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Helicobacter pylori (H. pylori) is the predominant pathogen causing chronic
gastric mucosal infections globally. During the period from 2011 to 2022, the
global prevalence of H. pylori infection was estimated at 43.1%, while in China, it
was slightly higher at approximately 44.2%. Persistent colonization by H. pylori
can lead to gastritis, peptic ulcers, and malignancies such as mucosa-associated
lymphoid tissue (MALT) lymphomas and gastric adenocarcinomas. Despite
eliciting robust immune responses from the host, H. pylori thrives in the gastric
mucosa by modulating host immunity, particularly by altering the functions of
innate and adaptive immune cells, and dampening inflammatory responses
adverse to its survival, posing challenges to clinical management. The
interaction between H. pylori and host immune defenses is intricate, involving
evasion of host recognition by modifying surface molecules, manipulating
macrophage functionality, and modulating T cell responses to evade immune
surveillance. This review analyzes the immunopathogenic and immune evasion
mechanisms of H. pylori, underscoring the importance of identifying new
therapeutic targets and developing effective treatment strategies, and
discusses how the development of vaccines against H. pylori offers new hope
for eradicating such infections.
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1 Introduction

H. pylori, a Gram-negative, microaerophilic, helical bacterium, is considered one of the
most successful human pathogens (Camilo et al., 2017). Recent data indicates a global H.
pylori prevalence of approximately 43.1% between 2011 and 2022 (Li et al., 2023), with a
slightly higher infection rate of 44.2% in China (Ren et al., 2022), surpassing the global
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average. Infection typically occurs in early childhood, with a global
pediatric infection rate of 32.3% (Kalach et al,, 2017). Despite
eliciting strong innate and adaptive immune responses in hosts,
H. pylori persists, inducing chronic inflammation that can lead to
gastritis, peptic ulcers, and malignancies such as mucosa-associated
lymphoid tissue (MALT) lymphomas and gastric adenocarcinomas
(Baj et al, 2021; Yang and Hu, 2022). Chronic gastritis, often
asymptomatic, is predominantly caused by H. pylori infection,
which is also a principal cause of gastric and duodenal ulcers.
Notably, H. pylori infection is a major independent risk factor for
gastric cancer, with approximately 1-2% of those infected
progressing to cancer. Gastric cancer is currently the sixth most
common cancer and the fourth leading cause of cancer-related
deaths globally, posing a significant health threat (Salvatori
et al., 2023).

H. pylori maintains a stable presence in specific ecological
niches within the stomach, a capability intricately linked to its
array of virulence factors. Urease activity disrupts the gastric acid
barrier, facilitating survival in acidic conditions (Stingl et al., 2002).
H. pylori’s motility, mediated by its flagella (Gu, 2017), further
promotes colonization on the gastric mucosal surface. Outer
membrane proteins like BabA, SabA, AlpA/B, and OipA, along
with lipopolysaccharides (LPS), mediate adherence to gastric
epithelial cells (Tshibangu-Kabamba and Yamaoka, 2021;
Valkonen et al., 1994), contributing to colonization and
pathogenesis. The vacuolating cytotoxin A (VacA) disrupts
cellular integrity by inducing vacuole formation, while the high-
temperature requirement A protease (HtrA) cleaves key
intercellular adhesion proteins like E-cadherin, occluding and
claudin-8, impairing epithelial barrier functions (Ansari and
Yamaoka, 2020; Albrecht et al., 2018). Notably, Cag pathogenicity
island (PAI)-encoded virulence factor CagA manipulates signaling
pathways such as ERK/MAPK, NF-KB, leading to pathologic
alterations in cell morphology, adhesion, polarity, proliferation,
and motility (Wang et al., 2023). Additionally, the presence of
CagA-positive H. pylori infection has been closely associated with
the severity of gastric cancer and adverse clinical outcomes in
affected patients (Parsonnet et al., 1997). Host factors including
environmental influences and genetic polymorphisms may also
augment H. pylori’s colonization efficiency and susceptibility to
related diseases. The traditional quadruple therapy, including
proton pump inhibitors, amoxicillin, clarithromycin, and bismuth
agents, has long been recommended as the first-line treatment for
global H. pylori eradication (Lu et al, 2023). However, rising
antibiotic resistance has reduced eradication rates, with recent
rates falling below 80% in many countries (Tshibangu-Kabamba
and Yamaoka, 2021), necessitating the development of novel
therapeutic strategies.

H. pylori infection presents a significant clinical challenge, as
this bacterium can establish persistent colonization within the host
despite a robust immune response, leading to a reduced eradication
success rate in patients (Karkhah et al., 2019). Existing studies have
revealed strategies employed by H. pylori to evade the host’s
immune system through specific molecular mechanisms, but a
comprehensive understanding of these mechanisms is still
limited, especially in terms of how they are precisely regulated to
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adapt to different host environments. Furthermore, the mechanisms
by which host genetic and physiological factors influence the
immune evasion response of H. pylori remain unclear and
warrant further investigation. Multiple potential therapeutic
targets have been identified in the mechanisms of H. pylori ‘s
evasion of immune responses. Additionally, vaccines targeting H.
pylori have shown promising results in preclinical trials, with these
vaccines preventing infection by activating and modulating
immune cell phenotypes, demonstrating significant potential for
future development (Friedrich and Gerhard, 2023). This review will
explore the strategies employed by H. pylori to manipulate the
host’s immune system for chronic colonization (Figure 1), and
emphasize the importance of new therapeutic strategies and H.
pylori vaccines targeting these mechanisms.

2 Crossing the gastric acid mucosal
layer to achieve colonization

The gastric cavity possesses an extremely acidic pH (typically
between 1 to 2), which is not an ideal environment for bacterial
colonization (Ramsay and Carr, 2011). Additionally, the gastric
mucosal layer serves as a physical barrier that not only prevents
bacterial penetration into deeper tissues but also entraps
antimicrobial compounds within the host, thereby enhancing
resistance to bacterial infections (Shimizu et al., 1996). Therefore,
H. pylori s initial colonization in the stomach relies on its urease
activity and motility to buffer its cytoplasm and escape from the
gastric lumen into the mucous layer, reaching a more favorable
environment with a higher pH (Table 1).

The urease produced by H. pylori hydrolyzes urea present in the
stomach into ammonia and carbon dioxide. The ammonia
neutralizes gastric acid, forming ammonium ions, thereby
providing a more neutral microenvironment conducive to
bacterial survival (Stingl et al., 2002). This helps mitigate the
direct bactericidal effect of gastric acid. Furthermore, increased
functional urease activity (urease B) and the production of
ammonia disrupt the cellular cytoskeleton-mediated tight
junctions by regulating the phosphorylation of myosin light chain
(MLC) and endocytosis of the tight junction protein occluding,
leading to enlarged intercellular spaces (Wroblewski et al., 2009).
This allows harmful substances in the gastric fluid to penetrate
further into the gastric wall tissue. Gastric mucins have
physiologically relevant sol and gel properties. In the acidic
environment of the stomach, mucins typically form a gel-like
state that effectively captures bacteria. However, in the presence
of urease activity, the pH increases, subsequently decreasing the
viscosity of the mucins and enabling bacteria to move within
the mucous layer (Celli et al., 2009; Celli et al,, 2005). Although
the primary function of urease in H. pylori is to alter pH by
producing ammonia, studies have revealed the presence of urease
in the lamina propria of individuals infected with H. pylori. The
interaction between Urease B and CD74 activates NF-kB, leading to
increased production of interleukin-8 (IL-8), a potent chemotactic
factor for monocytes and neutrophils (Beswick et al., 2006).
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(A) H. pylori employs urease to neutralize gastric acidity, while its flagella and helical shape facilitate traversal through the gastric mucus layer.
Subsequently, a multitude of virulence factors of H. pylori, such as LPS, flagella, and CagA, bind to various receptors on the gastric epithelial surface,
triggering intracellular immune responses. Additionally, these virulence factors are capable of evading immune system activation and disrupting the
tight junctions of gastric epithelium. This leads to damage of the gastric mucosa, contributing to the pathogenesis of H. pylori-associated gastric
disorders. (B) Upon binding of H. pylori outer membrane proteins and virulence factors to surface receptors on macrophages, there is an inhibition
of phagocytosis in these immune cells. This interaction further modulates the polarization and immune metabolism of macrophages, thereby
significantly impacting the host's innate immune response. (C) The release of various cytokines induces differentiation in CD4+ T cells into subsets
such as Thl, Thl7, and Treg, maintaining immune balance. H. pylori specifically influences this differentiation towards Tregs, fostering cell-mediated
immune tolerance. This adaptation by H. pylori is crucial for its persistent colonization and chronic infection in the host.

H. pylori urease and functionally active recombinant urease also
stimulate the expression of inducible nitric oxide synthase in
macrophages (Gobert et al., 2002), which may lead to the
production of substances causing nitrosative damage.

Motility is crucial for H. pylori infection (O'Toole et al., 2000).
Similarly, mutants lacking directed motility exhibit weakened
virulence. H. pylori exhibits chemotaxis, mediated by a complex
chemosensory system comprising multiple receptors like TIpA,
TlpB, TlpC, and TlpD, detecting various chemical signals. These
signals, relayed through coupling proteins to CheA kinase, alter
CheY activity. Active CheY then guides the bacterium’s movement
via its flagellar motor, allowing H. pylori to adeptly navigate and
localize within specific gastric mucosal and glandular niches. This
precise localization enables robust colonization during the acute
phase of infection (Johnson and Ottemann, 2018; Williams et al.,
2007). Mutations in chemotactic receptors TlpA or TlpB of H.
pylori can lead to reduced or lost chemotaxis (Williams et al., 2007).
In addition, mutations that lack the Cag pathogenicity island (PAI)
were found in in vitro experiments to impair the ability of H. pylori
to trigger gastric epithelial cells to secrete pro-inflammatory
cytokines and chemokines, such as IL-8 and urease (Ferreira
et al, 2016). This reduces the number of bacteria approaching
gastric epithelial cells, thereby alleviating the severity of gastritis. In
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such cases, bacteria fail to trigger a strong immune response. The
helical shape of H. pylori allows it to navigate the gastric mucus
layer and facilitates penetration through epithelial cells
(Constantino et al., 2016). Its spiral shape is influenced by various
proteins, including Csd1/2, Csd5, Csd7, CcmA, and MurF, which
directly or indirectly affect the structure and composition of
peptidoglycan (PG). Particularly, the rod-shaped protein domain
of CcmA and its N-terminal region are crucial for the helical shape,
enabling polymerization and interaction with Csd5 and Csd7,
playing a key role in maintaining cellular shape stability and
regulating cell wall architecture (Sichel et al., 2022). This complex
helical structure has been considered by some authors to be a
virulence factor. In vitro experiments have shown that helical cells
exhibit a 15% increase in propulsive force compared to straight
mutants. Although the helical cell shape has little effect on
swimming speed, the loss of helical shape increases the
proportion of bacteria completely immobilized in mucus by 30-
40%, potentially affecting the turnover rate of bacterial clearance
from the mucus layer (Constantino et al., 2016; Martinez et al,
2016). Moreover, the helical shape increases the proportion of
motile bacteria. Beyond cell shape, the number of flagella
significantly contributes to the motility speed of H. pylori. The
flagellar structure of H. pylori contributes to effective colonization
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TABLE 1 Mechanisms of immune evasion by virulence factors of
H. pylori and resulting effects.

Virulence
factor

Mechanism
of

escape
immunity

Reference

Urease 1. Decompose urea 1. Neutralizes (Stingl et al.,
into ammonia and stomach acid 2002;
carbon dioxide 2.Disrupts Wroblewski
2.Regulates MLC gastric et al., 2009;
phosphorylation epithelial tight Gobert
and occludin junctions et al., 2002)
endocytosis in 3.Chemotaxis
tight junctions of Neutrophils
3.Stimulates and Monocytes
Macrophages to
induce nitric oxide
synthase
expression

Bacterial shape Helical Promotes H. (Constantino
bacterial shape pylori to cross et al., 2016)

the acidic

mucus layer of
the stomach

TABLE 1 Continued

Virulence
factor

HtrA

Mechanism
of

escape
immunity

longer acyl chains
of 16 and 18
carbons
O-antigen chain
expresses Lewis x
and y antigens for
molecular mimicry
5.Binds to
macrophage
surface
glycoproteins such
as CD14 and
TLR4, triggering
NF-kB-mediated
inflammatory
responses
6.stimulates iNOS
expression,
promoting the
conversion of L-
arginine to NO,
leading to
mitochondrial
dysfunction

Cleaves key cell
adhesion proteins
such as E-
cadherin, occludin,
and claudin-8

10.3389/fcimb.2024.1342913

M2
macrophages

Disrupts
gastric
epithelial

tight junctions

Reference

(Albrecht
et al., 2018)

Hp-NAP

Binding to TLR2
induces
neutrophils and
monocytes to
produce IL-8
and ROS

Activates the
innate
immune

response

(Wen
et al., 2021)

Flagella 1.Motility 1.Promotes H. (Gu, 2017; Zou
2.Flagellin pylori to cross et al,, 2021;
recognizes TLR5 the acidic Hayashi et al.,
and drives NF-xB mucus layer of 2001; Gewirtz
Activation the stomach et al,, 2001;
3.R89T, LI3K, and 2.Activates the Kim
E114 mutations innate immune et al., 2018)
impair the response
interaction 3.Escapes
between flagellin’s immune
TLR5 activation recognition
hot spot residues
and TLR5’s LRR9
loop cavity

SabA Binds with sialyl- Adhesion to (Doohan
Lex antigen gastric et al,, 2021)

epithelial
mucosa

BabA Binds with Lewis Adhesion to (Doohan
b antigen gastric et al,, 2021)

epithelial
mucosa
LPS 1. Lipid A reacts 1. Neutralize (Calam et al.,

with protons in
stomach acid

stomach acid
2.Adhesion to

1997; Fowler
et al., 2006;

2.Core region gastric Cullen et al,,
binds to th ECM epithelial 2011; Moran,
layer’s adhesion mucosa 2008; Wang
proteins, LeX 3.Activates the et al., 2000;
polysaccharide innate immune | Ciesielska
structures in O- response et al,, 2021;
antigen interact 4. Escapes Cherdantseva
with galectin-3 immune et al., 2014)
3. Recognizes recognition
TLR2 and TLR4 5. Disrupts
Receptors macrophage
4. phagocytosis
Dephosphorylation | 6.Impedes the
of lipid A at the I’ transformation
and 4” phosphate of Ml into
positions, with

(Continued)
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VacA

1. Vacuolates
gastric epithelial
cell

2.Increases
intracellular CaA2+
concentration,
triggering unfolded
protein response
(UPR) and
endoplasmic
reticulum (ER)
dysfunction
3.Phosphorylates
T-cell surface 32
integrins via PKCn
or PKCG, inducing
actin
rearrangement for
VacA endocytosis
and T-cell G1/S
cell cycle arrest
4.Induces anti-
inflammatory
cytokines IL-10,
TGF-f gene
expression, and
TGF-P signaling;

1. Causes
cellular
vacuolation
2. Disrupts
macrophage
phagocytosis
3. Inhibits T-
cell
proliferation
4. Induces Treg
cell
differentiation

(Akazawa

et al., 2013;
Sewald et al.,
2011; Ji

et al., 2020)

(Continued)
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TABLE 1 Continued

Virulence Mechanism Effect Reference
factor of
escape
immunity
activates Wnt/f-
catenin pathway
and
upregulates CCL28
CagA 1. Secretes 1. Promotes (Ferreira et al.,
chemokines IL-8 directional 2016; Wong
and urease movement of et al, 2017;
2. Increases H. pylori Kang et al.,
intracellular CaA2+ | 2.Disrupting 2021; Lina
concentration macrophage et al, 2013;
3. Activates p38 phagocytosis Yan et al,
MAPK and NRF-2 | 3. Induces 2021; Hayashi
signaling pathways, | transition from et al,, 2013)
inducing increased | M1 to M2 and
HO-1 expression Mreg
4. Reduces B7-H2 phenotypes
expression through | 4.Reduces CD4
P70 S6 kinase + effector T-
phosphorylation cell activity
5. Enhances NF-xB | and increases
binding to the Treg
REDD1 promoter 5. Induces
via the MAPKp38 Th17 cell
pathway polarization,
6. Activates the exacerbating
Wnt/B-catenin inflammation
pathway and 6. Promotes
upregulates CCL28 | Treg cell
7. Induces differentiation
downregulation of 7.Decreases
the let-7 family inflammatory
miRNAs responses
expression
V- 1.Mediates 1. Inhibits T- (Schmees
glutamyltransferase | extracellular cell et al., 2007;
glutathione proliferation Wiistner et al.,
cleavage and ROS 2.Induces Treg 2015;
generation, causing | cell Shibayama
lymphocyte cell differentiation et al.,, 2003;
cycle arrest. Oertli
Inhibits cMyc and et al., 2013)
IRF4 expression,
disrupting T-cell
proliferation.
Interferes with
Ras-dependent
signaling, leading
to GI1 cell cycle
arrest
2. Inhibits DC
maturation and
induces T-cell
FoxP3/
CD25 expression

on the gastric mucosa through mechanisms such as motility,
adhesion capability, and penetration through the mucous layer
(Gu, 2017).

