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Abstract

Helicobacter pylori (HP) infection poses a major global health challenge. As antibiotic
resistance continues to rise, the efficacy of conventional antibiotic therapies has become
increasingly limited. Immunotherapy has gained substantial research interest due to
its potential to overcome resistance and elicit durable immune responses. This article
systematically reviews current immunotherapeutic strategies for HP, with an emphasis
on recent advances in vaccine and antibody-based therapies, and particularly highlights
the application of nanodevice-based immunotherapy. Furthermore, it analyzes the major
challenges hindering the development and clinical translation of HP immunotherapy
and outlines future research directions, aiming to inform the design of more effective
strategies for the prevention and control of HP infection.
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Highlights

e Immunotherapy bypasses antibiotic resistance, induces long-term immune memory, and forms a “prevention—treatment-relapse—

prevention” loop.

e This review summarizes major breakthroughs in Helicobacter pylori vaccine development, compares the advantages and limita-
tions of different vaccine types, and highlights promising clinical directions for antibody therapy.

e This review focuses on the application of nanodevices in Helicobacter pylori immunotherapy and highlights the key role of nano-
technology in overcoming current therapeutic bottlenecks.

* This review proposes establishing a precise, durable immune prevention and treatment system while exploring novel therapeutic
directions to address challenges in Helicobacter pylori immunotherapy.

1 INTRODUCTION

Helicobacter pylori (HP), a type I carcinogen carried by
approximately 50% of the global population, is a major risk fac-
tor for gastric cancer, with about 85% of gastric cancer cases
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being associated with its infection [1]. After infection, the dis-
ease may progress in a cascade from ‘“chronic gastritis” to
“atrophy/intestinal metaplasia” to “dysplasia” and finally to
“gastric cancer”, and may also be accompanied by ulcers or
mucosa-associated lymphoid tissue lymphoma [2].
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Figure 1. Mechanisms and interventions against HP in GC development. (A) The process of HP infection leading to gastric mucosal dam-
age and progression to GC; (B) Eradication of HP reduces the risk of GC; (C) Challenges of antibiotic therapy including rising drug resistance
and intestinal microbiota disruption; (D) Immunotherapy against HP to prevent GC. HP, Helicobacter pylori; GC, gastric cancer. Created with

BioRender.

Currently, the main clinical approach for HP infection is triple
or quadruple therapy consisting of a proton pump inhibitor
combined with antibiotics. However, the increasingly serious
problem of antibiotic resistance is significantly weakening its
efficacy [3]. According to statistics, the number of deaths
worldwide due to antibiotic-resistant infections exceeded 6
million in 2019 [4]. Among them, the resistance rate of HP to
first-line drugs such as metronidazole and clarithromycin has
been continuously rising over the past decade, and in some
regions the rate even exceeds 50% [5]. More concerning is that
even after successful HP eradication, patients still face a high
risk of reinfection, with annual reinfection rates of 3.4% in
high-income countries and 8.7% in low-income countries [6].
Although novel biomaterial-based therapies show some poten-
tial in reducing HP colonization, they cannot establish durable
immune protection and are thus unable to prevent reinfection.

In this context, immunotherapy stands out. This therapy does
not rely on antibiotics and can effectively circumvent the risk
of resistance. It not only has the potential to activate the host’s
specific immune response against HP, more thoroughly elimi-
nate existing infection, and induce long-term immune memory,
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thereby fundamentally reducing the reinfection rate, but can
also serve as a supplement to conventional therapies. In clini-
cal practice, comprehensive measures such as screening high-
risk populations, implementing simultaneous eradication in
families, and strengthening oral hygiene and public health edu-
cation are often adopted to build an effective prevention and
control system. The combination of immunotherapy with these
measures is expected to form a complete closed loop of “pre-
vention—treatment—relapse—prevention”, which is a key strate-
gy for achieving long-term control of HP infection and block-
ing disease progression. A schematic overview of the HP infec-
tion cascade and the immunotherapeutic strategies discussed in
this review is presented in Figure 1.

