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inflammasome via TNF/TNFR1 axis

Xiao Fei'", Sihai Chen'?", Leyan Li", Xinbo Xu', Huan Wang'~, Huajing Ke', Cong He', Chuan Xie', Xidong Wu?,
Jianping Liu', Yong Xie', Nonghua Lu', Yin Zhu'" and Nianshuang Li'"

Abstract

Background Macrophages play a crucial role in chronic gastritis induced by the pathogenic Helicobacter pylori (H.
pylori) infection. NLRP3 inflammasome has emerged as an important component of inflammatory processes. How-
ever, the molecular mechanism by which H. pylori infection drives NLRP3 inflammasome and macrophages activation
remains unclear.

Methods Human gastritis tissues were collected for clinical significance of NLRP3. Infection with H. pylori was per-
formed using in vitro and in vivo models. Bone marrow-derived macrophages (BMDMs) from wild-type (WT), Nirp3-
knockout (KO) and Tnfr1-KO mice were infected with H. pylori. Western blotting, gRT-PCR, immunofluorescence,
immunohistochemistry and ELISA were utilized for functional and mechanistic studies.

Results Single-cell RNA sequencing (SCRNA-seq) analysis of human gastric tissues, followed by validation, indicated
that NLRP3 was primarily expressed in myeloid cells and was significantly increased in H. pylori-positive gastritis com-
pared to H. pylori-negative gastritis. Infection with PMSS1 and NCTC11637 H. pylori strains induced NLRP3 inflamma-
some activation in vitro (THP1 cells) and in the insulin-gastrin (INS-GAS) transgenic mouse model. Deletion of NLRP3
in BMDMs showed marked inhibition of H. pylori-induced M1 macrophage polarization. Furthermore, NLRP3 inflam-
masome activation upon TNFq, or H. pylori stimulation, was partially blocked by TNFa/TNFR1 signaling inhibitors.
Deletion of TNFR1 in BMDMs significantly impaired NLRP3 inflammasome activation and M1 macrophages induced
by H. pylori.

Conclusion This study revealed that the activation of NLRP3 inflammasome, regulated by the TNF/TNFR1 signaling
axis, is a key regulator of H. pylori-induced M1 macrophage activation and gastritis.
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Introduction

Helicobacter pylori (H. pylori), a gram-negative bacte-
rium that colonizes the gastric mucosa, is well known
to be the main cause of gastrointestinal pathologies
such as gastritis, peptic ulcers, and gastric adenocar-
cinoma [1, 2]. Chronic inflammation of gastric epithe-
lium induced by bacterial pathogens is a necessary step
of gastric carcinogenesis. H. pylori infects nearly half of
the global population, with strong differences between
geographical areas [3]. Most infected individuals are
generally asymptomatic, however, chronic gastritis
develops in all infected subjects [4]. Some individuals
with H. pylori infection potentially develop from gastric
metaplasia, dysplasia, eventually to gastric carcinoma
[5, 6]. The pathogenic virulence factors cytotoxin-
associated gene (CagA) and vacuolating toxin A (VacA)
have been recognized to play an important role in the
development of H. pylori-related gastric disorders [7].
Accumulating clinical evidence indicates that H. pylori
eradication therapy based on the combined use of anti-
biotics and proton pump inhibitor significantly reduces
the risk of developing gastric cancer [8, 9]. However, for
a subset of the infected population, the benefits of H.
pylori eradication therapy are greatly reduced due to
persistent inflammation and even precancerous lesions
caused by H. pylori infection [10]. Exploring the under-
lying molecular mechanism of H. pylori-induced gas-
tric mucosal inflammation could provide alternative
therapeutic strategies to improve the outcomes in the
infected populations.

Macrophages, as a central component of the innate
immune system and the first line of host defense against
microbial pathogens, plays a crucial role in control-
ling the inflammatory response caused by H. pylori
[11]. Macrophages typically exhibit two distinct func-
tional phenotypes: M1 or M2 polarized macrophages.
M1 macrophages, also known as classically activated
macrophages, are characterized by the expression of
inducible nitric oxide synthase (iNOS) expression, and
increased production of pro-inflammatory cytokines or
chemokines including tumor necrosis factor a (TNFa),
interleukin 1 B (IL1p), interleukin 6 (IL6), chemokine
Ligand 2 (CCL2), and chemokine ligand 3 (CCL3) [12].
M2 macrophages, representing anti-inflammatory
response and wound repair, are marked by increased pro-
duction of various cytokines including interleukin 4 (IL4),
interleukin 10 (IL10), and transforming growth factor 3
(TGE-P) [13]. Recent studies have shown that M1 mac-
rophage polarization in response to H. pylori infection
is a critical step in mediating antimicrobial activity and
pro-inflammatory response [14, 15]. It has been reported
that the elimination of macrophages in mice reduced gas-
tric pathology caused by H. pylori infection, suggesting
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that the importance of macrophages in the severity of H.
pylori-triggered gastric inflammation severity [16].

The NLRP3 inflammasome is a multiprotein complex
comprised of the sensor NLRP3, the adaptor ASC and
the effector caspase-1 [17]. It can be activated by specific
pathogens, host cellular damage, and various environ-
mental stimuli. Assembly of the NLRP3 inflammasome
leads to the maturation and release of the proinflamma-
tory cytokines such as IL-1p and IL-18 [18]. Excessive
production of IL-1B has been associated with NLRP3
inflammasome activation and linked to various inflam-
matory diseases, such as rheumatoid arthritis, asthma,
and atherosclerosis [19]. Our recent study has identified a
critical role of the NLRP3 inflammasome in the develop-
ment of acute pancreatitis by modulating the gut micro-
biota [20]. NLRP3 is highly expressed in monocytes and
macrophages [21, 22]. There is mounting evidence that H.
pylori infection activates NLRP3 inflammasome, thereby
promoting the release of IL-1f [23-25]. In murine mac-
rophages, Toll-like receptors (TLRs) has been found to
activate NLRP3 inflammasome transcriptional activation
through the NF-kB pathway [26] However, the potential
role of NLRP3 in macrophage polarization and the mech-
anisms regulating NLRP3 inflammasome activation by H.
pylori remain poorly understood.

Tumor necrosis factor (TNF; TNF«) is constitutively
expressed in multiple cell types, mostly in immune cells
[27]. TNF exists in two forms: membrane-bound TNF
and soluble TNFE. TNF signaling occurs through two
distinct receptors, TNF receptor-1 (TNFR1) and TNF
receptor-2 (TNFR2). TNFR1 can be efficiently activated
by both the membrane-bound and soluble forms, while
TNEFR2 exhibits a higher affinity for membrane-bound
TNF [28]. The differences in intracellular region of the
TNF receptors contributes to their distinct physiologi-
cal roles [29]. As one of the most important cytokines,
the primary role of TNF is the regulation of immune and
inflammatory response. Most biological functions such
as cell death and pro-inflammatory response regarding
TNF signaling are primarily induced by TNFR1, while
the role of TNFR2 is still relatively unknown [30]. It has
been widely recognized that the binding of TNF ligand
to TNFR1 triggers receptor trimerization, leading to the
recruitment of adaptors, such as receptor interacting
protein 1 (RIPK1) and TNF receptor-associated death
domain (TRADD) to TNEFRI1. This binding ultimately
results in the activation of NF-kB and MAPK signaling
pathways [31].

