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Abstract

The impact of Helicobacter pylori (H. pylori) status on gastric cancer survival remains unclear. In this study, we
conducted a prognostic analysis of 488 gastric cancer patients and performed single-cell RNA sequencing (scRNA-
seq) on 18,717 T cells from six tumor samples with varying H. pylori statuses. Our findings revealed that gastric
cancer patients with H. pylori infection had significantly longer survival times compared to those with negative

H. pylori status. After unsupervised re-clustering of T cells based on scRNA-seq data, we identified ten CD4* and
twelve CD8 clusters. Among them, four CD8* T cell clusters exhibited distinct distributions based on H. pylori
infection status. One cluster, marked by CXCL13, showed high levels of IFNG and GZMB in H. pylori-infected
patients, while another cluster, which expressed immune suppression related genes like AREG and PTGER2, was
predominantly comprised of cells from non-infected patients. High PTGER2 expression was significantly associated
with worse prognosis in patients with high CD8 expression. These insights advance our understanding of H. pylori's
influence on T cell responses in gastric cancer, aiding in treatment and prognostic strategies.
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Introduction

Helicobacter pylori (H. pylori) has been classified as a
Group I carcinogenic pathogen [1] because its infec-
tion is epidemically and etiological associated with the
oncogenesis of gastric cancer (GC) [2]. Hence, it is well
accepted that eliminating H. pylori infection is an effec-
tive way to prevent GC. However, GC develops through
a multistep process, whether H. pylori play a carcino-
genic role throughout this progression is controversial.
Masanori summarized a hit-and-run mechanism that H.
pylori is not required for the maintenance of a neoplastic
phenotype in established cancer cells in which pro-onco-
genic actions are successively taken over by a series of
genetic and/or epigenetic alterations during long-stand-
ing H. pylori infection [3]. In addition, it is noteworthy
that eradication of H. pylori appears to be ineffective for
the prevention of GC in two trials that included subjects
with precancerous lesions, including low to high-grade
dysplasia at baseline [4, 5]. One reason for this may be
that the elevated pH caused by H. pylori facilitates the
intrusion of oral or intestinal bacteria into the stomach,
which may additionally contribute to the development
of mucosal lesions [6], while the damaged environment
becomes unsuitable for H. pylori survival, especially in
GC[7].

The gut microbiota and the immune system have
coevolved and affect each other directly via metabolic
crosstalk [8]. For example, Beura and colleagues [9] dis-
covered that wild mice, pet store mice, and adult humans
have a highly differentiated memory CD8* T-cell com-
partment in their blood, whereas “clean” laboratory mice
and human neonates do not. Especially, multiple studies
have provided strong evidence that immunotherapy may
be an effective treatment for cancer if tumor microenvi-
ronment (TME) components are properly understood
and judiciously targeted [10]. Phenotypic differences in T
cell infiltration within the TME can be categorized into
three types: “immune-inflamed’; “immune-excluded’
“immune-desert’, depending on CDS8'T cells infiltra-
tion status [11]. Recently, Montalban-Arques et al. [12]
confirmed that commensal Clostridiales strains could
enhance the immunity and transform the TME from an
“Immune-desert” phenotype to an “immune-inflamed”
phenotype by increasing the frequencies and activity of
tumor-infiltrating IFN-y*CD8"T cells, which ultimately
improved the prognosis of colorectal cancer patients. In
this context, it has been shown that the efficacy of cancer
therapies depends on the composition of the microbiome
[13].

In GC, there is no consensus regarding the foe or friend
role of 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
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residual, local, or metastasized tumors. They speculated
that cancer immunity might be suppressed in H. pylori
negative patients, conversely, both innate and adap-
tive immunity have been significantly boosted due to H.
pylori infection. Recently, a retrospective study has dem-
onstrated that H. pylori infection prolongs survival in GC
patients within the PD-L1-treated group [15]. However,
the detailed mechanisms remain unknown.

Here, we aim to identify whether H. pylori infection
contributes to the “immune-inflamed” TME, which
immune cell components are responsible for building up
such a TME, and how the differential immune cells influ-
ence the prognosis of GC patients. After performing a
prognostic analysis of GC in Chinese population, we iso-
lated intratumoral CD45" immune cells from human GC
tissues with or without H. pylori infection and addressed
these questions by analyzing H. pylori-specific immune
cells through single-cell RNA sequencing. Our work
enhances the understanding of heterogeneity between
patients with different H. pylori infection status and pro-
vides a basis for individualized treatment for GC.

