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Abstract 
 

The global burden of gastric cancer (GC) is increasing and approximately 89% of non-

cardia GC cases are linked to Helicobacter pylori infection. H. pylori-induced gastric 

adenocarcinoma (GAC) is typically preceded by a progression of histological changes 

within the gastric mucosa, which begins with chronic gastritis (CG) and advances to 

gastric intestinal metaplasia (GIM). Sequencing studies have also shown that the 

gastric microbiota undergoes significant alterations during carcinogenesis, with H. 

pylori gradually becoming displaced by non-H. pylori bacteria. However, studying H. 

pylori infection in vitro presents several challenges and sequencing data often lack 

spatial information regarding bacterial distribution and location. Therefore, although H. 

pylori genotypes encoding the virulence factors VacA, CagA and HtrA are associated 

with increased risk of GAC, the precise role of H. pylori and the gastric microbiota 

during carcinogenesis remains unclear. The aim of this study was to explore the 

relationship between H. pylori and the gastric microbiota across the early, middle, and 

late stages of gastric carcinogenesis. Patient-derived organoid monolayers were used 

to study the vacuolating effect of H. pylori VacA in vitro. Whilst VacA induced prominent 

vacuolation in the AGS cell line, vacuolation was not observed in monolayers exposed 

to different VacA allelic forms, raising questions over the significance of vacuolation 

during infection. To further understand the relationship between H. pylori and the 

gastric microbiota in carcinogenesis, multiplex imaging using RNAscope in situ 

hybridisation (ISH) combined with immunohistochemistry (IHC) of CG, GIM, and GAC 

histological gastric tissue was conducted. Although E-cadherin and MUC5AC 

expression remained relatively stable in CG, MUC2 expression was elevated in both 

GIM and GAC. Additionally, a significant correlation was found between H. pylori 
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presence and invasion of non-H. pylori bacteria into the lamina propria. In order to 

identify these bacteria, tissue regions containing invasive bacteria were isolated using 

laser capture microdissection (LCM) followed by full-length 16S ribosomal rRNA 

sequencing. Although multiple non-H. pylori bacterial genera were identified in CG, 

GIM and GAC samples, low sample biomass and amplicon contamination posed a 

significant challenge, highlighting the need for improved methods in future studies. 

Finally, a modified Gram stain was validated as a rapid, cost-effective tool for 

identification of non-H. pylori bacteria in histological samples, which confirmed 

previous findings and holds promise as a surveillance tool for GAC. In conclusion, in 

addition to H. pylori, the gastric microbiota likely also contribute to gastric 

carcinogenesis and future studies should therefore focus on confirming the identity and 

functional role of these bacteria. 
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1.1. Gastric cancer epidemiology and incidence  

 
Gastric cancer (GC) is the fifth most common malignant cancer and fourth leading 

cause of cancer-associated deaths globally. In 2021, there were an estimated 768, 793 

deaths from GC reported worldwide (Siegel et al., 2021). On average, over one million 

cases of gastric cancer are diagnosed globally per year, yet incidence rate has steadily 

declined over the last thirty years. Incidence rate, or age-standardised rate (ASR), is 

defined as the number of cases per 100,000 per year and is a hypothetical measure 

based on the population distribution of a standard population. ASR is generally used 

to determine the risk of GC within a population or group; whereby a low-risk region is 

defined as an ASR of <10 per 100,000 people and a high-risk region is defined as an 

ASR of >20 per 100,000 people (Sung et al., 2021). 

 

The ASR of GC varies geographically. Generally, high ASR countries are usually found 

in Asia, such as Mongolia, Japan, and Korea, whereas the United States of America 

(USA), United Kingdom (UK), South Africa and most European countries have a low 

ASR. For example, in 2022, incidence rates were highest in eastern Asia with 22.4 

cases per 100,000 people, whereas the lowest rate was in South Africa with 3.3 cases 

per 100,000 people. In fact, in 2020, 75.3% of all stomach cancer cases reported 

globally were from Asian countries (Ferlay et al., 2021). Further variation in GC ASR 

and mortality have also been also identified. Even though Eastern Asian countries such 

as Mongolia, Japan and Korea reported the highest ASR, the highest death rates were 

observed in Western Asian countries such as Iran and Tajikistan. Additionally, global 

ASR of GC is roughly 2-fold higher in males in comparison to females, with a global 

average of 15.8 and 7.0 cases per 100,000 people, respectively (Morgan et al., 2022). 
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The reason for this remains unclear, however, some studies have suggested that 

higher consumption of alcohol and tobacco generally observed in males, or differences 

in sex hormones between males and females might be a contributing risk factor 

(Camargo et al., 2012; Wang et al., 2017).  Furthermore, globally, GC is the fourth most 

common cancer for males, whereas in the UK it is the thirteenth most common (Cancer 

Research UK, 2024). 

 

In the last thirty years, global incidence of GC has steadily declined, and it is now 

likened to a ‘rare disease’ primarily due to the discovery of H. pylori and availability of 

antibiotics. Even in recent years, a decrease in incidence and mortality is now 

predicted, as there were 27,600 new cases and 11,010 deaths reported in 2018 in the 

USA, compared with a prediction of 26, 890 new cases and approximately 10,880 

deaths by the end of 2024 (Clinton et al., 2020). As such, by 2035, 16 countries, 

including the UK and USA are hypothesised to fall below the rare diseased threshold, 

which is defined by having an ASR of 6 per 100,000 people (Morgan et al., 2022).  

 

However, global incidence of GC in young people (<40 years old) has risen from 2 to 

18% between 2002 and 2020 (Calderillo-Ruíz et al., 2023). The reason behind this is 

unclear, but it is hypothesised that likelihood of GC is overlooked due to a 

misconception that this cancer primarily effects older individuals. As such, younger 

patients are often incorrectly diagnosed or prescribed proton pump inhibitors (PPIs), 

without an invasive procedure such as endoscopy, resulting in pre-cancerous changes 

to the gastric mucosa sadly going unnoticed until it is too late (Zaręba et al., 2019).  



 4 

Gastric adenocarcinoma (GAC) develops in gastric gland cells and is the most 

common type of GC in the UK, although it is often diagnosed at the later stages when 

the cancer has progressed (Banks et al., 2019). Given that GC is generally diagnosed 

in the later stages of cancer progression, the relative five-year survival rate of GC is 

~23.9% in the UK, which is far lower than other cancers such as prostate (88.5%), 

kidney (66.6%) and colorectal cancer (CRC) (57.6%) as outlined in Figure 1.1 (NHS 

England Digital, 2024). As such, GC has recently been added to the Cancer Research 

UK (CRUK) list of cancers of strategic priority, with the aim to achieve earlier diagnosis, 

by improving awareness and surveillance methods (Cancer Research UK, 2024). 

 

1.2. Types of gastric cancer 

 
Gastric cancer was first characterised using the Laurén classification, which separated 

GC histologically into two main subtypes: diffusible type adenocarcinoma (D-TAC) and 

intestinal-type gastric carcinoma (I-TGAC). Broadly, the diffuse type is characterised 

by the presence of poorly cohesive cells which do not form glands, whereas cells within 

the intestinal type exhibit differentiation, either with or without mucin production (Lee 

et al., 2018).  Around 30% of gastric cancers are the diffusible type which is more 

aggressive and generally affects the majority of the stomach. In comparison to the 

intestinal type, it is difficult to diagnose as mucosa within the diffuse type often appears 

histologically normal (Safadi et al., 2022). Intestinal-type gastric carcinoma, such as 

GAC, is less aggressive but primarily affects the distal stomach and is characterised 

by a series of histological changes to the gastric mucosa which are noticeable during 

endoscopy examination (Lee et al., 2018). 
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Figure 1.1. Five-year cancer survival estimates for adults in England. Five-year 
survival estimates for adults (aged 18-99) diagnosed between 2016-2020 and followed 
up until 2021. Figure reproduced in GraphPad Prism software from accredited official 
statistics published by NHS Digital in February 2023 (NHS England Digital, 2024). 
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1.3. Risk factors for development of gastric cancer 

 
Lifestyle and dietary factors 

Over the years, several studies have reported that lifestyle factors such as excessive 

alcohol use, smoking tobacco and a sedentary lifestyle or obesity are related to  onset 

of gastric symptoms which can result in GC (González and López-Carrillo, 2010; 

Ebrahimi, 2023). The link between alcohol use and GC risk remains unclear, but it is 

hypothesised that alcohol exacerbates production of gastric acid, resulting in irritation 

and inflammation of the mucosa. In addition, acetaldehyde, the toxic metabolite of 

alcohol, is associated with mucosal injury, adverse cellular differentiation, host 

apoptosis and production of damaging free-radicals (Clinton et al., 2020). Many 

epidemiological studies have reported that gastric cancer risk is 1.5 to 2.5-fold higher 

in people who currently smoke cigarettes, compared with those who have never 

smoked (Sasazuki et al., 2002). Similar to alcohol, cigarettes contain multiple harmful 

chemicals, composed of aromatic amines, phenolic compounds and N-nitroso 

compounds with known toxic and carcinogenic effects on host mucosa and DNA, which 

might also drive tumourigenesis and cancer development (Zhang et al., 2012).  

 

Nicotine has also been identified as another major risk factor, as it can activate tumour 

cell nicotinic acetylcholine receptors and promote release of growth factors such as 

vascular endothelial growth factor (VEGF) which directly exacerbates tumour 

angiogenesis and growth (Wong et al., 2007). Another risk factor is obesity, which is 

associated with increased risk of several cancers and it is thought that excess adipose 

tissue results in elevated pro-inflammatory cytokines such as TNF-, IL-6 and IL-1 

which can trigger tumorigenesis (Mohammadi, 2020; Scaglione et al., 2002). 
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Genetic mutations 

Around 1-3% of gastric cancers are hereditary diffuse gastric cancers (HDGC), which 

are often caused by a germline mutation in the E-cadherin CDH1 gene. Mutation 

results in epithelial-mesenchymal-transition (EMT), whereby cell-cell adherence of 

gastric mucosal cells is reduced, resulting in loss of cell polarity, cell structure and 

migration (Guilford et al., 1999). HDGC increases risk for development of both diffuse 

gastric cancer and lobular breast cancer (Schrader et al., 2008). Whilst HDGC is the 

most common hereditary cancer syndrome, other hereditary syndromes are 

associated with mutations in specific genes, resulting in increased risk. These include 

but are not limited to Lynch syndrome, familial adenomatous polyposis (FAP) and 

Peutz-Jehgders syndrome (Slavin et al., 2019). Inactivation of the tumour suppressor 

p53 gene is also associated with increased risk of GC and can occur in up to 77% of 

cases. It has been reported that the majority of p53 alterations occur in the early 

inflammatory stages of GC and increase in frequency as carcinogenesis progresses 

(Fenoglio-Preiser et al., 2003). The reason behind inactivation of p53 during GC 

development remains unclear, but is thought to be the result of a random, missense or 

deletion mutation in p53 or additional single-nucleotide polymorphisms (SNPs) within 

the gastric mucosa (Matozaki et al., 1992). 

 

Epstein-Barr virus 

Epstein-Barr virus (EBV) is a major risk factor for the development of nasopharyngeal 

carcinoma, T-cell lymphoma and GC. The mechanism behind carcinogenesis remains 

unclear, but it thought that EBV primarily infects oral B-lymphocytes and epithelial cells, 

which enter the digestive tract and arrive in the stomach, enabling translocation and 
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activation of EBV within the gastric mucosa. It is reported that EBV induces genomic 

methylation of the host, resulting in abnormal gene expression, imbalances in cellular 

signalling and initiation of tumorigenesis (Hutt-Fletcher, 2017). Latent EBV products 

are also associated with downregulation of microRNA, which can also result in reduced 

E-cadherin expression (Shinozaki et al., 2010). 

 

1.4. Helicobacter pylori 

 
Helicobacter pylori belongs to the Campylobacteria phylum and is a coloniser of the 

human digestive tract; it is estimated to be present in over half of the world’s population 

(Diaconu et al., 2017). H. pylori is Gram-negative, microaerophilic, non-invasive and 

its cells are often spiral or coccoid in appearance (Amieva and El-Omar, 2008). Today’s 

understanding of H. pylori primarily arose from Australian research in the 1980s, 

whereby it was first discovered by Barry Marshall and Robin Warren in 1982. Biopsy 

specimens were obtained from 100 patients who had presented with gastritis or peptic 

ulcers; both spiral and curved bacilli were observed in samples from 58 patients which 

were initially thought to be related to, or a new species of Campylobacter (Marshall 

and Warren, 1984). In the 1980s, it was thought that gastric ulceration and 

development of GC were solely related to lifestyle factors. However, in 1985, Marshall 

deliberately infected himself with H. pylori in order to demonstrate that the bacterium 

caused gastritis and gastric inflammation. Within 14 days, he experienced sickness, 

exhaustion, halitosis and diarrhoea. Soon after, Marshall underwent an endoscopy 

where he was diagnosed with H. pylori-induced gastritis. This was a vital finding, 

resulting in Marshall and Warren being awarded the Nobel Prize for Physiology in 2005 
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for proving that H. pylori directly induced chronic gastritis and severe mucosal damage 

within the human stomach  (Marshall and Adams, 2008). 

 

H. pylori epidemiology 

It is estimated that H. pylori colonise between 50 and 70% of the global population, 

with prevalence depending on geographical region, socioeconomical status, race, age 

and lifestyle factors (Hu et al., 2017). H. pylori prevalence is generally higher in adults 

compared with children and adolescents, although this is likely due to the ‘cohort 

effect’, as most H. pylori infections are acquired in childhood (Malaty et al., 2002). A 

meta-analysis of several global H. pylori infection studies revealed the highest infection 

rates were in in African, Southeast Asian and South American counties, with some of 

the highest rates obtained in Nigeria (89.7%), South Africa (86.8%), Nicaragua (83.3%) 

and Colombia (83.1%). In contrast, infection rates were lowest in Europe, Oceana and 

North America, including the UK (27%), Belgium (11%), Sweden (15%) and USA 

(25%). Whist meta-analyses provide an indication of infection rates, it is worth noting 

that number of studies and sample size can vary greatly between countries (Zamani et 

al., 2018). High incidences of infection are likely attributed to lower socioeconomic 

status, lack of sufficient healthcare and hygiene and crowded living conditions (Mendall 

et al., 1992). Additionally, number of siblings are also a predictor of infection, with some 

studies suggesting that transmission of H. pylori between siblings and family members 

is a significant cause of high infection rates in these areas (Goodman and Correa, 

2000). In contrast, in areas with low infection rates, improved public hygiene, 

healthcare, education and living conditions reduce the likelihood of transmission 

between the general public and family members (Diaconu et al., 2017). 
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The role of H. pylori in the human stomach 
 
Given that a large proportion of the population are infected by H. pylori, yet only few 

people develop symptoms, questions have arisen over whether H. pylori should be 

considered a pathogen or commensal of the human stomach (Amieva and El-Omar, 

2008). Evidence suggests that a relationship between H. pylori and the human host 

has existed for at least 3,000 years, as antigens of H. pylori, in addition to other 

bacterial species as Giardia and Cryptosporidia, were detected in mummified faecal 

specimens (Alisson et al., 2019). Furthermore, genetic diversity of H. pylori has been 

shown to decrease with distance from East Africa, which correlates with genetic 

diversity of humans. This suggests that H. pylori has coevolved with humans over the 

last ~60,000 years, and likely shares a common ancestor (Linz et al., 2007). 

 

Studies have suggested that H. pylori colonisation benefits the human host, by 

modulating the immune system and protecting against the development of other 

diseases or pathologies (Li et al., 2018). For example, it is proposed that H. pylori 

protect against asthma and allergy via the ‘hygiene hypothesis’, whereby early 

childhood exposure to certain pathogens may regulate the immune system. Several 

studies have suggested that H. pylori alter the ratio of Th1 and Th2 helper and 

regulatory T cells, resulting in dampening of inflammatory pathways commonly 

involved in asthma or allergy (Liu et al., 2024). In addition, H. pylori has been shown 

to reduce the risk of oesophageal diseases, such as gastroesophageal reflux disease 

(GERD), Barrett’s oesophagus and oesophageal adenocarcinoma (Miller et al., 2022). 

Although the precise mechanism is unclear, it is hypothesised that H. pylori influence 

gastric acid production and stomach movement, resulting in reduced acid reflux back 
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into the oesophageal tract, and as such, eradication of H. pylori may reverse this effect 

(Doorakers et al., 2020). Moreover, although H. pylori indeed have some protective 

effects on the human host, given the findings by Marshall and Warren (1984) linking 

H. pylori with gastritis and inflammation, it is important to test and treat for H. pylori 

infection if a patient is presenting with undesirable and unpleasant symptoms. 

 

Diagnosis of H. pylori 

According to National Institute for Health and Care Excellence (NICE) guidelines, the 

current gold standard for non-invasive detection of H. pylori is the urea breath test 

(UBT) which detects breakdown of urea by H. pylori-secreted urease (García-Morales 

et al., 2023). It is generally preferred for patients who do not require an endoscopy, but 

have other diseases strongly associated with H. pylori infection, such as peptic ulcer 

disease (PUD) (Chey et al., 2017). Although the UHB test is rapid and cost effective, 

false positive results have been obtained due to the presence of other urease-

producing microbiota within the stomach and prescription of proton-pump inhibitors. 

This can lead to over-reporting of H. pylori infection during epidemiological studies. In 

contrast, the coccoid form of H. pylori is metabolically inactive, does not produce 

urease and can produce false-negative results (Osaki et al., 2008) . 

 

As such, stool culture is an additional non-invasive indicator of H. pylori infection and 

is commonly in combination with the UBT for H. pylori diagnosis in the UK (Aumpan et 

al., 2020). H. pylori is detected in stool using monoclonal or polyclonal antibodies, 

however, this test is often criticised as isolation of H. pylori from stool is difficult due to 

presence of biliary salts, competition with other microbiota and transformation of the 
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bacterium into a viable but not culturable form (Kelly et al., 1994). Furthermore, an 

additional non-invasive test relies on detection of H. pylori-specific IgG and IgA 

antibodies. Whilst these tests are generally regarded as highly sensitive (80-90%) and 

provide an immediate result, they are also limited as they are not as effective as 

invasive testing, do not distinguish between past and active infection and are not widely 

available or approved by many government agencies (Xu and Graham, 2021). Once 

H. pylori is detected, patients are usually prescribed a standard 14-day triple therapy 

of proton pump inhibitors (PPIs), such as omeprazole or lansoprazole, in combination 

with antibiotics such as amoxicillin, metronidazole or clarithromycin. A re-test for H. 

pylori infection is then conducted four to eight weeks after discontinuing treatment to 

ensure infection is eradicated (Chey et al., 2017). 

 

If H. pylori infection persists or symptoms worsen despite treatment, infection is 

investigated further with an invasive endoscopy. Although this procedure is 

uncomfortable for the patient and requires a hospital or clinic visit, an endoscopy is a 

reliable tool for detection of H. pylori, pre-cancerous lesions and histological changes 

indicative of GC (East et al., 2016). During an endoscopic procedure, physicians are 

able to identify changes to the gastric mucosa associated with H. pylori infection, 

including erythema, swelling, ulceration, atrophy, lesions and bleeding (Glover et al., 

2020). Furthermore, during an endoscopic procedure, a biopsy can be obtained of the 

infected tissue for further histological analysis by a pathologist. A variety of staining 

techniques, including H&E, Warthine Starry and Giemsa stain have been used to 

evaluate gastric inflammation and presence of H. pylori within gastric tissue, in addition 

to mucin expression (Lee and Kim, 2015). The updated Sydney system is then used 
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to grade H. pylori density, immune cell activity, glandular atrophy and inflammation from 

five separate biopsy sites (Dixon et al., 1996). 

 

H. pylori pathogenesis 

H. pylori have high genetic diversity, with DNA sequence polymorphism between 2.7 

and 8.0%. Its genetic diversity is acquired through several mechanisms, often involving 

spontaneous mutations, mobile genetic elements, allelic recombination and 

recombination with other bacteria (Hirschl et al., 1994). However, H. pylori are 

genetically heterogenous resulting in expression of multiple genes which produce 

varying phenotypes. As such, H. pylori strains vary in pathogenicity, with some strains 

having higher virulence than others (Mi et al., 2021). H. pylori possess several 

virulence factors which facilitate colonisation, adherence and damage to host tissue. 

H. pylori cells have three to seven sheathed flagella, which enhance motility through 

gastric mucin (Gu, 2017). It was also observed that number of flagella correlated with 

enhanced sialic acid-binding adhesion (SabA) mediated interactions, thus suggesting 

an association between number of flagella and pathological outcome (Martínez et al., 

2016). Urease is also produced by H. pylori and accounts for around 10% of the 

bacterial cell protein production (Schoep et al., 2010). Urease hydrolyses urea, which 

results in ammonia and carbamate production, which in turn neutralises stomach acid, 

facilitating survival of H. pylori in the harsh gastric environment (Athmann et al., 2000). 

 

CagA 

A well-characterised virulence factor associated with H. pylori is the cag pathogenicity 

island (cag PAI). It is found in approximately 60-70% of Western H. pylori strains and 
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almost 100% of East-Asian strains, such as strains obtained from China, Japan and 

Korea (Tomb et al., 1997). The cag PAI is a 40kb DNA insertion element, which 

contains approximately 31 genes, including ~3,500-5,000 base pair cagA, which 

encodes the 128-145 kDa CagA protein. H. pylori strains are either cagA-positive, or 

cagA-negative, with the cagA-positive strains encoding the cagA gene at the end of 

the cag PAI (Backert and Tegtmeyer, 2017). Within the cag PAI, the Cag type 4 

secretion system (T4SS) is encoded in addition to its effector protein, CagA. Generally, 

H. pylori adhesins such as BabA/B and SabA initiate the bacterial contact to epithelial 

cells, whilst the T4SS acts as an extra-cellular, pilus-like structure which then 

translocates CagA into the cell cytosol (Nejati et al., 2018). It is well established that 

that CagA induces releases pro-inflammatory cytokines such as interleukin-8 (IL-8) 

secretion via a series of signalling cascades. One such cascade, is activation of the 

NF-KB pathway, which plays a key role in the regulation of genes associated with the 

inflammatory response to microbial infections in both gastric and intestinal epithelial 

cells and is often associated with carcinogenesis (Peng et al., 2020; Taniguchi and 

Karin, 2018). In healthy cells, NF-KB is inhibited by IKB proteins within the cell 

cytoplasm. However, infection with H. pylori CagA results in activation of intracellular 

signalling pathways, which leads to nuclear translocation of NF-KB and an increase in 

IL-8 secretion during the inflammatory response. Once injected inside the cell, CagA 

can act in either a phosphorylation-dependent or independent pathway (Sharma et al., 

1998) (Figure 1.2) 

 

CagA induces a multitude of destructive effects on host cells as it can interfere with 

cellular morphology and physiology. CagA has been observed to interact with  
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Figure 1.2. Simplified schematic showing H. pylori CagA induced IL-8 release 
within a host cell. CagA is injected into the host cell via the Type IV secretion system, 
resulting in activation of nuclear signalling pathways and translocation of NF-KB in a 
phosphorylation dependent or independent manner. IL-8 mRNA levels rise within the 
host cell and are eventually secreted extracellularly during a pro-inflammatory 
response. Figure created in Biorender.com.  
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partitioning defective-1 (PAR1) and microtubule affinity-regulating kinase (MARK) 

which induces depolarisation of epithelial cell monolayers by interfering with 

basolateral proteins and tight junctional barriers (Amieva and El-Omar, 2008). CagA is 

also associated with disruption of Wnt signalling, promoting hyperproliferation of 

gastric cells, in addition to modulation of the aforementioned p53 pathway (Li et al., 

2016; Song et al., 2015). Another well-studied phenotype induced by CagA is the 

formation of ‘hummingbird’ shaped-cells, whereby the host cell elongates and becomes 

spindle-shaped. This likely occurs due to inactivation of focal adhesion kinase (FAK) 

as a result of activation of SHP-2 by phosphorylated CagA (Tsutsumi et al., 2006). 

 

VacA 

Vacuolating cytotoxin-A (VacA) is another important and well-studied H. pylori virulence 

factor. VacA is a secreted Type V autotransporter protein, which is produced by most 

H. pylori strains and shares no similarity with any other known bacterial or eukaryotic 

protein (Atherton et al., 1995). VacA belongs to the autotransporter pathway of 

secreted proteins and can either remain on the bacterial surface or is transported 

across the inner membrane of Gram-negative H. pylori in a sec-dependent process, 

followed by transport across the outer membrane by a transporter domain (Telford et 

al., 1994). The VacA precursor polypeptide is ~140 kDa and during export is processed 

resulting in production of a mature ~88 kDa toxin, a ~12 kDa unknown peptide and the 

C-terminal ~33 kDa -barrel (Fischer et al., 2001). The -barrel structure forms a pore 

in the outer membrane enabling translocation of the active 88 kDa toxin, which either 

remains on the bacterial surface or is released into the extracellular space as two 

cleaved products: signal and intermediate region p33, and middle region p55.  



 17 

The p33 and p55 toxin domains can exist as separate domains, but are required to 

interact with each other to induce virulent effects (Torres et al., 2005) (Figure 1.3). The 

p55 domain is involved in host-cell binding activity, whereas the p33 domain has been 

shown to induce downstream virulent effects (Palframan et al., 2012; Papini et al., 

2001).  The ~12 kDa subunit of unknown function is also released as a soluble protein 

(Cover and Blaser, 1992). VacA is also polymorphic and contains at least two variable 

components in the signal (s), intermediate (i) and middle (m) regions, which undergo 

allelic recombination, resulting in strains exhibiting mosaicism (Atherton et al., 1995). 

The intermediate region exists as subtypes i1 or i2 whereas the middle and signal 

regions generally exist as m1 or m2 and s1 or s2. The vacA gene is composed of 

different allelic types from each region and is a determinant of toxin production and 

virulence (Papini et al., 2001). Recently, new genotypes d1 and d2 have also been 

identified from a fourth deletion (d) region between the signal and intermediate regions 

using bioinformatic approaches. Using theoretical assumptions, it was shown that 

strains expressing d1 are likely to be found in areas with high H. pylori presence, 

whereas d2 is associated with areas with low infection rate (Soyfoo et al., 2021).  

 

H. pylori expressing s1/m1 and s1/m2 VacA are generally more pathogenic, causing 

more chronic inflammation when compared with other genotypes. The s1/m1 allelic 

combination is thought to induce the most severe damage to the gastric mucosa and 

has since been associated with increased risk for development of GC (Gerhard et al., 

1999; Louw et al., 2001). In contrast, during an in vivo C57BL/6J mouse infection study 

using isogenic H. pylori strains, it was observed that despite VacA s1/i1 forms inducing 

severe inflammation, their colonisation success and bacterial density was significantly  
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Figure 1.3. Simplified schematic showing H. pylori VacA protein structure and 
allelic recombination within the secreted p88 toxin. The VacA precursor 
polypeptide is ~140kDa which is processed during export resulting in production of a 

mature ~88 kDa toxin, a ~12 kDa unknown peptide and the C-terminal ~33 kDa -
barrel (Fischer et al., 2001). The active 88 kDa toxin (p88) is composed of the signal 
(s), intermediate (i) region and middle (m) region which undergo allelic recombination, 
resulting in mosaicism. Generally, the s1/i1/m1 allelic form is associated with higher 
vacuolating activity compared with the s2/i2/m2 form. p88 either remains on the 
bacterial surface or is released into the extracellular space as two cleaved products: 
signal (s) and intermediate (i) region p33 and middle (m) region p55. Figure reproduced 
from Sewald et al., (2008) and created in Biorender.com. 
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lower compared with s2/i2 expressing strains (Winter et al., 2014). However, this study 

was conducted on mice, which are not natural hosts of H. pylori. As such, it is possible 

that mice are more susceptible to the s2/i2 form of H. pylori compared with humans, 

but this phenomenon was not investigated further. VacA induces multiple effects on 

host epithelial cells, although arguably the most extensively studied effect is 

vacuolation. Although the mechanism behind vacuolation remains unclear, the current 

model hypothesises that VacA is internalised into the endosomal compartment by 

endocytosis, leading to an influx of H+ ions into the endosome and accumulation of 

ammonium ions and water into the lumen. This results in formation of prominent ‘holes’ 

or vacuoles across the host cell membrane (Ricci et al., 1993). Over the last twenty 

years, many in vitro studies have reported vacuolation of various mammalian cell lines 

or primary gastric cells in response to various forms of VacA, including gastric AGS 

and MKN, ovarian Chinese hamster ovary (CHO) and cervical cancer HeLa cells. 

(Harris et al., 1996; Kimura et al., 1999; Kuck et al., 2001).  

 

Additionally, strains expressing the s1/m1 form of VacA are generally associated with 

higher vacuolating activity in comparison to the s2/m2 form (Atherton et al., 1995; 

Letley et al., 2003). However, it has also been observed in some studies that m1 and 

m2 forms of VacA exhibit varying cell-type specify, as the m1 form induced greater 

vacuolation of HeLa cells in comparison to the m2 form during one study. In contrast, 

both the m1 and m2 forms were reported to induce similar levels of vacuolation in 

kidney RK-13 cells (Pagliaccia et al., 1998). Whilst VacA-induced vacuolation is a 

prominent phenotype observed in vitro, this effect is not well-studied using in vivo 

animal models and is rarely observed using human biopsy tissue or histological tissue 
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sections. Additionally, Holland et al. (2020) reported vacuolation of parietal cells 

following infusion of VacA into C57BL/6 mice, this observation has not been reported 

since using any human-derived models or histological samples (Pagliaccia et al., 

1998).  

 

Although vacuolation is a well-reported effect of VacA in vitro, given this phenotype is 

rarely observed in vivo, the significance of vacuolation in H. pylori pathogenesis and 

carcinogenesis still remains a research area of interest.  Aside from vacuolation, other 

virulent effects of VacA include autophagy, resulting in destruction of cytoplasmic 

material and apoptosis (death) of cultured cells. Although exact cellular mechanisms 

remain unclear, it is hypothesised that VacA-induced autophagy relies on binding to 

low-density lipoprotein receptor-related protein 1 (LRP1) on host cells. However, it is 

also hypothesised that autophagy can also be initiated by the host cell in response to 

VacA in order to prevent further toxin-induced damage and vacuolation (Terebiznik et 

al., 2006). Furthermore, it is currently proposed that VacA induces apoptosis by 

interfering with host cell mitochondria, where it can reduce mitochondrial 

transmembrane potential, promote cytochrome c release and induce mitochondrial 

fragmentation (Jones et al., 2010; Kimura et al., 1999). A further effect of VacA is 

disruption of intercellular junctions and increased permeability of host-cell monolayers, 

resulting in an efflux of anions, chloride, urea and bicarbonate. (Tombola et al., 1999). 

In turn, VacA increases paracellular permeability resulting in loss of host membrane 

polarity, which is an effect often observed during early carcinogenesis (Papini et al., 

2001). Finally, VacA can also impair the function of several immune cells, such as 
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lymphocytes, macrophages and eosinophils, in an effort to ‘hide’ from the host immune 

system (Altobelli et al., 2019; Terebiznik et al., 2009). 

 

HtrA 

An additional and less-studied virulence factor of H. pylori is secreted serine protease 

high temperature requirement A (HtrA). HtrA proteins are generally proteolytic and also 

exhibit chaperone-like properties on host cells (Skorko-Glonek et al., 2013). These 

proteins are usually involved in quality control and house-keeping roles within the 

bacterial cell, but H. pylori HtrA has been reported to secrete into the extracellular 

space as a soluble protease and promote colonisation of host gastric tissue (Löwer et 

al., 2008). HtrA also cleaves cell junction proteins, such as claudin-8, occludin and E-

cadherin, which causes depolarisation of polarised monolayers and damage to the 

host tissue (Hoy et al., 2010). Interestingly, a recent study demonstrated that a single 

nucleotide polymorphism (SNP) mutation found within HtrA (position serine/leucine 

171) triggered HtrA trimer formation, which is significantly correlated with increased 

risk of gastric cancer. The study showed that the trimeric 171Leucine-type (171L) of 

HtrA inflicted more epithelial damage, enhanced injection of CagA and cleavage of E-

cadherin in comparison to the 171Serine-type (171S). Although these findings were 

relatively recent, it is possible that the 171L/S HtrA mutation could be included as a 

potential biomarker for H. pylori infection and H. pylori-induced GC in the future 

(Sharafutdinov et al., 2023). 
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1.5. H. pylori and gastric adenocarcinoma 

 
In 2014, H. pylori was designated as a type 1 carcinogen by the World Health 

Organisation (WHO) for its association between severe gastric disease and 

development of GC. Currently, a widely accepted model for explaining the mechanism 

of H. pylori-induced gastric adenocarcinoma (GAC) progression is outlined in Correa’s 

cascade of carcinogenesis which was published in 2004 by Dr Pelayo Correa. This 

cascade outlines the stepwise histological changes which occur within the gastric 

mucosa following initial H. pylori infection (Correa, 2004) (Figure 1.4). 

 

Superficial and atrophic gastritis 

Immediately following infection with H. pylori, healthy gastric mucosa becomes 

inflamed due to mucosal injury resulting in chronic gastritis (CG), which is also known 

as chronic superficial gastritis (SG). The active form of CG is associated with the 

presence of immune cells such as granulocytes distributed throughout the epithelium, 

whereas the non-active form is associated with infiltration of lymphoid and plasma cells 

throughout the lamina propria. Although both forms of CG are highly associated with 

neutrophil infiltration, CG generally lasts no more than seven to 10 days, and most CG 

cases resolve naturally. However, some patients may experience hypochlorhydria, acid 

reflux, nausea, stomach discomfort and a reduction in appetite, which are usually 

treated with over the counter (OTC) medications (Tombola et al., 1999).  

 

Following acute infection, CG may develop into chronic atrophic gastritis (AG) which is 

often diagnosed by endoscopy. AG is histologically associated with infiltration of 

mononuclear immune cells, such as lymphocytes, macrophages, and plasma cells.  
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Persistent inflammation results in atrophy of the gastric glands and can be multifocal, 

known as multifocal atrophic gastritis (MAG) whereby foci of the atrophy are present 

in multiple regions of the stomach. An additional indicator of AG is hypo, or 

achlorhydria, which is a reduction or complete loss of stomach acid. This occurs during 

atrophic gastritis, due to the destruction of gastric glands and subsequent loss of acid-

producing parietal cells (Cifuentes et al., 2022). Additionally, pepsinogen-secreting 

chief cells are often lost as a result of AG, thus reduced serum pepsinogen I levels are 

often used as a diagnostic tool or biomarker for AG in some countries. 

 

Gastric intestinal metaplasia 

If untreated, patients with AG will often develop gastric intestinal metaplasia (GIM), 

which is a process that can happen over months or years depending on the patient 

(Eun et al., 2014). During GIM progression, the gastric mucosa undergoes 

physiological changes and resembles the intestinal mucosa.  As this change is 

irreversible, GIM is often referred to as ‘the point of no return’ and is not cured with 

antibiotic therapy. GIM can be either complete (Type I), which appears histologically 

similar to the small intestines and is associated with goblet cell expression, MUC2 

secretion, brush border and eosinophilic enterocyte presence. Conversely, incomplete 

(Type 2) GIM resembles the colon and is associated with multiple, irregular MUC5AC 

or MUC2 droplets and an absence of brush border (Correa and Piazuelo, 2012). 

Although expression of MUC2 is absent in the healthy gastric mucosa, as it is highly 

expressed in both complete and incomplete GIM and is used as a histological indicator 

of GIM which is easily identified with H&E staining (Correa, 2004). 
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Dysplasia 

Dysplasia is the penultimate stage of gastric carcinogenesis and is a term used to 

describe the presence of abnormal cells in a tissue. Within the dysplastic gastric 

epithelium, the nuclei are usually enlarged and dark in appearance (hyperchromatic), 

irregular shaped and lack polarity. The overall epithelial architecture is irregular, 

forming tubular-shaped branches with irregular lumens and psuedopapillae. Gastric 

dysplasia is often graded using a two-tier system, or low and high-grade dysplasia 

based on both cellular and nuclear morphology (Lauwers and Riddell, 1999). Dysplasia 

can be characterised based on mucin and gene expression as either 

adenomatous/type I (intestinal phenotype) or foveolar/pyloric/type II (gastric 

phenotype). Dysplasia presence is highly correlated with cancer risk and is relatively 

uncommon in countries with low gastric cancer risk such as the UK and Australia. 

Dysplasia management is difficult, and it is therefore recommended that tissue lesions 

require endoscopic resection, due to the potential for such lesions to progress into 

adenocarcinoma or metastasise (Correa and Piazuelo, 2012). 

 

Gastric adenocarcinoma 

Gastric adenocarcinoma (GAC) is the final stage of carcinogenesis and is often called 

invasive carcinoma, as the surrounding stroma becomes degraded and penetrated by 

neoplastic cells. GAC often has an irregular mucosal and microvascular pattern, in 

addition to irregular nuclei and distorted tubular glands (Correa and Piazuelo, 2012;  

Lee et al., 2018). 
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Figure 1.4. Correa’s cascade of carcinogenesis and associated mucosal 
changes. H. pylori colonise the gastric mucosa, initially resulting in SG (also called 
CG). Most cases of SG remain asymptomatic, but it can also lead to AG if untreated, 
whereby gastric glands are lost, and local pH rises. SG progresses to GIM, whereby 
the gastric mucosa resembles an intestinal phenotype and de novo secretion of 
MUC2 occurs. Eventually, the gastric mucosa can become dysplastic, subsequently 
resulting in development of GAC. Figure created in Biorender.com.  

Stage

Mucosal changes
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1.6. Models to study H. pylori infection 

 
In vivo animal models 

Since its discovery, several animal models quickly became available to study the 

effects of virulence factors and manipulate H. pylori infection. The first H. pylori animal 

model was the gnotobiotic piglet, which was used to demonstrate the importance of 

virulence factors urease and flagella during infection (Eaton et al., 1991). Although 

inflammation was observed following artificial infection with H. pylori, it was soon noted 

that although stomach ulcers were observed, the overall inflammatory response 

differed greatly between piglets and humans, whereby inflammatory responses, 

primarily involving neutrophils, were lower in the piglet in comparison to adult humans.  

 
Furthermore, piglets soon became unfavourable as a disease model due to the 

requirement of specialised, large facilities and high maintenance costs (Taillieu et al., 

2022). Several studies then attempted to artificially infect cats and dogs with H. pylori, 

which failed to induce an inflammatory response (Nedrud, 1999). This was likely 

because other Helicobacter species such as such as H. suis, H. felis and H. salomonis, 

rather than H. pylori, are natural colonisers of these animals, which could therefore 

explain the lack of inflammatory response (Taillieu et al., 2022). 

 

Mouse models soon became favourable, due to reduced costs and lower space 

requirements (O’Rourke and Lee, 2003). Several studies have shown that prolonged 

infection of germ free C57BL/6 mice induced CG, AG and inflammation which are 

characteristics of chronic H. pylori infection and mucosal damage (Ghiara et al., 1995; 

Sakagami et al., 1996). The earliest mouse colonisation studies used the standardised 

H. pylori ‘Sydney Strain 1’ (SS1) strain, which is known to readily adhere to the gastric 
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mucosa and maintain colonising ability in long-term studies (Lee et al., 1997). 

However, despite the availability of several animal models to study H. pylori infection, 

several problems remain with these models. Aside from ethical implications and high 

costs, animals often do not respond to H. pylori infection to the same extent as  

humans, thus later stages in Correa’s cascade of carcinogenesis are not easily 

modelled using animal models (Correa and Piazuelo, 2012; Taylor and Fox, 2012). 

 

In vitro cell lines 

Cell lines are a common in vitro model to study H. pylori infection, as they are relatively 

cost-effective, reproducible and far easier to maintain compared with animals. Cultured 

AGS and MKN cell lines are derived from gastric adenocarcinomas and are frequently 

used for gastric in vitro infection studies. The effect of CagA has been extensively 

studied using these cell lines, where cellular elongation, scattering and production of 

IL-8 has been observed following infection with various H. pylori strains (Bourzac et 

al., 2007; Murata-Kamiya et al., 2007; Sharma et al., 1998). Furthermore, as previously 

discussed, the vacuolating effects of VacA are prominent following infection of a variety 

of cultured cells (Kuck et al., 2001; Terebiznik et al., 2009). Aside from gastric cells, 

other non-gastric, human-derived cell lines have been reported in H. pylori infection 

studies, including cervical cancer HeLa cells, although it is unclear why this type of cell 

was used to model a gastric infection, given they originate from the cervix (Cover et 

al., 1992). Additionally, murine-derived and other animal cell lines such as J774 

macrophages, murine CD4+ T-lymphocytes and chinese hamster ovary (CHO) cells 

have been used to model H. pylori infection in vitro (Löfling et al., 2008; Rosenplänter 

et al., 2007). However, whilst cell lines are an excellent alternative to animal models 
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for studying bacterial infection, they are often genetically unstable, have a short life 

span and low passage limit (Idowu et al., 2022). Furthermore, the majority of cell lines 

also do not recapitulate the gastric architecture, due to lack of cellular polarisation and 

mucin production which is found on the apical surface of gastric epithelia. These are 

important host features that can influence response to H. pylori infection  (Kim et al., 

2020).  

