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Abstract 20 

Helicobacter pylori (H. pylori) is closely associated with gastric cancer and peptic ulcers. The 21 

effectiveness of antibiotic treatment against H. pylori is diminished by the emergence of drug-22 

resistant strains, side effects, high cost, and reinfections. Given the circumstances, it is 23 

imperative to develop a potent vaccination targeting H. pylori. Understanding H. pylori's 24 

pathogenicity and the host's immune response are essential to developing a vaccine. 25 

Furthermore, vaccine evaluation necessitates the careful selection of design formulation. This 26 

review article aims to provide a concise overview of the considerations involved in selecting the 27 

optimal antigen, adjuvant, vaccine delivery system, and laboratory animal model for vaccine 28 

formulation. Furthermore, we will discuss some significant obstacles in the realm of developing 29 

a potent vaccination against H. pylori. 30 
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Introduction 33 

H. pylori is a helical and partially oxygen-dependent bacteria that can endure in the stomach and 34 

establish a permanent presence. The incidence of H. pylori infection exhibits significant disparity 35 

among countries, with rates as high as 80% in African nations and above 60% in Latin American 36 

countries [1]. Economic development, education level, and sanitary conditions all have an impact 37 

on the variation in H. pylori infection prevalence [2]. Research has indicated that the primary 38 

variables contributing to the transmission of H. pylori during childhood are living in a crowded 39 

household, having a low socioeconomic position, and having parents, particularly mothers, who 40 

are infected with H. pylori [3]. The primary modes of transmission for this infection are oral-41 

oral, fecal-oral, and gastro-oral routes [4]. Transmission by raw chicken flesh is another recently 42 

studied route of infection [5,6]. A complex interaction of host, bacterial, and environmental 43 

factors mediates the clinical consequences of H. pylori infections [7]. Possible consequences 44 

include gastritis, ulcers in the digestive tract, lymphoproliferative gastric lymphoma, and even 45 

stomach cancer [8]. In addition, H. pylori is responsible for extra-gastrointestinal diseases such 46 

as skin disorders, kidney illnesses, allergy symptoms, metabolic syndrome, ischemic 47 

cardiovascular disease, and autoimmune diseases [9]. At present, there are four main first-line 48 

treatment regimens for H. pylori: clarithromycin-containing triple therapy, concurrent therapy, 49 

sequential therapy, and bismuth quadruple therapy. The recommended initial treatment is 50 

quadruple therapy [10]. It is possible for probiotics to improve intestinal microecology and 51 

overall health through their anti-inflammatory and antioxidant processes; nevertheless, they are 52 

not capable of increasing the pace at which H. pylori infections are eradicated. Because of this, 53 

probiotic therapy can only be utilized as an additional therapy in order to lessen the number of 54 

adverse events that are associated with antibiotics [11]. Nevertheless, the eradication of H. pylori 55 

is becoming increasingly challenging due to various factors, including biofilm formation and 56 

resistance to antibiotics [12]. In addition, despite the successful elimination of bacteria, H. pylori 57 

infection can potentially recur, causing financial and psychological burdens for patients. Hence, 58 

it is imperative to prioritize the focus on vaccine development. 59 

Despite the potential of the vaccine as a viable solution to achieve worldwide eradication of H. 60 

pylori, its development remains a formidable undertaking. The majority of research pertaining to 61 

this matter is still in its nascent phase and encounters significant obstacles, such as uncertainties 62 
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surrounding H. pylori's ability to evade the immune system and financial constraints [13,14]. 63 

Subsequently, the quest for a vaccination against H. pylori has entered a phase of swift 64 

advancement. Multiple H. pylori vaccines have been subjected to ongoing or concluded clinical 65 

trials. The primary obstacles to the development of an H. pylori vaccine encompasses the 66 

absence of sophisticated vaccine candidates [13,14], H. pylori's immune evasion tactics [15], 67 

restricted efficacy, insufficient animal models [16], as well as the financial and adherence 68 

aspects [17].  69 

This review article seeks to offer a succinct summary of the factors to be taken into account 70 

when choosing the most suitable antigens, adjuvants, vaccine delivery systems, route of 71 

administration, laboratory animal models, and the associated obstacles. Moreover, we will 72 

examine other substantial challenges in the field of establishing an efficacious vaccination for H. 73 

pylori. 74 

Vaccination against H. pylori, yes or not? 75 

Considering that almost 30 years have passed since the initial vaccine against H. pylori 76 

underwent a clinical trial, and no further progress has been made, it prompts the question of 77 

whether immunization against this bacterium should be pursued or not. If we persist in following 78 

this course of action, what are the impediments, and what strategies may we employ to enhance 79 

our accomplishments? 80 

The development of a vaccine against H. pylori has been challenging, and there are currently 81 

only a few vaccines in phase I clinical trials [14,18,19]. In addition, some progress has been 82 

made in the production of an efficient vaccine against H. pylori, with a recent phase III clinical 83 

trial reporting good prophylactic aspects for an oral vaccine [20]. Vaccination against H. pylori 84 

might have either positive or negative outcomes. The potential risks of an H. pylori vaccine 85 

includes the possibility of adverse effects for conditions that are inversely associated with H. 86 

pylori prevalence in worldwide populations, as H. pylori eradication may have unintended 87 

consequences [18]. Additionally, the limited protection generated in animal models raises 88 

concerns about the effectiveness of the vaccine in providing complete immunity [13]. 89 

Furthermore, the use of antibiotics in current H. pylori eradication therapies have drawbacks 90 

such as limited compliance, adverse reactions, and the risk of bacterial antibiotic resistance 91 
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development [21]. Therefore, the potential risks of H. pylori vaccine development encompasses 92 

not only the safety and efficacy of the vaccine itself but also the broader implications of H. pylori 93 

eradication and the limitations of current treatment options. Besides, vaccination has been shown 94 

to be effective in the prophylaxis and therapy of infectious diseases, and an H. pylori vaccine 95 

could protect against peptic ulcer disease and mucosa-associated lymphoid tissue (MALT) 96 

lymphoma [13,22]. Some vaccine formulations have shown a significant reduction in H. pylori 97 

colonization in animal models, indicating the potential for disease prevention . Additionally, 98 

vaccination could limit the use of antibiotics for H. pylori treatment, potentially reducing adverse 99 

reactions and the development of antibiotic resistance [14,17]. Overall, an effective H. pylori 100 

vaccine could provide significant benefits in terms of disease prevention, treatment, and public 101 

health impact. Despite these challenges, vaccination against H. pylori is considered the only 102 

practical approach to large-scale elimination of the bacterium [17]. 103 

Current status of the H. pylori vaccine 104 

Efforts by businesses and research institutions to create H. pylori vaccines in recent years have 105 

met with no results. Vaccines are now in their infancy, with the majority being in either phase I 106 

or preclinical development. Table 1 summarizes the most important potential vaccines, 107 

adjuvants, animal models, and immunological outcomes. 108 

 109 

Table1 . A summary of the primary H. pylori vaccines published in the literature, including their compositional 110 

properties and immune response data. 111 

Vaccine Antigen 

(s) 

Type of 

vaccine 

Prophylac

tic/ 

Therapeu

tic 

Route Adjuvant 

(s) 

Animal 

model 

Immunolog

ical effects 

 

Outcome Stage Re

f. 

H. pylori 
Hel 305 

- Whole cell Prophylact

ic 

Sublingual/ 

Oral 

mmCT C57BL/

6 mice 

↑α4β7+CD4
+ T cells, 

IFN-γ, and 
IL-17A 

↓Hp 

colonizatio

n 

Preclini

cal 

[38

] 

H. pylori 

SS1  

 

- Whole cell Therapeuti

c 

Oral Chitosan 

particles 

BALB/c 

mice 

↑IL-12, 

IFN-γ, IL-2, 

IL-10, 

humoral, 

Th1 and 

↓Gastritis 

and  Hp 

colonizatio

n 

Preclini

cal 

[39

] 
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Th2 

responses 

H. pylori  

 

- Whole cell Prophylact

ic 

Intranasal/

Oral 

CpG-ODN C57BL/

6 mice 

↑IgG2a and 

IFN-γ 

Prevention 

90% 

Preclini

cal 

[40

] 

H. pylori 

SS1 

- Whole cell Prophylact

ic 

Oral α-GalCer C57BL/

6 mice 

↑Intestinal 

and 

systemic 

Th1 

responses, 

antibody, 

CD1d, IL-

1R, IL-17R 

signaling 

Prevention 

70%, 

↓inflamma

tion 

Preclini

cal 

[21

] 

H. pylori 

 

- Whole cell Therapeuti

c 

Oral LT 

(R192G) 

- ↑Specific 

antibodies 

Did not 

eradicate 

H. pylori 

Phase I [41

] 

H. pylori - Whole cell Therapeuti

c 

Oral Chitosan 

particles 

BALB/c 

mice 

↑IFN, IL-

12, IL-10, 

IL-4 

↓IgG2a/IgG

1 ratio 

Prevention 

60% 

Preclini

cal 

[42

] 

pBudCE

4.1 

vector- 

FlaA 

FlaA Nucleic acid - Intramuscu

lar 

- BALB/c 

mice 

↑IgG, IgM, 

INF-γ, IL-2, 

IL-4, and 

IL-12 

 

- Preclini

cal 

[43

] 

pcDNA3

.-cagW–

CS-NPs 

CagW Nucleic acid Therapeuti

c 

Intramuscu

lar 

Chitosan 

nanoparticl

es 

BALB/c 

mice 

↑IFN-γ, IL-

2, IL-4, and 

IL-12, IgG, 

IgM 

↓Hp 

colonizatio

n 

100% of 

mice 

survived 

from 

challenge 

Preclini

cal 

[44

] 

pIRES2-

oipA-

IL(17-

18-22) 

OipA Nucleic acid Prophylact

ic 

Intraderma

l 

IL-17A, 

IL-18, IL-

22, Foxp3 

BALB/c 

mice 

↑IgG1, 

IgG2, IgA 

↑Th1 and 

Th17 

response 

 

Sterile 

immunity 

in  IL-17-

adjuvanted 

↓4-log 

bacterial 

load in 

Preclini

cal 

[45

] 
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IL-22- 

adjuvanted 

pcDNA3

- CagA-

VacA-

BabA 

CagA, 

VacA, 

BabA 

Nucleic acid Therapeuti

c 

Intramuscu

lar 

PVP40 BALB/c 

mice 

↑Apoptosis, 

T cell 

proliferation

, TNF-α, 

Th1,  Th2 

and  CD3+T 

cells 

activation 

↓Infiltration 

FOXP3+ T 

cells 

Suppress 

growth of 

GC 

Preclini

cal 

[46

] 

pVAX1-

pOipA 

OipA Nucleic acid Prophylact

ic 

Intraderma

l 

pIL-2 and 

pLTB 

C57BL/

6 

↑IFN-γ, IL-

2, IL-10, 

IL-12, IgG1 

and IgG2a 

Shifting the 

immune 

response 

from a Th2 

to a Th1 

Sterile 

immunity 

in  two 

mice 

(n=10) 

↓4-log 

bacterial 

load 

 

Preclini

cal 

[47

] 

CFAdE 

 

UreA, 

UreB, 

Lpp20, 

HpaA,Ca

gL 

Epitope Prophylact

ic 

Oral CTB, CFA, 

Polysaccha

ride 

adjuvant 

(PA) 

BALB/c 

mice 

↑IgG, sIgA, 

CD4+ Tcells 

↓Hp 

colonizatio

n, Gastritis 

Preclini

cal 

[26

] 

FVpE NAP, 

CagA,  

VacA, 

Urease 

Epitope Therapeuti

c 

Oral NAP, PA, 

LBP, 

chitosan 

Mongol

ian 

gerbil 

↑IgG, IgA, 

IFN-γ, IL-4, 

IL-17, 

CD4+ T cell 

↓Hp 

colonizatio

n 

Preclini

cal 

[48

] 

HUepi Urease, 

CagA, 

HpaA 

Epitope Therapeuti

c 

Oral LTB BALB/c 

mice 

↑CD4+ T 

cell 

Mucosal 

IgA, IgG 

↓Hp 

colonizatio

n 

Preclini

cal 

[49

] 

CWAE 
 

Urease, 
NAP, 

Hsp60, 
HpaA 

 

Epitope Therapeuti

c 

Oral CTB, NAP, 

CFA, 

aluminium 

hydroxide 

BALB/c 

mice 

↑mixed 
CD4+ T cell 

response 
IgG, IgA 

(sIgA), IL-
4, IFN-γ, 
and IL-17 

↓Gastritis, 

Hp 

colonizatio

n 

Preclini

cal 

[28

] 

Ty1033 UreA Vector (S. Therapeuti Oral - Human No immune Couldn’t  Phase I [31
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and 

UreB 

enterica 

Typhi) 

c volunte

ers 

response to 

antigens 

eradicate 

H. pylori 

infection, 

No serious 

adverse 

effects 

] 

Ty21a- 

UreA-

UreB 

UreA 

and 

UreB 

Vector (S. 

enterica 

Typhi) 

Prophylact

ic 

Oral - Human 

volunte

ers 

Detected 

specific T 

helper cells 

in 69% (9 

of 13) 

Well 

tolerance, 

cannot 

satisfactor

y 

protection 

Phase I [50

] 

EGDeA

B-

MECU 

UreB, 

FlaA, 

AlpB, 

SabA, 

and 

HpaA 

Vector (L. 

monocytoge

nes) 

Therapeuti

c 

Oral and 

Intravenou

s 

- BALB/c 

mice 

↑IgG, IgA 

(sIgA), IL-

4, IFN-γ, 

and IL-17 

↓Hp 

colonizatio

n 

Preclini

cal 

[33

] 

UreB-

LTB 

UreB Subunit Prophylact

ic 

Oral LTB children 

aged 6–

15 years 

↑IgG, IgA, 

sIgA, IL-4, 

IFN-γ, and 

IL-2 

Strong 

humoral 

and 

cellular 

immunity, 

can 

provide up 

to 3 years 

of 

continuous 

protection 

against H. 

pylori 

infection 

Phase 

III 

[20

] 

Multi-

antigen 

VacA, 

CagA, 

NAP 

Subunit Prophylact

ic 

Intramuscu

lar 

Aluminium 

hydroxide 

Human 

volunte

ers 

↑IgG, IgA, 

sIgA, IL-4, 

IFN-γ, IL-

10, IL-17, 

and IL-2 

Strong 

humoral 

and 

cellular 

immunity, 

cannot 

satisfactor

y 

protection 

Phase 

I/II 

[51

] 
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 112 

 113 

Due to the continuous regeneration of the stomach mucosa and the acidic pH of the stomach, H. 114 

pylori is able to evade the body's immunological response [23]. Also, complete eradication of H. 115 

pylori does not guarantee continuous safety. An H. pylori vaccination would decrease the 116 

occurrence and intensity of gastrointestinal diseases while also providing protection or large-117 

scale elimination of the bacterium [24]. Choosing a viable technique for administering a 118 

preventative or therapeutic vaccine, along with an efficient adjuvant and immunogenic bacterial 119 

antigens, is crucial [25]. Vaccines contain several antigens associated with vaccination, such as 120 

Urease (UreB and UreA), Vacuolating cytotoxin A (VacA), Cytotoxin-Associated Gene A 121 

(CagA), Neutrophil-activating protein (NapA), H. pylori adhesin A (HpaA), Blood group 122 

antigen-binding adhesion (BabA), hook-associated protein 2 homologue (FliD), outer membrane 123 

proteins (OMPs), Heat-shock protein A (HspA), gamma-glutamyl transpeptidase (GGT), and 124 

Outer inflammatory protein A (OipA)  [15]. The CFAdE [26], CTB-HUUC [27], and CWAE 125 

[28] vaccines consist of antigens and adjuvants that contain epitopes specifically expressed on 126 

CD4+ and CD8+ cells. Mucosal adjuvants, such as cholera toxin and Escherichia coli 127 

enterotoxin, have been used to increase the immunogenicity of many vaccinations, including 128 

whole-cell, subunit, and multiepitope vaccines [29]. Moreover, it is recommended to use 129 

intramuscular H. pylori subunit vaccines along with aluminum hydroxide adjuvants. 130 

Additionally, administering live vector vaccines such as Salmonella, Lactobacillus, and Listeria 131 

monocytogenes that express H. pylori antigens orally can help improve long-lasting immunity 132 

[30–33] 133 

Vaccines are predominantly in the preclinical or phase I stages, exhibiting inconsistency and 134 

yielding varying outcomes . The findings of a phase III randomized trial, however, demonstrated 135 

that oral vaccinations containing recombinant UreB were both safe and efficacious in children 136 

[14,19,20]. H. pylori vaccinations proved ineffective in reducing microbial load and only offered 137 

limited immunity in smaller animals and people [34]. One of the best ways to stop malignant 138 

gastric tumors and other serious problems linked to H. pylori infection, though, would be to 139 

create a vaccine that targets the bacteria [35]. Especially in the context of antibiotic resistance, 140 

the development of vaccines could make a particularly significant contribution [14,24,36]. 141 
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Potential candidates for the H. pylori vaccination are thoroughly reviewed in the references 142 

