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ABSTRACT

The efficacy of PD-1/PD-L1 blockades is heterogeneous in different molecular subtypes of gastric cancer
(GQ). In this study, we analyzed relevant clinical trials to identify the molecular subtypes associated with
the efficacy of PD-1/PD-L1 blockades, and public datasets, patient samples, and GC cell lines were used for
investigating potential mechanisms. We found that GC with EBV-positive, MSI-H/dMMR, TMB-H or PIK3CA
mutant subtype had enhanced efficacy of PD-L1/PD-1 blockades. Also, differentially expressed genes of
these molecular subtypes shared the same gene signature and functional annotations related to immu-
nity. Meanwhile, CIBERSORT identified that the overlapping landscapes of tumor-infiltrating immune cells
in the four molecular subtypes were mainly M1-like macrophages (M1). The relationships between M1 and
clinical characteristics, M1, and gene signatures associated with PD-1/PD-L1 blockades also revealed that
M1 was associated with improved prognosis and required for the efficacy of PD-L1/PD-1 blockades in GC.
We identified that tumor-infiltrating CD68¥CD163~ macrophages could represent M1 calculated by
CIBERSORT in clinical application, and CXCL9, 10, 11/CXCR3 axis was involved in the mechanism of
CD68"CD163~ macrophages in the enhanced efficacy of PD-L1/PD-1 blockades. In conclusion,
CD68*CD163~ macrophages are required for the efficacy of PD-L1/PD-1 blockades and expand the
applicable candidates in GC patients without the molecular subtypes.
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Background L1 inhibitors for advanced GC, and a meta-analysis reported

that the summary of objective response rates (ORRs) was about
12% (95% confidence interval, 6.8% to 17.1%).” Notably, the
ORRs for GC with PD-LI-positive and MSI-H/dMMR were
higher than those with PD-Ll1-negative and Non-MSI-H/
dMMR, respectively. Furthermore, the ORRs in EBV-
positive, tumor mutation burden-high (TMB-H), and
PIK3CA mutation of GC are higher than those in EBV-

Gastric cancer (GC) is the fifth most frequently diagnosed
cancer and the third leading cause of cancer death
worldwide.! Surgery and chemotherapy are the most common
treatments. For localized gastric cancer, curative resection is
a standard and preferred treatment, but the recurrence rate
remains high, with a five-year survival of less than 25% and
median overall survival (OS) of 7 to 10 months after

diagnosis.>” For unresectable or metastatic advanced GC, cyto-
toxic chemotherapy is mostly used. However, cytotoxic che-
motherapy is nonspecific and has serious adverse reactions, the
outcomes being usually poor.>* Although molecular targeted
agents such as anti-HER2 monoclonal antibody and vascular
endothelial growth factor receptor-2 (VEGFR-2) inhibitors
have been introduced into clinical practice in recent years,
the efficacy was limited.”

Recently, immune checkpoint inhibitors targeting PD-1/
PD-L1 have become the most revolutionary treatment in
solid tumors, and the PD-1/PD-L1 blockades have been recom-
mended as first-line treatments for advanced non-small-cell
lung cancer (NSCLC) and melanoma. And PD-1/PD-L1 block-
ades in combination with chemotherapy in patients with
advanced gastric/gastroesophageal junction cancer have
demonstrated encouraging efficacy.® Meanwhile, there were
also several clinical trials investigating the efficacy of PD-1/PD-

negative, TMB-L, and PIK3CA wild type, respectively.® '
These findings suggested a high heterogeneity of GC, and the
efficacy of PD-1/PD-L1 blockades might be enhanced in cer-
tain molecular subtypes of GC.

However, among multiple molecular subtypes of GC, it is
not clear which one could be the best for improving the efficacy
of PD-1/PD-L1 blockades, why the molecular subtypes are
associated with better ORRs, and which is helpful to further
improve the ORRs. In this study, we aim to analyze current
clinical trials about PD-1/PD-L1 blockades used in different
molecular subtypes of GC and to investigate the requirements
for effective treatment of PD-1/PD-Llblockades, which will
bring benefits to the improvement of ORRs of the molecular
subtypes and the expansion of the applied candidates of PD-L1
/PD-1 blockades in patients without the molecular subtypes.
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Methods and materials
Literature search and public data analysis

We systematically searched the PubMed and Web of Science
for clinical trials investigating the PD-L1/PD-1 blockades in
GC before July 2020. The ORRs in the included studies were
extracted to compare the efficacy of PD-L1/PD-1 blockades
between different molecular subtypes in GC. Besides, we also
downloaded datasets of two GC cohorts from Gene-Expression
Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/) and The
Cancer Genome Atlas (TCGA, https://www.cancer.gov/)
respectively. All datasets were preprocessed by R (version
3.4.0) and R Bioconductor packages, and then data were sub-
jected to cluster analysis, functional and pathway enrichment
analysis, and tumor-infiltrating immune cell analysis (Online
supplementary materials).

Collection of tumor samples and preoperative peripheral
blood

In total, 150 GC patients were included from West China
Hospital of Sichuan University between April 2017 and
June 2020, whose tumor samples were collected during the
open surgery and stored in liquid nitrogen. Additionally, pre-
operative peripheral blood samples were obtained from 40 of
these 150 patients. All patients signed informed consent forms.
This study was supported by the Biomedical Ethics
Subcommittee of Sichuan University West China Hospital
and conducted following the Declaration of Helsinki.

