resistant to ICL
Molecular analysis of two murine gastric cancer cell lines
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Fig. 3. Response to programmed death-ligand 1 (PD-L1) inhibitor in syngeneic mouse tumors. (A) The schematic figure for anti-PD-L1
antibody treatment in vivo. 1x10° of YTN3 (n=15) and YTN16 (n=16) cells were subcutaneously injected in C57BL/ 6] mice. IgG isotype con-
trol or anti-PD-L1 antibody (12.5 mg/kg) was administered once a week, intraperitoneally. (B) Subcutaneous tumors of YTN3 and YTN16
cell lines after anti-PD-L1 antibody treatment. (Continued to the next page)

showed that YTN16 cells upregulated several gene sets cor-
related with the gene expression of diffuse-type gastric can-
cers and secreted several proteins related to immune evasion.
Taken together, these results reveal the distinct characteris-
tics of human gastric cancers related to the clinical response
to ICIs.

In 2018, the Japanese group established a novel murine
gastric cancer cell line, YTN, via chemical ingestion in immu-
nocompetent mice [9]. Chemically induced primary gas-
tric tumor tissues were primary cultured and the cells were
subcutaneously injected into C57BL/6 mouse. YTN3 and
YTN16 were established by different clones derived from
the secondary subcutaneous tumor. There have been dif-

ferences in tumorigenicity and molecular features between
these two cell lines, but their immune profile and response to
immune therapy have not been evaluated. Except for the
YTN cell lines, other murine gastric cancer cell lines such as
the S series and M12 developed by other researchers [7,8]
have rarely been evaluated for immunotherapy response
[14]. The present study revealed different molecular and
immunologic profiles and histologic features of syngeneic
tumors according to their response to ICIs.

Our study highlighted that molecular profiles of murine
gastric cancer cells could be a cause of different histologi-
cal features and immunological phenotypes in syngeneic
tumors established with two different cell lines. Presum-
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Fig. 3. (Continued from the previous page) (C) Tumor volume and weight of YTN3 (top) and YTN16 (bottom) tumors. Values are presented as
meanistandard error of the mean (SEM). **p < 0.01; ns, not significant.

ably, these molecular and histological features might lead
to different responses to anti-PD-L1 treatment. The Cancer
Genome Atlas data suggests that the four major molecular
subtypes of gastric cancers have different histological char-
acteristics [15]. Of the four subtypes, EBV or MSI gastric
cancers prevalently covers intestinal subtypes and includes
high levels of intratumoral CD8" T cells [16]. Moreover, these
subtypes have been suggested as gastric cancers that show a
favorable response to anti-PD-L1 treatment [17]. Other high-
throughput data for gastric cancers also showed that EMT
subtypes showing poor clinical outcomes included a higher
proportion of diffuse histologic tumors [18] that overlapped
with non-EBV and non-MSI gastric cancers showing a poor
response to anti-PD-L1 treatment. However, the mecha-
nisms underlying the resistance of different histological and
molecular subtypes to anti-PD-L1 treatment have not been
elucidated. In the present study, YIN16, which showed a
poor response to anti-PD-L1, showed upregulation of some
gene sets related to mesenchymal transition of cancer cells
and the histological features of diffuse-type cancer cells scat-
tered into tumor stroma and not forming intestinal glands. In
addition, in the whole-exome sequencing for those cell lines,
YTN16 showed slightly a smaller number of mutations and
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SNPs compared to YTN3. The Cancer Genome Atlas data set
revealed that low mutation burden was the main characteris-
tic of genomically stable subset which enriched diffuse-type
gastric cancer [15]. These results imply that YTN16 syngeneic
tumors replicate the diffuse-type, including non-EBV and
non-MSI subtypes. Our models could be useful to clarify the
resistance mechanism according to the molecular and histo-
logical subtypes of gastric cancers in the future.