[14,36,37]. 143 

Host immune response against H. pylori 144 

H. pylori can trigger a diverse range of immune responses, leading to chronic inflammation and 145 

infection in the stomach. Bacterial components such as lipopolysaccharide, peptidoglycan, 146 

lipoteichoic acid, HspA, hypo-methylated CpG DNA, and NapA stimulate pattern recognition 147 

receptors, leading to the activation of many signal transduction pathways in gastric epithelial 148 

cells [15]. The intracellular signaling pathways involving mitogen-activated protein kinases and 149 

NF-κB play a significant role in activating the c-fos and c-jun genes. This activation leads to a 150 

substantial increase in the production of pro-inflammatory cytokines, specifically IL-8 [52]. A 151 

recent study discovered a correlation between certain variations in the genes responsible for toll-152 

like receptors (TLRs) 1, 2, 5, and 10 and an increased occurrence of H. pylori infection in a 153 

population from Turkey [53]. This discovery corroborates previous studies that have highlighted 154 

the significance of these pattern recognition receptors in the commencement of the infection 155 

[54,55]. The conserved domain D1 is found in bacterial flagellins and is acknowledged by TLR5. 156 

It is noteworthy that H. pylori does not exhibit this domain. However, a recent study found that 157 

the CagL protein, which is a component of the type IV secretion system (T4SS), can activate 158 

TLR5 even in the absence of flagellins [56]. Furthermore, as reviewed  in [57], the T4SS plays a 159 

crucial role in facilitating the activity of CagA by delivering this pathogenic factor directly into 160 

the cells of the gastric epithelium.  161 

At first, when the immune system is triggered, phagocytes are called upon, specifically in the 162 

stomach mucosa. Additional mechanisms include the production of targeted antibodies and the 163 

movement of activated CD4+ and CD8+ T cells to the stomach epithelium [58]. There is 164 

increasing evidence suggesting that a T helper 1 (Th1) response, which stimulates inflammation, 165 

may arise [59]. Furthermore, inspection of H. pylori infection in adults discovered increased 166 

levels of IL-17, emphasizing the significance of  T helper 17 (Th17)-type cytokines in that 167 

particular context [60]. An interesting component of the effectiveness of the anti-H. pylori 168 

vaccine is its ability to stimulate the Th17 immune profile [61,62]. H. pylori must decrease the 169 

activity, proliferation, and clonal expansion of effector T cells (Th1 and Th17 subsets) in order to 170 

colonize successfully. The γ-glutamyl transpeptidase (GGT) and VacA are two important 171 
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virulence factors that destroy T cell-mediated immunity. As a result, considering these two Th 172 

subsets and eliciting vaccination against GGT and VacA is critical to developing an effective 173 

vaccine [63]. Furthermore, IL-27 is a cytokine that plays a crucial role in determining the 174 

consequences of H. pylori infection. The latest investigation revealed that levels of IL-27 are 175 

elevated in patients who are positive for H. pylori in comparison to those who are negative for H. 176 

pylori. Remarkably, this molecule was discovered to have a positive correlation with Th1 177 

cytokine expression and a negative correlation with Th17 cytokine expression in both human 178 

serum and stomach mucosa [64]. When developing an anti-H. pylori vaccine, it is crucial to 179 

consider the role of IL-27, as it seems to have a substantial inhibitory impact on the Th17 profile. 180 

Several studies evaluated cell- and antibody-mediated immunity in urease vaccine-induced H. 181 

pylori protection in mice. The research shows that vaccination with the urease antigen requires 182 

MHC class II-restricted, cell-mediated pathways to protect against H. pylori infection, not 183 

antibody responses. Cell-mediated immunity was essential to removing H. pylori in mice 184 

injected with urease vaccination and adjuvant [65,66]. Post-H. pylori infection, gastrointestinal 185 

mucosa responses were dominated by CD4+ T cells, notably Th1 cells that produce interferon-186 

gamma IFN-γ [67,68]. in addition, H. pylori infection increased CD4+ T cells in rhesus monkey 187 

stomachs [69]. The main immunological responses seen were Th1 responses, typified by IL-2 188 

and IFN-γ production, and proinflammatory cytokine responses. No T helper (Th2) response was 189 

observed [69]. Tregs suppress the immune system by releasing immunosuppressive cytokines 190 

like IL-10 and transforming growth factor-β (TGF-β) to manage the inflammatory response to H. 191 

pylori [70,71]. In purposefully infected mice, Tregs decreased CD4+ T cell development, which 192 

may persistent the infection [72,73]. Conversely, mice without Treg cells had lower bacterial 193 

levels, increased Th1 responses, and more severe gastritis [72]. According to accumulated 194 

evidence, the protective immunity that the H. pylori vaccination induces might not be an 195 

antibody-based response. Ermak et al. showed that the urease vaccination protected B-cell-196 

deficient mice as well as wild-type mice [66]. A study found that B-cell-deficient (μMT) mice 197 

had better H. pylori eradication after 8 weeks of infection compared to wild-type mice [74]. 198 

However, investigations have shown that antibodies are essential for H. pylori eradication [75]. 199 

Targeted monoclonal antibodies can effectively inhibit urease [76]. Guo et al. created and tested 200 

the UreB vaccination on mice. This immunization increased IgG and IgA antibody production, 201 
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which blocked urease and reduced H. pylori in mice's stomachs. Thus, increased antibodies may 202 

protect against H. pylori [77]. 203 

Vaccine design against H. pylori varies between pediatric and adult populations [78]. Most 204 

infections typically arise during childhood and persist without receiving any treatment 205 

throughout a person's lifetime. Children often do not show symptoms and develop an 206 

immunological response that promotes tolerance. This response involves T regulatory cells and 207 

their products, as well as immunosuppressive cytokines including IL-10 and TGF-β. In contrast, 208 

adults with H. pylori infection experience a primarily inflammatory immune response that 209 

includes Th1 and Th17 cells as well as inflammatory cytokines like TNF-α, IFN-γ, IL-1, IL-6, 210 

IL-8, and IL-17. Infected  children generally experience less stomach inflammation and peptic 211 

ulcer disease compared to adults . Different vaccines may be necessary for children and adults 212 

because of the variations in the immune responses to H. pylori colonization. One could argue 213 

that adults benefit more from therapeutic vaccines and children from prophylactic ones. The 214 

innate and specific immune responses against H. pylori are summarized in Figure 1. 215 

 216 

 217 

Figure 1. A schematic representation of the host immune system's reactions to the H. pylori 218 

infection in the stomach. The first inflammation eradicates the bacteria and inhibits its dissemination. Capillary 219 

wall cells generate chemical mediators that infiltrate white blood cells at the site of injury during inflammation. As a 220 

result, neutrophils and monocytes in the blood are rejected. Dendritic cells, macrophages and neutrophils, 221 
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lymphocytes, and endothelium activate simple CD4+ T cells and trigger antigen-specific responses in Th1 and Th17 222 

cells. Th1 cells produce IFN-γ and regulate cellular immunity, whereas Th17 cells produce IL-17. IL-12 and IL-23 223 

are also present in H. pylori-stimulated macrophages.  A T-reg regulatory cellular response is also observed, which 224 

enhances immunity while suppressing Th1 and Th17-induced immunity by generating IL-10 and TGF-β. 225 

 226 

Antigen screening  227 

In order to prevent infections and/or treat existing diseases, vaccine-induced immunity must be 228 

achieved, which is known to be a complex process that depends on numerous variables. 229 

Considering the context of H. pylori infection, various antigens have been examined as 230 

prospective candidates for the development of vaccinations. It is widely acknowledged that 231 

vaccination antigens are often chosen based on unique traits. The presence of target antigens on 232 

the surface of the bacteria is necessary for their detection by the immune system. The antigens 233 

should be abundant, able to trigger an immune response, present in every bacterial isolate, and 234 

factors that contribute to the pathogenicity of the bacteria [19,29,79]. Figure 2 is a schematic 235 

representation of the primary targets for H. pylori vaccines that have been discussed in the 236 

literature. Some of these targets are described below. 237 

 238 
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Figure 2. The most effective antigens and various types of vaccines used in vaccine development against H. 239 

pylori.  240 

 241 

cagPAI 242 

The cag pathogenicity island (cagPAI) is a segment of the chromosome that spans 40 kilobases 243 

and contains a functional type IV secretory system (T4SS). This system is crucial for the 244 

development of H. pylori-related diseases. Within this region, there are three genes, namely 245 

cagA, cagL, and cagW, which can serve as potential antigens for incorporation into vaccines 246 

[44,80,81]. While the presence of cagPAI ensures the presence of a functional CagT4SS, around 247 

30% of H. pylori strains lack cagPAI entirely, and in certain strains, it is only partially present 248 

[82,83]. The clinical results caused by H. pylori vary in severity based on the presence of 249 

cagPAI. Consequently, partial deletions within cagPAI lead to a decrease in pathogenic 250 

characteristics [84,85]. The cagPAI is present in around 70% of all H. pylori strains worldwide, 251 

with a prevalence of 60% in western isolates and 95% in East Asian isolates [86].  252 

The CagA is situated near the terminal region of cagPAI, which is strongly associated with the 253 

synthesis of VacA [87,88]. Evidence suggests that CagA fragments can elicit an immune 254 

response. The recombinant protein CagA (rCagA) is bound to human antiserum [89]. Mohabati-255 

Mobarez et al. showed that the combined-immunization group of mice showed a robust Th1 256 

immunoresponse following rCagA and lipopolysaccharides (LPS) immunization, in contrast to 257 

the control group [90]. Paydarnia et al. also postulated that a CpG adjuvant containing H. pylori 258 

lipopolysaccharide and rCagA protein would generate a robust Th1-biased immunoresponse 259 

while also maintaining the recombinant protein's antigenicity throughout the experiment [91]. 260 

Research indicates that CagA strains positive have a greater ability to enhance the immune 261 

system's function by activating dendritic cells and promoting the production of IL-12, IL-17, and 262 

IL-23. Therefore, this molecule is proposed as a potential antigen for enhancing vaccinations 263 

[92–94]. In addition, clinical trials have also shown that CagA is an excellent candidate antigen 264 

for eliciting immune responses [30,51].  265 

Both CagW and CagL are proteins involved in the T4SS of H. pylori [95,96]. CagA is able to 266 

travel past the bacterial membrane barrier as a result of the interaction with CagW, which offers 267 

favorable circumstances [96]. The use of cagW as a DNA vaccine resulted in a significant 268 
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activation of both the mucosal and humoral immune responses in mice [44]. CagL attaches to 269 

receptors on host cells and initiates the activation of signaling pathways [97]. Mice that have 270 

been immunized with recombinant cagL can make IgA antibodies that specifically target cagL 271 

[80].  272 

VacA 273 

All strains of H. pylori have a single copy of the vacA gene on the chromosome, but only about 274 

half of these strains can make cytotoxin proteins [98]. VacA, which is associated with gastritis 275 

and peptic ulcers, induces cellular injury and the formation of pores in the plasma membrane 276 

[99]. H. pylori's lifelong colonization and pathogenesis are facilitated by VacA's effects on host 277 

cells, which include induction of apoptosis, autophagy, membrane depolarization, activation of 278 

mitogen-activated protein (MAP) kinases, inhibition of T cell function, interfering with MHC II 279 

antigen presentation, and mitochondrial dysfunction [98,100–105]. Guo et al. recently developed 280 

a vaccine called FVpE employing a polysaccharide adjuvant (PA) that contains Lycium 281 

barbarum polysaccharides (LBPs) and chitosan. This vaccine has Th1 immunoadjuvant NAP, 282 

VacA, CagA, and functional fragments of urease multiepitope peptides. When compared to the 283 

natural urease vaccine, FVpE is capable of eliciting elevated levels of antibodies that specifically 284 

target the antigen. Additionally, FVpE is able to significantly decrease the population of H. 285 

pylori in mice that are infected [48]. In phase II clinical research, a vaccination containing VacA, 286 

CagA, and HP-NAP along with aluminum hydroxide induced targeted antibody and T cell 287 

responses to all three antigens in healthy volunteers who were negative for H. pylori. Compared 288 

to the placebo group, this vaccine can boost the immune system's response to important H. pylori 289 

antigens. These antigens have been shown to be good candidates for vaccination because they 290 

contain vacuolating toxins [30]. 291 

Urease 292 

The production of urease by H. pylori is crucial for the bacterium's ability to colonize and 293 

survive, leading to gastric infection [57]. The H. pylori urease is composed of UreB and UreA 294 

heterodimers, which together form a polyenzyme. This enzyme makes up approximately 10–295 

15% of the total protein content in the bacteria [106]. The urease enzyme facilitates the 296 

transformation of urea into ammonia and carbon dioxide, which in turn elevates the acidic pH of 297 

the stomach to a neutral level. This process effectively neutralizes the acidic environment, 298 
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providing protection to H. pylori bacteria against its detrimental effects [107]. Carbon dioxide 299 

can shield bacteria from the poisonous effects of ONOO–, hence facilitating the growth and 300 

establishment of harmful microorganisms [108]. Ammonia has the ability to counteract excessive 301 

gastric acid, hinder the activity of neutrophils, facilitate the creation of harmful chemicals [109], 302 

and disrupt the integrity of connections between gastric epithelial cells [110]. Inhibiting urease 303 

activity plays a role in preventing and treating H. pylori by limiting its ability to colonize the 304 

stomach [111]. Urease has been predominantly employed as a possible antigen in most research 305 

studies [31,66,112–114]. In a mouse model that has been infected with H. pylori, the 306 

administration of the genetically engineered plasmid pcDNA3.1 (+)-ureA can induce an immune 307 

response [115]. The urease antigen is found in most immunizations that have progressed to the 308 

clinical trial stage [20,50,116–118]. 309 

Outer membrane proteins  310 

H. pylori outer membrane proteins (OMPs) maintain the outer membrane structure, transfer 311 

materials, and facilitate interaction with the host [119]. H. pylori OMPs are mostly lipoproteins, 312 

porins, iron-regulated proteins, efflux pump proteins, and adhesins [120]. These OMPs can cause 313 

disease in three ways: by adhering to surfaces as adhesins, by breaking down protective barriers, 314 

and by evading the immune system [121]. The adhesins of OMPs can activate the immunological 315 

response of the host cell and facilitate the intracellular transmission of signals in 316 

proinflammatory cells, thereby making OMPs suitable for use as an immunizing antigen [122]. 317 

H. pylori OipA is a key virulence component that helps bacteria adhere to host cells, resulting in 318 

the generation of proinflammatory cytokines and host adaptation [123,124]. The OipA gene can 319 

be "on/off" as well. OipA production usually produces positive CagA, indicating that these two 320 

proteins are linked [125]. Chen et al. demonstrated that oral therapeutic immunization with the 321 

Salmonella-delivered codon-optimized oipA construct (SL7207/poipA-opt) effectively 322 

eradicated H. pylori colonization in the stomach in mice. Furthermore, protection was associated 323 

with a robust Th1/Th2 immune response [126]. In another study, Soudi et al. demonstrated that 324 

recombinant OipA, when administered orally or intravenously, can stimulate Th1 325 

immunoresponse and generate IFN-γ production in mice [127]. 326 

Blood-group antigen-binding adhesin (BabA) and sialic acid-binding adhesin (SabA) are the 327 

main types of adhesins that are needed for infection and colonization. The BabA protein binds to 328 
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fucosylated H-type 1 and Lewis B glycans, and the SabA protein recognizes sialyl-Lewis A and 329 

X glycans [128]. Positive BabA in H. pylori strains is linked to duodenal ulcers and gastric 330 

adenocarcinoma progression, aiding in vaccine development [129]. SabA-expressing strains can 331 

cause gastric illnesses, excessive neutrophil infiltration, and gastric atrophy after infection and 332 

have a high colonization capacity [130]. Bugaytsova et al. found that administering the BabA 333 

vaccine to humans and rhesus macaques produced blocking antibodies, which reduced 334 

inflammation in the gastric mucosa, maintained gastric juice acidity, and provided complete 335 

protection against H. pylori-induced gastric cancer in a mouse model [131].  336 

H. pylori adhesion A (HpaA) is a conserved lipoprotein that binds to glycosylated components 337 

on gastric epithelial cells, allowing H. pylori to attach to the mucosa [132,133]. It also plays a 338 

role in dendritic cell development and antigen presentation [133]. The activation of TLR2 by 339 

HpaA depends on its N-terminal lipid component [134]. Tobias et al. found that administering 340 

formaldehyde-inactivated Vibrio cholerae expressing HpaA to mice increased serum antibody 341 

responses against HpaA, especially when co-expressed with fimbrial Enterotoxigenic 342 

Escherichia coli colonization factors on the bacterial surface [135]. 343 

Catalase 344 

Catalase (CAT) breaks down hydrogen peroxide into water and oxygen, protecting the body 345 

from gastric acidity [94]. Its selection for anti-H. pylori vaccines is based on its significant 346 

expression rates (1% of the total protein of H. pylori) during pathogenic infection and its 347 

presence in various bacterial cell locations [136]. CAT protects bacteria from reactive oxygen 348 

species [137] and macrophage engulfment [138], acting as a defense mechanism against harmful 349 

effects from the host. Recently, CAT's immunodominant Th1 epitopes were fully identified. 350 

