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Regulatory T cells (Tregs) are an important component of the tumor

microenvironment; however, the interaction between Tregs and gastric cancer

cells is not completely understood. Recent studies have shown that Tregs

participate in cancer cell stemness maintenance. In this study, we performed

single-cell RNA sequencing of gastric cancer and adjacent tissues and found that

Tregs with high TNF expression were recruited to gastric cancer tissues and were

significantly correlated with patient survival. TNF+ Tregs significantly contribute

to tumor growth and progression. Our studies have further demonstrated that

TNF+ Tregs promote the stemness of gastric cancer cells through the IL13/

STAT3 pathway. Therefore, blocking the interaction between TNF+ Tregs and

gastric cancer cells may be a new approach in the treatment of gastric cancer.
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1 Introduction

There are more than 1 million new cases of gastric cancer every year (1). Although the

treatment of gastric cancer has made great progress in recent decades, due to the limitations

of various treatment methods and the characteristics of tumor recurrence and metastasis,

the current treatment outcomes for gastric cancer are still unsatisfactory (2). The

occurrence and development of gastric cancer is a complex process involving multiple
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factors and multiple steps, among which the acquisition of stem-like

properties of tumor cells is closely related to the occurrence and

development of gastric cancer (3).

Regulatory T cells (Tregs) are a type of lymphocyte that negatively

regulates the immune response. They usually play critical roles in

maintaining autoimmune tolerance and avoiding excessive immune

response damage, but they also participate in tumor immune escape

(4). The forkhead family transcription factor P3 (Foxp3) is essential in

the development and differentiation of Tregs. As the main marker of

Tregs, Foxp3 strongly regulates the function and plasticity of Tregs (5).

In addition, CD25 can be used as a marker for Tregs (6).

Tregs in the tumor microenvironment can inhibit the antitumor

response, thus promoting tumor growth (7). Studies have revealed

that immune cells in the tumor microenvironment can directly or

indirectly enhance the stemness of gastric cancer cells (8). Tumor-

associated macrophages (TAMs) modulate the tumorigenicity and

drug resistance of cancer stem cells (CSCs) through lactoglobulin

epidermal growth factor VIII (MFG-E8) (9). Tumor-induced STAT3

activation in MDSCs enhances stemness and mesenchymal

properties in pancreatic cancer (10). Tregs can inhibit monocytes/

macrophages, dendritic cells, B cells and other immunocompetent

cells through cytokine secretion and cytotoxicity (11). More

importantly, Tregs have been proven to promote the stemness of

tumor cells, including those in leukemia (12), breast cancer (13) and

glioma (14). However, the mechanisms whereby Tregs alter the

properties of gastric cancer cells are still obscure.

In this study, we performed single-cell sequencing of gastric cancer

and adjacent tissues and found a subpopulation of TNF+ Tregs in GC

tumor microenvironment. We confirmed the role of TNF+ Tregs in

promoting the stemness of gastric cancer cells and explored the

mechanism by which TNF+ Tregs affect gastric cancer cells. We found

that TNF+ Tregs released a high level of the anti-inflammatory cytokine

IL13, which promotes the malignant biological function of gastric cancer

cells by activating STAT3. This study shows that the development of

communication strategies between Tregs and gastric cancer cells is

crucial to preventing the progression of gastric cancer.
2 Result

2.1 Analysis of Tregs in the GC
tumor microenvironment

To understand the difference in the immune microenvironment

between tumor tissue and adjacent tissue of gastric cancer, we

performed single-cell dissociation, sorting, transcriptome library

construction and sequencing of gastric cancer (GC) tissues and

gastric mucosa (GM) tissues. After integrating the data, filtering

low-quality cells, removing multiple cells, and correcting batch

effects, the transcriptome expression matrix was finally obtained.