Lipopolysaccharide (LPS) is a key component on the surface of
H. pylori, facilitating the bacterium’s invasiveness, interaction with
the host, and evasion of gastric mucosal defense mechanisms. The
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lipid A region of LPS can react with protons in gastric acid, reducing
the bactericidal effect of the acid (Calam et al., 1997), thus favoring
the survival of H. pylori in the gastric environment. Specifically, the
core region of LPS binds to host extracellular matrix (ECM) layer
adhesins (Valkonen et al, 1994), and the LeX polysaccharide
structures in the O antigen are bound by host B-galactoside-
binding lectin (galectin-3) (Fowler et al., 2006), which have been
proven to participate in the colonization process, laying the
groundwork for chronic infection. Additionally, the PAP2 protein
HP0851 (HupA), a key enzyme in LPS biosynthesis, is involved in
LPS modifications that increase the positive charge of lipid A,
thereby enhancing resistance to cationic antimicrobial peptides
(CAMP) (Gasiorowski et al., 2019), helping the bacteria evade the
host’s innate immune response.

3 Evasion of host innate immunity
3.1 Evading receptor recognition

The immune response initiated by H. pylori begins with the
recognition of bacterial pathogen-associated molecular patterns
(PAMPs) by pattern recognition receptors (PRRs) expressed on
innate immune cells or gastric epithelial cells. These PRRs include
toll-like receptors (TLRs), NOD-like receptors (NLRs), C-type
lectin receptors (CLRs), and retinoic acid-inducible gene (RIG)-I-
like receptors (RLRs), all of which are involved in the identification
of H. pylori and the activation of innate immunity (Cheok
et al., 2022).

Lipopolysaccharide (LPS) is among the most potent activators
of the innate immune system, and variations in the bacterial lipid A
structure may represent a successful strategy to evade innate
immune recognition and impede the TLR4 signaling pathway
(Matsuura, 2013). In vitro studies suggest that lipid A in H. pylori
LPS is less likely to be recognized by human TLRs, and chemical
modifications that remove negative charges from the 1’ and 4’
phosphate groups of lipid A significantly reduce the potency of LPS.
Substituting the phosphate groups with other negatively charged
groups, such as phosphoethanol, has minimal impact (Ulmer et al.,
1992). This indicates that dephosphorylation increases the chances
of evading TLR recognition, but it is not the sole factor. Notably,
LPS prepared from a double LpxE/F mutant synthesizing both
diphosphorylated and hexa-acylated lipid A still displayed
attenuated hTLR4-MD2 activity (Cullen et al., 2011), possibly due
to the longer acyl chains (16 and 18 carbons) in the H. pylori lipid A.
Furthermore, some in vitro studies have shown low reactivity of LPS
in cells expressing TLR alone or TLR4 with MD-2 mutations. MD-2
is a crucial molecule for TLR4-mediated immune recognition
(Ishihara et al., 2004), and thus H. pylori must avoid activating
hTLR4-MD2 to establish long-term colonization of the gastric
mucosa. However, TLR recognition of LPS remains controversial.
While many studies suggest TLR4 as the primary TLR for LPS
binding, others indicate that TLR2 is also a key TLR in LPS
recognition (Francisco et al.,, 2021). TLR2 is capable of
recognizing atypical forms of LPS and has been found to activate
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immune responses more strongly with hypo-antigenic HP-LPS than
with highly antigenic LPS (Yokota et al., 2010; Nemati et al., 2017).
TLR2 induces anti-inflammatory responses associated with IL-10
production and synergizes with TLR4 to enhance iNOS induction.
This correlation may constitute a mechanism to stimulate the
innate immune response (Uno et al., 2007). Furthermore, it has
been confirmed in an in vitro study that TLR2 also acts as a key
receptor involved in the process of IL-8 secretion by neutrophils
triggered by HP-NAP (Wen et al., 2021). This multifaceted role of
TLR2 could potentially open up new avenues for therapeutic
interventions targeting immune modulation.

The lipopolysaccharide (LPS) O-antigen of H. pylori expresses
Lewis (Le) antigens, typically including Le(x) or Le(y) epitopes
(Kobayashi et al., 1993). These epitopes mimic human Lewis
molecules and blood group antigens, which may facilitate
adhesion and enable evasion of the host’s immune response,
potentially leading to gastric atrophy (Moran, 2008; Wang et al.,
2000). Studies have shown that inactivation of H. pylori Le antigens
impairs colonization in murine models, while an increase in Le
antigens has been observed in gastric cancer patients (Lee et al,
2006), underscoring the pivotal role of Le antigens in the
progression of gastritis and gastric carcinoma. The dendritic cell-
specific C-type lectin receptor DC-SIGN plays a critical role in
directing immune responses (Engering et al., 2002; Appelmelk et al.,
2003). Its interaction with H. pylori Lewis variants in vitro can
diminish the production of interleukin-6 and the development of
Thl cells (Bergman et al., 2004). Surfactant protein D (SP-D),
another C-type lectin, is upregulated in the gastric mucosa during
infection and can specifically bind to H. pylori, reducing its activity
by 50% (Murray et al., 2002). Moreover, in vitro culture of the
escape mutant J178V, which evades SP-D binding through focused
glycosylation of the LPS O-chain, has been documented (Khamri
et al., 2005).

In addition to the low immunogenicity of H. pylori ‘s
lipopolysaccharide (LPS), the evolutionary attenuation of the
innate immune response by H. pylori flagellin proteins within the
gastric environment may represent a further strategy for this
chronic mucosal pathogen to evade and mitigate detrimental host
responses. Despite the presence of TLR5, H. pylori flagellins do not
appear to stimulate an innate immune response in gastric epithelial
cells (Lee et al.,, 2003; Zou et al,, 2021). Flagellin (Flg) monomers are
recognized by TLR5, activating innate immunity via NF-xB and
particularly inducing rapid upregulation of pro-inflammatory genes
such as IL-6/8 (Zou et al., 2021; Hayashi et al., 2001; Gewirtz et al.,
2001). Flg is a multidomain protein composed of DO, D1, and
hypervariable (HV) regions. Although H. pylori’s Flg contains the
DO and D1 domains that stimulate TLR5 in other flagellins, it elicits
no response from hTLR5. In vitro studies have shown that H. pylori
flagellin (FlaA) is significantly less potent in activating TLR5-
mediated interleukin (IL)-8 secretion than that from Salmonella
Typhimurium—by a factor of 1000 (Gewirtz et al, 2004). The
diverse post-translational glycosylation of H. pylori flagellin (Lee
et al,, 2003), along with manipulations of the N-terminal
recognition domain of TLR5 (Gewirtz et al., 2004), may serve as
mechanisms to alter the surface properties and receptor binding
affinity of H. pylori flagellin. To elucidate the molecular mechanisms
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by which hFlg evades TLR5 detection, J.H. Kim et al. conducted
mutational analyses and found that the lack of TLR5 activity in
response to hFlg is primarily due to differences at R89T, L93K, and
E114D. These variations disrupt the interaction of flagellin’s TLR5
activation hotspot residues with the cavity of TLR5’s LRR9 loop,
thereby facilitating evasion of TLR5 detection (Kim et al., 2018).

Retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), a
subfamily of pattern recognition receptors (PRRs), have been
studied in the context of H. pylori infection. H. pylori actively
suppresses STING and RIG-I signaling pathways, achieving
immune suppression by downregulating the activation of IRF3,
thus modulating the host’s innate immune response and promoting
chronic gastric inflammation. In Sting-deficient mice, H. pylori
infection leads to an enhanced Th17 inflammatory response and
increased expression of the host immune regulator Trim30a
(Dooyema et al., 2022). Furthermore, the IL-1f secretion process
induced by H. pylori infection involves the collaboration of multiple
immune system components, crucial for its immune evasion. The
NLRP3 inflammasome, an intracellular protein complex capable of
detecting pathogens, is activated following TLR-2 recognition of H.
pylori. Subsequently, the inflammasome’s caspase-1 enzyme is
activated to cleave pro-IL-1fB, producing active IL-1f3. The
inflammasome facilitates the formation of an inflammatory
environment by promoting pro-inflammatory factors, enhancing
T cell activation and proliferation, and their differentiation into
Tregs. This modulation of the immune response’s intensity and
duration is a key pathway in H. pylori-induced inflammation (Tran
et al,, 2017).

3.2 Disrupting macrophage function

During H. pylori infection, dendritic cells are recruited to the
gastric epithelium where, as primary antigen-presenting cells, they
capture antigens and migrate to regional lymph nodes or the spleen.
There, they present antigens to naive T cells, eliciting an immune
response from the host. However, as part of the innate immune
system, macrophages have limitations in eradicating H. pylori
(Kronsteiner et al., 2016). Research has revealed that H. pylori has
evolved multiple strategies to evade host immune surveillance,
including inhibiting the phagocytic process, affecting immune cell
polarization and metabolism, thereby promoting its persistent
colonization and survival in the host’s stomach.

3.2.1 Inhibiting the phagocytic function
of macrophage

H. pylori disrupts the phagocytic process of macrophages,
weakening their antigen-presenting capabilities and thereby
sustaining infection. The bacterium’s lipopolysaccharide (LPS)
binds to macrophage surface glycoproteins such as CD14 and
TLR4, triggering an NF-xB-mediated inflammatory response and
the release of cytokines including IL-1f, IL-6, and TNF-o. This
process interferes with intracellular signaling pathways crucial to
phagocytosis, such as protein tyrosine kinase, PI3K/Akt, and JAK/
STAT pathways (Ciesielska et al., 2021), inhibiting the transmission
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of phagocytic signals and the process of endocytosis. The
pathogenic factor CagA binds to macrophage surface receptors
such as E-cadherin and PB1 integrin, causing cytoskeletal
reorganization through the activation of the SHP-2 phosphatase
pathway, excessive phosphorylation of MAPK and PI3K, and
thereby inhibiting the phagocytic pathway (Coulombe and
Rivard, 2016). Studies also suggest that CagA might interfere with
the fusion of phagosomes and lysosomes, and consequently
obstruct the establishment of an acidic environment, by
disrupting key components such as proton pumps and chloride
channels, or affecting the assembly of acidification organs. This
could alter the localization and assembly of related proteins,
impacting the functionality of phagocytic cells (Osei-Owusu et al.,
2021; Wu et al., 2005). Additionally, the binding of outer membrane
proteins BabA and SabA to host cell surface receptors may affect the
cytoskeleton and function, disrupting the creation of the acidic
environment necessary for the fusion of phagosomes and lysosomes
(Doohan et al., 2021).

Calcium ions, key regulators of cell signal transduction, are
involved in lysosomal fusion and the formation of phagocytic
vesicles (Pradhan et al, 2019). The binding of LPS, CagA, and
VacA increases intracellular Ca’2+ concentration, disrupting the
phagocytic and digestive processes within macrophages (Wong
et al., 2017). Upon endocytosis, VacA disrupts intracellular
calcium homeostasis, triggering the unfolded protein response
(UPR) and endoplasmic reticulum (ER) dysfunction, which could
even lead to mitochondrial dysfunction and cell death (Groenendyk
et al, 2021; Akazawa et al, 2013). The complexities of these
interactions and their impact on the host-pathogen dynamic
warrant further investigation to elucidate.

3.2.2 Promoting macrophage polarization

Macrophage phenotypes induced by H. pylori infection are
diverse, playing roles in suppressing inflammation, modulating
immune responses, and promoting angiogenesis as the infection
progresses, thereby facilitating immune evasion and persistent
chronic infection. In the early stages of infection, Ml
macrophages characterized by high expression of NOS2, IL-1B,
and TNF-ou contribute to bacterial clearance. As the infection
becomes chronic, the tissue-repairing M2 macrophages become
more prevalent (Lu et al.,, 2020; Quiding-Jarbrink et al., 2010). Yu-
Kuan Huang et al. conducted an immunohistochemical analysis
that revealed an increased presence of M2 macrophage phenotypes
at the margins of gastric cancer, while noting a rise in Ml
macrophages in the core regions (Huang et al., 2019). This
differential distribution reflects the heterogeneity of inflammatory
responses and the influence of specific tissue microenvironments.
Hence, a thorough understanding of macrophage diversity and their
dynamic changes during infection is imperative.

H. pylori induces the expression of heme oxygenase-1 (HO-1) in
gastric epithelial monocytes and macrophages through the
phosphorylation of CagA, which activates p38 MAPK and NRF-2
signaling pathways. Upregulated HO-1 activity enhances the
expression of M2 polarization-associated genes, such as CD206,
CD163, arginase-1, and chitinase-like protein 3, leading to a
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spindled anti-inflammatory phenotype change (Kang et al., 2021).
This has been confirmed to defend against inflammation and
enhance phagocytic function in a murine model of ulcerative
colitis (Gwak et al, 2022). Therefore, HO-1 activity inhibits M1
markers and pro-inflammatory cytokines, aiding the transition
from M1 to M2 and Mreg, attenuating immune responses, which
may paradoxically benefit the survival of H. pylori. E. Alaluf
reported that the absence of HO-1 enhanced the therapeutic
effects of anti-tumor vaccines in vivo experiments by restoring
CD8+ T cell proliferation and cytotoxicity (Alaluf et al., 2020),
suggesting HO-1 as a potential therapeutic target. In the field of
medicinal chemistry, metalloporphyrins were among the first
molecules researched and utilized as non-selective inhibitors of
heme oxygenase-1 (HO-1). Subsequent in-depth studies led to the
development of imidazole-dioxolane derivatives, heralding the
advent of the first generation of non-porphyrin-based, isozyme-
selective inhibitors targeting HO-1 (Pittala et al., 2013). Currently,
several pharmaceuticals that indirectly modulate HO-1 activity
have entered clinical trials or are undergoing them. For instance,
tocilizumab, an IL-6 receptor antagonist, has been authorized for
therapeutic use in multiple clinical trials (e.g., ChiCTR2000029765,
NCT04317092, NCT04346355, NCT04335071) (Rossi et al., 2020).
Although these agents do not directly target HO-1, their interaction
with inflammatory pathways allows for an indirect regulation of
HO-1 activity.

While the initial activation and inflammatory response of M1
macrophages during the early stages of H. pylori infection may aid
in bacterial clearance, the continued secretion of inflammatory and
chemotactic factors during persistent infection can exacerbate
inflammation and promote bacterial colonization (Lu et al., 2020).
H. pylori’s pathogenic factors, including urease and outer
membrane lipopolysaccharides, stimulate the expression of iNOS,
facilitating the conversion of L-arginine to nitric oxide (NO). This
process leads to LPS+IFNy-induced mitochondrial dysfunction and
inhibition of the electron transport chain, intensifying the
inflammatory response and impeding the transition from M1 to
M2 macrophages (Cherdantseva et al., 2014). In vivo experiments
have shown that inhibiting NO production can improve
mitochondrial function and reprogramming towards the M2
macrophage phenotype (Van den Bossche et al., 2016),
underscoring the role of NO as a critical regulator of M1
macrophage activity.

Moreover, heparanase is upregulated in H. pylori infection and
promotes the polarization of macrophages towards the M1
phenotype by attracting pro-inflammatory and pro-tumorigenic
cytokines such as IL-1, IL-6, TNF-o, MIP-2, and iNOS (Tang
et al., 2021). Recent studies have evaluated the efficacy of three
heparanase inhibitors—Roneparstat, PG545, and M402—in models
of multiple myeloma, lymphoma, and melanoma. These
investigations have demonstrated the potential therapeutic effects
of these inhibitors in in vivo models. Specifically, M402, when used
in combination with cisplatin or docetaxel, was able to inhibit
spontaneous tumor metastasis and extend survival in the 4T1
mouse breast cancer model. These findings provide a crucial
foundation for future clinical trials in H. pylori infection and
gastric cancer models (Noseda and Barbieri, 2020; Weissmann
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et al,, 2019; Zhou et al,, 2011). As an endoglycosidase, heparanase
cleaves heparan sulfate chains, thereby releasing growth factors and
other bioactive molecules anchored to the extracellular matrix
(ECM). This enzymatic action reduces the density and adhesive
properties of the ECM, which in turn facilitates the migration of
immune cells (Wu et al.,, 2015). This mechanism bears similarities
to the functions of matrix metalloproteinases (MMPs), which are
instrumental in the progression of gastritis and play a pivotal role in
the invasiveness and metastasis of gastric cancer. During H. pylori-
induced gastritis, pro-inflammatory cytokines such as TNF-o and
IL-1 significantly stimulate the secretion of MMP-9 (Slomiany and
Slomiany, 2016), MMP-10 (Costa et al., 2016), and MMP-13
(Sheibani et al., 2017). MMPs play a pivotal role in the
development of gastritis by degrading proteins in the ECM, such
as collagen and elastin. Increased expression of MMP impairs the
structural integrity and function of the gastric mucosa, leading to
the pathogenesis of gastritis (Jablonska-Trypuc et al., 2016).
However, macrophages in MMP7-deficient models exhibit high
levels of IL-1B and iNOS mRNA, suggesting that MMP7 may
attenuate H. pylori-induced gastric pathology and carcinogenesis
by inhibiting M1 macrophage polarization (Krakowiak et al., 2015).
Furthermore, in an in vivo study, MMPs were shown to recruit CD8
+ T cells through the production of CXCL16 while simultaneously
inhibiting the expression of Reg3a, E-cadherin, and ZO-1. This dual
effect not only exacerbates the inflammatory response but also
promotes tumor proliferation and invasion. Therefore, targeting
MMP inhibition may represent a significant strategy in cancer
therapy (Sheibani et al,, 2017; Lv et al,, 2019).

