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Abstract: Helicobacter pylori (H. pylori) is a human bacterial pathogen that causes one of the most common chronic bacterial
infections worldwide. The microorganism has been classified by the International Agency for Research on Cancer as a Group
I carcinogen. While the etiological link to gastric cancer is well established, the precise molecular and cellular mechanisms driving
this transformation are highly complex and incompletely understood. Fundamentally, the infection results from the chronic presence of
acute on chronic gastric mucosal inflammation. H. pylori pathogenicity is increased by bacterial virulence factors including the
cytotoxin-associated gene A (CagA) and Vacuolating cytotoxin A (VacA) which may interfere with the host’s cell communication and
create a pro-tumorigenic microenvironment. Host microRNAs (miRNAs) may amplify these effects by modulating immune responses,
enhancing oncogenic signalling. Despite the proven benefits of H. pylori eradication in reducing cancer risk, especially in high-
incidence regions, rising antibiotic resistance and host-related variables impede its global implementation. Recent advances in
genomics and multi-omics profiling potentially offer new opportunities for targeted prevention. Moreover, emerging evidence suggests
H. pylori may also negatively influence immunotherapy outcomes, underscoring its broader relevance in cancer treatment planning. By
synthesizing molecular insights, epidemiological trends, and clinical data, this narrative review examines the multifaceted pathways
through which H. pylori contributes to gastric carcinogenesis, integrating current knowledge on microbial virulence, host signalling
disruption, immune modulation, and epigenetic remodelling.
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Introduction

Gastric cancer remains a significant global health concern. According to the latest estimates from the International
Agency for Research on Cancer (IARC), gastric cancer is the fifth most diagnosed malignancy and the fourth leading
cause of cancer-related mortality worldwide.'* Although its overall incidence has declined in recent decades, particularly
in high-income countries, substantial geographic disparities persist. Eastern Asia, notably Mongolia, Japan, and South
Korea, continues to bear a disproportionately high burden of gastric cancer, reflecting a combination of regional
exposures and host-specific susceptibilities.'

Helicobacter pylori (H. pylori), a spiral-shaped Gram-negative bacterium, is the principal etiologic agent for non-
cardia gastric cancer. First isolated by Warren and Marshall in 1982, in 1994 H. pylori was classified as a Group
I carcinogen by the IARC due to its strong association with gastric adenocarcinoma.”* The bacterium infects roughly half
of the global population, where it induces chronic gastritis, which may progress through a well-established histopatho-
logical sequence, known as Correa’s cascade, that proceeds from inflammation to atrophy, intestinal metaplasia,
dysplasia, and ultimately gastric adenocarcinoma.>*?

Despite the high global prevalence of H. pylori infections, only a fraction of individuals, depending on the geographic
area, develop gastric cancer. Multiple factors are involved including bacterial virulence determinants, most notably the
cytotoxin-associated gene A (CagA), host genetic polymorphisms, immune responses, dietary influences, and environ-
mental stressors.” ® For example, CagA-positive strains are more frequently associated with malignancy, possibly due to
their ability to subvert intracellular signalling pathways, such as SHP2, ERK, and B-catenin, thereby promoting epithelial
proliferation and inflammation (Figure 1).*
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Figure | Chronic Helicobacter pylori infection initiates a cascade of molecular and cellular events that promote gastric cancer. Key virulence factors, such as CagA and VacA,
are introduced into gastric epithelial cells, triggering the dysregulation of several molecular pathways. These include altered expression of microRNAs, activation of NF-kB
and STAT3 signalling, sustained inflammation, oncogenic signalling, and immune evasion. Together, these processes reprogram epithelial physiology and facilitate the multistep
progression toward malignant transformation.

