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Abstract  

Helicobacter pylori is the major etiological agent of peptic ulcer disease and gastric cancer, 

infecting nearly 50% of the global population. The rising prevalence of antibiotic resistance 

threatens H. pylori treatment efficacy. While numerous studies have explored the 

prevalence and impact of resistance on eradication failure, the contribution of the host 

response in antibiotic eradication success remains relatively underexplored.   

This study aimed to analyse 241 clinical isolates of H. pylori collected from patients 

undergoing routine gastroscopy in Nottingham between 2001 and 2018, to assess antibiotic 

resistance rates. It also aimed to quantify the host innate response to H. pylori infection 

using ex vivo gastric biopsies tissue and AGS human gastric adenocarcinoma cell cultures in 

vitro. The anti-inflammatory effects of macrolide antibiotics were also assessed in vitro. 

Additionally, antibiotic resistance was examined, comparing phenotypic data with genome 

sequence data from clinical isolates. 

H. pylori clinical isolates were collected from 162 patients with informed written consent 

and ethical approval. Their sensitivity to metronidazole, clarithromycin, levofloxacin, 

tetracycline, and amoxicillin was assessed by culture-based methods using antibiotic discs 

and E-test strips. mRNA expression levels of cationic antimicrobial peptide defensin genes 

DEFB4 (human beta-defensin 4) and DEFA5 (human alpha-defensin 5) were measured in 56 

human gastric antral (lower part of the stomach) biopsies using RT-qPCR. The AGS cell line 

was infected with several H. pylori strains in the presence and absence of the pro-

inflammatory cytokine Tumour Necrosis Factor alpha (TNFα), clarithromycin, or 

azithromycin, and pro-inflammatory chemokine interleukin-8 (IL-8) and human beta-

defensin 2 (hβD2) levels were measured using Enzyme-Linked Immunosorbent Assay 

(ELISA).  Illumina MiSeq genome sequence data from 35 H. pylori clinical isolates was 

analysed using SPAdes, QUAST, and Prokka bioinformatics tools on the Galaxy platform. 

Antibiotic resistance predictions for the genome assemblies were made with the 

Comprehensive Antibiotic Resistance Database (CARD). Amino acid substitutions in 

predicted penicillin-binding proteins (PBPs) of 10 amoxicillin-susceptible and 10-resistant H. 

pylori strains were analysed using the H. pylori 26695 strain as a reference. The 3D 

structures of penicillin-binding protein 1A (PBP1A) and penicillin-binding protein 2 (PBP2) 
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from strain 26695 were predicted using I-TASSER, and protein folding predictions for PBP1A 

were performed using AlphaFold2 and visualized with UCSF ChimeraX. 

The study discovered a high prevalence of resistance to metronidazole (61.8%, 149/241) and 

clarithromycin (27.8%, 67/241) among H. pylori isolates, with resistance rates for these 

antibiotics rising significantly between 2011 and 2018. Isolates from individuals who had 

previously undergone H. pylori eradication therapy were more likely to be resistant to 

metronidazole (p=0.006) and clarithromycin (p<0.0001) compared to those from individuals 

without prior treatment. Additionally, younger patients (aged 40-60) were more likely to 

have strains that were resistant to metronidazole (p=0.0119) and clarithromycin (p=0.0454) 

than older patients. 

DEFB4 mRNA expression levels were 17-fold higher in gastric biopsies from 24 infected 

patients compared with 21 uninfected patients (p<0.0001), whilst the DEFA5 mRNA levels 

were reduced by 76-fold (p=0.0029). DEFB4 expression was over 50 times higher in biopsies 

from patients with atrophic gastritis compared to those without (p=0.0059) and similarly, 

DEFA5 expression was over 50 times higher in those with atrophy (p=0.0062). Higher DEFB4 

expression was also observed in biopsies from patients infected with more virulent 

cytotoxin-associated gene A positive (cagA+) H. pylori strains (p=0.0316). 

IL-8 and hβD2 secretion by AGS cells increased significantly when exposed to H. pylori 

infection at a multiplicity of infection (MOI) of 20 bacteria/cell in the presence of 50 ng/ml 

TNFα compared to infected cells without TNFα (2-fold higher IL-8 (p=0.033) and 2-fold 

higher HβD2 concentrations (p=0.0018)). The addition of macrolides to AGS cell cultures 

infected with clarithromycin-resistant isolate 873A at an MOI of 20 was found to reduce IL-8 

production (clarithromycin: 2.7-fold, p=0.0051; azithromycin: 2.7-fold, p=0.0204), and a 

similar result was observed with other isolates.  More pronounced effects were observed 

with cagA-positive strains. Macrolides were also observed to decrease the secretion of 

defensin hβD2 by AGS cells infected with H. pylori isolate 873A (clarithromycin: 3-fold, 

p=0.0056; azithromycin: 3-fold, p=0.0056), but there were no significant differences 

between cagA-positive and cagA-negative strains when additional assays were performed.  

Known and novel point mutations and amino acid substitutions were identified in target 

antimicrobial resistance genes and proteins of H. pylori isolates. The A2147G mutation in 
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the 23S rRNA was closely associated with resistance to clarithromycin (p<0.0001), whilst 

amino acid changes A85 and R90K in the S-nitrosoglutathione reductase enzyme (FrxA) were 

significantly linked to metronidazole resistance (p=0.03). There was a strong correlation 

between phenotypic antibiotic susceptibility and genotypic resistance of strains to 

levofloxacin, with the A subunit of gyrase enzyme (gyrA) genotypes accurately indicating 

strain susceptibility (kappa coefficient of 1). Amoxicillin-resistant strains had higher numbers 

of amino acid substitutions (13.6 per strain) in PBP1A than amoxicillin-susceptible strains 

(11.8 per strain). The amino acid substitutions at positions 473, 589, 593, and 595 in H. 

pylori 26695 PBP1A, near the active sites SAIK368-371, SLN433-435, and KTGT555-558 suggest 

potential structural changes that might reduce the binding affinity or access of amoxicillin.   

In conclusion, these studies offer new insights into the prevalence of antibiotic-resistant H. 

pylori in the UK, underscoring the necessity to revise the clinical guidelines for eradication 

therapy. The guidelines from the National Institute for Health and Care Excellence (NICE) 

have remained unchanged since 2019 and may no longer be effective considering the 

increasing prevalence of antibiotic-resistant strains identified in the current research. 

Ongoing surveillance of resistance patterns is crucial for informing evidence-based updates 

to treatment protocols, ensuring eradication therapy remains effective in combating H. 

pylori infections.  

This study also sheds light on the role of human defensins, particularly DEFB4 and DEFA5, 

during H. pylori infection, highlighting their association with atrophic gastritis and virulence 

factors. The findings enhance understanding of defensin regulation in gastric pathogenesis 

especially gastric cancer and its potential as a prognostic tumour biomarker. Assessing 

defensin levels may aid in identifying pre-malignant lesions in asymptomatic H. pylori-

infected patients, improving early detection and intervention strategies for gastric cancer. 

This research contributes valuable insights into host-pathogen interactions and supports the 

development of diagnostic tools for better management of H. pylori-related diseases. 

The findings indicate that macrolides can suppress IL-8 and defensin production during H. 

pylori infection, suggesting that they may serve a dual purpose as both antibiotics and 

immunomodulators. This knowledge could be valuable for clinicians in determining the 

appropriate treatment for patients where managing inflammation is the primary objective, 

rather than eradicating the bacteria, such as in cases of refractory or non-eradicable H. 
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pylori infection although inappropriate antibiotic use should be avoided, as this could 

generate resistance in other organisms of the normal human microbiome. The observation 

that cagA+ strains have a more pronounced effect than cagA- strains provides evidence to 

refine treatment plans, based on the cagA status of H. pylori isolates, rather than relying 

solely on empirical therapies, especially for patients who are genetically predisposed to 

higher-level inflammatory responses.  

The identification of point mutations and amino acid substitutions in H. pylori antibiotic 

resistance genes and proteins, obtained from this study helps to inform predictive tools for 

determining antibiotic susceptibility. Integration of genomic data with phenotypic testing 

provides a comprehensive view of resistance trends in H. pylori populations. In the future, 

machine learning and artificial intelligence could leverage whole-genome sequencing data 

from biopsy samples to predict antimicrobial resistance profiles rapidly and recommend 

optimal antibiotic combinations. These systems could also record local resistance patterns 

and prior treatment histories to personalize eradication therapies. Improving diagnostic 

precision and treatment personalization holds the key to overcoming resistance, improving 

eradication success, and mitigating the global burden of H. pylori-associated diseases. 
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1.1 Helicobacter pylori 

Helicobacter pylori is a widespread human pathogen that is accountable for chronic 

inflammation of the gastric mucosa, gastric and duodenal ulcer disease, and gastric cancer 

(Qureshi et al., 2019). The Gram-negative genus Helicobacter belongs to the subdivision of 

the Proteobacteria, order Campylobacterales and family Helicobacteraceae. Most of the 

members of the genus Helicobacter are catalase and oxidase-positive, with many of them 

also urease-positive (Fox, 2002). H. pylori is a spiral, flagellated and microaerophilic 

bacterium (Huang et al., 2016), which measures 2 to 4 µm in length and 0.5 to 1 µm in width 

(Kusters et al., 1997). However, when H. pylori is cultured on solid medium, the bacteria 

usually appear as rod-shaped, although coccoid forms become visible after prolonged in-

vitro culture or after antibiotic treatment (Aktaş et al., 2020; Kusters et al., 1997). The 

organism has 2-6 unipolar, sheathed flagella about 3µm in length and possesses a unique 

bulb at the end. This adaptation helps with the motility for rapid movement especially in the 

mucus layer covering the gastric epithelial cells (O′Toole et al., 2000).  

The bacterium initially colonizes the stomach's mucosa, and if present, it can be considered 

the dominant microbial inhabitant of the human stomach (Cover & Blaser, 2009). The 

bacterium is part of the indigenous biota in the human stomach and persists for decades 

from early childhood, or lifelong in most people. H. pylori survive because of its protected 

niche in the gastric mucus layer as the pH in the mucus is less extreme than the lumen (the 

pH at the luminal surface of the stomach ranges from 0.3 to 2.9, with a resting median pH of 

about 2, while the pH within the mucus layer is approximately 4 when at rest). On ingestion 

of the bacteria, they rapidly swim into the mucus to survive and establish colonization 

(Keilberg & Ottemann, 2016).  
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In general, the adaptation mechanisms of H. pylori to the acidic gastric environment are a 

synergy of several factors including bacterial proteins (e.g. urease), corkscrew morphology 

(special motility of spiral bacteria which enables them to move rapidly and easily in the 

viscous environment provided by the mucus that severely impede the movement of more 

conventional rod-shaped organisms) (Yang et al., 2019), motility via flagella (Keilberg & 

Ottemann, 2016) , host factors including access to urea and adhesion to protective gastric 

mucins (Ansari & Yamaoka, 2017).  One of the key elements is by H. pylori production of 

large quantities of urease enzyme. The hydrolysis of urea to ammonia by urease elevates 

the cytoplasmic pH, hence neutralising the acidity of the bacterial microenvironment within 

the stomach (Ansari & Yamaoka, 2017; Keilberg & Ottemann, 2016). 

1.2 Helicobacter pylori infection and diseases 

H. pylori gastritis is classified as an infectious disease in the 11th revision of the 

International Classification of Diseases (Malfertheiner et al., 2022). H. pylori infection has 

been prevalent globally, with an overall infection rate reaching 43.2% (95% CI: 40.3–45.9%) 

in 2011–2022, and interestingly, the prevalence of H. pylori infection is distinctly variable 

among different countries (Li et al., 2023b). The prevalence rates are most commonly high 

in developing countries (Huang et al., 2024). In developing countries, more than 70% of the 

population harbours H. pylori, and more than half of these infections are acquired before 

the age of 10 years (Kienesberger et al., 2018). For example, high prevalence is observed in 

Latin American countries (59%), with lower prevalence rates in North America (36.2%) (Li et 

al., 2023b; Zamani et al., 2018). Meanwhile, the overall prevalence of H. pylori infections 

among European populations was shown to be 47.5% (95% CI: 43.0–52.1%) (Li et al., 

2023b). In 2018, it was reported that the prevalence of H. pylori infection in Germany 
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ranged from 20% and 40% (Fischbach & Malfertheiner, 2018). A recent meta-analysis also 

found H. pylori infection rates of 28.6% in France, 18.8% in Denmark, and 26.3% in the 

United Kingdom (Chen et al., 2024). 

However, the global prevalence of H. pylori infection in adults has declined from 58.2% 

during the 1980-1990 period to 43.1% between 2011 and 2022. While prevalence remained 

stable from 1991 to 2010, it saw a significant decrease from 2011 to 2022, particularly in the 

WHO African region (Li et al., 2023b). Overall, a lower prevalence of H. pylori infection was 

mostly attributed to the common use of antibiotics in childhood, advancement in 

healthcare, improvement of socioeconomic status, living standards, and hygiene conditions 

(Liou et al., 2020; Park et al., 2021). The widespread use of antibiotics for infections other 

than H. pylori infections may inadvertently eradicate the bacteria, particularly during 

childhood when infections are often acquired. This has led to younger generations acquiring 

H. pylori at a lower rate compared to older generations, likely because children have lower 

acid output than adults, making it easier for them to clear the infection. Additionally, it is 

also uncommon for adults to contract the infection (Cardos et al., 2021; Nguyen et al., 

2023).   

The current literature also shows that the human transmission of H. pylori requires close 

person-to-person contact, and occurs via the oral-oral, faecal-oral, and gastric-oral routes, 

particularly in settings of poor sanitation and hygiene, and the infection dose for humans is 

low (Mitchell & Katelaris, 2016). Furthermore, the transmission between family members is 

thought to be the most prevalent (Kayali et al., 2018).  

H. pylori infections are usually first acquired during early childhood and persist for life if 

untreated, and most infected persons remain asymptomatic (Bashir & Khan, 2023; 



5 
 

Malfertheiner et al., 2023). However, when adults become infected (in very rare cases), this 

may lead to acute symptoms such as nausea and dyspepsia, along with reduced gastric acid 

secretion (Robinson & Atherton, 2021). H. pylori has been linked to different forms of 

gastritis, and in some people, the persistent inflammation in the stomach results in chronic 

atrophic gastritis (Holleczek et al., 2020), which may then lead to further premalignant 

pathology, such as intestinal metaplasia and adenocarcinoma (Dinis-Ribeiro & Kuipers, 

2020).  

1.2.1 Peptic ulcer disease  

Peptic ulcer disease (PUD) is defined as the presence of an open lesion in the mucosa of the 

human gastrointestinal tract, and it affects millions of people across the world (Lanas & 

Chan, 2017). An individual infected with H. pylori has approximately a 10% risk for the 

development of peptic ulcer disease (Oppong et al., 2015), and H. pylori infection is the 

leading cause as it can be diagnosed in 98% of duodenal ulcer patients and 94% of gastric 

ulcer patients (Chen et al., 2018b). 

The pattern of H. pylori colonization and the extent of gastritis are the main factors 

determining whether ulceration occurs in the duodenum or the stomach (Ansari & 

Yamaoka, 2017). The counteractive effects of acid on bacterial growth and associated 

mucosal inflammation on acid secretion are crucial in the determination of outcomes of H. 

pylori colonization.  H. pylori typically colonize the antrum of the stomach, but in conditions 

of reduced acid secretion, it can also colonize the corpus of the stomach (Figure 1.1). This is 

often observed in patients who are on long-term acid suppression medication (Lee et al., 

1995). In individuals with high gastric acid secretion, H. pylori colonize the gastric antrum, 
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where few acid-secreting parietal cells are present. High local acid concentrations 

(hyperchlorhydria) increase acid exposure of the duodenal mucosa; hence this colonization 

pattern is linked to antrum-predominant gastritis, which may lead to duodenal ulcer (Figure 

1.2) (Dixon, 2001).  

In contrast, if the acid secretion level is stable, the distribution of H. pylori colonization in 

the antrum and corpus are even, which may produce an atrophic pangastritis (Figure 1.2). 

The colonization and inflammation of the corpus are linked to decreased acid levels 

(achlorhydria), and this condition can result in the formation of corpus-predominant 

gastritis and an increased risk of gastric ulcer and gastric cancer (Dixon, 2001). Both types of 

gastritis can result in the formation of gastric ulcers, typically located on the lesser curvature 

in the transitional area between the antrum and corpus. Gastric atrophy is regarded as a 

pre-cancerous condition because it is strongly associated with the development of gastric 

adenocarcinoma (Atherton, 2006; Atherton & Blaser, 2009).  
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Figure 1.1: Anatomical structure of the human stomach (Created with BioRender.com). 

 

Figure 1.2: The correlation between the pattern of gastritis induced by H. pylori infection, 
acid secretion, area of active inflammation, and subsequent clinical outcomes (Created 
with BioRender.com).  



8 
 

1.2.2 Gastric cancer  

The bacterium is the first bacterial cancer-causing agent (Wroblewski et al., 2010). In 1994, 

H. pylori was classified as a grade I biological carcinogen by the World Health Organization 

(WHO) and an International Agency for Research on Cancer consensus group (Humans, 

1994). It is the major cause of gastric cancer (Suerbaum & Michetti, 2002). Gastric cancer 

ranks as the fifth most common malignancy and is the fourth leading cause of cancer-

related death globally (Yang et al., 2023). Infection with H. pylori is an important risk factor 

for gastric cancer in humans, however, only about 1-2 % of H. pylori-infected individuals 

globally progress to gastric cancer (Tempera et al., 2022).  

It has also been found that the incidence of gastric adenocarcinoma varies profoundly 

between countries, with some East Asian countries such as China and Vietnam having a 

more than 10-fold higher prevalence than in Africa, Europe, and the USA (Park et al., 

2018b). Even though so much of the world’s population is infected with H. pylori, gastric 

cancer is uncommon in some areas, even those with a high prevalence of H. pylori infections 

(Yamaoka, 2010). This implies that different H. pylori strains might have different abilities to 

cause cancer, and these differences could be responsible for the remarkable geographical 

variations in H. pylori-related diseases (Graham, 2014).  

Due to the absence of effective treatments and frequent delays in detection, gastric cancer 

remains a significant global health concern with a poor outlook. Many patients are identified 

with advanced gastric cancer, leading to noticeably short survival times, due to late 

diagnosis (Li et al., 2024). Current treatment strategies for gastric cancer focus heavily on 

consultations with multidisciplinary teams. Despite the abundance of therapeutic options 
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and insights from clinical trials, most gastric cancer patients benefit from personalized 

therapies, improving their prognosis. However, some patients continue to face challenges 

with advanced gastric cancer, including distant metastases and recurrence. A recent study 

revealed that most gastric cancer patients had diffuse-type gastric cancer (62.2%) and were 

in advanced stages (89.8%), with 60 patients (61.2%) having metastatic cancer 

(Bongkotvirawan et al., 2024).  

Since H. pylori infection is a strong risk factor for gastric cancer, eradicating H. pylori before 

the development of atrophic changes can eliminate the associated cancer risk (Mitchell & 

Katelaris, 2016). Previous studies have revealed that H. pylori eradication therapy was found 

to reduce the risk of gastric cancer significantly (Correa et al., 2000; Kuipers et al., 2004). 

The benefits of H. pylori eradication therapy that could reduce the risk extend, to those 

patients older than 60 years who had undergone the therapy at least 10 years earlier (Leung 

et al., 2018). This strategy is cost-effective in countries with a higher risk of gastric cancer as 

there is no vaccine; however, population-wide antibiotic eradication would contribute to 

more antibiotic resistance (Areia et al., 2013). 

1.2.3 Gastric MALT lymphoma 

The colonization of H. pylori also causes various other gastrointestinal diseases in humans 

including gastric mucosa-associated lymphoid tissue (MALT) lymphoma (Hu et al., 2016a). 

Gastric MALT lymphoma develops from marginal zone B cells in lymphoid follicles, which 

proliferate in an uncontrolled manner and frequently become widespread throughout the 

gastric mucosa (Robinson & Atherton, 2021). Several studies have shown that chronic 

gastric inflammation causes antigenic stimulation, which then leads to clonal expansion of 



10 
 

B-cell lymphocytes (Banks, 2007; O'Rourke, 2008). Hence, gastric MALT lymphoma is a clear 

representation of how chronic inflammation by bacterial infection contributes to 

oncogenesis (Sagaert et al., 2010).  

It was firmly established that almost 90% of patients with gastric MALT lymphoma are 

infected with H. pylori. However, only 2% of H. pylori-infected individuals worldwide will 

develop malignant lymphoma (Weber et al., 1994). Gastric MALT lymphoma can range in 

symptom severity from being long-term asymptomatic, or associated with dyspepsia, 

abdominal pain, vomiting, diarrhoea, and nausea. Bleeding from the gastrointestinal tract or 

even perforation may occur occasionally while extensive lesions are present (Medina-Franco 

et al., 2007). Eradication of H. pylori infection by antibiotic treatment causes complete 

regression of gastric MALT lymphoma in most early-stage cases and has become an 

established clinical practice (Bacon et al., 2007). 

1.3 H. pylori virulence factors  

The risk of development of these diseases and the severity of gastritis associated with H. 

pylori infection is determined by multiple factors such as bacterial (virulence factors), host, 

and environmental factors (Kusters et al., 2006b). Studies have revealed that infection with 

H. pylori carrying specific virulence factors such as blood-antigen binding protein A (BabA), 

cag pathogenicity island (cagPaI), high-temperature requirement A (HtrA), vacuolating 

cytotoxin A (VacA) and duodenal-ulcer promoting gene (DupA) may play important 

pathogenic roles in the development of H. pylori-related diseases (Chang et al., 2018). 

In general, there are four essential steps for H. pylori to establish successful colonization and 

disease pathogenesis before entering the host stomach: (1) rapid movement from the acidic 
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stomach lumen into the gastric mucus layer by flagella-mediated motility; (2) buffering 

against stomach acid by utilizing its urease activity; (3) attachment to host cells via bacterial 

adhesins interacting with receptors which helps the bacteria avoid displacement from the 

stomach; (4) accessing nutrients and urea in tissue fluid, for example, using VacA toxin to 

permeabilise epithelial cell membranes and HtrA directly degrade host cell factors such as 

occludin and claudin-8 in the tight junctions and E-cadherin in the adherens junctions. The 

cleavage of junctional proteins leads to disruption of the epithelial barrier paving the way 

for bacteria to transmigrate across the cell monolayer by a paracellular route (Backert et al., 

2018; Kao et al., 2016).  

1.3.1 Blood-antigen binding protein A (BabA)  

H. pylori adhesion is considered one of the bacterial virulence factors involved in various 

processes during the early and chronic phases of infection (Kalali et al., 2014). Blood-antigen 

binding protein A (BabA) is a type of bacterial adhesin that has a molecular mass of nearly 

78 kDa.  This bacterial cell-surface protein has three identified bab alleles including babA1, 

babA2, and babB (Kao et al., 2016).  The BabA adhesin of H. pylori recognizes and attaches to 

the Lewisb antigen on gastric epithelial cells, a key step in bacterial colonization that drives 

the onset of gastritis and peptic ulcer disease (Ong & Lin, 2024).  

Previous animal and human studies revealed that infection by BabA-expressing strains is 

associated with higher bacterial density, more severe injury in the gastric mucosa (Fujimoto 

et al., 2007; Ohno et al., 2011), and were also linked to a higher risk of duodenal ulcers than 

BabA-negative strains in Western countries (Fujimoto et al., 2007). It also appears that the 

expression of BabA promotes an increased risk of PUD and gastric cancer in Western 
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countries, though, the existence of BabA is not correlated to gastric-related diseases in 

Asians (Chen et al., 2013).  

1.3.2 Cytotoxin-associated gene A (CagA)  

Following the successful adherence between bacterial adhesins and host cell receptors, H. 

pylori release several effector proteins or toxins, such as cytotoxin-associated gene A (CagA) 

and vacuolating cytotoxin A (VacA) causing host tissue damage (Kao et al., 2016). The cagA 

gene is one of more than 30 genes that are present in a 40 kb genomic DNA segment 

encoding 27-31 proteins known as the cag pathogenicity island (cagPAI) (Tohidpour, 

2016).  The type IV secretion system (T4SS) acts as a bacterial "syringe" delivery mechanism 

used to inject bacterial proteins directly into the cytosol of gastric epithelial cells, and it also 

plays a crucial role in bacterial adhesion to the epithelium. Strains that either lack the 

cagPAI or possess non-functional mutated alleles show a significantly diminished ability to 

establish colonization, persist, and exhibit pathogenicity in the host (Kusters et al., 2006a). 

The T4SS primarily functions to deliver the CagA protein into gastric epithelial cells, where it 

is phosphorylated by host Src-dependent kinases. This process involves several T4SS 

proteins, including CagI, CagL, CagY, and CagA, which interact with the host cell’s integrin β1 

to facilitate CagA’s passage across the cell membrane. The translocation of CagA into host 

cells requires CagL to bind to the α5β1-integrin on gastric epithelial cells, which is crucial for 

activating the cag T4SS. This interaction serves as an anchor for H. pylori on host cells, 

facilitates the full assembly of the T4SS, and triggers Src-family kinases to phosphorylate 

CagA (Figure 1.3) (Liu et al., 2023). The binding of CagL is mediated by an RGD motif (Arg-

Gly-Asp), which is revealed following acid-induced conformational changes in the stomach. 
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The CagL-gastric epithelial cells interaction can activate the gastrin promoter, contributing 

to hypergastrinemia linked with H. pylori infection (Cover, 2012).  

After CagA is delivered and phosphorylated in the host cell cytosol, it activates Src homology 

protein 2 (SHP-2), which then dephosphorylates various host proteins, leading to alterations 

in cellular signalling, activity, and morphology (Backert & Tegtmeyer, 2017). The binding of 

CagL to integrins on H. pylori initiates signalling cascades in gastric epithelial cells, resulting 

in NFκB activation, IL-8 expression, and the activation of focal adhesion kinase (FAK), 

epidermal growth factor receptor (EGFR), and MAPK signalling pathways (Naumann et al., 

2017). 
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Figure 1.3: Formation of the cag type IV secretion system. (1) In the early stages of 
infection, the T4SS subunits are assembled to span the H. pylori membrane. (2, 3, 4) The 
polymerisation of the pilus causes projection toward host cellular surfaces. (5) CagL is a 
protein located at the tip of the pilus, CagL binding to α5β1-integrins on the host cell allows 
full assembly of the T4SS. (6) CagL: integrin association activates host kinases including FAK 
and Src. (7) CagA can be translocated into the host cytosol upon integrin activation. (8) CagA 
is phosphorylated by host kinases. (9) CagA phosphorylation leads to altered host signalling 
which causes cytoskeletal rearrangement, disruption of cell-cell junctions, and inflammatory 
gene expression, notably IL-8 (Kwok et al., 2007).   
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In general, H. pylori can be distinguished into two major subpopulations based on the 

presence or absence of the cagA gene that encodes the CagA protein: cagA-positive and 

cagA-negative strains (Hatakeyama, 2004). Clinical data show that cagA-positive strains are 

more likely to cause gastric cancer than cagA-negative ones (Ji et al., 2024). Although most 

people infected with cagA-positive strains are asymptomatic, but their risk of gastric cancer 

is about two times greater than with those bearing cagA- negative strains (Huang et al., 

2003). Furthermore, infections with H. pylori strains that express CagA tend to be linked to 

more severe clinical outcomes than those without the virulence factor CagA, and cagA-

positive H. pylori strains are associated with acute gastritis, peptic ulceration, and gastric 

cancer (Park et al., 2018b).  

Interestingly, cagA gene prevalence was about 60% in Western countries, whereas in East 

Asian countries, it was detected in almost all of the isolates (Matsunari et al., 2016). For 

instance, in Vietnam, 80% of confirmed H. pylori strains were found to have highly virulent 

East Asian type cagA gene which is potent in causing gastric cancer (Nguyen et al., 2021). 

Extensive molecular epidemiological studies have indicated that individuals infected with 

East Asian-type CagA (CagAE) strains are at a higher risk of developing gastric cancer (Yuan 

et al., 2017). Transgenic mouse studies have shown that CagAE leads to more severe 

neoplastic lesions compared to the Western-type A (CagAW) (Miura et al., 2009). In vitro 

experiments have also demonstrated that CagAE is more virulent than CagAW, causing 

greater IL-8 secretion and more significant morphological changes (Bridge et al., 2017). 

These findings suggest that CagAE is more carcinogenic than CagAW, although the exact 

mechanisms remain unclear. 
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Notably, a study has shown that the East Asian type of CagA binds to SHP2, 100-fold more 

strongly than the Western CagA (Hayashi et al., 2017). This is because cagA is a polymorphic 

gene that presents different numbers of repeated sequences located in its 3′ region, and 

each repeated region of CagA protein contains Glu-Pro-Ile-Tyr-Ala (EPIYA) motifs, including a 

tyrosine phosphorylation site (Hatakeyama, 2004).  

The biological activity of the CagA protein is influenced by the types and numbers of EPIYA 

motifs in its C-terminal region. These motifs are categorized into four types based on their 

unique conserved flanking sequences: EPIYA-A, -B, -C, and -D. H. pylori isolates from East 

Asia, where the incidence of gastric cancer is highest, typically feature the EPIYA A-B-D motif 

(Figure 1.4) (Nishikawa & Hatakeyama, 2017).  

In contrast, isolates from Western countries usually exhibit the EPIYA A-B-C motif (Figure 

1.4). The A-B-D motif demonstrates a stronger binding affinity for phosphatases (SHP-2) 

compared to the A-B-C motif and, therefore may causatively account for higher incidence of 

gastric cancers in East Asian countries than in Western countries (Takahashi-Kanemitsu et 

al., 2020). This further suggests that CagA sequence polymorphism is also one of the crucial 

factors that determines the level of oncogenic activity of CagA-positive H. pylori strains.   
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Figure 1.4: Polymorphisms in the C-terminal tail of H. pylori CagA. The C-terminus of 
Western CagA is organized into segmental repeats characterized by EPIYA-A, EPIYA-B, and 
typically 1–3 repeats of EPIYA-C segments, each containing a single EPIYA motif. Note that 
Western CagA always carries an extra copy of the Western CM motif (W-CM) flanking the 
distal end of the EPIYA-repeat region. In contrast, the highly oncogenic East Asian CagA 
usually contains EPIYA-A, EPIYA-B, and a single copy of the EPIYA-D segment. Since the 
EPIYA-D segment does not contain a CM motif, East Asian CagA typically carries only one 
East Asian CM motif (EA-CM), which flanks the EPIYA-repeat region at the distal end 
(Nishikawa & Hatakeyama, 2017).  

 

1.3.3 High-Temperature Requirement A (HtrA) 

High-temperature requirement A (HtrA) in H. pylori is a serine protease that plays a key role 

in the pathogen's ability to colonize and persist in the human stomach. It is a multifunctional 

protein that significantly contributes to the bacterium's survival, adaptation, and 

pathogenicity by compromising the integrity and function of the gut epithelial barrier 

through the disruption of epithelial cell junctions (Taglialegna, 2023). HtrA cleaves E-

cadherin (Cdh1), an essential cell adhesion protein and tumour suppressor that plays a 

pivotal role in maintaining the balance of gastric epithelial cells. Cdh1 creates calcium-

dependent homophilic bonds between its extracellular domains within the same cell (cis) 
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and neighbouring epithelial cells (trans), ensuring strong cell-to-cell connections (Thompson 

et al., 2021). 

The detachment of the Cdh1 ectodomain was linked to infections by H. pylori. This 

bacterium secretes a Cag T4SS-independent factor, the serine protease HtrA, which cuts the 

extracellular domain of Cdh1 at the cell surface, causing a localized disruption in lateral cell-

to-cell junctions. Cdh1 was the initial substrate identified for HtrA. Subsequently, it was 

found that desmoglein-2 (Dsg-2) from desmosomes, along with the tight junction proteins 

occludin and claudin-8, are also targets of H. pylori HtrA (Bernegger et al., 2021; Tegtmeyer 

et al., 2017). Indeed, HtrA activity was identified as the primary factor responsible for the 

opening of tight and adherens junctions between epithelial cells, while host-derived 

proteases like matrix metalloproteases or ADAM proteases play only a minor role in H. 

pylori infections (Bernegger et al., 2021).  

The shedding of Cdh1 mediated by HtrA and the subsequent disruption of cell–cell 

adhesions allow H. pylori to move through the host epithelial monolayer, allowing the direct 

interaction with integrin-β1 at the basolateral membrane and facilitate the translocation of 

the virulence factor cytotoxin-associated gene A (CagA) into host cells via T4SS. Once inside 

the cytosol, CagA is quickly phosphorylated on tyrosine residues by Src family kinases (SFK) 

and c-Abl, directly influencing a complex network of signalling pathways that result in 

epithelial depolarization (Tegtmeyer et al., 2017; Toh & Wilson, 2020). 

In an earlier study, the analysis of 1,043 genomes of H. pylori identified an SNP in the serine 

protease HtrA (at position serine/leucine 171) that is strongly associated with gastric cancer. 

It showed that the mutation from 171S to 171L prompts the formation of HtrA trimers, 

enhancing proteolytic activity and the cleavage of epithelial junction proteins like occludin 
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and the tumour-suppressor E-cadherin. They also found that only H. pylori with the 171L-

type HtrA, not those with 171S-HtrA, cause significant epithelial damage, facilitate the 

injection of the oncoprotein CagA into epithelial cells, increase NF-κB-mediated 

inflammation and cell proliferation through the nuclear accumulation of β-catenin, and 

induce double-strand breaks in host DNA, which collectively lead to malignant 

transformations (Sharafutdinov et al., 2023). These findings underscore the amino acid 

changes 171S/L HtrA as a unique bacterial cancer-associated SNP and suggest its potential 

as a biomarker for predicting risks in H. pylori infections (Backert et al., 2024). 

 

1.3.4 Vacuolating cytotoxin A (VacA) 

Another major protein toxin secreted by H. pylori is vacuolating cytotoxin A (VacA). When 

VacA toxin binds to host cells via endocytosis, it induces cytoplasmic vacuole formation, 

causing multiple cellular transformations such as the alteration of membrane permeability, 

which results in apoptosis (Gobert & Wilson, 2022; Palframan et al., 2012). All H. pylori 

strains contain a single chromosomal vacA gene, which encodes a protein about 140-kDa in 

mass. Following translation and proteolysis, two domains, p33 and p55, are secreted. Both 

are essential for the toxin to bind to the plasma membrane of cells effectively (Soyfoo et al., 

2021). Although nearly all strains isolated from humans possess the vacA gene, the capacity 

to induce cell vacuolization differs significantly from strain to strain (Atherton et al., 1995). 

The vacA gene has a mosaic-like structure, featuring both conserved and variable allelic 

sequences. These variable sequences are located in different regions from the N-terminal 

side, including the signal sequence region, intermediate region, deletion region, mid region 

and c-region. The difference in vacuolating abilities is determined by the polymorphisms in 
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the vacA gene sequence in these five regions: s-region (s1 and s2), i-region (i1, i2, i3), m-

region (m1 and m2), d-region (d1 and d2) and c-region (c1 and c2) (Foegeding et al., 2016; 

Keikha et al., 2020) (Figure 1.5). A variable combination of sequences in these 3 regions 

leads to multiple alleles and hence determines the degree of vacuolating activity (Figure 1.5) 

(Atherton et al., 1995; Keikha et al., 2020).  

 

 

Figure 1.5: The sequence diversity regions of vacA, which are closely linked to the 
vacuolating activity of H. pylori and clinical outcomes, are located in the s-region, the i-
region on the p33 domain, d-region, m-region, and c-region on the p55 domain. Variations 
in these regions correspond to differences in vacuolation, specificity, and clinical outcomes 
(Thi Huyen Trang et al., 2016).  

 

The vacA gene features three regions with high sequence diversity: the signal (s), 

intermediate (i), and middle (m) regions—that are intricately linked to vacuolating activity 

and clinical outcomes (Chung et al., 2010; Rhead et al., 2007). The s- and m-regions are the 

primary polymorphic areas and are well-established markers for H. pylori's virulence and the 

likelihood of developing serious diseases. The s-region includes signal peptides crucial for 
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transporting the mature 88 kDa VacA toxin and the amino-terminal residues of p33, known 

for being a highly hydrophobic domain of VacA. On the other hand, the m-region encodes 

part of the carboxyl-terminal p55 subunit, which plays a key role in facilitating VacA binding 

to host cells. The i-region, positioned between the s- and m-regions in the carboxyl-terminal 

half of p33, is the third polymorphic determinant. It appears to interact with the s and m 

regions and is identified as a key factor for VacA toxicity. Additionally, the i-region is 

considered a more reliable predictor of disease severity than the s- or m-regions (Basso et 

al., 2008; Thi Huyen Trang et al., 2016). 

The s1, m1, and i1 types are classified as fully active VacA, associated with a higher risk of 

developing gastric cancer compared to the s2, m2, or i2 types. Unlike the s1 type, the s2 

forms of VacA do not exhibit detectable vacuolation activity in most in vitro assays. 

Compared to the m1/i1 types, the m2/i2 types are significantly less active and are almost 

non-toxic  (Thi Huyen Trang et al., 2016). The s1 and m1 genotypes have been further 

divided into three subtypes: s1a, s1b, s1c and m1a, m1b, m1c, respectively (Thi Huyen Trang 

et al., 2016). In general, vacuolating activity is high in s1/m1 genotypes, intermediate in 

s1/m2 genotypes and absent in s2/m2 genotypes (Atherton et al., 1995; Keikha et al., 2020).  

In 2009, Ogiwara et al. (2009) identified the d-region as an 81-base pair deletion situated 

between the i- and m-regions. They proposed that this region might play a role in the 

binding of VacA to host gastric cells and its vacuolating activity. The d-region was classified 

into two genotypes: d1, which has no deletion or short deletions ranging from 9 to 23 base 

pairs, and d2, which has an 81-base pair deletion. However, the roles of these genotypes in 

disease remain unclear, and the existing evidence is contradictory (Thi Huyen Trang et al., 

2016). Likewise, the c-region's function is still unknown; however, the c1 genotype (a 
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deletion of 15 bp in the 3’-end region of vacA) has been found to be significantly associated 

with the risk of gastric cancer (Bakhti et al., 2016).  

Research suggests a strong association between the vacA s1m1 strain and an increased risk 

of PUD and gastric cancer (Memon et al., 2014). Previous studies revealed that individuals 

infected with H. pylori carrying vacA s1 or m1 have an increased risk of gastric cancer in 

Western populations (Matos et al., 2013), whereas vacA i1 type H. pylori infection is linked 

with higher gastric cancer risk in the Middle Asia and Eastern area (Liu et al., 2016; Sheikh et 

al., 2018). The presence of the i1 allele can influence whether the s1m2 genotype induces 

cytotoxic activity (Chauhan et al., 2019). Meanwhile, data from several studies suggested 

that in regions such as Colombia and Japan, where the prevalence rate of distal gastric 

cancer is high, most H. pylori strains carry vacA s1/m1 genotypes (Boyanova et al., 2002; 

Garza-Gonzalez et al., 2004).  

1.3.5 Duodenal ulcer promoting gene (DupA) 

Another virulence factor, called duodenal ulcer promoting gene A (dupA) was named for its 

role in increasing the risk of duodenal ulcer (DU) in H. pylori-infected patients and offering 

some protection against gastric cancer (Hussein et al., 2015). DupA encodes a virB4 ATPase 

homolog situated in the plasticity region and includes the jhp0917 and jhp0918 genes, 

which are positioned next to the cag pathogenic island. This gene was found to be 

homologous to the virulence gene virB which encodes a type IV secretion protein 

in Agrobacterium tumefaciens (Alam et al., 2020).  

DupA gene is located in the right module of the tfs4b ICE, and genes within tfs3 and tfs4 are 

known to be linked to pro-inflammatory activity in the gastric mucosa and an increased risk 
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of gastroduodenal diseases, hence is recognized as a specific marker for DU (Phuc et al., 

2021). The presence of dupA alongside its neighbouring T4SS genes in a complete cluster 

(C1R1) may serve as a more reliable indicator of disease risk than dupA alone or in an 

incomplete cluster (Jung et al., 2012). It is also has been observed to trigger pro-

inflammatory cytokines such as IL-8 and IL-12, which contribute to mucosal inflammation 

and the infiltration of polymorphonuclear leukocytes, resulting in gastritis and duodenal 

ulcers (Bhattacharjee et al., 2024).  

The in vitro study demonstrated that certain tfs4b T4SS genes (virB2, virB4, virB8, and 

virB10) showed increased expression when exposed to low pH and contact with a human 

gastric cell line, indicating the role of tfs4b in host colonization (Silva et al., 2017). These 

findings imply that tfs3 and tfs4b might create an alternative T4SS for DNA or effector 

proteins, like cagPAI, and are regarded as virulence factors of H. pylori. The distribution of 

tfs3 and tfs4b ICEs may vary, suggesting that the potential risk of these clusters in 

gastroduodenal diseases should be assessed within each country and ethnicity (Delahay et 

al., 2018; Fischer et al., 2014; Waskito et al., 2018). 

Phuc et al. (2021) demonstrated that in patients with DU, the prevalence of H. pylori strains 

containing the complete tfs3 ICE was significantly higher compared to those with non-cardia 

gastric cancer (NCGC). Moreover, the occurrence of strains with both complete tfs3 ICE and 

cagPAI was notably higher in DU patients than in those with NCGC and chronic gastritis. 

These findings show that the presence of cagPAI and complete tfs3 increased the risk of DU 

when compared to NCGC. In Vietnam, a complete tfs3 ICE cluster was linked to 

gastroduodenal diseases, although the prevalence of the dupA/complete dupA cluster was 

low in Vietnamese strains. Overall, the acquisition of tfs3/4 ICE was common among H. 
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pylori strains in individuals with gastroduodenal disease in Vietnam, and the complete tfs3 

ICE cluster served as a reliable marker for disease severity in the H. pylori-infected 

population.  

An intriguing connection between dupA and H. pylori strains has been found in Asian 

populations, but not in Western ones, leading to some controversy. Moreover, studies 

conducted in Belgium, Brazil, China, Iran, and North America yielded conflicting results, 

suggesting that dupA-associated clinical outcomes are more prevalent in Asian countries 

compared to Western ones (Alam et al., 2020). A meta-analysis carried out in 2021 also 

showed that dupA-positive strains are not significantly linked to gastric cancer risk in 

Western countries, but there is a strong association with gastric cancer in Asian countries 

(Karbalaei et al., 2021).  

A genotyping analysis of the dupA gene from Spain found the prevalence of dupA was higher 

in peptic ulcer than gastric cancer (Fernandez-Gonzalez & Backert, 2014) , whilst the whole 

genome sequence analysis of H. pylori strains isolated from 41 non-atrophic gastritis 

patients in Switzerland showed that dupA was present in 24.4% of the population, and it 

was not associated with severe gastritis (Imkamp et al., 2019).  

However, a study conducted by Zhu et al. (2022) in Beijing, China found that the presence of 

dupA was found to be inversely related to the risk of atrophic gastritis. Meanwhile, in 

Shandong and Guangxi, dupA+ strains were more frequently found in patients with PUD 

compared to those with non-ulcer dyspepsia (NUD), but this association was not seen in 

other regions in China (Xue et al., 2021). 

One study in Guangzhou, China revealed that dupA+ in H. pylori was not found in 

precancerous lesions but was more common in erosive gastritis, while dupA- H. pylori was 
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prevalent in precancerous lesions. These findings suggest that high dupA+ expression in H. 

pylori is linked to a higher risk of erosive gastritis and less disturbance to the gastric 

microbiome, preserving its richness, indicating that the dupA gene should be considered a 

risk factor for erosive gastritis rather than gastric cancer (Chen et al., 2023b).  

1.4 Host genetic factors  

In general, the key pathophysiological event in H. pylori infection is the induction of an 

inflammatory response (Israel & Peek, 2018). Since H. pylori infection causes damage to the 

gastric epithelial cells through initiation of chronic inflammation, it is appropriate to 

consider genes that control this process which may be responsible for the individual genetic 

predisposition to H. pylori-related diseases such as gastric cancer. Hence, apart from the 

bacterial virulence factors, host genetic factors may also influence the extent of gastritis in 

H. pylori-infected patients.  

Primarily, the inflammation that results from this host-bacterial interaction is the main 

mediator of disease (Robinson et al., 2007). For example, the pro-inflammatory cytokine 

interleukin (IL)-1β is regarded as a pivotal mediator in host-environment interactions. It was 

reported that IL-1β is upregulated in the presence of H. pylori and responsible for triggering 

and intensifying the inflammatory reaction after bacterial infection in host cell (Li et al., 

2015b). In addition to that, tumour necrosis factor-A (TNFα) is another potent pro-

inflammatory cytokine that is involved in a diverse range of signalling pathways including 

apoptotic pathways, NF-kB activation of inflammation and stress-activated protein kinases 

(SAPKs) (Zhang & An, 2007). Both IL-1β and TNFα are also effective in inhibiting gastric acid 
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secretion, hence, these soluble peptide cytokines have been proposed to play key roles in 

the development of gastric cancer (Shanks & El-Omar, 2009).  

The existence of genetic polymorphisms in the IL-1 gene cluster, such as different IL1B 

alleles may influence the host-bacterial interactions and contribute to more inflammation 

responses in H. pylori-infected patients (Amieva & El–Omar, 2008), and have been 

associated with increased risk for gastric cancer (Pachathundikandi et al., 2016). A study 

carried out by El-Omar et al. (2000) also revealed that the linkage of high IL-1β genotypes 

(two polymorphisms in the IL-1B and IL-1RN genes) with hypochlorhydria and gastric 

atrophy in a Caucasian population were known to be at increased risk of developing gastric 

cancer in H. pylori-infected patients.  

Furthermore, the association between IL-1 gene cluster polymorphisms and gastric cancer 

and its precursors has also been established by other studies carried out in Asian and 

Hispanic populations (Figueiredo et al., 2002; Oliveira et al., 2012; Zhao et al., 2012). 

Previous studies have also revealed that polymorphisms in TNFα, IL-1B, IL-6, IL-8, and IL-10 

genes are strongly linked to peptic ulcer disease (PUD) (Miftahussurur & Yamaoka, 2015), 

and associated with the risk of gastric cancer (Kang & Choi, 2023).  

1.5 Environmental factors  

Environmental factors may also contribute to the pathogenesis of H. pylori-related diseases. 

Current smoking has been proven to be the most significant behavioural risk factor for 

gastric cancer in individuals seropositive for H. pylori (Butt et al., 2019). A previous study 

revealed that people who smoke were more likely to develop gastric cardia cancers, as 

compared to the non-smoker group (Nomura et al., 2012). Moreover, smoking may also 
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reduce the efficacy of antibiotics, which subsequently increases the likelihood of eradication 

therapy failures (Yu et al., 2022).  

Other factors such as a diet high in salt and preservative intake, may also increase the risk of 

gastric cancer in H. pylori-infected individuals (Balendra et al., 2023). A previous in vitro 

study reported that a high dietary salt condition significantly upregulated the expression of 

cagA gene, in comparison to a regular diet condition, leading to inflammation and enhanced 

carcinogenesis in H. pylori-infected animal model (Gaddy et al., 2013). Interestingly, data 

from one study suggested that B cell IL-10 secretion was suppressed by smoking and obesity 

in H. pylori-infected subjects and was associated with an increased risk of gastric cancer 

when compared to non-smoking and non-obese subjects (Li et al., 2015a). Studies have also 

shown that consuming green vegetables, fruits, and green tea that are high in antioxidants 

could decrease the risk of gastric cancer (Eusebi et al., 2020; Jeurnink et al., 2012).  

In summary, disease outcomes associated with H. pylori infection are mediated by the 

combined effects of bacteria, host, and environment. In addition to these risk factors, 

multiple evidence has suggested the modulation in immune response also contributes to 

the pathogenic outcomes of H. pylori-related disease. This host immune response risk factor 

triggered by H. pylori will be covered in much detail in section 1.7.    
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1.6 Treatment for H. pylori and antimicrobial resistance  

1.6.1 Clinical diagnosis and current treatment recommendations  

Studies have shown that eradication therapy of H. pylori has been linked to decreased rates 

of ulcer recurrence and regression of low-grade MALT lymphoma (Gong et al., 2016; 

Nakamura & Hojo, 2023; Park & Koo, 2014). Eradication of H. pylori is also proven to be 

beneficial in preventing gastric cancer (Wu et al., 2019). Therefore, due to the benefits of 

eradication therapy, the experts and specialists in the field fully agreed on the 

recommendations and guidelines.  

European guidelines for the diagnosis and treatment of H. pylori infection have been 

published by the Maastricht IV/Florence Consensus (Malfertheiner et al., 2022), as well as 

Public Health England (McNulty, 2017). All patients with PUD and MALT lymphoma should 

be tested for H. pylori. Public Health England also recommended that patients with 

uncomplicated dyspepsia be tested for H. pylori as part of a test-and-treat strategy (non-

invasive). Furthermore, patients with unexplained iron deficiency anaemia and nonsteroidal 

anti-inflammatory drug (NSAID)-naive patients (who need long-term NSAID therapy) should 

also be tested for H. pylori. In addition to that, the European guidelines (Maastricht) advised 

that first-degree relatives to patients with gastric cancer be tested for H. pylori given that a 

50% increased risk of cancer in children and a 3-fold increased risk in siblings.  

Guidelines from the UK National Institute for Health and Care Excellence (NICE) recommend 

an endoscopy for patients over the age of 55 with recent onset and persistent dyspepsia to 

exclude cancer (National Collaborating Centre for, 2015). Non-invasive patients can be 

tested with a urea-breath test (UBT) or stool antigen test (SAT), whilst endoscopic patients 
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can be tested with a rapid urease test. All H. pylori-positive patients should be offered 

eradication therapy, depending on their antibiotic history as each additional course of 

clarithromycin, metronidazole or quinolone increases resistance risk (McNulty, 2017).   

The treatment options for eradicating H. pylori include sequential first, second and third-line 

therapies, as summarized in guidelines published by Public Health England and The 

Maastricht IV/Florence Consensus (Figure 1.6). Patients who receive triple therapy are 

normally administered a regimen containing a combination of two antibiotics and a proton 

pump inhibitor (PPI) for 7 days. Meanwhile, quadruple treatment combines two antibiotics, 

PPI and bismuth compounds for 10 days. Proton pump inhibitors (PPI) such as omeprazole, 

lansoprazole or pantoprazole inhibit gastric acid secretion (Nehra et al., 2018) whereas 

compounds such as bismuth subsalicylate has been shown to work synergistically with 

antibiotics to reduce the bacterial burden and increase the likelihood of H. pylori eradication 

(Alkim et al., 2017). The choice of therapy depends on previous patient treatments, regional 

bacterial resistance patterns (if known), local recommendations and drug availability. It is 

also recommended that if a patient has recently been treated with clarithromycin, the same 

drug should not be used in their treatment for H. pylori.   

Figure 1.6 includes the treatment options in Public Health England guidelines; standard 

triple therapy using clarithromycin is a reasonable initial first-line therapy where local 

clarithromycin resistance is low. If the first-line treatment fails to eradicate the infection, a 

second-line treatment is necessary. For patients who have a penicillin allergy, metronidazole 

is recommended instead of amoxicillin. However, Public Health England guidelines have not 

been revised for a while, and the UK remains one of the only European countries still using 

triple therapy as a first-line treatment, while other countries have transitioned to quadruple 
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therapy as first-line treatment, guided by Maastricht IV/Florence Consensus Report 

recommendations (Malfertheiner et al., 2024).  