Then, tSNE dimensionality reduction and visual analysis were

performed on the expression matrix. According to the canonical

cell labeling listed in Table 1 (the violin plot with marker gene

expression is shown in Supplementary Figure 1), the cells in GC and

GM tissues were classified as B cells, cancer cells, NK cells, T cells,

fibroblasts, mast cells and endothelial cells (Figure 1A).
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Based on the expression of cell markers (Table 1), Tregs were further

identified (Figure 1B). Then, we identified the differentially expressed

genes in Tregs; the heatmap in Supplementary Figure 2A shows the

upregulated genes in Tregs between GCs and GM tissues. GO and

KEGG analyses were used to annotate the functions of the

significantly upregulated genes in Tregs of the gastric cancer

microenvironment. GO analysis showed that the upregulated genes

were mainly enriched in the regulation of mRNA processes, protein

binding or folding and cell junctions, and adhesion (Figures 1C–E).

KEGG pathway analysis showed that the upregulated genes were

implicated in regulating of Th17 and Th1 and Th2 cell differentiation

(Figure 1F). Taken together, the single-cell sequencing analysis results

indicate that Tregs may play an important role in immune regulation

in the GC immune microenvironment.
2.2 More TNF+ Tregs infiltrate in GC
tumor tissues

It is the most essential work to identify hub genes from common

DEGs to explore the key functions of cells (15). CytoHubba was used to

trace the hub genes among the upregulated genes of Tregs in the GC

tumor microenvironment. The hub genes were sorted by their

BottleNeck value, and the differentially expressed genes with high

BottleNeck values tended to correspond to highly central proteins that

connect several complexes (16). The top ten identified hub genes were

tnf, jun, hnrnpa2/b1, hspa1a, fos, hspa1b, ddx5, actg1, ube2s, and il2ra

and tnf interacts with most other genes (Figure 2A). Among the 10

candidate genes, tnf had the highest expression level in TNF+ Tregs

(Supplementary Figure 2B). We speculate that tnfmay be the main key

gene of Tregs in GCs. Further, KMplotter dataset and TCGA database

analysis revealed that tnf was highly expressed in GCs and was

significantly related to the low survival rate of gastric cancer patients

(Supplementary Figure 2C; Figure 2B). The survival rate of cancer

patients is related to the number and activation status of immune cells

in the tumor (17). We calculated the quantity of immune cells via

TIMER to explore whether the expression of tnf were related to

immune cell infiltrated in GC. The results in Supplementary

Figure 2D indicated that tnf expression was significant positive

correlation with the infiltration of Tregs (R = 0.322, p = 1.281E–10).

Supplementary Figure 2E shows that the infiltration of Tregs in GCs
TABLE 1 Cell markers for cell population identification.

Cell Type Markers

B cells CD79A, CD19

T cells CD3D

NK cells CD16, CD56

Mast cells CPA3

Fibroblasts CD90, COL1A1, COL3A1

Endothelial cells CD34, CD31,VWF

Cancer cells CA9, CD24

Tregs FOXP3, CD25
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with high tnf expression was significantly higher than that in the low tnf

expression group. These findings suggest that tnf might be related to

the infiltration of Tregs in GCs. We further explored the relationship

between tnf expression and Treg infiltration in GCs, and surprisingly,

we found that the number of TNF+ Tregs in the tumor was 137, which

was significantly higher than that in the adjacent normal tissues (4 TNF

+ Tregs) (Figure 2C); this indicates the existence of a Treg

subpopulation expressing tnf. To verify the above speculation, we

performed multicolor immunofluorescence and found that the

number of infiltrated TNF+ Tregs in GC tissues was significantly

higher than that in GM tissues (Figures 2D, E). The results were further

verified by flow cytometry (Figures 2F, G). The above results revealed

that GC tissues have higher infiltration of TNF+ Treg subpopulations

than GM tissues.
2.3 TNF+ Tregs promote malignant
biological behaviors of GC cells

To further explore the biological function of TNF+ Tregs, we

first obtained TNF+ Tregs from gastric cancer tumor tissues of

patients by flow cytometry sorting. As shown in Figure 3A, the

proliferative capacity of TNF+ Tregs in GCs was obviously higher

than that of TNF- Tregs in GC tissues and TNF+ Tregs in GM
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tissues. Cell culture supernatants of TNF+ Tregs and TNF-Tregs in

GC tissues and TNF+ Tregs GM tissues were also collected, and the

culture supernatant of TNF+ Tregs in GC tissues significantly

promoted the proliferation, migration and colony formation of

gastric cancer cells (Figures 3B–F). The above results indicate that

TNF+ Tregs have important biological functions in gastric cancer

and can promote the development of gastric cancer.

