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Abstract

Background The immune landscape associated with different subtypes of intestinal metaplasia (IM) and early gastric
cancer (EGC) remains unclear. This study aimed to investigate the immune landscape of complete intestinal metapla-
sia (CIM), incomplete intestinal metaplasia (IIM), and EGC, as well as the underlying mechanisms of EGC progression.

Methods Gastric biopsy samples were collected from five patients with CIM, six patients with IIM, and four patients
with EGC, followed by single-cell RNA sequencing. Multiplex immunohistochemical staining was employed to vali-
date the samples from the aforementioned patients. To elucidate the potential mechanisms involved, in vitro cocul-
ture experiments were conducted using FOLR2*/FOLR2™ macrophages and CD8* T cells. Flow cytometry was utilized
to investigate the biological functions of FOLR2* macrophages in the progression of EGC.

Results Five subpopulations of macrophages were identified in CIM, IIM and EGC samples. FOLR2* macrophages
possess antitumor immune potential, and the proportion of FOLR2* macrophage gradually decreased from the CIM
stage to the IIM and EGC stages. FOLR2* macrophages were significantly positively correlated with CD8* T cells

and activated the cytotoxicity of CD8* T cells via antigen cross-presentation. Additionally, during the progression

of EGC, epithelial cells progressively upregulated APP expression, thus inducing necroptosis of FOLR2* macrophages
via the APP=TNFRSF21 axis.

Conclusions Our work provides an understanding of the potential mechanisms underlying the malignant transfor-
mation of IM mediated by FOLR2* macrophages.
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Introduction

Gastric cancer (GC) is still the fourth most common can-
cer and the fourth leading cause of cancer-related deaths
globally [1]. Despite significant progress in GC screening,
diagnosis, and treatment, the 5-year overall survival rate
for advanced-stage GC remains unfavorable [2]. The car-
cinogenesis of intestinal-type GC follows a multistep and
multistage process known as Correa’s model, progressing
from normal gastric epithelium through chronic gastritis,
chronic atrophic gastritis, intestinal metaplasia (IM), dys-
plasia, and ultimately to carcinoma [3, 4]. Histologically,
gastric intestinal metaplasia can be categorized into two
types: complete intestinal metaplasia (CIM) and incom-
plete gastric intestinal metaplasia (IIM) [5, 6]. Several
studies have shown a stronger correlation between IIM
and intestinal-type GCs than between CIM and intesti-
nal-type GCs [7-9]. Considering the cost-effectiveness
of endoscopic screening, the current GC prevention
strategy for most countries involves identifying high-risk
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populations and subjecting them to endoscopic surveil-
lance. However, currently utilized markers, such as sero-
logical tests for Helicobacter pylori and pepsinogen, have
limited predictive value for cancer risk [10, 11]. Thus,
there is a pressing need for updated biomarkers to iden-
tify high-risk populations. Clarifying the precise mecha-
nisms distinguishing CIM from IIM and identifying
novel biomarkers will improve the clinical management,
surveillance, and therapeutic treatment of IM patients.
Myeloid cells, including macrophages, monocytes, and
myeloid-derived suppressor cells, constitute the predom-
inant cell type in solid tumors, comprising nearly half of
the total cell population in the tumor microenvironment
[12-14]. Among these, tumor-associated macrophages
(TAMs) are closely linked to cancer development and
progression [12]. Compared with adjacent normal tis-
sue, TAMs exhibit greater diversity within tumor tissues,
encompassing a wide array of subsets and states [13, 14].
Advances in single-cell RNA sequencing (scRNA-seq)
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have revealed various macrophage subgroups, revealing
significant functional heterogeneity. However, the phe-
notypic and functional diversities of TAMs in intestinal-
type GC still require investigation.

In the present study, we conducted scRNA-seq analy-
sis on CIM, IIM and EGC tissues to systematically char-
acterize the heterogeneity, differentiation states, and
interactions of immune cells and stromal cells during
the progression of EGC. Our findings revealed a sub-
set of macrophages expressing FOLR2, which gradu-
ally decreased from CIM to IIM to EGC and possessed
the characteristics of antitumor immunity. Moreover,
FOLR2" macrophages influenced the cytotoxicity of
CD8" T cells via antigen cross-presentation. Interest-
ingly, we discovered that the upregulation of APP in
epithelial cells induced necroptosis of FOLR2" mac-
rophages by enhancing the interaction with the receptor
TNEFRSE21. Overall, our results reveal crucial events in
the tumorigenesis and progression of EGC, suggesting
new biomarkers and targets for the diagnosis, monitor-
ing, and treatment of intestinal-type GC.

Method

Human specimens

CIM, IIM, and EGC biopsy samples were obtained from
patients undergoing gastroscopy at the First Affiliated
Hospital of Soochow University (Suzhou, China). The
clinical and pathological information for all patients is
detailed in Supplementary Table 1. Peripheral blood sam-
ples were collected from healthy volunteers. The experi-
ments involved in human samples were approved by the
Institutional Committee of the Hospital Ethics Commit-
tee of the First Affiliated Hospital of Soochow University
and the informed consent was also obtained from each
participant (reference number: 2024—357).

Alcian blue PAS stain

Alcian blue PAS (AB/PAS) staining (#G1285, Solarbio,
Beijing, China) was used to distinguish neutral mucins
(magenta) in the stomach from acidic mucins (blue) in
the intestinal mucosa. After deparaffinization, the slides
were stained with Alcian blue for 15 min, washed in dis-
tilled water twice for 5 min, treated with periodic acid for
5 min, and rinsed in distilled water. The subsequent steps
included incubation with Schift’s solution, washing in tap
water, differentiation with acid alcohol, and final dehy-
dration, clearing, and mounting. Imaging was performed
using the NanoZoomer WS-10 system (Hamamatsu Pho-
tonics, Hamamatsu City, Japan).

High Iron Diamine (HID)/AB Stain
The HID/AB stain was used to differentiate acid mucins
into sialomucins and sulfomucins. Sialomucins (blue) are
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present in the small intestine and colon, whereas sulfo-
mucins (brown) are predominate in the colon. The HID/
AB staining was performed according to the manufac-
turer’s instructions (#BA4120A, Wuhan Jinhong Biotech
Development Co., Ltd, China). After deparaffinizing in
deionized water, the slides were placed in working solu-
tion (mixture of HID-A, HID-B and ferric chloride) at
room temperature for 18 ~24 h. Then, the sections were
rinsed in running tap water, and stained with Alcian blue
solution for 15 min. Finally, the slides were dehydrated,
cleared and mounted. A NanoZoomer WS-10 imaging
system (Hamamatsu Photonics, Hamamatsu City, Japan)
was used to scan sections.

Cell lines

The human gastric mucosal epithelial cell line GES-1
was maintained in Dulbecco’s modified Eagle’s medium
(DMEM, #C002, EallBio, Beijing, China). The human gas-
tric cancer (GC) cell line AGS and the colorectal cancer
cell line Caco-2 were cultured in RPMI 1640 medium.
All culture media were supplemented with 10% FBS
and 1% penicillin—streptomycin-amphotericin B solu-
tion. The human cell lines were incubated in a humidi-
fied atmosphere at 37 °C with 5% CO2. Cells were tested
for Mycoplasma contamination every 3 months using the
Mycoplasma PCR Detection Kit (#C0301S, Beyotime).
All cell lines were authenticated by STR assay in April—
May 2024 at the latest.