In this study, we highlighted the crucial role of NLRP3
inflammasome in the activation of M1 macrophage and
gastritis disease due to H. pylori infection. We found that
NLRP3, which is primarily expressed in myeloid cells,
had higher expression levels in H. pylori-infected gastritis
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tissues than in non-infected tissues. We also observed
that the deficiency of NLRP3 in BMDMs significantly
suppressed M1 macrophages and the production of pro-
inflammatory cytokines by H. pylori. Furthermore, we
demonstrate the essential role of TNF-TNFR1 signaling
in H. pylori-triggered NLRP3 inflammasome activation.
Overall, this study has revealed a novel regulatory mech-
anism of TNF/TNFR1-mediated NLRP3 inflammasome,
which controls M1 macrophages activation and pro-
motes gastritis in response to H. pylori infection.

Materials and methods

Human clinical specimens

Thirty specimens of human gastric tissue specimens were
collected from patients undergoing endoscopy and biopsy
at the First Affiliated Hospital of Nanchang University in
Jiangxi, China. The clinicopathological characteristics of
patients were listed in Table S1. The H. pylori infection
status of these clinical specimens was determined by the
urea breath test (UBT) or immunohistochemistry. Based
on H. pylori infection status, the specimens were divided
into two subgroups: H. pylori-positive (n=15) and H.
pylori-negative (n=15). The study protocol and informed
consent waiver were approved by the Ethics Committee
of the First Affiliated Hospital of Nanchang University
((2023) CDYEYYLK (02-012).

Mice

All procedures performed on the animals were approved
by the Animal Care and Ethics Committee (CDYFY-
IACUC-202302QR004) of the First Affiliated Hospital
of Nanchang University. The male wild-type (WT), and
Tnfr1-KO mice aged 6 to 8 weeks were obtained from
GemPharmatech Company (Nanjing, China). The male
transgenic hypergastrinemic insulin-gastrin (INS-GAS)
mice (#018149), aged 6—8 weeks old and on a FVB/N
background, and Nlrp3-knockout (KO) mice (#021302)
were purchased from The Jackson Laboratory and
housed under a 12-h light/dark cycle with ad libitum
access to food and water. The genotyping of mice was
performed according to the manufacturer’s instructions.
The primers used in this process are listed in Table S2.
The experimental environment was maintained at a tem-
perature of 18-26 °C and a relative humidity of 40—70%.
The INS-GAS mice were infected with the mouse-
adapted wild-type H. pylori strain PMSS1 (2 x 10° CFU/
mouse) via gavage every other day for a total of five times
[6, 32]. Mice were orogastrically challenged with Brucella
broth (BB) as a control. Mice were fasted for 4 h before
and after each gavage. Mice were euthanized 16 weeks
post-infection.
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Isolation of bone marrow-derived macrophages (BMDM:s)
and cell culture
THP-1 cells were cultured in a specialized medium
(RPMI-1640 medium supplemented with 10% FBS,
0.05 mM [-mercaptoethanol, and 1% P/S (Procell,
Wuhan, China)). Before experimentation, the THP-1
cells were induced to differentiate into macrophages by
treatment with 200 ng/ml phorbol 12-myristate 13-ace-
tate (PMA) (MedChemExpress, HY-18739) for 48 h.
BMDMs were isolated from the femurs and tibias of
WT, Nlrp3-KO, and Tnfri-KO mice. The BMDMs sus-
pension was obtained by flushing the bones with PBS
containing 2% FBS (Gibco, Australia) and filtered through
a sterile 70 pm cell strainer. After a 10-min incubation
with red blood cell lysis buffer (Absin, Shanghai, China)
to lyse red blood cells, cells were cultured in complete
medium (RPMI-1640 supplemented with 10% FBS, 100
U/ml penicillin/streptomycin (NCM Biotech, Suzhou,
China), and 100 ng/ml recombinant murine M-CSF (Pep-
roTech, USA)) for 7 days. All cells were maintained in a
humidified atmosphere at 37 °C with 5% CO,.

Reagents and transfection

Recombinant murine M-CSF (#315-02), recombinant
murine TNF-a (#315-01A), and recombinant human
TNF-a (#300-01A) were purchased from PeproTech (NJ,
USA). Atrosab (#HY-P990008), Nigericin (#HY-127019)
and LPS (#HY-D1056) were obtained from MedChem-
Express (Shanghai, China), and QNZ (#54902) was pur-
chased from Selleck Chemicals (HOU, USA).

Control siRNA and NLRP3 siRNA were produced
by Hitrobio (Beijing, China), and then transfected into
THP-1 cells using lipofectamine 3000 (Thermo Scien-
tific, MA, USA) according to the manufacturer’s instruc-
tions. The target sequences of NLRP3 siRNA were:
Sense:5'-GGAGAGACCUUUAUUGAGAATT-3';
Antisense:5"-UUCUCAUAAAGGUCUCUCCTT-3".
48 h post-transfection, cells were treated with inhibitors
of the TNF/TNEFRI signaling, 1 pM Atrosab or 400 ng/ml
QNZ. Western blots and qRT-PCR analysis validated the
transfection efficiency.

H. pylori strains and culture

This study employed wild-type CagA™H. pylori strains
(PMSS1, NCTC11637 and 26695) [6, 33]. Isogenic
PMSS1 CagA™ mutant was constructed in our previous
study [34]. The H. pylori isogenic 26695 VacA™ mutant
was kindly provided by Dr. Chunhui Lan from Daping
Hospital, Third Military Medical University (Chongging,
China). Additionally, the rodent-adapted CagA*H. pylori
strain pre-murine Sydney Strain 1 (PMSS1) was used
for animal experiments. H. pylori were cultured under
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microaerophilic conditions on Brucella agar (BD Biosci-
ence) supplemented with 5% sheep blood for in vitro pas-
sage. For in vitro co-culture with THP-1 cells, H. pylori
were grown overnight in Brucella broth (BD Bioscience)
supplemented with 10% FBS (Gibco, Australia). The
bacteria were harvested and determined the density at
600 nm (10D600=10"9 CFU/ml), then resuspended and
added to THP1 or BMDM cells. Before co-culture with
bacteria, each well was seeded with 1x1076 cells. The
bacteria were co-cultured with THP1 or BMDM cells at
various multiplicities of infection (MOI=0, 25, 50, 100
and 200) for different durations (0 h, 3 h, 6 h, 12 h and
24.h).