2 IMMUNE EVASION STRATEGIES OF HP

HP can achieve long-term colonization by employing multi-
level and multi-mechanism immune evasion strategies, which
disrupt host immune homeostasis. At the molecular level, HP
can modify its own structure to reduce the immunogenicity of
its pathogen-associated molecular patterns and evade host
immune recognition [7, 8].
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At the cellular regulation level, HP not only inhibits the pro-
liferation and maturation of T lymphocytes but also regulates
the balance of T helper 17 (Thl7) and regulatory T cells to
induce immune tolerance, weakening the host’s pathogen-
clearing capacity [9-12]. Additionally, key virulence factors
secreted by HP, such as cytotoxin-associated gene A and vac-
uolating cytotoxin A, can interfere with T cell activation sig-
naling pathways, further suppressing the adaptive immune
response.

Notably, HP also impairs immune cell function, reducing their
ability to phagocytose and clear HP [13, 14]. For instance, HP
infection can disrupt the localization of nicotinamide adenine
dinucleotide phosphate oxidase in neutrophils and prevent the
accumulation of reactive oxygen species within phagosomes,
thereby helping the bacterium evade killing [15]. Meanwhile,
HP modulates macrophage function through multiple dimen-
sions, inhibits antigen presentation, blocks pro-inflammatory
polarization, and ultimately establishes an immunosuppressive
microenvironment to evade host clearance. These highly coor-
dinated immune evasion mechanisms collectively constitute
the survival strategy of HP, enabling long-term colonization
in the gastric mucosa and eventually leading to pathological
changes such as chronic gastritis.

3 VACCINE RESEARCH FOR HP

The HP vaccine stimulates a specific immune response, which
can not only eliminate existing infections but also establish
long-lasting immune memory. It has the advantages of high
cost-effectiveness and the potential to reduce incidence through
herd immunity, making it a fundamental strategy for prevent-
ing HP infections. However, its development faces three major
challenges: the complex immune evasion mechanism of HP,
significant genetic diversity, and differences in host immune
responses. The key to overcoming these bottlenecks lies in
achieving the synergistic optimization of adjuvants and
antigens.

On the one hand, adjuvants can enhance the immune response
of vaccine antigens by prolonging antigen retention time and
improving antigen presentation. Traditional mucosal adjuvants
such as cholera toxin (CT) and heat-labile enterotoxin of
Escherichia coli can effectively enhance the immune response,
but their strong enterotoxicity limits their clinical application
[16, 17]. CpG oligodeoxynucleotide and polyinosinic-polycyti-
dylic acid, as novel Toll-like receptor agonist adjuvants, have
shown great potential in HP vaccine development. Polyino-
sinic-polycytidylic acid has unique advantages in inducing
mucosal immunity, while CpG oligodeoxynucleotide excels in
driving T helper 1 (Thl)-type systemic immunity. The combi-
nation of the two exerts a synergistic effect, achieving dual
enhancement of mucosal and systemic immunity, providing a
new strategy for the development of effective HP vaccines [18,
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19]. On the other hand, given the high genetic diversity of
HP, the ideal vaccine antigen should possess conservation,
essentiality, and strong immunogenicity. Current research has
explored various vaccine strategies, and by incorporating novel
adjuvant systems, it is expected to overcome the immune eva-
sion barrier of HP and develop effective and safe vaccines.

3.1 Whole-cell vaccine

The whole-cell vaccine contains all the antigens of HP, thus
having a complex antigenic composition and being capable of
inducing an effective immune response. One common strategy
for preparing whole-cell vaccines is to use inactivated HP as
the vaccine. This method avoids the safety risks associated
with using live bacterial strains, but it also retains the various
antigenic components of the pathogen. The formaldehyde-inac-
tivated HP whole-cell vaccine developed by Holmgren et al.,
combined with a multiple mutant CT adjuvant, can significant-
ly reduce HP colonization in the stomach of mouse models and
trigger strong serum immunoglobulin G (IgG), mucosal immu-
noglobulin A (IgA) antibody responses, as well as T-cell-
mediated interferon-gamma (IFN-y) and interleukin-17A cyto-
kine responses [20].