Intestinal metaplasia (IM) models

Gastric intestinal metaplasia (GIM) is a persistent pre-
cancerous lesion in the stomach characterized by the
replacement of gastric mucosa with metaplastic mucosa
resembling intestinal tissue. The intestinal metapla-
sia model was constructed as previously described [19].
Briefly, GES-1 cells were starved in DMEM without
EBS for 24 h and then incubated with 150 pM chenode-
oxycholic acid (CDCA, #474-25-9, MCE) for 24 h. The
drug was then washed off and the culture medium was
replaced with normal growth medium for recovery. After
48 h, the IM cells were harvested for subsequent experi-
ments. To confirm the successful establishment of IM cell
model, we compared the expression levels of intestinal
markers (CDX2, KLF4, MUC2, VIL1) in the IM model
with those in the positive control Caco-2 cells.

Preparation of human CD8* T cells

Peripheral blood mononuclear cells (PBMCs) sourced
from healthy donors were isolated via density gradient
centrifugation using a Lymphocyte Separation Medium
Kit (#P8610, Solarbio, Beijing, China). CD8" T cells
were subsequently positively selected from the PBMCs
employing the Human CD8 Positive Selection Kit II
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(#17,853, Stemcell, Canada). These selected CD8" T cells
were then stimulated with 25 pg/ml CD3/CD28 T -Cell
activator (#10,971, Stemcell, Canada) and interleukin-2
(IL-2) (150 U/ml, #200-02, PeproTech, New Jersey, USA).
The cells were cultured in RPMI 1640 medium (#A001,
EallBio, Beijing, China) supplemented with 10% fetal
bovine serum (#10099141c, Gibco, California, USA),
B-mercaptoethanol (50 uM, #M3148, Sigma-Aldrich, St.
Louis, USA), MEM containing nonessential amino acids
(1:100, #11,140,050, Gibco), and L-glutamine (1:100,
#25,030,081, Gibco).

Human monocyte-derived macrophage (MVDM)
preparation

Monocytes were isolated from PBMCs through mag-
netic separation using a Human Monocyte Isolation Kit
(#19,359, Stemcell, Canada). The purified monocytes
were then plated in 6-well plates at a density of 1x10°
cells/mL and cultured in macrophage differentiation
medium supplemented with M-CSF (50 ng/ml, #78,057,
Stemcell, Canada). After 4 days of culture, fresh mac-
rophage differentiation medium was added was replen-
ished. The macrophages intended for the experiments
were collected on the sixth day.

FOLR2* Macrophage Isolation

FOLR2" macrophages were isolated and purified from
MDMs through immunomagnetic positive selection
using a Human PE Positive Selection Kit (#17,664, Stem-
cell, Canada). In this process, MDMs were labeled with a
PE-conjugated anti-human folate receptor B (FR-f) (Bio-
Legend Cat# 391,703) antibody. The labeled macrophages
were subsequently combined with magnetic microbeads
and separated using a magnet. Following isolation, both
FOLR2" macrophages and FOLR2™ macrophages were
obtained.

Macrophage-epithelial cell coculture system

GES-1, IM, and AGS cells were seeded on cell climbing
films in 24-well plates and cultured for 6 h. Subsequently,
MDMs were introduced for direct coculture with these
epithelial cells. After 48 h of coculture, mIHC was per-
formed to evaluate necroptosis in FOLR2" macrophages
using FOLR2 and phosphorylated MLKL (p-MLKL)
(Abcam Cat# ab187091) as markers. To quantify the
degree of colocalization, Pearson’s correlation coefficient
was calculated using the Colocalization plugin in Fiji
software. Moreover, cells from the coculture system were
harvested and subjected to flow cytometry analysis to
quantify the proportion of FOLR2* macrophages.
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Conditioned media, macrophage and T-cell coculture
system

Purified FOLR2" or FOLR2™ macrophages were cocul-
tured with conditioned media from GES-1, IM and AGS
cells for 6 h. To inhibit the recognition of HLA class I
by CD8*" T cells, an anti-HLA-A/B/C antibody (1 pg/
ml, BioLegend Cat# 311,402) was added to the FOLR2*
macrophages. And then macrophages were washed and
co-cultured with autologous CD8" T cells at a 1:5 ratio
in 12-well plates for 48 h. The Cell Activation Cocktail
(#423,304, biolegend, California, USA) was added to the
coculture system 4 h prior to the end of the incubation.
After 48 h of coculture, CD8" T cells were harvested for
flow cytometric analysis (FACS).

Flow cytometry

The cells were resuspended in 100 pl of binding buffer
and preincubated with 5 pl of human Fc receptor block-
ing solution (#abs9476, Absin, Shanghai, China) for 15
min at 4°C. For cell surface staining, the cells were incu-
bated with appropriate antibodies for 20 min in the dark
at 4°C. For intracellular cytokine detection, cells were
incubated with Cell Activation Cocktail (#423,304, Bio-
legend, California, USA) in complete RPMI 1640 at 37°C
for 6 h. Then the cells were fixed and permeabilized
with a Fixation/ Permeablization Kit (#554,714, BD Bio-
sciences, New Jersey, USA) for 20 min, and subsequently
stained with appropriate antibodies for 20—30 min at 4°C
in the dark. After washing twice, cells were resuspended
in the perm/wash buffer for flow cytometric analysis. The
specific brands and item numbers of antibodies used are
listed in Supplementary Table 2.

Protein extraction and western blotting assay

All of the cells were lysed in sodium dodecyl sulfate (SDS)
lysis buffer supplemented with a protease inhibitor cock-
tail (catalog #P001, NCM, Suzhou, China). Total protein
concentrations were measured via a BCA protein assay
kit (#P0010, Beyotime, China). Protein samples were
then subjected to SDS-PAGE (#P2012, NCM, China)
and subsequently transferred onto a PVDF membrane
(#10,600,023, GE Healthcare Life Science, Pittsburgh,
USA). Following transfer, the membrane was blocked
with 5% BSA (#A8020, Solarbio, Beijing, China) and
incubated with primary antibodies at 4 °C overnight. This
was followed by incubation with the corresponding HRP-
labeled secondary antibodies at room temperature for 45
min. Protein bands were detected via enhanced chemilu-
minescence (ECL) (#10,100, NCM) and visualized with a
Chemi Doc™ MP Imaging System (Bio-Rad, California,
USA). The primary antibodies used for western blot-
ting included CDX2 (Proteintech Cat# 60,243-1-Ig),
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KLF4 (Proteintech Cat# 11,880-1-AP), FOLR2, APP
(Proteintech Cat# 25,524-1-AP), and goat anti-mouse
(Proteintech Cat#SA00001-1)/rabbit (Proteintech Cat#
SA00001-2) IgG. Protein levels were normalized to those
of GAPDH (Proteintech Cat# 60,004—1-Ig). The specific
brands and item numbers are detailed in Supplementary
Table 2.

Total RNA Isolation and RT-qPCR

Total RNA was extracted via the RNA-Quick Purification
Kit (#ES-RNO001, YISHAN, China) according to the man-
ufacturer’s instructions. Reverse transcription was per-
formed using the HiScript III RT SuperMix Kit (#R323,
Vazyme, China). PCR experiments were conducted on
a CFX96 Touch Real-Time PCR system (Bio-Rad, CA,
USA). The PCR conditions were as follows: 95 C for 5
min for 1 stage, 95 C for 10 s, and 60 ‘C for 40 cycles. The
samples were normalized to GAPDH. The sequences of
the primers used in this study are listed in Supplemen-
tary Table 2.