Immunohistochemistry (IHC) and immunofluorescence

For THC, tumor samples were fixed with formalin and
embedded with paraffin. Then, each sample was sectioned at
4 pm, and sections of tumor core were selected for staining the
PD-L1. Besides, sections of tumor core were also selected for
immunofluorescence analysis with the use of primary antibo-
dies against CD68, CD163, CD8, PD-1, LAG-3, TIM-3, TIGIT,
CXCL9, and CXCR3 (Online supplementary materials).

Cell culture and western blot

Two human GC cell lines, HGC-27 and MKN74, and a human
monocytic cell line, THP-1, were obtained from the State Key
Laboratory of Biotherapy of Sichuan University. All cells were
maintained in RPMI 1640 with 10% fetal bovine serum and 1%
penicillin-streptomycin. HGC-27 and MKN74 cells were trea-
ted with 100 ng/ml CXCL9 for 48 hours, and then the expres-
sions of PD-L1 were analyzed by western blot. To induce
differentiation of THP-1 into macrophage, THP-1 cells were
treated with 200 nM Phorbol 12-myristate 13-acetate (PMA)
for 24 hours. Then, macrophages were induced to progress
toward the M1 phenotype treated with 100 ng/ml lipopolysac-
charide and 20 ng/ml IFN-y for 24 hours. Besides, macro-
phages were also induced to M2 phenotype treated with
20 ng/ml IL-4 for 24 hours (Online supplementary materials).

RNA-seq

Twenty GC samples, as well as M1 and M2 phenotype macro-
phages induced from THP-1, were subjected to RNA-seq
through Illumina NovaSeq 6000 (Illumina, USA) (Online sup-
plementary materials).

Flow cytometry

Peripheral blood mononuclear cells (PBMCs) isolated from
preoperative peripheral blood of 40 GC patients were stained
with primary antibodies against CD8, PD-1, LAG-3, TIM-3,
TIGIT, and CXCR3. Then, cells were subjected to flow cyto-
metry through ACEA NovoCyteTM (Agilent Biosciences, San
Diego, CA, USA) (Online supplementary materials).

Assessing phosphorylation profiles of kinases and levels of
cytokines

Phosphorylation profiles of kinases and cytokines of GC tissues
were respectively detected by Human Phospho-Kinase Array
Kit and Human XL Oncology Array Kit according to the
manufacturer’s protocol.

Statistical analysis

Differences between continuous variables were analyzed
through Student’s two-tailed test, Mann-Whitney U test or
one-way analysis of variance, and categorical variables were
analyzed using Pearson’s Chi-square test or Fisher’s exact test.
Correlation coefficients were computed by Spearman and dis-
tance correlation analyses. For corresponding survival data
attached to gene-expression profiles, survival curves were gen-
erated by the Kaplan-Meier method, and the log-rank
(Mantel-Cox) test was used to determine the statistical signifi-
cance of differences. All P values were two-tailed, and the
P value of < 0.05 was considered statistically significant. The
software R 3.4.0, SPSS 25.0, and GraphPad Prism 8.0 were used
for data analysis and image presentation.

Results

The molecular subtypes of GC related to the efficacy of
PD-L1/PD-1 blockades were mainly enriched in the same
cluster

To compare the different molecular subtypes of GC and
explore the requirements for the efficacy of PD-1/PD-L1 block-
ades, we gathered all relevant clinical trials, which involved
altogether 5 molecular subtypes, including EBV-positive, MSI-
H/dMMR, TMB-H, PIK3CA mutant, and PD-L1-positive
(Table S1). In all the five molecular subtypes, the overall
ORRs were enhanced significantly (Figure 1A), though ORRs
of PD-L1-positive in one of the six trials were improved insig-
nificantly (Figure 1B). By contrast, the outcomes of MSI-H/
dMMR were meaningful in all trials (Figure 1C). To explore
the common feature of four molecular subtypes (excluding
PD-L1), we analyzed gene-expression profiles from GSE62254
by cluster analysis, revealing that almost all EBV-positive, 60%
of TMB-H, 69% of MSI-H/dMMR, and 64% of PIK3CA mutant
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Figure 1. The molecular subtypes of GC related to the efficacy of PD-L1/PD-1
blockades were mainly enriched in the same cluster. (A), The overall ORRs were
enhanced significantly in the five molecular subtypes. (B), The ORR of PD-L1-
positive in the first trial was improved insignificantly, but those in the other five
trials were significant. (C), The ORRs of MSI-H/dMMR were improved significantly
in all trials. (D), Almost all EBV-positive, 60% of TMB-H, 69% of MSI-H/dMMR, and
64% of PIK3CA mutant were enriched in Cluster A. (E), The ORR of EBV-positive
was the best; the ORR of MSI-H/dMMR was better than that of PD-L1-positive. (F),
No obvious differences in ORRs were found between different drugs. (G), No
obvious differences in ORRs were found between different treatments.

were enriched in the same cluster (Figure 1D, Table S2).
Furthermore, the rates of the four molecular subtypes were
similar to their ORRs shown in Table S1, which suggested that
the cluster was related to the efficacy of PD-L1/PD-1 blockades.
Also, the clinical analysis showed the analogous results: the
ORR of EBV-positive was the best; the ORR of MSI-H/dMMR
was better than that of PD-L1-positive, and there was no
significant difference among other subtypes (Figure 1E).
Meanwhile, no obvious differences in ORRs were found
between different drugs or treatments, which could not inter-
fere with the results of clinical analysis (figure 1f, G). These
analyses indicated that EBV-positive, MSI-H/dMMR, TMB-H,
and PIK3CA mutant possessed the common molecular pheno-
type related to the efficacy of PD-L1/PD-1 blockades in GC.

