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Abstract

Background M2-like tumor-associated macrophages (M2-like TAMs) play key roles in tumor progression and the immune
response. However, the clinical significance and prognostic value of M2-like TAMs-associated regulatory genes in gastric
cancer (GC) have not been clarified.

Methods Herein, we identified M2-like TAM-related genes by weighted gene coexpression network analysis of TCGA-STAD
and GSE84437 cohort. Lasso-Cox regression analyses were then performed to screen for signature genes, and a novel
signature was constructed to quantify the risk score for each patient. Tumor mutation burden (TMB), survival outcomes,
immune cells, and immune function were analyzed in the risk groups to further reveal the immune status of GC patients.
A gene-drug correlation analysis and sensitivity analysis of anticancer drugs were used to identify potential therapeutic
agents. Finally, we verified the mRNA expression of signature genes in patient tissues by qRT-PCR, and analyzed the
expression distribution of these genes by IHC.

Results A 4-gene (SERPINE1, MATN3, CD36, and CNTNT1) signature was developed and validated, and the risk score was
shown to be an independent prognostic factor for GC patients. Further analyses revealed that GC patients in the high-
risk group had a worse prognosis than those in the low-risk group, with significant differences in TMB, clinical features,
enriched pathways, TIDE score, and tumor microenvironment features. Finally, we used gRT-PCR and IHC analysis to verify
mRNA and protein level expression of signature genes.

Conclusion These findings highlight the importance of M2-like TAMs, provide a new perspective on individualized immu-
notherapy for GC patients.
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1 Introduction

Gastric cancer (GC) remains a highly prevalent and fatal malignancy with high prevalence and mortality rate. A total of
1.08 million patients are diagnosed with GC each year, with more than 770,000 deaths [1]. Although the level of clinical
diagnosis has improved and chemotherapy regimens have been enriched in recent years, the survival rate of gastric
cancer patients is still relatively low [2]. The pathogenesis of GC has not yet been elucidated, and there is a lack of effec-
tive means of treatment, resulting in an unpromising prognosis [3]. Therefore, the construction of new clinical predictive
signature and the study of gene expression related to GC are expected to understand the development of GC at the
molecular level fundamentally and to carry out targeted prevention and treatment.

The tumor microenvironment (TME) in the malignant transformation of gastric cells still needs to be further explored.
Among them, tumor-associated macrophages (TAMs) are considered to be key coordinators of tumorigenesis; play an
essential role in tumor development [4, 5]; represent the new identity of macrophages after tissue carcinogenesis; and
are differentiated into classical activation type (M1) and alternate activation type (M2). The TME is mainly characterized
by hypoxia and weak acidity, so TAMs most have the M2 phenotype at tumor sites. M2-like TAMs exhibit several protumor
effects: (1) suppression of the tumor immune response, especially T-cell-mediated cytotoxicity, (2) induction of tumor
angiogenesis, (3) facilitation of tumor migration, invasion and metastasis, and (4) enhancement of resistance to tumor
chemotherapy and radiation therapy [6-8]. Previous studies have emphasized that macrophages that are activated to
the M2 type promote proliferation, invasive metastasis, angiogenesis and drug resistance in GC tumour cells [7, 9]. In
addition, the degree of M2-like TAM infiltration in tumor tissue was observed to correlate with prognosis, and patients
with a high infiltration of highly expressed CD163 + M2-like TAMs had a low survival rate [10]. However, the prognosis of
GC patients is poor and heterogeneous, and there is an urgent need for effective therapeutic targets and more accurate
prognostic assessment methods. Therefore, exploring specific risk signatures associated with M2-like TAMs that can
identify GC cases and generate relevant personalized treatment regimens to improve efficacy is a promising strategy
for tumor immunotherapy.