Multiplex Immunohistochemical (mIHC)

Multiplex immunohistochemistry (mIHC) was per-
formed via a four-label five-color multiple fluorescence
staining kit (#AFIHC025, AiFang Biological, Changsha,
China) following the manufacturer’s instructions. After
deparaffinization, the slices were treated with citrate anti-
gen repair buffer (pH 6.0) to promote antigen repair, 1%
hydrogen peroxide to inhibit endogenous peroxidases,
and blocked with 3% bovine serum albumin (BSA) for
30 min. Primary antibody incubation was carried out
overnight at 4 “C. After being washed with PBS, the sec-
tions were incubated with the secondary antibody at
room temperature for 50 min, followed by incubation
with Tyramide signal amplification (TSA) dye at room
temperature for 3—15 min. Serial staining cycles were
repeated until interesting targets were identified. After
being stained with DAP], the sections were coverslipped
with mountant and stored at 4 °C. Subsequently, the
Vectra 3 automated quantitative pathology imaging sys-
tem (Akoya Biosciences, Marlborough, USA) was sub-
sequently used to scan the sections. The multispectral
images were unmixed and analyzed using the inForm

(See figure on next page.)
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Advanced Image Analysis Software. The relevant primary
and secondary antibodies are shown in Supplementary
Table 2.

Single cell RNA sequencing analysis
Detailed methods are provided in the Supplementary
methods.

Statistical analysis

The data are expressed as mean+SEM (standard error
of the mean) of at least three independent experiments
unless indicated. Survival analysis was performed via the
Kaplan—Meier method. The Wilcoxon rank sum test with
the default parameters was used to identify differentially
expressed genes (DEGs). The Kruskal-Wallis test was
performed for multiple comparisons. Pearson correlation
analysis was used to calculate the correlation between
proportions of cell subtypes. Spearman correlation anal-
ysis was used to calculate the correlation between the
expression of genes/gene signatures. Statistical signifi-
cance was determined by *p <0.05; **p<0.01; ***p <107,

etk

'p <107% NS: not significant.

Results

Single-cell RNA sequencing reveals various cell types
involved in intestinal-type gastric adenocarcinoma
carcinogenesis

To unambiguously ascertain whether IIM is closely
associated with intestinal-type GC, a meta-analysis was
conducted with 12 studies (Supplementary Fig. 1A).
Compared with CIM, IIM was significantly associated
with a greater risk of cancer (Supplementary Fig. 1A).
To systematically characterize the single-cell profile of
the gastric mucosa during the course of intestinal-type
gastric adenocarcinoma carcinogenesis, we performed
droplet-based scRNA-seq of five CIM biopsies, six [IM
biopsies and four EGC biopsies (Fig. 1A and Supplemen-
tary Table 1). After stringent quality control, a total of
96,125 high-quality cells were obtained, including 31,599
cells (32.87%) from CIM tissues, 31,583 cells (32.86%)
from IIM tissues, and 32,943 cells (34.27%) from EGC
samples. On the basis of graph-based clustering (Fig. 1B)
and well-known canonical marker genes (Fig. 1C), these

Fig. 1 scRNA-seq reveals various cell types involved in intestinal-type GC carcinogenesis. A Workflow of sample processing and scRNA-seq

(left). AB/PAS and HID/AB staining images of CIM and IIM. Scale bar, 250 um (right). B UMAP plot of single cells annotated by major cell types
(left) and samples (middle). The percentages of different cell types in CIM, IIM and EGC samples are shown (right). C Heatmap of the DEGs (rows)
corresponding to major cell types (columns). D UMAP of epithelial cells colored according to inferred cell type (left). Fractions of epithelial cell
clusters detected in each group (right). Dot plot of different marker genes of epithelial cell clusters (bottom). E UMAP of T cells colored according
to inferred cell type (left). Fractions of T-cell clusters detected in each group (right). F UMAP of MP clusters colored according to inferred cell type
(left). Fractions of MP clusters detected in each group (middle). Violin plots of different marker genes of MP clusters (right)
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clusters were assigned to ten major cell lineages: epithe-
lial cells (7 =50,055, 52.07%), T cells (n=16,682, 17.35%),
B cells (6,107 cells, 6.35%), plasma cells (n=9,256, 9.63%),
the mononuclear phagocyte system (MPs) (n=3,776,
3.93%), fibroblasts (#=2,312, 2.41%), mast cells
(n=3,697, 3.85%), endothelial cells (n=2,456, 2.56%),
mural cells (n=815, 0.85%), and neutrophils (n=969,
1.00%) (Fig. 1B, C and Supplementary Fig. 1B; Supple-
mentary Table 1). Regardless of the group or sample, all
of the cells were mixed, indicating that the cells clustered
due to physiological differences rather than batch effects
(Fig. 1B).

To illustrate the diverse cellular ecosystems, the major
cell types were further clustered into subtypes. Accord-
ing to the expression patterns of cell type-specific genes,
we finally defined nine epithelial cell clusters, including
normal gastric clusters (foveolar cells, chief cells, mucous
neck cells, neuroendocrine cells), cancer cells, IM cells
(goblet cells, enterocytes and tuft cells) and spasmolytic
polypeptide-expressing metaplasia (SPEM)-like cells
(Fig. 1D). Among them, the copy number variant (CNV)
scores of cells obtained via CNV inference were used to
distinguish between cancer cells and normal gastric cells
(Supplementary Fig. 1C). We observed that<5% of the
cancer cells were in the CIM and IIM stages, whereas
the proportion increased to 36.77% in the EGC stage.
In contrast, well-differentiated epithelial cell subtypes,
such as foveolar cells and chief cells, gradually decreased
over the course of the disease (Fig. 1D and Supplemen-
tary Table 1). Recently, SPEM cells have been consid-
ered precursors of intestinal metaplasia, hyperplasia
and tumors [15]. In this study, we established a gene set
including AQP5, MUC6, TFF2, WEDC2, CD44v9, GKN3,
and CFTR to identify SPEM cells [15, 16]. As shown in
Supplementary Fig. 1E-F, the mucous neck cell 2 subtype
had the highest SPEM score and was defined as a “SPEM-
like cell” Notably, the number of these SPEM-like cells
gradually increased from CIM to IIM and EGC (Fig. 1D).
These findings were confirmed by multiplex immuno-
fluorescence (Supplementary Fig. 1G). Additionally, the
endothelial cells (ECs) were sorted into four subtypes:
vascular endothelial cells (VECs), arterial endothelial
cells (AECs), capillary endothelial cells (CapECs) and
proliferating ECs (Supplementary Fig. 1H and I). The

(See figure on next page.)
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ACE population markedly increased in EGCs (40.46%)
compared with IIMs (13.85%) and CIMs (9.83%), whereas
CapECs gradually decreased from CIMs to IIMs and
EGCs (45.08%, 30.51%, and 8.15%, respectively) (Supple-
mentary Fig. 1H and Supplementary Table 1).

As expected, the proportion of immune cell clusters
varied across stages during EGC tumorigenesis (Fig. 1B).
Although the proportion of B cells decreased from 5.54%
in CIM to 4.44% in IIM, it increased in EGCs (8.97%)
(Fig. 1B and Supplementary Fig. 1B). T cells were clus-
tered into sets of CD4Treg FOXP3, CD8Teff NKG7,
CD8MAIT_SLC4A10, NaiveT CCR7, NKT_TRDC,
and proliferatingT_MKI67 cells (Fig. 1E and Supple-
mentary Fig. 1J). The proportion of CD8Teft NKG7 in
EGCs (47.68%) was substantially lower than that in IIMs
(54.48%) and CIMs (59.07%). We observed that the rela-
tive percentages of CD4Treg FOXP3 cells gradually
increased from CIM to IIM to EGC tissues (3.66%, 6.33%,
and 13.56%, respectively) (Supplementary Table 1).