In the current pharmaceutical market, Periostat® (doxycycline
hyclate) is the only MMP inhibitor approved by the FDA for the
treatment of periodontal disease (Das et al., 2020). Despite
challenges in early studies, clinical trials of MMP inhibitors for
conditions such as gastric cancer, diabetic foot ulcers, and multiple
sclerosis continue actively (Fields, 2019). Meanwhile, researchers
have developed highly specific new MMP inhibitors, such as
inhibitory monoclonal antibodies against MMPs. These
antibodies, through their specificity in targeting MMPs, effectively
inhibit the degradation of the extracellular matrix, a critical step in
tumor metastasis. These inhibitors have shown potential anti-
tumor activity in preclinical studies for breast cancer (Kwon, 2022).

3.2.3 Modulating macrophage metabolism
Metabolic reprogramming of macrophages during H. pylori
infection is a key mechanism for evading host immune
surveillance. Macrophages adjust their immune function by
modulating key metabolic pathways, including glycolysis, the
tricarboxylic acid (TCA) cycle, fatty acid metabolism, and
mitochondrial oxidative phosphorylation (Liu et al., 2021).
Specifically, M1 macrophages inhibit oxidative phosphorylation
and favor glycolysis to rapidly produce cytokines and reactive
oxygen species to combat infection (Freemerman et al., 2014).
Conversely, M2 macrophages enhance mitochondrial oxidative
phosphorylation and utilize glucose to support anti-inflammatory
actions, tissue repair, and clearance of post-infection debris (Huang
et al., 2016). This metabolic dichotomy elucidates the distinct
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functions and strategies of M1 and M2 macrophages in the
context of H. pylori infection, highlighting the central role of
metabolic pathway reprogramming in regulating
immune responses.

Arginase 2 (ARG2) is expressed in various cell types and
participates in different metabolic processes by degrading L-
arginine. In M1 macrophages, L-arginine is converted into nitric
oxide (NO) and citrulline via iNOS, with NO production possessing
antimicrobial properties that facilitate pathogen clearance.
However, NO and its reactive nitrogen species may cause
mitochondrial electron transport chain (ETC) deactivation,
inhibiting the transition from M1 to M2 macrophages (Van den
Bossche et al., 2016). H. pylori infection induces ARG2 expression,
potentially leading to L-arginine depletion and reducing NO-
dependent bactericidal activity (Lewis et al, 2010). In vitro
experiments, ARG2-mediated L-arginine depletion diminishes
CD3zeta expression, impacting T cell proliferation and cytokine
production (Rodriguez et al., 2003; Zabaleta et al., 2004), thereby
weakening Th1/Th17 T cell differentiation during chronic H. pylori
infection and contributing to the pathogen’s immune evasion
strategies. ARG2 deficiency results in a compensatory
upregulation of H. pylori’s polyamine metabolism. Extensive
research has confirmed the indispensable role of polyamines in
immune responses to various pathogens and in regulating
macrophage functions. They influence histone acetylation, thereby
promoting gene expression associated with M1 macrophage
activation and significantly increasing the production of the anti-
inflammatory mediator NO (Brooks, 2013). Ornithine
decarboxylase (ODC), the rate-limiting enzyme in polyamine
metabolism, is also a key regulator of M1 macrophage activation
and can be upregulated by H. pylori’s ERK and MYC signaling
pathways (Cheng et al.,, 2005; Asim et al., 2010), with increased
ODC in macrophages impairing the host’s response, favoring an
environment with less inflammation conducive to persistent
infection (Hardbower et al., 2017). Moreover, cystathionine
gamma-lyase (CTH) influences polyamine metabolism upstream
by regulating the accumulation of S-adenosylmethionine (SAM).
Recent research using in vivo mouse models has found that
knockout of the Cth gene in gastric macrophages (Gmacs) under
H. pylori infection reduces the expression of genes and proteins
related to cellular respiration, decreases DNA methylation,
maintains redox balance, and enhances mitochondrial function.
These changes suppress macrophage activity, promote M2
macrophage formation, and reduce the production of
inflammatory mediators (Latour et al., 2022), potentially
exacerbating chronic inflammation.

In a preclinical/Phase II study, INCB001158, as an arginase
inhibitor, significantly increased L-arginine levels, reversing
myeloid-derived suppressor cell-induced T cell immune
suppression and offering a new avenue for advanced biliary
cancer treatment (NCT03314935). Additionally, studies have
pointed out that ornithine decarboxylase (ODC) is a potential
target for esophageal squamous cell carcinoma treatment, with its
inhibitor, difluoromethylornithine (DFMO), undergoing clinical
trials for related cancers (He et al., 2017), and has been used in
clinical trials for the treatment of pediatric neuroblastoma
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(Lozier et al,, 2015). Concerning cystathionine gamma-lyase (CTH),
a selective CTH inhibitor has been found to specifically target the
active site, showing high sensitivity in IDH1 mutant astrocytomas
(Echizen et al,, 2023). These findings suggest that active research
targeting these enzymes is underway and may become an important
strategy for treating H. pylori infection or gastric cancer.

4 Evasion of adaptive immunity

The immune response elicited by H. pylori infection is
characterized by a mixed reaction involving T helper cells,
cytotoxic T cells, and NK cells (Larussa et al., 2015). In the early
stages of infection, a population of CD8+ T cells with a tissue-
resident memory (TRM) phenotype has been identified. These cells
rapidly infiltrate the gastric mucosa and recognize specific antigens,
including surface proteins and lipopolysaccharides. This
mechanism provides a swift and effective immune response,
which is crucial for controlling the infection. As the infection
persists, the presence of TRM phenotype CD8+ T cells diminishes
and is gradually replaced by CD4+ T cells, a shift that signifies a
transformation in the immune response during the chronic phase of
the infection (Koch et al., 2023).

4.1 Reqgulating Thl cells

Following processing by antigen-presenting cells such as
dendritic cells, H. pylori antigens are presented to CD4+ T cells,
inducing the differentiation of naive CD4+ T cells into various
subsets. Notably, Th1 cells are characterized by the production of
interleukin-2 (IL-2) and interferon-y (IFN-y), assisting CD8+ T
cells and promoting the generation of specific types of antibodies,
thus eliciting a robust cellular response (Larussa et al., 2015; Chen
et al,, 2013). Conversely, during infection, the response of Th2 cells
may be suppressed. An in vivo study administered different H.
pylori preparations to BALB/c mice systemically at 14-day intervals.
It was found that preparations containing LPS and recombinant
CagA promoted the expression of IFN-v, inducing a robust Thl-
skewed immune response (Paydarnia et al., 2020). This might
explain why H. pylori infection is often associated with a cellular
immune response rather than a strong antibody response. However,
H. pylori employs multiple mechanisms to interfere with this
process, including diminishing antigen presentation, antigenic,
variation, and secretion of immunosuppressive factors, thus
reducing the efficacy of Th1 cells (Larussa et al., 2015).

In vitro experiments have shown that H. pylori’s virulence
factor, VacA, interferes with immune responses by binding to the
B2 integrin subunit (CD18) on T cells. VacA activates Cdc42 and
Rac-1 through the phosphorylation of CD18 mediated by PKCn or
PKCC, inducing actin cytoskeletal rearrangement for endocytosis.
The endocytosed VacA interferes with cellular signaling, alters cell
morphology and function, and suppresses the immune response.
Specific inhibition of PKCn or PKC{ phosphorylation can
significantly reduce or completely block the uptake of VacA
(Sewald et al., 2011). Further vitro research has shown that VacA
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enters activated T cells through its interaction with LFA-1, leading
to vacuolation within the cells (Sewald et al., 2008). VacA can also
induce G1/S cell cycle arrest and disrupt the nuclear translocation of
NFAT, effectively preventing T cell proliferation (Gebert et al,
2003). cDNA microarray analysis has revealed that VacA
specifically upregulates the mRNA expression of 60 genes in T
cells and activates NF-«B in T cells via the classical pathway rather
than the alternative pathway, indicating a selective and limited
response of T cells to VacA (Takeshima et al., 2009). These findings
provide mechanistic insights into the impact of VacA on host T
cell functionality.

Moreover, H. pylori can directly restrict adaptive immune
responses by limiting the nutrients essential for T lymphocytes. y-
glutamyl transpeptidase (GGT), a secreted protein, mediates the
cleavage of extracellular glutathione and the production of reactive
oxygen species (ROS) in vitro experiments. This activity
consequently induces cell cycle arrest in lymphocytes (Schmees
et al,, 2007). Tt also disrupts T cell proliferation, activation, and
effector cytokine expression by specifically depleting the
extracellular space of glutamine through the inhibition of cMyc
and IRF4 expression (Wiistner et al, 2015). Additionally, GGT
possesses apoptotic-inducing activity (Shibayama et al., 2003), and
interferes with Ras-dependent signaling, leading to G1 cell cycle
arrest (Schmees et al, 2007), playing an indispensable role in
bacterial colonization.

4.2 Regulating of Thl7 cells

In recent research, Th17 cells have been substantiated as playing
a pivotal role in the host’s defense against extracellular bacterial
infections, notably H. pylori. The differentiation of Th17 cells is co-
regulated by the cytokines IL-6, [L-23, and TGF-f. These factors
drive the polarization of CD4+ T cells into Th17 cells, leading to the
production of key cytokines such as IL-17A, IL-17F, and IL-22
(Larussa et al., 2015; Dixon et al., 2019). IL-17A, a signature
cytokine of Th17 cells, also plays a crucial role early in the gastric
mucosa of mice infected with H. pylori by recruiting and activating
polymorphonuclear neutrophil (Kabir, 2011). A study by Numasaki
et al. specifically illuminates the modulatory effects of IL-17 and IL-
17F on Granulocyte-Macrophage Colony-Stimulating Factor (GM-
CSF) production by lung microvascular endothelial cells when
stimulated with IL-1B and/or TNF-o. (Numasaki et al., 2004).
This suggests that IL-17 can directly influence neutrophil
behavior, favoring inflammatory responses. Upon activation,
neutrophils not only recognize and engulf H. pylori through
surface receptors such as TLR2 and TLR4 but also secrete
leukocyte interleukins, including IL-12 and IL-2, and generate
ROS for bactericidal effects (Alvarez-Arellano et al., 2007). This
activation facilitates the polarization of Thl responses and the
maturation of dendritic cells. In an environment enriched with
IL-12, the T-cell lineage is characterized by the robust production of
IFN-y and TNF-0, demonstrating significant cytotoxic activity
(Tamassia et al., 2019; Fu and Lai, 2022). While studies have
unveiled the capacity of neutrophils to capture and kill bacteria
during infection, the intricacies of their role in infection and
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immune responses merit further exploration. A recent in vivo
experiment revealed that histones, key components within the
web-like DNA structures of Neutrophil Extracellular Traps
(NETs), can directly activate T cells and promote the
differentiation of Th17 cells. This process is mediated through
TLR2 receptors on the T cell surface, leading to the
phosphorylation of the crucial protein STAT3, a vital step in
Th17 cell development (Wilson et al., 2022). This finding
underscores the reinforcement of the Th17 response, shedding
light on a critical aspect of immune system dynamics. Moreover,
the role of IL-23 in gastric mucosal immunity has garnered
attention, particularly its increased expression during H. pylori
infection, suggesting that epithelial cells may contribute to
shaping mucosal immune responses (Dewayani et al, 2021;
Horvath et al,, 2012). However, IL-23 does not directly stimulate
the production of IFNYy; instead, it functions in memory cells,
enhancing the Th17 cell response. Notably, IL-23 does not drive
the differentiation of naive CD4+ T cells towards Th17, but rather,
regulates IL-17 secretion via the STAT3 pathway in the later stages
of Th17 cell development (Dewayani et al, 2021; Caruso
et al., 2007).

As early as 1998, in vivo studies had demonstrated that gastric
epithelial cells (GECs) upregulate the expression of B7
costimulatory molecules (B7-1, B7-2, B7-H1, and B7-H2) during
H. pylori infection. This upregulation helps diminish the activity of
CD4+ effector T cells and increase Treg cells, thereby modulating
the T cell response (Ye et al., 1997; Zhang et al., 2023). B7-H2 (ICOS
ligand), a recent addition to the B7 receptor family, provides a
costimulatory signal upon binding with ICOS, enhancing T cell
activity. Current research have shown this in mice, CagA may
downregulate B7-H2 expression through phosphorylation by p70
S6 kinase, aiding H. pylori in evading Th17-mediated immune
responses and fostering chronic infection (Lina et al., 2013). This
process contributes to the low responsiveness of CD4+ effector T
cells and the accumulation of regulatory T cells. Additionally, cagA
activates GECs, enhancing the binding of NF-«xB to the REDDI
promoter via the MAPKp38 pathway, leading to upregulation of
REDDI1—Regulated in development and DNA damage responses-1
—in H. pylori-infected gastric mucosa. Mouse model studies have
further revealed that this action of cagA intensifies gastritis
progression in non-bone marrow-derived cells. Furthermore,
cagA increases the expression of CXCLI1, promoting the
migration of MHC II+ mononuclear cells and the secretion of IL-
23, which collectively lead to Th17 cell polarization and IL-17A
production, exacerbating inflammation induced by H. pylori (Yan
et al,, 2021). These findings deepen our understanding of cagA and
its associated pathogenicity island (cagPAI) in the immune
response elicited by H. pylori.

ILC-3 and Thl7 cells exhibit a certain overlap in cytokine
production, particularly in the generation of IL-17, which enables
their synergistic role in regulating immune responses and
inflammation. In H. pylori infection, Group 3 innate lymphoid
cells play a pivotal role. Primarily located in the gut, ILC3s are
crucial for maintaining intestinal immunity and the balance
between the host and the microbial community (Dixon et al,
2016). These cells respond to microbial stimuli by producing IL-

Frontiers in Cellular and Infection Microbiology

10

10.3389/fcimb.2024.1342913

22 and/or IL-17, akin to Th17 cells. IL-22, predominantly produced
by ILC3s, is essential for maintaining intestinal homeostasis. In
interactions with H. pylori, ILC3s can limit bacterial proliferation by
inducing the expression of antimicrobial peptides (AMPs). These
AMPs, with potent antibacterial and anti-biofilm activities, cause
bacterial cell membrane disruption, leading to cell lysis and death.
Moreover, ILC3s contribute to the containment of commensal
bacteria within lymphoid tissues and prevent systemic
inflammation through the production of IL-22 (Elemam
et al., 2021).

4.3 Regulating Treg cells

Regulatory T (Treg) cells, whose differentiation plays a
modulatory role in immune responses, are predominantly
influenced by Transforming Growth Factor-beta (TGF-B). TGF-8
facilitates the conversion of CD4+ T cells into Treg cells, which are
characterized by the expression of transcription factor FOXP3 and
CD25, as well as the production of IL-10 (Utsch and Haas, 2016;
Bagheri et al., 2016). In macrophages, VacA strongly induces the
expression of cytokine genes, particularly the anti-inflammatory
cytokines IL-10 and TGF-B. The TGF-§ signaling pathway, in
conjunction with microbial signals (such as short-chain fatty
acids) and vitamin A, promotes the expression of Foxp3 in naive
T cells, thereby influencing the immune response (Altobelli et al.,
2019). Treg cells are essential in immune responses against H. pylori
and in regulating inflammation to prevent host tissue damage, as
they can suppress the cytokine production and proliferation of
effector T cells. In vivo studies conducted by S. Raghavan et al. have
demonstrated that athymic C57BL/6 nu/nu mice transfected with
CD25(-) lymph node cells exhibited a significantly reduced
colonization of H. pylori in the stomach, compared to mice
transfected with CD25(+) LN cells. In vitro experiments further
showed that splenocytes from mice receiving CD25(-) LN cells
produced higher levels of interferon-gamma (IFN-y) in response to
H. pylori antigen stimulation and increased infiltration of CD4+ T
cells and macrophages in the gastric mucosa (Raghavan et al., 2003),
indicating a key role for Treg cells in modulating gastric mucosal
inflammatory responses. Additionally, Treg cells isolated from H.
pylori-infected patients, marked as CD4+/CD25/high, were shown
to suppress the response of memory T cells. These findings suggest
that in individuals infected with H. pylori, the CD4+ memory T cell
response to the pathogen is diminished, and CD4+ CD25+ high
Treg cells may facilitate chronic infection by suppressing this
response (Lundgren et al, 2003), a mechanism of significant
interest for vaccine development strategies.