3.2 Subunit vaccine

Subunit vaccines use key proteins or sugars of the pathogen as
antigens, rather than the entire pathogen, which can avoid
potential toxicity or adverse reactions. However, the immuno-
genicity of such antigens is often weak, so the synergistic effect
of adjuvants becomes the key to enhancing the efficacy. For
example, Chen et al. found that the HP subunit vaccine using
cyclic guanosine monophosphate-adenosine monophosphate as
an adjuvant could significantly enhance the IgG and IgA anti-
body response when administered through different immuniza-
tion routes to mice, and improve the overall immune defense
ability [21].

In terms of antigen selection, urease subunit B (UreB), due to
its core role in HP colonization and pathogenesis, as well as its
unique advantages of being non-toxic, highly conserved, and
highly immunogenic, has become a popular target for subunit
vaccine development. Zeng et al. took this as a breakthrough
point and developed an oral recombinant HP vaccine with
UreB as the main antigen and the heat-labile enterotoxin B sub-
unit as the mucosal adjuvant, and completed a phase 3 clinical
trial in Chinese children [22]. This is the world’s first HP vac-
cine to complete this process.

With the development of genetic engineering technology, sub-
unit vaccines can use genetic engineering methods to produce
the key proteins of HP, featuring high controllability, high safe-
ty, and ease of large-scale production.
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3.3 Live-vectored vaccine

Live vector vaccines often employ attenuated or non-pathogen-
ic microorganisms as vectors to carry antigen genes of the tar-
get pathogen, infecting host cells and expressing the antigens
to elicit an immune response. For HP, researchers have devel-
oped various vector systems based on lactic acid bacteria and
attenuated Salmonella. For example, Ni et al. constructed a
recombinant live bacterial vaccine using food-grade Lactoco-
ccus lactis as a vector to express urease subunit A (UreA) and
a fusion protein consisting of UreA fused to the heat-labile
enterotoxin B subunit of Escherichia coli. Studies have con-
firmed that oral immunization with this vaccine effectively
induces mucosal secretory IgA responses and Th1/Thl7-type
cellular immune responses in mice, while significantly reduc-
ing gastric HP colonization, with the recombinant Lactococcus
lactis expressing UreA group achieving a protection rate of
70% [23].

3.4 DNA vaccine

DNA vaccines typically contain DNA sequences encoding HP
antigens and are administered orally or mucosally, allowing
host cells to take up and express the antigens, thereby eliciting
an immune response. Chehelgerdi et al. designed a DNA vac-
cine based on the cagl gene. The vaccine was constructed by
cloning the cagh gene of HP into the pcDNA3.1(+) vector and
encapsulating it with chitosan nanoparticles to enhance immu-
nogenicity and protective efficacy [24]. Ansari ef al. developed
a DNA vaccine based on the fla4 gene, which induced a sig-
nificant immune response in mice following intramuscular
immunization [25].

Compared with traditional vaccines, DNA vaccines offer ad-
vantages such as ease of design and modification, as well as
sustained expression. Currently, although DNA vaccines have
shown promising results in laboratory studies, challenges
remain in clinical application, including the intensity and per-
sistence of the immune response. Nevertheless, some candidate
vaccines have achieved positive outcomes in clinical trials,
offering hope for translational application.

3.5 Epitope-based vaccine

In recent years, with a deeper understanding of antigen struc-
ture and immune response mechanisms, the design of novel
epitope vaccines has attracted increasing attention. This type
of vaccine targets specific antigenic determinants on the patho-
gen surface, enabling precise induction of specific immune
responses, thereby overcoming the design limitations of tradi-
tional vaccines. Keshri ef al. designed a multi-epitope vaccine
that integrates T cell, B cell, and IFN-y-inducing epitopes,
capable of simultaneously activating cellular and humoral
immunity [26]. Cui et al. employed immunoinformatics tools
to design a novel multi-epitope HP vaccine containing epitopes
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from nine essential proteins, and predicted and evaluated its
physicochemical properties using software tools and online
servers [27].

By precisely targeting key regions of the pathogen, epitope vac-
cines can circumvent the non-specific reactions and allergy
risks associated with traditional vaccines. Their innovative
strategies, such as multi-epitope synergy and computer-aided
design, open up efficient and personalized approaches for the
prevention and treatment of HP infection.

