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ABSTRACT

Gastric cancer (GC) is the fourth most common cause of cancer-related death globally. The
classification of advanced GC (AGC) according to molecular features has recently led to
effective personalized cancer therapy for some patients. Specifically, AGC patients whose
tumor cells express high levels of human epidermal growth factor receptor 2 (HER2) can
now benefit from trastuzumab, a humanized monoclonal Ab that targets HER2. However,
patients with HER2"¢s*" AGC receive limited clinical benefit from this treatment. To
identify potential immune therapeutic targets in HER2"#" AGC, we obtained 40 fresh AGC
specimens immediately after surgical resections and subjected the CD45" immune cells in
the tumor microenvironment to multi-channel/multi-panel flow cytometry analysis. Here,
we report that HER2 negativity associated with reduced overall survival (OS) and greater
tumor infiltration with neutrophils and non-classical monocytes. The potential pro-tumoral
activities of these cell types were confirmed by the fact that high expression of neutrophil

or non-classical monocyte signature genes in the gastrointestinal tumors in The Cancer
Genome Atlas, Genotype-Tissue Expression and Gene Expression Omnibus databases
associated with worse OS on Kaplan-Meir plots relative to tumors with low expression

of these signature genes. Moreover, advanced stage disease in the AGCs of our patients
associated with greater tumor frequencies of neutrophils and non-classical monocytes than
early stage disease. Thus, our study suggests that these 2 myeloid populations may serve as
novel therapeutic targets for HER2"** AGC.

Neutrophils; Non-classical monocytes; Tumor microenvironment;
Immunotherapy; Gastric cancer
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INTRODUCTION

Gastric cancer (GC) remains a major contributor to the global cancer burden (1): the Global
Cancer Observatory reported that in 2020, there were more than 1 million new GC cases
worldwide and over 750 thousand GC-related deaths. As a result, GC ranks fifth and fourth
in terms of cancer incidence and mortality, respectively (2). Eastern Asia has the highest
incidence of GC for both men and women (2).

Currently, the standard therapeutic regimens for unresectable or metastatic advanced GC
(AGC) are chemotherapeutic agents such as platinum compounds, fluoropyrimidines,
paclitaxel, docetaxel, and irinotecan (3). However, due to the evolution of drug resistance in
the tumor microenvironment (TME), these therapies have limited clinical efficacy in terms of
median overall survival (OS) (4), which ranges from 13.0 to 14.1 months (5). The mechanisms
underlying this chemoresistance remains poorly understood, largely because the gastric TME
contains many different cell types (e.g. endothelial cells, stem cells, T cells, myeloid cells
such as monocytes, macrophages, dendritic cells, and neutrophils), all of which interact with
each other and the GC cells via extremely complicated pathways (6).

Recent advances in the GC field have led to a new classification of AGCs that is based on
molecular features and may lead to personalized and potentially more effective therapy

(7). One of these subtypes is characterized by overexpression or amplification of human
epidermal growth factor receptor 2 (HER2). HER2 is an important mediator of cancer cell
proliferation and differentiation and its overexpression in several cancers associates with
rapid tumor growth and metastatic activity. Between 7% and 27% of AGCs overexpress

this biomarker (8). Recently, the United States Food and Drug Administration approved
trastuzumab, a human monoclonal Ab that targets HER2 proteins on cancer cells, for
treating metastatic HER2-positive GC, breast cancer, and esophageal cancer (9,10). By
binding to HER2, trastuzumab inhibits the HER2-mediated activation of downstream
signaling pathways such as the MAPK and PI3K/Akt pathways. The binding event both
suppresses cancer cell growth and triggers Ab-dependent cellular toxicity (7,11). As a result,
targeting HER 2Pt cancers with trastuzumab associates with a significant improved median
OS compared to chemotherapy alone, including in GC (7).

However, the lack of target molecules in HER2#**¢ AGCs means that the first-line
therapeutic options for these cancers remain limited to conventional chemotherapy (12).
Consequently, there is strong demand for new therapeutic targets for HER2"¢s*"¢ AGCs.