Seven unique CAT epitopes promote a significant Th1 response via IFN-γ expression [139]. 351 

Miyashita et al. proved that immunization with pcDNA3.1-kat by intranasal and intracutaneous 352 

routes can elicit substantial production of IgG antibodies, diminishing the severity of gastritis 353 

and effectively shielding mice from H. pylori colonization [140]. 354 

NAP 355 

H. pylori neutrophil activating protein (NAP) is an adhesion and is present in almost all H. pylori 356 

isolates. NAP preferentially attaches to high-molecular-weight mucins to help bind to host cells. 357 

NAP's proinflammatory and immunomodulatory capabilities contribute to H. pylori-related 358 
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diseases [141,142]. Recent advances have been made in NAP's potential as a vaccine candidate 359 

[28,48,51,143,144]. Scientists used a brand-new type of salmonella vaccine called PIESV to 360 

deliver and activate several H. pylori antigen genes. These genes are HpaA, Hp-NAP, UreA, and 361 

UreB. In 70% of mice, this method completely prevented H. pylori SS1 infection. More IgG1, 362 

IgG2c, total IgG, and stomach IgA antibodies were found in immunized mice than in control 363 

mice, and the immunized mice also had unique cellular memory responses [145]. In another 364 

study, mice administered with a multivalent subunit vaccine containing NAP, UreA, UreB, and 365 

double-mutant heat-labile toxin (dmLT) as an adjuvant exhibited a notable immune response 366 

characterized by Th1/Th17 cell activation and the production of antigen-specific antibodies 367 

[144,146]. 368 

HspA 369 

The heat shock protein A (HspA), which is found in both the cytoplasm and on the cell surface 370 

[61], has been identified as a suitable antigenic option for developing vaccines against H. pylori. 371 

HspA plays a crucial role in sequestering nickel for urease activity. Intranasal immunization of 372 

mice with HspA resulted in decreased bacterial colonization in the stomach. The protection was 373 

achieved through a robust immune response, both at the systemic and localized levels, involving 374 

the production of antibodies and a well-regulated balance of Th1/Th2 cytokines [147]. Zhang et 375 

al. discovered two immunogenic, highly conserved HspA B-cell epitopes [148]. 376 

Lpp20 377 

Lipoprotein 20 (Lpp20), a membrane-associated conserved lipoprotein, is only detected in H. 378 

pylori. Nearly all H. pylori strains have Lpp20. Numerous studies have identified it as a 379 

promising H. pylori vaccine candidate due to its immunogenicity [26,149–151]. Sun et al. 380 

successfully developed Lpp20 in Lactococcus lactis recombinants. This vaccine increased blood 381 

IgG and decreased gastric urease activity in mice when orally administered [151]. An H. pylori 382 

vaccine, based on a baculovirus, was administered through different routes. The Thp1 transgene 383 

in this vaccine codes for nine H. pylori epitopes. These are carbonic anhydrase, urease B subunit, 384 

gamma-glutamyl transpeptidase, Lpp20, Cag7, and CagL. The results showed a robust IgG-385 

antibody response in the serum of mice, which was not dependent on the use of an adjuvant 386 

[152]. 387 
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GGT 388 

γ-Glutamyl-transpeptidase (GGT) converts glutamine to glutamate and ammonia, and 389 

glutathione to glutamate and cysteinyl glycine [153]. GGT functions in immune system 390 

activation by suppressing dendritic cell maturation, increasing Treg responses, and altering the 391 

CD4+ T cell cycle, making it a viable vaccine target [154]. GGT-containing vaccinations block 392 

GGT rather than neutralizing H. pylori, unlike other immune stimulants. This inhibition prevents 393 

T cell repression by increasing activated T cells and protecting against H. pylori infections [155]. 394 

Intranasal GGT and HspA immunization reduced stomach bacterial colonization in mice. Strong 395 

antibodies and a finely balanced Th1/Th2 cytokine response provided protection [147]. 396 

Flagellin 397 

Flagella, essential for bacterial motility, is required for H. pylori infection and colonization. FlaA 398 

and FlaB components are crucial for gastric mucosal damage and could be potential antigens for 399 

vaccine development [156]. Mice were given a DNA vaccine, and the pBudCE4.1-flaA construct 400 

successfully expressed flaA in cells and raised levels of cytokines and immunoglobulins in their 401 

blood [43]. Yan et al. constructed the recombinant plasmid pET32a-flaB and showed that rFlaB 402 

has satisfactory immunoreactivity and antigenicity in mice [157].  403 

Multivalent and/or multiepitope vaccine 404 

Individual subunit vaccines have limitations, including not providing immunity against all H. 405 

pylori antigens, not stimulating protective immune responses against different strains, and 406 

potentially causing adverse reactions such as allergic reactions or autoimmune diseases 407 

[14,29,158,159]. In addition, existing H. pylori vaccines struggle due to the bacteria's genetic 408 

variability. Also, H. pylori can adapt and evade the host's immune response, making it difficult to 409 

develop a monovalent universal vaccination that targets all strains. The persistence of H. pylori 410 

infection requires a prolonged immune response, which is difficult to achieve with conventional 411 

vaccines [160,161]. These issues highlight the need for novel vaccines that can overcome H. 412 

pylori's genetic diversity. Creating a multivalent and/or multiepitope vaccination that targets 413 

multiple bacterium strains may increase the likelihood of immunity [28,48,162].  414 

As shown in Figure 2, the immunodominant antigens of H. pylori that elicit an immune response 415 

have been utilized in several forms of vaccines, including whole-cell vaccines [163], DNA 416 
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vaccines [41,44,115,126], subunit vaccines [89,131], vector vaccines [80,143,150], and epitope-417 

based vaccinations [26,28,152].  418 

Genetic diversity  419 

H. pylori's high mutation and recombination rates create a diverse and ever-changing population 420 

within hosts, making vaccine development difficult [164]. This population's genetic diversity can 421 

lead to specialized adaptations and strong natural selection, underscoring the necessity for a 422 

vaccination that targets this varied group [164,165]. Immunogen virulence factors, including 423 

VacA and CagA, are generally targeted for H. pylori vaccination. However, these traits show 424 

genetic variability, complicating vaccine development [166]. To address this issue, a vaccination 425 

based on conserved epitopes that target many H. pylori proteins could be cost-effective and 426 

cover the bacteria's genetic heterogeneity [165]. Innovative vaccination research uses 427 

immunoinformatics to locate T- and B-cell epitopes [165–168]. The development of a 428 

multivalent epitope-based vaccine aims to capture the genetic diversity of the bacterial 429 

population, resulting in long-lasting and efficient immune protection [165]. 430 

Choice of vaccine adjuvant  431 

H. pylori proteins have limited immune response capabilities, making it difficult to eradicate the 432 

infection. Therefore, immunological adjuvants are essential during H. pylori vaccination. 433 

Adjuvants enhance the immune response's potency and duration, alter the immunological 434 

response's nature, and reduce vaccine production costs by reducing the amount of immunogen 435 

used [37]. Also, Adjuvants increase antigen immunity by enhancing inflammation and 436 

phagocytic penetration (Figure 3). The challenge lies in designing an adjuvant system for H. 437 

pylori vaccination, as existing efficacy in mice doesn't translate to humans, necessitating further 438 

experimentation and study to determine their suitability for human use. 439 
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 440 

Figure 3. Overview of the function of vaccines and adjuvants. Antigenic proteins in vaccines, called 441 

pathogen-related molecular patterns (PAMPs), are presented to antigen-presenting cells (APCs) and are identified by 442 

their pattern recognition receptors (PRRs), such as TLRs, at their surface. Adjuvants often act as PAMPs, which are 443 

identified by the PRR of the innate immune system. In the absence of adjuvants, mucosal delivery of vaccine 444 

antigens may result in T and B cell tolerance rather than effective immunization. Once identified, they are processed 445 

and placed on the major histocompatibility complex proteins (MHC-I or MHC-II) and are delivered to T cells Native  446 

CD4+ that stimulate cellular and humoral immune responses. This stimulation leads to the production of antibodies 447 

in the humoral immune system and cytokines in the cellular immune system. 448 

 449 

Mutants of CTB and LTB 450 

E. coli (ETEC) produces heat-labile enterotoxin (LT), a diarrhea-inducing toxin linked to cholera 451 

toxin (CT) [169]. Many studies have tried to make recombinants or mutants of CT or LT to 452 

lower their toxicity, even though they are very harmful to the intestines and cause severe side 453 

effects  [170–172]. CT complexly regulates lymphokine generation, T cell proliferation, antigen 454 

presentation, IgA synthesis, and B cell isotype differentiation. Its non-toxic binding subunit 455 

fraction (CTB) boosts mucosal immune responses to linked foreign antigens or epitopes 456 

[26,28,173]. Recently, Guo et al. constructed a multivalent epitope vaccine called FVpE, which 457 

includes the NAP, fragments from CagA and VacA, and a urease epitope. This vaccine was 458 
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found to enhance the protective effect of an oral vaccine by exacerbating mucosal inflammatory 459 

injury and inducing mixed CD4+ T cell responses [48]. There is strong evidence that vaccines 460 

with LTB as an immunoadjuvant can boost immunity [133,174,175]. LTB has some side effects 461 

but is used as an immunoadjuvant in most H. pylori vaccination clinical trials [20,41,112,118]. In 462 

a clinical trial, Banerjee et al. demonstrated that low-dose LTB maintains immunogenicity and 463 

decreases toxicity [116]. 464 

Cytokines 465 

Interleukins are used as immune adjuvants in H. pylori vaccine development due to their ability 466 

to provide immunomodulatory effects at low doses through high-affinity specific receptors. 467 

Many studies have demonstrated that the DNA vaccination can preferentially elicit Th1 468 

immunoresponse, including IL-2, IL-1, IL-6, IL-15, and IL-12, when combined with a cytokine 469 

gene-encoding plasmid [45,47,176]. IL-18, IL-17A, and IL-22 modulate the immune response 470 

and enhance the efficacy of DNA vaccines. The co-administration of the OipA gene and IL-17A 471 

has been demonstrated to induce sterile immunity in mice challenged with H. pylori [45]. 472 

Another study inoculated mice mucosally with recombinant Lactobacillus lactis-expressing 473 

UreB-IL-2 chimeric protein. This vaccine produced anti-UreB antibodies, lowered the bacterial 474 

load, and elevated IFN-, IL-4, and IL-1 [176]. 475 

Chitosan 476 

The utilization of chitosan, a natural polysaccharide derived from D-glucosamine and chitin, as 477 

an adjuvant in a H. pylori vaccine has been investigated in the studies conducted by Gong YF et 478 

al. and Xie Y et al. Chitosan, characterized by its non-toxicity, non-irritability, non-allergenicity, 479 

biodegradability, biocompatibility, and bioadhesiveness, has shown promising results in these 480 

studies. Gong YF et al. reported that a chitosan-adjuvanted H. pylori vaccine elicited higher 481 

levels of H. pylori-specific antibodies and cytokines, including IFN-γ, IL-10, IL-2, and IL-12, 482 

and achieved a superior H. pylori elimination rate of 58.33%, compared to a cholera toxin-483 

adjuvanted vaccine with an elimination rate of 45.45% [39]. Furthermore, Xie Y et al. found that 484 

the chitosan-adjuvanted vaccination generated both Th1 and Th2 immune responses and gave 485 

immunoprotection in 60% of the tested mice, a substantially greater rate than that observed in the 486 

H. pylori antigen-only group. [42]. These findings underscore the potential of chitosan as an 487 

efficacious adjuvant in H. pylori vaccination. 488 
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cGAMP 489 

Cyclic guanosine monophosphate-adenosine monophosphate (cGAMP) is a signaling molecule 490 

that regulates the body's immune responses and enhances antigen-specific responses, particularly 491 

the Th1 response [177]. It is created when DNA ligands stimulate cyclase, activating the STING 492 

receptor protein and producing cytokines [178]. STING agonists like cGAMP are promising 493 

immunoadjuvants [179]Chen et al. found that intranasal and subcutaneous vaccinations with 494 

recombinant H. pylori UreA, UreB, and NAP adjuvanted with cGAMP reduced stomach 495 

mucosal colonization in mice. Antigen-specific serum IgG and mucosal IgA responses increased 496 

considerably in all challenged immunized animals. Only intranasally infected mice produced IL-497 

17 responses, which were connected to antigen-specific Th1 and Th17 responses and vaccine-498 

induced protection [180]. 499 

CpG ODNs 500 

The toll-like receptor 9 can recognize CpG oligodeoxynucleotides (CpG ODNs), which turn on 501 

immune cells and are added to vaccines to protect against cancer, allergies, and infections [181–502 

183]. Studies have shown their effectiveness in eliciting immune responses against H. pylori in 503 

mice, with intranasal administration of CpG ODNs with whole cell antigens significantly 504 

increasing specific IgG, IgA, and IFN-γ responses and enhancing protection against infection 505 

[40,184]. Furthermore, the combination of the rCagA protein with CpG not only maintains the 506 

antigenicity of the recombinant protein but also stimulates a strong immune response, 507 

specifically targeting Th1 cells [91]. These findings underscore the potential of CpG ODNs as 508 

effective mucosal adjuvants for H. pylori vaccines.  509 

α-GalCer 510 

α-Galactosylceramide (α-GalCer) is a glycolipid obtained from a marine sponge that triggers 511 

both humoral and cellular immune responses [185]. It activates iNKT cells through CD1d, 512 

resulting in the release of Th1 and Th2 cytokines [186,187]. The impact of the α-GalCer 513 

adjuvant closely resembles that of conventional CTB [21]. α-GalCer as an adjuvant can enhance 514 

immune responses to various pathogens, including H. pylori, the herpes simplex virus, and 515 

enterotoxin-producing E. coli [21,188,189]. In the case of H. pylori, relying on the signaling of 516 

CD1d, IL-1R, and IL-17R, intragastric immunization against H. pylori using whole-cell 517 

inactivated antigen and α-GalCer produced strong Th1 cellular immune responses and antigen-518 
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specific antibody responses in both mucosal and systemic regions [21]. Overall, α-GalCer shows 519 

promise as an adjuvant for oral vaccinations targeting H. pylori infection, as it enhances immune 520 

responses and promotes protective mucosal immunity. 521 

PPSs 522 

Plant polysaccharides (PPSs) such as Astragalus polysaccharides, Epimedium polysaccharides, 523 

chitosan, and LBPs are biologically active compounds that possess distinctive properties and 524 

minimal toxicity [190]. Studies have demonstrated that polysaccharide adjuvants are efficacious 525 

vaccination adjuvants that enhance both cellular and humoral immunity [191–193]. For instance, 526 

the addition of chitosan and polysaccharide mucosal adjuvant in LBPs has been found to 527 

improve the efficacy of the protective effect of a multivalent epitope (CagA, VacA, and NAP) 528 

vaccination [48]. Similarly, the Astragalus polysaccharides and rUreB can stimulate a combined 529 

Th1 and Th17 immune response, potentially enhancing the mice's ability to defend against H. 530 

pylori infection [194]. 531 

Propolis  532 

Propolis is a resinous compound collected by honeybees from flowers and has 533 

immunostimulatory and immunomodulatory properties [195]. In a study, the use of propolis as 534 

an adjuvant with an inactivated vaccine against swine herpesvirus type 1 (SuHV-1) resulted in 535 

increased cellular and humoral immune responses compared to a control vaccine [196].  Another 536 

study found that propolis as an adjuvant increased the level of IFN-γ by increasing the mRNA 537 

synthesis of IFN-γ and enhanced the intensity of the cellular immune response in mice 538 

vaccinated with an H. pylori OipA protein vaccine [127]. This suggests that propolis, as an 539 

adjuvant, can contribute to the effectiveness of vaccines. 540 

Melittin 541 

Melittin, the primary constituent of bee venom, is composed of 26 amino acids and possesses 542 

immunomodulatory properties that augment the production of IFN-γ and thus boost the 543 

functionality of Th1 cells. This brief peptide also has the capacity to decrease IL-10 and enhance 544 

IL-1β in the equilibrium of cytokines. Melittin can serve as an adjuvant for the H. pylori 545 

vaccination. Jafari et al. designed, produced, and isolated a multi-epitope vaccine comprising 546 

CD4⁺ T cell epitopes of UreB, HpaA, and NapA antigens, with an emphasis on IFN-γ production 547 
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targeting H. pylori, utilizing melittin as an adjuvant. However, the efficacy of using melittin as 548 

an adjuvant in the H. pylori vaccine has not been documented. 549 

Vaccine-Delivery systems 550 

Developing a safe and effective vaccine against H. pylori is crucial for eradicating the bacterium 551 

on a large scale. However, the complexity of the mucosal immune environment has made this 552 

challenging [23]. These systems aim to enhance the immune response by delivering antigens in a 553 

targeted and efficient manner. The choice of delivery system depends on factors such as the 554 

target antigen, desired immune response, and specific vaccine application [197]. Each system has 555 

its own advantages and can contribute to the development of safe and effective H. pylori 556 

vaccines. Despite the development of various adjuvants and delivery modalities for 557 

immunization, there is currently no licensed inactivated whole cell vaccination for H. pylori. 558 

