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Defining gastric cancer ecology: the
crucial roles of TREM2+ macrophages and
fibroblasts in tumor microenvironments
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Gastric cancer (GC) remains a major global health challenge, characterized by a complex tumor
microenvironment (TME) that significantly influences disease progression and therapeutic outcomes.
This study focuses on TREM2+ lipid-associated macrophages (LAM) and cancer-associated
fibroblasts (CAFs) in modulating the GC microenvironment. Utilizing advanced single-cell RNA
sequencing and bulk RNA analyses, we elucidated the interactive mechanisms through which CAFs
enhance the immunosuppressive capabilities of TREM2+ LAMs via the CXCL12-CXCR4 signaling
axis. Our findings reveal that this interaction facilitates tumor proliferation and inhibits apoptotic
processes in GC cells. In vitro experiments confirmed the modulation of this pathway significantly
affects tumor cell viability and invasiveness, underscoring thecritical roles of thesecellular interactions
in promoting GC progression. These insights present TREM2+ LAMs and CAFs as potential
therapeutic targets, offering new avenues for improving outcomes in GC treatment.

Gastric cancer (GC) ranks as the fifth deadliest cancer worldwide, and its
pathogenesis and treatment strategies have longbeen focal points in thefield
of cancer research1–3. The intricate tumor microenvironment (TME) is
comprised of various cell types, including Cancer-associated fibroblasts
(CAFs) and lipid-associated macrophages (LAMs), which interact to
influence tumor development andmetastasis4,5. CAFs, a prominent cell type
in the TME, can impact tumor growth by secreting cytokines and chemo-
kines, as they play a major role in CAF function, as demonstrated by the
CXCL12, altering the matrix composition, and facilitating tumor immune
evasion6–8. On the other hand, TREM2+LAMs, a type of macrophage with
immunosuppressive functions, have recently been implicated in promoting
tumor growth and immune evasion in various cancers9.

With the advancement of single-cell RNA sequencing and bulk RNA
sequencing (bulk RNA-seq) technologies, researchers can now delve deeply
into the cellular heterogeneity and complex interactions within the TME,
which is crucial for understanding the functions of CAFs and
TREM2+LAMs in GC development. These high-throughput sequencing
technologies enable the identification of distinct cellular subpopulations
within tumors and their dynamic changes during disease progression,
offering a novel perspective for unraveling the molecular mechanisms of
cellular interactions in the TME10.

Furthermore, the interactions between CAFs and tumor-associated
macrophages (TAMs) are increasingly recognized for their roles in tumor
progression11. Particularly, the communication between CAFs and
TREM2+LAMs via the CXCL12/CXCR4 signaling axis is considered a key
factor in regulating the tumor immune microenvironment and promoting
GC progression12,13. Therefore, a comprehensive investigation into the
specific mechanisms of this signaling axis in GC holds significant impor-
tance for discovering new therapeutic targets14–16.

This study aims to elucidate the molecular mechanisms of CAFs
and TREM2+LAMs in the growth and metastasis of GC. Utilizing
single-cell and bulk RNA-seq technologies in conjunction with The
Cancer Genome Atlas (TCGA), we conducted a systematic molecular
profiling and functional analysis of CAFs and TAMs in GC. Through
cell communication analysis, we revealed the interactions between
CAFs and TREM2+LAMs and how they collaborate to promote GC
development via the CXCL12/CXCR4 pathway. This study not only
deepens our understanding of the GC TME but also presents new
research directions and potential drug targets for GC treatment. The
scientific and clinical significance of these findings provides fresh
insights and approaches for shaping future treatment strate-
gies for GC.
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Results
Identification of six cell subtypes in GC tissue through
scRNA-seq
In order to investigate cellular interactions in GC, we collected adjacent
normal tissue and tumor tissue of GC from three patients for scRNA-seq
analysis. The data was integrated using the Seurat package. Initial exam-
ination of the scRNA-seq data included an assessment of the number of
genes per cell (nFeature_RNA), total mRNA molecules (nCount_RNA),
and percentage of mitochondrial genes (percent.mt). The majority of cells
exhibited nFeature_RNA <5000, nCount_RNA <20,000, and percent.mt
<20% (Fig. S1A). Cells with nFeature_RNA between 200 and 5000 per-
cent.mt less than 20% were retained after filtering out low-quality cells,
resulting in an expressionmatrix consisting of 20,989 genes and 48,874 cells.
Correlation analysis of the filtered data revealed a coefficient of –0.15
between nCount_RNA and percent.mt, and a coefficient of 0.94 between
nCount_RNA and nFeature_RNA (Fig. S1B), indicating good data quality
post-filtering for subsequent analysis.

Subsequent analysis of the filtered cells involved the selection of highly
variable genes based on gene expression variance, with the top 2000 variable
genes chosen for downstream analysis (Fig. S1C). Using the CellCy-
cleScoring function, cell cycle phaseswere computed (Fig. S1D), followed by
data normalization. PCA was then conducted for linear dimension reduc-
tion utilizing the selected highly variable genes. Principal gene expression
heatmaps for PC_1 – PC_6 were generated (Fig. S1E), along with cell dis-
tribution visualization on PC_1 and PC_2 (Fig. S1F), revealing potential
batch effects among samples. Batch correction was performed using the
harmony package to minimize batch effects and enhance precise cell clus-
tering (Fig. S1G). Subsequently, an ElbowPlot was used to rank the standard
deviations of PCs, demonstrating that PC_1-PC_15 sufficiently encapsu-
lated the information from the selectedhighly variable geneswith significant
analytical meaning (Fig. S1H). Post-correction results indicated successful
elimination of batch effects (Fig. 1A).

Further nonlinear dimension reduction was carried out using the
UMAP algorithm on the top 15 PCs, and clustering across various resolu-
tions was visualized using the clustree package (Fig. 1B). The clustering
resolution of 0.4 was selected based on the clustering results, resulting in the
identification of 14 cell clusters (Fig. 1C, D). Marker gene expression for
each cell cluster was acquired through clustering, and annotation of the 14
cell clusters was performed using the singleR package integrated with lit-
erature resources, revealing six cell types: Epithelial cells, B cells, T cells,
Fibroblasts, Endothelial cells, and Macrophages (Fig. 1E, F). Consistent
results were obtained using the t-SNEalgorithm (Fig. S2A, B). Furthermore,
UMAP expression plots of the marker genes for these six cell types were
presented, with EPCAM representing Epithelial cells, MZB1 for B cells,
CD3D forT cells, COL3A1 for Fibroblasts, EMCN for Endothelial cells, and
C1QB for Macrophages (Figs. 1G, and S2C).

Thefindings suggest thatGCandnormal samples can be classified into
14 clusters, encompassing six cell subtypes, with Epithelial cells, B cells, and
Fibroblasts being the most prevalent cell types.

scRNA-seq analysis reveals the key role of TREM2+ LAM in GC
Numerous studieshavedemonstrated that oneof themost crucialmetabolic
features of cancer cells is lipid metabolic reprogramming to adapt to the
TME. Lipid metabolism plays a significant role in the initiation and pro-
gression of GC, whereby aberrant lipid metabolism can enhance drug
resistance, promote cell proliferation and migration, and support immune
suppression functions17–20.

To explore the association between lipid metabolic pathways and GC,
we curated a gene set related to lipid metabolic processes from the Gene-
cards database. Ranking the genes based on their Relevance score, we
identified the top 20 key genes (Fig. S3A), revealing that APOE, ranked
second, is recognized as a marker gene for macrophages. Studies have
suggested that APOE plays a crucial role in modulating macrophage
function, especially in lipid metabolism, immune regulation, and macro-
phage responses associated with diseases21–23. We hypothesized a close

associationbetweenmacrophages and lipidmetabolism.Further annotation
analysis of macrophages validated this hypothesis (Fig. S3B), leading us to
believe that LAM may play a critical role in the formation and
progression of GC.

Subsequently, using Seurat, we calculated the proportions of
different cell types in individual samples (Fig. S3C) and analyzed the
differences in cell composition between the tumor-adjacent normal
tissues and GC tissues through t-tests. The results indicated a sig-
nificant increase in the content of fibroblasts and macrophages in GC
tissues compared to tumor-adjacent normal tissues (Fig. S3D). Fur-
thermore, we performed differential analysis of gene expression in
LAM between normal and GC samples, selecting 94 significantly
upregulated genes and 60 significantly downregulated genes based on
criteria of |log2FC| > 0.5 and P-value < 0.05 (Fig. S3E).

Moreover, we unexpectedly discovered that TREM2, the most sig-
nificantly upregulated gene, has received widespread attention in recent
years for its involvement in neurodegenerative diseases and various tumors.
Multiple studies have confirmed that the expression of TREM2 in LAM
serves as a crucial signaling hub in the occurrence, development, and
immune escape of tumors24–26. Our single-cell transcriptome data further
revealed the specific high expression of TREM2 in a subset of macrophages
(Fig. S3F, G). Immunofluorescence staining further validated the specific
expression of TREM2 in LAM at the protein level, co-expressed with CD68
andAPOE(Fig. S3H, I), whereCD68 is amacrophagemarker protein27, and
APOE is a lipid metabolism-related protein. Through RT-qPCR and
Western blot experiments, we examined themRNA and protein expression
levels of TREM2 in the tumor adjacent to normal tissues and GC tissues of
patients (Fig. S3J). Both differential analysis of single-cell data and cellular
experiments in this study consistently indicated a significantly higher level
of TREM2 mRNA and protein expression in GC tissues than in tumor-
adjacent normal tissues, which is in line with previous research28.

In summary, compared to tumor-adjacent normal tissue samples, the
content of fibroblasts and macrophages increases in GC samples. These
macrophages are closely associated with lipid metabolism and specifically
express TREM2. TREM2+ LAMmay play a crucial role in the progression
and immune escape of GC.

