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Abstract
Background: The effect of Helicobacter pylori (H. pylori) status on survival for gastric cancer remains unclear. We aimed
to elucidate the molecular heterogeneity of tumour-in�ltrating T cells in gastric cancer with different H. pylori infection
status.

Methods: We conducted a prognostic analysis of 488 gastric cancer patients and performed single-cell RNA sequencing
(scRNA-seq) analysis on 18,717 T cells from 6 tumour samples with or without H. pylori infection. Analysis results were
validated using histological assays and bulk transcriptomic datasets.

Results: We con�rmed that gastric cancer patients with H. pylori infection had a signi�cantly longer survival time
compared to patients with negative H. pylori status (HR=0.74, 95% CI=0.55-0.99, P= 0.045). After unsupervised re-
clustering of T cells based on scRNA-seq data, we identi�ed ten CD4+ and twelve CD8+ clusters. Among them, four
clusters in CD8+ T cells appeared to exhibit distinct distributions with different H. pylori infection status. One subgroup
marked by CXCL13, which contained mostly cells of H. pylori infection and expressed high levels of IFNG, GZMB and low
level of PDCD1, was activated by TNFRSF1A-TNF interaction. The developed gene signature was signi�cantly associated
with improved patient survival in gastric cancer. The other subgroup speci�cally expressed immune suppression-related
genes AREG and PTGER2, was almost exclusively populated with cells without H. pylori infection. High PTGER2
expression was signi�cantly associated with worse prognosis with high CD8 expression.

Conclusion: Our results shed light into the mechanisms underlying the target cell dependent T cell responses induced by
H. pylori, which will provide assistance for precision treatment and prognosis.

Introduction
Helicobacter pylori (H. pylori) has been classi�ed as a Group I carcinogenic pathogen (1) because its infection was
epidemically and etiological seriously associated with oncogenesis of gastric cancer (2). Hence, it is well accepted that
eliminating H. pylori infection is an effective way in gastric cancer prevention. However, gastric cancer develops through
a multistep process, whether H. pylori plays the carcinogenic role among the whole progression is controversial.
Masanori summarized that H. pylori is not required for the maintenance of a neoplastic phenotype in established cancer
cells through a hit-and-run mechanism in which pro-oncogenic actions are successively taken over by a series of genetic
and/or epigenetic alterations compiled in cancer-predisposing cells during long-standing infection with H. pylori (3). In
addition, it is noteworthy that eradication of H. pylori appears to be ineffective for the prevention of gastric cancer in two
trials that included subjects with precancerous lesions, including low to high-grade dysplasia at baseline (4, 5). This
indicates that eradication of H. pylori before the development of precancerous lesions offers better protection against
gastric cancer. It seems one of the reason is that an elevated pH caused by H. pylori facilitates the intrusion of oral or
intestinal bacteria into the stomach that may additionally contribute to the development of mucosal lesions (6), while the
damaged environment is no longer suitable for H. pylori survival, especially in gastric cancer (7).

The gut microbiota and the immune system have coevolved and affect each other directly and via metabolic
crosstalk (8). For example, Beura and colleagues (9) discovered that wild mice, pet store mice and adult humans, but
neither “clean” laboratory mice nor human neonates, have a highly differentiated memory CD8+ T-cell compartment in
blood. Especially, multiple studies have provided strong evidence that immunotherapy may be an effective treatment for
cancer if tumor microenvironment (TME) components are properly understood and judiciously targeted (10). Basically,
phenotypic differences in T cell in�ltration within the TME can be categorized into three types: the “immune-in�amed”
phenotype, in which CD8+ T cells in�ltrate the tumor; the “immune-excluded” phenotype, in which in�ltrating CD8+ T cells
accumulate in the tumor stroma and the “immune-desert” phenotype, in which CD8+ T cells are low or absent from the
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tumor and stroma (11). Recently, Ana et al (12) con�rmed that commensal Clostridiales strains could enhance the
immunity and transform the TME from “immune-desert” phenotype to “immune-in�amed” phenotype by increasing the
frequencies and activity of tumor-in�ltrating IFN-γ+ CD8+ T cells, which �nally elevated the colorectal cancer patients’
prognosis. In this context, it has been shown that the e�cacy of cancer therapies depends on the composition of the
microbiome (13).

In gastric cancer, there is no consensus regarding the foe or friend role of the H. pylori infection in patients’ prognosis.
Georgios et al (14) have reported that infection with H. pylori is associated with higher relapse-free survival and overall
survival in patients who have curative resection without residual, local, or metastasised tumor. They speculated that
cancer immunity might be suppressed in patients who are negative for H. pylori, conversely, both innate and adaptive
immunity has been boosted sharply due to the H. pylori infection. However, the detailed mechanism still remained
unknown. Here, we aim to identify whether H. pylori infection is contributing to the “immune-in�amed” TME, what is
component of immune cells build up such TME and how did the differential immune cells in�uence the prognosis of
gastric cancer patients. After prognosis analysis of gastric cancer in Chinese population, we isolated intratumoral CD45+

immune cells in human gastric cancer tissues with or without H. pylori infection and addressed these questions by
analysing H. pylori-speci�c immune cells of single cell sequencing. Our work promotes the understanding of
heterogeneity between patients with different H. pylori infection status and provide a basis for individualized treatment
for gastric cancer.