Materials and methods

Study population

Between 2006 and 2016, 1,198 consecutive patients with
GC were recruited from the First Affiliated Hospital of
Nanjing Medical University, Northern Jiangsu People’s
Hospital, and the Affiliated Hospital of Yangzhou Uni-
versity. All cases were newly diagnosed, with no prior
treatment, including radiotherapy or chemotherapy. Each
case was histopathologically or cytologically confirmed
to have GC by at least two local pathologists. After sign-
ing 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 the time
of recruitment when available as previously described
[16]. Furthermore, for patients who underwent curative
resection, an independent reviewer assessed the follow-
ing clinical information post-surgery: tumor size and
localization; depth of tumor invasion; lymph-node metas-
tasis; histological grading; and tumor type according to
Laurén classification. The clinical stage was classified by
the anatomical nodal site according to the 6th edition of
the tumor-node-metastasis (TNM) classification.

All patients were followed up from the time of enroll-
ment until death or the last 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). The latest medical records from their
treating physicians were checked as a complement, and
additional follow-up data were also obtained by contact-
ing family physicians.
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Definition of H. pylori infection status and the inclusion
criteria

Based on the dataset, 207 patients were excluded from
the study because they had metastatic disease or didn't
underwent surgery (n=150) and without any available
follow-up data (n=57). In order to ensure the accuracy
of H. pylori infection status, patients without clinical
records of urease or breath test results, which represents
present infection of H. pylori, were further excluded
(n=349). After combing the results of serology assay for
H. pylori infection which represents past infection of H.
pylori, 76 patients were excluded due to lack of blood
samples (n=35) or hemolysis (#=41). Then, patients
with discordant results between urease or breath tests
records and serology results were also excluded (n=78).
Only patients with positive results of both urease or
breath tests records and serology tests were defined as
H. pylori positive, while patients with negative results
of both urease or breath tests records and serology tests
were defined as H. pylori negative. Finally, a total of 488
patients who had both available follow-up and clinical
information were enrolled, in which 264 patients were H.
pylori positive and 224 were negative for H. pylori (Sup-
plementary Fig. 1).

For single-cell RNA sequencing, the H. pylori infection
status of gastric cancer tissues was determined intra-
operatively using urease testing. Single-cell sequenc-
ing was subsequently conducted on samples obtained
directly from the same region of the tested tissue, thereby
ensuring a precise representation of the infection sta-
tus. Finally, three H. pylori-positive and three H. pylori-
negative individuals were included for single-cell RNA
sequencing analysis (Supplementary Table 2).

Serology assay for Helicobacter pylori (H. pylori) infection
H. pylori infection status was determined using an H.
pylori 1gG ELISA kit (IBL International, Hamburg, Ger-
many) according to the manufacturer’s instructions.
Briefly, plasma H. pylori IgG antibody was measured
using 5 pL plasma and each sample was quantified using
a calibration curve. Positivity was determined when the
H. pylori 1gG 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 specificity for the H. pylori IgG ELISA,
as provided by the manufacturer, were 96.0% and 96.0%,
respectively.

For further details regarding the materials and meth-
ods, please refer to the supplementary information.
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Results

H. pylori infection was associated with better survival in
Chinese gastric cancer patients

To examine the effect of H. pylori infection on the sur-
vival of GC, 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, there were 372 men and 116 women, with a
median age of 63 years. Of these, 224 were negative for
H. pylori (hereafter referred to as “H. pylori-”), while the
remaining 264 patients were positive for H. pylori (here-
after referred to as “H. pylori+”). Additionally, the H.
pylori+group had a higher proportion of smokers and
drinkers, whereas the proportion of patients with stage
IV was relatively lower than that in the H. pylori- group.

As shown in Table 1, the median survival time
was 36.33 months, and 190 patients (38.93%) died of
GC in our cohort. The median survival time for H.
pylori+ patients was 142.3 months, compared to 82.1
months for H. pylori- patients (Fig. 1A, HR=0.64, 95%
CI=0.48-0.85, P=2.35x107%). Additionally, we found
that age, gender, clinical stage, and radiotherapy were
significantly associated with the survival of our subjects
with GC (Table 1; Fig. 1B and Supplementary Fig. 2). In
multivariate analyses, we revealed that positive H. pylori
status was significantly associated with a better prognosis
for GC after adjusting for age, gender, clinical stage, and
radiotherapy status. Furthermore, age and gender were
also identified as prognostic factors for overall survival
(Table 1). When adjusted for all variables in our study,
only clinical stage and H. pylori status emerged as inde-
pendent prognostic factors for survival. In this analysis,
patients with positive H. pylori status had a significantly
longer survival time compared to those with negative
H. pylori status (Table 1, HR=0.74, 95% CI=0.55-0.99,
P=0.045).