The differentially expressed genes (DEGs) of the four
molecular subtypes shared the same gene signature and
functional annotations

The common molecular phenotype suggested that there was an
identical mechanism involving in the enhanced ORRs of the
four molecular subtypes. To figure out the mechanism, we used
a limma package to calculate the DEGs between EBV-positive
and EBV-negative; MSI-H/dMMR and non-MSI-H/pMMR;
TMB-H and TMB-L; PIK3CA mutant and PIK3CA wild type
(Figure S1 A, Table S3). Then the Venn diagram of DEGs from
the molecular subtypes showed 11 overlapping up-regulated
genes (Figure 2A), but no overlapping down-regulated genes
(Figure 2B), suggesting that the 11 genes formed a gene signa-
ture of the four molecular subtypes. To explore whether there
were common signaling pathways related to the gene signature,
GO and KEGG enrichment analysis of the up-regulated genes
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Figure 2. The differentially expressed genes (DEGs) of the four molecular subtypes
shared the same gene signature and functional annotations. (A), The Venn
diagram of DEGs from the molecular subtypes showed 11 overlapping up-
regulated genes. (B), The Venn diagram of DEGs from the molecular subtypes
showed no overlapping down-regulated gene. (C), KEGG enrichment analysis of
biological processes related to the up-regulated genes in the different molecular
subtypes. (D), The Venn diagram of biological processes related to the up-
regulated genes by KEGG showed 4 overlapping pathways participating in
immune regulation. (E), By GSEA with all transcripts ranked by the log2 (Fold
Change) in each subtype, 15 overlapping pathways related to immunity were
discovered. (F), The results of antigen processing and presentation in the different
molecular subtypes, one of 15 overlapping pathways, were displayed. (G), The
results of the inflammatory response in the different molecular subtypes, one of 15
overlapping pathways, were displayed.

was conducted in each subtype using the R software, and
significantly enriched biological processes were summarized
in Table S4, Figure SIB (GO) and Figure 2C (KEGG).
Further analyses indicated that four overlapping pathways
were discovered via KEGG (Figure 2D), and the other one via
GO (Figure S1C), all of which were the key pathways partici-
pating in immune regulation. To verify the regulating relation-
ship of the gene signature with other DEGs in each subtype, the
STRING was used to construct the regulating networks (Figure
S1D), which suggested that every gene from the gene signature
was in the core position in regulating networks. Furthermore,
by GSEA with all transcripts ranked by the log2 (Fold Change)
in each subtype, we found 15 overlapping pathways related to
immunity from 21 top enriched pathways in each subtype
(Figure 2E, Table S5), including the antigen processing and
presentation (figure 2F), and inflammatory response (Figure
2G). These results indicated that the four molecular subtypes
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had the same gene signature associated with the immune
relevant signature, and overlapping enriched pathways of
DEGs, and all transcripts were related to the immune regulat-
ing pathways. In summary, the common mechanism was
related to immunity from the results of the gene signature
and functional annotations, and we speculated that the results
should be associated with immune cells infiltrating in the
tumor.

Overlapping landscapes of immune cells infiltrating in the
four molecular subtypes were mainly M1-like
macrophages (M1)

To verify the hypothesis, we used CIBERSORT and GSE62254
to systematically evaluate landscapes of immune cells infiltrat-
ing in GC to find out the characteristics of four molecular
subtypes (Figure 3A). The heatmap from cluster analysis
showed that the landscapes were different, which could be
divided into four clusters and most of the four molecular
subtypes gathered in the same cluster (including 95% EBV-
positive, 61% of TMB-H, 69% of MSI-H/dMMR, and 65% of
PIK3CA mutant), which was consistent with the result of
Figure 1(C) (Figure 3A). In this cluster, the sharpest enriched
cells were M1 and CD4" T cells memory activated. Besides,
Figure 3B indicated that the significant overlapping cells of the
four molecular subtypes were MI1. Then, we analyzed the
relationships between M1 and other immune cells and found
that M1 was positively correlated with CD8" T cells and CD4"
T cells memory activated, in the GSE62254 (Figure 3C) and
TCGA data (Figure S2A). However, there was a lack of infor-
mation about the functional phenotype of T cells. Thus,
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Figure 3. Overlapping landscapes of immune cells infiltrating in the four mole-
cular subtypes were mainly M1-like macrophages (M1). (A), The landscapes of
immune cells infiltrating in the molecular subtypes were evaluated by CIBERSORT.
(B), The significant overlapping cells of the four molecular subtypes were M1. (C),
M1 has positively correlated with CD8* T cells and CD4™ T cells memory activated.
(D), M1 was positively correlated with cytotoxic cells and memory CD8" T cells. (E),
There were significant differences in the expressions of the gene signature
between high and low M1 groups. (F), Levels of M1 were in positive linear
correlation to the 9 genes of the gene signature.