Here, we used the weighted gene co-expression network analysis (WGCNA) of two transcriptomic datasets to screen
the central modules most associated with M2-like TAMs. Then, differential analysis, prognostic correlation analysis, and
LASSO-Cox regression were performed to obtain M2-like TAM-related genes with prognostic value; four of these genes,
SERPINE1, MATN3, CD36 and CNTN1, were screened as M2 macrophage-related prognostic markers. An M2-like TAM-
related risk signature was constructed and could be used to guide clinical use of drugs with important implications
for prolonging survival in GC patients. Patients were grouped into high- and low-risk groups according to the optimal
cut-off value (risk score =1.4). Our results demonstrate differences in the immune landscape and immune response in
high- and low-risk populations and indicate potentially effective anticancer agents for these populations. The flow chart
for this study is shown in Fig. 1.

2 Materials and methods
2.1 Data collection and processing

Sequencing profiles of GC tissues and normal tissues were obtained from The Cancer Genome Atlas (TCGA) database
and the GEO dataset GSE84437. Next, the TCGA-STAD dataset (containing clinical information and survival data of 443
GC patients) was employed for signature construction. Survival data for TCGA-STAD were extracted from UCSC Xena
database. Gene expression data were obtained by converting FPKM to TPM. The clinical information, gene expression
data and survival data for 433 GC patients in the GSE84437 dataset (the test set) were obtained and normalized using
the “GEOquery”R package [11].

2.2 Identification for M2-like TAM-related genes
The relative content of TAMs was calculated by the CIBERSORT algorithm using gene expression data [12]. The weighted

coexpression network was generated using the WGCNA method [13], and the expression data from GSE84437 and TCGA-
STAD were assessed to obtain the genes most associated with M2-like TAM content. Then, using the CIBERSORT results
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as the sample phenotype, outliers were excluded, and the network established with setting a suitable soft threshold
power (P) reaches the scale-free network standard. All genes were divided into several modules, and the modules with
higher similarity were merged using the “dynamic tree cutting” algorithm, and the minimum number of genes/module
was set to 50. Next, Pearson correlation analysis was conducted between modules and traits as a way to identify the
module most closely related to M2-like TAM content. Finally, module genes obtained from both datasets were extracted
and intersected to screen for M2-like TAM-related genes.

2.3 Establishment and validation of prognostic signature

To explore the prognostic role of M2-like TAM genes, a prognostic signature was constructed and validated. First,
univariate Cox regression analysis was used to screen prognosis-related candidate signature genes. Next, we further
filtered feature genes based on the “survival’, “glmnet”and “timeROC” packages for LASSO regression analysis. The patient
risk score was calculated based on the gene expression level and its corresponding coefficient according to the following
formula: Risk score = Y /'.’:1 [Coefﬁcient(i) * expression(i)}l’hen, the TCGA cohort's patients were separated into two groups,
high- and low-risk groups, according to the optimal cutoff of the risk score. Kaplan-Meier testing was applied using the
“survminer” R package for the high- and low-risk groups to assess the difference in survival rates between the two groups.
In addition, the “timeROC" R package was applied to plot ROC curves to assess the predictive stability of the signature
genes. Univariate and multivariate Cox regression analyses were performed to exclude the effects of multiple covariates
and to assess the performance of signature independent prognostic indicators. Pathway analysis was performed using
gene set enrichment analysis (GSEA) to identify pathways and biological processes involved in differential gene sets in
the high- and low-risk groups of the TCGA cohort [14]. The gene set alignment operation was performed 1,000 times in
each analysis, and FDR < 0.25 and p < 0.05 were used as screening criteria for significantly enriched marker gene sets
and KEGG pathways. Subsequently, in the set GSE84437, nomogram, calibration curves, and risk curves were plotted in
conjunction with clinical data and risk score to assess the prognostic signature for validation.

2.4 Collection and processing of somatic alteration data

Tumor mutation burden (TMB) was considered to be a marker for predicting response to tumor immunotherapy, and
those with high TMB responded better to immunotherapy [15]. Gene mutation data of GC patients were obtained from
TCGA database, and the genomic mutations in tumor samples were analyzed by using the R package “maftools” [16], and
the samples were grouped into two groups, labeled as low-TMB and high-TMB groups, using the median TMB value as the
cut-off point. The difference in survival rates between the two groups was then analyzed using the R package “survival”.