Increased TREM2 expression associated with highmacrophage
infiltration density as revealed by joint TCGA analysis
To investigate the expression characteristics of TREM2 in tumor tissues, we
initially performed immunofluorescence staining on both the adjacent
normal tissues and tumor tissues of five GC patients. Our findings further
revealed a co-expression of TREM2 with the total macrophage marker
CD68 as well as theM2macrophagemarker CD163 in GC tissues, while its
co-expressionwith theM1macrophagemarkerCD86was less pronounced.
These observations suggest that TREM2 may potentially influence macro-
phage polarization during GC progression and could play an anti-
inflammatory role (Fig. S4A, B).

Further analysis in the TCGA public database explored the association
betweenTREM2expression and clinical outcomes in patients.Compared to
normal gastric tissues, the upregulation of TREM2 expression in GC was
validated in TCGA-STAD (Fig. S4C). Additionally, we observed a sig-
nificant difference in TREM2 expression inGCbased on tumor stage (T1 to
T4) (Fig. S4D), indicating a possible association between TREM2 and the
progression and invasiveness ofGC. To assess the potential value of TREM2
in the diagnosis and prognosis prediction of GC, ROC curve analysis was
conducted, showing slightly higher prognostic AUC values within three
years, yet the diagnostic AUC value exceeding 0.9, suggesting that TREM2
could serve as a highly effective biomarker, especially in the early identifi-
cation of GC patients. However, its efficacy as a sole predictive factor is
limited, and it might require a combination with other genes or biomarkers
to enhance predictive accuracy (Fig. S4E, F).

To further understand the relationship between TREM2 expression
and immune cell characteristics, we employed the ssGSEA method to
conduct Pearson correlation analysis on enrichment scores of 24
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immune-related cells. The results indicated a strong positive correlation
between TREM2 expression levels and macrophages, monocytes and
natural killer cells (Fig. S4G). Moreover, using the CIBERSORT method,
we performed a deconvolution analysis of immune cell infiltration
abundance, revealing a higher proportion of activated B cells, macro-
phages, and monocytes in TCGA-STAD tumor samples with high
TREM2 expression (Fig. S4H).

In conclusion, the elevated expression of TREM2 in GC is closely
associated with high macrophage infiltration density. These findings not
only underscore the central role ofTREM2 in the progression ofGCbut also
imply that TREM2+ LAMmay be linked to the growth and invasiveness of
GC tumors.

scRNA-seq analysis reveals critical interactions between CAFs
and TREM2+LAM in GC via the Cxcl12-Cxcr4 axis
CAFs are a primary component of the TME, influencing cancer hallmarks
and impacting tumor growth, invasion, and metastasis29. Through scRNA-
seq analysis, we identified fibroblast subpopulations within tumor tissues.
Given their distinctiveness within the TME and expression of known CAF
markers such as α-SMA (ACTA2), vimentin (VIM), COL1A1, and
COL1A2, among others (Fig. 2A), we defined these CAFs.

To further explore functional disparities of CAFs between normal and
GC samples, differential analysis was conducted on fibroblasts. Applying |
log2FC| > 0.585 and P value < 0.05 as selection criteria, we obtained 94
significantly upregulated genes and 71 significantly downregulated genes

Fig. 1 | scRNA-seq cell clustering. ADistribution of
cells after Harmony batch correction in PC_1 and
PC_2, where each point represents a cell; B clustree
package displaying clustering at different resolu-
tions; C Visualization of UMAP clustering results
depicting the aggregation and distribution of cells
from normal samples and GC samples (Normal,
N = 3; GC,N = 3), with red representingGC samples
and blue representing normal samples;
D Visualization of UMAP clustering results illus-
trating the aggregation and distribution of cells from
different source samples, with each color repre-
senting a cluster; E Visualization of cell clustering
based on UMAP, with each color representing a
unique cell subpopulation and unique color borders
indicating the distribution range of each subgroup;
F Group visualization of cell annotation results
based on UMAP clustering; G Expression levels of
six cell marker genes in various cell subgroups,
where deeper blue indicates higher average expres-
sion levels.
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Fig. 2 | Molecular characterization and intercellular communication analysis
of CAFs. A Expression levels of CAFs marker genes α-SMA (ACTA2), vimentin
(VIM), COL1A1, and COL1A2 in various subgroups of cells in mouse single-cell
transcriptome data. Darker shades of red indicate higher expression levels.
B Volcano plot showing differential gene expression in CAFs, with red dots
representing significantly upregulated genes, blue dots representing significantly
downregulated genes, and gray dots indicating genes with no expression difference.
C, D Cell lineage trajectory visualization based on cell types and clusters.
E, FDifferential intercellular communicationmaps between adjacent normal tissue
samples and GC tissue samples (Normal, N = 3; GC, N = 3), with line thickness and

color intensity representing the strength of ligand-receptor interactions.
G Expression levels of CXCL12 and CXCR4 in various subgroups of cells in mouse
single-cell transcriptome data, with deeper shades of blue and red indicating higher
expression levels. H, I Expression levels of CXCL12 in CAFs and CXCR4 in
TREM2+ LAM. J, KmRNA and protein expression levels of CXCL12 and CXCR4
in mouse adjacent normal tissue and GC tissue samples (Normal,N = 3; GC,N = 3)
detected by RT-qPCR and Western blot. Quantitative data are presented as
mean ± standard deviation, with intergroup comparisons done using unpaired t-
tests. * denotes P < 0.05 for comparison between two groups, ** denotes P < 0.01,
*** denotes P < 0.001.
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(Fig. 2B). Gene enrichment analysis revealed that upregulated genes were
mainly enriched in biological processes such as response to peptide, reg-
ulation of humoral immune response, and cell-substrate junction, whereas
downregulated genes were primarily enriched in processes like cytoplasmic
translation, peptide binding, and peptide antigen assembly withMHC class
II protein complex (Fig. S5A, B). KEGG analysis showed that upregulated
genes were predominantly enriched in signaling pathways like Apoptosis
and Lysosome, while downregulated genes were enriched in pathways such
as Ribosome and Leishmaniasis (Fig. S5A, B).

In order to identify key cell types within the TME, pseudo-temporal
analysis was conducted using the “monocle” package. Based on the
expression trends of sorted genes, cells were organized and trajectories
constructed (Figs. 2C, D, and S5C). The analysis indicated that epithelial
cells in the GC microenvironment exhibited a trajectory pointing towards
CAFs and TREM2+ LAM cell types, emphasizing the importance of CAFs
and TREM2+ LAM in the TME, particularly in their potential roles in cell
state transitions and immune modulation processes.

Subsequently, to delve into intercellular communication mechanisms,
we employed theRpackage “CellCall” to analyze pathway activities between
different cells. Through chord diagrams and ligand-receptor heatmaps
(Figs. 2E, F, and S5D, E), intercellular interactions were visually observed.
Among these numerous interactions, particular attention was given to the
communication betweenCAFs and TREM2+ LAM.Compared to adjacent
normal tissue, the GC group exhibited a Cxcl12/Cxcr4 interaction between
CAFs and TREM2+ LAM, a phenomenon not observed in the
normal group.

Further identification of CXCL12/CXCR4 expression in various cell
subgroups (Fig. 2G) showed thatCXCL12was primarily expressed inCAFs,
while CXCR4was predominantly expressed in T cells, TREM2+ LAM, and
CAFs. These findings further support the notion that the interaction
between CAFs and TREM2+ LAM appears to be mediated through the
CXCL12-CXCR4 axis.

CXCR4 (C-X-Cchemokine receptor type4) and its ligandCXCL12 (C-
X-Cmotif chemokine 12) are significantly upregulated in variousmalignant
tumors, including GC. This signaling axis not only enhances tumor cell
survival, proliferation, angiogenesis, and metastatic capabilities but also
plays a pivotal role in the interaction between tumor cells and their
microenvironment30,31. Analyzing single-cell transcriptome data frommice,
we similarly observed elevated expression of CXCL12 and CXCR4 in CAFs
andTREM2+ LAMwithinGC tissues compared to adjacent normal tissues
(Fig. 2H–K).

In conclusion,CAFs andTREM2+LAMinGC likely engage in critical
interactions through the CXCL12-CXCR4 axis, thereby promoting tumor
progression and immune escape.

Bulk mRNA sequencing validates the regulatory mechanism of
CAFs in the GCmicroenvironment through the CXCL12-
CXCR4 axis
By conducting mRNA sequencing on tumor-adjacent normal tissues and
tumor tissuesof threeGC(GC)patients, a comprehensive explorationof the
TME in GC was furthered. The mRNA dataset analyzed a total of 5251
genes, filtering for 106 significantly upregulated genes and 84 significantly
downregulated genes based on criteria of |log2FC| > 1.5 and P-value < 0.05
(Fig. 3A). Functional enrichment analysis was performed on the upregu-
lated genes. Gene Ontology (GO) analysis revealed enhanced molecular
functions related to extracellular matrix organization, extracellular matrix
structural components, and collagenmetabolism (Fig. 3B).Additionally, the
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis showed sig-
nificant upregulation of ECM-receptor interaction and focal adhesion
pathways. Moreover, the TNF signaling pathway, PI3K-Akt signaling
pathway, IL-17 signaling pathway, and other tumor-related pathways were
markedly activated (Fig. 3C). Conversely, downregulated genes were asso-
ciated with processes like hormone metabolism and humoral immune
response and were involved in pathways such as glycolysis and tyrosine
metabolism (Fig. S6A, B).

By integrating the significantly upregulated 106 genes in GC and their
expression in adjacent normal tissues, gene set enrichment analysis was
performed (Figs. 3D, and S6C). Leukocyte transendothelial migration,
chemokine receptor binding chemokine pathway, cytokine-cytokine
receptor interaction, and cancer-related pathways were all significantly
upregulated in GC tissues. Additionally, activation of the CXCR4 pathway
was observed in the cancer tissues, which is consistent with our previous
findings.

Subsequently, using the EPIC tool, infiltrating cell types in these three
pairs of cancer and adjacent normal tissues were analyzed. The overall cell
type profile is illustrated (Fig. S6D, E). The results indicated a significant
increase in the number of CAFs and a slight growth in macrophages in GC
tissues compared to normal tissues (Fig. 3E, F).

