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ABSTRACT

Background Tumor-associated macrophages (TAMSs)
have been demonstrated to be associated with tumor
progression. However, the different subpopulations of
TAMs and their roles in gastric cancer (GC) remain poorly
understood. This study aims to assess the effects of Spi-1
proto-oncogene (SPI1)*CD68" TAMSs in GC.

Methods The distribution of SPI1*CD68* TAMSs in

GC tissue was estimated by immunohistochemistry,
immunofluorescence, and flow cytometry. Single-cell
transcriptome analysis and multiplex fluorescence
immunohistochemistry were applied to explore the role
of SPI1"CD68™ TAMs in an immune contexture. SPI1
overexpression or knockdown cells were constructed

to evaluate its role in macrophage polarization

and angiogenesis in vitro and in vivo. Chromatin
immunoprecipitation was used to verify the mechanism
of SPI1 transcriptional function. The effect of combined
antiangiogenic and immunotherapy was further validated
using mouse peritoneal metastasis models.

Results Single-cell transcriptome analysis and
immunohistochemistry demonstrated that SPI1 was
expressed in macrophages, with a higher enrichment

in metastatic lesions than in primary tumors. Higher
SPI1"CD68" TAMs infiltration was associated with poor
overall survival. Mechanically, SPI1 promoted the M2-
type macrophage polarization. SPI1 could bind to the
promoter of vascular endothelial growth factor A and
facilitate angiogenesis. Moreover, the level of SPI1*CD68*
TAMs infiltration was closely related to the efficacy

of immunotherapy, especially when combined with
antiangiogenic therapy.

Conclusions The present study showed that SPI1*CD68*
TAMs are a promising biomarker for predicting prognosis,
antiangiogenic drug sensitivity, and combination target of
immunotherapy in patients with GC.

INTRODUCTION

Owing to its high incidence and metastatic
rate, gastric cancer (GC) remains one of
the poorly prognosis malignancies world-
wide, with the third highest mortality rate
among all tumors."* Tumor recurrence and
metastasis are closely related to immune

1,2,5
1,2

WHAT IS ALREADY KNOWN ON THIS TOPIC

= The pivotal role of tumor-associated macrophages
(TAMs) in the initiation, progression and metastasis
of tumors has been widely recognized in the sci-
entific community. The classification and functional
characterization of TAMs subsets remain a signifi-
cant challenge in the field of immunology.

WHAT THIS STUDY ADDS

= Spi-1 proto-oncogene (SPI1)*CD68* TAMs emerged
as a novel proangiogenic macrophage subtype,
driving tumor angiogenesis via vascular endothelial
growth factor A secretion and intimately associating
with the immunosuppressive microenvironment.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= SPI1"CD68" TAMs proved to be a promising
metastasis-associated biomarker in gastric cancer,
presenting a viable target for combined antiangio-
genic and immunotherapy approaches.

microenvironment. Tumor  metastasis
represents a highly intricate and multifac-
eted biological phenomenon, contingent
on a myriad of interrelated factors encom-
passing plasticity, stress responses, and
the establishment of an immunosuppres-
sive microenvironment.” * Consequently,
devising effective therapeutic approaches
for managing metastatic tumors proves
notably more intricate when juxtaposed
against the treatment of primary tumors.
Tumor-associated macrophages (TAMs)
play a pivotal role in affecting tumor
biology as an integral component of the
immune milieu.’ However, due to the
heterogeneity of the tumor microenvi-
ronment (TME) intertumor and intra-
tumor, the function of TAMs varies under
different conditions, the traditional M1
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and M2 classification cannot fully summarize the role
of TAMs. More refined subtypes of TAMs that deserve
to be investigated.

Tumor immunotherapy, as a novel approach to the
treatment of cancer, has been recognized as a prom-
ising addition to conventional cancer therapies such
as surgery, radiation therapy, chemotherapy, and
targeted therapy.® © Tumor immunotherapy elicits
tumor-specific immune responses in the host, either
actively or passively, to exert its inhibitory and tumor-
icidal functions. As a rising star in cancer treatment,
immunotherapy, represented by immune check-
point inhibitors (ICIs), has ushered in a new era in
the field of tumor therapy. Several candidate targets
have undergone rigorous validation, establishing
them as pivotal regulatory nodes with demonstrated
effectiveness across diverse cancer types.® ? Further-
more, studies have demonstrated that immunotherapy
has shown promising effects in the context of meta-
static tumors.'’ However, current immune check-
point therapy predominantly focuses on tumor cells
themselves, with limited research on immune check-
points within the TME. Moreover, the development of
immune checkpoints specifically tailored to TAMs is
currently lacking.

Spi-1 proto-oncogene (SPI1) is a member of the tran-
scription factor family Ets, which is closely associated
with myeloid and B-lymphoid cell differentiation,11 and
it plays a vital role in promoting cell maturation in the
hematopoietic system.12 Moreover, SPI1 regulates the
expression of various genes, including those encoding
immunoglobulins, receptors, and enzymes that are
involved in various biological functions of the body."”
SPI1 mutations could induce acute myeloid leukemia'*
and regulate selective macrophage polarization in
asthma."” Recently, it was reported that SPI1 promotes
the inflammatory response of macrophages in Helico-
bacter pylori-induced gastritis.16 Nevertheless, research
between SPI1 and TAMs in the GC microenvironment
is limited.

In this study, we aimed to explore the role of
SPI1"CD68" TAMs in GC progression, and identify
novel immune checkpoint targets that could be used in
TAMs-targeted immunotherapy approaches. We found
that SPI1'CD68" TAMs were differentially infiltrated in
primary and metastatic GC lesions. Patients with more
infiltration of SPI1"CD68" TAMs demonstrated a higher
likelihood of metastasis and worse clinical prognosis.
Furthermore, SPI1*CD68" TAMs were observed to stim-
ulate tumor angiogenesis through increasing vascular
endothelial growth factor A (VEGFA) transcription.
Moreover, we found a strong correlation between
SPI1'CD68" TAMs infiltration and immunotherapy.
These findings underscore this specific cell subtype as a
predictive biomarker for metastasis detection and pave
the way for implementing combined antiangiogenic
and immunotherapy strategies in clinical practice.