Assessment of H. pylori colonization and histopathology
in gastric tissues of mouse models
The mouse stomach was opened along the greater cur-
vature, and a linear strip of gastric tissue extending from
the squamocolumnar junction to the proximal duode-
num was selected. After fixation in formalin for 24 h, the
tissue was dehydrated and then embedded in paraffin.
Once cooled and solidified, the tissue was sectioned into
approximately 4 pm thick gastric tissue slices. H. pylori
colonization was visualized by silver staining using the
Spirochete Silver Staining Kit (Warthin-Starry Method,
#G1940, Solarbio Biotech, China) according to manu-
facturer’s instructions. All images were captured using
a Nikon Eclipse microscope. Additionally, the bacte-
rial burden was calculated by determining the number
of CFU per gram of tissue. In brief, the isolated gastric
tissues were weighed and homogenized, then plated in
brucellar broth agar plates containing 5% sheep blood,
vancomycin, trimethoprim, amphotericin and poly-
myxin for selective H. pylori growth. These plates were
incubated under microaerophilic conditions at 37°C for
3-5 days, followed by the calculation of bacterial burden.
The paraffin sections were stained with Hematoxylin
and Eosin (H&E). A pathologist, blinded to sample iden-
tification, evaluated the degree of inflammation and the
incidence of gastric injury, including atrophy and meta-
plasia [35]. Alcian blue coupled with periodic acid-Schiff
(AB-PAS) staining was performed to identify the type of
metaplasia present, following the manufacturer’s instruc-
tions (#G1285, Solarbio Biotech, China). In brief, after
deparaffinization, the slides were stained with Alcian
blue for 20 min, followed by oxidation and stained with
Shiff reagent for 10 min. Then the slides were rinsed with
running water and further stained with hematoxylin. All
images were captured on a Nikon Eclipse microscope.

Immunohistochemistry
Immunohistochemical staining was conducted as previ-
ously described [6]. Briefly, the sections were sequentially
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soaked in xylene, 100%, 95% and 85% ethanol to remove
paraffin. Antigen retrieval was then performed using
sodium citrate buffer. Endogenous peroxidase activity
was blocked with 3% hydrogen peroxide. Non-specific
binding of antibodies was avoided by incubation in 1%
BSA blocking solution for 30 min. Next, the sections
were incubated with the primary antibody was incubated
at 4 °C overnight, followed by 3 times wash with PBS
and subsequent incubation with the secondary antibody
(PV-6000, Zhongshan Biotech, China) was incubated
with the sections at 37 °C for 1 h. The isotype control
antibody (#3900, Cell Signaling Technology, USA) was
used as a negative control to determine any nonspe-
cific background staining (Fig. S1A). Diaminobenzidine
(DAB) (ZLI-9017, Zhongshan Biotech, China) was used
for color development, followed by counterstaining with
hematoxylin (L25050202, YULU, China). Immunohis-
tochemical staining was assessed by two pathologists,
who were blinded to the sample identities, to determine
the expression profile of NLRP3. The intensity (scored
0-3) and frequency (scored 0—4) of NLRP3 expression
were evaluated and graded. In statistical analyses, the
expression level of NLRP3 protein was represented by an
expression score, ranging from 0 to 12, calculated as the
product of intensity and frequency. All images were cap-
tured using a microscope (Nikon Eclipse).

Single-cell RNA sequencing (scRNA-seq) analysis

In our previous work [36], we included 18 patients diag-
nosed with gastric lesions at the First Affiliated Hospital
of Nanchang University. This cohort consisted of 6 cases
of gastritis (GS), 6 cases of intestinal metaplasia (IM), and
6 cases of gastric cancer (GC). The GS and IM samples
were collected via endoscopy, while the GC samples were
obtained from surgical specimens of patients who had
not received any adjuvant therapy. Patients with gastric
mucosal lesions were divided into H. pylori- positive and
H. pylori- negative groups based on their infection status.
The study protocol was approved by the Ethics Commit-
tee of the First Affiliated Hospital of Nanchang Univer-
sity, with approval number (2023) CDYFYYLK (01-009).
All tissue samples were obtained with informed con-
sent. Tissues from different stages of gastric mucosal
lesions were isolated and subsequently prepared into
single-cell suspensions. Libraries were prepared using the
Chromium Next GEM Single Cell 3" Reagent Kits v3.1
(Cat#1000268, 10 X Genomics) according to the manufac-
turer’s protocol. The libraries were sequenced on the Illu-
mina NovaSeq 6000 platform. Raw reads were processed
into gene expression matrices using Cell Ranger software
(10X Genomics), followed by further quality control was
performed using the Seurat package. The raw single-cell
sequencing data of 18 human gastric samples from this
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study have been deposited in the gene expression omni-
bus database (GEO), under accession code GSE249874
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi).

The UMAP plots illustrate the expression of several
genes, such as NLRP3, TNF, ASC, and IL1B, across vari-
ous different cell types. To examine identify the activity
of inflammasome pathway, we selected the crucial genes
within this pathway, including HMOX1, MEFV, NFKB1,
NFKB2, NLRC4, NLRP1, NLRP3, P2RX7 and PYCARD.
Using the AddModuleScore function, we calculated the
mean expression level of these genes in each cell. All fig-
ure visualizations were generated utilizing the SCP (Ver-
sion 0.5.6) R package.

To analyze cell—cell interaction [37], we applied the
CellChat R package to compare significant ligand-recep-
tor pairs between H. pylori -positive and H. pylori -nega-
tive samples. During this procedure, we employed the
netVisual_heatmap function to visualize variations in the
number or strength of cell-cell interactions. The rankNet
function was deployed to infer and rank the differences
in information flow between signaling networks in gas-
tric tissues, both H. pylori-infected and uninfected. The
netAnalysis_contribution function was used to assess the
contribution of all ligand-receptor pairs within a specific
signaling network.

Western blotting

Western blotting analysis was performed according to
previously describe methods [38]. Briefly, proteins were
extracted using protein lysis buffer (Solarbio, Beijing,
China) supplemented with phosphatase and protease
inhibitors, and the protein concentrations were deter-
mined using a BCA assay kit (Thermo Scientific, MA,
USA). Equal amounts of protein extracts were sepa-
rated by SDS-PAGE and transferred onto nitrocellulose
membranes (PerkinElmer, Waltham, MA), which were
subsequently blocked with a 5% non-fat milk block-
ing solution. The membranes were then incubated with
specific primary antibody at 4 °C overnight, followed
by incubation with corresponding secondary antibod-
ies (Invitrogen, CA, USA) for 1 h at room temperature.
The Western blot immunoreactive signals were visu-
alized using the BIO-RAD ChemiDoc XRS+system
with SuperSignal West Pico stable peroxide solution
(Thermo Scientific, MA, USA) in a darkroom. The spe-
cific information for primary antibodies is as follows:
anti-NLRP3 (#15101S), anti-Caspase-1 (#83383), anti-
Cleaved Caspase-1 (#89332, #4199), anti-IL-1p (#12242),
anti-Cleaved -IL-1p (#83186), anti-NF-kB p65 (#8242),
anti-Phospho-NF-kB p65 (#3033) antibodies were
purchased from Cell Signaling Technology (Danvers,
MA, USA). Anti-IL-6 (ab233706) was obtained from
Abcam (Boston, MA, USA). Anti-TNF-a (A0277) and
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anti-TNFR1 (A1540) were from ABclonal Technology
(Wuhan, China). Anti-STAT3 and anti-Phospho-STAT3
(Tyr705) were from Zen BioScience (Chengdu, China).
Anti-p-actin (#HC201-01) was obtained from TransGen
Biotech (Beijing, China), and anti-GAPDH (#10494-1-
AP) was from Proteintech (Wuhan, China). All primary
antibodies were used at a dilution of 1:1000, except for
internal control antibodies such as GAPDH and B-actin,
which were diluted at 1:2000 and 1:5000, respectively.