Thesefindings suggest that in theGCmicroenvironment, the increased
abundance of CAFs, possibly through activation of the CXCR4 pathway,
further enhances the survival, proliferation, and metastatic capabilities of
GC cells, thereby driving tumor progression and immune evasion.

High expression of CXCL12/CXCR4 in the GCmicroenvironment
correlates with abundant infiltration of CAFs and macrophages
and poor prognosis
To investigate the expression characteristics of CXCL12 and CXCR4 in
tumor tissues, we initially performed immunohistochemical staining and
H&Estainingoncancer-adjacent tonormal tissues and tumor tissues from5
GC patients. The results revealed that in cancer-adjacent normal tissues,
CXCL12 and CXCR4 showed weak or no staining, whereas, in tumor tis-
sues, CXCL12 and CXCR4 were moderate to strongly stained in the cell
membrane and/or cytoplasm (Fig. 4A). The percentages of CXCL12/
CXCR4, positive expression in tumor tissues, were 60.00% and 62.86%,
while in normal tissues, the expressions of CXCL12 and CXCR4 were
25.71% and 20.00%, respectively, demonstrating a significant difference in
the expression rates of CXCL12/CXCR4 in GC compared to normal tissues
(Table S1). Thesefindings suggest thatCXCL12 andCXCR4may interact in
the occurrence and metastasis of GC.

Further exploration of the role of CXCL12/CXCR4 in the TME
included analyzing their correlation with various infiltrating cell types. The
results indicated a strong positive correlation of CXCL12 and CXCR4 with
CAFs and macrophages in the GC microenvironment (Fig. 4B), implying
that CAFs may be the primary effector cells of the CXCL12/CXCR4
signaling axis.

Combining mRNA sequencing data, we observed a significant upre-
gulation of both CXCL12 and CXCR4 in GC compared to cancer-adjacent
normal tissues (Fig. 4C). Consultation of the TCGA database revealed a
similar significant upregulationofCXCR4 inGC,whileCXCL12exhibited a
downward trend (Fig. 4D,E). These disparitiesmay arise fromdifferences in
sample sources, tumor molecular subtypes, cell lineage characteristics, or
other experimental conditions32. Additionally, the correlation analysis of
CXCR4with T tumor size and overall survival period (OS) indicated that its
high expression is associated with tumor progression and deterioration
(Fig. 4F, G). The ROC curve analysis results also highlighted the good
prognostic diagnostic utility of CXCR4 (Fig. 4H).

In conclusion, in the GC microenvironment, CAFs exhibit high
expression of CXCR4 and are linked to the CXCL12/CXCR4 signaling
pathway. This suggests that CAFs may play a crucial role in regulating the
tumor immune microenvironment through this signaling pathway.

TREM2+ LAM promotes GC immune escape and progression in
the TME
Studies have identified fatty acid-binding protein (FABP) and fatty acid
synthase (FASN) as crucial intracellular mediators in various tumor tissues,
with elevated levels of FABP4, FABP5, and FASN associated with pro-
moting tumor proliferation and invasion33–36. Macrophages can influence
cellular lipid metabolism processes37. Previous research has shown that
TREM2 is predominantly expressed on the surface of TAMs, suggesting its
potential role in immune suppression effects38. However, there is a lack of
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studies exploring the expression of TREM2 on the surface of macrophages
and its regulatory mechanisms on macrophage phenotype and function
in vitro.

Initially, we assessed the correct phenotypes of induced macrophage
subtypes. RT-qPCR results demonstrated that M2-polarized macrophages
exhibited higher expression of the immunosuppressive molecules ARG1
and MRC1 compared to M0 and M1 macrophages (Fig. S7A). Conversely,
M1 macrophages showed significantly increased gene expression levels of
the pro-inflammatory factors IL-6 and TNF-α compared to M0 and M2
macrophages (Fig. S7B). Flow cytometry revealed a marked increase in the
surface expression of the co-stimulatorymolecules CD80 and CD86 onM1
macrophages relative to M0 and M2 macrophages, indicative of their M1
phenotype. In contrast, the expression of the specific marker CD206 was
significantly higher on the surface ofM2macrophages compared toM0 and
M1macrophages (Fig. S7C). Furthermore,Western blot results confirmed a
substantial upregulation of ARG1 protein expression in M2 macrophages
compared to the other two macrophage subtypes (Fig. S7D). In summary,
the phenotypes of in vitro induced M0, M1, and M2 macrophages were
appropriate for subsequent experiments.

Subsequently, we investigated the expression of TREM2 and lipid
deposition in different macrophage subtypes in vitro. RT-qPCR results
revealed that M2 macrophages exhibited higher expression of TREM2
compared to M0 and M1macrophages (Fig. 5A). Additionally, there was a
significant upregulation of the genes FABP4, FABP5, and FASN in M2
macrophages (Fig. 5B). Flow cytometry analysis of TREM2 surface

expression in various subtypes corroborated the gene expression levels
(Fig. 5C). Western blot analysis further showed that the protein expression
levels of TREM2, FABP4, and FABP5 were highest in M2 macro-
phages (Fig. 5D).

Moreover, immunofluorescence staining confirmed the expression of
TREM2 in different macrophage subtypes, utilizing the emerging BODIPY
493/503 lipid tracer to detect intracellular lipid deposition. The results
demonstrated elevated red fluorescence, representing high TREM2
expression in M2 macrophages compared to M0 and M1 macrophages
(Fig. 5E). Furthermore, the green fluorescence indicative of lipid deposition
was higher inM2macrophages (Fig. 5F). Additionally, RT-PCR and ELISA
analysis showed that the expression levels of IL-10 and Arg1 in M2 mac-
rophages were significantly increased in the oe-TREM2 group compared to
the oe-NC group, with statistically significant differences (Fig. 5G, H).

The findings suggest that the elevated expression of TREM2 in M2
macrophages is associated with its immunosuppressive function, indi-
cating a potential role in promoting tumor cell proliferation and invasion
through the regulation of lipidmetabolism pathways. To further elucidate
the immunosuppressive regulatory role of TREM2, we employed
CRISPR/Cas9 gene editing to generate TREM2 knockout M2 macro-
phages (TREM2-WT as wild-type control) and overexpressed TREM2 in
M2 macrophages using lentiviral vectors (oe-TREM2, with oe-NC as
control). RT-qPCR and Western blot were utilized to evaluate TREM2
expression levels, selecting clones with complete TREM2 knockout for
expansion (Fig. S8A, B). Furthermore, the transfection efficiency of

Fig. 3 | Differential mRNA expression analysis in GC TME cell infiltration.
A Volcano plot of gene expression differences in mRNA sequencing data between
adjacent normal tissue samples and GC tissue samples (Normal, N = 3; GC, N = 3),
with red points indicating significantly upregulated genes, blue points indicating
significantly downregulated genes, and gray points indicating genes with no
expression difference; B, C Bubble chart and bar graph of GO/KEGG enrichment
analysis for highly expressed genes in the differential analysis, where the color of
circles and bars represents the significance of enrichment, and the size of circles
represents the number of enriched genes; DGene Set Enrichment Analysis (GSEA)

results showing the peaks and valleys represent the degree of dispersion between
data;EEPICanalysis heatmap of cell types in adjacent normal tissue samples andGC
tissue samples (Normal, N = 3; GC, N = 3); F Violin plot depicting the differential
expression of various cell types adjacent to the tumor tissue. Quantitative data are
presented as mean ± standard deviation and intergroup comparisons were per-
formed using unpaired t-tests. * indicates P < 0.05 for comparison between two
groups, ** indicates P < 0.01 for comparison between two groups; * denotes
significance level.
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TREM2 was validated using lentiviral vectors through RT-qPCR and
Western blot analysis (Fig. S8C, D).

Different groups ofM2-typemacrophages were co-cultured separately
with T cells (6T-CEM). Flow cytometry analysis identified the proportions
of CD3+T cells (representing all T cells), CD4+T cells (helper T cells), and
CD8+ T cells (cytotoxic T cells). The results revealed a significant increase
in the proportions of CD3+ and CD8+ T cells in the TREM2-KO group
compared to the TREM2-WT group, while the proportion of CD4+T cells
significantly decreased. Conversely, compared to the oe-NC group, the oe-
TREM2 group showed a significant decrease in the proportions of CD3+
and CD8+ T cells and a significant increase in CD4+ T cells (Fig. 6A).
Furthermore, the impact onT cell activation statuswas examined. CD44 is a
cell adhesionmolecule associated with T cell activation andmemory status,
while CD69 is an early activation marker for T cells. The results indicated
that relative to the TREM2-WT group, the TREM2-KO group exhibited a
notable increase in the proportions of T cell CD44 and CD69, whereas the
oe-TREM2 group showed a significant decrease in these proportions
compared to the oe-NC group (Fig. 6B).

These findings suggest a regulatory role of TREM2 in M2-type mac-
rophages regarding T cell subpopulations and activation states, hinting at a
potential key role for TREM2 in tumor immunosuppression.

Subsequently, different groups of M2-type macrophages were co-
cultured separately with GC cells (MKN-45), and mRNA expression levels
of key lipid metabolism molecules, FABP4, FABP5, and FASN, were
assessed via RT-qPCR. The results indicated lipid metabolism inhibition in
GC cells in the TREM2-KO group compared to the TREM2-WT group,
while lipid synthesis activation was observed in the oe-TREM2 group
compared to the oe-NC group (Fig. 6C).

In addition, cell viability and proliferation capabilities were assessed
through CCK8 and colony formation experiments, cell migration and
invasion abilities were evaluated via wound healing and Transwell assays,
and flow cytometry was employed to detect cell apoptosis. The results
demonstrated that compared to the TREM2-WT group, cells in the
TREM2-KO group exhibited significantly reduced viability, proliferation,
andmigration capabilities, along with a notable increase in apoptosis levels.
Conversely, when compared to the oe-NC group, cells in the oe-TREM2
group displayed significantly increased viability, proliferation, and migra-
tion capabilities, coupled with a significant decrease in apoptosis levels
(Fig. 6D–I).