3.6 Outer membrane vesicles (OMVs) vaccine

OM Vs vaccines are a novel vaccine platform constructed based
on the naturally secreted nanovesicles of bacteria. They natu-
rally carry the membrane components and virulence factors of
HP, mimic infection, and efficiently activate innate immunity
through their intrinsic adjuvant activity [28]. For example, Liu
et al. successfully reversed immune evasion by knocking out
lipopolysaccharide (LPS) modification genes in HP and dis-
played antigens on the OM Vs surface using the autotransporter
system. Oral immunization with this recombinant OMVs vac-
cine in mice successfully induced mixed Th1/Th2/Th17 cellu-
lar immune responses and high levels of specific antibodies,
significantly reducing gastric HP colonization and demonstrat-
ing excellent protective efficacy [29].

However, the development of OMVs vaccines still faces chal-
lenges. Their naturally carried LPS may cause adverse reac-
tions due to excessive immune activation, and the inclusion of
virulence factors such as cytotoxin-associated gene A within
the vesicles poses safety risks. In the future, it will be neces-
sary to finely regulate the components of OM Vs through genet-
ic engineering to balance efficacy and safety while maintaining
strong immunogenicity. In summary, OM Vs, with their biomi-
metic structure, efficient delivery, and self-adjuvanting ability,
offer a promising and innovative strategy for the development
of HP vaccines.

3.7 Comparative summary of vaccine types

Whole-cell vaccines induce broad humoral and mucosal immu-
nity but are limited by complex antigen composition and reli-
ance on enterotoxic adjuvants such as CT/heat-labile entero-
toxin. Although non-toxic adjuvants like multiple mutant CT
have shown potential in animal models, research on whole-cell
vaccines has generally declined. Subunit vaccines, particularly
the oral recombinant UreB-based vaccine, have completed
phase III trials. They offer well-defined components and high
safety for prophylactic immunization in high-risk populations;
however, their weak immunogenicity necessitates adjuvant
support. Live vector vaccines mimic natural infection and
induce robust mucosal immunity, but safety concerns and poor
in vivo efficacy limit them to preclinical or phase I stages.
DNA vaccines are flexible and cost-effective yet suffer from
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Table 1. Research progress of various HP vaccines
Authors Vaccine type Development stage  Results Reference

Holmgren et al.  Whole-cell vaccine

Animal study (mouse) Gastric bacterial colonization reduced by approximately 50-to  [20]

125-fold

Animal study (mouse) Nasal/subcutaneous immunization reduced colonization; intra-  [21]

muscular injection ineffective

Chen et al. Subunit vaccine
Zeng et al. Subunit vaccine Phase 111 clinical trial
Ni et al.

Protection rates: 71.8% (1-year); 55.0% (2-year); 55.8% (3-year) [22]
Live-vectored vaccine Animal study (mouse) 70% of mice in the LL-UreA group showed no HP colonization; [23]

the remaining mice had only low-level colonization

Chehelgerdi et al. DNA vaccine Animal study (mouse) Reduced bacterial count and improved survival rate [24]
Ansari et al. DNA vaccine Animal study (mouse) Induced specific antibodies and cytokine responses [25]
Keshri et al. Epitope-based vaccine [In silico analysis Activates cellular and humoral immunity [26]
Cui et al. Epitope-based vaccine [n silico analysis Promising immunogenicity predicted [27]
Liu et al. OMVs vaccine Animal study (mouse) Induced mixed immune responses and effectively prevented HP  [29]

infection

Note: HP, Helicobacter pylori; LL-UreA, Lactococcus lactis expressing UreA; OMVs, outer membrane vesicles.

low immunogenicity and poor delivery efficiency, often requir-
ing nanocarriers for enhancement. Most remain at the preclini-
cal stage. Epitope vaccines offer high safety and are amenable
to computer-aided design; however, single-epitope constructs
exhibit weak immunogenicity and limited major histocompat-
ibility complex polymorphism coverage, confining them to in
silico or early animal studies [30, 31]. OM Vs have emerged as a
research hotspot. Their natural nanoparticle structure provides
self-adjuvant activity and effectively induces Th1/Th2/Th17
and mucosal immunity. Nonetheless, genetic engineering is
needed to reduce LPS toxicity and virulence factor risks, and
they remain at the preclinical stage [30, 32]. A comparative
summary of the six vaccine types is presented in Table 1.