 

Organoid models 

In recent years, organoid models have become a popular alternative to animal models 

and cell lines for modelling a variety of bacterial infections (Kim et al., 2020). Organoids 

are 3-dimensional (3D) structures derived from pluripotent stem cells, which are 

capable of recapitulating the architecture and function of the original organ the stem 

cells were obtained from (Bartfeld and Clevers, 2015). Organoids are self-maintaining 

and generally have a far higher passage limit in comparison to cell lines. In addition, 

unlike most cell lines, cells within organoids are highly polarised, with a defined apical 

and basal membrane and express a multitude of features, proteins and cell types also 

found within the original organ, such as chief, stem, parietal cells, cell junctional 

proteins and mucin layers (Fuji et al., 2018). 

 

Gastric organoids were originally developed from Lgr5+ gastric stem cells, which 

successfully developed into small organoids containing mucus neck and pit cells 

(Barker et al., 2010).  In the last decade, both human and murine derived 3D models 

have gained attention for studying H. pylori infection in vitro. Bartfeld and Clevers 

(2015) were among the first to establish gastric organoids directly from gastric glands 
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and also developed an infection protocol detailing micro-injection of organoids with H. 

pylori cultures. However, microinjection of cultures is a laborious, expensive and 

unsustainable process, as this system does not support long-term infection studies. In 

addition, because 3D organoids significantly differ in sizes, infection protocols are 

difficult to standardise as it is almost impossible to infect them equally with a precise 

ratio of bacteria to cells, or multiplicity of infection (MOI). This results in some organoids 

receiving a higher dose of bacteria than others and becoming overwhelmed by 

infection (Bartfeld and Clevers, 2015).  

 

Recently, alternative approaches have become available, whereby 2-dimensional (2D) 

organoid monolayers were successfully generated by shearing 3D organoids and 

reseeding onto glass coverslips. The 2D monolayers were then used as a H. pylori 

infection model, whereby hallmarks of CagA response were observed including cellular 

elongation and upregulation of IL-8 (Schlaermann et al., 2016). Unfortunately, these 

models were unable to support long-term infection studies as after 24 hours of infection 

they lost tissue architecture and polarisation, in addition to gradual dispersal of apical 

mucin within the culture medium. 

 

To solve this issue, Boccellato et al. (2019) published an alternative approach outlined 

in Figure 1.5, which involves seeding 2D cultures onto a cell culture transwell insert 

thus allowing access to the apical and basolateral surface of the organoids. They then 

employed air-liquid interface (ALI) technology to remove apical medium, facilitating 

polarisation and mucin production within the monolayers, which were coined 

‘mucosoid’ cultures. Furthermore, the mucosoids were then infected with live cultures 
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of H. pylori and successfully sustained long-term infection over a two to four-week 

period. This method has since been employed in additional H. pylori infection studies 

involving Na-K-ATPase reduction (Vagin et al., 2024), mucosal homeostasis 

(Boccellato et al., 2019) and endosomal trafficking (Capurro et al., 2019). 

 

However, it is worth mentioning that although gastric organoid models recapitulate the 

host architecture and cell types found within the stomach, they do not incorporate other 

physiological aspects such as blood flow, pH maintenance and biomechanics 

(Carvalho et al., 2023). As such, stomach-on-a-chip (SoC) devices have recently been 

engineered which replicate architectural and functional traits of a human stomach, 

such as maintenance of long-term 3D epithelial and mesenchymal cells, peristaltic flow 

and churning (Ferreira et al., 2023; Lee et al., 2018). Whilst these models have been 

reported in gastrointestinal research studies, as of 2024 there are no reports detailing 

their applications to model H. pylori infection (Carvalho et al., 2023). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 31 

 
 
 
 

 
 
 
Figure 1.5. Schematic outlining generation of 2D organoid mucosoid 
monolayers, derived from 3D gastric organoids. Tissue is collected during routine 
endoscopy, dissociated and re-seeded as a single cell suspension within matrigel 
matrix. Eventually, 3D organoids form which are further dissociated and reseeded as 
a cell monolayer onto a transwell insert. Once a polarised monolayer forms, an ALI 
culture is created by removing the apical media which stimulates mucin production. 
ALI cultures are then used for downstream experiments and infected with cultures of 
bacteria, such as H. pylori. Figure reproduced from methods outlined by Boccellato et 
al., (2019) and created in Biorender.com.  
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1.7. The human microbiome 

 
The human microbiome is comprised of eukaryotes, archaea, viruses and bacteria 

which colonise the inside and outside of our bodies. It consists of approximately 10-

100 trillion microbial cells, with the majority found within our gastrointestinal tract 

(Turnbaugh et al., 2007). The human microbiome is sometimes described as ‘the 

hidden organ’, as it generally has a symbiotic relationship with the body and is involved 

in several key functions, including metabolism, digestion, homeostasis and immune 

regulation (Bocci, 1992). However, occasionally the microbiome becomes disturbed, 

which results in an imbalance of microbiota and alterations in bacterial composition or 

function. This effect is usually associated with an overall loss of bacteria, overgrowth 

of pathogenic opportunistic bacteria or loss of beneficial symbiotic bacteria (DeGruttola 

et al., 2016). In the last twenty years, research into the link between the human 

microbiome in health and disease has gained significant traction, primarily driven by 

advancements in microbial profiling technology and reductions in technology and 

analysis costs (Cullen et al., 2020).  

 

The human microbiome and cancer 

Recent evidence has shown that the microbiome is also associated with cancer. 

Currently, although 11 microorganisms are designated as a group 1 carcinogen, this 

currently only includes one species of bacteria – H. pylori (Martel et al., 2020). 

However, several other bacteria are currently being investigated for their role in cancer 

development. For example, many pathogenic bacteria are frequently isolated from 

colorectal cancer (CRC) patients and include species belonging to the Bacteroidota 

and Fusobacteriota phyla. For example, several commensal bacteria, such as 
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Fusobacterium nucleatum and Lactobacillus reuteri have been found to increase 

intestinal tumourigenesis and aggravate inflammatory pathways in the gastrointestinal 

tract (Lo et al., 2022; Zepeda-Rivera et al., 2024). 

 

In addition, the intestinal microbiota has also been reported to contribute to other 

cancer, such as hepatocellular carcinoma (HCC). For example, in murine models of 

acute liver disease, an enrichment of bacteria such as streptococci, bifidobacteria and 

enterobacteria have been reported in patients with acute liver disease at risk of 

developing HCC (Llopis et al., 2016). Furthermore, the skin microbiota is also emerging 

as a risk factor for breast cancer progression. A recent study reported an enrichment 

of skin commensal species, such as Staphylococcus epidermidis and Micrococcus 

luteus within mammary tumour biopsies (Bernardo et al., 2023). Taken together, in 

recent years, advancements in technology have identified a clear link between the 

human microbiota and progression of several cancers. 

 

Sequencing-based methods to study the microbiome 

Most microbiome studies use microbial gene amplicon sequencing techniques to 

identify hypervariable regions of the small subunit ribosomal RNA gene (16S). 16S 

rRNA sequencing is favoured as it is culture-free method which provides genera or 

species level identification of a given microbiome (Johnson et al., 2019). However, 16S 

sequencing relies on PCR amplification of conserved sequences within hypervariable 

regions (such as V3-V5) or the full length of the 16S rRNA gene followed by mapping 

to an online taxonomic database, such as SILVA 138.2. This method is used to 

determine operational taxonomic units (OTUs) which have a 97% sequence identity 
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with known bacterial taxa. Additionally, in recent years, high-throughput shotgun 

metagenomic sequencing techniques have also gained popularity and involve 

functional analyses of entire genomes of viral, eukaryotic and bacterial microbiota. 

Rather than capturing defined regions of the 16S rRNA gene, the whole genome of 

organisms can be targeted with random primers to sequence regions of genome 

overlap. Sequences are then mapped to a database or reassembled de novo (Durazzi 

et al., 2021). Shotgun metagenomic sequencing is an alternative, highly sensitive 

technique which provides strain level detection and can also reveal functional profiles 

of the identified bacteria. However, due to the large volumes of data generated, the 

associated costs and bioinformatic requirements are far greater than for 16S rRNA 

sequencing.  

 

Whilst sequencing-based studies reduce the need for bacterial culture, a major 

drawback is that PCR and amplicon-based studies are prone to sample contamination 

and therefore overestimation of bacterial abundance (Eun et al., 2014). Contamination 

may arise from the laboratory environment, sample, or even within various kits used 

for preparation of sequencing libraries (Salter et al., 2014). An additional concern with 

sequencing-based reports is large discrepancies between sample size, techniques and 

data analysis pipelines, which can also result in under or over reporting of bacterial 

abundance (Kool et al., 2023; Nearing et al., 2022). 

 

Metabolomics is another tool commonly used in microbiota studies which identifies, 

quantifies and profiles bacterial metabolic events during host-pathogen interactions. In 

addition to virulence factors, bacterial metabolites are important to understand as they 
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have several roles within the human body, including regulation of the gut microbiota, 

nutrient absorption, energy metabolism and regulation of the immune response (Liu et 

al., 2022). Some of the earliest metabolomic studies were conducted on plants, 

whereby plants were screened for metabolomic biomarkers to predict future plant 

growth and effect of herbicide or genetic modification was investigated by analysing 

various secreted plant compounds (Liu et al., 2022). Common techniques in 

metabolomic studies include nuclear magnetic resonance spectroscopy (NMR) and 

mass spectrometry (MS), which can be targeted or untargeted (Smirnov et al., 2016). 

Targeted techniques usually involve studies on compounds, such as fatty acids or 

amino acids, whereas non-targeted techniques usually identify differences between 

metabolite profiles in control and test groups (Lau et al., 2016). 

 

Imaging-based methods to study the microbiota 

Although sequencing data provides information on bacterial abundance and metabolic 

events, it is unable to provide spatial and contextual information regarding location and 

distribution of bacteria in a given microbiome. Recently, imaging-based techniques 

have been explored to label and track gut microbiota in situ using live murine models. 

Many of these studies rely on fluorescent probes which target components of bacterial 

cell walls or deliver fluorescent or infrared antibodies to bacteria. However, these 

methods have only been conducted on transplanted bacteria and rely on specialist MRI 

or bioluminescence techniques to visualise bacterial distribution within the organism, 

which would be unsuitable, expensive and potentially dangerous approach if applied 

to human microbiome research (Apostolos et al., 2022; Chen et al., 2023). 
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Visualisation of microbiota in situ is difficult due to the requirement of specialist 

equipment and risk of harming the organism. As such, the majority of standard 

imaging-based methods to visualise bacteria rely on ex vivo samples, often obtained 

from biopsy or swabbed material. A powerful technique to fluorescently label specific 

bacteria within samples is fluorescent in situ hybridisation (FISH), which is a targeted 

approach that uses probes to detect specific bacterial DNA or RNA sequences that 

then emit fluorescence when viewed using a confocal or fluorescence microscope. 

FISH has been widely used for identification of microbial taxa within several biopsy 

samples, including oral (Thurnheer et al., 2004), gastrointestinal (Ng and Tropini, 2021) 

and skin (Gellrich et al., 2004).  

 

FISH is a popular and user-friendly technique, but is often prone to unspecific binding, 

resulting in high likelihood of false-positive labelling. Conversely, FISH has limited 

sensitivity for low-abundance targets, such as certain bacteria, which can result in 

under-reporting of bacterial presence. Recently, a novel, alternative in situ 

hybridisation technique, ‘RNAscope’, was developed by ACD Bio and is outlined in 

Figure 1.6. Rather than a single fluorescent-labelled probe, RNAscope probes bind to 

specific RNA sequences and consist of a target binding site comprised of a double Z 

probe and a pre-amplifier binding site. The double Z probe is composed of two 

independent probes, which must both bind in tandem for the pre-amplifier to then bind, 

ensuring highly specific binding to the target sequence.  
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Figure 1.6. Simplified schematic showing differences between conventional 
FISH and RNAscope ISH. Traditional FISH commonly uses fluorophore-labelled 
probes which are designed to target specific DNA or RNA sequences on host tissue. 
Images are usually obtained using a standard confocal or fluorescent microscope (A). 
In comparison, RNAscope ISH uses double-Z probes which target specific bacterial 
rRNA sequences, which are then amplified and fluorescently labelled with a 
fluorophore. A whole slide scanner capable of spectrally unmixing fluorophores is 
usually used for obtaining images of multiplex (multiple target) RNAscope images (B), 
but a confocal microscope can also be used for imaging samples labelled with 1-3 
targets which do not require spectral unmixing. 
 

  

View labelled multiplex sample with 
whole slide scanner (or confocal 

microscope for 1-3 probes) 

View labelled sample with 
confocal microscope 

 (or whole slide scanner) 
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The pre-amplifier then undergoes a series of amplification steps and contains multiple 

binding sites which are then directly labelled with a fluorophore or fluorescent enzyme 

such as horseradish peroxidase (HRP). In comparison to conventional FISH, 

RNAscope technology is highly specific, eliminating the likelihood of unspecific binding 

and high background noise. Many studies employing RNAscope technology focus on 

eukaryotic structures, however, a small number of studies have used RNAscope to 

target 16S rRNA bacterial sequences. Amongst these studies, several have used 

RNAscope technology to investigate various microbiomes, including the respiratory 

and colon microbiota (Bonifacio and Schmolke, 2021, Shimbori et al., 2022). 

 

1.8. The gastric microbiota 

 
It was initially assumed that the gastric microenvironment was sterile, until the 

discovery of H. pylori which paved the way for further research on the gastric 

microbiota. Before the availability of high-throughput sequencing-based techniques, 

early research into the gastric microbiota relied on culture-based techniques, or 

temporal temperature gradient electrophoresis (TEEG). In the early 2000s, Monstein 

et al. (2002) used TEEG-based methods to identify gastric ‘indigenous’ bacteria within 

histologically normal patient samples and identified consistent presence of bacteria 

such as streptococci, pseudomonads, staphylococci and stomatococci. Furthermore, 

in 2006, 16S rDNA sequencing of gastric biopsy sample from 23 adults with normal 

healthy mucosa or chronic gastritis revealed 128 phylotypes, primarily belonging to the 

phyla Pseudomonadota, Bacillota, Bacteroidota, Actinomycetota and Fusobacteriota 

(Bik et al., 2006). No differences between the two patient groups were observed and 

H. pylori presence did not impact microbial diversity. Interestingly, many of thesee 
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identified bacteria were associated with the oral cavity, such as various streptococci, 

fusobacteria and prevotella. It is therefore possible that these bacteria are either 

commensals of the gastric environment, or opportunistic bacteria which have entered 

the stomach as a result of swallowing (Castaño-Rodríguez et al., 2017). As 

sequencing-based tools gained popularity, several additional studies followed suit and 

have also identified further genera prevalent in the stomach, including Helicobacter, 

Prevotella, Streptococcus, Fusobacterium, Neisseria, Haemophilus and 

Acinetobacter, which are found in varying abundances between individuals (Ferreira 

et al., 2018; Rajilic-Stojanovic et al., 2020; Zhang et al., 2023). 

 

Gastric microbiota and carcinogenesis 

Throughout Correa’s cascade of carcinogenesis, the gastric microbiota also alters 

significantly during progression of CG to GAC. It is currently understood that during the 

early stages of carcinogenesis, H. pylori is prevalent, which is later displaced and 

dominated by other bacteria, such as those of the gastrointestinal tract or oral 

microbiota (Coker et al., 2018; Serrano et al., 2021) (Figure 1.7). The mechanism 

behind this remains unclear, but it is hypothesised that H. pylori utilises urease to 

neutralise the acidic gastric mucosa, which in turn facilitates survival of other alkaliphilic 

gastric microbiota (Schoep et al., 2010). A similar hypothesis suggests that during 

progression from CG to GAC, persistent H. pylori infection induces inflammation of the 

gastric mucosa, resulting in glandular atrophy and a loss of acid-secreting parietal 

cells, which also raises local pH and facilitates colonisation by other bacterial species, 

however, this does not explain the apparent loss of H. pylori  (Murakami et al., 2013). 

Whilst several studies have observed alterations in the gastric microbiota during 
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carcinogenesis, literature within this field remains limited and there are many 

discrepancies between studies. As previously discussed, studying the gastric 

microbiome relies on sequencing-based technology, which are prone to contamination 

issues, and disparities in sample preparation and biomass, often over or 

underestimating bacterial relative abundance. In addition, multiple methods and data 

analysis tools are used, resulting in a lack of standardisation between experiments and 

studies (Johnson et al., 2019; Salter et al., 2014).  

 

Although most studies report loss of H. pylori and an enrichment of non-H. pylori 

bacteria from CG through to GAC, some studies have also reported the opposite effect, 

or no effect at all, raising several important questions regarding the link between H. 

pylori and the gastric microbiota and the reliability of many sequencing-based studies. 

To provide a summary of the latest work studying the relationship between H. pylori 

and the gastric microbiota, eight individual sequencing-based studies of various 

sample size and methodologies were examined, and their main findings are detailed 

in Table 1.1. Whilst several studies identified a significant enrichment of phyla such as 

Bacillota and Bacteroidota during development of GAC, several of the studies also 

reported conflicting findings regarding the relationship between H. pylori and non-

Helicobacter genera. For example, although Guantaya et al., (2019) reported an 

enrichment of oral bacteria, such as streptococci, actinomyces, prevotella and 

veillonella in H. pylori-positive individuals with CG, the opposite effect was reported by 

and Maldronando-Contreras et al., (2011).  
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Figure 1.7. Alterations of the gastric mucosa during progression of GAC. It is 
currently hypothesised that during the early stages of carcinogenesis, H. pylori 
abundance is high. However, as GAC progresses, H. pylori is displaced and the gastric 
mucosa is dominated by non-H. pylori microbiota, including oral microbiota (Coker et 
al., 2018; Serrano et al., 2021). Figure created in Biorender.com. 
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Table 1.1. A comparison of studies investigating the effect of H. pylori on the 
gastric microbiome at various stages of carcinogenesis. 

 

Author, year Disease 
state and 
number of 
samples 

Sequencing 
technique 

Enriched bacteria 
(grouped by phyla, 
with examples of 

genera where 
applicable) 

Key findings 

Ferreira et 
al., 2018 

54 (GAC), 
81 (GC) 

Gastroscopy or 
resection with 16S 
rRNA sequencing 

Bacteroidota (e.g. 
Prevotella) 

Proteobacteria (e.g. 
Neisseria, 
Helicobacter) 

Bacillota (e.g. 
Citrobacter, 
Clostridium, 
Streptococcus) 

Actinomycetota 
(e.g. Lactobacillus) 

Pseudomonata (e.g. 
Pseudomonas) 

Significant 
difference in 
microbiota 
between CG and 
GAC groups. H. 
pylori abundant in 
CG yet reduced in 
GAC.  

Bacillota and 
Actinomycetota 
significantly 
enriched in GAC. 

Coker et al., 
2018 

21 (SG), 23 
(AG), 17 
(GIM), and 
20 (GAC) 

Gastroscopy with 
16S rRNA 
sequencing 

Bacillota 

(e.g. 
Peptostreptococcus, 
Streptococcus, 
Slackia, Gemella)  

Bacteroidota (e.g. 
Prevotella) 

Fusobacteriota (e.g. 
Fusobacterium) 

No significant 
difference in 
gastric microbiota 
or diversity 
regardless of H. 
pylori status. 
However, the 
abundance of oral 
microbiota was 
enriched in GIM 
and GAC 
compared with 
CG. 

Maldonado-
Contreras et 
al., 2011 

8 (GIM), 2 
(AG) 

Gastric biopsy 
with 16S gene 
microarray 

Actinomycetota 

Bacillota (H. pylori-
negative patients) 

Pseudomonadota 

Spirochaetota 

Acidobacteriota (H. 
pylori-positive 
patients) 

H. pylori negatively 
correlated with 
Bacillota and 
Actinomycetota 
presence. Very 
limited study – 
patients taking 
antibiotics were 
not excluded. 
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Li et al., 
2017 

60 biopsy 
samples 
from 33 
patients 
with H. 
pylori (CG, 
GIM, GAC) 
and H. 
pylori-
negative 
control 
patients. 

Gastric biopsy 
with Illumina 
MiSeq platform 
targeting 16S 
rDNA 

Pseudomonadota 

Bacteroidota 

Fusobacteriota 

Actinomycetota (H. 
pylori-negative 
patients) 

Eubacteria (H. 
pylori-positive 
patients) 

General decrease 
in microbial 
diversity observed 
in all H. pylori-
positive patients. 

Troncoso et 
al., 2020 

155 
(dyspepsia/
CG) 

Gastric biopsy 
followed by 
MALDI-TOF 

Actinomycetota (H. 
pylori-negative 
patients) 

Bacillota (e.g. 
Streptococcus) 

No significant 
difference in 
genera such as 
Neisseria, 
Lactobacillus, 
Staphylococcus, or 
Veillonella 
regardless of H. 
pylori status. H. 
pylori absence 
associated with 
enriched 
Actinomycetota 
and streptococci. 

Gantuya et 
al., 2019 

11 (H. 
pylori-
negative 
CG), 40 (H. 
pylori-
positive 
CG), and 24 
(healthy) 

Gastric biopsy 
followed by 16S 
rRNA amplicon 
sequencing 

Bacillota (e.g. 
Streptococcus, 
Veilonella) 

Proteobacteria (e.g. 
Haemophilus) 

Spirochaetota (e.g. 
Treponema) 

Actinomycetota 
(e.g. Actinomyces) 

Bacteroidota (e.g. 
Prevotella) 

Results suggest 
that streptococci 
could be a risk 
factor for GAC, 
independent of H. 
pylori infection. 

Wang et al., 
2022 

96 (CG, 
with or 
without H. 
pylori 
infection) 

Gastric 
metagenomic 
shotgun 
sequencing of 
gastric swab 
samples 

Pseudomonadota 
(e.g. Pseudomonas) 

Pseudomonadota 
dominated both 
groups. No 
significant 
difference in 
overall microbial 
diversity between 
groups. 
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The reason behind these discrepancies remains unclear, but it is worth noting that both 

studies employed different sample preparation, sequencing techniques and 

downstream analyses pipelines which might influence findings (Allali et al., 2017).  

 

Whilst there is still a lack of conclusive evidence explaining the link between H. pylori 

presence and gastric disturbance during progression of GAC, several bacteria 

identified in H. pylori sequencing-based studies originate from the oral microbiome, as 

well as the gastrointestinal tract. The oral and gastric microbiota are anatomically 

connected through the oral-gut axis and although these microbiomes are usually 

distinct, oral bacteria are often detected at later stages of GAC progression. The 

reason behind this remains unclear, but is likely a result of H. pylori modulating the 

gastric microenvironment as previously discussed (Bakhti and Latifi-Navid, 2021). 

Additionally, oral species such as, Streptococcus mitis, Streptococcus mutans, 

Ligilactobacillus salivarius and Actinomyces have been observed to inhibit H. pylori 

growth and colonisation in vitro, potentially suggesting an opportunistic mechanism. 

This could explain the apparent reduction in H. pylori presence during the later stages 

of gastric carcinogenesis, outlined in Figure 1.7 (Ishihara et al., 1997; Khosravi et al., 

2014).  

 

As such, although H. pylori infection drives the initial inflammatory response and early 

stages of carcinogenesis, it is possible that non-H. pylori bacteria, such as oral and 

gastrointestinal species, might also play a key role in progression of GAC in tandem 

with H. pylori. For example, several oral bacteria, including members of the Bacillota 

phylum, secrete hydrogen peroxide, which is associated with chronic inflammation and 
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cancer development (Liu et al., 2024). Additionally, bacteria such as S. mitis, S. 

gordonii and S. sanguinis can metabolise alcohol to acetyl aldehyde, which is 

associated with host cell damage and tumourigenesis (Pavlova et al., 2013). 

Furthermore, bacteria such as fusobacteria and prevotella, which are often isolated 

from both the gastrointestinal and oral microbiome, are also associated with DNA 

damage, cell-cycle damage and tumour migration and have recently been identified as 

a risk factor for colorectal cancer (CRC) (Lo et al., 2022; Zepeda-Rivera et al., 2024). 

 

1.9. Aims of this study 

 
In summary, given that the precise role of H. pylori and the gastric microbiota in 

carcinogenesis remains controversial, the aims of this study are as follows. Firstly, 

using patient-derived human organoid monolayers as an infection model, we will 

identify whether primary gastric cells vacuolate following exposure to H. pylori VacA. 

Using multiplex imaging of ex vivo patient samples, we will visualise the abundance 

and spatial distribution of H. pylori, the gastric microbiota and mucins during the early, 

middle and late stages of carcinogenesis. Preliminary attempts will then be made to 

isolate bacteria from gastric histological tissue sections with laser capture 

microdissection and determine their identity using full-length 16S rRNA sequencing. 

Finally, a modified Gram stain will be validated as a cost-effective and rapid test for 

identification of any invasive bacteria within gastric histological tissue. 
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1.10 Study hypotheses 

 
Based on the aims outlined above, the four key hypotheses of this thesis are as follows. 

• H. pylori VacA will induce vacuolation in organoid monolayers, with only specific 

cell types exhibiting the vacuolation phenotype. 

• A direct correlation exists between the presence of H. pylori and gastric 

microbiota in the context of pre-cancerous CG and GIM. However, in GAC, the 

gastric microbiota will dominate over H. pylori. 

• Any non-H. pylori bacteria detected by RNAscope will predominantly consist of 

oral and gastrointestinal microorganisms. 

• The modified Gram stain will effectively identify both Gram-positive and Gram-

negative non-H. pylori bacteria and will provide improved contrast against 

surrounding gastric tissue, when compared with the traditional Gram stain. 
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Chapter 2: Materials and 
Methods 
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2.1. Bacterial strains and growth conditions 

Bacterial strains used in this study are listed in Table 2.1; materials are listed in Table 

2.2. Strains used for infection experiments were originally isolated from gastric biopsy 

or kindly gifted by the Robinson or Kuehne laboratory. H. pylori were routinely grown 

on blood agar (Oxoid) containing 8% defibrinated horse blood, Skirrow’s selective 

supplement and 2.5 μg/mL amphotericin B. Skirrow’s selective supplement (SSS) was 

prepared in house and contained 155 μg/mL polymyxin B sulphate (Biochemica), 6.3 

mg/mL vancomycin (Sigma) and 3.2 mg/mL trimethoprim (suspended in 100% ethanol) 

(Thermo Fisher Scientific). Strains were incubated under microaerobic conditions with 

an atmosphere of 90% N2, 5% O2 and 5% CO2. In the absence of an incubator, strains 

were grown in a candle jar in the presence of a CampyGen microaerobic sachet. 

 

For infection experiments, 2-3 loops of H. pylori were streaked from frozen cryovial 

stocks onto blood agar and incubated for 72 h in aforementioned conditions. Colonies 

were then obtained from the edges of the bacterial lawn and streaked onto fresh blood 

agar plates for 24 h, this step was then also repeated for a further 24 h. This plate was 

used for experimental work whereby 2-3 loops of H. pylori were removed and used to 

inoculate 1 mL brain heart infusion (BHI) broth. 10 μL of the inoculum was removed 

and observed under a light microscope at 10 or 40x magnification to confirm H. pylori 

spiral conformation and flagellated movement. The remainder of the bacterial liquid 

culture absorbance was measured at an optical density (OD) of 600 nm with a 

spectrophotometer and adjusted to a desired multiplicity of infection (MOI). 
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Table 2.1. Bacterial strains used in this study 

 
Organism Strain Genotype Source 

H. pylori PMSS1 T4SS+/CagA+ Clinical Isolate 

H. pylori 60190 Wild type, s1/m1 Dr Karen Robinson 

H. pylori 60190 ∆VacA s1/m1 Dr Karen Robinson 

H. pylori 60190 ∆CagA s1/m1 Dr Karen Robinson 

H. pylori Tx30a Wild type s2/m2 Dr Karen Robinson 

A. oris Clinical isolate Wild type Dr Sarah Kuehne, 

Birmingham Dental 

Hospital 
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Table 2.2. Materials required for bacterial growth 

 

Material Manufacturer Catalogue number 

Blood agar base no. 2 Millipore B1676 

Defibrinated horse 

blood 

EO Labs DHB100 
 

Brain heart infusion 

broth 

Thermo 

Fisher 

CM1135 
 

CampyGen sachets Oxoid CN0025 
 

Vancomycin VWR 1205950010 
 

Polymyxin B VWR A08900001 
 

Trimethoprim VWR J6305306 
 

Amphotericin B VWR 12350000 
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In addition, in order to verify MOI, the adjusted bacteria were serially diluted onto 

blood agar plates and incubated for 48 h to obtain colony forming unit (CFU) counts. 

 

2.2. Preparation of H. pylori lysates 

H. pylori strains (wild type strain 60190 and strains 60190 ∆CagA, 60190 ∆VacA and 

Tx30a) were grown on blood agar plates for 48 h in microaerophilic conditions. For 

each strain, bacterial growth was removed with a sterile inoculating loop and added to 

1 mL sterile distilled water in a 1.5 mL Eppendorf tube. Tubes were vigorously vortexed 

and incubated at room temperature for 20 min. Cells were removed by centrifugation 

at full speed for 5 min and the supernatant was transferred to a fresh sterile Eppendorf 

tube. The total protein concentration of each lysate was estimated using a Qubit 

Protein Assay Kit (Thermofisher) and adjusted with PBS to 1 mg/mL for each strain. 

Lysates were stored at -20C until required. 

 

2.3. Cell line culture and maintenance 

AGS cells or Caco-2 cells when required were stored in cryovials containing Cell 

Recovery Freezing Medium (Gibco) in either liquid nitrogen or at -80C. When required 

for experimental work, cryovials were rapidly thawed at 37C and transferred to RPMI 

containing 10% FCS. Cells were centrifuged at 300 g for 5 min at 4C. Cell pellets were 

resuspended in 1mL RPMI and FCS, prior to addition of complete medium (cRPMI) 

containing 10% FCS, 1% (v/v) L-glutamine and 1% (v/v) Penicillin-Streptomycin 

solution. Cells were transferred to a vented T-75 cell culture treated flask and incubated 

at 37 C and 5% CO2 for 2-3 days or until confluent. Once ~90-100% confluent. Cells 
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were passaged by rinsing once with PBS and adding 0.05% Trypsin (Gibco) for 5 min 

or until cells detached; cRPMI was then added to quench Trypsin and centrifuged as 

before. Cells were routinely passaged at a 1:8 dilution dependent on cell pellet size 

and passaged no more than 20 times. 

 

2.4. Preparation of WNT and R-spondin-1 conditioned organoid medium 

Both WNT3A-expressing L cells and R-spondin-1 expressing 293T cells were thawed 

from liquid nitrogen, resuspended in DMEM with high glucose, pyruvate and 1.25 L 

Zeocin and seeded into a T-75 cell culture treated flask until confluent. Cells were then 

expanded and reseeded into T-150 flasks; this process was then repeated twice more. 

Cells were then dissociated for a final time and re-seeded into 150 mm2 cell culture 

dishes in Zeocin-free medium. Cells were incubated for 6 days, before the medium 

was removed and vacuum filtered. Medium was aliquoted and stored at -20C until 

required.  

 

2.5. 3D organoid culture and maintenance 

Human gastric organoids were kindly provided by Dr Claire Shannon-Lowe at the 

Institute of Cancer and Genomic Sciences, University of Birmingham and were derived 

from biopsy tissue obtained during a routine gastric endoscopy. All organoids used in 

this study demonstrated normal gastric morphology as identified by an independent 

pathologist. Organoid media used in this study are detailed in Tables 2.3, 2.4 and 2.5. 

Organoids were routinely stored in 0.5-1 mL Cell Recovery Freezing Medium in liquid 

nitrogen and were thawed when required. Cryovials containing 3D organoids were 
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removed from liquid nitrogen and briefly thawed at 37 C on a hot block. Organoids 

were transferred to 9 mL AdDF medium (Table 2.3) before being centrifuged and the 

supernatant discarded. Matrigel (Corning) was used to resuspend the cell pellet, with 

required volume dependent on cell pellet size. Once resuspended in Matrigel, ~20-30 

μL drops of Matrigel-suspended organoid cells were pipetted into a pre-warmed 24-

well plate. After 30 seconds, the plate was inverted and the matrigel left to set at 37C 

for ~10 min. 500 μL pre-warmed complete 3D organoid medium was added to each 

well and PBS added to the surrounding wells to maintain humidity. Small organoids 

began to form after 3 days, requiring fresh medium on day 5 and passaging on day 10. 

 

2.6. 3D organoid passaging 

Routine passages involved splitting the organoids in 1:2 or 1:4 ratio, dependent on 

original organoid number and whether organoids were also required for experimental 

work. Organoids suspended in Matrigel drops were disrupted and collected into a 

falcon tube, before centrifuging at 300 g for 5 min at 4C. After centrifuging, a visible 

pellet and matrigel halo containing visible organoids were retained and 100 μL AdDF 

medium was added prior to mechanical disruption using an FCS-coated flamed-tip 

glass pipette. Depending on organoid number, 1-2 mL TrypLE (Gibco) containing 0.1% 

EDTA (Gibco) was added to the cell suspension and incubated for 10 min at 37C, with 

further mechanical disruption after 5 min. 

 

Following incubation, 1-2 mL AdDF medium with 10% FCS was added to inactivate the 

TrypLE with further glass pipetting to disrupt the organoids. Organoids were 

centrifuged once again and residual Matrigel layers and supernatant were discarded. 
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The pellet was washed by resuspending in AdDF medium, centrifuged again and 

resuspended in the required volume of matrigel. A 30 L droplet was then added with 

a pipette to each well of a pre-warmed 24-well plate and inverted as before. After ~10 

min, 500 L pre-warmed complete 3D organoid medium was added to each well and 

PBS was added to the surrounding wells to maintain humidity. Following passaging, 

organoids were inspected with a light microscope and appeared as disrupted, single 

cells. After 3 days small organoids began to form and required passaging again after 

a further 7-10 days. 

 

2.7. Preparation of 2D organoid monolayers 

In order to establish 2D organoid monolayers on plates or transwell inserts at least 4+ 

wells of confluent and healthy 3D organoids were required. Healthy 3D organoids were 

defined as spherical, with clear lumens and no sign of budding or release of smaller 

cells. Transwell inserts or plates were pre-coated with 15 μg/cm2 Bovine Collagen I 

(Corning). Coating density was calculated by multiplying surface area of well by coating 

density, then dividing by volume required per well. Dependent on well or transwell 

insert size, different volumes of collagen were required and were calculated as follows: 

 

 

 

 

This figure was then divided by the collagen stock concentration of 3.1mg/mL. The 

required volume of collagen stock was then prepared in a 1.5 mL Eppendorf tube by 

diluting collagen in tissue-culture grade 0.01 N HCL to the total volume required to coat 
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all wells. The diluted collagen solution was added to the required transwell inserts or 

wells and incubated for 1 hour at room temperature. The solution was removed and 

transwell inserts or wells were washed three times with PBS and air-dried.  Plates were 

sealed with Parafilm and stored at 4C for up to one week. 

 

3D organoids were collected into a 1.5 mL Eppendorf and centrifuged. The supernatant 

was discarded, but the remaining pellet and Matrigel halo was preserved and used for 

processing. For generation of 2D organoid monolayers, wash buffers were prepared 

as detailed in Table 2.6. The cell pellet was resuspended in 1 mL wash buffer 1 using 

an FCS-coated flamed-tip glass pipette. After resuspending, a further 2 mL of wash 

buffer one containing PBS was added, and the solution was centrifuged. The 

supernatant was removed, and the remaining cell pellet was resuspended in 3 mL 

wash buffer 2 and placed on a 37C hot block for 10 min to disrupt cells. An FCS-

precoated glass pipette was rinsed in PBS to remove excess FCS and used to disrupt 

the organoids every 2 min during this time period. After 6-8 min, clumping was visibly 

reduced.  

 

Wash buffer three was then added to the solution to inactivate the TrypLE, prior to 

gently pouring the solution into an FCS-precoated 50 mL falcon tube through a 70 μm 

mesh cell strainer to ensure single cells were collected. Cells were further centrifuged 

and resuspended in wash buffer 4, followed by a final centrifuge. Cells were then 

resuspended in 500 μL complete 2D medium and 10 μL of this suspension was 

quantified using a Countess II automated cell counter to determine cell number per 

mL. Using the calculated cell number, organoid monolayers were seeded at densities 
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of 3.5-7x105 cells/well in 6.5mm transwell inserts for further experiments, or 3-8x105 

cells/well in 48 well plates passaging purposes. For 6.5 mm diameter transwell inserts, 

200 μL complete medium was added apically and with 300 μL added basally. For 48 

well plates, 400 μL was added on the apical surface of monolayers. Cells were 

incubated at 37C with 5% CO2 for 3-6 days, with monolayers visually monitored every 

day and medium changed every 2-3 days. 

 

 

2.8. Disruption and passaging of 2D organoid monolayer 

Confluent 2D organoid monolayers were washed twice with PBS, before adding 200-

400 μL pre-warmed TrypLE for 8-10 min to disrupt the monolayer. Cells were monitored 

for rounding and detachment during this time using a light microscope and gentle 

agitation by tapping against the lab bench to ensure sufficient cell detachment. TrypLE 

was quenched by the addition of 2D complete medium and 10% FCS. Cells were then 

collected in a 1.5 mL Eppendorf tube and centrifuged. The supernatant was removed, 

and the small cell pellet was resuspended in 500 μL complete 2D medium. Cells were 

counted as described above and re-seeded onto fresh collagen-coated plates. 2D 

organoid growth was assessed daily using a light microscope passaged no more than 

three times in order to retain cell types and viability. 
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Table 2.3. Composition of AdDF organoid medium 

 
Material Manufacturer Catalogue 

number 

Final 

concentration 

Advanced DMEM/F12 Thermo Fisher 

Scientific 

12634010 1x 

HEPES Thermo Fisher 

Scientific 

11550496 10 mM 

GlutaMax Gibco 35050061 2 mM 

Rho-kinase inhibitor Merck Y0503-1MG 
 

10 M 

Primocin Invivogen ANT-PM-5 1x 

Penicillin-

Streptomycin 

Merck P4333-20ML 1x 
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Table 2.4. Composition of complete 3D organoid medium 

 
Material Manufacturer Catalogue 

number 

Final 

concentration 

AdDF medium Prepared in 

laboratory 

- 1x 

Wnt 3A-conditoned 

medium 

Prepared in 

laboratory 

- 50% (v/v) 

R-spondin-1-

conditioned medium 

Prepared in 

laboratory 

 
- 

10% (v/v) 

Noggin-conditioned 

medium 

Prepared in 

laboratory 

 
- 

10% (v/v) 

B27 supplement Thermo Fisher 

Scientific 

17504044 
 

1x 

Nicotinamide Merck  
N0636 

10 mM 

A83 inhibitor Merck SML0788 
 

1 M 

Rho-kinase inhibitor Merck Y0503-1MG 
 

10 M 

Recombinant human 

EGF 

Fisher PHG0315 50 ng/mL 

Primocin Invivogen ANT-PM-5 1x 

Penicillin-

Streptomycin 

Merck P4333-20ML 1x 
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Table 2.5. Composition of complete 2D organoid monolayer medium 

 
Material Manufacturer Catalogue 

number 

Final 

concentration 

AdDF medium Prepared in 

laboratory 

- 1x 

Wnt 3A-conditoned 

medium 

Prepared in 

laboratory 

- 50% (v/v) 

R-spondin-1-

conditioned medium 

Prepared in 

laboratory 

 
- 

25% (v/v) 

N2 Thermo Fisher 

Scientific 

17502048 1x 

NAD Stem Cell 

Technologies 

07154 10 mM 

B27 supplement Thermo Fisher 

Scientific 

17504044 
 

1x 

Nicotinamide Merck  
N0636 

10 mM 

A83 inhibitor Merck SML0788 
 

1 M 

Rho-kinase inhibitor Merck Y0503-1MG 
 

7.5 M 

Recombinant human 

EGF 

Gibco PHG0315 20 ng/mL 

Recombinant human 

Noggin 

Peprotech 120-10C 150 ng/mL 
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Recombinant human 

FGF-10 

Peprotech 100-26 150 ng/mL 

Human Gastrin Bio-Techne 3006 10 nM 

Primocin Invivogen ANT-PM-5 1x 

 
 

Table 2.6. Composition of wash buffers required for 2D organoid monolayer 
generation 

 

Wash one Wash two Wash three Wash four 

3 mL PBS 3 mL TrypLE 10 mL AdDF 
medium 

1 mL AdDF 
medium 

0.5 mM EDTA 0.5 mM EDTA 10% foetal calf 
serum 

10 M Rho-kinase 
inhibitor 

10 M Rho-

kinase inhibitor 

10 M Rho-kinase 

inhibitor 

10 M Rho-
kinase inhibitor 
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2.9. FITC-Dextran permeability assay 

2D organoid monolayers, Caco-2 and AGS cells were grown to confluency on transwell 

inserts, as described above, over the course of 21 days. Caco-2 cells were used as a 

positive control for polarisation and transwells containing no cells were used as a 

negative control. At 7, 14 and 21 days, apical medium was removed from the transwell 

insert and replaced with relevant medium containing 4mg/mL 4kDa FITC-Dextran in 

PBS. Cells were then incubated for 3 h. After incubation, basal medium was removed 

and transferred to an opaque 96 well plate where fluorescence intensity was then 

measured using a Clariostar plate reader and plotted using Microsoft Excel. 

 

2.10. Immunofluorescence imaging of 2D organoid monolayers and AGS cells 

All immunofluorescence antibodies are detailed in Table 2.7. 2D organoid monolayers 

were grown to confluency on transwell inserts as described above. Monolayers were 

washed gently three times with warm PBS and fixed for 15 min in 4% formaldehyde in 

PBS at room temperature. Inserts were washed three times with PBS and blocked in 

1x PBS, 3% BSA, 3% Goat Serum and 0.3% Triton X-100 for 2 h at room temperature.  