Next, the heterogeneity and possible functions of mye-
loid cells in the process of carcinogenesis were explored.
We obtained 3,776 myeloid cells and reclustered them
into five subsets, including monocytes, proliferating DCs,
mature DCs, classic DC2s (cDC2s) and macrophages
(Fig. 1F). Overall, from CIM to IIM to EGC, respectively,
monocytes (5.11%, 9.23%, and 22.91%) and proliferat-
ing MPs (3.94%, 4.07%, and 5.73%) gradually increased,
whereas cDC2s (14.47%, 11.51%, and 14.11%) and mature
DCs (3.83%, 2.18%, and 5.45%) initially decreased and
then increased. The percentage of macrophages, the
most abundant cell subset among the MPs, first slightly
increased but then decreased (72.66%, 73.02%, and
51.82%) (Supplementary Table 1).

Overall, these results suggest that in intestinal-type GC
carcinogenesis, epithelial cells, stromal cells, and immune
cell subsets undergo changes.

Macrophage heterogeneity in intestinal-type gastric
adenocarcinoma carcinogenesis

To decipher the cellular state and function of mac-
rophages in the process of intestinal-type gastric ade-
nocarcinoma carcinogenesis, we reclustered all of the
macrophages into five clusters, including macrophage_
IL1B,  macrophage_ CHI3L1,  macrophage CXCL3,

Fig. 2 scRNA-seq reveals five subsets of macrophages. A UMAP of macrophage clusters colored according to inferred cell type (left) and group
(right). B Heatmap of the DEGs corresponding to macrophage clusters. C Fractions of macrophage clusters detected in CIM, IIM and EGC samples.
D Heatmap of the macrophage-related gene signature scores in macrophage subsets. E Bubble plot of macrophage tissue-resident genes
among macrophage clusters. F Spearman’s rank correlation between FOLR2 gene expression and macrophage tissue-resident gene expression

in the TCGA-STAD cohort. G Representative mIHC images of CD68, FOLR2 and CD163 in CIM tissues. Scale bar, 25 um. H Representative mIHC

images of FOLR2 and CD31 in CIM tissues. Scale bar, 25 um
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macrophage_ IFIT3 and macrophage FOLR2 (Fig. 2A
and Fig. 2B). The relative percentages of FOLR2" mac-
rophages gradually decreased from CIM to IIM and EGC
tissues. In contrast, the percentages of macrophage_
IL1B, macrophage_CHI3L1, macrophage CXCL3, and
macrophage IFIT3 progressively increased during EGC
tumorigenesis (Fig. 2C).

CXCL3" macrophages exhibited upregulated pathways
such as the IL-17 signaling pathway and TNF signal-
ing pathway and highly expressed chemokines (CXCLI,
CXCL3 and CXCL2) (Fig. 2B, D and Supplementary
Fig. 2A, C), suggesting that CXCL3% macrophages may
promote immune surveillance and proinflammatory
activities. CHI3L1" macrophages were enriched in leu-
kocyte migration, cytokine-mediated signaling pathways,
and the response to lipopolysaccharide (Fig. 2D and Sup-
plementary Fig. 2B, D). Additionally, gene set enrichment
analysis revealed significant enrichment of protumor
gene sets, including ECM remodeling, angiogenesis,
lipid metabolism and immunosuppressive functions, in
CHI3L1" macrophages (Fig. 2D and Supplementary
Table 3), suggesting that CHI3L1" macrophages repre-
sent a subset of TAMs with protumor potential. IL-1B*
macrophages were significantly enriched in the terms
cytoplasmic translation, ribosome, ATP metabolic pro-
cess and cell proliferation (Fig. 2B, D and Supplemen-
tary Fig. 2E, G), suggesting that IL-1B™ macrophages are
involved in the regulation of tumor growth. The IFIT3"
macrophage subset was enriched in interferon-respon-
sive signatures (Fig. 2B, D and Supplementary Fig. 2E, G).

To better understand the functional characteristics of
the macrophage subsets, we calculated macrophage func-
tion scores for five scRNA-identified macrophage clus-
ters using eight macrophage signature gene sets (Fig. 2D
and Supplementary Table 3). In particular, FOLR2*
macrophages had the highest tissue-resident_like score
among all of the macrophage subtypes (Fig. 2D). These
FOLR2" macrophages align with previously described
FOLR2" tissue-resident macrophages (TRMs) [17, 18].
Compared with the other macrophage subsets, FOLR2*"
macrophages expressed higher levels of TRM markers,
such as FOLR2, MRCI, CD163, CD163L1 and LYVEI,
according to our scRNA-seq data (Fig. 2E). Consistent

(See figure on next page.)
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with the scRNA-seq results, FOLR2 expression was also
positively correlated with TRM-related genes (CD163,
MRCI1, CD163L1 and LYVEI) in the whole-tumor tran-
scriptome from the TCGA STAD database (Fig. 2F).
Moreover, the mIHC results revealed the colocaliza-
tion of CD68, CD163 (a TRM marker gene) and FOLR2
(Fig. 2G). Notably, we observed that FOLR2* CD68"
macrophages resided in close spatial proximity to CD31*
vessels in CIM tissues (Fig. 2H), suggesting that FOLR2*
macrophages are perivascular TRMs associated with
healthy gastric mucosa.

FOLR2* macrophages exhibit antitumor characteristics

To study the biological effects of FOLR2™ macrophages,
gene enrichment analysis was performed using our
scRNA-seq data. As shown in Fig. 3A, FOLR2* mac-
rophages highly expressed notable phagocytic genes.
Our analysis revealed that FOLR2" macrophages were
characterized by phagosome activation and antigen pro-
cessing and presentation (Fig. 3B). Moreover, CHI3L1"
macrophages highly expressed an immunosuppressive
functional gene signature, whereas FOLR2" macrophages
were not enriched in immunosuppressive functions (Sup-
plementary Fig. 3A). Given that FOLR2* macrophages
have the capacity for antigen presentation, we quantified
surface HLA-DR in FOLR2" and FOLR2™ macrophages
using immunomagnetic sorting of PBMCs from the same
healthy donor. Consistent with the scRNA-seq dataset,
FACS revealed that FOLR2" macrophages expressed
higher levels of HLA-DR than FOLR2™ macrophages
did (Fig. 3C). Taken together, these results suggest that
FOLR2" macrophages are part of the immune context
underlying the onset of antitumor immunity.