It is now clear that tumor-infiltrating immune cells play critical roles in the development,
progression, and metastasis of various cancers (13,14). These immune cells include T cells,
which are currently the best characterized of these cells and have led to immunotherapies
that largely aim to reinvigorate exhausted T cells and augment the anti-tumoral effects of
these cells (15-18). These T cell-based immunotherapies promote OS in several cancer types.
However, their clinical benefits remain limited in many patients due to the development of
resistance to the immunotherapy (19-21). In relation to this, tumor-infiltrating myeloid cells
have been shown recently to potently induce immunotherapy-resistant responses in cancer
and to serve as master regulators of cancer progression (13,18,22-24). Thus, modulating
these cells could have therapeutic effects, especially when combined with current T-cell
immunotherapies. However, the myeloid cells in the TME remain poorly understood.
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To address these issues, we used comprehensive multi-channel/multi-panel flow cytometric
analysis to characterize the immune cells in the TME of 40 AGC samples, with particular
focus on the myeloid cells in HER2"¢* AGC. We show here that HER2¢#**¢ AGC associates
with poor OS and enhanced neutrophil and non-classical monocyte infiltration that yields

a high neutrophil-lymphocyte ratio. The putative pro-tumoral roles of neutrophils and
non-classical monocytes in AGC are supported by an analysis of The Cancer Genome Atlas
(TCGA) dataset, which showed that elevated expression of the signature genes for these

2 myeloid cell types in bulk gastrointestinal tumor specimens associated with poor OS.
Moreover, these myeloid cells were present at higher frequencies in the HER2"s*"¢ AGCs

of our patients. Thus, tumor neutrophils and non-classical monocytes may be potential
therapeutic targets for HER 22t AGC.

MATERIALS AND METHODS

GC tissues, adjacent normal stomach tissues, and blood samples were freshly obtained

from patients with AGC who underwent surgical resection at Seoul National University
Hospital. Patients with infectious diseases or autoimmune diseases were excluded. The
HER2 molecular features of the AGCs were determined by histological examinations. T stage
for each cancer was evaluated prior to surgery, and only patients with T2 or higher grade

of cancer (AGC) were involved in this study. The study was approved by the Seoul National
University Hospital Institutional Review Board (IRB approval No. 1905-087-1034) and was
conducted in accordance with the tenets of the Declaration of Helsinki. Written informed
consent was obtained from each subject. All patient data were anonymized.

The GC and normal tissues were chopped into small pieces and digested in RPMI-1640
(Biowest, L0498) containing 1 mg/ml collagenase type IV (LS004189; Worthington
Biochemical Corp., Lakewood, NJ, USA), 1 mg/ml hyaluronidase (H6254; Sigma, Saint Louis,
MO, USA), and 0.5 mg/ml DNase I (DN25; Sigma) for 30 min in a 37°C 5% CO, incubator. The
digested tissues were then minced and filtered through a 70-um cell strainer. The cells were
pelleted by centrifugation and treated with 3 ml of 1x ACK lysis buffer (420301; Biolegend,
San Diego, CA, USA) on ice for 5 min. The lysis reaction was stopped by adding 10 ml of 1x
PBS. After centrifugation, the cell pellets were resuspended with 1 ml of RPMI supplemented
with 10% FBS.

Blood was obtained by venipuncture and freshly collected in EDTA anticoagulant-coated
Vacutainers (367525; BD Biosciences, San Jose, CA, USA). To remove the red blood cells, 3
ml of blood were transferred into a 50 ml tube that had been prefilled with 30 ml of 1x ACK
lysis buffer (420301; Biolegend). After incubation on ice for 10 min, lysis was stopped by
adding ice-cold 1x PBS. The leukocytes were pelleted by centrifugation and subjected to
another round of ACK lysis. The pelleted cells were then resuspended with 1 ml of RPMI
supplemented with 10% FBS.

To measure cytokine expression of CD8" T lymphocytes, the cells were stimulated with PMA
(50 ng/ml) and Ionomycin (500 ng/ml) in 24 well plates for 4 h at 37°C, 5% CO,. Brefeldin A
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was also added for the accumulation of most cytokines at the Golgi complex/endoplasmic
reticulum. After 4 hours incubation, the stimulation was stopped by adding the equal volume
of RPMI supplemented with 10% FBS.