Recent studies have demonstrated that Tregs endow cancer cells

with stem cell-like properties and are linked with cancer stemness (17).

In addition, TNF has been confirmed to confer cancer cell stemness

properties (18–20). Therefore, we examined the effect of supernatant

from TNF+ Tregs in GCs on AGS cell stemness. Compared with the

supernatant of TNF- Tregs in GCs and TNF+ Tregs in GM tissues, the

supernatant of TNF+ Tregs in GCs significantly promoted the self-

renewal ability of AGS cells (Figures 4A, B). We established a xenograft

tumor model with HGC-27 cells treated with TNF+ Treg/TNF- Treg

supernatant in NVSG mice by subcutaneous injection. Mice were

housed under exactly the same conditions. After 28 days, the mice were

killed, and the tumors were removed, photographed, and analyzed. As

shown in Figures 4C, D, HGC-27 cells stimulated by the supernatant of

TNF+ Tregs in GCs had significantly increased tumorigenicity and

tumor weight. The above results further confirmed the promotion

effects of TNF+ Treg infiltrated in GC on the malignant biological

behaviors of GC cell.
B

C

D

E F

A

FIGURE 1

Function and pathway enrichment analysis of DEGs in Tregs in the GC tumor microenvironment. (A) The tSNE maps in tissue samples. (B) Distribution of
Tregs in tumors and adjacent normal tissues. Top 10 biological processes (C), cellular components (D), molecular functions (E) and signaling pathways
(F) of upregulated differentially expressed genes in Tregs in the GC tumor microenvironment.
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FIGURE 2

Tnf is highly expressed in Tregs of the GC microenvironment. (A) Hub genes of upregulated genes in Tregs in the GC tumor microenvironment.
(B) Kaplan–Meier survival curves comparing high and low expression of tnf in gastric cancer. The red curve represents patients with high expression
of tnf. (C) Distribution of TNF+ Tregs in tumors and adjacent normal tissues. (D) Representative photomicrographs of multiplex
immunofluorescence. DAPI: nuclear staining (blue signal) TNF: red signal; FOXP3: green signal. (E) Analysis of the ratio of TNF+FOXP3+ cells to
FOXP3+ cells in each high-power visual field for the experiment in panel C (n=5). (F) TNF+ Treg cells (flow analysis gating strategy: CD45+CD25
+FOXP3+ cells were divided into Tregs, and then TNF was detected) in GC tissues and adjacent tissues were detected by flow cytometry.
(G) Statistical analysis of the proportion of CD45+CD25+FOXP3+TNF+ cells according to (E) (n=4). ***p < 0.001.
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2.4 TNF+ Tregs regulate the stemness of
gastric cancer cells through the IL-13-
STAT3 pathway

The above results showed that the supernatants of TNF+ Tregs

promoted the malignant biological function of GC; therefore, we

speculate that the components in the supernatant played an essential

role. We collected TNF+ Tregs and TNF- Tregs sorted from tumor

tissues and GM tissues by flow cytometry sorting. IL13 is involved in

the maintenance of cellular stemness, and our previous study

demonstrated that IL13 promotes tumor stemness (21). In

addition, high IL-13 levels were closely associated with a high level

of Tregs in the tumor microenvironment (22). As shown in

Figure 5A, IL-13 expression in TNF+ Tregs of GC tissues was

significantly higher than that in TNF+ Tregs of GM tissues, and

IL13 levels in the supernatant of TNF+ Tregs in GC tissues were

significantly higher than those in the supernatant of TNF- Tregs in
Frontiers in Oncology 05
GCs and TNF+ Tregs in GM tissues (Supplementary Figure 3).

Therefore, IL-13 may be an important factor by which TNF+ Tregs

regulate GC malignant biological function. Next, we studied whether

IL13 could affect GC cells. We treated the cells with recombinant IL-

13 (rIL-13). As shown in Figures 5B–D, rIL-13 significantly promoted

the self-renewal, migration and colony formation of gastric cancer

cells. Consistently, rIL13 promoted the expression of stemness-

related genes, including sox2, lgr5 and prom1 (Figure 5E).