We identified 652 DEGs between EGC FOLR2* mac-
rophages and IIM FOLR2" macrophages (Supplementary
Table 4). GO enrichment analysis revealed that compared
with IIM patients, EGC FOLR2* macrophages were
enriched in the positive regulation of immune system
processes, including antigen processing and presenta-
tion, the immune response-activating cell surface recep-
tor signaling pathway, positive regulation of lymphocyte
activation, and the MHC protein complex (Supplemen-
tary Fig. 3B). To mimic pathological states such as IM

Fig. 3 FOLR2" macrophages play crucial roles in antitumor immunity. A Bubble plot of phagocytosis-related genes in MP clusters. B KEGG analysis
of DEGs inFOLR2*macrophages.C Representative flow cytometry plots of HLA-DR expression in FOLR2* or FOLR2” MDMs from the same healthy
donor (n=3). D Landscape of the metabolic pathways in different macrophage clusters. The color represents the metabolic value.E Pseudotime
ordering of MP cells into a major trajectory with two bifurcations. The color gradient denotes the pseudotime score (left). Pseudotime trajectory

of MP cells presented according to cell clusters for each group (right).F Representative mIHC images of FOLR2, CD68 and cytokeratin (CK) in EGC
samples. Scale bar, 50 um.G Representative mIHC images of CHI3L1, CD68 and CK in EGC samples. Scale bar, 50 pm. H Heatmap of the differentially

predicted transcriptional regulons in the five macrophage clusters
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and gastric cancer in vitro, we established an intesti-
nal metaplasia (IM) cell model by inducing GES-1 cells
with chenodeoxycholic acid (CDCA) exposure [19, 20].
As shown in Supplementary Fig. 3C, CDCA treatment
induced a significant increase in classical IM biomark-
ers, such as CDX2 and KLF4 [21], in IM cells, which were
close to those in positive control Caco-2 cells. Moreover,
the mRNA levels of KLF4, MUC2 and VILI, other classi-
cal IM biomarkers, were markedly increased in IM cells,
similar to the positive control Caco-2 cells (Supplemen-
tary Fig. 3D). These results suggest that we successfully
constructed a CDCA-induced IM cell model.

Metabolic reprogramming is known to affect immune
cells and remold the cellular phenotype and function
[22, 23]. To gain further insight into the metabolic activi-
ties of the macrophage subsets, we performed scMe-
tabolism [24] on the five macrophage clusters against
85 metabolic pathways in the REACTOME and KEGG
databases. Interestingly, the five macrophage subtypes
presented distinct metabolic activities (Fig. 3D). In agree-
ment with the findings of a previous study [25], FOLR2*"
macrophages presented lower metabolic activity (Fig. 3D
and Supplementary Fig. 3E), whereas CHI3L1" mac-
rophages were involved in multiple protumor metabo-
lism pathways, such as AA metabolism, OXPHOS, and
glycolysis, especially purine metabolism (Fig. 3D and
Supplementary Fig. 3E, 3F). These results indicate that
these CHI3L1" and CXCL3" macrophage subsets have
tumor-promoting potential, whereas FOLR2' mac-
rophages do not play protumor roles from the perspec-
tive of the metabolic network.

Next, we performed pseudotime trajectory analysis to
explore the developmental state of macrophages from
CIM to IIM and EGC. As shown in Fig. 3E, FOLR2*
macrophages and CHI3L1" macrophages presented dif-
ferent evolutionary trajectories, with terminal evolu-
tionary statuses. This differentiation process of FOLR2"
macrophages was accompanied by the upregulation of
RNASE1, which enhances the antitumor phenotype of
macrophages and the expression of TAM marker genes
(CIQA, CIQB, C1QC, APOE) (Supplementary Fig. 3G
and H).

(See figure on next page.)
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Previous studies have revealed that macrophages with
antitumor activity are often localized at the periphery
or surrounding regions of tumors, thereby facilitating
immune surveillance functions that identify and elimi-
nate tumor cells [17, 26]. We further performed mIHC
staining to validate the presence of the FOLR2' and
CHI3L1* macrophage subtypes in the EGC sections.
FOLR2' macrophages were predominantly localized in
the tumor stroma (Fig. 3F). By contrast, CHI3L1 + mac-
rophages mainly localize close to the tumor nest
(Fig. 3@). These results suggest that the localization of
macrophages may shape their phenotype and function.

Moreover, we identified candidate regulators of five
macrophage subtypes using SCENIC (Fig. 3H). Nota-
bly, MAF, NR3C1, HOXB5, IRF5 and ZNF528 were spe-
cifically upregulated in FOLR2" macrophages (Fig. 3H).
Given that these upregulated genes are associated with
terminal macrophage differentiation [27], the phagocytic
capacity of macrophages, the activation and proliferation
of M1-type macrophages, and set up the environment for
a potent T helper type 1 (TH1)-TH17 response [28, 29],
FOLR2' macrophages function as antitumor immunity
regulators.

To test the association between FOLR2+ macrophage
abundance and clinical outcome, we also analyzed whole-
tumor transcriptome data from the KM plotter database.
Three genes (CIQA, CIQB, and CIQC) define a core
macrophage signature shared by the 5 macrophage sub-
types identified in our study (Supplementary Fig. 3G-I).
We analyzed the gene ratios (FOLR2/C1QA and FOLR2/
C1QC) within the bulk transcriptomes of GC samples
from the KM plotter database. In accordance with pre-
vious reports [17], we found that the highest level of
FOLR2* macrophage infiltration was correlated with
better overall survival in GC patients (Supplementary
Fig. 3]).

FOLR2* macrophages gradually decreased during EGC
tumorigenesis

We further explored the compositional alterations
in FOLR2" macrophages across the different dis-
ease stages. As shown in Fig. 4A and Supplemen-
tary Table 3, FOLR2" macrophages accounted for

Fig. 4 The number of FOLR2* macrophages gradually decrease during EGC tumorigenesis. A The proportions of each macrophage cluster

in the CIM, IIM and EGC groups from our scRNA-seq data. B Violin plots of log-normalized FOLR2 mRNA expression in FOLR2* macrophages

from our scRNA-seq data. C Violin plots of log-normalized FOLR2 mRNA expression in CIM, IIM and EGC tissues from the GSE127857 database. D
Representative mIHC images of CD68 and FOLR2 in NAG (n=4), CIM (n =4), IIM (n=6) and EGC (n=5) tissues. Scale bar, 50 um.E Representative mIHC
images of CD68, FOLR2 and CD163 in CIM, IIM and EGC tissues (n=3). Scale bar, 50 um. FRepresentative flow cytometry plots of FOLR2 expression

in CD11b*"MDMs from MDMs cocultured with GES-1, IM and AGS cells (n=4). G Representative flow cytometry plots of CD206 and FOLR2 expression
in CD11b*MDMs from MDMs cocultured with GES-1, IM and AGS cells (n=3). The data were analyzed by the Wilcoxon rank-sum test orthe Kruskal—

Wallis test*p < 0.05; **p < 0.01; **p < 107***p < 10~* NS: not significant
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53.60% of all macrophages in CIM, and the percentage
decreased to 30.68% in IIM and 16.42% in EGC. Com-
pared with those in the IIM and CIM samples, the level
of FOLR2 mRNA was significantly lower in the EGC
samples (Fig. 4B). Similar results were observed in the
GSE127857 dataset, in which FOLR2 mRNA expres-
sion gradually decreased from CIM to IIM and EGC
samples (Fig. 4C). In addition, FOLR2 mRNA expres-
sion was lower in GC patients than in normal con-
trols according to the TCGA database (Supplementary
Fig. 4A). mIHC revealed that FOLR2" macrophages
(CD68TFOLR2") were enriched in nonatrophic chronic
gastritis (NAG) and CIM (Fig. 4D). Upon EGC progres-
sion, the percentage of FOLR2" macrophages among all
CD68* macrophages became relatively low (Fig. 4D).
Moreover, mIHC staining revealed that the frequency
of CD68TCD163"FOLR2' macrophages decreased pro-
gressively from CIM to IIM to EGC sections (Fig. 4E).
To further investigate the variations in FOLR2* mac-
rophages during IM progression, the IM cell model
and GC cells were cocultured with monocyte-derived
macrophages (MDMs) to mimic the pathological state
in vitro. FACS revealed that the percentage of FOLR2™"
macrophages gradually decreased among macrophages
cocultured with GES-1, IM and AGS cells (Fig. 4F).
Our scRNA-seq results revealed that the CD163 and
MRCI expression levels were lower in IIM FOLR2*
macrophages than in CIM FOLR2" macrophages,
whereas no differences were detected between the IIM
and EGC groups (Supplementary Fig. 4B). Addition-
ally, compared with CM from GES-1 cells, CM from IM
and AGS cells substantially suppressed the expression
of tissue-resident genes, including CD163L1, LYVEI
and MRCI in MDMs (Supplementary Fig. 4C). Further-
more, the proportions of FOLR2¥CD206" macrophages
gradually decreased in the MDMs after they were
cocultured with GES-1, IM and AGS cells (Fig. 4G).
Overall, these data suggest that FOLR2" macrophages
significantly decrease during EGC tumorigenesis.