XCELL was used to evaluate the functional phenotype of
T cells infiltrating in GC (Figure 3D, S2B), showing that M1
was positively correlated with cytotoxic cells and memory
CD8" T cells, which involved in antitumor activity the same
as the results in Figure 2. The findings suggested that M1 might
be required for the efficacy of PD-L1/PD-1 blockades. To prove
this, we explored the relationships between M1 and the gene
signature identified in Figure 2(A) with GSE62254 (Figure 3E,
F, S3C) and TCGA cohorts (Figure S2D, E), which displayed
that levels of M1 were in positive linear correlation to the 9
genes of the gene signature. All of the results demonstrated that
levels of M1 infiltrating in GC were required for the efficacy of
PD-L1/PD-1 blockades.

The relationships between M1 and clinical characteristics,
M1, and other gene signatures also revealed the
important role of M1 in the four molecular subtypes

Besides, the four molecular subtypes were not only associated
with the efficacy of PD-L1/PD-1 blockades but also indepen-
dent favorable prognostic factors in GC, non-related to the
TNM stage.'' The results from Figure 3 had suggested that
M1 was required for the four molecular subtypes involved in
the efficacy of PD-L1/PD-1 blockades. Thus, it raised the ques-
tion of whether M1 was also related to the four molecular
subtypes in prognosis. Firstly, the Kaplan-Meier analysis of
M1 and CD8" T cells in the GSE62254 and TCGA cohorts
showed that patients with high M1 had significantly longer OS
and Disease-free survival (DFS) than those with low M1
(Figure 4A, C, S3A). Although unable to prolong the OS of
the patients (Figure 4B, S3B), high CD8"T cells could signifi-
cantly improve the DFS (Figure 4D), as reported in many
cancers.'>" Then, in the univariate and multivariate Cox
regression model of 22 immune cells, M1 among immune
cells was an independent favorable prognostic factor in the
OS and DFS (Figure 4E, F, S3C; Table S6-8), and CD8"
T cells were an independent favorable prognostic factor in
DES (figure 4F). To further explore the relationship between
M1, CD8" T cells and TNM stage, the correlation analysis was
applied and showed that CD8" T cells were not related to T, N,
M or TNM stage (Figure 4H, S3E), while M1 was only signifi-
cantly associated with a lower risk of tumor metastasis (Figure
4G, S3D). These results suggested that M1 was an independent
favorable prognostic factor, and involved in the four molecular
subtypes concerning improving prognosis.

However, this was not enough proof that M1 was required
for the efficacy of PD-L1/PD-1 blockades in GC since the
conclusion was based only on the four molecular subtypes
with a lack of verification. So, we reviewed all the relevant
studies so far and found two gene sets IFN-y gene signature
and T-cell-inflamed gene expression profiles were also asso-
ciated with the efficacy of PD-L1/PD-1 blockades in GC.*'*"
Therefore, we used the IFN-y gene signatures (including IDO1,
CXCL10, CXCL9, HLA-DRA, STATI, and IFNG) and T-cell-
inflamed gene expression profiles (including CCL5, CD27,
CD274, CD276, CD8A, CMKLRI, CXCL9, CXCR6, HLA-
DQA1I1, HLA-DRBI, HLA-E, IDO1, LAG3, NKG7, PDCD-
1KLG2, PSMB10, STAT1, and TIGIT) to verify the conclusion.
The results displayed that all of the genes were enriched in the
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Figure 4. The relationships between M1 and clinical characteristics, M1, and other gene signatures also revealed the important role of M1 in the four molecular
subtypes. (A), The patients with high M1 had significantly longer OS than those with low M1. (B), High CD8*T cells were unable to prolong the 0S. (C), The patients with
high M1 had significantly longer DFS than those with low M1. (D), High CD8" T cells could significantly improve the DFS. E, M1 among the 22 immune cells was an
independent favorable prognostic factor in the OS. (F), M1, and CD8" T cells were the independent favorable prognostic factors in the DFS. (G), M1 was not associated
with T, N, M, or TNM stage in GSE62254. (H), The CD8" T cells were not related to T, N, M, or TNM stage in GSE62254. (1), All of the genes of the IFN-y gene signatures and

T-cell-inflamed gene expression profiles were enriched in the M1 high cluster.

M1 high cluster (Figure 4I, S3F), which proved that M1 was
required for the efficacy of PD-L1/PD-1 blockades in GC, not
limited in the four molecular subtypes.