In vivo experiments, neonatal mice infected with H. pylori
demonstrated that two virulence factors of the bacterium, VacA
and y-glutamyl transpeptidase (GGT), can reprogram dendritic
cells (DCs). This reprogramming involves inhibiting the
maturation of DCs and promoting the development of Treg
characteristics, leading to immune tolerance. Post-infection, DCs
exhibited a propensity to induce Treg differentiation rather than
eliciting Thl or Thl7 responses, without producing pro-
inflammatory factors (Oertli et al., 2012; Wang et al., 2010). This
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tolerogenic behavior of DCs was ubiquitous across different mouse
strains and occurred independently of a/B T cells (Oertli et al,
2013). However, H. pylori mutants lacking GGT or VacA were
unable to inhibit lipopolysaccharide (LPS)-induced DC maturation
or induce Treg properties in immature T cells, suggesting that these
two virulence factors might independently drive DC tolerance
(Oertli et al., 2013). Furthermore, the virulence factors VacA and
CagA can promote Treg cell infiltration by activating the wnt/{3-
catenin pathway and upregulating CCL28, which is associated with
B-catenin expression in gastric adenocarcinoma. In an MNU-
induced gastric cancer mouse model, antibodies targeting CCL28
significantly reduced Treg cell infiltration and tumor growth (Ji
et al,, 2020; Korbecki et al,, 2020), representing a novel and
promising therapeutic approach for the future.

Within the host, there is often a delicate balance maintained
between Th17 and Treg cells, which aids in sustaining an
appropriate immune response. H. pylori skews this Th17/Treg
balance towards Tregs, attenuating the Th17 response and thus
impeding the clearance of this pathogen (Kao et al, 2010). The
inactivation of transcription factor c-MAF in the Treg cell region
not only affects the differentiation and function of bacterium-
specific iTreg cells but also leads to the accumulation of
inflammatory TH17 cells specific to H. hepaticus (Xu et al,
2018). Depletion of Tregs enhances the H. pylori-specific Th17
response, which correlates with a reduction in bacterial density.

5 H. pylori modulates miRNA to
regulate host immunity

Alterations in epigenetic mechanisms, such as aberrations in
DNA methylation and various histone modifications including
acetylation, methylation, and phosphorylation, are pivotal in the
pathogenesis of human cancers. They exert an impact on gene
expression through the silencing of various tissue-specific genes and
the methylation of imprinted genes (Pajares et al., 2021; Audia and
Campbell, 2016). Additionally, the expression of microRNAs
(miRNAs) is also regulated by epigenetic variations. Changes in
miRNA expression in gastric epithelial cells induced by H. pylori
infection are closely linked to the progression of gastric mucosal
lesions and play a dual role in cancer development as tumor
suppressors or oncogenes, underscoring their importance in gene
regulation (Sasaran et al.,, 2021).

MiRNAs have been described in multiple studies as modulators
of TLR signaling, influencing the release of pro-inflammatory
cytokines and signaling cascade proteins by binding to the 3’-
UTR regions of TLRs or acting as transcriptional regulators.
During the process of H. pylori infection, particularly under the
influence of CagA-positive strains, the expression of the let-7 family
of miRNAs in gastric epithelial cells is inhibited (Hayashi et al,
2013). This downregulation directly leads to the suppression of
TLR4 and NF-kB signaling pathways, consequently reducing the
inflammatory response (Teng et al., 2013). This highlights the role
of miRNAs as direct ligands affecting the activity of TLR signaling
pathways. Concurrently, the expression of miRNA-146 and
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miRNA-155 is upregulated in gastric epithelial cells,
macrophages, and T cells (Xie et al., 2014; O'Connell et al., 2007).
This upregulation inhibits the NF-xB signaling pathway and the
release of the pro-inflammatory cytokine IL-8, while also
modulating T cell activity and the differentiation of Thl and
Th17 cells (Mohnle et al., 2015; Oertli et al., 2011). This dual
regulatory function aids in balancing immune responses, facilitating
persistent H. pylori infection and resistance to apoptosis. Therefore,
the crosstalk between TLRs and miRNAs is crucial for ensuring an
appropriate immune response to pathogens. H. pylori infection also
triggers an upregulation of specific miRNAs in macrophages,
notably let-7i-5p, miR-146b-5p, and miR-185-5p. These miRNAs,
by suppressing CIITA, lead to a decreased expression of HLA class
II molecules. This reduction impairs the macrophages’ capacity for
bacterial processing and antigen presentation to Th cells,
consequently attenuating the immune response against H. pylori
(Codolo et al., 2019). Moreover, H. pylori infection downregulates
miR-4270, promoting the expression of CD300E, which further
affects MHC-II functionality and reduces immune presentation
(Pagliari et al., 2017). These miRNAs, due to their role in
regulating innate immunity and inflammatory responses during
H. pylori infection, hold promise as biomarkers for the disease.

Regarding miRNA-155, an LNA-modified antisense inhibitor,
MRG-106, is currently in phase II clinical trials for patients with
cutaneous T-cell lymphoma and mycosis fungoides. This miRNA
has been recognized for its role in inflammation, and its inhibition
could enhance the differentiation of brown adipocytes
(Kornmueller et al., 2022). There is also evidence that miRNA
mimics of miR-146 may be promising for anti-inflammatory
therapy in further preclinical studies (Comer et al., 2014), while
Mesenchymal Stem Cells (MSC) -derived exosomes transduced
with miR-146a/miR-155 have shown potential
immunomodulatory effects in experimental models (Tavasolian
et al, 2020). Although no specific therapeutic applications in
clinical trials have been found for let-7i-5p, miR-146b-5p, and
miR-185-5p, these miRNAs have been identified as targets for
mitigating the adverse effects of macrophage antigen presentation
(Deng et al., 2022), suggesting they may play a role in modulating
inflammatory responses. Furthermore, let-7i-5p is considered to be
involved in various signaling pathways related to cell morphology
and migration, and some miRNA-based drugs, such as anti-Let-7f,
have been tested in experimental models of central nervous system
injury (Tavasolian et al., 2020).

6 H. pylori vaccine

Antibiotics serve as the primary modality for treating H. pylori
infections. Unfortunately, this bacterium has demonstrated
resistance to multiple antibiotics, a phenomenon largely
attributable to genetic mutations. These mutations not only
confer resistance but may also enhance the virulence of the
bacteria (Lin et al., 2023). For instance, mutations in the 23S
rRNA gene of H. pylori can impede the binding of clarithromycin
to the ribosomal subunit, leading to resistance to this drug (Albasha
et al., 2021). Generally, antibiotics inhibit bacterial growth by
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interfering with DNA gyrase or topoisomerase activities. In H.
pylori, mutations in the gyrA and gyrB genes could alter the
structure or function of DNA gyrase and topoisomerase, resulting
in resistance to antibiotics such as levofloxacin (Fauzia et al., 2023).
Since the 1990s, studies have confirmed that oral vaccines can
provide protection before and after H. pylori infection (Czinn et al,
1993), and the development of effective vaccines is viewed as a
promising strategy to prevent gastric cancer. Vaccine antigen
research has focused on H. pylori virulence factors, such as
urease, cytotoxin-associated gene A (CagA), vacuolating cytotoxin
A (VacA), neutrophil-activating protein (NAP), and heat shock
proteins (HSPs) (Tshibangu-Kabamba and Yamaoka, 2021;
Corthesy-Theulaz et al., 1995). Administration via various routes
including sublingual, intranasal, and gastric mucosal delivery
simultaneously stimulates both mucosal and systemic immune
responses (Sjolkvist Ottsjo et al., 2017). However, the capability of
these vaccines to directly neutralize all virulence factors of H. pylori,
including CagA and VacA proteins, remains an ongoing research
topic. The efficacy of H. pylori vaccines largely depends on their
ability to elicit effective immune responses to combat the bacteria.
T.H. Ermak et al. demonstrated in murine models that the
protective effect induced by urease vaccines primarily relies on
MHC class II-restricted cell-mediated immune mechanisms.
Furthermore, even in B-cell knockout mice, the vaccine provided
protection comparable to that in normal mice, underscoring the
significance of cell-mediated immunity in the immunogenic
response induced by urease vaccines (Ermak et al., 1998).

Inducing potent cellular immunity, particularly Th1 and Th17
responses, is crucial for the eradication of H. pylori. Kao and others
demonstrated that vaccination against H. pylori could successfully
stimulate a Th17 immune response in mice lacking antibodies or
Th2 responses, inversely correlated with H. pylori colonization (Kao
et al, 2010). The vaccine-induced Th17 cell response, associated
with the gastric aggregation of neutrophils, plays a central role in
the clearance of H. pylori (DeLyria et al, 2009). Another study
pointed out that the immune protection induced by specific Th
epitopes in BALB/c mice relies on the production of IFN-yby CD4+
T cells (Li et al,, 2015), which appears to depend on the antigen’s
characteristics and its interaction with the immune system.
Additionally, dendritic cells play a pivotal role in vaccine-induced
immune protection through the expression of protease-activated
receptor 2 (PAR2) (Velin et al., 2011), which is crucial for balancing
tissue damage and immune response.

In addition to traditional mucosal adjuvants such as Cholera
Toxin and Escherichia coli heat-labile enterotoxin (Bowman and
Clements, 2001), to address the issues of enzymatic degradation and
extreme pH encountered in oral H. pylori vaccines, researchers have
explored a variety of vaccine designs, including optimization of
antigen and adjuvant technologies. For instance, the CWAE
multivalent subunit vaccine, containing selected B and Th cell
epitopes and the UreB subunit, can induce a mixed CD4+ T cell
response and high antibody levels (Guo et al,, 2017). D,L-lactide-co-
glycolic acid (PLGA) and nanoparticles (NPs) as vaccine carriers
enhance the stability and immunogenicity of vaccines (Waeckerle-
Men and Groettrup, 2005), offering significant advantages in
improving stability, extending circulation time, and enhancing
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safety and efficacy (Mitchell et al, 2021). In one study, an acid-
resistant HP55/PLGA nanoparticle oral vaccine system elicited high
levels of specific antibodies and memory T cell responses in mice,
significantly reducing bacterial load and achieving 43% complete
protection (Tan et al,, 2017), confirming the significant potential of
encapsulating vaccine antigens to enhance oral vaccine effectiveness.

Although these experimental outcomes have demonstrated
positive responses in vitro, clinical trials have largely yielded
disappointing results. A Phase I/II clinical trial (NCT00736476)
assessed the efficacy of a vaccine composed of vacuolating cytotoxin
A (VacA), cytotoxin-associated antigen (CagA), and neutrophil-
activating protein (NAP) for preventing infection with cagA-
positive strains post-intramuscular immunization. Findings at 12
weeks post-infection revealed a 68% clearance rate in the vaccinated
group compared to a 60% rate in the placebo group (Malfertheiner
et al, 2018), which does not conclusively prove the vaccine’s
effectiveness due to natural immune responses elicited by H.
pylori. In another Phase III trial (NCT02302170), a prophylactic
vaccine containing urease and Escherichia coli heat-labile
enterotoxin B fusion protein was shown to reduce H. pylori
infection rates in children aged 6-15 years. The vaccine’s efficacy
was 71.8% (95% CI 48.2-85.6) within the first year. However,
participants had to fast for at least two hours and ingest sodium
bicarbonate two minutes before vaccination. The study also
suggested that the vaccine’s long-term efficacy might diminish,
possibly necessitating regular revaccination (Zeng et al, 2015).
Most candidate vaccines, despite demonstrating promising
immunoprotective effects in animal studies, have shown limited
efficacy in human clinical trials. This discrepancy is largely
attributed to the high genetic diversity of H. pylori, especially in
terms of antigenic variability of its virulence factors (Kabamba et al.,
2018). This variability leads to low conservation of some antigens
across different strains, enabling these antigens to more easily evade
recognition by the host immune system. Consequently, they can
only provide partial protection and exhibit poor immunogenicity.
This characteristic poses significant challenges in the development
of effective vaccines against H. pylori.

7 Conclusion

H. pylori is a significant gastric pathogen directly linked to
various gastric diseases, such as peptic ulcers and gastric cancer. In
China, the prevalence of H. pylori infection is notably high, posing a
significant health challenge to the general population.
Consequently, elucidating H. pylori ‘s pathogenic mechanisms
and finding effective treatments have become focal points in
medical research. Notably, how H. pylori evades the host immune
system has emerged as a research hotspot in recent years. Despite an
immune response capable of clearing most pathogens, H. pylori has
evolved a suite of mechanisms to circumvent both innate and
adaptive immune responses, enabling the bacterium to
persistently infect and colonize the host. Numerous studies have
revealed H. pylori ‘s critical role in escaping the host immune
system, particularly in ex vivo preclinical models. H. pylori virulence
factors can bind to host macrophage surface receptors, alter
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macrophage polarization states, disrupt phagocytic function, and
induce differentiation of T cells into immunosuppressive regulatory
T (Treg) cells. In this process, multiple potential therapeutic targets
against H. pylori have been identified. Moreover, the development
of vaccines targeting H. pylori infection has demonstrated potential
application prospects. In summary, a thorough understanding of
the interactions between H. pylori and the host immune system is
crucial for developing targeted treatments and vaccines. Future
research will focus on elucidating the intricate mechanisms of
interaction between H. pylori and the host immune system, as
well as conducting extensive experiments to evaluate the clinical
efficacy of targeted therapeutics and H. pylori vaccines.

Author contributions

JE: Conceptualization, Data curation, Writing — original draft.
JZ: Supervision, Validation, Visualization, Writing - review &
editing. HX: Supervision, Validation, Visualization, Writing -
review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work

References

Akazawa, Y., Isomoto, H., Matsushima, K., Kanda, T., Minami, H., Yamaghchi, N.,
et al. (2013). Endoplasmic reticulum stress contributes to Helicobacter pylori VacA-
induced apoptosis. PloS One 8, €82322. doi: 10.1371/journal.pone.0082322.

Alaluf, E., Vokaer, B., Detavernier, A., Azouz, A., Splittgerber, M., Carrette, A., et al.
(2020). Heme oxygenase-1 orchestrates the immunosuppressive program of tumor-
associated macrophages. JCI Insight 5. doi: 10.1172/jci.insight.133929.

Albasha, A. M., Elnosh, M. M., Osman, E. H., Zeinalabdin, D. M., Fadl, A. A. M., Alj,
M. A, etal. (2021). Helicobacter pylori 23S rRNA gene A2142G, A2143G, T2182C, and
C2195T mutations associated with clarithromycin resistance detected in Sudanese
patients. BMC Microbiol. 21, 38. doi: 10.1186/s12866-021-02096-3.

Albrecht, N., Tegtmeyer, N., Sticht, H., Skorko-Glonek, J., and Backert, S. (2018).
Amino-terminal processing of helicobacter pylori serine protease htrA: Role in
oligomerization and activity regulation. Front. Microbiol. 9, 642. doi: 10.3389/
fmicb.2018.00642.

Altobelli, A., Bauer, M., Velez, K., Cover, T. L., and Miiller, A. (2019). Helicobacter
pylori vacA targets myeloid cells in the gastric lamina propria to promote peripherally
induced regulatory T-cell differentiation and persistent infection. mBio 10.
doi: 10.1128/mBi0.00261-19.

Alvarez-Arellano, L., Camorlinga-Ponce, M., Maldonado-Bernal, C., and Torres, J.
(2007). Activation of human neutrophils with Helicobacter pylori and the role of Toll-
like receptors 2 and 4 in the response. FEMS Immunol. Med. Microbiol. 51, 473-479.
doi: 10.1111/j.1574-695X.2007.00327 x.

Ansari, S., and Yamaoka, Y. (2020). Role of vacuolating cytotoxin A in Helicobacter
pylori infection and its impact on gastric pathogenesis. Expert Rev. anti-infective Ther.
18, 987-996. doi: 10.1080/14787210.2020.1782739.

Appelmelk, B. J., van Die, I, van Vliet, S. J., Vandenbroucke-Grauls, C. M.,
Geijtenbeek, T. B., and van Kooyk, Y. (2003). Cutting edge: carbohydrate profiling
identifies new pathogens that interact with dendritic cell-specific ICAM-3-grabbing
nonintegrin on dendritic cells. J. Immunol. (Baltimore Md. 1950) 170, 1635-1639.
doi: 10.4049/jimmunol.170.4.1635.

Asim, M., Chaturvedi, R., Hoge, S., Lewis, N. D,, Singh, K., Barry, D. P., et al. (2010).
Helicobacter pylori induces ERK-dependent formation of a phospho-c-Fos c-Jun
activator protein-1 complex that causes apoptosis in macrophages. J. Biol. Chem.
285, 20343-20357. doi: 10.1074/jbc.M110.116988.

Frontiers in Cellular and Infection Microbiology

13

10.3389/fcimb.2024.1342913

was supported by the Provincial Health Special Project of Jilin
Province (Grant No. 2017F005).