Moreover, to further explore the effects of IL13 in the supernatant

of TNF+Tregs on GC cells, we treated cells with a neutralizing

antibody against IL13 and showed that neutralizing IL13

significantly attenuated the effects of the supernatant from TNF+

Tregs on the proliferation, migration, sphere formation and colony

formation of gastric cancer cells (Figures 6A–G). This suggests that

the effect of TNF+ Tregs on gastric cancer cells is dependent on IL13.

We next examined the molecular mechanisms by which IL13

promotes gastric cancer stemness. STAT3 is a major regulatory factor
B

C D

E F

A

FIGURE 3

Effects of GC-TNF+ Treg cells on the proliferation and migration of gastric cancer cells. TNF+ Tregs and TNF- Tregs of gastric cancer and adjacent
tissues were separated by flow cytometry and cultured in medium. (A) The number of Tregs was counted at 1, 2, 3 and 4 days (n=3). The
supernatants of TNF+ Tregs and TNF-Tregs from gastric cancer and adjacent tissues were collected to stimulate HGC-27 cells for (B) cell viability
(n=3), (C, D) cell migration (n=3), and (E, F) colony formation assays (n=3). ***p < 0.001, **p < 0.01.
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in maintaining the stemness of tumor cells (23). We observed that the

phosphorylation of STAT3 (p-STAT3) was increased in GC cells

treated with the IL13 recombinant protein (Figure 7A;

Supplementary Figure 4A). Therefore, we assume that the

promotion effects on GC cells by IL13 is STAT3 dependent. To

target STAT3 signaling, we used Stattic (STAT3 inhibitor). Stattic
Frontiers in Oncology 06
abrogated the self-renewal, migration and colony formation of gastric

cancer cells induced by IL-13 (Figures 7B–G). Consistently, Stattic

also abrogated the expression of the stemness-related markers sox2,

lgr5 and nanog induced by IL-13 (Figure 7H; Supplementary

Figure 4B). These results indicate that STAT3 activation is

necessary for IL-13-promoted cancer cell stemness.
B C

D

A

FIGURE 4

TNF+ Tregs promote the stemness of gastric cancer cells. Flow sorting of TNF+ Tregs and TNF- Tregs from gastric cancer and adjacent tissues was
performed, and the cells were cultured in medium; the supernatant was collected to stimulate AGS and HGC-27 cells. (A) AGS cells were cultured in
serum-free medium for 10 days (n=3). (B) Statistical analysis was performed on the number of spheroids (diameter > 50 mm). (C) HGC-27 cells were
diluted and subcutaneously injected into mice with severe immunodeficiency (n=3). (D) The tumor volume was monitored in the indicated groups.
***p < 0.001, *p < 0.05.
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3 Materials and methods

3.1 Patients

Tissue was obtained from the Affiliated Hospital of Jining Medical

University. The cancer tissue samples were obtained from GC patients

with untreated, primary, nonmetastatic gastric tumors who underwent

GC resection. Adjacent normal gastric tissue was collected more than 5

cm from the carcinoma tissue. The patients gave written consent. The

studies involving human participants were reviewed and approved by

the Ethics Committee of the Affiliated Hospital of Jining Medical

College, ethical approval number 2022B034.
3.2 Single-cell sequencing

After surgical excision, the tumor tissues were processed to prepare

single-cell suspensions. The tissue samples were cut into small pieces, and

the cells were washed twice with precooled RPMI 1640 + 0.04% BSA

medium under aseptic conditions. The tissues were cut into small pieces of

approximately 0.5 mm3 using surgical scissors, placed in freshly prepared

hydrolase and digested at a constant temperature of 37°C for 60 minutes,
Frontiers in Oncology 07
mixing every 10 minutes. The tissue was filtered 2 times using a cell sieve

and centrifuged at 300 × g for 5 minutes at 4°C. After resuspending the

sediment with an appropriate amount of medium, an equal volume of

erythrocyte lysis buffer (MACS, catalog number: 130-094-183) was added.