Single-cell suspensions from the GC tissues, adjacent normal tissues, and blood were
washed with FACS-staining buffer (PBS with 0.5% BSA and 0.1% sodium azide) and then
incubated with amine-reactive dead cell stain (L34961; Thermo Fisher Scientific, Waltham,
MA, USA) for 30 min on ice. After another wash, the cells were stained with the following
fluorescent-conjugated anti-human surface Abs for 20 min at 4°C: anti-human CD206 (19.2),
anti-human CD11c (B-ly6), anti-human CD86 (IT2.2), anti-human CD15 (W6D3), anti-human
CDG68 (Y1/82A), anti-human CD66b (WM-53), anti-human CD14 (M5E2), anti-human CD16
(3G8), anti-human CD33 (G10F5), anti-human HLA-DR (L243), anti-human CD45 (HI30),
anti-human CD11b (ICRF44), anti-human CD274 (MIH1), anti-human CXCR4 (12G5), anti-
human CD56 (NCAM16.2), anti-human CD25 (2A3), anti-human CD19 (HIB19), anti-human
CD8a (RPA-T8), anti-human CD4 (RPA-T4), anti-human Foxp3 (206D), anti-human NKP46
(9E2), anti-human PD-1 (EH12.2H7), anti-human IL-17A (BL-168), anti-human IFN-y (4S.
B3), anti-human TNF-a (Mab11), anti-human granzyme B (GB11). To stain intracellular Ags,
the cells were first fixed and permeabilized with IC fixation buffer (00-8222-79; eBioscience,
San Diego, CA, USA) and 1x permeabilization buffer (00-8333-56; eBioscience). The fixed
and permeabilized cells were then stained with fluorescent-conjugated intracellular Abs
for1 hr at room temperature. For nuclear Foxp3 staining, the Foxp3 staining kit was used
according to the manufacturer's instructions (00-5523-00; eBioscience). For intracellular
cytokine staining, the cells were first stimulated in the presence of brefeldin A (420601;
Biolegend) with 50 ng/ml PMA (P1585; Sigma) and 500 ng/ml ionomycin (I0634; Sigma) for
4 hin a 37°C 5% CO, incubator. All stained cells were washed and filtered through a 40-um
cell strainer and then analyzed on a LSRFortessa (BD Biosciences) or a FACSymphony A3 (BD
Biosciences) flow cytometer.

Kaplan-Meier OS analyses were performed with Gepia2 (25) for TCGA and Genotype-Tissue
Expression incorporated datasets and Kaplan-Meier plotter (26,27) for TCGA and Gene
Expression Omnibus (GEO; GSE22377) datasets. We have compared gene expressions among
stomach adenocarcinoma, adjacent normal/healthy stomach and stomach cancer with
Gepia2 (25).

All data are shown as mean + SEM. Patients with HER2pesite/HER 278 AGCs or low/high
expression of cell-specific molecular signatures were compared in terms of OS by generating
Kaplan-Meier curves and comparing them with the logrank test. Hazard ratios (HRs) and
95% confidence intervals (Cls) for disease progression were also calculated. Patient groups
were compared by unpaired or paired 2-tailed Student's #-test. The p-values of <0.05 were
considered statistically significant (p<0.05, p<0.01, p<0.001). All statistical analyses were
performed using GraphPad Prism (GraphPad Software, San Diego, CA, USA).
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RESULTS

GC tissues, adjacent normal tissues, and blood were freshly obtained from 40 AGC patients
undergoing surgery (Fig. 1A). The clinical and pathological characteristics of these patients
are summarized in Supplementary Table 1. Thus, average patient age was 62.5+10 years,
>82% were male, and 8 patients had received chemotherapy prior to surgery. The tumors
were on average 6 cm in diameter and 53% were HER2""*, Most patients had stage III
(50%) or II (33%) disease, and MSS was the most common molecular subtype. Stage and
microsatellite instability according to HER2 expression are briefly described by stacked bar
plots in Supplementary Fig. 1A.
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Figure 1. Depiction of human AGC immune profiling by multi-parametric flow cytometry and qualitative analysis of the immune profiles of the AGCs, adjacent
normal stomach, and blood. (A) Tumor tissues, adjacent normal stomach tissues, and blood samples were freshly obtained from 40 patients with advanced
gastric cancer who underwent surgical resection. The single-cell suspensions were stained as described in the materials and methods and then subjected to
multi-channel/multi-panel flow cytometry. (B, C) Frequencies of CD45* immune cells (B) and the 5 main immune cell types (C) in the tumors, normal stomach,
and blood relative to total live cell numbers, as determined by flow cytometry. (D) Frequencies of 8 major myeloid cell types relative to live CD11b* cell numbers
in the gastric tumors. (E) Frequencies of M1- and M2-polarized macrophages in the gastric tumors relative to CD68* macrophage numbers. In (B-E), each symbol
(dot, triangle, or square) indicates an individual sample (individual patient) and the data are shown as mean with SEM.