The Maastricht IV/Florence consensus recommended quadruple bismuth therapy (PPI + 

bismuth subsalicylate + two antibiotics) as a first-line treatment for H. pylori infection 

among areas with high rates of clarithromycin resistance (Malfertheiner et al., 2022). If 

patients however have had two failed rounds of antibiotic therapy and are still H. pylori-

positive, their strains should be isolated, and an antibiotic susceptibility test should be 

performed. No testing is performed before this stage when many patients have already 

received two rounds of treatment with inappropriate selections of antibiotics.   
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Figure 1.6: Public Health Guidelines for first- and second-line therapies for the treatment 
of H. pylori. * PPI = proton pump inhibitor. Reproduced from (McNulty, 2017).    

 

Meanwhile, in the United States, several professional organisations provide clinical 

guidelines for diagnosing, treating, and managing H. pylori infection, most notably the 

American College of Gastroenterology (ACG) and the American Gastroenterological 

Association (AGA). The ACG recommended that treatment for both treatment-naïve 

patients and those who failed in eradicating H. pylori (with an initial PPI-clarithromycin triple 

therapy) is a 14-day optimized bismuth-based quadruple therapy. This therapy includes 

taking a PPI twice daily, tetracycline 500 mg four times daily, metronidazole 500 mg three or 
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four times a day, and bismuth subcitrate or bismuth subsalicylate four times daily for 14 

days. Rifabutin-based triple therapy and vonoprazan-amoxicillin dual therapy are suggested 

as alternative regimens. The guidelines also advise against using a PPI-clarithromycin triple 

therapy unless antibiotic sensitivity testing confirms clarithromycin sensitivity (Chey et al., 

2024). 

H. pylori infection is widespread in East Asia, with seroprevalence rates of 44.2% in China, 

37.6%-43.2% in Japan, and 51.0% in South Korea. These East Asian countries experience 

high gastric cancer rates; therefore, the Kyoto Global Consensus report highlighted that H. 

pylori gastritis should be regarded as the primary cause of gastric cancer development. 

Consequently, the H. pylori treatment guidelines in China, Japan, and South Korea have 

been recently updated based on data specific to each country (Cho & Jin, 2022). 

As per the Fifth Chinese Consensus on H. pylori Management in 2016, treatment regimens 

incorporating bismuth salt are suggested as an empirical first-line therapy for H. pylori in 

China (Liu et al., 2018). In 2016, the Japanese Society for Helicobacter Research (JSHR) 

revised its guidelines for the diagnosis and treatment of H. pylori infection and improved the 

effectiveness of treatment by introducing the potassium-competitive acid blocker (P-CAB) in 

the standard primary eradication therapy (Kato et al., 2019). Meanwhile, in South Korea, the 

Korean College of Helicobacter and Upper Gastrointestinal Research recommended a 

personalized H. pylori eradication strategy, informed by PCR or sequencing for 

clarithromycin resistance, when a 7-day standard triple therapy is considered as a first-line 

treatment (Jung et al., 2021).  
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1.6.2 H. pylori eradication failure  

Eradication of H. pylori has been prescribed as a treatment and a preventative for various 

gastric-related diseases. The regimens that utilize PPI in combination with several antibiotics 

such as clarithromycin, metronidazole and amoxicillin have been proven to be successful in 

eliminating H. pylori. However, there has been a notable decline in H. pylori eradication 

success rates in the recent past.  

Grading the rates of eradication’s effectiveness would help clinicians to rationally identify 

and compare treatment regimens in patients. In principle, the intention to treat (ITT) cure 

rate categories are F or unacceptable (80%), D or poor (81-84%), C or fair (85-89%), B or 

good (90-95%), and A or excellent (95-100%). Ideally, H. pylori eradication therapy should be 

safe, economical, and effective with an eradication rate of greater than 90% (Zhang et al., 

2015).  

That said, data show that the widely accepted triple combination treatment has lost its 

efficacy, with an eradication rate ranging from 78.1-79.1% in the United States to 81.5% in 

the Europe (Nyssen et al., 2021; Shah et al., 2022). One of the key factors for this 

eradication failure is H. pylori antibiotic resistance, especially to clarithromycin and 

metronidazole which may affect the efficacy of combination therapy against the infection. A 

meta-analysis study of the relationship between the previous use of antibiotics and the 

failure of eradication therapy in 3181 H. pylori-positive patients who have been 

administered standard triple therapy was analysed. The overall failure rate of H. pylori 

eradication therapy was 14.8%, with the failure rates increasing significantly in patients with 

a history of clarithromycin or other macrolides. Of the patients with antibiotics used before 
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starting H. pylori eradication therapy, the failure rate was 35.9% for clarithromycin, 28.8% 

for other macrolides, and 18.0% for cephalosporins (Lim et al., 2016a).     

A systematic review study of 46 randomised controlled trials across America, Europe and 

Asia revealed that the overall eradication rate of sequential therapy was 84.3% in 5666 

patients who had been given a dual therapy of PPI and amoxicillin, followed by a triple 

therapy of PPI, clarithromycin and nitroimidazole (Gatta et al., 2013). The study also showed 

that the sequential therapy was able to eradicate 72.8% of the H. pylori strains resistant to 

clarithromycin. 

In a large cohort study of adult patients with confirmed diagnosis of H. pylori infection in 

James Paget Hospital in Norfolk, UK, all patients receiving eradication treatments of first and 

sequential therapies between February 2000 and May 2001 were evaluated. The successes 

of individual regimens as first, second and third-line therapies were determined. The overall 

success after one, two and three courses of therapies were 73%, 94% and 98%, respectively 

(Beales, 2001). The use of PPI with clarithromycin and nitroimidazole as initial therapy has 

the highest eradication rates failure, hence the need for sequential therapies among the 

patients.  

A meta-analysis of twenty-two studies from nine African countries with a total population of 

2163 was reported. This study showed that the pooled eradication rate in Africa was 

estimated to be 79%. The overall eradication rate is lower than reports from Ethiopia (90%), 

Nigeria (87%), South Africa (86%), Egypt (82%), and Morocco (82%) and higher than reports 

from Tanzania (69%), Kenya (68%), and the Ivory Coast (22.3%) (Fekadu et al., 2023).  
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A prospective study in a tertiary hospital in Tanzania was carried out between 2015 and May 

2017. This study investigated the triple therapy treatment failure rate in 210 dyspeptic 

patients who tested positive for H. pylori. The results from this study demonstrated that 

35.7% of patients tested positive for H. pylori stool antigen test immediately after the 

completion of treatment of 7 days, and 30.9% of patients still tested positive for H. pylori 

infection even after five weeks of completion of treatment (Jaka et al., 2019).  

In Korea, the efficacy of first-line therapy consisting of PPI, amoxicillin and clarithromycin for 

H. pylori infection has decreased over the last 10 years. This downward trend can be seen in 

one retrospective study, in which 1413 patients were diagnosed with H. pylori infection and 

received 7 days of triple therapy between January 2003 and December 2012. From this 

study, it was revealed that the annual H. pylori eradication rates in the per-protocol (PP) 

analysis from 2003 to 2012 were 93.5%, 80.0%, 87.2%, 88.5%, 92.0%, 88.3%, 85.7%, 84.1%, 

83.7%, and 78.8%, respectively (Kim et al., 2015).   

In summary, all these previous studies reflect that the eradication rates of first-line 

therapies have been declining in different regions of the world. The success rates of 

standard therapy have fallen below the optimal eradication efficacy. The rise in rates of 

eradication failure emphasizes the urgent need to look for a new strategy in combating 

drug-resistant H. pylori. To achieve an initial eradication success rate of 90% and higher, 

therapy should be tailored according to individual antibiotic resistance profiles. This may not 

only reduce the overuse of antibiotics, but it could also minimise the development of 

antibiotic-resistant H. pylori strains.   
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1.6.3 Clarithromycin-resistant H. pylori   

Indisputably, the resistance of H. pylori to many frequently used antibiotics has been on the 

rise worldwide, but there has been a significant increase in the prevalence of resistance to 

clarithromycin, particularly over the last 20 years (Jonaitis et al., 2023). A meta-analysis 

study showed that the prevalence of primary clarithromycin resistance was 16-20% in 

Europe, 23-44% in the Eastern Mediterranean regions, 4-16% in America, with the highest 

percentage of 30-38% in the Western Pacific regions (Savoldi et al., 2018). Meanwhile, a 

recent systematic review and meta-analysis study showed that the latest primary resistance 

prevalence in the Asia-Pacific region was 30% for clarithromycin (Hong et al., 2024). 

The increased rates of resistance to clarithromycin have a significant impact on the efficacy 

of clarithromycin-based regimens, which subsequently contribute to a major factor in H. 

pylori eradication failure. This is especially true for areas where the incidence of primary 

clarithromycin resistance is high, such as in the Western Pacific regions. An overall cure rate 

of clarithromycin-containing triple therapy had dropped to less than 80%, in which, 

clarithromycin resistance in Japan particularly, has fallen to 50% (Shiotani et al., 2017). For 

this reason, the Maastricht IV/Florence Consensus has recommended that PPI-

clarithromycin-based triple therapy should be abandoned in areas where clarithromycin 

resistance rates are above 15-20% (Malfertheiner et al., 2017).  

Antibiotic-resistant bacteria were defined as any bacterial isolates that became resistant to 

the administered drug with a change from ‘susceptible’ to ‘intermediate’ or ‘resistant’, or 

from ‘intermediate’ to ‘resistant’ in the susceptibility pattern (Tamma et al., 2012). 

Infections from multidrug-resistant bacteria cause more than 750,000 deaths worldwide 

annually, and the number is expected to rise unless critical action is taken. One of the main 
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causes of antimicrobial resistance (AMR) in bacteria are inappropriate use of antibiotics due 

to presumptive treatment and lack of guidelines and policies for the use of antibiotics. A 

report from the World Bank alerted about the AMR that could cause as much damage to the 

global economy as the 2008 monetary crisis (Jonas et al., 2017).  

H. pylori infection has become increasingly difficult to eradicate owing to the drug-resistant 

H. pylori strains worldwide. This threatening situation may not only pose a health hazard to 

human beings, but it may also cause a significant detrimental impact on the global 

economy. Hence, a robust network of surveillance systems should be established to trace 

antibiotic prescribing and resistance profiles in communities, to fight against the AMR at 

national and international levels. Furthermore, future research should focus on molecular-

based genotypic testing for antibiotic resistance and the development of effective novel 

drugs that will have a high-efficiency rate against multidrug-resistant H. pylori.  

1.6.4 Mode of action of metronidazole 

Metronidazole is a first-line agent for treating anaerobic and microaerophilic bacterial 

infections, as well as protozoal diseases. It exerts a cytotoxic effect on facultative 

anaerobes. Clinically, it’s employed to treat infections of the reproductive system, 

gastrointestinal tract, skin, heart, bones, joints, lungs, blood, nervous system, and other 

areas of the body. It is also used to treat certain sexually transmitted diseases (STDs) (Weir 

& Le, 2025).   

Metronidazole, due to its low molecular weight, readily crosses the cytoplasmic membranes 

of anaerobic bacteria and protozoa by passive diffusion. Metronidazole is a prodrug that 

needs to be activated by intracellular reduction of the nitro group attached to the imidazole 
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ring (Dingsdag & Hunter, 2018). Inside the cell, its nitro group is enzymatically reduced, 

mediated by the enzyme pyruvate ferredoxin oxidoreductase (PFOR) using ferredoxin or 

flavodoxin as electron carriers. This reduction generates a highly reactive nitroso radical, 

which is believed to be the cytotoxic species (Krakovka et al., 2022). The reduction of 

metronidazole also generates reactive oxygen species (ROS), which may induce DNA strand 

breaks (both single- and double-stranded), disrupting DNA structure, inhibiting replication 

and protein synthesis, and ultimately causing microbial cell death (Bhattacharjee, 2022).  

The reduction of metronidazole is mainly mediated by oxygen-insensitive NADPH 

nitroreductase (RdxA), NADPH flavin oxidoreductase (FrxA), and ferredoxin-like enzymes 

(FdxB) in H. pylori. Metronidazole resistance in H. pylori is primarily due to decreased drug 

activation mediated by mutations in rdxA gene, which encodes an oxygen-insensitive 

NADPH nitroreductase (Hasanuzzaman et al., 2024). The rdxA activity significantly impacts 

nitroreductase activity, which is critical for metronidazole antibiotic action (Zhang et al., 

2020a). Changes in the rdxA gene are the most important factor because they can make H. 

pylori resistant to metronidazole without changing frxA (Elbaiomy et al., 2025).  

Meanwhile, a secondary resistance mechanism involves mutation of frxA gene, which 

encodes NADPH-flavin oxidoreductase enzyme. When rdxA is already inactivated by 

mutation, further mutation in frxA can compound the resistance, making the bacteria more 

resistant to metronidazole. Research shows that frxA frameshift mutations occur in both 

metronidazole-resistant and -sensitive strains, and frxA mutations are thought to enhance 

rdxA-mediated metronidazole resistance rather than confer metronidazole resistance on 

their own (Gong et al., 2023). However,  metronidazole resistance was also observed in H. 

pylori isolates without the loss of functional RdxA and FrxA, suggesting that other factors are 
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involved in metronidazole resistance (Lee et al., 2018; Zhang et al., 2020a). Other putative 

mechanisms of metronidazole resistance in H. pylori include mutations in FdxB, ferric uptake 

regulator (Fur), and enhancement of efflux pump (HefA) protein (Attaran et al., 2017). 

1.6.5 Mode of action of clarithromycin 

Clarithromycin is a semi-synthetic 14-membered macrolide derived from erythromycin, 

which is composed of a macrocyclic lactone ring connected to two deoxysugars, cladinose 

and desosamine (Pradhan et al., 2024). It exhibits enhanced acid stability and favourable 

pharmacokinetic properties compared to its parent compound, erythromycin, making it 

suitable for oral administration (Dinos, 2017). Clarithromycin is frequently prescribed for 

mild to moderate infections caused by susceptible bacteria. Clarithromycin primarily exerts 

a bacteriostatic effect against many Gram-positive organisms, including Streptococci, 

Staphylococci, Clostridia, Corynebacteria, and Listeria, as well as certain Gram-negative 

pathogens such as Haemophilus species, Moraxella, and Neisseria meningitidis. It also shows 

activity against Chlamydia pneumoniae, H. pylori, and various atypical Mycobacteria 

(Bethesda, 2012).  

Clarithromycin is a key macrolide antibiotic used in standard triple therapy regimens for the 

eradication of H. pylori. Its primary mode of action involves inhibition of bacterial protein 

synthesis by binding to the 50S ribosomal subunit, specifically at the 23S rRNA domain V 

within the peptidyl transferase centre. In H. pylori, this binding site is highly conserved and 

critical for peptide elongation during translation (Ayaş et al., 2024). Clarithromycin exerts its 

effect by reversibly binding to nucleotides A2058 and A2059 in the 23S rRNA, which blocks 

the exit tunnel of the nascent polypeptide chain. This prevents the addition of new amino 

acids to the growing polypeptide, thereby halting protein synthesis and leading to bacterial 
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stasis. This mechanism primarily produces a bacteriostatic effect, though at high 

concentrations, bactericidal activity may occur (Bortolanza et al., 2020; Krawczyk et al., 

2024).  

The primary mechanism of clarithromycin resistance in H. pylori is mediated by point 

mutations in the 23S rRNA gene (which constitutes the RNA component of the large 

ribosomal unit). These mutations, particularly A2142G, A2142C, and A2143G, interfere with 

clarithromycin’s ability to bind to its ribosomal target (Gareayaghi & Kocazeybek, 2022). 

Among these, the A2143G mutation is the most frequently observed globally and is 

associated with high-level resistance, thought to be responsible for the failure of H. pylori 

eradication  (Bogiel et al., 2025). Moreover, mutations in the ribosomal protein L22 

(rpl22) and translation initiation factor IF-2 (infB) genes had synergistic effects with 

mutations in the 23S rRNA genes, resulting in a higher minimum inhibitory concentration of 

clarithromycin (Tshibangu-Kabamba & Yamaoka, 2021).  

In addition to point mutations, efflux pump mechanisms may also contribute to 

clarithromycin resistance. Overexpression of efflux transporter genes (e.g., hefA, hefB, hefC) 

can reduce intracellular concentrations of the antibiotic. However, such mechanisms are 

considered secondary and play a more supportive rather than primary role in resistance 

(Rocha et al., 2025). 

1.6.6 Factors that make H. pylori eradication difficult to treat 

The main factors leading to H. pylori treatment failure are non-compliance, antibiotic 

resistance, bacterial factors, disease conditions associated with H. pylori infection, and 

pharmacological properties (Malfertheiner et al., 2003). Patient compliance is vital for 
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successful H. pylori eradication. In a previous study, the H. pylori eradication rate was 96% 

for patients who complied with more than 60% of the prescribed medications. However, the 

eradication rate fell to 69% for patients who took less than 60% of the medications (Graham 

et al., 1992). Hence, adherence to the drug regimen is very crucial in determining the 

successful eradication of H. pylori infection and can be improved by physicians carefully 

explaining the therapeutic regimens to the patients. Other several factors including 

smoking, diet, treatment duration, dosages, and methods of treatment (e.g., concomitant, 

hybrid, or sequential therapy) have been perceived to be causal factors of the cure rate in H. 

pylori infection (Uotani et al., 2015).    

Pharmacological resistance illustrates a condition where treatment fails due to the 

decreased susceptibility of bacteria to antimicrobials at the site where the bacterium is 

residing (Yılmaz & Özcengiz, 2017). This means that the antibiotic may have not achieved 

the required concentration or duration of exposure to H. pylori. H. pylori are known to 

colonize the mucus layer of the stomach and surface epithelial cells. Most antibiotics need 

to be absorbed into the bloodstream after oral ingestion. Once absorbed, the antibiotic is 

distributed systemically and then diffuse back across the epithelial barrier into the mucus. 

Few antibiotics possess this capability because it depends on their pharmacokinetics and 

ability to cross epithelial barriers in reverse. The lack of direct antibiotic secretion into the GI 

mucus restricts the number of effective treatments for specific infections (Ejazi et al., 2023).    

In addition, it has recently become clear that they can also penetrate the glands and directly 

interact with specialized epithelial cells deep in the glands (Wizenty et al., 2020). The 

colonisation of H. pylori in these sites enables them to adapt to this unique environment 

and have different biological behaviours, making them less sensitive to antibiotics. 
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Therefore, H. pylori’s hospitable ecological niches such as gastric antrum and body junction 

may help them to elude the action of antimicrobials, where the diffusion of antibiotics is 

limited (Zhang, 2015).  

Another principal element is that H. pylori reside in the mucus, which forms a protective 

layer for the stomach lining. The mucus layer consists of an abundance of high-molecular-

weight glycoproteins, namely mucins and lipids. As a result of disulphide bonding, the 

mucins form a high viscoelastic layer that reduces solute diffusion rates, including those of 

antibiotics, hence only a low proportion of antibiotics may reach the bacterium 

(Debraekeleer & Remaut, 2018).  

Additionally, this special niche is hostile to nearly all other microbes, hence the ability of H. 

pylori to thrive under an extremely low pH gastric environment gives them a survival 

advantage, where the pH is lower than required for the antibiotics to be effective. This is 

because most antibiotics are pH dependent, and usually the minimum inhibition 

concentration (MIC) and minimum bactericidal concentration (MBC) of most antibiotics 

against H. pylori are determined at pH 7 or 7.4. For example, the MIC90 (mg/ml) of 

clarithromycin against H. pylori at pH 7.5, 6.0 and 5.5 are 0.03, 0.06 and 0.25 mg/ml, 

respectively (Megraud et al., 2013). The MIC of antibiotics increases at a lower pH, hence 

causing a loss of antibiotic activity in the acidic gastric environment.  

Therefore, the colonisation of H. pylori in many parts of stomach are difficult to eradicate, 

which subsequently may contribute to treatment failure. Another contributing factor that 

makes the eradication treatment difficult is that H. pylori are also relatively slow growers, 

and since most antibiotics are effective only with actively multiplying organisms, slow 

growth may provide a higher viability advantage for H. pylori (Graham, 1998).  
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1.7 Host response to H. pylori  

1.7.1 The innate response to H. pylori 

It has been well established that the hallmark of the interaction between H. pylori and the 

host immune system is the prolonged infection for years, resulting in a chronic inflammation 

of the gastric mucosa. To persist within the human host, H. pylori has acquired dual 

strategies to induce inflammation whilst simultaneously tempering the immune response 

for its survival. The severity of inflammation during H. pylori infection is believed to be 

linked to the regulation of pro-inflammatory molecules such as IL-1, IL-6, IL-8 and TNFα 

(Dincă et al., 2022).  

H. pylori carrying the virulence determinant cagPAI induces epithelial cell lines to express a 

large amount of the pro-inflammatory cytokines such as interleukin-8 (IL-8) that causes 

inflammation in gastric mucosa (Gobert & Wilson, 2022). In addition to the CagA protein, 

peptidoglycan peptides which are components of the bacterial cell wall are also 

translocated into host epithelial cells using the cag T4SS. H. pylori peptidoglycan is, in turn, 

recognized by NOD-1, an intracellular pattern recognition receptor (PRR) that senses 

peptidoglycan and induces NF-κB activation (Figure 1.7) (Oudouhou et al., 2024; Viala et al., 

2004).  

Once CagA is intracellular, its phosphorylation by MAP kinases (MAPK) consequently induces 

a signalling cascade, resulting in the activation of transcription factors such as NF-kB and AP-

1. The activation of the AP-1 and NF-kB signalling pathway drives the secretion and 

upregulation of pro-inflammatory cytokines such as IL-8 which may direct the chronic 

inflammation toward the pre-cancerous gastric lesions (Figure 1.7) (Backert & Tegtmeyer, 



44 
 

2017; Chattopadhyay et al., 2023). The activation of NF-KB has a dual role: it participates in 

triggering innate and adaptive immune responses to combat pathogens, while its prolonged 

activation is associated with the development of inflammation-related diseases, infectious 

diseases, and cancer (Hu et al., 2016b).  

 

Figure 1.7: The proinflammatory responses induced by H. pylori rely on the bacterium 
having a functional type IV secretion system (T4SS). This system delivers effector molecules 
such as peptidoglycan and the protein CagA into the host cell. Peptidoglycan is recognized by 
NOD-1 which activates the transcription of proinflammatory genes such as IL8 via the 
transcription factors NF-κB and AP-1 (Bauer & Meyer, 2011).  
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A previous study has reported that in Mongolian gerbils infected with cagA-deficient H. 

pylori, less NF-kB activation was present in the gastric mucosa than in gerbils infected with 

the cagA positive wild-type strain, suggesting that CagA plays a role in NF-kB activation in 

vivo (Shibata et al., 2006). Hence, it was apparent that CagA is responsible for the severity of 

gastric inflammation in H. pylori-infected Mongolian gerbils in this study. cagPAI-induced 

epithelial cell IL-8 secretion is an essential precursor of the immune response, and continual 

IL-8 expression is crucial in the pathogenesis of peptic ulcer and gastric carcinoma (Lin et al., 

2020).  

1.7.1.1 Tol-like receptors (TLRs) 

 

Another innate immune mechanism for inducing the production of pro-and anti-

inflammatory cytokines adopted by the host cell is the activation of pattern recognition 

receptors (PRRs), in the early detection of H. pylori. PRRs detect microbial infections and 

bacterial components by identifying distinctive molecules known as Pathogen-Associated 

Molecular Patterns (PAMPs). PAMPs are conserved components that originate from bacteria 

such as peptidoglycan, lipopolysaccharide (LPS), flagellin, and microbial nucleic acids (Rai et 

al., 2022). PAMPs bind to integral membrane glycoprotein PRRs on host immune cells, 

signalling the host cell and initiating microbicidal and pro-inflammatory responses (Eletto et 

al., 2022). NOD-1, the intracellular receptor stimulated by cagA+ strains are an example PRR, 

and the PAMP it recognises is the peptidoglycan from the H. pylori component (Figure 1.7) 

(Robinson et al., 2007).  

One of the best-studied PRRs is Toll-like-receptors (TLRs). Toll-like receptors (TLRs) are 

innate immune receptors that are present in host epithelial cells and serve as a first line of 

defence against any foreign agents (Varga & Peek, 2017). They contribute to the modulation 
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of innate and adaptive immune responses against various pathogens including H. pylori 

(Nemati et al., 2017). The binding of TLRs to PAMPs triggers the activation of signalling 

pathways such as NF-kB that leads to the expression of pro- and anti-inflammatory 

mediators which subsequently regulate the type and extent of inflammatory response (De 

Nardo, 2015).  

Many previous studies have suggested that TLR1, TLR2, TLR4, TLR5, TLR6, TLR9, and TLR10 

contribute to the early immune response against H. pylori, leading to the activation of NF-kB 

and inducing the expression of cytokines (Castaño-Rodríguez et al., 2014; Obonyo et al., 

2007; Pachathundikandi et al., 2015). In the H. pylori-infected gastric mucosa, the gene 

expression of TLR2, TLR6, TLR7, TLR8, TLR9, and TLR10 was upregulated by more than two-

fold (Nagashima et al., 2015).  

For instance, TLR2 recognizes several H. pylori components including cagPAI, LPS, HSP60, 

and urease (Smith, 2014). The binding of TLR2 and TLR4 to H. pylori-derived components 

leads to the recruitment of an adapter molecule, MyD88, and then induces the mitogen-

activating protein kinase (MAPK) signalling pathway. As a result, the transcription factor NF-

kB is activated, stimulating the expression of pro- or anti-inflammatory cytokines and 

chemokines which may influence the outcome of infections (Li et al., 2013). The net effect 

of TLR signalling may result in H. pylori persistence, elimination, or pathological reactions.   

However, H. pylori employ masking strategies to prevent canonical ligands from triggering 

TLRs. These strategies include modifications to LPS and specific flagellin sequences that 

evade detection by TLR4 and TLR5, respectively (Pachathundikandi et al., 2023). H. pylori 

LPS is unique within its bacterial species as it is recognized by the evolutionarily related TLR 

members TLR2, TLR4, and TLR10. The molecular variants of LPS are produced through 
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dephosphorylation by H. pylori enzymes, which conceals H. pylori LPS from detection by the 

classical LPS receptor, TLR4. However, TLR2 and TLR10 detect this modified H. pylori LPS and 

trigger anti-inflammatory responses, which might favour H. pylori colonization 

(Pachathundikandi et al., 2023).  

Specific mutations in the D1 interaction domain of H. pylori flagellin FlaA prevent its flagella 

from being detected by TLR5. TLR5-binding motifs in two structural T4SS-pilus proteins, CagL 

and CagY, may benefit the pathogen. The T4SS-pilus can switch between an active ('ON') 

and inactive ('OFF') status through known recombination mechanisms in the cagY gene 

(Barrozo et al., 2013). This allows H. pylori to avoid constant TLR5 activation through an 

unresponsive FlaA and to adjust the host response using CagL and CagY finely. This study 

demonstrated the weak recognition of H. pylori flagellin by TLR5, and consequently, H. 

pylori flagellin is only a weak inducer of IL-8 expression in gastric epithelial cells 

(Pachathundikandi et al., 2019).  

1.7.1.2 Interleukin-8 (IL-8) 

 

One of the most important pro-inflammatory factors in H. pylori-derived carcinogenesis is 

IL-8 as it is thought to play a key role in the recruitment of lymphocytes and neutrophils in 

the inflamed gastric mucosa (Robinson et al., 2007). Gastric epithelial cells exposed to H. 

pylori exhibit overexpression of IL-8. This cytokine is also markedly elevated in both the 

tumour tissue and its surrounding microenvironment, where it plays a crucial role in 

regulating cell proliferation, angiogenesis, and metastasis (Lee et al., 2013).  

IL-8 or CXCL-8 was originally described as a chemokine whose main function is the attraction 

of a polymorphonuclear inflammatory leukocyte infiltrate acting via chemokine receptor 
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1/2. Initially identified for its role in inflammation, IL-8 is now recognized as playing 

significant roles in cancer and the regular movement of immune system cells (Lacalle et al., 

2017). Chemokines are structurally categorized into four groups based on the positions of 

conserved cysteine residues: the CCL, CXCL, XCL, and CX3CL families (Kufareva, 2016). Some 

function constitutively, while others are active during inflammatory conditions.  

Most chemokines can activate several different chemokine receptors, and numerous 

chemokine receptors can be triggered by various chemokines (Yao et al., 2016). The CXCL 

family consists of several prominent chemokines responsible for neutrophil migration, such 

as CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, and CXCL8 (IL-8). These chemokines are 

generated by both immune cells (like neutrophils, macrophages, and T cells) and non-

leukocytes (such as epithelial and endothelial cells) in reaction to injury and infection 

(Atretkhany et al., 2016).  

Yamada et al. (2013) found that gastric cancers were identified in over 80% of the patients 

exhibiting elevated levels of IL-8 mRNA expression. This study revealed that both H. pylori 

infection and IL-8 mRNA expression were identified as relative risks for gastric cancer in the 

population, and consequently, IL-8 mRNA expression could serve as a valuable diagnostic 

and prognostic risk marker for gastric cancer.  

1.8 Antimicrobial peptides in the inflamed gastric mucosa  

1.8.1 Human defensins and cathelicidins 

Antimicrobial peptides (AMPs) are produced by a vast majority of organisms and are used to 

protect the host against pathogens (Neshani et al., 2019). They are also known as ‘host 
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defence peptides’ where in lower organisms, AMPs constitute a significant part of their 

defence mechanisms, while in higher eukaryotic cells, they are constitutively expressed or 

induced as part of the innate and adaptive immune response (Pasupuleti et al., 2012). They 

are small proteins made up of 12 to 100 amino acid residues and typically carry a positive 

charge (cationic peptides). Their structure folds into an amphipathic structure, enabling 

solubility in both water and lipid environments, due to their composition of 40-50% 

hydrophobic residues. Generally, AMPs are categorised based on their secondary structural 

features, such as defensins (β-strand peptides connected by disulfide bonds), and 

cathelicidins (linear α-helical peptides) (Li et al., 2021).  

Two major types of AMPs play key roles in humans: defensins and cathelicidins (Hassan et 

al., 2023). Defensins are among the earliest antimicrobial peptides (AMPs) to be identified 

and have broad-spectrum antimicrobial properties (Ouellette, 2011). To date, over 100 α-

defensin and β-defensin molecules have been identified. However, humans specifically 

express six distinct α-defensins and at least four β-defensins (Lehrer & Lu, 2012).  

Human neutrophils are rich in cationic α-defensin peptides, specifically HNP-1 to HNP-3, and 

to a lesser extent, HNP-4. Additionally, two α-defensins such as HD-5 and HD-6 are mostly 

expressed by specialized epithelial cells of the intestines, i.e. the Paneth cells (Wang, 2014). 

Meanwhile, four types of human β-defensins (hβD 1-4) have been recognised and they are 

expressed by epithelial cells, macrophages, and monocytes (Duits et al., 2002). Neutrophils 

and epithelial cells are the main cellular sources of these peptides, but monocytes, 

macrophages, dendritic cells, and lymphocytes may also produce defensins (Hiemstra, 

2006).  
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Cathelicidins on the other hand are produced by humans and animals in response to various 

Gram-positive and Gram-negative bacteria. The only known cathelicidin in man is human 

cationic antibacterial protein 18-kDa (hCAP18) (Vandamme et al., 2012). The C-terminal end 

of this protein contained a 37-amino acid-long peptide with broad antibacterial activity 

(Cowland et al., 1995). Later, this peptide was called LL-37, as it starts with two leucines.  

High cathelicidin concentrations are typically found at sites of inflammation, where they act 

as a primary defence against bacteria and other pathogens. Cathelicidins also function as 

chemokines and can modulate or stimulate immune system cells. They influence both the 

innate and adaptive immune systems, serving as a link between the two. Expression was 

found in epithelial cells of the intestine, airway, genitals, ocular surface, skin, and eccrine 

glands. However, expression in most epithelial tissues is constitutive, but in keratinocytes, it 

is induced. Besides epithelial cells, cathelicidin is also constitutively expressed in 

neutrophils, natural killer (NK) cells, and mast cells (Vandamme et al., 2012).  

1.8.2 AMP mechanisms of action  

Most AMPs share a common feature; the presence of a positive net charge of +2 to +9 due 

to excessive positively charged amino acids. The net positive charge will determine the 

mechanism of action since AMPs react electrostatically with negative charges of bacterial 

cell membranes (i.e., phospholipids), hence increasing the bacterial membrane permeability 

which may cause cell death (Espeche et al., 2024).  

Generally, there are three probable mechanisms of actions exerted by AMPs against the 

pathogens: (ⅰ) AMPs bind to bacterial membrane surface, aggregate to form superstructures 

and disrupt membrane integrity; (ⅱ) act intracellularly by the inhibition of transcriptional, 
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translational or other processes; or (ⅲ) target precursors, mechanisms or essential 

intermediates such as peptidoglycan, LPS and interfering with other biosynthetic pathways 

(Pero et al., 2017).  

Mechanisms of action for all AMPs have not been determined precisely, but it has been 

postulated that the permeabilization of bacterial cell membranes is a crucial step in 

defensin-mediated antimicrobial activity. Pore formation on the target cell membrane has 

been reported to be one of the known antibacterial action mechanisms of human defensins 

(Rani et al., 2022).  One study showed that the formation of pores and shrunken flagella on 

H. pylori cells after being treated with cathelicidin LL-37 has been proved via scanning 

electron microscopy (Zhang et al., 2016).  

In another study, human β-defensins were found to be fused into the bacterial cell 

membranes and lyse the negatively charged liposomes which are mediated primarily by 

electrostatic forces and hydrophobic interactions (Sudheendra et al., 2015). The positive 

charge of the peptide reacts with the negative charge of the bacterial surface and causes 

the penetration of defensins into the bacterial cell membrane lipids (Mahlapuu et al., 2016). 

Hence, these findings suggested that one putative mode of action of defensins might involve 

membrane disruption of the targeted cell by penetrating the lipid bilayer and inducing the 

permeabilization of the bacterial cell membrane. This event is lethal which may ultimately 

lead to cell death.  

However, pore formation is not the only bactericidal mechanism of defensin. Human β-

defensins can inhibit DNA, RNA, or protein synthesis and induce the production of 

interferon-gamma which may contribute to bacterial eradication (Lei et al., 2019). These 

peptides penetrate the cell membranes, accumulate inside the bacteria, and block bacterial 
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functions by interacting with cellular DNA or RNA (Graf & Wilson, 2019). Some AMPs such as 

cathelicidins can inhibit the synthesis of protein and cell walls, resulting in morphological 

changes of bacteria and inhibiting cell growth. Bacterial cell walls are eventually perforated, 

resulting in efflux of cellular contents which may lead to cell death. However, it is also 

possible that other several hypothesized mechanisms cooperate to induce pathogen death. 

The same cationic peptides may also probably have more than one mechanism of action 

(Aisenbrey et al., 2019).  

1.8.3 H. pylori modulate defensin expression  

Typically, human β-defensins 2 and 3 (hβD2 and hβD3) are usually present at low levels 

under normal physiological conditions but are upregulated when exposed to bacteria or 

pro-inflammatory cytokines such as IL-1β and TNF-α. On the other hand, hβD1 can be 

expressed both constitutively and in an inducible manner (Weinberg et al., 2012). Many in 

vitro and in vivo studies have shown that H. pylori can induce the expression of defensins 

(Boughan et al., 2006; Grubman et al., 2010; Muhammad et al., 2016a; Otte et al., 2009).  

However, H. pylori can persistently colonize its host despite inducing the expression of 

various antimicrobial peptides. For example, hβD3 was found to exhibit potent activity 

against H. pylori in vitro and is stimulated by EGFR signalling in the early stages of infection 

(Muhammad et al., 2016b). Activation of the EGFR pathway initiates signalling through the 

p38 mitogen-activated protein (MAP) kinase and the activators of transcription (JAK/STAT) 

pathways, leading to nuclear signalling and the transcription of hβD3 (Figure 1.8).  

Interestingly, during prolonged infection, hβD3 expression was subsequently downregulated 

by the H. pylori CagA (Bauer et al., 2012). When translocated into host cells, CagA binds to 
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the cellular tyrosine phosphatase SHP-2, which leads to the termination of EGFR activation 

and its downstream signalling, thereby revoking hβD3 synthesis and enhancing bacterial 

viability (Figure 1.8) (Bauer et al., 2012).  

A recent study revealed that TNFα, IL1β, and IFNγ trigger the release of antimicrobials such 

as lactotransferrin, lipocalin2, complement component 3, and CXCL9 into the mucus layer. 

This antimicrobial-rich mucus can partially eradicate H. pylori, and the effectiveness of this 

bactericidal action relies on the concentration of each antimicrobial, and their gene 

expression is elevated in patients experiencing inflammation and H. pylori-related chronic 

gastritis. However, it is also observed that H. pylori infection can decrease the expression of 

genes encoding antimicrobials that inflammation typically enhances. These observations 

indicate that regulating antimicrobial secretion in the mucus is vital for epithelial immunity. 

Nonetheless, pathogens like H. pylori can bypass these defences and persist in the mucosa 

(Vllahu et al., 2024). 
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Figure 1.8: CagA abrogates hβD3 expression by the dephosphorylation of EGFR (Bauer et 
al., 2012) 
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1.9 Aims of the work 

1. To determine the prevalence of H. pylori resistance to antibiotics in isolates from 

patients with and without a previous round of eradication therapy in the UK. 

- To characterise the antimicrobial resistance profiles of H. pylori in the UK using 

antibiotic sensitivity tests.  

2. To investigate the host immune response to H. pylori infection (ex vivo).  

- To determine the relationship between human defensin expression (DEFB4 and 

DEFA5 mRNA) and H. pylori infection in gastric antral biopsies of uninfected and 

infected H. pylori patients.    

3. To investigate the host immune response and antibiotic eradication to H. pylori 

infection (in vitro).  

- To assess the relationship between human defensin protein expression hβD2 and 

chemokine IL-8 and H. pylori infection in gastric cell lines culture infected with 

cagA+ and cagA- H. pylori strains.  

- To examine the inhibitory effect of macrolides such as clarithromycin and 

azithromycin on hβD2 and IL-8 production in gastric cell line cultures infected 

with cagA+ and cagA- H. pylori strains. 

4. To further understand antibiotic resistance in H. pylori genome assemblies.   

- To predict antimicrobial resistance patterns in H. pylori genome assemblies using 

a database (genotypic) and compare them with MIC results (phenotypic).  

-  To locate amino acid substitutions in H. pylori PBP1A and PBP2 in amoxicillin-

resistant and -sensitive strains using bioinformatics and assess the relationship 

between amino acid substitution and amoxicillin resistance.  
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1.10 Experimental process 
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2.1 Introduction 

The alarming increase of antibiotic resistance in H. pylori threatens the health of people 

globally. Antibiotic resistance of H. pylori is the main driving force of eradication failure 

(Savoldi et al., 2018). However, the prevalence of H. pylori resistance not only varies among 

countries around the world, but also between local areas of the same country and it 

changes over time (Mladenova, 2021). Several factors are important in influencing 

resistance evolution such as patient’s compliance, local antibiotic consumption, host factors, 

virulence factors and migration (Boyanova et al., 2023). 

According to clinical guidelines, amoxicillin, metronidazole, levofloxacin, tetracycline and 

clarithromycin are the most commonly used antibiotics in regimens to treat H. pylori (NICE, 

2024). Hence, the understanding of H. pylori resistance development to these five 

antibiotics used in eradication therapy is essential to tackle the decline in treatment success 

rate. Data from a study showed that the resistance rates to metronidazole, levofloxacin and 

clarithromycin from H. pylori-infected paediatric patients obtained from gastric biopsies 

taken between the year of 2015-2020 increased annually in a linear manner and increased 

significantly with age (Shu et al., 2022). This study also suggested that the resistance rates to 

these three antibiotics increased in patients with prior eradication treatment, as compared 

to patients without prior treatment.  

Hence, based on the knowledge from previous studies of antibiotic resistance of H. pylori 

around the globe, it is hypothesized that local antibiotic resistance rates, especially for 

metronidazole and clarithromycin will also increase in prevalence in the UK. As not many 

research studies on the prevalence of antibiotic resistance in H. pylori isolates have been 
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done in the UK in recent years, this project aimed to unveil the present situation of drug-

resistance in H. pylori from infected adult patients attending an endoscopy clinic in Queens 

Medical Centre in Nottingham. Since this study focused on patients with and without 

previous rounds of failed eradication therapy, it was intriguing to see if the patients who 

had undergone failed eradication treatment more commonly were infected with antibiotic 

resistant H. pylori as compared to treatment naïve patients.    

Approximately, 40% of adults in the UK are believed to experience chronic dyspeptic 

symptoms. However, only around 5% of these individuals consult their general practitioner 

(GP), with just 1% of them being referred for endoscopy (NICE, 2014).  Most patients who 

undergo upper gastrointestinal endoscopy have chronic dyspepsia as their predominant 

symptom. If they are proven to be H. pylori positive, then antibiotic therapy is given. 

According to National Institute for Health and Care Excellence (2014), the prescribed drugs 

and endoscopies cost the NHS about £600 million annually, and over-the counter 

medications cost patients a further £100 million, thus, chronic dyspepsia has significant 

economic costs. However, due to factors such as the evolving clinical definitions of 

dyspepsia over the last 30 years, endoscopy is not always readily available, there may be 

long waiting lists, financial implications, and poor-quality referrals, which have caused both 

GPs and gastroenterologists to be ambivalent with diagnostic approaches and the 

management of dyspepsia.  

In addition, studies showed that eradication of H. pylori may reduce the risk of peptic ulcer 

disease and stomach cancer (Piscione et al., 2021). Therefore, there has been a debate 

about how much the clinician can do to reduce the risk of dyspepsia and pre-cancerous 

lesions in patients, and the best management strategy and cost-effective approaches. Other 
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questions include whether a limited healthcare resource such as endoscopy should be 

targeted at certain patients or certain treatments, and if a follow-up routine is necessary to 

ensure H. pylori is eradicated and further development of pre-malignant lesions can be 

prevented (Banks et al., 2019).  

2.1.1 Objectives 

The objectives of this chapter were to: 

1. Characterise a large collection of H. pylori clinical isolates, collected in the Queen’s 

Medical Centre, Nottingham University Hospital, UK, between 2001 and 2018, for 

their antimicrobial sensitivities.  

2. Determine the total antibiotic resistance profiles in H. pylori isolates taken from the 

gastric antrum and corpus of patients.  

3. Analyse trends in antibiotic resistance rates of H. pylori isolates over time. 

4. Compare H. pylori antibiotic resistance rates between patient subgroups with and 

without a previous history of eradication therapy. 

5. Investigate if factors such as the gender of patients could predict treatment failure 

by comparing patients with/without previous eradication therapy.  

6. Investigate if factors such as the age of patients could have an impact on the 

minimum inhibitory concentration (MIC) level of antibiotics in H. pylori-resistant 

isolates.   

7. Determine if virulent strains are more likely to harbour antibiotic-resistant H. pylori 

strains.   

8. Determine if histopathologic findings of higher severity in gastric biopsies from H. 

pylori-infected patients are associated with treatment failure and examine any 
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histological changes in returning patients with/without previously failed eradication 

therapy.     
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2.2 Materials and Methods 

2.2.1 Ethics and clinical samples  

A total of 241 H. pylori isolates from the Nottingham strain collection were gathered 

between the years of 2001 – 2018 from patients undergoing a routine upper gastro-

intestinal endoscopy at the Queens Medical Centre, Nottingham. All participants were 

informed about the objectives and purpose of the study, and they were required to provide 

written consent for the collection of a peripheral blood sample and additional gastric 

biopsies for the purposes of research, along with anonymised demographic information. 

This study was approved by the Nottingham Research Ethics Committee for the use of the 

clinical samples and patient information, prior to commencement of the study; reference 

number 08/H0408/195.    

H. pylori infection status was determined using a rapid biopsy urease test, and confirmed by 

histology, successful isolation of the strain from biopsy tissue, serology, and PCR. Patients 

who had taken PPI, antibiotics, or NSAIDs in the 2 weeks prior to the endoscopy, were 

excluded from this study. A total of 162 patients provided biopsy samples in the study, from 

which 241 isolates were collected, and characterised for antimicrobial sensitivity. Table 2.1 

presents the demographic information of the 162 patients from whom the H. pylori isolates 

were obtained. 
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Table 2.1 Demographics of the 162 patients from whom the H. pylori isolates were 
derived. 

Gender Male 50.0% (n=81/162) 

Female 50.0% (n=81/162) 

Age Mean 53.2 years 

(range 19-86 years) 

Gastro-duodenal disease status 

identified at endoscopy 

Duodenal ulcer 38.9% (n=63/162) 

Gastric ulcer 11.1% (n=18/162) 

Gastric cancer 0.6% (n=1/162) 

Gastritis/duodenitis 6.8% (n=11/162) 

None 42.6% (n=69/162) 

Number of patients who had 

previous H. pylori eradication 

therapy 

Number of patients who did not 

have previous H. pylori eradication 

therapy 

Previous successful H. pylori 

eradication therapy 

Previous failed H. pylori eradication 

therapy 

25 % (n=39/156) (the data from the 

six discordant pairs were excluded) 

 

75% (n=117/156) (the data from the 

six discordant pairs were excluded) 

48.7% (n=19/39) 

 

51.3% (n=20/39) 

 

 

Isolates recovered from antral and 

corpus gastric biopsies 

46 isolates from the antrum only 

(single site isolates from 46 patients) 

37 isolates from the corpus only 

(single site isolates from 37 patients) 
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158 isolates, from both the antrum 

and corpus (paired isolates from 79 

patients) 

A total of 241 isolates were recovered 

from 162 patients 

Smoking, % (n/N) 

 

Non-Smoker 72% (116/162) 

Smoker 15% (25/162) 

Ex-smoker 9% (14/162) 

Unknown 4% (7/162) 

Virulence factor genotype of all 

isolates, % (n/N) 

 

cagA status: Positive 72% (166/232); 

Negative 28% (66/232) (9 isolates 

removed due to ambiguous data) 

vacA type: i1 66% (152/231); i2 34% 

(79/ 231) (10 isolates removed due to 

ambiguous data) 

 

2.2.2 H. pylori isolation and culture on blood agar plates 

H. pylori was isolated from the antrum and/or corpus biopsy areas of the stomach of 

patients using methods previously described (Garvey et al., 2023; Letley et al., 2003). To 

isolate samples, biopsy samples taken at endoscopy were immediately transferred to 1 ml 

of Iso-Sensitest broth (Oxoid, UK) containing 15% (v/v) sterile glycerol (Courtin & Warner, 

UK). Biopsies were swabbed over a blood agar plate (Blood Agar base No. 2 with 5% horse 

blood) and the plate was then incubated to see if any H. pylori would grow. These were 

incubated for 72-96 hours (over the weekend) at 37°C, in microaerophilic conditions (86% 

nitrogen, 6% oxygen, 3% hydrogen and 5% carbon dioxide) in a workstation (MACS VA500, 

Don Whitley Scientific, UK). After five days, avoiding contaminant growth, single colony 

isolates were passaged onto fresh blood agar plates containing 5% horse blood and grown in 
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a microaerophilic condition as before for 48 hours. The colonies and sweeps of H. pylori 

were identified and picked based on morphology and confirmed using Gram staining and 

urease testing. Colonies from the same patient biopsy sample were pooled. These were 

suspended in 1 ml of Iso-Sensitest Broth (Oxoid, UK) with 15% (vol/vol) sterile glycerol 

(Courtin & Warner, UK) for storage at -80°C as frozen stocks.  

To prepare frozen strains for testing, 100μl of the frozen stock was spread onto blood agar 

plates and incubated at 37°C for 48-72 hours in microaerophilic conditions as before. The 

bacterial growth was then picked with a sterile cotton swab and passaged onto a fresh 

plate, which was then incubated for a further 24 hours in the same conditions. Sub-cultures 

were obtained through passage where necessary.     

2.2.3 Histopathology 

To assess histology scores, two antral and two corporal biopsy samples were taken from 

each patient and immediately fixed in 6-10% formalin in 0.9% NaCl. The biopsies were 

embedded in paraffin wax and 4µm sections were then prepared with a microtome, 

mounted on glass slides, and stained with either toluidine blue, or haematoxylin and eosin 

for histological slide preparation. Assessment of histopathology was performed by an 

experienced histopathologist, Dr Abed Zaitoun, who was blinded to all other data. The 

histopathological assessment of the specimens were performed to evaluate inflammation, 

neutrophil activity, atrophy, intestinal metaplasia and bacterial density. Each of these five 

features was graded on a four-point scale (0 = none, 1 = mild, 2 = moderate, 3 = severe) 

following the Sydney classification. (Dixon et al., 1996). (See Section 2.3.7 for further 

information on Sydney classification).  
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2.2.4 Virulence factor typing  

H. pylori bacterial virulence factors were typed by PCR from genomic DNA extracted from 

colony sweeps after culture in vitro as mentioned in section 2.2.2. As described previously 

(Rhead et al., 2007; Winter et al., 2014), PCR genotyping was performed by Joanne Rhead 

and other members of the Helicobacter Research Group to determine cagA and vacA status 

of each isolate. A simple PCR typing system was developed based on a conserved forward 

primer and specific reverse primers to allow rapid identification of the i-region cluster C 

type.  

2.2.5 Media preparation for antibiotic susceptibility test  

Blood agar was prepared by dissolving 15.6 g of Mueller Hinton agar (Oxoid) in 370 ml 

deionised water and autoclaved. Bottles of agar were then transferred in a 70°C water bath, 

cooled slightly, and 30 ml defibrinated horse blood (Thermo Scientific) was added. 30 ml 

aliquots of the blood agar were poured into sterile petri dishes aseptically and gently to 

avoid bubble formation. The blood agar plates were allowed to solidify at room 

temperature, and plates were stored at 4°C and used within 7 days. From each batch of 

plates made, one was tested for quality control. A suspension of Escherichia coli strain DH5-

α was prepared in sterile 5 ml of 0.85% saline (suspended to a standard of 3 ± 0.2 on a 

McFarland Den1 Densitometer) (Grant Instruments, Cambridgeshire). The suspension was 

used to moisten a sterile cotton swab, and then spread over the surface of the agar and 

allowed to sink in. A 10 μg amoxicillin disc was placed in the centre of the plate, which was 

then inverted and incubated for 16 hours at 37°C, under normal atmospheric conditions. 
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The diameter of the zone of clearing around the disc was then measured in millimetres 

using callipers. Batches of plates were only used if the zone diameter was 12-20 mm. 