METHODS

Human tissue samples and clinical information of patients
with GC

The training group involved 198 individuals diagnosed
with primary gastric carcinoma, who underwent radical
gastrectomy at the First Affiliated Hospital, Sun Yat-sen
University (Guangzhou, China) between November 2010
and December 2012. Clinicopathological and survival
data were retrospectively collected, and GC tissue was
subjected to immunohistochemical (IHC) and immuno-
fluorescence analyses. GC tissues were also transformed
into cell suspensions for flow cytometry analysis. External
validation was conducted using another 115 patients
from the biobank of Shanghai Outdo Biotech company.
A tissue microarray containing 31 patients with metas-
tasis was employed to assess the difference between meta-
static and primary tumors. Protocols were performed in
accordance with the Declaration of Helsinki for Human
Research.

Sample preparation and single-cell RNA sequencing

Six paired tumor and adjacent non-tumor tissue samples,
obtained from three patients who underwent gastrectomy
in August 2021 at the First Affiliated Hospital of Sun Yat-sen
University (Guangzhou, China), were collected for single-
cell RNA sequencing (scRNA-seq) experiments. Written
informed consent was obtained from each patient. The
clinicopathological information of the included patients
was shown in the online supplemental table S1. Tissues
were washed twice using phosphate-buffered saline (PBS)
briefly and dispatched to Berry Genomics Laboratories
(Beijing, China) for singular cell dissociation and subse-
quent single-cell experiments (10x Genomics, USA). The
primary sequencing data generated by 10x Genomics
were processed for alignment and quantification through
the utilization of the Cell Ranger software package (10x
Genomics, V.3.0.2).

Data processing of scCRNA-seq

The single-cell analysis R package “Seurat” was employed
to analyze the GC scRNA-seq data. The scRNA-seq data
was normalized using the “LogNormalize” method and
integrated using the “IntegrateData” function. The
top 15 principal components were further dimension-
ally reduced using the Uniform Manifold Approxima-
tion and Projection (UMAP) technique. The cells were
then clustered using the “FindClusters” function and
annotated with typical cell markers. Subsequently, the
macrophage group was subset for secondary clustering
(dim=10, resolution=0.3) and the M1 or M2 subtype was
identified for further analysis. Gene set variation anal-
ysis (GSVA) was then performed to evaluate the enrich-
ment of hallmark gene sets in the difference gene list.
The hallmark gene sets were acquired from the Molec-
ular Signatures Database using the R package “msigdbr”
with the specifications: species = “Homo sapiens” and
category = “H”.
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Cell-cell communication and cell trajectory analysis
(pseudotime analysis)

To study the interactions between various cell types, the
“CellChat” function was used to infer the cell-cell interac-
tion network information. We analyzed the number and
weights/strength of intercellular communication and
calculated the contribution of ligand-receptor pairs (L-R
pairs) in different pathways. According to the changes in
gene expression levels of different cell subsets over time,
pseudotime analysis can be used to infer the cell differ-
entiation track or the evolution process of cell subtypes
during development. In our study, we used the “monocle”
R package to conduct pseudotime analysis. By analyzing
the developmental trajectories of macrophages, we were
able to generate a density plot to visually represent the
result.

Evaluation of the efficacy of immunotherapy

ICBatlas (http://bioinfo.life.hust.edu.cn/ICBatlas/) is a
transcriptome-level data resource that comprehensively
describes immune checkpoint blockade (ICB) treatment.
The database integrates 25 gene expression profiling data
sets from The Cancer Genome Atlas (TCGA), ArrayEx-
press, Gene Expression Omnibus (NCBI GEO) and other
databases, including nine cancer types and 1515 ICB-
treated patient samples. SPI1 expression levels in patients
with GC who responded to ICB treatment and those who
did not were evaluated. Another widely used database for
evaluating the efficacy of immunotherapy is the Tumor
Immunotherapy Gene Expression Resource (TIGER)
database (http://tiger.canceromics.org/), which encom-
passes a wealth of data from tumor samples related to
immunotherapy. The TIGER database was used to predict
the responsiveness of immunotherapy with different
SPI1"CD68" TAMs infiltration levels.

Immune cell infiltration assessment

The CIBERSORT algorithm (https://cibersort.stanford.
edu/) was used for evaluating immune cell infiltration in
TCGA-GC patients, aiming to explore its association with
SPI1"CD68" TAMs. A comparative analysis of immune cell
infiltration disparities was conducted via the Wilcoxon
test, examining the contrast between high and low infil-
tration level of SPI1'CD68" TAMs. Subsequently, the
same statistical approach facilitated the quantification of
infiltration variations in selected functional immune cell
subsets.

Drug sensitivity analysis

To further understand the sensitivity of patients with
GC to antiangiogenic agents, we also performed a drug
sensitivity analysis for patients with different levels of
SPI1"CD68" TAMs infiltration using the R package “pRRo-
phetic”. By calculating the expression of SPI1 and CD68
in the TCGA-GC cohort, patients were divided into two
groups with different levels of SPI1'CD68" TAMs infiltra-
tion, and the IC50 of antineoplastic drugs was statistically
analyzed by referring to the effect of more than 700 cell

lines on 138 drugs in the Cancer Genome Project data-
base (https://www.sanger.ac.uk/). We then performed
statistical analysis to examine the differences in IC50 of
antiangiogenic agents between the SPI1'CD68" TAMs
infiltration high and low groups.

Dual staining immunohistochemistry

To evaluate the infiltration of SPI1'CD68" TAMs in
patients with GC, we performed dual staining immuno-
histochemistry (DSIHC) on histopathologic slides. The
slides were first dewaxed in an oven at 65°C for 2hours
and treated with xylene and gradient-reducing alcohol.
Antigen retrieval was achieved by heating the slides in
an Ethylene Diamine Tetraacetic Acid (EDTA) antigen
repair solution (pH=6) for 15min. To block any non-
specific antigen-binding sites, goat serum blocking
solution was applied to the slides for 30min at 37°C.
Subsequently, a mixture of anti-SPI1 antibody (mouse,
Proteintech, 66618-2-Ig, diluted 1:250) and anti-CD68
antibody (rabbit, Proteintech, 25747-1-AP, diluted 1:500)
was incubated on the slides overnight at 4°C. The next
day, a mixture of secondary antibodies labeled with horse-
radish peroxidase (HRP) for mouse species and alkaline
phosphatase (AP) for rabbit species was applied to the
washed slides for 1hour. The HRP-labeled antibodies
stained brown and the AP-labeled antibodies stained
pink with the staining kit treatment (ZS, DS-0003-120).
Finally, the nucleus was counterstained with hematoxylin
to stain it blue before the slides were fixed. The number
of SPI1"CD68" TAMs infiltration in the IHC specimens
was then assessed.