After mixing, the cells were incubated at 4°C for 10 minutes and

centrifuged at 300 x g for 5 minutes, and the Dead Cell Removal Kit

was used to ensure that the cell viability rate was greater than 90%. The 10x

Genomics platform, which utilizes microfluidics to encase cells and beads

with a cell barcode in a droplet, was employed. These droplets were

collected, and the cells within them were lysed, allowing for mRNAwithin

the cells to attach to the cell barcode on the bead. This process results in the

formation of single-cell GEMs. TheseGEMs are then reverse transcribed to

create a cDNA library within the droplet. The sample source for the target

sequence is distinguished by the sample index on the library sequence.

Quality control for raw offline data was evaluated using FastQC software,

while data quality was assessed by counting raw data using CellRanger and

comparing it to the reference genome. The Seurat software suite was used

for additional quality assurance and data processing. The high-quality cells

in each sample were quantified as follows. After excluding cell doublets, cell

clusters, and apoptotic cells for quality control, the final number of cells

obtained ranged from 6156 to 10412; the averageUMI number in each cell

ranged from 4283 to 5616; and the average genes in each cell ranged from
B

C
D

E

A

FIGURE 5

(A) The ratio of IL13 secreted by TNF+ Tregs (flow analysis gating strategy: CD45+CD25+FOXP3+ cells were divided into Tregs, then gate TNF+
Tregs, and finally gate IL13) in tumor tissues and adjacent tissues of gastric cancer was detected by flow cytometry. Statistical analysis of the original
results (n=4). (B) Representative images of AGS cells cultured in serum-free medium for 7 days and stimulated with rIL13 or PBS. Statistical analysis
of the spheroid number (diameter > 50 mm). PBS- or rIL13-stimulated AGS cells were prepared for (C) cell migration assay (n=3) and (D) colony
formation assay (n=3). (E) qRT‒PCR was used to detect the expression of sox2, lgr5 and prom1 in AGS cells treated with PBS or rIL13 (n=3). ***p <
0.001, **p < 0.01, *p < 0.05.
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1373 to?. Between 0.0584 and 0.0681 mitochondrial genes per cells were

found on average.

3.3 Cell culture

AGS and HGC-27 (Chinese Academy of Sciences Cell Bank)

cells were grown in DF-12/DMEM supplemented with 10% fetal

bovine serum (FBS, Gibco) at 37°C with 5% CO2.
Frontiers in Oncology 08
3.4 Treg isolation

Tissues were handled into single-cell suspensions and incubated

with antibodies against CD45, CD3, CD25, and TNF, and enriched

cells were sorted using a BD FACS Aria II cell sorter (Becton

Dickinson, Franklin Lakes, NJ) and then cultured with Treg

Expansion Kit (Miltenyi) reagents, IL-2 (Thermo Fisher), and

TexMACS™ GMP Medium (Alfa Aesar).
B C

D E

F G

A

FIGURE 6

IL13 in the supernatant of TNF+ Tregs increased the malignant of gastric cancer cells. Gastric cancer cells were stimulated with supernatants of TNF+
Tregs from tumors and treated with anti-IL13 (20 mg/ml) to detect (A) cell viability (n=3), (B, C) cell migration (n=3), and (D, E) spheroid formation (n=3)
and colony formation (F, G) (n=3). ***p < 0.001.
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3.5 Pathway and functional
annotation analysis

The differentially expressed genes (DEGs) were identified by the

service provider (oebiotech). GO enrichment and KEGG enrichment

analysis of the DEGs was performed via www.xiantao.love.
3.6 Differential gene expression and
prognostic performance of the DEGs in
TCGA samples