Recent evidence suggests that the oncogenic role of H. pylori may extend beyond the infection itself, as chronic
colonization also perturbs the gastric microbiota, leading to dysbiosis and the enrichment of other potentially pathogenic
species, including Fusobacterium and Peptostreptococcus. This shift may also drive inflammation, genotoxicity, and
mucosal barrier dysfunction, even after H. pylori has been eradicated, a concept known as the “hit-and-run” hypothesis.”*

From a public health standpoint, the preventive strategy of H. pylori eradication to prevent gastric cancer has gained
global momentum. Randomized controlled trials and long-term cohort studies conducted in high-risk regions such as
Taiwan, China, Japan, and Korea have shown that timely eradication can significantly reduce both primary and
metachronous gastric cancer incidence.” Notably, the large-scale MITS trial in Linqu County, China, which enrolled
over 180,000 participants, demonstrated that community-wide H. pylori eradication lowered gastric cancer incidence and
mortality, particularly when treatment occurred at younger ages.” A population H. pylori eradication for a high-risk
Taiwanese population aged 30 years or older dwelling on Matsu Islands (2004—2018) was effective in reducing gastric
cancer incidence 53% (95% CI 30% to 69%, p<0.001).° Meta-analyses further support these findings, confirming both
risk reduction and cost-effectiveness in endemic areas.>'’

Taken together, H. pylori acts as both a microbial initiator and an ecological disruptor in the development of gastric
carcinogenesis.

By synthesizing molecular insights, epidemiological trends, and clinical data, this narrative review examines the
multifaceted pathways through which H. pylori contributes to gastric carcinogenesis, integrating current knowledge on
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microbial virulence, host signalling disruption, and epigenetic remodelling. Differently from most of previous reviews,
our overview will also analyse current controversies regarding the clinical impact of H. pylori infection, focusing on
different response to eradication therapy, as well as to immunotherapy in cancer.

Epidemiology of H. pylori Infection

H. pylori infection remains one of the most widespread chronic pathogenic bacterial infections globally, affecting over
50% of the world’s population. However, the prevalence varies considerably by region, reflecting differences in
sanitation, socioeconomic status, public health infrastructure, and generational patterns of exposure.! The highest
prevalence is observed in low- and middle-income countries (LMICs), particularly in Africa, South America, and parts
of Asia, where early childhood transmission is common due to overcrowding and inadequate hygiene practices.'* In
contrast, high-income regions such as Western Europe, North America, and Oceania have experienced a marked decline
in prevalence over recent decades, driven by improvements in sanitation, public health interventions, and possibly
widespread antibiotic use.'*

Historically, H. pylori infection has been nearly ubiquitous in many populations. Currently, for example, Eastern Asia,
which includes Mongolia, Japan, and South Korea, continues to carry a disproportionate burden in terms of both H. pylori
prevalence and associated gastric cancer risk, and remains a top priority for targeted screening and eradication efforts.'

Beyond geography and age, socioeconomic status is a consistent risk factor for H. pylori infections. Limited access to
clean water, household overcrowding, and lower parental education levels are all strongly associated with higher
infection rates across both developing and developed settings. These findings highlight the necessity for context-
specific interventions that address not only medical treatment but also the broader social determinants of health.'*

Recent meta-analyses reinforce these epidemiological trends. A 2023 pooled analysis of 224 population-based studies
estimated that adult global prevalence has declined from approximately 58% in the 1980s to 43% during 2011-2022, reflecting
an average annual reduction of 0.5 percentage points.'' The steepest recent declines have been recorded in the WHO African
Region and the Americas, although Africa still exhibits the highest absolute prevalence, exceeding 60% in many surveys.' "'

Age-stratified data underscore the importance of early-life transmission. A 2022 systematic review of pediatric
cohorts reported global prevalences of 26% in children aged <6 years, 34% in those aged 7-12 years, and 42%
among adolescents aged 13-18 years. Notably, prevalence in children from LMICs was nearly double that of their
peers in high-income countries.'> Given that H. pylori infection, once acquired, generally persists for decades, current
pediatric infection rates are strong predictors of future adult disease burden. Although direct incidence data are limited,
the observed cohort decline in many regions suggests that new adult infections are now rare (<1% per year) in high-
income countries but remain relatively common in young children within high-prevalence LMICs.