Assessment of the SPI1*CD68* TAMs infiltration in IHC
specimens

Following DSIHC, SPI1 and CD68 were stained pink and
brown, while SPI1"CD68" TAMs displayed pink staining in
the cytomembrane and brown staining in the nucleus. All
specimens were examined at a 200xmagnification view,
and two of the most representative fields were captured
from each tumor area. Two pathologists, who were blinded
to the patient’s information, identified SPI1'CD68" TAMs
(pink and brown) and SPI1"CD68" TAMs (only pink). The
SPI1"CD68" TAMs score was calculated as the proportion
of SPI1"CD68" TAMs to all macrophages (which includes
both SPI1"CD68" and SPI1"CD68" macrophages). In
case of disagreement, the images were reviewed, and a
consensus was reached between the two observers. The
final score for each sample was determined by calculating
the average score of the two fields. We performed Kaplan-
Meier survival analysis to compare the high and low-score
groups of patients with GC, who were divided based on
the median value of the SPI1'CD68" TAMs score. Addi-
tionally, we conducted DSIHC on a tissue microarray
comprizing 76 samples from 31 patients with GC,
including 40 primary gastric carcinoma and 36 metastatic
tissues. The SPI1'CD68" TAMs scores were calculated
using the same method, and we analyzed the differences
between primary and metastatic tissues.
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Multiplex fluorescence immunohistochemistry

To detect several markers expressed on TAMs, T cells,
and tumor cells within the GC tissue, a fluorescent
multi-label kit (PANOVUE, TSA-RM-82758) was used,
strictly adhering to the manufacturer’s recommended
protocols. After dewaxed and rehydrated, the GC tissue
slides underwent heating antigen repair and goat serum
blocking as described previously. Then, the slides were
incubated with anti-SPI1 antibody at 37°C for 3hours,
followed by incubation with HRP-labeled secondary anti-
bodies for 30min. Finally, stained with the PANO tyra-
mide signal amplification (TSA) bufter for 10min. Then,
the process of primary antibody incubation, followed by
secondary antibody incubation and PANO TSA staining,
was repeated until all markers were successfully stained.
The results of the amount and distance between different
cell types were calculated by HALO software.

Flow cytometry

Freshly isolated GC tissues were cut into small pieces
and digested with Collagenase IV (Sigma) and DNase I
(Sigma) at 37°C on a shaking bed for 30 min to achieve
complete tissue digestion. The obtained cells were lysed
with lysis buffer and kept on ice for 15min. After erythro-
cyte lysis, the cells were counted and divided into blank
and experimental groups. The samples were then incu-
bated with a human BD Fc blocker and stained with the
LIVE/DEAD Cell Imaging Kit (Invitrogen) in the dark
at room temperature for 30min. A series of antibodies,
including CD45, CD68, CD86, CD206, and SPI1, were
co-incubated with the cells in the stain buffer for 30 min.
The stained cells were washed and resuspended in the
staining buffer before being separated in a CytoFLEX
LX flow cytometer and analyzed using Flow]Jo software
(V.10.9). Surface markers of macrophages were exam-
ined in the same way. The antibodies used in flow cytom-
etry are listed in online supplemental table S2.

THP1 cells transfection

SPI1-RNAi lentivirus was purchased from Genechem;
Shanghai Genechem. Full name: RNAi-Easy-lentivirus
(for suspension cells only). The vector name was GV766
and the element sequence was pRRLSIN-cPPT-U6-shRNA-
SV40-puromycin. The control number used was CON609
and the control insertion sequence was TTCTCCGAAC-
GTGTCACGT. Similarly, the same transfection method
was applied to transfect SPI1 overexpression plasmid
(SPI1) and its control vector (Vector) into THPI1 cells.
Transfection efficiency was evaluated through quantita-
tive Reverse Transcription Polymerase Chain Reaction
(qRT-PCR) and western blot analysis after 24 hours of
infection.

Induction of macrophages

After induction of THP1 cells with Phorbol Myristate
Acetate (PMA) at a working concentration of 100ng/
mL, MO macrophages were obtained 24 hours later.
After replacing the fresh complete medium, 100ng/mL

Lipopolysaccharide (LPS) working solution and 20ng/
mL IFN-y working solution were added to MO cells. M1
macrophages were harvested after 24 hours of continued
culture. The M2-type macrophages were harvested 24
hours later if the MO cells were further cultured with
20ng/mL IL-4 and 20ng/mL IL-13.

T-cell killing assay

Peripheral blood was collected from the donors in a
predetermined volume, and lymphocytes were harvested
through density gradient centrifugation using the Human
Lymphocyte Separation Medium (Dakewe). Human CD3
T cell isolation kit (BioLegend) was then used to enrich
T cells. The enriched T cells were then inoculated into
culture media supplemented with interleukin-2 (IL-2),
and co-cultured with conditional medium collected from
macrophages exhibiting varying levels of SPI1 expression.
Subsequently, the T cells were co-cultured with Human
Gastric Adenocarcinoma Cells (AGS cells) for 24 hours,
and the killing effect of T cells on tumor cells was detected
by the Calcein/Propidium Iodide (PI) cell activity and
cytotoxicity assay kit (Beyotime).

Chromatin immunoprecipitation assays

THPI cells in a 15cm culture dish were cross-linked
with 1% formaldehyde at room temperature for 10 min.
Glycine was then added to halt the reaction for 5min at
room temperature. The cells were subsequently washed
twice with cold PBS and subjected to digestion with
micrococcal nuclease as per the manufacturer’s instruc-
tions using the chromatin immunoprecipitation (ChIP)
Kit (#9003S, CST, USA, Boston). After harvesting the
chromatin sample and extracting a 1% input sample,
the samples were divided equally and incubated with an
anti-SPI1 antibody (ab302623, Abcam), Histone H3 anti-
body (#4620, CST, included in the kit) or immunoglob-
ulin G (#2729, CST, included in the kit), all above were
conjugated to ChIP-Grade Protein G Magnetic Beads
(#9006, CST, included in the kit) at 4°C overnight. The
bound chromatin was then eluted using the reagents
provided in the kit and quantitative PCR (qPCR) was
performed after purification. The primer sequences used
are listed in online supplemental table S3.