Methods

Study Population
Han ethnic Chinese patients with gastric cancer were recruited from the First A�liated Hospital of Nanjing Medical
University, the Northern Jiangsu People's Hospital and the A�liated Hospital of Yangzhou University between 2006 and
2016. All of the cases were newly diagnosed, and had no treatment prior to recruitment including radiotherapy or
chemotherapy. All case patients were histopathologically or cytologically con�rmed to have gastric cancer by at least two
local pathologists. After signing informed consent, we collected 5 mL of venous blood from the patients and conducted a
face-to-face interview concerning demographic data (e.g., age and sex) and life style information (e.g., smoking and
drinking) at recruitment. Furthermore, we reviewed patients' medical record to gather more detailed clinical information
such as date of diagnosis, surgery status, histopathological type, clinical stage, and treatment. Patients with curative
resection and non-cardia adenocarcinomas were included in the study. All patients’ survival time were acquired by
personal or family contacts from the time of enrollment until death or last time of follow-up (last follow-up: June 2019)
every 6 months. The follow-up data included treatment information (chemotherapy or radiotherapy) and survival status
(alive or dead, time of death, and cause of death) and the latest medical records from their treating physicians were also
checked as a complement. Finally, a total of 488 patients who had both available follow-up and clinical information were
enrolled in this study.  

Serology assay for Helicobacter pylori (H. pylori) infection
H. pylori infection status was determined using an H. pylori IgG ELISA kit (IBL International, Hamburg, Germany)
according to the manufacturer’s instructions. Brie�y, plasma H. pylori IgG antibody was measured using 5 μL plasma and
each sample was quanti�ed using a calibration curve. Positivity was determined when the H. pylori IgG antibody titer of a
sample was >10 U/ml. Individuals were regarded negative for H. pylori if they had no history of H. pylori infection on
questioning and if they were also negative in the H. pylori IgG ELISA test. Sensitivity and speci�city for the H. pylori IgG
ELISA, as provided by the manufacturer, were 96.0% and 96.0%, respectively. 
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Reagents and antibodies
The following anti-human �uorophore-conjugated antibodies were used for �ow cytometry: CD45-BV510 (clone: HI30,
cat. no. 304036, supplier: BioLegend), CD3-FITC (HIT3a, 300312, BioLegend), CD4-BV605 (RPA-T4, 562658, BD
Biosciences), CD8-PerCP/Cy5.5 (SK1, 565310, BD Biosciences), CD45RA-FITC (HI100, 304106, BioLegend), CCR7-
PE/Cyanine7 (G043H7, 353226, BioLegend). The following anti-human primary antibodies were used for multiplexed
immuno�uorescence staining CXCL13 (cat. No. ab272874, supplier: abcam), CD103 (ab224202, abcam), CD8
(ab237709, abcam), PTGER2 (ab124419, abcam) and AREG (sc-74501, SANTA CRUZ). 

Isolation of TILs from gastric cancer biopsies
Following tumor excision or biopsy, a representative tumor fragment that was fresh and sterile was transferred to the
laboratory for study. All surrounding macroscopic tissue, including any obvious tumor capsule, was removed from the
tumor. Every sample was cut into small pieces (<1 mm in diameter) and then was incubated with RPMI 1640 containing
10% FBS, 1.5 mg ml-1 collagenase IV (LS004188, Worthington) and 0.5 mg ml-1 DNAse I (DN25-1G, Sigma) for 30 min on
a 37 °C shaker (220 r.p.m). Digested tumor pieces were teased through a 70-µm strainer and diluted. After centrifugation,
the cell pellet was resuspended in a 40% Percoll solution (170891, GE Healthcare), and a phase of 80% Percoll was
underlaid using a glass Pasteur pipette. The resulting gradient was centrifuged at 2000 r.p.m for 30 min at room
temperature without brakes. After removal of the red blood cell-containing pellet on the bottom and excess buffer-
containing cellular debris on the top, the cell population at the Percoll interphase enriched for TILs was washed twice. 

Antibody labeling cells for FACS
Homogenized cells were labeled with monoclonal antibodies for 30 min at 4 °C in FACS buffer (2% FBS in Dulbecco’s
PBS), washed twice in FACS buffer, then �xed IC Fixation buffer (00-8222-49, Invitrogen) in Dulbecco’s PBS. Panel
included CD45 to discriminate TILs from other cells in the cell suspension, T cell markers CD3, CD4 and CD8 and the T
cell differentiation markers CD62L and CCR7. Viable cells were revealed using the Zombie NIRTM Fixable Viability Dye
(BioLegend). Multiparameter FACS data was acquired on the BD LSR Fortessa X-20 FACS instrument (BD Biosciences),
and data was analyzed using FlowJo software (version 10, Treestar Inc.).  

Single-cell RNA sequencing of TILs
TILs of gastric cancer tissues were isolated as outlined above. The single-cell suspensions and the viable cells were
FACS-sorted for CD3+CD45+ T cells on a BD FACSAria II Cell Sorter (BD Biosciences). The sorted cells were then
resuspended at a 1×105-2×105 cells/ml concentration with a �nal viability of >80% as determined. Next, 4,000 cells per
sample were targeted for scRNAseq on a Chromium Single Cell System (10× Genomics). Samples were processed as per
the manufacturer’s instructions (chromium single-cell 3′reagents, v3 chemistry), and libraries were sequenced on an
Illumina NextSeq sequencer.

Pre-processing of sequencing results to generate transcript matrices was performed using the 10× Genomics Cell Ranger
pipeline with default settings (v3.0.1). Further downstream analysis was performed in R using the Seurat package
(v3.0.2). Cells were excluded if fewer than 200 or more than 5,000 genes were detected or if mitochondrial transcripts
accounted for more than 40% of reads. Data were scaled and principal component analysis was performed using
Seurat’s default settings. Cells were clustered using the FindNeighbors (20 dimensions of reduction) and FindClusters
functions at default settings; t-distributed stochastic neighbor embedding (tSNE) were calculated for visualizing clusters.
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Differential gene expression analysis between each cluster was performed using the FindAllMarkers function in the
Seurat package to the normalized gene expression data and each T cell sub-cluster was annotated according to DEGs.
GO and KEGG enrichment analysis were performed on these DEGs with clusterPro�ler package(15), while GSEA was also
performed using a Python implementation (package gseapy) with the genesets of C5 and C7 in the MSigDB
database (16).