Enhancing the immunogenicity and ensuring the safety of vaccines continue to be challenges 559 

[36].  560 

OMVs 561 

OMVs, which contain proteins, poisons, and lipids, play a significant role in bacterial-host 562 

interactions [198]. They have shown promise as a delivery mechanism for antigens with the 563 

successful transportation of heterologous proteins to vesicles [199]. Two articles discuss the 564 

potential of OMVs as delivery systems to promote protective efficacy against H. pylori infection 565 

in mice. Song et al. found that orally-administered OMVs from H. pylori 7.13 showed protective 566 

activity without significant toxicity. OMVs triggered Th2-based immune responses, reducing the 567 

bacterial load after H. pylori Sydney strain 1 assault. Liu et al. demonstrated that OMVs reduced 568 

H. pylori infection via Th2-biased immune responses [200]. Moreover, OMVs are recognized as 569 

a promising adjuvant because of their minimal toxicity and capacity to elicit a comprehensive 570 

immune response [201]. 571 

Vaccine vectors  572 

The research articles offer useful insights on the prospective utilization of bacterial, yeast, and 573 

viral vectors for the advancement of vaccines against H. pylori infection [36]. The attenuated 574 

vector can display H. pylori immunogens to cells those present antigens, activating host immune 575 
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responses. Hence, vector vaccines mimic natural infection, causing a lasting immune response 576 

[33,145].  577 

Bacteria  578 

The mucosal delivery of lactic acid bacteria (LAB) target proteins can trigger systemic humoral 579 

and cellular immunoresponses [202]. Gou et al. created LL-plSAM-FVpE, an L. lactis surface 580 

display method targeting M cells. plSAM can increase M cell phagocytosis and transport of 581 

antigens in the gastrointestinal tract and elicit a protective immunoresponse [32]. In another 582 

study, high mucosal SIgA antibody levels and enhanced mouse protection against H. pylori 583 

infection can be achieved with recombinant L. acidophilus expressing Hp0410 [203]. A L. lactis 584 

strain was used to express HpaA and Omp22, and orally vaccinated mice had a strong systemic 585 

humoral immune response compared to PBS controls [204]. Aliramaei et al. created a L. lactis 586 

MG1363-carrying CagL vaccine, and the levels of specific IgA, IL-17, and IFN-γ dramatically 587 

increased in mice [80]. L. lactis-delivering Lpp20 effectively reduces the bacterial load in H. 588 

pylori-challenged mice. The serum IgG levels and lowered urease activity in the stomach 589 

following H. pylori challenges demonstrated its potential for mucosal immunization against H. 590 

pylori [151]. 591 

Live immunization with attenuated Salmonella can induce an immune response against 592 

Salmonella and stimulate mucosal, humoral, and cellular immunity to transport antigens after 593 

immunization [205]. Nasal immunization of mice with Salmonella typhimurium phoPc 594 

expressing H. pylori urease A and B subunits made 60% of mice resistant. This shows that the 595 

vaccine can induce Th1- and Th2-type responses, protecting against H. pylori [206]. Chen et al. 596 

developed an attenuated Salmonella typhimurium bacterial ghost (SL7207-BG) vaccination to 597 

deliver an H. pylori OipA gene DNA vaccine. This immunization reduced bacterial colonization 598 

in C57BL/6 mice challenged with H. pylori strain SS1 and elicited a mixed Th1/Th2 immune 599 

response [207]. T cell reactivity against H. pylori antigens was linked with the elimination or 600 

considerable reduction of H. pylori burden in volunteers who were orally inoculated with 601 

Salmonella enterica serovar Typhi Ty21a, producing H. pylori urease [50]. Oral administration 602 

of a live, attenuated Salmonella enterica serovar Typhi vaccine generated mucosa-homing CD4+ 603 

and CD8+ T lymphocytes. These immune-enhancing cells may target H. pylori's habitat [208]. 604 

These studies collectively suggest that Salmonella-based vaccines can induce protective 605 
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immunity against H. pylori infection, potentially offering a promising strategy for controlling 606 

this common bacterial infection. 607 

Researchers used Bacillus subtilis spores to deliver H. pylori urease B, using the spore coat 608 

protein CotC as a fusion partner. The result showed significant levels of urease B-specific IgA 609 

and IgG in feces and serum, indicating an immune response. Spore-carrying CotC-UreB was 610 

administered orally to a mouse model, resulting in an 84% reduction in H. pylori-positive mice 611 

[209]. Recently, a vaccine based on spores of B. subtilis and H. pylori protective antigens UreA 612 

and UreB has shown potential for further development and clinical trials. Mice were orally 613 

inoculated and challenged with H. pylori to assess immunological responses and colonization. 614 

Antigen-specific mucosal responses (fecal sIgA), seroconversion (serum IgG), and up to 1-log 615 

less H. pylori load, indicating the development of protective immunity [210]. 616 

The Shigella 2aT32-based vaccination tested the UreB-HspA fusion antigen for H. pylori 617 

protection in mice. Oral administration with or without a parenteral boost produced specific 618 

antigen immune responses and dramatically reduced H. pylori colonization after challenge, 619 

suggesting the vaccine's ability to prevent H. pylori infection [211].  620 

The optimized attenuated Listeria monocytogenes carrying a multi-epitope chimeric antigen 621 

(MECU) can significantly reduce the colonization of H. pylori and induce a high level of anti-H. 622 

pylori antibodies after intragastric and intravenous immunization [33].  623 

Yeasts 624 

Cen et al. developed a Saccharomyces cerevisiae-based oral vaccine, producing recombinant 625 

UreB and VacA. The vaccine demonstrated significant humoral and mucosal immunoresponses 626 

and significantly reduced the H. pylori load in mice [212]. 627 

Viruses 628 

It may be possible to improve long-lasting immunity against H. pylori by the use of viral vectors 629 

[36]. Clinical trials have demonstrated that the measles virus (MV) may offer a novel and 630 

flexible approach to the treatment of infectious diseases and cancer [213]. In a study, mice 631 

received a baculovirus containing a Thp1 transgene encoding nine H. pylori epitopes 632 

intramuscularly, intragastrically, and intranasally. H. pylori-specific IgG and IgA antibodies 633 

were found in serum samples 125 days and feces samples 82 days after immunization, 634 
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respectively [152]. A recombinant MV Edmonston vaccination strain expressing the H. pylori 635 

HspA antigen was created by Iankov et al. The outcomes demonstrated the recombinant MV-636 

HspA strain's potent immunogenicity to the H. pylori HspA antigen as well as its potent 637 

anticancer activity. To improve these viruses' efficacy, safety, and administration, more research 638 

is needed [214]. 639 

Nanotechnology  640 

Nanotechnology has the potential to boost H. pylori vaccine efficacy by limiting degradation and 641 

improving delivery. With current H. pylori treatment methods failing, developing a vaccine that 642 

can be distributed effectively could be a cost-effective solution to manage H. pylori epidemics 643 

[215].  644 

Zhang et al. developed a self-assembling nanoparticle with hydrophilic and slightly negative 645 

surface properties containing UreB demonstrated enhanced systemic and mucosal immune 646 

responses in mice, suggesting their potential as oral vaccines against H. pylori [216]. The 647 

researchers synthesized protein nanocapsules using the A subunit of H. pylori urease (UreA) and 648 

tested their efficacy in a mouse model. The study found that mice vaccinated with the 649 

nanocapsules, combined with an adjuvant, showed significantly reduced H. pylori colonization 650 

[217]. Liu et al. designed HP55/poly (n-butylcyanoacrylate) (PBCA) nanoparticles to carry the 651 

H. pylori subunit vaccine, CCF. The nanoparticles promoted the production of serum antigen-652 

specific antibodies, mucosal secretory IgA, and pro-inflammatory cytokines. In mice vaccinated 653 

with HP55/PBCA-CCF NP, stomach tissue showed an enhanced Th1/Th17 immune response 654 

and lymphocyte activity, possibly limiting H. pylori colonization [218]. Additionally, Yang et al. 655 

developed an intranasal vaccine nanoemulsion containing a dominant HpaA epitope peptide. The 656 

system's delayed antigen release elicited a significant Th1 immune response. The nanoemulsion 657 

prolonged the epitope peptide in the nasal cavity and boosted its absorption into cells, boosting 658 

vaccination-induced Th1 immune responses and reducing bacterial colonization. Mixing the 659 

vaccine with a CpG adjuvant increased protection [219]. However, although nanoemulsions are 660 

widely used for combating bacterial growth and are easy to produce and preserve, there are very 661 

few studies on the eradication of H. pylori using them [220]. Therefore, the applicability of 662 

nanoemulsions as effective alternatives for H. pylori therapy requires further investigation. In 663 
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summary, these studies highlight the potential of nanoparticle-based vaccines for combating H. 664 

pylori infection. 665 

Vaccine route administration  666 

H. pylori vaccine administration routes struggle to produce a significant and protective immune 667 

response. Vaccine administration method affects immune response type and magnitude. Oral, 668 

nasal, parenteral, rectal, subcutaneous, and intramuscular administration routes have all been 669 

investigated for the H. pylori vaccine. Kleanthous et al. studied UreA-LTB administration via 670 

oral, nasal, and rectal routes in mice. All routes of administration prevented H. pylori infection 671 

and dramatically reduced stomach urease activity relative to the sham-immunized control group. 672 

All mouse immunization strategies reduced H. pylori by 97%. Before the H. pylori challenge, 673 

rectal immunization produced the most gastric ant-iurease IgA [221]. Another study investigated 674 

the protective effect of a multicomponent (UreB, HspA, and HpaA) vaccine with two different 675 

adjuvants (Al (OH)3, LT (R72DITH) ) in administration either intragastrically or intramuscularly 676 

to Mongolian gerbils against H. pylori infection. The triple-antigen vaccine combined with the 677 

LT (R72DITH) adjuvant showed an average protection rate of 86.3%, which was significantly 678 

higher than the vaccine combined with the Al (OH)3 adjuvant (average 53.4%) both 679 

intragastrically and intramuscularly. The intragastric route induced higher levels of gastric anti-680 

H. pylori IgA, IgG, and lower levels of gastric inflammation and ulceration compared with the 681 

intramuscular route [222].  682 

For H. pylori, mucosal immunity is particularly important, as the infection occurs in the gastric 683 

mucosa. Oral vaccines are attractive because they can directly target the mucosal immune system 684 

and are more convenient and acceptable, especially in low- and middle-income countries 685 

(LMICs) where the burden of H. pylori-related diseases is highest [223]. Oral vaccines are a 686 

promising approach due to their direct action on mucosal immunity, but they must be designed to 687 

withstand the harsh gastrointestinal environment. The development of mucosal vaccines for H. 688 

pylori infection has faced several challenges, including the complexity of the host immune 689 

response, the lack of safe mucosal adjuvants, and the inconsistent results obtained from different 690 

mucosal routes of vaccination, such as sublingual, rectal, and intranasal [21,30,224,225]. Also, 691 

the barrier provided by mucosal surfaces to prevent antigen delivery and immune response is the 692 

constant exposure of mucosal surfaces to commensals and innocuous foreign substances, which 693 
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may lead to tolerogenic responses [226–228]. Moreover, the dose of mucosal vaccine that 694 

actually enters the body cannot be accurately measured due to the labor-intensive and technically 695 

challenging recovery and functional testing of mucosal T cells [223]. As a result, only a few 696 

mucosal vaccines have been approved for human use, and they were not specifically designed for 697 

mucosal application. Despite these challenges, some studies have shown promising results in 698 

using various adjuvants and antigens to induce protective immune responses [21,229]. For 699 

example, an oral alpha-galactosylceramide adjuvanted H. pylori vaccine has been found to 700 

induce protective IL-1R- and IL-17R-dependent Th1 responses [21]. However, more research is 701 

needed to overcome the barriers associated with mucosal vaccination and to develop an effective 702 

H. pylori vaccine. 703 

Intramuscular vaccines with adjuvants have shown efficacy in animal models, but more research 704 

is needed to optimize these vaccines for human use. Challenges associated with these routes of 705 

immunization include the need to overcome the immune-modulating capacity of H. pylori, the 706 

development of resistance to treatment, and the host's propensity to downregulate the immune 707 

response following infection [30]. Some studies have explored the use of different adjuvants, 708 

such as aluminum hydroxide, to enhance the immune response to H. pylori antigens [30,224]. 709 

However, no study has reported protective immunity with intramuscular vaccines [230]. 710 

However, the most promising route of administration for H. pylori vaccines in humans is yet to 711 

be conclusively determined and requires further research and development, as challenges such as 712 

the need to induce sterilizing immunity and the selection of the right adjuvant for human use 713 

remain.  714 

Selection of animal models for vaccine evaluation 715 

To test H. pylori preventive and therapeutic vaccinations, animal models must be colonized and 716 

given pathophysiological conditions that mimic human gastrointestinal illnesses [231]. Finding 717 

an acceptable model is challenging due to chronic stomach colonization and unknown infection 718 

patterns [16]. The intricate interaction between H. pylori and the stomach epithelium over 719 

decades produces gastric cancer. Thus, animal models of H. pylori infection and immune 720 

response are being sought [232,233]. H. pylori may infect dogs, cats, pigs, monkeys, mice, 721 

Mongolian gerbils, and guinea pigs [16]. Below, we delve into the top animal models. 722 
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H. pylori Sydney strain 1 causes gastric cancer and CG in mice, but wild-type models like 723 

BALB/c and C57BL/6 cause moderate gastritis or slowly progressing diseases [234–236]. These 724 

models provide limited insights into H. pylori pathogenicity, as the mouse stomach's structural 725 

makeup differs from the human stomach and may include microorganisms affecting infection 726 

[237,238]. To study H. pylori, several mouse models, including insulin-gastrin, IFN-γ, TNF-α, 727 

IL-1β, and IL-10 knockouts, Fas antigen transgenic, p27-deficient, and CagA-transgenic mice, 728 

are used [231].  729 

The most common animal model for H. pylori infection is Mongolian gerbils. Mongolian gerbils 730 

mimic human H. pylori-induced stomach colonization, inflammation, ulceration, and 731 

carcinogenesis [239,240]. Several further studies have demonstrated that Mongolian gerbils 732 

exposed to H. pylori develop stomach, duodenal, and intestinal metaplasia (IM) [241–243]. H. 733 

pylori colonization of the stomach mucosa causes a varied lamina propria inflammatory 734 

infiltrate, similar to human diseases. This infiltration contains neutrophils and mononuclear 735 

leukocytes [244,245]. Hence, they are effective and affordable rodent models.  736 

Guinea pigs are lab animals with human-like stomachs. It can create an inflammatory response 737 

from stomach epithelial cell IL-8 release. Like the mouse model, guinea pig models show how 738 

easy animal care is due to their small size. The guinea pig stomach also has a cylindrical 739 

epithelium, maintains sterility, produces IL-8, and lacks a non-glandular area [246,247].  740 

H. pylori strains can infect macaques [248]. Macaques may acquire H. pylori from humans or be 741 

a natural reservoir for the pathogen. Rhesus macaques offer many advantages over tiny animal 742 

models. Socially housed rhesus macaques are naturally infected with H. pylori and resemble 743 

humans physiologically and morphologically [249]. Additionally, all infected macaques will 744 

develop chronic gastritis (CG), and a fraction may develop gastric atrophy, a histological 745 

characteristic that precedes gastric cancer [250]. However, studies on non-human primates are 746 

time-consuming, laborious, and expensive, making it impossible to assess H. pylori 747 

pathogenicity. H. pylori typically infects the human stomach mucosa; however, few captivity-748 

raised macaques were spontaneously infected [251].  749 

Finding an animal model that accurately replicates all features of H. pylori infection in humans is 750 

challenging. While mouse models provide limited insights into H. pylori pathogenicity, 751 

Mongolian gerbils are effective and affordable rodent models that mimic human H. pylori-752 
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induced stomach colonization, inflammation, ulceration, and carcinogenesis. Guinea pigs, with 753 

their human-like stomachs, can also create an inflammatory response similar to that of humans. 754 

Macaques offer advantages as they are naturally infected with H. pylori and resemble humans 755 

physiologically and morphologically, but studying them is time-consuming, laborious, and 756 

expensive. Overall, based on our present understanding of virulence factors and their interactions 757 

with the immune system, it may be required to select an animal model based on certain optimum 758 

conditions. Factors such as the utilization of antigens that activate cellular or humoral immunity, 759 

recruiting various cells of the immune system, and categorizing the vaccine as therapeutic, 760 

prophylactic, and anti-disease rather than anti-pathogen might play a crucial role in selecting the 761 

appropriate animal model. Thus, given the present circumstances, it may be unattainable to 762 

accomplish all required objectives with a solitary animal model. 763 

Conclusions and prospects  764 

An optimal H. pylori vaccination for human use should possess not only efficacy and safety but 765 

also necessitate high patient adherence and provide durable protection over an extended period 766 

of time. Despite the efforts, an effective vaccine against H. pylori infection has not yet been 767 

developed [37]. The key challenges in designing vaccines against H. pylori include: (1) the 768 

considerable genetic diversity and molecular mimicry exhibited by H. pylori; (2) the immune 769 

evasion strategies employed by H. pylori; (3) the constraints in choosing suitable animal models; 770 

and (4) the identification of an appropriate vaccine delivery system to overcome the various 771 

obstacles in the stomach. This review adds to the existing knowledge by summarizing the 772 

advances in H. pylori vaccine research, including host immune interaction, candidate antigens, 773 

adjuvants, animal models, and delivery systems.  774 

Several vaccine candidates have been explored, including recombinant subunit vaccines using 775 