Encouragingly, several recent studies from Africa and Asia indicate emerging declines in pediatric prevalence, likely
reflecting the combined effects of improved water, sanitation, and hygiene measures along with broader access to
eradication therapy.''*

Importantly, socioeconomic disparities in H. pylori infection persist even within high-income nations. Among
1.1 million US veterans tested between 1999 and 2018, overall seroprevalence was 25.8%, but rose to approximately
40% in non-Hispanic Black individuals and 37% in Hispanic individuals, nearly double the prevalence observed in non-
Hispanic Whites.'* These disparities mirror established risk factors such as overcrowded living conditions, shared
sleeping spaces, unfiltered water use, low parental education, persistence, and immigration from high-risk countries.

Collectively, these findings highlight the complexity of H. pylori epidemiology and underscore the need for regionally
tailored strategies to identify, treat, and prevent infection.

Molecular Pathways in H. pylori-Related Carcinogenesis

H. pylori has coexisted with humans for at least 60,000 years, tracing back to early human migration patterns. This
prolonged host-pathogen interaction has led to substantial co-evolution, resulting in the development of genetically
diverse H. pylori strains and shaping the evolution of the human immune system, particularly innate immunity.'®'> As
the first line of defense, innate immunity mounts rapid, non-specific responses that bridge to the more targeted
mechanisms of adaptive immunity."®
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H. pylori expresses a range of conserved molecular structures, including lipopolysaccharides, flagellin A, fucose, and
nucleic acids such as DNA and single-stranded RNA. These microbial patterns are detected by host innate immune
receptors, triggering a cascade of inflammatory responses characterized by vasodilation, increased vascular permeability,
and the recruitment of immune cells to contain and eliminate the pathogen.’

Despite this effective surveillance system, H. pylori has evolved sophisticated mechanisms to evade immune
detection, allowing persistent colonization and chronic inflammation,'® conditions that markedly increase the risk of
malignant transformation. Compounding this challenge is the global rise in antibiotic resistance, particularly to macro-
lides. In several regions, resistance rates have reached or exceeded critical thresholds, compromising eradication efforts
and amplifying the public health burden of H. pylori-associated diseases, including gastric cancer.’

The molecular landscape driving the progression from chronic gastritis to gastric cancer is complex and remains
incompletely understood. Multiple signaling pathways are dysregulated throughout this process. H. pylori plays the
central role in orchestrating this disruption, possibly through its virulence factors or more likely indirectly via host-
derived inflammatory mediators. This multifaceted interference reprograms epithelial cell function and promotes
oncogenic transformation, with extensive pathway crosstalk accelerating the onset of gastric tumorigenesis (Figure 1).

Virulence Factors

H. pylori exhibits remarkable genomic diversity, characterized by pronounced geographic variation and genetic plasticity
that facilitate its long-term colonization of the stomach and its pathogenic potential. Key virulence factors are summar-
ized in Table 1. Among the principal determinants encoded by this heterogeneous genome are the cag pathogenicity
island (cagPAlI), the vacuolating cytotoxin A (VacA), and additional components that enable survival and adhesion.
Together, these elements help orchestrate mucosal injury and may also directly promote gastric carcinogenesis.'’

Table | Helicobacter pylori Virulence Factors and Oncogenic Signalling Involved in Related Carcinogenesis

Factors Mechanisms Pathogenic Role

Virulence factors

gene A)

CagA (cytotoxin-associated

Oncoprotein injected into host cells via T4SS; triggers
cytoskeletal reorganization, EMT, inflammation, and

oncogenic signaling; modulated by EPIYA motifs

Promotes gastric carcinogenesis through
multiple mechanisms including SHP2/SHP2
binding and STAT3 activation

(cagPAl)

Cag Pathogenicity Island

Genomic island encoding T4SS that translocates CagA into
host cells; central to carcinogenesis

Facilitates delivery of virulence factors like
CagA,; key contributor to mucosal damage

VacA (vacuolating cytotoxin A)

Secreted toxin forming membrane pores; induces apoptosis,
disrupts autophagy, T-cell inhibition, and mitochondrial
damage; activity is genotype-dependent