Animal experiments

Male Balb/c nude mice (4-5 weeks old) were procured
from TopBiotech (Shenzhen, China). All animal experi-
ments conducted in this study received approval from the
Institutional Animal Care and Use Committee at TopBio-
tech (TOPGM-IACUC-2023-0027). Lentivirus vectors
containing SPI1, shSPI1, and their respective controls
were stably transfected into MO macrophages derived
from THP1 cells. The transfected MO macrophages, mixed
with MKN45 cells, were used to establish the tumor xeno-
transplantation model by subcutaneous injection into the
right side of the nude mice. Tumor volumes were assessed
on the 5th, 10th, 15th, and 20th days post-injection. The
mouse model for intraperitoneal metastases was induced
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5days after intraperitoneal injection of MKN45-luciferase
cells mixed with MO macrophages transfected with SPI1
and shSPII lentiviral vectors. Abdominal metastasis was
recorded by a small animal imaging instrument. This
study adhered to ethical regulations governing animal
research.

To better elucidate the antitumor effects of combined
antiangiogenic and immunotherapy, we conducted in
vivo experiments using 4 to 5-week-old NOD/SCID mice.
HGC-27 cells transfected with luciferase were mixed
with Vector and SPIl-overexpression macrophages to
construct the model of abdominal metastases. Following
successful modeling, human T cells isolated in vitro were
injected into the mice (1week). Subsequently, the mice
were treated with either antiangiogenic therapy (Anti-
VEGF, bmg/kg, every 3days for four doses), immuno-
therapy (anti-programmed cell death protein-1 (PD-1),
10mg/kg, every 3days for four doses), or combination
therapy according to their assigned groups (Vector or
SPI1). The therapeutic effects were evaluated using a
small animal imaging instrument.

Statistical analysis

R software (V.4.2.1) and associated R packages were used
for data analyses, such as the “limma” package for differ-
ence analysis and the “survminer” package for survival
analysis. Wilcoxon test was carried out to compare the
differences among distinct groups. The Spearman
correlation method was used to calculate the correla-
tion coefficient and Cox regression analysis was used to
identify the independent prognostic factors. All statistical
analyses were bilateral, and p<0.05 was considered statis-
tically significant.

RESULTS

SPI1 was specifically expressed in macrophages and
associated with metastasis

To investigate the expression of SPI1 in GC tissues, we
evaluated the expression level of SPI1 with the scRNA
sequence data. After rigorous quality control filters and
doublet removal, a total of 53,359 cells and 26,251 genes
were identified and included in the subsequent analysis
(online supplemental figure SIA-B). Then, unsuper-
vised clustering analysis was performed and defined 20
clusters with similar expression patterns (online supple-
mental figure S1C). Nine main cell populations with
the expression of canonical markers were identified
including B cells, CD8" T cells, dendritic cells, endothe-
lial cells, epithelial cells, fibroblasts, macrophages, mast
cells, monocytes (figure 1A). The expression level and
proportion of cell-specific markers in each cell subpop-
ulation were displayed in dot plots (online supplemental
figure S1D).

Among these nine cell types, SPI1 was mainly expressed
in macrophages (figure 1B). To further explore the role
of SPI1 expression in macrophage, we compared the
expression level of SPI1 in primary tumor and metastatic

lesions in scRNA-seq data. The results showed that the
expression of SPI1 in macrophages was higher in meta-
static lesions than in primary sites (figure 1C-D). To
verify this result, we performed DSIHC to evaluate the
infiltration of SPI1"CD68" TAMs in primary tumor and
metastasis lesions (figure 1E). The results showed that the
infiltration of SPI1"CD68" TAMs was higher in multiple
metastases lesions (ovary, colon, liver, and mesentery)
than in primary sites (figure 1F). Flow cytometry showed
that a larger number of SPI1'CD68" TAMs were observed
in metastatic lesions than those in primary tumors
(figure 1G-H). Taken together, these results indicated
that the infiltration of SPI1'CD68" TAMs was increased in
metastasis lesions in GC.

SPI1 was an independent prognosis factor in GC

To investigate the prognosis significance of SPI1"CD68"
TAMs in GC, we evaluated the infiltration of SPI1"CD68*
TAMs in three independent cohorts. Patients were
assigned into high and low groups according to the infil-
tration of SPI1'CD68" TAMs. Differences in clinicopatho-
logical characteristics between patients with high and low
SPI1"CD68" TAMs levels were summarized in the online
supplemental table S4. The survival analyses revealed that
patients with more SPI1'CD68" TAMs infiltration had
worse overall survival (OS) and disease-free survival (DFS)
in the training (figure 2A) and external validation cohorts
(figure 2B). However, the level of SPI1"CD68" TAMs
infiltration did not predict an unfavorable prognosis in
both cohorts (figure 2C-D). Additionally, in the TCGA-
STAD cohort, we also observed the same results (online
supplemental figures S2A-B). Furthermore, univariate
and multivariate Cox regression analyses showed that
SPI1"CD68" TAMs were an independent prognostic factor
of patients with GC in the training cohorts (figure 2E-F,
online supplemental table S5). This finding was corrob-
orated in the external validation cohort and further
substantiated by the TCGA-STAD cohort (figure 2G-H,
online supplemental figure S2C-D).

SPI1 promoted M2-type macrophage polarization in GC

Macrophages could be polarized to M1 or M2-type macro-
phages in TME."” We further extracted macrophage and
divided into M0, M1 (SOCS3, ITGAX, and IL1B) and M2
subtypes (CD163, CD204, and CD206) in scRNA-seq data
(online supplemental figure S3A-B). Interestingly, we
found that SPI1 was highly expressed in M2-type macro-
phages (online supplemental figure S3C). Additionally,
pseudotime trajectory analysis was performed to deter-
mine the transition among specific cell type lineages and
states. The trajectory analysis also yielded two different
trajectory states (M1 and M2) (online supplemental
figure S3D) and the evolution tree plot and density
plot both revealed that SPI1 was mostly enriched at
the end of M2-type macrophage (online supplemental
figure S3E-F). Furthermore, flow cytometry showed
that SPI1'CD68" TAMs were mainly concentrated in
the M2-type macrophage group (figure 3A-B). Human
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Figure 1 SPI1 was highly expressed in macrophages within the metastatic lesions of gastric cancer. (A) UMAP representation
colored according to different cell types. (B) Density plot of SPI1 expression distribution in scRNA sequencing data. (C) UMAP
indicated SPI1 staining of macrophages in primary and metastasis gastric cancer (GC). (D) Differential analysis of SPI1
expression in the primary and metastasis tumor of GC in scRNA sequencing data. (E) Infiltration of SPI1*CD68" TAMSs in normal
tissue, primary tumor, and metastasis sites of GC. (F) Differential analysis of SPI1*CD68" TAMs infiltration between primary and
metastasis tumor according to double immunohistochemical staining. (G) SPI1*CD68* TAMs were screened by flow cytometry
in primary and metastasis tumor of patients with GC. (H) Quantitative analysis of SPI1*CD68* TAMs infiltration based on flow
cytometry. scRNA, single-cell RNA; SPI1, Spi-1 proto-oncogene; TAMs, tumor-associated macrophages; UMAP, Uniform
Manifold Approximation and Projection.
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Figure 2 SPI1"CD68* TAMs was an independent prognostic factor in patients with metastatic gastric cancer. (A) Overall
survival (OS) and disease-free survival (DFS) of patients with gastric cancer (GC) in different SPI1*CD68" TAMs groups in the
training cohort. (B) OS and DFS of patients with GC in different SPI1*CD68" TAMs groups in the external validation cohort.