Acknowledgments

We would like to express our appreciation to everyone who was
involved in the drafting and preparation of the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Audia, J. E., and Campbell, R. M. (2016). Histone modifications and cancer. Cold
Spring Harbor Perspect. Biol. 8.4, a019521. doi: 10.1101/cshperspect.a019521.

Bagheri, N., Azadegan-Dehkordi, F., Rahimian, G., Rafieian-Kopaei, M., and Shirzad,
H. (2016). Role of regulatory T-cells in different clinical expressions of helicobacter
pylori infection. Arch. Med. Res. 47, 245-254. doi: 10.1016/j.arcmed.2016.07.013.

Baj, J., Forma, A, Sitarz, M., Portincasa, P., Garruti, G., Krasowska, D., et al. (2021).
Helicobacter pylori virulence factors-mechanisms of bacterial pathogenicity in the
gastric microenvironment. Cells 10 (1), 27. doi: 10.3390/cells10010027

Bergman, M. P., Engering, A., Smits, H. H., van Vliet, S. J., van Bodegraven, A. A.,
Wirth, H. P., et al. (2004). Helicobacter pylori modulates the T helper cell 1/T helper
cell 2 balance through phase-variable interaction between lipopolysaccharide and DC-
SIGN. J. Exp. Med. 200, 979-990. doi: 10.1084/jem.20041061.

Beswick, E. J., Pinchuk, I. V., Minch, K., Suarez, G., Sierra, J. C., Yamaoka, Y., et al.
(2006). The Helicobacter pylori urease B subunit binds to CD74 on gastric epithelial
cells and induces NF-kappaB activation and interleukin-8 production. Infection
Immun. 74, 1148-1155. doi: 10.1128/IA1.74.2.1148-1155.2006.

Bowman, C. C., and Clements, J. D. (2001). Differential biological and adjuvant
activities of cholera toxin and Escherichia coli heat-labile enterotoxin hybrids. Infection
Immun. 69, 1528-1535. doi: 10.1128/IA1.69.3.1528-1535.2001.

Brooks, W. H. (2013). Increased polyamines alter chromatin and stabilize
autoantigens in autoimmune diseases. Front. Immunol. 4, 91. doi: 10.3389/
fimmu.2013.00091.

Calam, J., Gibbons, A., Healey, Z. V., Bliss, P., and Arebi, N. (1997). How does
Helicobacter pylori cause mucosal damage? Its effect Acid gastrin Physiol. Gastroenterol.
113, $43-9; discussion S50. doi: 10.1016/S0016-5085(97)80010-8.

Camilo, V., Sugiyama, T., and Touati, E. (2017). Pathogenesis of Helicobacter pylori
infection. Helicobacter 22. doi: 10.1111/hel.12405.

Caruso, R, Pallone, F., and Monteleone, G. (2007). Emerging role of IL-23/IL-17 axis
in H pylori-associated pathology. World J. Gastroenterol. 13, 5547-5551. doi: 10.3748/
Wig.v13.i42.5547.

Celli, J., Gregor, B., Turner, B., Afdhal, N. H,, Bansil, R,, and Erramilli, S. (2005).
Viscoelastic properties and dynamics of porcine gastric mucin. Biomacromolecules 6,
1329-1333. doi: 10.1021/bm0493990.

frontiersin.org


https://doi.org/10.1371/journal.pone.0082322
https://doi.org/10.1172/jci.insight.133929
https://doi.org/10.1186/s12866-021-02096-3
https://doi.org/10.3389/fmicb.2018.00642
https://doi.org/10.3389/fmicb.2018.00642
https://doi.org/10.1128/mBio.00261-19
https://doi.org/10.1111/j.1574-695X.2007.00327.x
https://doi.org/10.1080/14787210.2020.1782739
https://doi.org/10.4049/jimmunol.170.4.1635
https://doi.org/10.1074/jbc.M110.116988
https://doi.org/10.1101/cshperspect.a019521
https://doi.org/10.1016/j.arcmed.2016.07.013
https://doi.org/10.3390/cells10010027
https://doi.org/10.1084/jem.20041061
https://doi.org/10.1128/IAI.74.2.1148-1155.2006
https://doi.org/10.1128/IAI.69.3.1528-1535.2001
https://doi.org/10.3389/fimmu.2013.00091
https://doi.org/10.3389/fimmu.2013.00091
https://doi.org/10.1016/S0016-5085(97)80010-8
https://doi.org/10.1111/hel.12405
https://doi.org/10.3748/wjg.v13.i42.5547
https://doi.org/10.3748/wjg.v13.i42.5547
https://doi.org/10.1021/bm0493990
https://doi.org/10.3389/fcimb.2024.1342913
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Fan et al.

Celli, J. P., Turner, B. S., Afdhal, N. H., Keates, S., Ghiran, I, Kelly, C. P., et al. (2009).
Helicobacter pylori moves through mucus by reducing mucin viscoelasticity. Proc. Natl.
Acad. Sci. U.S.A. 106, 14321-14326. doi: 10.1073/pnas.0903438106.

Chen, L,, Li, B,, Yang, W. C,, He, J. L, Li, N. Y., Hu, J,, et al. (2013). A dominant CD4
(+) T-cell response to Helicobacter pylori reduces risk for gastric disease in humans.
Gastroenterology 144, 591-600. doi: 10.1053/j.gastro.2012.12.002.

Cheng, Y., Chaturvedi, R., Asim, M., Bussiére, F. I, Scholz, A., Xu, H., et al. (2005).
Helicobacter pylori-induced macrophage apoptosis requires activation of ornithine
decarboxylase by c-Myc. J. Biol. Chem. 280, 22492-22496. doi: 10.1074/
jbe.C500122200.

Cheok, Y. Y., Tan, G. M. Y,, Lee, C. Y. Q., Abdullah, S., Looi, C. Y., and Wong, W. F.
(2022). Innate immunity crosstalk with helicobacter pylori: Pattern recognition
receptors and cellular responses. Int. J. Mol. Sci. 23. doi: 10.3390/ijms23147561.

Cherdantseva, L. A., Potapova, O. V., Sharkova, T. V., Belyaeva, Y. Y., and Shkurupiy,
V. A. (2014). Association of Helicobacter pylori and iNOS production by macrophages
and lymphocytes in the gastric mucosa in chronic gastritis. J. Immunol. Res. 2014,
762514. doi: 10.1155/2014/762514.

Ciesielska, A., Matyjek, M., and Kwiatkowska, K. (2021). TLR4 and CD14 trafficking
and its influence on LPS-induced pro-inflammatory signaling. Cell. Mol. Life Sci. CMLS
78, 1233-1261. doi: 10.1007/s00018-020-03656-y.

Codolo, G., Toffoletto, M., Chemello, F., Coletta, S., Soler Teixidor, G., Battaggia, G.,
et al. (2019). Helicobacter pylori Dampens HLA-II Expression on Macrophages via the
Up-Regulation of miRNAs Targeting CIITA. Front. Immunol. 10, 2923. doi: 10.3389/
fimmu.2019.02923.

Comer, B. S., Camoretti-Mercado, B., Kogut, P. C., Halayko, A. J., Solway, J., and
Gerthoffer, W. T. (2014). MicroRNA-146a and microRNA-146b expression and anti-
inflammatory function in human airway smooth muscle. Am. J. Physiol. Lung Cell. Mol.
Physiol. 307, L727-L734. doi: 10.1152/ajplung.00174.2014.

Constantino, M. A., Jabbarzadeh, M., Fu, H. C., and Bansil, R. (2016). Helical and
rod-shaped bacteria swim in helical trajectories with little additional propulsion from
helical shape. Sci. Adv. 2, e1601661. doi: 10.1126/sciadv.1601661.

Corthésy-Theulaz, I, Porta, N., Glauser, M., Saraga, E., Vaney, A. C,, Haas, R,, et al.
(1995). Oral immunization with Helicobacter pylori urease B subunit as a treatment
against Helicobacter infection in mice. Gastroenterology 109, 115-121. doi: 10.1016/
0016-5085(95)90275-9.

Costa, A. M., Ferreira, R. M., Pinto-Ribeiro, L, Sougleri, I. S., Oliveira, M. J., Carreto,
L., et al. (2016). Helicobacter pylori Activates Matrix Metalloproteinase 10 in Gastric
Epithelial Cells via EGFR and ERK-mediated Pathways. J. Infect. Dis. 213, 1767-1776.
doi: 10.1093/infdis/jiw031.

Coulombe, G., and Rivard, N. (2016). New and unexpected biological functions for
the src-homology 2 domain-containing phosphatase SHP-2 in the gastrointestinal
tract. Cell Mol. Gastroenterol. Hepatol. 2, 11-21. doi: 10.1016/j.jcmgh.2015.11.001.

Cullen, T. W, Giles, D. K., Wolf, L. N., Ecobichon, C., Boneca, I. G., and Trent, M. S.
(2011). Helicobacter pylori versus the host: remodeling of the bacterial outer
membrane is required for survival in the gastric mucosa. PloS Pathog. 7, e1002454.
doi: 10.1371/journal.ppat.1002454.

Czinn, S. J., Cai, A,, and Nedrud, J. G. (1993). Protection of germ-free mice from
infection by Helicobacter felis after active oral or passive IgA immunization. Vaccine
11, 637-642. doi: 10.1016/0264-410X(93)90309-L.

Das, N, Benko, C,, Gill, S. E., and Dufour, A. (2020). The pharmacological TAILS of
matrix metalloproteinases and their inhibitors. Pharm. (Basel Switzerland) 14.
doi: 10.3390/ph14010031.

DeLyria, E. S., Redline, R. W., and Blanchard, T. G. (2009). Vaccination of mice
against H pylori induces a strong Th-17 response and immunity that is neutrophil
dependent. Gastroenterology 136, 247-256. doi: 10.1053/j.gastro.2008.09.017.

Deng, R., Zheng, H., Cai, H,, Li, M., Shi, Y., and Ding, S. (2022). Effects of
helicobacter pylori on tumor microenvironment and immunotherapy responses.
Front. Immunol. 13, 923477. doi: 10.3389/fimmu.2022.923477.

Dewayani, A., Fauzia, K. A., Alfaray, R. I, Waskito, L. A., Doohan, D., Rezkitha, Y. A.
A, etal. (2021). The roles of IL-17, IL-21, and IL-23 in the helicobacter pylori infection
and gastrointestinal inflammation: A review. Toxins (Basel) 13. doi: 10.3390/
toxins13050315.

Dixon, B., Hossain, R,, Patel, R. V., and Algood, H. M. S. (2019). Th17 cells in
helicobacter pylori infection: A dichotomy of help and harm. Infection Immun. 87.
doi: 10.1128/TAL.00363-19.

Dixon, B. R, Radin, J. N., Piazuelo, M. B., Contreras, D. C., and Algood, H. M.
(2016). IL-17a and IL-22 Induce Expression of Antimicrobials in Gastrointestinal
Epithelial Cells and May Contribute to Epithelial Cell Defense against Helicobacter
pylori. PloS One 11, e0148514. doi: 10.1371/journal.pone.0148514.

Doohan, D., Rezkitha, Y. A. A., Waskito, L. A., Yamaoka, Y., and Miftahussurur, M.
(2021). Helicobacter pylori babA-sabA key roles in the adherence phase: The synergic
mechanism for successful colonization and disease development. Toxins (Basel) 13.
doi: 10.3390/toxins13070485.

Dooyema, S. D. R, Noto, J. M., Wroblewski, L. E., Piazuelo, M. B., Krishna, U,,
Suarez, G., et al. (2022). Helicobacter pylori actively suppresses innate immune nucleic
acid receptors. Gut Microbes 14, 2105102. doi: 10.1080/19490976.2022.2105102.

Echizen, H., Hanaoka, K., Shimamoto, K., Hibi, R., Toma-Fukai, S., Ohno, H., et al.
(2023). Discovery of a cystathionine y-lyase (CSE) selective inhibitor targeting active-

Frontiers in Cellular and Infection Microbiology

14

10.3389/fcimb.2024.1342913

site pyridoxal 5'-phosphate (PLP) via Schiff base formation. Sci. Rep. 13, 16456.
doi: 10.1038/s41598-023-43536-6.

Elemam, N. M., Ramakrishnan, R. K., Hundt, J. E., Halwani, R., Maghazachi, A. A.,
and Hamid, Q. (2021). Innate lymphoid cells and natural killer cells in bacterial
infections: Function, dysregulation, and therapeutic targets. Front. Cell. infection
Microbiol. 11, 733564. doi: 10.3389/fcimb.2021.733564.

Engering, A., Geijtenbeek, T. B., van Vliet, S. J., Wijers, M., van Liempt, E.,
Demaurex, N., et al. (2002). The dendritic cell-specific adhesion receptor DC-SIGN
internalizes antigen for presentation to T cells. J. Immunol. (Baltimore Md. 1950) 168,
2118-2126. doi: 10.4049/jimmunol.168.5.2118.

Ermak, T. H,, Giannasca, P. J., Nichols, R,, Myers, G. A,, Nedrud, J., Weltzin, R,, et al.
(1998). Immunization of mice with urease vaccine affords protection against Helicobacter
pylori infection in the absence of antibodies and is mediated by MHC class II-restricted
responses. J. Exp. Med. 188, 2277-2288. doi: 10.1084/jem.188.12.2277.

Fauzia, K. A,, Aftab, H., Tshibangu-Kabamba, E., Alfaray, R. L, Saruuljavkhlan, B.,
Cimuanga-Mukanya, A., et al. (2023). Mutations related to antibiotics resistance in
helicobacter pylori clinical isolates from Bangladesh. Antibiotics (Basel Switzerland) 12.
doi: 10.3390/antibiotics12020279.

Ferreira, R. M., Pinto-Ribeiro, 1., Wen, X., Marcos-Pinto, R., Dinis-Ribeiro, M.,
Carneiro, F., et al. (2016). Helicobacter pylori cagA Promoter Region Sequences
Influence CagA Expression and Interleukin 8 Secretion. J. Infect. Dis. 213, 669-673.
doi: 10.1093/infdis/jiv467.

Fields, G. B. (2019). The rebirth of matrix metalloproteinase inhibitors: Moving
beyond the dogma. Cells 8. doi: 10.3390/cells8090984.

Fowler, M., Thomas, R. ]., Atherton, J., Roberts, I. S., and High, N. J. (2006). Galectin-
3 binds to Helicobacter pylori O-antigen: it is upregulated and rapidly secreted by
gastric epithelial cells in response to H. pylori adhesion. Cell. Microbiol. 8, 44-54.
doi: 10.1111/j.1462-5822.2005.00599.x.

Francisco, S., Billod, J. M., Merino, J., Punzon, C., Gallego, A., Arranz, A,, et al.
(2021). Induction of TLR4/TLR2 interaction and heterodimer formation by low
endotoxic atypical LPS. Front. Immunol. 12, 748303. doi: 10.3389/
fimmu.2021.748303.

Freemerman, A.J., Johnson, A. R,, Sacks, G. N., Milner, J. J., Kirk, E. L., Troester, M.
A., et al. (2014). Metabolic reprogramming of macrophages: glucose transporter 1
(GLUT1)-mediated glucose metabolism drives a proinflammatory phenotype. J. Biol.
Chem. 289, 7884-7896. doi: 10.1074/jbc.M113.522037.

Friedrich, V., and Gerhard, M. (2023). Vaccination against Helicobacter pylori - An
approach for cancer prevention? Mol. aspects Med. 92, 101183. doi: 10.1016/
j-mam.2023.101183.

Fu, H. W,, and Lai, Y. C. (2022). The Role of Helicobacter pylori Neutrophil-
Activating Protein in the Pathogenesis of H. pylori and Beyond: From a Virulence
Factor to Therapeutic Targets and Therapeutic Agents. Int. J. Mol. Sci. 24. doi: 10.3390/
ijms24010091

Gasiorowski, E., Auger, R,, Tian, X., Hicham, S., Ecobichon, C., Roure, S., et al.
(2019). HupA, the main undecaprenyl pyrophosphate and phosphatidylglycerol
phosphate phosphatase in Helicobacter pylori is essential for colonization of the
stomach. PloS Pathog. 15, €1007972. doi: 10.1371/journal.ppat.1007972.

Gebert, B., Fischer, W., Weiss, E., Hoffmann, R., and Haas, R. (2003). Helicobacter
pylori vacuolating cytotoxin inhibits T lymphocyte activation. Sci. (New York N.Y.) 301,
1099-1102. doi: 10.1126/science.1086871.

Gewirtz, A. T., Simon, P. O.Jr., Schmitt, C. K., Taylor, L. J., Hagedorn, C. H., O'Brien,
A. D, et al. (2001). Salmonella typhimurium translocates flagellin across intestinal
epithelia, inducing a proinflammatory response. J. Clin. Invest. 107, 99-109.
doi: 10.1172/JCI10501.

Gewirtz, A. T, Yu, Y,, Krishna, U. S, Israel, D. A,, Lyons, S. L., and Peek, R. M. Jr.
(2004). Helicobacter pylori flagellin evades toll-like receptor 5-mediated innate
immunity. J. Infect. Dis. 189, 1914-1920. doi: 10.1086/386289.