Alters immune response, promotes autophagy
inhibition and may modulate STAT3/Bcl2
pathways

colonization and inflammation via neutrophil recruitment

Urease Enzyme hydrolyzing urea to ammonia and CO2, neutralizing | Enables survival in acidic conditions and
gastric acid; supports motility and IL-8-mediated perpetuates mucosal inflammation
inflammation

Flagella Confers motility to reach the epithelial layer; contributes to | Essential for epithelial colonization and chronic

infection

BabA (blood group antigen-
binding adhesin)

Adhesin that binds Lewis b antigens on gastric cells;
reinforces attachment and enhances IL-8 production

Strengthens host-pathogen interaction and

promotes inflammation

adhesin)

SabA (sialic acid-binding

Binds sialylated structures; facilitates adhesion and promotes
chronic inflammation

Contributes to persistent colonization and

tissue damage

OipA (outer inflammatory
protein A)

Outer membrane protein contributing to adhesion and
inflammation via IL-8 induction

Supports chronic inflammation and gastric

tissue injury

(Continued)
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Table | (Continued).

Factors Mechanisms Pathogenic Role

Oncogenic signaling pathway

STAT3 Activated by IL-6, IL-11, TNF-0, IL-17 via JAK1/2, Src, EGFR. | Drives inflammation, proliferation, EMT, and
Enhanced by CagA-SHP2 binding, TLR2—NF-«B signaling, and | metastasis; linked to FGFR4 and DAB2
autocrine IL-6 loop. expression.

NF-xB Triggered by CagA, IKK activation via TNF-a and IL-1B, and | Promotes chronic inflammation, cell survival,

an IL-32 feedback loop. Cooperates with STAT3 and HIF-la. | angiogenesis, and oncogene expression (eg,
HNF40, PRDX2, CDX2).

Whnt/B-catenin Early polarity disruption; CagA forms a complex with LRP8 | Enhances stemness, proliferation, apoptosis
and fB-catenin. Activates MYC, CCNDI, LGR5 via TCF/LEF. | resistance, and EMT through B-catenin nuclear
signaling.

The cagPAI is a ~40-kb chromosomal segment comprising 31 genes, widely conserved across H. pylori lineages. It
encodes a type IV secretion system (T4SS) responsible for translocating the oncoprotein CagA into gastric epithelial
cells. Once delivered, CagA (120-140 K) is phosphorylated by host tyrosine kinases at conserved EPIYA motifs.
Phosphorylated CagA engages SH2-domain-containing protein tyrosine phosphatase-2 (SHP2), activating downstream
signaling cascades that remodel the actin cytoskeleton, destabilize tight junctions, suppress apoptosis, and drive
epithelial-to-mesenchymal transition (EMT). Concurrently, CagA triggers pro-inflammatory signaling, recruits immune
cells, and reshapes the tumor microenvironment, underscoring its pivotal role in gastric cancer development.'®'’
Virulence is modulated by the number and type of EPIYA motifs; four variants are defined (A, B, C, D). Western strains
commonly carry EPIYA-C, while East Asian strains harbor EPIYA-D, which exhibits higher SHP2 affinity and stronger
oncogenic potential. CagA also interacts with SHIP2, enhancing intracellular delivery and amplifying oxidative and
hypoxic stress. Additionally, strains with multiple EPIYA-C repeats upregulate key oncogenes, offering alternate routes
to malignant transformation.*

VacA is a secreted pore-forming cytotoxin expressed by all A. pylori strains, although some produce inactive or less
active forms of the toxin. The N-terminal p33 domain forms anion-selective channels in host membranes, while the
C-terminal p55 domain mediates epithelial binding and induces apoptosis.* VacA activity is genotype-specific, with four
known hypervariable regions and distinct allelic combinations correlating with clinical phenotypes. Beyond epithelial
vacuolization, VacA impairs T cell activation and proliferation, disrupts mitochondrial function and autophagic flux,
induces cytochrome c release, activates the intrinsic apoptotic cascade and interferes with cell polarity. It also promotes
IL-8 overproduction and disrupts intracellular amino acid pools, further contributing to autophagy inhibition.* Functional
synergy between VacA and CagA enhances bacterial adaptation under iron-limited gastric conditions and may exacerbate
carcinogenesis, in part by modulating autophagic responses. Morecover, VacA has been shown to suppress signal
transducer and activator of transcription 3 (STAT3), Bcl-2, and Bcl-XL expression in a dose-dependent manner,
implicating it in inflammatory pathway remodeling.**°