(C) OS and DFS of patients with GC in different SPI1"CD68" TAMs groups in the training cohort. (D) OS and DFS of patients
with GC in different SPI1~"CD68* TAMs groups in the external validation cohort. (E) Univariate cox regression analysis of patients
with GC in the training cohort. (F) SPI1*CD68* TAMs was an independent prognostic factor of patients with GC in the training
cohort. (G) Univariate cox regression analysis of patients with GC in the external validation cohort. (H) SPI1*CD68" TAMs was an
independent prognostic factor of patients with GC in the external validation cohort. SPI1, Spi-1 proto-oncogene; TAMs, tumor-

associated macrophages.

THP-1 monocytes were differentiated into M1 and M2
subtypes of macrophages after induction. The expres-
sion of chemokines and cytokines were examined to
characterize different macrophage subtype. The results

indicated that the messenger RNA (mRNA) level of SPI1
was higher in M2-type macrophages (figure 3C).

To further explore the mechanism of SPIl in macro-
phages, we constructed cell lines with stable knockdown
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SPII in THP1 cells (shSPI1). The protein and mRNA level
of M2 markers (CD163, CD206) were decreased in MO
macrophages (induced by THP1 cells) with SPI1 knock-
down (figure 3D), while the expression of M1 markers
(CD80, CD86) was increased (figure 3F). Furthermore,
we also transfected THP1 cells with the control vector
(Vector) and SPII overexpression lentivirus (SPI1). The
changes in macrophage markers indicated that SPI1 over-
expression promoted M2 polarization of macrophage
(figure 3E and G). Flow cytometry analysis showed that
CD80 was increased and CD163 was decreased in macro-
phages with SPI1 knockdown (figure 3H-I), while the
opposite trend was observed in macrophages with SPI1
overexpressed (figure 3]-K). These results indicated that
SPI1 promoted M2-type macrophage polarization.

SPI1*CD68* TAMs were associated with VEGF pathway

To explore the mechanism of the SPI1'CD68" TAMs in
GC metastasis, we performed pathway enrichment anal-
ysis between SPII'8" TAMs and SPI1'" TAMs using
GSVA analysis in scRNA-seq data. The results showed
that SPI1""8" TAMs were enriched in the inflammatory
response, epithelial-mesenchymal transition, and angio-
genesis (figure 4A). Additionally, we performed cell-cell
communication analysis to investigate the interaction
between TAMs and other cells. We found that TAMs were
closely interacted with endothelial cells (online supple-
mental figure S4A-B). Furthermore, we identified that
SPI1"8" TAMs interacted more strongly with endothelial
cells than SPI1"*" TAMs (figure 4B). The VEGF pathway
is one of the most critical pathways that associated with
angiogenesis in tumor.'® In the VEGF pathway, SP11¢"
TAMs exhibited a stronger association with endothelial
cells than SPI1**" TAMs (figure 4C). Moreover, the L-R
pair VEGFA-VEGFR1/VEGFR2 had the highest contribu-
tion (online supplemental figure S4C). In the external
validation cohort, we found that patients with higher
SPI1"CD68" TAMs infiltration level were more sensitive to
bevacizumab, an antiangiogenic drug that is widely used
in clinical practice. Conversely, no statistically significant
difference in treatment response was observed within
the SPI1"CD68" TAMs group (figure 4D). Multiplex
fluorescence immunohistochemistry was used to assess
the spatial distribution of SPI1"CD68" TAMs and vessels
(figure 4E). We found that the infiltrating number of
SPI1"CD68" TAMs around the perivascular area was signifi-
cantly higher than that of SPI1"CD68" TAMs (figure 4F).
Furthermore, the spatial distance between vessels and
SPI1'CD68" TAMs was closer than that of SPI1 CD68"
TAMs (figure 4G). These results indicated that SPI1 was
closely related to tumor angiogenesis in spatial.

The drug-sensitivity analysis revealed that patients
with high SPI1"CD68" TAMs infiltration had lower 1C50
for antiangiogenic agents compared with patients with
low SPI1"CD68" TAMs infiltration (online supplemental
figure S4D-G). These results indicated that patients with
high SPI1"CD68" TAMs infiltration may be more sensitive
and responsive to the antiangiogenic agents. Therefore,

we hypothesized that SPI1'CD68" TAMs may play a crit-
ical role in angiogenesis.

SPI1 facilitated GC cell growth and metastasis in vivo

To validate the function of SPI1 in vivo, we constructed
THP1 cells with stable knockdown or overexpressed SPI1,
which were induced into macrophages. After mixed with
transfected macrophages, MKN45 cells were subcutane-
ously injected into the mouse to establish a xenograft
tumor model (figure 5A). The results showed that SPI1
overexpression significantly increased both the volume
and weight of the tumors, while these effects were reduced
when SPI1 was knocked down (figure 5B—C). To further
investigate the impact of SPI1 on metastasis in vivo, we
injected transfected macrophages and MKN45-luciferase
cells into the peritoneal cavity of mice. Based on biolumi-
nescence intensity measured in the IVIS system, SPII over-
expression increased the number of metastatic nodules
in the abdominal cavity, whereas SPI1 knockdown signifi-
cantly reduced (figure 5D). The trend in fluorescence
intensity alterations was also positively correlated with the
expression levels of SPI1 (figure 5F). We concurrently
enumerated the number of metastatic nodules present in
the peritoneal cavity (figure 5E). The quantity of meta-
static nodules within the peritoneal cavity was found to
correlate with the expression levels of SPI1 (figure 5G).
The survival curves showed that SPI1 was associated with
a shorter survival time (figure 5H). These findings illumi-
nated that SPI1 could promote tumor growth and metas-
tasis in vivo.