(See figure on next page.)
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FOLR2* macrophages fuel CD8* T-cell responses in EGC
tumorigenesis

We analyzed the relationship between FOLR2" mac-
rophages and the known antitumor component CD8*
T cells in GC carcinogenesis. We observed that the
NKG7+tCD8" Teff proportion gradually decreased from
CIM to IIM to EGC samples in both our scRNA-seq
data (Fig. 5A) and biopsy samples (Fig. 5B). Notably,
our scRNA-seq data revealed that the NKG7tCDS8* Teff
proportion was significantly positively correlated with
the FOLR2" macrophage proportion (Fig. 5C and Sup-
plementary Table 5). Moreover, the positive correlation
between FOLR2' macrophages (CD68TFOLR2Y) and
CD8' T cells was further confirmed by mIHC staining
(Fig. 5D). We obtained whole-tumor transcriptomics
data from the GSE78523 dataset and observed that the
FOLR2 mRNA level was positively correlated with the
CD8A mRNA level (Fig. 5E). Moreover, the same corre-
lation was observed in the TCGA stomach adenocarci-
noma (STAD) cohort, further confirming this conclusion
(Fig. 5F). In addition, on the basis of the TCGA pancan-
cer dataset generated via CIBERSORT, we observed that
the FOLR?2 signature was positively correlated with CD8*
T cells in BRCA, CESC, CHOL, KICH, LIHC, OV, PAAD,
READ, SKCM, THYM, UCEC, UVM, and STAD (Sup-
plementary Fig. 5A). To explore the interactions between
FOLR2" macrophages and CD8* T cells, we performed
mlIHC analysis to observe their spatial relationships in
the tissues of NAG patients. FOLR2"T macrophages and
CD8* T cells were in close proximity in the tissue sam-
ples, suggesting that FOLR2" macrophages could directly
interact with CD8* T cells (Fig. 5G). We then established
a coculture system of FOLR2* macrophages and autolo-
gous CD8* T cells with various epithelial cell medium
to decode the effect of FOLR2" macrophages on the
CD8" T cells during EGC carcinogenesis. Compared
with CD8" T cells cocultured with GES-1 supernatants-
treated FOLR2" macrophages, CD8" T cells cocultured
with FOLR2" macrophages in IM and AGS supernatants
showed gradually higher levels of interferon-y (IFN-y)

Fig. 5 FOLR2" macrophages are positively correlated with CD8* T cells during EGC carcinogenesis. A The proportions of each T-cell cluster from our
scRNA-seq data. B Representative immunohistochemistry images of CD8A in CIM, IIM and EGC tissues (n=8). Scale bar, 50 um. C Pearson correlation
between FOLR2* macrophages and CD8*Teff proportions in CIM, IIM and EGC tissues from our scRNA-seq data. D Representative mIHC images

of CD68, FOLR2 and CD8 in CIM, IIM and EGC tissues. Scale bar, 100 um. The Pearson correlation between the proportions of FOLR2 macrophages
and CD8'Teff cells in CIM, IIM and EGC tissues was analyzed. E Spearman correlation between FOLR2 and CD8A mRNA expression in healthy control,
CIM, lIM and EGC tissues from GSE78523. F Spearman correlation between FOLR2 and CD8A mRNA expression and paracancerous normal tissues
from the TCGA STAD database. G Representative mIHC images of CD8A and FOLR2 expression in NAG tissue. Scale bar, 50 um. H Representative
flow cytometry plots of IFN-y expression in CD8'T cells cocultured with FOLR2* macrophages and different epithelial cell supernatants (n=3).

I Representative flow cytometry plots of TNF-a expression in CD8*T cells cocultured with FOLR2* macrophages and different epithelial cell
supernatants (n=3). The data were analyzed by Pearson correlation analysis, Spearman correlation analysis or the Kruskal-Wallis test. *p < 0.05; **p <

0.01;***p < 1073***p < 104 NS: not significant
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and tumor necrosis factor-a (TNF-a) (Fig. 5H and I). In
contrast, FOLR2™ macrophages inhibited the activation
of CD8* T cells during EGC tumorigenesis (Supplemen-
tary Fig. 5B and C). These results confirm that FOLR2™"
macrophages can effectively generate reactive CD8* T
cell responses during EGC development.

FOLR2* macrophages instruct CD8* T-cell expansion

and activation by antigen cross-presentation
Macrophages can promote T-cell-mediated antitumor
responses by presenting tumor antigens on major histo-
compatibility complex (MHC) class I and class IT to CD8*
and CD4" T cells, respectively [30]. GO enrichment
analysis revealed that FOLR2" macrophages presented
greater antigen processing and presentation functions
than the other macrophage subtypes did (Supplemen-
tary Fig. 6A), as evidenced by the specific enrichment of
MHC class I and class II molecules (Fig. 6A). In addition,
FOLR2" macrophages were enriched in positive regula-
tion of leukocyte proliferation (Supplementary Fig. 6A).
The receptor-ligand interaction analysis of FOLR2" mac-
rophages and CD8™ Teffs was performed using NicheNet.
The results revealed several unique interactions strongly
associated with MHC class I cross-presentation, leuko-
cyte recruitment and T-cell activation (ITGB2-ITGAL,
ICAM1-IL2RG, PTPRC-CD2, HLA-A-CD8A, CXCL16-
CXCR6, and CXCL9-CXCR3) (Fig. 6B). Additionally,
FOLR2 mRNA levels in the bulk transcriptome were
positively correlated with genes controlling cytotoxic
function in T cells (NKG7, KLRB1, GZMK, CST7, CCL4,
CX3CRI1, PRFI1, and GZMA) in the TCGA STAD data-
base (Supplementary Fig. 6B). The activation and prolif-
eration of CD8' T lymphocytes require not only MHC
class I but also costimulatory molecules (such as CD86).
Notably, FOLR2* macrophages highly express MHC
class I molecules, as well as the costimulatory molecules
CD86 and MHC class II, indicating that they function
as specialized antigen-presenting cells (APCs) that pri-
marily promote the expansion and activation of CD8" T
cells (Fig. 3C, Fig. 6A and Supplementary Fig. 3A). These

(See figure on next page.)
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results indicate that FOLR2* macrophages are correlated
with CD8™ T-cell activation and effector functions.