2.5 Risk signature-related immune landscapes

The CIBERSORT algorithm was used to analyze the proportion of 22 tumor-infiltrating immune cells in the high- and
low-risk groups as a way to assess and compare the composition of tumor-immune infiltrating cell types and differences
between groups [17]. The correlation between risk score of prognostic signature and common immune checkpoints was
also analyzed. TME score was performed by applying the ESTIMATE algorithm. Next, the Tumor Immune Dysfunction and
Exclusion (TIDE) score was used for analyzing the effectiveness of immunotherapy [18].

2.6 Drug correlation analysis and drug screening

To further explore more effective therapeutic targets and drugs, drug assay data from the CellMiner database were
employed to select antitumor agents for which sensitivity was significantly correlated with the expression of the risk
signature genes [19]. In addition, based on the GDSC database, the gene expression profile of GC samples, and the
information on risk groups, drug half-maximal inhibitory concentration (IC50) values were calculated via the R package
“pRRophetic” [20]. A lower IC50 value indicates that the drug has better therapeutic effect and anti-cancer sensitivity.

2.7 Clinical sample collection, mRNA and protein expression analysis of signature genes

GC tissues and normal paracancerous gastric tissues were collected from 13 GC patients in Xijing Hospital (Xi'an, China),
and all specimens were clearly diagnosed by pathological examination and the patients signed a written informed
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consent form. All methods were carried out in accordance with the institutional guidelines and regulations. The
expression of prognostic signature genes in the tissues was verified by gRT-PCR. Total RNA was extracted from fresh
tissues using Trizol reagent (Life Technologies), first-strand cDNA was synthesized according to Prime Script RT reagent
Kit (Invitrogen), and gRT-PCR was performed using Power SYBR™ Green PCR Master Mix (Invitrogen). The signature gene
primer sequences were in Additional file 1: Table S1. The 2-AACt method was used to calculate the relative expression
of target genes. And protein expression of M2-like TAMs signature genes in GC tissues was analyzed in the Human
Protein Atlas database (http://www.proteinatlas.org), which provides immunohistochemical micrographs of GC and
paired paracancerous tissues.

2.8 Statistical analysis

The R software version 4.0.3 and GraphPad Prism 8.3.0 were used for statistical analysis. Survival curves were compared
using the Kaplan-Meier method and Log rank test. p <0.05 was considered a statistically significant difference.

3 Results
3.1 Construction of WGCNA and identification of hub modules

To further illuminate the relationship between TAMs and prognostic survival in GC, WGCNA was performed for the
GSE84437 and TCGA-STAD cohorts. A scale-free network was constructed, and set the soft threshold power (B) to 9 for
GSE84437 (Fig. 2a), and the soft threshold power ((3) for TCGA analysis was set to 8 (Fig. 2c). Genes with similar expression
patterns were introduced into the same module by dynamic tree-cutting algorithm, making a hierarchical clustering
tree with different modules. Hierarchical clustering analysis was performed according to weighted correlation, and the
clustering results were segmented based on the set criteria to obtain 9 gene modules, respectively (Fig. 2b and d). Each
column of Fig. 2e and f presented the 2 tumor-infiltrating immune cells types, and each row presented the candidate
module with traits vector genes. For TCGA-STAD, it was worth mentioned that the turquoise module was highly correlated
with M2 Macrophages (Cor=0.25, p=4e-05, Fig. 2f) among 9 candidate modules. For GSE84437, the yellow module had
the strongest positive correlation with M2 Macrophages (Cor=0.28, p=4e-09, Fig. 2e) among 9 candidate modules.
Our primary concern was the M2 Macrophages, and so we fetched the genes in the turquoise and yellow modules for
further research.