To depict the developmental trajectory of CD8+ T cells, the Monocle2 R (17) package was applied to the expression
pro�les of the cell subtypes. Brie�y, the expression pro�les (Seurat objects) were converted to Monocle cell data sets by
the ‘importCDS’ function. Variably expressed genes selected by Seurat that had a mean expression between 0.125 and 3
and quantile-normalized variance larger than 0.5 were used as inputs. Putative trajectories were plotted using the
‘plot_cell_trajectory’ function after dimension reduction and cell ordering. To assess the functional states of CD8+ T cells,
several cytotoxicity-associated genes (NKG7, PRF1, GZMA, GZMB, GZMK, IFNG, CCL4 and CST7) and exhaustion
associated genes (LAG3, TIGIT, PDCD1, HAVCR2 and CTLA4) were used to calculate the cytotoxicity score and
exhaustion score. 

Analyzing selected ligand-receptor pairs between CD8+ T cells and
epithelial cells
Single-cell RNA sequencing data of stomach tissues was downloaded from the GEO (GSE134520) (18). For a pair of
investigated cell types, the level of interaction was analyzed by CellPhoneDB 2 (19), a Python-based computational
analysis tool enables analysis of cell-cell communication at the molecular level, and de�ned as the product of the
average expression levels of ligands in CD8+ T cells and the average expression levels of their corresponding receptors in
epithelial cells. To acquire the signi�cance of a particular interaction, we conducted a permutation test by randomly
shu�ing the dataset of all cells 1000 times and generating a background distribution of interaction levels, based on
which we calculated a P-value. 

Multiplexed immuno�uorescence staining
Multiple staining of tissues was performed using the PANO 4-plex immunohistochemistry kit (Cat# 10079100100,
Panovue) according to manufacturer's instructions. In brief, we incubated para�n slices with different primary antibodies
(CXCL13, CD103, CD8 or PTGER2, CD8, AREG) after microwave heat treatment, then incubated them with horseradish
peroxidase (HRP) conjugated secondary antibodies and amimide signal ampli�cation. The slides were microwave heat
treated again for another primary antibody incubation. DAPI staining was performed after all the antigens above had
been labeled. Multi-spectral images were obtained by scanning stained slides using Mantra System (PerkinElmer), which
captures �uorescence spectra at 20-nm wavelength intervals of 420 to 720 nm, with the same exposure time. On the
basis of full �lm scanning, 5 high magni�cation �elds were randomly selected from each tissue point for image capture.
The selected �eld were scanned to obtain multi-spectral images using Mantra System, which captured �uorescence
spectra at 20-nm wavelength intervals of 420-720 nm with the same exposure time. 

Survival analyses 
We performed univariate and multivariate analyses using the Cox proportional hazards model to correct clinical
covariates including age, gender, smoking, drinking, clinical stage, chemotheraphy status, radiotheraphy status and H.
pylori infection status for all survival analyses in our study. Kaplan-Meier survival curves were plotted to show differences
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in survival time, and P values reported by the Cox regression models implemented in the R package survival were used to
determine the statistical signi�cance.

The gastric cancer data were used to evaluate the prognostic effect of individual genes or gene sets derived from speci�c
cell clusters. We downloaded the gene expression data as well as clinical and follow-up data for patients with stomach
adenocarcinoma (STAD) in the TCGA from the FireBrowse (http://�rebrowse.org/) and other public gastric cancer
datasets from the GEO (GSE84437, GSE62254 and GSE15459). The expression pro�le was normalized by z-scores of
log2 (FPKM+1) to exclude potential bias. For individual genes, the relative gastric cancer patients were divided into high
50% and low 50% based on the median expression. Kaplan-Meier analysis was performed to evaluate the prognostic
value of cell genes and detect the role that these genes play in gastric cancer progression.

In order to assess the prognostic value of the speci�c signature identi�ed in the present study, the fold-change value for
each gene in the CD8-C0-CXCL13 cluster was used to weight its expression level in the TCGA or GEO database, and
Kaplan-Meier survival curves were generated by partitioning gastric cancer cases from the TCGA or GEO databases in
two splits based on the median value of the weighted average expression of 27 DEGs which were identi�ed in the CD8-
C0-CXCL13 cluster as compared with the other clusters (p.adj ≤ 0.001 and log2FoldChange ≥ 0.5). For the univariable
forest plots, hazard ratios were derived using Cox proportional hazards survival models in gastric cancer cases with the
overall survival.  

Correlation analysis between genes and the level of immune
in�ltration of gastric cancer
The TIMER2.0 (20) is a friendly platform for systematical evaluations of the clinical impact of different immune cells in
diverse cancer types. “Immune estimation module” refers to analyzing immune in�ltration estimations for users-provided
expression pro�les by TIMER, CIBERSORT, quanTIseq, xCell, MCP-counter and EPIC algorithms. We have studied whether
the expression of TNFRSF1A or DAG1 gene is related to the level of immune in�ltration in STAD. The correlations between
TNFRSF1A or DAG1 gene expression and CD8+ T cell, CD8+ TEM cell and CD8+ naive cell were analyzed. 

Statistical analysis
All statistical analyses and graph generation were performed in R (version 4.0.3). Groups were compared using tests for
signi�cance as indicated in the �gure legends and the text. A signi�cant difference was concluded at P<0.05.