Immunofluorescence assay

For cell immunofluorescence staining, cells were washed
with PBS at room temperature, followed by fixation with
4% formaldehyde in PBS for 30 min. Permeabilization of
fixed cells was achieved using 0.3% Triton-100 for 15 min.
After blocking with 3% bovine serum albumin (BSA) for
1 h, cells were incubated with primary antibodies or iso-
type antibody at 4 °C overnight, followed by incubation
with secondary antibodies, Alexa Fluor Plus 488 or Alexa
Fluor Plus 555 (1:500, Thermo Fisher, Weston, FL), in
the dark for 1 h. Nuclei were counterstained with DAPI
(P0131, Beyotime, China). All images were acquired
using a confocal fluorescence microscope (Leica Stellaris
5). The primary antibodies used is as follows: anti-NLRP3
(Servicebio, GB114320-100, 1:200), anti-F4/80 (Service-
bio, GB113373-100, 1:500), anti-CD68 (Santa Cruze,
SC-20060, 1:50), anti-INOS (Zen BioScience, 340668,
1:50) and anti-TNF-a (ABclonal, A0277, 1:50).

Quantitative real-time PCR analysis

Total RNA from cells or tissues was extracted using
TRIzol (Invitrogen, CA, USA), followed by ¢cDNA syn-
thesis using the FastKing cDNA First Strand Synthe-
sis Kit (KR116, Tiangen, China). SYBR® Premix Ex Taq
(RR820B, TaKaRa, Japan) was used for RT-PCR analysis.
mRNA levels were detected using the QuantStudio 5
Real-Time PCR System (Life Technologies). Gene-spe-
cific primers were obtained from the public database
PrimerBank (Table S3).

ELISA assay

The ELISA kits for detecting the concentrations of
IL-1p, TNF-a and IL-18 were purchased from Elabsci-
ence (Wuhan, China). The mouse H. pylori IgG antibody
ELISA kit was purchased from mlbio (Shanghai, China).
ELISA assay was carried out following the manufacturer’s
instructions. Briefly, standards or samples was added to
the antibody-coated plate and incubated for 1 h at 37°C.
Then the biotinylated antibody solution, avidin-HRP
solution and substrate solution were added to the micro-
plate well. The absorbance value at 450 nm was measured
after the addition of the stop solution. A standard curve
was drawn according to the absorbance of standards at
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different concentration gradients. The concentration
of cytokines in the samples was sequentially calculated
using this standard curve.

Statistical analyses

All statistical analyses were performed using SPSS 21.0
software. Data are presented as means + standard devia-
tion (SD) from three independent experiments. Differ-
ences between the two groups were compared using
Student’s t-test. One-way analysis of variance (ANOVA)
was used to compare statistical differences among three
or more groups. Differences were considered statistically
significant at p <0.05(**% P<0.001; ** P<0.01; * P<0.05).

Results

NLRP3 is primarily expressed in myeloid cells,

and is significantly increased in H. pylori-positive gastritis
tissues

In our previous work, we conducted scRNA-seq on 18
human gastric tissues including those with H. pylori-
positive and -negative gastritis, intestinal metaplasia
and gastric cancer tissues [36]. The raw sequencing data
was deposited in the GEO database (GSE249874). A
total of 8 cell types were identified, including gastric epi-
thelial cells, fibroblasts, endothelial cells, smooth mus-
cle cells, T cells, B cells, plasma cells and myeloid cells.
Notably, the UMAP plot and violin plot indicated that
NLRP3, the critical molecule in the initiate immune sys-
tem, was primarily expressed in myeloid cells (Fig. 1A).
The expression of NLRP3 was significantly higher in H.
pylori-positive gastritis tissues compared to H. pylori-
negative subjects (5.17% VS 2.02%) (Fig. 1B). To validate
these findings, we performed immunofluorescence stain-
ing for co-localization of NLRP3 and CD68 (pan mac-
rophage marker) using human gastritis tissues with or
without H. pylori infection. Our data showed NLRP3 was
expressed in CD68" macrophages and upregulated in
H. pylori-infected gastritis tissues (Fig. 1C). In addition,
western blotting analysis of human tissues showed higher
levels of NLRP3 protein in H. pylori-infected gastritis
tissue samples than in H. pylori-negative counterparts
(Fig. 1D). These data were further confirmed by immu-
nohistochemistry analysis, which showed significant

(See figure on next page.)
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overexpression of NLRP3 in H. pylori-infected gastritis
tissues (Fig. 1E, F). Taken together, these findings demon-
strate that NLRP3 is predominantly expressed in myeloid
cells and is significantly elevated in H. pylori-infected
human gastritis tissues.

H. pylori infection promotes NLRP3 inflammasome
activation in macrophage

The interaction of NLRP3 with the adaptor ASC (also
known as PYCARD) initiates inflammasome assembly,
further resulting in the release of pro-inflammatory
cytokines IL1B and IL18 [18]. Through analyzing the
scRNA-seq data [36], we found that the inflamma-
some pathway (64.35% VS 59.61%, Fig. S1B), includ-
ing the key genes ASC (32.24% VS 25.98%, Fig. S1C)
and IL1B (10.16% VS 2.19%, Fig. S1D), were enhanced
in H. pylori-positive tissues, compared to negative tis-
sues. Notably, this trend was particularly prominent in
myeloid cells (Fig. S1B-D). To assess the influence of
H. pylori on NLRP3 inflammasome in macrophages,
we infected THP1 cells with H. pylori PMSS1 strain or
NCTC11637 strain. ELISA analysis showed that IL1B
secretion was increased in the supernatant of THP1
cells following H. pylori infection, and this occurred in
dose- (Fig. 2A) and time-dependent (Fig. 2B) manners.
Meanwhile, H. pylori infection significantly increased
secretion of IL18 in THP1 cells (Fig. 2C). Additionally,
western blot analysis indicated that stimulation with H.
pylori PMSSI1 strain significantly upregulated the pro-
tein expression of NLRP3, pro-IL-1p and its cleavage in
a dose-dependent manner in macrophages (Fig. 2D and
Fig. S2A). Similar results were achieved in cells follow-
ing infection with H. pylori NCTC116737 (Fig. 2E and
Fig. S2B). Treatment with LPS and nigericin was used
as a positive control to stimulate the activation of the
NLRP3 inflammasome signaling in THP1 cells (Fig.
S2C). Moreover, the expression of NLRP3 and IL-1p
began to increase at 3 h post-infection and progres-
sively increases over time (Fig. 2F and Fig. S2D-E). The
upregulation of NLRP3 in macrophages after infection
was further confirmed via immunofluorescence stain-
ing (Fig. 2G). The formation of ASC specks was mark-
edly increased following H. pylori infection (Fig. 2H).