Notably, for patients with early and intermediate stage
GC (i.e., American Joint Committee on Cancer (AJCC) I,
II and III), we observed a significant difference in over-
all survival between H. pylori+patients and H. pylori-
patients (P=0.024). However, no such association was
found for patients with advanced cancer (i.e., AJCC 1V,
P=0.979, Fig. 1C). Similar findings were noted when
stratifying patients by other classifications for early and
intermediate versus advanced disease. For instance, H.
pylori+ patients exhibited significantly higher survival
rates than H. pylori- patients only among those with
tumor depth not invading the visceral peritoneum or
adjacent structures (i.e., T1, T2 and T3, P=0.030, Supple-
mentary Fig. 3A) and for those with nodal involvement
of less than 2 (i.e, NO and N1, P=4.43x 1073, Supple-
mentary Fig. 3B). Therefore, we identified H. pylori as
an independent, beneficial prognostic factor, with the
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Table 1 Univariate and multivariate analysis of predictive factors for overall survival in 488 patients with gastric cancer

Variables Patients Deaths MST HR(95% Cl) P Adjusted HR Adjusted PP Adjusted HR Adjusted pb
N=488 N=190 (mo) (95% Cl) 2 (95% CI) ®

Age

<63 244 83 1333 1.00 1.00 1.00

>63 244 107 843 144(1.08-192) 0.012 1.39(1.04-1.86) 0.025 1.32(098-1.78)  0.070

Gender

Male 372 157 85.2 1.00 1.00 1.00

Female 116 33 NA 0.64 (044-093) 0.018 0.68 (0.46-0.99) 0.044 0.64 (043-095) 0.026

Smoker

No 324 123 1013 1.00 1.00 1.00

Yes 164 67 834 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 1013 1.00 1.00 1.00

Yes 137 58 834 1.02 (0.75-1.39)  0.905 0.89 (0.64-1.22) 0458 0.88 (0.58-1.33)  0.536

Clinical

stage

AJCCI 102 10 NA 1.00 1.00 1.00

AJCCHI 71 21 1423 269(1.26-5.73) 0.010 2.52(1.18-537) 0.017 261(1.22-559) 0.013

AJCCII 137 63 834 519(266-10.11) 1.37x10°%  472(241-924) 6.00x10°% 492 (2.50-966) 3.77x10°°

AJCCIV 178 % 302 1377 1.27x107"* 1194 1.27x107"* 1256 2.25x107"3

(7.07-26.82) (6.09-23.40) (6.39-24.70)

P trend 237(198-284) <2.0x107'% 227(189-272) <2.0x107'® 229(1.91-276) <2.0x107'®

Chemotherapy

No 183 65 NA 1.00 1.00 1.00

Yes 305 125 88.0 1.06 (0.78-143)  0.713 0.81(0.58-1.12)  0.200 0.81(0.58-1.13)  0.212

Radiotherapy

No 429 158 1333 1.00 1.00 1.00

Yes 59 32 63.7 1.73(1.18-253)  5.12x1073 1.32(0.90-1.95) 0.158 141(094-2.12)  0.096

H. pylori

Negative 224 100 82.1 1.00 1.00 1.00

Positive 264 90 1423 064 (048-085) 2.35x1073 0.74 (0.56-1.00)  0.049 0.74 (0.55-0.99)  0.045

2Adjusted for age, gender, clinical stage, radiotherapy status and H. pylori infection status

PAdjusted for age, gender, smoking, drinking, clinical stage, chemotherapy status, radiotherapy status and H. pylori infection status

H. pylori, Helicobacter pylori

effect being 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-specific immune
responses are upregulated in GC patients positive for H.
pylori [14]. To evaluate the immunological mechanism of
H. pylori in the GC microenvironment, we first explored
the content of tumor-infiltrating lymphocytes (TILs) and
found that CD3*T cells were the dominant TIL popula-
tion in both the H. pylori- and H. pylori+ groups (Supple-
mentary Fig. 4A). Given that CD8'T cells play a pivotal
role in clearing intracellular pathogens and tumors [17],
we next examined the frequency of naive and memory
subsets of CD3*CD8'T cells based on CD45RA and
CCR7 expression. We found that effector memory T
cells (Tgy, CD45RACCR77) were the most preva-
lent subset, followed by central memory T cells (T¢y,

CD45RA™CCR7"). Furthermore, the frequency of Ty
in H. pylori+ GC was higher compared to H. pylori- GC
(Supplementary Fig. 4B), indicating that H. pylori+ GC
generates a stronger immune response than H. pylori-
GC (Supplementary Fig. 4C).