UreB, VacA, CagA, NapA, HpaA, and so on as the vaccine antigen, which have shown good 776 

prophylactic effects . Multiple investigations have shown single-antigen immunity against H. 777 

pylori is insufficient. Immunity to H. pylori is typically provided by administering a cocktail of 778 

antigen subunits or combining epitopes from several antigens [165,167]. Thus, many research 779 

institutions create H. pylori vaccines using various antigens. Epitope-based vaccines are cheaper 780 

than mixed proteins and can target more protein targets. Thus, multiepitope vaccinations are 781 
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gaining interest [19,29,48,252]. In this scenario, advanced contemporary immunoinformatic 782 

techniques can also be employed in the development of multiepitope vaccines [253–255]. 783 

An effective H. pylori vaccine could substantially reduce the burden of bacterial load, gastric 784 

cancer, and other H. pylori-related diseases, particularly in developing countries. Nevertheless, 785 

several endeavors have been made in preclinical and clinical trials to attain sterile immunity 786 

following prophylactic or therapeutic vaccination against H. pylori. Perhaps it is now opportune 787 

to shift our perspective towards an anti-disease approach rather than an anti-bacterial one. Also, 788 

not everyone who is infected with H. pylori develops these diseases, and some studies suggest 789 

that H. pylori may also have some beneficial effects, such as protecting against asthma and 790 

inflammatory bowel disease [256,257]. Therefore, some researchers are exploring the possibility 791 

of developing a vaccine that does not aim to eliminate H. pylori from the stomach but rather to 792 

modulate the immune response and reduce the harmful inflammation that it triggers [258]. Such 793 

a vaccine would target the specific molecular pathways that are involved in the inflammatory 794 

process and could potentially prevent or treat the diseases associated with H. pylori infection 795 

while preserving its possible benefits. 796 

Future research could concentrate on: (1) identifying immune responses related to protection in 797 

experimental models; (2) developing a better understanding of the protective mechanisms and 798 

identifying a cocktail of strong protective antigens or recombinant bacterial strains expressing 799 

such antigens; (3) investigating novel vaccine delivery methods and adjuvants to improve the 800 

effectiveness of H. pylori vaccines; (4) using mRNA vaccines capable of encoding many 801 

antigens and inducing both humoral and cellular protection; (5) creating multivalent vaccines 802 

that can target different strains and variants of H. pylori, as well as different stages of infection 803 

and disease progression; and (6) testing alternative immunization routes that can elicit both 804 

systemic and mucosal immunity, such as intranasal, oral, or sublingual administration.  805 

Despite significant progress in H. pylori vaccine research, there is still a need for further 806 

advancements to develop an effective vaccine against this prevalent pathogen. Addressing the 807 

challenges and limitations associated with vaccine development, as well as fostering 808 

collaboration with industrial partners, could pave the way for the successful development of an 809 

H. pylori vaccine. 810 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

Author contributions 811 

All authors contributed to the writing and review of the manuscript. All authors critically 812 

reviewed, refined, and approved the manuscript. 813 

Declaration of interests 814 

The authors do not have any affiliations or financial ties with organizations or entities that have a 815 

financial interest or conflict related to the subject matter or materials covered in the paper. 816 

Funding 817 

This work was supported by the National Institute for Medical Research Development (NIMAD) 818 

(Grant No. 989320). 819 

  820 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

References  821 

1. Hooi JKY, Lai WY, Ng WK, et al. (2017) Global Prevalence of Helicobacter pylori 822 

Infection: Systematic Review and Meta-Analysis. Gastroenterology 153, 420–429. 823 

2. Tran V, Saad T, Tesfaye M, et al. (2022) Helicobacter pylori (H. pylori) risk factor 824 

analysis and prevalence prediction: a machine learning-based approach. BMC Infectious 825 

Diseases 22, 655. 826 

3. Rothenbacher D, Bode G, Berg G, et al. (1999) Helicobacter pylori among Preschool 827 

Children and Their Parents: Evidence of Parent‐Child Transmission. The Journal of 828 

Infectious Diseases 179, 398–402. 829 

4. Stefano K, Marco M, Federica G, et al. (2018) Helicobacter pylori, transmission routes 830 

and recurrence of infection: state of the art. Acta Bio Medica: Atenei Parmensis 89, 72. 831 

5. Piri-Gharaghie T, Ghajari G, Tolou-Shikhzadeh-Yazdi S, et al. (2023) Helicobacter 832 

pylori strains isolated from raw poultry meat: frequency and molecular characteristics. 833 

Scientific Reports 2023 13:1 13, 1–11. 834 

6. Asadi S, Rahimi E and Shakerian A (2023) Helicobacter pylori Strains Isolated from 835 

Raw Poultry Meat in the Shahrekord Region, Iran: Frequency and Molecular 836 

Characteristics. Genes 2023, Vol. 14, Page 1006 14, 1006. 837 

7. Xu W, Xu L and Xu C (2022) Relationship between Helicobacter pylori infection and 838 

gastrointestinal microecology. Frontiers in Cellular and Infection Microbiology 12. 839 

8. Aumpan N, Mahachai V and Vilaichone R (2023) Management of Helicobacter pylori 840 

infection. JGH Open 7, 3–15. 841 

9. Mărginean CD, Mărginean CO and Meliț LE (2022) Helicobacter pylori-Related 842 

Extraintestinal Manifestations—Myth or Reality. Children 9, 1352. 843 

10. Zagari RM, Frazzoni L, Marasco G, et al. (2021) Treatment of Helicobacter pylori 844 

infection: a clinical practice update. Minerva medica 112, 281–287. 845 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

11. Lu C, Sang J, He H, et al. (2016) Probiotic supplementation does not improve 846 

eradication rate of Helicobacter pylori infection compared to placebo based on standard 847 

therapy: a meta-analysis. Scientific Reports 6, 23522. 848 

12. Tshibangu-Kabamba E and Yamaoka Y (2021) Helicobacter pylori infection and 849 

antibiotic resistance — from biology to clinical implications. Nature Reviews 850 

Gastroenterology & Hepatology 18, 613–629. 851 

13. Sutton P and Boag JM (2019) Status of vaccine research and development for 852 

Helicobacter pylori. Vaccine 37, 7295–7299. 853 

14. Li S, Zhao W, Xia L, et al. (2023) How Long Will It Take to Launch an Effective 854 

Helicobacter pylori Vaccine for Humans? Infection and drug resistance 16, 3787–3805. 855 

15. Mohammadzadeh R, Menbari S, Pishdadian A, et al. (2023) Helicobacter pylori 856 

virulence factors: subversion of host immune system and development of various clinical 857 

outcomes. Expert Reviews in Molecular Medicine 25, e23. 858 

16. Amalia R, Panenggak NSR, Doohan D, et al. (2023) A comprehensive evaluation of an 859 

animal model for Helicobacter pylori-associated stomach cancer: Fact and controversy. 860 

Helicobacter 28, e12943. 861 

17. Sukri A, Hanafiah A, Patil S, et al. (2023) The Potential of Alternative Therapies and 862 

Vaccine Candidates against Helicobacter pylori. Pharmaceuticals (Basel, Switzerland) 16, 863 

552. 864 

18. Zhang S, Moise L and Moss SF (2011) H. pylori vaccines: Why we still don’t have any. 865 

Human Vaccines 7, 1153–1157. 866 

19. Dos Santos Viana I, Cordeiro Santos ML, Santos Marques H, et al. (2021) Vaccine 867 

development against Helicobacter pylori: from ideal antigens to the current landscape. 868 

Expert review of vaccines 20, 989–999. 869 

20. Zeng M, Mao X-HH, Li J-XX, et al. (2015) Efficacy, safety, and immunogenicity of an 870 

oral recombinant Helicobacter pylori vaccine in children in China: a randomised, double-871 

blind, placebo-controlled, phase 3 trial. The Lancet 386, 1457–1464. 872 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

21. Longet S, Abautret-Daly A, Davitt CJH, et al. (2019) An oral alpha-galactosylceramide 873 

adjuvanted Helicobacter pylori vaccine induces protective IL-1R- and IL-17R-dependent 874 

Th1 responses. npj Vaccines 4, 45. 875 

22. Svennerholm A-M and Lundgren A (2007) Progress in vaccine development against 876 

Helicobacter pylori. FEMS Immunology & Medical Microbiology 50, 146–156. 877 

23. Prashar A, Capurro MI and Jones NL (2022) Under the Radar: Strategies Used by 878 

Helicobacter pylori to Evade Host Responses. Annual Review of Physiology 84, 485–506. 879 

24. Elbehiry A, Marzouk E, Aldubaib M, et al. (2023) Helicobacter pylori Infection: 880 

Current Status and Future Prospects on Diagnostic, Therapeutic and Control Challenges. 881 

Antibiotics (Basel, Switzerland) 12, 191. 882 

25. Matić Z and Šantak M (2022) Current view on novel vaccine technologies to combat 883 

human infectious diseases. Applied Microbiology and Biotechnology 106, 25–56. 884 

26. Guo L, Yin R, Xu G, et al. (2017) Immunologic properties and therapeutic efficacy of a 885 

multivalent epitope-based vaccine against four Helicobacter pylori adhesins (urease, 886 

Lpp20, HpaA, and CagL) in Mongolian gerbils. Helicobacter 22, 1–10. 887 

27. Pan X, Ke H, Niu X, et al. (2018) Protection against Helicobacter pylori infection in 888 

BALB/c mouse model by oral administration of multivalent epitope-based vaccine of 889 

cholera toxin B subunit-HUUC. Frontiers in Immunology 9, 1003. 890 

28. Guo L, Yang H, Tang F, et al. (2017) Oral Immunization with a multivalent epitope-891 

based vaccine, based on NAP, Urease, HSP60, and HpaA, provides therapeutic effect on 892 

H. pylori infection in Mongolian gerbils. Frontiers in Cellular and Infection Microbiology 893 

7, 1–15. 894 

29. Mohammadzadeh R, Soleimanpour S, Pishdadian A, et al. (2022) Designing and 895 

development of epitope-based vaccines against Helicobacter pylori. Critical reviews in 896 

microbiology 48, 489–512. 897 

30. Malfertheiner P, Schultze V, Rosenkranz B, et al. (2008) Safety and Immunogenicity of 898 

an Intramuscular Helicobacter pylori Vaccine in Noninfected Volunteers: A Phase I 899 

Study. Gastroenterology 135, 787–795. 900 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

31. DiPetrillo M (1999) Safety and immunogenicity of phoP/phoQ-deleted Salmonella typhi 901 

expressing Helicobacter pylori urease in adult volunteers. Vaccine 18, 449–459. 902 

32. Guo L, Zhang F, Wang S, et al. (2022) Oral Immunization With a M Cell-Targeting 903 

Recombinant L. Lactis Vaccine LL-plSAM-FVpE Stimulate Protective Immunity Against 904 

H. Pylori in Mice. Frontiers in Immunology 13, 918160. 905 

33. Wang S, Ma J, Ji Q, et al. (2021) Evaluation of an attenuated Listeria monocytogenes as 906 

a vaccine vector to control Helicobacter pylori infection. Immunology Letters 238, 68–74. 907 

34. Stubljar D, Jukic T and Ihan A (2018) How far are we from vaccination against 908 

Helicobacter pylori infection? Expert Review of Vaccines 17, 935–945. 909 

35. Malfertheiner P, Megraud F, Rokkas T, et al. (2022) Management of Helicobacter 910 

pylori infection: the Maastricht VI/Florence consensus report. Gut 71, 1724–1762. 911 

36. Zhang Y, Li X, Shan B, et al. (2022) Perspectives from recent advances of Helicobacter 912 

pylori vaccines research. Helicobacter 27, e12926. 913 

37. Yunle K, Tong W, Jiyang L, et al. (2024) Advances in Helicobacter pylori vaccine 914 

research: From candidate antigens to adjuvants-A review. Helicobacter 29, e13034. 915 

38. Akter S, Jeverstam F, Lundgren A, et al. (2019) The frequency of circulating integrin 916 

α4β7+ cells correlates with protection against Helicobacter pylori infection in immunized 917 

mice. Helicobacter 24, e12658. 918 

39. Gong Y, Tao L, Wang F, et al. (2015) Chitosan as an adjuvant for a Helicobacter pylori 919 

therapeutic vaccine. Molecular medicine reports 12, 4123–4132. 920 

40. Shi T, Liu W, Gao F, et al. (2005) Intranasal CpG‐Oligodeoxynucleotide is a Potent 921 

Adjuvant of Vaccine against Helicobacter pylori , and T Helper 1 Type Response and 922 

Interferon‐γ Correlate with the Protection. Helicobacter 10, 71–79. 923 

41. Kotloff KL, Sztein MB, Wasserman SS, et al. (2001) Safety and immunogenicity of oral 924 

inactivated whole-cell Helicobacter pylori vaccine with adjuvant among volunteers with 925 

or without subclinical infection. Infection and immunity 69, 3581–90. 926 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

42. Xie Y, Zhou N-J, Gong Y-F, et al. (2007) Th immune response induced by H pylori 927 

vaccine with chitosan as adjuvant and its relation to immune protection. World journal of 928 

gastroenterology 13, 1547–53. 929 

43. Ansari H, Tahmasebi-Birgani M and Bijanzadeh M (2021) DNA vaccine containing 930 

Flagellin A gene induces significant immune responses against Helicobacter pylori 931 

infection: An in vivo study. Iranian Journal of Basic Medical Sciences 24, 796. 932 

44. Chehelgerdi M and Doosti A (2020) Effect of the cagW-based gene vaccine on the 933 

immunologic properties of BALB/c mouse: an efficient candidate for Helicobacter pylori 934 

DNA vaccine. Journal of Nanobiotechnology 18, 63. 935 

45. Nemattalab M, Shenagari M, Taheri M, et al. (2020) Co-expression of Interleukin-17A 936 

molecular adjuvant and prophylactic Helicobacter pylori genetic vaccine could cause 937 

sterile immunity in Treg suppressed mice. Cytokine 126, 154866. 938 

46. Xue L-J, Mao X-B, Liu X-B, et al. (2019) Activation of CD3 + T cells by Helicobacter 939 

pylori DNA vaccines in potential immunotherapy of gastric carcinoma. Cancer Biology & 940 

Therapy 20, 866–876. 941 

47. Chen J, Lin L, Li N, et al. (2012) Enhancement of Helicobacter pylori outer 942 

inflammatory protein DNA vaccine efficacy by co‐delivery of interleukin‐2 and B subunit 943 

heat‐labile toxin gene encoded plasmids. Microbiology and Immunology 56, 85–92. 944 

48. Guo L, Hong D, Wang S, et al. (2019) Therapeutic protection against H. pylori infection 945 

in Mongolian gerbils by oral immunization with a tetravalent epitope-based vaccine with 946 

polysaccharide adjuvant. Frontiers in Immunology 10, 1185. 947 

49. Zhou W-Y, Shi Y, Wu C, et al. (2009) Therapeutic efficacy of a multi-epitope vaccine 948 

against Helicobacter pylori infection in BALB/c mice model. Vaccine 27, 5013–5019. 949 

50. Aebischer T, Bumann D, Epple HJ, et al. (2008) Correlation of T cell response and 950 

bacterial clearance in human volunteers challenged with Helicobacter pylori revealed by 951 

randomised controlled vaccination with Ty21a-based Salmonella vaccines. Gut 57, 1065–952 

1072. 953 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

51. Malfertheiner P, Selgrad M, Wex T, et al. (2018) Efficacy, immunogenicity, and safety 954 

of a parenteral vaccine against Helicobacter pylori in healthy volunteers challenged with a 955 

Cag-positive strain: a randomised, placebo-controlled phase 1/2 study. The Lancet 956 

Gastroenterology & Hepatology 3, 698–707. 957 

52. Yang H and Hu B (2022) Immunological Perspective: Helicobacter pylori Infection and 958 

Gastritis. Mediators of Inflammation 2022, 1–11. 959 

53. Kalkanli Tas S, Kirkik D, Tanoglu A, et al. (2020) Polymorphisms in Toll-like 960 

receptors 1, 2, 5, and 10 are associated with predisposition to Helicobacter pylori 961 

infection. European Journal of Gastroenterology & Hepatology 32, 1141–1146. 962 

54. Pachathundikandi SK, Müller A and Backert S (2016) Inflammasome Activation by 963 

Helicobacter pylori and Its Implications for Persistence and Immunity. pp. 117–131. 964 