Results

H. pylori infection was associated with better survival in Chinese
gastric cancer patients
In order to test the infection of H. pylori on the survival of gastric cancer, a total of 488 patients were enrolled in the study
and divided into two groups according to the H. pylori infection status (Supplementary Table 1). Among these patients,
372 men and 116 women participated with median age of 63 years, in which 224 were negative for H. pylori (hereafter “H.
pylori -”) whereas the rest of the participants 264 patients were H. pylori positive (hereafter “H. pylori +”). The H. pylori
positive rate was 54.10%, which was consistent with the overall H. pylori infection rate in Chinese population with
55.8% (21). In addition, there were more smokers and drinkers in the H. pylori + group, while the patients with stage IV
was relative lower than the H. pylori - group. For the chemotherapy after surgical operation, 67.41% patients in the H.
pylori - group accepted the chemotherapy, higher than those in the H. pylori + group (58.33%). 
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As shown in Table 1, the median survival time was 36.33 months, and 190 patients (38.93%) died of gastric cancer in our
cohort. The median survival time was 142.3 months in patients positive for H. pylori, compared with 82.1 months in
patients negative for H. pylori (Figure 1A, HR=0.64, 95% CI=0.48-0.85, P=2.35×10-3). In addition, we found that age,
gender, clinical stage, and radiotherapy were signi�cantly associated with the survival of our subjects with gastric cancer
(Table 1, Figure1B and Supplementary Figure 1). In multivariate analyses, we revealed that positive H. pylori status was
signi�cantly associated with better prognosis of gastric cancer, with adjustments of age, gender, clinical stage and
radiotherapy status. Additionally, age and gender were also prognostic factors for overall survival (Table 1). When
adjusted for all variables in our study, only clinical stage and H. pylori status were independent prognostic factor for
survival, in which patients with positive H. pylori status had a signi�cantly longer survival time compared to patients with
negative H. pylori status (Table 1, HR=0.74, 95% CI=0.55-0.99, P= 0.045).

Table 1

 Univariate and multivariate analysis of predictive factors for overall survival in 488 patients with gastric cancer
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Variables Patients Deaths MST
(mo)

HR
(95%
CI)

P Adjusted
HR
 (95%
CI) a

Adjusted
Pa

Adjusted
HR      
 (95%
CI) b

Adjusted
Pb

N=488 N=190

Age

< 63 244 83  133.3  1.00  1.00  1.00 

≥ 63 244 107  84.3  1.44
(1.08-
1.92)

0.012  1.39
(1.04-
1.86)

0.025  1.32
(0.98-
1.78)

0.070 

Gender

Male 372 157  85.2  1.00  1.00  1.00 

Female 116 33  NA 0.64
(0.44-
0.93)

0.018  0.68
(0.46-
0.99)

0.044  0.64
(0.43-
0.95)

0.026 

Smoker

No 324 123 101.3 1.00  1.00  1.00 

Yes 164 67 83.4 1.01
(0.75-
1.36)

0.946  0.95
(0.70-
1.31)

0.771  1.02
(0.68-
1.54)

0.921 

Drinker

No 351 132 101.3 1.00  1.00  1.00 

Yes 137 58 83.4 1.02
(0.75-
1.39)

0.905  0.89
(0.64-
1.22)

0.458  0.88
(0.58-
1.33)

0.536 

Clinical
stage

 AJCC I 102 10  NA 1.00  1.00  1.00 

 AJCC II 71 21  142.3  2.69
(1.26-
5.73)

0.010  2.52
(1.18-
5.37)

0.017  2.61
(1.22-
5.59)

0.013 

 AJCC III 137 63  83.4  5.19
(2.66-
10.11)

1.37×10-6 4.72
(2.41-
9.24)

6.00×10-6 4.92
(2.50-
9.66)

3.77×10-6

 AJCC IV 178 96  30.2  13.77
(7.07-
26.82)

1.27×10-14 11.94
(6.09-
23.40)

1.27×10-14 12.56
(6.39-
24.70)

2.25×10-13

P trend 2.37
(1.98-
2.84)

< 2.0×10-

16

2.27
(1.89-
2.72)

< 2.0×10-

16

2.29
(1.91-
2.76)

< 2.0×10-

16

Chemotherapy

No 183 65  NA 1.00  1.00  1.00 

Yes 305 125  88.0  1.06
(0.78-
1.43)

0.713  0.81
(0.58-
1.12)

0.200  0.81
(0.58-
1.13)

0.212 

Radiotherapy
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No 429 158  133.3  1.00  1.00  1.00 

Yes 59 32  63.7  1.73
(1.18-
2.53)

5.12×10-3 1.32
(0.90-
1.95)

0.158  1.41
(0.94-
2.12)

0.096 

H. pylori

Negative 224 100  82.1  1.00  1.00  1.00 

Positive 264 90  142.3  0.64
(0.48-
0.85)

2.35×10-3 0.74
(0.56-
1.00)

0.049  0.74
(0.55-
0.99)

0.045 

aAdjusted for age, gender, clinical stage, radiotheraphy status and H. pylori infection status.
bAdjusted for age, gender, smoking, drinking, clinical stage, chemotheraphy status, radiotheraphy
status and H. pylori infection status.
H. pylori, Helicobacter pylori

Especially, for patients with early and intermediate stage gastric cancer (ie, AJCC I, II and III), we found a signi�cant
difference in overall survival between those who were positive for H. pylori and those who were negative (P=0.024);
however, we found no such association for patients with advanced cancer (ie, AJCC IV, P=0.979, Figure 1C). Findings
were much the same on strati�cation of patients by other classi�cations for early and intermediate versus advanced
disease, like patients who were positive for H. pylori status had signi�cantly higher survival than did those who were
negative only for those with tumor depth without invasion of visceral peritoneum or adjacent structures (ie, T1, T2 and
T3, P=0.028, Supplementary Figure 2A) and for those with nodal involvement less than 2 (ie, N0 and N1, P=1.3×10-3,
Supplementary Figure 2B). Hence, we identi�ed H. pylori as an independent, bene�cial prognostic factor, the effect of
which was most pronounced in patients with early-stage cancer. 