Beyond CagA and VacA, H. pylori relies on a broad array of auxiliary virulence factors that promote persistent
colonization and mucosal damage. Adaptation to the gastric lumen’s acidic environment (pH ~ 1-2) is mediated by urease
and flagella. Urease catalyzes the hydrolysis of urea into ammonia and carbon dioxide, locally buffering gastric acidity to
create a niche suitable for bacterial survival.?' The resulting ammonia also supports flagellar motility by reducing proton flux
stress, and both urease and ammonia stimulate Interleukin-8 (IL-8) release, intensifying neutrophilic inflammation. Flagella
enable motility through the mucus layer toward the epithelial surface, an essential step for stable colonization.?

Another possibly critical group of virulence factors includes outer membrane adhesins such as blood group antigen-
binding adhesin (BabA), sialic acid-binding adhesin (SabA), and outer inflammatory protein (OipA), which bind to Lewis
antigens or sialylated structures on host epithelial cells. These interactions strengthen bacterial attachment and further enhance
IL-8 secretion, promoting chronic inflammation.”®> Together, this integrated network of acid-resistance systems, motility
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apparatus, and outer membrane adhesins helps explain how H. pylori withstands the hostile gastric environment, sustains
immune activation, and contributes to the pathophysiological cascade leading to gastric carcinogenesis.

Oncogenic Signalling

Oncogenic signaling pathways implicated in H. pylori-related carcinogenesis are summarized in Table 1. Among these,
STAT3 signaling emerges as a central mediator of H. pylori-associated gastric tumorigenesis. Activation begins when
pro-inflammatory cytokines such as IL-6, IL-11, Tumor necrosis factor- o (TNF-a), or IL-17 engage their respective
receptors, triggering downstream kinases including JAK1/2, Src family kinases, and epidermal Growth Factor Receptor
(EGFR). These kinases phosphorylate STAT3, which then dimerizes, translocates into the nucleus, and modulates
transcriptional programs governing inflammation, proliferation, survival, epithelial-to-mesenchymal transition (EMT),
and metastatic potential.** H. pylori reinforces this signaling through several mechanisms. First, an autocrine IL-6 loop is
established, whereby H. pylori infection upregulates epithelial IL-6 expression, leading to sustained extracellular
stimulation of the JAK-STAT3 axis.> Second, CagA translocation into host cells enables its binding and activation of
SHP2, producing persistent STAT3 phosphorylation and a broad transcriptional response that favors oncogenesis.* Third,
H. pylori engages Toll-like receptor 2 (TLR2), enhancing NF-kB—mediated inflammation, which synergistically amplifies
STAT3 signaling.*® Fourth, STAT3 interacts with other oncogenic modules, upregulating DAB2 via the SRC-YAPI
pathway and promoting Fibroblast Growth Factor Receptor 4 (FGFR4) expression, further contributing to malignant
transformation. Interestingly, certain H. pylori strains can also suppress elements of the JAK-STAT pathway, possibly as
a strategy to evade immune detection. Together, these findings underscore persistent STAT3 activation as a key molecular
link between H. pylori infection and gastric cancer and highlight the therapeutic potential of targeting this pathway.

The NF-kB pathway, although classically associated with inflammation, also plays a direct oncogenic role in
H. pylori-mediated gastric tumorigenesis. CagA enhances NF-kB activity by interacting with host cellular components
that facilitate its nuclear translocation and transcriptional activation. H. pylori infection also stimulates the IKK kinase
complex via elevated levels of TNF-a, IL-1f, and other pro-inflammatory cytokines, leading to phosphorylation of kB
and the release of active NF-kB dimers. Furthermore, an autoregulatory loop involving IL-32 perpetuates NF-«kB
signaling, creating a chronic inflammatory environment. Activated NF-kB drives the expression of numerous oncogenic
effectors, including transcription factors, antioxidants, and differentiation regulators, which together enhance cell cycle
progression, inhibit apoptosis, and promote angiogenesis.”’ Additionally, NF-kB signaling converges with other path-
ways, such as STAT3 and HIF-1o, reinforcing a pro-tumorigenic microenvironment.”**° Given NF-kB’s dual role in
inflammation and cancer, elucidating H. pylori-specific triggers and downstream targets may uncover novel therapeutic
strategies for gastric cancer prevention.