55. Varga MG and Peek RM (2017) DNA Transfer and Toll-like Receptor Modulation by 965 

Helicobacter pylori. Molecular Pathogenesis and Signal Transduction by Helicobacter 966 

pylori, Springer, pp. 169–193. 967 

56. Pachathundikandi SK, Tegtmeyer N, Arnold IC, et al. (2019) T4SS-dependent TLR5 968 

activation by Helicobacter pylori infection. Nature Communications 10, 5717. 969 

57. Ansari S and Yamaoka Y (2020) Helicobacter pylori Virulence Factor Cytotoxin-970 

Associated Gene A (CagA)-Mediated Gastric Pathogenicity. International Journal of 971 

Molecular Sciences 21, 7430. 972 

58. Nie S and Yuan Y (2020) The Role of Gastric Mucosal Immunity in Gastric Diseases. 973 

Journal of Immunology Research 2020, 1–8. 974 

59. Lima de Souza Gonçalves V, Cordeiro Santos ML, Silva Luz M, et al. (2022) From 975 

Helicobacter pylori infection to gastric cancer: Current evidence on the immune response. 976 

World Journal of Clinical Oncology 13, 186–199. 977 

60. Araújo GRL, Marques HS, Santos MLC, et al. (2022) Helicobacter pylori infection: 978 

How does age influence the inflammatory pattern? World Journal of Gastroenterology 28, 979 

402–411. 980 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

61. Dewayani A, Fauzia KA, Alfaray RI, et al. (2021) The Roles of IL-17, IL-21, and IL-23 981 

in the Helicobacter pylori Infection and Gastrointestinal Inflammation: A Review. Toxins 982 

13, 315. 983 

62. Zhao J, Chen X, Herjan T, et al. (2020) The role of interleukin-17 in tumor development 984 

and progression. The Journal of experimental medicine 217. 985 

63. Müller A and Hartung ML (2016) Helicobacter pylori and the Host Immune Response. 986 

Helicobacter pylori Research, Springer Japan, Tokyo, pp. 299–323. 987 

64. Rocha GA, de Melo FF, Cabral MMDA, et al. (2020) Interleukin‐27 is abrogated in 988 

gastric cancer, but highly expressed in other Helicobacter pylori‐ associated 989 

gastroduodenal diseases. Helicobacter 25, e12667. 990 

65. Garhart CA, Nedrud JG, Heinzel FP, et al. (2003) Vaccine-Induced Protection against 991 

Helicobacter pylori in Mice Lacking Both Antibodies and Interleukin-4. Infection and 992 

Immunity 71, 3628. 993 

66. Ermak TH, Giannasca PJ, Nichols R, et al. (1998) Immunization of mice with urease 994 

vaccine affords protection against Helicobacter pylori infection in the absence of 995 

antibodies and is mediated by MHC class II-restricted responses. The Journal of 996 

experimental medicine 188, 2277–88. 997 

67. Sayi A, Kohler E, Hitzler I, et al. (2009) The CD4+ T cell-mediated IFN-gamma 998 

response to Helicobacter infection is essential for clearance and determines gastric cancer 999 

risk. Journal of immunology (Baltimore, Md. : 1950) 182, 7085–7101. 1000 

68. Ito N, Tsujimoto H, Ueno H, et al. (2020) Helicobacter pylori-Mediated Immunity and 1001 

Signaling Transduction in Gastric Cancer. Journal of Clinical Medicine 2020, Vol. 9, 1002 

Page 3699 9, 3699. 1003 

69. Mattapallil JJ, Dandekar S, Canfield DR, et al. (2000) A predominant Th1 type of 1004 

immune response is induced early during acute Helicobacter pylori infection in rhesus 1005 

macaques. Gastroenterology 118, 307–315. 1006 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

70. Azadegan-Dehkordi F, Shirzad H, Ahmadi R, et al. (2021) Increased Indoleamine 2, 3-1007 

Dioxygenase expression modulates Th1/Th17/Th22 and Treg pathway in humans with 1008 

Helicobacter Pylori-Infected gastric mucosa. Human Immunology 82, 46–53. 1009 

71. Rahimian G, Shahini Shams Abadi M, Mirzaei Y, et al. (2022) Relationship between 1010 

mucosal TNF-α expression and Th1, Th17, Th22 and Treg responses in Helicobacter 1011 

pylori infection. AMB Express 12, 113. 1012 

72. Raghavan S, Fredriksson M, Svennerholm AM, et al. (2003) Absence of CD4+CD25+ 1013 

regulatory T cells is associated with a loss of regulation leading to increased pathology in 1014 

Helicobacter pylori-infected mice. Clinical and experimental immunology 132, 393–400. 1015 

73. Raghavan S and Holmgren J (2005) CD4+CD25+ suppressor T cells regulate pathogen 1016 

induced inflammation and disease. FEMS immunology and medical microbiology 44, 1017 

121–127. 1018 

74. Akhiani AA, Schön K, Franzén LE, et al. (2004) Helicobacter pylori-specific antibodies 1019 

impair the development of gastritis, facilitate bacterial colonization, and counteract 1020 

resistance against infection. Journal of immunology (Baltimore, Md. : 1950) 172, 5024–1021 

5033. 1022 

75. Fujii R, Morihara F, Oku T, et al. (2004) Epitope mapping and features of the epitope 1023 

for monoclonal antibodies inhibiting enzymatic activity of Helicobacter pylori urease. 1024 

Biotechnol. Bioeng. 86, 434–444. 1025 

76. Hirota K, Nagata K, Norose Y, et al. (2001) Identification of an antigenic epitope in 1026 

Helicobacter pylori urease that induces neutralizing antibody production. Infection and 1027 

immunity 69, 6597–6603. 1028 

77. Guo L, Liu K, Zhao W, et al. (2013) Immunological features and efficacy of the 1029 

reconstructed epitope vaccine CtUBE against Helicobacter pylori infection in BALB/c 1030 

mice model. Applied Microbiology and Biotechnology 97, 2367–2378. 1031 

78. Razavi A, Bagheri N, Azadegan-Dehkordi F, et al. (2015) Comparative Immune 1032 

Response in Children and Adults with H. pylori Infection. Journal of immunology 1033 

research 2015, 315957. 1034 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

79. Del Giudice G, Malfertheiner P and Rappuoli R (2009) Development of vaccines 1035 

against Helicobacter pylori. Expert review of vaccines 8, 1037–1049. 1036 

80. Aliramaei MR, Khorasgani MR, Rahmani MR, et al. (2020) Expression of 1037 

Helicobacter pylori CagL gene in Lactococcus lactis MG1363 and evaluation of its 1038 

immunogenicity as an oral vaccine in mice. Microbial Pathogenesis 142, 103926. 1039 

81. Stein M, Ruggiero P, Rappuoli R, et al. (2013) Helicobacter pylori CagA: from 1040 

pathogenic mechanisms to its use as an anti-cancer vaccine. Frontiers in immunology 4, 1041 

328. 1042 

82. Censini S, Lange C, Xiang Z, et al. (1996) cag, a pathogenicity island of Helicobacter 1043 

pylori, encodes type I-specific and disease-associated virulence factors. Proceedings of the 1044 

National Academy of Sciences 93, 14648–14653. 1045 

83. Akopyants NS, Clifton SW, Kersulyte D, et al. (1998) Analyses of the cag pathogenicity 1046 

island of Helicobacter pylori. Molecular microbiology 28, 37–53. 1047 

84. Patra R, Chattopadhyay S, De R, et al. (2011) Intact cag pathogenicity island of 1048 

Helicobacter pylori without disease association in Kolkata, India. International Journal of 1049 

Medical Microbiology 301, 293–302. 1050 

85. Nilsson C, Sillén A, Eriksson L, et al. (2003) Correlation between cag pathogenicity 1051 

island composition and Helicobacter pylori-associated gastroduodenal disease. Infection 1052 

and immunity 71, 6573–6581. 1053 

86. Hatakeyama M and Higashi H (2005) Helicobacter pylori CagA: a new paradigm for 1054 

bacterial carcinogenesis. Cancer Science 96, 835–843. 1055 

87. Javed S, Skoog EC and Solnick J V. (2019) Impact of Helicobacter pylori Virulence 1056 

Factors on the Host Immune Response and Gastric Pathology. pp. 21–52. 1057 

88. Sharndama HC and Mba IE (2022) Helicobacter pylori: an up-to-date overview on the 1058 

virulence and pathogenesis mechanisms. Brazilian journal of microbiology : [publication 1059 

of the Brazilian Society for Microbiology] 53, 33–50. 1060 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

89. Shapouri Moghaddam A, Mansouri S, Neshani A, et al. (2020) Construction, Cloning, 1061 

and Expression of CagA Recombinant Protein of Helicobacter pylori. Avicenna journal of 1062 

medical biotechnology 12, 135–138. 1063 

90. MohabatiMobarez A, Salmanian AH, Hosseini AZ, et al. (2020) Clearance of 1064 

Helicobacter pylori with formulation rCagA and LPS in a mouse model. Gene Reports 19, 1065 

100588. 1066 

91. Paydarnia N, Mansoori B, Esmaeili D, et al. (2020) Helicobacter pylori Recombinant 1067 

CagA Regulates Th1/Th2 Balance in a BALB/c Murine Model. Advanced Pharmaceutical 1068 

Bulletin 10, 264–270. 1069 

92. Abadi AH, Mahdavi M, Khaledi A, et al. (2018) Study of serum bactericidal and splenic 1070 

activity of Total-OMP- CagA combination from Brucella abortus and Helicobacter pylori 1071 

in BALB/c mouse model. Microbial Pathogenesis 121, 100–105. 1072 

93. Liu K-Y, Shi Y, Luo P, et al. (2011) Therapeutic efficacy of oral immunization with 1073 

attenuated Salmonella typhimurium expressing Helicobacter pylori CagA, VacA and 1074 

UreB fusion proteins in mice model. Vaccine 29, 6679–6685. 1075 

94. Keikha M, Eslami M, Yousefi B, et al. (2019) Potential antigen candidates for subunit 1076 

vaccine development against Helicobacter pylori infection. Journal of cellular physiology 1077 

234, 21460–21470. 1078 

95. Pham KT, Weiss E, Jiménez Soto LF, et al. (2012) CagI Is an Essential Component of 1079 

the Helicobacter pylori Cag Type IV Secretion System and Forms a Complex with CagL. 1080 

PLoS ONE 7, e35341. 1081 

96. Kumari R, Shariq M, Sharma S, et al. (2019) CagW, a VirB6 homologue interacts with 1082 

Cag-type IV secretion system substrate CagA in Helicobacter pylori. Biochemical and 1083 

Biophysical Research Communications 515, 712–718. 1084 

97. Bergé C and Terradot L (2017) Structural Insights into Helicobacter pylori Cag Protein 1085 

Interactions with Host Cell Factors. pp. 129–147. 1086 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

98. Chauhan N, Tay ACY, Marshall BJ, et al. (2019) Helicobacter pylori VacA, a distinct 1087 

toxin exerts diverse functionalities in numerous cells: An overview. Helicobacter 24, 1088 

e12544. 1089 

99. Foegeding NJ, Caston RR, McClain MS, et al. (2016) An overview of Helicobacter 1090 

pylori VacA toxin biology. Toxins 8, 173. 1091 

100. Sundrud MS, Torres VJ, Unutmaz D, et al. (2004) Inhibition of primary human T cell 1092 

proliferation by Helicobacter pylori vacuolating toxin (VacA) is independent of VacA 1093 

effects on IL-2 secretion. Proceedings of the National Academy of Sciences 101, 7727–1094 

7732. 1095 

101. Zhu P, Xue J, Zhang Z, et al. (2017) Helicobacter pylori VacA induces autophagic cell 1096 

death in gastric epithelial cells via the endoplasmic reticulum stress pathway. Cell Death 1097 

& Disease 8, 3207. 1098 

102. Radin JN, González-Rivera C, Ivie SE, et al. (2011) Helicobacter pylori VacA induces 1099 

programmed necrosis in gastric epithelial cells. Infection and immunity 79, 2535–2543. 1100 

103. McClain MS, Iwamoto H, Cao P, et al. (2003) Essential role of a GXXXG motif for 1101 

membrane channel formation by Helicobacter pylori vacuolating toxin. Journal of 1102 

Biological Chemistry 278, 12101–12108. 1103 

104. Hisatsune J, Yamasaki E, Nakayama M, et al. (2007) Helicobacter pylori VacA 1104 

Enhances Prostaglandin E 2 Production through Induction of Cyclooxygenase 2 1105 

Expression via a p38 Mitogen-Activated Protein Kinase/Activating Transcription Factor 2 1106 

Cascade in AZ-521 Cells. Infection and Immunity 75, 4472–4481. 1107 

105. Jain P, Luo Z-Q and Blanke SR (2011) Helicobacter pylori vacuolating cytotoxin A 1108 

(VacA) engages the mitochondrial fission machinery to induce host cell death. 1109 

Proceedings of the National Academy of Sciences 108, 16032–16037. 1110 

106. Ha N-C, Oh S-T, Sung JY, et al. (2001) Supramolecular assembly and acid resistance of 1111 

Helicobacter pylori urease. Nature Structural Biology 8, 505–509. 1112 

107. Reyes VE (2023) Helicobacter pylori and Its Role in Gastric Cancer. Microorganisms 11, 1113 

1312. 1114 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

108. Wang Z, Shao S-L, Xu X-H, et al. (2023) Helicobacter pylori and gastric microbiota 1115 

homeostasis: progress and prospects. Future Microbiology 18, 137–157. 1116 

109. Suzuki M, Miura S, Suematsu M, et al. (1992) Helicobacter pylori-associated ammonia 1117 

production enhances neutrophil-dependent gastric mucosal cell injury. American Journal 1118 

of Physiology-Gastrointestinal and Liver Physiology 263, G719–G725. 1119 

110. Wroblewski LE, Shen L, Ogden S, et al. (2009) Helicobacter pylori Dysregulation of 1120 

Gastric Epithelial Tight Junctions by Urease-Mediated Myosin II Activation. 1121 

Gastroenterology 136, 236–246. 1122 

111. Debowski AW, Walton SM, Chua E-G, et al. (2017) Helicobacter pylori gene silencing 1123 

in vivo demonstrates urease is essential for chronic infection. PLOS Pathogens 13, 1124 

e1006464. 1125 

112. Michetti P, Kreiss C, Kotloff KL, et al. (1999) Oral immunization with urease and 1126 

Escherichia coli heat-labile enterotoxin is safe and immunogenic in Helicobacter pylori–1127 

infected adults. Gastroenterology 116, 804–812. 1128 

113. Kreiss C, Buclin T, Cosma M, et al. (1996) Safety of oral immunisation with 1129 

recombinant urease in patients with Helicobacter pylori infection. The Lancet 347, 1630–1130 

1631. 1131 

114. Corthésy B, Boris S, Isler P, et al. (2005) Oral immunization of mice with lactic acid 1132 

bacteria producing Helicobacter pylori urease B subunit partially protects against 1133 

challenge with Helicobacter felis. The Journal of infectious diseases 192, 1441–1449. 1134 

115. Nasr-Esfahani M, Doosti A and Sazegar H (2020) Evaluation of the Immune Response 1135 

Against Helicobacter pylori in Infused BALB/c Mice by pcDNA3.1(+)-ureA&amp;nbsp; 1136 

Folia Medica 62, 37–45. 1137 

116. Banerjee S, Medina-Fatimi A, Nichols R, et al. (2002) Safety and efficacy of low dose 1138 

Escherichia coli enterotoxin adjuvant for urease based oral immunisation against 1139 

Helicobacter pylori in healthy volunteers. Gut 51, 634–40. 1140 

117. Metzger WG, Mansouri E, Kronawitter M, et al. (2004) Impact of vector-priming on 1141 

the immunogenicity of a live recombinant Salmonella enterica serovar typhi Ty21a 1142 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

vaccine expressing urease A and B from Helicobacter pylori in human volunteers. Vaccine 1143 

22, 2273–2277. 1144 

118. Sougioultzis S, Lee CK, Alsahli M, et al. (2002) Safety and efficacy of E coli 1145 

enterotoxin adjuvant for urease-based rectal immunization against Helicobacter pylori. 1146 

Vaccine 21, 194–201. 1147 

119. Egan AJF (2018) Bacterial outer membrane constriction. Molecular Microbiology 107, 1148 

676–687. 1149 

120. Alm RA, Bina J, Andrews BM, et al. (2000) Comparative Genomics of Helicobacter 1150 

pylori : Analysis of the Outer Membrane Protein Families. Infection and Immunity 68, 1151 

4155–4168. 1152 

121. Xu C, Soyfoo DM, Wu Y, et al. (2020) Virulence of Helicobacter pylori outer membrane 1153 

proteins: an updated review. European Journal of Clinical Microbiology & Infectious 1154 

Diseases 39, 1821–1830. 1155 

122. Voss BJ, Gaddy JA, McDonald WH, et al. (2014) Analysis of Surface-Exposed Outer 1156 

Membrane Proteins in Helicobacter pylori. Journal of Bacteriology 196, 2455–2471. 1157 

123. Dossumbekova A, Prinz C, Mages J, et al. (2006) Helicobacter pylori HopH (OipA) and 1158 

Bacterial Pathogenicity: Genetic and Functional Genomic Analysis of hopH Gene 1159 