In the present study, an integrated analysis of secretome
and transcriptome data for murine gastric cancer cell lines
showed that YITN16 could secrete several factors, such as
CCL2 and M-CSF. These secreted proteins might contribute
to the suppressive immune microenvironment of YIN16
syngeneic tumors relative to that of YTN3 tumors, resulting
in a poor response to ICIs in YTN16 syngeneic tumors. CCL2
is considered a crucial mediator between cancer cells and the
tumor microenvironment. Several experimental studies have
suggested that CCL2-induced enrichment of myeloid cells
can promote tumor progression via the immune regulatory
function of the host immune cells [19,20]. M-CSF can also
enhance the recruitment, extravasation, and proliferation
of monocytic precursor cells in primary tumors and conse-
quently lead to their maturation into macrophages [21]. Our
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study showed that YTN16 tumors included a greater number
of macrophages and exhausted T cells compared with YTN3
tumors, and CCL2 or M-CSF contribute to their immunolog-
ic phenotype. Macrophage-initiating immune evasion was
explored as one of the reasons for poor response to ICIs in
lung squamous cell carcinomas [22]. Our previous single-cell
transcriptome data for diffuse-type gastric cancers suggested
that an increased CCL2 gradient within the tumor microenvi-

ronment of the deep infiltrating region causes enrichment of
tumor-associated macrophages and a suppressive immune
environment [23]. Therefore, the present syngeneic mouse
model might be useful for exploring macrophage-associated
immune evasion and investigating the effect of immunother-
apeutic agents targeting this mechanism.

Immunotherapies targeting inhibitory receptors such as cy-
totoxic T lymphocyte associated antigen 4 and programmed
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cell death-1 (PD-1) can successfully enhance T-cell function
and achieve clinical effects in several solid tumors [24]. Clini-
cal observations of patients treated with ICIs showed an influx
of cytotoxic CD8" T cells into the tumor microenvironment
during treatment [25,26]. In the present study, anti-PD-L1
treatment provoked a tendency of more cytotoxic CD8" T
cell infiltration in responsive syngeneic tumors, but statisti-
cal significance was not proved due to the limited number
of remaining samples after treatment. Intriguingly, even in
the non-response group, anti-PD-L1 blockade significantly
promoted the enrichment of CD8" cytotoxic T cells. These
results for our syngeneic tumors did not fit with previous
clinical studies on melanoma, in which adaptive immune sig-
natures in early on-time biopsied samples could predict the
response to immune checkpoint blockade [27]. However, this
previous study did not consider the diversity of T cell sub-
populations and dynamic reprogramming during immun-
otherapy. Several previous studies have suggested that sub-
populations of CD8* T cells are related to alternative immune
checkpoints that show a proliferative burst during anti-PD-
L1 administration [28,29]. They demonstrated that the expan-
sion of exhausted immune cell subpopulations can promote
resistance to ICIs. In the present study, while the number of
cytotoxic T cells increased during anti-PD-L1 treatment even
in non-responsive YTN16 syngeneic tumors, the proportion
of EOMES+ cells representing exhausted immune cells was
not reduced. A previous study reported that EOMES expres-
sion in cytotoxic T cells could restrain CD8" T cell antitumor
function [30]. Taken together, we assume that the poor res-
ponse of YTN16 syngeneic tumors to anti-PD-L1 treatment
is caused by alternative immune checkpoints.

There are several limitations of the present study. First, we
treated the mice with only PD-L1 inhibitor. Although PD-
L1 monoclonal antibody, Avelumab, has tried to improve
the survival of gastric cancer patients with metastasis in a
third-line setting, the result was negative [31]. Meanwhile,
PD-1 inhibitors like Nivolumab and Pembrolizumab showed
the positive results for metastatic gastric cancer patients. To
unravel the different responses of various ICIs in gastric can-
cer, further experiments using other ICIs would be needed.
Second, we established subcutaneous models, but they could
not precisely reflect natural course of gastric cancer like the
metastasis into the peritoneum and the liver. The orthotopic
models for gastric cancer were rarely reported because it was
hard to inject the cells into the gastric wall without the leak-
age into the gastric lumen or the peritoneum [32,33]. Further
experiments would be needed to unravel the different res-
ponses to various ICIs in gastric cancer. Finally, the exact
resistance mechanisms and ways to improve the efficacy
of ICIs in non-responsive gastric cancer can be investigated
using our gastric cancer syngeneic tumor model in the
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future.

In conclusion, we confirmed that the molecular features of
cancer cells can lead to distinct responses to ICIs. A synge-
neic gastric cancer murine model with resistance to PD-L1
inhibitor demonstrated distinct immune profiles, such as the
enrichment of macrophages and exhausted immune cells.
Our in vivo models can be useful for elucidating the mecha-
nisms of resistance to ICIs to improve their clinical efficacy.
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