We then established a coculture system of FOLR2*
macrophages and autologous CD8' T cells with AGS
cell medium to determine the effects of FOLR2" mac-
rophages on CD8" T cells (Supplementary Fig. 6C
and D). Compared with CD8" T cells cocultured with
FOLR2™ macrophages, CD8* T cells cocultured with
FOLR2" macrophages showed higher levels of IFN-y and
TNEF-a. An anti-HLA-A/B/C blocking antibody reversed
this effect (Fig. 6C and Fig. 6D). Moreover, we investi-
gated whether FOLR2" macrophages could modulate
the exhaustion of CD8" T cells. As shown in Fig. 6E and
Supplementary Fig. 6E, CD8" T cells cocultured with
FOLR2" macrophages exhibited lower levels of PD-1 and
Tim-3 than CD8* T cells cocultured with FOLR2™ mac-
rophages. In addition, FOLR2* macrophages induced
CD8*" T-cell expansion (Fig. 6F). Moreover, FOLR2"
macrophages promote the differentiation of CD8" T cell
(upregulation of CD25) (Fig. 6G). These results confirm
that FOLR2* macrophages are able to cross-present anti-
gens and activate CD8" T cells.

APP upregulation in epithelial cells promotes necroptosis
of FOLR2* macrophages by enhancing interaction

with the TNFRSF21 receptor

To gain insights into the signaling events linked to the
dysregulation of FOLR2" macrophages during EGC tum-
origenesis, we next examined how epithelial cells interact
with FOLR2" macrophages. We inferred epithelial cell-
macrophage interactions in CIM, IIM and EGC samples
via CellPhoneDB. Interaction analysis revealed that epi-
thelial cells in CIM, IIM and EGC tissues exhibited exten-
sive ligand-receptor binding with macrophage subsets
(Supplementary Fig. 7A). Overall, the interaction inten-
sities of immune-inhibitory ligands, such as LGALS3_
MERTK and LGALS9_HAVCR2, were highest in CIM
tissues, lower in IIM tissues, and lowest in EGC tissues
between epithelial cells and FOLR2" macrophages. In
terms of the interaction between epithelial cells and
FOLR2" macrophages, the level of MT-RNR2-FPR3 was

Fig. 6 FOLR2" macrophages instruct CD8" T-cell expansion and activation by antigen cross-presentation. A Bubble plot of MHC molecules

in MP clusters. B Heatmap of ligand-receptor interactions between FOLR2* macrophages and CD8* Teff cells via NicheNet. The Y-axis represents
the ligands. The X-axis denotes receptors. The color denotes the mean expression level. C Representative flow cytometry plots of IFN-y expression

in CD8'T cells cocultured with FOLR2* or FOLR2™ macrophages in the absence or presence of an anti-HLA class blocking antibody (n=3).D
Representative flow cytometry plots of TNF-a expression in CD8*T cells cocultured with FOLR2™ or FOLR2” macrophages in the absence or presence
of an anti-HLA class blocking antibody (n=3).E Representative flow cytometry plots of PD-1 expression in CD8* T cells cocultured with FOLR2*
macrophages or FOLR2" macrophages (n=3). F Proliferation capacity of CD8" T cells generated from CFSE-labeled CD8" T cells cocultured

with FOLR2* macrophages (n=5) and FOLR2™ macrophages (n=6). G Representative flow cytometry plots of CD25 expression in CD8* T cells
cocultured with FOLR2™ macrophages (n=3) or FOLR2™ macrophages (n=4). The data were analyzed by Student’s t test or the Kruskal-Wallis test. *p

<0.05;**p < 0.01; **p < 1073, ***p < 107* NS: not significant
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the highest (Supplementary Fig. 7B). However, high levels
of MT-RNR2-FPR3 interactions were detected between
epithelial cells and various macrophages (Supplemen-
tary Fig. 7B), possibly because of mitochondrial gene
contamination during the scRNA-seq analysis process
(Supplementary Fig. 7B). CellPhoneDB revealed that the
APP-TNFRSF21 interaction pair was highly expressed
specifically in epithelial cell-FOLR2" macrophage inter-
actions (Fig. 7A and Supplementary Fig. 7B). Obviously,
the APP-TNEFRSF21 interaction intensity gradually
increased during EGC tumorigenesis (Fig. 7A). Therefore,
we conducted further studies on the APP-TNFRSF21
axis.

The APP mRNA level gradually increased in the epithe-
lial cells of IIMs and EGCs compared with those of CIMs
(Fig. 7B). In agreement with our scRNA-seq data, APP
gene expression progressively increased from healthy
controls to CIM and IIM patients in the GSE78523
(Fig. 7C). mIHC analysis confirmed the significant upreg-
ulation of the APP protein in IIM and EGC samples com-
pared with CIM samples (Fig. 7D). In addition, western
blot analysis revealed increased levels of APP protein in
IM and AGS cells compared with those in GES-1 cells
(Fig. 7E). Importantly, correlation analysis revealed a
negative correlation between epithelial APP expression
and FOLR?2 expression in FOLR2" macrophages (Fig. 7F).
The results of mIHC analysis revealed that APP™ epithe-
lial cells were spatially close to FOLR2" macrophages in
EGC tissue samples (Fig. 7G), suggesting that interac-
tions between epithelial cells and FOLR2' macrophages
occurred.

Given that the APP-TNFRSF21 axis mediates tumor
cell-induced endothelial necroptosis, we inferred
that APP* epithelial cells might induce necroptosis of
FOLR2" macrophages via the APP-TNFRSF21 axis.
Our scRNA-seq data confirmed that the FOLR2 gene
was specifically expressed in macrophages (Supplemen-
tary Fig. 7D). Therefore, we performed mIHC staining
of FOLR2 and p-MLKL, a biomarker of necroptosis, to

(See figure on next page.)
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label necroptotic FOLR2* macrophages (Supplementary
Fig. 7E). As shown in Fig. 7H, the proportion of necrop-
totic FOLR2" macrophages (FOLR2" p-MLKL" mac-
rophages) gradually increased in the tissues from CIM to
IIM to EGC. Additionally, we used a coculture system of
epithelial cells and macrophages to investigate whether
the APP-TNFRSF21 axis induces necroptosis in FOLR2*
macrophages. The results showed that IM and AGS cells
induced increased necroptosis in FOLR2" macrophages
(Fig. 7I). Moreover, we cocultured MDMs with epithe-
lial cells, and FACS revealed that IM and AGS cells led
to a reduction in the number of FOLR2* macrophages,
and this reduction was reversed by NSA, an inhibitor
of necroptosis (Supplementary Fig. 7F). These results
suggested that epithelial cells resulted in a decrease
in FOLR2' macrophages during EGC tumorigenesis
through APP-TNFRSF21 axis-induced necroptosis of
FOLR2* macrophages.

Discussion

Intestinal-type GC development follows a well-estab-
lished sequence of histological changes, starting from
the normal gastric epithelium, progressing through the
IM, and advancing to dysplasia and ultimately malig-
nancy [9, 31]. IM is pathologically categorized into CIM,
also known as Type I IM, and IIM, comprising Type II
and Type III IM [5, 6]. In CIM, entire intestinal units
are present in the stomach, featuring Paneth cells, crypt
base columnar cells, and enterocytes arranged in the
typical crypt-to-villus organization of the small intes-
tine. Conversely, IIM has been referred to as “colonic’,
which is disorganized and harbors immature goblet cells
or glands exhibiting hybrid gastric and intestinal mor-
phologies [8]. A prevalent pattern in IIM is the presence
of mixed, immature intestine-like cells in the superficial
regions of the glandular unit, alongside basal cells dis-
playing characteristics indicative of SPEM cell differen-
tiation. IIM, characterized by a mixture of gastric and
less mature intestinal goblet lineages, suggests a milieu of

Fig. 7 APP upregulation in epithelial cells promotes necroptosis of FOLR2™ macrophages by enhancing the APP-TNFRSF21 axis. A Bubble heatmap
of ligand-receptor interactions between epithelial cells and FOLR2*macrophages via CellPhoneDB. The Y-axis represents ligand-receptor pairs. The
X-axis denotes groups. The color of the circle denotes the mean expression level. B Violin plots of log-normalized APP mRNA expression in epithelial
cells from our scRNA-seq data. C Violin plots of log-normalized APP mRNA expression in healthy control, CIM and IIM tissues from the GSE78523.