Gobert, A. P., Mersey, B. D, Cheng, Y., Blumberg, D. R., Newton, J. C., and Wilson,
K. T. (2002). Cutting edge: urease release by Helicobacter pylori stimulates macrophage
inducible nitric oxide synthase. J. Immunol. (Baltimore Md. 1950) 168, 6002-6006.
doi: 10.4049/jimmunol.168.12.6002.

Groenendyk, J., Agellon, L. B., and Michalak, M. (2021). Calcium signaling and
endoplasmic reticulum stress. Int. Rev. Cell Mol. Biol. 363, 1-20. doi: 10.1016/
bs.iremb.2021.03.003.

Gu, H. (2017). Role of flagella in the pathogenesis of helicobacter pylori. Curr.
Microbiol. 74, 863-869. doi: 10.1007/s00284-017-1256-4.

Guo, L., Yang, H., Tang, F., Yin, R, Liu, H.,, Gong, X,, et al. (2017). Oral
Immunization with a Multivalent Epitope-Based Vaccine, Based on NAP, Urease,
HSP60, and HpaA, Provides Therapeutic Effect on H. pylori Infection in Mongolian
gerbils. Front. Cell. infection Microbiol. 7, 349. doi: 10.3389/fcimb.2017.00349.

Gwak, S. Y., Kim, S.]., Park, J., Kim, S. H., Joe, Y., Lee, H. N., et al. (2022). Potential
role of heme oxygenase-1 in the resolution of experimentally induced colitis through
regulation of macrophage polarization. Gut liver 16, 246-258. doi: 10.5009/
gnl210058.

Hardbower, D. M., Asim, M., Luis, P. B., Singh, K., Barry, D. P., Yang, C, et al.
(2017). Ornithine decarboxylase regulates M1 macrophage activation and mucosal
inflammation via histone modifications. Proc. Natl. Acad. Sci. U.S.A. 114, E751-e760.
doi: 10.1073/pnas.1614958114.

frontiersin.org


https://doi.org/10.1073/pnas.0903438106
https://doi.org/10.1053/j.gastro.2012.12.002
https://doi.org/10.1074/jbc.C500122200
https://doi.org/10.1074/jbc.C500122200
https://doi.org/10.3390/ijms23147561
https://doi.org/10.1155/2014/762514
https://doi.org/10.1007/s00018-020-03656-y
https://doi.org/10.3389/fimmu.2019.02923
https://doi.org/10.3389/fimmu.2019.02923
https://doi.org/10.1152/ajplung.00174.2014
https://doi.org/10.1126/sciadv.1601661
https://doi.org/10.1016/0016-5085(95)90275-9
https://doi.org/10.1016/0016-5085(95)90275-9
https://doi.org/10.1093/infdis/jiw031
https://doi.org/10.1016/j.jcmgh.2015.11.001
https://doi.org/10.1371/journal.ppat.1002454
https://doi.org/10.1016/0264-410X(93)90309-L
https://doi.org/10.3390/ph14010031
https://doi.org/10.1053/j.gastro.2008.09.017
https://doi.org/10.3389/fimmu.2022.923477
https://doi.org/10.3390/toxins13050315
https://doi.org/10.3390/toxins13050315
https://doi.org/10.1128/IAI.00363-19
https://doi.org/10.1371/journal.pone.0148514
https://doi.org/10.3390/toxins13070485
https://doi.org/10.1080/19490976.2022.2105102
https://doi.org/10.1038/s41598-023-43536-6
https://doi.org/10.3389/fcimb.2021.733564
https://doi.org/10.4049/jimmunol.168.5.2118
https://doi.org/10.1084/jem.188.12.2277
https://doi.org/10.3390/antibiotics12020279
https://doi.org/10.1093/infdis/jiv467
https://doi.org/10.3390/cells8090984
https://doi.org/10.1111/j.1462-5822.2005.00599.x
https://doi.org/10.3389/fimmu.2021.748303
https://doi.org/10.3389/fimmu.2021.748303
https://doi.org/10.1074/jbc.M113.522037
https://doi.org/10.1016/j.mam.2023.101183
https://doi.org/10.1016/j.mam.2023.101183
https://doi.org/10.3390/ijms24010091
https://doi.org/10.3390/ijms24010091
https://doi.org/10.1371/journal.ppat.1007972
https://doi.org/10.1126/science.1086871
https://doi.org/10.1172/JCI10501
https://doi.org/10.1086/386289
https://doi.org/10.4049/jimmunol.168.12.6002
https://doi.org/10.1016/bs.ircmb.2021.03.003
https://doi.org/10.1016/bs.ircmb.2021.03.003
https://doi.org/10.1007/s00284-017-1256-4
https://doi.org/10.3389/fcimb.2017.00349
https://doi.org/10.5009/gnl210058
https://doi.org/10.5009/gnl210058
https://doi.org/10.1073/pnas.1614958114
https://doi.org/10.3389/fcimb.2024.1342913
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Fan et al.

Hayashi, F., Smith, K. D., Ozinsky, A., Hawn, T. R,, Yi, E. C., Goodlett, D. R,, et al.
(2001). The innate immune response to bacterial flagellin is mediated by Toll-like
receptor 5. Nature 410, 1099-1103. doi: 10.1038/35074106.

Hayashi, Y., Tsujii, M., Wang, J., Kondo, J., Akasaka, T., Jin, Y., et al. (2013). CagA
mediates epigenetic regulation to attenuate let-7 expression in Helicobacter pylori-
related carcinogenesis. Gut 62, 1536-1546. doi: 10.1136/gutjnl-2011-301625.

He, W., Roh, E,, Yao, K,, Liu, K., Meng, X,, Liu, F,, et al. (2017). Targeting ornithine
decarboxylase (ODC) inhibits esophageal squamous cell carcinoma progression. NPJ
Precis. Oncol. 1, 13. doi: 10.1038/s41698-017-0014-1.

Horvath, D. J.Jr., Washington, M. K., Cope, V. A, and Algood, H. M. (2012). IL-23
contributes to control of chronic helicobacter pylori infection and the development of T
helper responses in a mouse model. Front. Immunol. 3, 56. doi: 10.3389/
fimmu.2012.00056.

Huang, S. C., Smith, A. M., Everts, B., Colonna, M., Pearce, E. L., Schilling, J. D., et al.
(2016). Metabolic reprogramming mediated by the mTORC2-IRF4 signaling axis is
essential for macrophage alternative activation. Immunity 45, 817-830. doi: 10.1016/
jimmuni.2016.09.016.

Huang, Y. K., Wang, M., Sun, Y., Di Costanzo, N., Mitchell, C., Achuthan, A., et al.
(2019). Macrophage spatial heterogeneity in gastric cancer defined by multiplex
immunohistochemistry. Nat. Commun. 10, 3928. doi: 10.1038/s41467-019-11788-4.

Ishihara, S., Rumi, M. A., Kadowaki, Y., Ortega-Cava, C. F., Yuki, T., Yoshino, N,,
et al. (2004). Essential role of MD-2 in TLR4-dependent signaling during Helicobacter
pylori-associated gastritis. J. Immunol. (Baltimore Md. 1950) 173, 1406-1416.
doi: 10.4049/jimmunol.173.2.1406.

Jabtonska-Trypu¢, A., Matejczyk, M., and Rosochacki, S. (2016). Matrix
metalloproteinases (MMPs), the main extracellular matrix (ECM) enzymes in
collagen degradation, as a target for anticancer drugs. J. Enzyme inhibition medicinal
Chem. 31, 177-183. doi: 10.3109/14756366.2016.1161620.

Ji, L., Qian, W., Gui, L., Ji, Z., Yin, P, Lin, G. N., et al. (2020). Blockade of B-catenin-
induced CCL28 suppresses gastric cancer progression via inhibition of treg cell
infiltration. Cancer Res. 80, 2004-2016. doi: 10.1158/0008-5472.CAN-19-3074.

Johnson, K. S., and Ottemann, K. M. (2018). Colonization, localization, and
inflammation: the roles of H. pylori chemotaxis in vivo. Curr. Opin. Microbiol. 41,
51-57. doi: 10.1016/j.mib.2017.11.019.

Kabamba, E. T., Tuan, V. P,, and Yamaoka, Y. (2018). Genetic populations and
virulence factors of Helicobacter pylori. Infection Genet. Evol. J. Mol. Epidemiol.
evolutionary Genet. Infect. Dis. 60, 109-116. doi: 10.1016/j.meegid.2018.02.022.

Kabir, S. (2011). The role of interleukin-17 in the Helicobacter pylori induced
infection and immunity. Helicobacter 16, 1-8. doi: 10.1111/j.1523-5378.2010.00812.x.

Kalach, N., Bontems, P., and Raymond, J. (2017). Helicobacter pylori infection in
children. Helicobacter 22. doi: 10.1111/hel.12414.

Kang, L. S., Kim, R. L, and Kim, C. (2021). Carbon Monoxide Regulates Macrophage
Differentiation and Polarization toward the M2 Phenotype through Upregulation of
Heme Oxygenase 1. Cells 10. doi: 10.3390/cells10123444.

Kao, J. Y., Zhang, M., Miller, M. J., Mills, J. C., Wang, B., Liu, M., et al. (2010).
Helicobacter pylori immune escape is mediated by dendritic cell-induced Treg skewing
and Th17 suppression in mice. Gastroenterology 138, 1046-1054. doi: 10.1053/
j.gastro.2009.11.043.

Karkhah, A., Ebrahimpour, S., Rostamtabar, M., Koppolu, V., Darvish, S., Vasigala,
V. K. R, et al. (2019). Helicobacter pylori evasion strategies of the host innate and
adaptive immune responses to survive and develop gastrointestinal diseases.
Microbiological Res. 218, 49-57. doi: 10.1016/j.micres.2018.09.011.

Khamri, W., Moran, A. P., Worku, M. L., Karim, Q. N., Walker, M. M., Annuk, H.,
et al. (2005). Variations in Helicobacter pylori lipopolysaccharide to evade the innate
immune component surfactant protein D. Infection Immun. 73, 7677-7686.
doi: 10.1128/IA1.73.11.7677-7686.2005.

Kim, J. H., Namgung, B., Jeon, Y. J., Song, W. S,, Lee, J., Kang, S. G., et al. (2018).
Helicobacter pylori flagellin: TLR5 evasion and fusion-based conversion into a TLR5
agonist. Biochem. Biophys. Res. Commun. 505, 872-878. doi: 10.1016/
j.bbrc.2018.09.179.

Kobayashi, K., Sakamoto, J., Kito, T., Yamamura, Y., Koshikawa, T., Fujita, M., et al.
(1993). Lewis blood group-related antigen expression in normal gastric epithelium,
intestinal metaplasia, gastric adenoma, and gastric carcinoma. Am. J. Gastroenterol. 88,
919-924.

Koch, M. R. A,, Gong, R,, Friedrich, V., Engelsberger, V., Kretschmer, L., Wanisch,
A., et al. (2023). CagA-specific gastric CD8(+) tissue-resident T cells control
helicobacter pylori during the early infection phase. Gastroenterology 164, 550-566.
doi: 10.1053/j.gastro.2022.12.016.

Korbecki, J., Grochans, S., Gutowska, 1., Barczak, K., and Baranowska-Bosiacka, I.
(2020). CC chemokines in a tumor: A review of pro-cancer and anti-cancer properties
of receptors CCR5, CCR6, CCR7, CCR8, CCRY, and CCR10 ligands. Int. J. Mol. Sci. 21.
doi: 10.3390/ijms21207619.

Kornmueller, K., Amri, E. Z., Scheideler, M., and Prassl, R. (2022). Delivery of
miRNAs to the adipose organ for metabolic health. Adv. Drug Delivery Rev. 181,
114110. doi: 10.1016/j.addr.2021.114110.

Krakowiak, M. S., Noto, J. M., Piazuelo, M. B., Hardbower, D. M., Romero-Gallo, .,
Delgado, A., et al. (2015). Matrix metalloproteinase 7 restrains Helicobacter pylori-

Frontiers in Cellular and Infection Microbiology

15

10.3389/fcimb.2024.1342913

induced gastric inflammation and premalignant lesions in the stomach by altering
macrophage polarization. Oncogene 34, 1865-1871. doi: 10.1038/0nc.2014.135.

Kronsteiner, B., Bassaganya-Riera, J., Philipson, C., Viladomiu, M., Carbo, A., Abedi,
V., et al. (2016). Systems-wide analyses of mucosal immune responses to Helicobacter
pylori at the interface between pathogenicity and symbiosis. Gut Microbes 7, 3-21.
doi: 10.1080/19490976.2015.1116673.

Kwon, M. J. (2022). Matrix metalloproteinases as therapeutic targets in breast cancer.
Front. Oncol. 12, 1108695. doi: 10.3389/fonc.2022.1108695.

Larussa, T., Leone, 1., Suraci, E., Imeneo, M., and Luzza, F. (2015). Helicobacter
pylori and T helper cells: Mechanisms of immune escape and tolerance. J. Immunol.
Res. 2015, 981328. doi: 10.1155/2015/981328.

Latour, Y. L., Sierra, J. C,, Finley, J. L., Asim, M., Barry, D. P., Allaman, M. M., et al.
(2022). Cystathionine y-lyase exacerbates Helicobacter pylori immunopathogenesis by
promoting macrophage metabolic remodeling and activation. JCI Insight 7.
doi: 10.1172/jci.insight.155338.

Lee, H. S., Choe, G., Kim, W. H,, Kim, H. H., Song, J., and Park, K. U. (2006).
Expression of Lewis antigens and their precursors in gastric mucosa: relationship with
Helicobacter pylori infection and gastric carcinogenesis. J. Pathol. 209, 88-94.
doi: 10.1002/(ISSN)1096-9896.

Lee, S. K., Stack, A., Katzowitsch, E., Aizawa, S. 1., Suerbaum, S., and Josenhans, C. (2003).
Helicobacter pylori flagellins have very low intrinsic activity to stimulate human gastric
epithelial cells via TLR5. Microbes infection 5, 1345-1356. doi: 10.1016/j.micinf.2003.09.018.

Lewis, N. D., Asim, M., Barry, D. P., Singh, K., de Sablet, T., Boucher, J. L., et al.
(2010). Arginase II restricts host defense to Helicobacter pylori by attenuating inducible
nitric oxide synthase translation in macrophages. J. Immunol. (Baltimore Md. 1950)
184, 2572-2582. doi: 10.4049/jimmunol.0902436.

Li, B., Chen, L., Sun, H.,, Yang, W, Hu, ], He, Y,, et al. (2015). Immunodominant
epitope-specific Th1 but not Th17 responses mediate protection against Helicobacter
pylori infection following UreB vaccination of BALB/c mice. Sci. Rep. 5, 14793.
doi: 10.1038/srep14793.

Li, Y., Choi, H., Leung, K., Jiang, F., Graham, D. Y., and Leung, W. K. (2023). Global
prevalence of Helicobacter pylori infection between 1980 and 2022: a systematic review
and meta-analysis. Lancet Gastroenterol. Hepatol. 8, 553-564. doi: 10.1016/S2468-1253
(23)00070-5.

Lin, Y., Shao, Y., Yan, J., and Ye, G. (2023). Antibiotic resistance in Helicobacter
pylori: From potential biomolecular mechanisms to clinical practice. J. Clin. Lab. Anal.
37, €24885. doi: 10.1002/jcla.24885.

Lina, T. T., Pinchuk, I. V., House, J., Yamaoka, Y., Graham, D. Y., Beswick, E. J., et al.
(2013). CagA-dependent downregulation of B7-H2 expression on gastric mucosa and
inhibition of Th17 responses during Helicobacter pylori infection. J. Immunol.
(Baltimore Md. 1950) 191, 3838-3846. doi: 10.4049/jimmunol.1300524.

Liu, Y., Xu, R, Gu, H, Zhang, E,, Qu, J, Cao, W, et al. (2021). Metabolic
reprogramming in macrophage responses. biomark. Res. 9, 1. doi: 10.1186/s40364-
020-00251-y.

Lozier, A. M., Rich, M. E., Grawe, A. P., Peck, A. S., Zhao, P, Chang, A. T, et al. (2015).
Targeting ornithine decarboxylase reverses the LIN28/Let-7 axis and inhibits glycolytic
metabolism in neuroblastoma. Oncotarget 6, 196-206. doi: 10.18632/oncotarget.v6il.

Lu, L, Wang, Y., Ye, J., Han, Y., Lou, G,, Li, Y., et al. (2023). Quadruple therapy with
vonoprazan 20 mg daily as a first-line treatment for Helicobacter pylori infection: A
single-center, open-label, noninferiority, randomized controlled trial. Helicobacter 28,
€12940. doi: 10.1111/hel.12940.

Lu, Y., Rong, J., Lai, Y., Tao, L, Yuan, X,, and Shu, X. (2020). The Degree of
Helicobacter pylori Infection Affects the State of Macrophage Polarization through
Crosstalk between ROS and HIF-1a. Oxid. Med. Cell. Longevity 2020, 5281795.
doi: 10.1155/2020/5281795.