2.2.6 Antibiotic sensitivity tests  

2.2.6.1 Disc diffusion method 

 

Antibiotic susceptibility testing was performed using the disc diffusion method as described 

in Lang and García (2004). Twenty-four hours after passaging the H. pylori isolates, the 

growth was suspended in sterile 0.85% saline, up to a standard of 3 ± 0.2 on a McFarland 

Den1 Densitometer (Grant Instruments, Cambridgeshire). A sterile cotton swab was then 

used to spread this suspension culture onto 5 prepared plates of Mueller-Hinton agar with 

7.5% defibrinated horse blood (Thermo Scientific) and allowed to dry. After drying, one 

antibiotic disc (either clarithromycin (15μg), amoxicillin (10μg), levofloxacin (5μg), 

tetracycline (30μg), or metronidazole (5μg) (all Oxoid, UK) was placed firmly onto the centre 

of the inoculated blood agar plate using sterile forceps. For each set of sensitivity tests 

performed, a control strain of H. pylori NCTC 11637 (ATCC 43504/CCUG 17874) was also 

plated, and antibiotic discs were applied as described above. Plates were incubated at 37°C 

under microaerophilic conditions as stated above for 5 days, after which the zones of 

inhibition were measured in millimetres using callipers. The zone of inhibition was defined 

as the area around the disc with no bacterial growth (clear zone). All susceptibility tests 

were duplicated independently by a colleague.  If the results were inconsistent or plates 

were contaminated, the test was repeated.  
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2.2.6.2 Epsilometer test (E-test) 

 

The minimum inhibitory concentrations (MICs) for clarithromycin, amoxicillin, levofloxacin, 

tetracycline and metronidazole against H. pylori strains were determined using Epsilometer 

test (E-test) method. E-test is a quantitative technique that comprises a predefined and 

continuous antibiotic concentration gradient based on the concept of dilution and diffusion 

principles for susceptibility testing (Behera et al., 2019). The plates were inoculated as 

described previously (Section 2.2.6.1). The E-test strip (bioMerieux) for each type of 

antibiotic (1 strip per plate) was applied and placed firmly onto the centre of the inoculated 

blood agar plate using sterile forceps. For each set of sensitivity tests performed, a control 

strain of H. pylori NCTC 11637 (ATCC 43504/CCUG 17874) was also plated, and an E-test 

strip was applied as described above. Plates were incubated at 37°C for 5 days under 

microaerophilic conditions as indicated before. The plates were examined by looking at the 

interface between the antibiotic concentration on the E-test strip and the H. pylori inhibition 

growth. The MIC is read as the point where the growth inhibition ellipse intersects the MIC 

scale on the strip. All susceptibility tests were duplicated independently by a colleague.  

Plates that were overgrown with contamination were discounted and the test was repeated.  

2.2.6.3 Determination of drug sensitivity and resistance  

 

The clinical EUCAST zone diameter breakpoints for disc diffusion testing on H. pylori strains 

are not available. Hence, this study used the zone diameter breakpoints from published 

literature as reference for the interpretation of ‘susceptible’, ‘resistant’ or ‘intermediate’ 

strains. These breakpoints were validated using E-tests. Table 2.2 shows the disc diffusion 

interpretation of zone diameters for clarithromycin, amoxicillin, levofloxacin, tetracycline 

and metronidazole against H. pylori strains. Antibiotics such as amoxicillin, clarithromycin, 
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metronidazole, tetracycline and levofloxacin were included for the susceptibility test in this 

study because these standard antibiotics are typically used in first-line therapy.  

Table 2.2 Diameter of the zone of inhibition (mm), with breakpoint limits indicative of 
resistance and susceptibility of H. pylori strains to 5 antibiotics. 

Antibiotic Diameter of the zone of inhibition, 

with interpretation (mm)  

Reference 

Resistant Susceptible 

Clarithromycin     

(15 µg) 

≤28 >28 Alarcón-Millán et al. 

(2016) 

Amoxicillin (10 µg) ≤25 >25 Lang and García (2004) 

Levofloxacin (5 µg) <12 ≥12 Yu et al. (2011) 

Tetracycline (30 µg) <25 >25 Lang and García (2004) 

Metronidazole        

(5 µg) 

<16 ≥21 Chaves et al. (1999) 

*For metronidazole, if the measurements were in between the two thresholds, the strain 
was classified as ‘intermediate’ resistance/susceptible. 

 

2.2.6.4 Determination of minimal inhibitory concentration (MIC)  

 

The MIC values of antibiotics for H. pylori strains should be interpreted as S (susceptible), or 

R (resistant) by comparing the obtained MIC values of each antibiotic with the 

recommended EUCAST clinical MIC breakpoints (EUCAST, 2024) as shown in Table 2.3.   
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Table 2.3 EUCAST clinical MIC (mg/L) breakpoint limits indicative of resistance and 
susceptibility of H. pylori strains to 5 antibiotics. 

Antibiotic MIC breakpoint (mg/L) 

Susceptible Resistant 

Clarithromycin ≤0.25 >0.25 

Amoxicillin ≤0.125 >0.125 

Levofloxacin ≤1 >1 

Tetracycline ≤1 >1 

Metronidazole ≤8 >8 

 

2.2.7 Data analysis and statistical tests  

Data was collected and recorded in Microsoft Excel and statistical analysis was performed 

using GraphPad Prism Version 10.3.0 (507). Chi-squared tests were used for multiple 

parameters, whereas a Fisher’s exact test was used to analyse frequencies between patients 

who had or had not previously undergone eradication therapy. Mann-Whitney test was 

performed to compare the MIC level of antibiotics between two age groups of patients. A P 

value of < 0.05 was considered statistically significant. 
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2.3 Results  

2.3.1 Antibiotic resistance profiles of H. pylori isolates  

To date, 241 H. pylori isolates from 162 infected patients have been tested for antibiotic 

susceptibility from the Nottingham strain collection. Of these, 241 strains (125 isolated from 

the antrum, and 116 from the corpus) from 162 patients have been included in the analysis 

and the data were analysed based on the origins of the stomach; antrum and corpus. 46 

patients yielded an isolate only from the antrum, other isolates were recovered only from 

the corpus of 37 patients, whilst paired isolates were cultured from both the antrum and 

corpus of 79 patients.  

Of the total 241 isolates, as shown in Table 2.4, 149 were resistant to metronidazole 

(61.8%), 67 were resistant to clarithromycin (27.8%), 10 were resistant to levofloxacin 

(4.1%) and 6 were resistant to amoxicillin (2.5%). None of these isolates were found to be 

resistant to tetracycline.   

Furthermore, 77 isolates (31.9%) were sensitive to all the antibiotics, whilst 98 isolates 

(40.7%) were resistant to one antibiotic. In terms of multiple drug resistance, 58 isolates 

(24.1%) were resistant to two, and 8 isolates (3.3%) were resistant to three antibiotics. None 

of them have acquired non-susceptibility to more than three antibiotics.  

For dual resistance, 58 isolates (24.1%) were resistant to clarithromycin and metronidazole, 

and 5 isolates (2.1%) were resistant to levofloxacin and metronidazole. Of isolates resistant 

to three antibiotics, four isolates (1.7%) were resistant to clarithromycin, amoxicillin, and 

metronidazole. Meanwhile, two isolates (0.8%) were resistant to clarithromycin, 
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levofloxacin, and metronidazole, and clarithromycin, amoxicillin, and levofloxacin, 

respectively. The 8 isolates resistant to three antibiotics originated from 5 patients. Four 

had previously received eradication therapy, including one who had undergone five failed 

rounds of therapy. This patient had the same antibiotic resistance profiles for both antrum 

and corpus isolates that were resistant to clarithromycin, amoxicillin, and metronidazole. 

 

Table 2.4 Antimicrobial resistance profiles of H. pylori isolates to 5 antibiotics.  

Antibiotic Number of Resistant 
Isolates (n=241) 

Percentage 

Metronidazole 149 61.8% 

Clarithromycin 67 27.8% 

Levofloxacin 10 4.1% 

Amoxicillin 6 2.5% 

Tetracycline 0 0% 

      

No resistance to any antibiotic tested 77 31.9% 

Resistance to one antibiotic only 98 40.7% 

Resistance to two antibiotics 58 24.1% 

Resistance to three antibiotics 8 3.3% 

Resistance to >three antibiotics   0 0%  

   

Clarithromycin + Metronidazole only 58 24.1% 

Levofloxacin + Metronidazole only 5 2.1% 

Clarithromycin + Levofloxacin + Metronidazole 2 0.8% 

Clarithromycin + Levofloxacin + Amoxicillin 2 0.8% 

Clarithromycin + Amoxicillin + Metronidazole 4 1.7% 

*Isolates of H. pylori from the stomachs of 162 patients were tested for antibiotic resistance 
via disc diffusion and E-test.  
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2.3.2 Resistance profiles of H. pylori paired isolates  

In this study, a total of 79 patients had paired isolates from both the gastric antrum and 

corpus. Of these, 73 had identical resistance profiles (92%), and 6 had discordant resistance 

profiles (7.59%). As for mismatched paired isolates, two of these pairs were differed in 

metronidazole resistance. For example, one antral isolate was resistant with an MIC of 64 

µg/ml, and the corpus isolate was sensitive (MIC 0.19 µg/ml). In another case, the antral 

isolate was resistant to metronidazole (MIC 192 µg/ml) and clarithromycin (MIC >256 

µg/ml), whilst the corpus isolate was sensitive to both antibiotics (MICs 0.047 and 0.5 µg/ml 

respectively). Three additional pairs differed in clarithromycin resistance, also with large 

differences in MICs (>256 and 0.016 µg/ml; 0.016 and 1.5 µg/ml; 0.38 and 0.125 µg/ml for 

antral and corpus isolates respectively). One pair differed in levofloxacin resistance (MICs of 

0.25 and 12 µg/ml). Interestingly in one case, the isolate from the corpus biopsy was 

resistant to metronidazole (MIC >256 µg/ml), clarithromycin (MIC 1.5 µg/ml) and amoxicillin 

(MIC 0.75 µg/ml), whilst the antral isolate was only resistant to metronidazole (MIC >256 

µg/ml). 

2.3.3 Antibiotic resistance rates of H. pylori isolates over time 

The analysis for identifying antibiotic resistance from the years of 2001-2018 was performed 

on 156 isolates, (1 isolate per patient), to avoid bias from double counting the 79 pairs of 

isolates (Figure 2.1A). The data from the six discordant pairs were excluded. Each isolate 

was categorised by year based on the date that the isolate was recovered from the gastric 

biopsy and classified into three intervals: 2001-2005 n=45, 2006-2010 n=71, and 2011-2018 

n=40. The frequency of patients infected with clarithromycin resistant-H. pylori strains 
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increased significantly from 2001-2005 (15.6%) (7/45), to 40% (16/40) in isolates gathered 

between 2011 and 2018 (p=0.011) (Chi-square test). As for amoxicillin, the rates of 

resistance maintained a similar trend for each group of years, from 0% (0/45) to 4.2% 

(3/71), and decreased to 0% (0/40), respectively. Furthermore, the percentage resistance 

for levofloxacin resistant-H. pylori strains for each group of years were 4.4% (2/45), 2.8% 

(2/71), and 7.5% (3/40), respectively. On the other hand, the total rates of resistance for 

metronidazole increased significantly from 57.8% (26/45) in the years of 2001-2005, to 

77.5% (31/40) in the years of 2011-2018 (p=0.05) (Chi-square test).    

Moreover, the data was further subdivided into categories according to whether the 

patients had or had not previously undergone H. pylori eradication therapy (Figure 2.1B and 

C). Of those who had previously received eradication therapy (n=39) (Figure 2.1B), the 

resistance level for clarithromycin increased slightly from 40% (2/5) to 52.4% (11/21) 

between the intervals of 2001-2005 and 2006-2010 and increased to 76.9% (10/13) amongst 

strains gathered in 2011-2018. As for metronidazole, the rates of resistance increased slowly 

between all the group years, from 80% (4/5) in 2001-2005 to 80.9% (17/21) in 2006-2010, 

and to 92.3% (12/13) in 2011-2018. None of these data showed any significant results.   

Meanwhile, of those who had not previously received eradication therapy (n=117) (Figure 

2.1C), clarithromycin resistance increased steadily, although not significantly, from 12.5% 

(5/40) in 2001-2005, to 14.3% (7/49) and 25.9% (7/28), respectively in the year of 2006-

2010, and 2011-2018. As for metronidazole, the resistance rates increased from 55% 

(22/40) to 61.2% (30/49) between the year of 2001-2005 to 2006-2010 and then increased 

slightly to 67.9% (19/28) in the year of 2011-2018. Again, data based on patients who had 

not previously received eradication therapy yielded no significant trends.        
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Figure 2.1: The frequencies of patients with resistant isolates, who had or had not 
previously undertaken H. pylori eradication therapy over the period of the study. For the 
whole dataset (A), 2001-5 n=45, 2006-2011 n=71, and 2011-2018 n=40.  For the patients 
with previous eradication therapy (B), 2001-5 n=5, 2006-2011 n=21, and 2011-2018 n=13.  
For the patients without previous eradication therapy (C), 2001-5 n=40, 2006-2011 n=49, 
and 2011-2018 n=28.  Significant trends in the data were found for metronidazole-resistant 
(p=0.05*) and clarithromycin-resistant (p=0.011**) and (Chi-square test) isolates, but only in 
the whole dataset (A). No significant trends were found for the other antibiotics, or within 
the subgroup analyses (B & C). 

 

2.3.4 H. pylori antibiotic resistance rates between patients with/without 

previous eradication therapy  

The data (1 sample per patient) were categorised into patients who had and had not 

previously received H. pylori eradication therapy (n=39 and n=117, respectively). The 

antibiotic resistance profiles of isolates from patients in these categories were compared 

(Figure 2.2). It was found that clarithromycin resistance was present in 16.2% (19/117) of 

total isolates from patients who had not previously received eradication therapy and was 
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significantly present in 59% (23/39) of total isolates from patients who had (p<0.0001) 

(Fisher’s exact test). In metronidazole, the total number of resistant isolates were 

significantly higher (84.6%) (33/39) in patients with previous eradication therapy than those 

without previous eradication therapy (60.7%) (71/117) (p=0.006) (Fisher’s exact test).  

On the other hand, no significant differences have been observed for both amoxicillin- and 

levofloxacin-resistant isolates in patients with previous eradication therapy and without 

previous eradication therapy. Only 3 patients in total had amoxicillin-resistant strains, with 

all having had previous therapy. Seven patients had levofloxacin-resistant isolates, 3 of 

whom had previously received therapy. No resistance was observed for tetracycline.  
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Figure 2.2: The percentage of H. pylori isolates resistant to 5 antibiotics, from patients 
who had previously received prior H. pylori eradication therapy (n=39) compared to those 
who had not (n=117). The frequency of metronidazole-resistant isolates was significantly 
higher amongst the patients with previous therapy (p=0.006**), and the same was true for 
strains resistant to clarithromycin (p<0.0001***) (Fisher’s exact test). 
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2.3.5 Comparisons of gender between patients with/without previous 

successful eradication therapy  

A previous study suggested that the gender of patients may have an impact on the 

treatment outcomes, and it was found that treatment failure was significantly more 

common in men compared with women (Furuta et al., 2004). To investigate this, the data (1 

sample per patient) were categorised into patients who had (n=39) and had not (n=117) 

previously received a round of failed H. pylori eradication therapy (n=156). The gender of 

patients in these categories was then compared. However, the percentage distribution of 

male and female patients was roughly equal for both groups - patients with and without 

previous successful eradication therapy, (48.72% and 51.28%) (n=19/39 and n=20/39), and 

(49.57% and 50.43%) (n=58/117 and n=59/117), respectively. Hence, there were no 

statistically significant differences among male and female patients between these two 

groups.   

2.3.6 Investigation of a relationship between MIC level of antibiotics and 

patients of different ages  

As the prevalence of antibiotic resistance of H. pylori has become more common in recent 

years, it was hypothesised that younger patients would be more likely to be infected with 

resistant strains, hence the MIC value of antibiotics is prone to be higher. To confirm this, 

patients were classified into two main age groups: below 60 years old, and over 60 years 

old.  

Statistical analysis showed that the 60 years and below group had higher median MIC level 

when compared to 60 years and over age group for antibiotics clarithromycin, and 
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metronidazole. No variations were detected across all age categories in terms of MIC levels 

of amoxicillin, levolfoxacin, and tetracycline. 

Regarding H. pylori strains resistant to clarithromycin, it was revealed that the median MIC 

of isolates from in the 60 years and below age group was significantly higher at 0.1575 mg/L 

compared to those from the over 60 age group at 0.04350 mg/L (p=0.0299) (Mann-Whitney 

test) (Figure 2.3). This study also demonstrated that the MIC metronidazole was notably 

elevated amongst isolates from the 60 years and below age group (44 mg/L), in contrast to 

those from the over 60 age group, where the median MIC level was 0.315 mg/L (p=0.0132) 

(Mann-Whitney test) (Figure 2.4).  
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Figure 2.3: MIC levels for clarithromycin (mg/L) in isolates from 32 patients, where 
p=0.0299* (Mann-Whitney test).   
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Figure 2.4: Average MIC level of metronidazole (mg/L) in isolates from 70 patients, where 
p=0.0132* (Mann-Whitney test).  
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2.3.7 Comparison of histological features in gastric biopsies from H. pylori-

infected patients  

Of the 244 H. pylori gastric biopsies from 162 infected patients gathered, 129 and 115 

biopsies removed from antrum and corpus regions of the stomach respectively, were then 

subjected to histopathological evaluation for determination of 1. inflammation, 2. 

neutrophil activity, 3. atrophy, 4. intestinal metaplasia and 5. bacterial density scores, 

performed by pathologists. Biopsies were scored for five histological variables with four 

severity scores (0=none, 1= mild, 2=moderate, and 3=severe) according to the Sydney 

classification (Table 2.5).  

The histological findings scored for all H. pylori-related features showed significant 

differences between the antrum and corpus. The obtained results (Table 2.5) showed that 

the inflammation scores were more prominent in the antrum compared to the corpus. Most 

of gastric biopsies from the antrum appeared to have moderate inflammation (94/129 

biopsies; 72.87%), as compared to those from the corpus where 60% (69/115) of them had 

mild inflammation. This difference was statistically significant (p<0.0001) (Chi-square test). 

Only 9.3% (12/129) of antral and 7.8% (9/115) of corpus biopsies were found to have severe 

inflammation (score of 3).    

In addition, the neutrophil activity scores were higher in the antrum than in corpus, where 

69.77% (90/129) of patient’s antral biopsies had moderate neutrophil infiltration, whilst 

46.96% (54/115) of corpus biopsies had normal neutrophil activity scores (score of 0) 

(p<0.0001) (Chi-square test) (Table 2.5). Severe neutrophil infiltration (score of 3) was seen 

in 4 out of 129 antrum biopsies, whereas none were detected in the corpus.  
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Most antral biopsies, 69.53% (89/128), and corpus biopsies, 95.65% (110/115) were scored 

as normal for mucosal glandular atrophy. Only 29.69% (38/128) and 4.35% (5/115) of 

antrum and corpus biopsies, respectively, were graded with mild atrophy (Table 2.5). Only 

one patient (0.78%) has moderate atrophy in the antrum. None were classified as severe for 

glandular atrophy. Seemingly, almost all of the corpus biopsies (97.39%, 112/115) showed 

the absence of intestinal metaplasia. This was also true for antral biopsies where 80.62% 

(104/129) of them were graded as normal (score of 0). Only two out of 129 antrum (1.55%) 

and none from corpus biopsy were evaluated as a score of 3. 

As for the density of H. pylori overlying the epithelium, the highest density (score of 3) was 

present in 38.28% (49/128) of biopsies from the antrum, whereas 50.88% (58/114) of 

corpus biopsies were graded as mild. Also, two out of 128 (1.56%) patient’s antrum biopsies 

were scored as 0; 32.03% (41/128) had a score of 1; and 28.13% (36/128) had a score of 2. 

Additionally, patient’s corpus biopsies (1.56%, 2/128) received a score of 0; 21.05% (24/114) 

were scored at 2, and 26.32% (30/114) were scored at 3 (Table 2.5).  
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Table 2.5 The number and percentage prevalence of five variable histological features in 
gastric biopsies taken from the antrum (n=129) and corpus (n=115) regions from patients.  

 Number and percentage of gastric biopsies 

Inflammation scores  

0 1 2 3 

Antrum (n=129) 0; 0% 23; 17.83% 94; 72.87%*** 12; 9.30% 

Corpus (n=115) 0; 0% 69; 60%*** 37; 32.17% 9; 7.83% 

 Neutrophil activity scores 

 0 1 2 3 

Antrum (n=129) 18; 13.95% 17; 13.18% 90; 69.77%*** 4; 3.10% 

Corpus (n=115) 54; 46.96%*** 17; 14.78% 44; 38.26% 0; 0% 

 Atrophy scores 

 0 1 2 3 

Antrum (n=128) 89; 69.53% 38; 29.69% 1; 0.78% 0; 0% 

Corpus (n=115) 110; 95.65% 5; 4.35% 0; 0% 0; 0% 

 Intestinal Metaplasia scores 

 0 1 2 3 

Antrum (n=129) 104; 80.62% 16; 12.40% 7; 5.43% 2; 1.55% 

Corpus (n=115) 112; 97.39% 2; 1.74% 1; 0.87% 0; 0% 

 H. pylori density scores 

 0 1 2 3 

Antrum (n=128) 2; 1.56% 41; 32.03% 36; 28.13% 49; 38.28% 

Corpus (n=114) 2; 1.75% 58; 50.88% 24; 21.05% 30; 26.32% 

*The majority of gastric biopsies from the antrum showed moderate inflammation (94 out 

of 129 biopsies; 72.87%), whereas 60% (69 out of 115) of the biopsies from the corpus 

showed mild inflammation (p< 0.0001***) (Chi-square test). The neutrophil activity scores 

were higher in the antrum than in corpus, where 69.77% (90/129) of patient’s antral 

biopsies had moderate neutrophil infiltration, whilst 46.96% (54/115) of corpus biopsies had 
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normal neutrophil activity scores (p<0.0001***) (Chi-square test). Sydney score of 0: absent 

or normal, 1: mild, 2: moderate, and 3: severe abnormality.  

 

It has been reported that the eradication of H. pylori typically leads to the resolution of 

inflammation, which in some cases can also reduce atrophy and the risk of developing 

malignancies (Fox & Wang, 2002). However, the histological changes of gastric mucosal 

lesions after eliminating H. pylori remain poorly understood. Thus, to further examine this, 

the data were then further partitioned according to whether the gastric biopsies were taken 

from patients with failed eradication therapy (n=60) and patients without failed eradication 

therapy (n= 184), as shown in Table 2.6.  

Based on antral and corpus results, no statistically significant results were found between 

these two subgroups (patients with failed and without failed eradication therapy). However, 

statistical analysis showed that 87.10% (27/31) and 63.92% (62/97) of the antrum isolates 

were categorised as normal for mucosal glandular atrophy for both two subgroups 

(p=0.0173) (Chi-square test). Only 12.9% (4/31) and 35.05% (34/97) of antrum isolates were 

regarded as mild atrophy for patients with, and without previous rounds of eradication 

therapy, respectively (Table 2.6).  
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Table 2.6 The number and percentage prevalence of five variable histological features in 
gastric biopsies taken from the antrum (n=129) and corpus (n=115) regions, from patients 
who had previously received prior H. pylori eradication therapy (n=60) compared to those 
who had not (n=184).  

 Antrum Corpus 

Inflammation scores 

0 1 2 3 0 1 2 3 

With 

previous 

failed 

eradication 

therapy 

0; 0% 3; 

9.68% 

27; 

87.10% 

1; 

3.23% 

0; 0% 

 

19; 

65.52% 

10; 

34.48% 

0; 0% 

Without 

previous 

failed 

eradication 

therapy 

0; 0% 21; 

21.43% 

66; 

67.35% 

11; 

11.22% 

0; 0% 50; 

58.14% 

27; 

31.40% 

9; 

10.47% 

 Neutrophil activity scores 

0 1 2 3 0 1 2 3 

With 

previous 

failed 

eradication 

therapy 

2; 6.67% 5; 

16.67% 

23; 

76.67% 

0; 0% 14; 

48.28% 

6; 

20.69% 

9; 

31.03% 

0; 0% 

Without 

previous 

failed 

eradication 

therapy 

17; 

17.89% 

12; 

12.63% 

66; 

69.47% 

0; 0% 40; 

46.51% 

11; 

12.79% 

35; 

40.70% 

0; 0% 

 Atrophy scores 

0 1 2 3 0 1 2 3 

With 

previous 

failed 

eradication 

therapy 

27; 

87.10%* 

4; 

12.9% 

0; 0% 0; 0% 28; 

96.55% 

1; 

3.45% 

0; 0% 0; 0% 

Without 

previous 

failed 

62; 

63.92%* 

34; 

35.05 

1; 

1.03% 

0; 0% 82; 

95.35% 

4; 

4.65% 

0; 0% 0; 0% 



87 
 

eradication 

therapy 

 Intestinal Metaplasia scores 

0 1 2 3 0 1 2 3 

With 

previous 

failed 

eradication 

therapy 

30; 

96.77% 

0; 0% 1; 

3.23% 

0; 0% 28; 

96.55% 

0; 0% 1; 

3.45% 

0; 0% 

Without 

previous 

failed 

eradication 

therapy 

74; 

75.51% 

16; 

16.33% 

6; 

6.12% 

2; 

2.04% 

84; 

97.67% 

2; 

2.33% 

0; 0% 0; 0% 

 H. pylori density scores 

0 1 2 3 0 1 2 3 

With 

previous 

failed 

eradication 

therapy 

0; 0% 7; 

22.58% 

10; 

32.26% 

14; 

45.16% 

0; 0% 19; 

65.52% 

7; 

24.14% 

3; 

10.34% 

Without 

previous 

failed 

eradication 

therapy 

0; 0% 30; 

31.58% 

29; 

30.53% 

36; 

37.89 

0; 0% 39; 

46.99% 

17; 

20.48% 

27; 

32.53% 

*In the antrum, 87.10% (27 out of 31) and 63.92% (62 out of 97) of the isolates were 

classified as normal regarding mucosal glandular atrophy across both subgroups (patients 

with and without previous failed eradication therapy, respectively) (p=0.0173*) (Chi-square 

test). Sydney score of 0: absent or normal, 1: mild, 2: moderate, and 3: severe abnormality. 
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2.3.8 Patients who donated samples to the study on more than one occasion 

According to our Nottingham collection database, there were eight patients (mean age= 

46.63 years old, SD= 12.37, and the ratio of male to female 1:3) who donated samples to the 

study on two occasions. The most common indication for their endoscopy was dyspepsia 

(n=6) based on the endoscopist’s notes. Based on the information given, these returning 

patients were categorised based on their H. pylori status for both visits; patients found to be 

H. pylori positive on both visits, patients who had successfully eradicated their H. pylori 

infection during the second endoscopy, and patients who were not found to have H. pylori 

following two endoscopies. The status of H. pylori, disease, and differences in histology 

scores were analysed to see if there were any changes after the eradication treatment. Prior 

studies indicated that eradicating H. pylori could reduce inflammation, and different 

durations of follow-up showed varying levels of recovery in atrophic gastritis and intestinal 

metaplasia (Weng et al., 2021). Therefore, it is crucial to evaluate the time that elapsed 

between the endoscopies to determine whether histological damage might have worsened 

without H. pylori eradication or improved with successful treatment. 

Among them, four patients were found to be H. pylori positive on both visits. Some of the 

indications for the second endoscopy were dyspepsia, resistant H. pylori and previous failed 

eradication therapy. All of them were diagnosed with duodenal ulcer disease (DUD) at the 

first endoscopy, and three of four had persistent DUD that was still present at the second 

endoscopy (Table 2.7).   

Two H. pylori-positive patients (during their first endoscopy) were reported to have 

successfully eradicated their H. pylori infection upon returning for a second endoscopy. One 

of the patients returned for the second visit due to dyspepsia, whereas the other patient 
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was found to have reflux esophagitis for the second visit. Both had a diagnosis of DUD 

during the first endoscopy but later were found to be cleared from the disease following the 

second endoscopy (Table 2.8).  

A further two patients were not found to have a H. pylori infection following two 

endoscopies. The main indication for the initial endoscopy was dyspepsia for both patients, 

and one of the patients came back due to epigastric pain. However, they showed no signs of 

any peptic ulcer diseases or reflux esophagitis during endoscopic examination for both visits. 

However, the other patient was found to have gastric atrophy following the second 

endoscopy (Table 2.9).     

Of the eight returning patients, three had isolates recovered from both the antrum and the 

corpus, and histology analysis was performed following both endoscopies (Table 2.10). Two 

patients were reported to be H. pylori positive throughout the first and second visits to the 

clinic, with the first patient (patient ID 295 and 326) showing the same histological scores 

profiles, whilst the second patient (patient ID 249 and 357) had different histological scores 

profiles in both corpus and antrum isolates for both check-ups. The second patient had mild 

atrophy in the antral biopsy on the first visit, but the second endoscopy showed no sign of 

atrophy after eradication treatment. However, the histological scores for inflammation and 

neutrophil activity for antrum showed increased scores from mild to moderate following the 

second endoscopy. Meanwhile, there were no changes detected in the corporal biopsy for 

both visits except for H. pylori density where the score decreased from moderate to mild.   

The third patient (patient ID 391 and 478) was tested as H. pylori-positive during the first 

visit but later was found to be H. pylori-negative during the second visit, and as expected, 

this patient showed different histological scores profiles for both corpus and antrum biopsies 
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for both visits. Surprisingly, the histological analysis for both visits showed that the 

inflammation and activity scores in the corpus increased from moderate to severe, and 

normal to moderate, respectively. However, H. pylori density score in the corporal biopsy 

was lessened from severe to mild following the second endoscopy. Meanwhile, there were 

no changes detected for histological scores in the antrum except for H. pylori density where 

expectedly, the score decreased from mild to normal after the eradication treatment. No 

atrophy or intestinal metaplasia was detected in this patient.      

It is also interesting to note that 39 patients in the study had previously undergone rounds of 

H. pylori eradication therapy based on the endoscopist’s notes. The number of previous 

rounds of therapy was not always indicated, but some patients had undergone multiple 

rounds of eradication treatment with the highest number was five. For example, Table 2.11 

showed a case study of a patient who had five previous rounds of eradication therapy, with 

dyspeptic symptoms referred from the GP clinic for upper gastrointestinal endoscopy. A 

rapid urease test indicated that he was positive for H. pylori infection, while an endoscopy 

revealed an acute duodenal ulcer disease accompanied by erosive esophagitis. The antibiotic 

resistance profiles of H. pylori isolates from the gastric antrum and corpus revealed that 

both isolates were resistant to multiple antibiotics including clarithromycin, metronidazole 

and amoxicillin. Meanwhile, results of genotyping of virulence genes from gastric biopsies 

showed that both corpus and antrum regions of the stomach were positive for more virulent 

cagA+ strains, whereas more virulent vacA i1 type for corpus and vacA i2 for antrum. All 

histological variables, aside from inflammation where the antrum has a higher score of 3, 

than in corpus (score of 2), have the same scores for both corpus and antrum (Table 2.11).   
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Table 2.7 Database of returning patients (H. pylori positive for both visits).  

Patient ID Age and time since the first 
visit 

Gender Indication for endoscopy Disease status Oesophagus 

First visit (295) 
Second visit (326) 

68 years old Female Not stated Both GUD/DUD  Reflux esophagitis 

6 months later   Resistant H. pylori Both GUD/DUD  Reflux esophagitis 

First visit (410) 
Second visit (629) 

48 years old Female Dyspepsia DUD  Normal 

2 years later  
 

Not stated DUD  Normal 

First visit (249) 
Second visit (537) 

41 years old Male Dyspepsia and H. pylori-positive DUD  Reflux esophagitis 

4 years later  
 

Previous failed eradication therapy DUD  Reflux esophagitis 

First visit (680) 
Second visit (827) 

35 years old Female Previous H. pylori eradication DUD  Reflux esophagitis 

2.5 years later    Dyspepsia None Normal 

 

Table 2.8 Database of returning patients (H. pylori positive on the first visit, but negative during the second visit).  

Patient ID Age Gender Indication for endoscopy Disease status Oesophagus 

First visit (391) 
Second visit (478) 

60 years old Female Resistant H. pylori DUD  Reflux esophagitis 

11 months later 
 

Not stated None  Reflux esophagitis 

First visit (443) 
Second visit (762) 

31 years old Female Not stated DUD  Normal 

4 years later    Dyspepsia None  Normal 

 

Table 2.9 Database of returning patients (H. pylori negative for both visits).  

Patient ID Age Gender Indication for endoscopy Disease status Oesophagus 

First visit (449) 
Second visit (771) 

48 years old Male Dyspepsia None  Normal 

3.5 years later  
 

Epigastric pain None Normal 

First visit (399) 
Second visit (835) 

42 years old Female Dyspepsia None Normal 

5 years later     Not stated Atrophy  Normal 
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Table 2.10 The Sydney scoring system was used for the characterisation of gastritis.   

Patient ID Corpus Antrum 

Inflammation Activity Atrophy Intestinal 
Metaplasia 

H. pylori 
density 

Inflammation Activity Atrophy Intestinal 
Metaplasia 

H. pylori 
density 

First visit (295) 1 0 0 0 1 2 2 0 0 1 

Second visit (326) 1 0 0 0 1 2 2 0 0 1 

First visit (249) 1 0 0 0 2 1 1 1 0 2 

Second visit (537) 1 0 0 0 1 2 2 0 0 2 

First visit (391) 2 0 0 0 3 2 0 0 0 1 

Second visit (478)  3 2 0 0 1 2 0 0 0 0 

*Five histological variables: inflammation, neutrophil activity, glandular atrophy, intestinal metaplasia, and H. pylori density were selected for 

grading on a simple four-point scale – 0: absent or normal, 1: mild, 2: moderate, and 3: severe abnormality. 
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Table 2.11 Data on a patient with a medical history of five previous rounds of eradication therapies.  

Age Gender H. pylori 
status 

Disease 
status 

Indication 
for 
endoscopy 

Patient medical 
history 

CagA status VacA i type 

57 Male Positive DUD Dyspepsia Five previous courses 
of H. pylori eradication  

Positive for both corpus and 
antrum 

VacA i2 for antrum, but VacA i1 
for corpus 

 

 Histological scores 

 Inflammation Activity Atrophy Intestinal Metaplasia H. pylori density 

Corpus 2 2 0 0 2 

Antrum 3 2 0 0 2 
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2.3.9 Investigation of a relationship between H. pylori antibiotic resistance 

and the virulence genotype  

A previous systematic review and meta-analysis revealed that H. pylori virulence factors 

such as cagA and vacA s1m1 play crucial roles in determining the clinical outcomes and 

eradication success rates (Karbalaei et al., 2022). Therefore, this study examined the 

possible link between cagA and vacA genotypes and the antibiotic resistance seen in H. 

pylori clinical isolates. In the present study, the isolates were categorised as either cagA-

negative (n=66) or cagA-positive (n=166), with nine isolates removed from the analysis due 

to ambiguous cagA status, leaving n=232.  

Overall, the proportions of antibiotic-resistant isolates in the cagA-positive group were very 

similar to the cagA-negative group (Table 2.12). There were no statistically significant 

differences. It was found that the percentage of clarithromycin-resistant in cagA-positive 

and cagA-negative H. pylori isolates were similar; 25.9% and 30.3%, respectively. In 

amoxicillin and levofloxacin, the percentage of resistant cagA-positive isolates was found to 

be 3% and 2.4%, and the percentage of resistant cagA-negative isolates was found to be 0% 

and 3%, respectively. As for metronidazole, 60.2% of the total number of cagA-positive 

isolates were resistant, whereas 65.2% accounted for the total number of cagA-negative 

isolates.      
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Table 2.12 The number and percentage prevalence of antibiotic resistance in cagA-positive 
and cagA-negative H. pylori isolates.  

 Number and percentage of antibiotic-resistant isolates 

Clarithromycin Amoxicillin Levofloxacin Tetracycline Metronidazole 

cagA+ 

(n=166) 

43; 25.9% 5; 3.0% 4; 2.4% 0; 0% 100; 60.2% 

cagA- 

(n=66) 

20; 30.3% 0; 0% 2; 3.0% 0; 0% 43; 65.2% 

 

Meanwhile, the H. pylori isolates were also classified into vacA i1 (n=152) and vacA i2 

(n=79), with ten isolates removed from the analysis due to unclear genotypic data, leaving 

n=231 (Table 2.13). Overall, the results showed that for each antibiotic, there was a slightly 

higher percentage of vacA i2 isolates that were antibiotic-resistant compared to vacA i1 

ones. It was found that for clarithromycin, amoxicillin, levofloxacin, and metronidazole, each 

had a higher percentage of resistant isolates that had the vacA i2 genotype, with 34%, 5%, 

4%, and 72% resistant isolates, each, respectively. The vacA i1 genotyped isolates had a 

lower percentage of isolates that were resistant to the aforementioned antibiotics, with 

24%, 1%, 3%, and 66% isolates identified as resistant, respectively. Comparable results to 

the analysis of cagA positive and negative strains, no statistically significant results were 

found in vacA strains in this study.    
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Table 2.13 The number and percentage prevalence of antibiotic resistance in vacA i1 and 
vacA i2 H. pylori isolates.  

 Number and percentage of antibiotic-resistant isolates 

Clarithromycin Amoxicillin Levofloxacin Tetracycline Metronidazole 

vacA i1 

(n=152) 

37; 24% 2; 1% 4; 3% 0; 0% 100; 66% 

vacA i2 

(n=79) 

27; 34% 4; 5% 3; 4% 0; 0% 57; 72% 
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2.4 Discussion 

2.4.1 A high prevalence of H. pylori resistance to clarithromycin and 

metronidazole was observed   

Among the H. pylori isolates investigated in this study, the overall rates of resistance to 

metronidazole were surprisingly high: 61.8% (149/241) of the total number of H. pylori 

strains tested were resistant to metronidazole. Metronidazole is known as a broad-

spectrum antibiotic drug that is frequently used as prescribed antibiotic in the UK to treat 

common cold, flu, stomach and intestinal infections caused by a wide variety of bacterial 

infections and parasites. According to Thompson et al. (2022), metronidazole was the 

second highest antibiotic prescribed by dental practitioners which accounted for 28.4% of 

all oral antibiotics in 2017, as this drug is used as an effective antibiotic in oral and dental 

infections as first-line treatment. Hence, the improper use of this inexpensive drug may 

contribute to the increase in metronidazole resistance in the community, and therefore an 

elevated level of metronidazole-resistant H. pylori strains was observed in this study.   

The present metronidazole resistance (61.8%) prevalence found in this study is comparable 

to the 69.2% (50-79%) resistance rate to metronidazole reported in a recent study by 

Mégraud et al. (2023) across the US and Europe, though previous studies in Bangor between 

2000-2003 reported metronidazole resistance rates of 29% to 40% (Elviss et al., 2004). 

Meanwhile, McNulty et al. (2012) found 88% resistance rate to metronidazole in one study 

in London. However, in an East London subpopulation, resistance rates varied according to 

ethnic origins; 37% for UK-born, 67% for non-UK-born and 90% for patients from the 

Bangladeshi community (Banatvala et al., 1994). Surprisingly, the European study proved that 
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ethnic origin was significantly linked with resistance to metronidazole (Glupczynski et al., 

2001).  

As for clarithromycin, the second most widely used antibiotic in H. pylori eradication 

therapy, the rate of resistance in clarithromycin for this study (27.8%) was similar to the 

21.4% rate for clarithromycin-resistant H. pylori strains in Europe (Megraud et al., 2021). 

However, the rates of resistance in clarithromycin are still lower in Europe, compared to 

other regions in Asia such as India (58.8%) and China (46.54%) (Ghotaslou et al., 2015). 

However, a recent systematic review and meta-analysis study found that the latest primary 

resistance rate for clarithromycin in the Asia-Pacific region is 30% (Hong et al., 2024), 

aligning with current findings.  

The differences between the resistance rates in clarithromycin may reflect the variation in 

antibiotic usage between continents and countries. This is possibly due to the total 

consumption of macrolides which has been decreased (-15.5%) over the past 5 years in the 

UK (Agency, 2023b) and other parts of European countries (Control, 2019). Whereas the 

inappropriate use of macrolides in many developing countries in Asia is high (Nepal & 

Bhatta, 2018).  

Levofloxacin resistance was identified in 4.1% of total H. pylori isolates in this study. In the 

UK, the data for levofloxacin-resistant H. pylori is scarce. Meanwhile, one 2012 UK study 

found that levofloxacin resistance rates of between 1-17%, depending on the region where 

the testing took place (McNulty et al., 2012), and the WHO European region data estimated 

the rates of levofloxacin resistance in H. pylori strains is 15.8% (McNulty et al., 2012). It was 

apparent that levofloxacin resistance rates obtained in this study were in the lower range of 

resistance rates found in the previous studies in the UK and Europe. This is probably 
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because levofloxacin is unfavourable as a first-line treatment and its general usage has been 

decreasing between 2017 and 2021 in the UK (Agency, 2023a) due to the overall efficacy 

and safety data which suggests that levofloxacin may cause serious side effects including 

hepatotoxicity, cardiac arrhythmia, severe skin reactions and tendon rupture (MHRA, 2012).     

In the present study, the amoxicillin resistance rate was found to be 2.5%, and this finding is 

similar to the < 3% reported by (McNulty et al., 2012) in the UK. The average prevalence 

rate of amoxicillin resistance in H. pylori strains in Europe is still very low, 0.2% (ranging 

from 0 to 1.7%), indicating that amoxicillin resistance is still not yet a problem in European 

countries (Megraud et al., 2021). On the other hand, none of H. pylori isolates were found 

to be resistant to tetracycline in this study, which is consistent with the previous report that 

resistance to tetracycline is as low as 0.5% in the UK, or even absent in most countries 

(Megraud et al., 2021; Savoldi et al., 2018). Such findings suggest that, compared to other 

antibiotics, all of H. pylori isolates tested in this study were susceptible to tetracycline, and 

this antibiotic was not affected by resistance which indicates the importance of this drug in 

eradicating H. pylori strains.   

As for dual resistance, clarithromycin and metronidazole are the antibiotics most frequently 

used with amoxicillin in the first-line eradication therapy, thus it was not uncommon to see 

that the rate of dual-resistance for clarithromycin and metronidazole is 24.1% (58/241) in 

this study. This finding was in line with a study by Goni et al. (2022) where dual antibiotic 

resistance was seen in 21.8% of patients in Germany. However, the multi-drug-resistant 

prevalence obtained in this study is higher than 8.4% of dual-resistant H. pylori strains 

identified in the previous study in England and Wales between the year of 2000-2005 

(Chisholm & Owen, 2009), and notably, higher than any other regions in Europe (15%) 
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(Savoldi et al., 2018). The prevalence of dual resistance is possibly due to the failure of 

previous eradication therapy that used both clarithromycin and metronidazole, which may 

then harbour double resistance in H. pylori strains (Heep et al., 2000).   

2.4.2 Different antibiotic resistance profiles of H. pylori paired isolates taken 

from the gastric antrum and corpus of the same patients   

Of the paired isolates taken from both antrum and corpus of the same patient, 92% (73/79) 

had identical resistance profiles, whereas 7.59% (6/79) had different profiles. These 

antibiotic profiles differences between the paired isolates taken from antrum and corpus 

may be indicative that there is more than one strain of H. pylori present in the individuals’ 

stomach. Although the presence of multiple H. pylori strains in a single patient has been 

reported from previous studies, the rates of prevalence vary among studies (Ayala et al., 

2011; Farzi et al., 2015) . The frequency of discordant resistance profiles in paired of isolates 

found in this study is slightly lower than most previous reports. For example, Selgrad et al. 

(2014) found that 10 out of 66 patients (15.2%) had different antibiotic profiles in both 

isolates. In the same context, Seo et al. (2019) reported a rate of 12.5% (10 from 80 

patients) for multiple H. pylori strains with different antibiotic profiles. 

Furthermore, the high discordant antibiotic susceptibility to clarithromycin and 

metronidazole between the antrum and corpus biopsies found in this study agreed with a 

previous study (Selgrad et al., 2014). It is also noteworthy that half of the patients who had 

isolates with discordant resistance profiles in this study had previously undergone H. pylori 

eradication therapy. This showed that metronidazole and clarithromycin have been widely 

used as first-line therapy in H. pylori eradication treatment. It is thought that previous 
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antibiotic therapy can change the genetic profiles of the stomach microflora through 

horizontal gene transfer (HGT), which contribute to the emergence of multidrug-resistant 

pathogens (Kent et al., 2020). Therefore, the presence of H. pylori strains with different 

resistance spectrums in the same patient is likely to cause treatment failure and increase 

resistant strains selection (Goni et al., 2022).  

Previous studies revealed that extensive allelic diversity was found amongst populations 

within the antrum and corpus regions of each patient’s stomach (Wilkinson et al., 2022). In 

this recent study, it was noted that most patients were originally infected with a single 

strain, and the variations observed within and among different regions were likely a result 

of nonsynonymous mutations spreading over time. Another study identified region-specific 

diversity in the gastric area and suggested that antibiotic treatment could significantly 

impact the population structure of H. pylori in the stomach (Ailloud et al., 2019). 

2.4.3 Increasing trends of resistance for clarithromycin and metronidazole in 

H. pylori isolates over time  

This study also showed a general trend of increased overall resistance for clarithromycin and 

metronidazole in H. pylori isolates over the period of 2001 until 2018. The resistance rates 

of clarithromycin increased significantly between the group year of 2001-2005 (15.6%) to 

2011-2018 (40%). This comes as no surprise because in the time period 2000–2010, global 

macrolide consumption increased by 19% (Van Boeckel et al., 2014), hence the sharp 

increase in clarithromycin’s rate of resistances was observed between two-year groups of 

this study. Similarly, rate of resistance for metronidazole was also increased significantly 

during the year of (2001-2005) (57.8%) to (2011-2018) (77.5%) in this study. A study in 
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England and Wales over a six-year period (2000-2005) is also consistent with the current 

findings that the rates of resistance to metronidazole and clarithromycin increased in both 

areas (Chisholm et al., 2007).  

The current findings also confirmed previous reports by (Lu et al., 2019) and (Lee et al., 

2019), although one meta-analysis study showed that there were no significant changes 

observed for clarithromycin and metronidazole resistance rates between 2006-2016 for the 

European region (Savoldi et al., 2018). In contrast, another European study carried out 

previously reported that H. pylori resistance to clarithromycin decreased from 36.65% in 

2009 to 24.38% in 2014. However, increased clarithromycin resistance has been observed in 

Asia, from 15.28% in 2009 to 32.46% in 2014, most likely due to the higher macrolide 

consumption in this region (Ghotaslou et al., 2015).  

2.4.4 Patients with previous H. pylori eradication therapy had higher 

clarithromycin and metronidazole resistance rates in their isolates compared 

to patients who had not received therapy 

This chapter also confirmed the hypothesis that patients who had previously undergone H. 

pylori eradication therapy, had higher clarithromycin and metronidazole resistance rates in 

their colonising strains when compared to patients who had not previously undergone 

eradication therapy. As expected, the analysis of antibiotic profiles between these two 

categories of patients throughout the whole period of this study (2001-2018) revealed that 

the total number of clarithromycin-resistant isolates in patients who had a previous 

eradication treatment were significantly higher than those who never had any previous 

eradication treatment in the past. This was consistent with the previous study reported by 
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(Bluemel et al., 2020) where prior eradication treatment was significantly associated with 

individual carriage of clarithromycin-resistant H. pylori strains. Previous macrolide 

treatment could exert selective pressure on an existing H. pylori infection, selecting for 

strains that are macrolide-resistant and influencing H. pylori susceptibility for years after 

treatment (McMahon et al., 2003). Likewise, Boltin et al. (2015) have associated the 

outpatient use of long-acting macrolide with clarithromycin resistance. 

As predicted, the total number of metronidazole-resistant isolates were significantly higher 

in patients with previous eradication therapy than those without previous eradication 

therapy. These findings agree with another report that showed the secondary resistance to 

metronidazole and clarithromycin were higher among patients who failed in previous H. 

pylori eradication therapy (Liu et al., 2019), and a further study has linked metronidazole-

resistant H. pylori isolates to previous use of metronidazole (O'Connor et al., 2010). A meta-

analysis study reported by Savoldi et al. (2018) also revealed that the resistance rates in H. 

pylori strains are higher in previously treated individuals than naïve patients for almost all 

included antibiotics. Previous studies have demonstrated a strong correlation between 

antibiotic consumption and the development of resistant bacteria strains (Serwecińska, 

2020). Secondary resistance to an antibiotic is mainly caused by prior exposure to that 

antibiotic, and hence, the results found in this study were foreseeable as exposure to any 

prior metronidazole-containing treatment is significantly associated with increased 

metronidazole resistance. 
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2.4.5 Gender was not found to be associated with the treatment outcomes  

This study found no significant gender differences in the effects of H. pylori eradication 

treatment. This finding is consistent with the previous studies carried out in France (Broutet 

et al., 2003) and Italy (Perri et al., 2001), where they found no association between gender 

with H. pylori eradication therapy outcome, although one large cohort study in the UK 

carried out on 1064 of H. pylori-infected patients found that women were more likely to 

have metronidazole-resistant strains than male patients (Parsons et al., 2001), and one 

study in Germany found that female sex was a risk factor for clarithromycin resistance 

(Bluemel et al., 2020). 

Interestingly, other reports showed women were more likely to have a failure in eradication 

than men (Chang et al., 2019; Lim et al., 2016b; Saracino et al., 2020), and gender was a 

predictive factor of H. pylori eradication failure in developing countries (Queiroz et al., 

2002). Antibiotic resistance rates found in this study also do not appear to be related to 

cigarette smoking although previous reports have demonstrated that smoking is a 

significant independent factor predicting treatment failure of H. pylori (Camargo et al., 

2007; Suzuki et al., 2006).  

2.4.6 Patients aged 60 years and below showed a higher likelihood of 

harbouring H. pylori strains resistant to clarithromycin and metronidazole  

A previous study in the UK demonstrated that metronidazole resistance was higher in 

patients of younger ages and decreased in patients over 60 years old (Parsons et al., 2001). 

This seems to be in line with the findings in this study where metronidazole resistance was 

significantly higher in the 60 years old and below age group than in those over 60 years of 
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age. Studies in the United States confirmed this current finding and established a link 

between metronidazole resistance rate and young age (Meyer et al., 2002; Osato et al., 

2001b). Equally, another study in Spain also revealed that the prevalence of metronidazole-

resistant strains was lower among patients aged ≥ 70 years old (Morilla et al., 2019). 

However, one previous study has shown no significant age differences associated with the 

prevalence of antibiotic-resistant strains in individuals infected with H. pylori (Boyanova et 

al., 2017).  

Similarly, clarithromycin resistance was also discovered to be more common in patients 

below than 60 years old in the present study. This finding was similar to the previous studies 

which showed that a higher prevalence of clarithromycin-resistant strains was observed in 

patients aged below 40 years old (Wong et al., 2003), and younger than 50 years old 

(Saracino et al., 2020). However, previous reports regarding the effect of age on antibiotic 

resistance are conflicting (Agudo et al., 2010; Bluemel et al., 2020; Mamori et al., 2010; 

Miendje Deyi et al., 2011), due to differences in other patient factors among studies, such as 

therapy compliance, alcohol consumption, and smoking.  

2.4.7 Higher histological scores for pathological characteristics were 

observed in the antrum compared to the corpus   

The study detected higher histological scores for chronic inflammation (mild to severe) in 

comparison to glandular atrophy (normal to moderate) and intestinal metaplasia (normal to 

moderate), for both corpus and antrum. However, in general, the histological scores for 

chronic inflammation, neutrophil activity, glandular atrophy, intestinal metaplasia, and H. 

pylori density were significantly higher in the antrum than in the corpus. One previous study 
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confirmed the result of this finding (Chitapanarux et al., 2021). A previous study in the UK 

also found that the histological scores for chronic inflammation, neutrophil activity, 

glandular atrophy, and intestinal metaplasia were higher in the antrum than in the corpus 

(Bodger et al., 2001). Meanwhile, another study carried out by Kim et al. (2008) showed that 

the presence of atrophy and intestinal metaplasia was higher in the antrum than in the 

corpus, whilst Carvalho et al. (2012) showed that gastric mucosal inflammation caused by H. 

pylori is more severe in the antrum than in the corpus.    