Single-cell transcriptomic profiling of the T cells in gastric
cancer tumors among different H. pylori infection status

To elucidate the complexity of tumor-infiltrating T cells
in GC in an unbiased manner, we conducted 3’ droplet-
based scRNA-seq (BD Rhapsody) on 18,717 flow-sorted
CD3*"CD45'T cells freshly isolated from three H. pylori-
and three H. pylori+GC patients (Fig. 2A and Supple-
mentary Table 2). T cell clusters were visualized using
t-distributed stochastic neighbor embedding (t-SNE)
following preprocessing, normalization and batch cor-
rection (Supplementary Fig. 5). Overall, we identified ten
unique clusters based on their gene expression profiles,
which included six distinct CD8"T cell clusters and four
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Fig. 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 significant prognostic separation according to (A)H. pylori infection and (B) clinical stage. (C)H. pylori was an
independent and beneficial prognostic factor pronounced in patients with early-stage cancer, not terminally stage cancer. P-value was calculated by the

log-rank test

distinct CD4*T cell clusters (Supplementary Fig. 6A-
C). Each of these ten clusters harbored differentially
expressed genes (DEGs) representing distinct cell types
or subtypes (Supplementary Tables 3 and Supplementary
Fig. 6D).

To address the intrinsic heterogeneity of T cells, we
applied unsupervised re-clustering based on t-SNE and
identified ten CD4" and twelve CD8" clusters (Fig. 2B,
Supplementary Fig. 7). We further examined the expres-
sion and distribution of canonical T cell markers among
these clusters (Fig. 2C, Supplementary Fig. 8). Among
the ten CD4*'T cell clusters (Supplementary Table 4), we
identified the CD4-C2-FOXP3, CD4-C3-TNFRSF4, CD4-
C8-COL5A3, and CD4-C9-IFIT1 clusters, which rep-
resented regulatory T cells (Tregs) with high expression
levels of FOXP3, IKZF2 and IL2RA, as well as co-inhibi-
tory molecules such as TIGIT and CTLA4 (Fig. 2C, Sup-
plementary Fig. 8A). Cells in the CD4-C5-CXCL13 and

CD4-C6-TOX2 clusters exhibited high expression levels
of PDCDI and CXCL13 (Fig. 2C, Supplementary Fig. 8A),
suggesting that they represent follicular T helper cells
involved in the formation of ectopic lymphoid-like struc-
tures at inflammatory sites [18]. Two clusters of CD4*T
cells (CD4-C1-CCR7 and CD4-C7-FBLN7) were char-
acterized by a gene signature that included CCR7, LEF1I,
TCF7, and SELL (Fig. 2C, Supplementary Fig. 8A), which
are typical features of naive T cells. Notably, T cells
from the CD4-C0-CCL5 and CD4-C4-SLC4A10 clus-
ters exhibited high expression levels of CD69, which has
been reported to be elevated in activated MAIT cells of
patients with COVID-19 [19]. Given that MAIT cells can
display effector functions involved in the defense against
infectious pathogens [20], we found that the propor-
tion of these two clusters were relatively increased in H.
pylori+ patients (Supplementary Fig. 8B), suggesting they
may be activated by H. pylori.
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Fig. 2 Dissection and identifying infiltrated cell types in gastric cancer tissues. (A) Workflow showing the process of sample collection, single-cell dis-
sociation, sorting, scRNA-seq, bioinformatic analysis and validation. (B) Re-clustering 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 T cell status (see Methods). (F) Significantly 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

When focusing on the different CD8A" clusters (Sup-
plementary Table 5), we observed that the CD8-C7-KLF2
cluster was characterized by a gene signature associ-
ated with naive T cells, including CCR7, LEFI, TCF7,
and SELL (Fig. 2C, Supplementary Fig. 8C). Among the
identified CD8%Ty,,, characterized by low expression of
CCR?7, we identified several distinct clusters: CD8-CO0-
CXCL13, CD8-C5-XCL2, CD8-C8-HSPA1B, and CD8-
C10-IFIT1, which represent activated-state CD8*Tp,,
expressing effector molecules such as IFNG, CCL4,
and CCLS (Fig. 2C, Supplementary Fig. 8C). Addition-
ally, the CD8-C6-FGFBP2 cluster exhibited features
of natural killer (NK) cells, expressing genes such as
NKG7, FGFBP2, and FCGR3A; we refer to these cells as
‘CD8"Tgy; NK-like’ (Fig. 2C, Supplementary Fig. 8C).
Interestingly, CD8-C0-CXCL13 and CD8-C10-IFIT1 also
displayed variable expression of exhaustion markers such
as LAG3, HAVCR2, and PDCDI (Fig. 2C, Supplemen-
tary Fig. 8C), indicating a potential activation-coupled
exhaustion program possibly induced by both H. pylori
infection and tumor cells.