M-MDSC, monocytic myeloid-derived suppressor cells; Neut, neutrophils; MP, macrophages; CM, classical monocytes; IM, intermediate monocytes; NCM, non-
classical monocytes; DC, dendritic cell.

*p<0.05, Tp<0.01, ¥p<0.001 in the comparison across tissues and immune subsets, as determined by 1-way ANOVA; $p<0.001 in the comparison of M1-polarized
macrophages and M2-polarized macrophages in tumor, as determined by 2-tailed Student's t-test.
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To comprehensively investigate the immune profiles, including the myeloid and lymphoid
compartments, that associate with AGC, we established a multi-channel/multi-panel flow
cytometry platform. Thus, single-cell suspensions from GC tissues, the adjacent normal
tissues, and blood of the AGC patients first underwent gating with forward scatter area
(FSC-A) and forward scatter height to remove the doublets. FSC-A and side scatter area
gating was then conducted to remove the debris, after which the cells were incubated with
amine-reactive dead cell stain to identify the live cells. The live cells were then stained for the
pan-leukocyte marker CD45 and the CD45* cells were stained for the marker combinations
indicated in Supplementary Table 2. Supplementary Fig. 1B depicts the gating strategy that
was used to identify the various myeloid cell subsets.

Of the total live cells in the gastric TME, adjacent normal stomach, and blood, 43.4%,

19.2%, and 97.3% were CD45" immune cells, respectively (Fig. 1B). Thus, the adjacent normal
stomach exhibited much less immune cell infiltration than the gastric TME. In all 3 tissues,
CD11b* myeloid cells were the most frequent cell population (19.7%, 6.4%, and 82.6% of
total live cells). Thus, the blood consisted largely of myeloid cells whereas the GCs and
especially the normal stomach had fewer such cells. B cells were the next most common cell
type in the GCs (8.0% of the total live cells); normal stomach and especially blood had fewer
B cells (5.7% and 1.2%, respectively). CD4" T cells, the third most common cell type in GCs
(5.8%), were less and equally common in the normal stomach and blood (3.0% and 5.8%,
respectively). CD8" T cells tended to be slightly higher in the GCs than in the normal stomach
and blood (4.8% vs. 2.9% and 3.3%, respectively). NK cells were the least common cell type
in GCs (2.3%) and were even less common in the normal stomach (0.6%). However, the
blood had higher frequencies of NK cells (4.8%) (Fig. 1C).

We next zoomed into the myeloid subsets in the gastric TME. Neutrophils accounted

for the largest portion of tumor-infiltrating CD11b* myeloid cells (33.3%), followed by
polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs) (11.9%), classical
monocytes (9.2%), CD68" macrophages (6.9%), monocytic myeloid-derived suppressor cells
(6.0%), and non-classical monocytes (3.1%). Intermediate monocytes and dendritic cells
were rare (1.2% and 0.4%, respectively) (Fig. 1D). Since many previous studies suggest that
classically activated M1 and alternatively activated M2 macrophages in the TME respectively
associate with tumor-promoting and tumor-inhibiting activities (28), we also enumerated
the M1 and M2 macrophages in the TME CD68* macrophage population (identified as CD86"
CD206™ and CD86™ CD206" cells, respectively (28)). The gastric TME tended to associate
with more M1 macrophage polarization (Fig. 1E). However, since recent studies have shown
that the functional signatures of tumor-associated macrophages do not fit the M1/M2 model
(29,30), the functional meaning of this phenotype in GC requires further analysis.