The CD68'CD163", a typical M1-like tumor-associated
macrophages (TAMs) phenotype, could represent
thoroughly M1 calculated by CIBERSORT

The bioinformatics method had provided sufficient evidence to
prove the important role of M1 in the efficacy of PD-L1/PD-1
blockades. However, M1 calculated by CIBERSORT could not
be used to guide the clinical treatment of PD-L1/PD-1 block-
ades in GC. A previous study had found that CD68"CD163~
macrophages were typical phenotype of Ml-like TAMs in
GC."® Thus, we adopted this definition to study the relation-
ship between CD68"CD163™ macrophages and M1 calculated
by CIBERSORT. Firstly, we verified the levels of
CD68"CD163” macrophages in three molecular subtypes
(EBV-positive, MSI-H/dMMR, and PIK3CA mutant) because
of lack of TMB information in our patients, which showed that
the levels of CD68"CD163™ macrophages were significantly
higher in EBV-positive, MSI-H/dMMR, and PIK3CA mutant

(Figure 5A, S4A), but levels of CD68"CD163" macrophage,
a typical phenotype of M2-like TAMs, were of insignificant
differences in the three subtypes (Figure 5B). These results
were the same as the results of CIBERSORT (Figure 3B),
which suggested that the result of CD68"CD163™ macrophages
infiltrating in different subtypes accorded with that of M1.
Then we used the ROC curve to determine the cutoff value of
CD68*CD163~ macrophages was 685.7/mm” (Figure 5C) and
performed survival analysis of the cutoff value by Kaplan-
Meier. The cutoff value was used to distinguish the high and
low groups and the patients in the high group had a longer OS
than that in the low group following the outcomes of M1 in
GSE62254 and TCGA (Figure 5D). Further, we performed
RNA-sequencing for 20 tumor tissues, in which 10 samples
were from the high CD68*CD163™ macrophages group, and 10
samples were from the low CD68"CD163~ macrophages
group. The sequencing showed that the expressions of the
400 most representative DEGs were significantly distant
between the high and low groups (Figure 5E), and the principal
component analysis also revealed the same result (figure 5F). In
the volcano map, the genes from the gene signature identified
in Figure 2(A) had high expression in the high CD68"CD163~
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Figure 5. The CD68*CD163", a typical M1-like tumor-associated macrophages
(TAMs) phenotype, could represent thoroughly M1 calculated by CIBERSORT. (A),
The levels of CD68"CD163~ macrophages were significantly higher in EBV-
positive, MSI-H/dMMR, and PIK3CA mutant. (B), The levels of CD68*CD163"
macrophages were of insignificant differences in the three subtypes. (C), The
cutoff value of CD68*CD163~ macrophages used by the ROC curve was 685.7/
mm?Z. (D), The patients with the high CD68"CD163~ macrophages had a longer 0$
than that with the low. E The expressions of the 400 most representative DEGs
were significantly distant between the high and low CD68"CD163~ macrophages.
(F), The PCA revealed that there was a significant difference between the high and
low CD68*CD163~ macrophages. (G), The genes identified in figure 2A had high
expressions in the high CD68*CD163~ macrophages group. H, The mainly
enriched biological processes conducted by up-regulated genes included cyto-
kine-cytokine receptor interaction, chemokine signaling pathway, Toll-like recep-
tor signaling pathway, NOD-like receptor signaling pathway, and IL-17 signaling
pathway. (I), The Protein Arrays showed that the different levels of cytokines
between high and low CD68*CD163~ macrophages, especially GM-CSF and
M-CSF. (J), The Protein Arrays showed that the protein phosphorylation was the
same as the enriched biological processes. (K), All the genes from IFN-y gene
signatures and T-cell-inflamed gene expression profiles were enriched in the high
CD68*CD163~ macrophages.

macrophages group (Figure 5G), and the genes were also in the
core positions in regulating networks by STRING (Figure S4B).
Then the up-regulated genes were conducted by KEGG analy-
sis and mainly enriched biological processes including cyto-
kine-cytokine receptor interaction, chemokine signaling
pathway, Toll-like receptor signaling pathway, NOD-like
receptor signaling pathway, and IL-17 signaling pathway
(Figure 5H). To verify the results of KEGG analysis, the
Protein Arrays were applied to test levels of cytokines and
protein phosphorylation in the tumor from the high and low
groups (Figure S4C), showing that the different levels of cyto-
kines between high and low CD68"CD163™ macrophages,
especially granulocyte-macrophage colony-stimulating factor
(GM-CSF) and macrophage colony-stimulating factor
(M-CSF), conformed to the feature of M1-like TAMs (Figure
5I), and protein phosphorylation was the same as the KEGG
analysis (Figure 5]). In summary, all the results from our RNA-

sequencing revealed that features of CD68"CD163™ macro-
phages were completely consistent with the characteristics of
M1 calculated by CIBERSORT in GSE62254 and TCGA.
Besides, all the genes from IFN-y gene signatures and T-cell-
inflamed gene expression profiles were enriched in the high
group of CD68"CD163™ macrophages (Figure 5K), which also
proved that the CD68"CD163™ macrophages, M1-like TAMs,
could thoroughly represent M1 calculated by CIBERSORT.