Another critical oncogenic mechanism linked to H. pylori infection is the persistent activation of the Wnt/B-catenin
pathway. Early during infection, H. pylori disrupts epithelial cell polarity by interfering with a Wnt-regulated polarity
program, enhancing stem cell proliferation and enteroendocrine differentiation. CagA plays a pivotal role in forming
a complex with B-catenin, which stabilizes B-catenin and promotes its nuclear translocation.*® In the nucleus, B-catenin
partners with transcription factors to activate genes such as MYC, CCNDI1, and LGRS, thereby accelerating the cell
cycle, preventing apoptosis, and fostering stem cell-like traits.>' In addition, p-catenin activates EMT programs by
inducing transcription factors that drive motility, invasion, and metastatic behavior.*> Together, these interconnected
signaling events emphasize the central role of Wnt/B-catenin dysregulation in H. pylori-driven gastric carcinogenesis.

Chronic Inflammation and DNA Damage

Oxidative stress likely constitutes the central mechanism in H. pylori-driven gastric tumorigenesis. The accumulation of
reactive oxygen and nitrogen species (ROS/RNS) overwhelms the gastric mucosa’s antioxidant defenses and disrupts
epithelial metabolic homeostasis, thereby promoting malignant transformation.* This oxidative imbalance arises through
both direct and indirect mechanisms.*® Directly, bacterial metabolism generates superoxide and hydrogen peroxide, while
H. pylori virulence factors, such as CagA and VacA, exacerbate intracellular ROS production. Indirectly, chronic
infection elicits a prolonged inflammatory response, leading to the recruitment of neutrophils and macrophages, which
are potent sources of ROS/RNS.
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Recent evidence suggests that in the context of impaired DNA repair mechanisms, H. pylori infection induces even
more profound oxidative stress and genotoxicity, including double-strand breaks, point mutations, chromosomal rear-
rangements, ribosomal degradation, digestion damage, and microsatellite instability, ultimately culminating in malignant
transformation.**

H. pylori also enhances the expression of host pro-oxidant enzymes such as inducible nitric oxide synthase (iNOS) or
enzymes dependent on Nicotinamide Adenine Dinucleotide Phosphate oxidase (NADPH), further intensifying oxidative
injury. Simultaneously, the bacterium impairs host DNA repair systems, particularly nucleotide excision repair, and
depletes key antioxidants, including vitamins C and E, from the gastric epithelium. Host cells already compromised in
DNA repair are particularly vulnerable to oxidative stress upon H. pylori colonization, further increasing their suscept-
ibility to cancerogenesis.”>~°

Inflammation is likely the fundamental key contributor to H. pylori-associated carcinogenesis. Chemokine-mediated
immune cell recruitment, mainly of neutrophils and macrophages, results in abundant ROS/RNS production, driving
DNA damage, mutational burden, and genomic instability. In parallel, tumor-associated macrophages secrete matrix
metalloproteinases, which degrade extracellular matrix components and facilitate the invasion of cancer cells.*

Apoptotic dysregulation represents another hallmark of H. pylori-associated gastric cancer. H. pylori modulates
epithelial cell apoptosis to promote tumor cell survival and progression. Although H. pylori can induce apoptosis during
acute infection phases, especially in vitro, it also suppresses apoptosis during chronic colonization, thereby allowing the
survival of genetically altered cells.’” Several mechanisms underlie this dual effect. Urease, beyond its role in acid
neutralization, binds class II MHC molecules on epithelial cells, initiating immune-mediated apoptosis.*®** Furthermore,
H. pylori upregulates anti-apoptotic proteins, such as Bel-2 and Bel-xL, while suppressing pro-apoptotic members, like
Bax and Bad, thereby favoring cellular survival. The activation of NF-«B by H. pylori increases the transcription of anti-
apoptotic genes, including c-IAP2 and survivin, while simultaneously suppressing p53 expression and function, thereby
disabling a critical DNA damage response pathway. This ability to both induce and inhibit apoptosis reflects H. pylori’s
adaptability and stage-specific control over host cell fate. By preventing the elimination of damaged or mutated cells,
H. pylori facilitates the clonal expansion and progression of tumors.**’