Fig. 1 NLRP3is mainly expressed in myeloid cells, and is significantly increased in H. pylori-positive gastritis than in H. pylori-negative gastritis. A
ScRNA-seq analysis of human gastritis, intestinal metaplasia, and gastric cancer tissues was carried out in our previous studies, with raw sequencing
data made available in the GEO database (GSE249874). The UMAP plot (left panel) and violin plot (right panel) showing the expression of NLRP3

in different cell populations. B The UMAP plots showing the expression of NLRP3 in H. pylori-positive and -negative gastritis tissues, respectively. C
Immunofluorescence staining for CD68 (green) and NLRP3 (red) in human gastritis specimens with or without H. pylori infection. Scale bar, 10 um. D
Western blotting analysis for NLRP3 expression in H. pylori-infected and uninfected gastritis tissues. E, F Immunohistochemistry staining for NLRP3
expression in human gastritis tissues with or without H. pylori infection (n=15 for each group). Representative images (E) and histological scores (F)
were shown respectively. Scale bar, 10 um. * P<0.05, ** P<0.01; *** P<0.001. Data are expressed as the means+SDs
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As bacterial proteins CagA and VacA significantly
determine host-microbe interactions, we next investi-
gate whether the induction of NLRP3 inflammasome
by H. pylori is dependent on the virulence factors CagA
or VacA by analyzing the expression of NLRP3 inflam-
masome proteins in THP1 cells cocultured with WT
H. pylori PMSS1 and its CagA~ isogenic mutant [34],
respectively. As a result, we found that the deletion of
CagA appears to not affect the regulation of NLRP3
by the PMSS1 strain (Fig. S2F). The role of VacA was
then further investigated in macrophages cells infected
with the H. pylori 26695 strain and the isogenic AvacA
mutant [33], respectively. Immunoblotting analysis
showed that the induction of NLRP3, pro-IL-1B and
its matured cleavage was diminished in THP1 cells
infected with H. pylori AvacA mutant (Fig. 2I). These
data suggested that VacA is required for H. pylori-
induced NLRP3 inflammasome activation.

To validate our findings in vivo, we infected the
hypergastrinemic INS-GAS mice with H. pylori strain
PMSS1, a widely used experimental animal model for
H. pylori biology research. Colonization of H. pylori
was confirmed by Warthin-Starry silver staining
and CFU evaluation (Fig. S2G and H). Moreover, we
observed increased levels of H. pylori specific serum
IgG in H. pylori-infected mice compared to controls
(Fig. S2I). H&E and AB-PAS staining showed that H.
pylori-infected INS-GAS mice developed pathologic
changes with severe inflammation and increased gas-
tric metaplasia (Fig. 3A). The pathological subfeature
scores in gastric tissues of infected mice were signifi-
cantly higher than in control group (Fig. 3B, Table S4).
The production of TNF-a and IL-1f were also elevated
in serum from mice after H. pylori infection (Fig. 3C).
Compared with control mice, the protein levels of
TNFa, NLRP3, pro-IL-1p and cleaved caspase-1 were
increased in the gastric tissues of H. pylori-infected
mice (Fig. 3D). Immunofluorescence revealed that H.
pylori infection induced the colocalization of CD68 and
NLRP3 in the gastric tissues of INS-GAS mice (Fig. 3E).
Taken together, these findings indicated with H. pylori

(See figure on next page.)
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induced NLRP3 inflammasome activation in mac-
rophages in vitro and in vivo.

NLRP3 regulates H. pylori-induced M1 macrophage
polarization

Upon H. pylori infection, macrophages polarize towards
the M1 phenotype by production of pro-inflammatory
cytokines [15]. Based on our finding regarding the poten-
tially important role of NLRP3 in H. pylori-induced gas-
tritis as above-described, we postulated that NLRP3
inflammasome activation is involved in M1 macrophage
activation. We first sought to directly assess the effect
of H. pylori on the change of macrophage phenotypes
using THP1 cells as a cell model. The RT-PCR analysis
revealed that the mRNA expression levels of pro-inflam-
matory cytokines, including TNFa, IL-1, IL-6, CCL2 and
CCL3, were significantly increased after H. pylori infec-
tion, peaking at 24 h post-infection (Fig. S3A) and in a
dose-dependent manner (Fig. S3B). Then we determined
the change of macrophage phenotypes in vivo follow-
ing infection with PMSS1 H. pylori strain. As expected,
there was a significant induction of iNOS-expressing
CD68*M1 macrophages (Fig. S3C).

To investigate the role of NLRP3 in the macrophage
polarization in response to H. pylori infection, the
BMDMs was isolated from WT and Nilrp3-KO mice (Fig.
S$4B). Genotyping was conducted to verify the successful
construction of Nlrp3-KO mice (Fig. S4A). The efficiency
of the differentiation of BMDMs was confirmed by exam-
ining the expression of macrophage surface antigen F4/80
(Fig. S4C). The qRT-PCR analysis validated the differen-
tiation efficiency in Nlrp3-deficient BMDMs (Fig. S4D).
Western blot analysis further demonstrated that knock-
out of Nirp3 significantly abrogated H. pylori-induced
inflammasome and reduced the maturation of inflamma-
tory cytokine IL-1pB (Fig. 4A and Fig. S4E). In addition,
H. pylori infection induced the protein levels of IL-1f in
supernatant of WT BMDMs, while it was decreased after
knockout of Nirp3 (Fig. 4B). Furthermore, we found that
several M1 macrophage markers, such as TNF-a, IL-1f5,
IL6 and CCL2, were significantly downregulated in H.
pylori-infected Nirp3-deficient BMDMs (Fig. 4C). We

Fig. 2 H. pyloriinfection promotes NLRP3 inflammasome activation in macrophages. A, B ELISA for human IL-1 secretion in the supernatant

of PMA-induced differentiated THP1 cells following infection with H. pylori PMSST1 strain at different MOI (A) or different time points (B). Data are
expressed as the means+ SDs. C ELISA for IL-18 concentration in THP1 cells cocultured with H. pylori PMSS1 or NCTC11637 strain. D, E Western blots
for NLRP3 inflammasome at different MOI after co-culture of THP1 cells with H. pylori PMSST (D) or NCTC11637 (E) strain. F Western blots for NLRP3
inflammasome-related proteins in THP1 cells infected with PMSS1 or NCTC11637 strain at indicated time points. G Immunofluorescence staining
for NLRP3 (green) in THP1 cells following H. pylori infection for 24 h. Scale bar, 10 pm. H Representative immunofluorescence images (left panel)
and quantification (right panel) of ASC speck formation after stimulation of THP1 cells with H. pylori. Scale bar, 10 um. | Representative images
(upper panel) and quantitative densitometric analysis (lower panel) of western blots for NLRP3 inflammasome proteins in THP1 cells infected

with 26,695 and its VacA knockout mutant strain for 24 h.* P< 0.05; ** P<0.01; *** P<0.001
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also confirmed these findings using the THP1 cells that by siRNA inhibited H. pylori-induced expression of pro-
were transfected with NLRP3 siRNA and then cocul- IL-B and cleaved IL-1p (Fig. 4D and Fig. S4F). And the
tured with H. pylori. Consistently, knockdown of NLRP3  IL-1p concentration was attenuated in the supernatant of
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Fig. 3 H. pyloriinfection causes progressive gastritis and NLRP3 inflammasome activation in the gastric tissues of INS-GAS mice. A H&E and AB-PAS
staining showing the histopathological features in gastric tissues of H. pylori-infected INS-GAS mice at 4 months post-infection. Scale bar, 20 pm.