H. pylori affect gastric cancer mainly targeting CD8+ T cells within
tumor microenvironment
It has been suggested that tumor-speci�c immune responses are upregulated in patients with gastric cancer who are
positive for H. pylori (14). In order to evaluate the possible immune mechanism of H. pylori on gastric cancer
microenvironment, we �rst explored the content of tumor-in�ltrating lymphocytes (TILs) and found that CD3+ T cells were
the dominant TIL population both in H. pylori - and H. pylori + group (Supplementary Figure 3A). As CD8+ T cells play a
pivotal role in clearing intracellular pathogens and tumors (22), we next examined the frequency of naive and memory
subsets of CD3+CD8+ T cells based on CD45RA and CCR7 expression. We found that the effector memory T cell (TEM,

CD45RA–CCR7–) followed by central memory T cell (TCM, CD45RA–CCR7+) were the most prevalent subsets. In addition,
the frequency of TEM in H. pylori + gastric cancer was much more compared with H. pylori - gastric
cancer (Supplementary Figure 3B), which indicated that H. pylori + gastric cancer have a stronger immediate effector
function than H. pylori - gastric cancer. 

Single-cell transcriptomic pro�ling of the T cells in gastric cancer
tumors among different H. pylori infection status
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To shed light on the complexity of tumor-in�ltrating T cells in gastric cancer in an unbiased manner, we further
conducted 3’ droplet-based scRNA-seq (BD RhapsodyTM) on 18,717 �ow-sorted CD3+CD45+ T cells freshly isolated from
3 H. pylori - and 3 H. pylori + gastric cancer patients (Figure 2A and Supplementary Table 2). T cell clusters were
visualized using t-distributed stochastic neighbor embedding (t-SNE) after preprocessing, normalization and batch
correction (Supplementary Figure 4). Overall, we identi�ed ten unique clusters based on their gene expression pro�les,
including six distinct CD8+ T cell clusters and four distinct CD4+ T cell clusters (Supplementary Figure 5A-C). Each of the
ten clusters harbored differentially expressed genes (DEGs) representing distinct cell types or subtypes (Supplementary
Table 3 and Supplementary Figure 5D).

To address the intrinsic T cell heterogeneity, we applied unsupervised re-clustering based on t-SNE and identi�ed ten
CD4+ and twelve CD8+ clusters (Figure 2B, Supplementary Figure 6). We further surveyed the expression and distribution
of canonical T cell markers among these clusters, respectively (Figure 2C, Supplementary Figure 7). Among the ten CD4+

T cell clusters (Supplementary Table 4), we found that CD4-C2-FOXP3, CD4-C3-TNFRSF4, CD4-C8-COL5A3 and CD4-C9-
IFIT1 clusters represented regulatory T cells (Tregs) with high expression levels of FOXP3, IKZF2 and IL2RA, as well as
coinhibitory molecules TIGIT and CTLA4 (Figure 2C, Supplementary Figure 7A). Cells in CD4-C5-CXCL13 and CD4-C6-
TOX2 showed high expression levels of PDCD1 and CXCL13 (Figure 2C, Supplementary Figure 7A), thus representing
follicular T helper cells involved in the formation of ectopic lymphoid-like structures in in�ammatory sites (23). Two
clusters of CD4+ T cells (CD4-C1-CCR7 and CD4-C7-FBLN7) were characterized by a gene signature including CCR7, LEF1,
TCF7 and SELL (Figure 2C, Supplementary Figure 7A), which are typical features of naive T cells. Of interest, T cells from
CD4-C0-CCL5 and CD4-C4-SLC4A10 showed high expression levels of CD69, which has recently been reported to be
elevated in activating MAIT cells of patients with COVID-19 (24). Given that the MAIT cells can display effector functions
involved in the defense against infectious pathogens (25). We found that the proportion of these two clusters were
relatively increased in H. pylori + (Supplementary Figure 7B), which may be activated by H. pylori.

When focusing on the different CD8A+ clusters (Supplementary Table 5), we noted that CD8-C7-KLF2 characterized by a
gene signature including CCR7, LEF1, TCF7 and SELL, which are typical features of naive T cells (Figure
2C, Supplementary Figure 7C). Among identi�ed CD8+ TEM, which characterized by low expression of CCR7, CD8-C0-

CXCL13, CD8-C5-XCL2, CD8-C8-HSPA1B and CD8-C10-IFIT1 T cells with an activated cellular state (CD8+ TEM activated-
state), characterized by the expression of effector molecules such as IFNG, CCL4 and CCL5 (Figure
2C, Supplementary Figure 7C); and CD8-C6-FGFBP2 T cells, with features of natural killer (NK) cells, expressing genes
such as NKG7, FGFBP2, and FCGR3A, which we refer to as ‘CD8+ TEM NK-like’ (Figure 2C, Supplementary Figure 7C).
Interestingly, CD8-C0-CXCL13 and CD8-C10-IFIT1 also exhibited variable expression of exhaustion markers, like LAG3,
HAVCR2 and PDCD1 (Figure 2C, Supplementary Figure 7C), indicating an activation-coupled exhaustion program
putatively caused by both H. pylori infection and tumor cells. Besides, cytotoxic CD8+ T cells (CD8+ TCYTOTOXIC) from CD8-
C1-ZNF683 and CD8-C9-KIR2DL3 showed high expression levels of cytotoxicity-related genes such as GNLY, GZMB, PRF1
and tissue residency gene ZNF683 (HOBIT) (Figure 2C, Supplementary Figure 7C). We further noted that CD8-C4-AREG
cluster had expression of molecules suggestive of a tissue-resident memory T cells (TRM) with high expression of ITGAE
(CD103), ITGA1 and CD69, while showing low expression of SELL, S1PR1 and KLF2 (Figure 2C, Supplementary Figure
7C), akin to TRM cells described in humans and mice (26). CD8-C11-TRDC was assigned to T-gd cells, expressing TRDC,
TRGC1, and genes associated with cytotoxicity, including GNLY (27), while CD8-C2-KLRB1 cluster was characterized by
high expression of KLRB1, which are known hallmarks of mucosal-associated invariant T cells (Figure 2C, Supplementary
Figure 7C) (28). 