In conclusion, the manifestation of LAMs’ immunosuppressive effects
is TREM2-dependent.Within theGCmicroenvironment, TREM2+ LAMs
suppress anti-tumor immune responses and enhance GC cell vitality,
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proliferation,migration, and invasion capabilities through lipidmetabolism
modulation while concurrently inhibiting apoptosis.

CAFs and TREM2+ LAM promote the proliferation, migration,
and invasion of GC Cells through the CXCL12/CXCR4 axis
To confirm the successful induction of TAMs and CAFs in cell experi-
ments (Fig. S9B), we measured the concentrations of cytokines and
chemotactic factors in the cell culture supernatants using ELISA. The
results indicated significantly elevated levels of the anti-inflammatory
cytokine IL-10 and the M2 macrophage marker CD206 in TAMs
compared to M0 cells. Similarly, CAFs exhibited significantly increased
levels of pro-inflammatory cytokine IL-6 and chemokine CXCL12
compared toMRC-5 cells. This successful induction of TAMs and CAFs
is depicted in Fig. 7A.

To mimic the crosstalk among GC cells, CAFs, and TAMs, THP-1-
induced M0 cells were treated with CAF-derived conditioned media,
resulting in the generation of TAMs associated with CAFs (Fig. S9C). The
polarization of macrophages is characterized by distinct morphological
changes39. Employing hematoxylin and eosin, staining revealed that CAFs
induced an elongated morphology in M0 cells (Fig. 7B). Furthermore, RT-
qPCR analysis confirmed that CAFs significantly inducedM0macrophages
toward an M2-like phenotype (TAM) by upregulating polarization-
associated markers (Fig. 7C). These findings suggest that CAFs may influ-
ence their interaction with tumor cells by modulating the polarization state
of macrophages.

Further exploring the role of the CXCL12/CXCR4 signaling axis
between CAFs and TAMs, we neutralized CXCL12 in MRC5 cells using a
CXCL12antibody. ELISAresults showeda significant reduction in the levels
of CXCL12 and CXCR4 in the TAM+CAF+CXCL12 Ab group compared
to the TAM+CAF+IgG Ab group, indicating effective blockade of this
signaling axis (Fig. 7D).

Based on the discovery that TAMs in the GCmicroenvironment exhibit
characteristics related to TREM2+ and lipid metabolism, we coined the term
TREM2+ LAM tomaintain coherence in the article. To further investigate the
interactions between CAFs and TREM2+ LAM in an in vitro co-culture
system, GC cells were co-cultured with ordinary DMEM, TREM2+LAM,
TREM2+LAM+CAF, and TREM2+LAM+CAF treated with CXCL12 Ab.
Cell viability andproliferation capabilitywere assessedusingCCK8and colony
formation assays, whilewoundhealing andTranswell assayswere employed to
evaluate cell migration and invasion. Flow cytometry was utilized to assess cell
apoptosis. The results showed that TREM2+LAM significantly promoted the
vitality, proliferation, and migration abilities of GC cells while reducing their
apoptosis levels. These effects were further enhanced when interacting with
CAFs. However, upon blocking the CXCL12/CXCR4 axis, the viability, pro-
liferation, andmigration abilities of GC cells significantly decreasedwhile their
apoptosis levels increased (Fig. 7E–J).

In conclusion, the interplay between CAFs and TREM2+LAM in the
GC microenvironment plays a critical role in immune evasion and pro-
gression of GC, providing evidence for targeting the CXCL12/
CXCR4 signaling axis as a potential therapeutic strategy.
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LAFs and TREM2+LAM regulate macrophage polarization
through the CXCL12/CXCR4 axis to promote pulmonary
metastasis of GC
To gain a deeper understanding of the critical role of the CXCL12/CXCR4
axis in vivo, we intravenously injected co-cultured cells into a mousemodel
of GC. As illustrated in Fig. 8A, tumors in the TREM2+LAM group
exhibited faster growth compared to the control group, with this effect
further enhanced in the presence of CAFs. However, the growth trend was
significantly inhibited when a blocker of the CXCL12/CXCR4 axis was
employed. Tumor weight notably increased in the TREM2+LAM group
compared to the control, and this increasewas further amplified in theCAFs
+TREM2+LAM group. Treatment with a CXCL12/CXCR4 signaling axis
inhibitor led to a significant reduction in tumor weight (Fig. 8B, C).
Immunohistochemistry was then used to assess the expression of T-cell
markers CD3 and CD8, revealing lower expression of CD3 and CD8 in the
TREM2+LAM group compared to the control. The addition of CAFs
resulted in a further decline in the expression of these markers. However,
following treatment with a CXCL12/CXCR4 inhibitor, their expression
levels significantly increased (Fig. 8D). Western blot analysis further con-
firmed the protein expression of Trem2, Cxcl12, and Cxcr4, showing an

increase in the expression of these proteins in the TREM2+LAM group
compared to the control, which was further elevated with the addition of
CAFs. However, treatment with a CXCL12/CXCR4 inhibitor led to a sig-
nificant decrease in the expression of these proteins (Fig. 8E).

Considering the lungs as a common distant metastatic site for GC,
particular attention was focused on the metastasis in the lungs. In the
TREM2+LAM group, there was a significant increase in the number of
pulmonarymetastatic nodules, which wasmore pronounced in the presence
of CAFs. Blocking the CXCL12/CXCR4 signaling axis effectively mitigated
the effect on metastasis (Fig. 8F). Consistent with these observations, meta-
static nodules were detected in the HE-stained lung tissues, with minimal
observation of metastatic nodules in the presence of CXCL12 Ab (Fig. 8G).
Moreover, the expressionof tumorgrowthandmetastasis proteinsCD31and
M2-typemacrophagemarkerproteinCD206was significantlyupregulated in
the xenograft tumors of the TREM2+LAM and CAFs+TREM2+LAM
groups, and this upregulation was reversed by CXCL12 Ab (Fig. 8G).

These findings collectively indicate that LAFs and TREM2+LAM
regulate macrophage polarization through the CXCL12/CXCR4 axis,
enhancing immunosuppression and thereby promoting the progression
and pulmonary metastasis of GC.
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Fig. 6 | Impact of TREM2 on the biological functions of GC cells. A Flow cyto-
metry analysis to assess the effect of each group on T cell differentiation; B Flow
cytometry analysis to evaluate the impact of each group on T cell activation; C RT-
qPCR to examine changes in lipid metabolism molecules in different cell groups;
D, E Assessment of cell viability and proliferation ability using CCK8 and plate
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analysis of apoptotic events in each group, with data on early and late apoptotic cells
shown in the respective histograms. Quantitative data are presented as mean ±
standard deviation and inter-group comparisons were made using unpaired t-tests.
* denotes P < 0.05 for comparison between two groups, ** indicates P < 0.01, ***
indicates P < 0.001, and ns represents no statistical difference between the two
groups, with * indicating significance. Cell experiments were conducted in triplicate.
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Discussion
This study utilized scRNA-seq and bulkRNA-seq technologies to unveil the
crucial role of CAFs in the development of GC, particularly in the immu-
nosuppression mediated by TREM2+LAM and the construction of the
TME. Unlike previous studies that regarded CAFs as a singular promoting
factor, this research discovered that CAFs specifically act onTREM2+LAM
through the CXCL12/CXCR4 pathway, fostering the polarization of M2
macrophages and thereby enhancing immunosuppression, distinguishing

itself from existing research on the role of CAFs in other tumors40,41.
Moreover, this impact of CAFs may also be linked to the migratory and
invasive capabilities of tumor cells, providing a novel perspective on
exploring CAFs as potential targets for cancer therapy42–44.

This paper presents, in detail for the first time, the immunosuppressive
role of TREM2+LAM in GC and elucidates its mechanisms in the GC
microenvironment. Compared to prior studies on TREM2+LAM in other
types of tumors, our findings suggest that TREM2+LAMmay play a more

Fig. 7 | Effects of the CXCL12/CXCR4 axis
expression in CAFs on GC cell proliferation,
migration, invasion, and apoptosis. A ELISA was
performed to detect the concentrations of the cyto-
kines IL-6 and CD206, as well as the chemokine
CXCL12 in the cell culture supernatant after M0
differentiation into TAM and MRC-5 into CAF
induction; B Typical morphological changes of M0
macrophages co-cultured with CAFs were observed
after H&E staining (scale bar: 25 μm); C RT-qPCR
was conducted to assess themRNA expression levels
of IL-6 and CD206, markers for M1 and M2 mac-
rophages, respectively; D ELISA was used to mea-
sure the concentrations of CXCL12 and CXCR4 in
the cell culture supernatant between the CXCL12-
neutralized group and the control group; E, F Cell
viability and proliferation changes were examined
by CCK-8 and colony formation assays;
G–IMigration and invasion abilities of the different
groups were evaluated by scratch assay and Trans-
well assay; J Flow cytometry analysis depicted the
occurrence of apoptosis in each group, with statis-
tical data on early and late apoptosis presented in the
corresponding graphs. Data are expressed as
mean ± standard deviation and intergroup com-
parisons were made using unpaired t-tests. * indi-
cates P < 0.05, ** indicates P < 0.01, and ns denotes
no statistical difference between the two groups;
* represents the significance level. Cell experiments
were repeated three times.
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complex and specific role in GC. Through a combination of animal
experiments and in vitro cell studies, this research further confirms the
involvement of TREM2+LAM in GC progression, offering potential
directions for targeted therapies45–47.

While the CXCL12/CXCR4 pathway has been reported to modulate
the TME and the behavior of tumor cells in various cancers, this study
emphasizes its particular role in regulating TREM2+LAM in GC, distin-
guishing it fromprevious research.This novelfindingnot only enhances our
understanding of the mechanisms underlying GC progression but also
suggests that the CXCL12/CXCR4 pathway could serve as a therapeutic
target specific to the unique microenvironment of GC48–50.

This study further complicates our understanding of the TME.
Through cell trajectory and cell communication analyses, it reveals the
interactions between CAFs and TREM2+LAM, demonstrating that the
construction of the TME is a multifaceted and dynamic process51–53. The
complexity of the TME necessitates the adoption of a comprehensive
approach when investigating therapeutic strategies, considering the holistic
ecological context of the tumor54,55. A significant aspect of this study,
compared to existing research, is the utilization of integrated analysis
techniques such as scRNA-seq and bulk RNA-seq, enabling the exploration
of relationships between cell subpopulations at the single-cell level56–58.
Additionally, this study validated its findings using the TCGA database,
enhancing the credibility and relevance of the research results.