After blocking, inserts were washed three times with PBS and the relevant primary 

antibody diluted in the aforementioned blocking buffer was added overnight at 4 C.  

 

The following morning, the primary antibody was removed, and inserts were washed 

three times with PBS. The corresponding secondary antibody diluted in blocking buffer 

was added for one hour at room temperature. Inserts were washed with PBS a further 

three times, air-dried and carefully excised with a scalpel. The inserts were then 

mounted cell side up onto a glass slide in 4-8 μL VectaShield hard set mounting 



 62 

medium with DAPI. A 1.5 thickness glass coverslip was added on top and was sealed 

with clear nail varnish or autoclave tape. Samples were stored in a light proof box at -

20C. Samples were then imaged using a Zeiss Axio Observer or LSM900 confocal 

microscope at 10, 20 and 63x magnification. 

 

2.11. Neutral red uptake assay 

AGS or 2D organoid cells were seeded in a collagen coated 96 well plate at a seeding 

density of 1.5x104 for AGS cells and 3.5-7x105 for 2D organoids. AGS cells and 2D 

organoids were washed three times with warm PBS, and 80 μL pre-warmed, relevant 

medium was added without antibiotics. 20 μL pre-diluted H. pylori lysates at a 

concentration of 200g/mL or live H. pylori cells at an MOI of 50 were added to the 

cells overnight (~18 h) at 37C and 5% CO2. Relevant medium was added to the cell-

only control wells. The following morning, cells were immediately imaged using a Zeiss 

Axio Observer microscope with phase contrast. Images were obtained and vacuolated 

cells per field of view were counted. An overall percentage of vacuolated cells per 

sample were calculated using Microsoft Excel. After imaging, the neutral red uptake 

assay was immediately carried out as described by Repetto et al., (2008) at OD 540nm 

determined using a Clariostar 96 well plate reader. 
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Table 2.7. Antibody information for 2D organoid monolayer 
immunofluorescence imaging 

 

Antibody Catalogue 

number 

Species 

reactivity 

Host Dilution Clone ID 

E-cadherin 24E10 Human Rabbit 1:200 N/A 

MUC5AC MA1-19346 Human Mouse 1:200 2-25LE 

PGC PA5-115746 

 

Human Rabbit 1:200 

 

N/A 

TROY MA5-37871 Human Rabbit 1:200 

 

ARC2393 

SST MA5-17182 Human Mouse 1:200 7G5 
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2.12. Optimisation of automated RNAscope pre-treatments and IHC antibody 

concentrations 

All automated staining optimisation steps were kindly conducted by Ana Teodósio 

(Birmingham Tissue Analytics, University of Birmingham). RNAscope C1 and C2 

probes against H. pylori and Eubacteria, respectively, were first tested on healthy colon 

tissue in a fluorescent fluorescent multiplex assay using an RNAscope LS Multiplex 

Fluorescent Reagent Kit (ACD; 322800) from following the standard protocol 

recommended for this platform. Both probes were diluted according to manufacturer 

instructions whereby the 50x C2 probe was diluted 1:50 in the pre-prepared C1 probe. 

 Probes were then tested in combination with the RNAscope pre-treatment protocol 

provided by ACD without the addition of lysozyme to preserve tissue integrity. A positive 

and negative control probe section was used on every RNAscope run to validate and 

assess its quality and the sensitivity of the assay. The bacterial gene DapB (ACD; 

312038) was used as negative control to confirm the absence of background noise and 

a cocktail of housekeeping genes Polr2A C1, PPIB C2 and UBC C3 (ACD; s320868) 

were used as positive controls to validate the detection of the signal and the tissue 

integrity.   

 

All antibodies used in IHC steps were optimised with chromogenic DAB staining of 

healthy colon tissue. Antigen retrieval was tested using pH6 (Leica Bond TM Epitope 

Retrieval 1; AR9961) and pH9 (Leica Bond TM Epitope Retrieval; AR9640) buffers by 

heating to 100 °C for 20 min. Three different dilutions were tested for each antibody. 

Ideal staining pattern and intensity was assessed and approved by a pathologist, 

whereby slides were then used as reference throughout the validation process. All 
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antibodies were then tested for compliance with the RNAscope pre-treatment, to 

ensure stability after protease III digestion.  

 

2.13. Automated FFPE tissue preparation 

Tissue samples were collected from consenting patients at the Queen Elizabeth 

Hospital, Birmingham and prepared at the Human Biomaterial Resource Centre 

(HBRC), University of Birmingham, by fixing with formalin and embedding in paraffin 

(FFPE). 4 μm thick tissue sections were then prepared for eventual RNAscope, IHC 

and H&E staining using a Leica BOND RX Fully Automated Research Stainer.  Prior 

to staining, sections were deparaffinised three times by incubating in xylene for 10 min, 

rehydrated with 100% ethanol and treated with hydrogen peroxide for a further 10 min. 

Sections were then rinsed in PBS and heated to 100°C in pH 6 target retrieval buffer 

for 20 min to facilitate induced epitope retrieval. Samples were then briefly added to 

100% ethanol and dried at 60°C for 5 min. RNAScope protease III was then added to 

sections for 30 min at 40°C.  Sections were then rinsed twice in RNAscope wash buffer. 

 

2.14. Punch biopsy FFPE 5-plex RNAscope in situ hybridisation followed by 

automated IHC  

The RNAscope multiplex fluorescent v2 assay was then performed according to the 

RNAscope LS Multiplex Fluorescent Assay. Briefly, C1 and C2 probes against H. pylori 

and Eubacteria were added to sections for 2 h, prior to amplification and labelling of 

probes with Opal fluorophores. Sections were then further washed in RNAscope wash 

buffer and the IHC protocol was immediately followed using a Leica Bond RX 
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Automated Research Stainer.  Sections were heated in target retrieval buffer for 20 

min, washed in RNAscope wash buffer and blocked in peroxide for 10 min at room 

temperature. Next, the first pre-diluted primary antibody in the desired staining 

sequence was added. Antibody information and incubation times for the automated 

assay are detailed in Table 2.8. Following incubation, sections were washed and 

incubated in Opal polymer HRP Mouse and Rabbit secondary antibody for 10 min. 

Sections were then washed, and pre-diluted Opal polymer was added to fluorescently 

label the antibody of interest. Opal fluorophore information and concentrations are also 

detailed in Table 2.8. Sections were then heated in relevant target retrieval buffer order 

to heat strip the previous antibody epitope, allowing for subsequent application and 

labelling of multiple primary antibodies in sequence by repeating the aforementioned 

protocol. After fluorescently labelling each antibody, sections were washed once again 

and counterstained with spectral DAPI (Akoya Biosciences) for 10 min. Sections were 

washed in distilled water, air dried and mounted with ProLong Diamond Antifade 

Mountant and 1.5. Whole slide scans of each tissue section were then obtained with a 

Vectra Polaris whole-slide scanner. 

 

2.15. Optimisation of manual RNAscope pre-treatments and IHC antibody 

concentrations 

Antibody concentrations and incubation times for FFPE were optimised by Ana 

Teodόsio and tested for compliance with the manual staining assay by staining spare 

gastric CG and GIM FFPE punch biopsy tissue sections before continuing with the 

assay. RNAscope probes against H. pylori and Eubacteria were tested in vitro on 
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confluent AGS cells or 2D organoid monolayers grown on transwell inserts or chamber 

slides which were infected with H. pylori strain PMSS1 and A. oris at an MOI of 1:100. 

 

2.16. Manual FFPE tissue preparation 

Archived gastric tissue samples were collected from consenting patients at the Queen 

Elizabeth Hospital, Birmingham and prepared at the Human Biomaterial Resource 

Centre (HBRC), University of Birmingham, by fixing with formalin and embedding in 

paraffin (FFPE). 4 μm thick tissue sections were then kindly prepared for eventual 

staining by the HBRC and Dr Gary Reynolds (Institute of Cancer and Genomic 

Science, University of Birmingham). Prior to staining, all sections underwent manual 

deparaffinisation and rehydration, with a series of incubations for 5 min at room 

temperature in xylene in a fume hood, followed by incubating for 2 min in decreasing 

concentrations of ethanol from 100-50%. 

 

Sections were then briefly washed in distilled water and RNAscope hydrogen peroxide 

was added for 10 min at room temperature. Sections were then rinsed in distilled water 

briefly before antigen retrieval was performed for 15 min at 20% power using 

microwave heat induced epitope retrieval (HIER). HIER was performed in a Simport 

staining jar filled with pre-heated RNAscope antigen retrieval buffer. Every 15-30 s, the 

jar was removed from the microwave and temperature was checked with a glass 

thermometer to prevent boiling and bubbling. Sections were then briefly added to 100% 

ethanol and dried at 60°C for 5 min, prior to addition of RNAScope protease III for 30 

min at 40°C in a humidified box.   
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Table 2.8. Antibodies and probes used for automated RNAscope IHC assays. 

 
Antibody/Probe Catalogue 

number 

Concentration Opal 

fluorophore 

Opal dilution 

C1 H. pylori 542938 1x 520 1:1500 

C2 Eubacteria 464468-C2 1:50 620 1:1500 

MUC5AC MA1-19346 

 

1:200 570 1:150 

 

MUC2 MA1-38215 1:200 480 1:150 

 

E-cadherin 24E10 1:400 690 1:200 
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2.17. Manual FFPE RNAscope in situ hybridisation 

Sections were washed twice in RNAscope wash buffer, prior to following the 

RNAscope multiplex Fluorescent v2 Assay according to manufacturer’s instructions. 

Briefly, sections were incubated with C1 and C2 probes (Table 2.9) against H. pylori 

and Eubacteria for 2 h. Sections were washed twice more in RNAscope wash buffer 

and incubated overnight in 5 x sodium saline citrate (SSC) buffer at room temperature. 

On day two, sections were removed from SSC buffer and washed twice in RNAscope 

wash buffer, prior to continuing the v2 assay involving amplification and labelling of all 

RNAscope probes.  

 

2.18. Manual 3-plex IHC following RNAscope probe amplification 

Following successful labelling of RNAscope probes, sections were washed three times 

with warm PBS and blocked in 1x PBS, 3% BSA, 3% Goat Serum and 0.3% Triton X-

100 for 1 hour at room temperature. After blocking, sections were washed three times 

with PBS and E-cadherin primary antibody diluted in blocking buffer was added 

overnight at 4 C. The following morning, E-cadherin primary antibody was removed, 

and sections were washed three times with PBS prior to incubating in Alexa Fluor 594 

diluted in blocking buffer for 2 h at room temperature (Table 2.9). Sections were 

washed with PBS a further three times, air-dried and mounted onto a glass slide in 4-

8 μL VectaShield hard set mounting medium with DAPI. A 1.5 glass coverslip was 

added on top and was sealed with clear nail varnish or autoclave tape. Samples were 

stored in a light proof box at -20 C. Sections were then imaged using a Mantra 2 

Quantitative Pathology Workstation at 4x magnification and whole slide scans were 

then obtained with a Vectra Polaris whole-slide scanner. 
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Table 2.9. Antibodies and probes used for manual RNAscope 3-plex RNAscope 
and IHC assays 

 

Antibody/Probe Catalogue 

number 

Concentration Opal 

fluorophore 

Opal dilution 

C1 H. pylori 542931 1x 520 1:1500 

C2 Eubacteria 464461-C2 1:50 570 1:1500 

E-cadherin 24E10 1:400 N/A N/A 

Alexa Fluor 594 8889S 1:1000 N/A N/A 

 

 

Table 2.10. Antibodies used for sequential manual 3-plex IHC assays 

 
Antibody/Probe Catalogue 

number 

Concentration Opal 

fluorophore 

Opal dilution 

MUC5AC MA1-19346 

 

1:200 620 1:100 

 

MUC2 MA1-38215 1:500 480 1:100 

 

E-cadherin 24E10 1:400 690 1:100 
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2.19. Manual sequential 3-plex IHC  

Consecutive were prepared as previously described, washed twice in TBST and  

placed inside Simport staining jars whereby microwave HIER was performed for 15 

min at 20% power, using pre-heated AR6 antigen retrieval buffer. Sections were rinsed 

in TBST then sequentially labelled with antibodies against E-cadherin, MUC5AC and 

MUC2 following the Opal 7-colour IHC detection kit. All antibodies and Opals used in 

3-plex IHC are detailed in Table 2.10. After rinsing twice in TBST followed by distilled 

water, sections were briefly air dried and mounted with ProLong Diamond Antifade 

Mountant and 1.5 thickness glass coverslips. As before, whole slide scans of each 

section were then obtained. 

 

2.20. Qualitative image analysis 

 Raw. qptiff image files obtained following Vectra Polaris scanning were spectrally 

unmixed by importing and stamping in Phenochart Whole Slide Viewer (Akoya 

Biosciences), unmixed and exported in InForm software (Akoya Biosciences) and 

restitched as a BIGTIFF file using Visiopharm software (Visiopharm, Hørsholm, 

Denmark). Patient and disease state information were first omitted to ensure blinded 

analyses, and all images were then viewed by two independent researchers using 

Phenochart Whole Slide Viewer (Akoya Biosciences). Presence of each marker of 

interest (H. pylori, Eubacteria, E-cadherin, MUC5AC and MUC2) were scored whereby 

1 = no/low staining intensity, 2 = medium staining intensity, 3 = high staining intensity. 

Invasion of Eubacteria was also qualitatively scored, whereby 0 = no invasion, 1 = 

sparse eubacterial invasion, 2 = moderate eubacterial cell invasion, 3 = high 

eubacterial cell invasion and 4 = dense eubacterial colonisation within patches.  
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2.21. Quantitative image analysis 

Image analysis of BIGTIFF files was performed using the free and open source Qupath 

software (Version 0.4.3). For each slide scan, patient and disease state data were first 

omitted to ensure blinded analyses. Tissue regions were then annotated and defined 

as a region of interest (ROI). Tissue detection was then performed based on the 

average values of all channels using a simple pixel thresholder set to high quality. Each 

pixel thresholder was used to calculate tissue area (μm²), which was exported, and 

mean tissue area value was obtained. Pixel thresholders were then sequentially 

created for each individual OPAL channel, corresponding to H. pylori, Eubacteria, 

MUC5AC or MUC2.  The thresholders were saved, and area annotation 

measurements (μm²) were obtained for each channel. For each whole slide scan, 

average percentage area coverage of each channel of interest was calculated by 

dividing individual channel area over total tissue area x 100. Data were exported from 

Excel to GraphPad Prism 9 (Version 9.5.1) for statistical analysis and presentation. 

 

2.22. H&E staining of FFPE tissue  

Gastric tissue sections underwent manual deparaffinisation by incubating in xylene for 

three 5-minute intervals in a fume hood. Sections were then incubated for 2 min each 

in in decreasing ethanol series from 100-50%, followed by three washes in distilled 

water. Staining was conducted using an H&E staining kit (abcam), according to 

manufacturer’s instructions. Sections were then dehydrated with ethanol for 2 min each 

in increasing concentration from 50-100% and rinsed in distilled water. Sections were 

then cleared for 20 seconds in xylene and immediately mounted in ~50-70 L DPX 

Mountant (Sigma-Aldrich) in a fume hood. Sections were air dried for 48 h and viewed 
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using a light microscope. Whole slide scans were obtained using a Zeiss Aperio Whole 

Slide Scanner. 

 

2.23. Modified Gram stain for bacterial detection within FFPE tissue  

Gastric tissue sections underwent manual deparaffinisation by baking at 60C for one 

hour followed by incubating in xylene for three 5-minute intervals in a fume hood. 

Sections were then immediately incubated for 2 min in 100% ethanol, followed by 3 

min in 95% ethanol and 3 min in distilled water. Distilled water was used for all rinsing 

steps. Sections were incubated in crystal violet solution for 2 min, rinsed and incubated 

in Gram’s iodine for 5 min. Sections were rinsed and immediately decolourised with 

acetone for 10 sections, before dipping in distilled water immediately followed by 

incubation in Gram’s safranin for a further 5 min. Following addition of stains, the 

sections were rinsed twice more and incubated in Gallego solution (distilled water, 

0.05% formaldehyde, 0.01% acetic acid) for a further 5 min. Sections were then rinsed, 

and sequentially dipped 5 times in acetone, 0.05% picric-acid acetone, acetone-xylene 

and xylene in a fume hood, until the tissue appeared visibly yellow. Finally, sections 

were blotted dry and mounted in onto a glass microscope slide in DPX Mountant with 

a cover slip, in a fume hood. Sections were air dried for 48 h and viewed using a light 

microscope. Whole slide scans were also obtained using a Zeiss Aperio Whole Slide 

Scanner.  
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2.24. Laser-capture microdissection of FFPE tissue  

GAC sections were H&E stained as described in 2.22 and immediately viewed using a 

Zeiss PALM MicroBeam laser capture microscope. Previous RNAscope slide scans of 

each tissue section of interest were used to locate regions of Eubacteria on the tissue. 

Eubacteria were then excised with the laser beam and transferred into a sterile 0.5 mL 

Eppendorf tube containing 200 L DNA/RNA Shield (Zymo Research). CG and GIM 

punch biopsy tissue sections were manually lifted by a scalpel and transferred into 200 

L DNA/RNA Shield (Zymo Research) under sterile conditions in a cell culture hood. 

 

2.25. DNA extraction and PCR amplification 

Fresh punch biopsy tissue was obtained from the Queen Elizabeth Hospital, 

Birmingham and immediately stored in 200 L DNA/RNA Shield (Zymo Research). The 

stored punch biopsy tissue, laser captured GAC tissue and scalpel lifted CG and GIM 

tissue were then prepared for DNA extraction by incubating at 55C in Proteinase K 

and solid tissue buffer (blue) until clarified. Once clarified, DNA extraction was 

conducted according to manufacturer’s instructions using a ZymoBIOMICS DNA 

extraction kit. 15 L DNA from each sample was then eluted in nuclease free water 

and amplified by PCR using a Phusion High-Fidelity PCR Kit (Thermo Fisher) and 27F 

and 1429R 16S rRNA gene-targeting primers. Amplified DNA was analysed using 

agarose gel electrophoreses (AGE). Gels were prepared using 1% agarose in TRIS-

EDTA buffer. A 1kb ladder (500bp-10kb) was used for DNA length estimation and a 

voltage of 120 V was applied for approximately 25 min to ensure accurate resolution 

of DNA. Amplified DNA was purified using a QIAquick PCR Purification Kit according 
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to manufacturer’s instructions and 30 L purified DNA was eluted in pre-warmed 

elution buffer. DNA concentration was quantified using a Qubit dsDNA HS kit and Qubit 

spectrophotometer. Purified and quantified amplicons were stored at -20C prior to 

downstream analysis. 

 

2.26. Nanopore amplicon sequencing 

Purified amplicons were prepared for 16S sequencing following the Oxford Nanopore 

Technologies (ONT) Native Barcoding Kit 24 V14 protocol. Briefly, amplicons were 

end-prepped using NEB Next Ultra II End Repair/dA-tailing Module (NEB; E7546) and 

native barcodes (NB01-08) were ligated using NEB Blunt/TA Ligase Master Mix (NEB; 

M0367), pooled and ligated with sequencing adaptors using the NEBNext Quick 

Ligation Module (NEB; E6056). All clean-up steps used AMPure XP beads and a 

magnetic rack. A flow-cell with ~1600 remaining pores was primed with the addition of 

Flow Cell Flush and Flow Cell Tether, before 40 fmol of the final prepared library was 

added. The flow cell was connected to a GridION sequencer with MinKNOW software. 

Sequencing was set to 24 h, with each barcode detecting reads with a minimum and 

maximum of 1400 and 2000 base pairs, respectively. Once the sequencing run was 

completed, data were uploaded to the ONT EPI2ME portal and extracted as an html 

report and .csv file Microsoft Excel file. Relative genera abundance was calculated for 

each barcode, by dividing number of individual genera reads over total reads x 100. 

For downstream analyses, data were organised by removing Helicobacter genera 

which was a consistent and obvious contaminant across all samples. Unknown genera 

and any genera with reads of below 10 were also excluded for the purposes of data 

visualisation.   
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3.1. Introduction 

H. pylori infection of the gastric mucosa is difficult to model in vitro, primarily due to 

complex growth requirements and lack of a suitable host model. Since its discovery in 

the 1980s, several in vitro models have been developed to study H. pylori pathogenicity 

and carcinogenesis. The majority of early studies relied on animal models including 

mice, gerbils, and primates. Although animal models are useful for studying initial 

effects of H. pylori colonisation, they are inadequate for studying the long-term effects 

of chronic infection.  Many animals artificially infected with H. pylori do not develop 

long-term pathologies outlined in Correa’s cascade of carcinogenesis, such as CG, 

GIM, dysplasia and GAC (Taylor and Fox, 2012). Furthermore, H. pylori is not 

associated with clinical disease in animals. Small animal species such as rats and mice 

are ordinarily colonised with other Helicobacter species such as H. hepaticus (Taillieu 

et al., 2022). 

 

Aside from animal models, cell lines have often been used to model H. pylori infection 

in vitro. Cell lines are more cost effective, easier to maintain and generally less 

expensive. Several cell lines have been used in H. pylori studies over the past thirty 

years, including gastric adenocarcinoma derived AGS and MKN-1, -7, -28, -74 (Taylor 

and Fox, 2012), cervical cancer HeLa (Cover et al., 1992), Chinese hamster ovary 

(CHO) (Löfling et al., 2008) and colon Caco-2 cell lines (Lytton et al., 2005). Although 

experiments using cell lines are generally reproducible, most cell lines used in these 

studies were derived from gastric tumours or did not originate from the stomach and 

were therefore not physiologically relevant for modelling the normal gastric mucosa, 

as they do not accurately reflect the in vivo environment of the human stomach. Cell 
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lines are also generally considered unsuitable for long-term infection studies as they 

cannot self-maintain over extended periods of time (Bartfeld et al., 2015; Takahashi et 

al., 1997). In recent years, patient-derived cell lines and gastric organoid models have 

emerged as an ideal model for studying H. pylori infection in vitro. Gastric organoids 

are self-sustaining, recapitulate the cellular architecture of the stomach and even share 

physiological features with the human stomach, such as mucus secretion (Bartfeld et 

al., 2015; Clevers, 2016). Modelling H. pylori infection with 3D organoids in vitro is 

difficult and requires microinjection of bacterial cultures. However, Boccellato et al. 

(2019), recently devised a method to derive and grow self-sustaining, mucin-producing 

2D organoid monolayers from 3D gastric organoids. 

 

H. pylori virulence factors cytoxin-gene associated A (CagA) and vacuolating cytotoxin-

A (VacA) are virulence factors associated with carcinogenesis. CagA is injected into 

host cells via the Type IV secretion system and is associated with disruption of 

intercellular junctions and increased expression of pro-inflammatory cytokines, such 

as IL-8. Furthermore, CagA can enhance motility and elongation of host cells.  VacA is 

a secreted virulence factor and induces a variety of phenotypic changes on cultured 

cells, such as apoptosis and disruption of intercellular junctions (Papini et al., 2001). A 

well-studied effect of VacA is the induction of prominent vacuoles on a variety of cell 

lines in culture, yet the mechanism behind this remains unclear. In addition, the effect 

of VacA allelic form has also been investigated, with Rhead et al. (2007) reporting that 

the s1/m1 form is more pathogenic than the s2/m2 form and might be an independent 

risk factor for gastric cancer.  VacA and CagA have been observed to attenuate one 
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another, with CagA dampening vacuolating effects of VacA and VacA presence 

reducing cellular elongation induced by CagA. It is hypothesised that the antagonistic  

relationship between these two virulence factors could prevent host cellular stress, 

although this effect has not been investigated in depth (Argent et al., 2008). 

 

Although many studies have indicated that VacA induces vacuolation of host cells, 

which might play a significant role in the early stages of gastric cancer development, 

the majority of these studies have been conducted on non-physiologically relevant cell 

lines and animal models (Papini et al., 2001; Winter et al., 2014). Therefore, the aims 

of the work presented in this chapter were to firstly generate and characterise 

reproducible and self-sustaining organoid monolayer models derived from 3D healthy 

gastric organoids. Polarisation of monolayers was compared with commonly used 

polarising and non-polarising cell lines, AGS and Caco-2 cells. These organoid models 

were then used in subsequent experiments to investigate whether exposure to both 

lysates and live cells of H. pylori strain Tx30a (s2/m2) and wild type strain 60190 

(s1/m1) expressing VacA and, or CagA, resulted in vacuolation of cells within the 

monolayer. Overall, this results chapter aimed to validate organoid models as a H. 

pylori infection model and to determine the significance of VacA-induced phenotypic 

changes, such as vacuolation, during the early stages of H. pylori carcinogenesis. 

 

3.2. Results 

3.2.1. Effect of initial seeding density on organoid monolayer confluency 

Initial studies were designed to determine the effect of initial seeding density on the 

formation of 2D organoid monolayers in three separate corpus organoid lines – 
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S278.602, S282.185 and S292.072. After ~5-7 days of growth in Matrigel, 3D 

organoids were collected, disrupted into single cells and reseeded onto collagen 

coated transwell inserts at seeding densities ranging from 2x105 to 1x106 cells per mL 

of complete 2D organoid culture medium. Cells were then incubated at 37 C and 5% 

CO2 with humidified conditions. Cell monolayer formation was monitored using phase-

contrast microscopy at 24 h intervals, until 100% confluency was reached. In this 

instance, 100% confluency was defined as complete coverage of the transwell by 

organoid monolayers, with no visible holes or gaps between cells.  

 

Although growth was observed in all three organoid lines, no clear correlation between 

initial seeding density and growth time was identified (Figure 3.1). In general, for 

S292.072 and S282.185, monolayer growth was enhanced with higher initial seeding 

densities, but this effect was not observed for S278.602.  Whilst higher seeding 

densities were generally desirable for quicker monolayer growth, a larger volume of 

3D organoids were required for seeding multiple transwell inserts. The requirement for 

high organoid numbers therefore became a bottleneck during these studies, as 3D 

organoids quickly became exhausted and new stocks were often required from liquid 

nitrogen or gastric biopsy. On average, growing new 3D organoids from stocks was a 

slow process and took around 7-9 days. Similarly, if seeded at a lower density, organoid 

monolayers also grew very slowly which further hindered experimental work. 

Therefore, in order to prevent either outcome, a middle-range initial seeding density of 

~4.5x106 per mL was selected for future experiments. Confluency of monolayers were 

reached in ~5 days for organoid lines S282.185 and S278.602, or ~2 days for 

S292.072, which was suitable for minimising risk of a further growth bottleneck. 
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Figure 3.1. The effect of seeding density on time to reach 100% confluency for 
three independent patient-derived organoids. After 5-7 days of growth in complete 
3D organoid cell culture medium, organoids were washed, disrupted into a single cell 
suspension and seeded at the required seeding density onto collagen-coated 

transparent PET transwell inserts. Cells were incubated at 37C, 5% CO2 and were 
visually inspected with a light microscope every 24 h following seeding until 100% 
confluency was reached. Data were obtained from multiple independent experiments 
using three separate patient-derived organoid lines. 
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3.2.2. Quantification of organoid monolayer polarisation 

Once an approximation of initial cell seeding density was established for growth of 

organoid monolayers, monolayer polarisation and therefore tight junction integrity over 

7, 14 and 21 days was measured using a FITC-dextran permeability assay. Three 

organoid monolayers were prepared from the S292.072 organoid line as previously 

described and seeded at a density of 1x105 and 4.5x105 per mL in 2D organoid culture 

medium with antibiotics and Primocin. Similarly, three transwells of both the Caco-2 

and AGS cell lines were seeded at a density of 1x106 and 2x106 per mL in cRPMI 

medium, respectively. All cells were incubated at 37°C and 5% CO2 with humidity for 7 

days. At day 7, 14 and 21, transwells were removed from the incubator and the apical 

transwell surface was washed twice in PBS. The apical transwell surface was 

incubated with 4 mg/mL 4 kDa FITC-Dextran in PBS for 3 h at 37C 

 

After 3 h, liquid from the basal compartment of each transwell was transferred to a 

black 96-well plate and fluorescence intensity was measured in a micro plate reader 

(Figure 3.2). The extent of organoid monolayer and AGS cell permeability was 

compared with Caco-2 cells, which express tight junctional proteins such as E-cadherin 

and are well known to form polarised monolayers. At 7, 14 and 21 days, AGS cell 

permeability was significantly higher than Caco-2 cells, regardless of initial seeding 

density. Therefore, these data suggest that AGS cells do not polarise and form a 

monolayer, as the cells remained permeable to FITC-dextran throughout the assay, 

especially in comparison to Caco-2 cells and organoid monolayers. 
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Figure 3.2.  The effect of seeding density and cell type on permeability, over 7, 
14 and 21 days. Caco-2 and AGS cells were grown to confluency in RPMI containing 
10% FCS and penicillin-streptomycin solution (cRPMI); 3D organoids were grown for 
~5-7 days in complete organoid culture media, disrupted into a single cell suspension 
and reseeded onto a transwell insert. At 7-, 14-, and 21-day intervals, all transwells 
were removed from the incubator and 4 mg/mL 4kDa FITC-Dextran in PBS was added 

to the apical surface of the transwell for 3 h at 37C. After 3 h, the contents of the basal 
compartment of each transwell were transferred to a black 96-well plate and 
fluorescence intensity was measured in a micro plate reader. Values were obtained 
and transferred to Microsoft Excel and GraphPad Prism software. Data shown is mean 

SEM from three independent experiments; ns = non-significant, * = p<0.05 and ** = 
p<0.01 and **** = p<0.0001 relative to Caco-2 cell control, as determined by two-way 
ANOVA.  
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In contrast, although organoid monolayers seeded at a density of 1x104 cells per mL 

were permeable to FITC-dextran at 7 days, at 14- and 21-days permeability was similar 

to polarising Caco-2 cells. These data therefore further suggest that 7 days is not 

adequate for complete polarisation of organoid monolayers seeded at a density of 

1x104 cells per mL. This corroborates with findings shown in Figure 3.1 where at least 

8 days of growth was generally required for confluency. Organoid monolayers seeded 

at a density of 4.5x104 cells per mL demonstrated no significant difference in 

permeability to Caco-2 cells at 7, 14 and 21 days, indicating that complete polarisation 

had occurred as negligible FITC-dextran was detected in the basal transwell 

compartment.  Taken together, these data suggest that compared to organoid 

monolayers and Caco-2 cells, AGS cells are not a physiologically relevant model of the 

gastric mucosa as they did not form a monolayer and remained permeable throughout 

the assay.  Although Caco-2 cells did polarise, they originate from the colon and are 

therefore unsuitable for further studies on H. pylori and the gastric microbiota.  

 

3.2.3. Phenotyping organoid monolayers with immunofluorescence imaging 

Previous studies suggested that organoid monolayers were able to polarise and were 

therefore a physiological relevant in vitro model to study bacterial infection (Boccellato 

et al., 2018; Caston et al., 2020). In order to confirm the physiological similarity of the 

organoid monolayers to human gastric mucosa and ensure presence of all relevant 

cell types, phenotyping of the monolayers was conducted using immunofluorescence 

imaging. Confluent organoid monolayers grown on transwells were prepared from the 

S292.072 organoid line as previously described. Monolayers were washed, fixed in 4% 

formaldehyde, and blocked for 90 min in blocking buffer.  Monolayers were washed 
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and incubated overnight at 4 C with primary antibodies against cell junction protein E-

cadherin and, or health gastric mucin MUC5AC.  

 

The following day, monolayers were washed and incubated for 1 h at room temperature 

with secondary antibodies Alexa Fluor 594 or 488. Finally, monolayers were washed, 

excised, and mounted in DAPI-containing mounting medium. Monolayers were viewed 

and images were captured using a confocal microscope. The monolayers stained 

positively for tight junction protein E-cadherin and MUC5AC on the apical cell surface, 

with no unspecific staining observed in any of the images obtained (Figure 3.3). E-

cadherin staining was uniform across the monolayer, further suggesting that cell 

polarisation had occurred, as E-cadherin expression is highly associated polarity of cell 

monolayers and is often only expressed in fully polarised cells. MUC5AC expression 

was also uniform across the monolayer but appeared in patches which is likely due to 

random distribution of mucin secreting goblet cells, which was indicative of a healthy 

gastric epithelial layer.  

 

Following successful antibody staining with antibodies against E-cadherin and 

MUC5AC, studies were repeated with primary antibodies against digestive enzyme 

pepsinogen C (PGC), corpus reserve stem cell marker Troy+ (Troy), H+ and K+-ATPase 

proton pump (ATP4B) and somatostatin (SST) (Figure 3.4). The monolayers stained 

positively for each marker on the apical surface, with no non-specific staining observed 

in any of the images obtained. PGC and Troy expression was relatively uniform across 

the monolayer, appearing in patches likely due to random arrangement of cells within 

the monolayer. 
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Figure 3.3.  Immunofluorescence imaging of 2D organoid monolayers stained for  
E-cadherin, MUC5AC and DAPI. Confluent monolayers were prepared as described 
for Figure 3.1. Monolayers were and fixed in 4% formaldehyde before blocking in pre-
prepared blocking buffer. Monolayers were then rinsed and incubated overnight with 
primary antibodies against E-cadherin and MUC5AC. The following day, primary 
antibodies were replaced with secondary antibodies Alexa Fluor 594 (red) and 488 
(green) for 1 h. Monolayers were then washed, excised and mounted onto glass 
microscope slide in DAPI-containing hard set mounting medium. Slides were air dried 
and viewed using a confocal microscope. Images show DAPI (A), E-cadherin and DAPI 
(B), MUC5AC and DAPI (C) and an overlay of DAPI, E-cadherin and MUC5AC (D); 

Scale bar represents 50 m.  

A B 

C D 
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Figure 3.4. Immunofluorescence imaging of 2D organoid monolayers stained for 
PGC, Troy, ATP4B and SST. Confluent monolayers were prepared for staining as 
described for Figure 3.3. Monolayers were incubated overnight with primary antibodies 
against PGC, Troy, ATP4B and SST. The following day, primary antibodies were 
replaced by secondary antibodies Alexa Fluor 594 or 488 for 1 h. Monolayers were 
then washed, excised and mounted in DAPI-containing hard set mounting medium. 
Slides were air dried, before viewed using a confocal microscope. Images show PGC 
and DAPI (A), Troy and DAPI (B), ATP4B and DAPI (C) and SST and DAPI (D); Scale 

bar represents 50 m.  

A B 

C D 
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ATP4B staining was sparser, generally surrounding no more than three cells at a time. 

SST staining was less uniform, with variation in staining pattern and intensity across 

the monolayer. Positive expression of PGC, Troy and ATP4B were expected, due to 

their defined roles in maintaining a healthy gastric mucosa in the healthy human 

stomach corpus. However, although staining intensity did appear lower, expression of 

SST was somewhat surprising as the organoids used in this work were corpus-derived, 

whereas SST is not usually identified within this region of the stomach. 

 

3.2.4. Direct passaging of organoid monolayers without expansion of 3D 

organoids 

Organoid monolayers were previously generated by dissociating 3D organoids into a 

single cell suspension and seeding onto a cell culture plate or transwell insert. Although 

reliable, this method was relatively slow as 3D organoids required at least ~5-7 days 

growth before they could be dissociated. Furthermore, once seeded as a monolayer, 

a further ~5 days of growth was usually required until a confluent monolayer could be 

obtained for further experimental work. The following study was therefore designed to 

establish whether organoid monolayers could be derived from already established 

confluent monolayers obtained from the S282.185 organoid line, thus removing the 

need for growing and dissociating 3D organoids and then re-seeding 

 

3D organoids were therefore disrupted and seeded as previously described, into rat 

tail collagen-coated 48-well cell culture plates and incubated at 37 C until confluency 

was reached. Once confluent, organoid monolayers were washed twice, disrupted with 

pre-warmed TrypLE and resuspended. Cells were counted with an automated cell 
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counter and 0.5 mL were used for seeding transwells for further experimental work 

whilst the remaining 0.5 mL were reseeded onto fresh rat tail collagen-coated 48-well 

cell culture plates and incubated at 37 C until confluent. This process was repeated 

thrice more and monolayer growth was routinely monitored using a light microscope. 

After the fourth repeat, or passage, it was observed that organoid monolayers were 

not reaching confluency and began to grow in a spherical arrangement, rather than a 

monolayer (Figure 3.5). This was an interesting observation and suggested that 

monolayers derived from for the S282.185 organoid line lost their ability to form 

confluent, healthy monolayers after 4 passages.  

 

3.2.5. Effect of passage number on expression of stemness marker Troy in 

organoid monolayers 

The reason for monolayers behaving in this way remains unclear. However, previous 

studies have suggested that primary or tissue derived cells generally have a lower 

passage limit as stem cells do not adhere well to cell culture plasticware and are lost 

during passaging (Gillooly et al., 2012; Piwocka et al., 2024). Therefore, in order to test 

this hypothesis, a further set of organoid monolayers were derived from 3D organoids 

and grown on a transwell, in order to excise and conduct immunofluorescence imaging 

of stem cell marker Troy, in addition to markers of healthy gastric mucosa, E-cadherin 

and MUC5AC.  After four passages, organoid monolayers were again unable to form, 

and the spherical morphology was observed once more. As such, transwells were then 

washed and incubated overnight at 4 C with primary antibodies against Troy, E-

cadherin, or MUC5AC.  
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Figure 3.5.  Development of 2D organoid monolayer from 3D organoids and 
subsequent change in growth characteristics. After ~5-7 days growth in 3D 

organoid media at 37 C, organoids appeared transparent and spherical (A). 
Organoids were collected, disrupted and reseeded onto collagen coated 48 well plates 
(B). Monolayers began to form after approximately 3 days (C). Monolayers were 
routinely disrupted with TrypLE and passaged. After four passages, organoid 
monolayers stopped forming and appeared to grow in a spherical arrangement (D). 
Images were obtained at 2.5x magnification. 
  

A 
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The following day, secondary antibody Alexa Fluor 594 or 488 was added for a further 

hour, before excising and mounting in DAPI-containing mounting media. Transwells 

were then viewed with a confocal microscope and antibody staining was compared 

with previous positive antibody staining from healthy confluent monolayer, derived 

directly from 3D organoids (Figure 3.6). Interestingly, although monolayers at passage 

four had not formed and appeared spherical, staining for E-cadherin and MUC5AC 

remained positive with visible intercellular junctions and uniform areas of mucin 

expression throughout the spherical cellular arrangement. The staining pattern for both 

E-cadherin and MUC5AC was somewhat similar for both the healthy monolayer and 

spherical shapes on the transwell. This suggests that E-cadherin and MUC5AC were 

not affected by a passage limit.  

 

However, in comparison to the healthy monolayer, staining for Troy within the spherical 

arrangement was noticeably reduced and was not distributed throughout the cells.  

These data therefore indicate that after four passages, stem cell reserve marker Troy 

was lost or expression was altered, potentially because of the passaging process. 

Furthermore, due to this apparent loss of Troy, organoid monolayers do not retain the 

physiological architecture of a healthy gastric mucosa and begin to grow in an unusual 

pattern. Unfortunately, due to time constraints, this experiment was only conducted 

once and was limited by only using imaging techniques of three markers of interest. In 

order to investigate this phenomenon further, additional laboratory techniques such as 

qPCR or ELISA could be employed to confirm the apparent loss of stemness. 
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Figure 3.6.  Comparison of healthy organoid monolayer derived directly from 3D 
organoids with 2D monolayer-derived organoid monolayers at passage 4. After 
5-7 days of growth in complete 3D organoid cell culture medium, organoids were 
washed and disrupted into a single cell suspension, before seeding onto collagen 
coated transwell inserts. When confluent, monolayers were fixed, blocked, and 
incubated with primary antibodies against E-cadherin and MUC5AC (A) and Troy (C). 
Monolayers were then passaged thrice more and re-stained (B&D). Transwell inserts 
were then washed, excised and mounted in DAPI-containing hard set mounting 

medium.  Scale bar represents 20m (C) or 50m (A, B&D). 
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3.2.6. Determination of the optimal H. pylori lysate concentration for vacuolation 

formation of the AGS cell line 

Following successful development of an organoid monolayer, the following 

experiments aimed to determine whether vacuolation is physiologically relevant 

indicator of early infection during H. pylori pathogenesis and is also dependent on VacA 

allelic form.  Before investigations were conducted on precious organoid monolayers 

or with live H. pylori cells, the following experiments assessed whether secreted H. 

pylori VacA induced vacuolation in the AGS cell line.  

 

In order to first determine a suitable and reproducible concentration of H. pylori lysate 

for future vacuolation experiments, a dilution series was prepared for lysates of each 

H. pylori strain to be investigated and incubated with the AGS cell line.  After growth 

on blood agar for 48 h, H. pylori strains (wild type 60190, 60190 ∆CagA, 60190 ∆VacA 

and Tx30a) were suspended in sterile water and mixed vigorously to promote lysis. 

Following removal of intact bacteria by centrifugation, the supernatant, or ‘bacterial 

lysate’ was adjusted to 1 mg/mL as a stock concentration. A doubling dilution series 

was prepared for each H. pylori lysate ranging from 3.125 to 200 μg/mL. Dilutions of 

each lysate were incubated at 37°C for 16 h with washed AGS cells that had been 

grown for 24 h in 96 well plates (Figure 3.7).  The following day, vacuolation of the AGS 

cells were briefly confirmed using light microscopy prior to quantifying vacuolation with 

the neutral red assay described in Chapter 2. As expected, the untreated AGS cells 

showed minimal vacuolation and subsequent neutral red release throughout the assay. 