4 ANTIBODY RESEARCH FOR HP

Compared with vaccine therapy, which establishes long-term
protection through active immunity, antibody therapy acts
directly by passively administering specific antibodies, provid-
ing an immediate solution for acute infections and the manage-
ment of drug-resistant strains. This therapy employs diverse
mechanisms of action, including preventing HP adhesion to
gastric mucosal epithelial cells, neutralizing virulence factors,
and inhibiting colonization and growth. For example, Hong et
al. developed a monoclonal antibody targeting vacuolating
cytotoxin A that neutralizes its toxicity and alleviates damage
to gastric mucosal cells [33]. Deng et al. developed immuno-
globulin Y (IgY) antibodies against multiple colonization-
related proteins, including flagellin A, blood group antigen-
binding adhesin A2, neutrophil-activating protein A, HP
adhesion protein A, and UreB, among which anti-FlaA IgY
exhibited the strongest inhibitory effect on HP growth and
adhesion. The study also found that combined use of antibod-
ies targeting different functional proteins could form a multi-
dimensional anti-infection strategy by simultaneously block-
ing bacterial motility, adhesion, and gastric acid neutralization
[34].
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Clinical studies have shown that oral administration of multi-
valent anti-HP IgY alone significantly improves clinical symp-
toms and increases the eradication rate in patients with HP
infection [35]. Moreover, in patients with previous eradication
failure, its combination with bismuth-based quadruple therapy
did not significantly increase the eradication rate but more
effectively alleviated symptoms and reduced adverse reactions,
thereby further enhancing the clinical efficacy of salvage treat-
ment [36]. These findings provide a basis for the practical appli-
cation of antibody therapy.

Currently, key challenges that remain to be addressed include
the oral stability of antibodies, extension of half-life, and cost
control. With technological optimization, antibodies are ex-
pected to play an important role in the treatment of HP.

5 NANODEVICE-BASED IMMUNOTHERAPY FOR HP

Traditional immunotherapy faces multiple bottlenecks, includ-
ing gastric acid degradation, the mucosal barrier, and immune
tolerance. However, various nanodevices, owing to their unique
structural designs and physicochemical properties, offer sys-
tematic solutions to overcome these obstacles.

5.1 Nano-delivery systems

Nano-delivery systems enable precise regulation of the distri-
bution and release of active vaccine components in vivo, there-
by providing a versatile technological platform for HP immu-
notherapy. To address the challenges posed by gastric acid deg-
radation and the mucosal barrier in oral vaccination, Chan et
al. developed a chitosan/DNA oral vaccine (chitosan/plasmid-
UreB nanoparticles) that remains stable in simulated gastric
fluid and effectively transfects gastric epithelial cells. Following
oral immunization, mice developed robust mucosal IgA and
systemic IgG responses, with elevated levels of IFN-y and
interleukin-17, and a 150-fold reduction in gastric HP coloniza-
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tion [37]. To overcome the poor induction of intestinal mucosal
immunity by subcutaneous vaccines, Xie et al. developed a
lactoferrin-stabilized squalene nanoemulsion that mimics neu-
trophil granule function. This emulsion co-delivers dual anti-
gens (UreB and HP adhesion protein A), retinoic acid, and the
CpG adjuvant. Upon subcutaneous injection, it forms a local
drug depot, recruits neutrophils and dendritic cells, and, via
retinoic acid, induces high expression of the gut-homing recep-
tor C-C chemokine receptor type 9 on immune cells, guiding
the targeted migration of activated lymphocytes to the gastro-
intestinal tract and ultimately achieving a protective efficacy
of 91.3% [38]. Furthermore, He et al. developed a buccal
microneedle patch (MN-Gel@MU, where MN denotes mi-
croneedle and MU represents the mesoporous silica-hydrogel
composite) that encapsulates UreB using mesoporous silica and
hydrogel, exhibiting excellent mechanical strength and resis-
tance to salivary washout. Its S-shaped release profile (slow
followed by rapid) avoids mucosal tolerance, promotes the
recruitment and maturation of antigen-presenting cells, and
ultimately induces potent secretory IgA and systemic immune
responses in distal mucosal sites such as the stomach and
intestine [39].