Chronic gastritis associated with H. pylori infection is believed to be more prevalent and 

more severe in the antrum than in the corpus (Bayerdörffer et al., 1992). It has been 

postulated that H. pylori first colonize the antrum, where they elicit an inflammatory 

response consisting of neutrophils, eosinophils, and mononuclear cells. It is thought that the 

inflammation initiated by H. pylori bacteria typically starts in the antrum of the stomach 

before progressing to other areas, causing atrophic changes and the spread of pre-

cancerous cells (Piazuelo et al., 2021), towards the corpus where the bacterial biomass is 

smaller, and the mucosal cellular immune responses are less prominent (Rauws et al., 1988). 

This seems that the nature of the inflammatory response to H. pylori infection differs 

between the antrum and corpus.  

Another possible explanation is that the most common type of H. pylori gastritis is antral 

predominant, which is an early stage of infection with only minimal corpus involvement due 

to higher acid output by suppressing somatostatin release and increasing gastrin release 

from the G cells in the gastric antrum (Calam & Baron, 2001). This type of gastritis, where 

inflammation is predominant in the antrum, relatively sparing the corpus, is most common 

in individuals with duodenal ulcers. Most patients visiting the clinic exhibit antral-
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predominant gastritis, which could potentially account for the increased levels of 

inflammation observed in the antrum as opposed to the corpus in gastric biopsies. By 

contrast, corpus-predominant gastritis is the less frequent type of gastritis and is associated 

with a high risk of gastric cancer (Watari et al., 2014).   

2.4.8 Eradication therapy may have long-lasting benefits in the regression of 

inflammation and pre-cancerous lesions in H. pylori patients  

Some H. pylori-infected patients may achieve successful eradication, while others might not 

after receiving H. pylori eradication therapy. If eradication is effective, it may take some 

time for the inflammation in the stomach to regress. This pilot study showed that one of the 

two returning patients who were found to be H. pylori positive on the first and second 

endoscopy had the same histological scores profiles in both corpus and antrum. A stability 

of inflammation, neutrophil activity, and H. pylori density scores observed in the gastric 

mucosa could be due to the short six-month gap between both check-ups.  

However, the other patient (patient ID 249 and 357) who regressed from having a mild 

atrophy into normal mucosa (no atrophy) in the antral biopsy, and H. pylori density score 

decreased from moderate to mild in the corpus was possibly due to the delay of 4 years 

following the second endoscopy. This finding indicates that eradication over a substantial 

amount of time is suggested to be effective in improving the development of atrophy. A 

previous study confirmed this result, showing significant improvement in atrophy in both 

the antrum and corpus one year after eradicating H. pylori (Kodama et al., 2021). A study in 

France also supported this finding where they found a regression in 16% of patients with 

gastric pre-cancerous lesions, where those patients regressed into normal mucosa and non-
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atrophic gastritis during the mean follow-ups of 5.5 years with the minimal 6 months check-

ups (Chapelle et al., 2020). Meanwhile, Kodama et al. (2012) demonstrated that 

inflammation, activity, and atrophy scores for both antrum and corpus were significantly 

reduced between six months to 6 years after eradication. Hence, whether patients have 

similar or different levels of clinical pathological characteristics after eradication depends on 

the duration of antibiotic exposure and the severity of initial lesions (Dinis-Ribeiro et al., 

2004).  

To sum up, both H. pylori eradication treatment and successful clearance of the infection 

demonstrated a long-term beneficial effect on the progression of inflammation and the pre-

cancerous lesions. As a first step, the implementation of guidelines on the management of 

individuals at high risk should be considered, even in countries such as the UK, where the 

overall risk of gastric cancer is low. Therefore, improving the early diagnosis of pre-

cancerous lesions through follow-up is the key to strategies for improving patient’s 

treatment plans.  

2.5 Limitations and Future work 

The findings of this study are important as there is presently limited antibiotic susceptibility 

testing conducted on H. pylori isolates in the UK, due to the difficulty in the requirement for 

endoscopy to collect isolates and the related costs involved. This is despite 

recommendations that testing for sensitivity to H. pylori should be conducted in cases 

where patients have limited antibiotic options due to hypersensitivity, have undergone two 

unsuccessful antibiotic treatment courses in the past, or when local resistance rates are 

known to be high (England, 2019). Therefore, the absence of local resistance rate data in the 
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UK increases the likelihood of patients receiving first-line therapies that may not be 

effective, as indicated by our research findings. Improper additional courses of treatment 

may be necessary to eliminate the infection, potentially leading to complications on the 

patient such as increased exposure to antibiotic side effects and ongoing symptoms.  

There has been a recent recommendation to conduct testing for clarithromycin-resistant H. 

pylori in patients before prescribing the medication (Malfertheiner et al., 2022). However, 

such tests are not currently performed routinely in the UK. Thus, there is a need to enhance 

the testing of H. pylori isolates in the UK, particularly in cases where clarithromycin is being 

considered for treatment. A recent study carried out in France has shown that stool-based 

PCR tests have a high level of precision in identifying clarithromycin resistance. When 

comparing the Amplidiag H. pylori +ClariR stool PCR test to E-Tests, the sensitivity was found 

to be 98.4% with a specificity of 100% (Pichon et al., 2020). These non-invasive testing 

techniques hold great potential in enhancing the treatment options. 

One of the major limitations of this patient-based study is the reliability of the information 

provided during the visit. At times, the personal information and medical history details, 

including past treatments received, are reliant on the patient’s responses to the 

endoscopist’s questions. For instance, patients do not always remember that they have 

taken NSAID drugs, e.g. in a cold remedy, and GPs would not be able to give information on 

over-the-counter medications. Additionally, another barrier to the study is the lack of data 

access on previous antibiotic consumption by patients from GPs. Patient information on the 

antibiotic regimen for eradication therapy, and any antibiotics taken during the relevant 

period to target any infection, should be considered to make more reliable MIC data 
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interpretations. Thus, any future research will require permission from the relevant 

authority to access information from GP's medical records. 

As this study exclusively included patients visiting a specialized clinic for symptom 

evaluation, these individuals may not accurately reflect the general population. Moreover, 

the participants recruited were primarily those referred by GPs, who may represent more 

challenging cases in primary care settings, potentially explaining the elevated levels of 

antibiotic resistance observed in this research.  

Furthermore, since treating this infection necessitates the use of multiple antibiotics in 

triple or quadruple therapy, this study could have been enhanced by examining cross-

resistance or synergistic interactions by testing combinations of the medications. This study 

solely focused on the susceptibility of the isolates to individual antibiotic, rather than the 

combination of antibiotics. Therefore, future studies should include in vitro synergy testing 

of multiple antibiotics against H. pylori-positive isolates by checkerboard and time-kill 

assays.   

An additional crucial aspect would have been to isolate individual colonies of H. pylori from 

the biopsies rather than a ‘sweep’ or whole population culture, combined together. These 

individual colonies could have differed genetically and in their susceptibility to antimicrobial 

agents. Hence, this could affect the accuracy of antibiotic resistance profiles of an individual 

as this person may carry more than one single strain of H. pylori. Due to this reason, future 

studies will involve isolating a single colony from the pooled culture of H. pylori isolates.    
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2.6 Chapter summary 

• The high prevalence of resistance in H. pylori isolates to metronidazole and 

clarithromycin were demonstrated in this study.  

• There was no resistance to tetracycline, and the incidences of amoxicillin and 

levofloxacin resistance were minimal.  

• Different antibiotic resistance profiles of H. pylori paired isolates taken from the 

antrum and corpus of some patients were observed.  

• Increasing trends of resistance for clarithromycin and metronidazole in H. pylori 

isolates over time were demonstrated.  

• The rates of resistance to clarithromycin and metronidazole were notably higher in 

isolates obtained from individuals who had undergone eradication therapy 

compared to those who had not.  

• Younger patients (60 years old and below) showed a greater possibility of carrying H. 

pylori strains resistant to clarithromycin and metronidazole than older patients (60 

years and over).   

• Higher histological scores for pathological characteristics were observed in the 

antrum than in the corpus of gastric biopsies.  

• It was also suggested that the prolonged eradication treatment of H. pylori may 

regress the inflammation and reduce the severity of pre-cancerous lesions such as 

atrophic gastritis in infected patients.  

• Therefore, enhancing the early detection of pre-cancerous lesions through regular 

follow-up is crucial so that patients will have the best chance for successful 

treatment.  
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3.1 Introduction  

The previous chapter demonstrated that H. pylori's resistance to common antibiotics 

indicates its adaptation strategies in the bacterium's long-term survival within its host. Thus, 

it is crucial to investigate the host's immune response to H. pylori infection to further 

elucidate how H. pylori can evade host innate immunity and persistently colonize the human 

gut. Several studies have revealed the molecular mechanisms that explain the innate 

immune response of the host against pathogens, as in aiding the host in resisting pathogen 

colonization on epithelial mucosal surfaces (Chu et al., 2012; Miani et al., 2018; Ramanan et 

al., 2014). The mucosal lining of gastric epithelial cells is constantly exposed to a variety of 

microorganisms. In reaction to this exposure, the epithelial surfaces generate a wide array 

of antimicrobial proteins (AMPs) that can directly eliminate or hinder the growth of 

pathogenic bacteria (Pero et al., 2019b). Therefore, AMPs are essential for the 

gastrointestinal mucosa's innate defence and are typically synthesized in response to 

inflammation or infection. Numerous AMPs have been described to have bactericidal 

activity against H. pylori, including members of the defensin family and the cathelicidin LL-

37 (Otte et al., 2009; Rogoll et al., 2011; Zhang et al., 2016).  

As mentioned previously, AMPs can be categorized into three primary groups: α-defensins, 

β-defensins, and cathelicidins, and the distinction between α- and β-defensins lies in the 

specific locations of their disulfide bonds (Linn et al., 2023). Both β-defensins and α-

defensins also can function as chemoattractants for immune cells (Shelley et al., 2020). 

Previous studies showed that in patients infected with H. pylori and in human gastric 

epithelial cells infected in vitro, increased levels of human β-defensin 2, 3, and 4 have been 

observed in the gastric mucosa (Allaker & Kapas, 2003; Boughan et al., 2006; Isomoto et al., 
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2004; Otte et al., 2009; Patel et al., 2013). However, this chapter will only focus on human β-

defensin 2 (hβD2), encoded by the DEFB4 gene, which is found in a variety of epithelial 

tissues and plays an essential role in inflammatory responses (Johansen et al., 2016). DEFB4 

is thought to be ubiquitously expressed in gastric epithelial cells, but the expression seems 

to be upregulated in relation to H. pylori infection (Pero et al., 2019a). Therefore, to 

examine the hypothesis that DEFB4 are involved in the mucosal response to H. pylori, the 

expression of the gene was measured in both uninfected and H. pylori-infected antral gastric 

biopsies in this study.  

Meanwhile, the α-defensin human defensin 5 (HD-5), encoded by the DEFA5 gene is 

expressed in the Paneth cells prenatally (Mallow et al., 1996) in the upper gastrointestinal 

tract, and these cells are exocrine serous glandular cells at the base of small intestinal crypts 

in the duodenum, jejunum, and the terminal ileum (Lisitsyn et al., 2012). However, little is 

currently known about the local expression patterns of defensins along the human 

gastrointestinal tract, aside from the fact that they are produced by Paneth cells located 

exclusively in the small intestine. Hence, there may be variations in the composition of 

enteric defensins throughout the length of the small intestine, potentially affecting the local 

microbiota (Nakamura et al., 2016). Furthermore, limited data exists regarding the possible 

involvement of alpha-defensin originating from gastric epithelial cells upon H. pylori 

infection, and the precise mechanisms involved in regulating DEFA5 gene expression in the 

context of H. pylori infection remain unclear in many studies. Therefore, this chapter’s main 

aim was to examine the relationship of the AMP gene, DEFA5 relating to H. pylori infection 

in gastric biopsy samples from uninfected and H. pylori-infected patients.  
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Several review studies have shown the expression of defensins in multiple types of cancer, 

such as colon cancer, lung cancer, and renal cell carcinomas, implying a potential 

involvement of defensins in the onset and advancement of cancer (Droin et al., 2009; Ghosh 

et al., 2019). Defensins also play a role in the progression of gastric cancer, and the previous 

report indicates that the expression of DEFA5 was significantly downregulated in human 

gastric cancer (Wu et al., 2021). However, the functions of HD-5 in gastric cancer formation 

and progression are yet to be determined. As mentioned previously, H. pylori is widely 

recognized for causing chronic gastric inflammation, which can advance to atrophy, 

metaplasia, dysplasia, and, gastric cancer (Jaroenlapnopparat et al., 2022). Therefore, to 

understand how H. pylori infection contributes to the development of gastric cancer and to 

elucidate the role of defensins in this process, it is essential to investigate the relationship 

between defensin expression and chronic inflammation that leads to gastric cancer. 

The histological degrees of neutrophil and mononuclear cellular infiltration have previously 

been associated with DEFB4 concentration in gastric juice in the corpus, but not in the 

antrum (Isomoto et al., 2005). Hence, this study aimed to examine the association of DEFB4 

expression with the degree of inflammation, glandular atrophy, and intestinal metaplasia 

(IM) scores (as assessed by histopathology scoring described in Section 2.2.3) in 32 gastric 

antral biopsies of H. pylori-infected patients. Meanwhile, Soylu et al. (2008) showed that 

there was a significant correlation between α-defensin expression and increased levels of 

neutrophil density and chronic inflammation in gastric biopsies of dyspeptic paediatric 

patients. However, the relationship between DEFA5 gene expression and neutrophil and 

mononuclear cells in adult patients is not currently understood. Hence, this study sought to 

explore the relationship between DEFA5 expression and histological pathology in adult 

patients with H. pylori infection.  
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The regulation pathway of β defensin expression seems to be modulated in an NF-κB and 

cagPAI-dependent manner (Boughan et al., 2006; Mustapha et al., 2014; Patel et al., 2013). 

A previous review study demonstrated the significance of cagPAI of H. pylori in the 

induction of human β-defensin-2 (Pero et al., 2019b). The expression of the DEFB4 gene is 

also said to be influenced by protein complexes that act as transcription factor, specifically 

NF-κB and AP-1. It was postulated that these complexes bind to the DEFB4 gene promoter, 

which is essential for activating the gene responsible for hβD2 induction (Steubesand et al., 

2009; Tomita et al., 2002). The increased expression of defensin in mammalian species 

during infection and inflammation indicates that these peptide antibiotics may play roles in 

antimicrobial defence at mucosal sites (Dutta & Das, 2016; Silwal et al., 2021) . However, at 

present, no previous studies have established a connection between the expression of the 

DEFA5 gene and the virulence factors of H. pylori, as per the most recent data. Thus, it is of 

interest to see if H. pylori infection and its virulence factors have impact on altering the 

DEFB4 and DEFA5 gene expression levels in gastric biopsies of infected patients carrying 

both cagA and vacA genes.  

AMP expression is said to be influenced by acute or chronic infections, as well as 

interactions with pathogens (Linn et al., 2023). A previous review study has shown that the 

release of defensins serves as a warning sign in the progression of upper gastrointestinal 

diseases (Wu et al., 2022). Bauer et al. (2013) showed in their study that human beta-

defensin-2 levels were observed to increase in response to H. pylori infection, and this 

upregulation was associated with the severity of gastritis. Furthermore, patients with gastric 

or duodenal ulcers proved to have higher levels of DEFB4 expression compared to 

individuals with healthy stomachs (Pero et al., 2017). However, the impact of defensin such 

as DEFA5 on peptic ulcer diseases is not yet clear, and research is still lacking to understand 
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the extent of its effect. Thus, this chapter seeks to explore the possible correlation between 

DEFB4 and DEFA5 gene expression, and peptic ulcer diseases in individuals infected with H. 

pylori. 

3.1.1 Objectives 

The objectives of this chapter were to: 

1. Investigate the expression of DEFB4 and DEFA5 in H. pylori infection in ex vivo gastric 

antral biopsies.  

2. Determine the relationship between DEFB4 and DEFA5 expression levels and 

pathology.  

3. Assess the link between bacterial virulence factors and gastric mucosal DEFB4 and 

DEFA5 mRNA expression. 

4. Examine the relationship between DEFB4 and DEFA5 expression levels and the 

disease status of H. pylori-infected patients.   
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3.2 Materials and Methods 

3.2.1 Purification of RNA from gastric biopsies 

Gastric antral biopsies of patients for RNA analysis were preserved in RNAlater (Sigma-

Aldrich, UK) as described previously (Patel et al., 2013). Thawed biopsies were transferred to 

RLT lysis buffer containing β-mecaptoethanol (350 µl) and homogenised for 30 seconds using 

a T8 Ultra rotor-stator homogeniser (IKA, Werke & Co. Freiburg, Germany). Nucleic acids 

were then extracted using the RNeasy Mini Protocol - for purification of total RNA from 

animal cells, as per the manufacturer’s instructions (RNeasy minikit, Qiagen). Briefly, DNA 

was first isolated by passing the tissue homogenate through a QIAshredder spin column 

(Qiagen), and then through a RNeasy spin column to selectively isolate RNA. 50 µl of RNase-

free water (Qiagen) was added to elute the RNA. All eluates were assayed for their RNA 

concentration, using NanoDrop spectrophotometry (NanoDrop Technologies, Wilmington, 

USA). The quality of extracted nucleic acid was assessed by the A260/A280 ratio to evaluate 

RNA purity. The acceptable values between 1.8 and 2.0 suggest the RNA was free from 

contamination (Chong et al., 2020), and any samples that were of poor quality were 

discarded.     

DNase treatment was not performed on RNA extracted from human gastric biopsies prior to 

cDNA synthesis, as the RT-qPCR assays targeted eukaryotic mRNA. Unlike bacterial RNA, 

eukaryotic mRNA is spliced and lacks introns, making it distinguishable from genomic DNA. 

Primers were designed to span exon–exon junctions, ensuring specific amplification of cDNA 

rather than any contaminating genomic DNA. Additionally, no reverse transcriptase (no-RT) 

controls were included in the qPCR runs to confirm the absence of gDNA contamination, 
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thereby validating the specificity of the amplification and compensating for the lack of 

DNase treatment. 

3.2.2 cDNA synthesis 

cDNA synthesis from 1000 ng of total RNA was performed using Superscript Ⅱ reverse 

transcriptase (Invitrogen), as per the manufacturer’s instructions. Each tube contained 1 µl 

solution of oligo (dT)12-18 primers at 500 ng/µl; 1 µl of deoxyribonucleotide (dNTP) mix at 

10mM each (Promega); 3 µl of RNA template per tube at 33.3 ng/µl; and 7 µl of RNase-free 

H2O (Invitrogen). After heating for 5 minutes at 65°C, the sample was placed on ice for 2 

minutes. 4 µl of 5X first strand buffer, 2 µl of 0.1 M Dithiothreitol (DTT) and 1 µl RNaseOUTTM 

(all by Invitrogen), were added to each tube. After being heated for 2 minutes at 42°C, 1 µl of 

SuperscriptTM Ⅱ Reverse Transcriptase (Invitrogen) or 1 µl of RNase-free H2O (as negative 

reverse transcriptase control) were added to each tube. The samples were incubated at 42°C 

for 50 minutes followed by inactivation at 70°C for 15 minutes. The cDNA samples were 

stored at -20°C.  

3.2.3 Real-time quantitative polymerase chain reaction (PCR) for human 

defensin gene expression  

Real-time PCR was carried out on 2 µl of the cDNA template (prepared previously described 

in section 3.2.2), with target and reference primers (3 µl for each forward and reverse 

primers) (Sigma Aldrich), on the Rotor-Gene 3000 (Corbett Research, Cambridge, UK), using 

12.5 µl of SYBR Green qPCR kit (GRI, Braintree, UK). Reactions mixtures were made up to 25 

µl with nuclease-free water. The RT-qPCR was carried out over 45 cycles, with a denaturing 

phase of 15 seconds at 95°C; an annealing phase of 30 seconds at 60°C; and an extension 
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phase of 30 seconds at 72°C. A no template control (NTC) for each primer set, was included 

in each run and a commercial universal human cDNA (United States Biological) at 2.5 ng/µl 

was used as a positive control in all assays. The negative control samples (produced in the 

absence of reverse transcriptase from each RNA samples) were tested in parallel to ensure 

that products are not amplified from contaminating genomic DNA.  

The Qiagen primer designs (GAPDH, DEFB4, and DEFA5) were adopted directly from those 

constructed by the group’s previous research, and a published paper (Table 3.1). These 

primers were used for the quantification of human DEFB4 and DEFA5 expression and gene 

expression was normalised using Qiagen GAPDH primers. The primer sequences were 

analysed using the Netprimer web tool: www.premierbiosoft.com/netprimer to predict the 

melting temperatures (Tm), and to detect their potential to form any secondary structures, 

such as hairpins, self-dimers or repeat tracts, that could affect the PCR efficiency. Reaction 

efficiencies were measured with a standard curve developed using a 4-fold dilution series of 

a commercial human cDNA (United States Biological). The efficiencies of each PCR were 

calculated from the gradients of cDNA input plotted against cycle threshold (Ct) values. 

Reaction efficiencies for each primer were determined; 1.94 (DEFB4), 1.81 (DEFA5), and 1.89 

(GAPDH) (See Appendix 1).     

 

 

 

 

 

http://www.premierbiosoft.com/netprimer
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Table 3.1 Primer pair sequences used for RT-qPCR reactions 

Primer Primer Sequence Product size (bp) References 

GAPDH 

Forward 

Reverse 

 

CCACATCGCTCAGACACCAT 

GGCAACAATATCCACTTTACCAGAGT 

 

114 bp 

 

 

Patel et al. 

(2013) 

DEFB4 

Forward 

Reverse 

 

CTGATGCCTCTTCCAGGTGTTT 

GAGACCACAGGTGCCAATTTG 

 

123 bp 

 

Patel et al. 

(2013) 

DEFA5 

Forward 

Reverse 

 

CCATCCTTGCTGCCATTCTC 

TCGGCAATAGCAGGTGGC 

 

191 bp 

 

Vordenbäumen 

et al. (2010b) 

 

3.2.4 Relative quantification of gene expression using RT-qPCR 

A pool of samples from H. pylori-negative donors were produced and this control was 

included in each run, so that the test gene expression of the samples could be analysed 

against as a comparator, providing a fold-difference. For this uninfected comparator, cDNA 

was synthesized from purified RNA pooled and extracted from biopsies by 10 H. pylori 

negative patients. Samples were run in duplicate, and the results were analysed according to 

the Pfaffl method (Pfaffl, 2001). Relative defensin gene expression levels were determined 

by normalising against GAPDH mRNA levels, and data were presented as a fold difference in 

comparison to the reference sample obtained from H. pylori-negative donors.   
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Relative gene expression: 

Pfaffl method: (Etarget) ∆Ct target (control-sample) 

                      (Eref) 
∆Ct ref (control-sample) 

*The relative expression ratio (R) of a target gene is calculated based on E (efficiency) and 

the Ct (cycle threshold) differences of an unknown sample versus a control (comparator) and 

expressed in comparison to a reference gene (GAPDH).  

3.2.5 Histopathology 

Assessment of histopathology on gastric antral biopsies was evaluated as previously 

mentioned in section 2.2.3.  

3.2.6 Virulence factor typing  

The clinical isolates of H. pylori taken from gastric biopsies were genotyped for cagA and 

vacA i-region as previously described in section 2.2.4.    

3.2.7 Data analysis and statistical tests 

Data were collected and recorded in Microsoft Excel. Statistical analysis and scatter plots 

were prepared using GraphPad Prism Version 10.3.0 (507). All statistical tests of unpaired 

data were carried out using the Mann-Whitney test to compare two independent groups. 

Meanwhile, the Kruskal-Wallis test with Dunn’s post hoc test was applied to the pairwise 

comparisons with multiple variables. A P value of < 0.05 was considered as statistically 

significant. 
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3.3 Results 

3.3.1 H. pylori clinical isolates used  

For the analysis of DEFB4 and DEFA5 mRNA expression in relation to H. pylori infection, 

gastric biopsy samples were initially collected from the same cohort of patients. A total of 

32 H. pylori-infected and 24 uninfected biopsy samples were analysed for DEFB4 expression 

(Table 3.2). However, during the DEFA5 qPCR analysis, 1 infected and 3 uninfected samples 

failed to yield valid amplification results despite repeated attempts. These samples were 

therefore excluded from the DEFA5 expression analysis, resulting in a final dataset of 31 H. 

pylori-infected and 21 uninfected biopsies (Table 3.2). The slight reduction in sample 

numbers for DEFA5 expression analysis compared to DEFB4 was probably due to technical 

limitations in qPCR amplification, such as insufficient RNA quality or quantity, degradation, 

or target gene expression levels below the detection threshold.  

For the analysis investigating the relationship between DEFB4 mRNA expression and H. 

pylori virulence determinants (cagA and vacA genotypes), a subset of samples from the 

main expression cohort was used. Although 32 H. pylori-infected gastric biopsy samples 

were analysed for DEFB4 expression, only 15 of these had corresponding data on H. pylori 

virulence status (Table 3.2). This was due to the unavailability or incomplete genotyping of 

some isolates, which resulted from factors such as insufficient DNA yield, poor quality, or 

prior omission from molecular profiling workflows. Meanwhile, 24 uninfected samples with 

previously established cagA and vacA status were included as controls for comparative 

purposes (Table 3.2). 
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Similarly, for the investigation of DEFA5 mRNA expression in relation to H. pylori virulence 

factors, 22 H. pylori-infected and 21 uninfected gastric biopsy samples were analysed (Table 

3.2). As with the DEFB4 analysis, the difference in sample number compared to the total 

number of biopsies assessed for DEFA5 expression (31 infected and 21 uninfected) was due 

to the limited availability of paired genotyping data. Only samples with both DEFA5 

expression values and confirmed H. pylori virulence status were included in this subset 

analysis. 

Table 3.2 Table of H. pylori clinical isolates used 

Experiment H. pylori-infected antral 

gastric biopsy (number of 

isolates) 

Uninfected antral gastric 

biopsy (number of isolates) 

3.3.2 Investigation of a 

relationship between DEFB4 

expression and H. pylori 

infection 

 

32 24 

3.3.3 Investigation of a 

relationship between DEFA5 

expression and H. pylori 

infection 

 

31 21 

3.3.4 Investigation of an 

association of DEFB4 

expression with pathology   

 

32 - 
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3.3.5 Investigation of an 

association of DEFA5 

expression with pathology  

 

31 - 

3.3.6 Investigation of a 

relationship between DEFB4 

expression and virulence 

determinants of H. pylori  

 

15 24 

3.3.7 Investigation of a 

relationship between DEFA5 

expression and virulence 

determinants of H. pylori 

 

22 21 

3.3.8 Investigation of an 

association between DEFB4 

expression and disease 

status 

 

32 - 

3.3.9 Investigation of an 

association between DEFA5 

expression and disease 

status 

 

31 - 

 

3.3.2 Investigation of a relationship between DEFB4 expression and H. pylori 

infection 

To test the hypothesis that DEFB4 is involved in the mucosal response to H. pylori, the 

expression of the gene was quantified in uninfected and H. pylori-infected antral gastric 
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biopsies. It was found that DEFB4 mRNA expression level was 17-fold higher in gastric antral 

biopsies from 32 H. pylori-infected compared with 24 uninfected controls (p<0.0001) 

(Mann-Whitney test) (Figure 3.1). Median defensin expression levels for infected and 

uninfected biopsies were 13.85 and 0.8250, respectively, in which the control biopsies 

expressed DEFB4 mRNA at low levels, providing further evidence for its constitutive nature. 

Hence, this suggests that the expression of DEFB4 is significantly higher in patients with H. 

pylori-positive antral biopsies compared to uninfected patients.    
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Figure 3.1: Relative DEFB4 mRNA expression in gastric antral biopsies from 32 H. pylori 
infected and 24 uninfected donors. The expression of DEFB4 was significantly higher 
(p<0.0001****) (Mann-Whitney test) in infected patients than in uninfected patients. The 
expression of DEFB4 was normalised against GAPDH and compared to a pooled negative 
control sample extracted from biopsies of 10 H. pylori negative patients.  
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3.3.3 Investigation of a relationship between DEFA5 expression and H. pylori 

infection 

To further investigate whether H. pylori infection in the gastric mucosa has an impact on the 

expression level of DEFA5, the mRNA expression level of DEFA5 was determined in 21 

uninfected and 31 H. pylori-infected antral gastric biopsies.  

This study however showed that the relative level of DEFA5 mRNA expression in samples of 

gastric antral biopsies was significantly downregulated (P=0.0029) (Mann-Whitney test) by 

76-fold in patients with H. pylori-positive (median=0.022) (n=31) when compared with 

uninfected patients (median=1.68) (n=21) (Figure 3.2).   
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Figure 3.2: Relative DEFA5 mRNA expression in gastric antral biopsies from 31 H. pylori 
infected and 21 uninfected donors. The expression of DEFA5 is significantly lower 
(p=0.0029**) (Mann-Whitney test) in infected patients than in uninfected patients. The 
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expression of DEFA5 was normalised against GAPDH and compared to a pooled negative 
control sample extracted from biopsies of 10 H. pylori negative patients. 

 

3.3.4 Investigation of an association of DEFB4 expression with pathology   

This study aimed to examine the association of DEFB4 expression with the degree of 

inflammation, glandular atrophy, and intestinal metaplasia (IM) scores (as assessed by 

histopathology scoring described in Section 2.2.3) in 32 gastric antral biopsies of H. pylori-

infected patients. Expression levels were stratified based on histological inflammation 

scores, and it was found that the defensin expression level was not significantly associated 

with the severity of the inflammation (For score 1: median=203.8, n=6, IQR=6.058-14288; 

for score 2: median=8.270, n=21, IQR=2.135-61.22; and for score 3: median=34.45, n=4, 

IQR=9.69-1433). The same was also observed for neutrophil activity score where DEFB4 

expression was not significantly correlated to neutrophil activity in the gastric mucosa of 

infected patients (for score 0: median=19.23, n=4, IQR=0.695-2361; for score 1: 403.4, n=6, 

IQR=3.055-3631; and for score 2: 13.5, n=22, IQR=5.57-59.63. No samples were found to 

have a score of 3 for neutrophilic infiltration).  

DEFB4 expression levels were measured in 32 antral gastric biopsy samples and stratified 

according to the presence or absence of glandular atrophy, and whether gastric tissue has 

intestinal metaplasia (IM), or no IM, as there were only a few samples to compare 

statistically. Interestingly, it was revealed that DEFB4 gene expression for the presence of 

atrophy was more than fifty-fold higher (median=408.1, n=13, IQR= 23.11-4466) (p=0.0059) 

(Mann-Whitney test) than those without atrophy (median=7.620, n=19, IQR=3.74-21.63) 

(Figure 3.3). Furthermore, it was revealed that DEFB4 gene expression level was not 
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significantly related to the presence of IM (presence: median=37.09, n=9, IQR=6.385-1597; 

absence of IM: median=17.86, n=23, IQR=3.74-408.1) (Mann-Whitney).   
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Figure 3.3: The association between DEFB4 expression and atrophy in gastric antral 
biopsies from 32 H. pylori-infected donors. The expression of DEFB4 was significantly higher 
(p=0.0059**) (Mann-Whitney test) in patients with the presence of atrophy than those with 
no atrophy.  

 

3.3.5 Investigation of an association of DEFA5 expression with pathology  

To explore the potential association between DEFA5 and its correlation with the degree of 

inflammation, neutrophil infiltration, atrophy, and intestinal metaplasia, the levels of 

defensin expression were compared in 31 gastric biopsies from H. pylori-infected patients 

for whom histopathological data was also accessible. Similar to DEFB4 gene expression, 

there were no statistical differences observed between DEFA5 mRNA expression and the 
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severity of histopathological changes in inflammation of gastric biopsies in infected patients 

(for score 1: median=0.333, n=5, IQR=0.013-17.94; for score 2: median=0.0075, n=22, 

IQR=0.00044-0.1683; and for score 3: median=0.0335, n=4, IQR=0.00475-0.229). However, 

statistical analysis revealed that the median DEFA5 expression level was significantly higher 

for the samples with a neutrophil activity score of 1 (median=12.97, n=4, IQR=2.571-303.8) 

than a score of 2 (median=0.0115, n=22, IQR=0.00088-0.1480). No samples were found to 

have a score of 3 for neutrophilic infiltration. For samples with a score of 0, the median was 

0.006, n=5, IQR=0.0032-24.70.  

In the same manner as DEFB4 gene expression, it was found that the expression of the 

DEFA5 gene in individuals with atrophy was more than forty times higher (median=0.1115, 

n=12, IQR= 0.015-19.06) (p=0.0062, Mann-Whitney test) than those without atrophy 

(median=0.0027, n=20, IQR=0.00048-0.1113) (see Figure 3.4). However, it was observed 

that the level of DEFA5 gene expression was not significantly associated with the presence 

of intestinal metaplasia (presence: median=0.0085, n=6, IQR=0.00043-12.47; absence of IM: 

median=0.016, n=26, IQR=0.002-2.453) (Mann-Whitney test) (Figure 3.5).  
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Figure 3.4: The association between DEFA5 expression and atrophy in gastric antral 
biopsies from 31 H. pylori-infected donors. The expression of DEFA5 was significantly higher 
(p=0.0062**) (Mann-Whitney test) in patients with the presence of atrophy than those with 
no atrophy.   

 

 
 
 



132 
 

Absent Present

0

10

20

30

40

50
250

300

350

400

450

500

Intestinal Metaplasia

R
e

la
ti

v
e
D
E
F
A
5
 e

x
p

re
s

s
io

n
 l
e

v
e

l

 

Figure 3.5: The association between DEFA5 expression and intestinal metaplasia in gastric 
antral biopsies from 31 H. pylori-infected donors. No significant differences were found in 
the expression of DEFA5 between these two groups (Mann-Whitney test).   

 

3.3.6 Investigation of a relationship between DEFB4 expression and virulence 

determinants of H. pylori  

This study characterised the influence of H. pylori virulence factors on human defensin 

expression levels in H. pylori-infected patients. The DEFB4 expression levels in 15 antral 

gastric tissue of infected patients were determined, for which strain genotype data was also 

available, and stratified according to the cagA status and vacA alleic type. It was found that 

DEFB4 mRNA expression level was significantly higher in gastric antral biopsies from 11 H. 

pylori-infected patients carrying cagA+ strains compared to 24 uninfected controls 

(p=0.0316) (Kruskal-Wallis test) (Dunn’s multiple comparisons test) (Figure 3.6). However, 

there were no significant differences between DEFB4 mRNA expression in gastric antral 
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biopsies from patients infected with H. pylori with the virulent vacA i1 genotype compared 

to uninfected patients (Figure 3.6). 

Overall, DEFB4 expression was significantly associated with cagA positive status in the 

colonising strain. Increased levels of DEFB4 were also observed for samples from patients 

infected with cagA+ strains compared to cagA-, and the same was true for vacA strains, 

where vacA i1 had a higher DEFB4 mRNA level than vacA i2 (Figure 3.6). However, these 

differences were not statistically significant.     
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Figure 3.6: The association between bacterial virulence factors and DEFB4 expression ex 
vivo. DEFB4 expression levels were measured in antral tissue samples of H. pylori-positive 
patients carrying CagA+ (n=11), CagA- (n=4), VacA i1 (n=10), VacA i2 (n=5) and H. pylori-
negative patients (n=24). The expression of DEFB4 was significantly higher in infected CagA+ 
patients (p=0.0316*) (Kruskal-Wallis test) (Dunn’s multiple comparisons test) than those 
with uninfected patients.   
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3.3.7 Investigation of a relationship between DEFA5 expression and virulence 

determinants of H. pylori 

The study aimed to examine the correlation between H. pylori virulence factors and the 

expression levels of human α-defensin-5 in the gastric mucosa. Therefore, DEFA5 expression 

was analysed in 22 antral gastric biopsies from patients infected with H. pylori. The patients 

were categorized based on their cagA status and vacA allelic type. In general, DEFA5 

expression did not show any significant differences with respect to the cagA and vacA status 

of the clinical strains in H. pylori-positive individuals.  

However, the highest level of DEFA5 was observed in H. pylori-negative samples compared 

to all other groups. Higher level of DEFA5 were also noted in samples infected with cagA+ 

strains compared to cagA- strains as well as for vacA strains where vacA i1 exhibited a 

higher DEFA5 mRNA level than vacA i2 (Figure 3.7).  
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Figure 3.7: The association between bacterial virulence factors and DEFA5 expression ex 
vivo. DEFA5 expression levels were measured in antral tissue samples of H. pylori-positive 
patients carrying CagA+ (n=17), CagA- (n=5), VacA i1 (n=16), VacA i2 (n=6) and H. pylori-
negative patients (n=21). No significant differences were found in the expression of DEFA5 
between these groups (Kruskal-Wallis test) (Dunn’s multiple comparisons test).    

 

3.3.8 Investigation of an association between DEFB4 expression and disease 

status 

Samples were collected from the antrum of infected patients, and disease status was 

available for 32 patients, of which 15 presented with peptic ulcer disease (such as gastric 

and duodenal ulcers) and 17 with no disease status. In general, much higher DEFB4 

expression levels were measured in the antrum of patients with peptic ulcer disease, 

compared to those without any disease, although not statistically significant. Overall, no 
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statistical differences were observed for DEFB4 expression with regards to patients with 

differing disease status (PUD: median= 47.27, IQR=8.27-2909; No disease: median=5.85, 

IQR=2.135-50.74) (Figure 3.8).  
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Figure 3.8: The association between disease status and DEFB4 expression ex vivo. DEFB4 
expression levels were measured in antral tissue samples of patients with peptic ulcer 
disease (PUD) (n=15) and patients with no disease status (n=17). No significant differences 
were found in the expression of DEFB4 between these two groups (Mann-Whitney test).   

 

3.3.9 Investigation of an association between DEFA5 expression and disease 

status 

As no patients in the current study were found to have gastric cancer, the relationship 

between DEFA5 expression and H. pylori-associated gastroduodenal ulcer disease was 

investigated in 31 gastric antral biopsies of H. pylori-infected patients. Overall, higher DEFA5 

expression levels were detected in the antrum of patients with peptic ulcer disease 

compared to those without the disease. However, it was found that DEFA5 expression was 
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not significantly related to the disease status (PUD: median= 0.0415, n=16, IQR=0.0052-6.8; 

No disease: median=0.0061, n=15, IQR=0.002-0.1680) (Figure 3.9).   
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Figure 3.9: The association between disease status and DEFA5 expression ex vivo. DEFA5 
expression levels were measured in antral tissue samples of patients with peptic ulcer 
disease (PUD) (n=16) and patients with no disease status (n=15). No significant differences 
were found in the expression of DEFA5 between these two groups (Mann-Whitney test).   
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3.4 Discussion 

3.4.1 DEFB4 expression was upregulated during H. pylori infection in ex vivo 

human gastric biopsies 

As previously mentioned, the gastric epithelium can produce and release a diverse range of 

antimicrobial peptides, among which are defensins including human beta-defensin 2 (hβD2). 

hβD2 is encoded by the DEFB4 gene, and this β-defensin group of AMPs have antimicrobial 

activity against H. pylori (Pero et al., 2017). There is a consensus that the β-defensin hβD1 is 

expressed continuously in the upper gastrointestinal tract regardless of pathogen exposure 

(Kagnoff, 2014), while the expression of hβD2 is minimal or non-existent, unless they are 

induced (Kalus et al., 2009; Kiehne et al., 2005; Shelley et al., 2020).  

In this study, a significantly increased DEFB4 mRNA expression level was observed in gastric 

biopsies from the antrum of H. pylori-infected patients compared to uninfected patients. 

This confirmed a previous report by Patel et al. (2013). Interestingly, another study by 

Nuding et al. (2013) reported an upregulation in DEFB4 expression using different primer 

sequences for amplification of defensin gene than those used in the current study.  In a 

study by Vordenbäumen et al. (2010a) involving paediatric individuals infected with H. 

pylori, it was also demonstrated that the levels of hβD2 expression were notably elevated 

compared to a control group of healthy individuals. Also, they discovered that biopsies 

indicating mucosal inflammation in the absence of H. pylori infection (non-H. pylori) 

exhibited significantly decreased levels of hβD2 in antral biopsies when compared to the H. 

pylori-infected group, which confirmed that H. pylori infection is known to significantly 

upregulate hβD2 production. Hence, the evidence from current and previous studies 
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supported the hypothesis that DEFB4 expression is induced as a mucosal immune response 

to H. pylori infection.  

Infection with H. pylori may weaken the immune system of the host, allowing it to colonize 

persistently in the stomach, hence triggering the epithelium of the stomach to secrete 

DEFB4 for early control of the infection. O'Neil et al. (2000) showed that the activation of 

DEFB4 was dependent on the direct interaction of live H. pylori with the epithelium. This 

study shows an involvement of the peptide in the innate host defence against infection and 

inflammation. The increased expression of hβD2 observed in current and previous studies 

may indicate a protective reaction by the gastric epithelium aimed at restricting H. pylori 

infection.   

Despite the expression of DEFB4 in gastric epithelial cells, which has antimicrobial properties 

against H. pylori, it does not seem to prevent or eliminate chronic H. pylori infection in 

humans (Hamanaka et al., 2001). One theory suggests that DEFB4 may exert greater activity 

against competing (commensal) bacteria in the gastric environment, potentially creating a 

niche that facilitates the colonization of H. pylori (Hornsby et al., 2008). The decreased 

efficacy against H. pylori in comparison to other microorganisms, might result in changes to 

the composition of the gastric microbiota during host infection (Pero et al., 2017). 

Moreover, the discovery in rhesus macaques which revealed that DEFB4 expression is 

influenced by the H. pylori virulence factor, cagPAI, implies that this cunning pathogen 

might manipulate the host's defensin response to create a favourable environment in the 

gastric region for its survival (Hornsby et al., 2008).  
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3.4.2 DEFA5 was downregulated during H. pylori infection in ex vivo human 

gastric biopsies 

In this study, human α-defensin 5 expression was significantly downregulated or was of low 

abundance (relative median=0.022) in infected patients, when compared with uninfected 

patients (relative median=1.68). This aligns with a prior study conducted by Wehkamp et al. 

(2003), which indicated that H. pylori did not induce the gastric expression of human α-

defensin 5 but did affect the expression of human α-defensin 6. However, Isomoto et al. 

(2004) found that the levels of human α-defensins 1-3 in gastric juice were notably elevated 

in patients with H. pylori infection compared to those without the infection, and suggested 

that the elevation of α-defensin levels were secondary to H. pylori associated gastric 

inflammation.   

The low levels of DEFA5 expression observed in both current and previous studies may be 

attributed to the fact that human α-defensins are notably more abundant in duodenal 

biopsies compared to those obtained from the gastric mucosa (Frye et al., 2000; 

Vordenbäumen et al., 2009). In contrast, the expression of hβD2 was significantly expressed 

in the stomach, compared to duodenum (Vordenbäumen et al., 2009), which explains the 

notable amount of hβD2 expression observed in the gastric mucosa in this study. Both 

Chung and Raffatellu (2019), and (Linn et al., 2023) demonstrated that mRNA expression of 

DEFA5 was predominantly present in the duodenum, jejunum and terminal ileum (reflecting 

the high abundance of Paneth cells in these particular regions), but it is not detected in the 

epithelial cells of the normal stomach and colon, as these tissues lack Paneth cells (Cunliffe, 

2003).  
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3.4.3 DEFB4 expression was associated with atrophy in infected patients   

In this study, DEFB4 expression was not associated with the intensity of inflammation in 

gastric antral biopsies, which was consistent with past study by Patel et al. (2013). Similarly, 

Vordenbäumen et al. (2010a) found no observed association between mRNA expression of 

defensins and the histological grading of polymorphonuclear or mononuclear cell infiltration 

at any of the biopsy sites in H. pylori-infected paediatric patients. Therefore, it could be 

speculated that the expression of hβD2 may not be solely attributed to inflammation alone 

(Vordenbäumen et al., 2010a). The expression of hβD2 was said to be increased in response 

to infection (Duits et al., 2003; Sørensen et al., 2005), pro-inflammatory cytokines (including 

IL-1β, IL-17, TNFα, and IL-22) (Braff et al., 2005; Mulcahy et al., 2016), and injury (Shelley et 

al., 2020).    

Contrastingly, a study in the UK conducted by Taha et al. (2005b) demonstrated that the 

antral histological scores of neutrophilic infiltrations were correlated positively with the 

expression of DEFB4 gene. Meanwhile, Isomoto et al. (2005) showed that hβD2 expression 

in gastric juice showed a positive correlation with the activity and chronic inflammation 

scores in the corpus region, but not in the antrum. Additionally, Wehkamp et al. (2003) 

demonstrated a strong correlation between hβD2 and the occurrence of neutrophilic 

inflammation in both the antrum and corpus. The inconsistency in current and previous 

findings might be due to major differences in study design and case definition, differences in 

the expression pattern of DEFB4 in the sites from which specimens of healthy and diseased 

tissue were obtained, or differences in the methods used to quantify DEFB4 expression 

(Jaradat et al., 2013).   
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Another plausible reason for these conflicting results between studies may be due to 

significant copy number variations (CNVs) in the DEFB4 gene, resulting in variations in the 

modulation of antimicrobial immunity, which might consequently influence the expression 

of defensin genes. Several single nucleotide polymorphisms (SNPs) and the copy number of 

polymorphism have been described for DEFB4 gene (Abe et al., 2013; Bentley et al., 2010; 

James et al., 2018), which showed that DEFB4 mRNA expression is significantly correlated 

with DEFB4 copy number. The variation in the number of repeat units among individuals 

within the population, along with probable sequence differences among copies, indicate 

that CNVs of defensins may influence the modulation of defensin expression and its 

functionality (Hardwick et al., 2011; Jansen et al., 2009). As a result, a genetic factor has 

been linked to the production of the hβD2 peptide, and these significant variations in the 

structural genome of humans are especially relevant to diseases where defensins may be 

implicated in their pathology.  

Current findings showed that DEFB4 gene expression was correlated positively with 

glandular atrophy, but not with IM. On the other hand, Isomoto et al. (2005) showed that 

there were no significant correlations between hβD2 and both scores of histological 

parameters. It would be intriguing to investigate the correlation between premalignant 

pathologies and DEFB4 expression in gastric tissue. This investigation could reveal whether 

the overexpression of the gene observed in this study is a contributing factor to the 

advancement of the disease to a cancerous stage. However, little is known about DEFB4 

gene expression and its role in carcinogenesis, although there is evidence suggesting a 

potential role for defensins in gastric cancer.  
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As mentioned previously, it has been proposed that H. pylori infection initiates a series of 

events starting with chronic inflammation that, over years in susceptible individuals, leads 

to atrophic gastritis, intestinal metaplasia (IM), dysplasia, and eventually gastric 

adenocarcinoma (Uemura et al., 2001). Chronic atrophic gastritis can lead to the loss of 

specialized gastric glands (Crafa et al., 2018) and loss of parietal cells normally involved in 

the production of gastric acid and intrinsic factors (Castellana et al., 2024). It is important to 

note that the antrum of the human stomach contains a combination of oxyntic and antral 

glands, where oxyntic glands include large numbers of acid-secreting parietal cells, and the 

antral glands consist of foveolar surface and mucin-expressing deep mucous cells (Engevik 

et al., 2020). Parietal cells play a crucial role in secreting gastric acid, which helps in food 

digestion, mineral absorption, and protection against harmful bacteria (Engevik et al., 2020). 

However, the parietal loss during gastric atrophy may reduce various secreted signals that 

regulate the growth and differentiation of gastric progenitor cells, which contribute to the 

progression to metaplasia (Fox & Wang, 2007).  

H. pylori can modulate gastric acid secretion in multiple ways. One of them is reducing acid 

secretion directly by disrupting the expression of proton pumps (H+, K+-ATPase) in parietal 

cells and indirectly by triggering neural pathways that stimulate somatostatin while 

suppressing histamine, gastrin, and acid production (Smolka & Schubert, 2017). By 

influencing proton pump expression, H. pylori can control the quantity and variety of 

microbiota within the intestinal lumen (Yao & Smolka, 2019). Since the colonization of gut 

microbes must survive the hostile acidic environment of the stomach, alterations in gastric 

acid secretion caused by H. pylori could influence gut microbial homeostasis. The disruption 

of this microbial balance, known as dysbiosis, has been recognized as having significant 

effects on human health (Sommer & Bäckhed, 2013). A decrease in gastric acid secretion 
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raises the likelihood of bacterial overgrowth and affects the makeup of microorganisms in 

the intestines or oral cavity including those organisms' causing disease (Martinsen et al., 

2005). Studies indicate that H. pylori are the predominant species in the stomach, 

accounting for 72-99% of sequencing readouts, and significantly impacts the composition of 

the gastric microbiota, (Andersson et al., 2008; Bik et al., 2006), where an increase in the 

relative abundance of Acidobacteria, Spirochetes, and Proteobacteria, and a decrease in 

Firmicutes, Actinobacteria, and Bacteroidetes were observed in H. pylori-infected patients 

(Maldonado-Contreras et al., 2010). Similarly, an increase in Streptococcus and a reduction 

in Prevotella have been discovered in patients with atrophic gastritis compared to control 

subjects (Engstrand & Lindberg, 2013).  

The stomach protects against microbes by maintaining a low gastric pH and secreting AMPs 

and mucins from epithelial cells. Normal gastric mucosa primarily generates neutral mucin, 

a glycoprotein of gastric mucus that forms an epithelial barrier expressing MUC1, MUC5AC, 

and MUC6 (Battista et al., 2021). A previous study has shown a significant absence of MUC1 

in H. pylori gastritis patients (Vinall et al., 2002), and the under expression of 

MUC1, MUC5AC, and MUC6 in patients with IM (Goldenring et al., 2010; Hibdon & 

Samuelson, 2018; Radyk et al., 2018). Therefore, the combined effect of physiological 

changes of gastric mucosa atrophy such as reduced acid and mucin secretion, and changes 

in gastric pH leads to dysbiosis which promotes the persistence of bacteria usually killed by 

the adverse environment of the stomach (Pero et al., 2019b). It was postulated that the 

changes in the gut microbiota induced by H. pylori may be linked to the progression of the 

illness (Pero et al., 2019b) and influence the production of defensins (Dolara et al., 2005), 

which explains the observed association between defensins and atrophy in H. pylori-

infected patients in this study. For example, previous studies have shown that the E. coli 
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Nissle 1917 strain induces the strongest expression of β-defensin in vitro (Steubesand et al., 

2009; Wada et al., 1999), hence proving that other bacteria may also contribute to the 

production of defensins in gastric mucosal cells.  

3.4.4 DEFA5 expression was associated with atrophy in infected patients 

In addition to the roles of DEFA5 in innate immunity, studies show that DEFA5 has been 

linked to various physiological and pathological processes, including tumorigenesis (Li et al., 

2020; Nomura et al., 2013; Wiens & Smith, 2015). The expression of DEFA5 in gastric cancer 

was first reported by Takenawa et al. (2004), and in their study, they found that DEFA5 

exhibited significant upregulation in high-grade adenomas (pre-cancerous lesions) and 

downregulation in adenocarcinomas. These results indicate that DEFA5 gene expression 

reflects the molecular characteristics of gastric tumours with varying histological 

classifications, and this gene may have a particular function in adenoma formation. The 

upregulation of DEFA5 gene in pre-cancerous cells may act as a tumour suppressor, and the 

downregulation of DEFA5 gene expression which was observed in cancer cells, may promote 

cancer cell invasion and proliferation (Wu et al., 2021). A previous study has shown a 

notable decrease in the expression of DEFA5 in human gastric cancer when compared with 

the normal samples. This study also demonstrated that when DEFA5 was synthetically 

overexpressed in gastric cancer cell lines SGC7901 and BGC823, it led to reduced cell 

proliferation and a decrease in colony-forming ability (Wu et al., 2021). 