In conclusion, our study preliminarily suggests that the interaction
between CAFs and TREM2+LAM in GC promotes immune escape,
growth, andmetastasis through theCXCL12-CXCR4pathway (Fig. 9). This
research provides new insights into the pathogenesis of GC, particularly
focusing on the interactions among different cellular subgroups within the
TME. The interaction between CAFs and TREM2+LAM and their critical
roles in GC offer new avenues for research and potential drug targets.
Interventions targeting the CXCL12-CXCR4 pathway may offer more
effective treatment strategies for GC patients.

The scientific significance of this study lies in the in-depth exploration
of the role of CAFs and TREM2+LAM in GC development. Through the
use of scRNA-seq and bulk RNA-seq technologies, this study, for the first
time, reveals at the molecular level how CAFs induce immunosuppression
in TREM2+LAM via the CXCL12/CXCR4 pathway, thus advancing a new
mechanism promoting GC progression. This discovery contributes to our
understanding of the complexity of the TME inGC, particularly in terms of
immune regulation7,59,60. Furthermore, this study has important clinical

implications, offering new biomarkers and potential therapeutic targets for
the diagnosis, treatment, and prognosis assessment of GC.

On a clinical level, this study proposes targeted treatment strategies
against the pathways related to CAFs and TREM2+LAM, which may
facilitate the development of new drugs and innovative treatment approa-
ches. Given the roles of CAFs andTREM2+LAM in tumor immune escape,
therapies directed at them could enhance the treatment outcomes of GC
patients, especially those resistant to conventional treatments. However,
extensive clinical trials are needed for the safe and effective validation of
these findings.

Nevertheless, this study has some limitations. While scRNA-seq and
bulk RNA-seq can provide abundant molecular information, further
bioinformatics analysis and experimental verification are required. In
addition, although in vitro experiments and animal models can mimic
human diseases, they may not fully replicate the complexity of the human
body’s internal environment.Moreover, the complexity of the TME implies
that CAFs and TREM2+LAM may have other undiscovered mechanisms
of action.

Future research prospects should encompass amore extensive analysis
of clinical samples to validate the universality and clinical relevance of our
findings. Furthermore, inhibitors targeting the CXCL12/CXCR4 pathway
have shown promise in other types of cancers, suggesting potential
exploration of these inhibitors in GC treatment. Lastly, deeper investigation
into the differences between CAFs and TREM2+LAM in different types of
GC may reveal more precise therapeutic targets, thereby advancing perso-
nalized medicine.

In conclusion, our study provides a detailed analysis of the roles played
by CAFs and TREM2+ LAMs within the GC TME. The interactions
between these cell types through the CXCL12-CXCR4 signaling pathway are
shown to critically enhance the immunosuppressive environment, facilitat-
ing tumor growth and metastasis. Our findings underscore the pivotal role
of these interactions in modulating immune responses and suggest that
disrupting this axis could offer a novel therapeutic strategy for GC.

Wehavedemonstrated that theCXCL12-CXCR4pathway isnot only a
crucial mediator of communication between CAFs and TREM2+ LAMs
but also a potential target for therapeutic intervention. Targeting this
pathway could disrupt the supportive tumor network, potentially leading to
improved responses to existing treatments and better clinical outcomes.
This study contributes significantly to the understanding of GC’s com-
plexity and highlights the importance of targeting specific molecular

Fig. 9 | Molecular mechanisms of GC growth and
metastasis involving CAFs and TREM2+LAM.
The tumor microenvironment (TME) is illustrated
as a dynamic interface involving cancer-associated
fibroblasts (CAFs), lipid-associated macrophages
(TREM2+LAM), CD8+ T cells, and tumor cells.
CAFs secrete CXCL12, which interacts with CXCR4
expressed on TREM2+LAM, promoting their
immunosuppressive phenotype via lipid
metabolism-related factors (FABP4/5). TREM2+-
LAM express CD206 and inhibit CD8+ T cell
activity by reducing TNF-α secretion, creating an
immunosuppressive microenvironment. This
interaction enhances tumor proliferation, migra-
tion, invasion, and resistance to apoptosis. Meta-
static dissemination to secondary sites, such as the
lungs, is facilitated by these TME-driven processes.
The diagram emphasizes the CXCL12-CXCR4 axis
as a critical mediator in CAF and TREM2+LAM
crosstalk.
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interactions within the TME as a promising approach in cancer therapy.
Future research should focus on developing targeted therapies that can
inhibit these critical interactions, with the potential to transform the ther-
apeutic landscape for GC patients.

Materials and methods
Clinical sample collection
Our study collected cancer tissue samples from 35 patients undergoing GC
therapy in our hospital between January 2022 and December 2022. Tissue
samples taken 2 cm from the cancerous lesion were chosen as controls. The
clinical information of these patients is detailed in Table S2. Postoperative
specimens were examined by two pathologists who diagnosed them as GC
based on morphology and immunohistochemical results, including the
expression of markers such as HER2 and Ki-67. None of the patients had
received any anti-tumor treatments such as radiotherapy or chemotherapy
before surgery, and they had no significantmedical history of other diseases
before the operation. After tissue resection, specimens were immediately
frozen in liquid nitrogen and stored at –80 °C. All patients had read and
signed informed consent forms before surgery. The experiment was
approved by the ethics committee and strictly followed the Helsinki
Declaration61,62.

scRNA-seq
Three samples, each of tumor and adjacent normal tissue, fromGCpatients
were collected. Clinical details of these patients are provided in Table S2.
Samples 4, 5, and 6 were used for scRNA-seq extraction and sequencing.
The tissue samples were cut into small pieces and then digested in RPMI-
1640 at 37 °C for 30min using 1mg/mL of Type IV collagenase (17104019,
Thermo Fisher, USA) and 50 µg/mL of DNase I (10104159001, Roche,
Germany). Following digestion, the tissue underwent filtration through a
70 µm cell strainer to obtain a single-cell suspension, followed by treatment
with trypsin. Single cells were captured using the C1 Single-Cell Auto Prep
System (Fluidigm, Inc., South San Francisco, USA).Once captured, the cells
were lysed within the chip to release mRNA, followed by reverse tran-
scription to generate cDNA. The lysed and reverse-transcribed cDNA
underwent pre-amplification within a microfluidic chip for subsequent
sequencing. The amplified cDNA was used for library construction and
subjected to scRNA-seq on the HiSeq 4000 Illumina platform (parameters:
paired-end reads, read lengths of 2 × 75 bp, ~20,000 reads per cell)63.

Data analysis was conducted using the “Seurat” package in R software.
Data were quality-controlled based on the criteria of 200 < nFeature_-
RNA< 5000 and percentage of mitochondrial genes <20, with the top 2000
highly variable genes selected for further analysis64.

To reduce the dimensionality of the scRNA-seq dataset, we performed
principal component analysis (PCA) based on the top 2000 highly variable
genes. The top 20 principal components (PCs)were chosen for downstream
analysis using the Elbowplot function in Seurat. Cell subpopulations were
identified using the FindClusters function with a default resolution setting
res=1. Subsequently, nonlinear dimensionality reductionwas performed on
the scRNA-seq data using the t-SNE algorithm. Markers for various cell
subpopulationswere selected using the Seurat package, and cell annotations
were performed using the “SingleR” package65.

Cell-cell communication analysis was carried out using the “CellChat”
package in R. Differentially expressed genes (DEGs) within the scRNA-seq
dataset were identified using the “Limma” package in R. DEGs between
normal andGC sampleswerefiltered based on the criteria |logFC| > 0.5 and
adjusted P-value < 0.0566.

Bulk RNA extraction and sequencing
Three samples each of tumor tissue were collected from GC patients with
GC and adjacent normal tissue. The clinical information of these patients is
presented in Table S2. Samples 1, 2, and 3 underwent bulk RNA extraction
and sequencing using Trizol reagent (15596026, Invitrogen, Carlsbad,
California, USA) for total RNA isolation. The concentration and purity of
RNAsampleswere determined using anAgilent 2100 bioanalyzer (G2939B,

Agilent, USA). Total RNA samples meeting the following criteria were
selected for subsequent experiments: RNA Integrity Number (RIN) ≥ 7.0
and 28S:18S ratio ≥ 1.5. Sequencing libraries were generated and sequenced
by CapitalBio Technology in Beijing, China. Each sample utilized 5 μg of
RNA. In brief, the Ribo-Zero™ magnetic bead kit (MRZB12424, Epicentre
TechnologiesCorp,USA)was employed to deplete ribosomalRNA (rRNA)
fromtotalRNA.TheNEBNextUltraRNALibraryPrepKit (#E7775S,NEB,
USA) was used for Illumina library construction. Subsequently, RNA was
fragmented into ~300 base pair (bp) fragments, followed by first-strand
cDNA synthesis using reverse transcriptase primers and random primers,
and second-strand cDNA synthesis in the presence of dUTPMix (10×) as a
buffer. The cDNA fragments underwent end repair, including poly-
adenylation and sequencing adapter ligation. After connecting Illumina
sequencing adapters, the second cDNA strandwas digested using theUSER
enzyme (#M5508, NEB, USA) to construct strand-specific libraries. The
libraryDNAwas thenamplified, purified, and enrichedbyPCR. Subsequent
library identificationwasperformedusing theAgilent 2100bioanalyzer, and
quantification was carried out using the KAPA Library Quantification Kit
(KK4844, KAPA Biosystems). Finally, paired-end sequencing was con-
ducted on the NextSeq CN500 (Illumina) sequencer, achieving an average
sequencing depth 50x67,68.