Next, we investigated the clinical impact of HER2 expression in terms of AGC progression.
Kaplan-Meier OS curves with Asian GC TCGA dataset showed that low expression of HER2
associated significantly with poor patient prognosis (logrank p=0.048; HR [95% CIs], 0.31
[0.09-1.06]) (Fig. 2A).
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Figure 2. HER2™#"* AGCs associate with lower OS and increased neutrophil and non-classical monocyte infiltration. (A) Kaplan-Meier OS curves of the Asian
gastric cancer patients with low and high HER2 expression (TCGA dataset). (B-G) Flow cytometry analysis of the CD45* immune cells and CD11b* myeloid cells
(B), neutrophils (C), NLR (D), CXCR4* and PD-L1* neutrophils (E), PMN-MDSCs (F), and non-classical monocytes (G) in the HER2?* and HER2"* gastric tumors. In
(B-G), the circles and squares indicate individual HER2*° and HER2"*¢ tumor specimens, respectively.

HER2P%s, HER2POStve; HERQ"e, HER2"€2"e; NLR, neutrophil-lymphocyte ratio; NS, not statistically significant.

*p<0.05, Tp<0.01 in the comparison of HER2P** and HER2™ tumors, as determined by 2-tailed Student's t-tests.

To identify therapeutically targetable populations for HER2™#** AGC, we grouped the patients
according to GC HER2 expression. In total, 19 and 21 of the patients had HER2P°s* and
HER2%e:te AGCs, respectively. Flow cytometry analysis showed that compared to the HER2Pesitie
GCs, the HER2"#* GCs were infiltrated with significantly more CD45* immune cells and
CD11b" myeloid cells relative to total live cells (p=0.0099 and 0.0260 respectively; Fig. 2B).

A closer examination of the CD11b* myeloid cell compartment then showed that the HER 27esiv
tumors exhibited >3.8-fold greater infiltration of neutrophils compared to the HER 2positive
tumors (p=0.0054; Fig. 2C). As a result, the HER2%#* tumors had higher neutrophil-
to-lymphocyte ratios (p=0.0437; Fig. 2D). This is significant because high neutrophil-to-
lymphocyte ratios associate with poor survival and are thus of prognostic value in many

types of solid tumor (31,32). Since neutrophils are known to promote tumor immunotherapy
resistance by expressing immunosuppressive molecules such as CXCR4 and PD-L1 (23,24), we
also assessed the expression of these markers on the tumor neutrophils. However, we did not
observe any significant differences between the 2 groups in terms of these markers (Fig. 2E).

In terms of other myeloid cell subsets, we also found that the HER2"*" tumors had
significantly more PMN-MDSC than the HER2P*s!"* tumors (p=0.0176; Fig. 2F). Moreover,
the HER2&%" gastric tumors exhibited >1.7-fold greater infiltration of the TME with non-
classical monocytes (p=0.0188; Fig. 2G). This is of interest because a recent study reported
that in preclinical colon cancer, early infiltration of the TME with non-classical monocytes
enhances the subsequent recruitment of neutrophils, which in turn promotes resistance
responses to anti-angiogenic therapy and thereby accelerates disease progression (23,24).
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Thus, high non-classical monocyte infiltration into the gastric TME may promote the greater
neutrophil infiltration seen in HER2"¢" gastric tumors.

These analyses show together that HER2"¢4" gastric tumors, which associate with poor OS,
have higher frequencies of neutrophils, PMN-MDSCs, and non-classical monocytes. Notably,
these immunological differences between HER2P>!t* and HER2"&**¢ AGCs were not observed
in the live cell populations from the normal adjacent stomach or blood of these patients
(Supplementary Fig. 2 and data not shown). Thus, tumor neutrophils, PMN-MDSCs, and
non-classical monocytes potentially promote GC progression in HER2™e AGC.