Hence, the reported significant upregulation of DEFA5 gene expression in gastric mucosal 

atrophy observed in this study suggests the tumour suppressive properties of the DEFA5 

gene in the preliminary stages of gastric carcinogenesis. Likewise, another study also 

showed that the overexpression of DEFA5 was found to significantly inhibit the proliferation 



146 
 

and ability to form colonies in colon cancer cell lines, and the growth of tumours in nude 

mice was also reduced when DEFA5 was overexpressed (Qiao et al., 2021). It was proposed 

that DEFA5 binds directly to the subunits of the PI3K complex, thereby reducing 

downstream signalling and resulting in slower cell growth and metastasis. Thus, DEFA5 

exhibits inhibitory effects on the growth of colon cancer cells and has the potential to 

function as a tumour suppressor in colon cancer (Qiao et al., 2021).  

Another previous study also showed a significant increase in the expression levels of DEFA5 

in colorectal cancer tissues, compared to normal tissues, which suggests that DEFA5 might 

be used as a potential specific tumour marker, and help with better prognosis of colorectal 

cancer (Zhao et al., 2023). Overall, a mechanism is activated that upregulates the expression 

of DEFA5 gene and promotes cancer progression. Nevertheless, it is important to note that 

the relationship between increased defensin expression and carcinogenesis is complex and 

still not fully understood. Further investigation is necessary to fully elucidate the 

mechanisms by which DEFA5 affects tumour cell invasion. 

3.4.5 DEFB4 expression was associated with H. pylori virulence determinants 

In this study, it is evident that the expression of the DEFB4 gene increased during H. pylori 

infection, and ex vivo assessment also indicated that higher levels of DEFB4 were detected 

in samples infected with cagA+ strains compared to H. pylori-negative strains. These 

findings support the previous research by Hornsby et al. (2008) who revealed that strains 

that carry the cagA gene have been shown to stimulate higher production of β-defensin 2 

compared to strains without cagA. Additionally, O'Neil et al. (2000) demonstrated the 

upregulation of DEFB4 mRNA in AGS cells co-cultured with cagA+ vacA+ H. pylori strain. It 

was proposed that this enhanced defensin response may make cagA-positive strains more 
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susceptible to eradication from the host as it appears that antibiotics are more effective in 

eradicating cagA-positive strains than cagA-negative strains (Broutet et al., 2001).  

A previous study has also demonstrated that DEFB4 expression increased in the presence of 

H. pylori infection, in a cagPAI-dependent and NF-κB- mediated manner (George et al., 

2003; Hornsby et al., 2008). As mentioned, it is now established that hβD2 is not expressed 

constitutively, but can be triggered following exposure to bacteria, lipopolysaccharide, and 

other pro-inflammatory cytokines such as TNFα and IL-1β (King et al., 2002). The cagPAI of 

H. pylori was demonstrated to transport peptidoglycan via the Type IV Secretion System, 

triggering recognition by the pathogen detection molecule NOD1 (Allison et al., 2009). 

Consequently, the activated NOD1 signalling pathway results in activation of both 

transcription factors of NF-kB and AP-1, which subsequently leads to the expression of 

defensin DEFB4 mRNA (Allison et al., 2009; Grubman et al., 2010). 

This discovery was corroborated by another study conducted by Wada et al. (2001) who 

demonstrated that deletion or mutation of the NF-kB site at -208 prevented the activation of 

the hβD2 promoter. The activation of the NF-kB site in the hβD2 promoter gene was 

observed only in H. pylori strains that possessed a cagPAI gene. Hence, this confirmed the 

hypothesis that cagA gene is required in the modulation of hβD2 expression, and involved in 

the regulated host gastric epithelial cell, in response to H. pylori infection.   

Nevertheless, the expression of hβD2 is not unique to cagPAI-positive H. pylori, as other 

bacteria like Salmonella can also stimulate and trigger the production of hβD2 in human 

intestinal epithelial cells (O’Neil et al., 1999). Several other types of bacteria, such as Vibrio 

cholerae, Bacteroides fragilis, and Pseudomonas aeruginosa also may regulate the synthesis 
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of hβD2 (Huang, 2014; Shirin et al., 2011; Yoon et al., 2010). Therefore, it is challenging to 

ascertain if this upregulation is influenced by H. pylori or other gut-dwelling pathogens. 

3.4.6 DEFA5 expression was not associated with H. pylori virulence 

determinants 

In this study, there was no significant correlation found between DEFA5 expression and the 

cagA or vacA virulence factors. Currently, based on the latest information available, there 

have been no prior studies determining the link between DEFA5 gene expression and the 

virulence factors of H. pylori. However, Hase et al. (2003a) study on human cathelicidin LL-

37 showed that cagA+ and vacA+ strains led to increased expression of LL-37, whilst an 

isogenic ΔcagE mutant of H. pylori did not stimulate LL-37 production in human gastric 

epithelial cell line. This suggests that cagA gene plays a crucial role in regulating the 

production of LL-37 in epithelial cells, and the components of the cagPAI are crucial for 

activating the transcription factor NF-κB by H. pylori, in which the promoter region of LL-37 

contains a potential NF-κB-binding site (Hase et al., 2003a).  

3.4.7 DEFB4 expression was not associated with the disease status of 

patients  

As discussed, defensins are induced by the host immune response as the initial barrier 

against H. pylori infection. However, to survive, most of pathogenic bacteria have developed 

counter measures to reduce the effectiveness of AMPs, and in many cases, resistance to 

AMPs indicates strong virulence factors (Peschel, 2002). General mechanisms include lack of 

recognition by the host (i.e. evasion), bacteria-mediated downregulation of AMP expression 

in host cells, and expression of factors that prevent the effectiveness of AMPs (Wehkamp et 
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al., 2005a). For that reason, it is of interest to determine the roles of defensin, particularly 

hβD2 in interacting with pathogenic bacteria, and the mechanism which contributes to the 

pathogenesis of gastroduodenal diseases. In this study, elevated levels of DEFB4 expression 

were observed in the antrum of patients with PUD when compared to those without any 

disease, although the difference was not statistically significant likely due to low sample 

numbers.  

Epidemiological studies showed a strong association between H. pylori infection and 

duodenal and gastric ulcers (Pero et al., 2017). Individuals diagnosed with either gastric or 

duodenal ulcers exhibited higher levels of hβD2 expression compared to individuals with a 

completely healthy stomach (Nishi et al., 2005; Taha et al., 2005a). The same pattern was 

observed in patients with gastritis. This indicates that the higher level of hβD2 found in 

peptic ulcer disease patients signifies inflammatory changes in the gastric mucosa triggered 

by H. pylori infection, and a role of defensin for host protection towards systemic delivery of 

pathogen. This current discovery may be linked to the idea of natural antibiotics being 

expressed, as defensin can be induced to maximize their antimicrobial effectiveness in 

response to infection or inflammation (King et al., 2002).  

Undoubtedly, both α- and β-defensin gene families provide an antimicrobial barrier against 

microorganisms in the gastrointestinal tract. Research has firmly established that 

disruptions in barrier function play a significant role in the development of inflammatory 

bowel disease (IBD), a diverse range of inflammatory conditions affecting the digestive 

system (Bouma & Strober, 2003). Several studies have indicated elevated levels of hβD2 

expression in individuals diagnosed with ulcerative colitis (UC) (O’Neil et al., 1999; 

Wehkamp et al., 2003), however, they were downregulated in patients with Crohn’s disease 
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(CD) (Aldhous et al., 2009; Tollin et al., 2003). These differentially expressed defensins in UC 

and CD in response to colonic location and inflammation, may reflect the dysregulated 

innate immunity and disease pathogenesis in IBD (Aldhous et al., 2009). It has also been 

proposed that higher levels of hβD2 in individuals with IBD may contribute to the secondary 

effect of barrier disruption.  

Thus, it is increasingly evident that changes in the expression of β-defensin genes take place 

during gastrointestinal infections and inflammation. It is hypothesized that there is a 

dynamic interaction between the luminal contents (including both beneficial and harmful 

microbes), the gastrointestinal epithelium, and lamina propria cells, resulting in the 

adjustment of the host's innate immune response. This adjustment plays a crucial role in the 

initial colonization and invasion of microbes at the mucosal surface (Dommett et al., 2005).   

3.4.8 DEFA5 expression was not associated with the disease status of 

patients 

In this study, no significant association between DEFA5 expression and patients with PUDs 

was observed, consistent with a prior study conducted in the UK by Taha et al. (2005b), in 

which both studies explored the DEFA5 expression levels in the gastric epithelial cells of 

human stomach. However, as mentioned, Paneth cells produce alpha-defensins in the small 

intestine, hence changes in the release of enteric alpha-defensins have been observed in the 

intestinal epithelium of individuals affected by IBD (Lisitsyn et al., 2012).  

Wehkamp et al. (2005b) demonstrated that patients with Crohn's disease affecting the 

ileum have reduced levels of Paneth cell alpha-defensins HD-5, in comparison to the control 

groups. Similarly, another research conducted in the UK also found that the concentrations 
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of Paneth cell HD-5 in the effluent of ileostomy patients with Crohn's disease were lower 

than in the control group (Elphick et al., 2008). Interestingly, a previous study of NOD2-

deficient mice indicates a decrease in the expression of human α-defensin equivalents in 

Paneth cells, known as cryptdins in mice, and the decrease in expression is linked to more 

susceptibility to ingested Listeria monocytogenes, a Gram-positive bacterial pathogen 

(Kobayashi et al., 2005). Another study has also demonstrated that the NOD2 genotype has 

an impact on the ileal microbiome in Crohn's disease (Li et al., 2019). Hence, it can be 

conjectured that the NOD2 genotype could be responsible for Paneth cell defensin 

expression, and mutations in NOD2 may alter defensin expression (Wehkamp & Stange, 

2020). It appears that the reduction in Paneth cell α-defensin in the ileum could potentially 

play a significant role in the pathogenesis of ileal Crohn's disease by disrupting the local 

commensal microbiome and compromised intestinal mucosal integrity (Wehkamp & Stange, 

2020).    

In general, reduced levels of antimicrobial peptides could be viewed as a potential 

underlying mechanism of intestinal barrier dysfunction in individuals with gastrointestinal 

diseases. Paneth cells are considered crucial for innate immunity in the intestinal tract 

(Selsted & Ouellette, 2005). As a result, mutations of Paneth cell function, resulting in 

reduced expression or effectiveness of antimicrobial peptides, could have adverse effects on 

the intestinal defence against microorganisms in the lumen. This consequently could 

exacerbate barrier dysfunction and advance disease progress in infectious and inflammatory 

disorders (Wehkamp et al., 2004). 

Interestingly, human alpha-defensin-5 was found to inhibit exotoxins produced by 

hypervirulent strains of Clostridium difficile in human cells, implying that defensins could 
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also serve as a protective mechanism against certain clostridial glycosylating cytotoxins 

(Giesemann et al., 2008; Korbmacher et al., 2020). C. difficile is a nosocomial pathogen that 

can lead to toxin-mediated C. difficile infections (CDIs), with clinical manifestations varying 

from asymptomatic cases to diarrhoea, pseudomembranous colitis, severe fulminant colitis, 

and potentially death (Lessa et al., 2012). This human defensin shows promise as a 

pharmacological agent for treating or preventing C. difficile associated disease (CDAD) and 

may play a beneficial role as a first line of host defence against invading pathogens, 

alongside its newly identified capability to neutralize these protein toxins (Korbmacher et 

al., 2020).  

Nevertheless, little is currently known regarding the consistency of DEFA5 expression along 

the human intestinal tract, aside from the well-known fact that they are expressed by 

Paneth cells which are specific to the small intestine (Sankaran-Walters et al., 2017). It was 

hypothesized that the differences in DEFA5 expression levels observed may be attributed to 

the anatomical site, as well as by conditions such as gastritis, peptic ulcers, and H. pylori 

infection (Taha et al., 2005a). Thus, it is possible to speculate that the differences in the 

composition of human enteric defensins along the length of the small intestine might have 

an impact on the composition of local microbiota in gut niches (Nakamura et al., 2016).  

3.5 Limitations and Future work 

Samples in this research were obtained from patients undergoing a routine upper 

gastrointestinal endoscopy, who were referred for examination primarily due to symptoms 

of dyspepsia. Therefore, the H. pylori negative control might not accurately reflect an 

uninfected "normal" control group. The reason for this is that endoscopy is an invasive 

procedure that poses risks of bleeding and infection for patients, making it unsuitable for 
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healthy controls. Also, the sample size was small, so decreases the statistical significance of 

the analysis. Despite these limitations, significant differences in both α and β defensin levels 

were observed between individuals positive and negative for H. pylori.  

As mentioned, variations found in defensin levels between current and previous studies 

could be due to differences in the samples assessed. As the present study collected gastric 

biopsy samples, other studies gathered gastric juice and samples from various regions of the 

gastrointestinal tract, such as the small intestine. Also, H. pylori-infected patients were 

stratified based on the presence of disease (PUD or no disease) observed during the 

endoscopy procedure. Nevertheless, tissue specimens were not obtained from the 

duodenum, despite the stratification of patients according to the presence of duodenal 

ulcers. Hence, this leaves the possibility that the immune response in the duodenum may 

not reflect those in the stomach.  

Moreover, a significant drawback of this study is its focus on ex vivo investigations without 

incorporating in vitro studies. Although this was not covered in the current chapter, 

however, it is crucial to validate the current results by expanding to include in vitro studies 

in future research, and previous studies have shown that defensins were expressed in 

human gastric carcinoma cell lines when co-cultured with H. pylori (Muhammad et al., 

2016a; Patel et al., 2013). The in vitro validation of ex vivo results might eliminate any 

potential confounding variables present in human tissue samples.   

As previously stated, host genetics, specifically polymorphisms in the defensin gene such as 

DEFB4 plays a significant role in determining the outcome of H. pylori infection (Hollox et al., 

2003). While not addressed in the present study, it would be intriguing to explore how these 

factors might influence defensin expression levels and their relation to the observed 
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association between pathology, bacterial virulence factors, and diseases in the gastric 

mucosa. Interestingly, one study showed that some genetic polymorphisms in DEFB4 may 

affect defensin expression in epithelial tissues and can play a role in drug susceptibility, 

enabling the prediction of appropriate dosage and drug for the treatment of patients with 

specific genotype (Suleiman et al., 2021). Therefore, future studies should investigate how 

DEFB4 polymorphism influences defensin expression levels in the gastric mucosa and their 

interaction with H. pylori virulence factors. Furthermore, integrating host genotyping with 

microbial and histopathological data may reveal how defensin variants influence disease 

progression and drug response in H. pylori infection, thereby supporting personalised 

therapy. 

Another previous study investigated the expression of the DEFB4 gene and DNA methylation 

changes to the defensin promoter region in the gastric mucosa of H. pylori-infected patients 

and a control group. Results revealed that DEFB4 gene methylation levels at the 4 CpG sites 

were overall higher in H. pylori-negative samples than in H. pylori-positive samples. This 

study also showed that the specific demethylation observed in two CpG sites (-825 and -

786) on the DEFB4 promoter region could be related to the active transcription pattern of 

the gene in H. pylori-positive gastritis (Pero et al., 2019a). Hence, gene polymorphisms and 

the analysis of epigenetic regulation from defensin expression during H. pylori-associated 

gastric tumorigenesis should be included in a future study to further reveal the mechanisms 

regarding resistance and susceptibility of H. pylori against defensins which might favour the 

detection of targets for new eradication therapeutics.  
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3.6 Chapter summary  

• DEFB4 expression was upregulated, whilst DEFA5 expression was downregulated 

during H. pylori infection in the human stomach ex vivo. 

• DEFB4 and DEFA5 expressions were associated with atrophic gastritis in H. pylori-

infected patients. 

• DEFB4 was linked to H. pylori virulence factors, whereas DEFA5 showed no 

connection to H. pylori virulence factors.  

• DEFB4 and DEFA5 expressions were not related to the gastroduodenal disease status 

of patients.  
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Chapter 4 : In vitro relationship 
between the host immune 
response (IL-8 and HβD2) and 
antibiotic eradication in H. pylori 
infection  
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4.1 Introduction 

It is now understood that human defensins are modulated upon H. pylori infection, based 

on the findings of the ex vivo studies in the previous chapter and previously published data. 

Defensins are known to be crucial in linking the innate and adaptive immune responses and 

may act as signalling molecules within the immune system (Lehrer, 2004). As a 

proinflammatory mediator, defensins chemotactically recruit leukocytes and trigger the 

expression and release of pro-inflammatory cytokines such as tumour necrosis factor TNFα 

and IL-8 (Phan et al., 2018). One key characteristic of H. pylori infection in the gastric 

mucosa is the release of various pro-inflammatory cytokines, many of which are produced 

by gastric epithelial cells. For example, a study showed that when gastric epithelial cells are 

infected with H. pylori, host cytokines such as TNFα and several interleukins are released to 

trigger inflammation and modulate the immune response (Morningstar-Wright et al., 2022). 

These cytokines significantly contribute to developing gastroduodenal diseases linked to H. 

pylori infection (Alzahrani et al., 2014). Therefore, factors that influence cytokine responses 

could contribute to either susceptibility to or protection against diseases associated with H. 

pylori (Tsai & Hsu, 2017). Hence, this chapter aimed to determine the interaction between 

pro-inflammatory cytokines such as TNFα with the IL-8 response, and defensin stimulation 

during H. pylori infection in vitro.  

In innate immunity, invading microbes are detected by pattern recognition receptors that 

identify pathogen-associated molecular patterns (PAMPs) on microbial surfaces. Toll-like 

receptors (TLRs) are a type of these receptors. TLRs bind to PAMPs on extracellular bacteria, 

including lipopolysaccharides, flagellin, and lipoproteins. When these receptors engage with 

their ligands, they induce the production of inflammatory cytokines like interleukin IL-β1 
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and TNFα, leading to acute inflammation. This process activates pro-inflammatory NF-κB 

signalling, promotes the expression of antimicrobial agents such as defensins, and generates 

reactive oxygen and nitrogen species that help eliminate invading bacteria (Andrés et al., 

2022). Therefore, this study explored the impact of the pro-inflammatory cytokine TNFα on 

the bacterial density in a human gastric adenocarcinoma cell line (AGS) that is co-infected 

with H. pylori. The objective was to see whether TNFα aids in controlling bacterial infection 

by decreasing bacterial load or if it fosters a more favourable environment for H. pylori 

persistence. 

A prior study examined cytokine production patterns in gastric mucosal biopsies from 

patients with dyspepsia who were either H. pylori-positive or H. pylori-negative (Holck et al., 

2003). The findings indicated an increased expression of IL-8, IL-10, and interferon-γ (IFN-γ) 

in those with H. pylori infection, and a significant positive correlation was observed between 

these cytokines and the bacterial load. Meanwhile, one study reported a significant positive 

correlation between serum levels of IL-9 and bacterial counts in Mycobacterium bovis 

infection in cattle (Khalid et al., 2022). This study identified cytokines as potential 

biomarkers and distinguished between M. bovis-infected animals and those vaccinated with 

Bacillus Calmette-Guerin (BCG) for tuberculosis. Therefore, the present study also addressed 

whether pro-inflammatory cytokines such as TNFα may influence bacterial density and 

evaluate their potential as biomarkers for H. pylori diagnostics.  

Studies on patients infected with H. pylori and in animal models have shown that H. pylori 

strains possessing a cagPAI and an operational type IV secretion system (T4SS) which 

triggers the expression and secretion of IL-8 in the gastric mucosa (Wiedemann et al., 2016). 

Moreover, Cha et al. (2015) revealed that the upregulation of IL-8 was observed when 
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human gastric adenocarcinoma cell lines (AGS cells) were co-infected with H. pylori, and 

prolonged exposure to these cytokines can result in cell proliferation and an increased risk 

of DNA replication errors, consequently fostering tumour development by inhibiting cell 

autophagy and apoptosis (Chen et al., 2020; Duan et al., 2016). The overexpression of IL-8 

significantly plays a crucial role in the advancement of gastric cancer, and high IL-8 levels 

might be a marker of poor prognosis in this disease, hence targeting IL-8 could be a 

promising approach for treating this disease (Lee et al., 2013).  

A previous study has also described that pro-inflammatory cytokine such as TNFα potently 

stimulated IL-8 mRNA expression in human gastric epithelial cells (O'Hara et al., 2009). Both 

H. pylori infection and TNFα induced IL-8 expression have been shown to be mediated by 

the activation of transcription factor NF-κB in gastric epithelial cells (Bae et al., 2014; Osawa 

et al., 2002), and inhibition of this pathway led to a halt in IL-8 production and triggered 

apoptosis in cells (Osawa et al., 2002). Therefore, this study aimed to explore the response 

of IL-8 in gastric epithelial cell lines during infection with H. pylori and to examine whether 

there are substantial differences between TNFα cytokine-stimulated treatment and 

unstimulated AGS cells in the ability to induce IL-8 gene expression. Thus, understanding 

these inflammatory mediators' roles in response to H. pylori infection could improve our 

knowledge of gastric carcinogenesis mechanisms. Additionally, this insight may reveal new 

treatment possibilities for gastric cancer, particularly with the rise of novel biological 

therapies that target a wide range of cytokines.  

The previous chapter has shown that ex vivo, human defensin gene DEFB4 was found to be 

expressed in gastric biopsies from H. pylori-infected patients. In the past, further analysis 

using human gastric cancer cell lines revealed that defensins were either constitutively 
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expressed in gastric epithelial cells or induced when infected with H. pylori (Hase et al., 

2003b; Ohara et al., 2004). Therefore, conducting an in vitro cell culture with H. pylori 

strains to measure defensin secretion levels and comparing the results with previous ex vivo 

findings would be intriguing. It was also hypothesized that certain inflammatory cytokines, 

such as TNFα and IL-1β, might induce the secretion of defensins (Johansen et al., 2016). 

However, most research on the stimulation of TNFα in defensin production has been 

performed in cell lines other than gastric epithelial cells, such as those from the human 

keratinocyte, airway, gingival, and corneal epithelial cells (Albanesi et al., 2007; Harder et 

al., 2000; Mahanonda et al., 2009; Narayanan et al., 2003). Currently, a limited number of 

studies have investigated hβD2 protein secretion in gastric epithelial cells following TNFα 

stimulation. Therefore, one of the goals of this chapter was also to determine if hβD2 

exhibits differential expression in the gastric epithelial cell lines with and without H. pylori 

infection and to explore whether proinflammatory cytokine TNFα can influence the 

expression of hβD2 in the cell lines.  

Clarithromycin is a commonly used macrolide antibiotic for the eradication of H. pylori 

infection and resistance to this antibiotic is a major cause of treatment failure (Kocsmár et 

al., 2021). The increased resistance rates of clarithromycin against H. pylori clinical isolates 

have been noted in the second chapter of the thesis. Despite the high resistance rates of H. 

pylori to clarithromycin, doctors continue to prescribe this antibiotic because it has been 

shown to alleviate infection symptoms in patients. This is likely due to their 

immunomodulatory and anti-inflammatory effects, in addition to their antibacterial activity 

(Pollock & Chalmers, 2021). Among the commonly used macrolides, azithromycin, 
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clarithromycin, and erythromycin, are considered to have the most potent 

immunomodulatory effects (Rubin & Henke, 2004). 

Studies have shown that macrolides inhibit inflammatory signalling and suppress the 

production of several pro-inflammatory cytokines and chemokines in the lung tissue (Bosnar 

et al., 2009). It was also shown that azithromycin decreases IL-6 and IL-8 in human corneal 

epithelial cells (Li et al., 2010), possibly by suppressing the transcription factor NF- κB or AP-

1 (Alzolibani & Zedan, 2012), and reducing neutrophil activity (Tamaoki et al., 2004). 

However, the anti-inflammatory properties of these substances have been extensively 

researched in chronic inflammatory airway diseases in vitro and also in bronchoalveolar 

lavage fluid (Tamaoki et al., 2004) since macrolides have been well-established as an 

adjunctive treatment to β-lactam antibiotics in pulmonary diseases (Nau & Tauber, 2008). 

Furthermore, the effect of macrolides on defensin protein expression in gastric epithelial 

cells infected with H. pylori infection was unknown.  

Hence this chapter aimed to investigate the inhibitory effects of macrolides, particularly on 

IL-8 and hβD2 protein expression, in gastric epithelial cells infected with H. pylori isolates. 

The Maastricht V/Florence Consensus report advised that clarithromycin-based triple 

therapy should not be empirically used as the first-line treatment if the local resistance rate 

exceeds 15% (Malfertheiner et al., 2017). Therefore, understanding how macrolides affect 

IL-8 and defensin production in response to H. pylori infection is essential as this knowledge 

could determine whether the inclusion of macrolides in the standard triple therapy remains 

necessary in an area with high rates of clarithromycin which may help to improve patient 

outcomes and reduce the symptoms.  
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4.1.1 Objectives 

The objectives of this chapter were to: 

1. Determine the effects of the pro-inflammatory cytokine TNFα on bacterial load in 

AGS cells co-infected with H. pylori strains 60190 (cagPAI positive), and Tx30a 

(cagPAI negative) in vitro.  

2. Measure the IL-8 response to H. pylori infection, with and without cytokine TNFα 

stimulation, in AGS cells infected with H. pylori strains of different virulence 

properties in vitro.  

3. Determine the defensin hβD2 secretion in response to H. pylori infection, with and 

without TNFα stimulation, in AGS cells infected with H. pylori strains of different 

virulence properties in vitro.  

4. Examine the inhibitory effects of macrolides such as clarithromycin and azithromycin 

on IL-8 production in AGS cells co-infected with cagA+ and cagA- H. pylori strains in 

vitro.  

5. Determine the inhibitory effects of macrolides such as clarithromycin and 

azithromycin on hβD2 concentrations in AGS cell lines co-infected with cagA+ and 

cagA- H. pylori strains in vitro.  
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4.2 Materials and Methods 

4.2.1 H. pylori strains and culture 

Clarithromycin-resistant H. pylori clinical isolates of cagA+ and cagA- status were isolated 

from human gastric biopsies. Both clinical isolates and laboratory strains were cultured on 

blood agar plates as described in section 2.2.2. Laboratory and clinical strains used are listed 

in Table 4.1. and Table 4.2.  

Table 4.1 H. pylori laboratory strains used. 

H. pylori strain Relevant strain characteristics Reference 

Tx30a Wild-type (ATCC 51932) 

cagPAI- 

Leunk et al. (1988) 

60190 Wild-type (ATCC 49503) 

cagPAI+ 

Leunk et al. (1988) 
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Table 4.2 Clarithromycin-resistant H. pylori clinical strains used and the minimum 
inhibitory concentrations of clarithromycin (MIC).  

H. pylori 

strain 

Relevant strain characteristics MIC values 

(mg/L) 

Reference 

779a Nottingham collection strain 

cagA- 

12 (Garvey et al., 

2023) 

802a Nottingham collection strain 

cagA- 

128-256 (Garvey et al., 

2023) 

863a Nottingham collection strain 

cagA+ 

>256 (Garvey et al., 

2023) 

873a Nottingham collection strain 

cagA+ 

64-128 (Garvey et al., 

2023) 

 

*MICs denoting resistance are >0.25 mg/L (EUCAST, 2024). 

 

4.2.2 Culture of the AGS human gastric adenocarcinoma cell line  

4.2.2.1 Recovering frozen cell lines stocks  

 

A frozen vial of AGS gastric epithelial cells, originally derived from a gastric adenocarcinoma 

(European Collection of Authenticated Cell Cultures 89090402), was briefly placed into 

warm water at about 30-35°C until just thawed. The thawed cells were carefully pipetted 

into the sterile universal tube containing pre-warmed F-12 Ham’s nutrient mixture medium 

(Sigma-Aldrich, UK), supplemented with 1% L-glutamine (Sigma-Aldrich, UK) and 10% Foetal 

Bovine Serum (FBS) (Sigma-Aldrich, UK). The universal tube was topped up to 25 ml with the 

medium and centrifuged at 200 x g for 5 minutes. The supernatant was poured into the 
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waste bottle, the universal tube was flicked to resuspend the cell pellet, and 25 ml of 

medium was refilled into the tube. The universal tube was centrifuged again at 200 x g for 5 

minutes, so the cells had two washes. The supernatant was poured off into a waste bottle 

and the cell pellet was resuspended in 10 ml medium and two 5 ml aliquots were 

transferred into T75 flasks. The flasks were incubated horizontally at 37°C in a 5% CO2 

humidified incubator. The growth of cells was observed daily until the cells were confluent.  

4.2.2.2 Passage of growing cells  

 

Once the cells were fully confluent, the flasks were seeded to maintain the culture. The 

medium was poured into a waste bottle, and 10-20 ml of sterile phosphate-buffered saline 

(PBS) was added to each confluent flask. The flask was gently rocked to wash the adhered 

cells, and the PBS was discarded into the waste bottle. The PBS wash was repeated to 

remove traces of serum that may inhibit the trypsin in the next step and then treated with 2 

ml of pre-warmed Trypsin-EDTA (Invitrogen) to release cells from the flask. 10 ml of F-12 

medium was added to the cells to wash away any remaining Trypsin-EDTA once the cells 

had detached under the microscope and transferred to a universal tube. The flask was 

rinsed with a 10 ml wash medium and added to the same universal. Cells were collected by 

centrifugation at 200 x g for 5 minutes, and the supernatant was poured into a waste bottle. 

The tube was flicked to resuspend the pellet and 25 ml of medium was added. The 

centrifugation was repeated so the cells had two washes in total. The supernatant was 

discarded, and the cell pellet was resuspended in 10 ml of medium and added to fresh T75 

flasks. The flasks were incubated horizontally at 37°C in a 5% CO2 humidified incubator. The 

growth of cells was monitored, and the medium was replaced every 2-3 days as required 

until the cells reached confluency and required passage again.  
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4.2.3 Co-culture assays 

4.2.3.1 AGS cell quantification 

 

The day before a co-culture assay, all cells were cultured as described in section 4.2.2.2, 

trypsinized, and seeded into flat-bottomed 24-well tissue culture plates at 1 x 105 cells/well. 

1 volume of AGS cells was stained with 3 volumes of Trypan blue solution (0.4 % w/v; Sigma) 

and quantified using a haemocytometer. The culture plates were then incubated at 37°C in a 

5% CO2 humidified incubator for 24 hours.  

4.2.3.2 H. pylori cell quantification using spectrophotometer 

 

H. pylori isolates were cultured on blood agar plates as described in section 2.2.2. Twenty-

four hours after passaging the H. pylori isolates, the bacteria were suspended in 6 ml of 

sterile F-12 medium. 200 µl of bacterial suspension was placed in a disposable cuvette, and 

800 µl of the medium was added to make a 1/5 dilution. The concentration of H. pylori cells 

in a suspension was estimated spectrophotometrically using Pharmacia Novaspec Ⅱ, where 

an OD600 of 1.0 contains 1 x 109 H. pylori colony forming units (CFUs/ml) (determined 

previously in the group). For a multiplicity of infection (MOI) of 100 bacteria per cell, each 

well should contain 1 x 105 AGS cells and 1 x 107 bacteria.      

4.2.3.3 AGS cell co-culture with H. pylori isolates 

 

AGS cells at 80% confluence had the medium replaced with a bacterial suspension at an MOI 

100, MOI 20, or F-12 Ham’s nutrient mixture medium alone (as a control). AGS cells were 

infected with cagA+ and cagA- strains and incubated for 24 hours in a 5% CO2 humidified 
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incubator. The cell-free supernatants were collected after 24 hours for further analysis, or 

stored at -80°C.  

4.2.3.4 H. pylori cell quantification using viable cell count assay  

 

A viable cell count assay was used to calculate the bacterial colony forming units (CFUs)/ml 

in the inoculum which was added to the AGS cells. Therefore, a 10-fold dilution series of 

bacterial suspension was created in sterile F-12 media, and the CFUs were determined by 

spotting 10 µl volumes of the diluted suspensions 10-1 to 10-8 onto blood agar plates. Four 10 

µl spots were plated for each dilution, and CFUs were enumerated once colonies were 

visible, usually after 4 days of incubation (which were incubated as described in section 

2.2.2). The CFUs per ml in the inoculum that was added to the cells were counted.  

CFU/ml= mean count from replicate 10 µl spots X 100 X the dilution factor   

4.2.4 Determination of the inhibitory effect of macrolides on IL-8 and hβD2 

production in vitro 

4.2.4.1 Antibiotic and cytokine assays  

 

AGS cells were cultured and infected with H. pylori as described in section 4.2.3. For 

antibiotic treatment, 10 µg/ml of clarithromycin and azithromycin were added at the time 

of infection, respectively to clinical isolates of clarithromycin-resistant H. pylori cagA+ and 

cagA- strains. As for cytokine treatment, commercial recombinant protein TNFα (Peprotech) 

was added at 50 ng/ml concentration at the time of infection. Untreated cultures and 

uninfected AGS cytokine-stimulated controls were included as controls. After 24 hours of 

culture, supernatants were harvested by pipetting and used to assess IL-8 and HBD-2 
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secretion levels. All co-culture assays were performed in duplicate and three independent 

experiment trials were conducted using identical conditions.  

4.2.4.2 ELISA assays 

 

IL-8 levels were assayed using a human IL-8 enzyme-linked immunosorbent assay (ELISA) kit 

(Invitrogen), and HBD-2 levels were assayed using a human BD-2 Standard TMB ELISA 

development kit (Peprotech), according to the manufacturer’s instructions. A standard 

curve was included on each plate and samples were measured in duplicate. Optical densities 

were measured using a microplate reader (LabSystems iEMS reader MF) at 450nm and 

620nm. The cytokine and defensin concentration in each sample was calculated using the 

standard curves. All ELISA assays were performed in duplicate. The range of detection was 2 

– 250 pg/ml for IL-8 and 12 - 1500 pg/ml for hβD2.   

4.2.5 Data analysis and statistical tests  

Data were collected and recorded in Microsoft Excel and statistical analysis was performed 

using GraphPad Prism Version 10.3.0 (507). All analyses of in vitro data were tested using 

the Mann-Whitney test to compare two independent groups. Meanwhile, the Kruskal-Wallis 

test with Dunn’s post hoc test was applied to the pairwise comparisons with multiple 

variables in the experiment of the inhibitory effect of macrolides on IL-8 and defensin 

production in vitro. A P value of < 0.05 was considered statistically significant. 
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4.3 Results 

4.3.1 The effect of pro-inflammatory cytokine stimulation on bacterial load in 

vitro 

AGS gastric epithelial cells were infected with H. pylori strains 60190 (cagPAI positive) or 

Tx30a (cagPAI negative) (MOI= 100 and 20), in the presence or absence of TNFα stimulation. 

Each experimental condition was performed with two replicates, on three separate 

occasions to minimize error. Cells were incubated for 24 hours, after which the number of 

bacterial CFUs was determined. Stimulation with TNFα did not change bacterial CFU counts 

in comparison to the unstimulated control (Table 4.3).   
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Table 4.3 The effect of cytokine stimulation (TNFα) on bacterial load when cultured with 
human gastric epithelial cells.  

 Average CFU count/ml after 24 hours 

AGS cells cultured with H. pylori 60190 MOI 100 H. pylori 60190 MOI 20 

 H. pylori 2.21 x 107 ± 0.432 2.14 x 107 ± 0.472 

 H. pylori 

+TNFα 

4.16 x 107 ± 1.096 2.643 x 107 ±1.093 

P value 0.2619 0.3290 

AGS cells cultured with H. pylori Tx30a MOI 100 H. pylori Tx30a MOI 20 

 H. pylori 1.83 x 107 ± 0.356 1.58 x 107 ± 0.741 

H. pylori 

+TNFα 

2.30 x 107 ± 0.729 2.23 x 107 ± 0.446 

P value 0.5528 0.1645 

 

*AGS cells were stimulated with 50 ng/ml of TNFα and infected with either H. pylori strain 
60190 or Tx30a (MOI=100 and 20). After 24 hours, the average number of colony-forming 
units (CFU/ml) in six replicates was determined. Differences in CFU counts between cells 
cultured in the absence or presence of cytokine were not statistically significant (Mann-
Whitney test). No bacterial growth was observed in uninfected AGS controls.     
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4.3.2 The response of IL-8 secretion in H. pylori infection with cytokine 

stimulation in vitro   

AGS cells were cultured with H. pylori strain 60190 at MOIs of 100 and 20 in the presence or 

absence of TNFα stimulation, and the IL-8 response was measured by ELISA. Uninfected and 

unstimulated AGS cells were used as negative controls. In this study, an increase in IL-8 

secretion was observed in AGS cells in the presence of TNFα (an 82-fold increase compared 

to the negative control) (p<0.0001) (Mann-Whitney test) (Figure 4.1). IL-8 responses were 

also induced in H. pylori-infected cells without TNFα. However, the greatest responses were 

observed in the infected cells (MOI 100) also stimulated by TNFα. Two-fold increased IL-8 

responses were induced with TNFα-stimulated infected AGS cells (H. pylori MOI 100 and 

MOI 20) compared to H. pylori-infected cells without TNFα treatment (p=0.0001 and 

p=0.033 respectively) (Figure 4.1). In general, H. pylori-infected AGS cells responded to TNFα 

treatment by secreting higher concentrations of IL-8.  
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Figure 4.1: IL-8 secretion levels in response to cytokine stimulation of human gastric 
epithelial cells infected with H. pylori. AGS cells were cultured with H. pylori strain 60190 
(MOI 100 and MOI 20) in the presence or absence of cytokine TNFα (50 ng/ml). ELISA 
measured IL-8 response to TNFα after 24 hours in two replicate wells per condition. The data 
shown are from three independent experiments. Uninfected AGS cells with and without the 
TNFα stimulation were included for each experiment. The concentrations of IL-8 were 
significantly higher after TNFα stimulation compared to unstimulated controls (p=0.033*) 
(p=0.0001***) (p<0.0001****) (Mann-Whitney test).  

 

4.3.3 The hβD2 response to H. pylori infection and cytokine stimulation in 

vitro  

This study also explored the hβD2 response to H. pylori infection and cytokine stimulation. 

Therefore, AGS cells were cultured with H. pylori strain 60190 (wild-type, cagPAI+) at MOIs 

of 100 and 20, both with and without TNFα stimulation. Uninfected AGS cells served as 

negative controls. It was shown that hβD2 expression was minimally induced in 

unstimulated, uninfected AGS cells (Figure 4.2). However, it was significantly upregulated in 

the presence of H. pylori and TNFα, corroborating the previous chapter's finding that hβD2 

expression levels increase upon H. pylori infection, and hβD2 expression is inducible in these 

cells, rather than constitutive.  
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As with IL-8, the most pronounced responses were seen in infected cells (MOI 100) 

stimulated with TNFα. HβD2 expression was induced in TNFα-stimulated infected AGS cells 

(H. pylori at MOI 100 and MOI 20) by a 1-fold and 2-fold increase, respectively, compared to 

the unstimulated H. pylori-infected cells (p=0.0079) (p=0.0018) (Mann-Whitney test) (Figure 

4.2). An elevation in hβD2 secretion was also noted in uninfected AGS cells when exposed to 

TNFα, showing a 2-fold increase compared to the unstimulated control (p=0.0001) (Mann-

Whitney test) (Figure 4.2).  
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Figure 4.2: hβD2 secretion levels in response to cytokine stimulation of human gastric 
epithelial cells infected with H. pylori. AGS cells were cultured with H. pylori strain 60190 (at 
MOI 100 and MOI 20) in the presence or absence of TNFα (50 ng/ml). ELISA was used to 
measure the HBD-2 response to TNFα after 24 hours, with all conditions tested in two 
replicate wells. The data shown are from three independent experiments. Uninfected AGS 
cells with and without TNFα stimulation were included as controls for each experiment. The 
secretion of hβD2 is significantly higher after cytokine stimulation compared to unstimulated 
controls (p=0.0079**) (p=0.0018**) (p=0.0001***) (Mann-Whitney test).  
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4.3.4 Determination of the inhibitory effect of macrolides on IL-8 production 

in vitro  

To investigate whether macrolide antibiotics such as clarithromycin and azithromycin can 

inhibit the epithelial cell inflammatory response to H. pylori, AGS cells were co-cultured with 

cagA+ and cagA- clinical isolates of clarithromycin-resistant H. pylori. Two clinical isolates of 

each cagA genotype were incubated with AGS cells, in the presence and absence of 10 

µg/ml clarithromycin or azithromycin. The control groups consisted of uninfected AGS cells 

with and without antibiotic treatments, TNFα-stimulated AGS cells without H. pylori 

infection (with and without antibiotic treatments), and uninfected AGS cells with the 

solvents used to dilute the antibiotics (ethanol for azithromycin and dimethyl sulfoxide, 

DMSO for clarithromycin) (Figure 4.3). The levels of IL-8 were significantly elevated in the 

treatment with TNFα alone compared to the untreated group, the uninfected group treated 

with 10 µg/ml of clarithromycin only, the uninfected group treated with 10 µg/ml of 

azithromycin, the TNFα treatment with clarithromycin only, the TNFα treatment with 

azithromycin, the DMSO treatment, and the ethanol treatment (p=0.0022) (Mann-Whitney 

test), respectively. 
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Figure 4.3: IL-8 secretion levels in response to controls. AGS cells were cultured under these 
conditions and incorporated into each experiment. ELISA was used to measure the IL-8 
response to TNFα after 24 hours, with all conditions tested in two replicate wells. The data 
shown are from three independent experiments. The concentrations of IL-8 were significantly 
higher in TNFα only treatment compared to all the treatments (p=0.0022) (Mann-Whitney 
test). Cla=clarithromycin, Azi=azithromycin, and DMSO=dimethyl sulfoxide.  

 

 

The AGS cells were then co-cultured with all H. pylori clinical isolates and laboratory strains 

using MOIs of 100 and 20. It was observed that AGS cells infected with the control strain 

60190 at an MOI of 100 produced IL-8 at levels 4.4 times higher than those infected with the 

Tx30a strain at the same MOI, with a p-value of 0.0022 (Mann-Whitney test), indicating 

statistical significance. As expected, the IL-8 production by AGS cells infected with cagA-

positive clinical isolates 863A and 873A at MOIs of 100 and treated with 10 µg/ml of 

clarithromycin was reduced by 1.89-fold and 2.7-fold (p=0.0022) (Kruskal-Wallis test) 
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(Dunn’s multiple comparisons test), in comparison to infected cells in the absence of 

clarithromycin (Figure 4.4). It was further confirmed that IL-8 production by AGS cells 

infected with cagA-positive clinical isolates 863A and 873A at MOIs of 20, in the presence of 

10 µg/ml of clarithromycin, was reduced by 2-fold, and 2.7-fold (p=0.0051) (Kruskal-Wallis 

test) (Dunn’s multiple comparisons test) respectively, compared to AGS cells co-cultured in 

the absence of clarithromycin (Figure 4.5). 

When treated with 10 µg/ml of azithromycin, IL-8 production by AGS cells infected with 

cagA-positive clinical isolates 863A at MOIs of 100 showed no change, whilst a significant 

reduction by 2.25 (p=0.015) (Kruskal-Wallis test) (Dunn’s multiple comparisons test) was 

observed when infected with clinical isolate 873A at MOI 100, compared to the untreated 

counterparts (Figure 4.4). When these isolates were tested at an MOI of 20, there were no 

significant differences when azithromycin was present in the 863A cultures, but a significant 

reduction in IL-8 over 2.7-fold (p=0.0204) (Kruskal-Wallis test) (Dunn’s multiple comparisons 

test) was demonstrated for the 873A isolate. (Figure 4.5).  
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Figure 4.4: IL-8 secretion levels in response to antibiotics treatment of human gastric 
epithelial cells infected with H. pylori. AGS cells were cultured with two H. pylori cagA+ 
strains (MOI 100), with and without antibiotic treatments (10 µg/ml). ELISA measured IL-8 
response to antibiotics after 24 hours in two replicates. The data shown are from three 
independent experiments. All controls were included for each experiment. The levels of IL-8 
secretion were significantly reduced when macrolides were added to AGS cells co-cultured 
with 873A MOI 100 strain compared to without antibiotic (p=0.015*) (p=0.0022**) (Kruskal-
Wallis test) (Dunn’s multiple comparisons test). The concentration of IL-8 response was also 
significantly higher in lab strain 60190 MOI 100 than Tx30a MOI 100 (p=0.0022**) (Mann-
Whitney test). Cla=clarithromycin, and Azi=azithromycin.  
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Figure 4.5: IL-8 secretion levels in response to antibiotics treatment of human gastric 
epithelial cells infected with H. pylori. AGS cells were cultured with two H. pylori cagA+ 
strains (MOI 20), with and without antibiotic treatments (10 µg/ml). ELISA measured IL-8 
response to antibiotics after 24 hours in two replicates. The data shown are from three 
independent experiments. All controls were included for each experiment. The levels of IL-8 
secretion were significantly reduced when macrolides were added to AGS cells co-cultured 
with 873A MOI 20 strain compared to without antibiotic (p=0.0204*) (p=0.0051**) (Kruskal-
Wallis test) (Dunn’s multiple comparisons test). The concentration of IL-8 response was also 
significantly higher in lab strain 60190 MOI 20 than Tx30a MOI 20 (p=0.0022**) (Mann-
Whitney test). Cla=clarithromycin, and Azi=azithromycin.   

 

AGS cells were subsequently cultured with two clinical isolates of clarithromycin-resistant H. 

pylori that were cagA-negative. Unexpectedly, administering 10 µg/ml of clarithromycin and 

azithromycin resulted in no significant changes in IL-8 production for cagA-negative isolates 

when compared to untreated co-infected AGS cells at MOIs of 100 and 20 (Figure 4.6 and 
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4.7). In contrast, adding 10 µg/ml of azithromycin significantly decreased IL-8 secretion 

levels in AGS cells co-cultured with the 802A MOI 100 strain, compared to when no 

antibiotic was used (p=0.0356) (Kruskal-Wallis test) (Dunn’s multiple comparisons test) 

(Figure 4.6).  
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Figure 4.6: IL-8 secretion levels in response to antibiotics treatment of human gastric 
epithelial cells infected with H. pylori. AGS cells were cultured with two H. pylori cagA- 
strains (MOI 100), with and without antibiotics treatments (10 µg/ml). ELISA measured IL-8 
response to antibiotics after 24 hours in two replicates. The data shown are from three 
independent experiments. All controls were included for each experiment. The levels of IL-8 
secretion were significantly reduced when azithromycin was added to AGS cells co-cultured 
with 802A MOI 100 strain compared to without antibiotic (p=0.0356*) (Kruskal-Wallis test) 
(Dunn’s multiple comparisons test). The concentration of IL-8 response was also significantly 
higher in lab strain 60190 MOI 100 than Tx30a MOI 100 (p=0.0022**) (Mann-Whitney test). 
Cla=clarithromycin, and Azi=azithromycin.   

 

 



180 
 

 

U
ntr

ea
te

d

60
19

0 
M

O
I 2

0 

Tx3
0a

 M
O

I 2
0

77
9A

 M
O

I 2
0 

al
one

77
9A

 M
O

I 2
0 

+ 
10

 µ
g/m

l C
la

77
9A

 M
O

I 2
0 

+ 1
0 

µg
/m

l A
zi

80
2A

 M
O

I 2
0 

al
one

80
2A

 M
O

I 2
0 

+ 
10

 µ
g/m

l C
la

80
2A

 M
O

I 2
0+

 1
0 

µg
/m

l A
zi

0

20

40

60

Treatment

IL
-8

 (
p

g
/m

l)
✱✱

 

Figure 4.7: IL-8 secretion levels in response to antibiotics treatment of human gastric 
epithelial cells infected with H. pylori. AGS cells were cultured with two H. pylori cagA- 
strains (MOI 20), with and without antibiotic treatments (10 µg/ml). ELISA measured IL-8 
response to antibiotics after 24 hours in two replicates. The data shown are from three 
independent experiments. All controls were included for each experiment. The concentration 
of IL-8 response was significantly higher in lab strain 60190 MOI 20 than Tx30a MOI 20 
(p=0.0022**) (Mann-Whitney test). Cla=clarithromycin, and Azi=azithromycin.   
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4.3.5 Determination of the inhibitory effect of macrolide on hβD2 production 

in vitro 

To examine whether antibiotics like clarithromycin and azithromycin can suppress the 

defensin levels upon H. pylori infection, AGS cells were co-cultured with clinical isolates of 

clarithromycin-resistant H. pylori, both cagA+ and cagA-. AGS cells were co-infected with 

two clinical isolates from each genotype and then treated with 10 µg/ml of either 

clarithromycin or azithromycin. The control groups consisted of uninfected AGS cells with 

and without antibiotic treatment, TNFα-stimulated AGS cells without H. pylori infection 

(both with and without antibiotic treatment), and uninfected AGS cells treated with the 

solvents used for antibiotic dilution (Figure 4.8).  It was revealed that hβD2 protein levels 

were significantly higher in the TNFα-only treatment compared to the untreated group, the 

uninfected group treated solely with 10 µg/ml of clarithromycin, the uninfected group 

treated with 10 µg/ml of azithromycin, the TNFα treatment combined with clarithromycin, 

the TNFα treatment combined with azithromycin, as well as the DMSO and ethanol 

treatments (p=0.0022, Mann-Whitney test). Specifically, treating with TNFα alone resulted 

in a notable rise in hβD2 levels. 
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Figure 4.8: hβD2 secretion levels in response to controls. AGS cells were cultured under 
these conditions and incorporated into each experiment. ELISA was used to measure the 
hβD2 response to TNFα after 24 hours, with all conditions tested in two replicate wells. The 
data shown are from three independent experiments. The concentrations of hβD2 were 
significantly higher in TNFα only treatment compared to all the treatments (p=0.0022) 
(Mann-Whitney test). Cla=clarithromycin, Azi=azithromycin, and DMSO=dimethyl sulfoxide. 

 

AGS cells were subsequently infected with the H. pylori laboratory strains 60190 and Tx30a, 

as well as all clinical isolates and laboratory strains, using MOIs of 100 and 20. This study 

found that AGS cells infected with the control strain 60190 at an MOI of 100 produced hβD2 

at levels 2.2 times greater than those infected with the Tx30a strain at the same MOI (Figure 

4.9). This result was statistically significant, with a p-value of 0.0022 (Mann-Whitney test). 

The results indicated that macrolides reduced hβD2 production in response to all H. pylori 

clinical isolates. Specifically, AGS cells infected with cagA-positive isolates 863A at an MOI of 
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100 and 873A at an MOI of 100, when treated with 10 µg/ml of clarithromycin, showed a 

1.6-fold and 2-fold reduction, respectively, compared to AGS cells co-cultured with the 

clinical isolates 863A MOI 100 and 873A MOI 100 (p=0.0222) (Kruskal-Wallis test) (Dunn’s 

multiple comparisons test) in the absence of clarithromycin (Figure 4.9). Further analysis 

confirmed that hβD2 production in AGS cells treated with clinical isolates 863A MOI 20 and 

873A MOI 20, each with 10 µg/ml of clarithromycin, was reduced by 2.7-fold and 3-fold, 

respectively, compared to AGS cells co-cultured with clinical isolates 863A MOI 20 

(p=0.0061) and 873A MOI 20 alone (p=0.0056) (Kruskal Wallis test) (Dunn’s multiple 

comparisons test) in the absence of clarithromycin (Figure 4.10). 