AGS cells treated with 60190 ∆VacA showed comparable vacuolation to the untreated 

cell with an optical density reading of approximately 0.2.  
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Figure 3.7.  Vacuolation of the AGS cell line following treatment with serial 
dilutions of H. pylori lysate. After 48 h growth on blood agar H. pylori strains (wild 
type 60190, 60190 ∆CagA, 60190 ∆VacA ad Tx30a) were lysed in distilled water and 
adjusted 1 mg/mL.  A doubling dilution series of each H. pylori lysate was prepared in 
cRPMI medium from 200 μg/mL to 3.125 μg/mL. AGS cells were incubated either with 
the culture medium, or with each concentration of the lysate at for 16 h. The cells were 
washed, before the neutral red assay was conducted and absorbance was measured 
at 540 nm in a plate reader. Values were obtained and transferred to Microsoft Excel 

and GraphPad Prism software. Data are presented as mean  SEM. 
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At concentrations of 6.25 μg/mL or less, lysates of strains 60190 ∆VacA and Tx30a 

induced similar levels of vacuolation and subsequent neutral red dye release at an 

optical density of approximately 0.2. However, at a concentration of 12.5 μg/mL and 

above, regardless of concentration, lysates of strain Tx30a induced vacuolation and 

subsequent neutral red dye release at an optical density of approximately 0.3. In 

comparison, at a concentration of 6.25 μg/mL above, a positive correlation between 

concentration and neutral red dye release was quantified for lysates of strains 60190 

and 60190 ∆CagA. At a concentration of 50 μg/mL, 100 μg/mL and 200 μg/mL, lysates 

of wildtype 60190 and 60190 ∆CagA released neutral red dye at an optical density of 

around 0.4 to 0.5 which was significantly higher than the other H. pylori lysates. Taken 

together, these data initially suggest that lysates of H. pylori wild type strain 60190 and 

60190 ∆CagA significantly induce vacuolation of the AGS cell line at a concentration 

of 6.25 μg/mL or higher, with the highest neutral red release and therefore induction of 

vacuolation at a concentration of 100 μg/mL and 200 μg/mL. Whilst this experiment 

was useful for determining a suitable H. pylori lysate concentration for further 

vacuolation studies, vacuolation was briefly confirmed using light microscopy and 

relied on neutral red dye release as an indication. In further experiments, the use of 

light microscopy could be combined with improved imaging methods, such as higher 

resolution light microscopy in order to fully confirm host cell vacuolation. 

 

3.2.7. Effect of a bacterial lysate of H. pylori wild type on vacuolation of AGS cells 

The following experiment was designed to investigate whether the previously prepared 

lysates of H. pylori-induced vacuolation of the AGS cell line. Results from the previous 

experiment indicated that a lysate of H. pylori strain 60190 at a concentration of 200 
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μg/mL would be suitable to induce vacuolation of the AGS cell line. Therefore, pre-

prepared wild type H. pylori 60190 lysate at a concentration of 200 μg/mL was 

incubated at 37°C for 16 h with washed AGS cells that had been grown for 24 h in 96 

well plates.  The extent of vacuolation was compared by phase contrast microscopy 

with untreated AGS cells (Figure 3.8).  Minimal vacuolation was observed in the 

untreated control cells. In contrast, vacuoles were clearly visible in approximately 75% 

of the AGS cells following exposure to the H. pylori lysate.  This indicated that H. pylori 

strain 60190 likely secretes VacA which indeed induces vacuolation. 

 

3.2.8. Quantification of AGS cell vacuolation 

After incubation with or without the bacterial lysate as described above, 12 phase- 

contrast images were obtained and saved for both treatment groups. For each image, 

the number of vacuolated cells and the total cell count were determined manually, and 

an average value of percentage vacuolated cells was obtained (Figure 3.9A). In the 

untreated control, 15-20% of AGS cells were vacuolated, whereas 70-75% of AGS cells 

treated with H. pylori 60190 lysate were vacuolated. This therefore indicated that H. 

pylori wild type strain 60190 was able to induce AGS cell vacuolation.  Immediately 

after imaging, both the H. pylori lysate, and culture medium were removed from the 

AGS cells and neutral red assay was used to measure vacuolation on the underlying 

cells. AGS cells treated with H. pylori bacterial lysate released neutral red dye at an 

optical density of approximately 0.5, whereas untreated AGS also released a smaller 

volume of neutral dye, at an optical density of approximately 0.2 (Figure 3.9B).  

 

 



 97 

 

 

 

Figure 3.8.  Effect of a bacterial lysate of H. pylori on vacuolation of AGS cells.  
Lysates of H. pylori wild type stain 60190 at a concentration of 200 μg/mL were 
incubated overnight with AGS cells that had been grown for 24 h. Cells from three wells 
from each set were viewed using a Zeiss Axio Observer microscope with phase-

contrast. Images were obtained at 40x magnification; the scale bar represents 25 m. 
Vacuolated cells are indicated by red arrows.  Similar observations were observed in 
multiple fields of view from three independent experiments.  
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Figure 3.9A and Figure 3.9B.  Quantification of AGS cell vacuolation induced by 
the H. pylori lysate. Lysates of H. pylori wild type strain 60190 were incubated with 
pre-prepared AGS cells overnight. Twelve images were then obtained for both 
treatment groups using a Zeiss Axio Observer with phase-contrast. For both 60190 
and untreated AGS cells, the average percentage of vacuolated cells was calculated, 
and all media were then removed from the AGS cells. The neutral red uptake assay 
was conducted, and absorbance values read using a plate reader. Values were 
obtained and transferred to Microsoft Excel and GraphPad Prism software. Similar 
results were obtained from three independent experiments; **** P<0.0001 relative to 
untreated control, as determined by unpaired t-test. 
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These data therefore indicated that AGS cells treated with H. pylori 60190 lysates 

indeed formed vacuoles, in which neutral red dye can enter and subsequently be 

released following extraction with acidified ethanol.  Interestingly, untreated AGS cells 

also appeared to contain naturally formed vacuoles or vacuole-like structures that 

absorbed less neutral red dye.  Furthermore, although trends in vacuolation were 

similar when assessing vacuolation with both approaches, it is clear that results from 

the neutral red assay were variable. This suggests that although the neutral red assay 

provides an indication of vacuolation, this assay should be used in combination with 

manually counting vacuolated cells in order to improve experimental reliability. 

 

3.2.9. Effect of mutation in vacA or cagA on AGS cell vacuolation 

 
Previous studies confirmed that a soluble extract of H. pylori s1/m1 VacA expressing 

wild type strain 60190 induced vacuolation in the AGS cell line. Next, studies were 

repeated using bacterial extracts of 60190 knockout strains, 60190 ∆CagA and 60190 

∆VacA to determine whether the absence of these virulence factors influenced the 

vacuolating effect of H. pylori lysates. In addition, the effect of a different allelic form of 

VacA was investigated by repeating studies with lysates of the ‘less pathogenic’ strain 

Tx30a, which expresses the s2/m2 form of VacA but not CagA. The extent of AGS cell 

vacuolation was compared by phase contrast microscopy with untreated AGS cells 

(Figure 3.10).  Minimal vacuolation was observed in the untreated (A) and 60190 

∆VacA treated cells (C). In contrast, vacuoles were clearly visible in approximately 75% 

of the AGS cells following exposure to lysates of both wild type strain 60190 (B) and 

60190 ∆CagA (D). Smaller vacuoles were also visible in approximately 30% of AGS 

cells following exposure to lysates of strain Tx30a (E).  
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Figure 3.10.  Effect of mutation in vacA or cagA on AGS cell vacuolation. Lysates 
of H. pylori strains 60190, 60190 ∆VacA, 60190 ∆CagA and Tx30a were prepared and 
incubated with AGS cells overnight. Cells from three wells from each set were viewed 
using a Zeiss Axio Observer microscope with phase-contrast. Images were obtained 

at 40x magnification; the scale bar represents 25m. Vacuolated cells are indicated by 
red arrows. Similar observations were observed in multiple fields of view from three 
independent experiments.  
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These data therefore indicate that loss of CagA from strain 60190 does not impair 

vacuolating activity. In addition, induced vacuolation of AGS cells by H. pylori lysates 

appeared to rely on the presence of VacA, but the extent of vacuolation could be 

influenced by the VacA allelic form. Vacuole formation was then manually quantified, 

with the number of vacuolated cells in each group determined by inspection of the 

phase contrast images. In both the untreated control and AGS cells treated with lysates 

of 60190 ∆VacA, approximately 15-20% of AGS cells were vacuolated (Figure 3.11A). 

After treatment with lysates of 60190 ∆CagA, the percentage of vacuolated AGS cells 

were approximately 80%, whereas around ~70% of AGS cells treated with lysates of 

strain 60190 were vacuolated. In comparison, around 30% of AGS cells treated with 

lysates of Tx30a were vacuolated. These data indicate that loss of CagA from strain 

60190 might enhance the vacuolating effect of the bacterial lysate. Furthermore, the 

allelic form of VacA appeared to affect percentage of vacuolated AGS cells, as 

significantly fewer cells treated with the Tx30a s2/m2 lysate were vacuolated in 

comparison with cells treated with 60190 s1/m1 lysates. Because the percentage 

vacuolation was similar between untreated AGS cells and cells treated with 60190 

∆VacA, this further indicates that VacA presence in H. pylori lysates is a requirement 

for AGS cell vacuolation.  

 

The neutral red uptake assay was then used to quantify vacuolation (Figure 3.11B). 

AGS cells treated with lysates of 60190 and 60190 ∆CagA released neutral red dye at 

an optical density of approximately 0.5, whereas cells treated with Tx30a released less 

neutral red dye at an optical density of approximately 0.3. Similar absorbance readings 

were obtained for 60190 ∆VacA treated cells and the untreated control.  
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Figure 3.11A and Figure 3.11B. Quantification of AGS cell vacuolation induced 
by the mutant H. pylori lysates. Lysates of H. pylori strains wild type 60190, 60190 
∆VacA, 60190 ∆CagA and Tx30a were incubated with AGS cells overnight and 
vacuolation was quantified by phase-contrast microscopy and the neutral red assay.  
Values were obtained and transferred to Microsoft Excel and GraphPad Prism 
software. Similar results were obtained from three independent experiments; **** 
P<0.0001, ns P>0.005 relative to lysates of strain 60190 as determined by one-way 
ANOVA. 
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Data trends were similar for Figures 3.9A and 3.9B, further suggesting that percentage 

vacuolation quantification, in combination with a neutral red uptake assay, are useful 

methods for assessing vacuolation of AGS cells after treatment with H. pylori lysate. 

However, in contrast to manual quantification by inspection of phase contrast images, 

there was no significant difference in neutral red uptake between strains 60190 and 

60190 ∆CagA, suggesting that removal of CagA might not enhance vacuolating activity 

of the bacterial lysate as previously suggested. 

 

3.2.10. Effect of H. pylori co-culture on vacuolation of AGS cells 

Initial experiments determined that bacterial lysates of Helicobacter pylori strain 60190 

induce vacuolation in AGS cells. Subsequent experiments followed similar protocols 

as previously described but instead aimed to determine whether live H. pylori strain 

60190 in a co-culture system also induced vacuolation.  After growth on blood agar for 

24 h, the bacteria were washed twice in 1 mL sterile brain heart infusion broth (BHI) 

and resuspended in 1mL antibiotic-free RPMI cell culture medium. 100 L 

resuspended bacteria were incubated at 37°C for 16 h with washed AGS cells that had 

been grown for 24 h in 96 well plates, at a multiplicity of infection (MOI) of 50. After 

visual inspection, a low level of background vacuolation (~20%) was observed in the 

uninfected control cells, whereas approximately 80% of cells infected with H. pylori 

strain 60190 were vacuolated (Figure 3.12). This indicated that as expected, live H. 

pylori wild type strain 60190, in addition to its lysate induced vacuolation in the AGS 

cell line. 

 
 
 



 104 

 

Figure 3.12. Effect of H. pylori co-culture on vacuolation of AGS cells.  After 24 h 
growth of H. pylori wild type strain 60190 on blood agar, bacteria were resuspended, 
washed and resuspended in sterile RPMI with 10% FCS. AGS cells that had been 
grown for 24 h in 96 well plates were washed with PBS and incubated either with the 
culture medium, or with RPMI containing live H. pylori at an MOI of 50. Cells from three 
wells from each set were viewed using a Zeiss Axio Observer microscope with phase-

contrast. Images were obtained at 40x magnification; the scale bar represents 50m. 
Vacuolated cells are indicated by red arrows. Similar observations were observed in 
multiple fields of view from three independent experiments. 
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3.2.11. Quantification of co-culture induced AGS cell vacuolation 

As previously described, the neutral red assay in combination with phase contrast 

microscopy was then used to quantify AGS cell vacuolation but was modified for 

infection with live H. pylori strain 60190.  First, manual quantification was performed 

by counting vacuolated cells. In the uninfected control, approximately 20% of AGS cells 

were vacuolated, whereas ~80% of AGS cells infected with live cultures of H. pylori 

wild type strain 60190 were vacuolated (Figure 3.13A). Interestingly, although trends 

were similar, the actual number of vacuolated AGS cells were higher after infection with 

live H. pylori cells, in comparison to treatment with bacterial lysates. For example, H. 

pylori 60190 infected cells released neutral red dye to give an optical density of 0.4. 

However, untreated AGS cells released a smaller amount of neutral red dye, at an 

optical density of approximately 0.2 (Figure 3.13B). Although trends in vacuolation 

were similar after treatment with bacterial lysate and infection with live bacteria, it is 

clear that results from cultures with live bacteria are more variable. 

 

3.2.12. Effect of mutation in vacA or cagA on co-culture induced AGS cell 

vacuolation 

Previous studies determined secreted VacA from H. pylori lysates induced vacuolation 

of AGS cells, in addition to the effect of live H. pylori strain 60190 in a co-culture system. 

The following experiments combined previous experiments and thus determine the 

effect of VacA allelic form and CagA expression in a H. pylori co-culture induced AGS 

cell vacuolation. H. pylori strain 60190 ∆VacA, 60190 ∆CagA, 60190 and Tx30a were 

prepared and added to AGS cells, whereby the extent of AGS cell vacuolation was 

compared by phase contrast microscopy with uninfected AGS cells (Figure 3.14).   
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Figure 3.13A and Figure 3.13B.  Quantification of AGS cell vacuolation induced 
by H. pylori co-culture. AGS cells that had been grown for 24 h in 96 well plates were 
washed with PBS and incubated either with the culture medium, or with RPMI 
containing live H. pylori wild type strain 60190 at an MOI of 50. Cells from three wells 
from each set were viewed using a Zeiss Axio Observer microscope with phase-
contrast. Percentage vacuolation and quantification using the neutral red assay was 
performed as described for Figure 2A and Figure 2B. Similar results were obtained 
from three independent experiments; **** P<0.0001 relative to uninfected control, as 
determined by unpaired t-test. 
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Figure 3.14.  Effect of mutation in vacA or cagA on co-culture induced AGS cell 
vacuolation. Live H. pylori strains 60190, 60190 ∆VacA, 60190 ∆CagA and Tx30a 
were incubated with AGS cells overnight. The following morning, cells from three wells 
from each set were viewed using a Zeiss Axio Observer microscope with phase-

contrast. Images were obtained at 40x magnification; the scale bar represents 50m. 
Vacuolated cells are indicated by red arrows; similar observations were observed in 
multiple fields of view from three independent experiments. 
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Minimal vacuolation was observed in the uninfected cells (A). No vacuolation was 

observed in 60190 ∆VacA treated cells (C), but ~70% vacuolated cells were observed 

in 60190 and 60190 CagA treated cells (B&D) and smaller vacuoles were also visible 

in approximately 20% of AGS cells following exposure to lysates of strain Tx30a.   

These data demonstrate that vacuolation of AGS cells can be induced to a similar 

extent, both by bacterial lysates of, and live H. pylori strains in a co-culture system. 

After imaging, vacuole formation was manually quantified. In both the uninfected 

control and AGS cells infected with 60190 ∆VacA, approximately 15-20% of AGS cells 

were vacuolated (Figure 3.15A). The percentage of vacuolated AGS cells was ~80%, 

~70% and ~60% following infection with 60190 ∆CagA, wild type 60190 and Tx30a 

respectively.  Taken together, these data indicate that loss of CagA from strain 60190 

might enhance the vacuolating effect of H. pylori, a phenomenon observed with both 

co-culture and bacterial lysate induced vacuolation assays. Furthermore, whilst Tx30 

induced significantly lower vacuolation in both bacterial lysate and co-culture systems, 

results were more variable when infecting with live H. pylori.  

 

Next, the neutral red uptake assay was also used to quantify vacuolation (Figure 

3.15B). AGS cells infected with 60190, 60190 ∆CagA and Tx30a all released neutral 

red dye at an optical density of approximately 0.5. Similar absorbance readings of 

approximately 0.3 were obtained for 60190 ∆VacA infected cells and the uninfected 

control. This was an interesting result, indicating that 60190 and 60190 ∆CagA are 

potent inducers of vacuolation, in comparison to Tx30a. However, overall results for all 

strains were more varied when infecting AGS cells with live H. pylori, in comparison to 

bacterial lysate treatment.  
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Figure 3.15A and Figure 3.15B. Quantification of AGS cell vacuolation induced 
by the mutant H. pylori strains in a co-culture system. AGS cells were incubated 
overnight with live H. pylori strains wild type 60190, 60190 ∆VacA, 60190 ∆CagA and 
Tx30a. The neutral red assay in combination with phase-contrast microscopy was then 
used to quantify vacuolation. Values were obtained and transferred to Microsoft Excel 
and GraphPad Prism software. Similar results were obtained from three independent 
experiments; **** P<0.0001, ns P>0.005 relative to strain 60190 as determined by one-
way ANOVA. 
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3.2.13. Effect of a bacterial lysate of H. pylori on vacuolation of organoid 

monolayers 

Initial experiments indicated that both bacterial lysates and live cultures of H. pylori 

induce extensive vacuolation in the AGS cell line due to the presence of secreted VacA. 

The following experiments therefore aimed to determine whether bacterial lysates of 

H. pylori strains also induced vacuolation of 2D organoid monolayers. Previously 

prepared H. pylori bacterial lysates adjusted to a protein concentration of 200 g/mL 

were incubated for 16 h with washed, confluent organoid monolayers that had been 

grown for 3-5 days, or until confluent, in 96 well plates. The extent of vacuolation was 

compared by phase contrast microscopy with untreated organoid monolayers (Figure 

3.16). Minimal vacuolation was observed in both the untreated and treated organoid 

monolayer. This indicated that whilst secreted compounds of H. pylori induce 

prominent vacuolation of the AGS cell line, this phenotype was not observed when 

repeating this experiment with organoid monolayers. 

 

3.2.14. Quantification of H. pylori lysate induced organoid monolayer 

vacuolation 

The neutral red assay in combination with phase contrast microscopy, as also outlined 

for AGS experiments was used to quantify vacuolation of organoid monolayers 

following treatment with H. pylori bacterial lysates. Manual quantification was first 

completed by visually assessing monolayers for vacuolation. As cells within a 

monolayer were difficult and labour intensive to count individually, a qualitative 

vacuolation scoring system was instead utilised, whereby 1 = 0-20%, 2 = 20-40%, 3 = 

40-60%, 4 = 60-80% and 5 = 80-100% vacuolated cells per 12 fields of view.  
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Figure 3.16.  Effect of a bacterial lysate of H. pylori on vacuolation of confluent 
2D organoid monolayers.  Lysates of H. pylori wildtype strain 60190 were prepared 
and incubated with confluent 2D organoid monolayers that had been grown for 3-6 
days in collagen-coated 96 well plates for 16 h.  Cells from three wells from each set 
were viewed using a Zeiss Axio Observer microscope with bright field. Images were 

obtained at 40x magnification; the scale bar represents 25 m. Vacuolated cells are 
indicated by red arrows. Similar observations were observed in multiple fields of view 
from three independent experiments. 
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It was observed that vacuolation was similar between the two groups with a mean 

vacuolation score of 1.33 and 1.44 respectively, for strain 60190-treated monolayers 

and the untreated control (Figure 3.17A). The neutral red uptake assay was then used 

to further quantify vacuolation, whereby both treated and untreated organoid 

monolayers released neutral red dye at an optical density of 0.3, with no statistically 

significant difference between treatment groups (Figure 3.17B). These data indicated 

that although the AGS cell line vacuolated following treatment with H. pylori bacterial 

lysates, similar phenotypes were not observed when studies were repeated on 

organoid monolayers. These data therefore suggest that the apical surface of 2D 

organoid monolayers likely do not respond to H. pylori VacA. 

 

3.2.15. Effect of mutation in vacA or cagA on organoid monolayer vacuolation 

Previous vacuolation studies using the AGS cell line demonstrated the significance of 

virulence factors VacA and CagA in both H. pylori bacterial lysate and co-culture 

induced vacuolation. The effect of these virulence factors on vacuolation of organoid 

monolayers were then assessed by repeating AGS cell line vacuolation studies using 

bacterial lysates of knock-out H. pylori strains, 60190 ∆VacA and 60190 ∆Cag 60190 

in addition to 60190 and Tx30a.  The extent of organoid monolayer vacuolation was 

compared by bright field microscopy (Figure 3.18). During visual inspection, minimal 

vacuolation was observed in either of the treated and untreated and organoid 

monolayers, further suggesting that organoid monolayers likely do not respond to 

secreted compounds of H. pylori, such as VacA.  
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Figure 3.17A and Figure 3.17B.  Quantification of organoid monolayer cell 
vacuolation induced by the H. pylori lysate. Lysate of H. pylori wildtype strain 60190 
were prepared and incubated overnight with organoid monolayers. Nine images were 
then obtained for both treatment groups using a Zeiss Axio Observer with phase-
contrast. For each image, vacuolation was scored whereby 1 = 0-20%, 2 = 20-40%, 3 
= 40-60%, 4 = 60-80% and 5 = 80-100% vacuolated cells. H. pylori lysate, and culture 
media were removed from the monolayer. Monolayers were then washed before the 
neutral red assay was conducted and absorbance was then measured at 540 nm in a 
plate reader. Data were analysed with Microsoft Excel and GraphPad Prism software. 
Similar results were obtained from three independent experiments; ns = non-significant 
relative to untreated control, as determined by an unpaired t-test. 
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Figure 3.18. Effect of mutation in vacA or cagA on organoid monolayer 
vacuolation. Organoid monolayers and H. pylori lysates of strains 60190, 60190 
∆VacA, 60190 ∆CagA and Tx30a were incubated with one another overnight. Organoid 
monolayers from three wells from each set were viewed using a Zeiss Axio Observer 
microscope with phase-contrast. Images were obtained at 40x magnification. The 

scale bar represents 25m. Similar observations were observed in multiple fields of 
view from three independent experiments.  
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Nonetheless, any changes in cellular morphology can be difficult to observe using 

within the organoid monolayer using light microscopy alone due to the presence of 

multiple, irregular-shaped cell types and the apical mucus layer.  

 

Following imaging, vacuole formation was manually quantified with a qualitative 

scoring system as described for Figure 3.19A. Vacuolation scores were similar 

between treatment groups, with a score of 1.33, 1.44, 1.89, 1.44 and 1.44 obtained for 

60190, 60190 ∆VacA, 60190 CagA, Tx30a and the non-treated control, respectively 

(Figure 3.19A). For all treatment groups, vacuolation scores correlated to 

approximately 15-20% vacuolated cells per field of view. Whilst a scoring system 

provided an easier approach to score vacuolation of cells within a monolayer, this 

method relies on visual assessment and is therefore subjective and should therefore 

be used with caution. 

 

To further investigate vacuolation of organoid monolayers the neutral red uptake assay 

was again used to quantify vacuolation. Organoid monolayers treated with bacterial 

lysates of 60190, 60190 ∆VacA, 60190 ∆CagA, Tx30a all released neutral red dye at 

an optical density of approximately 0.3 (Figure 3.19B). Taken together, these data 

suggest that not only do organoid monolayers not respond to secreted compounds of 

H. pylori, but also that loss of VacA and CagA does not impact vacuolating activity of 

the bacterial lysate on the organoid monolayers, despite inducing prominent 

phenotypic changes in the AGS cell line.  
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Figure 3.19A and Figure 3.19B. Quantification of organoid monolayer cell 
vacuolation induced by the H. pylori lysate. H. pylori lysates were incubated with 
confluent organoid monolayers overnight. Nine images were then obtained for both 
treatment groups using a Zeiss Axio Observer with phase-contrast. For each image, 
vacuolation was scored whereby 1 = 0-20%, 2 = 20-40%, 3 = 40-60%, 4 = 60-80% and 
5 = 80-100% vacuolated cells. H. pylori lysate, and culture media were removed from 
the monolayer. Monolayers were then washed before the neutral red assay was 
conducted and absorbance was then measured in a plate reader. Data were analysed 
with Microsoft Excel and GraphPad Prism software. Similar results were obtained from 
three independent experiments; ns = non-significant relative to untreated control, as 
determined by an unpaired t-test. 
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3.2.16. Effect of H. pylori co-culture on vacuolation of organoid monolayers 

Previous experiments revealed that organoid monolayers did not respond to incubation 

with bacterial lysates of H. pylori wild type strain 60190. This might have been due to 

the presence of MUC5AC on the apical surface of the monolayer acting as an insoluble 

barrier. Experiments were therefore repeated with live H. pylori cells, instead of the 

bacterial lysate. This was to investigate whether the apical mucus layer did indeed 

prevent lysates of H. pylori from interacting with the monolayer surface and whether 

motile live H. pylori cells would penetrate through the mucus layer due to their flagella. 

H. pylori strain 60190 was grown as described for infection of the AGS cell line were 

resuspended in 1 mL sterile 2D organoid monolayer medium containing no Primocin 

or antibiotics. Resuspended bacteria (100 L) at an MOI of 50 were incubated at 37°C 

for 16 h with washed organoid monolayers cells that had been grown for 3-5 days, or 

until confluent, in 96 well plates. As before, organoids were then visually inspected for 

formation of vacuole formation (Figure 3.20). 

 

Following visual inspection, no vacuolation was observed in either the infected, or 

uninfected control monolayers. However, a potential alternative phenotype was 

observed, whereby loosened intercellular junctions appeared in the infected 

monolayers that were not visible on the uninfected control monolayers (Figure 3.20). 

However, this was a difficult observation to comment on based on light microscopy 

images alone and this effect was not investigated further during this experiment. These 

data further indicate that both live H. pylori strain 60190 and its lysate induce 

vacuolation in the AGS cell line but not in organoid monolayers. Furthermore, these  
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Figure 3.20.  Effect of H. pylori co-culture on vacuolation of organoid monolayer.  
Live H. pylori strain 60190 was prepared and incubated with confluent monolayers 
overnight at an MOI of 50. Cells from three wells from each set were viewed using a 
Zeiss Axio Observer microscope with phase-contrast. Images were obtained at 40x 

magnification; the scale bar represents 25 m.  Possible interupted intercellular 
junctions are indicated by yellow arrows. Similar observations were observed in 
multiple fields of view from three independent experiments. 
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data also suggest that although infection with strain 60190 did not induce vacuolation, 

this strain could instead induce other phenotypic changes to host cells, specifically 

intercellular junctions. 

 

3.2.17. Quantification of co-culture induced organoid monolayer vacuolation 

As also described for previous experiments, phase contrast microscopy followed by 

the neutral red assay was used to score and quantify monolayer vacuolation. 

Monolayers were first scored for vacuolation, both the 60190-infected and uninfected 

control received a score of 2, corresponding to 20-40% cells within the monolayer 

vacuolated per field of view (Figure 3.21A). Next, the neutral red assay was used, as 

described for Figure 3.18B. Similar results were also obtained for the uninfected and 

60190 infected monolayers, with an optical density of 0.3. (Figure 3.21B). This further 

suggested that vacuolation of organoid monolayers did not occur following exposure 

to live H. pylori wildtype strain 60910. 

 

3.2.18. Effect of mutation in vacA or cagA on co-culture organoid monolayer 

vacuolation. 

Previous experiments suggested that organoid monolayers do not respond to H. pylori 

VacA within bacterial lysates. Furthermore, despite organoid monolayers not 

vacuolating following infection with s1/m1 expressing strain 60190, studies were 

repeated in a co-culture system with additional live strains of H. pylori strains 60190, 

60190 ∆VacA and 60190 ∆Cag and Tx30a.  
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Figure 3.21A and Figure 3.21B.  Quantification of organoid monolayer cell 
vacuolation induced by H. pylori co-culture. Live H. pylori strain 60190 was 
prepared and incubated with organoid monolayers overnight. Nine images were then 
obtained for both treatment groups using a Zeiss Axio Observer with phase-contrast. 
For each image, vacuolation was scored whereby 1 = 0-20%, 2 = 20-40%, 3 = 40-60%, 
4 = 60-80% and 5 = 80-100% vacuolated cells. H. pylori lysate, and culture media were 
removed from the monolayer. Monolayers were then washed before the neutral red 
assay was conducted. Absorbance was then measured at 540 nm in a plate reader. 
Values were obtained and transferred to Microsoft Excel and GraphPad Prism 
software. Similar results were obtained from three independent experiments; ns = non-
significant relative to untreated control, as determined by unpaired t-test. 
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Following infection for 16 h, infected organoid monolayers were visually assessed 

using bright field microscopy (Figure 3.22). Minimal vacuolation was again observed 

following infection with any of the H. pylori strains, with monolayers appearing visually 

identical to the uninfected control. These data therefore further indicate that cells within 

organoid monolayers do not vacuolate following either treatment or infection with 

lysates of, or live H. pylori cells. Furthermore, the absence of CagA and VacA allelic 

form does not influence vacuolation of organoid monolayers. 

 

Interestingly, following infection with wild-type strain 60190, organoid monolayers 

appeared to exhibit slight alterations to intercellular junctions, which appeared wider 

than usual (indicated by yellow arrow). Conversely, cells within monolayers infected 

with 60190 ∆VacA and Tx30a appeared slightly elongated (indicated by blue box).  

Following initial observations using light microscopy, the extent of vacuolation of 

organoid monolayers following infection with live H. pylori cells was then quantified. A 

qualitative vacuolation score was given, whereby monolayers infected with strains 

60190, 60190 ∆VacA, 60190 CagA, Tx30a scored 2, 2.1, 2, and 1.78, respectively, with 

the uninfected control scoring 1.7 (Figure 3.23A). For all infection groups, the 

vacuolation scores correlated to approximately 20-40% vacuolated cells per field of 

view and no differences in vacuolation were observed between the groups using this 

scoring method. The neutral red uptake assay was then used to further quantify 

vacuolation. Organoid monolayers infected with strains 60190, 60190 ∆VacA, 60190 

∆CagA, Tx30 all released neutral red dye at an optical density of approximately 0.3, 

with no significant differences between groups (Figure 3.23B).  
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Figure 3.22. Effect of mutation in vacA or cagA on organoid monolayer 
vacuolation, induced by H. pylori co-culture. Organoid monolayers were incubated 
overnight with live H. pylori strains 60190, 60190 ∆VacA, 60190 ∆CagA and Tx30a. 
Cells from three wells from each infection group were viewed using a Zeiss Axio 
Observer microscope with phase-contrast. Images were obtained at 40x magnification; 

the scale bar represents 25 m. Yellow arrow indicates intercellular gaps, blue boxes 
indicate slight cellular elongation. Similar observations were observed in multiple fields 
of view from three independent experiments. 
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Figure 3.23A and Figure 3.23B. Quantification of organoid monolayer cell 
vacuolation induced the mutant H. pylori strains in a co-culture system. 
Live H. pylori strains were incubated with organoid monolayers overnight. Nine images 
were then obtained for both treatment groups using a Zeiss Axio Observer with phase-
contrast. For each image, vacuolation was scored whereby 1 = 0-20%, 2 = 20-40%, 3 
= 40-60%, 4 = 60-80% and 5 = 80-100% vacuolated cells. H. pylori cells, and culture 
media were removed from the monolayer. Monolayers were washed and the neutral 
red assay was conducted. Absorbance was then measured at 540 nm in a plate reader. 
Values were obtained and transferred to Microsoft Excel and GraphPad Prism 
software. Similar results were obtained from three independent experiments; ns = non-
significant relative to untreated control, as determined by unpaired t-test. 
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Although no differences were observed, results for all strains were more varied when 

infecting monolayers with live H. pylori, in comparison to bacterial lysate treatment. 

This effect was also observed following co-culture experiments with AGS cells and live 

H. pylori, suggesting that experiments using live bacterial cells might be more reliable 

in comparison to H. pylori lysates, as virulence factors have not been lost which could 

influence biological variation and therefore experimental outcome. 

 

To conclude, when taken together, these data suggest that treatment of organoid 

monolayers with bacterial lysates is not a suitable method to investigate H. pylori-

induced vacuolation. The apical surface of organoid monolayers is decorated with 

mucin which likely acts as an insoluble barrier. Additionally, lysates of H. pylori lack 

necessary virulence factors to overcome this barrier, such as flagella and are therefore 

unlikely to penetrate and reach the organoid monolayer. However, when studies were 

repeated using live H. pylori strains, vacuolation was still not observed. This was a 

surprising result and suggests that the apical surface of these organoid monolayers do 

not vacuolate following exposure to VacA even in the presence of additional virulence 

factors expressed by live H. pylori cells such as CagA. 

 

3.3. Discussion 

3.3.1. Generation of organoid monolayers from 3D organoids 

Initial results presented in this chapter demonstrated that three individual 3D gastric 

patient-derived organoid lines could be successfully dissociated into a single cell 

suspension and re-seeded onto a transwell insert, following methods described by 

Boccellato et al., 2019. At the same initial seeding density of 4.5x105, all three organoid 
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lines required different incubation times to reach 100% confluency, which appeared as 

a complete sheet of cells across the transwell surface. All organoid lines used in this 

experiment were incubated in the same environmental conditions and growth medium. 

These results therefore suggest that each patient-derived organoid line likely shows 

variation in growth characteristics because of biological variation. Inter-patient 

heterogeneity is a concern when using organoid models and is likely due to genetic or 

epigenetic differences between the patient donors (Mohammadi et al., 2021). Although 

the three patients were male and of a similar age, no information was provided about 

their medication at the time of donation, or lifestyle factors such as diet and weight 

which can influence signalling factors and host-cellular responses.  

 

3.3.2. Polarisation of organoid monolayers 

Due to difficulties in growing and maintaining multiple organoid lines at a given time, 

permeability could only be assessed and quantified for the S292.072 organoid line.  

Polarisation is an important feature of eukaryotic cells and involves the formation of an 

asymmetric cell surface, which divides the plasma membrane into an apical and 

basolateral surface. Polarisation involves reorganisation of the cell cytoskeleton and 

ensures that cells within the monolayer form a barrier, preventing leakage and 

promoting correct ion transportation (van Beest et al., 2006). Caco-2 cells are widely 

used to model the intestinal mucosa, as they express E-cadherin and form a polarised 

monolayer (Schreider et al., 2002). When seeded with an appropriate initial seeding 

density, the S292.072 was able to form a comparable polarised monolayer to Caco-2 

cells and maintained its barrier function over 21 days. This result agreed with data 

published by Boccellato et al., (2019), who were the first to demonstrate the ability of 
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gastric organoid monolayers to self-maintain over extended periods of time. Results of 

this experiment further emphasised that the AGS cell line is not suitable or 

physiologically relevant for studying the gastric mucosa in vitro. AGS cells do not 

express tight-junction protein E-cadherin and did not form a polarised monolayer 

during the assay (Schreider et al., 2002).   

 

Additionally, the FITC-dextran permeability assay is a macromolecular tracer assay, 

which relies on incubating monolayers with a water-soluble, fluorescently labelled 

polysaccharide for three hours. Although the assay is cost-effective and relatively easy 

to conduct, questions remain over whether the FITC-dextran itself interferes with cell 

junctions or damages cells, resulting in a loss of barrier integrity. Moreover, a significant 

drawback of this assay is that cells cannot be used for further experiments afterwards 

(Bednarek, 2022). In future work involving organoid monolayers, a non-invasive 

transepithelial electrical resistance (TEER) assay could instead be conducted, 

whereby an electrode is placed in both the apical and basal transwell compartment to 

measure continuous electrical resistance across the monolayer (Srinivasan et al., 

2015). This method would ensure that monolayers are not damaged, disrupted and 

discarded during the assay. 

 

3.3.3. Phenotyping of organoid monolayers 

Immunofluorescence imaging successfully revealed that the S292.072 organoid 

monolayer expressed several markers associated with the healthy gastric mucosa. 

Whilst several protocols currently exist for generating patient-derived gastric organoids 

from biopsy tissue or single cell digests, the majority of these studies do not employ 
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methods to fully characterise and visually phenotype the organoids. Additionally, 

although 3D organoids are regularly characterised, very little literature exists on the 

characterisation of organoid monolayers. The staining panel detailed in this results 

chapter was selected based on a study by Bartfeld et al., 2014, which was one of the 

first studies reporting the use of gastric organoids to study H. pylori infection in vitro. 

Bartfeld et al., (2014) used histological staining combined with qPCR to assess mRNA 

expression of healthy gastric markers including E-cadherin, MUC5AC, PGC, TROY, 

SST and ATP4B. Expression of these markers were also observed in our organoid line, 

when using immunofluorescence imaging. Negative primary antibody only and non-

antibody controls were included in this experiment, ensuring no non-specific staining 

was observed. 

 

Interestingly, as expected for corpus-derived organoids, our organoid monolayer also 

expressed the parietal cell marker ATP4B, despite Bartfeld et al. (2014) reporting that 

their corpus derived gastric organoids did not express this. Whilst this was an 

interesting observation as our organoid line appeared to express markers of a healthy 

gastric mucosa, staining for intestinal markers which should not be present in our 

organoid monolayer was not conducted and could strengthen future data by acting as 

an additional negative control. This was an additional control conducted by Bartfeld et 

al., who also stained gastric organoids for intestinal markers MUC2, CDX and CDX2 

which were not expressed and thus strengthened the likelihood that positive staining 

was due to true expression and not nonspecific staining. In future work, it could be 

worthwhile to also stain other tissue types which are known expressors of the markers, 

in order to further reduce the likelihood of false-positive staining. A weakness of this 
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experiment was that staining for each marker was conducted using different 

monolayers on different days. Although monolayers were consistently derived from the 

S292.072 organoid line, monolayers were selected for staining only when they were 

deemed 100% confluent by visual assessment. Due to limited organoid numbers, the 

FITC-dextran assay was not conducted, and it is therefore possible that cells within the 

monolayers were not fully polarised which could affect marker expression.   

 

3.3.4. Effect of H. pylori VacA on the AGS cell line 

Once organoid monolayers were successfully developed and phenotyped, they could 

be used for further experiments. In this chapter, we investigated whether the apical 

surface of organoid monolayers vacuolated following exposure to H. pylori VacA. 

Organoids are limited in numbers and expansion or development of monolayers within 

the laboratory is a slow and laborious process. As such, the effect of secreted VacA 

was first tested using lysates of H. pylori with the AGS cell line.  AGS cells treated with 

both lysates and infected with live cells of pathogenic wild type H. pylori s1/m1 strain 

60190 exhibited prominent vacuolation when compared to cells treated or infected with 

60190 ∆VacA or H. pylori-free cell culture medium. Interestingly, strain 60190 ∆CagA 

induced vacuolation, but at a slightly higher level of compared to 60190. Although this 

is likely a coincidence, Argent at al., 2008 also observed that H. pylori cagA knockout 

strains induced increased vacuolation when compared with the wild type, suggesting 

antagonistic activity between VacA and CagA.  As also expected due to the presence 

of the ‘less pathogenic’ s2/m2 form of VacA, strain Tx30a induced significantly less 

vacuolation in our AGS cell line compared to the wild type (Atherton et al., 1995b; 

Caston et al., 2020).  Overall, this experiment was vital for confirming the VacA status 
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of each H. pylori strain in the laboratory before further experimentation could be 

conducted on precious organoid monolayers. Whilst this experiment confirmed VacA 

status of the strains and mutants in preparation for future work, it is worth noting that 

vacuolation was only observed in the AGS cell line and did not investigate other cell 

types. As such, in future work involving the effects of various H. pylori VacA allelic forms 

on additional gastric epithelial cell lines such as MKN7 could also be conducted. 

Finally, this experiment was only conducted using one H. pylori lysate concentration or 

multiplicity of infection. Initial data indicated that 200 g/mL H. pylori lysate induced 

high levels of vacuolation for the 60190 and 60190 ∆CagA strains, whilst increasing 

lysate concentration of Tx30a had no effect on vacuolation. During initial preparation 

of the H. pylori lysates, total protein concentration was measured, rather than VacA 

concentration. As such, it might be possible that Tx30a secretes lower amounts of 

VacA, and a higher concentration of lysate would have been more appropriate to 

artificially stimulate vacuolation. Additionally, only one MOI of 50 was selected based 

on previous H. pylori infection studies, where a range of 20-200 is commonly used. 

Similarly, if this experiment were to be repeated a range of MOIs should be prepared 

to investigate whether vacuolation is proportional to number of live H. pylori cells. 

 

Although AGS cells did indeed vacuolate following exposure to H. pylori lysates and 

live cells, it is worth noting that there are many translational limitations of using AGS 

cells to model H. pylori infection of the gastric mucosa in vitro, which might have 

influenced the cellular response to VacA. For example, AGS cells are derived from the 

stomach of a patient with GAC and are therefore not genetically ‘healthy’. AGS cells 

typically have chromosomal instability and mutations in the TP53 gene, which affects 



 130 

cell cycle, apoptosis and downstream signalling pathway (Ashktorab et al., 2003). As 

such, it is possible that these genetic alterations promote survival of the AGS cells 

under stress, such as infection, resulting in accumulation of vacuoles as a stress or 

survival response, rather than due to VacA-induced vacuolation. Furthermore, many 

cancer cells such as AGS cells have disrupted endocytic and vesicular trafficking 

pathways, in addition to enhanced sensitivity to toxins, potentially resulting in them 

becoming more susceptible to vacuolation (Palframan et al., 2012, Lakoduk et al., 

2021). Therefore, it is possible that the vacuolation observed in AGS cells in this study, 

as well as in previous studies, is primarily a consequence of the genetic characteristics 

of these cells rather than a direct effect of H. pylori VacA. 