For TCGA STAD project level 3 HTSeq-FPKM format RNAseq

data, the fragments per kilobase per million mapped reads (FPKM)-

formatted RNAseq data were converted into transcripts per million

mapped reads (TPM) format and log2-converted, and paired
Frontiers in Oncology 09
samples were retained. A Kaplan–Meier curve was constructed to

compare the overall survival rate (http://kmplot.com/analysis/

index.php?p=service &cancer=gastric).
3.7 Multiple fluorescence staining

Multiplex fluorescence according to the manufacturer’s

instructions (Absin, abs50012).
3.8 Culture of spheroid cells

A total of 5000 cells were inoculated in low-adhesion tissue

culture plates with serum-free medium and 20 ng/mL EGF, 10 ng/

mL bFGF, and 2% B27.
B C

D E

A

F G H

FIGURE 7

IL-13 plays a role in promoting the malignancy of gastric cancer cells through STAT3. (A) The protein levels of p-STAT3 and STAT3 were measured in
AGS cells treated with PBS or rIL13. (B) Representative images of AGS cells cultured in serum-free medium for 7 days and treated with PBS/rIL13 and
DMSO/stattic (n=3). (C) Statistical analysis of the spheroid number (diameter > 50 mm). PBS/rIL13- and DMSO/stattic-stimulated AGS cells for (D) cell
migration assay (n=3) and (E) colony formation assay (n=3). Statistical analysis of Figure 7D (F) and 7E (G). (H) qRT−PCR was used to detect the
expression of sox2, lgr5 and nanog in AGS cells treated with PBS/rIL13 and DMSO/stattic (n=3). ***p < 0.001, **p < 0.01.
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3.9 RNA extraction and quantitative real-
time PCR

The cells were fully lysed with TRIzol, and then trichloromethane,

isopropanol and alcohol were added to extract RNA. According to the

manufacturer’s instructions, the RNA was reverse transcribed into

cDNA, and then qPCR was performed (HiScript III RT SuperMix,

Vazyme Biotech Co., Ltd; SYBR Green PCR kit, Toyobo). The primers

used for qRT−PCR are listed in Table S1.
3.10 WB

Cell protein was extracted by lysis (Beyotime) and protease

inhibitor (Boster Biological Technology). Equal amounts of total

protein were separated on 10% SDS-polyacrylamide gels and

transferred to nitrocellulose membranes (Millipore). The primary

antibody was incubated with the membranes overnight at 4°C (Table

S2), and the secondary antibody (Table S2) was incubated with the

membranes for 1 hour at room temperature. The protein bands were

detected according to the manufacturer’s instructions (Vazyme).
3.11 Cell growth assay

A total of 1000 cells were seeded in 6-well plates. After 14 days,

the cells were washed with PBS and stained with 1% crystal violet. In

addition, 2000 cells were plated in 96-well plates, and CCK-8

solution was added at different times to detect the OD value.
3.12 Flow cytometry analysis

Tissues or adherent cells were processed into single-cell

suspensions and stained using the antibodies listed in Table S1.

The cells were analyzed by flow cytometry in a CytoFLEX Flow

Cytometer. The data were analyzed using FlowJo software. The

appropriate isotype controls were used. Control antibodies were

used for gating.
3.13 Cell migration

A total of 105 cells were seeded on Transwell plates, and the

lower chamber was filled with DMEM supplemented with 15% FBS.

The cells were allowed to migrate for 18 hours. The cells that

migrated to the lower surface of the filter were fixed with 4%

paraformaldehyde and stained with 1% crystal violet. The stained

cells were observed under a microscope.
3.14 In vivo tumor xenograft models

Cells were injected subcutaneously into NVSG mice (4-6 weeks,

IL-2 knockout), which were obtained from Beijing Viewsolid

Biotech Co. Ltd. The mice were anesthetized and sacrificed when
Frontiers in Oncology 10
they had lost approximately 20% of their body weight and when the

tumor diameter reached a maximum of approximately 2 cm. The

xenograft tumors of each group were removed, weighed, and fixed

in formalin. The animal studies were reviewed and approved by the

Ethics Committee of the Affiliated Hospital of Jining Medical

College (ethical approval number 2021-11-B008).
3.15 Statistical analyses

The calculation of differentially expressed genes in Treg

was performed using a two-sided Wilcoxon test (24). Statistical

analyses were performed using GraphPad Prism 7 and ImageJ

software. Two-tailed and unpaired Student’s t tests were used for

comparison of two groups. One-way ANOVA tests were used for

multiple group comparisons. Survival curves were estimated using

the Kaplan−Meier method and compared using the log-rank test.