Furthermore, cytotoxic CD8" T cells (CD8"T cyroroxic)
from the CD8-C1-ZNF683 and CD8-C9-KIR2DL3 clus-
ters showed high expression levels of cytotoxicity-related
genes such as GNLY, GZMB, PRF1I, and tissue residency
gene ZNF683 (HOBIT) (Fig. 2C, Supplementary Fig. 8C).
We also noted that the CD8-C4-AREG cluster exhibited
expression of molecules suggestive of tissue-resident
memory T cells (Tg,,) with high expression of ITGAE
(CD103), ITGA1, and CD69, while displaying low expres-
sion of SELL, SIPRI, and KLF2 (Fig. 2C, Supplementary
Fig. 8C), akin to Ty cells described in humans and mice
[21]. The CD8-C11-TRDC cluster was assigned to y8-T
cells, expressing TRDC, TRGCI, and cytotoxicity-asso-
ciated genes, including GNLY [22], while the CD8-C2-
KLRBI cluster was notable for high expression of KLRBI,
recognized as hallmarks of mucosal-associated invariant
T cells (Fig. 2C, Supplementary Fig. 8C) [23].

Unlike CD4*T cells (Supplementary Fig. 8B), the clus-
ters within CD8"T cells exhibited distinct distributions.
Notably, the CD8-C0-CXCL13 cluster predominantly
comprised cells from H. pylori+patients, while the
CD8-C4-AREG and CD8-C7-KLF2 clusters were almost
exclusively populated by cells from H. pylori- patients
(Supplementary Fig. 8D). We further analyzed the devel-
opmental trajectories of these differentially distrib-
uted cells using the Monocle 2 algorithm to establish a

pseudotemporal ordering reflective of cell lineage. Given
that the CD8-C7-KLF2 cluster is associated with naive
T cells, we observed two major developmental trajecto-
ries (Fig. 2D), with Tyy-like and Tty activated-state cells
positioned at opposite ends of the pseudotemporal path,
corroborating their distinct gene expression profiles.
Additionally, we calculated cytotoxicity and exhaustion
scores for each cell cluster. Along the trajectory, most
CD8'T cells exhibited progressively increasing cytotoxic
activity, accompanied by a gradual rise in exhaustion
levels (Fig. 2E). Notably, the cytotoxic activity score was
downregulated in trajectory 1 toward the CD8-C4-AREG
cluster, while it increased in trajectory 2 for both the
CD8-C0-CXCL13 and CD8-C10-IFIT1 T cells (Fig. 2F),
suggesting that these cells retained their ability for active
division in the TME. Thus, single-cell analysis reveals
that the CD8" population is heterogeneous with distinct
subsets.

H. pylori infection promotes intratumoral immune
activation with enhanced interaction between CD8*T cells
and epithelium
Focusing on the CD8-C0-CXCL13 cluster, we observed
that, in addition to the high expression of CXCL13, this
cluster specifically expressed genes such as MYO7A,
TOX, and PHLDAI (Fig. 3A). We subsequently identi-
fied differentially expressed genes (DEGs) between the
CD8-C0-CXCL13 group and the other groups. A total
of 192 up-regulated and 118 down-regulated genes
were detected in CD8-C0-CXCL13 T cells (p.adj<0.01
and|log,FoldChange| = 0.25) (Supplementary Fig. 9A and
Supplementary Table 6). Gene ontology (GO) functional
enrichment analysis revealed that the up-regulated genes
in CD8-C0-CXCL13 T cells were enriched in signaling
pathways related to T cell activation, regulation of lym-
phocyte activation, and regulation of T cell activation
(Supplementary Fig. 9B). Additionally, KEGG analysis
identified enrichment in crucial gene sets associated with
anti-pathogen responses, including Th1 and Th2 cell dif-
ferentiation, Th17 cell differentiation, as well as antigen
processing and presentation (Supplementary Fig. 9C),
which was potentially associated with H. pylori infection.
To further elucidate the molecular characteristics dis-
tinguishing CD8-C0-CXCL13 T cells in the context of
H. pylori infection, gene set enrichment analysis (GSEA)
was conducted. T cells from H. pylori+ patients were
found to be associated with cell activation involved in
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immune response and regulation of response to cytokine
stimulus, suggesting a potential protective role against
local H. pylori infections (Fig. 3B). We then investigated
the expression levels of various genes based on H. pylori
infection status. Notably, we observed that cytotoxic-
ity-associated genes, such as [FNG and GZMB, were
upregulated in H. pylori+ patients, while the expression
of exhaustion marker PDCD1 was downregulated (Sup-
plementary Fig. 9D). Flow cytometry data corroborated
these findings, revealing that the levels of IFN-y and
Granzyme B in CD8"CXCL13'T cell were significantly
higher in H. pylori+patients compared to H. pylori-
patients, whereas PD-1 expression exhibited the opposite
trend (Fig. 3C). As expected, higher levels of IFNG and
GZMB correlated with better prognosis in GC patients
(Supplementary Fig. 9E, 9 F).