Polymorphisms. The Journal of Infectious Diseases 194, 1346–1355. 1160 

124. Tabassam FH, Graham DY and Yamaoka Y (2008) OipA plays a role in Helicobacter 1161 

pylori-induced focal adhesion kinase activation and cytoskeletal re-organization. Cellular 1162 

Microbiology 10, 1008–1020. 1163 

125. Farzi N, Yadegar A, Aghdaei HA, et al. (2018) Genetic diversity and functional analysis 1164 

of oipA gene in association with other virulence factors among Helicobacter pylori 1165 

isolates from Iranian patients with different gastric diseases. Infection, Genetics and 1166 

Evolution 60, 26–34. 1167 

126. Chen J, Lin M, Li N, et al. (2012) Therapeutic vaccination with Salmonella-delivered 1168 

codon-optimized outer inflammatory protein DNA vaccine enhances protection in 1169 

Helicobacter pylori infected mice. Vaccine 30, 5310–5315. 1170 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

127. Soudi H, Falsafi T, Mahboubi M, et al. (2021) Evaluation of Helicobacter pylori OipA 1171 

protein as a vaccine candidate and propolis as an adjuvant in C57BL/6 mice. Iranian 1172 

journal of basic medical sciences 24, 1220–1230. 1173 

128. Matos R, Amorim I, Magalhães A, et al. (2021) Adhesion of Helicobacter Species to the 1174 

Human Gastric Mucosa: A Deep Look Into Glycans Role. Frontiers in molecular 1175 

biosciences 8, 656439. 1176 

129. Skoog EC, Padra M, Åberg A, et al. (2017) BabA dependent binding of Helicobacter 1177 

pylori to human gastric mucins cause aggregation that inhibits proliferation and is 1178 

regulated via ArsS. Scientific Reports 7, 40656. 1179 

130. Doohan D, Rezkitha YAA, Waskito LA, et al. (2021) Helicobacter pylori BabA–SabA 1180 

Key Roles in the Adherence Phase: The Synergic Mechanism for Successful Colonization 1181 

and Disease Development. Toxins 13, 485. 1182 

131. Bugaytsova JA, Piddubnyi A, Tkachenko I, et al. (2023) Vaccination with Helicobacter 1183 

pylori attachment proteins protects against gastric cancer. bioRxiv : the preprint server for 1184 

biology. 1185 

132. Evans DG, Karjalainen TK, Evans DJ, et al. (1993) Cloning, nucleotide sequence, and 1186 

expression of a gene encoding an adhesin subunit protein of Helicobacter pylori. Journal 1187 

of Bacteriology 175, 674–683. 1188 

133. Banga Ndzouboukou J-L, Lei Q, Ullah N, et al. (2021) Helicobacter pylori adhesins: 1189 

HpaA a potential antigen in experimental vaccines for H. pylori. Helicobacter 26, e12758. 1190 

134. Lindgren Å, Pavlovic V, Flach C-F, et al. (2011) Interferon-gamma secretion is induced 1191 

in IL-12 stimulated human NK cells by recognition of Helicobacter pylori or TLR2 1192 

ligands. Innate Immunity 17, 191–203. 1193 

135. Tobias J, Lebens M, Wai SN, et al. (2017) Surface expression of Helicobacter pylori 1194 

HpaA adhesion antigen on Vibrio cholerae , enhanced by co-expressed enterotoxigenic 1195 

Escherichia coli fimbrial antigens. Microbial Pathogenesis 105, 177–184. 1196 

136. Radcliff FJ, Hazell SL, Kolesnikow T, et al. (1997) Catalase, a novel antigen for 1197 

Helicobacter pylori vaccination. Infection and Immunity 65, 4668–4674. 1198 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

137. Harris AG, Hinds FE, Beckhouse AG, et al. (2002) Resistance to hydrogen peroxide in 1199 

Helicobacter pylori: role of catalase (KatA) and Fur, and functional analysis of a novel 1200 

gene product designated ‘KatA-associated protein’, KapA (HP0874). Microbiology 148, 1201 

3813–3825. 1202 

138. Basu M, Czinn SJ and Blanchard TG (2004) Absence of Catalase Reduces Long‐Term 1203 

Survival of Helicobacter pylori in Macrophage Phagosomes. Helicobacter 9, 211–216. 1204 

139. Manoochehr Makvandi, Neissi N, Tarighi P, et al. (2020) Evaluation of the Genes 1205 

Expression Related to the Immune System in Response to Helicobacter pylori Catalase 1206 

Epitopes. Molecular Genetics, Microbiology and Virology 35, 47–51. 1207 

140. Miyashita M, Joh T, Watanabe K, et al. (2002) Immune responses in mice to intranasal 1208 

and intracutaneous administration of a DNA vaccine encoding Helicobacter pylori-1209 

catalase. Vaccine 20, 2336–2342. 1210 

141. Codolo G, Coletta S, D’Elios MM, et al. (2022) HP-NAP of Helicobacter pylori: The 1211 

Power of the Immunomodulation. Frontiers in immunology 13, 944139. 1212 

142. de Bernard M and D’Elios MM (2010) The immune modulating activity of the 1213 

Helicobacter pylori HP-NAP: Friend or foe? Toxicon 56, 1186–1192. 1214 

143. Peng X, Zhang R, Duan G, et al. (2018) Production and delivery of Helicobacter pylori 1215 

NapA in Lactococcus lactis and its protective efficacy and immune modulatory activity. 1216 

Scientific Reports 8, 1–12. 1217 

144. Liu M, Zhong Y, Chen J, et al. (2020) Oral immunization of mice with a multivalent 1218 

therapeutic subunit vaccine protects against Helicobacter pylori infection. Vaccine 38, 1219 

3031–3041. 1220 

145. Ghasemi A, Wang S, Sahay B, et al. (2022) Protective immunity enhanced Salmonella 1221 

vaccine vectors delivering Helicobacter pylori antigens reduce H. pylori stomach 1222 

colonization in mice. Frontiers in Immunology 13. 1223 

146. Zhong Y, Chen J, Liu Y, et al. (2020) Oral immunization of BALB/c mice with 1224 

recombinant Helicobacter pylori antigens and double mutant heat-labile toxin (dmLT) 1225 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

induces prophylactic protective immunity against H. pylori infection. Microbial 1226 

pathogenesis 145, 104229. 1227 

147. Zhang X, Zhang J, Yang F, et al. (2015) Immunization with Heat Shock Protein A and 1228 

γ-Glutamyl Transpeptidase Induces Reduction on the Helicobacter pylori Colonization in 1229 

Mice. PLOS ONE 10, e0130391. 1230 

148. Zhang X, Sang S, Guan Q, et al. (2021) Identification of B-Cell Epitopes of HspA from 1231 

Helicobacter pylori and Detection of Epitope Antibody Profiles in Naturally Infected 1232 

Persons. Vaccines 10, 65. 1233 

149. Li Y, Chen Z, Ye J, et al. (2016) Antibody production and Th1‐biased response induced 1234 

by an epitope vaccine composed of cholera toxin B unit and Helicobacter pylori Lpp20 1235 

epitopes. Helicobacter 21, 234–248. 1236 

150. Zhang R, Peng X, Duan G, et al. (2016) An engineered Lactococcus lactis strain exerts 1237 

significant immune responses through efficient expression and delivery of Helicobacter 1238 

pylori Lpp20 antigen. Biotechnology Letters 38, 2169–2175. 1239 

151. Sun N, Zhang R, Duan G, et al. (2019) A food-grade engineered Lactococcus lactis 1240 

strain delivering Helicobacter pylori Lpp20 alleviates bacterial infection in H. pylori-1241 

challenged mice. Biotechnology letters 41, 1415–1421. 1242 

152. Montiel-Martínez AG, Vargas-Jerónimo RY, Flores-Romero T, et al. (2023) 1243 

Baculovirus-mediated expression of a Helicobacter pylori protein-based multiepitope 1244 

hybrid gene induces a potent B cell response in mice. Immunobiology 228, 152334. 1245 

153. Ricci V (2014) Helicobacter pylori gamma-glutamyl transpeptidase and its pathogenic 1246 

role. World Journal of Gastroenterology 20, 630. 1247 

154. Wüstner S, Anderl F, Wanisch A, et al. (2017) Helicobacter pylori γ-glutamyl 1248 

transferase contributes to colonization and differential recruitment of T cells during 1249 

persistence. Scientific Reports 7, 13636. 1250 

155. Oertli M, Noben M, Engler DB, et al. (2013) Helicobacter pylori γ-glutamyl 1251 

transpeptidase and vacuolating cytotoxin promote gastric persistence and immune 1252 

tolerance. Proceedings of the National Academy of Sciences 110, 3047–3052. 1253 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

156. Gu H (2017) Role of Flagella in the Pathogenesis of Helicobacter pylori. Current 1254 

Microbiology 74, 863–869. 1255 

157. Yan J (2003) Construction of expression systems for flaA and flaB genes of Helicobacter 1256 

pylori and determination of immunoreactivity and antigenicity of recombinant proteins. 1257 

World Journal of Gastroenterology 9, 2240. 1258 

158. Youssefi M, Tafaghodi M, Farsiani H, et al. (2021) Helicobacter pylori infection and 1259 

autoimmune diseases; Is there an association with systemic lupus erythematosus, 1260 

rheumatoid arthritis, autoimmune atrophy gastritis and autoimmune pancreatitis? A 1261 

systematic review and meta-analysis study. Journal of Microbiology, Immunology and 1262 

Infection 54, 359–369. 1263 

159. Wang L, Cao Z-M, Zhang L-L, et al. (2022) Helicobacter Pylori and Autoimmune 1264 

Diseases: Involving Multiple Systems. Frontiers in immunology 13, 833424. 1265 

160. Li B, Chen L, Sun H, et al. (2015) Immunodominant epitope-specific Th1 but not Th17 1266 

responses mediate protection against Helicobacter pylori infection following UreB 1267 

vaccination of BALB/c mice. Scientific Reports 5, 1–15. 1268 

161. Ikuse T, Blanchard TGTG and Czinn SJSJJ (2019) Inflammation, immunity, and 1269 

vaccine development for the gastric pathogen helicobacter pylori. Current Topics in 1270 

Microbiology and Immunology 421, 1–19. 1271 

162. Li H-B, Zhang J-Y, He Y-F, et al. (2012) Systemic immunization with an epitope-based 1272 

vaccine elicits a Th1-biased response and provides protection against Helicobacter pylori 1273 

in mice. Vaccine 31, 120–6. 1274 

163. Holmgren J, Nordqvist S, Blomquist M, et al. (2018) Preclinical immunogenicity and 1275 

protective efficacy of an oral Helicobacter pylori inactivated whole cell vaccine and 1276 

multiple mutant cholera toxin: A novel and non-toxic mucosal adjuvant. Vaccine 36, 1277 

6223–6230. 1278 

164. Wilkinson DJ, Dickins B, Robinson K, et al. (2022) Genomic diversity of Helicobacter 1279 

pylori populations from different regions of the human stomach. Gut microbes 14, 1280 

2152306. 1281 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

165. Calado CRC (2022) Antigenic and conserved peptides from diverse Helicobacter pylori 1282 

antigens. Biotechnology Letters 44, 535–545. 1283 

166. Khan M, Khan S, Ali A, et al. (2019) Immunoinformatics approaches to explore 1284 

Helicobacter Pylori proteome (Virulence Factors) to design B and T cell multi-epitope 1285 

subunit vaccine. Scientific Reports 2019 9:1 9, 1–13. 1286 

167. Rahman N, Ajmal A, Ali F, et al. (2020) Core proteome mediated therapeutic target 1287 

mining and multi-epitope vaccine design for Helicobacter pylori. Genomics 112, 3473–1288 

3483. 1289 

168. Chehelgerdi M, Heidarnia F, Dehkordi FB, et al. (2023) Immunoinformatic prediction 1290 

of potential immunodominant epitopes from cagW in order to investigate protection 1291 

against Helicobacter pylori infection based on experimental consequences. Functional & 1292 

Integrative Genomics 23, 107. 1293 

169. Biernbaum EN and Kudva IT (2022) AB5 Enterotoxin-Mediated Pathogenesis: 1294 

Perspectives Gleaned from Shiga Toxins. Toxins 14, 62. 1295 

170. Pizza M, Giuliani MM, Fontana MR, et al. (2001) Mucosal vaccines: non toxic 1296 

derivatives of LT and CT as mucosal adjuvants. Vaccine 19, 2534–2541. 1297 

171. Norton EB, Lawson LB, Freytag LC, et al. (2011) Characterization of a Mutant 1298 

Escherichia coli Heat-Labile Toxin, LT(R192G/L211A), as a Safe and Effective Oral 1299 

Adjuvant. Clinical and Vaccine Immunology 18, 546–551. 1300 

172. Sjökvist Ottsjö L, Flach C-F, Clements J, et al. (2013) A double mutant heat-labile 1301 

toxin from Escherichia coli, LT(R192G/L211A), is an effective mucosal adjuvant for 1302 

vaccination against Helicobacter pylori infection. Infection and immunity 81, 1532–40. 1303 

173. Holmgren J, Lycke N and Czerkinsky C (1993) Cholera toxin and cholera B subunit as 1304 

oral—mucosal adjuvant and antigen vector systems. Vaccine 11, 1179–1184. 1305 

174. Xie W, Zhao W, Zou Z, et al. (2021) Oral multivalent epitope vaccine, based on UreB, 1306 

HpaA, CAT, and LTB, for prevention and treatment of Helicobacter pylori infection in 1307 

C57BL / 6 mice. Helicobacter 26, e12807. 1308 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

175. Peng X, Zhang R, Wang C, et al. (2019) E. coli Enterotoxin LtB Enhances Vaccine-1309 

Induced Anti-H. pylori Protection by Promoting Leukocyte Migration into Gastric Mucus 1310 

via Inflammatory Lesions. Cells 8, 982. 1311 

176. Zhang H-X, Qiu Y-Y, Zhao Y-H, et al. (2014) Immunogenicity of oral vaccination with 1312 

Lactococcus lactis derived vaccine candidate antigen (UreB) of Helicobacter pylori fused 1313 

with the human interleukin 2 as adjuvant. Molecular and Cellular Probes 28, 25–30. 1314 

177. Kato K, Omura H, Ishitani R, et al. (2017) Cyclic GMP–AMP as an Endogenous 1315 

Second Messenger in Innate Immune Signaling by Cytosolic DNA. Annual Review of 1316 

Biochemistry 86, 541–566. 1317 

178. Corrales L, Glickman LH, McWhirter SM, et al. (2015) Direct Activation of STING in 1318 

the Tumor Microenvironment Leads to Potent and Systemic Tumor Regression and 1319 

Immunity. Cell Reports 11, 1018–1030. 1320 

179. Ou L, Zhang A, Cheng Y, et al. (2021) The cGAS-STING Pathway: A Promising 1321 

Immunotherapy Target. Frontiers in immunology 12, 795048. 1322 

180. Chen J, Zhong Y, Liu YY, et al. (2020) Parenteral immunization with a cyclic guanosine 1323 

monophosphate-adenosine monophosphate (cGAMP) adjuvanted Helicobacter pylori 1324 

vaccine induces protective immunity against H. pylori infection in mice. Human Vaccines 1325 

and Immunotherapeutics 00, 1–6. 1326 

181. Duan T, Du Y, Xing C, et al. (2022) Toll-Like Receptor Signaling and Its Role in Cell-1327 

Mediated Immunity. Frontiers in immunology 13, 812774. 1328 

182. Shirota H and Klinman DM (2014) Recent progress concerning CpG DNA and its use 1329 

as a vaccine adjuvant. Expert Review of Vaccines 13, 299–312. 1330 

183. Kayraklioglu N, Horuluoglu B and Klinman DM (2021) CpG Oligonucleotides as 1331 

Vaccine Adjuvants. pp. 51–85. 1332 

184. Nyström‐Asklin J, Adamsson J and Harandi AM (2008) The Adjuvant Effect of CpG 1333 

Oligodeoxynucleotide Linked to the Non‐Toxic B Subunit of Cholera Toxin for Induction 1334 

of Immunity Against H. pylori in Mice. Scandinavian Journal of Immunology 67, 431–1335 

440. 1336 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

185. Ko S-Y, Ko H-J, Chang W-S, et al. (2005) α-Galactosylceramide Can Act As a Nasal 1337 

Vaccine Adjuvant Inducing Protective Immune Responses against Viral Infection and 1338 

Tumor. The Journal of Immunology 175, 3309–3317. 1339 

186. Kawano T, Cui J, Koezuka Y, et al. (1997) CD1d-Restricted and TCR-Mediated 1340 

Activation of V α 14 NKT Cells by Glycosylceramides. Science 278, 1626–1629. 1341 

187. Gonzalez-Aseguinolaza G, Van Kaer L, Bergmann CC, et al. (2002) Natural Killer T 1342 

Cell Ligand α-Galactosylceramide Enhances Protective Immunity Induced by Malaria 1343 

Vaccines. The Journal of Experimental Medicine 195, 617–624. 1344 

188. Davitt CJH, McNeela EA, Longet S, et al. (2016) A novel adjuvanted capsule based 1345 

strategy for oral vaccination against infectious diarrhoeal pathogens. Journal of 1346 