Data are shown as the mean ± SD. p<0.05 was considered to

indicate statistical significance.
4 Discussion

Gastric cancer is one of the most common malignancies, and

the underlying mechanism of gastric cancer progression is still

unclear. Traditional treatment methods have certain limitations.

Single-cell sequencing enables expression profiling of individual

cells within entire tissues or tumors (25). In this study, we analyzed

a cell atlas of GC tissues and GM tissues and found increased

infiltration of Tregs in GC tissues. Tregs are important components

of the tumor microenvironment (TME), and Tregs utilize

numerous mechanisms to promote tumor evasion from the

immune system. Previous studies have proven that the increase in

the number of Tregs in the GC microenvironment has prognostic

significance and a key role in promoting the progression of GC (26).

However, the mechanism underlying the regulation of the

occurrence and development of gastric cancer by Tregs is not

well elucidated.

By analyzing the upregulated genes of Tregs in tumors, TNF

was identified as the hub gene. To confirm the reliability of the hub

genes, we verified the high expression of TNF in tumor Tregs and

found that the high expression of TNF was significantly related to

the prognosis of gastric cancer patients. In our study, we found a

new TNF+ Treg subset. Previous studies have shown that TNF is

involved in the malignant progression of tumors; for example,

before tumor cell inoculation, stimulating tumor cells with

recombinant TNF and transducing tumor cells with TNF

enhanced the metastatic potential of tumor cells in vivo (27, 28).

Commonly, TNF activates Tregs through TNFR2 or IL2 signaling,

leading to inflammatory reactions in autoimmunity, sepsis,

infection and tumors (29, 30). Here, we speculated that the newly

identified TNF+ Tregs might be a subpopulation that can autocrine

TNF and proved that TNF+ Tregs participate in the malignant

development of gastric cancer. Our study indicates that TNF+ Tregs

in GCs significantly promote the proliferation, migration and

colony formation of gastric cancer cells. In normal tissues, TNF+
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Tregs account for approximately 1% of Tregs, whereas in tumor

tissues, TNF+ Tregs account for approximately 33% of Tregs. The

expression of TNF in Treg cells appears to control not only their

function but also their number.

This study provides several pieces of evidence to demonstrate that

TNF+ Tregs can directly promote the stemness of gastric cancer cells:

TNF+ Tregs can (1) promote the sphere formation of gastric cancer

cells and (2) enhance the tumorigenicity of gastric cancer cells. Tregs

in the tumor microenvironment have been shown to regulate tumor

cell stemness through IL10 (12), TGF-b (14), etc. Moreover, recent

studies have revealed that high levels of TNF can promote the

stemness of breast cancer and kidney cancer cells (19, 20). Our

study shows that TNF+ Tregs affect the stemness of gastric cancer

cells through IL-13 secretion. IL-13 is an important mediator of

immunosuppression, and previous studies have suggested that IL-13

can be secreted by Tregs (31). IL13 contributes to the oncogenic

effects of renal cell carcinoma and chronic lymphocytic leukemia

(32). In addition, IL-13 promotes the biosynthesis of cytidine

deaminase in colonic epithelial cells, conferring the potential to

activate the inflammatory-cancer transition in the intestine (21).

Until now, there has been no evidence suggesting that IL-13 can

directly enhance the stemness of gastric cancer cells. In this study,

IL13 significantly promoted the self-renewal of gastric cancer cells

and increased the expression of sox2, lgr5 and prom1. STAT3 is

involved in maintaining the expression of genes encoding stem cell

phenotypes; therefore, it is used as a stemness marker (23). Our study

shows that inhibition of STAT3 phosphorylation significantly

reduces the regulatory effect of IL13 on cancer cell stemness.

In this paper, we investigated the promotion effects of TNF+

Tregs on stemness in gastric cancer cells through the IL13/STAT3

signaling pathway. In the future, the crosstalk between gastric

cancer cells and the surface proteins expressed by Tregs should be

investigated. This study may provide more evidence and therapeutic

strategies to disrupt the interaction between Tregs and gastric

cancer cells, thus improving the prognosis of gastric cancer patients.
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