It is well-established that gastric epithelial cells from
H. pylori-infected patients exhibit elevated levels of TNF
receptors, which contribute to the activation of an adap-
tive immune response against invading infection. Utiliz-
ing dataset GSE134520, we evaluated TNF-dependent T
cell functions in CD8T cells and epithelium. We found
that the interaction between TNF and TNFRSF1A, as
well as TNF and DAG1, was enhanced in the stomach
with H. pylori infection (Fig. 3D), suggesting that such
molecular interactions play a crucial role in generating
an immune-activated TME in response to H. pylori infec-
tion. Notably, TNFRSFIA, rather than DAGI, exhibited
a positive correlation with the CD8*T cell signature and
Tgy signature, while demonstrating a negative corre-
lation with naive T cells in the TCGA STAD cohort, as
assessed using the TIMER2.0 webserver (Supplemen-
tary Fig. 9G). This indicates that TNFRSFIA may play an
important role in promoting antitumor immunity against
GC. Importantly, analysis of bulk RNA sequencing data
from normal gastric mucosa tissues showed that the
expression of TNFRSFIA was significantly increased in
samples from H. pylori-infected patients, whereas DAGI
levels remained unchanged (Fig. 3E). Collectively, our
results suggest that H. pylori infection may recruit T cells
into the tumor microenvironment through TNFRSFI1A-
TNF interaction, thereby enhancing immune activity.

As our data indicate that the CD8-C0-CXCL13 T cell is
a highly prevalent effector subset within the GC microen-
vironment, we hypothesized that the single-cell-derived
gene signature from the CD8-C0-CXCL13 cluster (Sup-
plementary Table 5) would offer valuable prognostic
information. Analysis of the available gene expression
data revealed that the CD8-C0-CXCL13 signature was
significantly associated with improved overall survival
(Fig. 4A). Additionally, multicolor immunofluorescence
staining demonstrated that both CXCL13 and CD103
were expressed in CD8*T cells in the stroma and tumor
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tissues of H. pylori-infected samples (Fig. 4B), supporting
the presence of these activated cells in GC.

Tgrw cells marked by PTGER2 worsen prognosis in H. pylori
negative gastric cancer

Previous study has revealed that virus- or other patho-
gen-specific (bystander) CD8"Tyy,-like cells in tumors
can be re-activated to induce antitumor immunity [24].
However, we identified 151 down-regulated genes in
CD8-C4-AREG T cells (p.adj<0.01 and|log,FoldChange|
> 0.25) (Supplementary Fig. 10A and Supplementary
Table 7), which were enriched in signaling pathways such
as T cell activation, response to IFN-y, and antigen pro-
cessing and presentation (Supplementary Fig. 10B), indi-
cating an immunosuppression state in CD8-C4-AREG
Trum cells. Although CD8-C4-AREG Ty, cells shared
similar gene expression profiles between H. pylori- and
H. pylori+ (Fig. 5A), GSEA analysis revealed that T cells
from H. pylori+were associated with the inflamma-
tory response and cytokine-mediated signaling path-
ways (Fig. 5B, Supplementary Fig. 10C). In contrast,
the response to steroid hormone pathway was enriched
in T cells from H. pylori- (Supplementary Fig. 10C),
with increased expression levels of AREG and PTGER2
(Fig. 5C). Further in vitro validation experiments also
confirmed that AREG and PTGER2 were down-regulated
in the CD8'T cells pulsed with H. pylori (Fig. 5D). Simi-
larly, further immunohistochemistry staining also con-
firmed that AREG and PTGER?2 were both inactivated by
H. pylori infection in stroma and tumor tissues (Fig. 5E).
Prognostic data from TCGA and GSE15459 show that
the PTGER2 can discriminate between patients with high
CD8 expression, with high PTGER2 expression signifi-
cantly associated with worse prognosis (Fig. 5F and Sup-
plementary Fig. 10D). These data suggest that Ty, cells
with high expression of PTGER2 may serve as a thera-
peutic target to improve clinical outcomes in GC.