B The gastric inflammation, atrophy and metaplasia scores of categorical lesions in H. pylori-infected INS-GAS mice. Control group, n=6; H.

pylori group, n=9. Each symbol is a different mouse. C ELISA assay showing the serum levels of TNFa and IL1B in H. pylori-infected INS-GAS mice

at 4 months. D Western blots showing the expression of NLRP3 inflammasome-related proteins in gastric tissues of INS-GAS mice with or without
H. pylori infection. Densitometric analysis of the immunoblots is depicted below. E Immunofluorescence staining for colocalization of CD68

and NLRP3 in gastric tissues of H. pylori-infected INS-GAS mice. Scale bar, 10 um. The western blot results were representative of three independent
experiments. The results were expressed as mean + SEM of at least three independent experiments. * P< 0.05, **P < 0.01, *** P<0.001, NS, not

significant

THP1 cells following NLRP3 siRNA treatment (Fig. 4E).
Knockdown of NLRP3 reduced the mRNA expression
levels of M1 macrophage genes (Fig. 4F). As the NF-xB
and STAT3 signaling pathway are well-known contribu-
tors to inflammatory response, we hypothesized that the
NLRP3 inflammasome can regulate NF-kB and STAT3
activation. The western blot analysis indicated that H.

pylori infection significantly induced STAT3 phospho-
rylation and IL-6 expression in WT BMDMs, while the
induction was greatly ablated in the Nilrp3-deficient
BMDMs (Fig. 4G and Fig. S4G). Of note, we found that
NLRP3 knockout also suppressed H. pylori-induced
NF-«B activation, shown by the reduced phosphorylated
P65 levels (Fig. 4H and Fig. S4G). Similar findings were
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Fig. 4 NLRP3 is necessary for H. pylori-induced M1 macrophage polarization through the STAT3 and NF-kB pathways. A WT and Nlrp3-KO BMDMs
were infected with H. pylori PMSS1 for 6 h. Western blot was performed to detect NLRP3 inflammasome proteins, such as NLRP3, Pro-IL-1(3,

and cleaved IL-1B, to confirm the efficiency of NLRP3 knockout. B IL1(3 concentration was determined by ELISA assay using the collected
supernatant from the BMDMs treated in A. CWT and Nirp3-KO BMDMs were infected with PMSS1, and the expression of M1 macrophage signature
genes was measured by gRT-PCR. D & ETHP1 cells were transfected with NLRP3 siRNA and then co-cultured with the PMSS1 strain. Western blotting
was performed to detect the NLRP3 inflammasome protein levels (D). THP1 cell supernatant was collected for detection of IL.-13 concentration

by ELISA (E). F After the knockdown of NLRP3 and H. pylori PMSS1 strain treatment, M1 macrophage signature genes were measured by qRT-PCR. G
and HWT and Nirp3-KO BMDMs were infected with the PMSS1 strain for 6 h (G) and 1 h (H), respectively. Western blotting was performed to detect
the proteins of STAT3 (G) and NF-kB pathways (H), respectively. I and JTHP1 cells were transfected with NLRP3 siRNA and then infected with PMSS1
strain for 6 h (I) or 1 h (J). Western blotting analysis was performed to study the proteins of STAT3 (I) and NF-kB pathways (J), respectively. * P<0.05,
**P<0.01,**P<0.001



Fei et al. Cell Communication and Signaling (2025) 23:6

observed in THP1 cells, following treatment with NLRP3
siRNA and then infection with H. pylori PMSS1 strain
(Fig. 41-] and Fig. S4H). In summary, these results sug-
gested that NLRP3 inflammasome promoted H. pylori-
induced M1 macrophage polarization through activation
of NF-«B and STAT3.

H. pylori activates NLRP3 inflammasome activation

via TNFa

To further explore the underlying mechanism of NLRP3
activation, we compared the differential genes in cell
populations with high and low NLRP3 expression in
our previous scRNA-seq data [36]. The Kyoto Ency-
clopedia of Genes and Genomes (KEGG) enrichment
analysis revealed that the TNF signaling pathway, which
plays a crucial role in host immune and inflammation in
response to H. pylori infection, is one of the most abun-
dant pathways involved in NLRP3 activation (Fig. 5A).
We then determined whether TNFa could activate
NLRP3 inflammasome. Western blot analysis showed an
increased in expression levels of NLRP3 and IL-1p levels
following TNFa stimulation (Fig. 5B and Fig. S5A). The
use of TNFa inhibitor QNZ [39], suppressed the TNFa-
mediated increase in NLRP3, pro- and cleaved IL-1p pro-
tein levels (Fig. 5C and Fig. S5B). Of note, inhibition of
TNF signaling by Atrosab [40], which typically inhibits
TNEFR1 binding to TNFa, also repressed NLRP3 inflam-
masome (Fig. 5D and Fig. S5C). In addition, qRT-PCR
analysis showed that the expression of M1 macrophage
marker genes, including IL-1f5, IL-6, CCL2 and CCL3,
were upregulated upon TNFa stimulation, but at lower
levels after treatment with TNF signaling inhibitor QNZ
(Fig. 5E) or Atrosab (Fig. 5F).

Given the crucial role of TNFa in the activation of
NLRP3 inflammasome, we hypothesized that TNF« is
required for NLRP3 inflammasome activated by H. pylori
infection. Indeed, from our scRNA-seq dataset [36],
we found that TNF expression is significantly higher in
human gastric tissues with H. pylori infection (15.21%)
than in the uninfected individuals (10.84%) (Fig. 6A).
Consistently, TNF was colocalized with CD68 and ele-
vated in H. pylori-positive gastritis tissues compared to
H. pylori-negative gastritis tissues (Fig. 6B). H. pylori

(See figure on next page.)
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infection increased the protein levels of TNF-a in THP1
cells with a trend in a MOI-dependent manner, however,
this increase was not time-dependent (Fig. 6C and Fig.
S6A-B). The concentration of TNF-a in the cell super-
natant was also upregulated following H. pylori infection
(Fig. 6D). Because our data indicated that the virulence
factor plays an important role in H. pylori-induced
NLRP3 inflammasome (Fig. 2I), we sought to deter-
mine whether VacA might be important for H. pylori
infection-dependent TNF-a activation. We found that
compared to the WT H. pylori strain, infection with the
VacA-knockout mutant strain resulted in a significantly
decreased expression of TNF-« (Fig. 6E). We further
used TNF-a inhibitor to investigate whether H. pylori
infection activated NLRP3 in a TNF-a-dependent man-
ner. As expected, H. pylori infection-induced activation
of NLRP3 inflammasome was abolished by treatment of
TNEF-a inhibitor QNZ (Fig. 6F and Fig. S6C) or Atrosab
(Fig. 6G and Fig. S6D). Furthermore, inhibition of TNF-«
downregulated the mRNA levels of M1 macrophage
markers, such as IL-1f3, IL-6, CCL2 and CCL3 (Fig. 6H-I).
In summary, these data show that H. pylori infection trig-
gers TNFa-regulated NLRP3 inflammasome activation
and M1 macrophage polarization.