 

3.3.5. Effect of H. pylori VacA on organoid monolayers 

Organoid monolayers did not vacuolate following treatment with lysates of our H. pylori 

strains. However, this result was not surprising as vacuolation is rarely reported in vivo. 

For example, although Winter et al. (2014) observed extensive vacuolation of AGS and 

RK-13 cells in vitro following treatment with bacterial extracts of H. pylori strain SS1, 

when mice were treated with the same strains in vivo, no vacuolation was observed in 

subsequent histological sections. Furthermore, routine biopsy and H&E staining is 

routinely used for grading of disease severity in patients with H. pylori-associated CG, 

GIM and GAC, considering glandular atrophy, infiltration of immune cells and de novo 

expression of goblet cells (Dixon et al., 1994). However, vacuolation of the gastric 

mucosa is rarely documented by clinicians or pathologists, or within pathology reports, 

suggesting that this phenomenon may not actually occur in human stomach mucosa 

under physiological conditions. This raises the possibility that vacuolation induced by 
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H. pylori VacA in traditional cell culture models may be an artifact of the artificial in vitro 

environment rather than a genuine biological response. Given that organoid 

monolayers more closely mimic the in vivo gastric mucosa, the absence of vacuolation 

observed in this study likely provides a more physiologically relevant representation of 

VacA-induced effects compared to previous studies using conventional cell lines.  

 

Another factor that may have influenced the vacuolation observed in AGS cells, but not 

in organoid monolayers, is the pH of the surrounding cell culture media. Several studies 

have shown that VacA activity is enhanced by acidic or basic environments, as this 

promotes membrane binding, pore formation, and intracellular trafficking (Atherton et 

al., 2001). As shown in this results chapter, the organoid monolayers contained cells 

which express the proton pump, ATP4B, which likely regulates local pH and lowers the 

pH of the monolayer apical surface. In contrast, the AGS cells do not express a 

functional proton pump and therefore lack the ability to regulate local pH as effectively 

as organoid monolayers or native gastric cells. As such, it is possible that the lack of 

proton pump makes the AGS cells more susceptible to VacA-induced vacuolation in 

culture conditions. This further suggests that in addition to defects within AGS cells, 

any vacuolation observed in AGS cells could be artifact of the medium, such as pH, 

rather than as a result of VacA activity. 

 

Finally, it is plausible that absence of vacuolation observed in organoid monolayers is 

a result of cells within the monolayer not expressing receptors for VacA. Interestingly, 

as of 2024, only one study has used organoid monolayers to study VacA, whereby 

Caston et al., (2020) reported that apical surface of monolayers did not vacuolate 
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following treatment with purified VacA. In addition to vacuolation, they also reported an 

absence of VacA receptors on the apical surface, yet an abundance on the basolateral 

surface. Although this study did not directly measure vacuolation, it provided evidence 

to suggest that the apical surface of organoid monolayers may lack the ability to 

respond to stimulation by VacA, due to the absence of available receptors. Taken 

together, there are several explanations for the lack of vacuolation observed in this 

study. However, it is likely that vacuolation is not a physiological in vivo phenotype and 

could instead be result of the cell genetic characteristics or culture environment, such 

as media pH, rather than a direct result of H. pylori VacA. 

 

3.4. Summary 

In conclusion, this chapter demonstrated that despite inter-patient variability, 3D 

patient-derived gastric organoids were successfully grown as a 2D monolayer following 

a previously established protocol described by Boccellato et al. 2019. Organoid 

monolayers were successfully phenotyped by staining for known gastric cell types and 

mucins using immunofluorescence imaging and assessed for polarisation using a 

tracer assay. Despite the gastric AGS cell line vacuolating following exposure to 

different allelic forms of H. pylori VacA, this phenotype was not observed in organoid 

monolayers. Although VacA is commonly associated with vacuolation of cell lines in 

vitro, results presented in this chapter raise questions over the relevancy of vacuolation 

in vitro during the early stages of carcinogenesis and whether vacuolation is in fact an 

artifact of in vitro cell culture. 
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4.1. Introduction 

Previous results described in Chapter 3 demonstrated that patient-derived gastric 

organoids are a useful tool for modelling early H. pylori infection in vitro and 

investigating the role of virulence factor VacA in the early stages of gastric 

carcinogenesis. However, in addition to the effect of virulence factors, it is currently 

understood that H. pylori-induced carcinogenesis is a multifactorial process which also 

involves non-H. pylori gastric microbiota, ‘Eubacteria’. As such, the following work will 

focus on the interaction between H. pylori and the gastric microbiota during Correa’s 

cascade of carcinogenesis, using archived ex vivo patient gastric histological sections 

and multiplex spatial imaging techniques. 

 

The global prevalence of H. pylori infection is 50-70%, yet it is defined by the WHO as 

a group 1 carcinogen and is associated with approximately 70% of global GAC cases 

(Correa and Houghton, 2007). Development of GAC is a stepwise process following 

initial infection with H. pylori, resulting in histopathological changes to the gastric 

mucosa outlined in Correa’s cascade of carcinogenesis. H. pylori first triggers chronic 

gastritis (CG), which can lead to gastric intestinal metaplasia (GIM), dysplasia and 

finally GAC (Correa, 2004). Several in vitro studies have indicated that H. pylori 

virulence factors, such as VacA, CagA and HtrA play a role in carcinogenesis and are 

associated with severe disease outcomes. However, studies have also shown that H. 

pylori knock-out strains without these virulence factors are still capable of causing GAC 

globally, suggesting involvement of another mechanism independent of virulence 

factors during carcinogenesis (Safaralizadeh et al., 2017; Saruuljavkhlan et al., 2023). 
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For many years, it was hypothesised that the stomach was a sterile environment, 

uninhabited by microbiota due to its hostile environmental condition. In the last twenty 

years, multiple studies have profiled the human gastric microbiota in health and 

disease, using a variety of techniques including 16S rRNA and metagenomic 

sequencing (Eun et al., 2014). It is now recognised that the stomach supports a diverse 

bacterial community with hundreds of species, which are impacted by disease state 

and H. pylori presence (Coker et al., 2018; Zhang et al., 2023).  

 

During Correa’s cascade of carcinogenesis, aside from histopathological alterations, a 

shift in microbiota community structure of the gastric microbiota has been observed 

following H. pylori infection through to the development of CG, GIM and GAC. The 

current hypothesis is that following initial infection with H. pylori, it remains the 

dominant bacterial species in CG with very few other microorganisms present; 

however, as carcinogenesis progresses, other bacterial species displace H. pylori. 

Whilst several sequencing studies have observed this phenomenon, there remains 

much debate behind the reason for this shift in microbial diversity.  

 

Although sequencing studies have proved useful in providing an indication of relative 

abundance and showing that the gastric microbiota are more diverse than first thought, 

there are still many discrepancies between studies. These discrepancies are usually 

because of sample contamination, resulting in false-positive results and therefore 

overestimation of genera within the microbiome of interest (Salter et al., 2014). 

Furthermore, sequencing studies do not provide spatial resolution or contextual 

information regarding bacterial localisation or specific interactions between bacteria 
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and the host. In recent years, spatial biology has gained popularity and is a powerful 

tool in combination with traditional methods, for determining whether location and 

arrangement of biomarkers, such as bacteria contribute to pathogenesis and treatment 

outcomes (Kulasinghe et al., 2023). Finally, several questions remain regarding the 

relationship between H. pylori and the gastric microbiota and whether the gastric 

microbiota play a causative or correlative role in the development of GAC. Whilst 

sequencing studies provide information regarding relative bacterial abundance and 

genera present during these stages, the interaction between H. pylori and the 

microbiota during the early stages of GAC, to our knowledge, has not been studied 

using imaging techniques.  

 

As such, the aims of the work presented in this chapter were to identify the presence 

and determine the spatial distribution of H. pylori, gastric microbiota and gastric mucins 

during the early, middle and late stages of GAC. High resolution RNAscope in situ 

hybridisation in combination with IHC was used to fluorescently label H. pylori, all non-

H. pylori bacteria ‘Eubacteria’, healthy-associated and GIM-associated mucins 

MUC5AC and MUC2 respectively, in addition to E-cadherin within archived patient 

biopsy tissue sections. Whole slide scans were obtained for all patients and were 

qualitatively and quantitatively analysed for coverage of each marker of interest. The 

distribution and localisation of both H. pylori and Eubacteria were then visually 

assessed and analysed. In summary, this results chapter aimed to investigate the 

abundance and spatial relationship between H. pylori and the gastric microbiota during 

CG, GIM and GAC and to determine whether Eubacteria play a pivotal role in the early 

stages of H. pylori-associated carcinogenesis.  
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4.2. Results 

4.2.1. Automated 3- and 5-plex RNAscope IHC staining panels to fluorescently 

label CG and GIM tissue  

Initial studies were designed to visualise the presence, spatial distribution and 

localisation of H. pylori, Eubacteria and mucins during chronic gastritis (CG) and gastric 

intestinal metaplasia (GIM). RNAscope ISH probes were used to fluorescently detect 

H. pylori and Eubacterial 16S ribosomal rRNA, whereas key gastric markers, E-

cadherin, MUC5AC and MUC2 were labelled using IHC; ISH and IHC staining 

protocols were kindly optimised by Ana Teodósio at Birmingham Tissue Analytics 

(BTA). Staining was conducted on archived 4 m thickness patient formalin-fixed 

paraffin-embedded gastric corpus punch biopsy tissue sections which were retrieved 

from the Human Biomaterials Research Centre (HBRC). Clinical pathology reports 

confirmed that the patients were H. pylori-positive CG (n=9) or GIM (n=10) and H. 

pylori-negative CG (n=6) or GIM (n=7).  

In the first instance, RNAscope probes in combination with E-cadherin only were tested 

on archived H. pylori-positive CG and GIM tissue sections in a ‘3-plex’ assay, to ensure 

specifity of the probes and antibody. As the Eubacteria is specific to the generic 16S 

rRNA sequence of all bacteria, H. pylori bind both the highly specific H. pylori and 

generic Eubacteria probe (Figure 4.1). Once 3-plex staining was successfully 

conducted, a ‘5-plex’ staining panel was devised, including the RNAscope probes, 

directly followed by sequential addition of antibodies against E-cadherin, MUC5AC and 

MUC2. For the automated 5-plex assay all protocol steps were conducted in an  
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automated research stainer. Whole slide scans were then acquired for each tissue 

section at 40x magnification using a Vectra Polaris whole slide scanner (Figure 4.2).   

All CG and GIM H. pylori-positive sections stained positively for H. pylori, Eubacteria, 

MUC5AC and E-cadherin, whereas as expected, MUC2 staining was only observed in 

GIM sections. As also expected, H. pylori was not observed in H. pylori negative 

sections. MUC5AC staining was generally localised to the glands or tissue surfaces, 

whereas GIM MUC2 staining was not as evenly distributed across the sample and 

localised to the glandular regions which are likely rich in goblet cells. In H. pylori 

positive sections, H. pylori staining appeared most prominent in the glands, whereas 

Eubacterial staining was more distributed across the tissue sections and often  

observed within the lamina propria. Additionally, initial qualitative observations 

revealed a possible correlation between H. pylori and Eubacteria presence. This 

experiment demonstrated that automated staining is a reliable and useful method for 

fluorescently labelling bacteria and mucins in tissue sections.  

 

4.2.2. A manual 3-plex RNAscope IHC panel to identify H. pylori, Eubacteria and 

E-cadherin in GAC and NAT tissue  

Previous results showed that CG and GIM punch biopsy sections could be successfully 

stained for bacteria and mucins using an automated 3-plex or 5-plex RNAscope and 

IHC staining protocol. The following experiment aimed to manually stain GAC (n=3) 

and normal tissue adjacent to tumour (NAT) (n=3) gastrectomy tissue sections from 

three individual patients using similar methods described for Figure 4.2. However, 

rather than using an automated research stainer, this technique was modified for 

manual staining on the laboratory bench. 
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Figure 4.1. Representative image of automated 3-plex panel showing H. pylori, 
Eubacteria and E-cadherin in a H. pylori-positive GIM patient. Archived formalin-
fixed paraffin-embedded gastric corpus tissue sections were retrieved from the 
Human Biomaterials Research Centre (HBRC). Sections were fluorescently labelled 
using a 3-plex panel with RNAscope probes against H. pylori (green), Eubacteria 
(white), E-cadherin (red) and counterstained with DAPI (blue). Panel A shows whole 
slide scan image; panels B, C and D show H. pylori channel only; Eubacteria channel 
only; and H. pylori and Eubacteria channels only, respectively. Scale bar represents 

500 m (A) or 100 m (B-D). 
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Figure 4.2. Representative whole slide scans of automated 5-plex panel showing 
H. pylori-positive and negative CG and GIM patients. Archived formalin-fixed 
paraffin-embedded gastric corpus tissue sections were retrieved from the HBRC. 
Sections were fluorescently labelled using a 5-plex panel with RNAscope probes 
against H. pylori (green), Eubacteria (white), E-cadherin (red), MUC5AC (yellow), 
MUC2 (turquoise) and counterstained with DAPI (blue). Images were spectrally 
unmixed and viewed using QuPath software. Representative images show H. pylori-
positive CG (B) or GIM (D) and H. pylori-negative CG (A) or GIM (C); scale bar 

represents 400 or 500 m. 
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Before conducting the manual staining assay, RNAscope probes against H. pylori and 

Eubacteria were tested in vitro using infected organoid mucosoid monolayers; all 

antibodies were previously optimised by Ana Teodósio. As before, sections were also 

tested for tissue integrity following pre-treatment protocols. One of the major 

modifications in the manual staining protocol was the use of a microwave oven, rather 

than automated stainer for Heat Induced Epitope Retrieval (HIER). Although 

automated 5-plex staining successfully labelled H. pylori and Eubacteria using 

RNAscope probes in addition to fluorescently labelling antibodies against MUC5AC, 

MUC2 and E-cadherin, this was not possible using the manual staining method. This 

was likely due to the use of a microwave oven for HIER steps, as RNAscope probes 

to detect bacteria were continually lost and uniform antibody staining across the tissue 

section was difficult to obtain. To rectify this issue and ensure consistent staining of 

each section, the staining was divided into two sets of 3-plex experiments using 

consecutive tissue sections. 

 

The first 3-plex panel aimed to label only H. pylori and Eubacteria using RNAscope 

probes and E-cadherin with a primary and secondary antibody. In brief, gastrectomy 

tissue from three patients was manually deparaffinised and rehydrated prior to adding 

RNAScope probes against H. pylori and Eubacteria. Following successful addition of 

RNAscope probes, sections were blocked and incubated over night with E-cadherin 

antibody. The following day, the sections were washed and incubated with secondary 

antibody Alexa Fluor 594, counterstained with DAPI and mounted. Whole slide scans 

were then acquired for each section using a Vectra PolarisTM whole slide scanner 

(Figure 4.3). For GAC sections, E-cadherin staining was uniform across all three 
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patients, whereas H. pylori staining was negligible, with minimal staining observed 

even within glandular regions. Eubacterial staining showed variation between the three 

patients, with one patient harbouring a dense region of colonisation, whereas the other 

two patients showed more sparse, uniform distribution of Eubacteria across the whole 

tissue section. Staining of NAT sections showed a similar trend, with uniform E-

cadherin staining. Interestingly, the matched NAT section to the densely Eubacterial 

colonised GAC section showed a similar staining pattern with a dense region of 

colonisation, whereas Eubacterial staining of the other two NAT sections were also 

similar to their matched GAC section with sparse, evenly distributed bacterial 

colonisation. Finally, across all three NAT sections, small regions of H. pylori were 

observed located within glandular regions. Due to the large size of gastrectomy tissue 

sections in comparison to punch biopsy sections described for Figures 4.1 and 4.2, 

uniform staining as observed for E-cadherin and Eubacteria was relatively easy to 

observe whereas it was difficult to fully observe the extent of H. pylori staining without 

magnifying regions of each whole slide scan. 

 

4.2.3. A manual 3-plex IHC panel for sequential identification of MUC5AC, MUC2 

and E-cadherin in GAC and NAT tissue 

Consecutive tissue sections were then used to manually stain GAC and NAT 

gastrectomy sections by fluorescently labelling antibodies against MUC5AC, MUC2 

and E-cadherin in a 3-plex panel. (Figure 4.4). Tissue sections were prepared as 

previously described and sequentially labelled with antibodies against MUC5AC, 

MUC2 and E-cadherin, counterstaining with DAPI and mounted. Between each 

antibody incubation step, sections underwent HIER using a microwave oven.  As also 
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expected, and also observed for Figure 4.3, E-cadherin staining was relatively uniform 

across all GAC and NAT sections, localised to glandular regions. Within NAT sections, 

MUC5AC staining was generally localised to glandular or epithelial surface regions, 

whereas within GAC sections, staining intensity and arrangement was relatively 

sparse. This is likely due to an increased presence of glandular regions with a defined 

structure in NAT sections, in comparison to GAC tissue which is often associated with 

damaged gastric glands. In NAT sections, MUC2 staining was generally localised to 

goblet cell regions found within the gastric glands, whereas in GAC sections, MUC2 

did not appear localised to glandular regions and was higher in abundance. Antibodies 

within NAT tissue sections appeared visually like CG or GIM sections presented in 

Figure 4.2, likely owing to similarities in histological features. GAC tissue sections were 

visually different when compared to CG, GIM and NAT sections, likely owing to 

phenotypic changes associated with tumours such as cellular overcrowding and loss 

of tissue architecture. 

 

4.2.4. Quantification of MUC5AC, MUC2 and E-cadherin across CG, GIM, NAT 

and GAC tissue 

Once whole slide scans were obtained for all CG, GIM, NAT and GAC sections, each 

section was visually assessed for staining and image quality, they were spectrally 

unmixed and re-named without patient or pathology details for blinded, downstream 

image analysis using QuPath software.  For each image, pixel thresholders were used 

to detect area covered by the channel corresponding to MUC5AC, MUC2 and E-

cadherin. There was no significant difference in MUC5AC coverage across any of the 

CG, GIM, NAT and GAC tissue sections (Figure 4.5A).  
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Figure 4.3. Representative whole slide scan image of manual 3-plex panel 
RNAscope probe and E-cadherin labelled GAC and NAT tissue sections. 
Gastrectomy tissue from three patients was obtained from the Queen Elizabeth 
Hospital Birmingham (QEHB) and stained with a 3-plex panel using RNAScope 
probes against H. pylori (green) and Eubacteria (white) followed by an antibody 
against E-cadherin (red). Sections were counterstained with DAPI and whole-slide 
scans were obtained. Images were viewed using QuPath software. Images show 
GAC section (A) and matching NAT (B) from one patient, white inset boxes show 
regions of Eubacterial staining; scale bar represents 2 mm. 
  

A

B

H. pylori

Eubacteria

E-cadherin

DAPI

2 mm 

2 mm 

400 μm 

200 μm 



 145 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4. Representative whole slide scan image of manual 3-plex panel IHC 
labelled GAC and NAT tissue sections. Gastrectomy tissue from three patients 
was obtained from the Queen Elizabeth Hospital Birmingham (QEHB) and stained 
with a 3-plex panel using antibodies targeting MUC5AC (yellow), MUC2 (Turquoise) 
and E-cadherin (red). Sections were counterstained with DAPI and whole-slide scans 
were obtained. Images were viewed using QuPath software. Images show GAC 
section (A) and matching NAT (B) from one patient, white inset boxes show regions 
containing goblet cells expressing MUC2; scale bar represents 2 mm. 
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Although these data therefore suggest that presence of H. pylori or disease status does 

not impact MUC5AC coverage, it appeared that there was a slight increase in MUC5AC 

coverage from CG to GIM which was also heightened by presence of H. pylori. 

However, this result was not significant, which might be due to the relatively small 

sample size and variation observed within each patient.  

 

As expected, MUC2 coverage was negligible in CG patients regardless of H. pylori 

status, whereas coverage was significantly higher in both H. pylori positive and 

negative GIM patients (Figure 4.5B). MUC2 expression is a histological indicator of 

GIM, due to the presence of intestinal goblet cells and was therefore expected within 

these patients. Although MUC2 coverage was heightened in GIM patients, these data 

also demonstrate the degree of variation between individual patients as MUC2 

coverage ranged from approximately 2-25%. As also expected, MUC2 coverage was 

heightened in both NAT and GAC sections. This is likely due to the fact that these 

patients will have experienced some degree of GIM prior to a GAC diagnosis. There 

was no significant difference in MUC2 coverage between NAT and GAC sections, 

which was an expected result due to the likelihood of NAT and GAC sharing histological 

features due to tissue obtained within close proximity during gastrectomy. 

 

No significant difference in E-cadherin coverage was observed between CG patients, 

regardless of H. pylori status. In addition, no significant difference was observed 

between NAT and GAC sections (Figure 4.6). Interestingly, E-cadherin coverage was 

significantly higher in NAT and GAC tissue compared with CG and GIM, although the 

reason behind this remains unclear and was not explored further. 
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Figure 4.5A and Figure 4.5B. Quantification of MUC5AC and MUC2 coverage in 
CG, GIM, GAC and NAT sections. CG, GIM, GAC and NAT tissue sections were 
fluorescently labelled with RNAscope probes against H. pylori, Eubacteria, MUC5AC, 
MUC2 and E-cadherin. Clinical pathology reports confirmed that the patients were H. 
pylori-positive CG (n=9) or GIM (n=10), H. pylori-negative CG (n=6) or GIM (n=7) and 
GAC (n=3) or healthy tissue adjacent to tumour (NAT) (n=3). Whole slide scans were 
obtained of each tissue section, spectrally unmixed and analysed using QuPath 
software. For each marker of interest, percentage area coverage of tissue was 
calculated using a pixel thresholder. Data were exported from Excel to GraphPad 
Prism 9 (Version 9.5.1). A Mann-Whitney test was used for statistical analysis, whereby 
** P ≤ 0.01, *** P ≤ 0.001 and ns indicates non-significant. Data are presented as 
median ± SEM, for each group. 
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Figure 4.6. Quantification of E-cadherin coverage in CG, GIM, GAC and NAT 
sections. CG, GIM, GAC and NAT tissue sections were fluorescently labelled with 
RNAscope probes against H. pylori, Eubacteria, MUC5AC, MUC2 and E-cadherin. 
Clinical pathology reports confirmed that the patients were H. pylori-positive CG 
(n=9) or GIM (n=10), H. pylori-negative CG (n=6) or GIM (n=7) and GAC (n=3) or 
healthy tissue adjacent to tumour (NAT) (n=3). Whole slide scans were obtained of 
each tissue section, spectrally unmixed and analysed using QuPath software. For E-
cadherin. percentage area coverage of tissue was calculated using a pixel 
thresholder. Data were exported from Excel to GraphPad Prism 9 (Version 9.5.1). A 
Mann-Whitney test was used for statistical analysis, whereby ns indicates non-
significant. Data are presented as median ± SEM, for each group. 
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4.2.5. Distribution of H. pylori and Eubacteria within CG, GIM, NAT and GAC 

tissue 

Colonisation of tissue by H. pylori and Eubacteria across CG, GIM, NAT and GAC 

sections were also blindly quantified using the channels corresponding to H. pylori and 

Eubacteria. To account for H. pylori double-staining and detection in both the H. pylori 

and Eubacteria channels, absolute Eubacteria area was determined by excluding any 

bacteria which had also been detected with the H. pylori probe. 

 

As expected, H. pylori coverage was significantly higher in the CG and GIM H. pylori 

positive sections, compared with CG and GIM H. pylori-negative sections (Figure 

4.7A). Although not statistically significant, H. pylori colonisation appeared to be higher 

in NAT sections compared with GAC. This result was expected as previous sequencing 

studies have suggested that H. pylori colonisation is reduced in GAC compared with 

‘healthy’ tissue. As also observed for quantification of mucin coverage, there was much 

variation in regions of tissue covered by H. pylori between each patient, further 

highlighting the potential issue of interpatient variability and small sample size in this 

experiment. Interestingly, for both CG and GIM patients, Eubacteria presence was 

significantly heightened in the presence of H. pylori (Figure 4.7B).  Conversely, 

Eubacteria presence was significantly reduced in the absence of H. pylori infection. 

This was an interesting result, which contrasts with the current dogma that H. pylori 

and Eubacteria presence is usually mutually exclusive during CG and GIM. 

Additionally, although there was no significant difference in Eubacterial presence 

between NAT and GAC sections, areas of tissue covered by Eubacteria were notably 

higher in GAC. Taken together, these data indicate that despite sequencing studies  
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 suggesting otherwise, infection with H. pylori might indeed correlate with increased 

numbers of Eubacteria during CG and GIM. Conversely, in agreement with sequencing 

studies, although non-significant, these data suggest that Eubacterial presence is 

higher in GAC.  

 

4.2.6. Localisation of Eubacterial invasion in CG, GIM, GAC and NAT tissue  

Once total area coverage of each marker of interest had been quantified and a 

correlation between H. pylori and Eubacteria presence had been established, the 

spatial distribution and localisation of these bacteria were determined by visual 

assessment. Two independent researchers viewed each CG, GIM, GAC and NAT 

whole slide scan using Phenochart whole slide viewer or QuPath software. Location 

of H. pylori was first investigated, whereby it was noted that within the majority of H. 

pylori-positive CG and GIM patient sections, H. pylori was localised to the glands 

(Figure 4.8 A-E and Figure 4.9 B-E). 

 

In Figure 4.9 A, a rare incidence of H. pylori presence outside of the glands and within 

the lamina propria was observed. As expected, H. pylori-negative CG and GIM 

sections showed little to no staining for H. pylori (Figure 4.8 F and Figure 4.9 F). Very 

little H. pylori staining was observed in any of the GAC sections (Figure 4.10 A-E), 

whereas although H. pylori presence remained generally low in NAT sections, some 

localisation of H. pylori within glandular structures was observed (Figure 4.10 D). Once 

H. pylori was located within each whole slide scan, the location and distribution of 

Eubacteria was then visually studied. 



 151 

 
 
Figure 4.7A and Figure 4.7B. Quantification H. pylori and Eubacteria coverage 
in CG, GIM, GAC and NAT sections. CG, GIM, GAC and NAT tissue sections were 
fluorescently labelled with RNAscope probes against H. pylori, Eubacteria, MUC5AC, 
MUC2 and E-cadherin. Clinical pathology reports confirmed that the patients were H. 
pylori-positive CG (n=9) or GIM (n=10), H. pylori-negative CG (n=6) or GIM (n=7) and 
GAC (n=3) or healthy tissue adjacent to tumour (NAT) (n=3). Whole slide scans were 
obtained of each tissue section, spectrally unmixed and analysed using QuPath 
software. For H. pylori and Eubacteria percentage area coverage of tissue was 
calculated using a pixel thresholder. Data were exported from Excel to GraphPad 
Prism 9 (Version 9.5.1). A Mann-Whitney test was used for statistical analysis, 
whereby * P ≤ 0.05, ** P ≤ 0.01, ***P ≤ 0.001 and ns indicates non-significant. Data 
are presented as median ± SEM, for each group. 
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Low Eubacterial numbers were observed in H. pylori-negative CG and GIM sections. 

However, H. pylori-positive CG and GIM sections generally showed a significantly 

higher density of Eubacteria in comparison to H. pylori negative sections, whereby 

Eubacteria were generally located within the lamina propria and appeared to be 

‘invading’ deep into the gastric tissue (Figure 4.8 A-E and Figure 4.9 A-E). In GAC 

sections, Eubacteria appeared either evenly distributed across the tissue in two GAC 

patients (Figure 4.10 C&E) or as dense regions of colonisation in one GAC patient 

(Figure 4.9 A). It was also observed that Eubacterial distribution and subsequent 

invasion increased progressively from CG to GIM and GAC. Increased Eubacterial 

density and invasion was also observed in GAC compared with their matched NAT 

sections and also appeared similar in distribution (Figure 4.10 B, D & F).  

 

4.2.7. Scoring of Eubacterial invasion in CG, GIM, GAC and NAT tissue  

Following blinded visual assessment of whole slide scans for Eubacterial distribution, 

a qualitative scoring system was devised to Eubacterial invasion across each CG, 

GIM, GAC and NAT whole slide scan (Figure 4.11). Scoring was blindly conducted by 

two independent researchers, who had no knowledge of patient details or disease 

status, whereby 0 = no invasion, 1 = sparse invasion, 2 = moderate invasion (patches 

of bacteria across sample), 3 = high invasion (multiple clear regions of bacterial 

invasion across sample) and 4 = dense colonisation of bacteria (large regions of 

sample colonised). In agreement with initial visual assessment, H. pylori-negative CG 

and GIM sections scored relatively low for Eubacterial invasion. Conversely and also 

in agreement with initial visual assessment, for CG H. pylori-positive patients, several 

scored 1, 2 or 3, aside from one patient who scored 0. Scoring was also similar for 
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GIM H. pylori patients, with scores ranging from 1-3 for invasion, aside from one 

patient who also scored 0. Interestingly, Eubacterial invasion was generally higher in 

H. pylori-positive GIM patients compared with CG, correlating with data presented in 

Figure 4.7B which highlights an increase in Eubacteria from CG to GIM. Overall, 

although there was clear interpatient variability, H. pylori-positive CG and GIM sections 

scored statistically significantly higher for invasion than H. pylori-negative sections.  

 

Taken together, these data suggest that Eubacterial presence and invasion into the 

lamina propria is correlated with presence of H. pylori. GAC and NAT tissue sections 

were then scored for Eubacterial invasion, whereby each NAT section showed high 

interpatient variability, scoring 0, 1 and 3 respectively. As expected, Eubacterial 

invasion was higher in GAC sections, with each section scoring 3, 3 and 4 respectively. 

These data therefore suggest that Eubacterial distribution and invasion into the lamina 

propria is elevated in GAC and NAT tissue. This was an expected result, as previous 

sequencing studies have highlighted an increase in microbial numbers and diversity 

in GAC tissue. Following visual assessment and qualitative scoring, these data 

suggest that not only is H. pylori presence associated with increased Eubacterial 

colonisation, but also subsequent Eubacterial invasion into the lamina propria during 

the early stages of gastric carcinogenesis. In contrast, although small numbers of 

sparsely distributed Eubacteria were observed in H. pylori-negative CG and GIM 

sections, minimal colonisation and invasion into the lamina propria was observed. 
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Figure 4.8. Representative images of Eubacterial invasion in H. pylori-positive 
CG tissue. Automated 5-plex RNAscope and IHC staining was conducted to 
fluorescently label H. pylori, Eubacteria, E-cadherin, MUC5AC and MUC2 in H. pylori-
positive punch biopsy CG tissue sections (n=9). Images were viewed using QuPath. 
Images show Eubacterial invasion five representative CG H. pylori positive sections 
(A-E) and a representative image of H. pylori-negative CG section (F). Eubacterial 
invasion is indicated by white oval and H. pylori is indicated by green arrow. For 
visualisation purposes, only channels for H. pylori (green), Eubacteria (white) and E-

cadherin (red) are turned on); Scale bar represents 100 m. 
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Figure 4.9. Representative images of Eubacterial invasion in H. pylori-positive 
GIM tissue. Automated 5-plex RNAscope and IHC staining was conducted to 
fluorescently label H. pylori, Eubacteria, E-cadherin, MUC5AC and MUC2 in H. pylori-
positive punch biopsy GIM tissue sections (n=10). Images were viewed using QuPath. 
Images show Eubacterial invasion five representative H. pylori-positive GIM sections 
(A-E) and a representative image of H. pylori-negative GIM section (F). Eubacterial 
invasion is indicated by white oval and H. pylori is indicated by green arrow. For 
visualisation purposes, only channels for H. pylori (green), Eubacteria (white) and E-

cadherin (red) are turned on); Scale bar represents 100 m. 
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Figure 4.10. Representative images of Eubacterial invasion in GAC and NAT 
tissue. Manual 3-plex RNAscope and IHC staining was conducted to fluorescently 
label H. pylori, Eubacteria and E-cadherin in gastrectomy tissue (n=3). Images were 
viewed using QuPath. Images show Eubacterial invasion in matched GAC and NAT 
patient sections; GAC sections (A, C, E) and matched NAT sections (B, D, E). Patient 
1 = A-B, patient 2 = C-D and patient 3 = E-F. Eubacterial invasion is indicated by white 

oval and H. pylori is indicated by green arrow. Scale bar represents 250 m. 
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Figure 4.11. Qualitative scoring of Eubacterial invasion in CG, GIM, GAC and NAT 
tissue. Automated 5-plex (CG and GIM) or manual 3-plex (GAC and NAT) staining 
was conducted to fluorescently label H. pylori, Eubacteria, E-cadherin, MUC5AC and 
MUC2. Clinical pathology reports confirmed that the patients were H. pylori-positive 
CG (n=9) or GIM (n=10), H. pylori-negative CG (n=6) or GIM (n=7) and GAC (n=3) or 
healthy tissue adjacent to tumour (NAT) (n=3). Images were viewed using QuPath 
software and Eubacterial invasion was qualitatively scored by two independent 
researchers, whereby 0 = no invasion, 1 = sparse invasion, 2 = moderate invasion 
(patches of bacteria across sample), 3 = high invasion (multiple clear regions of 
bacterial invasion across sample) and 4 = dense colonisation of bacteria (large regions 
of sample colonised). A Mann-Whitney test was used for statistical analysis, whereby 
* P ≤ 0.05, ** P ≤ 0.01 and ns indicates non-significant. 
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4.3 Discussion  

4.3.1. 3 and 5-plex automated staining panels to identify H. pylori, Eubacteria 

and mucins in CG and GIM tissue 

Results presented in this chapter demonstrated that archived CG and GIM punch 

biopsy sections could be successfully prepared for multiplex RNAscope staining 

immediately followed by IHC using an automated research stainer. Whilst RNAscope 

has been successfully combined with immunostaining in previous studies, the majority 

of previous experiments only included fluorescent labelling of one or two antibodies in 

combination with RNAscope probes (Ball et al., 2023). In the current project, both 3-

plex and 5-plex multiplex immunofluorescence panels (mIF) successfully labelled H. 

pylori and Eubacteria in addition to three antibodies of interest, without loss of tissue 

integrity or staining uniformity. Aside from technical expertise and rigid optimisation 

steps conducted by Ana Teodósio, successful staining can also be attributed to the use 

of an automated research stainer. Although high running and maintenance costs are 

associated with these staining machines, automated staining facilitates faster, 

reproducible and uniform staining of multiple sections in a given protocol.  Additionally, 

other factors that often affect staining uniformity can be easily controlled and 

monitored, such as HIER temperature, reagent and antibody volume and incubation 

times (Đorđević et al., 2021).   

 

4.3.2. Manual 3-plex staining panels to identify H. pylori, Eubacteria and mucins 

in GAC and NAT tissue 

A manual laboratory-based protocol was devised to repeat the aforementioned 

experiment using gastrectomy GAC and NAT tissue sections. The automated approach 
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was used as a guideline when devising the manual protocol and shared several 

similarities including staining order, incubation times and antibody concentrations. A 

major difference between the automated and manual assays was that for manual 

staining all staining was conducted on the laboratory bench without the use of 

automated technology. Incubation steps were conducted in a humidified plastic box 

within a dry incubator and HIER steps required heating antigen retrieval buffers to just 

below boiling in a microwave oven. Whilst this was a cost-effective way of staining 

several sections at once, it required several quality control steps to ensure tissue 

integrity and staining uniformity that were difficult to control compared with an 

automated research stainer (Đorđević et al., 2021). It was initially hoped that the full 

automated protocol (RNAscope probes immediately followed by IHC) could be directly 

repeated using a manual approach, but due to several difficulties this experiment was 

divided into two parts. Following successful labelling of bacteria with RNAscope 

probes, which were briefly confirmed with confocal microscopy, it was found that the 

subsequent HIER steps involved in the IHC component of the protocol were either 

drastically reducing brightness or stripping RNAscope probes completely from the 

tissue. This is a common problem, as microwave ovens are difficult to control 

temperature and do not dissipate heat as well as an automated research stainer and 

often result in hot and cold areas across the tissue, causing uneven antigen retrieval 

or superheating (Kumar et al., 2016). Alternative HIER options include using a water 

bath, which was found to be inconvenient due to the time taken to reach and maintain 

temperature, or the use of a pressure cooker, which was not available for this work 

(Krenacs et al., 2010). As such, in order to avoid exposing RNAscope probes to 

excessive heat, probes targeting H. pylori in combination with overnight E-cadherin 
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antibody staining were used to identify bacteria in GAC and NAT, whilst a consecutive 

section was used to label antibodies against MUC5AC, MUC2 and E-cadherin.  

 

4.3.3. Expression and localisation of MUC5AC, MUC2 and E-cadherin in CG, 

GIM, GAC and NAT tissue 

Whilst tissue coverage by MUC5AC varied between patients, these data suggest that 

MUC5AC expression is relatively stable across each stage of gastric carcinogenesis. 

This finding was expected based on literature searches, as although MUC5AC is highly 

associated with the healthy gastric mucosa, it has also been found in gastric tumours 

and expression is often maintained in GIM (Reis et al., 1999; Rico et al., 2021). 

Additionally, although non-significant, coverage of CG and GIM tissues by MUC5AC 

was slightly elevated in H. pylori-positive sections. Although this was not investigated 

further, this correlates with previous studies which observed H. pylori-induced 

upregulation of MUC5AC and subsequent deposition of Lewis antibodies for adhesion 

purposes (Gonciarz et al., 2019). Owing to the presence of mucin-secreting goblet cells 

as a result of the intestinal phenotype in GIM, MUC2 coverage was markedly elevated 

in GIM sections compared with CG. This was a vital finding which further confirmed 

antibody staining specifity and disease status between the patient groups. Interestingly, 

MUC2 coverage was also elevated in GAC and NAT tissue sections, likely indicative 

of NAT tissue not being truly ‘healthy’, as it is directly adjacent to tumour (Aran et al., 

2017).  This finding therefore indicates that NAT tissue might be more histologically 

similar to GIM tissue than healthy tissue and that this tissue type should be used with 

caution when described as ‘healthy’ in future studies. MUC2 expression was markedly 

elevated in GAC tissue, which provided further confirmation of the disease state of 
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these patients. Furthermore, de novo MUC2 expression is highly correlated with poorer 

prognosis and tumour severity, indicating that these patients represented the most 

‘severe’ stage of carcinogenesis (Wakatsuki et al., 2008). The precise role of MUC2 in 

GAC remains unclear, but is currently hypothesised that overexpression of mucin, such 

as MUC2, serves as a protective barrier which limits exposure to bacteria and dampens 

the inflammatory response (Van der Sluis et al., 2006). Interestingly, a recent study 

also identified a direct link between mucin expression and bacterial diversity in GAC. 

High MUC2 expression was associated with a depletion of Streptococcus species, but 

an increase of Lactobacillus and Neisseria species. Samples with high MUC2 

expression also exhibited an upregulation of the sucrose degradation IV (sucrose 

phosphorylase) pathway, suggesting a reliance of mucins as a bacterial food source in 

GAC (Oosterlinck et al., 2023).  

In addition to mucins, E-cadherin was selected as a marker for intercellular junctions, 

allowing visualisation of tissue architecture and glandular regions. No significant 

differences or differences of note were observed between patient groups and specific 

interactions between bacteria and E-cadherin were not investigated directly in this 

study. However, the interaction between H. pylori and E-cadherin has frequently been 

investigated, with a recent study suggesting that H. pylori virulence factor HtrA 

facilitates E-cadherin shedding and subsequent impairment of barrier function in  an 

organoid model (Murata-Kamiya et al., 2007). Furthermore, H. pylori CagA is also 

highly associated with impaired cellular polarisation, as CagA injection into the host 

cell inhibits the association of E-cadherin with β-catenin, resulting in intracellular 

accumulation of cytoplasmic and nuclear catenin (Murata-Kamiya et al., 2007). 
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4.3.4. Expression and localisation of H. pylori and Eubacteria in CG, GIM, GAC 

and NAT tissue 

In agreement with previous studies suggesting that H. pylori establish colonies deep 

within the gastric glands using mouse models, this study also demonstrated H. pylori 

exclusively colonised the gastric glands in human CG and GIM tissue (Fung et al., 

2019). This finding was expected, as it has recently been established that H. pylori 

within the gastric environment occupy specific ‘microniches’, with some populations of 

H. pylori occupying the superficial gastric mucus, whilst the majority embed within deep 

regions of the gastric glands. Although the reason behind the formation of these 

microniches remains unclear, there are several mechanisms which could explain the 

distribution and arrangement of H. pylori during carcinogenesis. 

 

The presence of H. pylori deep within the gastric glands is likely attributed to H. pylori 

flagella-driven motility and secretion of urease enabling deep colonisation and 

protection against the harsh gastric environment (Celli et al., 2009). In addition, the 

distribution of H. pylori within gastric tissue is also attributed to chemotaxis in response 

to urea, bicarbonate or sodium chloride which are secreted by gastric epithelial and 

parietal cells. Parietal cells originate from gastric stem cells and are often found at the 

base of the gastric gland, where H. pylori was also identified in this study (Mizote et 

al., 1997). MUC5AC expression is highly expressed in gastric glands and is composed 

glycans which are also bound and utilised by H. pylori as an attachment site for 

subsequent proteolytic degradation of the gastric mucin (Celli et al., 2009; Mahdavi et 

al., 2002). The Lewis-B antigen is a tetrasaccharide also found within MUC5AC and 
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serves as a binding site for several H. pylori adhesins, facilitating adherence and 

colonisation throughout the gastric glands (Gonciarz et al., 2019; Löfling et al., 2008).  