Unlike CD4+ T cells (Supplementary Figure 7B), the clusters in CD8+ T cells appeared to exhibit distinct distributions.
Especially, CD8-C0-CXCL13, contained mostly cells of H. pylori +, while CD8-C4-AREG and CD8-C7-KLF2 were almost
exclusively populated with cells from H. pylori - (Supplementary Figure 7D). We further analyzed the developmental fate
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of these differentially distributed cells using the Monocle 2 algorithm to establish a pseudotemporal ordering re�ective of
cell lineage. Since cluster CD8-C7-KLF2 was naive T cells, two major developmental trajectories were observed (Figure
2D), in which the TRM-like and TEM activated-state cells were located at opposite ends of the pseudotime path, supporting
the distinct gene expression pro�les of these cells. In addition, we also calculated a cytotoxicity score and exhaustion
score for each cell based on the expression of canonical markers. Along the trajectory, most CD8+ T cells exhibited
gradually increasing cytotoxic activity, which was accompanied by gradually increasing exhaustion (Figure 2E).
Especially, the score of cytotoxic activity was downregulated in trajectory 1 toward cluster CD8-C4-AREG cells, while was
increased in trajectory 2 of both CD8-C0-CXCL13 and CD8-C10-IFIT1 T cells (Figure 2F), which retained the ability for
active cell division in the immune microenvironment. Hence, we show using single-cell analysis that the CD8+ population
is heterogeneous with distinct subsets.  

H. pylori infection promote intratumoral immune activation with
enhanced interaction between CD8+ T cells and epithelium
We �rst focusing on CD8-C0-CXCL13 cluster, we noted that except for the high expression of CXCL13, it also speci�cally
expressed genes like MYO7A, TOX and PHLDA1 (Figure 3A). We then compared the single cell data between CD8-C0-
CXCL13 group and the other groups to determine the differential expression genes, 192 up-regulated and 118 down-
regulated genes were detected in CD8-C0-CXCL13 T cells (p.adj ≤ 0.01 and |log2FoldChange| ≥ 0.25)
(Supplementary Figure 8A and Supplementary Table 6). Gene ontology (GO) functional enrichment analysis revealed
that these upregulated genes in CD8-C0-CXCL13 T cells were enriched for signaling pathways such as T cell activation,
regulation of lymphocyte activation and regulation of T cell activation (Supplementary Figure 8B). There are also other
enriched gene sets that are crucial for anti-pathogen infection such as Th1 and Th2 cell differentiation, Th17 cell
differentiation as well as antigen processing and presentation by KEGG analysis (Supplementary Figure 8C), which was
potentially associated with H. pylori infection.

To further decipher the molecular characteristics difference of CD8-C0-CXCL13 T cells resulted from H. pylori, gene set
enrichment analysis (GSEA) was conducted and we revealed that T cells from H. pylori + were associated with cell
activation involved in immune response and regulation of response to cytokine stimulus, indicating a potential protection
role against local H. pylori infections (Figure 3B). In addition, we investigated the expression level of genes between H.
pylori infection status. Interestingly, we found that cytotoxicity-associated genes, such as IFNG and GZMB were
upregulated in the patients with H. pylori +, while the expression of exhaustion marker PDCD1 was downregulated (Figure
3C). As expected, a higher level of IFNG and GZMB were associated with a better prognosis in gastric
cancer (Supplementary Figure 8D, 8E).

Early studies established the concept that gastric epithelial cells from H. pylori infected patients contain increased TNF
receptors against invading infection with subsequent activation of an adaptive immune response. Using data from single
cell sequencing of stomach tissues (GSE134520), we estimated TNF-dependent T cell functions in CD8+ T cells and
epithelium. We found prominent TNF-TNFRSF1A and TNF-DAG1 interaction in stomach, which was enhanced with H.
pylori infection (Figure 3D), suggesting that the molecular interaction is crucial in creating an immune activation tumor
microenvironment with the response to H. pylori infection. Notably, TNFRSF1A, not DAG1, was positively correlated with
the CD8+ T cells signature as well as TEM signature, while negatively correlated with the naïve T cells in the TCGA STAD
cohort using the TIMER2.0 webserver (Supplementary Figure 8F), which indicated that TNFRSF1A may play an important
role to induce antitumor immunity against gastric cancer. More important, using bulk RNA sequencing data from normal
gastric mucosa tissues, we found that the expression of TNFRSF1A was signi�cantly increased in samples with H. pylori
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infection, while DAG1 was not changed (Figure 3E). Together, our results predicted that H. pylori infection potentially be
able to recruit T cells into the tumor by TNFRSF1A-TNF interaction and then enhanced the immune activity.

As our data suggest that the CD8-C0-CXCL13 T cell subset is a highly prevalent effector population in the
microenvironment of gastric cancer, we predicted that the single-cell-derived gene signature from the CD8-C0-
CXCL13 cluster (Supplementary Table 5) would provide important prognostic information. Using available gene
expression data, we found that the CD8-C0-CXCL13 signature was signi�cantly associated with improved overall survival
(Figure 4A). We further performed multicolor immuno�uorescence staining on stroma and tumor sections from gastric
cancer patients. Among CD8+ T cells, CXCL13 and CD103 were both activated by H. pylori infection in stroma and tumor
tissues (Figure 4B), supporting the presence of these activated cells in gastric cancer. 

TRM cells marked by PTGER2 worsen prognosis in H. pylori negative
gastric cancer
It has been reported that there exists virus- or other pathogen-speci�c (bystander) CD8+ TRM-like cells in tumor and can be
re-activated to induce antitumor immunity (29). However, we found 151 down-regulated genes in CD8-C4-AREG T cells
(p.adj ≤ 0.01 and |log2FoldChange| ≥ 0.25) (Supplementary Figure 9A and Supplementary Table 7), enriched for
signaling pathways such as T cell activation, response to IFN-γ and antigen processing and presentation
(Supplementary Figure 9B), which indicated an immunosuppression state in CD8-C4-AREG TRM cells. In addition, though
we found that the gene expression pro�les of these T cells were similar between H. pylori - and H. pylori + (Figure
5A), GSEA analysis revealed that T cells from H. pylori + were associated with in�ammatory response and cytokine
mediated signaling pathway (Figure 5B, Supplementary Figure 9C), while response to steroid hormone pathway was
enriched in T cells from H. pylori – (Supplementary Figure 9C), in which AREG and PTGER2 were both increased (Figure
5C). Similarly, further immunohistochemistry staining also con�rmed that AREG and PTGER2 were both inactivated by H.
pylori infection in stroma and tumor tissues (Figure 5D). Using prognostic data from TCGA and GSE15459, we show that
the PTGER2 can discriminate between patients with high CD8 expression, in which high PTGER2 expression was
signi�cantly associated with worse prognosis, but not in patients with low CD8 expression (Figure 5E
and Supplementary Figure 9D). These data suggest that TRM cells with high expression of PTGER2 may be the key
therapeutic target to improve the clinical outcomes of gastric cancer.