TNF/TNFR1 axis regulates NLRP3 inflammasome activation
in H. pylori-infected macrophage

Using a recently established tool named CellChat [37],
we inferred and compared cell-cell communication net-
works between H. pylori-positive and -negative gastric
tissues, from our local scRNA-seq dataset. TNF signal-
ing pathway network was identified as one of the most
significant signaling pathways in H. pylori-positive gas-
tric tissues (Fig. 7A). The heatmap plot further illustrates
the activity of cellular signaling pathway networks across
different cell types. As a result, TNF signaling network
exhibits high activity in T and myeloid cells (Fig. 7B).
The classical signaling pathway is transmitted through
the binding of soluble TNF-a to TNFR1 or TNFR2. The
proinflammatory function of TNF is dependent solely
on TNEFRI1 signaling, which indeed contributes more to
the TNF network in our dataset (Fig. S7A). These results
raised a possibility that H. pylori infection activates

Fig. 5 TNFa stimulates NLRP3 inflammasome activation in macrophages. A KEGG pathway enrichment analysis was performed using

the upregulated genes in NLRP3"9" macrophages, in comparison with the NLRP3'°" macrophages, according to our previous scRNA data of human
gastric tissues. The dotted red box marked the enriched TNF signaling pathway. B Western blots showing the levels of NLRP3 inflammasome-related
proteins in THP1 cells treated with different concentrations of TNF-a (0, 100, 200, and 400 ng/ml). C Western blots displaying the expression

of NLRP3 inflammasome proteins in THP1 cells treated with TNF-a (200 ng/ml) in combination with TNFa inhibitor QNZ (400 ng/ml). D Western
blots presenting the levels of NLRP3 inflammasome-related proteins in THP1 cells treated with TNF-a (200 ng/ml) in combination with TNFR1
antagonist Atrosab (1 uM). E and F gRT-PCR analysis of marker genes for M1 macrophages, including TNF-a, IL-18, IL-6, CCL2, and CCL3,in THP1 cells,
following stimulation with TNF and TNFa inhibitor QNZ (E), or with TNF and TNFR1 antagonist Atrosab (F). * P< 0.05, **P < 0.01, *** P<0.001
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NLRP3 inflammasome through the TNF/TNEFR1 axis. To
identify the role of TNFR1 in NLRP3 inflammasome acti-
vation, we isolated BMDMs from WT and Tnfr! knock-
out mice and confirmed the efficiency of Tnfrl knockout
by qRT-PCR analysis (Fig. S7B, C). To further validate the
effect of TNF/TNFR1 axis on NLRP3 inflammasome in
macrophage, BMDMs from WT or Tnfr1-KO mice were
stimulated with TNF-a. The western blot analysis showed
that NLRP3, pro-IL-1p and cleaved-IL-1p were signifi-
cantly increased upon TNF-« treatment. However, their
expression was lower in Tnfr1-KO BMDMs (Fig. S7D,
E). In addition, there was a similar reduction in protein
concentration of IL-1p in TwfrI-deficicent BMDMs (Fig.
S7F). We further investigated the NLRP3 inflammasome-
related genes in WT and Tnufrl-deficient mice in the
absence and presence of H. pylori. H. pylori infection led
to upregulation of NLRP3, pro-IL-1p and cleaved-IL-1p
protein levels (Fig. 7C and Fig. S7G), and increased the
production of IL-1p (Fig. 7D). This induction was abol-
ished in H. pylori-infected Tnfri-deficient macrophages
(Fig. 7C, D). Of note, the expression of M1 macrophage
genes measured by qRT-PCR, including TNFa, IL-1B,
IL-6, CCL2 and CCL3, were upregulated by TNFa treat-
ment or H. pylori infection in WT BMDMs, but at lower
levels in Tnfri-knockout macrophages (Fig. 7E). Collec-
tively, these data suggested that the TNF/TNFR1 axis
is required for NLRP3 inflammasome activation in H.
pylori-infected macrophages.

Discussion

Macrophages are the critical mediators in the innate
immune response for host defense against many path-
ogens [41]. Polarization of gastric macrophages to M1
phenotype, which is characterized by production of
pro-inflammatory cytokines, plays a crucial role in H.
pylori-induced gastritis [15]. In this study, we deter-
mined NLRP3 as a key regulator of M1 macrophage
polarization in response to H. pylori infection. In vivo
and in vitro studies demonstrated that H. pylori infec-
tion promoted M1 macrophage activation and gas-
tric inflammation by activating NLRP3 inflammasome
by both in vivo and in vitro studies. Furthermore, we

(See figure on next page.)
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showed that the TNF/TNFR1 signaling axis regulated
the NLRP3 inflammasome activation in H. pylori-
infected macrophages. Our findings provide a novel
link between H. pylori infection, TNF/TNEFR signaling,
NLRP3 inflammasome, M1 macrophage and gastritis
(Fig. 7H).

NLRP3 inflammasome is associated with a wide range
of diseases, such as inflammatory bowel diseases, cardio-
vascular diseases, arthritis, and cancer [18, 42, 43]. The
assembly of the NLRP3 inflammasome complex trig-
gers the maturation and secretion of pro-inflammatory
cytokine IL-1p [44]. Several studies have indicated the
activation of NLRP3 inflammasome in response to H.
pylori infection, using different cell lines, such as gas-
tric epithelial cells, T cells and macrophages [45-47].
Intriguingly, we found that NLRP3 is primarily expressed
in myeloid cells (macrophages, monocytes, etc.) from
our local scRNA-seq analysis of human gastric tissues
[36]. We further validated the colocalization of CD68
(macrophage marker) and NLRP3, which was signifi-
cantly increased in H. pylori-infected human gastritis
tissues and stomach tissues of INS-GAS mice. Using
cultured primary BMDMs from Nirp3-deficient mice,
we showed that knockout of Nlrp3 remarkably inhib-
ited M1 macrophage polarization and pro-inflammatory
cytokines production induced by H. pylori. These find-
ings suggested the crucial role of NLRP3 inflammasome
activation in M1 macrophage during H. pylori infec-
tion-triggered gastritis. Our findings are in agreement
with previous studies indicating that H. pylori infec-
tion induces NLRP3 inflammasome in the monocytes
THP1 cell line [48]. Notably, we found that the PMSS1
strain lacking CagA was still capable of inducing NLRP3
inflammasome, while the H. pylori mutant lacking the
toxin VacA resulted in lower levels of NLPR3 and IL-1f.
These findings align with previous observation by Sem-
per. et al. showing that the secretion of IL-1f induced by
H. pylori was primarily regulated by the virulence factors
VacA and CagPAl, rather than CagA [49]. Based on these
data, we suggest that NLRP3 inflammasome activation is
responsible for M1 macrophage phenotype and gastritis
during H. pylori infection.