SPI1 modulated the migratory and tube formation of
endothelial cells
Wound scratch assay showed that the migration of
endothelial cell was decreased after co-culturing with
a conditioned medium of MO macrophage with SPII1
knockdown (figure 6A). Meanwhile, overexpression of
SPI1 in macrophages promoted the migration of endo-
thelial cell (figure 6B). Tube formation assay revealed a
diminished capacity for angiogenesis on SPI1 knockdown
(figure 6C). In contrast, elevated SPI1 expression was
found to augment the angiogenic potential of endothe-
lial cells (figure 6D). We performed immunohistochem-
istry to assess the expression level of SPII, CD31, and
VEGFA in the same patient (online supplemental figure
S5A), which demonstrated that the expression of SPI1
was positively correlated with CD31 and VEGFA (online
supplemental figure S5B-C). To better observe the rela-
tionship between SPIl and tumor neovascularization,
we performed H-E staining on sections of subcutane-
ously transplanted tumors in mice (online supplemental
figure S5D). The results revealed that SPI1 overexpres-
sion notably increased the number of tumor neovas-
cularization compared with SPI1 knockdown (online
supplemental figure S5E). Taken together, these findings
suggested that SPII could promote angiogenesis in GC.
Based on the aforementioned results, we further
explored the regulatory role of SPII in angiogenesis. We
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Figure 4 SPI1"CD68* TAMs promoted tumor angiogenesis through VEGF pathway. (A) GSVA analysis between SPI1-high

and SPI1-low TAMs groups in scRNA sequencing data. (B) Incoming and outgoing interaction strength in different types of

cells. (C) Cell-cell communication between different cell types in the VEGF signaling pathway. (D) Response to bevacizumab

in patients with different TAMs infiltrates in the external validation cohort. (E) Immunofluorescence revealed the infiltration

of SPI1*CD68" TAMs around the tumor blood vessels (CD31 marked). (F) Difference in the number of SPI1*CD68* TAMs

and SPI17CD68" TAMs around tumor vessels. (G) Difference in distance between blood vessels with SPI1*CD68" TAMs and
SPI1~CD68* TAMs. DAPI, 4',6-Diamidino-2-Phenylindole; GSVA, gene set variation analysis; NK, Natural Killer cells; scRNA,
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Figure 5 The role of SPI1 in GC cell growth and metastasis in vivo. (A) The representative images of the xenograft tumor.

(B) Quantitative analysis of tumor growth curve. (C) Quantitative analysis of tumor weight in different SPI1 expression

group. (D) Bioluminescence images of tumor-bearing mice individually treated with shNC, shSPI1, Vector, SPI1 transfected
macrophages at day 5, 10, 15, 20, 25, 30, 40, and 50. (E) Representative photographs of peritoneum and mesentery metastasis
lesions in different SPI1 expression groups. (F) The fluorescence intensity of tumors in various groups of mice. (G) Quantitative
analysis of peritoneum nodules. (H) Survival curves of mice in different groups. GC, gastric cancer; SPI1, Spi-1 proto-oncogene.

found that the protein and RNA expression of VEGFA
was decreased after SPI1 knockdown and increased

were co-expressed in macrophages (online supplemental
figure S6B). Then we leveraged single-cell sequencing

after SPI1 was overexpressed (figure 6E-F). Addition-
ally, ELISA demonstrated that the secretion of VEGFA
was elevated after SPI1 overexpression (online supple-
mental figure S5F). Tracing the origin of VEGFA, we
used scRNA-seq data and found that macrophages were
the major source of VEGFA in patients with GC (online
supplemental figure S6A). Additionally, VEGFA and SPI1

data to analyze M2-type macrophages, revealing that
cluster 0 exhibited a higher SPI1 expression level among
the three M2-type macrophage subsets (online supple-
mental figure S6C-D). Further, the AddModuleScore
function was used to evaluate the M2-type macrophage
subpopulations, indicating that cluster 0 possessed a
higher angiogenesis score (online supplemental figure
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Figure 6 SPI1 closely interacted with endothelial cells and regulated VEGFA transcription. (A) Wound healing assay was
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(B) Compared with the control group, the overexpression of SPI1 enhanced the migration ability of HUVEC cells. (C) Tube
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knockdown macrophages. (D) On overexpressing SPI1, the angiogenesis ability of HUVEC cells was augmented. (E) The mRNA
level of VEGFA changed after knockdown or overexpression of SPI1. (F) The protein level of VEGFA changed after knockdown
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S6E-F). The results indicated that SPI1'CD68" TAMs, as a
subgroup of angiogenic M2-type macrophages, were the
main source of VEGFA secretion.

Considering SPII’s role as a transcription factor, we
questioned whether it regulates VEGFA transcription.
Subsequently, motif sequences of SPI1 were identified
in the JASPAR database (http://jaspar.genereg.net)
(figure 6G). The results identified three predicted SPI1
binding sites in the VEGFA promoter region (figure 6H).
The ChIP assays were verified using agarose gel electro-
phoresis (figure 6I). Subsequent ChIP-qPCR analyses also
demonstrated that SPI1 could bind to the promoter of
VEGFA (figure 6]). Collectively, these findings demon-
strated that SPI1 could induce the expression of VEGFA
in macrophages by activating the transcriptional activity
via binding to the promoter region.

SPI1*CD68* TAMs may promote an immunosuppressive
microenvironment in GC

Macrophage, especially the M2-type macrophage, is one
of the central drivers of the immunosuppressive TME, and
could regulate the function of T cell. PD-1'CD8" T cells
have been associated with immunosuppressive microen-
vironment in various malignancies. Previous studies have
shown that immunotherapy combined with antiangio-
genic therapy could significantly improve the survival of
patients with metastatic GC. These results demonstrated
that the combination of immunotherapy and antiangio-
genic treatment could become a promising strategy in
antitumor therapy. In light of these considerations, we
further explored the role of SPII in the immune micro-
environment. The responsiveness of patients with GC to
immunotherapy was analyzed using the ICBaltas data set.
Patients with high SPI1 expression were found to respond
better to PD-1 immune checkpoint therapy compared
with those with low SPI1 expression (online supplemental
figure S7A). TIGER database contains a large amount
of data related to tumor immunotherapy, especially
involving transcriptomics data. After conducting differ-
ential expression analysis on the matrix normalized by
CD68, the results indicated that patients with high SPI1
expression exhibited significantly greater responsiveness
to PD-1 immunotherapy in project PRJEB25780 (online
supplemental figure S7B). Moreover, the TIGER database
was employed to forecast the immunotherapeutic respon-
siveness of SPI1, revealing an AUC (area under the curve)
0f 0.6985 for SPI1, which surpassed most of the established
predictors for immunotherapy effectiveness (online
supplemental figure S7C). This outcome underscores
SPI1’s notable proficiency in forecasting immunotherapy
responses, thereby emphasizing its robust predictive
capacity. Using the CIBERSORT database to investigate
variances in immune cell infiltration among TCGA-
STAD patients categorized into different SPI17CD68"
TAMs groups, the findings reveal that patients with more
SPI1"CD68" TAMs infiltration have a heightened extent
of immune cell infiltration such as M2-type macrophages
and regulatory T cells (Treg) (online supplemental figure