The CXCL9, 10, 11/CXCR3 axis was involved in the
mechanism of M1-like TAMs in the efficacy of PD-L1/PD-1
blockades

From analyses of GSE62243, our gene arrays, and two gene sets
(IFN-y gene signatures and T-cell-inflamed gene expression
profiles), the levels of CD68"CD163™ macrophages infiltrating
in GC were in significantly positive correlation with antigen
presentation related genes (HLA-DQAI, HLA-DRBI, HLA-E,
HLA-DRA, HLA-DQBI), chemokines (CXCL9, 10, 11) and
T-cell-related genes (IFNG, CD8A, CD274, GZMB, CXCR3,
LAG3, TIGIT, HAVCR2, TNF). In conclusion, we speculated
that M1-like TAMs with antigen presentation (HLA-DQAI,
HLA-DRBI1, HLA-E, HLA-DRA, HLA-DQBI) could secrete
more CXCL9, 10, 11 to recruit more CXCR3"CD8" T cells
infiltrating in the tumor, but CXCL9, 10, 11 and IFN-y also
raised the expression of PD-L1 (CD274) to exhaust CD8"
T cells (up-regulate the expressions of LAG3, TIGIT, and
HAVCR?2), as reported in previous researches.'”'® First, we
did the co-culture of primary Macrophages-T cells-tumor
cells from GC patients to verify M1-like TAMs could enhance
the killing effect of the CD8"T cells to tumors and improve the
effect of PD-1 for the CD8"T cells (Figure 6A). By the lactate
dehydrogenase releasing method (LDHRM), when the effective
target ratio was 10:1, the killing effect of the M1-like macro-
phages group was higher than that of the macrophages group,
saying M1-like macrophages could enhance the killing activity
of CD8'T cells to the tumor cells. However, it was not signifi-
cant, when the effective target ratio was 5:1. When the PD-1
block was added, the significant increase of killing effect in PD-
1 block+M1-like macrophages was about two times higher
than that in PD-1 block+macrophages. The results showed
that M1-like TAMs could mainly improve the effect of PD-1
block for the CD8™T cells. Then, we induced THP-1 cells to
differentiate into M1 and M2 in vitro (Figure S5A). The RNA-
sequencing showed that there were obvious differences in the
expression of chemokines between M1 and M2 (Figure S5B).
Even though expressions of CXCL9, 10, 11 were higher in M1
than those in M2, the expression of CXCL9 was the most
obvious difference (Figure 6B), and the RNA-sequencing of
tumors also showed that CXCL9 was the most noteworthy
(Figure 6C). Based on this finding, we focused on CXCL9 in
the next experiments. Furthermore, immunofluorescence was
used to mark the CD68, CD163, and CXCL9, showing that
most CXCL9 were labeled in the cytoplasm of CD68"CD163~
macrophages  (Figure 6D), which confirmed that
CD68"CD163~ macrophages secreted CXCL9 in the tumor.
Then, immunofluorescence was used to study the relationships
between CD68"CD163™ macrophages and CD8" T cells. The
number of CD8" T cells, especially the number and percentage



Figure 6. The CXCL9, 10, 11/CXCR3 axis was involved in the mechanism of M1-like
TAMs for the efficacy of PD-L1/PD-1 blockades. (A), By lactate dehydrogenase
releasing method (LDHRM), when the effective target ratio was 10:1, the killing
effect of the M-1like macrophages group was higher than that of the macro-
phages group. When the PD-1 block was added, the significant increase of killing
effect in PD-1 block+M?1-like macrophages was about two times higher than that
in PD-1 block+macrophages. (B), The expressions of CXCL9, 10, 17 mRNA were
higher in M1 than those in M2. (C), The expressions of CXCL9, 10, 17 mRNA were
higher in the tumor with high CD68*CD163~ macrophages. (D), The most CXCL9s
were labeled in the cytoplasm of CD68*CD163~ macrophages. (E), The number of
CD8* T cells, especially the number and percentage of CXCR3*CD8" T cells was
positively correlated with that of CD68"CD163~ macrophages. (F), The expres-
sions of PD-L1 in the high group of CD68*CD163~ macrophages were significantly
higher than those in the low group. (G), The expression of PD-L1 was up-regulated
in GC cells intervened by CXCL9. (H), The numbers of PD-1*CD8", LAG-3*CD8",
TIM-3*CD8", and TIGIT*CD8" T cells increased dramatically with the rising num-
bers of CD68*CD163™ macrophage. (1), The percentages of PD-1*, LAG-3¥, TIM-3%,
and TIGIT* on CXCR3*CD8" T cells were higher than those on CXCR37CD8* T cells
in the tumor. (J), The percentage of PD-1" on CXCR3*CD8* T cells was higher than
that on CXCR37CD8* T cells, and the percentages of LAG-3", TIGIT*, and TIM-3*
between two subtypes of CD8" T cells were insignificantly different in peripheral
blood.