Likewise, treatment with 10 µg/ml of azithromycin resulted in a 2-fold and 2.9-fold 

reduction in hβD2 production in AGS cells infected with cagA-positive clinical isolates 863A 

MOI 100 (p=0.0074) and 873A MOI 100 (p=0.0047) (Kruskal-Wallis test) (Dunn’s multiple 

comparisons test), respectively, compared to the corresponding untreated controls (Figure 

4.9). H. pylori cagA-positive isolate 863A and 873A at an MOI of 20 when treated with 

azithromycin exhibited a decrease of 2-fold and 3-fold, compared to AGS cells co-cultured 

solely with the isolate (p=0.0174) (p=0.0188) (Kruskal-Wallis test) (Dunn’s multiple 

comparisons test) in the absence of azithromycin, respectively (Figure 4.10).  
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Figure 4.9: hβD2 secretion levels in response to antibiotics treatment of human gastric 
epithelial cells infected with H. pylori. AGS cells were cultured with two H. pylori cagA+ 
strains (MOI 100), with and without antibiotic treatments (10 µg/ml). ELISA measured 
hβD2 response to antibiotics after 24 hours in two replicates. All controls were included for 
each experiment. The data shown are from three independent experiments. The level of 
hβD2 secretion in AGS cells co-cultured with 863A MOI 100 alone is significantly higher than 
its counterparts when treated with azithromycin (p=0.0074**) (Kruskal-Wallis test) (Dunn’s 
multiple comparisons test), while the level of hβD2 secretion in AGS cells co-cultured with 
873A MOI 100 alone is significantly higher than the ones treated with clarithromycin 
(p=0.0222*) and azithromycin (p=0.0047**) (Kruskal-Wallis test) (Dunn’s multiple 
comparisons test). The concentration of hβD2 response was significantly higher in lab strain 
60190 MOI 100 than Tx30a MOI 100 (p=0.0022**) (Mann-Whitney test) Cla=clarithromycin, 
and Azi=azithromycin.  
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Figure 4.10: hβD2 secretion levels in response to antibiotics treatment of human gastric 
epithelial cells infected with H. pylori. AGS cells were cultured with two H. pylori cagA+ 
strains (MOI 20), with and without antibiotic treatments (10 µg/ml). ELISA measured hβD2 
response to antibiotics after 24 hours in two replicates. All controls were included for each 
experiment. The data shown are from three independent experiments. The level of hβD2 was 
significantly reduced when clarithromycin was added to AGS cells co-cultured with 863A and 
873A MOI 20 alone compared to without antibiotic (p=0.0061**) (p=0.0056**) (Kruskal 
Wallis test) (Dunn’s multiple comparisons test), respectively. The level of hβD2 secretion was 
also significantly reduced when azithromycin was added to the AGS cells co-cultured with 
863A MOI 20 and 873A MOI 20 alone than the ones without antibiotic (p=0.0174*) 
(p=0.0188*) (Kruskal-Wallis test) (Dunn’s multiple comparisons test), respectively. 
Cla=clarithromycin, and Azi=azithromycin.  
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AGS cells were then cultured with two cagA-negative, clarithromycin-resistant H. pylori 

clinical isolates. The results demonstrated that treatment with 10 µg/ml of clarithromycin 

reduced hβD2 production in response to both isolates. There was a 2.1-fold reduction for 

isolate 779A MOI of 100 (p=0.0035) (Kruskal-Wallis test) (Dunn’s multiple comparisons test) 

and a 1.9-fold reduction for isolate 802A (p=0.0011) (Kruskal-Wallis test) (Dunn’s multiple 

comparisons test) at an MOI of 100, in comparison to infected AGS cells in the absence of 

clarithromycin (Figure 4.11). Similarly, treating AGS cells infected with 779A at an MOI of 20 

with 10 µg/ml of clarithromycin led to a 1.6-fold reduction in hβD2 secretion. For cells 

infected with 802A at the same MOI, hβD2 secretion decreased modestly by 1.1-fold 

compared to untreated cells (Figure 4.12). 

When AGS cells infected with cagA-negative clinical isolates 779A at an MOI of 100 and 

802A at an MOI of 100 were treated with 10 µg/ml of azithromycin, hβD2 production 

exhibited a slight reduction by 1.3-fold and 1.2-fold, respectively, in comparison to the 

infected cells without azithromycin (Figure 4.11). As expected, the cagA-negative H. pylori 

isolates 779A and 802A at an MOI of 20 also showed a 3.38-fold (p=0.0073) and 2.6-fold 

(p=0.0010) (Kruskal-Wallis test) (Dunn’s multiple comparisons test) reduction compared to 

the infected cells without azithromycin (Figure 4.12). 
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Figure 4.11: hβD2 secretion levels in response to antibiotics treatment of human gastric 
epithelial cells infected with H. pylori. AGS cells were cultured with two H. pylori cagA- 
strains (MOI 100), with and without antibiotics treatments (10 µg/ml). ELISA measured 
hβD2 response to antibiotics after 24 hours in two replicates. All controls were included for 
each experiment. The data shown are from three independent experiments. The level of 
hβD2 was significantly reduced when clarithromycin was added to AGS cells co-cultured with 
779A and 802A MOI 20 compared to without antibiotic (p=0.0035**) (p=0.0011**) (Kruskal 
Wallis test) (Dunn’s multiple comparisons test), respectively. The concentration of hβD2 
response was significantly higher in lab strain 60190 MOI 100 than Tx30a MOI 100 
(p=0.0022**) (Mann-Whitney test) Cla=clarithromycin, and Azi=azithromycin.  
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Figure 4.12: hβD2 secretion levels in response to antibiotics treatment of human gastric 
epithelial cells infected with H. pylori. AGS cells were cultured with two H. pylori cagA- 
strains (MOI 20), with and without antibiotic treatments (10 µg/ml). ELISA measured hβD2 
response to antibiotics after 24 hours in two replicates. All controls were included for each 
experiment. The data shown are from three independent experiments. The level of hβD2 was 
significantly reduced when azithromycin was added to AGS cells co-cultured with 779A and 
802A MOI 20 compared to without antibiotic (p=0.0073**) (p=0.0010**) (Kruskal Wallis 
test) (Dunn’s multiple comparisons test), respectively.  Cla=clarithromycin, and 
Azi=azithromycin.  
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4.4 Discussion 

4.4.1 Addition of TNFα did not have an impact on H. pylori density   

In this study, stimulation of H. pylori-infected AGS cells with a high dose of TNFα did not 

change bacterial CFU counts compared to the unstimulated controls. This was surprising 

because a previous in vitro study showed that TNFα was correlated with H. pylori density 

(Lehmann et al., 2002). A prior ex vivo study also revealed that the expression of TNFα 

mRNA was significantly elevated in the gastric mucosa of paediatric patients infected with H. 

pylori compared to those who were uninfected, and this increase in TNFα corresponded 

with bacterial density (Michalkiewicz et al., 2015). Meanwhile, a previous study investigated 

the colonisation capability of the H. pylori strain in the stomachs of both wild-type mice and 

those with a TNFα gene knockout. The density of H. pylori colonising the stomachs of 

TNFα−/− mice was greater than wild-type mice. These results indicate that TNFα might 

protect against H. pylori infection (Yamamoto et al., 2004).  

TNFα strongly activates NF-κB, which initiates the transcription of genes that support 

inflammation and antibacterial defence. NF-κB stimulates the production of cytokines, 

chemokines, and antibacterial immune cells like macrophages and neutrophils, along with 

effectors such as defensins and reactive oxygen and nitrogen species, assisting in the 

elimination of bacteria. Although this inflammatory response effectively limits bacterial 

survival, it can also damage tissue and heighten the risk of H. pylori-related diseases, 

including PUD and gastric cancer (Saha et al., 2022; Wang et al., 2017). 

A past study demonstrated that T cell lines obtained from antral biopsies of ten patients 

infected with H. pylori released TNFα in concentrations ranging from 30 to 4000 pg/ml 
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(Lehmann et al., 2002). In the current study, the use of 50 ng/ml concentration of TNFα in 

AGS cells co-cultured with H. pylori may not be physiological to human conditions because 

under normal and healthy conditions, the circulating TNFα levels in human plasma are 

typically much lower, often in the range of generally between 1-10 pg/ml for a baseline level 

(Quarta et al., 2022). During inflammation or infection, particularly in chronic infections or 

diseases like H. pylori-induced gastric ulcers or gastritis, TNFα levels can increase 

significantly, but even during inflammation, concentration usually does not reach as high as 

50 ng/ml. Elevated TNFα levels in inflammatory conditions such as gastritis are typically in 

the range of tens to hundreds of pg/ml (Yang et al., 2024).  

Initially, the higher concentration of TNFα was used in this experimental setting to induce a 

strong inflammatory response or to mimic a pathological condition where TNFα is highly 

upregulated, such as severe inflammation like in gastritis, PUD or gastric cancer induced by 

H. pylori. This was based on a previous study where the AGS cells were stimulated for 4 

hours with TNFα of 20 ng/ml and the expression of hβD2 mRNA was markedly increased 

following the TNFα stimulation and upon H. pylori infection (O'Neil et al., 2000). However, in 

chronic infections like H. pylori gastritis, the immune response, including TNFα release does 

not always eradicate bacteria and reduce its density, but may instead lead to persistent 

infection and gastric inflammation. Therefore, if the goal is to replicate more typical human 

responses to H. pylori, lower concentrations of TNFα might be appropriate, and hence, using 

a range of TNFα concentrations to assess a dose-dependent response in future research 

would be beneficial. 

An experimental factor that might have inhibited the response to TNFα stimulation is 

possibly the use of serum-rich media. In this study, cells were maintained and cultured in an 
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F-12 ham medium supplemented with Foetal Bovine Serum (FBS). Both serum and medium 

have been demonstrated to promote increased growth rates of H. pylori (Douraghi et al., 

2010; Sainsus et al., 2008), thus, as a result, the culture conditions could have accelerated H. 

pylori growth, potentially masking the epithelial cell response to cytokine stimulation. FBS is 

widely used as a growth supplement in the in vitro cultivation of animal and human cells 

primarily because it is rich in both micro- and macronutrients, as well as growth factors 

required for cell attachment, proliferation, and maintenance (Subbiahanadar Chelladurai et 

al., 2021). Furthermore, the selection of incubation time might also be important. In this 

study, the incubation period was set to 24 hours, while Lehmann et al. (2002) removed the 

supernatant after 18 hours. This difference in the incubation period could affect cytokine 

stimulation of gastric epithelial cells and consequently impact bacterial density at earlier 

times.   

H. pylori is known to trigger inflammation in the gastric mucosa, prompting host cells such 

as gastric epithelial cells (including AGS cells) to release a range of pro-inflammatory 

cytokines, including TNFα, as a component of the immune response to the infection. 

During H. pylori infection, TNFα might play an essential role in promoting bacteria 

colonization and inflammation by efficiently inhibiting gastric epithelial cell renewal and 

promoting gastric epithelial cell apoptosis (Lv et al., 2018). Although AGS cells and other 

gastric epithelial cells can generate TNFα at very low concentrations when exposed to H. 

pylori, the primary producers of TNFα in gastric tissue during infection are the immune and 

inflammatory cells that infiltrate the area, especially macrophages and T lymphocytes. 

These cells are drawn to the infection site and play a vital role in the cytokine-driven 
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immune response that contributes to the inflammation and tissue damage seen in H. pylori-

associated gastritis and related conditions (Chen et al., 2018a).  

The signalling pathways triggered by TNFα and by H. pylori differ significantly in several 

aspects, including the types of receptors they engage, the downstream signalling cascades 

they utilize, and the resulting biological effects. Although there is some overlap in pathways, 

like the activation of NF-κB and MAPK pathways, the underlying mechanisms that drive 

these responses vary (Chen et al., 2022; Tavares & Pathak, 2018). TNFα mainly facilitates 

systemic immune responses, such as inflammation and apoptosis. In contrast, H. pylori 

infection, particularly with cagPAI+, triggers more intricate signalling pathways involving 

direct bacterial effector proteins like CagA, which enhance inflammation, promote cell 

survival, and may contribute to tumour development in the gastric epithelium (Al-Mathkour 

et al., 2023; Zhang et al., 2024b).  

TNFα primarily communicates through two receptors: tumour necrosis factor receptor 1 

(TNFR1) and tumour necrosis factor receptor 2 (TNFR2). TNFR1 is the main receptor 

responsible for initiating pro-inflammatory and apoptotic responses and is found on most 

cell types. In contrast, TNFR2 plays a bigger role in regulating immune cells, especially T 

cells, and is associated with anti-apoptotic or immune-modulatory effects (Alshevskaya et 

al., 2022). When TNFR1 is activated, it recruits the TNF receptor-associated death domain 

(TRADD), triggering the IκB kinase complex (IKK complex). This process causes the 

breakdown of the inhibitory protein IκB, leading to the activation of NF-κB transcription 

factors, such as p65/p50 dimers. Once activated, NF-κB moves into the nucleus and 

promotes the transcription of pro-inflammatory genes, including cytokines like IL-6, IL-1β, 

TNF-α, and chemokines like IL-8 (Barnabei et al., 2021). Additionally, TNFα can activate the 
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MAPK pathway, which includes JNK, p38, and ERK, influencing cell survival, differentiation, 

or apoptosis depending on the situation. TNFR1 activation may also trigger apoptosis via the 

caspase cascade, involving caspase-8 and caspase-3, resulting in programmed cell death 

under certain conditions (Yang et al., 2020).  

In Yang et al. (2024)’s experimental study, they detected elevated TNFα levels in gastritis 

compared to normal patients, with significantly higher levels observed in H. pylori-

associated gastritis than in H. pylori-independent gastritis. This finding is consistent with the 

recognized role of TNFα as a key mediator of systemic inflammation and acute phase 

reactions in the context of gastritis (Fond et al., 2014; Güzel et al., 2016). It was also proven 

that TNFα rises in response to macrophages being stimulated by H. pylori 

lipopolysaccharide, hence plays a vital role in the inflammatory reactions to H. pylori 

(Moradipour et al., 2018).  The importance of TNFα in gastritis is highlighted by its role in 

recruiting and activating monocytes, macrophages, and neutrophils, as well as its 

significantly elevated levels in patients with H. pylori infection compared to healthy 

individuals (Yang et al., 2024).  

A previous study uncovered a particularly interesting finding. Patients with H. pylori-infected 

nodular gastropathy (NG) exhibited a higher bacterial load in the gastric corpus and 

significantly lower levels of TNFα compared to non-NG-infected patients (Mansilla-Vivar et 

al., 2020). NG is an inflammatory condition of the gastric mucosa, characterized by the 

endoscopic appearance of multiple millimetres-sized protrusions (Mansilla-Vivar et al., 

2020). The observation of increased bacterial load without a corresponding rise in mucosal 

inflammatory cytokine responses in H. pylori-infected individuals with NG suggests a general 

suppression of immune responses or an active immune evasion strategy employed by H. 
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pylori. These findings imply that the increased bacterial load in NG might lead to reduced 

immune detection, facilitated by H. pylori's immune evasion mechanisms in NG patients 

(Mansilla-Vivar et al., 2020).  

4.4.2 IL-8 production was significantly increased during H. pylori infection of 

AGS cells with TNFα stimulation in vitro 

In this study, there was strong evidence that the production of IL-8 in AGS cells was 

significantly increased upon H. pylori infection, and this was consistent with previous in vitro 

studies (Beswick et al., 2005; Domínguez-Martínez et al., 2023; Eftang et al., 2012; Fazeli et 

al., 2016; Nemidkanam et al., 2024). Current findings also showed that AGS cells, both 

uninfected and infected with H. pylori responded to cytokine treatment, and the levels of IL-

8 production were significantly elevated in the presence of TNFα, which was in line with the 

previous study (Fan et al., 1995). A past study also demonstrated that H. pylori and TNFα 

produced a dose-dependent increase in IL-8 production (Beales & Calam, 1997). Meanwhile, 

Zachrisson et al. (2001) showed that TNFα also triggered the release of IL-8 from human 

duodenal mucosa biopsies. 

Tumour necrosis factor receptor-associated factor 6 (TRAF6) and TNFα are two important 

components in the immune system, particularly involved in inflammation, cell survival, and 

immune responses. TRAF6 is an adaptor protein that plays a crucial role in the signal 

transduction pathways that mediate immune and inflammatory responses. It is part of a 

family of TRAF proteins that interact with receptors of the TNF receptor superfamily and 

other receptors involved in innate immunity, such as the IL-1 receptor (Dhillon et al., 2019). 

TRAF6 is activated upon binding to its receptors, leading to its oligomerization and the 
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activation of downstream signalling pathways, primarily through the activation of kinases 

like transforming growth factor beta-activated kinase 1 (TAK1) and the subsequent 

activation of NF-κB, MAPKs, and other transcription factors. This process leads to the 

production of pro-inflammatory cytokines, such as TNFα, IL-8, and IL-1β  (Wang et al., 2023).  

The interaction of CagA with host signalling pathways creates a complex interplay with TNFα 

signalling, particularly through the NF-κB pathway and other pro-inflammatory cascades. 

When TNFα binds to its receptor (TNFR1 and TNFR2), it recruits TRAF6 to the receptor 

complex. This leads to the activation of downstream signalling cascades, including the NF-kB 

and MAPK pathways (Shi & Sun, 2018). Meanwhile, H. pylori induce the activation of NF-κB 

via CagA-dependent and independent mechanisms. After injection into cells, CagA can 

interact with the TRAF6 and TAK1, and initiates aberrant poly-ubiquitination of TAK1, 

activating IKK and NF-kB inflammatory response (Hatakeyama, 2017).  

Both H. pylori CagA and TNFα signalling induced NF-κB activation, hence the result is a 

synergistic increase in the transcription of inflammatory genes. This amplifies the 

production of pro-inflammatory cytokines such as TNFα, IL-6, and chemokines (e.g., IL-8), 

enhancing immune cell recruitment (Chen et al., 2023a; Chen et al., 2022; Teng et al., 2020). 

Both signalling also stimulate the production of reactive oxygen and nitrogen species 

(ROS/RNS). TNFα enhances ROS production via NADPH oxidase activation, while CagA 

disrupts mitochondrial function, increasing oxidative stress. Elevated ROS levels contribute 

to tissue damage and mutation, linking to H. pylori-associated carcinogenesis (Al-Roub et al., 

2023; Bhosale et al., 2022; Woo et al., 2023). 

The convergence of CagA+ H. pylori and TNFα signalling creates a pro-inflammatory 

microenvironment, driving gastritis and enhancing mucosal damage. Sustained activation of 
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NF-κB and MAPK pathways promotes cell proliferation, inhibits apoptosis, and increases 

DNA damage through oxidative stress, elevating the risk of gastric cancer. Therefore, 

targeting intersections between H. pylori CagA and TNFα signalling (e.g., NF-κB inhibitors, 

ROS scavengers, or TNFα blockers) could mitigate inflammation and reduce cancer risk while 

preserving host defence (Chaithongyot et al., 2021; Sah et al., 2023).  

4.4.3 hβD2 production was significantly increased during H. pylori infection 

of AGS cells with TNFα stimulation in vitro 

In this study, it was observed that the level of hβD2 protein expression in gastric epithelial 

cells infected with H. pylori was upregulated compared to uninfected cells, thereby 

confirming the findings of the previous chapter. Like IL-8 production, the stimulation of 

TNFα seemed to have great effects on defensin expression where a significant elevation in 

hβD2 protein level was observed in AGS cells, both uninfected and those infected with H. 

pylori, in the presence of TNFα. This is consistent with previous reports where secretion 

of hβD2 was induced by H. pylori infection (Uehara et al., 2003) and by TNFα treatment in 

many epithelial cells such as human airway epithelial cells (Harder et al., 2000; Kao et al., 

2004), gingival epithelial cells (Joly et al., 2005), and human corneal epithelial cells 

(McDermott et al., 2003). Meanwhile, Kubler et al. (2009) found the levels of DEFB4 mRNA 

were positively correlated with inflammatory cytokine TNFα in individuals with active 

Crohn's disease whilst Wehkamp et al. (2003) demonstrated no association of DEFB4 

expression with that of TNFα in Crohn’s disease patients. Hence, these findings indicate that 

the regulation of hβD2 likely depends on the pro-inflammatory actions of TNFα activation, 

potentially suggesting the common signalling pathway for defensin and cytokine regulation.  
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Defensin expression is proposed to be regulated by various cytokines, for example, Joly et 

al. (2005) showed that significant synergistic effects were observed in hβD2 expression 

when primary inducers such as IL-1β and TNFα were combined, leading to the involvement 

of multiple signalling pathways in their expression and regulation. Extensive literature 

details the complex regulation of defensins, driven by transcription factors initialized by pro-

inflammatory cytokines or signalling pathways associated with the activation of PRRs such 

as through TLRs (Birchler et al., 2001; Hertz et al., 2003) and MAPK 

pathways (Krisanaprakornkit et al., 2002; McDermott et al., 2003; Shi et al., 2014).  

Furthermore, the promoter regions of defensin genes include the binding sites for key 

cellular transcription factors such as AP-1 and NF-κB, which are known to also be activated 

following infection of gastric epithelial cells with cagPAI+ H. pylori (Jang et al., 2004; Shi et 

al., 2014). Therefore, in living organisms, the β-defensin response to H. pylori inflammation 

or infection is presumably initiated by a complex interplay and cooperation among these 

pathways. However, the details of the mechanisms controlling the inducible expression of 

defensin particularly concerning the host-derived factors involved remain unclear, and 

further research is needed (Wozniak et al., 2024).  

4.4.4 Macrolides downregulated IL-8 production by infected AGS cells in vitro  

In this study, generally, both macrolides were observed to suppress the production of IL-8 in 

AGS cells co-cultured with clarithromycin-resistant H. pylori cagA+ and cagA- strains, and 

suppression was more pronounced with the cagA+ strains. Previous in vitro studies 

supported this finding showing that clarithromycin effectively reduce IL-8 expression in H. 

pylori-infected cells (Nemidkanam et al., 2024). Park et al. (2005) also demonstrated that IL-

8 production induced by H. pylori was higher than the control, and these values decreased 
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when macrolide was added to the culture, although they were not statistically significant. 

Regarding other epithelial cell lines, macrolides such as azithromycin have also 

demonstrated an ability to downregulate the mRNA expression of TNFα and IL-8 in airway 

epithelial cells of cystic fibrosis patients (Cigana et al., 2007; Cigana et al., 2006). 

In the current study, it is also important to note that the inhibitory effect of clarithromycin 

and azithromycin on IL-8 production varies, and studies showed that the 

immunomodulatory effects appear to differ among various macrolides (Zimmermann et al., 

2018). Previous studies showed that azithromycin was less commonly linked to alterations 

in measured immunological markers (such as cytokines and chemokines) compared to the 

other macrolides (Criqui et al., 2000; Čulić et al., 2002). However, past in vitro studies 

indicated that clarithromycin exhibits less immunomodulatory activity compared to other 

macrolides, for instance, clarithromycin demonstrated a significantly weaker effect in 

decreasing IL-6 production by human macrophages compared to erythromycin (Sato et al., 

2007). While both clarithromycin and azithromycin can inhibit IL-8 production, the degree 

and consistency of this effect can vary based on factors like drug concentration, cell type, 

and the inflammatory context. Azithromycin is often seen as having stronger anti-

inflammatory effects in some cases, but clarithromycin might have different effects 

depending on the setting (Matsuo et al., 2019; Zhang et al., 2023). Hence, the reporting 

discrepancies between the degree of inflammatory responses observed in this study and 

other previous studies might suggest a varying immunomodulatory impact of different 

macrolides on cytokine levels.   

Apart from inhibiting pathogen virulence factor production and protein synthesis by binding 

to the 50S ribosomal unit, macrolides have been proposed to have several other 
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mechanisms, including effects on the host immune response (Zimmermann et al., 2018). 

However, the mechanisms responsible for the non-antimicrobial effects of macrolides are 

not as clearly understood. It is postulated that the mechanisms by which macrolides exert 

their anti-inflammatory effects are multifaceted (Alzolibani & Zedan, 2012). One of the most 

commonly and consistently observed immunomodulatory effects of macrolides is the 

reduction of neutrophilic inflammation. This reduction in neutrophils and suppression of 

their function results in lower levels of neutrophil elastase and IL-8, which leads to 

decreased tissue damage (Cheung et al., 2010).  

Furthermore, the presence of cagA may influence the differences in the suppressive effects 

of macrolides on H. pylori strains. CagA+ H. pylori strains induce more severe inflammation, 

which might influence how macrolides interact with the host immune system. In this study, 

it was observed that the immune modulation by macrolides had a greater impact on 

patients infected with cagA+ compared to cagA- H. pylori strains. This aligns with a 

previously mentioned hypothesis, which proposes that more virulent strains provoke a 

stronger inflammatory response, increasing blood flow to the infection site. This, in turn, 

enhances antibiotic delivery and the likelihood of successful eradication (Khan et al., 2012). 

Another possible explanation is that a more virulent strain of H. pylori might replicate more 

rapidly, making it more susceptible to antibiotics that work by inhibiting bacterial replication 

(Sugimoto & Yamaoka, 2009). 

It has been recognized that H. pylori infection results in the activation of NF-κB, which 

subsequently leads to IL-8 expression. However, there has been ongoing debate about 

whether the activation of the NF-κB pathway due to H. pylori infection is solely dependent 

on CagA (Martinelli et al., 2023). Sokolova and Naumann (2017) demonstrated that H. pylori 
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strains possessing cagPAI genes induced NF-κB and IL-8 expression more effectively than 

cagPAI-negative strains.  

Meanwhile, an in vitro study by Peng et al. (2014) revealed that clarithromycin effectively 

reduced IL-8 expression and suppressed the H. pylori-induced activation of NF-κB, regardless 

of CagA expression. Conversely, Nemidkanam et al. (2024) demonstrated that 

clarithromycin significantly reduced IL-8 expression, although it did not notably inhibit NF-κB 

expression. Furthermore, previous in vitro studies proved that macrolides lower cytokine 

levels by inhibiting NF-κB and AP-1 in human bronchial epithelial cells (Desaki et al., 2000; 

Miyanohara et al., 2000).  

Therefore, future studies should include studying the effects of macrolides on key signalling 

pathways like NF-kB, MAPK and AP-1, and assessing the potential mechanism behind the 

suppressive effects of macrolides. For instance, treated cell lines with macrolides at varying 

concentrations and time intervals can be used, alongside positive controls such as TNFα to 

activate the NF-kB pathway. Western blotting could then be utilized to assess the relative 

intensities of phosphorylated key proteins in these pathways within the nucleus following 

macrolide treatment, compared to untreated controls. Alternatively, the CRISPR-Cas9 or 

siRNA-mediated techniques can be employed to knock down crucial genes in the signalling 

pathways (like MAPK1 for the ERK signalling pathway). After a successful knockout, the cell 

lines would be treated with the macrolides, and the suppressive effects of macrolides could 

be evaluated by measuring pathway activation in wild type versus knockout cells through 

Western blotting (Xu et al., 2024; Zhong et al., 2024). 
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4.4.5 Macrolides downregulated hβD2 production by infected AGS cells in 

vitro 

The current study found that macrolides decreased hβD2 production in response to all H. 

pylori clinical isolates tested. However, there have been few published studies investigating 

the inhibitory effects of macrolides, particularly on hβD2 expression, in gastric epithelial 

cells infected with H. pylori isolates. Macrolides have been used or studied primarily for the 

treatment of chronic inflammatory lung diseases, such as diffuse pan bronchiolitis, cystic 

fibrosis, chronic obstructive pulmonary disease, and asthma (López-Boado & Rubin, 2008). A 

previous study has shown that macrolide treatment significantly reduced the levels of hβD2 

in the bronchoalveolar lavage (BAL) fluid of patients suffering from diffuse pan bronchiolitis 

(Hiratsuka et al., 2003). On the other hand, erythromycin was found to significantly elevate 

the production of hβD2 mRNA and protein levels in human airway epithelial cells (Ishizawa 

et al., 2005). This study showed that although macrolides impact the epithelial barrier and 

ciliary function positively, this effect might be secondary to reducing airway inflammation.  

Meanwhile, another previous study revealed that exposure to human neutrophil peptide-1 

(HNP-1) or LPS from Pseudomonas aeruginosa elevates the levels of mucin MUC5AC mRNA 

and protein in bronchial epithelial cells (Ishimoto et al., 2008). Furthermore, co-stimulation 

with both HNP-1 and LPS results in an additive increase in mucin production and adding 

macrolides such as azithromycin and clarithromycin inhibited the overproduction of mucin 

MUC5AC. These findings indicate that defensins play a role in excessive mucus production in 

patients with respiratory tract infections, and macrolides directly mitigate these effects by 

disrupting intracellular signal transduction (Ishimoto et al., 2008).  
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In this study, the MIC values for clarithromycin-resistant H. pylori isolates cultured in the 

AGS cell lines were 12 to 256 µg/ml. Even though a clarithromycin concentration of 10 

µg/ml was added to the co-cultured AGS cells, this low dose effectively reduced the 

production of IL-8 and defensin. This finding proves that although a low dose of 

clarithromycin will not be effective as an antibacterial agent, it may still serve as an anti-

inflammatory or immunomodulatory agent (Pollock & Chalmers, 2021). In pulmonary 

practice, the extended use of macrolide therapy at lower dosages has gained popularity for 

treating patients with chronic inflammatory conditions, such as non-cystic fibrosis, 

bronchiectasis, and sinusitis due to its anti-inflammatory properties in addition to its 

antimicrobial effects (Altenburg et al., 2010). 

Overall, macrolide antibiotics have been reported to exhibit numerous immunomodulatory 

effects. These include reducing prolonged inflammation (Parnham et al., 2023), lowering 

airway mucus secretion (Haghi et al., 2015), inhibiting bacterial biofilm formation 

(Moshynets et al., 2022), decreasing the production of cytokines (Fan et al., 2017), 

preventing neutrophil activation and mobilization (Vanaudenaerde et al., 2007), promoting 

neutrophil apoptosis (Fischer et al., 2013), and blocking the activation of nuclear 

transcription factors (Aghai et al., 2007).  

A previous study showed that macrolides like azithromycin could also potentially reduce 

viral load when combined with hydroxychloroquine in patients with mild COVID-19 

(Rosenberg et al., 2020). Moreover, azithromycin, erythromycin, and clarithromycin were 

discovered to inhibit the production of pro-inflammatory cytokines such as IL-1β, IL-6, IL-8, 

and TNF-α, in influenza and rhinovirus-modelled infections (Batiha et al., 2021). The anti-

inflammatory mechanism of macrolides involves inhibiting the activation of NF-κB in cell 
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nuclei and transcription reduction, which makes it a promising candidate drug for COVID-19 

treatment, as much of the disease's pathology is driven by inflammation (Rashad et al., 

2021). 

4.5 Limitations and Future work 

One major limitation of our study, as with most studies employing co-culture of H. pylori 

with gastric epithelial cell lines, is that the cells were derived from gastric tumours. Hence, 

the gene expression from these cell lines may not resemble that typically occurring in the 

normal gastric mucosa in vivo. Despite this, gastric cancer cells in culture are valuable for 

providing an initial wide gene expression profile associated with H. pylori infection, and 

specific genes involved in several pathways can then be examined in more detail in vivo (Lim 

et al., 2003). Therefore, the development of human gastric organoids has garnered 

significant attention for its potential to address these limitations.  

Organoids are cell aggregates cultured in three-dimensions that grow with similar 

characteristics as their tissue-of-origin. This novel model of self-renewing gastric epithelium 

derived from adult stem cells from primary tissues, embryonic stem cells, or induced 

pluripotent stem cells can differentiate into various stomach lineages and more accurately 

represents the gastric epithelium than commonly used cell lines. Due to their self-renewal 

and proliferative capacity, organoids can be sustained in culture for extended periods and, 

in many instances, can be expanded indefinitely (Seidlitz et al., 2021). Unlike gastric cancer 

cell lines, the organoids model also permits the parallel cultivation of normal and cancerous 

gastric cells from the same patients. Such capabilities will facilitate the development of 
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patient-derived disease models, drug screening, gastric stem cell research, and studies of 

host-pathogen interactions (Bartfeld et al., 2015).  

Numerous reviews have focused on gastric organoids, especially in the context of studying 

gastric cancer and H. pylori pathogenesis, as well as the creation of human gastric organoids 

(Eicher et al., 2018; Idowu et al., 2022; Traulsen et al., 2021). Past literature has highlighted 

progress in techniques and new findings in the field of cancer initiation (Aguilar et al., 2021; 

Traulsen et al., 2021).  

Gastric organoid cultures seem to more closely resemble the in vivo situation compared to 

gastric epithelial cell lines when examining the interaction of H. pylori with the apical-

junctional complex. Uotani et al. (2019) observed that the epithelial morphology and IL-8 

expression were akin to those found in in vivo model studies. This study also discovered 

that, unlike previous findings with gastric cancer cell lines (Backert & Naumann, 2010; 

Brandt et al., 2005), IL-8 expression was unaffected by H. pylori virulence factors like CagA. 

The wildtype H. pylori strain TN2GF4 led to higher IL-8 expression in AGS and MKN28 cells 

compared to a cagPAI deletion mutant; however, no difference in IL-8 expression was noted 

in gastroid monolayers infected with both strains. Additionally, clinical isolates missing 

virulence factors such as the cagPAI, OipA, VacA, and BabA increased IL-8 expression in 

gastroid monolayers but did not alter IL-8 levels in MKN28 cells. These findings suggest that 

H. pylori might have varying impacts on cancer patients compared to non-cancer patients.  

However, a limitation is that the gastric organoids used were derived from only one healthy 

individual and were developed solely from the antrum, rather than the corpus, which is 

predominantly impacted by gastric cancer (Miehlke et al., 1998). Therefore, additional 

research is needed using organoids from both regions of the stomach in both cancer and 
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non-cancer patients, along with studies on the roles of different cell types present in the 

antrum and corpus. 

Organoid cultures have demonstrated the capability to replicate the increased expression of 

inflammatory cytokines in response to H. pylori infection, as observed in both mucosoid 

cultures and 3D spheroid models (Boccellato et al., 2019). Sebrell et al. (2019) also found 

that CXCL2, and CXCL8 were upregulated in human 3D spheroids after 3 hours of infection, 

with CXL8 secretion being higher in spheroids infected with CagA+ strains compared to those 

with CagA-deficient strains, consistent with findings in human gastric epithelial cell lines 

(Tran et al., 2017). Therefore, future research should replace H. pylori-infected cell line 

tissue cultures with the new gastric organoid models. 

Future studies also need to include TNFα-stimulated AGS cells with the solvents used to 

dilute antibiotics (ethanol and DMSO) as one of the control groups. These are important to 

rule out solvent effects on AGS cells viability, as they would show if the reduction in IL-8 and 

defensin was probably due to the solvents killing the AGS cells co-cultured with clinical 

isolates of H. pylori. It has been reported that DMSO can be employed without toxic effects 

at concentrations less than 0.6% for HepG2, MDA-MB-231, MCF-7, and VNBRCA1 human 

cancer cell lines. Ethanol had no toxic effects on these cell lines at concentrations below 

1.25% (Nguyen et al., 2020). In the present study, ethanol and DMSO were used at 

approximately 0.00254%, indicating that the solvent concentrations for the experiment on 

the inhibitory effect of macrolides on IL-8 and defensin production were very low and not 

likely to be significantly cytotoxic to the cells. 

The current design of these co-culture experiments makes it impractical to incorporate a 

significantly larger number of bacterial strains and mutants, multiple parallel controls, or to 
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perform complex pre-treatments. Ideally, it would be interesting to characterise the 

signalling pathways that underlie different host cytokine responses to various stimulation 

upon infection with H. pylori in gastric epithelial cells. For example, profiling the TLR and 

transcription factor responses to various bacterial mutants and conditions aims to 

understand better the mechanism by which H. pylori induce immune tolerance via the TLR 

signalling pathway, which is still not fully elucidated.  

A recent study by Zhang et al. (2024a) observed that TLR6 levels and inflammatory cytokines 

in human gastric epithelial cell lines initially increased and then decreased during H. pylori 

treatment both in vitro and in vivo. They also found that enhancing the TLR6 expression 

boosted the levels of IL-1β and IL-8 in gastric epithelial cells, which in turn recruited 

neutrophils and diminished H. pylori colonization in the gastric mucosa of gerbils. This study 

also discovered that chronic infection with H. pylori diminishes the sensitivity of TLR6 to 

bacterial components and modulates the expression of inflammatory cytokines in gastric 

epithelial cells via TLR6/JNK signalling. These promising findings indicate that TLR6 could be 

a potential candidate for immunotherapy in H. pylori infections, as TLR6 agonists 

significantly reduced the inflammation caused by H. pylori infection both in vitro and in vivo 

(Zhang et al., 2024a).  
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4.6 Chapter summary 

• No effect on H. pylori density was found when TNFα was added to co-cultures with 

AGS cells.   

• IL-8 production was significantly increased during H. pylori infection of AGS cells with 

TNFα stimulation in vitro.  

• Defensin hβD2 expression was significantly upregulated during H. pylori infection of 

AGS cells with TNFα stimulation in vitro.  

• Macrolides were found to downregulate the IL-8 production induced by H. pylori 

infection of AGS cells in vitro, and the observed effects were greater for cagA+ 

strains than cagA- strains. 

• Macrolides were also found to reduce the secretion of defensin hβD2 in response to 

H. pylori infection of AGS in vitro.   
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•  
•  

Figure 4.13 Schematic representation of H. pylori–host interactions under TNFα 
stimulation and the modulatory effects of macrolides on inflammatory and defensin 
responses 
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5.1 Introduction 

Bacteria employ two primary genetic strategies to adapt to antibiotic exposure. The first 

involves acquiring resistance genes through horizontal transfer of foreign DNA, while the 

second involves mutations in genes related to the drugs' mechanisms of action (Munita & 

Arias, 2016; Tuan et al., 2019). H. pylori's antimicrobial resistance is primarily due to point 

mutations. Other mechanisms include reduced permeability from increased outer 

membrane protein expression or porin loss, efflux pump transporter overexpression, and 

biofilm formation  (Liu et al., 2022; Marques et al., 2020).  

The genomic diversity of H. pylori plays a vital role in linking genetic components to 

antibiotic resistance. A well-documented intrinsic resistance mechanism in H. pylori 

indicates that resistance mainly arises from mutations in antimicrobial target genes. In 

particular, the single-nucleotide mutations in the target genes for clarithromycin (23S rRNA), 

metronidazole (rdxA and frxA), and levofloxacin (gyrA) allow H. pylori to evade these 

antibiotics by inhibiting bacterial protein synthesis, hindering the intracellular reduction-

activation of metronidazole, and blocking DNA replication and transcription in bacteria, 

respectively (Alba et al., 2017; Gong & Yuan, 2018). 

Traditional methods for testing antibiotic susceptibility such as disk diffusion and E-test 

techniques face several challenges and limitations. Culturing H. pylori is time-consuming 

since it grows slowly and requires a special tri-gas incubator. This entire process is laborious 

as it can take several weeks, with a culture success rate from gastric biopsies of only about 

50%–70%. Additionally, most domestic hospital laboratories do not offer these tests, and 

routine susceptibility testing for H. pylori is generally not performed in clinical settings, 
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which often leads to empirical treatment. This approach can result in treatment failure and 

an increasing resistance rate (Chey et al., 2017; Hu et al., 2023).  

In the last ten years, several molecular methods, such as PCR, Sanger sequencing, and whole 

genome sequencing (WGS), have been utilized to detect both known and novel markers for 

quickly predicting phenotypic antimicrobial resistance. Some tests are commercially 

available and less expensive, e.g. the clarithromycin and levofloxacin stool PCR test (Fan et 

al., 2024; Mommersteeg et al., 2023). A high throughput multiplex genetic detection assay 

(HMGA) for detection, semi-quantification, and virulence genotyping of H. pylori from non-

invasive oral samples has been also validated as a reliable diagnostic tool for detection, 

semi-quantification, and virulence genotyping of H. pylori (Chi et al., 2023). Other tests can 

be used directly with biopsy tissues without the need to isolate H. pylori (Pittie et al., 2024; 

Tran et al., 2024), but similar resistance genes and mutations may be present on other 

organisms in the gastric microbiota. Due to the marked genetic diversity of H. pylori and the 

significant variation in resistance genotypes across different geographical areas, identifying 

new resistance patterns and interpreting the results is quite challenging.  

Since the early 21st century, the development of next-generation sequencing (NGS) 

technologies has provided a comprehensive, cost-effective, and rapid tool (with a 

turnaround time of 24 to 72 hours) for disease surveillance, predicting drug resistance, and 

conducting evolutionary analysis of infectious diseases. PacBio real-time sequencing (Pacific 

Bioscience Inc., CA, USA) and Oxford Nanopore sequencing (Oxford Nanopore Technologies 

Ltd., UK) are third generation "direct" sequencing techniques that do not require an 

amplification step. At present, Illumina short reads and PacBio sequencing are the most 

used methods for sequencing bacterial genomes (Saracino et al., 2021). 
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The NGS of the whole genome approaches have proven valuable in offering a thorough 

understanding of bacterial genotypes and are effective for detecting new genetic factors 

that contribute to the pathogen's antimicrobial resistance (Badr et al., 2021). Different NGS 

approaches were used, either for WGS (Watanabe et al., 2021), addressing, for instance, the 

correlation between genotypic markers and phenotype (Lang et al., 2021; Schubert et al., 

2024), or antibiotic-resistance biomarker genes (Starkova et al., 2024). A comparison 

between NGS-based stool susceptibility testing and gastric biopsy culture demonstrated 

that the NGS approach showed high concordance in detecting resistance to clarithromycin, 

levofloxacin, and amoxicillin (Bonilla et al., 2023).  

One recent study examined the antimicrobial susceptibility and short-read genome 

sequences of H. pylori isolates from patients with varying severities of gastritis. The 

comparative genome analysis identified genes linked to efflux pumps, restriction-

modification systems, phages, insertion sequences, and virulence factors like the cytotoxin 

genes cagA and vacA. The study also found that the H. pylori isolates from different gastritis 

severities displayed variations in antimicrobial susceptibility and genome content. This 

information is valuable for developing targeted eradication treatment regimens for different 

gastritis types. Furthermore, they found that H. pylori isolates were phylogenetically distant 

from each other but were closely related to other lineages circulating in the country. 

Therefore, understanding the genetic and phenotypic diversity of H. pylori across regions is 

also crucial for shaping health policies that can effectively manage and prevent diseases 

locally and nationally (Alvarez-Aldana et al., 2024).  

In this study, WGS analysis were performed to detect mutations in antibiotic-resistance and 

sensitive H. pylori strains from infected patients, an area that has rarely been explored in H. 



213 
 

pylori research. This chapter also aimed to investigate the correlation between the 

occurrence of point mutations and amino acid changes in the target genes (genotypic) and 

phenotypic antibiotic susceptibility testing results previously done and assessed the 

agreement between them.  

5.1.1 Varying global H. pylori amoxicillin resistance rates  

The prevalence of amoxicillin resistance in H. pylori reported in various countries shows 

significant variation. Table 5.1 summarizes the findings on amoxicillin resistance from 

studies identified through a literature search for this thesis. In Europe, resistance of H. pylori 

to amoxicillin remains minimal, at 1.01% (Table 5.1). According to Megraud et al. (2021), the 

average prevalence of amoxicillin resistance in H. pylori strains in Europe remains very low 

at 0.2%, with a range from 0 to 1.7%. This indicates that amoxicillin resistance is not yet a 

significant issue in European countries. Conversely, McNulty et al. (2012) found a resistance 

rate of under 3% in the UK, which aligns with the current results of this study. 

Amoxicillin resistance rates are higher in Asia, with Ghotaslou et al. (2015) and De Francesco 

et al. (2004) documenting rates of 24% and 11.6%, respectively. However, there is 

considerable variation in resistance across different Asian countries. For instance, Bhutan 

has reported no resistance (Vilaichone et al., 2020). Additionally, significant discrepancies 

exist in reported resistance rates within the same country; for example, three separate 

studies in Taiwan found resistance rates of 1%, 34.1%, and 36.1% (Hu et al., 2007; Hung et 

al., 2009; Kuo et al., 2021). 

Africa has the highest observed resistance rates to amoxicillin. In Cameroon, a study 

revealed that 85.6% of strains were resistant to the antibiotic (Ndip et al., 2008). Similarly, 
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high resistance rates were reported in the Democratic Republic of Congo and Nigeria, with 

34.3% and 33.3% of H. pylori strains showing resistance, respectively (Harrison et al., 2017; 

Tshibangu-Kabamba et al., 2020).  

Table 5.1 A summary of the reported amoxicillin resistance rates of H. pylori by country.  

 

Country Amoxicillin 
resistance 

rate (%) 

Method Defined 
resistance 
breakpoint 

(µg/ml) 

Reference 

Europe 1.0    

Bulgaria 1.1 Agar dilution ≥0.5 Boyanova et al. 
(2009) 

Norway 0 E-test >1 Larsen et al. 
(2013) 

Spain 0 E-test >0.125 Macías-García et 
al. (2017) 

Sweden 0 Agar dilution ≥0.5 Storskrubb et al. 
(2006) 

UK 2 E-test >0.5 McNulty et al. 
(2012) 

UK 3 E-test and disc 
diffusion 

>0.125 and ≤25 
mm 

Garvey et al. 
(2023) 

Asia 12.8    

Bhutan 0 E-test >0.125 Vilaichone et al. 
(2020) 

Cambodia 9.1 Agar dilution >0.125 Tuan et al. (2019) 

China 9 E-test ≥1000 Wang et al. 
(2019) 

China 4.4 E-test >0.12 Zhang et al. 
(2015) 

India 17.6 Agar dilution >0.12 Gehlot et al. 
(2016) 
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Iran 4 E-test >0.125 Attaran et al. 
(2021) 

Japan 13 E-test ≥0.1 Kageyama et al. 
(2019) 

Japan 15.4 Agar dilution ≥0.5 Rimbara et al. 
(2008) 

Mongolia 11.9 Agar dilution ≥0.25 Azzaya et al. 
(2020) 

South Korea 6 Agar dilution >0.5 Kim and Kim 
(2013) 

South Korea 4.5 Agar dilution ≥0.5 Hwang et al. 
(2010) 

Taiwan 36.1 E-test >8 Hu et al. (2007) 

Taiwan 1 E-test ≥0.5 Hung et al. 
(2009) 

Taiwan 34.1 E-test >0.12 Kuo et al. (2021) 

Vietnam 25.7 E-test ≥0.125 Tran et al. 
(2022b) 

Africa 31.1    

Cameroon 85.6 Disc diffusion 
and agar 
dilution 

>8 Ndip et al. (2008) 

Democratic 
Republic of 

Congo 

34.3 Agar dilution ≥0.25 Tshibangu-
Kabamba et al. 
(2020) 

Nigeria 33.3 E-test >0.125 Harrison et al. 
(2017) 

Senegal 0 E-test >0.5 Seck et al. (2013) 

South Africa 2.5 Disc diffusion 
and agar 
dilution 

≥1 Tanih et al. 
(2010) 

North 
America 

5.0    

Cuba 0 E-test ≥1 Llanes et al. 
(2010) 
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Honduras 10 E-test >0.125 Ortiz et al. (2019) 

Mexico 1.8 Agar dilution >0.125 Camorlinga-
Ponce et al. 
(2020) 

USA 6.4 Agar dilution >0.125 Hulten et al. 
(2021) 

USA 7 E-test >0.125 Saranathan et al. 
(2020) 

South 
America 

9.5    

Argentina 1 Agar dilution ≥0.5 Matteo et al. 
(2008) 

Brazil 1.9 E-test >1 Picoli et al. 
(2014) 

Chile 2.3 E-test >2 Otth et al. (2011) 

Peru 32.9 E-test >0.125 Boehnke et al. 
(2017) 

 

*Amoxicillin resistance rate refers to the percentage of H. pylori strains which were resistant 
to amoxicillin in each study. Average rates for each continent are in bold. Method refers to 
the method used to determine the minimum inhibitory concentration (MIC) of amoxicillin. 

 

The reasons for such significant variations remain unclear, and no correlation is evident 

between the method of MIC determination and resistance rates (Table 5.1). Previous 

research has demonstrated that E-Test strips, broth microdilution, and disc diffusion assays 

are all comparable in assessing amoxicillin susceptibility in H. pylori (McNulty et al., 2002). 

Therefore, discrepancies might arise from broader variations across different laboratories. 

Differences in growth conditions and sample preparation could lead to varying results. As 

illustrated in Table 5.1, different studies utilized different breakpoints to define amoxicillin 

resistance, which could account for some of the observed variations. 
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The variations in resistance rates between countries and continents are likely influenced by 

the differing levels of antibiotic consumption. Previous research has demonstrated a strong 

correlation between the consumption of macrolides and clarithromycin resistance in H. 

pylori (Megraud et al., 2021), and a similar pattern may occur with amoxicillin. The 

availability of over-the-counter antibiotics could lead to increased amoxicillin resistance. For 

instance, a study in Nigeria discovered that 86% of respondents used non-prescribed 

antibiotics, with penicillin being the most frequently purchased class (Badger-Emeka et al., 

2018). Another study in Sub-Saharan Africa found that amoxicillin was the most commonly 

purchased antibiotic without a prescription (Belachew et al., 2021). This could account for 

the higher resistance rates observed in some African countries. In contrast, in many 

European countries like the UK, amoxicillin can only be obtained with a prescription, which 

likely contributes to lower resistance rates. 

In general, the resistance rate of H. pylori to amoxicillin is notably lower compared to many 

other bacterial species (Hrbacek et al., 2020; Nagy et al., 2011). This significantly lower 

resistance rate could be due to the infrequent acquisition of beta-lactamase genes by H. 

pylori. Although it was once believed that H. pylori could not acquire beta-lactamases, one 

study has identified an amoxicillin-resistant strain of H. pylori that possesses a beta-

lactamase enzyme (Tseng et al., 2009). Nonetheless, it is thought that the production of 

beta-lactamases is not a major factor in the resistance of H. pylori to amoxicillin.  

5.1.2 Penicillin-binding proteins in H. pylori 

Penicillin-binding proteins (PBPs), which serve as the targets for beta-lactam antibiotics like 

amoxicillin, can be classified into two primary categories: high molecular mass (HMM) and 

low molecular mass (LMM). The HMM PBPs are believed to be the principal targets for beta-
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lactams and can themselves be subdivided into two classes. These are bifunctional Class A 

PBPs that possess both glycosyltransferase and transpeptidase activities, and Class B PBPs 

that solely exhibit transpeptidase activity (Macheboeuf et al., 2006). The transpeptidase 

domain is situated at the C-terminus of the HMM PBPs, whereas in Class A PBPs, the 

glycosyltransferase domain is found at the N-terminus (Sauvage et al., 2008). The 

transpeptidase domain, which is the binding site for beta-lactams, is primarily the focus 

when searching for mutations associated with resistance. This penicillin-binding domain 

consists of two sub-domains: a 5-stranded beta-sheet and an alpha-helical domain (Figure 

5.1). The active site is situated at the interface of these sub-domains and contains widely 

conserved amino acid motifs. These motifs are SxxK, which includes the active serine and is 

consistently found at the N-terminus of alpha-helix 2; SxN, positioned between alpha-

helices 4 and 5; and KTG(T/S) (Harris et al., 2000; Sauvage et al., 2008).  