Discussion

Overall, we conducted a prognostic analysis of GC
patients with different H. pylori infection statuses from
a population level. Single-cell transcriptome profiling
at the molecular level was performed, allowing for the
characterization of different T cell subpopulations and
H. pylori-activated clusters, as well as the delineation of
transcriptional changes in H. pylori-activated T cells and
the identification of co-stimulatory ligand expression in
H. pylori+ GC cells. The results of this study shed light on
the mechanisms underlying target cell-dependent T cell
responses induced by H. pylori, as well as the potential
mechanisms underlying the responses of GC patients to
H. pylori infection, and indicate that PTGER2 may serve
as a potential target for treating patients with GC.
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Although it is well established that H. pylori infection
significantly contributes to the carcinogenesis of GC,
the role of H. pylori infection in predicting the survival
of GC patients is still less well understood. Interestingly,
a prospective study has demonstrated that GC patients
with positive H. pylori infection frequently showed better
relapse-free survival and overall survival [14]. Recently,
another study confirmed that H. pylori infection status is
one of the most potentially important independent fac-
tors in predicting prolonged survival [15]. Additionally,
other studies [25, 26], particularly a meta-analysis, have

Fig. 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 GC patients stratified according to CD8-C0-CXCL13 signature expression. P-value was calculated by the log-rank test.

(B) The multicolor immunofluorescence staining of marker genes with CXCL13, CD103 and CD8 in stroma and tumor tissues between different H. pylori
infection status
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shown that H. pylori infection is an independent protec-
tive factor for GC progression, with this protective effect
being consistent across different ethnic groups, H. pylori
evaluation methods, and quality assessment measures
[27]. In line with these results, our study also confirmed
that H. pylori is an independent, beneficial prognostic
factor, especially in patients with early-stage GC. This
may be attributed to the fact that H. pylori infection is
not the only factor affecting prognosis, and various thera-
pies are available for advanced or relapsed GC patients
[28].
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The suppressive effect of H. pylori on GC progression
may be attributed to the induction of certain antitumor
immune responses. The activation of T cells, the main
immune effector cells for acquired immunity, is directly
influenced by H. pylori bacterial products, such as VacA
and arginase [29, 30]. Notably, Capitani et al. demon-
strated that a specific H. pylori protein named HP1454 is
a crucial bacterial factor that exerts its pro-inflammatory
activity by directly modulating T-cell responses [31]. This
finding prompted researchers to explore the mechanism
of H. pylori-activated T cells in relation to the patho-
genic factors of H. pylori. Additionally, several naturally
occurring immunodominant CD4*T cell responses in H.
pylori-infected individuals have also been identified and
characterized [32]. Although we did not observe signifi-
cant differences among CD4'T cells, we identified two
clusters exhibiting distinct distributions of CD8'T cells
across different H. pylori infection statuses. Immuno-
dominant T cells are believed to be more effective and
play a central role in the host adaptive immunity against
pathogens, as has been well demonstrated in various viral,
bacterial, and tumor contexts [33]. Previous research has
shown increased gastric T-cell infiltration in situ with a
typical T-helper (Th)1 phenotype during H. pylori infec-
tion [34] and has identified several antigen-specific T-cell
responses, such as HpaA-specific mucosal CD4*T-cell
responses with a Th1 profile, primarily occurring during
the precancerous lesions stage [32]. However, in cancers,
including GC, CD8"T cells are essential for the immune
eradication of cancer cells, although they often become
dysfunctional over the course of tumorigenesis [35]. To
address this issue, researchers have developed a series of
immunotherapies, including immune checkpoint block-
ade [36], adoptive T cell therapy [37], and chimeric anti-
gen receptor T cell therapy [38], to restore the functions
of CD8'T cells. Therefore, we speculate that these spe-
cific CD8'T cells driven by H. pylori may contribute to
the better prognosis observed in H. pylori+ GC patients.