D Representative mIHC images of APP expression in CIM, [IM and EGC tissues (n=3). Scale bar, 200 um. E Western blot analysis of APP protein

levels in GES-1, IM and AGS cells. F Spearman correlation between FOLR2 expression in FOLR2* macrophages and APP expression in epithelial

cells from our scRNA-seq data. G Representative mIHC images of FOLR2, CD68 and APP in EGC tissues. Scale bar, 50 um. H Representative mIHC
images of FOLR2 and p-MLKL expression in CIM (n=4), IIM (n=3) and EGC (n=4) tissues. Scale bar, 200 um. The quantification of necroptotic FOLR2+
macrophages (FOLR2*p-MLKL") from CIM, IIM, and EGC tissues is shown (n=3). | Representative mIHC images of FOLR2 and p-MLKL expression

in macrophages cocultured with GES-1, IM and AGS cells. Scale bar, 200 um. The quantification of necroptotic FOLR2*macrophages is shown. The
data were analyzed by Spearman correlation analysis,theWilcoxon rank-sum test or the Kruskal-Wallis test. *p < 0.05;%*p < 0.01; ***p < 1073, ¥***p <

1074
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lineage confusion and is associated with an elevated risk
of dysplasia and cancer [15]. Therefore, understanding
the molecular mechanisms underlying the development
and progression of GC is crucial for developing effective
targeted therapies.

Recent research has indicated that various factors con-
tribute to the development and progression of GC [32].
For example, Katherine M. Riera et al. reported that
TROP2 is highly expressed in IIM compared with CIM
and promotes dysplastic cell growth and behaviors [33].
Additionally, AQP5-expressing SPEM cells were iden-
tified in TROP2-positive IIM, indicating a greater risk
for the development of GC [34]. Huang et al. utilized
scRNA-seq and spatial analysis to reveal changes in tis-
sue ecology and IM lineage diversity, notably identifying
a cellular compartment primarily composed of intestinal
stem cells associated with EGC [35]. These studies have
focused primarily on the functions of epithelial cell line-
ages during the progression of intestinal-type GC. How-
ever, the roles of immune cells and stromal cells remain
largely unexplored.

In this study, we performed scRNA-seq on samples of
CIM, IIM, and EGC to investigate alterations in various
components of the tumor microenvironment. We identi-
fied a subset of FOLR2' macrophages that play a crucial
role in antitumor immunity during the development of
GC.

The traditional macrophage polarization model dis-
tinguishes macrophages into two main types: M1-type
macrophages, which possess antitumor capabilities, and
M2-type macrophages, which generally support tumor
progression [36]. However, recent scRNA-seq studies
have revealed that in vivo, macrophages exhibit more
complex phenotypes and concomitantly express indi-
vidual M1 and M2 genes [37, 38]. The advancement of
scRNA-seq technology has enabled the identification of
various tumor-infiltrating macrophage subtypes and their
functional roles [37]. For example, TREM2* macrophages
have been shown to suppress CD8*1 T-cell infiltration in
hepatocellular carcinoma [39], and SPP1* macrophages
interact with FAP" fibroblasts to remodel the extracel-
lular matrix [40]. Our study identified five distinct mac-
rophage clusters through scRNA-seq analysis. Among
these clusters, macrophage_IL1B, macrophage_CHI3L1,
macrophage_ CXCL3 and macrophage IFIT3 play a sig-
nificant role in promoting the progression of EGC. In
contrast, FOLR2* macrophages are linked to antitumor
immunity.

Ramos et al. reported that FOLR2" macrophages,
as tissue-resident macrophages, interact with CD8* T
cells and contribute to antitumor immunity in breast
cancer [17]. Consistent with these findings, our study

Page 19 of 21

revealed that FOLR2T macrophages have significant
potential in antitumor immunity. These macrophages
presented increased antigen presentation capabilities
and phagocytic functions. These results indicate the
important roles of FOLR2* macrophages in antitumor
immunity during EGC carcinogenesis. We further elu-
cidated the molecular mechanisms by which FOLR2*
macrophages activate CD8* T cells in GC. Antigen
cross-presentation is crucial for initiating adaptive
immune responses against cancer. Several studies have
confirmed that various types of macrophages can con-
tribute to the activation of CD8% T cells via antigen
cross-presentation [30, 41]. Our results suggest that
FOLR2* macrophages function as specialized APCs
and instruct CD8+ T-cell expansion and activation in
EGC carcinogenesis.

Given the gradual decrease in FOLR2" macrophages
during the progression of EGC, we sought to investi-
gate the underlying reasons for the dysregulation of
these macrophages. Hence, we examined the interac-
tion between epithelial cells and FOLR2" macrophages
and observed that the intensity of the APP-TNFRSF21
interaction gradually increased during the tumorigen-
esis of intestinal-type GC. Strilic et al. revealed that the
binding of APP to TNFRSF21 induced endothelial cell
necroptosis [42]. Knockdown of APP or blockade of
TNFRSF21 results in a significant reduction in endothe-
lial cell necroptosis. In the present study, we provide
evidence that the reduced proportion of FOLR2" mac-
rophages is caused by the upregulation of APP in epi-
thelial cells, which enhances the APP-TNFRSF21 axis
and promotes the necroptosis of FOLR2" macrophages.
These data suggest that epithelial cells promote necrop-
tosis of FOLR2% macrophages during EGC tumorigen-
esis through the APP-TNFRSF21 axis.

One limitation of this study is the small sample size,
which may lead to potential confounding statistical
biases. Consequently, the results should be further vali-
dated in large-scale scRNA-seq cohorts. Moreover, the
progression from IM to GC in humans may take several
years to decades. There is currently a lack of appropri-
ate animal models that encompass the stages of CIM,
IIM, and EGC lesions. Therefore, our experiments did
not use animal models and failed to verify the func-
tion of FOLR2* macrophages in vivo. Future utilization
of patient-derived organoids may aid in validating our
results. In addition, the functions of other macrophage
subpopulations, immune cells, and stromal cells war-
rant further investigation. Moreover, the precise molec-
ular mechanisms and regulatory pathways, such as
how APP-TNFRSF21 mediates FOLR2' macrophage
necroptosis, require in-depth exploration.
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Conclusion

In conclusion, our findings revealed the distinctive
immune landscape of EGC and revealed that the num-
ber of FOLR2" macrophages gradually decreased from
the CIM stage to the IIM stage to the EGC stage. These
findings revealed FOLR2" macrophages exhibit antitu-
mor characteristics and shape CD8" T-cell cytotoxicity
via antigen cross-presentation. Moreover, epithelial cells
induced necroptosis of FOLR2"T macrophages via the
APP-TNFRSF21 axis. Consequently, our work provides
an understanding of the potential mechanisms underly-
ing IM malignant transformation mediated by FOLR2"
macrophages. Moreover, IM patients with low FOLR2*
macrophage levels may have an elevated risk of GC, indi-
cating that these patients may require more intensive
endoscopic monitoring to facilitate early GC detection.
This new biomarker may herald a paradigm shift in our
approach to gastric cancer screening.
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