of CXCR3"CD8" T cells (Figure 6E, S5C, D), was positively
correlated with that of CD68"CD163~ macrophages (Figure
6E). Even though M1 was positively correlated with cytotoxic
cells and memory CD8" T cells by CIBERSORT and
CD68"CD163™ macrophages were also related to the increased
CD8" T cells, Figure 4(G), H revealed that the levels of M1 and
CD8" T were not associated with tumor progression, which
might be caused by the up-regulation of PD-L1. Since results
from GSE62243, our gene arrays, and two gene sets said that
M1 was positively correlated with CD274, IHC (IHC) was used
to test expressions of PD-L1 and demonstrated that expres-
sions of PD-L1 in the high group of CD68"CD163™ macro-
phages were significantly higher than those in the low group,
which also explained that the ORR was enhanced in PD-L1-
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positive (figure 6f, S5E). Besides, in vitro, we used CXCL9 to
intervene in GC cell lines and found that the expression of PD-
L1 was up-regulated in GC cells (Figure 6G), which suggested
that CXCL9 was secreted by CD68"CD163™ macrophage up-
regulated the expression of PD-L1 in GC, as reported in pre-
vious researches.!”'® Then, we studied the relationships
between CD68'CD163~ macrophages and states of CD8+
T cells (PD-1, LAG-3, TIGIT, and TIM-3), which indicated
that the numbers of PD-1"CD8", LAG-3"CD8", TIM-3"CD8",
and TIGIT"CD8" T cells increased dramatically with the rising
numbers of CD687CD163™ macrophage (Figure 6H), while the
percentages of them were not significantly associated with
CD68"CD163” macrophage (Figure S5F, G). Furthermore,
the divergences between CXCR3'CD8" T cells and
CXCR37CD8" T cells were intensively studied and the result
showed that the percentages of PD-1*, LAG-3*, TIM-3", and
TIGIT* on CXCR3"CD8" T cells were higher than those on
CXCR37CD8" T cells (Figure 61, S6A-D). However, after we
examined the CD8, CXCR3, PD-1, LAG-3, TIGIT, and TIM-3
in peripheral blood by flow cytometry (Figure 6]), it showed
that the percentage of PD-1" on CXCR3"CD8" T cells was
higher than that on CXCR3 " CD8" T cells, and the percentages
of LAG-3", TIGIT", and TIM-3" between two subtypes of CD8
+ T cells were insignificantly different. In summary, M1-like
TAM:s recruit CD8" T cells to kill GC cells by CXCL9, 10, 11/
CXCR3 axis, but GC cells could utilize the PD-L1/PD-1 axis to
escape the killing of CD8" T cells. Thus PD-L1/PD-1 blockades
therapy would be effective in these subtypes of GC.

Discussion

Through bioinformatics analysis and our experiments, it is
confirmed that M1-like TAMs are required for the efficacy of
PD-L1/PD-1 blockades in GC, which suggested that
CD68"CD163™ macrophages should be regarded as an impor-
tant biomarker to predict the efficacy of PD-L1/PD-1 blockades
and guide the clinical treatment of PD-L1/PD-1 blockades
in GC.

In the 7 clinical trials, there were no significant differences
of ORRs between different drugs and therapeutic regimens,
saying that PD-L1/PD-1 blockades combined with CTLA-4
blockades cannot prolong the OS of patients with GC but
may increase the side effects. By comparing the five molecular
subtypes, we discover that the ORR of EBV-positive is the
highest, about 100%, and that of MSI-H/dMMR, about 60%,
is better than other subtypes. For the patients with EBV-
positive and MSI-H/dMMR, PD-L1/PD-1 blockades treatment
is the most appropriate. However, the rate of EBV-positive in
GC is extremely low, only about 7%, which helps only a small
number of patients. Meanwhile, the ORRs of the other four
molecular subtypes range from 60% to 22%. Even though the
ORRs are improved in the five molecular subtypes of GC,
meaning that the five molecular subtypes are used to guide
the treatment of PD-L1/PD-1 blockades, it is still not accurate
enough or useful only for few appropriate candidates. Thus,
CD68"CD163™ macrophages can be an important biomarker
to help improve the ORRs of the five molecular subtypes and
expand the applicable candidates of PD-L1/PD-1 blockades in
patients without the five molecular subtypes. The ORR of PD-
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L1-positive is the worst, only 22.6%, which is caused by differ-
ent standards of PD-L1-positive. The definition in one trial
without the advantage of PD-L1-positive is tumor positive
score (TPS) > 1, while that in other trials is combined positive
score (CPS) > 1191519221 previous studies have reported
that CPS was a more useful assessment method of determining
PD-L1 expression than TPS as a prognostic biomarker.”* Thus,
CPS should be a unified standard in GC not only for prognosis
but also for guiding treatment of PD-L1/PD-1 blockades.
Macrophages are a diverse collection of cell types with
a wide range of functional roles in homeostatic and patholo-
gical conditions and its classic adaptive responses include
tolerance, priming, and a wide spectrum of activation state
divided into two categories, M1 and M2.232% M1 is pro-
inflammatory and plays a major role in the host defense
against infection, while M2 suppresses inflammatory
responses and mainly supports tissue repair and
remodeling.** Along similar lines, infiltration of macrophages
in solid tumors, generally defined as TAMs, constitute
a plastic and heterogeneous cell population of the tumor
microenvironment that can account for up to 50% of some
solid neoplasms.”»** In general, TAMs are double-edged
swords with the capacity to exert pro- and antitumor activity,
depending on the balance of cytokines, chemokines, antibo-
dies, and myeloid checkpoints.26"28 In GC, the presence and
density of TAMs are correlated with prognosis and resistance
to treatment.”””” In most researches, pro-tumor activity of
TAMs, called M2-like TAMs, is usually the focus of attention,
which is generally associated with a poor prognosis and pro-
motes multiple aspects of tumorigenesis from initiation to
angiogenesis and systemic dissemination.’’”* However,
TAMs are a diverse population of cells in GC, some subtypes
of which can also mediate antineoplastic effects, named as
M1-like TAMs.” Thus, many studies suggest that TAMs are
good targets for anticancer therapy through their re-
differentiation away from pro-tumoral toward antitumoral
states.>® Through analyses of the five molecular subtypes and
previous studies, we discover that M1-like TAMs are required
for the efficacy of PD-L1/PD-1 blockades, and also associated
with a favorable prognosis in GC, which suggests that it
should be combined with the TNM stage to refine a risk
stratification system and better stratify patients with different
prognosis. Current evidence suggests that increased numbers
of CD8" T cells are a crucial determinant of favorable clinical
outcomes in many cancers.”” Besides, we also find that
increased numbers of CD8" T cells can improve the DFS
but not the OS in GC, suggesting that CD8" T cells in GC
can provide an indicator of tumor recurrence. Interestingly,
the numbers of CD8" T cells, especially that of CXCR3*CD8"
T cells in GC, are positively correlated with M1-like TAMs,
which might be caused by chemokines released by M1-like
TAMs. Extensive researches suggest that the diversity of che-
mokines released by M1 and M2 is one of the key factors for
their different regulatory functions.>® In our vitro experi-
ments, there are significant differences in chemokine gene
expression between M1 and M2, particularly CXCL 9, 10,
11. Many studies including ours reveal that expressions of
CXCL 9, 10, 11 are related to the efficacy of PD-L1/PD-1
blockades in GC.>” Meanwhile, all receptors of CXCL 9, 10,