Fig. 6 H.pyloriinduces NLRP3 inflammasome and promotes M1 macrophage polarization through TNFa. A The UMAP plots indicated TNF
expression in human gastric tissues from our scRNA-seq data. B Immunofluorescence staining for the co-expression of CD68 (green) and TNFa (red)
in human gastritis tissues with or without H. pylori infection. Scale bar, 10 um. C Western blot assay for TNFa protein expression in THP1 cells infected
with H. pylori at various MOls for 24 h (upper panel), or treated with H. pylori at an MOI of 100 for indicated time points (lower panel). D ELISA assay
for detection of the TNF-a concentration in the supernatant of THP1 cells following H. pylori infection with indicated MOI (left panel) or at indicated
time points (right panel). E Western blots for the TNFa expression in THP1 cells infected with H. pylori 26,695 strain or its VacA™ mutant. F and G
Western blots for the protein expression of NLRP3 inflammasome in THP1 cells treated with TNF-a in combination with TNFa inhibitor QNZ (F),

or in combination with TNFR1 antagonist Atrosab (G). H and | The gRT-PCR analysis of mRNA levels of M1 macrophage signature genes in THP1 cells
treated with TNF-a in combination with QNZ (H), or in combination with Atrosab (I). * P < 0.05, **P< 0.01
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It has been reported that H. pylori infection causes
TNFa production in gastric epithelial cells and mac-
rophages [50-52]. Several studies have highlighted the
importance of TNF in the clinical progression of H. pylori
infection. TNF exerts its biological functions, such as
pro-inflammatory activity, cell proliferation, survival and
apoptosis, by binding to either TNFR1 or TNFR2 [27].
However, the role of the TNF/TNFR1 signaling pathway
in the pathogenesis of H. pylori is still poorly understood.
A previous study [53] has indicated the crucial role of
TNFa and TNFR1 in BMDMs in gastric tumorigenesis
using genetic mouse models. The development of gastric
tumors was significantly suppressed in Gan mice with
TNEFR1 or TNF deficiency. Transplantation of BMDMs
from Tnfr1-KO mice to WT mice resulted in a reduction
of gastric tumor growth [53]. In this study, we observed
elevated levels of TNF in human gastric tissues infected
with H. pylori compared to uninfected tissues.

Consistent with the role of TNF in the proinflam-
matory response, we found that a selective inhibitor of
TNE, QNZ, significantly blocked the polarization of M1
macrophage induced by H. pylori. Furthermore, as a
TNEFR1 antagonist, Atrosab selectively blocks TNFRI,
without affecting TNFR2, and was shown to exert poten-
tial therapeutic effects in chronic inflammatory diseases
[54]. Here, we demonstrated that Atrosab was also capa-
ble of suppressing H. pylori-induced M1 macrophage
polarization. Therefore, we propose the crucial role of
TNE/TNEFR1 signaling in H. pylori infection-induced
macrophage activation and gastric inflammation. TNF
inhibitors have been widely used to treat various inflam-
matory diseases, such as rheumatoid arthritis, psoriatic
arthritis and inflammatory bowel disease (IBD) [55-57].
Our findings suggest the TNF inhibitors as potential can-
didates for the treatment of H. pylori-associated gastric
disorders.

(See figure on next page.)

Page 16 of 20

Activation of NLRP3 inflammasome triggers IL-1B
maturation through two steps: first, the priming step
which is required for increased expression of NLRP3, and
the activation step that leads to inflammasome formation
[58]. The priming process of inflammasome is triggered
by pattern recognition receptor signaling, e.g., TLRs,
which subsequently promotes the NF-«B signaling path-
way, leading to NLRP3 activation and IL-1 maturation
[59]. A previous study reported that TLR2 is responsible
for H. pylori-induced NLRP3 inflammasome and thereby
production of regulatory T cells [45]. Our findings dem-
onstrated the specific role of the TNF/TNEFR signaling
axis in the activation of NLRP3 inflammasome in mac-
rophages upon H. pylori infection. Of note, we found that
TNERL1 is essential for NLRP3 inflammasome activation
in response to H. pylori infection. BMDMS isolated from
Tnfri-KO mice expressed lower levels of NLRP3 and
IL-1p following H. pylori infection, when compared with
WT BMDMs, in line with a previous study showing that
TNFa is a transcriptional regulator of NLRP3 inflam-
masome components in murine inflammatory diseases
[60]. In addition, various molecular or cellular events
are linked to NLRP3 inflammasome activation, includ-
ing K" efflux, Ca** signaling, mitochondrial dysfunction
and ROS [58]. It is widely known that H. pylori damage
induces mitochondrial dysfunction and ROS accumula-
tion, which might be closely related to NLRP3 inflamma-
some [61].

There are several limitations of the study. Macrophages
are not the primary contact with H. pylori in the tissue.
The present study employs a model of macrophage infec-
tion with high MOI of H. pylori bacteria, despite consid-
erable supporting evidence. Nonetheless, this approach
may not entirely reflect the actual situation. Additionally,
we did not have antibiotic selective plates working for
negative control experiments.

Fig. 7 TNF/TNFR1 axis is responsible for H. pylori-induced NLRP3 inflammasome activation and M1 macrophage activation. A, B CellChat analysis
was used to identify cell-cell communication signaling network between H. pylori-positive and H. pylori-negative gastritis tissues. CellChat calculates
communication probabilities at the signaling pathway by summarizing all ligand-receptor interactions associated with each signaling pathway. If
the ratio of the total pathway probabilities between the comparison group and the control group is <0.95 and p-value < 0.05, the communication
strength in the control group was considered as significant (y-axis in red); whereas if the total ratio is > 1.05 and p-value < 0.05, the communication
strength in the comparison group was considered as significant (y-axis in blue). H. pylori-positive tissues as the comparison group; H. pylori-negative
tissues as control group. A The bar charts showed the most significant differential signaling pathways. The dotted red box highlighted TNF
signaling as the top upregulated pathway in H. pylori-positive gastritis tissues, compared to H. pylori-negative tissues. B The heatmap plot showing
differential cellular communication networks among different cell populations in H. pylori-positive and -negative gastritis tissues. The TNF

signaling network was highlighted with a red box. CWT and Tnfr1-KO BMDMs were infected with H. pylori PMSS1 strain (MOl = 100). Western blots
for the protein expression of molecules of NLRP3 inflammasome. D ELISA for IL-1(3 concentration in cell supernatant. E The gRT-PCR analysis for M1
macrophage signature genes expression in TNFa or PMSS1-treated BMDMs from WT and Tnfri-deficient mice. F The working model of the TNF/
TNFR1 axis-mediated activation of NLRP3 inflammasome in macrophages and M1 polarization during H. pylori infection. H. pylori infection induces
the production of TNFa, which binds to TNFR1, promoting the NLRP3 inflammasome activation in macrophages, and resulting in M1 macrophage
polarization and gastric inflammation through activation of NF-kB and STAT3 signaling pathways
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In summary, this study presents a novel mechanism
by which H. pylori activates NLRP3 inflammasome
through the TNF/TNFR1 signaling, thereby inducing
M1 macrophage polarization and gastritis. Our results
further confirmed that NLRP3 is specifically expressed
in macrophage from gastric tissues. This might provide
an explanation for why it plays such a significant role in
M1 macrophage activation and gastric inflammation in
response to H. pylori infection. Furthermore, the use of
inhibitors of the TNF/TNFR1 signaling axis or knock-
out of Tufrl to block the TNF/TNFR1 signaling sig-
nificantly attenuated NLRP3 inflammasome activation
induced by H. pylori. Although it remains still unclear
whether NLRP3 deficiency in experimental models can
improve gastric pathology caused by H. pylori infection,
our findings suggest that inhibition of TNF signaling
and NLRP3 inflammasome could be a viable approach
to manage excessive gastric inflammation and damage
induced by H. pylori infection.
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