Quality control of sequencing data and analysis of differential
gene expression
The quality of paired-end reads of the raw sequencing data was assessed
using FastQC software (v0.11.8). Preprocessing of the raw data was con-
ducted with Cutadapt software (1.18) to remove Illumina sequencing
adapters and poly(A) tail sequences. Reads with anN content exceeding 5%
were filtered out using a Perl script. Reads with a base quality of over 20 and
covering at least 70% were extracted using the FASTX Toolkit software
(0.0.13). The BBMap software was employed to repair the paired-end
sequences. Subsequently, the aligned, high-quality reads fragments were
mapped to the hg38 reference genome provided by Gencode using the
hisat2 software (0.7.12). Based on high-throughput bulk RNA-seq data,
differential gene expression analysis was performed using the R software
“Limma” package with thresholds of |log2FC| > 2 and P-value < 0.05 to
identify DEGs. The “heatmap” package in R was used to visualize the
expression of DEGs, the “ggplot2” package for generating volcano plots of
differential genes, and the “clusterProfiler” package for GO and KEGG
enrichment analysis. Furthermore, the abundance of immune and cancer
cells in malignant tumors was evaluated using EPIC database
methodology69,70.

Data download and analysis of public databases
The RNA sequencing data and corresponding clinical pathology data were
downloaded from the TCGA project for GC (TCGA-STAD). The gene
expression levels for all samples were extracted and quantified using
Transcripts Per Million (TPM) as the standardization method. Subse-
quently, the TPM data of each sample were uniformly integrated to ensure
consistency across the dataset.We retrieved the gene set related to the “Lipid
Metabolic Process” pathway from the GeneCards database (https://www.
genecards.org/). The top 20 genes rankedbyRelevance scorewere visualized
using GraphPad software71.

Construction and cultivation of in vitro cell models
Human GC cell line MKN-45 (CL-0292), human embryonic lung fibroblast
cell lineMRC-5 (CL-0161), humanmonocyte cell lineTHP-1 (CL-0233), and
humanT-cell leukemia cell line 6T-CEM(CL-0008)were all purchased from
Procell Life Science&TechnologyCo., Ltd (Wuhan, China). These cells were
cultured in DMEMmedium (11965092, Gibco, USA) containing 10% FBS,
10 μg/mL streptomycin, and 100 μ/mL penicillin. THP-1 cells were cultured
in RPMI-1640 medium (A1049101, Gibco, USA) supplemented with 10%
FBS and 1% penicillin/streptomycin. HEK293T cell line was obtained from
ATCC (CRL-3216) and cultured in DMEM medium (11965092, Gibco,
USA) with 10% FBS, 10 μg/mL streptomycin, and 100U/mL penicillin. All
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cells were maintained in a humidified incubator at 37 °C with 5% CO2

(Heracell™ Vios 160i CO2 Incubator, Thermo Scientific™, Germany) and
passaged when reaching 80–90% confluency72.

When the density of THP-1 monocytes reached 1.0 × 105 cells/cm2,
50 nM phorbol-12-myristate-13-acetate (PMA; HY-18739, MedChemEx-
press,USA)was added, and the cellswere incubated in cell culture chambers
with transwell inserts (0.4 μmpore size; CLS3412,Corning,USA) for 48 h to
establish a co-culture system. This setup allows for the investigation of
paracrine signaling and cellular interactions between different cell types,
which can influence the differentiation ofmonocytes intoM0macrophages
and better mimic the in vivo microenvironment. Subsequently, the mac-
rophages were treated with LPS (100 ng/mL, HY-P7025A, MedChemEx-
press) and IL-4 (20 ng/mL,HY-P70445,MedChemExpress) for 24 h each to
polarize into M1 and M2 macrophages, respectively (Fig. S9A), for down-
stream experiments73–75.

ConstructionofTREM2-KOcellsusingCRISPR/Cas9technology
TREM2-KO cells were generated using the CRISPR/Cas9 technology with
the following sgRNAs: TREM2-sgRNA1: 5′-AGTAA-
GATGAGCAGCCGGAG-3′ (PAM: AGG); TREM2-sgRNA2: 5′-CAT-
AGGGGCAAGACACCTGC-3′ (PAM: AGG). The sgRNAs were inserted
into the Lenti-CRISPR v2 vector containing the Streptococcus pyogenes
Cas9 nuclease gene (HanHeng Biotech (Shanghai) Co., Ltd, Shanghai). M2
macrophages were transduced with the lentiviral Lenti-CRISPR v2 vector,
and the CRISPR/Cas9 editing system was utilized to generate TREM2-KO
cells.Cellswere selectedusing 4 μg/mLpuromycin (A1113803,Gibco,USA)
post transfection with sgRNA plasmids and donor sequences. Single cells
surviving the limiting dilution were screened through RT-qPCR and
Western blot to identify TREM2-KOcells, whichwere further confirmed by
DNA sequencing and stored at –80 °C for future use. Cell groups included:
(1) TREM2-WT group: M2 macrophages with wild-type TREM2; (2)
TREM2-KO group: M2 macrophages with knocked-out TREM276,77.

Construction of overexpression lentiviral vectors and cell
transfection
Packaged virus and target vectors were co-transfected into HEK293T cells
using Lipofectamine 2000 (11668-500, Invitrogen, USA) until cell con-
fluence reached 80–90%. After 48 h of cell culture, the supernatant was
collected, filtered and centrifuged to remove cell debris, yielding virus par-
ticles in the supernatant. The virus was harvested at the logarithmic growth
phase, and the virus titer was determined. The overexpression lentivirus,
constructed and packaged by Genechem (Shanghai), contained the LV-
TREM2 gene for overexpression. M2-type macrophages were grown to the
logarithmic phase, dissociated with trypsin into a cell suspension of 5 × 104

cells/mL, and then seeded in 6-well plates with 2mL per well. Prior to
establishing the in vitro cell model, different lentiviruses (MOI = 10, virus
titer 1 × 108 TU/mL) were added to the cell culture medium and incubated
for 48 h. Stable cell lines were selected using 2 μg/mL puromycin (UC0E03,
Sigma-Aldrich, Germany) over two weeks.

The cell transfection groupswere as follows: (1) oe-NCgroup:M2-type
macrophages were transfected with lentivirus constructed using oe-NC
vector; (2) oe-TREM2 group: M2-type macrophages were transfected with
lentivirus constructed using oe-TREM2 vector. After 48 h of transfection,
RNA and protein levels were examined to confirm knockdown efficiency.
Plasmids involved in the study were designed and synthesized by
Guangzhou Ruibo Biotechnology Co., Ltd78.

Preparation of conditioned medium (CM)
The preparation steps for CM are as follows: 1. Cultivate MKN-45 and
MRC-5 cells until they reach 80%confluency. 2. Rinse the cell culture dishes
twicewith PBS. 3. Add 10mLofDMEMcontaining 1%FBS and incubate at
37 °C for 48 h. 4. Collect the medium, centrifuge to remove cell debris, and
harvest the supernatant. 5. Store CM at –80 °C to prevent repeated freeze-
thaw cycles. 6. When treating specific cells, mix CM with the complete
medium in a2:1 ratio and incubate at 37 °C for 48 h79. TAMsare obtainedby

treatingM0 cells with CMderived fromMKN-45, while CAFs are obtained
by treating MRC-5 cells with CM fromMKN-45. Subsequently, TAMs are
produced by treating M0 cells with CM derived from CAFs (using CM
generated fromCAFs to treat TAMs) (Fig. S9B). For experiments involving
blockade of the CXCL12/CXCR4 signaling axis, 300 μg/mL of CXCL12
antibody (AF-310-NA, R&D Systems, USA) or IgG (1-001-A, R&D Sys-
tems, USA) as a control is added to CAF-CM and incubated for 1 h. The
treated medium is then used to stimulate M0 cells to obtain TAMs with
CXCL12 Ab (TAMs treated with CXCL12 neutralizing antibody based on
CAF-CM) and TAMs with IgG Ab (TAMs treated with IgG neutralizing
antibody on the basis of CAF-CM) (Fig. S9C). Subsequently, CM fromM0,
TAMs,TAMswithCAF, aswell as TAMswithCXCL12AbandTAMswith
IgG Ab is further collected following the same procedure (Fig. S9D)79–82.

Cell coculture
Transwell cell culture inserts (0.4 μm, CLS3412, Corning, USA) were uti-
lized for coculture assays. In investigating the effect of TREM2 on T cells,
T cells (6T-CEM) were seeded in the upper chamber of Transwell inserts
(105 cells per well), while TREM2-WT, TREM2-KO, oe-NC, or oe-TREM2
M2 cells were seeded in the lower chamber of the Transwell inserts (5 × 104

cells per well). For evaluating the impact of TREM2 on GC cells, GC cells
(MKN-45) were seeded in the upper chamber of Transwell inserts (105 cells
per well), and TREM2-WT, TREM2-KO, oe-NC, or oe-TREM2 M2 cells
were seeded in the lower chamber of the Transwell inserts (5 × 104 cells per
well). Cells were harvested for subsequent analysis after 48 h. The groups
were categorized as follows: (1) TREM2-WT: coculture of wild-type M2
macrophages with 6T-CEM/MKN-45 cells; (2) TREM2-KO: coculture of
M2macrophages lacking TREM2with 6T-CEM/MKN-45 cells; (3) oe-NC:
coculture ofM2macrophages transfectedwith empty vectorwith 6T-CEM/
MKN-45 cells; (4) oe-TREM2: coculture of M2 macrophages transfected
with TREM2 plasmid with 6T-CEM/MKN-45 cells.

In investigating the crosstalk between GC cells, TAMs, and CAFs, GC
cells (MKN-45) were seeded in the upper chamber of Transwell inserts (105

cells per well), while normal DMEM, TAMs, TAMs+CAFs, and TAMs+
CAFs+CXCL12 Ab conditionedmedia were seeded in the lower chamber
of the Transwell inserts (5 × 104 cells per well). Cells were collected for
subsequent analysis after 48 h. The groups were categorized as follows: (1)
Control: coculture of MKN-45 with normal DMEM, serving as the control
group; (2) TREM2+LAM: coculture of MKN-45 with TAM-CM; (3)
TREM2+LAM+CAF: coculture of MKN-45 with TAM+CAF-CM; (4)
TREM2+LAM+CAF+CXCL12 Ab: coculture of MKN-45 with TAM
+CAF+CXCL12 Ab-CM83,84.