 

Quantification of tissue coverage area by H. pylori confirmed visual observations and 

provided a numerical value for bacterial presence. Interestingly, H. pylori coverage was 

relatively high in NAT tissue compared with H. pylori negative CG and GIM sections. 

This is likely indicative of NAT tissue not being truly ‘healthy’, as it is adjacent to tumour 

as previously discussed. H. pylori coverage was also higher than expected in GAC 

sections, as previous sequencing data has shown that H. pylori abundance decreases 

during the final stages of carcinogenesis. However, it is possible that small numbers of 

H. pylori were easily identified in these sections due to the high specifity and high 

amplification of the probe targeting H. pylori ribosomal rRNA. Quantification of H. pylori 

coverage across each tissue section revealed high inter-patient variability, which is 

likely due to patients within the H. pylori positive groups all at varying stages of 

carcinogenesis, whilst some were also prescribed PPIs or taking additional 

medications which were not documented (Appendix A). Although these patients were 

not taking antibiotics, other drugs such as metformin, antidepressants and laxatives 

have been shown to alter the gastric microbiota which might contribute to observed 

variation (Weersma et al., 2020).  Furthermore, no information was provided on patient 

lifestyle factors such as diet, exercise or smoking. 

 

A major observation was a significant correlation between Eubacteria presence and 

with H. pylori infection in CG and GIM. This was a significant finding as it contrasts with 

the current dogma that the microbiota of H. pylori negative individuals is unique and 



 164 

enriched (Noto and Peek, 2017). Although interpatient variability was lower than for H. 

pylori, this can also be attributed to the patient health, diet and lifestyle factors. 

Furthermore, Eubacteria coverage increased from CG, through to GIM and GAC, 

which suggests that H. pylori-induced histological changes occurring later in Correa’s 

cascade might provide more favourable conditions for Eubacteria.  

 

De novo expression of MUC2 is associated with both GIM and GAC, serving as a 

protective barrier or bacterial food source (Oosterlinck et al., 2023; Van der Sluis et al., 

2006). As such, it is possible that the enrichment of Eubacteria during GIM and GAC 

observed in our data is also a result of MUC2 overexpression and that there is a direct 

correlation between MUC2 availability and bacterial colonisation. Additionally, during 

CG parietal cells are often lost as a result of H. pylori-induced atrophy, resulting in 

reduced stomach acid production and neutralisation of local pH (Dixon et al., 1996). It 

is hypothesised that this rise in pH results in a shift in microbial diversity, with increased 

colonisation of phyla such as Bacillota or Bacteroidota, an effect commonly observed 

in inflammatory bowel disease (IBD) (Walker et al., 2005). Several sequencing studies 

which have documented a gradual increase in bacterial phyla abundance and diversity 

during gastric carcinogenesis, with Bacillota, Bacteroidota and some Fusobacteriota 

often enriched in GAC (Png et al., 2022). Although this shift in microbial diversity 

remains unclear, it is likely a multifactorial process involving host factors such as mucin 

expression, inflammation and alterations in tissue architecture and pH (Eun et al., 

2014).  
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Whilst the identification of non-H. pylori Eubacteria was a striking observation, it is also 

worth noting that some species might not have been detected by the 16S rRNA probe, 

resulting in an element of bacterial under-reporting in this study. Although the 

Eubacteria 16S rRNA probe was designed to target conserved regions of the 16S 

rRNA, some bacterial groups possess highly divergent 16S sequences, which might 

not be recognised by standard probes or primers. For example, previous studies have 

reported that Eubacteria-specific probes often miss certain phyla, such as 

Planctomycetes and Verrucomicrobia (Daims et al. 1999). In addition, successful rRNA 

labelling of Eubacteria relies on good quality and readily available cellular ribosome 

content and any bacteria possessing poor quality rRNA or target sites hindered by 

rRNA-rRNA interactions might not be easily targeted by a 16S rRNA probe (Behrens 

et al., 2003). Finally, bacterial cell wall permeability can influence 16S rRNA probe 

binding. For example, Gram-positive bacteria such as streptococci and staphylococci 

possess a thick outer cell wall, which requires permeabilisation, usually with lysozyme, 

before the 16S rRNA probe is applied (Rocha et al., 2018). In this study, lysozyme was 

not used due to the detrimental effect on tissue quality and as such, it is possible that 

certain Gram-positive bacteria were not readily targeted by the 16S rRNA probe due 

to their cell wall not becoming permeabilised. Nonetheless, although permeability is 

frequently reported as an issue in more traditional FISH approaches, the use of brighter 

Opal fluorophores (containing fluorescein-tyramide) in this study in combination with 

horseradish peroxidase likely resolved this problem, as the tyramide-HRP system 

reportedly increases bacterial signal intensity up to 20-fold compared with more 

traditional fluorophore-based approaches (Schonhuber et al., 1997). 
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4.3.5. Invasion of Eubacteria into the lamina propria in CG, GIM, GAC and NAT 

tissue 

Following quantitative analysis, it was revealed by visual assessment that Eubacteria 

invade deep into the lamina propria whilst H. pylori exclusively colonised the gastric 

glands in CG and GIM tissue. This was a highly interesting finding, as in addition to 

demonstrating a correlation between H. pylori and Eubacteria presence, these data 

also suggest that Eubacterial invasion might play a key role in the early stages of 

carcinogenesis. Bacterial invasion is associated with multiple diseases of the 

gastrointestinal tract including as colitis, IBD and Chron’s disease, causing damage to 

the epithelial architecture by triggering inflammatory responses (Linares et al., 2021).  

However, invasion of Eubacteria in gastric carcinogenesis is rarely studied, as 

development of GAC is often attributed to H. pylori virulence or host factors. 

Interestingly, although this was rarely observed in our data and the significance still 

remains unclear, H. pylori invasion into the lamina propria and translocation into lymph 

tissue has been reported in a previous study (Ito et al., 2008). 

 

There are several plausible explanations for the presence of Eubacteria within the 

lamina propria. Firstly, it is possible that these invading Eubacteria have entered on 

their own accord, using virulence factors such as flagella to aid motility. Although this 

mechanism is frequently observed with invasive bacterial genera such as Salmonella 

and Shigella, these bacteria are not commonly associated with the gastric microbiota, 

so this explanation is unlikely (Khoramian-Falsafi et al., 1990; Wortel et al., 2022). 

Secondly, it is possible that these Eubacteria are gastric commensals and have 

colonised regions of connective tissue within the lamina propria. However, this 
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explanation is also highly unlikely as the lamina propria is rich in blood vessels and 

phagocytic immune cells, which would be a hostile environment for most commensal 

bacteria (Pennelli et al., 2020). 

 

Given that H. pylori presence significantly correlated with invasion of Eubacteria into 

the lamina propria, which is rarely observed in gastric tissue, it is likely that H. pylori 

cells act as a ‘gatekeeper’ and facilitates entry of Eubacteria through the gastric glands.  

Recently, Sharafutdinov et al. (2024) reported that H. pylori strains encoding the 

trimeric form of HtrA are associated with higher risk of GAC development. In addition 

to HtrA, H. pylori CagA and VacA are also associated with disruption of intercellular 

junctions and loss of polarity in gastric epithelial cells in vitro  (Argent et al., 2008; 

Murata-Kamiya et al., 2007). As such, it is plausible that data presented in this results 

chapter demonstrates a later stage of this mechanism, whereby H. pylori has disrupted 

intercellular junctions, which facilitated the entry of Eubacteria through the intercellular 

junctions and into the lamina propria. Aside from direct damage to intercellular 

junctions, the effect of several H. pylori virulence factors induces inflammation of the 

gastric mucosa during carcinogenesis. Chronic inflammation eventually results in 

overexpression of pro-inflammatory cytokines, such as TNF- and IL1-, production of 

neutrophil reactive oxide species (ROS) and anti-oxidative enzymes, which all 

contribute to glandular atrophy and erosion (Yisireyili et al., 2020). Damage to the 

gastric mucosa results in a loss of tissue architecture and cellular polarity, resulting in 

a ‘leaky’ barrier to bacterial infection. As previously mentioned, bacterial invasion as a 

result of chronic inflammation is a mechanism involved in several gastrointestinal 

diseases, such as IBD (Sartor, 2008). Although invasion is not frequently reported in 
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gastric pathologies, our data suggests that Eubacterial invasion could be secondary 

phenomenon, which occurred as a result of gastric mucosal damage initially induced 

by H. pylori infection. 

 

The work presented in this results chapter was recently published in the journal 

Helicobacter (Giddings et al., 2025; Appendix B). In addition to these results, this paper 

included analysis of additional patient samples and the application of the modified 

Gram stain, detailed in chapter 6, for validation of RNAscope data. 

 

4.4. Summary 

In summary, data presented in this chapter demonstrated that RNAscope ISH 

combined with IHC is a reliable method for fluorescently labelling both bacterial 16S 

ribosomal rRNA and antibodies in archived gastric FFPE tissue sections. Although the 

use of an automated stainer is desirable for optimal staining conditions and 

reproducibility, a manual staining method can be successfully employed for repeating 

experiments on the laboratory bench. Results described in this chapter revealed that 

whilst MUC5AC and E-cadherin expression was relatively stable across Correa’s 

cascade of carcinogenesis, MUC2 expression was elevated in GIM and GAC 

compared with CG. Interestingly, a correlation between H. pylori and Eubacteria 

presence was also observed in CG and GIM, where it was also observed that 

Eubacteria ‘invade’ the lamina propria. The mechanism behind this remains unclear 

but is possible that Eubacterial invasion is facilitated by the direct action of H. pylori 

loosening intercellular junctions.
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5.1. Introduction 

 
The use of RNAscope in situ hybridisation (ISH) technology detailed in chapter 4 

revealed a significant correlation between H. pylori presence and non-H. pylori 

bacterial invasion of the lamina propria throughout the early, middle and late stages of 

gastric carcinogenesis. Although this technique was a powerful tool for detecting and 

studying the spatial distribution of non-H. pylori bacteria within gastric tissue samples, 

the identity of these invasive bacteria remained unknown. As such, the following work 

aimed to optimise methods for isolation of bacteria from gastric histological tissue 

samples, which could then be identified using full-length 16S ribosomal rRNA gene 

sequencing and validated with further multiplex imaging approaches. 

 

Although ISH is a popular technique to identify bacterial distribution and abundance 

within a given histological sample, common ISH probes, such as ‘EUB338’ target all 

bacteria in a given sample and do not differentiate between bacterial phyla, genera or 

species (Okada et al., 2022). Despite advances in ISH technology and the increasing 

availability of highly specific probes against specific bacterial 16S rRNA sequences, 

many ISH probes still require meticulous design and are expensive. Therefore, ISH 

remains unsuitable for identification of multiple bacteria and is more suited to small-

scale studies which only aim to identify a few bacteria at a time (Kalhor et al., 2023) 

Therefore, the current gold standard for high-throughput bacterial identification is 16S 

rRNA gene sequencing, which is a culture-free approach that sequences and maps 

bacterial rRNA sequences against a standardised database (Durazzi et al., 2021). 

Although several sample types can be sequenced, studies are usually conducted on 

blood, saliva, fresh, or fresh-frozen biopsy tissue for optimal results (Kool et al., 2023).  
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However, the invasive non-H. pylori bacteria identified in chapter 4 were embedded in 

gastric FFPE tissues sections and first required removal before DNA extraction and 

sequencing could be conducted. As such, in selected samples with high invasion 

scores, regions of tissue containing invasive bacteria were first removed from the 

section using laser capture microdissection (LCM). LCM is a powerful technique which 

uses a laser beam for excision of regions of interest (ROI) from histological tissue. The 

ROIs can then be used for a variety of downstream analyses, such as mass-

spectrometry, 16S rRNA sequencing and metagenomics (Herrera et al., 2020; Tsai et 

al., 2023; Wang et al., 2010). LCM has been reported in a variety of microbiome 

studies, with a relatively recent study detailing LCM for removal of mucus-associated 

bacteria in proximal human colon specimens, followed by successful DNA amplification 

and 16S rRNA sequencing (Chassaing and Gewirtz, 2018).  

 

Given the promising application of LCM followed by 16S rRNA sequencing in published 

literature, the first aim of this work was to optimise these methods for isolation of 

invasive non-H. pylori bacteria from gastric FFPE tissue sections outlined in chapter 4. 

Briefly, consecutive gastric tissue sections were obtained from selected patients with 

high bacterial invasion observed in chapter 4. Tissue regions containing invasive 

bacteria were removed from each sample by LCM or manually lifted with a scalpel. 

The second aim of this work was to characterise the composition of these bacteria 

using full-length 16S rRNA sequencing, whereby DNA was extracted, and amplicons 

were sequenced using a full-length nanopore 16S rRNA sequencing protocol and 

compared against a standardised 16S rRNA database. In addition, punch biopsy 



 172 

samples collected from one patient with H. pylori-positive CG and one patient with H. 

pylori-negative GIM were also sequenced in parallel.  

 

As discussed, although 16S rRNA sequencing provides an identity for bacteria within 

a given sample, it does not provide information regarding bacterial location or 

distribution. As such, in addition to bacterial identification, information provided from 

16S rRNA sequencing data will also be used to guide the design of specific, custom 

ACD BIO RNAscope probes against genera or phyla of interest. A proposed workflow 

for this is outlined in Figure 5.1. By using 16S rRNA sequencing data to guide genus-

specific probe design, the presence and location of these bacteria can be confirmed in 

further consecutive sections of CG, GIM and GAC FFPE tissue. This is a unique 

approach which, to the best of our knowledge, has not been reported for the 

identification of bacteria within histological patient tissue samples. However, this 

method has been reported for viral studies, whereby next generation sequencing 

(NGS) was used to guide ISH probe design (‘NGS-ISH’) for detection of viral mRNA in 

a variety of host samples (Resende et al., 2019). 

 

In summary, the presence of non-H. pylori bacteria during early stages of 

carcinogenesis are often overlooked, yet they likely play a pivotal role in driving 

inflammation and carcinogenesis. As such, identification and characterisation of key 

invasive bacteria by 16S rRNA sequencing followed by ISH could provide a basis for 

translation into novel interventions for preventing, diagnosing and surveying patients 

who are at risk of developing GAC. 
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Figure 5.1. A proposed workflow for phyla and genera bacterial identification 
with custom RNAscope probes. In chapter 4, invasive non-H. pylori bacteria were 
identified with an RNAscope probe against all bacteria ‘Eubacteria’ (A). Consecutive 
sections will be obtained from patients with high invasion scores and H&E stained. 
Tissue areas containing known bacterial invasion will then be excised by LCM (B). DNA 
will be extracted and amplified from excised tissue using 16S rRNA sequencing (C). 
Custom designed RNAscope probes will then be designed by ACD Bio to target the 
16S rRNA sequences of specific bacteria identified by sequencing (D). 
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5.2. Results 

5.2.1 Laser capture microdissection as a tool to excise regions of bacterial 

invasion histological tissue 

In chapter 4, a GAC sample with a high bacterial invasion score of 4 containing regions 

with high microbial density was identified and chosen for the first attempt at LCM and 

subsequent identification of invasive bacteria. Prior to conducting LCM, a consecutive 

tissue section was first stained with H&E for visualisation of tissue architecture. This 

section was then viewed using LCM and compared with the previous RNAscope-

labelled reference image. In order to limit contamination during LCM, the microscope 

was thoroughly wiped with 70% ethanol and a sterile open Eppendorf containing 

DNA/RNA shield was placed on the microscope stage to capture any airborne 

contaminants. Approximate areas of tissue with known non-H. pylori bacterial invasion 

(LCM GAC+) in addition to bacteria-free regions (LCM GAC-) were measured and 

excised by laser beam into an Eppendorf containing DNA/RNA shield and stored until 

required. Presence of extracted and fragmented tissue section inside the Eppendorf 

was confirmed by visual assessment under a light microscope. 

 

Once LCM was successfully conducted on GAC tissue, studies were repeated using 

consecutive sections of archived punch biopsy GIM or CG FFPE blocks with known H. 

pylori infection from chapter 4 (2 GIM, 1 CG). Each section was H&E stained and 

viewed using the LCM. Although some areas of bacterial invasion were located and 

measured, the fragments of tissue were very small and not easily excised and 

transferred into an Eppendorf. Upon visual inspection, it was observed that the 

Eppendorf contained negligible extracted tissue (LCM GIM or CG). In order to rectify 
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this issue and try to obtain CG and GIM tissue for downstream analyses, a further 

consecutive section was obtained, deparaffinised and rehydrated. Under sterile 

conditions in a cell culture flow hood, the whole section of rehydrated tissue was lifted 

off the glass slide using a sterile scalpel, transferred into an Eppendorf containing 

DNA/RNA shield and stored until required (Lifted GIM or CG).  

 

5.2.2. Quantification of extracted DNA 

In addition to laser capture micro-dissected or scalpel-lifted tissue, gastric CG (H. pylori 

-positive) and GIM (H. pylori-negative) fresh tissue samples were obtained during 

gastric punch biopsy from the Queen Elizabeth Hospital, Birmingham and stored in 

DNA/RNA shield in an Eppendorf. Once all samples of interest were obtained, the 

Eppendorfs containing fresh, laser capture micro-dissected or scalpel-lifted tissue were 

briefly centrifuged and digested in Proteinase K. DNA was then extracted into 

nuclease-free Eppendorfs under sterile conditions in a PCR hood, which was 

thoroughly cleaned with bleach solution prior to starting the procedure. DNA was then 

eluted in pre-warmed elution buffer and prepared for 16S rRNA PCR using 16S primers 

c27f and 1492r. PCR amplification cycles were optimised prior, whereby 35 cycles were 

used for all FFPE tissue, and 30 cycles were used for biopsy tissue (data not shown). 

 

H. pylori strain SS1 DNA and nuclease-free water were also prepared and used as 

positive and negative controls, respectively (Figure 5.2). As expected, bands were 

visible for the two biopsy tissue samples, lifted GIM and CG samples and LCM GAC+. 

Interestingly, a band was also visible for LCM GAC-, which could be indicative of 

contamination or bacterial cells which were not detected using RNAscope. Almost no 
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bands were detected for the LCM CG and GIM samples, which was expected due to 

difficulties during the procedure and very low sample biomass. Finally, the use of 

positive and negative controls demonstrated that amplification was successful with 

minimal contamination. Once DNA presence and size was confirmed, the remaining 

amplicons were purified and eluted. For each sample, DNA concentration was 

quantified and compared with approximate tissue area (Table 5.1). As expected, the 

areas of LCM GIM and CG tissue were minimal, and DNA concentration was too low 

to quantify as DNA concentration less than 0.5 ng/L for the three sections. However, 

lifted GIM and CG consecutive sections of the same samples provided a larger tissue 

area which yielded higher DNA concentrations, with 3.5 ng ng/L for the CG sample 

and 14.3 and 11.5 ng/L for the GIM samples. LCM GAC+ and LCM GAC- regions were 

relatively small areas in comparison to the scalpel-lifted tissue, yet DNA concentration 

was 14.2 and 19.7 ng/L respectively. Interestingly, DNA concentration was higher for 

the LCM GAC- sample, which was expected to have a lower concentration due to 

minimal bacterial invasion observed with RNAscope.  

 

Additionally, although the two biopsy tissue samples were not weighed, DNA 

concentration was 14.9 and 11.3 ng/L for the CG H. pylori-positive and GIM H. pylori-

negative samples, respectively. Overall, these were vital steps in confirming that PCR 

amplification of gastric histological and biopsy tissue samples were free from 

contamination and provided enough DNA for downstream 16S rRNA sequencing. 
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Figure 5.2. Agarose gel electrophoresis (1% agarose) showing PCR products of 
16S rRNA full-length gene amplification. FFPE tissue was removed from a 
microscope slide either by LCM or by sterile removal with a scalpel. Fresh gastric tissue 
was obtained during routine punch biopsy. All tissue samples underwent DNA 
extraction and PCR amplification using full-length 16S primers c27f and 1429r. PCR 
products were visualised by electrophoresis. A 1kb ladder was used and the band for 
1400 bp is annotated, corresponding to expected PCR amplicon size. Positive control 
was H. pylori SS1 DNA and negative control was sterile DNase free water.  

bp 

bp 

bp 
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Table 5.1. Individual sample tissue area and subsequent concentration of 
amplified and purified DNA. FFPE tissue was removed from a microscope slide 
either by LCM or by sterile removal with a scalpel; fresh gastric tissue was obtained 
during routine punch biopsy. FFPE tissue areas were estimated by measuring regions 
from a consecutive section on QuPath software. DNA was extracted from all tissue 
samples, amplified by PCR and then purified. DNA was eluted in pre-warmed elution 

buffer; 1 L was immediately quantified using a Qubit spectrophotometer. 
 
  

 LCM Tissue Lifted LCM 

Sample GAC+ GAC- CG 

Hp+ 

GIM 

Hp- 

CG GIM GIM CG GIM GIM 

Concentration 

(ng/L) 

14.2 19.7 14.9 11.3 3.5 14.3 11.5 <0.5 <0.5 <0.5 

Approximate 

tissue area 

(mm2) 

0.79 0.91 N/A N/A 24.2 5.5 5.11 0.18 0.15 0.1 
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5.2.3. Full length 16S rRNA sequencing 

Once extracted DNA was successfully purified and quantified, amplicons were 

prepared for full length 16S rRNA sequencing using the Oxford Nanopore Technologies 

Native Barcoding Kit 24 V14 protocol. Raw data were then aligned with the SILVA 138.2 

database. In this study, two sequencing runs were conducted due to issues with the 

GRID sequencer during the first run, whereby the computer crashed four hours into 

the programme producing low sequence reads for each sample (data not shown). As 

such, all data presented in this chapter are from the second successful sequencing run 

which was completed over 24 hours. 

 

During data analyses, it was observed that Helicobacter genera were a consistent 

contaminant throughout all samples including the barcoded ‘negative’ control with a 

relative abundance of ~99% across all of the samples (Figure 5.3) This was 

unexpected and a concern, as aside from H. pylori presence in the ‘negative’ barcoded 

controls, the GIM sample was also clinically H. pylori-negative and unlikely to have a 

high relative abundance of Helicobacter genera. Furthermore, the raw basecalled data 

indicated that the second highest relative abundance across all samples were 

unknown genera. The reason behind this remains unclear but is likely due to the SILVA 

138.2 database not recognising these sequences, possibly indicating bacterial 

evolutionary divergence which were not recognised by the database  

 

In order to rectify this issue, the data were adjusted (organised), whereby Helicobacter 

and unknown reads were discarded from each sample and any genera with reads 

below 10 were also discounted as these were likely contaminants.  
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Figure 5.3. Raw full length nanopore sequencing data showing relative 
abundance of genera. DNA was extracted and amplified from FFPE and fresh tissue 
samples, as previously described. Amplicons were prepared for 16S rRNA nanopore 
sequencing. Minimum and maximum read lengths were 1200 and 2000 base pairs, 
respectively. Blank DNA extraction and PCR clean up kit eluate were also sequenced 
to check for contamination. Per sample, relative abundance of each genus was 
calculated by dividing individual genus reads over total reads x 100. 
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The resulting dataset therefore presented non-Helicobacter bacteria per sample which 

were also unlikely to be contaminants. The LCM GAC- sample was a region of GAC 

tissue which contained no obvious bacterial invasion as identified by RNAscope. 

Interestingly, sequencing data suggested that excluding Helicobacter, this region had 

a relative abundance of 70% Acinetobacter and approximately 30% Pseudomonas 

genera, with negligible other bacterial genera identified. Conversely, the LCM GAC+ 

sample, which was high in Bacteria according to RNAscope data, had a relative 

abundance of approximately 80% Acinetobacter, ~10% Pseudomonas and a small 

percentage of Streptococcus, in addition to low numbers of opportunistic genera, 

including Burkholderia and Staphylococcus (Figure 5.4). Taken together, although this 

dataset must be used with caution due to exclusion of Helicobacter and unknown 

reads, these data indicate that regions of Bacterial colonisation which were previously 

identified using RNAscope are indeed diverse and composed of multiple genera.  

 

For the lifted H. pylori positive GIM and CG samples, non-Helicobacter bacteria mostly 

comprised Ralstonia and Acinetobacter (Figure 5.5A). This was a surprising finding, 

as Ralstonia presence is not often associated with gastric pathologies and could be a 

contaminant found within the paraffin or the scalpel. Nonetheless, these data also 

indicated that H. pylori-positive GIM samples showed more bacterial diversity in 

comparison to the H. pylori-positive CG sample. Furthermore, the GIM samples 

contained genera associated with pathologies of the oral cavity including 

Pseudomonas, Burkholderia, Fusobacterium, Veillonella and Streptococcus, whereas 

the CG sample contained less virulent genera such as Lactococcus. An additional 

observation was the presence of gastrointestinal and oral microbiota in the GIM 
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samples, further suggesting that the gastric microbiome alters during the transition 

from CG to GIM.  

 

Overall, as expected, the CG H. pylori-positive and GIM-H. pylori negative biopsy 

tissue samples were rich in bacteria in comparison to histological tissue sections 

(Figure 5.5B). The H. pylori-positive CG sample showed higher bacterial diversity 

compared with the H. pylori-negative GIM sample and contained several genera of 

interest, including Veillonella, Streptococcus, Pseudomonas, Burkholderia and 

Fusobacterium.  Interestingly, these findings corroborate with data presented in 

Chapter 4, which suggest that H. pylori presence is associated with an enrichment and 

invasion of non-Helicobacter bacteria. Another key observation was the presence of 

Acinetobacter and Pseudomonas, which were higher in the. pylori-negative GIM 

sample. Given that these genera were also identified in the LCM GAC tissue samples, 

it is plausible that these genera are associated with the final stages of Correa’s 

cascade of carcinogenesis.  

 

5.3. Discussion 

5.3.1. Laser capture microdissection for removal of gastric FFPE tissue 

 
Previous findings outlined in chapter 4 identified significant presence of invasive non-

H. pylori bacteria within the lamina propria of gastric FFPE tissue sections. Methods 

described in this chapter then aimed to confirm the identity of these bacteria with 16S 

rRNA sequencing, by first excising regions of bacterial invasion from selected patients.  
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Figure 5.4. Adjusted full-length nanopore sequencing data showing relative 
abundance of non-Helicobacter genera in LCM FFPE GAC patient tissue section. 
Regions no obvious colonisation (GAC-) and clear bacterial invasion (GAC+) were 
removed from gastric FFPE tissue sections using LCM and transferred into an 
Eppendorf containing DNA/RNA shield. DNA was then extracted, amplified and 
prepared for Nanopore sequencing. Helicobacter and unknown genera were excluded 
due to contamination and genera with reads <10 were also excluded. Relative 
abundance of the remaining genera was calculated by dividing individual reads over 
total reads x 100. 
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Figure 5.5A and Figure 5.5B. Adjusted full-length nanopore sequencing data 
showing relative abundance of non-Helicobacter genera in lifted FFPE tissue 
sections and biopsy tissue. Regions of clear bacterial invasion in CG and GIM FFPE 
tissue as previously identified using RNAscope were removed using by manually lifting 
with a scalpel under sterile conditions. Each sample was transferred into an Eppendorf 
containing DNA/RNA shield. DNA was then extracted, amplified and prepared for 
Nanopore sequencing. Helicobacter and unknown genera were excluded due to 
contamination, genera with reads <10 were also excluded. Relative abundance of the 
remaining genera was calculated by dividing individual reads over total reads x 100. 
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Using consecutive tissue sections of the selected patients, regions containing invasive 

bacteria as previously indicated by RNAscope were removed by LCM from the glass 

slide and homogenised, prior to DNA extraction and 16S rRNA sequencing.  In this 

study, although LCM was successful for removal of selected areas within gastrectomy-

derived GAC tissue, the LCM was unable to remove smaller areas from punch biopsy 

tissue. In order to rectify this issue, the whole tissue sample was later lifted from 

additional sections by manual removal with a scalpel in a flow hood. As the whole 

sample was removed, rather than small, selected regions, this approach yielded far 

more material in comparison to LCM. Interestingly,  a similar observation was reported 

by Jeroch et al., 2023 who also compared LCM with scalpel removal and noted that 

larger sample correlated with increased DNA yield. Taken together, these data suggest 

that although LCM shows promise for excision of interesting material from histological 

samples, its reliability varies in proportion to tissue area. As such, when designing 

further experiments with LCM, it is important to consider the biopsy and tissue type to 

ensure enough sample is available for accurate removal of tissue regions. 

 

5.3.2. DNA extraction of gastric FFPE and fresh tissue 

Once selected regions of tissue from GAC, CG and GIM FFPE patient samples were 

successfully obtained, DNA were extracted and amplified from each sample. A 

standard ZymoBIOMICS DNA extraction kit was used for all extraction steps, despite 

frequent reports that DNA extraction of FFPE tissue can be difficult. Several studies 

have reported that formalin often induces irreversible cross-linking effects on DNA 

during fixation steps, rendering some samples unsuitable for successful DNA 

extraction (Singh et al., 2020). Additionally, studies have reported that most resultant 
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DNA extracted from FFPE tissue is usually low quality, yield and often contaminated 

by reagents used during tissue preparation (Gilbert et al., 2007).  

 

Although DNA was successfully extracted from the samples detailed in this chapter 

and visualised on a gel, the DNA bands were generally dim in comparison with the 

positive control. In addition, the punch tissue which was unsuccessfully removed by 

LCM had very dim bands, despite Qubit quantification suggesting negligible DNA 

content. Taken together, although these initial observations suggest that DNA was 

successfully extracted from each sample with the standard kit, DNA was of low quality 

and contamination was possibly an issue.  

 

Unfortunately, contamination during the FFPE process is difficult to avoid due to the 

multitude of steps involved, such as tissue resection, transportation, processing, fixing 

and paraffin-embedding (Carll et al., 2022). Nonetheless, several steps were taken to 

mitigate contamination, such as the use of a PCR hood and 70% ethanol, it is likely 

that contamination arose during the LCM procedure or within the original paraffin 

embedding process itself. As such, given that FFPE tissue is notoriously difficult to 

extract DNA from, future studies should instead use a specialised FFPE DNA extraction 

kit in order to produce a much higher yield and quality of DNA. The majority of FFPE 

DNA extraction kits contain ‘clean-up’ steps which reverse the impact of damage 

obtained during the FFPE process, such as removal of excess paraffin, cross-linking, 

airborne contaminants and excess calcium content (Sarnecka et al., 2019). 
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5.3.3. Full-length 16S rRNA sequencing of CG, GIM and GAC FFPE tissue 

Once raw data was obtained from the GRID sequencer and extracted to Microsoft 

Excel, the first major observation was that reads for every sample, including ‘negative’ 

DNA extraction and PCR clean-up kit controls, were dominated by Helicobacter genera 

in both sequencing runs (Figure 5.3). Although Helicobacter presence was expected 

in the lifted CG and GIM samples as these were H. pylori-positive, it was hypothesised 

that their relative abundance would be relatively low. Furthermore, given that negligible 

Helicobacter were detected by RNAscope in the GAC sample, a relative abundance of 

~99% was surprising. 

 

During the first sequencing run, amplicon preparation was conducted in a cell-culture 

flow hood which had been cleaned with UV and 70% ethanol. However, subsequent 

sequencing data for every sample, including the negative controls, were dominated by 

Helicobacter for all samples (data now shown). Despite measures taken to ensure 

sterility and cleanliness, it was initially hypothesised that contamination arose, as 

cultures of H. pylori were previously routinely prepared in the same flow hood within 

the laboratory. In addition, it was also hypothesised that contamination by H. pylori 

arose as a result of amplicon carryover during preparation of the PCR positive control 

H. pylori SS1 DNA amplicon. Therefore, in order to rectify these issues, new amplicons 

were prepared for a second sequencing run in a HEPA-filtered PCR hood, whereby 

filtered air and UV sterilisation prevented cross-contamination between samples and 

contamination from the air flow was unlikely. In addition, every sample was individually 

and separately prepared for PCR amplification with UV sterilisation between each. The 

H. pylori SS1 DNA was also prepared last to negate the possibility of amplicon 
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carryover. Unfortunately, regardless of stringent measures in place to limit 

contamination for a second time, contamination by Helicobacter genera was still 

apparent in every sample.  

 

Additionally, ~99% Helicobacter genera were detected in a blank DNA extraction and 

PCR clean-up kit eluate. The reason for this is unclear but given that contamination 

occurred within kits and regardless of where amplicons were prepared, it is possible 

that Helicobacter contamination arose due to cross-contamination of laboratory items, 

such as pipettes or laboratory coats used in steps before PCR amplification.  As such, 

in the future, further steps should be taken to minimise contamination risk, such as 

wearing a clean laboratory coat, conducting all work in a specialised PCR room and 

by not using pipettes or other laboratory items which are also used for other work. 

 

Furthermore, a major cause of contamination in this study is likely due to low-sample 

biomass. This phenomenon is frequently reported, whereby high biomass samples 

such as faeces or soil contain a high abundance of ‘real’ bacteria within the sample, 

which dominates any sequencing reads introduced by contaminants. In contrast, ultra-

low biomass samples are easily overwhelmed and dominated by contaminating 

sequences (de Steenhuijsen Piters and Bogaert, 2020). Ideally, sequencing the 

original biopsy tissue immediately after removal from the patient would have provided 

more sample volume and therefore higher biomass, likely minimising the likelihood of 

contaminants overwhelming the sample. However, given that histological tissue 

sections were instead used for this study, methods were selected to cleanse the data 

by removing all Helicobacter genera and any sequencing reads <10 which likely rose 
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from external contamination and were also present in the ‘negative’ controls. Currently, 

there is no gold standard for controlling or removal of contaminating 16S rRNA 

sequencing reads and techniques to filter these vary between studies. For example, 

commonly used approaches include application of abundance filters, removal of 

obvious contaminants and removal of sequences found in negative controls in a variety 

of published 16S rRNA sequencing studies (Bittinger et al., 2014; Glassing et al., 2016; 

Willner et al., 2012). As such, the decision to remove all Helicobacter genera and any 

sequencing reads <10 were selected following extensive literature searches. 

 

5.3.4. Genera of interest in GAC, CG and GIM FFPE tissue 

Despite the exclusion of Helicobacter reads, several other non-H. pylori genera of 

interest were identified by 16S rRNA sequencing.  For the two regions of GAC tissue 

extracted by LCM (GAC+ and GAC-) the highest reads were obtained from 

Acinetobacter, Pseudomonas and Streptococcus. Although Pseudomonas is not 

associated with the normal gastric mucosa and is occasionally identified as a kit 

contaminant, there is some evidence for its role in carcinogenesis. For example, a 

recent study observed an inverse correlation between H. pylori and Pseudomonas 

infection in CG patients, suggesting that Pseudomonas might play a role independent 

of H. pylori in the later stages of gastric carcinogenesis (Kachuei et al., 2020; Salter et 

al., 2014). In addition, Pseudomonas is often associated with hospital-acquired 

infection and has been shown to translocate from the gastrointestinal tract into the 

bloodstream in critically unwell individuals and cancer patients (Markou and 

Apidianakis, 2014). As such, although Pseudomonas is not typically associated with 
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the gastric microbiota, its presence in a cancer biopsy sample is certainly not 

unexpected.  

 

In addition, Acinetobacter were identified in both GAC samples. Although not frequently 

isolated from the gastric microbiota, Acinetobacter is emerging as a multi-drug 

resistant (MDR) genus and is often associated with infection or immunocompromised 

individuals. As such, its presence within a GAC sample could be as a result of the 

patient being immunocompromised or more susceptible to infection. Interestingly, a 

2021 study revealed that the human gastrointestinal tract acts as a reservoir for several 

Acinetobacter species, which is elevated in response to inflammation during onset of 

inflammatory bowel diseases such as colitis and IBD (Fu et al., 2024; Rathinavelu et 

al., 2003). Taken together, it is possible that a similar effect is observed during gastric 

carcinogenesis, whereby Acinetobacter abundance increases in response to mucosal 

inflammation induced by H. pylori. 

 

For the lifted H. pylori-positive GIM and CG tissue, 16S rRNA sequencing identified 

several genera which were not present in the GAC tissue. For example, Ralstonia and 

Acinetobacter were the most abundant genera. As discussed, Acinetobacter presence 

could indeed be a result of inflammation. However, it is worth noting that Ralstonia is 

a common contaminant of laboratory kits, such as DNA extraction kits and is also 

frequently isolated from paraffin embedded tissue (Lam et al., 2021; Salter et al., 2014). 

As such, although a high abundance of Ralstonia was identified across the three lifted 

FFPE samples, its presence is likely a result of contamination during the paraffin-

embedding process. In contrast to GAC tissue, Pseudomonas abundance was far 
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lower for the lifted H. pylori-positive GIM and CG FFPE tissue. As discussed, although 

Pseudomonas is often associated with infection of immunocompromised individuals 

and is rarely isolated from CG and GIM patients.  

 

Interestingly, although every sample was clinically H. pylori-positive, the two lifted GIM 

samples generally showed greater microbial diversity compared with the lifted CG 

sample. Within the two GIM patient samples, aside from Acinetobacter and Ralstonia, 

a number of bacterial genera associated with the gastrointestinal tract and oral cavity 

were also enriched, including bacteria often associated with the oral cavity or 

gastrointestinal tract, such as streptococci, staphylococci and fusobacteria. This was 

an interesting observation which correlated with data presented in chapter 4, 

suggesting that bacterial abundance and diversity increases from CG to GIM.  

 

5.3.5. Genera of interest in H. pylori-positive CG biopsy tissue 

Greater microbial sequence diversity was found for both the H. pylori-positive CG and 

H. pylori-negative GIM biopsy tissue samples in comparison to LCM or lifted FFPE 

tissue (Figure 5.4A and 5.4B). This was expected, given the higher sample biomass 

and therefore reduced likelihood of contaminating sequencing reads overwhelming the 

sequencing data, as previously discussed (de Steenhuijsen Piters and Bogaert, 2020). 

Interestingly, the H. pylori positive CG tissue sample showed greater microbial diversity 

in comparison with GIM H. pylori-negative sample further suggesting that H. pylori 

presence is associated with microbial enrichment, irrespective of disease state. 

Bacterial genera of interest detected in the CG patient included oral bacteria such as 

Veillonella, Streptococcus, Porphyromonas and Fusobacterium. This was an 



 192 

interesting finding, which correlated with sequencing data for the lifted H. pylori-positive 

CG and GIM tissue sections. Taken together, given that oral bacteria were identified in 

both FFPE and biopsy CG and GIM tissue, it is plausible that these bacteria play a role 

in driving inflammation or carcinogenesis. Although more patient samples are required 

to determine the presence of oral bacteria within CG and GIM samples, it is possible 

that the invasive bacteria identified in chapter 4 are indeed composed of oral bacterial 

species which have arrived in, colonised and invaded the gastric mucosa (Bakhti and 

Latifi-Navid, 2021).  

 

In addition to oral bacteria, genera associated with the gastrointestinal tract such as 

Clostridium, were also identified in the H. pylori positive CG sample. Clostridium is not 

commonly isolated from the gastric mucosa and is usually associated with the colon. 

However, proton-pump inhibitor (PPIs) and antibiotic therapy can also increase the risk 

of Clostridium infection (Patil and Blankenship, 2013). Although no information was 

provided about the patient’s medication history, it is possible that PPI and antibiotic use 

also influenced the bacterial genera identified from this patient. 

 

5.3.6. Genera of interest in H. pylori-negative GIM biopsy tissue 

Acinetobacter, Pseudomonas, Ralstonia and Streptococcus were all detected in the 

biopsy H. pylori-negative GIM sample, possibly suggesting as role for these genera in 

gastric carcinogenesis, independent of H. pylori infection. Interestingly, Acinetobacter 

and Pseudomonas in particular were elevated in the GIM sample compared with CG. 

Given that a high abundance of these genera was also identified in GAC, it is plausible 

that they are highly adapted to surviving with inflammatory environments such as the 
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later stages of carcinogenesis. However, it is worth noting that although this patient 

was clinically H. pylori-negative at the time of biopsy, no information was provided on 

previous H. pylori infection which could have influenced downstream presence of these 

bacteria. 

 

In comparison with the H. pylori-positive CG patient, microbial diversity was generally 

lower with far fewer genera detected. Although abundances were low, oral genera such 

as Streptococcus, Porphyromonas and Fusobacterium were detected, which further 

suggests that either this patient was previously diagnosed with H. pylori, or that oral 

bacteria are associated with carcinogenesis irrespective of H. pylori infection. In 

contrast, elevated Limosilactobacillus and Lactococcus were also identified, 

suggesting an inverse relationship with H. pylori infection. The presence of these 

genera are typically associated ‘normal’, non-inflamed gastric mucosa and therefore 

correlate with the H. pylori status of this patient. Furthermore, Lactococcus have been 

shown to alleviate H. pylori-induced inflammation in vitro, which might also suggest a 

protective role for these genera within this patient sample (Chen et al., 2019).  

 

Although 16S rRNA sequencing identified particular genera of interest in CG, GIM and 

GAC, the direct link between H. pylori and non-H. pylori bacteria presence were 

investigated using these data due to contamination issues resulting in exclusion of 

Helicobacter genera. Furthermore, whilst a potential increase in microbial diversity 

from CG to GIM was observed using this approach, no ‘true negative’, such as an H. 

pylori-negative normal adjacent to tumour (NAT) or healthy biopsy tissue was 

sequenced. It therefore remains uncertain whether bacterial identified in these data 
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were present as a result of H. pylori infection or were commensals of the gastric 

mucosa and exist regardless of H. pylori presence. 