S7D-E). The results of immune checkpoint score analysis
based on the TCGA-STAD cohort showed that patients
with higher level of SPI1"CD68" TAMs infiltration tend
to have a more favorable therapeutic effect (online
supplemental figure S7F). Furthermore, we explored
the relationship between TAMs and CD8" T cells using
cell-cell communication analysis in scRNA-seq data. The
results also showed that SPT1"8" TAMs are more closely
interacted with CD8" T cells (online supplemental figure
S7G). Higher expression levels of PD-1 and other immu-
nosuppression markers were observed in the SPI1°CD68"
TAMs high group than those in the SPI1'CD68" TAMs
low group (online supplemental figure S7H). We also
conducted a correlation analysis between SPII and several
immunosuppressive markers, including PDCDI1 (PD-1),
CTLA4, LAG3, PRDM1, and HAVCR?2 in the TCGA-STAD
cohort. The results showed that the expression of SPI1
was positively correlated with these immunosuppressive
markers (online supplemental figure S7I). To validate
these findings in GC tissues, we conducted multiplex
immunofluorescence to evaluate the infiltration levels
of SPI1" and PD-1" cells, which showed PD-1" cells were
more infiltrated in patients with high SPI1 expression
compared with those with low SPIl1 expression (online
supplemental figure S8A-B). To investigate the interplay
between macrophages and T cells, we also undertook cell
killing assay based on T cell co-culture with different SPI1
expression macrophage (online supplemental figure
S8C). The findings demonstrated that the cytotoxic
activity of T cells was notably suppressed following their
co-culture with macrophages that overexpressed SPII1
(online supplemental figure S8D). Taken together, these
data suggested that SPI1'CD68" TAMs may be associated
with the exhaustion of CD8" T cells in immunosuppres-
sive TME.

In vivo response to anti-PD-1 immunotherapy and
antiangiogenic treatment

To further validate the treatment effect of combining
antiangiogenic and immunotherapy, we collected
imaging data and Combined Positive Score (CPS) from
patients undergoing immunotherapy at our clinical
research center. Subsequently, we analyzed the treat-
ment responses and the expression of programmed
death-ligand 1 (PD-L1), SPI1, and CD68 (figure 7A). The
results suggested that patients with more SPI1"CD68"
TAMs infiltration were more sensitive to immunotherapy
(figure 7B), and SPI1 and PD-L1 expression were posi-
tively correlated (figure 7C). To assess the predictive value
of SPI1 compared with the CPS score, we constructed a
receiver operating characteristic curve (figure 7D-G).
The AUC values for each group were 0.757 (CPS score),
0.560 (CD68" cells), 0.706 (SPI1'CD68'TAMs), and
0.816 (combined CPS score with SPI1"CD68"TAMs).
The analysis revealed that the SPI1"CD68 TAMs showed
good prediction performance (AUC: 0.757), and the
combined treatment group had better prediction perfor-
mance than the CPS score or SPI1'CD68 TAMs alone.
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Figure 7 In vivo response to anti-PD-1 immunotherapy and antiangiogenesis treatment. (A) Response to immunotherapy
in patients with different CPS scores and SPI1*CD68" TAMs infiltration. (B) Difference analysis of immunotherapy response
in patients with different SPI1*CD68" TAMs infiltration. (C) Correlation analysis of SPI1 and PD-L1. (D-G) ROC curve of CPS
score, CD68" cells, SPI1*CD68* TAMs, and CPS score plus SPI1*CD68" TAMs. (H) Multiple immunofluorescences staining of
PD-1"CD8" T cells and SPI1*CD68" TAMs. (I) Spatial distribution of SPI1*CD68" TAMs, SPI1-CD68" TAMs and PD-1*CD8* T
cells analyzed by HALO. (J) Average distance from PD-1"CD8* T cells to SPI1*CD68" TAMs and SPI11-CD68* TAMs (p<0.05).
(K) The discrepancy in the quantity of SPI1*CD68" TAMs and SPI1-CD68* TAMs surrounding PD-1*CD8" T cells (p<0.05).

(L) Bioluminescence images of NOD/SCID mice with different treatment in week 1, 3, and 6. (M) The fluorescence intensity of
intraperitoneal tumors in various groups of mice. CPS, Combined Positive Score; DAPI, 4',6-Diamidino-2-Phenylindole; PD-
1, programmed cell death protein-1; PD-L1, programmed death-ligand 1; ROC, receiver operating characteristic; SPI1, Spi-1
proto-oncogene; TAMs, tumor-associated macrophages.
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These results suggested that the infiltration of SPI1"C-
D68'TAMs possessed good predictive performance
in evaluating the response of immunotherapy. Subse-
quently, we employed multiplex immunofluorescence
staining to label SPI1'CD68" TAMs and PD-1'CD8" T
cells (figure 7H), and spatial plots were performed
using HALO software (figure 7I). On analyzing the
spatial distances between distinct cell types, we observed
that PD-1'CD8" T cells were in closer spatial proximity
to SPI1'CD68" TAMs rather than SPI1 CD68" TAMs
(figure 7]). Moreover, more PD-1'CD8" T cells were in
close proximity to SPI1'CD68" TAMs than to SPI1 CD68"
TAMs (figure 7K). Finally, in vivo experiments in NOD/
SCID mice showed that the degree of SPI1"CD68" TAMs
infiltration was closely related to the efficacy of immu-
notherapy, especially after being combined with antian-
giogenic therapy (figure 7L). These results indicated the
therapeutic potential and prediction value of SPI1"CD68"
TAMs in combination treatment (figure 7M).