3.2 Screening of prognostic signature genes

A total of 4436 and 2068 genes were integrated into the yellow and turquoise modules, respectively. The intersection
of the two modules was determined, and 977 candidate M2-like TAM-related genes were screened and visualized by a
Venn diagram (Fig. 3a). Among these M2-like TAM-associated candidate genes, there were 325 differentially expressed
genes (Fig. 3b, Table S2), of which 86 were downregulated and 239 were upregulated (FDR < 0.05, |log2FC| > 1). We
then further analyzed the prognostic valence of the candidate genes by mining the expression data in the TCGA-STAD
dataset. Initially, the results showed that 119 genes were associated with GC prognosis by univariate Cox regression
analysis (Figure S1). Finally, further screening variables were analyzed by LASSO regression, and 4 signature genes were
obtained (Fig. 3c and d): SERPINE1 (serpin family E member 1), MATN3 (matrilin 3), CD36 (CD36 molecule), and CNTN1
(contactin 1). Differences in clinicopathological features and gene expression profiles between two clustered subgroups
visualized by heatmap (Fig. 3e).

3.3 Construction of a signature based on M2-like TAM-related genes

The risk score for all samples were calculated by the expression levels of signature genes
and correlation coefficients in the TCGA-STAD dataset. Construction of a risk score signature:
Risk score = (0.10748076*SERPINE1) + (0.08583133*MATN3) + (0.02872120*CD36) + (0.03888511*CNTN1). GC patients
were grouped into high- and low-risk groups according to the optimal cut-off value (risk score = 1.4) (Fig. 4a). The results
showed higher overall survival (OS) in the low-risk group than in the high-risk group (Fig. 4b), and similarly, DFS, PFS and
DSS analyses showed a poorer overall prognosis in the high-risk group (Figure S2a-c). The ROC curve used to evaluate
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Fig.2 Establishment of the networks via WGCNA. a, ¢ The optimal soft threshold power () of GSE84437 was set to 9, and the soft threshold
power (B) of TCGA was set to 8. b, d A clustering dendrogram displayed similar expression patterns of genes clustered into coexpression
modules in TCGA-STAD and GSE84437. e, f The heatmap demonstrated the correlation between modules and traits (immune infiltrating
cells), with the yellow and turquoise modules identified as the highest correlated modules for M2-like TAMs.

the sensitivity and specificity of the prognostic signature also demonstrated the good predictive ability of the signature,
with AUC of 0.796 for 5-year OS (Fig. 4c). Then, the univariate Cox regression results showed the risk ratio (HR) of 7.495
(95% Cl 3.424-16.409; Fig. 4d) for the risk score was associated with prognosis; multifactorial Cox regression results
showed that risk score was a significant predictor at an HR of 7.033 (95% Cl 3.138-15.763; Fig. 4e), and the C-index results
also showed a better performance in prediction accuracy of prognostic signature (Fig. 4f). Moreover, GSEA showed that
the KEGG signaling pathway in the high-risk group was mainly enriched in “Axon guidance’, “Dilated cardiomyopathy’,
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“Hypertrophic cardiomyopathy hcm’, " Ecm receptor interaction” and “Focal adhesion”, whereas the low-risk group was
mainly involved in metabolic-related pathways such as “Oxidative phosphorylation” (Fig. 4g).

3.4 Validation of prognostic signature

Next, we performed further validation in the test set GSE84437 to verify the validity and improve the generality of the
prognostic signature. The test set was divided into high-risk and low-risk groups by setting the thresholds in the same
way (Fig. 5a), and the survival curves of the two groups were plotted and the difference in survival was tested by Log-
rank, which showed that patients with high-risk score had a poor prognosis, and the difference in prognosis between
high- and low-risk score was significant (Fig. 5b). The ROC curve showed AUC values of 0.600, 0.622 and 0.607 for OS at 1,
3 and 5 years, respectively, which also demonstrated the good prognostic ability of this signature (Fig. 5¢). Furthermore,
the results of calibration curve and ROC curve of the nomogram indicate that the signature was reliable and accurate in
predicting the prognosis of GC patients (Fig. 5d, f).