 

5.4. 16S rRNA sequencing data as basis for RNAscope probe design 

16S rRNA sequencing was first conducted to provide an identity for invasive non-H. 

pylori bacteria outlined in chapter 4 and most importantly, to provide a basis for further 

RNAscope custom probe design for visualisation of specific phyla and genera in gastric 

histological samples. Given that Acinetobacter and Streptococcus were consistently 

identified across the samples and evidence exists for their role in gastric 

carcinogenesis, custom RNAscope probes were therefore designed against the 16S 

rRNA sequences of these bacteria (Fu et al., 2024; Rathinavelu et al., 2003). Although 

Pseudomonas was also identified, probes were not designed for this bacterium as it is 

a commonly reported sequencing contaminant, and few studies have reported its 

association with GAC. Unfortunately, due to time constraints this work was not 

completed as part of the project but will be pursued in future studies within the 

laboratory. 

 

5.5. Summary 

In summary, data presented in this chapter demonstrated that although LCM was a 

promising tool for isolation of regions from FFPE tissue sections, it was more suitable 

for larger tissue samples with greater surface area. Furthermore, although DNA was 

successfully extracted from gastric FFPE tissue, these samples were low-biomass and 



 195 

overwhelmed by microbial contamination. As such, future studies using this technique 

could benefit from a specialised FFPE DNA extraction kit or high-biomass, fresh biopsy 

samples. Nonetheless, despite the technical issues presented in this chapter, 

preliminary results confirmed the identity of several non-H. pylori bacteria associated 

with gastric carcinogenesis that were previously identified using RNAscope probes. 

Given that Streptococcus and Acinetobacter were identified consistently in CG, GIM 

and GAC samples, future studies will use custom designed RNAscope probes against 

the 16S rRNA sequences of these bacteria to validate and identify their presence in 

further tissue sections. 
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Chapter 6: A tool for rapid 
histological detection of 
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6.1. Introduction 

Previous findings outlined in chapter 4 identified a significant correlation between H. 

pylori and non-H. pylori bacterial invasion during early, middle and late stages of gastric 

carcinogenesis. Results presented in chapter 5 then optimised methods to identify 

these invasive bacteria using 16S rRNA sequencing of gastric FFPE tissue, whereby 

despite technical issues, sequences of several genera such as Streptococcus and 

Acinetobacter were enriched in GAC and H. pylori-positive CG and GIM patient 

samples. Taken together, these results contrast the current dogma that the gastric 

microbiota is enriched in H. pylori-negative individuals and also propose a causative 

role for non-H. pylori bacteria in carcinogenesis. Despite routine identification of H. 

pylori using histological tools, no suitable method has been validated for rapid 

detection of invasive bacteria in gastric histological sections. 

 

Currently, patients presenting with symptoms of CG and GIM are routinely screened 

for H. pylori infection and treated, if necessary. Common symptoms indicative of 

infection include nausea, acid reflux, heartburn, abdominal pain and bloating (Kavitt et 

al., 2019).  Patients who are diagnosed with H. pylori infection are treated with a 

combination of antibiotics and proton pump inhibitors (PPIs). Given that GIM is 

clinically termed ‘the point of no return’, antibiotics do not provide a benefit. Instead, 

patients who are at high risk of developing GAC also receive routine endoscopic and 

histological surveillance following H. pylori eradication (García-Morales et al., 2023; 

Lee and Kim, 2015). Currently, surveillance only monitors progression of GAC by 

identifying further histological changes to the gastric mucosa, as there is a lack of 

evidence on current biomarkers (Banks et al., 2019). Therefore, a biomarker for GAC 
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is urgently required for patient stratification and for identifying at-risk patients where 

further intervention is required. 

 

Invasive bacteria identified in this study could serve as a novel biomarker for GAC. 

However, further work is required to determine whether invasive bacteria increase the 

risk of patients progressing from CG or GIM to GAC. Whilst non-H. pylori bacteria were 

successfully identified by RNAscope in situ hybridisation (ISH), it is an expensive and 

laborious technique which is not applicable to large scale studies (Kalhor et al., 2023). 

Therefore, a rapid and cost-effective method for routine identification of non-H. pylori 

bacteria within clinical biopsy samples is preferable. This could be used in the first 

instance to easily identify and monitor patients with invasive bacteria for progression 

to GAC. It could then be integrated as part of routine clinical care to identify patients 

that require further intervention, such as antibiotic treatment to clear invasive bacteria, 

thereby reducing the risk of progression to GAC. 

 

H. pylori are commonly identified in gastric endoscopic biopsy sections by 

Haematoxylin and Eosin (H&E) staining, which is analysed by a pathologist (Batts et 

al., 2013). H&E is a principal stain used in routine histology and is composed of both 

an acidic and basic dye, which stain acidic and basic compartments of a given tissue 

section. As such, it provides an overview of tissue microanatomy, immune cell 

presence or distribution and inflammation (Fischer et al., 2008). H&E has excellent 

sensitivity for H. pylori cells and they are easy to identify, as a pink or red spiral-shaped 

organism within the gastric glands (Lee and Kim, 2015). Additional histological stains 

are also used for identification of H. pylori and include Giemsa, Gimenez and Warthin-
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Starry stain. Although in comparison to H&E, these stains are less favoured due to low 

sensitivity and high likelihood of false-positive or false-negative staining (Yadav and 

Sagar, 2022). Whilst several stains exist for detection of H. pylori specifically, other 

bacteria are not readily identified with these stains due to lack of contrast between the 

bacteria and the tissue.  

 

A common laboratory technique for identification of bacteria is the Gram stain, which 

differentiates bacteria into Gram-positive or Gram-negative, based on the structural 

properties of their cell walls (Gram, 1884). The Gram stain usually involves collecting 

a sample on a sterile swab and smearing it onto a glass microscope slide and is not 

routinely conducted on histological biopsy samples. However, several attempts have 

been made over the last 100 years to modify the Gram stain to reveal the complexity 

of bacterial infections in mammalian tissue samples, often involving an additional 

counter stain to differentiate between tissue and bacteria. One of the first modifications 

was by Brown and Brenn (1931), followed by Brown and Hopps (1973) who developed 

a widely used variation involving an additional fixative step and addition of a yellow 

Tartrazine counterstain to label tissue. In recent years, Becerra et al. (2016) described 

a further variation of the modified Gram stain and highlighted its potential use in clinical 

diagnosis of skin infections. Whilst these modifications have allowed for detection of 

bacteria within paraffin-embedded biopsy tissue, there remains discrepancies between 

studies and loss of Gram-negative staining is frequently reported (Engbaek et al., 

1979).  
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Although H&E and Giemsa stains are commonly reported for preliminary detection of 

H. pylori within gastric biopsy tissue, to our knowledge, no studies exist which also 

include the Gram stain for this purpose. Given that Gram stains should clearly 

differentiate between Gram-positive and negative bacteria, we hypothesised that with 

slight modifications, the Brown and Hopps Gram stain could be implemented for 

identification of both H. pylori and invasive non-H. pylori bacteria in gastric FFPE tissue 

sections. In addition to bacterial identification, the modified Gram stain should also 

provide information about bacterial distribution, abundance and diversity within a given 

sample. Although it is widely reported that the gastric microbiota alters during 

carcinogenesis, no studies have investigated a correlation between bacterial 

distribution, morphology, diversity and GAC risk. As such, the modified Gram stain is a 

promising tool for preliminary stratification of patients at risk of GAC and will further our 

understanding of the significance of non-H. pylori bacteria during carcinogenesis. 

 

Therefore, the aims of the work presented in this chapter were to first validate a reliable 

and rapid detection method for identification of H. pylori and non-H. pylori bacteria in 

gastric histological tissue sections. Consecutive tissue sections were obtained from 

selected patients with a high abundance of H. pylori and non-H. pylori bacteria (as 

identified in chapter 4). Sections were then stained with the modified Gram stain and 

Gram-positive and negative bacteria were visualised with a light microscope. The 

modified Gram stain was also compared against H&E staining and previous RNAscope 

images. In addition, the suitability of the modified Gram stain as a future stratification 

tool was then assessed by repeating staining on additional CG and GIM sections with 

varying bacterial invasion scores and bacterial abundance.  
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6.2. Results 

6.2.1. Comparison of conventional Gram stain with modified Gram stain for 

identifying bacteria within gastric tissue 

In the first instance, the traditional Gram staining method without modification was 

assessed and compared with the modified Gram staining method to confirm the 

requirement for a yellow counterstain when using this technique to identify bacteria 

within gastric FFPE tissue sections. An archived H. pylori-positive GIM patient with 

high bacterial invasion, as previously identified using RNAscope labelling, was 

selected and two further consecutive 4 M thickness tissue sections were obtained 

from the patient block. Both tissue sections were deparaffinised and rehydrated, with 

the first tissue section stained using the traditional Gram staining method (Figure 6.1A). 

The second tissue section was stained with the traditional Gram staining approach, 

with the addition of Gallego solution fixative and 0.1% picric acid-acetone, which gave 

the tissue sample a yellow colour (Figure 6.2A). Each tissue section was cleared in 

xylene, mounted in DPX mountant and visually assessed using a light microscope and 

whole slide-scanner and compared with the previous RNAscope-labelled section to 

identify regions containing bacteria. 

 

Using the traditional Gram staining method, the whole tissue section turned pink with 

little contrast between histological features (Figure 6.1A). Furthermore, regions of 

tissue containing bacteria were viewed at 100x magnification with oil immersion, yet 

bacteria were not visible against the pink background of the tissue (Figure 6.1B, C and 

D). In contrast, the tissue section stained with the modified Gram stain was yellow in  
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Figure 6.1 and Figure 6.2. Comparison of Gram stain with modified Gram stain 
for identification of bacteria in GIM tissue. Archived consecutive sections of GIM 
FFPE tissue were deparaffinised and stained with the traditional Gram stain (Figure 
6.1) or the modified Gram stain (Figure 6.2). Sections were viewed at 4x 
magnification with a light microscope and staining was compared (Figure 6.1A and 
Figure 6.2A). Regions of each section containing bacteria were then viewed at 100x 
magnification with oil immersion to visualise bacterial morphology (Figure 6.1 A, B 
and C and Figure 6.2 A, B and C). Black ovals indicate regions of tissue with 
bacterial cells present.  

A B

C D

A B

C D
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appearance (Figure 6.2A). Histological features, such as glands and lamina propria 

were more visible compared with the traditional Gram-staining approach. The same 

regions containing bacteria were magnified and the presence of Gram-positive cocci 

and diplococci were identified throughout the gastric glands and within lamina propria 

(Figure 6.2B, C and D). These preliminary data therefore suggest that the modified 

Gram staining method, in comparison with traditional Gram staining methods, was 

more suitable for staining FFPE tissue given that the picric-acid acetone counterstain 

provides contrast between the purple Gram-positive bacterial cells and yellow gastric 

tissue.  

 

6.2.2. Modified Gram stain for identifying non-H. pylori bacteria within high-

biomass gastric tissue 

Given the promising application of the modified Gram stain for gastric FFPE tissue, we 

next sought to stain the GAC tissue sample, in which we found the highest microbial 

biomass with RNAscope (Chapter 4, Figure 4.3) and a number of different bacteria, as 

revealed by 16S rRNA sequencing data (Chapter 5, Figure 5.4). A consecutive tissue 

section was obtained from the GAC patient block and was deparaffinised, rehydrated 

and stained using the modified Gram stain. The section was cleared in xylene, 

mounted in DPX and viewed using a light microscope. Using the RNAscope image as 

reference (Figure 6.3A and Figure 6.3E), we also found multiple bacterial cells in the 

same location using the modified Gram stain (Figure 6.3B and Figure 6.3F). 

Furthermore, the modified Gram stain revealed a variety of bacterial morphologies 

including Gram-positive cocci and diplococci (Figure 6.3C) and Gram-positive spindle-

shaped cells (Figure 6.3D). These correlated with the bacterial regions identified using  
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Figure 6.3. RNAscope compared with modified Gram stain for rapid detection of 
Gram-positive and Gram-negative bacteria in GAC tissue. Gastrectomy tissue from 
a GAC patient was obtained from the Queen Elizabeth Hospital Birmingham (QEHB) 
and was stained with a 3-plex panel using RNAScope probes against H. pylori (green) 
and Eubacteria (white) followed by an antibody against E-cadherin (red). Sections 
were counterstained with DAPI and whole-slide scans were obtained (A&E). A 
consecutive section of the same tissue sample was also stained using the modified 
Gram stain and visualised at 4x using a light microscope (B). Microniches containing 
different Gram-positive (C and D) and Gram-negative or Gram-variable (F) bacterial 
morphologies were visible at 100x using a light microscope with oil immersion. 
Matched regions from each section are shown in A&B and E&F. 
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RNAscope. Interestingly, in a different region on the same sample, both Gram-positive 

and Gram-negative (or Gram-variable) spindle and rod-shaped bacteria were also 

observed (Figure 6.3F). These observations also correlated with preliminary 

sequencing data presented in chapter 5, whereby a high number of Gram-positive and 

negative genera sequences, such as Acinetobacter, Pseudomonas and Streptococcus 

were identified.  A further observation was that bacteria were stained more vividly in 

the GAC section (Figure 6.3B) in comparison with bacteria in the GIM section (Figure 

6.2). This suggests that although the Gram stain does successfully stain bacteria within 

gastric FFPE tissue, staining might be dependent on bacterial biomass, with dense 

regions of bacteria staining more vividly than sparsely distributed bacterial cells. 

 

5.2.3. Comparison of H&E with modified Gram stain for identification of H. 

pylori  

Once it was established that the modified Gram stain was a promising tool for rapid 

identification of Gram-positive and Gram-negative bacteria within gastric FFPE tissue, 

it was hypothesised that the same method could be used to identify H. pylori. To test 

this, a high biomass H. pylori-positive CG patient from chapter 4 was selected, and a 

consecutive section obtained. The first section was stained with H&E (Figure 6.4A), 

which is the current gold-standard for histological identification of H. pylori. The second 

section was stained using the modified Gram stain (Figure 6.4B). Both sections were 

then compared with the previously labelled RNAscope reference image (Figure 6.4C).   

H&E staining is the current gold standard for diagnosing H. pylori infection and 

histopathological assessment of inflammation and expression of inflammatory markers 

in patients at risk of GAC. Therefore, as expected, H. pylori was highly visible when  
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Figure 6.4. H&E compared with modified Gram stain for rapid detection of H. 
pylori. Three punch biopsy FFPE sections from an archived H. pylori-positive CG 
patient were obtained from the HBRC, deparaffinised and rehydrated. The first section 
was stained by H&E (A) and the second was stained with the modified Gram stain (B). 
Both were viewed at 100x magnification by light microscopy with oil immersion. The 
third section was labelled with a 3-plex panel using RNAScope probes against H. pylori 
(green) and Eubacteria (white) followed by an antibody against E-cadherin (red) (C). 
Sections were counterstained with DAPI and whole-slide scans was obtained and used 
as a reference image for bacterial localisation.  
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stained with H&E and appeared as small cocci or spiral-shaped clusters primarily within 

the gastric glands (Figure 6.4A). The distribution and location of H. pylori within the 

gastric glands matched observations previously made with RNAscope (Figure 6.4C). 

However, H. pylori were difficult to detect with the modified Gram stain, even though 

location within the section as the same (Figure 6.4B). Furthermore, in this sample, the 

modified Gram stain did not readily stain the gastric tissue yellow, resulting in further 

lack of contrast between any bacteria and the gastric tissue. The reason for this is 

unclear but is likely due to an error made when conducting the modified Gram stain, 

such as incomplete removal of stains during washing or incomplete counterstaining. In 

conclusion, although H&E and RNAscope readily identified the presence of H. pylori, 

it is not suitable for detection of non-H. pylori bacteria. 

 

6.2.4. H&E for detection and differentiation of non-H. pylori bacteria within 

high-biomass tissue 

As expected, H. pylori were readily detected by H&E and were clearly visible within the 

gastric glands. However, although H&E is routinely used for detection of H. pylori, few 

studies detail the application of H&E for identification of non-H. pylori bacteria. We 

therefore sought to investigate whether H&E readily stains and differentiates between 

a variety of bacterial morphologies and phyla in an additional high-biomass sample. 

Given that proton-pump inhibitors are generally associated with increased bacterial 

diversity, a H. pylori-negative GIM who was prescribed Rabeprazole from chapter 4 

was selected and further sections were obtained by the HBRC. Each section was 

deparaffinised, rehydrated and prepared for staining, whereby the first section was 

labelled with an RNAscope probe against all bacteria ‘Eubacteria’ (Figure 6.5A), the 
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second section was labelled with phylum-specific RNAscope probes against 

Actinomycetota and Bacillota (Figure 6.5B) and the third section was stained with H&E 

(Figure 6.5C). RNAscope revealed regions of tissue high in Eubacteria (Figure 6.5A). 

By repeating studies with Phyla-specific probes, it was revealed that the dense region 

of Eubacteria was largely composed of Actinomycetota and Bacillota (Figure 6.5B). 

Regions which stained highly for Eubacteria, but did not stain for Actinomycetota or 

Bacillota were therefore indicative of other bacterial phyla such as Bacteroidota. A 

consecutive section was then stained with H&E to visualise morphology of these 

identified bacteria. Interestingly, although the spiral-shaped confirmation H. pylori was 

readily identified by H&E, precise morphology of non-H. pylori bacteria such as 

Actinomycetota and Bacillota were difficult to identify by H&E, most likely due to the 

high density of bacteria within this cluster.   

 

Unfortunately, the modified Gram stain was not conducted for this patient but would 

have likely provided better contrast between bacteria and tissue, in addition to readily 

differentiating between Gram-positive and negative bacteria. Taken together, findings 

presented in Figure 6.5 suggest that although H&E is not routinely used for 

identification of non-H. pylori bacteria, regions of high bacterial biomass can be 

identified using this stain. However, H&E did not differentiate between Gram-positive 

and negative bacteria and did not provide contrast between bacteria and gastric tissue 

or mucin and therefore may be limited to detecting bacteria within the mucus layer, 

rather than bacteria that are associated with the glands or gastric lamina propria. In 

conclusion, this further confirms that the modified Gram stain is more appropriate for 

routine identification of non-H. pylori bacteria within gastric histological tissue. 
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Figure 6.5. Phyla-specific RNAscope compared with H&E for differentiation 
between bacterial morphology. Three punch biopsy FFPE sections from an archived 
H. pylori-negative GIM patient were obtained from the HBRC, deparaffinised and 
rehydrated. The first section was labelled with an RNAScope probe against Eubacteria 
(white) followed by an antibody against E-cadherin (red) (A). The second section was 
also labelled with E-cadherin (red) and an RNAScope probe against Actinomycetota 
(turquoise) and Bacillota (orange) (B). Sections were counterstained with DAPI and 
whole-slide scans were obtained and used as a reference image for bacterial 
localisation. The third section was stained with H&E and was visualised at 100x 
magnification by light microscopy with oil immersion (C).  
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5.2.5. The modified Gram stain as a stratification tool for patients at risk of 

developing GAC 

Despite difficulty identifying H. pylori with the modified Gram stain and non-H. pylori 

bacteria not easily detected by H&E, it was clear that non-H. pylori bacteria could be 

successfully and rapidly identified using the modified Gram stain. Additionally, although 

Gram-positive non-H. pylori bacteria were identified in the GIM patient, the bacteria 

stained more vividly in the higher biomass GAC patient. Therefore, given the possible 

effect of bacterial biomass on staining reliability, it was important to test this stain on 

additional patient samples with varied bacterial biomass. As the overall aim of this 

study was to validate the modified Gram stain as a patient surveillance tool, by 

repeating studies on patients at different stages of carcinogenesis, a potential 

correlation between non-H. pylori bacteria and disease state could be identified. 

 

Eight further sections of H. pylori-positive CG (n=4) and GIM (n=4) FFPE sections were 

obtained from the HBRC, deparaffinised, rehydrated and stained using the modified 

Gram stain. Each section was visually assessed using a light microscope with oil 

immersion and any tissue regions containing Gram-positive and negative bacteria 

were identified. Interestingly, a general trend was observed whereby far more bacteria 

were identified in H. pylori-positive GIM patients compared with the CG patients (Figure 

6.6). This was a key finding, which further suggests that presence of non-H. pylori 

bacteria might indeed correlate with disease state. 

 

However, despite the GIM patients generally having higher bacterial abundance, there 

was also clear inter-patient variability in terms of bacterial biomass and abundance, 
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even within groups. For example, differences in bacterial location and morphology 

were observed for the GIM patients. In patients A and B (Figures 6.6A and B) several 

Gram-positive cocci and rods were visible surrounding the gastric glands, with some 

sparse bacterial cells distributed in the lamina propria. In patient C, a dense region of 

Gram-positive cocci was found primarily on top of or surrounding gastric glands, 

whereas few were within the lamina propria (Figure 6.6C). In contrast, in patient D, 

Gram-positive bacteria were low in abundance and were sparsely distributed across 

the tissue (Figure 6.6D). 

 

Taken together, these observations showed that bacterial abundance and distribution 

varied between patients. Inter-patient variation is expected but could also be 

associated with disease severity or timescale. For example, although the four 

aforementioned patients were clinically classified as GIM, no information was provided 

about severity or how long they ago were diagnosed. As such, although data presented 

in this figure is preliminary, it is possible that higher bacterial biomass also correlates 

with disease timescale and severity, in addition to risk of developing GAC. By 

conducting the modified Gram stain on further patient samples, we have shown a 

correlation between disease state and non-H. pylori bacteria presence, which further 

proposes a role for these bacteria in driving carcinogenesis. Furthermore, we have 

also shown that the modified Gram stain provides information on bacterial abundance, 

morphology and diversity, which could be used for stratification of patients at risk of 

GAC.  
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Figure 6.6. Modified Gram stain for stratification of H. pylori-positive GIM and CG 
patients. Archived consecutive sections of H. pylori-positive GIM (A-D) and CG (E-H) 
FFPE tissue were obtained from the HBRC, deparaffinised, rehydrated and stained 
using the modified Gram stain. Sections were viewed at 100x magnification using light 
microscopy with oil immersion and images were obtained with an iPhone (scale bar 
unavailable). Black arrows indicate Gram-positive bacteria. 
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6.3. Discussion 

6.3.1. A modified Gram stain for detection of bacteria in histological tissue 

sections 

Initial results presented in this chapter demonstrated that a conventional Gram stain 

was unsuitable for use with FFPE tissue sections due to the tissue architecture 

retaining the purple and red dyes used within the assay. This was an expected issue 

and prompted our use of a modified Gram stain approach, which provides improved 

contrast between the tissue architecture and bacteria. The modified Gram stain readily 

stained Gram-positive bacteria purple which contrasted with the yellow tissue, showing 

promise for rapid and reliable identification of various bacteria within histological tissue 

samples. Furthermore, in contrast to RNAscope, this method also provided visual 

assessment of bacterial diversity, whereby multiple morphologies of coccoid, rod and 

spindle-shaped bacteria were observed.  

 

Although the modified Gram successfully identified several non-H. pylori bacterial 

morphologies within a variety of histological samples in comparison with H&E, bacterial 

biomass had a significant effect on visibility. Bacteria within punch biopsy CG and GIM 

samples, which contain fewer bacteria than the GAC sample were difficult and tedious 

to identify using light microscopy. In contrast, the GAC patient stained vividly for both 

Gram-positive, negative and variable bacteria, suggesting that the modified Gram stain 

works best on samples with higher bacterial biomass. Interestingly, this effect was also 

documented by Stagg et al., (2024), who evaluated the modified Gram stain for 

diagnosis of skin infections. It was reported that although the modified Gram stain for 

skin FFPE tissue highly was specific, it lacked sensitivity, and a negative result did not 
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necessarily exclude the likelihood of infection. However, difficulty identifying bacteria 

with the modified Gram stain could also be a result of staining issues, rather than low 

sample biomass. For example, difficulty staining Gram-negative bacteria such as H. 

pylori is a commonly reported issue when conducting the modified Gram stain on 

paraffin-embedded tissue. The reason for this is unclear, but is often attributed to their 

thin cell walls, which retain far less dye in comparison to Gram-positive bacterial cell 

walls (Becerra et al., 2016; Claus, 1992).  In addition, staining might also be dependent 

on the choice of dyes used in the assay. For example, although safranin is routinely 

used for detection of Gram-positive bacteria in smears, fuchsin is a brighter dye that is 

less likely to be rinsed away with ethanol (Claus, 1992). Additionally, it is possible that 

a longer incubation time is required for staining of Gram-negative bacteria within 

gastric glands, due to the presence of gastric mucin preventing penetration of the stain 

(Engbaek et al., 1979).  

 

6.3.2 Implementation of the modified Gram stain as a diagnostic or surveillance 

tool for patients at risk of GAC 

Although data presented in this results chapter highlighted the potential application of 

the modified Gram stain in routine histology, a critical next step is to assess its true 

clinical utility by sharing these findings and consulting with pathologists. While bacteria 

were readily observed using this technique, given that this method is not currently 

routinely used in histology, it is essential to first determine whether pathologists can 

also reliably identify bacteria stained with this method. This validation is necessary to 

confirm that any observations are genuine and not artifacts, such as contamination, 

and because pathologists would be the end-users of this technique in clinical practice. 
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Furthermore, whilst data presented in this chapter highlight the promising application 

of the modified Gram stain in a clinical setting, the sample size was small, and both 

staining and imaging was only conducted by one researcher, which could have 

introduced bias. Therefore, it is important to expand the sample size and invite other 

researchers and pathologists to validate this technique. To further assess the clinical 

utility of the modified Gram stain in histology in clinical practice, within a pathology 

laboratory, an additional tissue section could be obtained from any patient tissue blocks 

that are already undergoing sectioning and H&E staining. This additional tissue section 

could then be relatively easily stained with the modified Gram stain technique and 

assessed by a pathologist for presence of bacterial cells and differentiation between 

Gram-positive and Gram-negative bacteria. Additionally, by comparing the stained 

samples to established diagnostic methods, such as H&E and Giemsa staining, 

pathologists could determine the reliability and specificity of this technique, ultimately 

assessing its potential for routine use in clinical histopathology. 

 
Nonetheless, data presented in this thesis have shown that non-H. pylori bacteria 

invade the gastric lamina propria during carcinogenesis and that presence of these 

bacteria also correlate with disease state. Furthermore, these bacteria were also 

identified in pre-cancer and cancer tissue, further suggesting that they play a role in 

carcinogenesis. Although several studies, including ours, have suggested a potential 

role for non-H. pylori bacteria in GAC development, no study has yet determined 

whether bacterial invasion during pre-cancerous GIM directly correlates with risk of 

developing GAC (Ferreira et al., 2018; Fu et al., 2024; Png et al., 2022). Currently, 

patients diagnosed with severe gastric atrophy (GA) or GIM receive three-yearly 

endoscopic surveillance for identification of further histological changes. However, 
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biomarkers are not currently included in surveillance due to lack of evidence and as 

such, only alterations to mucosal architecture and histology are recorded  (Banks et 

al., 2019). Nonetheless, increasing evidence is emerging which proposes a role for 

non-H. pylori bacteria in carcinogenesis and given that the modified Gram stain 

detailed in this thesis shows promise as a cost-effective bacterial identification tool, 

which in the long-term, could be implemented in the future as a screening tool for GIM 

patients at risk of GAC. 

 

Once the reliability of this technique is confirmed in larger-scale studies, there is 

therefore potential for use of the modified Gram stain alongside H&E following gastric 

endoscopy. For example, GIM patients who are currently monitored every three years, 

could also be assessed for presence and invasion by non-H. pylori bacteria, in addition 

to histological changes indicative of GAC progression, such as atrophy (Correa, 2004; 

Lee et al., 2018). This approach would be a relatively cost-effective and easy approach 

to document any potential correlations between presence of non-H. pylori bacteria and 

progression of carcinogenesis. In addition, the modified Gram stain could be used to 

stratify patients into either high or low risk for developing GAC, according to high or 

low microbial biomass and diversity, whereby the bacteria serve as a biomarker.  

 

Given that bacteria are associated with several pathologies, the modified Gram stain 

could also be applied to other cancers which also rely on histological inspection or 

sequencing, such as colorectal cancer (CRC), liver cancer and breast cancer (Lo et 

al., 2022; Yusuf et al., 2023). Furthermore, it also shows promise as a validation tool 

in targeted bacterial cancer therapy, where it could be used to identity whether bacteria 
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have successfully penetrated tumours (Liang et al., 2022). In addition, given that 

bacteria have also been reported to affect the efficacy of chemotherapeutic drugs, the 

modified Gram stain could be used to correlate bacterial biomass and abundance with 

chemotherapy response in cancer patients (Lehouritis et al., 2015). Finally, as shown 

in this chapter, the modified Gram stain is an easy and cost-effective tool for validating 

data from other experiments, such as 16S rRNA sequencing. As such, the modified 

Gram stain could become commonplace in microbiome and or immunology 

laboratories as an inexpensive and rapid stain for validation of previous imaging and 

sequencing-based findings.  

6.4. Summary 

Data presented in this chapter demonstrated that a modified Gram stain is a promising 

tool for the rapid identification of non-H. pylori bacteria in gastric histological sections 

and components of this chapter were recently published in the journal Helicobacter 

(Giddings et al., 2025; Appendix B).  Although further optimisation is required for 

successful staining of Gram-negative bacteria such as H. pylori, this technique readily 

identified many other bacteria in a variety of gastric histological samples in comparison 

with H&E. Given that non-H. pylori bacteria might also drive gastric carcinogenesis and 

therefore act as a potential biomarker, the modified Gram stain could be implemented 

as a rapid diagnostic or surveillance tool for patients at risk of GAC. Using this tool, 

patients could be routinely screened for non-H. pylori bacteria and stratified for risk of 

GAC according to bacterial diversity, biomass and invasion. Furthermore, the modified 

Gram stain could be used to dictate treatment options in the early stages of 

carcinogenesis, such as eradication of both H. pylori and non-H. pylori bacteria. 



 
 

218 
 

 

 

 

 

Chapter 7: Final 
Discussion 

  



 
 

219 
 

7.1. Introduction 

Despite H. pylori infection remaining the strongest risk factor for GAC, the precise 

mechanism behind carcinogenesis remains unclear. However, it is currently 

hypothesised to be a multifactorial process, involving genetic and environmental risk 

factors, H. pylori virulence factors and the gastric microbiota. Results presented in 

chapter 3 of this thesis indicated that although patient-derived organoid monolayers 

were a useful tool for modelling the gastric mucosa in vitro, they did not vacuolate 

following exposure to H. pylori VacA. Results presented in chapter 4 then indicated 

that H. pylori infection significantly correlated with invasion of non-H. pylori bacteria 

into the lamina propria throughout several stages of carcinogenesis. A preliminary 

method for isolation and identification of bacteria from gastric histological tissue was 

detailed in chapter 5, whereby several genera of interest were identified in both 

histological and biopsy tissue. Finally, given that findings presented in this thesis 

indicated a role for invasive non-H. pylori bacteria in driving carcinogenesis, a 

proposed, rapid histological test for routine bacterial identification and surveillance is 

detailed in chapter 6. 

 

7.2. Relevance of H. pylori-induced vacuolation during infection 

Organoid monolayers did not vacuolate following infection or treatment with H. pylori 

VacA, despite prominent vacuoles appearing within the AGS cell line following the 

same protocol. Although vacuolation is frequently reported in vitro, this effect has rarely 

been observed in vivo and is not currently a histological feature of H. pylori infection 

used during diagnosis (Lee and Kim, 2015). There are several plausible explanations 

for the absence of vacuolation. Firstly, it is possible that the absence of vacuolation 
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was a result of differences in cell culture media used for AGS cells and organoid 

monolayers. The AGS cells were maintained with complete RPMI medium, which is 

commonly used for the growth and maintenance of various cell lines and has been 

used in previously published vacuolation studies (Foegeding et al., 2019; Garner and 

Cover, 1996). In contrast, the organoid monolayers were derived and maintained using 

a mostly homemade conditioned medium, containing a cocktail of human growth 

factors. It is therefore possible that components within the organoid medium provided 

a protective response to VacA. 

 

For example, noggin has been shown to prevent autophagy and reduce autophagic 

vacuole formation within the pancreas during pancreatitis (Cao et al., 2013). 

Furthermore, VacA-induced vacuole formation of HeLa cells were inhibited by an 

antibody against EGF receptors, suggesting that availability and subsequent binding 

molecules to EGF receptors could play a preventative role during vacuolation (Seto et 

al., 1998). In addition, VacA activity is enhanced in low-pH conditions (Bernard et al., 

1995). Although media pH was not routinely measured during this study, it is possible 

that the media used for routine maintenance of AGS cells and organoids differed in pH, 

which impacted the downstream vacuolating activity of VacA. Whilst this theory is 

unlikely, as both media contained buffers and coloured pH indicators, this could be 

easily tested in a future study by comparing vacuolation of AGS cells and organoid 

monolayers in different cell culture media or at different pH. 

 

It is also possible that organoid monolayers did not vacuolate following exposure to 

VacA due to the absence of VacA receptors on the organoid apical cell surface. In 
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contrast, several VacA receptors are located on the AGS cell surface, such as receptor 

protein tyrosine phosphatase (RPTP)  and , epidermal growth factor receptor 

(EGFR) and fibronectin (FN) (Pachathundikandi et al., 2013; Tegtmeyer et al., 2009).  

Few studies have detailed the presence of these receptors within human-derived 

organoids or monolayers. In fact, only one study has investigated the interaction of 

purified VacA with organoid monolayers, where it was reported that VacA did not bind 

to the apical monolayer surface. However, this study also reported that VacA 

preferentially bound to the basolateral surface of organoid monolayers, suggesting an 

availability of VacA receptors on the basolateral surface, which are not expressed 

apically (Caston et al., 2020).  

 

This suggests that vacuolation could be a result of H. pylori VacA interacting with the 

basolateral membrane, which harbours VacA receptors. Given that cells within the 

gastric mucosa are polarised, H. pylori is usually found within mucin secreted from the 

apical cell surface and rarely comes into contact with the basolateral surface. However, 

a proposed mechanism for induction of vacuolation is outlined in Figure 7.1, where it 

is possible that H. pylori infection induces inflammation resulting in interrupted 

intercellular junctions and cellular depolarisation. In turn, this might facilitate direct 

passage of secreted VacA to the to the basolateral cell surface where it can bind to 

available VacA receptors and induce vacuolation. As such, it is possible that although 

vacuolation is frequently observed in vitro due to the availability of VacA receptors on 

several commonly used cell lines, vacuolation in vivo is a phenotype that only occurs 

following a period of chronic inflammation and subsequent availability of VacA 

receptors. 
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Figure 7.1. Proposed mechanism of H. pylori VacA-induced vacuolation in vivo. 
H. pylori is usually found within the gastric mucin on the apical surface of the gastric 
epithelium, whereby infection results in release of pro-inflammatory cytokines. 
Inflammation results in cellular damage, depolarisation of the gastric epithelium and 
loosening of intercellular junctions. H. pylori secrete VacA, which passages through 
the loosened intercellular junctions and binds to VacA receptors within the basolateral 
membrane. Successful binding of VacA results in vacuolation of the gastric epithelial 
cell. Figure created in Biorender.com. 
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7.3. H. pylori and the gastric microbiota in gastric carcinogenesis 

The precise relationship between H. pylori and the gastric microbiota remains unclear, 

but it is widely understood that when present, H. pylori dominate the gastric microbiota 

and reduce the abundance and diversity of other bacteria. However, this remains a 

controversial hypothesis, as this dogma is primarily supported by bacterial sequencing 

techniques. These techniques are prone to sample cross-contamination and amplicon 

carryover, often resulting in a dominance and an over-estimation of certain bacteria 

(Durazzi et al., 2021; Glassing et al., 2016; Salter et al., 2014).  

 

In comparison with sequencing-based data, in situ hybridisation (ISH) is a targeted 

approach for visualising bacterial abundance, location and distribution within a 

histological tissue sample. Given that ISH is a highly specific approach, sample cross-

contamination is unlikely. Therefore, by using RNAscope ISH to visualise all non-H. 

pylori bacteria alongside H. pylori, a ‘snapshot in time’ could be obtained of all bacteria 

within a given sample, reducing the likelihood of bacterial dominance and over-

estimation. Interestingly, in H. pylori-positive CG and GIM tissue, RNAscope ISH 

combined with IHC revealed a significant correlation between H. pylori and the gastric 

microbiota, contrasting the current dogma that H. pylori reduce abundance of non-H. 

pylori bacteria. In contrast, very few non-H. pylori bacteria were identified in H. pylori-

negative CG and GIM tissue. Taken together, these observations provided evidence, 

which suggest that H. pylori presence directly facilitates the colonisation and survival 

of other bacteria within the gastric mucosa, given that the opposite effect was observed 

when H. pylori was absent.  As an RNAscope probe against all bacteria was used, the 

identity of non-H. pylori bacteria remained unknown. However, given that compelling 
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evidence has emerged which proposes a role for several oral bacteria such as 

fusobacteria, klebsiella and streptococci in IBD (Elzayat et al., 2023), colorectal cancer 

(CRC) (Lo et al., 2022; Zepeda-Rivera et al., 2024), gastric atrophy and GAC (Fu et 

al., 2024a), it is plausible that non-H. pylori bacteria identified in this study were also 

oral pathogens. Although the oral cavity and gastrointestinal tract are distinct from one 

another, they are connected by the oral-gut axis and share a similar mucosal pH of 

around 7.1-7.5 (Baliga et al., 2013; Yamamura et al., 2023). Therefore, the ability of 

oral bacteria to survive and colonise the gastrointestinal tract is unsurprising. 

 

In contrast, the pH of the stomach is approximately 1.3-3.5, which is unsuitable for 

growth of most bacteria (Bravo et al., 2018). As such, superficial gastric mucins 

MUC5AC, MUC1 and gland mucin MUC6 are secreted to protect host cells from 

stomach acid (Babu et al., 2006). Although gastric mucins generally facilitate the 

growth of many bacteria, H. pylori is widely known to modulate the gastric 

microenvironment in several ways during chronic inflammation, resulting in changes 

such as elevated pH. For example, it secretes urase which lowers gastric pH and also 

induces chronic inflammation and gastric atrophy resulting in a loss of acid-secreting 

parietal cells (Athmann et al., 2000; Murakami et al., 2013). Therefore, the increase in 

pH as a result of H. pylori infection likely supports the colonisation and survival of 

multiple bacteria, such as oral bacteria, which have arrived from the oral cavity. In 

addition, gastrointestinal bacteria might have arrived in the stomach because of small 

intestinal bacterial overgrowth (SIBO) and then utilise the elevated stomach pH for 

survival. Furthermore, the loss of parietal cells during gastric atrophy (GA) could also 

explain why a higher abundance of non-H. pylori bacteria were observed in GIM 
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compared with CG in this study. In CG, gastric glands and therefore acid-secreting 

parietal cells are usually present, whereas during GIM, gastric atrophy has likely 

occurred, resulting in increased local pH which is favoured by non-H. pylori bacteria 

(Correa, 2004, Murakami et al., 2013). 

 

In this study, de novo MUC2 expression was identified in GIM and CG patients, which 

also correlated with an observed increase in non-H. pylori bacteria. MUC2 is highly 

expressed in the gastrointestinal tract and is thought to provide a glycan nutrient source 

for a variety of gastrointestinal phyla, such as Acinomycetota and Bacteroidota (Yao et 

al., 2021). Given that a correlation was observed between non-H. pylori bacteria and 

MUC2, it is therefore possible that elevated expression of MUC2 provided availability 

of glycan nutrient sources, which were utilised by oral or gastrointestinal non-H. pylori 

bacteria to promote their survival and colonisation. In addition, the pH of MUC2 is 

approximately 6.1-7.5, which as previously discussed, could also promote the 

colonisation and survival of non-H. pylori bacteria, such as oral or gastrointestinal 

species (Yamamura et al., 2023).  

 

Although MUC2 likely promotes survival of many bacteria, its primary role is protection 

of the gastrointestinal tract against pathogenic bacteria, whereby de novo expression 

also occurs as a result of bacterial stimulation or inflammation (Van der Sluis et al., 

2006). Following initial infection, MUC2 overexpression has been shown to inhibit in 

vitro adhesion and colonisation of bacteria such as Escherichia coli to epithelial cells 

(Bergstrom et al., 2010; Johansson et al., 2008). Given that MUC2 was elevated in 

both H. pylori-negative and positive individuals with GIM, there are several distinct 
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explanations for this. In H. pylori-negative individuals, MUC2 secretion is likely a result 

of de novo goblet cell expression, which occurs  during progression of GAC (Conze et 

al., 2010). However, in H. pylori-positive individuals, in addition to mutations, it is also 

possible that MUC2 expression is a result of H. pylori and non-H. pylori bacteria 

triggering a feedback loop. A proposed mechanism for this is shown in Figure 7.2, 

whereby infection with H. pylori modulates the local gastric pH, resulting in colonisation 

by non-H. pylori bacteria. In response to bacterial infection and tissue damage, MUC2 

is secreted by goblet cells. MUC2 provides a glycan nutrient source, promoting the 

growth colonisation of several gastrointestinal bacteria and maintenance of elevated 

pH. This results in further colonisation and survival of multiple non-H. pylori bacteria, 

including oral and gastrointestinal genera. Persistent bacterial infection then maintains 

MUC2 secretion in this feedback loop. 