Controlled Release 233, 162–173. 1347 

189. Lindqvist M, Persson J, Thörn K, et al. (2009) The Mucosal Adjuvant Effect of α-1348 

Galactosylceramide for Induction of Protective Immunity to Sexually Transmitted Viral 1349 

Infection. The Journal of Immunology 182, 6435–6443. 1350 

190. Mohammed ASA, Naveed M and Jost N (2021) Polysaccharides; Classification, 1351 

Chemical Properties, and Future Perspective Applications in Fields of Pharmacology and 1352 

Biological Medicine (A Review of Current Applications and Upcoming Potentialities). 1353 

Journal of Polymers and the Environment 29, 2359–2371. 1354 

191. Chen Z, Lu J, Srinivasan N, et al. (2009) Polysaccharide-Protein Complex from Lycium 1355 

barbarum L. Is a Novel Stimulus of Dendritic Cell Immunogenicity. The Journal of 1356 

Immunology 182, 3503–3509. 1357 

192. Qiu Y, Hu YL, Cui BA, et al. (2007) Immunopotentiating Effects of Four Chinese Herbal 1358 

Polysaccharides Administered at Vaccination in Chickens. Poultry Science 86, 2530–1359 

2535. 1360 

193. Pi C-C, Chu C-L, Lu C-Y, et al. (2014) Polysaccharides from Ganoderma formosanum 1361 

function as a Th1 adjuvant and stimulate cytotoxic T cell response in vivo. Vaccine 32, 1362 

401–408. 1363 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

194. Liu C, Luo J, Xue R-Y, et al. (2019) The mucosal adjuvant effect of plant 1364 

polysaccharides for induction of protective immunity against Helicobacter pylori 1365 

infection. Vaccine 37, 1053–1061. 1366 

195. Özsezen B and Karakaya S (2022) Propolis and the immune system. Bee Products and 1367 

Their Applications in the Food and Pharmaceutical Industries, Elsevier, pp. 115–137. 1368 

196. Fischer G, Paulino N, Marcucci MC, et al. (2010) Green propolis phenolic compounds 1369 

act as vaccine adjuvants, improving humoral and cellular responses in mice inoculated 1370 

with inactivated vaccines. Memórias do Instituto Oswaldo Cruz 105, 908–913. 1371 

197. Lakshmi P, Bhaskaran S and Saroja C (2011) Recent trends in vaccine delivery 1372 

systems: A review. International Journal of Pharmaceutical Investigation 1, 64. 1373 

198. Toyofuku M, Schild S, Kaparakis-Liaskos M, et al. (2023) Composition and functions 1374 

of bacterial membrane vesicles. Nature Reviews Microbiology 21, 415–430. 1375 

199. Mat Rani NNI, Alzubaidi ZM, Butt AM, et al. (2022) Outer membrane vesicles as 1376 

biomimetic vaccine carriers against infections and cancers. Wiley interdisciplinary 1377 

reviews. Nanomedicine and nanobiotechnology 14, e1784. 1378 

200. Liu Q, Li X, Zhang Y, et al. (2019) Orally-administered outer-membrane vesicles from 1379 

Helicobacter pylori reduce H. pylori infection via Th2-biased immune responses in mice. 1380 

Pathogens and Disease 77, 1–13. 1381 

201. Song Z, Li B, Zhang Y, et al. (2020) Outer Membrane Vesicles of Helicobacter pylori 1382 

7.13 as Adjuvants Promote Protective Efficacy Against Helicobacter pylori Infection. 1383 

Frontiers in Microbiology 11, 1–13. 1384 

202. Qiao N, Du G, Zhong X, et al. (2021) Recombinant lactic acid bacteria as promising 1385 

vectors for mucosal vaccination. Exploration (Beijing, China) 1, 20210026. 1386 

203. Hongying F, Xianbo W, Fang Y, et al. (2014) Oral Immunization with Recombinant 1387 

Lactobacillus acidophilus Expressing the Adhesin Hp0410 of Helicobacter pylori Induces 1388 

Mucosal and Systemic Immune Responses. Clinical and Vaccine Immunology 21, 126–1389 

132. 1390 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

204. Zhang R, Duan G, Shi Q, et al. (2016) Construction of a recombinant Lactococcus lactis 1391 

strain expressing a fusion protein of Omp22 and HpaA from Helicobacter pylori for oral 1392 

vaccine development. Biotechnology Letters 38, 1911–1916. 1393 

205. Galen JE, Wahid R and Buskirk AD (2021) Strategies for Enhancement of Live-1394 

Attenuated Salmonella-Based Carrier Vaccine Immunogenicity. Vaccines 9, 162. 1395 

206. Corthésy-Theulaz IE, Hopkins S, Bachmann D, et al. (1998) Mice are protected from 1396 

Helicobacter pylori infection by nasal immunization with  attenuated Salmonella 1397 

typhimurium phoPc expressing urease A and B subunits. Infection and immunity 66, 581–1398 

586. 1399 

207. Chen J, Li N and She F (2014) Helicobacter pylori outer inflammatory protein DNA 1400 

vaccine-loaded bacterial ghost enhances immune protective efficacy in C57BL/6 mice. 1401 

Vaccine 32, 6054–6060. 1402 

208. Lundin BS, Johansson C and Svennerholm A-M (2002) Oral immunization with a 1403 

Salmonella enterica serovar Typhi vaccine induces specific circulating mucosa-homing 1404 

CD4+ and CD8+ T cells in humans. Infection and immunity 70, 5622. 1405 

209. Zhou Z, Gong S, Yang Y, et al. (2015) Expression of Helicobacter pylori urease B on the 1406 

surface of Bacillus subtilis spores. Journal of medical microbiology 64, 104–110. 1407 

210. Katsande PM, Nguyen VD, Nguyen TLP, et al. (2023) Prophylactic immunization to 1408 

Helicobacter pylori infection using spore vectored vaccines. Helicobacter 28, e12997. 1409 

211. Zhang X, Sang S, Guan Q, et al. (2022) Oral Administration of a Shigella 2aT32-Based 1410 

Vaccine Expressing UreB-HspA Fusion Antigen With and Without Parenteral rUreB-1411 

HspA Boost Confers Protection Against Helicobacter pylori in Mice Model. Frontiers in 1412 

immunology 13, 894206. 1413 

212. Cen Q, Gao T, Ren Y, et al. (2021) Immune evaluation of a Saccharomyces cerevisiae-1414 

based oral vaccine against Helicobacter pylori in mice. Helicobacter 26, e12772. 1415 

213. Msaouel P, Opyrchal M, Dispenzieri A, et al. (2018) Clinical Trials with Oncolytic 1416 

Measles Virus: Current Status and Future Prospects. Current Cancer Drug Targets 18, 1417 

177–187. 1418 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

214. Iankov IDD, Kurokawa C, Viker K, et al. (2020) Live Attenuated Measles Virus 1419 

Vaccine Expressing Helicobacter pylori Heat Shock Protein A. Molecular Therapy - 1420 

Oncolytics 19, 136–148. 1421 

215. Lai Y, Wei W, Du Y, et al. (2022) Biomaterials for Helicobacter pylori therapy: 1422 

therapeutic potential and future perspectives. Gut microbes 14, 2120747. 1423 

216. Zhang Y, Li HH, Wang Q, et al. (2018) Rationally Designed Self-Assembling 1424 

Nanoparticles to Overcome Mucus and Epithelium Transport Barriers for Oral Vaccines 1425 

against Helicobacter pylori. Advanced Functional Materials 28, 1–15. 1426 

217. Skakic I, Francis J, Dekiwadia C, et al. (2023) An Evaluation of Urease A Subunit 1427 

Nanocapsules as a Vaccine in a Mouse Model of Helicobacter pylori Infection. Vaccines 1428 

11, 1652. 1429 

218. Liu H, Liu W, Tan Z, et al. (2018) Promoting Immune Efficacy of the Oral Helicobacter 1430 

pylori Vaccine by HP55/PBCA Nanoparticles against the Gastrointestinal Environment. 1431 

Molecular Pharmaceutics 15, 3177–3186. 1432 

219. Yang Y, Chen L, Sun H-W, et al. (2019) Epitope-loaded nanoemulsion delivery system 1433 

with ability of extending antigen release elicits potent Th1 response for intranasal vaccine 1434 

against Helicobacter pylori. Journal of nanobiotechnology 17, 6. 1435 

220. Vargas KM and Shon Y-S (2019) Hybrid lipid–nanoparticle complexes for biomedical 1436 

applications. Journal of Materials Chemistry B 7, 695–708. 1437 

221. Kleanthous H, Myers GA, Georgakopoulos KM, et al. (1998) Rectal and intranasal 1438 

immunizations with recombinant urease induce distinct local and serum immune 1439 

responses in mice and protect against Helicobacter pylori infection. Infection and 1440 

immunity 66, 2879–2886. 1441 

222. Wu C, Shi Y, Guo H, et al. (2008) Protection against Helicobacter pylori infection in 1442 

Mongolian gerbil by intragastric or intramuscular administration of H. pylori 1443 

multicomponent vaccine. Helicobacter 13, 191–199. 1444 

223. Neutra MR and Kozlowski PA (2006) Mucosal vaccines: the promise and the challenge. 1445 

Nature Reviews Immunology 2006 6:2 6, 148–158. 1446 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

224. Pappo J, Czinn S and Nedrud J (2001) Vaccines. Vaccines; ASM Press, 2001. 1447 

225. Walduck AK and Raghavan S (2019) Immunity and Vaccine Development Against 1448 

Helicobacter pylori. Advances in experimental medicine and biology 1149, 257–275. 1449 

226. Lavelle EC and Ward RW (2021) Mucosal vaccines — fortifying the frontiers. Nature 1450 

Reviews Immunology 2021 22:4 22, 236–250. 1451 

227. Li M, Wang Y, Sun Y, et al. (2020) Mucosal vaccines: Strategies and challenges. 1452 

Immunology letters 217, 116–125. 1453 

228. Rathore APS and St. John AL (2023) Promises and challenges of mucosal COVID-19 1454 

vaccines. Vaccine 41, 4042. 1455 

229. Sjökvist Ottsjö L, Jeverstam F, Yrlid L, et al. (2017) Induction of mucosal immune 1456 

responses against Helicobacter pylori infection after  sublingual and intragastric route of 1457 

immunization. Immunology 150, 172–183. 1458 

230. Czinn SJ and Blanchard T (2011) Vaccinating against Helicobacter pylori infection. 1459 

Nature Reviews Gastroenterology & Hepatology 2011 8:3 8, 133–140. 1460 

231. Ansari S and Yamaoka Y (2022) Animal Models and Helicobacter pylori Infection. 1461 

Journal of Clinical Medicine 2022, Vol. 11, Page 3141 11, 3141. 1462 

232. Nedrud JG (1999) Animal models for gastric Helicobacter immunology and vaccine 1463 

studies. FEMS Immunology & Medical Microbiology 24, 243–250. 1464 

233. Taylor NS and Fox JG (2012) Animal Models of Helicobacter-Induced Disease: 1465 

Methods to Successfully Infect the Mouse. Methods in molecular biology (Clifton, N.J.) 1466 

921, 131. 1467 

234. Lee A, O’Rourke J, De Ungria MC, et al. (1997) A standardized mouse model of 1468 

Helicobacter pylori infection: introducing the Sydney strain. Gastroenterology 112, 1386–1469 

1397. 1470 

235. Dey TK, Karmakar BC, Sarkar A, et al. (2021) A Mouse Model of Helicobacter pylori 1471 

Infection. Methods in molecular biology (Clifton, N.J.) 2283, 131–151. 1472 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

236. Wang X, Willén R, Svensson M, et al. (2003) Two-year follow-up of Helicobacter pylori 1473 

infection in C57BL/6 and Balb/cA mice. APMIS : acta pathologica, microbiologica, et 1474 

immunologica Scandinavica 111, 514–522. 1475 

237. Kodama M, Murakami K, Nishizono A, et al. (2004) Animal models for the study of 1476 

Helicobacter-induced gastric carcinoma. Journal of Infection and Chemotherapy 10, 316–1477 

325. 1478 

238. Pritchard DM and Przemeck SMC (2004) Review article: How useful are the rodent 1479 

animal models of gastric adenocarcinoma? Alimentary pharmacology & therapeutics 19, 1480 

841–859. 1481 

239. Ogura K, Maeda S, Nakao M, et al. (2000) Virulence factors of Helicobacter pylori 1482 

responsible for gastric diseases in Mongolian gerbil. The Journal of experimental 1483 

medicine 192, 1601–1609. 1484 

240. Hirayama F, Takagi S, Yokoyama Y, et al. (1996) Establishment of gastric Helicobacter 1485 

pylori infection in Mongolian gerbils. Journal of gastroenterology 31 Suppl 9, 24–8. 1486 

241. Hirayama F, Takagi S, Kusuhara H, et al. (1996) Induction of gastric ulcer and 1487 

intestinal metaplasia in Mongolian gerbils infected with Helicobacter pylori. Journal of 1488 

Gastroenterology 31, 755–757. 1489 

242. Honda S, Fujioka T, Tokieda M, et al. (1998) Gastric ulcer, atrophic gastritis, and 1490 

intestinal metaplasia caused by Helicobacter pylori infection in Mongolian gerbils. 1491 

Scandinavian Journal of Gastroenterology 33, 454–460. 1492 

243. Ohkusa T, Okayasu I, Miwa H, et al. (2003) Helicobacter pylori infection induces 1493 

duodenitis and superficial duodenal ulcer in Mongolian gerbils. Gut 52, 797–803. 1494 

244. Tatemaisu M, Nozaki K and Tsukamoto T (2003) Helicobacter pylori infection and 1495 

gastric carcinogenesis in animal models. Gastric Cancer 6, 1–7. 1496 

245. Boivin GP, Washington K, Yang K, et al. (2003) Pathology of mouse models of 1497 

intestinal cancer: Consensus report and recommendations. Gastroenterology 124, 762–1498 

777. 1499 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

246. Rijpkema SG, Durrani Z, Beavan G, et al. (2001) Analysis of host responses of guinea 1500 

pigs during Helicobacter pylori infection. FEMS Immunology & Medical Microbiology 1501 

30, 151–156. 1502 

247. Keenan JI, Rijpkema SG, Durrani Z, et al. (2003) Differences in immunogenicity and 1503 

protection in mice and guinea pigs following intranasal immunization with Helicobacter 1504 

pylori outer membrane antigens. FEMS Immunology and Medical Microbiology 36, 199–1505 

205. 1506 

248. Hashi K, Imai C, Yahara K, et al. (2018) Evaluating the origin and virulence of a 1507 

Helicobacter pylori cagA-positive strain isolated from a non-human primate. Scientific 1508 

reports 8, 15981. 1509 

249. Drazek ES, Dubois A and Holmes RK (1994) Characterization and presumptive 1510 

identification of Helicobacter pylori isolates from rhesus monkeys. Journal of Clinical 1511 

Microbiology 32, 1799–1804. 1512 

250. Correa P and Piazuelo MB (2012) The gastric precancerous cascade. Journal of 1513 

Digestive Diseases 13, 2–9. 1514 

251. Dubois A, Fiala N, Heman-Ackah LM, et al. (1994) Natural gastric infection with 1515 

Helicobacter pylori in monkeys: A model for spiral bacteria infection in humans. 1516 

Gastroenterology 106, 1405–1417. 1517 

252. Meza B, Ascencio F, Sierra-Beltrán AP, et al. (2017) A novel design of a multi-1518 

antigenic, multistage and multi-epitope vaccine against Helicobacter pylori: An in silico 1519 

approach. Infection, Genetics and Evolution 49, 309–317. 1520 

253. Hegde NR, Gauthami S, Sampath Kumar HM, et al. (2018) The use of databases, data 1521 

mining and immunoinformatics in vaccinology: where are we? Expert Opinion on Drug 1522 

Discovery 13, 117–130. 1523 

254. Raoufi E, Hemmati M, Eftekhari S, et al. (2020) Epitope Prediction by Novel 1524 

Immunoinformatics Approach: A State-of-the-art Review. International Journal of 1525 

Peptide Research and Therapeutics 26, 1155–1163. 1526 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19


Accepted Manuscript 

255. Rawat SS, Keshri AK, Kaur R, et al. (2023) Immunoinformatics Approaches for 1527 

Vaccine Design: A Fast and Secure Strategy for Successful Vaccine Development. 1528 

Vaccines 11, 221. 1529 

256. Chen Y and Blaser MJ (2008) Helicobacter pylori colonization is inversely associated 1530 

with childhood asthma. The Journal of infectious diseases 198, 553–560. 1531 

257. Luther J, Dave M, Higgins PDR, et al. (2010) Association between Helicobacter pylori 1532 

infection and inflammatory bowel disease: a meta-analysis and systematic review of the 1533 

literature. Inflammatory bowel diseases 16, 1077–1084. 1534 

258. Liu Y and Liao F (2023) Vaccination therapy for inflammatory bowel disease. Human 1535 

vaccines & immunotherapeutics 19, 2259418. 1536 

  1537 

 1538 

 1539 

https://doi.org/10.1017/erm.2024.19 Published online by Cambridge University Press

https://doi.org/10.1017/erm.2024.19