3.5 The prognostic value of TMB in GC

Recently, an increasing number of studies have shown that TMB is a novel biomarker forimmune checkpoint inhibitors
(ICls), which can predict the efficacy of immunotherapy [15]. Our results showed that TMB levels were higher in the low-
risk group than in the high-risk group (p=2.3e-06, Fig. 6a), and that patients with high TMB had a better prognosis than
those with low TMB (p < 0.001, Fig. 6b). A further correlation analysis showed that the risk score was negatively correlated
with TMB level (R =-0.26, p=3.8e-07, Fig. 6¢). Recent studies have highlighted that among cancer patients receiving
immunotherapy, those with high TMB have better immunotherapy efficacy and that high TMB is associated with better
survival [21-23]. To further explore the validity of the prognostic significance of the risk score and TMB, we validated the
effect of both indicators in the prognostic prediction of GC. Stratified survival curves showed that risk score subgroups
exhibited significant prognostic differences between low and high TMB status, and that those in the high-risk group
with low TMB levels had a worse prognosis (Fig. 6d), suggesting that in addition to TMB, risk score is an independent
prognostic factor for patients with GC. Additionally, the distribution of mutations in the high-risk group (total mutation
rate of 83.98%) and low-risk group (total mutation rate of 92.27%) was visualized using waterfall plots (Fig. 6e and f). The
mutation rates of TTN (40%) and TP53 (38%) were greater than 30% in the high-risk group, and the mutation rates of TTN
(54%), TP53 (45%), MUC16 (33%), and LRP18 (33%) were higher than 30% in the low-risk group. These results revealed
the correlation between M2 tumor-associated macrophage infiltration and the efficacy of GCimmunotherapy from the
perspective of somatic cell variation level, which could be suggestive for the prognosis of patients and the prediction
of the efficacy of immunotherapy.

3.6 Correlation of prognostic risk signature with clinical parameters

Next, clinicopathological analysis was performed to explore the relationship between clinical parameters and risk score
(Fig. 7a). Based on clinicopathological indicators, GC patients were divided into different subgroups for survival analysis,
and the results showed that the risk score still predicted the prognosis of patients by age, and the higher the risk score
the worse the prognosis (Fig. 7b and c). Consistently, the risk score showed strong prognostic predictive power for male
or female patients (Fig. 7d and e), patients with G1-2 or G3 grade tumors (Fig. 7f and g), patients with T1-2 or T3-4 stage
(Fig. 7h and i), and patients with NO or N1-3 status (Fig. 7j and k). These results suggest that the M2-like TAM risk score
correlates with the clinicopathological characteristics of GC patients.

3.7 Risk signature-related immune landscape analysis

Based on the CIBERSORT algorithm, the proportion of 22 immune cell types in GC patients was calculated and compared
between the high-risk and low-risk groups (Fig. 8a), and statistically significant differences were found between 4 immune
cell types (P <0.05), resting NK cells, M2 macrophages, plasma cells, and activated dendritic cells. The results of immune
function analysis by the ssGSEA algorithm in the high- and low-risk groups showed significant differences in the APC
co-inhibition, APC co-stimulation, CCR, checkpoint, parainflammation, T-cell co-inhibition, T-cell co-stimulation, and
type-Il IFN response scores (Fig. 8b). Correlation analysis of 4 signature genes (CD36, CNTN1, MATN3, SERPINE1) with 22
immune cells revealed that each signature gene was positively correlated with M2 macrophages (Fig. 8c). Moreover, the
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Fig. 3 Identification of M2-like TAM-associated prognostic genes. a Venn diagram showing the shared genes of TCGA-STAD (turquoise mod- »
ule) and GSE84437 (yellow module). b Volcano plot demonstrating the distribution of differentially expressed genes shared in the yellow
and turquoise modules. ¢, d LASSO regression analysis to screen signature genes. e The heatmap displays the distribution of the two clus-
tered subgroups in terms of gene expression and clinicopathological characteristics

TME score results showed that stromal components and immune cells were higher in the high-risk group of GC patients
(Fig. 8d), suggesting that patients had lower tumor purity. For immunotherapy, the higher TIDE value in the high-risk
group indicated that patients in the high-risk group had a poorer response to immunotherapy and were more likely to
evade the immune system (Fig. 8e).