Hematoxylin and Eosin (H&E) staining
After air-drying the slide containing the tissue slice at roomtemperature, the
slide was fixed at room temperature for 30 s, washedwith 1× PBS for 2 s (or
rinsed with running water for 30 s in the case of FFPE tissue sections),
followed by staining with hematoxylin for 60 s. Subsequently, the slide was
washed with 1× PBS for 10 s and underwent differentiation with 1%
hydrochloric acid alcohol solution for 3 s, followedby another 2-swashwith
1× PBS. Eosin staining was performed for 3min, followed by consecutive
dehydration with 70%, 80%, 95% ethanol, and absolute ethanol for 5min
each85.

Immunohistochemistry staining
Following fixation, tissue sections were dehydrated in a graded alcohol
series, embedded in paraffin, and cut into 5 µm-thick slices. The slices were
baked at 60 °C for 20min, deparaffinized in xylene, with three changes of
xylene, each for 15min, hydrated in absolute alcohol for 5min, followed by
another change of absolute alcohol and 5min of hydration, then sequen-
tially hydrated in 70% and 95% alcohol for 10min each. Each slice was
treatedwith 3%H2O2and left to incubate at roomtemperature for 10min to
block endogenous peroxidases. Subsequently, antigen retrieval was per-
formed by heating the sections in a citrate buffer in a microwave for 3min,
followed by incubation at room temperature for 10min; PBS washes were
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repeated thrice. Normal goat serum blocking solution (C-0005, Haoran
Biotechnology, Shanghai, China) was applied onto tissue sections and
incubated at room temperature for 20min. The sections were then incu-
bated overnight at 4 °C with a mixture of primary antibodies: rabbit anti-
CD3 (ab16669, 1:1000, Abcam), rabbit anti-CD8 (ab217344, 1:1000,
Abcam), rabbit anti-CD31 (ab182981, 1:1000, Abcam), rabbit anti-CD206
(ab64693, 1:1000, Abcam), rabbit anti-CXCL12 (ab155090, 1:1000,
Abcam), rabbit anti-CXCR4 (ab181020, 1:1000, Abcam). The next day, the
sections were incubated with goat anti-rabbit IgG (ab6721, 1:1000, Abcam)
secondary antibody for 30min, followed by 30min of incubation at 37 °C
with SABC(SA0041, Solarbio, Beijing,China) anddevelopmentwith aDAB
chromogenic agent (DA1010, Solarbio, Beijing, China) for 6min. Coun-
terstaining was performed with hematoxylin (C0107, Beyotime, Shanghai,
China) for 30 s. Dehydration was done by sequential immersion in 70%,
80%, 90%, and 95% ethanol for 2min each, followed by two changes of
absolute ethanol for 5min each, and finally mounted in neutral resin for
observation under a light microscope (BX63, Olympus, Japan). The
experiment was repeated three times. PBS was used instead of primary
antibody for negative control. Five different fields of view were selected for
quantitative analysis of IHC images. The number of cells with brown
staining signals in each field was counted as positive cells, and the total
number of cells in each field was recorded. The percentage of positive cells
was calculated as follows: positive cell percentage = (number of brown-
stained cells/total cell count) × 100%86.

Immunofluorescence staining
Cell-containing slides were fixed in 4% PFA (catalog number: P0099,
manufacturer: Biyuntian) for 30min, followedbyblockingwith0.3%Triton
X-100 and 5%BSA for 1 h For single staining, primary antibodies usedwere
rabbit anti-TREM2 (K009576P, 1:500, Solarbio, Beijing), rabbit anti-CD68
(ZRB1427, 1:500, Merck, USA), and rabbit anti-APOE (ab227993, 1:500,
Abcam, UK) targeting Human and Mouse reactivity. These primary anti-
bodieswerediluted in ablockingbuffer and incubatedovernight at 4 °C.The
secondary antibody mix was prepared by diluting Alexa Fluor® 568-
conjugated goat anti-rabbit antibody (ab175471,Abcam,UK),Alexa Fluor®
488-conjugated goat anti-rabbit antibody (ab150077, Abcam, UK), and
Alexa Fluor® 647-conjugated goat anti-rabbit antibody (ab6940, Abcam,
UK) at 1:1000 ratio. Incubationwas carried out at room temperature for 1 h,
followed by DAPI staining.

For double staining, primary antibodies used were mouse anti-CD68
(ab955, 1:50, Abcam, UK), rabbit anti-CD86 (ab239075, 1:100, Abcam,
UK), mouse anti-CD163 (ab156769, 1:100, Abcam, UK), and goat anti-
TREM2 (ab223684, 10 µg/mL, Abcam, UK) targeting Human reactivity.
Primary antibodies were diluted according to recommended ratios, and
Trem2primary antibodywasmixed in a 1:1 volume ratiowithCD68,CD86,
or CD163 primary antibodies. Cell-containing slides were incubated over-
night at 4 °C in the diluted primary antibody mixture. After washing three
times in PBS, the secondary antibody mix was prepared at a 1:500 dilution,
consisting of Alexa Fluor® 488-conjugated goat anti-rabbit antibody
(ab150077, Abcam, UK), Alexa Fluor® 488-conjugated goat anti-mouse
antibody (ab150113, Abcam, UK), and donkey anti-goat Alexa Fluor® 647-
conjugated antibody (ab150135,Abcam,UK). Incubationwas carriedout at
room temperature for 1 h. Details of antibodies are shown in Table S3.

Finally, slides or tissue sectionswerewashed three times inPBS. Images
were captured using confocal laser scanning microscopy (CLSM; LSM 510
META, Carl Zeiss AG). Five random fields were selected for analysis, and
the ImageJ software was utilized to count the number of fluorescently
labeled cells (positive cells) and total cells stained with DAPI in each field.
The percentage of positive cells was calculated as follows: Positivity rate =
(number of positive cells/total number of cells) × 100%87.

Detection of cell lipid deposition using BODIPY staining
Cultured cells were seeded at a density of 1 × 106 cells on confocal culture
dishes and allowed to reach 60% confluency. Subsequently, they were fixed
in 95% anhydrous ethanol for 15min and washed with cold PBS.

Approximately 500 μL of paraformaldehyde was added to each well and
incubated at room temperature for 10–15min. After two washes with PBS
and removal of excess liquid, the cells were stained with BODIPY 493/503
(1 μg/mL, HY-D1614, MedChemExpress) in the dark for 15min at room
temperature. Following two washes with PBS, the cells were co-incubated
withDAPI at room temperature for 15min and thenwashed. Subsequently,
the cells were observed under a confocal laser scanning microscope (LSM
700; Carl Zeiss, Oberkochen, Germany) within 30min of slide sealing. Five
random fields of view were selected for lipid deposition analysis using
ImageJ software to quantify the number of cells emitting fluorescent signals
(positive cells) and the total number of DAPI-stained cells. The percentage
of positive cells was calculated as the ratio of positive cell count to total cell
count multiplied by 100%88.

RT-qPCR detection of target gene expression
Total RNA was extracted using a Trizol reagent following the man-
ufacturer’s instructions. The RNA was then reverse-transcribed to
cDNA using the PrimeScript RT reagent Kit. The synthesized cDNA
was subjected to RT-qPCR analysis using the Fast SYBR Green PCR
kit, with each well set up with three replicates. GAPDH was used as
the internal control, and relative expression levels were calculated
using the 2–ΔΔCt method. The experiment was repeated three times.
The primer sequences used for RT-qPCR in our study are shown in
Table S4 and were synthesized by Takara89.

Western blot
The RIPA lysis buffer containing PMSF (P0013B, Beyotime, Shang-
hai, China) was added for tissue and cell extraction to extract total
proteins. The protein extraction utilized a kit (P0028, Beyotime,
Shanghai) following the manufacturer’s instructions. The supernatant
was quantified using the BCA assay kit (P0011, Beyotime, Shanghai)
to determine the total protein concentration in each sample. Protein
concentration was adjusted to 1 μg/μL, with each sample volume set
at 100 μL. Subsequently, samples were boiled for 10 min to denature
the proteins and stored at –80 °C for later use.

An 8%–12% SDS gel was prepared based on the size of the target
protein bands. Equal amounts of protein sampleswere loaded into each lane
using amicropipette for electrophoresis separation. Proteins on the gel were
then transferred onto a PVDFmembrane (1620177, BIO-RAD, USA). The
membrane was blocked with 5% BSA at room temperature for 1 h. Rabbit
anti-TREM2 (ab305103, 1:1000, Abcam), rabbit anti-TREM2 (ab209814,
1:1000, Abcam), rabbit anti-CXCL12 (ab155090, 1:1000, Abcam), rabbit
anti-CXCR4 (ab181020, 1:1000, Abcam), rabbit anti-FABP5 (ab255276,
1:1000, Abcam), and rabbit anti-FABP4 (ab92501, 1:1000, Abcam) were
added and incubated overnight at 4 °C. Subsequently, the membrane was
washed thrice with 1× TBST buffer at room temperature for 5min each
time. HRP-conjugated goat anti-rabbit IgG (ab6721, 1:1000, Abcam) sec-
ondary antibodywas added and incubated at room temperature for 1 h. The
membranewas washed thrice with 1×TBST buffer at room temperature for
5min each time. The membrane was then immersed in ECL reagent
(1705062, BIO-RAD, USA) and incubated at room temperature for 1min.
Excess liquid was removed, and the membrane was covered with plastic
wrap. Band exposure was performed using the ImageQuant LAS 4000C gel
imaging system (GEHealthcare, USA). Cell total proteins were normalized
using GAPDH (ab181602, 1:10,000, Abcam) or Vinculin (ab129002,
1:10,000, Abcam) as internal controls. The relative protein expression levels
were calculated by comparing the grayscale values of the target bands with
the reference bands todetect the expression levels of various proteins90. Each
experiment was repeated three times. All theUncropped and unedited blot/
gel images can be found at Figs. S10–S25.