Disruption of normal cell cycle regulation may also contribute to uncontrolled proliferation in the gastric epithelium of
H. pylori-infected individuals. H. pylori induces the overexpression of cyclins such as cyclin D1 and cyclin E, as well as
cyclin-dependent kinases (CDKs), which collectively accelerate cell cycle progression.*” Concurrently, it downregulates
tumor suppressor proteins and CDK inhibitors, including p21 and p27, skewing the balance toward hyperproliferation. The
resulting cell cycle dysregulation not only drives tumor growth but also compromises genome integrity by impairing DNA
damage checkpoints, permitting the accumulation of oncogenic mutations, and further enhancing cancer risk.*

Emerging Mechanisms in H. pylori-Related Carcinogenesis and Response to Therapy
Investigations continue to reveal novel mechanisms by which H. pylori may contribute to gastric cancer. Epigenetic
modifications, including DNA hypermethylation and histone alterations, play a pivotal role in silencing tumor suppressor
genes such as pl4ARF and FOXD3.*' Moreover, hypermethylation of connexin genes (Cx32, Cx43) disrupts gap
junctional communication and facilitates tumor progression. At the same time, aberrant demethylation of GNB4
enhances oncogenesis via the Hippo-YAP1 signalling pathway.**

H. pylori also influences the composition of the gut microbiota, thereby modulating host immune responses and
metabolic pathways. In addition, the tumor microenvironment is shaped by interactions with immune cells, extracellular
vesicles, microRNAs (miRNAs), and long non-coding RNAs (IncRNAs), contributing to a milieu conducive to malignant
transformation.”*

H. pylori infection triggers a dual immunological effect, driving both inflammation and immune tolerance.'® Features
such as increased tumor mutational burden and microsatellite instability, coupled with CD103+ CD8+ T cell infiltration,
may explain better immunotherapy outcomes in H. pylori-positive gastric cancer. Additionally, H. pylori alters the gut
microbiota composition, reducing the number of beneficial short-chain fatty acid producers and enriching pro-

carcinogenic taxa, which further influences systemic immune responses.”
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H. pylori also induces PD-L1 expression in gastric epithelial cells by activating the NF-kB, JAK/STAT, and PI3K/Akt
pathways, enabling immune evasion. Concurrently, the bacterium suppresses dendritic cell activity and cytokine production,
thereby undermining innate immunity and diminishing the effectiveness of immunotherapies.***** Clinical data suggest that
H. pylori-positive advanced gastric cancer patients may experience reduced responses and shorter progression-free survival
when treated with PD-1 inhibitors.*> While H. pylori fosters an inflamed microenvironment in gastric cancer, its effects may
hinder immunotherapy in other cancers such as esophageal and colorectal carcinomas.*® Two key studies, by Jia et al and Chen
et al, shed light on this complex relationship.*®*” Jia et al*® analysed data from over 10,000 cancer patients, some of whom
received anti-PD-1/PD-L1 therapies. In gastric cancer, H. pylori-positive individuals exhibited improved progression-free
survival and a trend toward enhanced overall survival. These patients showed increased PD-L1 expression and greater
infiltration of non-exhausted CD8+ T cells. Transcriptomic analyses suggested that H. pylori-positive tumors possess
immunologically active profiles, although in mismatch repair-deficient colorectal cancers, H. pylori infection correlated
with poorer responses, illustrating cancer type-specific immune modulation.*®

Chen et al*’ expanded these findings using multiplex immunohistochemistry to characterize tumor-infiltrating
immune cells. Their results identified immune cell signatures, such as CD4+FoxP3—PD-L1+, CD8+PD-1-LAG3-, and
CD68+STINGH+, that predicted treatment response and survival. The spatial distribution of CD8+PD-1+LAG3— cells was
particularly prognostic, underscoring the clinical utility of comprehensive immune profiling.