3.8 Drug sensitivity analysis

The expression of signature genes was correlated with drug sensitivity based on cellminer analysis. The results revealed a
positive correlation between MATN3 expression and dacomitinib sensitivity (Fig. 9a), and the results demonstrated that
SERPINET expression was positively correlated with simvastatin sensitivity (Fig. 9b). Additionally, the lower IC50 values
for 10 chemotherapeutic agents, including rapamycin, thapsigargin, A-770,041, bexarotene, bryostatin 1, cyclopamine,
imatinib, lapatinib, midostaurin and sunitinib in the high-risk group, suggesting that these 10 chemotherapeutic drugs
would be more effective and require lower concentrations in the high-risk group (Fig. 9¢c-I). Moreover, thapsigargin had
the lowest IC50.

3.9 Expression of signature genes in tissues by qRT-PCR and IHC

We analyzed 13 pairs of GC tissues and paracancer controls and verified the mRNA levels of four genes. The results showed
high expression of SERPINET, MATN3, CD36 and CNTN1 in GC tissues (Fig. 10a). Except for MATN3, which is not available
in the HPA database, we explored the protein expression of other M2-like TAMs-associated signature genes in GC tissues
(Fig. 10b). The trend of our experimental results is generally consistent with the data analysis.

4 Discussion

Accurately predicting the prognosis and risk classification of cancer patients is related to the choice of treatment plan
and has a direct impact on the outcome of treatment [4]. Jae-Ho et al. constructed a 32-gene signature from gene
expression data of 567 GC patients [24], and Jae Yong Cho et al. developed a gene expression scoring system based on
six recurrence-related gene expression scores by analyzing gene expression profile data of 65 GC patients [25]. Another
study constructed a multiple pathologic signature based on hemoglobin and eosin-stained slides from a pathologic
perspective and may be a potential predictor for adjuvant chemotherapy decisions [26]. Although researchers have been
trying to construct models that can predict the prognosis of GC patients, the results are often unsatisfactory due to the
high heterogeneity of malignant tumors. Currently, M2-like TAMs have become a new target for individualized treatment
of malignant tumors, and to the best of our knowledge there is a lack of studies to construct GC-related prognostic
signatures from the perspective of TAMs to reveal the immune profiles.

Tumor-associated macrophages (TAMs), the most abundant immune cells in the tumor microenvironment (TME), can
be differentiated into M1 and M2 types, which have become new therapeutic targets and prognostic indicators in the
individualized treatment of malignant tumors [7, 27, 28]. TAMs isolated from tumor-bearing mice and human tumors
usually have the M2 phenotype; previous studies have reported that the level of M2-like TAMs correlates with peritoneal
metastasis of GC, and the results of detecting ascites or peritoneal lavage showed that the level of M2-like TAMs was
significantly higher in patients with peritoneal metastasis of GC than in patients without metastasis [9, 29, 301. A high
density of M2 macrophages was found to be associated with poorer overall survival in a variety of malignancies, including
GC[31, 32]. Zheng, P. et al. showed that M2 macrophage-derived exosome-mediated ApoE promotes GC cell invasion
and metastasis in vivo and in vitro [33]. The above results emphasize that a large number of TAMs polarized to M2-type
macrophages in tumor tissues protects tumors from immune surveillance, which in turn promotes tumorigenesis, invasion
and metastasis. Although current GC treatments are becoming more diverse, with many breakthroughs in combining
targeted therapies with immune checkpoint inhibitors, this diversity underscores the importance of personalized
assessment methods. However, the mining of reliable markers for screening for precision targeted therapy to prolong
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the survival of patients with various types of GC still needs to be further explored. Therefore, the exploration of molecular
targets with promising predictive effects on prognosis in GC is essential for targeting therapy using M2-like TAMs.
Currently, prognostic signatures for molecular characterization have been widely applied to various diseases, and
these signatures can be used to understand the distribution and function of disease-related genes through high-
throughput technology, and to analyze the underlying mechanisms of diseases more comprehensively. In this study,
multiple computational algorithms based on WGCNA and differential expression analysis were used to mine the M2-type
tumor macrophage coexpression network in two GC cohorts: TCGA-STAD and GSE84437. Univariate Cox and LASSO
regression analyses were then used to identify M2-like TAM-related genes (SERPINE1, MATN3, CD36 and CNTN1) that
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Fig.6 Correlation of the risk signature with TMB. a The difference in TMB between the low- and high-risk groups. b K-M curve for the low-
and high-TMB groups. ¢ Spearman correlation analysis demonstrated a negative correlation between the risk score and TMB. d A K-M curve
was constructed for patients stratified by TMB and risk score. e, f The waterfall plot shows the distribution of the top 20 genes with the high-