Here, we will focus further on the neutrophils and non-classical monocytes in the advanced
gastric TME, since we will be reporting further studies on the PMN-MSDSCs in another
paper. Thus, we next examined the immunogenomic sequences of 408 bulk stomach cancer
and 211 normal stomach samples in the TCGA database to determine whether the molecular
signatures of neutrophils and non-classical monocytes are more highly expressed in these
cancer TMEs than in normal stomach samples. The neutrophil signature was defined with
FCGR3A, CSF3R, S100A8, S100A9, MMP9, and CEACAMS, while CX3CR1, CXCR4, FCGR3B,
and HLA-DRA served to define the non-classical monocyte signature. Indeed, the molecular
signatures of both neutrophils and non-classical monocytes were expressed at significantly
higher levels in the stomach cancer samples (Supplementary Fig. 3A). Of note, the mRNA
expressions of chemokines that are involved in recruiting CXCR2" neutrophils and CX3CR1*
non-classical monocytes were also significantly increased in the stomach cancer TMEs than
in normal stomach (Supplementary Fig. 3B).

We then searched the immunogenomic sequences of the 1,508 bulk gastrointestinal cancer
samples in TCGA dataset and the 43 bulk GC samples in GEO dataset for the neutrophil and
non-classical monocyte signatures to determine whether high or low expression of these
signatures associated with the OS of these patients. As a control, we also searched for the
classical monocyte signature, which was defined as CD14, CCR2, CD36, SELL, and FCGR1B.
Interestingly, Kaplan-Meier OS analysis showed that patients with low expression of the
neutrophil and non-classical monocyte signatures had better OS (Fig. 3A, Supplementary
Fig. 3C). By contrast, high or low classical monocyte signature expression did not associate
with altered OS (Fig. 3A, Supplementary Fig.3C). Thus, high neutrophil and non-classical
monocyte numbers in gastrointestinal tumors associate with worse OS. Notably, when we
conducted the same analysis with all 9,396 solid cancers in the TCGA database, low and high
expression of the neutrophil, non-classical monocyte, or classical monocyte signatures did
not associate with different OS (Fig. 3B). This suggests that neutrophils and non-classical
monocytes specifically promote poor outcomes in gastrointestinal tumors.

We next examined the association between neutrophil or non-classical monocyte frequencies
in the TMEs of our 40 AGC patients and their cancer stage (stage I vs. stage II-IV). Advanced
cancer stage associated with significantly greater neutrophil and non-classical monocyte
infiltration (p=0.0469 and 0.0251, respectively; Fig. 3C). Since both cell types are more
frequent in HER2s%"* AGC than in HER2r*si'* AGC (Fig. 2), they could serve as potential
therapeutic targets for this GC subtype.
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Figure 3. Patient survival analyses support the notion that neutrophils and non-classical monocytes have pro-tumoral features. (A, B) Patients with
gastrointestinal tumors in the TCGA/Genotype-Tissue Expression database have better OS when they have low tumor expression of the molecular signatures

of neutrophils and non-classical monocytes but not classical monocytes. In this analysis, patients with gastrointestinal tumors in the TCGA (defined by ESCA,
CHOL, PAAD, LIHC, STAD, COAD, and READ expression) were grouped according to whether the expression of the molecular signatures of neutrophils (left), non-
classical monocytes (middle), and classical monocytes (right) in the tumors was low or high. The neutrophil signature was defined by FCGR3A, CSF3R, ST00A8,
S100A9, MMP9, and CEACAMS. The non-classical monocyte signature was defined by CX3CR1, CXCR4, FCGR3B, and HLA-DRA. The classical monocyte signature
was defined by CD14, CCR2, SELL, CD36, and FCGR1B. Kaplan-Meier OS curves of the high/low signature-expressing patients were generated and compared by
logrank test. HR were also determined. (C) Flow cytometric analysis of the frequencies of neutrophils (above) and non-classical monocytes (below) in the stage |
AGC and stage II-1V AGCs of our patient cohort.

*p<0.05 in the comparison of the 2 patient groups, as determined by 2-tailed Student's t-tests.