The miRNAs also play a pivotal role in H. pylori-driven carcinogenesis (Figure 2). These small non-coding RNAs
regulate immune responses by modulating inflammatory signalling and immune cell function, as well as targeting
bacterial virulence genes such as VacA and BabA. They influence cytokine and chemokine expression and have
demonstrated diagnostic and prognostic utility across H. pylori-related pathologies.*®

While H. pylori infection stimulates the release of proinflammatory cytokines, maintaining chronic inflammation and
contributing to mucosal injury, specific miRNAs, including miR-155, miR-146a, miR-21, miR-223, miR-10a, and miR-
125b, modulate this inflammatory milieu.*’ Aberrant miRNA expression promotes cell proliferation, suppresses apop-
tosis, disrupts cell cycle control, and enhances metastatic potential through mechanisms like E-cadherin downregulation
and PI3K/AKT pathway activation.*® Moreover, miRNAs contribute to chemoresistance. Upregulation of miR-21 and

o g pacteria min21 (CPBI/ACT )
virulence

‘ . E-cadherin
‘ malignant cell dowmregulation
©o)€ :
O € : ) } mir-10a
CHRONIC INFLAMMATION [ mEir;1
miR-155 miR-21 T — miR-16a \

miR-146a miR-223 |
miR-10a miR-125b ( )
miR-21

APOPTOSIS
miR-22 CHEMORESISTANCE

Cancer- b el ol
miR-

related miR-21

PROLIFERATION 5
miR-125b
processes miR-155 downregulated

miR-125b

Figure 2 Upon Helicobacter pylori infection, altered microRNA (miRNA) expression occurs within the gastric mucosa, affecting both immune responses and gastric epithelial
cell behaviour. On the one hand, dysregulated miRNAs compromise host immune defences and facilitate immune evasion. On the other, they enhance epithelial cell
proliferation and survival. These effects converge to promote carcinogenic mechanisms, ultimately contributing to gastric cancer development.
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downregulation of miR-34a and miR-125b have been linked to reduced chemotherapy sensitivity and impaired DNA
repair.so’5 ! Circulating miRNAs, such as miR-21, let-7d, and miR-106b, are being explored as non-invasive biomarkers
for early gastric cancer detection and prognostication.*®
Targeting miRNAs holds therapeutic promise. Experimental models demonstrate that modulating miRNAs, including
miR-22, miR-143-3p, and miR-146a, can suppress tumor growth, promote apoptosis, and reverse drug resistance.**->>
Together, these findings emphasize the diverse and dynamic roles of miRNAs in H. pylori-associated gastric cancer.
Their diagnostic, prognostic, and therapeutic potential offers promising avenues for advancing precision oncology in

infection-driven malignancies.

Conclusions and Future Directions

Inflammation is likely the main key contributor to H. pylori-associated carcinogenesis, with mechanisms encompassing
dysregulation of the cell cycle, manipulation of apoptotic pathways, disruption of autophagy, induction of oxidative
stress, and epigenetic reprogramming.

H. pylori also participates in extensive crosstalk with host oncogenic signaling pathways, creating a complex and
multifactorial network that underlies gastric tumorigenesis.

These findings collectively underscore the importance of H. pylori screening in cancer prevention and highlight the
need for precision-based interventions that account for individual risk profiles, regional patterns of antimicrobial
resistance, and the cost-effectiveness of screening within specific populations.

Prioritized research areas in this field should include: (1) elucidation of host-pathogen molecular interactions that
drive carcinogenesis; (2) characterization of H. pylori genotypes and their influence on disease progression and
therapeutic response; (3) investigation of H. pylori-induced immune modulation in the context of cancer immunotherapy;
(4) identification of therapeutic targets within disrupted host signaling pathways; and (5) development of effective
preventive strategies, including vaccination programs and optimized eradication protocols.
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