Recent technological advances have provided impor-
tant insights into the heterogeneity of CDS8'TILs,
demonstrating that distinct T cell subsets exist with dif-
ferent transcriptional programs and functional states
[35]. When focusing on the CD8-C0-CXCL13 cluster, we
noted that, in addition to the high expression of CXCL13,
it also specifically expressed genes like TOX, a key tran-
scription factor for CD8'T cell differentiation during
chronic viral infections and cancer [39], and PHLDAI,
a required transcription factor for the regulation of the
TLR-mediated immune response [40]. This indicates that
these cells possess a strong immunological activity state.
Consistent with the characteristic, pathway enrichment
analysis revealed that the upregulated genes in CD8-
C0-CXCL13 T cells were enriched for T cell activation
pathways.
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Since the epithelial cells are central to the cellular inter-
action network in GC [41], we evaluated the interactions
between epithelial cells and matched CD8*T cells. Tumor
cells with high expression of TNFRSFIA may directly
interact with TNF produced by CD8*T cells, enhancing
CD8'T cell activity through the production of GZMB
and IFNG, which suppresses tumor progression in GC
with H. pylori. More importantly, a series of immune cell
signatures have been identified by single-cell sequenc-
ing in various cancers, such as breast cancer [42], lung
cancer [43], and melanoma [44], which were associated
with patient prognosis. Similarly, we confirmed that
CD8-C0-CXCL13 T cells may serve as key mediators of
the improved clinical outcomes observed in human GC
patients with H. pylori infection.

Recently, Ty, cells have been shown to both prevent
and exacerbate various pathologies [45]. The involve-
ment of Ty, cells in a range of malignancies makes the
design of therapeutic strategies that can modulate either
their production or activity an attractive goal. Addition-
ally, further research has confirmed that Ty, cells dis-
play transcriptional features specific to individual tissues,
allowing for their survival and long-term retention [46].
In this study, we identified a Ty cell cluster marked by
AREG, a member of epidermal growth factor family, and
PTGER?2, a receptor for prostaglandin E2, which was pre-
dominantly populated by cells that are H. pylori-negative.
AREG has been shown to associate with type 2 immune-
mediated resistance, tolerance mechanisms to infection,
and immune suppression within the TME [47], while
PTGER2 enhances the pathogenic phenotype by regu-
lating the balance of cytokines, such as IFN-y/IL-10, in
a context-dependent manner [48]. More importantly,
previous studies have revealed that PTGER?2 is involved
in tumor cell proliferation, invasion, and prognosis across
various malignancies [49]. Here, we propose that high
PTGER?2 expression is significantly associated with worse
prognosis exclusively in patients with high CD8 expres-
sion in GC. This finding suggests that Ty, cells exhibit-
ing high PTGER2 expression may represent a promising
new prognostic factor and therapeutic target for anti-
cancer therapies.

There are several limitations to the present study. First,
to investigate the effect of H. pylori on the survival of
patients with GC, we chose a longitudinal study design.
However, because our data are derived from a single
center, the results require further validation. Second,
it remains uncertain whether H. pylori still exist in the
cancer tissues of GC patients, which could lead to mis-
classification of H. pylori infection status. Additionally,
we did not measure indicators such as antibody titers or
other markers to assess the active status or quantity of H.
pylori infection. Third, our focus was on TILs in GC, and
we performed scRNA-seq of T cells. The ligand-receptor
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interactions were inferred from a public database that
primarily comprises normal tissues. To enhance the
robustness and credibility of these inferences, fur-
ther integration of scRNA-seq data from tumor cells
and TME cells from GC patients, along with functional
assays, would provide more compelling evidence. Fourth,
due to the lack of immune-competent animal model for
GC, the direct or indirect mechanisms involved in vivo
remain unclear.

In summary, we utilized single-cell RNA sequencing
to analyze the T cell landscape of GC patients, achiev-
ing high resolution regarding different H. pylori infection
statuses. We identified two CD8'T cell clusters: one con-
sisting of activated CD8" Ty, cells, likely preceding acti-
vation by H. pylori and associated with better prognosis
in GC, and the other comprised of Ty, cells, which were
predominantly populated by H. pylori-negative cells and
likely indicate exhaustion, correlating with worse prog-
nosis in GC. Our findings provide valuable resources for
deciphering the gene expression landscapes of heteroge-
neous cell types in GC and offer deep insights into cancer
immunology for future drug discovery.

Conclusions

This study elucidates the molecular heterogeneity of
tumor-infiltrating T cells in gastric cancer patients with
different Helicobacter pylori (H. pylori) infection statuses.
Through comprehensive single-cell RNA sequencing and
functional analysis, we identified distinct CD8*T cell
clusters, including an activated CD8'T cell cluster (CD8-
C0-CXCL13) associated with improved patient survival
and a tissue-resident memory T cell cluster (CD8-C4-
AREG) linked to worse prognosis in H. pylori-negative
patients. Our findings provide valuable insights into the
complex interplay between H. pylori infection and the
tumor immune microenvironment, highlighting poten-
tial targets for personalized immunotherapy in gastric
cancer.
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TNM Tumor-node-metastasis

TME Tumor microenvironment
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