The three conserved motifs in the active site serve distinct roles in maintaining the 

functionality of PBPs. The D-Ala-D-Ala sequence of peptidoglycan engages with the PBP 

active site, positioning the amide group of the second-to-last D-Ala near the asparagine side 

chain of the SxN motif and the beta-sheet that lines the site. The terminal D-Ala interacts 

with the conserved KTG(T/S) motif. The SxN and KTG(T/S) motifs have important roles in the 

positioning of the D-Ala-D-Ala substrate, while the glycine of KTG(T/S) is important as 

bulkier amino acids could block entry to the active site (Sauvage et al., 2008). The active 

serine in the SxxK motif is acylated by the penultimate D-Ala of a donor peptidoglycan 

pentapeptide, leading to the release of the terminal D-Ala. This acylated enzyme then 

interacts with a second pentapeptide chain, known as the acceptor, which triggers the 

transpeptidase activity (Catherwood et al., 2020).  
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The number of PBPs present in a bacterium varies by species, with H. pylori having been 

reported to possess up to 9 (Harris et al., 2000). PBP1A, 2, and 3 are HMM PBPs with 

amoxicillin showing a binding affinity for all of them (Attaran et al., 2021). However, in 

amoxicillin-resistant H. pylori strains, it is the reduced affinity to PBP1A that is observed 

(Okamoto et al., 2002). Studies have indicated that amino acid changes in the PBP1A gene 

are the primary reason for amoxicillin resistance in H. pylori (Gerrits et al., 2006).  

5.1.3 Amoxicillin-resistant penicillin-binding proteins 

Beta-lactam antibiotics mimic the D-Ala-D-Ala segment of peptidoglycan. They form a 

covalent bond with serine in the active site, preventing peptidoglycan from accessing it and 

thus hindering cross-linking. Molecular modelling of H. pylori PBP1A revealed that the 

access pathway to the active site is quite narrow, and mutations within this pathway are 

linked to amoxicillin resistance. Changes in the residues within either the active site or the 

access pathway might affect amoxicillin's ability to interact with the active serine (Attaran et 

al., 2021).  

Research on Streptococcus pneumoniae revealed that the active site is located within a 

narrow, tunnel-like formation. Alterations at the entrance of this active site changed its 

polarity and accessibility, and these mutations were associated with beta-lactam-resistant 

strains (Contreras-Martel et al., 2006). Mutations found in PBPs of resistant S. pneumoniae 

caused a conformational change to a loop at the entrance to the active site which in turn 

reduced the antibiotic binding (Carapito et al., 2006). A similar phenomenon occurs in 

Neisseria gonorrhoeae, where the insertion of an aspartate residue on a loop close to the 

PBP active site results in decreased affinity for beta-lactams (Fedarovich et al., 2014). Other 

resistance-associated mutations in N. gonorrhoeae PBPs resulted in more subtle structural 
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alterations; nevertheless, these changes increased the flexibility near the active site. This 

enhanced flexibility is believed to affect beta-lactam binding ability or acylation (Powell et 

al., 2009). This highlights the complexity of mutations responsible for beta-lactam 

resistance. Therefore, this study aimed to identify the amino acid changes in H. pylori PBP1A 

and PBP2 in strains resistant and sensitive to amoxicillin and evaluate the association 

between these amino acid changes and amoxicillin resistance. 

 

5.1.4 Objectives 

The objectives of this chapter were to: 

1. Analyse Illumina MiSeq genome sequence data from 35 clinical isolates of H. pylori. 

2. Identify point mutations and amino acid changes in antibiotic-resistant and sensitive 

H. pylori strains from infected patients.  

3. Explore the relationship between point mutations and amino acid changes in target 

genes (genotypic) and antibiotic susceptibility testing results (phenotypic) and 

evaluate how well they align. 

4. Determine the amino acid substitutions in H. pylori PBP1A and PBP2 in amoxicillin-

resistant and -sensitive strains and assess the relationship between amino acid 

substitution and amoxicillin resistance.  

5. Predict the 3D structure of H. pylori 26695 strain’s PBP1A and PBP2 using I-TASSER 

software.  

6. Map the amino acid mutations in H. pylori 26695 strain’s PBP1A on the 3D structure 

using AlphaFold2.   
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5.2 Materials & Methods 

5.2.1 H. pylori clinical isolates used  

Table 5.2 Table of H. pylori clinical isolates used  

Experiment H. pylori clinical isolates used 

Genomic extraction and whole genome 

sequencing for prediction of antimicrobial 

resistance patterns 

35 H. pylori clinical isolates from 19 

infected patients in the UK (extracted by 

Mrs Joanne Rhead, and sequenced by Dr 

Jonathan Thomas) were assembled, 

curated, and annotated.  

 

The genotypic analysis using 

Comprehensive Antibiotic Resistance 

(CARD) databases for antibiotic resistance 

was carried out on 36 genome assemblies 

(where 35 genome assemblies were 

produced from 35 H. pylori clinical isolates, 

and one genome assembly from H. pylori 

26695 reference strain), and compared 

with phenotypic tests (E-test) done 

previously.   

 

Analysis of PBP amino acid substitution in 

clinical H. pylori strains 

16 H. pylori clinical isolates from 11 

infected patients in the UK were extracted 

by Mrs Joanne Rhead and sequenced by Dr 

Jonathan Thomas.  

 

Two strains from patients in the USA were 

sequenced, and their amoxicillin 

susceptibility was determined by 

(Saranathan et al., 2020). 
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Two strains from patients in Cambodia 

were sequenced, and their amoxicillin 

susceptibility was determined by (Tuan et 

al., 2019). 

 

All strains were assembled, curated, and 

annotated.  

 

The H. pylori 26695 strain was used as the 

template to protein BLAST (Basic Local 

Alignment Search Tool) all the clinical 

strains against to identify any substitutions 

in the amino acid sequence.  

 

5.2.2 Genomic extraction and whole genome sequencing 

A total of 35 H. pylori isolates from 19 infected patients were tested for antibiotic 

susceptibility from the Nottingham strain collection and selected for whole genome 

sequencing (Table 5.2). Among these, paired isolates from both the antrum and corpus were 

collected from 16 patients, isolates from two patients were obtained exclusively from the 

corpus, and one patient had an isolate only from the antrum. Genome sequences of these 

clinical H. pylori strains with known antibiotic susceptibility profiles (from antibiotic 

sensitivity tests – see Chapter 2) were obtained as previously described (Wilkinson, 2019). 

Genomic DNA was extracted by Mrs Joanne Rhead using the QIAmp DNA Mini Kit (QIAGEN, 

Netherlands) as per the manufacturer’s instructions.  Dr Jonathan Thomas at Nottingham 

Trent University performed whole genome sequencing on 35 clinical isolates using the 

Illumina MiSeq platform (Illumina, USA).  
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5.2.3 Quality control and trimming of sequencing reads 

5.2.3.1 Quality control using FASTQC 

 

After Illumina sequencing, the data generated raw sequence reads in a FASTQ format to 

display quality scores for each of the sequenced nucleotides (Galaxy, 2018). These Illumina 

paired-end sequence reads (Liu et al., 2020) were assessed for their quality using a tool 

called FastQC on the Galaxy online bioinformatics platform:  https://usegalaxy.org/  (Liu et 

al., 2020).  

 

5.2.3.2 Trimming of Illumina reads 

 

Following the removal of Illumina sequencing adapters, the resulting reads were further 

trimmed for quality and length using Sickle (Galaxy version 1.33.2), based on a quality (Q) 

cut-off score and retain high-quality sequencing data (Joshi & Fass, 2011). A quality cut-off 

score of 30 was chosen to improve data quality and remove low-quality bases and adapters. 

To account for the potential trimming of adapter sequences and to maximize the number of 

processed reads while removing very short reads, those of less than 50 bases in length were 

removed from the dataset. 

The curated reads were analysed using FastQC (Galaxy version 0.74 + galaxy1) (Andrews, 

2010) to confirm the expected trimming outcomes. Specifically, this included removing 

sequencing adapters, ensuring base quality greater than 30, and maintaining a length 

distribution between 50 and 250 bases. Separate reports were generated for each set of 

forward and reverse reads and manually reviewed for each sample. 

https://usegalaxy.org/
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5.2.4 Whole genome assembly of H. pylori isolates 

Curated sequencing reads were de-novo assembled using SPAdes version 3.15.5 + galaxy2 

(Bankevich et al., 2012). Spades is a de novo genome assembler that uses short read sets as 

input, and the assembly method is applied based on de Bruijn graphs (Compeau et al., 

2011). Paired-end data is handled by reverse complementing one of the sequencing mates 

and assembling both together as a read pair, where resulting graphs show the reverse 

complement at their edge. The genome assembly tool combines the reads into larger 

regions called contigs (Gurevich et al., 2013).  

5.2.5 Curation of assembled genomes 

Each sample's assembled contigs were subsequently evaluated using the QUAST tool version 

5.2.0 + galaxy1 (Gurevich et al., 2013), which provides statistics on assembly quality. QUAST 

presents assembly statistics such as the total number of contigs, largest contig, total length, 

N50 (a value indicating the minimum contig size such that contigs of this size or larger cover 

half of the genome), GC content (%), and mismatches (Gurevich et al., 2013). The expected 

genome size of H. pylori is approximately 1.68 Mb, and a variation of ± 1.4 kb was accepted. 

This adjustment was necessary as it exclusively used high-quality reads (Q score ≥ 30) for 

genome assembly, which can lead to a slightly smaller genome size compared to using all 

available sequencing reads. This approach was adopted to ensure that the assembled 

contigs were of high quality for subsequent analysis (Wilkinson, 2019).  

5.2.6 Whole genome annotation  

Whole genome annotation is the process of identifying features of interest within a 

collection of genomic DNA sequences and labelling them with useful information (Seemann, 
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2014). The complete genome annotation was done using the Prokka tool (Galaxy Version 

1.14.6+galaxy1), designed for rapid prokaryotic genome annotation, and produced standard 

output files that require only minor tweaking to submit to GenBank. Prokka was executed in 

'compliant' mode to generate an output file in Genbank standard file format. Additional 

taxonomic details, including kingdom, genus, and species identifiers, were embedded into 

the Genbank file produced by Prokka. To confirm whether the de novo genome assemblies 

were H. pylori strains, the presence of cagA and vacA genes (Argent et al., 2008) was 

determined visually by finding regions of DNA sequence similarity among the largest contigs 

for each H. pylori strain.    

5.2.7 Antimicrobial resistance prediction using genome sequence data 

This study used an online database,  Comprehensive Antibiotic Resistance Database (CARD) 

(https://card.mcmaster.ca/home) (Alcock et al., 2020) to predict antimicrobial resistance in 

35 H. pylori clinical isolates. The genomes assembled in FASTA file format were utilized as 

inputs for the database. This database was originally compiled for other more commonly 

researched organisms, e.g. E. coli, Pseudomonas aeruginosa, and therefore some H. pylori 

AMR genes may not be included. 

5.2.8 Analysis of PBP amino acid substitutions in clinical H. pylori strains 

5.2.8.1 Clinical H. pylori sequences 

 

H. pylori genome sequences of 16 clinical strains of known amoxicillin susceptibility profiles 

were obtained as described in section 5.2.2 and four strains were accessed from published 

data (Table 5.2). Two strains from patients in the USA were sequenced and their amoxicillin 

susceptibility was determined by Saranathan et al. (2020). Two strains from patients in 

https://card.mcmaster.ca/home
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Cambodia were sequenced and amoxicillin susceptibility was determined by Tuan et al. 

(2019). A summary of the strains accessed, their accession number, and amoxicillin status is 

shown in Table 5.3. 

Table 5.3 A summary of the H. pylori strains analysed.  

Strain Origin Accession number Amoxicillin 

resistance status 

45a UK - Susceptible 

45c UK - Susceptible 

295a UK - Susceptible 

295c UK - Susceptible 

439a UK - Susceptible 

444a UK - Susceptible 

495a UK - Susceptible 

732a UK - Susceptible 

120a UK - Resistant 

120c UK - Resistant 

308a UK - Resistant 

308c UK - Resistant 

335c UK - Resistant 

350a UK - Resistant 

350c UK - Resistant 

391c UK - Resistant 

MHP11 USA SAMN12783476 Resistant 

MHP06 USA SAMN12783471 Susceptible 

KH0141 Cambodia SAMN12011831 Resistant 
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KH0097 Cambodia SAMN12011820 Susceptible 

*Sequences were obtained from studies with patients from the UK, Cambodia (Tuan et al., 
2019), or the USA (Saranathan et al., 2020). The reported amoxicillin resistance status of 
Cambodian and American strains was obtained from their respective studies. UK strains 
were sequenced, and amoxicillin susceptibility was determined as previously described in 
Section 5.2.1.  

5.2.8.2 Analysis of PBP amino acid mutations  

 

The largest contigs from genome assemblies were submitted to the Pathosystems Resource 

Integration Center (PATRIC) (https://www.bv-brc.org/), where the comprehensive genome 

analysis tool annotated the sequences using RASTtk (Gillespie et al., 2011). The PBP1 was 

annotated as a multi-modular transpeptidase transglycosylase, and PBP2 was identified as 

Peptidoglycan D, D-transpeptidase MrdA. The amino acid FASTA files for each strain's PBP2 

were located using the PATRIC interface. The H. pylori 26695 strain (Accession number: 

SAMN02603761) was used as the template to protein BLAST (Basic Local Alignment Search 

Tool) (https://blast.ncbi.nlm.nih.gov/Blast.cgi)  the clinical strains against to identify any 

substitutions in the amino acid sequence. To visualise the substitutions, FASTA sequences 

were compared using the Geneious Prime version 2024.0.7 software with the H. pylori 

26695 strain used as the reference (https://www.geneious.com/).  

5.2.9 3D Structure prediction of H. pylori 26695 strain PBP1A and PBP2 

A 3D model of the PBP1A and PBP2 from the reference strain 26695 (GenBank accession 

number: AFV42789.1) was predicted using I-TASSER software: https://zhanggroup.org/D-I-

TASSER/ (Zhang, 2008). The model was generated by inputting the FASTA amino acid 

sequence without applying any constraints or templates.  

https://www.bv-brc.org/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.geneious.com/
https://zhanggroup.org/D-I-TASSER/
https://zhanggroup.org/D-I-TASSER/
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5.2.10 Mapping amino acid substitutions on the 3D structure 

H. pylori 26695 PBP1A protein folding was predicted with AlphaFold2 (Jumper et al., 2021; 

Skolnick et al., 2021) (https://deepmind.com/research/open-source/alphafold) using the 

default setting. The top-rated predicted structure was visualised using UCSF ChimeraX 

(Pettersen et al., 2021). The substitutions identified as most associated with amoxicillin 

resistance were mapped.  

5.2.11 Statistical analysis 

The correlation between the types of mutations in antibiotic resistance genes and 

phenotypic resistance in H. pylori strains was investigated using Fisher’s exact test. The 

agreement between antibiotic-resistant phenotypes and genotypes was evaluated using 

accordance rates and the kappa consistency test. A P-value <0.05 was considered to denote 

statistical significance.  

 

 

 

 

 

 

 

 

https://deepmind.com/research/open-source/alphafold
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5.3 Results 

5.3.1 Comparative analysis between the phenotypic and genotypic detection 

of antibiotic resistance among H. pylori isolates 

Genotypic analysis using CARD databases for antibiotic resistance was carried out on 

genome assemblies from 36 H. pylori strains and compared with phenotypic tests (E-test) 

done previously. Table 5.4 shows the correlation between phenotypic and genotypic 

antibiotic resistance in H. pylori. There was strong concordance between phenotypic and 

genotypic resistance for levofloxacin, with gyrA genotypes effectively distinguishing strain 

susceptibility to these antibiotics (kappa coefficient of 1) (Table 5.4). In contrast, the 

agreement between phenotypic and genotypic resistance for amoxicillin, clarithromycin, 

and metronidazole was unsatisfactory (kappa coefficients of 0.000, 0.000, and -0.379, 

respectively). 

The correlation between the types of mutations in antibiotic resistance genes and 

phenotypic resistance in H. pylori strains is presented in Table 5.5. The most common 

mutation locus for clarithromycin resistance was A2144G and C1707T in 23S rRNA genes, 

with 100% (9/9) of the resistant strains carrying mutation at these points, whilst the 

prevalence of the A2147G mutation (89%) (8/9) was significantly distinct between the 

clarithromycin-sensitive and clarithromycin-resistant strains (p<0.0001) (Fisher’s exact test) 

(Table 5.5).        

The amino acid changes E572G and S49H in PBP2 were most frequent in amoxicillin-

resistant strains with prevalences of 100% (8/8) for both mutations. As for PBP3, 100% (1/1) 

of amoxicillin-resistant strains had an amino acid change at F490Y, whereas an amino acid 
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change at A541T was found in 66% (4/6) of amoxicillin-sensitive strains (Table 5.5). 

Meanwhile, all levofloxacin-resistant strains (2/2) had an amino acid change D91N in the 

gyrA gene. Overall, amino acid alterations did not show any significant differences between 

sensitive and resistant strains for both amoxicillin and levofloxacin.  

Analysis of the rdxA gene mutations related to metronidazole resistance, revealed that the 

amino acid change D59N was most frequent in metronidazole-resistant strains with a 

prevalence of 100% (14/14), followed by C49T, T31E, S108A, A118T, and R16C with a 

prevalence of 86% (12/14), 36% (5/14), 28% (4/14), 21% (3/14), 7% (1/14), respectively. 

However, none of these amino acid changes showed any significant differences between 

sensitive and resistant strains except for A118S (p=0.041) (Fisher’s exact test) (Table 5.5).  

Moreover, the amino acid changes R90K and Y62D in the frxA gene were found in all 

metronidazole-resistant strains, with a prevalence of 100% (8/8) for both. Half of 

metronidazole-resistant strains (4/8) exhibited the A85V amino acid changes.  The K64N, 

H97T, and V71 amino acid changes were present in 25% (2/8), 13% (1/8), and 13% (1/8) of 

the resistant strains, respectively. It was also shown that the prevalence of the A85V and 

R90K amino acid changes were significantly different between metronidazole-sensitive and 

metronidazole-resistant strains (p=0.03) (Fisher’s exact test) (Table 5.5).       

Interestingly, the majority of patients with paired gastric biopsies (14 out of 16) exhibited 

more synonymous amino acid changes between the paired antrum and corpus samples. 

Only two patients (2 out of 16) displayed non-synonymous amino acid changes. In one of 

these cases, the patient had distinct amino acid changes in the PBP2 in the paired antrum 

and corpus samples, and in the other case, the patient had different amino acid changes in 

the FrxA and RdxA proteins in the paired antrum and corpus samples.
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Table 5.4 Agreement between the phenotypic and genotypic resistance. 

  Phenotypic resistance    

Antibiotics Genotypic 

resistance 

Sensitive Resistant Accordance 

rate 

Kappa coefficient (95% CI) Cohen’s Kappa 

interpretation 

Amoxicillin Sensitive 0 0 22.22% 0.000 (-0.000 to 0.000) No agreement 

 Resistant 28 8 

Clarithromycin Sensitive 0 0 25% 0.000 (0.000 to 0.000) Slight agreement 

 Resistant 27 9 

Metronidazole Sensitive 0 9 44.44% -0.379 (-0.539 to -0.220) No agreement 

 Resistant 11 16 

Levofloxacin Sensitive 34 0 100% 1.000 (1.000 to 1.000) * Perfect agreement 

 Resistant 0 2 

*A strong agreement between phenotypic and genotypic resistance to levofloxacin, with gyrA genotypes accurately identifying strain 

susceptibility to the antibiotic (kappa coefficient of 1*).  
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Table 5.5 Correlation of mutation types (SNPs) of resistance genes 23S rRNA, amino acid 
changes in PBP2, PBP3, GyrA, RdxA, and FrxA proteins, and phenotypic resistance in H. 
pylori. 

 

Mutation type Resistant phenotype P value 

 Resistant, n (%) Sensitive, n (%)  

Clarithromycin (23S rRNA) 9  27   

A2144G 9 (100%) 27 (100%) >0.999 

A2147G 8 (89%) 0 (0.00%) <0.0001*** 

C1707T 9 (100%) 27 (100%) >0.999 

Amoxicillin (PBP2 and PBP3)    

PBP2 8 28  

E572G 8 (100%) 27 (96%) >0.999 

S494H 8 (100%) 28 (100%) >0.999 

PBP3 1  6   

A541T 0 (0%) 4 (66%) 0.555 

F490Y 1 (100%) 2 (33%) 0.541 

Levofloxacin (GyrA) 2 0  

D91N 2 (100%) 0 >0.999 

Metronidazole (RdxA and FrxA)    

RdxA 14 13  

A118S 0 4 (31%) 0.041* 

A118T 3 (21%) 6 (46%) 0.237 

C49T 12 (86%) 11 (84%) >0.999 

D59N 14 (100%) 11 (85%) 0.222 

R16C 1 (7%) 0 (0%) >0.999 
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S108A 4 (28%) 2 (15%) 0.648 

T31E 5 (36%) 7 (54%) 0.450 

FrxA 8 9  

A85V 4 (50%) 0 (0%) 0.030* 

H97T 1 (13%) 2 (22%) >0.999 

K64N 2 (25%) 1 (11%) 0.577 

R16H 0 (0%) 2 (22%) 0.471 

R90K 8 (100%) 4 (44%) 0.030* 

V71 1 (13%) 4 (44%) 0.294 

Y62D 8 (100%) 7 (78%) 0.471 

 

 

5.3.2 Amino acid substitutions in H. pylori PBP1A and PBP2  

Table 5.6 and Table 5.7 summarizes all the strains analysed, the number of substitutions, 

location of substitutions, and whether the amino acid change is conservative, i.e. change is 

to an amino acid with similar biochemical properties.  On average, susceptible strains had 

11.8 amino acid substitutions per strain in the PBP1A protein (Table 5.6), whereas resistant 

strains had 13.6 (Table 5.7). Meanwhile, susceptible strains showed 13.3 amino acid 

substitutions per strain in the entire PBP2 protein, compared to 12.8 in resistant strains. 

There was also an increase in non-conservative substitutions, i.e. major amino acid changes 

with 4.5 and 8 substitutions per strain for susceptible and resistant strains in the PBP1A 

protein, respectively. Meanwhile, susceptible strains displayed an average of 8 amino acid 

substitutions across the entire PBP2 protein per strain, whereas resistant strains exhibited 

an average of 7.4 substitutions. 
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Beta-lactams bind to the transpeptidase (TP) domain, therefore the prevalence of 

substitutions in this domain was also analysed. On average, 7 substitutions per strain were 

seen in the TP domain of PBP1A-resistant strains compared to 5.2 in susceptible strains. 

Major non-conservative amino acid changes were found on average 3.1 times in the TP 

domain of PBP1A-resistant strains compared to 1.5 times in susceptible strains. 

Furthermore, resistant strains exhibited an average of 4.1 substitutions per strain in the TP 

domain of the PBP2 protein, while susceptible strains showed an average of 4.0 

substitutions. Additionally, non-conservative amino acid changes occurred on average 1.7 

times in the TP domain of PBP2-resistant strains, compared to 1.5 times in susceptible 

strains. Overall, there was an increase in amino acid substitutions in resistant strains 

compared to susceptible strains.  
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Table 5.6 A summary of the substitutions found in the PBP1A and PBP2 amino acid sequences of amoxicillin-susceptible clinical H. pylori 
strains compared to the reference genome H. pylori 26695.  

 PBP1A PBP2 

Strain Identities 

(%) 

Positives 

(%) 

Gaps 

(%) 

Substitution Conservative Identities 

(%) 

Positives 

(%) 

Gaps 

(%) 

Substitution Conservative 

45a 648/659 

(98%) 

654/659 

(99%) 

0/659 

(0%) 

V16I 

M17I 

A46V 

F125L 

E266K 

D272N 

D336E 

S338N 

S543R 

I643T 

S653G 

+ 

+ 

- 

- 

+ 

+ 

+ 

+ 

- 

- 

- 

573/588 

(97%) 

579/588 

(98%) 

0/588 

(0%) 

A21V 

N55D 

F63L 

D83E 

I90V 

A128I  

T129A 

A145V 

L224P 

I254V 

H326N 

H344R 

- 

+ 

- 

+ 

+ 

- 

- 

- 

- 

+ 

+ 

- 
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L415F 

I508V 

H539Q 

- 

+ 

- 

45c 648/659 

(98%) 

654/659 

(99%) 

0/659 

(0%) 

V16I 

M17I 

A46V 

F125L 

E266K 

D272N 

D336E 

S338N 

S543R 

I643T 

S653G 

+ 

+ 

- 

- 

+ 

+ 

+ 

+ 

- 

- 

- 

573/588 

(97%) 

579/588 

(98%) 

0/588 

(0%) 

A21V 

N55D 

F63L 

D83E 

I90V 

A128I  

T129A 

A145V 

L224P 

I254V 

H326N 

H344R 

L415F 

- 

+ 

- 

+ 

+ 

- 

- 

- 

- 

+ 

+ 

- 

- 
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I508V 

H539Q 

+ 

- 

295a 648/662 

(98%) 

654/662 

(98%) 

3/662 

(0%) 

V16I 

V45I 

F125L 

323_324insD 

S417T 

D479E 

M515I 

D535N 

S543R 

592_595insG 

593_596insG 

T644A 

D651G 

R656P 

+ 

+ 

- 

- 

+ 

+ 

+ 

+ 

- 

- 

- 

- 

- 

- 

575/588 

(98%) 

581/588 

(98%) 

0/588 

(0%) 

A21V 

N55D 

D61H 

D83E 

N106D 

F124L 

A135T 

A145V 

V210I 

L224P 

H344R 

K466Q 

I508V 

- 

+ 

- 

+ 

+ 

- 

- 

- 

+ 

- 

- 

+ 

+ 



238 
 

295c 648/662 

(98%) 

654/662 

(98%) 

3/662 

(0%) 

V16I 

V45I 

F125L 

323_324insD 

S417T 

D479E 

M515I 

D535N 

S543R 

592_595insG 

593_596insG 

T644A 

D651G 

R656P 

+ 

+ 

- 

- 

+ 

+ 

+ 

+ 

- 

- 

- 

- 

- 

- 

575/588 

(98%) 

581/588 

(98%) 

0/588 

(0%) 

A21V 

N55D 

D61H 

D83E 

N106D 

F124L 

A135T 

A145V 

V210I 

L224P 

H344R 

K466Q 

I508V 

- 

+ 

- 

+ 

+ 

- 

- 

- 

+ 

- 

- 

+ 

+ 

439a 654/659 

(99%) 

657/659 

(99%) 

0/659 

(0%) 

M17I 

F125L 

+ 

- 

578/588 

(98%) 

583/588 

(99%) 

0/588 

(0%) 

A21V 

G78R 

- 

- 
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S255F 

D535N 

S543N 

- 

+ 

+ 

D83E 

A145V 

L224P 

D258N 

H326N 

H344R 

K466Q 

I508V 

+ 

- 

- 

+ 

+ 

- 

+ 

+ 

444a 654/659 

(99%) 

658/659 

(99%) 

0/659 

(0%) 

K107R 

F125L 

I148L 

D508E 

K617R 

+ 

- 

+ 

+ 

+ 

574/588 

(98%) 

579/588 

(98%) 

0/588 

(0%) 

A21I 

V50I 

D83E 

K93T 

T102A 

F124L 

P132S 

V168M 

- 

+ 

+ 

- 

- 

- 

- 

+ 



240 
 

L224P 

T227A 

H326N 

H344R 

T396M 

I508V 

- 

- 

+ 

- 

- 

+ 

 

495a 649/659 

(98%) 

658/659 

(99%) 

0/659 

(0%) 

V16I  

M17I 

F125L 

D336E 

T492S 

D508E 

M515I 

D535N 

S543N 

+ 

+ 

- 

+ 

+ 

+ 

+ 

+ 

+ 

578/588 

(98%) 

581/588 

(98%) 

0/588 

(0%) 

A21V 

D83E 

P132S  

L133F 

A145V 

Y182H 

R209H 

L224P 

H344R 

- 

+ 

- 

- 

- 

+ 

- 

- 

- 
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I552V + I508V + 

732a 651/659 

(99%) 

657/659 

(99%) 

0/659 

(0%) 

V16I  

M17I 

F125L 

D324N 

E406A 

D479E 

M515I 

D535N 

+ 

+ 

- 

+ 

- 

+ 

+ 

+ 

577/588 

(98%) 

580/588 

(98%) 

0/588 

(0%) 

A21V 

D61N 

E89G 

P132S 

A135T 

A145V  

L146R 

V168M 

L224P 

H344R 

I508V 

- 

+ 

- 

- 

- 

- 

- 

+ 

- 

- 

+ 

MHP06 637/659 

(97%) 

652/659 

(98%) 

0/659 

(0%) 

V16I 

M17I 

I22V 

I24V 

+ 

+ 

+ 

+ 

568/588 

(97%) 

576/588 

(97%) 

0/588 

(0%) 

N3S 

F16V 

A21I 

V50I 

+ 

- 

- 

+ 
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G44S 

I101V 

F125L 

I148L 

G242S 

N322D 

E406A 

S417T 

V469M 

N504D 

D508N 

V509I 

T511I 

V532A 

I541V 

S589G 

- 

+ 

- 

+ 

- 

+ 

- 

+ 

+ 

+ 

+ 

+ 

- 

- 

+ 

- 

D61H 

T66I 

D83E 

I90M 

S99P 

P132S 

A145V 

L146R 

R209H 

L224P 

T227A 

D258N 

H344R 

N464H 

K466Q 

I508V 

- 

- 

+ 

+ 

- 

- 

- 

- 

- 

- 

- 

+ 

- 

+ 

+ 

+ 
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T659S 

R649K 

+ 

+ 

KH0097 642/660 

(97%) 

654/660 

(99%) 

1/660 

(0%) 

M17I 

F125L 

M129I 

I148L 

G242S 

I1259T 

E406K 

D479E 

N504D 

D508N 

V509I 

M515I 

D535N 

S543N 

+ 

- 

+ 

+ 

- 

- 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

576/588 

(98%) 

581/588 

(98%) 

0/588 

(0%) 

A21V 

D61H 

D83E 

N106T 

F124L 

A135T 

V223M 

L224P 

H326N 

H344R 

K466Q 

I508V 

- 

- 

+ 

- 

- 

- 

+ 

- 

+ 

- 

+ 

+ 
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595_596insS 

K648P 

R649K 

R656P 

- 

- 

+ 

- 

*Substitutions were determined using the protein BLAST. Identities refer to the number of identical amino acids in the sequence, positives 
include identities plus conservative amino acid changes where the amino acids have similar biochemical properties. 
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Table 5.7 A summary of the substitutions found in the PBP1A and PBP2 amino acid sequences of amoxicillin-resistant clinical H. pylori strains 
compared to the reference genome H. pylori 26695.  

 PBP1A PBP2 

Strain Identities 

(%) 

Positives 

(%) 

Gaps 

(%) 

Substitution Conservative Identities 

(%) 

Positives 

(%) 

Gaps 

(%) 

Substitution Conservative 

120a 649/660 

(98%) 

656/660 

(99%) 

1/660 

(0%) 

V16I  

M17I 

A69V 

K107R 

F125L 

I148L 

D508E 

V532A 

D535N 

I563V 

593_594insG 

+ 

+ 

- 

+ 

- 

+ 

+ 

- 

+ 

+ 

- 

576/588 

(98%) 

584/588 

(99%) 

0/588 

(0%) 

N55D 

E68K 

D83E 

A145V 

K202R 

L224P 

D293N 

H326N 

H344R 

T352I 

V424I 

K466Q 

+ 

+ 

+ 

- 

+ 

- 

+ 

+ 

- 

- 

+ 

+ 
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120c 649/660 

(98%) 

656/660 

(99%) 

1/660 

(0%) 

V16I  

M17I 

A69V 

K107R 

F125L 

I148L 

D508E 

V532A 

D535N 

I563V 

593_594insG 

 

+ 

+ 

- 

+ 

- 

+ 

+ 

- 

+ 

+ 

- 

576/588 

(98%) 

584/588 

(99%) 

0/588 

(0%) 

N55D 

E68K 

D83E 

A145V 

K202R 

L224P 

D293N 

H326N 

H344R 

T352I 

V424I 

K466Q 

+ 

+ 

+ 

- 

+ 

- 

+ 

+ 

- 

- 

+ 

+ 

308a 645/660 

(98%) 

652/660 

(98%) 

1/660 

(0%) 

A21V 

F125L 

V267A 

D324N 

- 

- 

- 

+ 

576/588 

(98%) 

580/588 

(98%) 

0/588 

(0%) 

A21V 

N55D 

G78R 

D83E 

- 

+ 

- 

+ 
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V374L 

E406A 

N504D 

D508N  

V509I 

D535N 

S543N 

N562Y 

T592A  

593_594insG 

R607H 

+ 

- 

+ 

+ 

+ 

+ 

+ 

- 

- 

- 

- 

P132S 

A135T 

L224P 

H326N 

H344R 

V367A 

I508V 

M530T 

- 

- 

- 

+ 

- 

- 

+ 

- 

308c 645/660 

(98%) 

652/660 

(98%) 

1/660 

(0%) 

A21V 

F125L 

V267A 

D324N 

V374L 

- 

- 

- 

+ 

+ 

576/588 

(98%) 

580/588 

(98%) 

0/588 

(0%) 

A21V 

N55D 

G78R 

D83E 

P132S 

- 

+ 

- 

+ 

- 
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E406A 

N504D 

D508N  

V509I 

D535N 

S543N 

N562Y 

T592A  

593_594insG 

R607H 

- 

+ 

+ 

+ 

+ 

+ 

- 

- 

- 

- 

A135T 

L224P 

H326N 

H344R 

V367A 

I508V 

M530T 

- 

- 

+ 

- 

- 

+ 

- 

335c 641/660 

(97%) 

650/660 

(98%) 

1/660 

(0%) 

V16I  

M17I 

F125L 

I148L 

G242S 

323_324insD 

+ 

+ 

- 

+ 

- 

- 

570/588 

(97%) 

574/588 

(98%) 

0/588 

(0%) 

N3S 

F16V 

A21I 

D61H 

T66I 

G78R 

+ 

- 

- 

- 

- 

- 
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D336E 

E406A 

S417T 

T503A  

N504D 

D508N 

V509I 

T511V 

V532A 

S589G 

T593A 

S603P 

R649K 

+ 

- 

+ 

- 

+ 

+ 

+ 

- 

- 

- 

- 

- 

+ 

D83E 

F94L 

P132S 

A135T 

A145V  

L146R 

R209H 

L224P 

T227A 

D258N 

H344R 

I508V 

+ 

- 

- 

- 

- 

- 

- 

- 

- 

+ 

- 

+ 

350a 650/660 

(98%) 

657/660 

(98%) 

1/660 

(0%) 

M17I 

F125L 

V250I 

+ 

- 

+ 

574/588 

(98%) 

581/588 

(98%) 

0/588 

(0%) 

A21V 

N55D 

G78R 

- 

+ 

- 



250 
 

323_324insN 

D479E 

L530I 

D535N 

R546H 

I552V 

A611S 

- 

+ 

+ 

+ 

- 

+ 

+ 

D83E 

I90M 

A128I  

T129A 

P132S 

V222I 

L224P 

D258N 

H344R 

K466Q 

I508V 

+ 

+ 

- 

- 

- 

+ 

- 

+ 

- 

+ 

+ 

350c 650/660 

(98%) 

657/660 

(99%) 

1/660 

(0%) 

M17I 

F125L 

V250I 

323_324insN 

D479E 

+ 

- 

+ 

- 

+ 

574/588 

(98%) 

581/588 

(98%) 

0/588 

(0%) 

A21V 

N55D 

G78R 

D83E 

I90M 

- 

+ 

- 

+ 

+ 
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L530I 

D535N 

R546H 

I552V 

A611S 

 

+ 

+ 

- 

+ 

+ 

A128I  

T129A 

P132S 

V222I 

L224P 

D258N 

H344R 

K466Q 

I508V 

- 

- 

- 

+ 

- 

+ 

- 

+ 

+ 

391c 648/660 

(98%) 

654/660 

(99%) 

1/660 

(0%) 

V16I  

M17I 

V45I 

F125L 

I148L 

G242S 

323_324insD 

+ 

+ 

+ 

- 

+ 

- 

- 

578/588 

(98%) 

582/588 

(98%) 

0/588 

(0%) 

A21V 

N55D 

G78R 

D83E 

A128T  

T129A 

L224P 

- 

+ 

- 

+ 

- 

- 

- 



252 
 

D479E 

D535N 

S543R 

T593A 

G595S 

+ 

+ 

- 

- 

- 

H326N 

H344R 

I508V 

+ 

- 

+ 

MHP11 644/660 

(98%) 

652/660 

(98%) 

1/660 

(0%) 

V16I 

M17I 

F125L 

I259T 

E323D 

D324E 

324_325insY 

D337E 

E407T 

S417T 

D509E 

+ 

+ 

- 

- 

+ 

+ 

- 

+ 

- 

+ 

+ 

578/588 

(98%) 

581/588 

(98%) 

0/588 

(0%) 

A21V 

N55D 

D83E 

K93T 

T102V 

A128I 

T129A 

L224P 

H344R 

I508V 

- 

+ 

+ 

- 

- 

- 

- 

- 

- 

+ 



253 
 

V532A 

D535N 

S589G 

T593A 

G595S 

- 

+ 

- 

- 

- 

KH0141 642/659 

(97%) 

651/659 

(98%) 

0/659 

(0%) 

M17V 

I79V 

K107R 

F125L 

I148L 

T197A 

I259T 

D324N 

E406K 

V469M 

F473L 

+ 

+ 

+ 

- 

+ 

- 

- 

+ 

+ 

+ 

- 

574/588 

(98%) 

579/588 

(98%) 

0/588 

(0%) 

A21V 

D61H 

T66L 

D83E 

I90M 

F124L 

A135T 

A145V 

V222I 

V223M 

L224P 

- 

- 

- 

+ 

+ 

- 

- 

- 

+ 

+ 

- 



254 
 

D508E 

D535N 

S589G 

T593G 

G595S 

R627H 

+ 

+ 

- 

- 

- 

- 

H344R 

A499V 

I508V 

- 

- 

+ 

*Substitutions were determined using the protein BLAST. Identities refer to the number of identical amino acids in the sequence, positives 

include identities plus conservative amino acid changes where the amino acids have similar biochemical properties. 
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5.3.3 3D-Modelling of PBP1A and PBP2 in H. pylori 26695 strain  

Using the I-TASSER software a 3D model of the PBP1A and PBP2 protein in 26695 H. pylori 

strain was produced from the reported FASTA sequence (Figure 5.1-5.4). The location of the 

active site serine at amino acid positions 368 and 311 are shown in purple in Figures 5.2 and 

5.4, respectively. As expected, the active serine is within the transpeptidase domain and at 

the end of an alpha helix structure. From analysing the 3D structure, and the amino acid 

sequence data, the positions of the 3 conserved active site residues were found to be 

SxxK368-371, SxN433-435, and KTGT555-558 in PBP1A, and SxxK379-382, SxN366-368, and KTGT513-516 in 

PBP2. The C-Score is a confidence score in the quality of the model ranging from -5 to +2, 

where the higher the number the higher the confidence of the model. Models with a C-

score of >-1.5 are thought to be reliable. For the 3D structure of PBP1A and PBP2, the C-

score was -0.96 and -0.13, respectively.   
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Figure 5.1: The 3D structure of penicillin-binding protein 1A (PBP1A) of Helicobacter pylori 
26695 strain, created using I-TASSER. (A) The transpeptidase domain (TP), transglycosylase 
domain (TG), and transmembrane domain (TM) are labelled.  

 

 

Figure 5.2:The location of the active site serine in penicillin-binding protein 1A (PBP1A) of 
Helicobacter pylori 26695 strain, created using I-TASSER. The active serine is highlighted in 
purple and is located in the transpeptidase domain (S368) and at the end of an alpha helix as 
expected. 
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Figure 5.3: The 3D structure of penicillin-binding protein 2 (PBP2) of Helicobacter pylori 
26695 strain, created using I-TASSER. (A) The transpeptidase domain (TP), and 
transglycosylase domain (TG) are labelled.  

 

 

 

 

 

 

 

Figure 5.4: The location of the active site serine in penicillin-binding protein 2 (PBP2) of 
Helicobacter pylori 26695 strain, created using I-TASSER. The active serine is highlighted in 
purple and is located in the transpeptidase domain (S311) and at the end of an alpha helix as 
expected. 
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5.3.4 The relationship between amino acid substitutions in PBPs and 

amoxicillin resistance  

The Geneious Prime version 2024.0.7 software was used to visualise the location of the 

substitutions in the PBP1A (Figure 5.5) and PBP2 (Figure 5.6) amino acid sequence of 

resistant strains. From these figures, we can see highly variable regions in the TP domain 

between PBP1A amino acids 320-325, 500-510, and 590-600 in resistant strains with much 

less variability seen in PBP2 protein. Variable regions were seen scattered between PBP2 

amino acids 55-90, 125-145, and 220-227 in resistant strains (Figure 5.6).  

While the alignments created by Geneious allow a quick assessment of variable regions 

across multiple strains. There were discrepancies in these alignments when compared to 

those produced by protein BLAST. For example, in UK strain 120a, the Geneious alignment 

reports a glycine insertion at position 595 in PBP1A protein (Figure 5.5), however BLAST 

reports this as a glycine insertion at position 593 (Table 5.7). BLAST alignments retain the 

reference genome amino acid position and therefore any reported substitution positions 

are as determined from BLAST alignments. 
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Figure 5.5: The amino acid sequence alignment of PBP1A from amoxicillin-resistant H. 
pylori strains.  
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*The reference strain 26695 is highlighted in yellow. The identity refers to the % of identical 
residues. Green = 100% identity, Brown = 30-99% identity, Red = <30% identity.  
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Figure 5.6: The amino acid sequence alignment of PBP2 from amoxicillin-resistant H. pylori 
strains.  
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*The reference strain 26695 is highlighted in yellow. The identity refers to the % of identical 
residues. Green = 100% identity, Brown = 30-99% identity, Red = <30% identity.  
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A summary of the amino acid substitutions within the TP domain, as determined from the 

BLAST results, is shown in Figure 5.7 and Figure 5.8. Several amino acid positions are highly 

associated with resistance, mainly at positions between 546-603 in PBP1A protein (Figure 

5.7). For example, the valine at position 374, leucine at position 530, arginine at position 

546, asparagine at position 562, and isoleucine at position 563 and were substituted in 2/10 

resistant strains respectively, with no changes at these positions seen in susceptible strains. 

Substitution of the aspartic acid at position 337, glutamic acid at position 407, phenylalanine 

at position 473, threonine at position 503, and serine at position 603 was reported in one 

resistant strain and none of the susceptible strains. 4/10 resistant strains also have the 

V532A substitution compared to only 1/10 susceptible strains.  

Meanwhile, the amino acid substitutions in the transpeptidase domain of PBP2 were quite 

similar for both susceptible and resistant strains (Figure 5.8). Interestingly, the substitution 

of histidine at position 344 was present in all 20 susceptible and resistant strains. 10/10 and 

4/10 resistant strains also had the I508V and K466Q substitution compared to only 8/10 and 

4/10 susceptible strains, respectively. Substitutions of the aspartic acid at position 293, 

threonine at position 352, valine at position 367 and 424, and methionine at position 530 

were observed in two resistant strains and none of the susceptible strains.  
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Figure 5.7: Summary of the position of amino acid substitutions in the transpeptidase domain of PBP1A of 20 clinical H. pylori strains as 
compared to reference strain 26695.  

 

*Red circles = a substitution at this position in resistant strains, green circles = a substitution at this position in susceptible strains, solid lines = 
conservative change (i.e. to an amino acid with similar biochemical properties), no lines = major amino acid change.   
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Figure 5.8: Summary of the position of amino acid substitutions in the transpeptidase domain of PBP2 of 20 clinical H. pylori strains as 
compared to reference strain 26695.  

 

*Red circles = a substitution at this position in resistant strains, green circles = a substitution at this position in susceptible strains, solid lines = 
conservative change (i.e. to an amino acid with similar biochemical properties), no lines = major amino acid change.  
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5.3.5 Amino acid changes and their positions on the 3D structure of PBP1A 

The amino acids at positions 473, 589, 593, and 595 were mapped to the predicted 3D 

structure using AlphaFold 2 and USCF ChimeraX. The location of the 3 active sites were also 

visualised. The results of the 3D mapping indicated that the positions of substitutions highly 

associated with amoxicillin resistance are adjacent to or near the active sites (Figure 5.9), 

suggesting substitutions at these sites may cause structural changes which reduce the 

binding of affinity or access of amoxicillin to the active site.  

 

 

 

 

 

 

 

 

 

Figure 5.9: The position of amoxicillin resistance associated substitutions mapped against 
the predicted H. pylori 26695 PBP1A 3D structure. The folding of H. pylori 26695 PBP1A was 
predicted with AlphaFold2 (Skolnick et al., 2021) using default settings. The top-
rated predicted structure was visualised using UCSF ChimeraX (Pettersen et al., 2021). The 
position of the 3 reported active sites, SAIK368-371, SLN433-435, and KTGT555-558 are shown in 
different shades of green. The active serine is that at position 368. The positions with 
resistance associated substitutions, P473, S589, T593, G595, are highlighted in red.  
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5.4 Discussion 

5.4.1 Comparative analysis between the phenotypic and genotypic detection 

of antibiotic resistance among H. pylori isolates 

The mechanism of drug resistance in H. pylori is thought to be due to mutations located in 

the chromosome (Lauener et al., 2019). The peptidyl-transferase region in the domain V of 

23S rRNA is responsible for the binding of antibiotics; therefore, point mutations in this 

region result in the inhibition of binding of macrolide antibiotics and ribosomal subunits, 

leading to bacterial resistance to macrolides (Anis et al., 2021; Tran et al., 2019). In this 

study, 89% of clarithromycin-resistant strains had common mutation locus A2147G, 

consistent with prior studies conducted in Switzerland which showed that A2147G point 

mutation were present in 70% of clarithromycin-resistant isolates (Lauener et al., 2019). It 

has also been demonstrated that the A2142G and A2143G point mutations are primarily 

responsible for H. pylori resistance to clarithromycin (De Francesco et al., 2010; Marques et 

al., 2020; Park et al., 2018a). Meanwhile, point mutations at other positions (such as 

C2147G, A2144G/T, and A2115G) show geographic variation, and are associated with the 

clarithromycin resistance phenotype (Kocazeybek et al., 2019; Marques et al., 2020; Ng et 

al., 2020).  

In the current study, the A2147G locus was found in almost all clarithromycin-resistant 

strains, and not in every sensitive strain, however, there was a lack of agreement between 

genetic and phenotypic resistance. Therefore, the A2147G mutation in the 23S rRNA gene 

identified in this study may not be a reliable indicator for predicting phenotypic antibiotic 

sensitivity. In contrast, a study carried out by Cambau et al. (2009) revealed that the 
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presence of A2147G mutation in clarithromycin-resistant strains was predictive, where a 

genotypic test GenoType HelicoDR was concordant (concordance scores were 0.96) with a 

phenotypic MIC test.  

A recent study reported new macrolide resistance mechanisms in H. pylori-resistant strains 

using next-generation sequencing. The study discovered a novel mutation in the genes 

responsible for encoding the sulfite exporter TauE/SafE family protein and the DUF874 

family protein, which is associated with resistance or cross-resistance to clarithromycin. 

These mutations were identified in the H. pylori genome for the first time, emphasizing their 

potential as targets for further advanced studies (Ayaş et al., 2024).  

It is widely recognized that the primary reason for H. pylori resistance to metronidazole is 

the inactivation of reductase-encoding genes, which is caused by frame mutations, 

insertions, or deletions in the rdxA and frxA genes (Camorlinga-Ponce et al., 2021; Vital et 

al., 2022). In this study, the A85V amino acid substitution in the FrxA protein appears to be a 

potential drug resistance biomarker, found exclusively in half of metronidazole-resistant 

isolates, and consistent with a previous study (Saranathan et al., 2020). The described amino 

acid substitutions at D59N, R90K, Y62D also have been found in all metronidazole-resistant 

strains, observed in this study and other studies (Cortez Nunes et al., 2023; Nemr et al., 

2022; Tshibangu-Kabamba & Yamaoka, 2021). Meanwhile, in this study, other amino acid 

changes such as A118T, C49T, S108A, T31E, H97T, K64N, and V71 were present in both 

sensitive and resistant strains.  

However, the correlation between phenotypic and genotypic resistance to metronidazole 

demonstrated in this study was poor, as also described by others (Xiong et al., 2023; Zhong 

et al., 2021). Thus, it is not a surprise the low concordance found with molecular and 
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phenotypic detection, considering the large number of mutations in the rdxA. Moreover, all 

36 clinical isolates were phenotypically tested for metronidazole resistance, and only 6 of 

them exhibited metronidazole MICs greater than 256 μg/ml. This means that presence of 

amino acid changes in RdxA and FrxA did not consistently correlate with high MICs, 

suggesting that other possible mechanisms of resistance such as the overexpression 

of TolC homologous genes that upregulates efflux pump activity might also play a role in 

resistance to metronidazole (Hashemi et al., 2019).   

Levofloxacin is a fluoroquinolone antibiotic that acts on bacterial DNA gyrase, a crucial 

enzyme for DNA replication and transcription (Correia et al., 2017). DNA gyrase is composed 

of two subunits, A and B, which are encoded by the gyrA and gyrB genes, respectively 

(Matsuzaki et al., 2010). Amino acid substitutions D91N and D91G occur in the quinolone 

resistance determining region (QRDR region) of the DNA gyrase enzyme, where quinolone 

antibiotics typically bind. These mutations hinder levofloxacin's ability to attach to the 

enzyme, diminishing the drug's inhibitory impact (Correia et al., 2017). Numerous studies 

have consistently associated these mutations with decreased levofloxacin susceptibility (Lok 

et al., 2020; Zhang et al., 2020b). 

In this study, all levofloxacin-resistant strains exhibited a mutual amino acid substitution 

D91N in GyrA, with MIC values of >32 μg/mL. These findings are supported by earlier studies 

which identified amino acid variations at positions 87 and 91 of GyrA that are associated 

with high MIC values for levofloxacin (Hanafiah et al., 2019; López-Gasca et al., 2018; Tuan 

et al., 2019). None of the levofloxacin-sensitive strains possess this amino acid substitution, 

and there was a high level of agreement between phenotypic and genotypic resistance for 

levofloxacin (kappa= 1), hence it could be speculated that D91N might be a key point of 
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mutation and detecting resistance to levofloxacin by this resistance genotype is an 

applicable alternative method. This result aligns with earlier studies showing that the D91N 

amino acid substitution in levofloxacin-resistant strains, identified through PCR, consistently 

matched the results of phenotypic antibiotic susceptibility testing. This suggests that 

analysing this genotype of H. pylori antibiotic resistance can be useful in designing 

eradication therapies (Xiong et al., 2023; Zhong et al., 2021).  