Lundgren, A., Suri-Payer, E., Enarsson, K., Svennerholm, A. M., and Lundin, B. S.
(2003). Helicobacter pylori-specific CD4+ CD25high regulatory T cells suppress
memory T-cell responses to H. pylori in infected individuals. Infection Immun. 71,
1755-1762. doi: 10.1128/1A1.71.4.1755-1762.2003.

Lv, Y. P, Cheng, P., Zhang, J. Y., Mao, F. Y, Teng, Y. S, Liu, Y. G,, et al. (2019).
Helicobacter pylori-induced matrix metallopeptidase-10 promotes gastric bacterial
colonization and gastritis. Sci. Adv. 5, eaau6547. doi: 10.1126/sciadv.aau6547.

Malfertheiner, P., Selgrad, M., Wex, T., Romi, B., Borgogni, E., Spensieri, F., et al.
(2018). Efficacy, immunogenicity, and safety of a parenteral vaccine against
Helicobacter pylori in healthy volunteers challenged with a Cag-positive strain: a
randomised, placebo-controlled phase 1/2 study. Lancet Gastroenterol. Hepatol. 3, 698
707. doi: 10.1016/S2468-1253(18)30125-0.

Martinez, L. E., Hardcastle, J. M., Wang, J., Pincus, Z., Tsang, J., Hoover, T. R,, et al.
(2016). Helicobacter pylori strains vary cell shape and flagellum number to maintain
robust motility in viscous environments. Mol. Microbiol. 99, 88-110. doi: 10.1111/
mmi.13218

Matsuura, M. (2013). Structural modifications of bacterial lipopolysaccharide that
facilitate gram-negative bacteria evasion of host innate immunity. Front. Immunol. 4,
109. doi: 10.3389/fimmu.2013.00109.

Mitchell, M. ], Billingsley, M. M., Haley, R. M., Wechsler, M. E., Peppas, N. A., and
Langer, R. (2021). Engineering precision nanoparticles for drug delivery. Nat. Rev. Drug
Discovery 20, 101-124. doi: 10.1038/s41573-020-0090-8.

frontiersin.org


https://doi.org/10.1038/35074106
https://doi.org/10.1136/gutjnl-2011-301625
https://doi.org/10.1038/s41698-017-0014-1
https://doi.org/10.3389/fimmu.2012.00056
https://doi.org/10.3389/fimmu.2012.00056
https://doi.org/10.1016/j.immuni.2016.09.016
https://doi.org/10.1016/j.immuni.2016.09.016
https://doi.org/10.1038/s41467-019-11788-4
https://doi.org/10.4049/jimmunol.173.2.1406
https://doi.org/10.3109/14756366.2016.1161620
https://doi.org/10.1158/0008-5472.CAN-19-3074
https://doi.org/10.1016/j.mib.2017.11.019
https://doi.org/10.1016/j.meegid.2018.02.022
https://doi.org/10.1111/j.1523-5378.2010.00812.x
https://doi.org/10.1111/hel.12414
https://doi.org/10.3390/cells10123444
https://doi.org/10.1053/j.gastro.2009.11.043
https://doi.org/10.1053/j.gastro.2009.11.043
https://doi.org/10.1016/j.micres.2018.09.011
https://doi.org/10.1128/IAI.73.11.7677-7686.2005
https://doi.org/10.1016/j.bbrc.2018.09.179
https://doi.org/10.1016/j.bbrc.2018.09.179
https://doi.org/10.1053/j.gastro.2022.12.016
https://doi.org/10.3390/ijms21207619
https://doi.org/10.1016/j.addr.2021.114110
https://doi.org/10.1038/onc.2014.135
https://doi.org/10.1080/19490976.2015.1116673
https://doi.org/10.3389/fonc.2022.1108695
https://doi.org/10.1155/2015/981328
https://doi.org/10.1172/jci.insight.155338
https://doi.org/10.1002/(ISSN)1096-9896
https://doi.org/10.1016/j.micinf.2003.09.018
https://doi.org/10.4049/jimmunol.0902436
https://doi.org/10.1038/srep14793
https://doi.org/10.1016/S2468-1253(23)00070-5
https://doi.org/10.1016/S2468-1253(23)00070-5
https://doi.org/10.1002/jcla.24885
https://doi.org/10.4049/jimmunol.1300524
https://doi.org/10.1186/s40364-020-00251-y
https://doi.org/10.1186/s40364-020-00251-y
https://doi.org/10.18632/oncotarget.v6i1
https://doi.org/10.1111/hel.12940
https://doi.org/10.1155/2020/5281795
https://doi.org/10.1128/IAI.71.4.1755-1762.2003
https://doi.org/10.1126/sciadv.aau6547
https://doi.org/10.1016/S2468-1253(18)30125-0
https://doi.org/10.1111/mmi.13218
https://doi.org/10.1111/mmi.13218
https://doi.org/10.3389/fimmu.2013.00109
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.3389/fcimb.2024.1342913
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Fan et al.

Moéhnle, P., Schiitz, S. V., van der Heide, V., Hiibner, M., Luchting, B., Sedlbauer, J.,
et al. (2015). MicroRNA-146a controls Thl-cell differentiation of human CD4+ T
lymphocytes by targeting PRKCe. Eur. J. Immunol. 45, 260-272. doi: 10.1002/
€ji.201444667

Moran, A. P. (2008). Relevance of fucosylation and Lewis antigen expression in the
bacterial gastroduodenal pathogen Helicobacter pylori. Carbohydr. Res. 343, 1952—
1965. doi: 10.1016/j.carres.2007.12.012.

Murray, E., Khamri, W., Walker, M. M., Eggleton, P., Moran, A. P., Ferris, J. A., et al.
(2002). Expression of surfactant protein D in the human gastric mucosa and during
Helicobacter pylori infection. Infection Immun. 70, 1481-1487. doi: 10.1128/
TAL.70.3.1481-1487.2002.

Nemati, M., Larussa, T., Khorramdelazad, H., Mahmoodi, M., and Jafarzadeh, A.
(2017). Toll-like receptor 2: An important immunomodulatory molecule during
Helicobacter pylori infection. Life Sci. 178, 17-29. doi: 10.1016/j.1fs.2017.04.006.

Noseda, A., and Barbieri, P. (2020). Roneparstat: Development, preclinical and
clinical studies. Adv. Exp. Med. Biol. 1221, 523-538. doi: 10.1007/978-3-030-34521-
1.21

Numasaki, M., Takahashi, H., Tomioka, Y., and Sasaki, H. (2004). Regulatory roles of
IL-17 and IL-17F in G-CSF production by lung microvascular endothelial cells
stimulated with IL-1beta and/or TNF-alpha. Immunol. Lett. 95, 97-104.
doi: 10.1016/j.imlet.2004.06.010.

O'Connell, R. M., Taganov, K. D., Boldin, M. P., Cheng, G., and Baltimore, D. (2007).
MicroRNA-155 is induced during the macrophage inflammatory response. Proc. Natl.
Acad. Sci. U.S.A. 104, 1604-1609. doi: 10.1073/pnas.0610731104.

O'Toole, P. W., Lane, M. C., and Porwollik, S. (2000). Helicobacter pylori motility.
Microbes infection 2, 1207-1214. doi: 10.1016/s1286-4579(00)01274-0

Oertli, M., Engler, D. B., Kohler, E., Koch, M., Meyer, T. F., and Miiller, A. (2011).
MicroRNA-155 is essential for the T cell-mediated control of Helicobacter pylori
infection and for the induction of chronic Gastritis and Colitis. J. Immunol. (Baltimore
Md. 1950) 187, 3578-3586. doi: 10.4049/jimmunol.1101772.

Qertli, M., Noben, M., Engler, D. B., Semper, R. P, Reuter, S., Maxeiner, J., et al.
(2013). Helicobacter pylori y-glutamyl transpeptidase and vacuolating cytotoxin
promote gastric persistence and immune tolerance. Proc. Natl. Acad. Sci. U.S.A. 110,
3047-3052. doi: 10.1073/pnas.1211248110.

Oertli, M., Sundquist, M., Hitzler, I, Engler, D. B,, Arnold, I. C., Reuter, S., et al.
(2012). DC-derived IL-18 drives Treg differentiation, murine Helicobacter pylori-
specific immune tolerance, and asthma protection. J. Clin. Invest. 122, 1082-1096.
doi: 10.1172/JCI61029.

Osei-Owusu, J., Yang, J., Leung, K. H., Ruan, Z.,, Li, W., Krishnan, Y., et al. (2021).
Proton-activated chloride channel PAC regulates endosomal acidification and
transferrin receptor-mediated endocytosis. Cell Rep. 34, 108683. doi: 10.1016/
j.celrep.2020.108683.

Pagliari, M., Munari, F., Toffoletto, M., Lonardi, S., Chemello, F., Codolo, G., et al.
(2017). Helicobacter pylori Affects the Antigen Presentation Activity of Macrophages
Modulating the Expression of the Immune Receptor CD300E through miR-4270.
Front. Immunol. 8, 1288. doi: 10.3389/fimmu.2017.01288.

Pajares, M. J., Alemany-Cosme, E., Goii, S., Bandres, E., Palanca-Ballester, C., and
Sandoval, J. (2021). Epigenetic regulation of microRNAs in cancer: Shortening the
distance from bench to bedside. Int. J. Mol. Sci. 22. doi: 10.3390/ijms22147350.

Parsonnet, J., Friedman, G. D., Orentreich, N., and Vogelman, H. (1997). Risk for
gastric cancer in people with CagA positive or CagA negative Helicobacter pylori
infection. Gut 40, 297-301. doi: 10.1136/gut.40.3.297.

Paydarnia, N., Mansoori, B., Esmaeili, D., Kazemi, T., Aghapour, M.,
Hajiasgharzadeh, K., et al. (2020). Helicobacter pylori recombinant cagA regulates
th1/th2 balance in a BALB/c murine model. Advanced Pharm. Bull. 10, 264-270.
doi: 10.34172/apb.2020.031.

Pittala, V., Salerno, L., Romeo, G., Modica, M. N., and Siracusa, M. A. (2013). A focus
on heme oxygenase-1 (HO-1) inhibitors. Curr. Med. Chem. 20, 3711-3732.
doi: 10.2174/0929867311320300003.

Pradhan, G., Raj Abraham, P., Shrivastava, R., and Mukhopadhyay, S. (2019).
Calcium signaling commands phagosome maturation process. Int. Rev. Immunol. 38,
57-69. doi: 10.1080/08830185.2019.1592169.

Quiding-Jarbrink, M., Raghavan, S., and Sundquist, M. (2010). Enhanced M1
macrophage polarization in human helicobacter pylori-associated atrophic gastritis
and in vaccinated mice. PloS One 5, €15018. doi: 10.1371/journal.pone.0015018.

Raghavan, S., Fredriksson, M., Svennerholm, A. M., Holmgren, J., and Suri-Payer, E.
(2003). Absence of CD4+CD25+ regulatory T cells is associated with a loss of
regulation leading to increased pathology in Helicobacter pylori-infected mice. Clin.
Exp. Immunol. 132, 393-400. doi: 10.1046/j.1365-2249.2003.02177 x.

Ramsay, P. T., and Carr, A. (2011). Gastric acid and digestive physiology. Surg.
Clinics North America 91, 977-982. doi: 10.1016/j.suc.2011.06.010.

Ren, S., Cai, P, Liu, Y., Wang, T., Zhang, Y., Li, Q. et al. (2022). Prevalence of
Helicobacter pylori infection in China: A systematic review and meta-analysis.
J. Gastroenterol. Hepatol. 37, 464-470. doi: 10.1111/jgh.15751.

Rodriguez, P. C., Zea, A. H., DeSalvo, J., Culotta, K. S., Zabaleta, J., Quiceno, D. G,,
et al. (2003). L-arginine consumption by macrophages modulates the expression of
CD3 zeta chain in T lymphocytes. J. Immunol. (Baltimore Md. 1950) 171, 1232-1239.
doi: 10.4049/jimmunol.171.3.1232.

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2024.1342913

Rossi, M., Piagnerelli, M., Van Meerhaeghe, A., and Zouaoui Boudjeltia, K. (2020).
Heme oxygenase-1 (HO-1) cytoprotective pathway: A potential treatment strategy
against coronavirus disease 2019 (COVID-19)-induced cytokine storm syndrome.
Med. Hypotheses 144, 110242. doi: 10.1016/j.mehy.2020.110242

Salvatori, S., Marafini, 1., Laudisi, F., Monteleone, G., and Stolfi, C. (2023).
Helicobacter pylori and gastric cancer: Pathogenetic mechanisms. Int. J. Mol. Sci. 24
(3), 2895. doi: 10.3390/ijms24032895.

Sasaran, M. O., Melit, L. E., and Dobru, E. D. (2021). MicroRNA modulation of host
immune response and inflammation triggered by helicobacter pylori. Int. J. Mol. Sci. 22.
doi: 10.3390/ijms22031406.

Schmees, C., Prinz, C., Treptau, T., Rad, R., Hengst, L., Voland, P., et al. (2007).
Inhibition of T-cell proliferation by Helicobacter pylori gamma-glutamyl
transpeptidase. Gastroenterology 132, 1820-1833. doi: 10.1053/j.gastro.2007.02.031.

Sewald, X., Gebert-Vogl, B., Prassl, S., Barwig, I, Weiss, E., Fabbri, M., et al. (2008).
Integrin subunit CD18 Is the T-lymphocyte receptor for the Helicobacter pylori
vacuolating cytotoxin. Cell Host Microbe 3, 20-29. doi: 10.1016/j.chom.2007.11.003.

Sewald, X., Jiménez-Soto, L., and Haas, R. (2011). PKC-dependent endocytosis of the
Helicobacter pylori vacuolating cytotoxin in primary T lymphocytes. Cell. Microbiol.
13, 482-496. doi: 10.1111/j.1462-5822.2010.01551.x.

Sheibani, S., Mahmoudian, R. A., Abbaszadegan, M. R., Chamani, J., Memar, B., and
Gholamin, M. (2017). Expression analysis of matrix metalloproteinase-13 in human
gastric cancer in the presence of Helicobacter Pylori infection. Cancer Biomarkers
section A Dis. Markers 18, 349-356. doi: 10.3233/CBM-160127

Shibayama, K., Kamachi, K., Nagata, N., Yagi, T., Nada, T., Doi, Y., et al. (2003). A
novel apoptosis-inducing protein from Helicobacter pylori. Mol. Microbiol. 47, 443—
451. doi: 10.1046/j.1365-2958.2003.03305.x.

Shimizu, T., Akamatsu, T., Sugiyama, A., Ota, H., and Katsuyama, T. (1996).
Helicobacter pylori and the surface mucous gel layer of the human stomach.
Helicobacter 1, 207-218. doi: 10.1111/j.1523-5378.1996.tb00041.x.

Sichel, S. R,, Bratton, B. P., and Salama, N. R. (2022). Distinct regions of H. pylori's
bactofilin CcmA regulate protein-protein interactions to control helical cell shape. Elife
11, e80111. doi: 10.7554/eLife.80111

Sjokvist Ottsjo, L., Jeverstam, F., Yrlid, L., Wenzel, A. U., Walduck, A. K., and
Raghavan, S. (2017). Induction of mucosal immune responses against Helicobacter
pylori infection after sublingual and intragastric route of immunization. Immunology
150, 172-183. doi: 10.1111/imm.12676.

Slomiany, B. L., and Slomiany, A. (2016). Helicobacter pylori-elicited induction in
gastric mucosal matrix metalloproteinase-9 (MMP-9) release involves ERK-dependent
cPLA2 activation and its recruitment to the membrane-localized Rac1/p38 complex.
Inflammopharmacology 24, 87-95. doi: 10.1007/s10787-016-0261-8.

Stingl, K., Altendorf, K., and Bakker, E. P. (2002). Acid survival of Helicobacter
pylori: how does urease activity trigger cytoplasmic pH homeostasis? Trends Microbiol.
10, 70-74. doi: 10.1016/S0966-842X(01)02287-9.

Takeshima, E., Tomimori, K., Takamatsu, R., Ishikawa, C., Kinjo, F., Hirayama, T.,
et al. (2009). Helicobacter pylori VacA activates NF-kappaB in T cells via the classical
but not alternative pathway. Helicobacter 14, 271-279. doi: 10.1111/j.1523-
5378.2009.00683 x.

Tamassia, N., Arruda-Silva, F., Wright, H. L., Moots, R. J., Gardiman, E., Bianchetto-
Aguilera, F., et al. (2019). Human neutrophils activated via TLR8 promote Th17
polarization through IL-23. J. leukocyte Biol. 105, 1155-1165. doi: 10.1002/
JLB.MA0818-308R.

Tan, Z., Liu, W,, Liu, H,, Li, C,, Zhang, Y., Meng, X,, et al. (2017). Oral Helicobacter
pylori vaccine-encapsulated acid-resistant HP55/PLGA nanoparticles promote
immune protection. Eur. J. Pharm. Biopharm 111, 33-43. doi: 10.1016/
j.€jpb.2016.11.007.