est mutation frequencies in the high- and low-risk score groups

affect the survival of GC patients, and prognostic risk signature was constructed and validated. The four signature genes
finally screened in this study have been studied in GC. Chen et al. found that overexpression of SERPINE1 resulted in the
development of malignant progression of GC and a poorer prognosis [34]. MATN3, a protein commonly found in the
extracellular matrix, was found to predict the prognosis of GC, and the higher its expression in GC tissues, the worse the
prognosis of patients [35]. Pan et al. found that CD36 regulates the uptake of exogenous fatty acids by GC cells through
activation of AKT/GSK-3(3/B-catenin signaling pathway, which induces metastasis and invasion of GC, and also CD36
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Fig.7 Prognostic value of clinical characteristics and the risk score. a The heatmap displays the distribution of differences in clinical charac-
teristics and corresponding risk scores in the GC patient sample. Kaplan—Meier curves show the results of survival analyses stratified by age
(b, ), sex (d, e), grade (f, g), T stage (h, i), and N status (j, k)

was significantly negatively correlated with the prognosis of GC patients, suggesting that CD36 may become a novel
therapeutic target for GC [36]. The expression of CNTN1 protein in primary foci of GC correlated with TNM stage, lymph
node metastasis and prognosis of GC patients [37, 38]. Although some studies related to these prognostic genes have
been reported, studies on the role of these genes in tumors are still relatively limited, and the related mechanisms and
biological significance need to be further investigated. Here we used these genes jointly for the construction of GC
prognostic signature, and better typing of GC patients based on the expression of these genes would be beneficial to
the clinical decision-making of patients.

Next, ROC curve, C-index, univariate and multifactor analyses showed that our signature could be used as an
independent indicator for prognostic determination of survival in GC patients. The risk score was calculated based on
the prognostic signature formula, and patients were divided into high- and low-risk groups for survival difference analysis.
Moreover, further validation was performed in the GSE84437 dataset. The results suggest that our four-gene prognostic
risk signature has high predictive power for survival of GC patients, providing a new idea for precision treatment of
GC. Additionally, a nomogram was created and validated based on the risk score and the patient’s clinicopathological
indicators to increase the clinical applicability of the signature.

In recent studies, TMB is considered a promising novel biomarker that has attracted increasing attention in improving
the efficacy of clinical immunotherapy [15, 39]. TMB level varies among patients with GC and is considered a key
determinant of molecular subtyping of GC [40]. High levels of TMB indicate that tumor tissue contains more mutations,
which may result in more neoantigens being recognized by the autoimmune system, resulting in stronger autoimmune
effects and greater susceptibility to benefit from immunosuppressive therapy. Previous studies showed that higher
TMB was associated with better prognosis in GC patients, and high TMB was associated with the effectiveness of
immunecheckpoint inhibitors (ICl) therapy and chemotherapy [41]. In the present study, the results showed a negative
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Fig. 8 The prognostic risk signature is associated with the immune landscape. a Violin plot demonstrating the difference in immune cell
abundance in the low- and high-risk groups. b ssGSEA demonstrated differences in immune function in the two risk groups. ¢ Correlation
of signature genes with immune cells. d TME scores of the low- and high-risk groups. e The difference in TIDE scores in the two risk groups

correlation between risk score and TMB, with patients in the low-risk group having higher levels of TMB, suggesting that
patients in the low-risk group are better able to benefit from ICl treatment.