Enzyme-linked immunosorbent assay (ELISA)
An ELISA was conducted following the manufacturer’s instructions. In
brief, MKN-45 human GC cells were seeded at an appropriate concentra-
tion of 2 × 104 to 1 × 105 cells in a 96-well plate and incubated for 24 h.
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Subsequently, the cell culture medium was removed and replaced with an
equal volume of serum-free DMEM. After 24 h, the supernatant was col-
lected and filtered through a 0.45 μm filter to remove any suspended cells.
The secretion of IL-10 (88-7106-88, Invitrogen, USA), IL-6 (EH254RB,
Invitrogen, USA), CD206 (EH329RB, Invitrogen, USA), and CXCL12
(EHCXCL12A, Invitrogen, USA) in the cell culture supernatant was
quantified using a human ELISA kit80.

CCK-8 and cell proliferation detection in plate cloning
The CCK-8 assay kit (Beyotime, C0037, Shanghai, China) was utilized to
assess cell proliferation. MKN-45 human GC cells from different growth
phaseswere taken, and their concentrationwas adjusted to 5 × 104 cells/mL.
Subsequently, they were seeded into a 96-well culture plate, with each well
receiving 100 μL of cell suspension. The plate was then placed in an incu-
bator for 48 h, followedby the rapid removal of the supernatant.Next, 10 μL
of CCK-8 solution was added to each well, and the plate was incubated at
37 °C for 2 h. The absorbance at 450 nm (A) was measured using a Mul-
tiskan FC microplate reader (Thermo Fisher, 51119080, USA). Three
replicate wells were set up for each group, and the average was calculated.

For the plate cloning experiment, cells in the exponential growth phase
were taken and passaged using standard digestionmethods to achieve a cell
suspensionwith over 95% single cells. The cells were counted and diluted to
an appropriate concentration with a culture medium, and then 5mL of cell
suspension containing 100 cells per dish was seeded into a culture dish
(diameter 60mm). The dish was gently rocked in a crisscross manner to
disperse the cells evenly. The dish was then incubated at 37 °Cwith 5%CO2

for 2–3 weeks. Upon visible clone formation in the dish, the culture was
terminated, the medium was discarded, and the dish was rinsed twice with
PBS and air-dried. The cells were fixed with methanol for 15min, air-dried
after methanol removal, stained with Giemsa solution for 10min, rinsed
slowly under running water to remove excess dye, and air-dried. Clones
containing more than 10 cells were counted with the naked eye or under a
microscope (low magnification). The clone formation rate was calculated
using the formula: Clone formation rate = (number of clones/number of
seeded cells) × 100%91,92.

Wound healing experiment
The processed test MKN-45 human GC cells were separately seeded in a
6-well platewith a cell density of 70–90%.Aclear visible scratchwasmade in
the plate using a 200 μL pipette tip. The cells were washed to remove
detached cells, followed by the addition of a fresh culture medium. Incu-
bation took place at 37 °C and 5% CO2, with the initial scratch situation
recorded at 0 h. Observation and photography were conducted using an
inverted microscope (CKX53, Olympus, Japan). At 24 h, the scratch was
observed and photographed again using the samemicroscope. The width of
the scratch was measured using image processing software (ImageJ) to
calculate the distance of cell migration93.

Detection of MKN-45 human GC cell migration and invasion
through transwell assay
ECM gel (E1270, Sigma-Aldrich, Germany) was added to the upper
chamber of a 24-well Transwell plate (8 μm) and then incubated at 37 °C
for 30min to allow gel solidification. Cells treated under different con-
ditions were collected and resuspended in a serum-free culturemedium to
105 cells/mL. Subsequently, 200 μL of cell suspension (2 × 104 cells/well)
was added to each upper chamber, while 800 μL of culture medium
containing 20% FBS was added to the lower chamber. After incubation at
37 °C for 24 h, the Transwell plate was removed, washed twice with PBS,
fixed with formaldehyde for 10min, and then rinsed thrice with water.
The cells were stained with 0.1% crystal violet, incubated at room tem-
perature for 30min, andwashed twicewith PBS, and the cells on the upper
surface were wiped off with a cotton ball. The invaded cells were photo-
graphed using an inverted microscope (CKX53, Olympus, Japan). Cell
counting and analysis of the invasion capability of cancer cells were per-
formed using ImageJ software. For the migration assay, the Transwell

plate was used without ECM gel coating, while all other steps were con-
sistent with the invasion assay. At least four random microscopic fields
were selected for cell counting in each experiment94,95.

Flow cytometry analysis
After centrifugation and washing with PBS, the corresponding antibodies
were added to the respective cell samples: FITC anti-CD68 (333805, 1:500,
BioLegend, USA), PE anti-CD3 (ab22268, 1:1000, Abcam, Shanghai,
China), FITC anti-TREM2 (ab236286, 1:1000, Abcam, Shanghai, China),
FITC anti-CD44 (ab27285, 1:1000, Abcam, Shanghai, China), and FITC
anti-CD69 (310903, 1:1000, BioLegend, USA). The samples were then
incubated at 4 °C in the dark for 30min at 1500 rpm, followed by cen-
trifugation for 5min to identify macrophage populations, T cells, TREM2,
CD44, and CD69. Subsequently, 100 μL of fixative solution was added
intracellularly, followed by a 10-min staining at 4 °C and a centrifugation at
1500 rpm for 5min to discard the supernatant. Then, 100 μL of cell lysis
buffer was added, and the samples were incubated at 4 °C for 10min. Fol-
lowing a PBS wash, the following antibodies were added: FITC anti-CD86
(ab77276, 1:500, Abcam, Shanghai, China), FITC anti-CD80 (ab62635,
1:500, Abcam, Shanghai, China), FITC anti-CD206 (C068C2, 1:300,
Elabscience, USA), FITC anti-CD4 (ab269349, 1:200, Abcam, Shanghai,
China), andFITCanti-CD8 (ab22504, 1:500,Abcam,Shanghai,China).The
samples were then incubated in the dark at 4 °C for 30min. Cells were
centrifuged at 1500 rpm for 5min to remove unbound antibodies, resus-
pended in 100 µL PBS, and analyzed using the FACScan flow cytometry
system (Becton Dickinson, San Diego, CA, USA)96,97.

Flow cytometry was employed to detect cell apoptosis. In brief, tumor
cells (1 × 105/well) were collected and washed in chilled PBS. The cells were
then stained with 5 μL of Annexin-V and 5 μL of Propidium Iodide (PI) in
the dark for 15min using the detection kit (APOAF-20TST, Sigma-Aldrich,
USA). Subsequently, the pellet was resuspended in 400 μL of binding buffer
provided in the kit. The stained cells were analyzedusing a flow cytometer98.
Cells in the upper right quadrant with the phenotype Annexin V+PI+

represent late apoptotic cells; cells in the lower right quadrant with the
phenotype Annexin V+PI- represent early apoptotic cells; cells in the upper
left quadrant with the phenotype Annexin V-PI+ represent necrotic cells;
and cells in the lower left quadrant with the phenotype Annexin V-PI-

represent live cells99.

Establishment of the C57BL/6J nude model
The experimental procedures and animal usage protocols have been
approved by the Institutional Animal Ethics Committee (Approval No:
SCUAH-2022026). A total of 40 eight-week-old male C57BL/6J nude mice
(219, Vital River Laboratory Animal Technology Co., Ltd, Beijing, China)
were housed. The mice, weighing 20–24 g, were maintained under non-
pathogenic conditions (26–28 °C, 50–65% humidity).

Forty nude mice were selected, and 1 × 107 human GC cell line MKN-
45 cells were subcutaneously injected into the dorsal subcutaneous tissue of
each mouse. After 2 weeks of inoculation, the mice with established sub-
cutaneous tumor tissues were randomly divided into 5 groups (each com-
prising 8 mice): 1. GCmodel group: for subsequent scRNA-seq studies, the
mice were kept, and the tumor tissue was aseptically excised along with
adjacent normal tissue. 2.Control group: intravenous tail injectionof 1 × 107

MKN-45 cells for assessing the interactions between GC cells, TAMs, and
CAFs. 3. TREM2+LAM group: tail vein injection of 1 × 107 MKN-45 cells
treatedwithTAM-CM.4.TREM2+LAM+CAFgroup: tail vein injectionof
1 × 107 MKN-45 cells treated with TAM+CAF-CM. 5. TREM2+LAM
+CAF+CXCL12 Ab group: tail vein injection of 1 × 107 MKN-45 cells
treated with TAM+CAF+CXCL12 Ab-CM.

Upon the appearance of nodules resembling tumors subcutaneously,
the tumormeasurements were recorded every 4 days using a vernier caliper
to determine the long and short diameters and subsequently calculate the
volume. On the 32nd day, themice were euthanized, and the tumors, along
with lung tissues, were dissected, photographed, and weighed using an
electronic balance. The visible lung surface tumors were counted, and the
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experimental datawere recorded100. The tumorswere stored in cryovials and
preserved at –80 °C in the freezer.

Statistical analysis
All data were processed using SPSS 22.0 statistical software (SPSS, Inc.,
Chicago, IL, USA) and GraphPad Prism 7.0. Continuous variables were
expressed as mean ± standard deviation (Mean ± SD), and comparisons
between two groups were conducted using independent t-tests. One-way
analysis of variance (ANOVA) was employed for comparisons among
multiple groups. The homogeneity of variances was assessed using the
Levene test. If homogeneity was met, Dunnett’s t and least significant dif-
ference (LSD) post-hoc tests were used for pairwise comparisons. If var-
iances were unequal, Dunnett’s T3 test was applied. A significance level of
P < 0.05 indicated statistical significance in the comparisons between the
two groups.

Data availability
The sequencing data generated in this study have been deposited in the
NCBI repository under BioProject ID PRJNA1181929 with the following
accession numbers for each dataset: Single-cell RNA sequencing data:
Control group: SRR31372926, SRR31372925, SRR31372922;Disease group:
SRR31372921, SRR31372920, SRR31372919. Bulk RNA sequencing data:
Control group: SRR31372918, SRR31372917, SRR31372916;Disease group:
SRR31372915, SRR31372924, SRR31372923.
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