Tang, L., Tang, B, Lei, Y., Yang, M., Wang, S., Hu, S,, et al. (2021). Helicobacter
pylori-Induced Heparanase Promotes H. pylori Colonization and Gastritis. Front.
Immunol. 12, 675747. doi: 10.3389/ fimmu.2021.675747

Tavasolian, F., Hosseini, A. Z., Soudi, S., and Naderi, M. (2020). miRNA-146a
improves immunomodulatory effects of MSC-derived exosomes in rheumatoid
arthritis. Curr. Gene Ther. 20, 297-312. doi: 10.2174/1566523220666200916120708.

Teng, G. G., Wang, W. H., Dai, Y., Wang, S. J., Chu, Y. X,, and Li, J. (2013). Let-7b is
involved in the inflammation and immune responses associated with Helicobacter
pylori infection by targeting Toll-like receptor 4. PloS One 8, €56709. doi: 10.1371/
journal.pone.0056709.

Tran, L. S., Chonwerawong, M., and Ferrero, R. L. (2017). Regulation and functions
of inflammasome-mediated cytokines in Helicobacter pylori infection. Microbes
infection 19, 449-458. doi: 10.1016/j.micinf.2017.06.005.

Tshibangu-Kabamba, E., and Yamaoka, Y. (2021). Helicobacter pylori infection and
antibiotic resistance - from biology to clinical implications. Nat. Rev. Gastroenterol.
Hepatol. 18, 613-629. doi: 10.1038/s41575-021-00449-x.

Ulmer, A. J., Heine, H., Feist, W., Kusumoto, S., Kusama, T., Brade, H., et al. (1992).
Biological activity of synthetic phosphonooxyethyl analogs of lipid A and lipid A partial
structures. Infection Immun. 60, 3309-3314. doi: 10.1128/iai.60.8.3309-3314.1992.

Uno, K., Kato, K., Atsumi, T., Suzuki, T., Yoshitake, J., Morita, H., et al. (2007). Toll-
like receptor (TLR) 2 induced through TLR4 signaling initiated by Helicobacter pylori
cooperatively amplifies iNOS induction in gastric epithelial cells. Am. J. Physiol.
Gastrointestinal liver Physiol. 293, G1004-G1012. doi: 10.1152/ajpgi.00096.2007

frontiersin.org


https://doi.org/10.1002/eji.201444667
https://doi.org/10.1002/eji.201444667
https://doi.org/10.1016/j.carres.2007.12.012
https://doi.org/10.1128/IAI.70.3.1481-1487.2002
https://doi.org/10.1128/IAI.70.3.1481-1487.2002
https://doi.org/10.1016/j.lfs.2017.04.006
https://doi.org/10.1007/978-3-030-34521-1_21
https://doi.org/10.1007/978-3-030-34521-1_21
https://doi.org/10.1016/j.imlet.2004.06.010
https://doi.org/10.1073/pnas.0610731104
https://doi.org/10.1016/s1286-4579(00)01274-0
https://doi.org/10.4049/jimmunol.1101772
https://doi.org/10.1073/pnas.1211248110
https://doi.org/10.1172/JCI61029
https://doi.org/10.1016/j.celrep.2020.108683
https://doi.org/10.1016/j.celrep.2020.108683
https://doi.org/10.3389/fimmu.2017.01288
https://doi.org/10.3390/ijms22147350
https://doi.org/10.1136/gut.40.3.297
https://doi.org/10.34172/apb.2020.031
https://doi.org/10.2174/0929867311320300003
https://doi.org/10.1080/08830185.2019.1592169
https://doi.org/10.1371/journal.pone.0015018
https://doi.org/10.1046/j.1365-2249.2003.02177.x
https://doi.org/10.1016/j.suc.2011.06.010
https://doi.org/10.1111/jgh.15751
https://doi.org/10.4049/jimmunol.171.3.1232
https://doi.org/10.1016/j.mehy.2020.110242
https://doi.org/10.3390/ijms24032895
https://doi.org/10.3390/ijms22031406
https://doi.org/10.1053/j.gastro.2007.02.031
https://doi.org/10.1016/j.chom.2007.11.003
https://doi.org/10.1111/j.1462-5822.2010.01551.x
https://doi.org/10.3233/CBM-160127
https://doi.org/10.1046/j.1365-2958.2003.03305.x
https://doi.org/10.1111/j.1523-5378.1996.tb00041.x
https://doi.org/10.7554/eLife.80111
https://doi.org/10.1111/imm.12676
https://doi.org/10.1007/s10787-016-0261-8
https://doi.org/10.1016/S0966-842X(01)02287-9
https://doi.org/10.1111/j.1523-5378.2009.00683.x
https://doi.org/10.1111/j.1523-5378.2009.00683.x
https://doi.org/10.1002/JLB.MA0818-308R
https://doi.org/10.1002/JLB.MA0818-308R
https://doi.org/10.1016/j.ejpb.2016.11.007
https://doi.org/10.1016/j.ejpb.2016.11.007
https://doi.org/10.3389/ fimmu.2021.675747
https://doi.org/10.2174/1566523220666200916120708
https://doi.org/10.1371/journal.pone.0056709
https://doi.org/10.1371/journal.pone.0056709
https://doi.org/10.1016/j.micinf.2017.06.005
https://doi.org/10.1038/s41575-021-00449-x
https://doi.org/10.1128/iai.60.8.3309-3314.1992
https://doi.org/10.1152/ajpgi.00096.2007
https://doi.org/10.3389/fcimb.2024.1342913
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Fan et al.

Utsch, C., and Haas, R. (2016). VacA's induction of vacA-containing vacuoles
(VCVs) and their immunomodulatory activities on human T cells. Toxins (Basel) 8.
doi: 10.3390/toxins8060190.

Valkonen, K. H., Wadstrém, T., and Moran, A. P. (1994). Interaction of
lipopolysaccharides of Helicobacter pylori with basement membrane protein
laminin. Infection Immun. 62, 3640-3648. doi: 10.1128/iai.62.9.3640-3648.1994.

Van den Bossche, J., Baardman, J., Otto, N. A., van der Velden, S., Neele, A. E., van
den Berg, S. M,, et al. (2016). Mitochondrial dysfunction prevents repolarization of
inflammatory macrophages. Cell Rep. 17, 684-696. doi: 10.1016/j.celrep.2016.09.008.

Velin, D., Narayan, S., Bernasconi, E., Busso, N., Ramelli, G., Maillard, M. H., et al.
(2011). PAR2 promotes vaccine-induced protection against Helicobacter infection in
mice. Gastroenterology 141, 1273-1282. doi: 10.1053/j.gastro.2011.06.038.

Waeckerle-Men, Y., and Groettrup, M. (2005). PLGA microspheres for improved
antigen delivery to dendritic cells as cellular vaccines. Adv. Drug Delivery Rev. 57, 475~
482. doi: 10.1016/j.addr.2004.09.007.

Wang, G., Ge, Z, Rasko, D. A, and Taylor, D. E. (2000). Lewis antigens in
Helicobacter pylori: biosynthesis and phase variation. Mol. Microbiol. 36, 1187-1196.
doi: 10.1046/j.1365-2958.2000.01934.x.

Wang, Y. H,, Gorvel, J. P, Chu, Y. T., Wy, J. ], and Lei, H. Y. (2010). Helicobacter
pylori impairs murine dendritic cell responses to infection. PloS One 5, e10844.
doi: 10.1371/journal.pone.0010844.

Wang, H., Zhao, M., Shi, F., Zheng, S., Xiong, L., and Zheng, L. (2023). A review of
signal pathway induced by virulent protein CagA of Helicobacter pylori. Front. Cell.
infection Microbiol. 13, 1062803. doi: 10.3389/fcimb.2023.1062803.

Weissmann, M., Bhattacharya, U, Feld, S., Hammond, E., Ilan, N., and Vlodavsky, L.
(2019). The heparanase inhibitor PG545 is a potent anti-lymphoma drug: Mode of
action. Matrix Biol. ]J. Int. Soc. Matrix Biol. 77, 58-72. doi: 10.1016/
j.matbio.2018.08.005.

Wen, S. H,, Hong, Z. W, Chen, C. C,, Chang, H. W, and Fu, H. W. (2021). Helicobacter
pylori neutrophil-activating protein directly interacts with and activates toll-like receptor 2
to induce the secretion of interleukin-8 from neutrophils and ATRA-induced
differentiated HL-60 cells. Int. J. Mol. Sci. 22. doi: 10.3390/ijms222111560.

Williams, S. M., Chen, Y. T., Andermann, T. M., Carter, J. E., McGee, D. J., and
Ottemann, K. M. (2007). Helicobacter pylori chemotaxis modulates inflammation and
bacterium-gastric epithelium interactions in infected mice. Infection Immun. 75, 3747~
3757. doi: 10.1128/IAL.00082-07.

Wilson, A. S., Randall, K. L., Pettitt, J. A,, Ellyard, J. I, Blumenthal, A., Enders, A.,
et al. (2022). Neutrophil extracellular traps and their histones promote Th17 cell
differentiation directly via TLR2. Nat. Commun. 13, 528. doi: 10.1038/s41467-022-
28172-4.

Wong, J. H.,, Ho, K. H,, Nam, S., Hsu, W. L, Lin, C. H., Chang, C. M., et al. (2017).
Store-operated ca(2+) entry facilitates the lipopolysaccharide-induced cyclooxygenase-
2 expression in gastric cancer cells. Sci. Rep. 7, 12813. doi: 10.1038/541598-017-12648-1.

Wroblewski, L. E., Shen, L., Ogden, S., Romero-Gallo, J., Lapierre, L. A, Israel, D. A,,
et al. (2009). Helicobacter pylori dysregulation of gastric epithelial tight junctions by
urease-mediated myosin II activation. Gastroenterology 136, 236-246. doi: 10.1053/
j.gastro.2008.10.011.

Frontiers in Cellular and Infection Microbiology

17

10.3389/fcimb.2024.1342913

Wu, H., Nakano, T., Daikoku, E., Morita, C., Kohno, T., Lian, H. H., et al. (2005).
Intrabacterial proton-dependent CagA transport system in Helicobacter pylori. J. Med.
Microbiol. 54, 1117-1125. doi: 10.1099/jmm.0.46158-0.

Wu, L., Viola, C. M., Brzozowski, A. M., and Davies, G. J. (2015). Structural
characterization of human heparanase reveals insights into substrate recognition.
Nat. Struct. Mol. Biol. 22, 1016-1022. doi: 10.1038/nsmb.3136.

Wiistner, S., Mejias-Luque, R., Koch, M. F,, Rath, E., Vieth, M., Sieber, S. A,, et al.
(2015). Helicobacter pylori y-glutamyltranspeptidase impairs T-lymphocyte function
by compromising metabolic adaption through inhibition of cMyc and IRF4 expression.
Cell. Microbiol. 17, 51-61. doi: 10.1111/cmi.1233510.1111/cmi.12335

Xie, Y. F, Shu, R, Jiang, S. Y., Song, Z. C., Guo, Q. M., Dong, J. C,, et al. (2014).
miRNA-146 negatively regulates the production of pro-inflammatory cytokines via
NF-«B signalling in human gingival fibroblasts. J. Inflammation (London England) 11,
38. doi: 10.1186/512950-014-0038-z.

Xu, M., Pokrovskii, M., Ding, Y., Yi, R,, Au, C., Harrison, O. J,, et al. (2018). c-MAF-
dependent regulatory T cells mediate immunological tolerance to a gut pathobiont.
Nature 554, 373-377. doi: 10.1038/nature25500.

Yan, Z. B, Zhang, J. Y., Lv, Y. P,, Tian, W. Q,, Shan, Z. G, Mao, F. Y,, et al. (2021).
Helicobacter pylori-induced REDD1 modulates Th17 cell responses that contribute to
gastritis. Clin. Sci. (London Engl. 1979) 135, 2541-2558. doi: 10.1042/CS20210753.

Yang, H., and Hu, B. (2022). Immunological perspective: Helicobacter pylori
infection and gastritis. Mediat Inflamm. 2022. doi: 10.1155/2022/2944156.

Ye, G., Barrera, C,, Fan, X., Gourley, W. K., Crowe, S. E,, Ernst, P. B, et al. (1997).
Expression of B7-1 and B7-2 costimulatory molecules by human gastric epithelial cells:
potential role in CD4+ T cell activation during Helicobacter pylori infection. J. Clin.
Invest. 99, 1628-1636. doi: 10.1172/JCI119325.

Yokota, S., Okabayashi, T., Rehli, M., Fujii, N., and Amano, K. (2010). Helicobacter
pylori lipopolysaccharides upregulate toll-like receptor 4 expression and proliferation
of gastric epithelial cells via the MEK1/2-ERK1/2 mitogen-activated protein kinase
pathway. Infection Immun. 78, 468-476. doi: 10.1128/IA1.00903-09.

Zabaleta, J., McGee, D. ., Zea, A. H., Hernandez, C. P., Rodriguez, P. C,, Sierra, R. A.,
et al. (2004). Helicobacter pylori arginase inhibits T cell proliferation and reduces the
expression of the TCR zeta-chain (CD3zeta). J. Immunol. (Baltimore Md. 1950) 173,
586-593. doi: 10.4049/jimmunol.173.1.586.

Zeng, M., Mao, X. H,, Li, J. X,, Tong, W. D., Wang, B., Zhang, Y. J., et al. (2015).
Efficacy, safety, and immunogenicity of an oral recombinant Helicobacter pylori
vaccine in children in China: a randomised, double-blind, placebo-controlled, phase
3 trial. Lancet (London England) 386, 1457-1464. doi: 10.1016/S0140-6736(15)60310-5.

Zhang, Y., Zhao, Z., Fu, W., and Ding, S. (2023). The expression and function of the
B7 family in Helicobacter pylori infection and gastric carcinogenesis process.
Helicobacter 28, €12999. doi: 10.1111/hel.12999.

Zhou, H., Roy, S., Cochran, E., Zouaoui, R., Chu, C. L., Duffner, J., et al. (2011).
M402, a novel heparan sulfate mimetic, targets multiple pathways implicated in tumor
progression and metastasis. PloS One 6, €21106. doi: 10.1371/journal.pone.0021106.

Zou, J., Zhao, X,, Shi, Z., Zhang, Z., Vijay-Kumar, M., Chassaing, B., et al. (2021).
Critical role of innate immunity to flagellin in the absence of adaptive immunity.
J. Infect. Dis. 223, 1478-1487. doi: 10.1093/infdis/jiaa521.

frontiersin.org


https://doi.org/10.3390/toxins8060190
https://doi.org/10.1128/iai.62.9.3640-3648.1994
https://doi.org/10.1016/j.celrep.2016.09.008
https://doi.org/10.1053/j.gastro.2011.06.038
https://doi.org/10.1016/j.addr.2004.09.007
https://doi.org/10.1046/j.1365-2958.2000.01934.x
https://doi.org/10.1371/journal.pone.0010844
https://doi.org/10.3389/fcimb.2023.1062803
https://doi.org/10.1016/j.matbio.2018.08.005
https://doi.org/10.1016/j.matbio.2018.08.005
https://doi.org/10.3390/ijms222111560
https://doi.org/10.1128/IAI.00082-07
https://doi.org/10.1038/s41467-022-28172-4
https://doi.org/10.1038/s41467-022-28172-4
https://doi.org/10.1038/s41598-017-12648-1
https://doi.org/10.1053/j.gastro.2008.10.011
https://doi.org/10.1053/j.gastro.2008.10.011
https://doi.org/10.1099/jmm.0.46158-0
https://doi.org/10.1038/nsmb.3136
https://doi.org/10.1111/cmi.1233510.1111/cmi.12335
https://doi.org/10.1186/s12950-014-0038-z
https://doi.org/10.1038/nature25500
https://doi.org/10.1042/CS20210753
https://doi.org/10.1155/2022/2944156
https://doi.org/10.1172/JCI119325
https://doi.org/10.1128/IAI.00903-09
https://doi.org/10.4049/jimmunol.173.1.586
https://doi.org/10.1016/S0140-6736(15)60310-5
https://doi.org/10.1111/hel.12999
https://doi.org/10.1371/journal.pone.0021106
https://doi.org/10.1093/infdis/jiaa521
https://doi.org/10.3389/fcimb.2024.1342913
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Strategies of Helicobacter pylori in evading host innate and adaptive immunity: insights and prospects for therapeutic targeting
	1 Introduction
	2 Crossing the gastric acid mucosal layer to achieve colonization
	3 Evasion of host innate immunity
	3.1 Evading receptor recognition
	3.2 Disrupting macrophage function
	3.2.1 Inhibiting the phagocytic function of macrophage
	3.2.2 Promoting macrophage polarization
	3.2.3 Modulating macrophage metabolism


	4 Evasion of adaptive immunity
	4.1 Regulating Th1 cells
	4.2 Regulating of Th17 cells
	4.3 Regulating Treg cells

	5 H. pylori modulates miRNA to regulate host immunity
	6 H. pylori vaccine
	7 Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