DISCUSSION

TAMs are among the mostimportant cellsin TME, capable
of fostering immunosuppression and enabling the immu-
nological escape of tumor cells through the production of
cytokines, chemokines, and growth factors.'” TAMs play
an essential role in this process by promoting tumor cell
metastasis and providing a facilitating microenvironment
for cancer.”” TAMs have traditionally been categorized
into M1 and M2-type subtypes. M1 is commonly known
as the antitumor subtype, whereas M2 is considered to
promote tumor growth.”> However, ongoing research
has unveiled an ever-expanding diversity of TAMs
subtypes with varying functions.'” **** Within our scRNA
sequencing data, more than two distinct clusters were also
discerned in the macrophage subgroup. This discovery
underscores the limitations of the traditional binary
classification approach, as it fails to meet the demands
of research. Metastasis is a common malignant charac-
teristic observed in tumors and a leading cause of death
in GC.* This process often involves mechanisms such as
drug resistance and immune suppression, presenting an
unresolved challenge for researchers.® Therefore, exca-
vating TAMs subpopulations associated with metastasis
is incredibly beneficial in developing a responsive thera-
peutic strategy in patients with GC.

The results of IHC showed that CD68 has been
employed as a valuable cell marker for identifying mono-
cytes/macrophages. CD68 paired with other TAMs
cellular markers, has been proven to be a good prog-
nostic predictor of survival for patients with cancer.”
SPI1, a key factor regulating myeloid differentiation, is
intrinsically related to macrophage maturation and polar-
ization.”” ** However, few studies have reported the role of
SPII in solid tumors. In the present study, we analyzed the
infiltration of SPI1"CD68" TAMs in the primary and meta-
static tissues of patients with GC and found that more
infiltration of SPI1"CD68" TAMs was correlated with poor

survival. However, there was no significant correlation
between SPI1"CD68" TAMs and OS/DFS. These results
indicated that SPI1 could further enhance the predictive
ability of CD68. Most importantly, SPI1'CD68" TAMs were
abundantly infiltrated in metastatic tissues, which also
demonstrated the prediction ability in tumor metastasis.
Whatis more, previous studies demonstrated that M2-type
macrophages are involved in angiogenesis, immune regu-
lation, tumor formation, and progression.” * Qian et al
found that SPI1 plays a critical role in macrophage polar-
ization and asthmatic inflammation.” Liu et al identified
ATP6VOD2 as an induced feedback inhibitor of asthma
disease severity by promoting SPII1 lysosomal degrada-
tion, which may result in reduced macrophage polar-
ization." Therefore, THP1 cells were used to verify the
effect of SPI1 on macrophage polarization in vitro. More
SPI1"CD68" TAMs were found to be infiltrated in M2-type
macrophages in our study, which suggested that SPI1 may
be involved in GC metastasis via affecting macrophage
polarization.

Angiogenesis is an essential component of the tumor
metastatic process.32 Both proangiogenic and antiangio-
genic factors regulate angiogenesis modulation. Tumor-
driven hypoxia increases the expression of proangiogenic
factors, leading to the formation of new blood vessels, which
are essential for tumor survival and proliferation.” Further-
more, tumor recurrence and metastasis are often accom-
panied by the formation of abnormal blood vessels.*”* The
abnormal structure and function of these vessels contribute
to the deterioration of the tumor by impairing blood perfu-
sion, which creates a hypoxia and acidic, immunosuppres-
sive microenvironment.” Additionally, the leaky nature of
these abnormal vessels could facilitate the entry of shed
cancer cells into the bloodstream.* Thus, tumor cells could
disseminate to distant organs and form metastatic tumors.
Preclinical studies have indicated that the application of
antiangiogenic drugs is beneficial in reversing the immuno-
suppressive microenvironment into an immune-supportive
environment and improving the efficacy of vaccine-based
antitumor immunotherapy.”® VEGFA is a pivotal regulator
of angiogenesis. The circulating VEGFA levels in patients
with GC are associated with increased tumor aggressiveness
and poor survival.” Interestingly, we found that SPI1*CD68"
TAMs were closely associated with the VEGF pathway via
cell-cell communication other than SPI1"CD68" TAMs,
which was further verified in pathological tissue slides.
The results suggested that SPI1'CD68" TAMs were highly
enriched around tumor neovascularization. These findings
supported that SPI1"CD68" TAMs affected GC metastasis
via angiogenesis.

Immunotherapy, particularly ICIs and adoptive cell
transfer therapy, has achieved remarkable clinical progress
in cancer treatment.”® * Among these approaches, T cells
hold a pivotal role in the success of current cancer immuno-
therapies.*” However, it is essential to address the issue of T
cell exhaustion, a condition marked by the gradual decline
in T cell effector functions and selfrenewal capacity.*!
T-cell exhaustion is considered one of the pathways
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leading to resistance to immunotherapy.” PD-1, CTLA4,
TIM3, and LAG3 are commonly considered markers of
exhaustion in CD8" T cells. Monitoring these markers in
CD8" T cells during the treatment process is beneficial for
assessing the efficacy of the immunotherapy. It has been
shown that macrophages can impede the response to T
cell immunotherapy.* In our research, the spatial relation-
ship between SPI1°CD68" TAMs and PD-1"CD8" T cells was
investigated. The findings revealed that SPI1'CD68" TAMs
exhibited a closer association with exhausted T cells in both
overall quantity and spatial proximity, as compared with
SPI1 CD68" TAMs, indicating that SPI1"CD68" TAMs might
participate in the exhaustion of CD8" T cells. Subsequent
to being co-cultured with macrophages overexpressing
SPI1, the cytotoxic capability of T cells was observed to
diminish. Due to the complexity and individual speci-
ficity of malignant tumors, achieving better therapeutic
effects with a single drug or approach is challenging. The
combination and integration of multiple antitumor medi-
cines have shown promising results in various cancers.* In
particular, the combination of antiangiogenic therapy with
immunotherapy demonstrates substantial promise within
the domain of oncological treatments.™ * For instance,
the combination of PD-1/PD-L1 ICIs with antiangiogenic
drugs has demonstrated excellent treatment outcomes in
hepatocellular carcinoma, renal cell carcinoma, and lung
cancer.*™ A recent study highlighted that the combina-
tion of PD-1 inhibitor atezolizumab with bevacizumab
achieved significantly better treatment results in metastatic
renal cell carcinoma.*”® Antitumor treatment is increasingly
progressing towards the development of combination ther-
apies. In our in vivo experiments, NOD/SCID mice with
higher infiltration of SPI1'CD68" macrophages exhibited
a stronger response to the combination therapy. Thus, the
identification of the macrophage subtypes associated with
angiogenesis in this study could provide a novel therapeutic
strategy in antiangiogenic strategies in combination with
immunotherapy of GC.

CONCLUSION

In summary, this study identified SPI1'CD68" TAMs as
a novel marker in metastatic GC, which could promote
angiogenesis and immunosuppression. SPI1'CD68"
TAMs have shown promising effects in combined antian-
giogenic and immunotherapy, thereby providing a novel
therapeutic strategy in the treatment of GC.*’
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