Since our multi-channel/multi-panel flow cytometry platform allowed us to comprehensively
and simultaneously analyze the entire immune cell composition in each sample, we were able
to determine whether the greater infiltration of neutrophils and non-classical monocytes

in HER2"es*"e AGC altered other immune features of these AGCs. However, the HER2"es?v
and HER2Ps" AGCs did not differ significantly in terms of CD4* T cell, CD8" T cell, Fox3*
Treg, B cell, or NK cell frequencies (Fig. 4A), the frequencies of CD8" T cells that expressed
granzyme B, IFN-v, IL-17A, or TNF-a (Fig. 4B), or the frequencies of CD4" T cells and CD8" T
cells that expressed PD-1 (Fig. 4C). Supplementary Fig. 4A and B depict the gating strategy
that was used to identify the various lymphoid subsets and their cytokine/PD-1 expressions.
These observations together suggest that while neutrophils and non-classical monocytes may
facilitate disease progression in HER2%** AGC, their pro-tumoral functions may not be
mediated by interactions with other lymphoid subsets.
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HER2Ps, HER2POs'tVe; HER2"E, HER2™e***; GZMB, granzyme B; NS, no significant difference, as measured by Student's t-test; MFI, mean fluorescence intensity.

DISCUSSION

Since HER2"&*i** AGC lack the targets of currently available cancer immunotherapies,
patients with these tumors have few treatment options beyond chemotherapy. In the present
study, we used a multi-panel/multi-channel flow cytometry platform to search for possible
immunotherapy targets for HER2"*** AGC. We found that compared to HER2Pesite AGCs,
HER2# tumors both exhibited increased infiltration of neutrophils and non-classical
monocytes and associated with worse OS. Moreover, high frequencies of neutrophils and
non-classical monocytes in the TME associated with worse OS and AGC disease progression.
These observations suggest that these myeloid subsets play a pro-tumoral role in HER2"¢siv
AGC and thus may serve as novel therapeutic targets for these tumors.

Previous studies suggest that neutrophils in the TME can play both pro- and anti-tumoral
roles depending on the type of cancer, the cancer stage, and the therapeutic regimen (13).
With regard to human GC, it has been reported that enhanced infiltration of the TME with
neutrophils associates with poor prognosis (33). This is supported by the findings in our
study, namely, that greater neutrophil infiltration in the TME associated with advanced stage
GC and worse OS.

With regard to non-classical monocytes, while several pre-clinical and clinical studies suggest
that these cells have anti-tumoral properties (34-38), the preclinical studies of our group on
colorectal cancer showed recently that non-classical monocytes may also play pro-tumoral
roles. Specifically, they can recruit neutrophils to the TME and suppress local adaptive
immunity by secreting IL-10; both of these activities induce resistance to anti-angiogenic
therapy (23,24). Moreover, Sidibe et al. (39) recently reported with DLD, and HCT116 human
colorectal cancer xenograft models that non-classical monocytes also promote angiogenesis,
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thereby causing rapid cancer progression. This pro-tumoral role is supported by multiple
studies showing that recruitment of Tie2-expressing monocytes (which may phenotypically
belong to non-classical monocytes) to the vasculature in the TME switches on angiogenesis
(40-43). Our present study also suggests that non-classical monocytes play pro-tumoral roles
in AGC since higher frequencies of these cells associated with poor prognosis.

Immune checkpoint blockade, which promotes the anti-tumoral activities of T cells, is of
clinical benefit for several cancers, including advanced stage melanoma, squamous and
non-squamous non-small-cell lung carcinoma, and kidney carcinoma (44-46). However,
this therapy performs below expectations in AGC. Specifically, although the United States
Food and Drug Administration has approved pembrolizumab, a humanized monoclonal

Ab that inhibits PD-1, for some patients with AGC, it does not significantly improve OS or
progression-free survival in patients with PD-L1P°s"¢ AGC (7). This limited clinical benefit of
current T cell-based immunotherapies reflects our poor understanding of the complicated
cellular interactions that take place in the TME and can mediate therapy resistance. To
increase the efficacy of immunotherapies in more patients, it will be necessary to elucidate
the heterogeneity of tumor-infiltrating cells and delineate the functional roles that they play
in the TME. Of particular interest are the myeloid cells because they have been suggested to
be master regulators of drug resistance in cancer (13,23,24).