Discussion
On the one hand, we conducted prognosis analysis of gastric cancer patients with different H. pylori infection status from
the population level. On the other hand, a single-cell transcriptome pro�ling from molecular level was performed which
allowed for the characterization of different T cell subpopulations and H. pylori activated clusters, as well as for the
delineation of transcriptional changes in H. pylori activated T cells, and the identi�cation of co-stimulatory ligand
expression in H. pylori + gastric cancer cells. The results of this study shed light into the mechanisms underlying the
target cell dependent T cell responses induced by H. pylori, as well as the potential mechanisms underlying the responses
of gastric cancer patients to H. pylori infection and indicate that PTGER2 may serve as a potential target to treat patients
with gastric cancer.

Though it is well established that H. pylori infection contributes greatly to the carcinogenesis of gastric cancer, the role of
H. pylori infection in predicting the gastric cancer patients’ survival is still less well understood. Interestingly, a
prospective study has demonstrated that gastric cancer patients with positive H. pylori infection frequently showed better
relapse-free survival and better overall survival (14). In addition, other studies (30, 31), especially a meta-analysis
demonstrated that H. pylori infection is an independent protective factor for gastric cancer progression, in which this
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protective effect is stable among different ethnic groups, different H. pylori evaluation methods and quality assessment
measures (32). Similar to these results, our study also con�rmed that H. pylori is an independent, bene�cial prognostic
factor, especially in patients with early-stage gastric cancer. This may be attributed to H. pylori infection not being the
only factor affecting the prognosis and many types of therapies being available for advanced or relapsed gastric cancer
patients (33). 

The suppressive effect of H. pylori on gastric cancer progression is possibly due to the induction of some antitumor
immunity. It has been shown that the activation of T cells, the main immune effector cells for acquired immunity, are
directly affected by H. pylori bacterial products, e.g., VacA and arginase (34, 35). Besides, several naturally occurring
immunodominant CD4+ T cell responses in H. pylori-infected subjects has also been identi�ed and characterized (36). In
here, though we didn’t see signi�cant difference between CD4+ T cells, we identi�ed two clusters exhibit distinct
distributions in CD8+ T cells among different H. pylori infection status. Since the immunodominant T cells are believed to
be more effective and play a central role in the host adaptive immunity against pathogens which has been well
demonstrated in many viral, bacterial, and tumor systems (37, 38). Previous researches have shown increased gastric T-
cell in�ltration in situ with a typical T-helper (Th)1 phenotype during H. pylori infection (39) and identi�ed several antigen-
speci�c T-cell response like HpaA-speci�c mucosal CD4+ T-cell responses with a Th1 pro�le, which occurred mainly in the
period of precancerous lesions (36). However, in cancer, including gastric cancer, CD8+ T cells are essential for immune
defence to eradicate cancer cells though always become dysfunctional over the course of tumorigenesis (40). In order to
solve this problem, researchers have developed a series of immunotherapy, such as immune checkpoint blockade (41),
adoptive T cell therapy (42), chimeric antigen receptor T cell therapy (43) and cancer vaccines (44), to restore the
functions of CD8+ T cells. Hence, we have reason to speculate that these speci�c CD8+ T cells driven by H. pylori may be
the reason for the better prognosis of gastric cancer patients with H. pylori infection.

Recent technological advances have provided important insights into the heterogeneity of CD8+ TILs, demonstrating that
distinct T cell subsets exist with different transcriptional programmes and functional states (40). When focusing on CD8-
C0-CXCL13 cluster, we noted that except for the high expression of CXCL13, it also speci�cally expressed genes like
TOX, a key transcription factor for CD8+ T cell differentiation during chronic viral infections and cancer (45) and
PHLDA1, a required transcription factor for regulation of the TLR-mediated immune response (46), re�ecting these cells
has a strong immunological activity state. Consistent with the characteristic, pathway enrichment analysis revealed
that these upregulated genes in CD8-C0-CXCL13 T cells were enriched with T cell activation.

Since the epithelial cells are at the center of the cellular interaction network in gastric cancer, de�ning the molecular
characteristics of tumor tissues (47). We investigated and evaluated the interaction between epithelial cells and matched
CD8+ T cells. The data suggest that tumor cells with strong TNFRSF1A expression might directly interact with TNF of
CD8+ T cells and enhance CD8+ T cell activity by producing GZMB and IFNG, suppressing tumor progression in gastric
cancer with H. pylori. More importantly, as the single-cell-derived gene signature could provide prognostic information, a
series of immune cell signatures were identi�ed by single cell sequencing in such as breast cancer (48), lung
cancer (49) and melanoma (50), which were associated with patients’ prognosis. Similarity, we con�rmed that CD8-C0-
CXCL13 T cells may be the key mediator of the improved clinical outcomes observed in human gastric cancer with H.
pylori infection.