Overall, there was a discrepancy between phenotypic and genotypic resistance to 

clarithromycin, metronidazole, and amoxicillin, but not for levofloxacin. Researchers from 

different parts of the worlds have explored both phenotypic and genotypic methods, 

leading to a diverse range of results. Similarly, Mascellino et al. (2020) reported a strong 

genotype-phenotype correlation in H. pylori strains resistant to levofloxacin, but not in 

those resistant to clarithromycin. Whilst Tuan et al. (2019) observed a strong link between 

genotype and phenotype for clarithromycin, a good correlation for levofloxacin and 

amoxicillin, and no correlation for metronidazole. Meanwhile, a study carried out in China 

revealed that there was a strong association between phenotypic and genotypic resistance 

for levofloxacin and clarithromycin, whereas the relationship was weak for amoxicillin and 

metronidazole (Hu et al., 2023).  

In general, these findings provide a basis for further resistance-associated research. 

Therefore, it is necessary to further validate molecular methods used to characterize 

resistant genes, as this allows for the identification of the most effective antibiotics for each 

patient based on the genetic makeup of the infecting H. pylori strain, leading to more 

personalized and targeted treatment. This approach could reduce the use of broad-
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spectrum antibiotics and avoid unnecessary treatments that are ineffective against resistant 

strains. 

5.4.2 The relationship between amino acid substitutions in PBPs and 

amoxicillin resistance in H. pylori isolates  

It is also worth noting that this study did not find any beta-lactamase genes among the 

genes resistant to amoxicillin, although Tseng et al. (2009) found that a high-level 

amoxicillin-resistant clinical strain of H. pylori 3778 possesses a beta-lactamase blaTEM-1 

gene. Surprisingly, a recent study also showed that the beta-lactam resistance gene blaTEM-

181 was found in seven genomes from Colombia (Alvarez-Aldana et al., 2024). While beta-

lactamase genes have been identified in some H. pylori strains, they are not usually present 

in all amoxicillin-resistant strains. The more commonly observed resistance mechanisms 

involve mutations in PBPs. The presence of beta-lactamase genes might also depend on 

geographic and clinical factors, as resistance patterns can vary regionally (Bush & Bradford, 

2020).  

Amoxicillin resistance in H. pylori is complex and cannot be attributed to specific amino acid 

changes found in all resistant strains. Although the exact substitutions leading to resistance 

remain unidentified, this study has pinpointed positions within the transpeptidase domain, 

particularly certain amino acids, that are strongly linked to resistance in positions 469, 473, 

543, 562, 589, 593, and 595, in the H. pylori 26695 PBP1A sequence. Several other studies 

have identified substitutions at these positions that are associated with amoxicillin 

resistance in H. pylori (Attaran et al., 2021; Qureshi et al., 2011; Tran et al., 2022a; 

Tshibangu-Kabamba et al., 2020). None of these positions are located within the conserved 

transpeptidase active sites. Changes within these motifs are probably not viable since they 
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would impact both the peptidoglycan and beta-lactam affinities. This would hinder the 

peptidoglycan cross-linking function of the transpeptidase domain. Maintaining a delicate 

balance is crucial between a mutation that prevents the antibiotic from binding and one 

that still maintains the protein's biological function. If the mutation alters the protein to the 

point of losing its activity, it offers no real benefit to the bacterium. 

Rimbara et al. (2008) proposed that mutations in PBP1A, PBP2, and PBP3 have synergistic 

effects on amoxicillin resistance. Meanwhile, a molecular analysis of PBP1A of H. pylori 

study carried out in the Malaysian population revealed a total of 21 variants of amino acids 

with three of them (K403X, S405I, and E406K) located in or near the PBP-motif (SKN402-404) 

(Ng et al., 2024). Current findings appear to support this, showing that the highly resistant 

strains 308a and 308c have mutations near the SxxK, SxN, and KTG motifs of PBP1A, and 

PBP2. This indicates that there is large heterogeneity in amoxicillin resistance, and that the 

resistance mechanisms in different isolates cannot be attributed to just one amino acid 

change in PBP motifs (Domanovich-Asor et al., 2021). In this study, it was discovered that 

resistant strains possess a greater number of amino acid substitutions than susceptible 

strains in PBP1A. It was hypothesized that strains with more amino acid substitutions in the 

transpeptidase domain would exhibit a higher MIC. However, the data from the USA study 

does not support this. Strain MHP11, for instance, has the highest amoxicillin MIC despite 

having fewer substitutions of the USA strains studied (Saranathan et al., 2020). This suggests 

that it is the presence of a small number of specific mutations can cause amoxicillin 

resistance in H. pylori.  

When examining the predicted 3D structure of the PBP1A protein in the H. pylori strain 

26695, the amino acid substitutions closely linked to resistance are positioned next to or 
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near the three conserved active sites. Consequently, substitutions at this location might lead 

to changes in the active site's conformation, potentially hindering amoxicillin's ability to 

covalently bond with the site or altering access to it. These findings highlight the significance 

of mapping mutational changes on the 3D structure, as substitutions can impact resistance 

even if they are not adjacent in the 2D sequence.  

Attaran et al. (2021) identified five access tunnels in H. pylori’s PBP1A through which 

amoxicillin can reach the active serine. They proposed that changes in the amino acids lining 

these tunnels might block the drug's ability to access or bind to the active site. Among the 

amino acid positions closely linked to resistance discussed in this study, those at positions 

589, 593, and 595 are located along these tunnels. These substitutions could lead to 

structural alterations that block or reduce amoxicillin's access to the active site. Gerrits et al. 

(2006) also noted that amino acid changes near the binding sites in PBP1A can contribute to 

resistance. 

In other organisms, such as Streptococcus pneumoniae, it has been noted that amino acid 

mutations in PBPs often lead to resistance to beta-lactam antibiotics (Maurer et al., 2008). 

Smith and Klugman (2005) found that reversing amino acid mutations at several sites in 

beta-lactam resistant strains resulted in decreased resistance, with six specific mutations 

collectively contributing to the resistant phenotype. Likewise, Laible and Hakenbeck (1991) 

discovered that five distinct combinations of mutations could result in beta-lactam 

resistance in S. pneumoniae. This combination pathway to resistance is similar to what was 

observed in H. pylori and reported in this chapter. 

A study carried out by Varghese et al. (2020) showed that amino acid substitutions were 

detected in just one of the three active sites of one of the three PBP genes (PBP2B, PBP2X, 
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and PBP1A). Consequently, the PBP genes, in the absence of the major substitutions 

typically linked to penicillin resistance, resulted in a slight increase in the penicillin MIC to 

between 0.06 and 2.0 μg/mL, indicating resistance based on meningeal breakpoints. 

Meanwhile Li et al. (2016) discovered that higher β-lactam MICs were closely linked to 

specific PBP types determined by sequence patterns in the transpeptidase domains (TPDs) 

of the three key penicillin-binding proteins (PBPs): PBP1A, PBP2B, and PBP2X. Therefore, the 

PBP transpeptidase signatures are strong predictors of MIC levels for various β-lactam 

antibiotics in clinical pneumococcal isolates, offering a precise alternative to traditional 

phenotypic susceptibility testing.  

5.5 Limitations and Future work 

When conducting a study using WGS, several limitations can arise, particularly when dealing 

with a small sample size. In this study, a small sample size may not be able to detect genetic 

patterns associated with antibiotic resistance and may not fully represent the diversity of H. 

pylori strains in the study population, leading to biased results, which can affect the 

reliability of the findings. Furthermore, WGS relies on comparison to existing reference 

genomes for proper assembly and variant calling. In this study, limited published sequence 

data is available for H. pylori-resistant strains, therefore missing or incomplete reference 

genomes can lead to errors in identifying novel mutations or resistance mechanisms.    

However, the initial findings gained in this study can be useful for future research that may 

aim at performing culture-independent WGS directly from clinical specimens for the 

prediction of phenotypic drug susceptibility in H. pylori. It may also be a reliable way to 

obtain antibiotic susceptibility results for H. pylori and overcome the limitation of the small 

sample in an unsuccessful culture. A recent study has already successfully applied WGS 
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directly on gastric biopsies for the detection of H. pylori. This study identified novel variants 

(five CYP2C19 homozygous extensive metabolizers and three CYP3A4 intermediate 

metabolizers) and designed a custom next-generation sequencing panel for personalized H. 

pylori eradication treatment (NGS-PHET) which targeted the regions for amoxicillin, 

clarithromycin, metronidazole, tetracycline and levofloxacin-resistance in H. pylori and PPI 

metabolism (Min et al., 2024). This helps to perform eradication treatment quickly and 

effectively in most patients with antibiotic-resistant H. pylori strains and is also useful in 

research to find novel antibiotic-resistance gene candidates.  

The incorporation of artificial intelligence (AI) and machine learning (ML) techniques into 

AMR research enhances the abilities for predicting outbreaks, classifying lineages, assessing 

risk, and identifying markers of pathogenicity or host specificity (Singh et al., 2024). One 

study showed that WGS combined with an ML approach produced diagnostic models with 

greater sensitivity and specificity for identifying antibiotic resistance patterns in H. pylori 

strains (Yu et al., 2023).  

Techniques like deep learning (DL) that utilizes artificial neural networks (ANN) have also 

been used to encode single nucleotide polymorphisms (SNPs) into formats that improve the 

identification of resistance mechanisms (Popa et al., 2022). Brincat and Hofmann (2022) 

developed a text-mining system that utilizes DL algorithms to expedite the curation process. 

These algorithms can replace manual curation by analysing vast amounts of literature to 

identify genes associated with antibiotic resistance. This newly developed text-mining 

algorithm was the first attempt to detect antibiotic resistance genes in H. pylori, using the 

nitroimidazole antibiotic group as a case study. The results indicated that out of 28 
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identified genes, they found that 23 should be added to knowledge databases because they 

could serve as potential candidates for research on H. pylori antibiotic resistance.  

AI-driven analysis of WGS data enables rapid identification of resistant strains and 

streamlining decisions on effective antibiotics for diagnostic improvement. It can also offer 

tailored antibiotic regimens for personalized medicine and help in monitoring the emerging 

resistance trends globally. Therefore, new approaches using AI and ML based on WGS data 

should be considered in future studies for the detection of novel resistance markers and to 

predict the treatment outcomes with higher accuracy which may improve the management 

of antibiotic resistance in H. pylori eradication therapy.  

WGS analysis using the CARD database can detect the resistant population even at sub-

inhibitory concentrations compared to phenotypic tests, which primarily identify susceptible 

bacteria. The E-test may not identify all resistant strains, likely because colonies are 

randomly selected from the culture media for testing. This random selection means that 

both susceptible and resistant colonies might be chosen, but there is a greater chance of 

picking susceptible colonies. Mixed H. pylori infections have been observed in patients, with 

both wild type and resistant strains present in a single gastric region simultaneously 

(Mascellino et al., 2020). A previous study showed that the genotypic resistance testing 

using PCR was the only means to reveal resistance to clarithromycin and levofloxacin when 

live bacteria were absent (where only inactive coccoid forms were found), which could lead 

to a resistance underestimation (Mascellino et al., 2020). Several studies conducted in 

Germany have also shown a preference for genotypic over phenotypic methods when 

assessing primary or secondary resistance to clarithromycin or levofloxacin, to tailor specific 

therapies for that region (Bluemel et al., 2020; Wueppenhorst et al., 2013).  
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However, the potential contribution of active efflux mechanisms was not explored in this 

study. It was thought that four conserved RND (Resistance-Nodulation-Division) families of 

efflux pump transporters might contribute to macrolide resistance in H. pylori by lowering 

the intracellular concentration of the antimicrobial agent (Marques et al., 2020; Saracino et 

al., 2021). Studies also showed that the overexpression of the hefA gene promotes 

antibiotic efflux via the efflux pump system, contributing to the development of multi-drug 

resistance in H. pylori strains (Liu et al., 2008). Additionally, the transporters HP0939, 

HP0497, and HP0471 play a role in the intrinsic multidrug resistance of H. pylori by 

increasing drug efflux, which significantly promotes the expression of hefA and gluP in these 

resistant strains (Cai et al., 2020). Nevertheless, the role they play in the intrinsic antibiotic 

resistance of H. pylori would require transcriptional analyses of the genes encoding drug 

efflux systems (for instance, using a meta-transcriptomics approach), which was outside the 

scope of this research. Therefore, future studies should include the study on the multi-drug 

efflux pump genes of H. pylori with the combined action of point mutations and amino acid 

changes in the target genes to further elucidate the resistance mechanism in H. pylori 

resistant isolates.   
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5.6 Chapter summary 

• The known and some novel point mutations and amino acid substitutions in the 

target genes and proteins in H. pylori isolates were demonstrated in this study.  

• The A2147G point mutation in 23S rRNA was significantly linked to H. pylori strains 

that exhibit phenotypic resistance to clarithromycin. 

• The A85V and R90K amino acid changes in the frxA gene were significantly 

associated with H. pylori strains that show phenotypic resistance to metronidazole. 

• There was an inconsistency between genotype-to-phenotype resistance correlation 

for clarithromycin, metronidazole, and amoxicillin, but not for levofloxacin. 

• There was an increase in amino acid substitutions in PBP1A in resistant strains 

compared to susceptible strains.  

• The amino acid substitutions in H. pylori 26695 PBP1A that are strongly linked to 

amoxicillin resistance are located near the active sites. This implies that these 

substitutions might induce structural changes that decrease amoxicillin's binding 

affinity or access to the active site. 

 

 

 

 

 

 

 



279 
 

 

 

 

 

 

 

 

 

 

Chapter 6 :  Discussion 
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6.1 (Chapter 2): Prevalence of H. pylori resistance to antibiotics in 

isolates from patients with and without a previous round of 

eradication therapy  

This study hypothesized that H. pylori antibiotic resistance rates may be rising in the UK, 

reflecting the global trend of increased resistance, particularly to metronidazole and 

clarithromycin. Such a rise in prevalence would mirror H. pylori eradication failure rates. It is 

crucial to evaluate the antibiotic combinations used in future H. pylori therapies to ensure 

their effectiveness. This study analysed the local antibiotic resistance profiles in H. pylori 

isolates from gastric biopsies of GP-referred endoscopy patients in Nottingham and 

explored the resistance mechanisms.   

Current and past studies indicated that there is a high prevalence and increasing trend of 

resistance to clarithromycin and metronidazole in H. pylori isolates in the UK, supporting the 

hypothesis (Garvey et al., 2023; McNulty et al., 2012). Nevertheless, as mentioned 

previously, one meta-analysis study found no significant changes in resistance rates for 

these antibiotics between 2006 and 2016 in Europe (Savoldi et al., 2018), and another 

earlier European study reported a decrease in H. pylori resistance to clarithromycin between 

the year 2009 to 2014 (Ghotaslou et al., 2015). However, it was clarified that the 

discrepancies might be due to variations in the methods used for antibiotic susceptibility 

tests (agar dilution, disc diffusion, and E-test). Disc diffusion and E-test strips were used in 

this thesis, and due to the higher cost of the E-test method compared to the traditional 

antibiotic disc diffusion approach, we aimed to standardise the disc method and evaluate its 

effectiveness against E-tests. We conducted a side-by-side comparison of 30 isolates, 
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examining the categorical outcomes (resistant, sensitive, and intermediate). The findings 

showed complete agreement between the two methods for clarithromycin, amoxicillin, and 

levofloxacin; however, discrepancies arose with metronidazole (Garvey et al., 2023). The 

disc diffusion test results for metronidazole were deemed unreliable, hence the isolates had 

to be re-tested using E-tests.  

Another standard antimicrobial susceptibility testing for H. pylori is the agar dilution 

method. This technique involves adding various concentrations of antimicrobials, typically in 

a serial dilution, into blood agar plates, but they are difficult to perform routinely (Li et al., 

2022). One study evaluated the reliability of the E-test and disk diffusion compared to the 

agar dilution method for testing the antimicrobial susceptibility of H. pylori. They found that 

metronidazole displayed a strong correlation with both the E-test and disk diffusion 

methods, whilst clarithromycin had a moderate correlation with these methods. However, 

amoxicillin and tetracycline showed a weak correlation with both the E-test and disk 

diffusion methods (Ogata et al., 2014).  

Preparing numerous fresh blood agar plates for agar dilution susceptibility testing is labour-

intensive and time-consuming. While this approach is efficient for testing a large batch of 

isolates for antibiotic resistance surveillance, it is not practical for regularly handling a small 

number of clinical isolates (Best et al., 2003). Studies indicate that the resistance rate of H. 

pylori to metronidazole is higher when detected using the E-test compared to the agar 

dilution method (Glupczynski et al., 2002; Miftahussurur et al., 2020). This discrepancy may 

be partly due to varying time intervals between preparing the medium and conducting the 

susceptibility tests, which affect the redox potential, a key factor for metronidazole 

reduction (Mégraud & Lehours, 2007). The agreement between the E-test and agar dilution 
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method for amoxicillin, clarithromycin, quinolones, and tetracycline is excellent (Glupczynski 

et al., 2002; Osato et al., 2001a). Consequently, the E-test can serve as an alternative to the 

agar dilution method for testing clinical isolates from individual patients. Both EUCAST and 

The British Society for Antimicrobial Chemotherapy (BSAC) recommend the E-test method 

for determining H. pylori susceptibility to antibiotics (Smith et al., 2014). However, the high 

cost of E-test strips restricts their widespread use in clinical settings. 

Overall, the E-test method is a currently recommended phenotypic method because it 

provides a quantitative result, better standardization, and sensitivity to low concentration, 

making it an accurate choice for testing a fastidious organism like H. pylori. As a result, the 

E-test, despite being more costly, is preferred over the other methods for H. pylori 

susceptibility testing (Mishra et al., 2006). 

Another significant finding of this chapter is that the resistance rates to clarithromycin and 

metronidazole were substantially higher in isolates from individuals who had received 

eradication therapy compared to those who had not. As expected, this is possibly due to the 

selective pressure of previous treatment exposures of H. pylori to antibiotics, which can lead 

to the survival of resistant strains. When patients undergo treatment, especially with 

antibiotics like clarithromycin and metronidazole, susceptible strains are often eliminated, 

allowing resistant strains to survive and proliferate. This was evidenced by our finding which 

showed that six out of 79 patients had different antibiotic resistance profiles for the antral 

and corporal gastric biopsies. Different strains may coexist within the same individual; hence 

this genetic diversity can lead to variations in resistance profiles, which can be more 

pronounced in different gastric sites.  
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Another potential explanation for this discordant resistance profile in the antrum and 

corpus in the same patients could be related to mutations, as H. pylori can acquire genetic 

mutations that confer resistance to antibiotics during treatment exposure, thereby 

increasing the likelihood of such mutations developing and persisting in the bacterial 

population. The genetic diversity of H. pylori is crucial in linking genetic elements to 

antibiotic resistance. Consequently, a study on the relationship between the presence of 

point mutations in the target genes and the phenotypic antibiotic susceptibility testing was 

conducted and examined in Chapter 5. However, it would be better to perform deep 

sequencing of isolates (>100 times coverage) in the future study, so that resistance genes 

and mutations can be detected from low copy numbers in diverse H. pylori populations 

(Wilkinson et al., 2022).   

Current and previous findings have also shown a significant improvement in atrophy within 

1 to 4 years following H. pylori eradication therapy. Atrophic gastritis, a precursor to gastric 

cancer, is partially reversible after H. pylori eradication. Long-term follow-up studies indicate 

significant improvements in gastric mucosal atrophy after bacterial eradication, especially 

when treated before the condition becomes severe (Kodama et al., 2021). The eradication 

treatment combined with long-term surveillance offers substantial benefits in reducing 

inflammation and regressing pre-cancerous lesions in patients with H. pylori. However, even 

after eradication, patients with significant pre-cancerous changes require monitoring as 

long-term surveillance may identify cases of incomplete regression or early signs of 

malignancy. The earlier the intervention, the more pronounced the benefits, underscoring 

the importance of timely detection and treatment of H. pylori infection (Kodama et al., 

2021).  
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H. pylori eradication is also known to reduce the occurrence of gastric cancer in 

asymptomatic individuals and in those who have undergone endoscopic gastric cancer 

resection (Lee et al., 2016; Sugano, 2019). It is therefore necessary to recruit more patients 

for follow-up endoscopies and histological assessment to evaluate the extent of regression 

in atrophic gastritis and intestinal metaplasia following H. pylori eradication for future 

research. Hence, tailored eradication therapy for H. pylori infection, based on an individual’s 

antibiotic resistance profile is important for minimizing the risk of treatment failure, and in 

reducing the incidence of related diseases, such as peptic ulcers, gastric atrophy and gastric 

cancer, thereby benefiting public health. These findings emphasize the importance of 

managing H. pylori, not just for treating infections, but also for maintaining long-term 

gastrointestinal health and preventing cancer.    

6.2 (Chapter 3): Ex vivo relationship between human defensin 

expression and H. pylori infection  

Chapter 2 illustrated that the resistance of H. pylori to commonly used antibiotics reflects its 

adaptation strategies for long-term survival within its host. H. pylori continuously inhabit the 

human stomach despite the body's inflammatory responses to the infection. Therefore, it is 

essential to study the host's immune response to H. pylori infection to better understand 

how H. pylori can evade host innate immunity and persistently inhabit the human gut. 

Gaining a deeper insight into the cellular processes involved is vital for identifying the 

factors that influence these responses, which can help inform the development of new 

therapeutic approaches. The host immune response employs various strategies to directly 

kill bacteria, including the secretion of AMPs. Infection with H. pylori causes increased 
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expression of several AMPs, such as defensins, which have shown bactericidal effects 

against the bacterium; however, the infection persists (Pero et al., 2019b).  

Chapter 3 investigated the human immune response to H. pylori based on the gastric 

biopsies of infected and uninfected patients, by stratifying defensin concentrations with 

pathology, bacterial virulence factors, and the extent of gastric disease, and quantifying 

defensin levels mRNA expression. It was hypothesized H. pylori infection would result in 

altered defensin expression in gastric epithelial cells which may provide a potential 

biomarker for H. pylori-related gastric diseases (Linn et al., 2023). Therefore, we aimed to 

measure mRNA expression levels of DEFB4 and DEFA5 in the gastric mucosa.  

Most of the published literature indicates that DEFB4 levels rise in the gastric mucosa of 

patients infected with H. pylori (Nuding et al., 2013; Patel et al., 2013), and current studies 

have validated this association. Elevated expression of DEFB4 may be part of the host’s 

response to H. pylori infection, potentially helping to control bacterial growth and 

colonization. Furthermore, we also observed a decrease in DEFA5 mRNA levels in gastric 

biopsies from patients infected with H. pylori compared to uninfected controls. DEFA5 is 

primarily produced by Paneth cells and its direct role in gastric mucosa during H. pylori 

infection is less well studied, and it is believed to contribute to the overall mucosal defence 

(Linn et al., 2023). DEFA5 expression is constitutive, highlighting its crucial role in innate 

defence against infections. Consequently, H. pylori may have evolved strategies to reduce 

the expression of this antimicrobial peptide, facilitating persistent infection. 

We also found a significant link between DEFB4 and DEFA5 mRNA levels and gastric atrophy 

in infected patients. Hence, this study could determine whether the observed 

overexpression of the genes is a factor in the disease's progression towards gastric 
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adenocarcinoma. Emerging evidence suggests that defensins may have a significant impact, 

especially in the case of gastric cancer, although our understanding of defensin gene 

expression and its exact role in cancer development is limited (Wu et al., 2021). 

Understanding the roles of defensins in the context of H. pylori infection could have 

implications for developing new therapeutic strategies aimed at enhancing mucosal defence 

or modulating the immune response to reduce H. pylori-related pathologies. Thus, one 

possible outcome of this research is the discovery of prognostic tumour markers for 

assessing the pre-cancerous lesions or the risk of H. pylori-related diseases especially gastric 

cancer. This potential diagnostic approach could assist in early detection of pre-malignant 

lesions in H. pylori-infected patients (which is usually asymptomatic), along with a 

personalized eradication therapy based on individual’s antibiotic resistance profile that 

helps to regress the inflammation and atrophy in patients as mentioned in Chapter 2.   

The finding that both DEFB4 and DEFA5 mRNA expression were markedly upregulated and 

downregulated, respectively, in gastric mucosa from infected individuals was expected. H. 

pylori can modulate defensin expression through several mechanisms. For example, the 

activation of the NOD1 signalling pathway, which is dependent on the cagPAI, activates both 

NF-kB and AP-1 transcription factors, leading to the expression of defensin DEFB4 mRNA 

(Allison et al., 2009; Grubman et al., 2010). We found that higher DEFB4 levels were 

observed in samples infected with cagA+ strains compared to cagA- strains. Similarly, for 

vacA strains, DEFB4 mRNA levels were slightly higher in vacA i1 strains than in vacA i2 

strains, though this difference was not statistically significant, likely due to the small sample 

size.  
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It would also be intriguing to collect gut microbiome data in future research, as the 

microbiota has been shown to influence defensin production (Puértolas-Balint & Schroeder, 

2023). Their expression is tightly modulated by microbial cues, particularly in the gut. For 

instance, Paneth cells located in the small intestine generate α-defensins, and their function 

can be affected by microbial signals like LPS and bacterial metabolites (Armbruster et al., 

2017). Short-chain fatty acids (SCFAs), generated through the fermentation process by gut 

microbes, have been demonstrated to modulate the production of defensins and epithelial 

barrier function (Sato et al., 2024). Meanwhile, L. plantarum ZS2058 is reported to enhance 

host defence peptides like pBD2 and PG1-5, thereby strengthening the intestinal barrier 

function (Ghosh et al., 2021). 

However, dysbiosis (imbalance in the gut microbiome) can alter defensin expression, which 

may contribute to susceptibility to infections, inflammation, or conditions like IBD. Studies 

showed that H. pylori eradication therapy can also lead to gut dysbiosis and promote the 

selection of drug-resistant species within the gut microbiota. This process can further 

enhance single-drug resistance (SDR) and multiple-drug resistance (MDR) mechanisms in 

other microbial species (Tshibangu-Kabamba & Yamaoka, 2021). Since the gut microbiota 

can potentially transfer resistance genes from harmless microbes to harmful ones and 

influence host biological functions, minimizing antibiotic resistance genes and maintaining 

the intrinsic gut microbiota composition could improve the success rate of H. pylori 

eradication and lessen unintended consequences.  

Therefore, incorporating probiotics into the eradication process would effectively 

complement antibiotic treatments. A review study has reported that adding probiotics to 

antibiotic treatments could moderately reduce drug-related side effects, enhance antibiotic 
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efficacy and increase positive treatment outcomes in H. pylori-infected patients (Nabavi-Rad 

et al., 2022). A randomized placebo-controlled study has reported that Lactobacillus reuteri 

increases the eradication rate of H. pylori following a 14-day high-dose PPI and bismuth-

containing quadruple therapy (Poonyam et al., 2019) while Clostridium butyricum MIYAIRI 

588 significantly improve the H. pylori eradication rate in standard triple therapy (Mukai et 

al., 2020).  

The close relationship between gastrointestinal microbiota and host health, combined with 

changes in the microbiome and decreased alpha diversity during therapeutic interventions, 

indicates a significant role of the host microbiota in the side effects of H. pylori treatment 

(Ye et al., 2020). Taking probiotics during eradication treatment can help maintain the host's 

indigenous microbiota, support microbial balance restoration, and reestablish the natural 

equilibrium of bacteria in the gastrointestinal tract (Handa et al., 2020; Valdes et al., 2018). 

Therefore, future studies should include elucidating the gut microbiome composition and 

diversity because alterations in microbial populations or variations might occur as either a 

cause or consequence of H. pylori infection and antibiotic treatment. Studies also should 

include long-term follow-up studies to assess the effectiveness of probiotics in eradicating 

H. pylori and the complex interplay between gut microbiota and host health.  

Research into therapies that enhance defensin activity and restore a balanced microbiome 

is a promising approach for improving eradication rates, especially in antibiotic-resistant 

infections. Probiotic strains such as L. reuteri and S. boulardii have been found to enhance 

the effectiveness of antibiotics by stimulating defensin production and suppressing H. pylori 

growth (Liang et al., 2022). Additionally, the consumption of prebiotic fibres supports 

beneficial microbes, which in turn promote defensin expression and maintain epithelial 
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health (So et al., 2024). Therefore, combination therapies such as antibiotics, antimicrobial 

peptides (with microbiome-restoring interventions), and adjunctive therapies such as 

vitamin D and zinc supplementation (dietary interventions) could provide alternatives to 

conventional antibiotics. Another alternative future therapeutic strategy is using advanced 

diagnostic tools like microbiome sequencing to tailor therapies that address specific 

microbial imbalances caused by H. pylori. This personalized defensin-boosting therapy is 

based on an individual’s genetic polymorphisms that influence defensin expression. Further 

research and clinical trials will be essential to translate these ideas into effective therapies.   

6.3 (Chapter 4): In vitro relationship between the host immune 

response (IL-8 and hβD2) and antibiotic eradication in H. pylori 

infection 

It is now established that human defensins are regulated following H. pylori infection as 

evidenced by ex vivo studies in Chapter 3 and earlier studies (Nuding et al., 2013; Patel et 

al., 2013). Therefore, in Chapter 4, it would have been interesting to conduct an in vitro cell 

culture with H. pylori strains to measure defensin secretion levels and compare these results 

with prior ex vivo findings. However, Chapter 4 only measured the protein level of defensin, 

hence, it would have been an interesting addition to perform similar defensin mRNA 

quantification from the co-culture assays to accompany the mRNA data obtained from 

gastric biopsies of patients in Chapter 3. Future studies should include total RNA isolation 

from the pellets of AGS cells co-cultured with H. pylori and qPCR quantification to allow for 

meaningful comparisons of defensin expression levels between in vitro and ex vivo findings. 
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Defensins play a vital role in the innate immune system and acting as pro-inflammatory 

mediators, defensins attract leukocytes and stimulate the production and release of pro-

inflammatory cytokines such as TNFα and IL-8 (Phan et al., 2018). A hallmark of H. pylori 

infection in the gastric mucosa is the release of several pro-inflammatory cytokines, such as 

IL-8, exacerbating inflammation and contributing to gastric pathology. One major 

consequence of H. pylori activating host epithelial signalling pathways is the disturbance of 

essential mechanisms in the host's immune responses, with weakened immunity playing a 

role in the chronic persistence of the infection. Hence, these cytokines are essential in the 

development of gastroduodenal diseases linked to H. pylori infection. Therefore, factors 

that impact cytokine responses could affect one's susceptibility to or protection against 

diseases associated with H. pylori.  

Based on the initial findings on defensins, exploring the link between human defensin 

expression levels (hβD1, hβD2, hβD3, and hβD4) and the success rate of eradication in the 

future would be intriguing. This could involve measuring defensin expression in gastric 

biopsy samples and asking patients to return to the clinic a month later to verify their H. 

pylori status using stool antigen tests or urea breath tests. This could help determine 

whether defensins play a crucial role in aiding antibiotic eradication and evaluate if patients 

with the highest defensin expression are more likely to achieve successful eradication. 

Additionally, it could explore whether this is linked to patients' defensin gene 

polymorphisms, which may predispose some individuals to express higher levels of AMPs. If 

a positive association with eradication success is confirmed, perhaps it might lead to the 

development of therapies aimed at enhancing defensin expression in the stomach. 
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A promising concept is a treatment strategy that combines conventional antibiotics with a 

targeted approach to enhance endogenous antimicrobial responses. This could be achieved 

by using liposomal formulations of compounds, such as bacterial LPS from non-pathogenic 

strains like E. coli, that can locally activate NF-kB without triggering inflammation, thereby 

increasing defensin expression in gastric epithelial cells. A potential topical treatment that 

operates within the stomach alongside eradication therapy could be administered to 

patients to boost defensin expression, reducing H. pylori colonization densities and 

increasing the bacteria's susceptibility to antibiotics by compromising their membranes. 

Future research should also include pre-clinical studies to test these liposomal formulations 

in animal models of H. pylori infection to assess defensin induction, colonization density, 

and mucosal health. 

The current findings revealed that macrolides mediate a reduction in defensin expression 

and therefore, a therapy that can heal ulcers quickly while H. pylori is eradicated would be 

ideal. Perhaps a phased therapy approach for patients with severe H. pylori disease, where 

this strategy would target the unique needs of different stages of the disease: initial 

bacterial eradication, followed by mucosal healing and prevention of recurrence might be 

beneficial. The initial phase involves utilizing highly effective antibiotic treatments, such as 

quadruple therapy (including bismuth, a proton pump inhibitor, tetracycline, and 

metronidazole), to effectively eliminate H. pylori or using liposomal antibiotics to enhance 

delivery to the gastric lining and reduce systemic side effects. The proposed second phase 

would focus on clearing any remaining H. pylori and promoting early healing by employing 

defensin-enhanced therapies (like liposomal NF-kB activators derived from bacteria) and 

mild anti-inflammatory agents to decrease excessive inflammation and encourage mucosal 

repair. The final phase would involve incorporating dietary and probiotic support, such as 
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Lactobacillus or Bifidobacterium, to restore the balance of gut microbiota, along with lower 

doses of defensin-stimulating agents to maintain ongoing mucosal defence and prevent 

reinfection. 

In Chapter 4, how pro-inflammatory cytokines like TNFα interact with the IL-8 response and 

the stimulation of defensins during in vitro H. pylori infection was explored. TNFα is a potent 

promoter of inflammation, and it is well documented that TNFα binds to its receptor and 

triggers a cascade that leads to the activation of pro-inflammatory signalling NF-kB and the 

expression of defensin and IL-8 expression (Chen et al., 2022; Tavares & Pathak, 2018). In 

the current studies, IL-8 and hβD2 expression were significantly upregulated during H. pylori 

infection with recombinant TNFα stimulation in vitro, confirming the previous findings. 

However, it was surprising to discover that there was no link between TNFα and the density 

of H. pylori. In the literature, the concentration of TNFα used in experiments to examine its 

effects on bacterial load in AGS cell line co-cultures can vary, but generally, concentrations 

in the range of 10 to 100 ng/mL are commonly used in vitro for studies involving TNFα 

(Eliesen et al., 2022; Kim et al., 2018; Li et al., 2023a; Wolczyk et al., 2016). In this current 

study, a concentration of 50 ng/ml of TNFα was used to investigate its effect on bacterial 

load. Therefore, it would be useful to consider multiple concentrations of TNFα to 

determine a dose-dependent response in future studies.  

The interaction between TNFα, H. pylori, and the inflammatory response in gastric cells has 

been addressed in the early part of Chapter 4. As the current study's main interest was to 

evaluate the antibiotics used in H. pylori eradication therapy (Chapter 2), we sought to 

elucidate how the roles of macrolides have been shown to inhibit the activation of NF-kB 

and subsequently reduce the expression of IL-8, providing a dual benefit in treating H. pylori 
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infections. Macrolides such as clarithromycin are well known to have anti-inflammatory 

properties beyond their antibacterial effects (Pollock & Chalmers, 2021). Despite the high 

levels of resistance that H. pylori exhibit to clarithromycin (observed in Chapter 2), clinicians 

still prescribe this antibiotic because it has been proven to relieve infection symptoms in 

patients. 

The inclusion of macrolides, such as clarithromycin, in standard triple therapy for H. pylori 

infection has been debated, especially in areas with high rates of clarithromycin resistance. 

In regions where resistance is prevalent, the efficacy of clarithromycin can be significantly 

reduced, leading to treatment failure, as demonstrated in Chapter 2. This raises the 

question of whether alternative regimens should be prioritized. Many developed countries 

such as the EU and the USA now use quadruple therapy with bismuth compounds and 

including tetracycline to replace clarithromycin (Chey et al., 2024; Malfertheiner et al., 

2022). In this chapter, it was confirmed that macrolides reduce IL-8 and hβD2 defensin 

levels during an H. pylori infection in vitro, supporting our hypothesis. Therefore, it could be 

deduced that macrolides can have anti-inflammatory properties that may help alleviate 

symptoms in H. pylori patients, and this knowledge is essential as whether the inclusion of 

macrolides in the standard triple therapy remains necessary in an area with high rates of 

clarithromycin, as proposed in The Maastricht VI/Florence Consensus report (Malfertheiner 

et al., 2022). Ultimately, the information gained from this study such as patient’s antibiotic 

resistance patterns and the connection between the host immune response and antibiotic 

eradication in H. pylori infection may guide clinicians in selecting the most effective therapy. 

This could lead to better patient outcomes, improved eradication rates, and enhanced 

symptom relief. 
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6.4 (Chapter 5): Whole-genome sequencing analysis of 

antimicrobial resistance in H. pylori clinical isolates 

Traditional methods for testing antibiotic susceptibility, such as disk diffusion and E-test 

techniques, present several challenges and limitations. For example, a lack of reproducibility 

and comparability across laboratories and countries due to biological variability, as well as 

differences in technical staff training and standards (Boolchandani et al., 2019; Khan et al., 

2019). This often results in empirical treatment, which can lead to treatment failure and an 

increasing resistance rate. Ideally, susceptibility testing should occur at the initial diagnosis 

of H. pylori infection. However, because susceptibility testing is impractical for clinical use, 

so it is typically performed only after an initial treatment failure or in regions with known 

high rates of clarithromycin resistance (Malfertheiner et al., 2017). To address this issue, 

molecular techniques for identifying resistance have become an appealing option. 

H. pylori infection is characterized by significant genomic diversity on a global scale, within 

local settings, and in individual patients. Research so far has explored this diversity through 

DNA fingerprinting, gene-specific analysis, and more recently, whole genome sequencing of 

multiple single colonies isolates from human, and animal infection models. These efforts 

have improved our understanding of H. pylori's genetic diversity and its possible role in host 

adaptation, disease progression, and persistence. However, due to limited sample sizes, the 

complete picture of H. pylori diversity at the population level remains unclear (Wilkinson et 

al., 2022). 

In Chapter 5, a comparative analysis between the phenotypic and genotypic detection of 

antibiotic resistance among H. pylori clinical isolates was investigated. This study identified 
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common point mutations in the target gene 23S rRNA, and amino acid changes in RdxA, 

FrxA, GyrA, as well as PBP1A, PBP2, and PBP3 in H. pylori isolates. The A2147G point 

mutation in 23S rRNA was strongly associated with H. pylori strains showing phenotypic 

resistance to clarithromycin whilst the A85 and R90K amino acid changes in the FrxA protein 

were significantly linked to H. pylori strains demonstrating phenotypic resistance to 

metronidazole. Knowing point mutations and amino acid substitutions in target genes and 

proteins helps to elucidate the mechanisms by which H. pylori strains develop resistance to 

antibiotics. This can also serve as a predictive tool for determining antibiotic susceptibility, 

allowing for more accurate treatment decisions.   

However, there was a lack of consistency between the genotype and phenotype resistance 

correlation for clarithromycin, metronidazole, and amoxicillin, but this discrepancy did not 

occur with levofloxacin in this study. Other researchers from different parts of the world 

have also explored both phenotypic and genotypic methods, leading to variations in their 

findings (Xiong et al., 2023; Zhong et al., 2021). While antibiotic resistance in H. pylori 

isolates was predicted using Comprehensive Antibiotic Resistance Database (CARD) in this 

study, PCR-based validation could also be carried out. The use of CARD can have limitations. 

For example, the resistance mechanisms catalogued in CARD may not fully capture the 

unique genetic and phenotypic diversity of H. pylori. Different strains may harbour distinct 

mutations or resistance genes that are not well represented in the database, and as H. pylori 

evolves, new resistance genes/mechanisms may emerge that are not yet documented in 

CARD. While CARD includes a broad range of bacteria and resistance mechanisms, the data 

specific to H. pylori might be less comprehensive. Therefore, this can lead to discrepancies 

between expected and actual resistance profiles.   
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Furthermore, in silico AMR predictions may also suffer from high false-susceptible (false-

negative) and/or false-resistant (false-positive) rates. In resistance phenotyping, a false-

negative result is considered a very major error (VME), and a false-positive result is a major 

error (ME). A VME might result in the use of an ineffective therapeutic agent for treatment, 

leading to treatment failure; an ME might limit therapeutic options and complicate 

treatment (Stoesser et al., 2013; Zankari et al., 2017). Meanwhile, Pesesky et al. (2016) 

highlighted that the WGS-AST comparison carried out on Enterobacteriaceae using CARD 

demonstrated poorer overall performance with reduced specificity and higher ME rates.  

One large-scale study with a highly diverse dataset of thousands of bacterial isolates from 

multiple species, locations, and times illustrated that CARD may not yield optimal results to 

predict resistance phenotypes from single markers, and several limitations in genetic 

phenotype prediction still exist. To achieve FDA requirements for clinical microbiology 

diagnostic testing below 3% MEs and 1.5% VMEs, current AMR databases need to be further 

curated and expanded, provide AMR marker annotations per antibiotic rather than 

antibiotic class and employ combinations of individual AMR markers selected for optimal 

diagnostic performance in experimentally validated multivariate panels (Mahfouz et al., 

2020). 

In Chapter 5, a detailed examination of the PBP1A and PBP2 amino acid sequences from 

both amoxicillin-resistant and susceptible H. pylori strains revealed several substitutions 

strongly linked to resistance. Mapping these substitutions onto the 3D structure of PBP1A 

showed that they are all located close to the active site. This indicates that amoxicillin 

resistance in H. pylori could be attributed to structural alterations that potentially decrease 

the drug's access to or affinity for the active site. The work presented in this chapter 
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suggests that resistance to amoxicillin is probably due to the accumulation of multiple 

mutations, unlike the specific DNA point mutations strongly linked to clarithromycin 

resistance. As a result, it is hypothesized that a rapid molecular-based detection method is 

unlikely to determine if strains are susceptible to amoxicillin accurately. 

In summary, despite these limitations, WGS remains a valuable tool for understanding 

antibiotic resistance. Its integration with other methods, including phenotypic testing and 

epidemiological studies, can help provide a more comprehensive picture of resistance in H. 

pylori bacterial populations. Perhaps machine learning (ML) and artificial intelligence (AI) 

techniques could also be highly effective in identifying H. pylori genes associated with AMR 

and could significantly enhance diagnostic tests based on biopsy-derived WGS. By 

integrating ML with WGS-based diagnostics, it could become feasible to develop rapid, 

precise, and highly personalised eradication therapies for H. pylori as AI models can analyse 

the genome obtained from a biopsy to predict resistance profiles for multiple antibiotics 

significantly faster than traditional culture-based methods. Based on the predicted 

resistance profiles, the system can recommend the optimal combination of antibiotics to 

maximize eradication success while minimizing side effects and resistance development. 

These algorithms could also account for local resistance trends, host factors, and prior 

treatment history to tailor therapies.   

Future research into the mutational causes of amoxicillin resistance in H. pylori should 

involve analysing a larger number of sequences to gain a deeper understanding of the 

frequency of PBP1A and PBP2 amino acid substitutions and their connection to amoxicillin 

resistance. It is crucial to continue monitoring the amoxicillin resistance background of H. 

pylori to ensure the sustained effectiveness of amoxicillin-based treatments. The 
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development of a computational pipeline to analyse the structural effects of these 

substitutions would also enhance our understanding of their role in the development of 

amoxicillin resistance. This will help to provide a detailed understanding of how specific 

mutations in target genes impact its function and resistance mechanisms, potentially 

informing the development of targeted therapeutic strategies to combat H pylori infections.  

6.5 Conclusion 

This study provides several novel insights into the antibiotic resistance patterns, host 

immune responses, and molecular mechanisms involved in H. pylori infection. These 

findings significantly contribute to the understanding of antimicrobial resistance dynamics 

and host-pathogen interactions within the UK population. 

Firstly, a high prevalence of resistance to metronidazole and clarithromycin was 

demonstrated in H. pylori clinical isolates. Notably, different resistance profiles were 

observed between paired isolates obtained from the antrum and corpus of six patients, 

indicating the potential for intra-host heterogeneity. Temporal analysis also revealed an 

increasing trend of resistance to both clarithromycin and metronidazole over the years. 

Resistance rates were significantly higher in isolates from patients with a history of 

eradication therapy compared to treatment-naïve individuals. Moreover, patients aged 60 

years and below were more likely to harbour strains resistant to clarithromycin and 

metronidazole, suggesting possible demographic influences on resistance acquisition. These 

findings underscore the importance of conducting routine antibiotic susceptibility testing 

prior to treatment to prevent ineffective regimens. Recognizing intra-host heterogeneity 

and temporal resistance trends can lead to more accurate diagnosis and treatment 

selection, helping to prevent treatment failures and reduce the risk of resistance spreading. 
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This contributes to global antimicrobial stewardship and improves patient outcomes 

through tailored therapy. 

Histopathological evaluation revealed significantly higher inflammatory and pathological 

scores in the antrum compared to the corpus. Importantly, the study suggests that 

prolonged eradication therapy may reduce gastric inflammation and contribute to the 

regression of precancerous lesions such as atrophic gastritis. These findings highlight the 

potential benefit of sustained H. pylori management in modulating disease progression. In 

this context, early detection and regular follow-up for precancerous lesions are emphasized 

as essential components of patient care to ensure better outcomes. By linking eradication 

therapy with histological improvements, this study supports evidence-based guidelines 

promoting early and aggressive H. pylori treatment to reduce cancer risk, particularly in 

high-incidence regions.  

At the molecular level, novel patterns of host antimicrobial peptide expression were 

identified. During H. pylori infection, human defensin DEFB4 expression was significantly 

upregulated, while DEFA5 expression was downregulated in ex vivo gastric tissues. Both 

defensins were associated with atrophic gastritis, however, only DEFB4 expression was 

correlated with the presence of H. pylori virulence factors, such as cagA, indicating its 

potential role in host response to more virulent strains. These findings offer promising 

biomarkers for predicting mucosal immune responses and may help identify patients at risk 

of progressing to more severe gastric pathology. This contributes to the growing field of 

host biomarker research in H. pylori infection, which can enhance early diagnosis, stratify 

disease risk, and facilitate the development of targeted immunotherapies. 
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In vitro experiments using AGS gastric epithelial cells demonstrated that H. pylori infection, 

in the presence of TNFα co-stimulation, significantly enhanced IL-8 and human defensin 

hβD2 expression. Furthermore, macrolide antibiotics were found to attenuate both IL-8 

production and hβD2 expression induced by H. pylori, with more pronounced effects 

observed in infections with cagA-positive strains. This suggests a potential 

immunomodulatory role of macrolides in addition to their antimicrobial action. The 

discovery that macrolides may modulate host immune responses opens new possibilities for 

adjunctive treatment strategies, where antibiotics not only eradicate bacteria but also 

reduce harmful inflammation. This dual benefit could be particularly useful in managing 

chronic or refractory H. pylori-associated gastritis, thus enhancing treatment outcomes. 

Genomic analysis revealed several known and novel point mutations and amino acid 

substitutions in resistance-associated genes. The A2147G mutation in the 23S rRNA gene 

was strongly associated with phenotypic resistance to clarithromycin. For metronidazole 

resistance, the A85V and R90K amino acid changes in the frxA gene were significantly 

correlated with resistant strains. An inconsistency in genotype-to-phenotype correlation 

was noted for clarithromycin, metronidazole, and amoxicillin resistance, but not for 

levofloxacin. Additionally, resistant strains exhibited a greater number of amino acid 

substitutions in the penicillin-binding protein PBP1A, particularly near the active sites, which 

are hypothesized to alter the protein structure and reduce amoxicillin binding affinity. These 

findings enrich the understanding of genetic resistance mechanisms in H. pylori, offering 

new molecular targets for diagnostic assays and surveillance tools. Identifying specific 

mutations associated with resistance can aid in the development of rapid molecular 

diagnostics, enabling personalized antibiotic selection and minimizing trial-and-error 
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approaches in therapy. This aligns with the goals of precision medicine and could help 

combat the rising tide of antimicrobial resistance. 

Overall, this study provides important new insights into the resistance mechanisms of H. 

pylori, host immune responses, and the potential benefits of early therapeutic intervention 

and long-term follow-up in managing H. pylori-associated diseases. These findings offer 

valuable guidance for personalized treatment strategies, better disease risk stratification, 

and improved patient care, while also contributing to the global research efforts aimed at 

eradicating H. pylori and reducing the gastric cancer burden. 
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8.1 : Appendix 1 

Determination of qPCR efficiencies for GAPDH gene was performed using standard curves 

from a serial dilution of commercial human cDNA (US Biological) against Ct value. The R2 

value was 0.997, which is close to 1, and thus illustrates a good straight line fit (Figure 1). 

The threshold was calculated by the Rotorgene software as 0.146. The reaction efficiency 

was 1.89, and the Pfaffl equation used to calculate the efficiencies, was: 

 

E = 10 [-1/slope] , 

where E is reaction efficiency, and slope (m) is the gradient from the standard curve (Pfaffl, 

2001). 

 

Table 1: Descriptive statistics for each qPCR assay used; determined from standard curves 
using serially diluted cDNA. 
 

Target Gene Linearity (R2) Threshold Level Efficiency (E) 

GAPDH 0.997 0.146 1.888 

DEFB4 0.969 0.277 1.935 

DEFA5 0.965 0.289 1.814 
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Figure 1: Efficiency plot for GAPDH. A four-fold dilution series was carried out in triplicate 
using GAPDH primers and positive control cDNA. 
 
 

 
Figure 2: Amplification plot of cycle number against fluorescence for GAPDH. The 
threshold is shown, as calculated via the corresponding efficiency plot (Figure 1). 

 

Figure 2 shows the fluorescence from the cDNA dilutions crossing the threshold, before 

reaching the exponential phase. The Ct values are plotted to produce the efficiency graph. 

The same assays were then used to calculate reaction efficiencies and threshold values for 

human defensins DEFB4 and DEFA5.  

 
Figure 3: Efficiency plot for DEFB4. A four-fold dilution series was carried out in triplicate 
using DEFB4 primers and positive control cDNA. 
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Figure 4: Amplification plot of cycle number against fluorescence for DEFB4. The threshold 
is shown, as calculated via the corresponding efficiency plot (Figure 3). 
 
 

 

 
Figure 5: Efficiency plot for DEFA5. A four-fold dilution series was carried out in triplicate 
using DEFA5 primers and positive control cDNA. 
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Figure 6: Amplification plot of cycle number against fluorescence for DEFA5. The threshold is 
shown, as calculated via the corresponding efficiency plot (Figure 5). 
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8.2 : Appendix 2 

Appendix 2: Consistency between antibiotic susceptibility phenotype (E-test) and genotype-based predictions using CARD for all 36 H. pylori 

isolates.  

H. pylori clinical 
isolates 

Amoxicillin Clarithromycin Metronidazole Levofloxacin 

E-test 
results 

CARD 
results 

E-test 
results CARD results 

E-test 
results 

CARD 
results 

E-test 
results CARD results 

11637 S R S R R S S S 

45a S R S R S R S S 

45c S R S R S R S S 

77a S R S R R R S S 

77c S R S R R R S S 

120a R R S R S R S S 

120c R R S R S R S S 

194a S R R R R S S S 

194c S R R R R S S S 

249c S R R R R S S S 

265a S R S R S R S S 

265c S R S R R R S S 

295a S R S R R R S S 

295c S R S R R R S S 

308a R R R R S R R R 

308c R R R R S R R R 

322a S R S R S R S S 

322c S R S R R R S S 

326a S R S R R R S S 
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326c S R S R R R S S 

335a S R S R R S S S 

335c R R R R R S S S 

350a R R R R R S S S 

350c R R R R R S S S 

391c R R R R R R S S 

439a S R S R R R S S 

439c S R S R R R S S 

444a S R S R S R S S 

444c S R S R S R S S 

495a S R S R R R S S 

495c S R S R R S S S 

537a S R S R S R S S 

565a S R S R S R S S 

565c S R S R R R S S 

732a S R S R S R S S 

732c S R S R R R S S 

*R=resistant, S=susceptible, a=gastric antrum biopsy and c=gastric corpus biopsy.  

 

 

 