11 are CXCR3 and CXCL9, 10, 11/CXCR3 axis leads migra-
tion of immune cells to their focal sites.”® The researches show
that CXCL9, 10, 11/CXCR3 axis involves directing the migra-
tion of CD8" T cells to the tumor site and inducing their
potentiation and proliferation there.”* Recently Andy Luster
and his group showed that anti-PD-1 efficacy is reduced in
CXCR3KO mice, and suggested that the CXCR3 on CD8"
T cells enhances anti-PD-1 efficacy.*” However, we discover
that the CXCL9, 10, 11/CXCR3 axis can recruit more CXCR3"
CD8" T cells infiltrating in GC; meanwhile the dysfunction
(LAG-3*, TIM-3*, and TIGIT") of CXCR3"CDS8" T cells also
increases with CXCR3"CD8" T cells infiltrating. Nevertheless,
in the peripheral blood, expressions of LAG-3", TIM-3", and
TIGIT*, markers of dysfunction, between CXCR3"CD8"
T cells and CXCR37CD8" T cells are insignificantly different,
and the expression of PD-17, a marker on tumor-specific
cytotoxic CD8" T cells,*’ on CXCR3" CD8" T cells is higher
than that on CXCR3™ CD8" T cells, which suggests that
CXCR3" CD8" T cells are a group of CD8" T cells with
tumor-killing function. In the tumor with high M1l-like
TAMs, even though CXCR3" CD8" T cells are highly infil-
trated in the tumor, tumor cells can take advantage of PD-L1,
up-regulated by CXCL9, 10, 11, and IFN-y, to escape the
killing of CD8" T cells.'®*** Thus, in the subtypes of GC
with high Ml-like TAMs and pro-inflammation, it is likely
that the PD-L1/PD-1 axis is the main pattern of tumor
immune evasion, so the treatment of PD-L1/PD-1 blockades
in this subtype of GC is effective. However, most TAMs in GC
are M2-like and facilitate tumor growth by inducing immune
suppression. Thus, reprogramming or repolarizing TAMs
toward an anti-tumor phenotype could therefore prove
a more efficacious approach to augmenting the efficacy of PD-
L1/PD-1 blockades in GC. For instance, CD40 antibody is one
of the most productive approaches to date, and enhance
responses to PD-1 and CTLA-4 antagonists have been
observed** **

In conclusion, immune evasion is an obstacle to successful
cancer therapy, which is involved in a series of complex and
collaborative mechanisms, such as PD-L1/PD-1 axis, CD80,
86/CTLA-4 axis, antigen presentation deletion, metabolism,
and so on.*® Only when one mechanism plays a crucial role
in the immune evasion of this tumor, can the related targeted
therapy achieve the clinical therapeutic effect in this tumor.
Therefore, M1-like TAMs are required for the efficacy of PD-
L1/PD-1 blockades in GC, since PD-L1/PD-1 blockades can
break the circle: M1-like TAMs release CXCL9,10,11 to recruit
more CXCR3'CD8" T cells infiltrating in GC but also up-
regulate the expression of PD-L1, and PD-L1 combines with
PD-1 on CD8" T cells to result in dysfunction of CD8" T cells.
M1-like TAMs can not only improve the ORRs of the five
molecular subtypes and but also expand the applicable candi-
dates of PD-L1/PD-1 blockades in patients without the five



molecular subtypes. Meanwhile, it suggests that TAMs are
good targets for anticancer therapy through their re-
differentiation away from pro-tumor toward antitumor states.
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