These nano-delivery systems, based on three cutting-edge
strategies-oral genetic immunization, subcutaneous induction
of gut homing, and local buccal microneedle delivery-activate
mucosal immunity by precisely modulating antigen exposure
kinetics, thereby providing innovative nanotechnological plat-
forms and design paradigms for HP immunotherapy.

5.2 Responsive nanodevices

Responsive nanodevices enable locally controllable therapy. Li
et al. designed a thermosensitive liposome system (BT@CPA)
co-loaded with clarithromycin and anti-programmed death-
ligand 1 (PD-L1) peptide-modified gold nanorods. Upon irra-
diation with a 1,064 nm laser, the gold nanorods generate mild
hyperthermia (~45 °C), triggering liposome disintegration and
antibiotic release while increasing bacterial membrane perme-
ability. Concurrently, the released anti-PD-L1 peptide blocks
the PD-L1/programmed death-1 axis, reverses T-cell apoptosis,
and restores anti-infective immunity. This platform achieves
triple synergy of photothermal therapy, chemotherapy, and
immune checkpoint blockade, resulting in an in vivo clearance
rate exceeding 99% and marked alleviation of gastritis [40].
Furthermore, antibody-targeted enhanced physical bactericidal
devices have demonstrated significant value. Zhi ef al. func-
tionalized gold nanostars with anti-HP antibodies (GNS@AD),
which, after oral administration, specifically bind to bacteria
and generate a photothermal effect (~45 °C) under 790 nm
laser irradiation, efficiently eliminating drug-resistant bacteria
[41]. Wang et al. constructed antibody-conjugated liposomes
encapsulating indocyanine green (HpAb-LiP-ICG); upon ultra-
sound excitation, they produce reactive oxygen species via
sonodynamic action, disrupting bacterial membranes with an
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in vitro bactericidal rate of 99.9% [42]. In summary, respon-
sive nanodevices provide a spatiotemporally controllable and
synergistically enhanced universal platform for HP immuno-
therapy.

6 CONCLUSION

This review discusses three main immunotherapeutic strate-
gies against HP: vaccines, antibody-based therapies, and
nanodevice-based immunotherapy. In vaccine development,
various platforms have been explored. Among them, subunit
vaccines lead in clinical translation, while OMVs represent a
next-generation candidate due to their self-adjuvanting and
natural delivery properties. Antibody-based therapies have
shown certain clinical promise. Notably, the application of
nanodevices in immunotherapy provides a feasible approach
to overcoming current bottlenecks and enabling clinical trans-
lation, particularly through nano-delivery systems and respon-
sive nanodevices, which allow for spatiotemporally controlled
drug release, improved antigen presentation, and synergistic
therapeutic effects.

Despite promising preclinical results, clinical translation of HP
immunotherapy faces several challenges: interindividual vari-
ability in immune responses, limited durability of vaccine-
induced immune memory, and poor oral delivery efficiency due
to the gastric acidic environment and mucosal barrier. Future
research should focus on establishing a more precise and dura-
ble immune prevention system. This includes patient stratifica-
tion based on host and pathogen characteristics, and sequential
strategies combining vaccines, antibodies, and nanodelivery
— for example, early neutralizing antibodies followed by
mucosal vaccination with pH-responsive nanosystems. Novel
directions such as microbiota modulation using an artificial
intelligence-designed 1107W antibody and engineered Esche-
richia coli Nissle 1917 probiotics and epigenetic intervention
by reversing C-X-C motif chemokine ligand 1 hypomethyl-
ation with demethylating agents are also promising [43, 44].
Additionally, health economics and accessibility must be con-
sidered. With interdisciplinary collaboration and innovative
trial design, HP immunotherapy holds potential for clinical
translation.
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