The present study has several limitations. First, how neutrophils and non-classical monocytes
may promote GC progression and poor OS remains unclear. However, our analyses in Fig. 4
suggest that these pro-tumoral roles do not reflect an impact of these cells on the frequencies
of T, B, and NK cells, or T cell subsets or functions, in the TME. In future studies, we aim to
elucidate the pro-tumoral mechanisms of neutrophils and non-classical monocytes in AGC by
establishing pre-clinical in vivo models of HER2¢ and HER2P*si* GC and then comparing
them in terms of their immune compartment in the TME. Although our flow cytometry
immune profiles and bulk-seq data of human GC specimens characterized HER2%¢" AGC
with an increase of neutrophils and non-classical monocytes, it is still unclear whether the
increase of neutrophils and non-classical monocytes in GC is the cause or result of advanced
stage. Therefore, we plan to address these questions through follow-up studies including
Ab-mediated in vivo depletion of neutrophils and/or non-classical monocytes in pre-clinical
models of HER2"¢%* GCs. Furthermore, we will investigate how neutrophils and non-
classical monocytes interact with other cells in the TME and how these interactions and other
activities regulate tumor progression. The second limitation of the present study relates to
our multi-parametric flow cytometry analysis: while it allowed us to analyze multiple cell
types in the same specimen, its ability to comprehensively analyze phenotypically/functionally
heterogenous cell types was limited due to the still-partial knowledge regarding cell type-
specific signatures. This issue could be improved by using more unbiased methods such as
single-cell RNA sequencing. This high-dimensional technology has been shown recently

to both delineate the cellular heterogeneity in various cancers and unveil the complicated
regulatory interactions of multiple genes in unprecedented detail. This approach has led
recently to novel insights and new therapeutic targets for multiple cancers (29,30,35,47-55).

In summary, we showed that high TME frequencies of neutrophils and non-classical
monocytes associated with AGC progression and poor OS. Moreover, both of these 2 pro-
tumoral myeloid subsets were more frequent in the TME of HER2"&**¢ AGC compared to
HER2reste AGC. This strongly suggests that neutrophils and non-classical monocytes may be
potential therapeutic targets for HER 2™ AGC.
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SUPPLEMENTARY MATERIALS

Clinical characteristics of AGC patients

Click here to view

Markers for flow cytometric analysis of immune cell populations

Click here to view

(A) Stacked bar plots that compare ages (left), overall stages (middle), and microsatellites
(right) between HER2P* and HER2"8 gastric cancer patient specimens in this study. (B) The cell
gating strategy used in our multi-channel/multi-panel flow cytometry platform to identify the
multiple human myeloid cell subsets in each sample. Representative plots are shown.

Click here to view

Comparison of the frequencies of neutrophils and non-classical monocytes in the blood (A)
and adjacent normal stomach (B) samples from the patients with HER2P* and HER2"¢ AGC.

Click here to view

(A) Box plots showing the expression level of the neutrophil (left) and non-classical monocyte
(right) molecular signatures in the 408 stomach adenocarcinoma and 211 normal stomach
samples in the TCGA/GTEx database. (B) Box plots showing the expression level of CXCL1,
CXCL2, CXCL3, CXCL5, and CX3CL1 in 408 stomach adenocarcinoma and 211 normal
stomach samples in the TCGA/GTEx database. (C) Patients with gastric cancer in GEO
dataset were grouped according to whether the expression of the molecular signatures of
neutrophils (left), non-classical monocytes (middle), and classical monocytes (right) in the
tumors was low or high. The neutrophil signature was defined by FCGR3A, CSF3R, S100A8,
S100A9, MMP9, and CEACAMS. The non-classical monocyte signature was defined by
CX3CR1, CXCR4, FCGR3B, and HLA-DRA. The classical monocyte signature was defined by
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CD14, CCR2, SELL, CD36, and FCGR1B. Kaplan-Meier OS curves of the high/low signature-
expressing patients were generated and compared by logrank test. HR were also determined.

Click here to view

(A) The cell gating strategy used in our multi-channel/multi-panel flow cytometry platform
to identify the human lymphoid cell subsets (CD8" T cells, CD4" T cells, B cells, and NK cells)
in each sample. Representative plots are shown. (B) For cytokine panel, cells were stained
after 4 h stimulation with PMA/ionomycin. Representative plots of gating strategy for the
indicated cytokine expressions are shown. Molecular characteristics after stimulation were
featured with decreased levels of CD3 and CD4 expressions.

Click here to view
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