Recently, TRM cells have been shown to both prevent and exacerbate pathologies (51). The involvement of TRM cells in a
range of human diseases makes the design of therapeutic strategies that can modulate either their production or their
activity an attractive goal. In addition, more and more researches have con�rmed that TRM cells display transcriptional
features that are speci�c to individual tissues and allow their survival and long -term retention at those different sites (52).
Here, we identi�ed a TRM cell cluster marked by AREG, a member of epidermal growth factor family and PTGER2, a
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receptor for prostaglandin E2, were almost exclusively populated with cells from H. pylori -. AREG has been shown to
associate with type 2 immune-mediated resistance and tolerance mechanisms to infection, as well as promote immune
suppression in the TME (53), while PTGER2 enhanced the pathogenic phenotype by regulating the cytokines balance
such as IFN-γ/IL-10 in a context dependent manner (54). More importantly, previous researches have revealed that
PTGER2 was overexpressed in many cancers and promotes tumor cell proliferation, invasion and prognosis (55). Here,
we found that high PTGER2 expression was signi�cantly associated with worse prognosis only in patients with high CD8
expression of gastric cancer, just like one research con�rmed that CD8+CD103+ TRM cell subset was signi�cantly
associated with improved relapse-free and overall survival in triple negative breast cancers (48), which suggesting that
TRM cells with high expression of PTGER2 may be a promising new prognostic factor and target for anti-cancer therapies.

There are several limitations of the present study. First, to investigate the effect of H. pylori on the survival of patients
with gastric cancer, we chose a longitudinal study design. However, because our data are from one center, the results
need to be validated further. Second, we focused on TILs in gastric cancer and performed scRNA-seq of T cells, the
ligand-receptor interactions was inferred from public database mainly consist of normal tissues, further scRNA-seq data
integrated of the tumor cells and TME cells from gastric cancer patients, as well as functional assays, will be more
convincing. Third, due to a lack of immune competent animal model for gastric cancer, the direct or indirect mechanisms
whereby this would occur in vivo are unclear.

In summary, we applied single-cell RNA sequencing to gastric cancer patients and characterized their T cell landscape
with high resolution between different H. pylori infection status. We identi�ed two CD8+ T cell clusters, one cluster of
CD8+ TEM activated-state cells, probably preceding activation by H. pylori, predicting better prognosis in gastric cancer,
while one cluster of TRM cells which almost exclusively populated with cells from H. pylori -, probably preceding
exhaustion and predicting worse prognosis in gastric cancer. Our �ndings provide valuable resources for deciphering
gene expression landscapes of heterogeneous cell types in gastric cancer and deep insight into cancer immunology for
drug discovery in the future.
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Figures

Figure 1

H. pylori infection was associated with better survival in Chinese gastric cancer patients. (A, B) Kaplan-Meier survival
curves for overall survival from 488 primary gastric cancer showing signi�cant prognostic separation according to (A) H.
pylori infection and (B) clinical stage. (C, D) H. pylori was an independent and bene�cial prognostic factor pronounced in
patients with (C) early-stage cancer, not (D) terminally stage cancer. P-value was calculated by the log-rank test.
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Figure 2

Dissection and identifying in�ltrated cell types in gastric cancer tissues. (A) Work�ow showing the process of sample
collection, single-cell dissociation, sorting, scRNA-seq, bioinformatic analysis and validation. (B) Reclustering of CD4+ T
cell and CD8+ T cells. (C) Average expression of selected T cell function-associated genes across different clusters. The
box is proportional to the relative expression level of each gene. (D) The developmental trajectory of CD8+ T cells inferred
by Monocle2. Each dot corresponds to one single cell, colored according to its cluster label. (E) Monocle components
were correlated with functional features of CD8+ T cells, including scores of cytotoxicity and exhaustion calculated by the
mean expression of gene sets related to these T cell status (see Methods). (F) Signi�cantly decreased or increased score
of cytotoxicity in the differentiation process colored by cell clusters. The solid lines represent the relationship between the
score with Monocle components.
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Figure 3

Detailed characterization of T cells in CD8-C0-CXCL13 cluster with different H. pylori infection status. (A) Violin plots
showing the expression levels of genes highly expressed in T cells of CD8-C0-CXCL13 cluster. (B) GSEA showing top
enriched pathways in H. pylori + derived T cells. NES denotes normalized enrichment score. (C) Violin plots and
corresponding dots showing that the expression levels of IFNG and GZMB were upregulated, while PDCD1 was
downregulated in T cells of CD8-C0-CXCL13 cluster with H. pylori +. (D) Summary of selected ligand–receptor
interactions between CD8+ T cells and epithelium. P values (permutation test) are represented by the size of each circle.
The color gradient indicates the level of interaction. (E) Bulk RNA sequencing data from normal gastric mucosa tissues
showing that the expression of TNFRSF1A was signi�cantly increased in samples with H. pylori infection, while DAG1
was not changed. P value was calculated with student’s t test.
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Figure 4

Prognostic abilities of the gene signature derived from single-cell data of differentially expressed genes in CD8-C0-
CXCL13 for human gastric cancers. (A) Overall survival for gastric cancer patients strati�ed according to CD8-C0-CXCL13
signature expression. P-value was calculated by the log-rank test. (B) The multicolor immuno�uorescence staining of
marker genes with CXCL13, CD103 and CD8 in stroma and tumor tissues between different H. pylori infection status.
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Figure 5

TRM cells marked by PTGER2 worsen prognosis in H. pylori negative gastric cancer. (A) Venn diagram of shared and
differentially expressed genes between T cells of CD8-C4-AREG cluster from patients with different H. pylori infection
status. (B) GSEA showing enriched pathways in H. pylori + derived T cells. NES denotes normalized enrichment score. (C)
Violin plots and corresponding dots showing that the expression levels of AREG and PTGER2 were upregulated in T cells
of CD8-C4-AREG cluster with H. pylori -. (D) The multicolor immuno�uorescence staining of marker genes with PTGER2,
CD8 and AREG in stroma and tumor tissues between different H. pylori infection status. (E) Overall survival for gastric
cancer patients further strati�ed according to PTGER2 expression within CD8 expression strata from the TCGA database.
P-value was calculated by the log-rank test.
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