The prognostic signature constructed in this study also demonstrated the association of high- and low-risk groups
with tumor immune infiltration and immunotherapy response. Among the 22 immune cells analyzed, four immune cell
types, M2 macrophages, resting NK cells, plasma cells, and activated dendritic cells were significantly different in the high-
and low-risk groups. In GC patients, the phenotype of NK cells is suppressed, with reduced numbers, subpopulations,
cytokines and cytotoxic effects, while activated NK cells promote antitumor effects [42]. Mimura et al. indicated that
in vitro-expanded NK cells have a potent killing effect on GC [43]. The infiltration levels of macrophages differ between
normal tissue and tumor tissue, M2-like TAMs have enhanced oxidative phosphorylation and reduced glycolytic pathway
metabolism, and patients with higher levels of M2 type in GC tissues have poor prognosis. In patients with resected GC
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with lymph node metastases, M2 macrophages are also correlated with worse overall survival [44]. In regard to immune
function, analysis of ssGSEA-based immune function scores showed significant differences between the two risk groups
in response scores such as APC co-stimulation, T-cell co-stimulation and CCR. Moreover, TME scores showed that stromal
components and immune cells were higher in the high-risk group of patients, indicating that GC patients had less tumor
purity. And the higher TIDE value in the high-risk group indicated that the GC patients in this group had a worse response
to immunotherapy. These results revealed a correlation between M2-like TAM-based signature and the immune status
of GC and correlated with a distinct immune cell ratio. Crosstalk between M2-like TAMs and neighboring cells is strongly
associated with GC progression and treatment resistance [45-471].

In identifying signature genes and performing risk grouping, we predict the therapeutic response of patients in
high- and low-risk groups to common anticancer drugs, providing a new idea for a clinical antitumor drug combination
approach. We found that the sensitivity to dacomitinib and simvastatin was positively correlated with MATN3 and
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SERPINE1 expression, respectively. Dacomitinib has significant antitumor effects, and a phase Il clinical study found
that dacomitinib was used as a single agent with a tolerable safety profile in patients with HER2-positive GC [48, 49].
Previous studies have found that simvastatin inhibits tumor cell growth by inhibiting the mevalonate pathway, exerting
antiangiogenic effects, inducing apoptosis, and repressing tumor metastases [50, 51]. Huang et al. reported that
simvastatin combined with DNA methyltransferase inhibitors enhanced simvastatin-induced proliferation inhibition
and heat apoptosis in GC cells by modulating the caspase-3/GSDME pathway [52]. Thus, our drug sensitivity data further
support that the use of dacomitinib and simvastatin for clinical intervention of GC has good prospects in the future. In
addition, the interactions and mechanisms of action between these two drugs and the signature genes deserve further
in-depth exploration. The anti-GC drugs were analyzed to predict the most effective drugs in patients, among which
rapamycin, thapsigargin, A-770,041, bexarotene, bryostatin 1, cyclopamine, imatinib, lapatinib, midostaurin, and sunitinib
had lower IC50 values in the high-risk group, suggesting that these 10 chemotherapeutic drugs were more effective in
the high-risk group and exhibited potentially superior anticancer properties. Among them, thapsigargin had the lowest
IC50 value. Finally, we verified the expression of four signature genes at the mRNA and protein levels, and the results
were generally consistent with our analyzed data.

5 Conclusions

We screened and constructed a signature containing four M2-like TAMs genes, which has a good predictive value for GC
prognosis and a novel role in revealing TME features. To our knowledge, this is the first report to construct an M2-like
TAM-related signature for GC. The study provides a theoretical basis for the development of personalized treatment plans
for GC patients, which is expected to further improve patient survival.
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