 

In conclusion, given discrepancies between studies, the precise relationship between 

H. pylori and the gastric microbiota remains unclear.  However, by using a targeted 

approach such as ISH, a correlative link was identified in H. pylori-positive CG and 

GIM patients. Although the identity of these bacteria remained unknown at this stage, 

deduced from compelling evidence and published literature, these bacteria were likely 

opportunistic bacteria which arrived from the oral cavity along the oral-gut axis or were 

gastrointestinal bacteria, which have entered the distal stomach as a result of SIBO 

and favour elevated pH and mucin availability. Furthermore, irrespective of H. pylori 

presence, non-H. pylori bacteria also correlated with elevated MUC2 levels in GAC 

patients, further suggesting that elevated pH and mucin availability facilitates survival 

and colonisation of non-H. pylori bacteria during carcinogenesis. 
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Figure 7.2. Proposed mechanism of de novo MUC2 secretion following infection 
by H. pylori and non-H. pylori bacteria. Following initial H. pylori infection, local pH 
is raised due to urease production and gland atrophy, resulting in colonisation of oral 
and gastrointestinal non-H. pylori bacteria. In response to bacterial infection and tissue 
damage, de novo expression of MUC2-secreting goblet cells occurs and replaces 
MUC5AC. MUC2 secretion maintains elevated pH and also provides glycan nutrient 
source for non-H. pylori bacteria, promoting their survival and colonisation. MUC2 
expression is therefore maintained because of chronic infection by non-H. pylori 
bacteria. 
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7.4. Non-H. pylori bacteria invade the lamina propria during gastric 

carcinogenesis 

In addition to a correlative relationship between H. pylori and the gastric microbiota, 

RNAscope also revealed significant invasion of these non-H. pylori bacteria into the 

gastric lamina propria during CG, GIM and GAC. This was an important observation, 

which to our knowledge, has not previously been reported in gastric cancer studies. 

However, invasion of bacteria into the lamina propria is frequently reported in 

gastrointestinal studies, involving IBD such as Chron’s disease and colitis (Sekido et 

al., 2020). These patients often have impaired epithelial barrier function as a result of 

chronic inflammation, which facilitates entry of bacteria into the sub-epithelial layers of 

the intestines, resulting in colonisation of the lamina propria, activation of immune cells 

and a heightened inflammatory response, which further drives inflammation and 

exacerbates symptoms (Dheer et al., 2019). In addition, an increased abundance of 

mucosal-associated phyla, such as Bacillota and Fusobacteriota are often reported in 

these patients compared with healthy controls (Bibiloni et al., 2006). 

 

Given that the lamina propria is generally rich in immune cells, it is unclear why bacteria 

invade this region of the tissue. However, it is plausible that some bacteria invade in 

an effort to ‘hide’ within immune cells and avoid clearance. For example, Gamma 

Pseudomonadota were found to be enriched within CD14+ lamina propria 

macrophages from patients with Crohn’s disease (Sekido et al., 2020). In addition, it is 

also possible that some invasive bacteria ‘hijack’ and utilise immune cells for 

translocation purposes. This effect well-studied in vitro for bacterial cancer therapy, but 

it was recently reported that dendritic cells facilitated entry of gastrointestinal bacteria, 
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such as Enterobacteriaceae, into secondary lymphoid organs of a murine model, which 

further suggests that this type of mechanism is involved in later stages of IBD (Choi et 

al., 2023). As also described for Figure 7.1, it is widely understood that H. pylori 

infection directly results in release of pro-inflammatory cytokines and chronic 

inflammation (Blaser et al., 1995). This results in depolarisation and increased 

permeability of the gastric epithelia causing the barrier to become ‘leaky, which is a 

similar effect observed in IBD (Amieva et al., 2003). However, H. pylori secreted 

virulence factor HtrA is also capable of cleaving E-cadherin, resulting in depolarisation 

of the gastric epithelia and disruption of intercellular junctions (Hoy et al., 2010). In fact, 

a similar effect has recently been studied in vitro using organoid models, where it was 

reported that HtrA cleavage of E-cadherin results in enhanced translocation of H. pylori 

and CagA across the monolayer (Canadas-Ortega et al., 2024). Furthermore, a single 

nucleotide polymorphism (SNP) within HtrA has been identified in several H. pylori 

strains associated with GAC, where it was reported as a potential biomarker for the 

later stages of carcinogenesis (Sharafutdinov et al., 2023). As such, although more 

work must be conducted to assess the function of HtrA in promoting invasion of non-

H. pylori bacteria, it is possible that bacterial invasion observed in this study was a 

result of a combination of HtrA-mediated E-cadherin cleavage and chronic 

inflammation. 

 

A proposed mechanism for bacterial invasion in carcinogenesis is therefore outlined in 

Figure 7.3, which suggests that H. pylori infection results in cleavage of E-cadherin, 

leading to invasion of opportunistic non-H. pylori bacteria through the gastric glands 

and into the surrounding lamina propria. 
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Figure 7.3. Illustrative model proposing H. pylori-induced bacterial invasion to 
the gastric lamina propria. Stage 1-5 are 1) Non-H. pylori bacteria and H. pylori 
within the gastric surface and gland, respectively. 2) H. pylori secrete HtrA, which 
cleaves tight junction protein E-cadherin, causing loss of polarisation and disrupted 
intercellular junctions. 3) Non-H. pylori bacteria translocate and ‘invade’ through the 
gland and disrupted intercellular junctions in CG. 4) Non-H. pylori bacteria further 
colonise the lamina propria in GIM. 5) In GAC, invasive bacteria increase in numbers 
and colonise dense regions or evenly across the tumour. Figure created in 
Biorender.com. 
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 As also discussed in section 7.3 of this chapter, the loss of acid-secreting parietal cells 

and de novo secretion of mucins, such as MUC2, likely modulate the gastric pH which 

supports the growth and colonisation of opportunistic invasive non-H. pylori bacteria 

within the gastric tissue. In turn, these bacteria then further drive carcinogenesis by 

producing a variety of species-specific virulence factors, which damages the host 

tissue in several ways, such as inducing cytokine release, cellular proliferation, 

production of free radicals, mutations, DNA damage and tumorigenesis (Lo et al., 2022; 

Matozaki et al., 1992; Schulz et al., 2019). 

 

7.5. Identity of non-H. pylori bacteria involved in gastric carcinogenesis 

Once the relationship between H. pylori and the gastric microbiota was established, 

methods were conducted to deduce the identity of non-H. pylori bacteria involved in 

carcinogenesis. Whilst several technical difficulties arose in preparation, resulting in 

contamination and exclusion of Helicobacter and unknown genera from the dataset, 

16S rRNA gene sequencing revealed certain non-H. pylori genera which were present 

in CG, GIM and GAC samples.   

 

Acinetobacter was the most abundant genus, particularly for GAC and GIM FFPE 

tissue. This was surprising, as although Acinetobacter is emerging as a multidrug 

resistant genus and is associated with severe hospital acquired infections, it is only 

occasionally reported in gastric sequencing studies, in comparison with other bacterial 

phyla such as Bacteroidota or Bacillota (Ibrahim et al., 2021). Furthermore, 

Acinetobacter is often isolated from a variety of environmental samples, such as soil 
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and water, and is frequently identified in FFPE tissue, suggesting that this genus is a 

common contaminant (Borgognone et al., 2021).  

 

Acinetobacter express a limited array of ‘traditional’ virulence factors, such as 

adhesins. However, many species express a multitude of secretion systems which are 

associated with disease initiation, including Type I, Type II, Type IV and Type 6; in 

addition to outer membrane OmpA protein (Morris et al., 2019). In addition, they are 

also protected by an exopolysaccharide capsule which facilitates survival in harsh 

environments such as the stomach and prevents clearance by immune cells. 

Additionally, capsular expression can also be enhanced following exposure to 

antibiotics, which could also be a mechanism employed by Acinetobacter in response 

to stomach acid (Geisinger and Isberg, 2015). Interestingly, Acinetobacter baumanii in 

particular also secrete phospholipase C and D enzymes, with phospholipase D in 

particular associated with epithelial cell invasion and bacteraemia (Jacobs et al., 2010). 

Given that Acinetobacter are therefore well adapted to surviving harsh conditions, 

evading the immune response and invading tissue, it is plausible that invasive non-H. 

pylori bacteria identified with RNAscope could indeed include some species of 

Acinetobacter. 

 

Interestingly, although Acinetobacter is not currently correlated with gastric 

carcinogenesis, two key studies from the early 2000s reported similarities in 

pathogenicity between H. pylori and Acinetobacter lwoffii. Ofori-Darko et al. (2000) 

reported that A. lwoffii produces an OmpA-like protein, which directly stimulated gastrin 

and IL-8 gene expression, epithelial cell proliferation and inflammation in a mouse 
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stomach. Similarly, Rathinavelu et al. (2003) showed that A. lwoffii infection increased 

T and B cell numbers and parietal cell expression in a mouse infection model, which 

resulted in mucous gland metaplasia. Although these studies proposed a similarity 

between H. pylori and Acinetobacter, there is a distinct lack of published literature or 

evidence which further investigates or implicates Acinetobacter in driving gastric 

carcinogenesis specifically.  

 

In addition, the modified Gram stain proved difficult to visualise Gram-negative 

bacteria. As such, given that Acinetobacter are primarily Gram-negative, they were not 

clearly identified using the modified Gram stain. However, Acinetobacter can 

sometimes be Gram-variable and appear as bacillus or coccoid-shaped cells (Bazzi et 

al., 2017). Although no bacteria of this description were identified in CG or GIM tissue, 

several unknown Gram-positive and negative bacteria were observed in the GAC 

tissue. Taken together, data presented in this thesis suggest that although 

Acinetobacter was identified by 16S rRNA sequencing, the modified Gram stain was 

inconclusive, and this bacterium is rarely associated with gastric carcinogenesis. 

 

In addition to Acinetobacter, Pseudomonas were also identified from FPPE and biopsy 

tissue by 16S rRNA sequencing. Although this was an interesting observation, it also 

shares similarities with Acinetobacter as it is associated with hospital acquired 

infections and laboratory contamination (Markou and Apidianakis, 2014). 

Pseudomonas express a multitude of virulence factors which drive host cell invasion 

and pathogenesis, including flagella outer membrane lipopolysaccharide (LPS) and 

proteases, which are capable of degrading connective tissues such as fibronectin and 
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elastin (Garcia et al., 2018; Jurado-Martín et al., 2021). In addition, Pseudomonas have 

been observed to invade mucin-secreting goblet cells in the respiratory tract via its 

Type VI secretion system. This is then followed by further damage using its Type III 

secretion system, resulting in goblet cell death, expulsion of mucin and rupture of the 

surrounding epithelia, which facilitates bacterial translocation across the epithelial 

membrane (Swart et al., 2023). Taken together, it is clear whilst Pseudomonas are 

highly pathogenic, they also express a variety of invasion-associated virulence factors, 

which could indeed facilitate invasion of the gastric lamina propria in particular patients 

at various stages of gastric carcinogenesis. 

 

However, to our knowledge, no study has reported Pseudomonas presence in GIM, 

and one study has detailed its association with gastritis, independent of H. pylori 

(Kachuei et al., 2020). In contrast, Pseudomonas frequently infects 

immunocompromised individuals, such as cancer patients. In fact, a recent study 

analysed 727 gastric tissues with RNA sequencing and identified an enrichment of 

Pseudomonas aeruginosa within gastric tumour tissue (Ai et al., 2023). Pseudomonas 

is a Gram-negative rod which was not identified in CG and GIM tissue by the modified 

Gram stain, further suggesting it does might not play a role in the early stages of 

carcinogenesis. However, Gram-negative bacteria were identified in the GAC tissue, 

which could be indicative of this bacterium. Taken together, although Pseudomonas 

unlikely plays a role in the early stages of carcinogenesis, compelling evidence 

suggests that its abundance increases in GAC. As such, whilst Pseudomonas 

presence in CG and GIM tissue was likely a result of contamination, its presence in 
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our GAC tissue is not unexpected and could be a result of this bacterium taking 

advantage of an inflamed and altered tissue microenvironment. 

 

Taken together, precise roles for Acinetobacter and Pseudomonas in carcinogenesis 

are yet to be determined. Although they are rarely detected in gastric 16S rRNA 

sequencing studies, they are usually identified in addition to common laboratory 

contaminants such as Sphingomonas, Curvibacter and Rhizobium (Liu et al., 2021). 

As such, although identification of Acinetobacter and Pseudomonas was a relatively 

novel finding, as these genera are not often correlated with gastric carcinogenesis in 

comparison with other well-reported phyla. Nonetheless, given that they were identified 

in both FFPE and gastric biopsy tissue, further work could be conducted to repeat 16S 

rRNA sequencing on further patient samples, taking care to minimise contamination 

risk. 

 

Aside from Acinetobacter, Pseudomonas and potential contaminants such as 

Ralstonia, several Bacillota were also identified in CG, GIM and GAC tissue. In 

addition, modified Gram staining of GIM and GAC also revealed significant presence 

of Gram-positive cocci, which were highly indicative of Bacillota such as streptococci 

and staphylococci. As discussed in section 7.3 of this chapter, it is highly likely that 

invasive non-H. pylori bacteria were composed of oral or gastrointestinal microbiota 

which have arrived from the oral-gut axis or due to SIBO. As such, a particular genus 

of interest identified by 16S rRNA sequencing was Streptococcus. In comparison to 

Acinetobacter and Psuedomonas, Streptococcus are frequently identified by 16S rRNA 

in healthy and unhealthy gastric tissue (Zi et al., 2022). In addition, an enrichment of 
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streptococci  in gastric cancer tissue has also been reported, suggesting a potential 

role for this genus at all stages of gastric carcinogenesis (Qi et al., 2019). 

 

Although streptococci are found within the healthy gastric microbiota, it is also likely 

that many pathogens, including streptococci, originated from the oral cavity by means 

of the previously discussed oral-gut axis (Yamazaki, 2023). Several studies have 

identified an interaction between H. pylori and oral streptococci and several species 

have been reported to inhibit H. pylori growth in vitro. For example, Streptococcus 

mutans and Streptococcus salivarius inhibit growth of H. pylori in vitro, likely by 

producing  acid or hydrogen peroxide (Ishihara et al., 1997). Similarly, Streptococcus 

mitis induces a morphological change in H. pylori, whereby cells convert from spiral-

shaped to coccoid, resulting in a reduction in growth and cellular metabolism (Khosravi 

et al., 2014a). 

 

Interestingly, other oral species, such as Actinomyces naeslundii, Actinomyces oris, 

Actinomyces israelli and Prevotella nigrescens also inhibit  growth of H. pylori (Ishihara 

et al., 1997 and preliminary work in the Rossiter lab). Additionally, RNAscope data 

presented in this thesis generally revealed a higher abundance of non-H. pylori 

bacteria compared with H. pylori. Therefore, it is possible that this is a result of non-H. 

pylori bacteria inhibiting or reducing H. pylori growth, in addition to invading the lamina 

propria and driving carcinogenesis. As such, future studies could identify which oral 

bacterial species inhibit H. pylori growth and then correlate these findings with 16S 

rRNA sequencing or metagenomics of healthy and unhealthy gastric tissue to assess 

whether H. pylori-inhibiting bacteria also play a role in GAC development. 
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Although several studies have elucidated a relationship between streptococci and H. 

pylori, streptococci are also reported in H. pylori-negative patients with CG, GIM or 

GAC (Gantuya et al., 2019; Khosravi et al., 2014). A particular species of interest, is 

Streptococcus anginosus which is frequently isolated from GAC tissue and enriched in 

several stages of carcinogenesis as revealed by RNA sequencing (Coker et al., 2018).  

Furthermore, a recent murine infection study using germ-free and normal mice also 

reported that S. anginosus promoted gastric inflammation, atrophy and tumorigenesis 

following 3, 6, 9 and 12-month infection with H. pylori strain SS1 (Fu et al., 2024a). In 

addition, at regular intervals, gastric biopsies were obtained and stained with H&E or 

labelled with ISH probes. It was then revealed that significant S. anginosus colonisation 

of the basal and lamina propria area occurred at each interval (Fu et al., 2024a). 

Interestingly, this finding correlated with novel data presented in this thesis, whereby 

unidentified non-H. pylori bacteria were consistently found within the lamina propria of 

gastric tissue. Taken together, although this study was conducted on mice, these are 

exciting findings which further propose a causative role for streptococci in 

carcinogenesis and also agree with novel RNAscope data presented in this thesis. 

 

In conclusion, although further work must be conducted to confirm the identity of the 

invasive non-H. pylori bacteria identified in this thesis, it is likely that several are oral 

or gastrointestinal bacteria. As previously discussed, oral bacteria are associated with 

several gastrointestinal diseases, including IBD and colitis (Elzayat et al., 2023). 

Although these diseases are distinct from GAC, they share several similarities 

including expression of MUC2, loss of cellular polarity and infiltration of invasive 

bacteria and immune cells (Dheer et al., 2019). Streptococci are frequently isolated 
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from gastric and gastrointestinal samples and are also highly adapted to surviving and 

colonising harsh environments. For example, S. salivarus has an arginine deaminase 

system (ADS) which convert arginine into ammonia to raise local pH. Additionally, 

streptococci are often described as ‘pioneer colonisers’ as they express a variety of  

fimbriae, AgI/II family binding proteins and adhesins to aid adherence to mucosal 

surfaces a (Moschioni et al., 2010).  Taken together, it is clear that streptococci are 

highly capable of invading, colonising and avoiding immune-mediated responses 

throughout the body. Although the gastric microbiota is likely composed of several 

genera, several published studies, in addition to 16S rRNA gene sequencing findings 

and modified Gram staining presented in this thesis, suggest that streptococci might 

be inherently involved in driving gastric carcinogenesis in addition to H. pylori. 

 

7.6. Surveillance of non-H. pylori bacteria in patients at risk of GAC 

In the United Kingdom, patients with CG diagnosed with H. pylori infection are treated 

with a combination therapy of Amoxicillin, Clarithromycin and Omeprazole in addition 

to proton-pump inhibitors (PPIs) (Black et al., 2022). However, for patients with 

extensive gastric atrophy (GA) or GIM, antibiotic treatment provides minimal benefit as 

the gastric mucosa is usually irreversibly damaged. Instead, patients are referred for a 

diagnostic endoscopy and grading of atrophy, whereby patients with low atrophy and 

low risk of GAC require no further action. In contrast, patients with severe mucosal 

damage and elevated risk of GAC are monitored every three years by endoscopic 

surveillance (Banks et al., 2019). Surveillance involves visual identification of any 

changes to the gastric mucosa, in addition to biopsy for H&E staining and 
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histopathological analysis to grade inflammation and identify whether reinfection with 

H. pylori has occurred (Lee and Kim, 2015).  

 

Currently, non-H. pylori bacteria are not routinely identified during surveillance, as H&E 

lacks sensitivity for detection of bacteria within the lamina propria and deeper gastric 

tissue. Therefore, whilst H&E readily identifies H. pylori within gastric glands, 

potentially pathogenic and carcinogenic non-H. pylori are overlooked, despite 

compelling evidence proposing a role in driving carcinogenesis (Fu et al., 2024b; 

Gantuya et al., 2019; Zi et al., 2022). Furthermore, although many species are 

potentially involved in carcinogenesis, a direct correlation between presence of non-H. 

pylori bacteria and risk of GAC is yet to be established. As such, the modified Gram 

stain detailed in chapter 6 shows promise as a tool for investigating this further. The 

modified Gram stain is a cost-effective and rapid technique, which provides powerful 

insight into bacterial abundance, distribution and diversity of non-H. pylori bacteria in 

a given sample and could easily be included as a histopathological tool alongside H&E. 

As such, in order to determine whether non-H. pylori bacteria indeed correlate with 

increased risk of GAC, the modified Gram stain could be included as a clinical test 

alongside H&E in the current three-yearly surveillance of patients at high risk of GAC 

(Banks et al., 2019). Patients at risk of GAC could therefore be stratified according to 

histological changes, indicating progression of carcinogenesis, alongside reinfection 

with H. pylori and invasion of non-H. pylori bacteria. By including the modified Gram 

stain in routine surveillance of several patients, a potential correlation between non-H. 

pylori bacteria and progression of carcinogenesis will be reported, which would provide 

further evidence for the role of non-H. pylori bacteria in development of GAC. 
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In addition, no GAC biomarkers are currently used in the UK due to lack of available 

evidence, despite other countries such as the USA including pepsinogen II and gastrin-

17 as biomarkers for chronic H. pylori infection and GAC progression (Loong et al., 

2017; UK NSC, 2021). As discussed above, although further work is required to first 

determine a correlation between non-H. pylori bacteria and risk of GAC, depending on 

the outcome of further studies, it is possible that non-H. pylori bacteria could also be 

included as a biomarker for GAC. As such, in addition to surveillance, the modified 

Gram stain could also be utilised as a biomarker screening tool for patients at risk of 

GAC, such as those with CG, AG and GIM. Given that the modified Gram stain also 

provides information about bacterial abundance, diversity and distribution, it could also 

be used to guide treatment options involving antibiotics to prevent over-prescribing and 

ensure patients are given relevant antibiotics. For example, following endoscopic 

examination, biopsy tissue could be obtained and stained with the modified Gram stain 

in order to evaluate proportions of Gram-positive or negative bacteria within the tissue. 

Based on results from the modified Gram stain, patients could then be prescribed 

antibiotics only according to which types of bacteria are present. Therefore, a patient 

with high proportions of Gram-positive bacteria could be prescribed Gram-positive-

targeting antibiotics (Aksoy and Unal, 2008). 

 

Taken together, further work must be conducted to determine the significance of non-

H. pylori bacteria in carcinogenesis before they can be included as a biomarker. As 

bacterial identification is expensive and laborious, the modified Gram stain provides 

an alternative, cost-effective solution which could be easily implemented in a pathology 

clinic or research laboratory. 
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7.7. Future Work 

In addition to H. pylori VacA, the gastric microbiota was also investigated in this thesis 

whereby invasive non-H. pylori bacteria were identified by RNAscope in chapter 4. In 

addition, it was hypothesised that this was a direct result of H. pylori HtrA cleaving 

intercellular junctions and facilitating bacterial entry. Given that Figure 7.3 is relatively 

speculative, this hypothesis could be modelled in vitro using the organoid monolayer 

system outlined in chapter 3. For example, using a relatively simple bacterial 

translocation assay, potentially invasive non-H. pylori bacteria, such as streptococci 

could be cultured on the apical surface of monolayers alongside H. pylori with or 

without HtrA. After a given time period, any bacteria that have passed through the 

monolayer and arrived at the basolateral compartment could be serially diluted and 

cultured on agar. This experiment would determine whether H. pylori with or without 

HtrA are indeed capable of loosening intercellular junctions and facilitating the 

translocation of other bacteria through the monolayer.  

 

Although some non-H. pylori genera of interest were identified by laser-capture 

microdissection (LCM) and 16S rRNA sequencing in chapter 5, FFPE tissue was of 

low biomass and prone to bacterial contamination. As such, although LCM was an 

interesting method for bacterial isolation, it was better suited to samples with larger 

tissue area. Therefore, a relationship between H. pylori and non-H. pylori bacteria 

could be determined by 16S rRNA sequencing biopsy tissue from patients with or 

without H. pylori infection at different stages of carcinogenesis, ensuring contamination 

risk is minimised. Additionally, normal adjacent to tumour (NAT) tissue should also be 

sequenced as it represents ‘normal’ gastric tissue without pathology indicative of 
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carcinogenesis. As also discussed in chapter 5, although bacteria such as streptococci 

and Acinetobacter were identified as potential bacteria of interest, future studies could 

then confirm the identity of these invasive bacteria in consecutive sections of the 

original patients, using highly sensitive, custom-designed RNAscope phyla and genera 

probes to target these bacteria.   

 

Furthermore, given that invasive non-H. pylori bacteria were identified within the lamina 

propria of gastric tissue, it is important to understand potential mechanisms by which 

these bacteria further drive carcinogenesis and whether inflammation is involved. As 

such, further high throughput hyperplex imaging methods, such as COMETTM by 

Lunaphore, could also be incorporated which facilitate identification of up to 40 immune 

markers in a given slide, in addition to RNAscope probes against particular bacteria 

(Rivest et al., 2023). This would provide visual insight into which immune pathways are 

upregulated by non-H. pylori bacteria and whether immune cell infiltration is involved 

at different stages of carcinogenesis. Additionally, once particular involved with 

carcinogenesis are confirmed, the role of specific virulence factors, such as adhesin 

proteins or capsule polysaccharides in bacterial invasion could be interrogated further 

using advanced molecular microbiology methods, such as transposon directed 

insertion site sequencing (TRADIS). Finally, as already discussed, the modified Gram 

stain detailed in chapter 6 was a valuable tool for rapid detection of non-H. pylori 

bacteria in gastric FFPE tissue, reducing the requirement for expensive tools such as 

bacterial sequencing and ISH. Therefore, in combination with H&E, the modified Gram 

stain is a promising tool that could be implemented in many future studies to fully 

elucidate a causative relationship between non-H. pylori bacteria and risk of GAC.  
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Abstract 

Background 
Stomach cancer is the fourth leading cause of cancer-related deaths worldwide. 
Helicobacter pylori is the main risk factor for gastric adenocarcinoma (GAC), yet the 
precise mechanism underpinning this association remains controversial. Gastric 
intestinal metaplasia (GIM) represents the pre-cancerous stage and follows H. pylori-
associated chronic gastritis (CG). Sequencing studies have revealed fewer H. pylori 
and more non-H. pylori bacteria in GAC. However, the spatial organisation of the 
gastric microbiota in health and disease is unknown.  
 
Materials and Methods 
Here, we have combined RNA in situ hybridisation and immunohistochemistry to detect 
H. pylori, non-H. pylori bacteria and host cell markers (E-cadherin, Mucins 5AC and 2) 
on tissue sections from patients with CG (n=15) and GIM (n=17).  
 
Results  
Quantitative analysis of whole slide scans revealed significant correlations of H. pylori 
and other bacteria in CG and GIM. In contrast to sequencing studies, significantly fewer 
non-H. pylori bacteria were detected in H. pylori-negative patients. Importantly, whilst 
H. pylori exclusively colonised the gastric glands, non-H. pylori bacteria invaded the 
lamina propria in 6/9 CG and 8/10 GIM H. pylori-positive patients. A rapid and cost-
effective modified Gram stain was used to confirm these findings and enabled 
detection of non-H. pylori bacteria in GIM samples.  
 
Conclusions 
The invasion of the gastric lamina propria by non-H. pylori bacteria during H. pylori-
associated CG and GIM represents an overlooked phenomenon in cancer progression. 
Future work must determine the mechanisms underlying the synergistic roles of H. 
pylori and other bacteria in carcinogenesis. This observation should redirect attempts 
to prevent, diagnose and treat GAC. 
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1 INTRODUCTION 
 
Gastric adenocarcinoma (GAC) is the fourth leading cause of cancer-related deaths, 
accounting for 7.7% of cancer mortalities worldwide (1). Helicobacter pylori infection is 
associated with approximately 70% of GAC cases and the global prevalence of H. 
pylori infection is 43.9% (2). Correa’s cascade describes the histopathological changes 
to the gastric mucosa during progression to GAC (3). H. pylori first triggers chronic 
gastritis (CG), which can lead to gastric intestinal metaplasia (GIM), dysplasia and 
finally GAC. Although genotypes of H. pylori that encode the virulence factors CagA, 
VacA and HtrA (4) are more associated with severe disease outcomes, the mechanism 
by which a minority of H. pylori infections (1%) develop GAC is not fully understood. In 
recent years, multiple 16S ribosomal RNA (16S rRNA) and metagenomic sequencing 
studies have profiled the human gastric microbiota during health and H. pylori-
associated disease (5-8). The proposed model is that the healthy human stomach 
harbours a distinct microbial community structure and that upon H. pylori infection, this 
community structure shifts towards a dominance of H. pylori in CG. As carcinogenesis 
progresses, multiple other bacterial species displace H. pylori and dominate the GAC 
microbiota. However, sequencing studies are often prone to issues with contamination 
(9) and do not offer spatial resolution. A longstanding question is whether the gastric 
microbiota play a causative or correlative role in GAC. Here, we provide high resolution 
spatial images of H. pylori and non-H. pylori bacteria in patients with H. pylori-positive 
or negative CG and GIM. Importantly, we provide direct evidence of non-H. pylori 
bacteria invading the lamina propria in the early to middle stages of Correa’s cascade, 
suggesting that non-H. pylori bacteria might play a synergistic role in the cause of these 
disease states.  
 
2 MATERIALS AND METHODS 

2.1 Sample preparation and pre-treatment protocol for automated tissue staining 
 
Punch biopsy gastric corpus tissue samples were collected from consenting patients 
at the Queen Elizabeth Hospital, Birmingham fixed in formalin and prepared at the 
Human Biomaterial Resource Centre (HBRC), University of Birmingham by embedding 
in paraffin (Ethics #17-285) and retrieved from archived stocks at the Human 
Biomaterials Research Centre (HBRC). Exclusion criteria were previous H. pylori 
eradication therapy, antibiotic treatment 4 weeks prior to endoscopy and tissue from 
the cardia, fundus or antrum and patients under 30 years old. Routine histologic 
evaluation of H&E-stained gastric mucosal sections was used for H. pylori diagnosis. 
Tissue sections 4 μM thick were then prepared for RNAscope and 
immunohistochemistry staining, using a Leica BOND RX Fully Automated Research 
Stainer.  Prior to staining, sections were prepared in the BOND RX, following three 
short protocols: 1) Deparaffinisation, rehydration, hydrogen peroxide and distilled 
water wash. 2) Heating to 100°C in target retrieval buffer ER2 (pH9; AR9640) for 45 
min and manual washing with distilled water followed by 100% ethanol and drying at 
60°C. 3) Incubation in protease III solution for 30 min, followed by a final wash in 
distilled water.  
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2.2 Optimisation of RNAscope treatments and immunohistochemistry (IHC) 
antibody concentrations for 5-plex automated staining 
 
Automated RNAscope C1 and C2 probes against H. pylori (ACD-Bio, #542938) and 
Eubacteria (ACD-Bio; #464468), respectively, were first tested on healthy colon tissue 
in a fluorescent multiplex assay, using an RNAscope LS Multiplex Fluorescent 
Reagent Kit (ACD Bio; 322800), following the standard protocol recommended for this 
platform. Pre-treatment of tissue slides for automated tissue staining with lysozyme 
was not used as this was found to affect tissue integrity. However, automated tissue 
staining with lysozyme (micro bacteria detection protocol provided by ACD-Bio) and a 
3-plex panel (E-Cadherin and RNAscope probes against H. pylori and Eubacteria) was 
used on all samples to ensure bacterial signal was not underestimated in comparison 
to 5-plex stained images (data not shown). A positive and negative control probe 
section was used on every RNAscope run to validate and assess its quality and the 
sensitivity of the assay. The bacterial gene dapB (ACD Bio; 312038) was used as 
negative control to confirm the absence of background noise and a cocktail of 
housekeeping genes polr2A C1, ppiB C2 and ubc C3 (ACD Bio; 320868) was used as 
positive control to validate the detection of the signal and the tissue integrity. H. pylori 
gene sequences can bind to both 16S rRNA probes against H. pylori and Eubacteria, 
whilst non-H. pylori bacteria stain with only the Eubacteria probe.All antibodies used in 
IHC steps were optimised prior, using chromogenic DAB staining of healthy colon 
tissue in addition to a Leica Bond Polymer Refine Detection kit (Leica; DS9800). 
Antigen retrieval was tested using pH6 (Leica Bond TM Epitope Retrieval 1; AR9961) 
and pH9 (Leica Bond TM Epitope Retrieval 2; AR9640) buffers by heating to 100°C for 
20 min. Three different dilutions were tested for each antibody, as recommended by 
manufacturer. Ideal staining pattern and intensity was assessed and approved by a 
pathologist, whereby slides were then used as reference throughout the validation 
process. All antibodies were then tested for compliance with the RNAscope pre-
treatment, to ensure stability after protease III digestion. Once each antibody was 
assigned an Opal fluorophore, single fluorescence assays were directly compared 
against DAB-stained colon tissue to optimise Opal concentration. To assess epitope 
stability during the following heat steps and to define the order of the addition of 
antibodies in the multiplex sequence, each antibody was tested individually in the 
different positions of the panel. Further probe and antibody information can be found 
in Supporting information Table 2.  
 
2.3 Automated 5-plex co-RNAscope in situ hybridisation/immunohistochemistry 
protocol  
 
The automated RNAscope Multiplex Fluorescent LS assay (ACD Bio, 322800) was 
conducted using a Leica BOND RX according to manufacturer’s instructions, 
incubating the sections with C1 and C2 probes against H. pylori and Eubacteria, 
respectively, for 2 h. An automated immunohistochemistry staining protocol was 
immediately followed to fluorescently label E-cadherin, MUC5AC and MUC2. Between 
each staining cycle, a heat induced stripping step with pH6 solution was added. Images 
were acquired using a Vectra Polaris Multispectral whole slide scanner. Exposure 
times on the Vectra Polaris Slide scanner for the DAPI, 480, 520, 570, 620 and 690 
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channels were 1.13 ms, 2.47 ms, 36.06 ms, 5.61 ms, 29.58 ms, and 7.46 ms, 
respectively.  
 
2.4 Counterstaining and section visualisation 
 
Sections were counterstained with spectral DAPI (Akoya Biosciences) and mounted 
with ProLong Diamond Antifade Mountant, according to manufacturer’s instructions. 
Mounted sections were stored in the dark at 4°C until viewing. During optimisation 
steps, sections were visualised using a Zeiss LSM 900 confocal microscope or Mantra 
2 Quantitative Pathology Digital Workstation (Akoya Biosciences) and final images 
were obtained on a Vectra Polaris Whole Slide Scanner (Akoya Biosciences) and 
saved as a qptiff file. Images were viewed at 40x magnification using Phenochart 
Whole Slide Viewer with PhenoImager HT (Akoya Biosciences) or open source 
QuPath software (Version 0.4.3) (10). All .qptiff image files were spectrally unmixed by 
importing and stamping in Phenochart Whole Slide Viewer (Akoya Biosciences), 
unmixed and exported in InForm software (Akoya Biosciences) and finally restitched 
as a BIGTIFF file using Visiopharm software (Visiopharm, Hørsholm, Denmark).  
 
2.5 Qualitative and quantitative image analysis 
 
For quantitation of target markers in whole slide tissue sections, manual image 
analysis was conducted using Qupath. For each whole-slide scan, tissue regions were 
first annotated and defined as a region of interest (ROI). Tissue detection was then 
performed based on the average values of all channels using pixel thresholders. A pixel 
thresholder was used to calculate mean tissue area (μM²), which was exported. 
Separate pixel thresholders were then created for each individual Opal channel, 
corresponding to H. pylori, Eubacteria, MUC5AC or MUC2. The thresholders were 
saved, and average area annotation measurements (μM²) were obtained for each 
channel. To account for H. pylori double staining and detection in both the H. pylori and 
Eubacteria channels, Eubacteria area was quantified by calculating total Eubacteria 
channel area minus combined H. pylori and Eubacteria channel areas. For each whole 
slide scan, average percentage area coverage of each marker of interest was 
calculated by dividing individual channel area over total tissue area x 100. Data were 
exported from Excel to GraphPad Prism 9 (Version 9.5.1). For qualitative scoring of 
bacterial invasion, images were viewed using Phenochart Whole Slide Viewer (Akoya 
Biosciences) or QuPath. Invasion was scored, whereby 0 = no invasion, 1 = sparse 
invasion, 2 = moderate invasion (patches of bacteria across sample) and 3 = high 
invasion (multiple clear regions of bacterial invasion across sample). A Mann-Whitney 
test was used for statistical analysis in which * indicates p<0.05, ** indicates p<0.01, 
*** indicates p<0.001 and ns indicates non-significant. Data are presented as median 
± SEM, for each group. 
 
2.6 H&E and Modified Gram staining  
 
Additional sections were stained with H&E for further inflammation analysis and 
scoring by an independent pathologist. A modified Gram stain was also followed for 
staining of bacteria in additional tissue sections (11).  
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3 RESULTS  

3.1 Localisation of H. pylori and the gastric microbiota in chronic gastritis and 
gastric intestinal metaplasia 
 
Due to anatomical differences and unique microenvironments within the gastric 
mucosa driving microbial variation (12), archived formalin-fixed paraffin-embedded 
(FFPE) tissue blocks from only gastric corpus tissue were retrieved from the Human 
Biomaterials Research Centre (n=32) for the purpose of this study. The associated 
clinical pathology reports confirmed samples were H. pylori-positive CG (n=9) or GIM 
(n=10) and H. pylori-negative CG (n=6) or GIM (n=7). H&E-stained tissue sections 
were prepared from the archived FFPE gastric corpus tissue blocks. Again, using 
routine histologic evaluation, an independent pathologist confirmed H. pylori status and 
graded all samples for inflammation (Supporting information Table 1). There was no 
significant difference in inflammation between H. pylori-positive and H. pylori-negative 
samples (data not shown). To detect H. pylori or non-H. pylori bacteria, sections were 
stained using RNAscope in situ hybridisation (ISH) probes against H. pylori-specific or 
conserved sequences of the 16S rRNA gene, respectively. The probe ‘Eubacteria’ was 
used to detect non-H. pylori bacteria. IHC enabled detection of the host cell markers 
E-cadherin, Mucins 5AC (MUC5AC) and 2 (MUC2) using automated tissue staining for 
CG and GIM samples. Goblet cells, present only in GIM, secrete MUC2, whereas 
MUC5AC is found in both healthy and diseased gastric mucus. Representative images 
of GIM and CG samples are presented in Figure 1 and Figure S1, respectively. 
Quantification of indicated markers are shown in Figure 2. Comparable levels of 
MUC5AC were observed across the patient groups and, as expected, there was a 
significant increase in MUC2 in GIM patients (Figure 2 C&D). Consistent with previous 
studies (13, 14), H. pylori exclusively colonised the gastric glands (Figure 1B). The 
presence of Eubacteria correlated with H. pylori infection in CG and GIM but were 
significantly reduced in the absence of H. pylori infection (n=13) (Figure 2B). This 
contrasts with the current dogma that there is a unique microbiota in H. pylori-negative 
individuals (5). Interestingly, there was an increase in levels of Eubacteria in H. pylori-
positive GIM samples compared with H. pylori-positive CG. Although this was not 
statistically significant, this raised the possibility that the presence of GIM-specific 
MUC2 could provide intestinal-like microniches within the stomach that promote 
bacterial colonisation. As such, we observed co-localisation of non-H. pylori bacteria 
with MUC2 in 2/10 H. pylori-positive and 1/7 H. pylori-negative GIM patients (Figure 
S2).  
 
3.2 Association of Helicobacter pylori with invasion of non-H. pylori bacteria to 
the lamina propria  
 
Bacterial invasion is associated with multiple diseases of the gastrointestinal tract, 
causing damage to the epithelial architecture by triggering inflammatory responses 
(15-17). Whilst H. pylori colonised the gastric glands, non-H. pylori bacteria invaded 
the lamina propria in 6/9 patients with H. pylori-associated CG and 8/10 H. pylori-
positive patients with GIM (Figure 3A-D). Qualitative scoring of Eubacterial invasion 
showed significantly more invasion in H. pylori-positive CG and GIM than H. pylori-
negative CG and GIM (Figure 3G). Representative images of H. pylori-positive CG and 
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GIM patients with an invasion score of 3 are shown in Figure 3A-D, and H. pylori-
negative patients with an invasion score of 0 can be seen in Figure 3E-F. Very few 
Eubacteria are seen in samples with an invasion score of 0. It is most likely that these 
rare occurrences of Eubacteria in the stomach represent transient bacteria, rather than 
stable colonisation (18). Invasion of H. pylori into the lamina propria is very rare across 
all patient samples, yet an instance of this can be seen in Figure 3C. Representative 
images of samples with invasion scores of 1-2 can be seen in Figure S3.  
 
3.3 Visualisation of non-H. pylori bacteria using a modified Gram stain  
 
Next, we aimed to confirm bacterial invasion at the cellular level in patients with H. 
pylori-positive CG (n=4) or GIM (n=4). As can be seen in Figure 4A-D, microniches of 
Gram-positive bacteria could be identified in all 4 H. pylori-positive GIM patients. 
Visualisation of Gram-negative bacteria with this technique was not clear and H&E-
stained sections were superior for identifying H. pylori (data not shown). Bacteria could 
not readily be identified in H. pylori-positive CG patients using this technique (data not 
shown). This is consistent with the lower levels of non-H. pylori bacteria that were 
detected in CG patients in comparison to GIM patients (Figure 2B). Although further 
work is required to understand the biological consequences of invasive bacteria in 
carcinogenesis, this modified Gram stain technique could be used alongside the 
current histological diagnostic tools to stratify patients at higher risk for developing 
GAC.  

 
4 DISCUSSION 
 
Sequencing technologies have enabled characterisation of the human microbiota in 
health and disease in multiple organs. However, applying 16S rRNA PCR-based 
sequencing to low biomass samples, such as the skin and the stomach, can introduce 
sampling and technical errors in comparison to higher biomass samples (9) and do not 
offer spatial resolution. Here, we have circumvented these issues by applying 
advanced imaging technologies to directly visualise the gastric microbiota in CG and 
GIM. By combining detection of targeted sequences within the bacterial 16S rRNA 
gene with immunostaining against host cell markers E-cadherin, MUC5AC and MUC2 
we show that H. pylori exclusively occupies the gastric glandular niche, which is in 
agreement with previous studies (13, 14). We have also shown the presence of 
significantly more non-H. pylori bacteria in H. pylori-infected CG and GIM patients, 
whereas there are barely detectable levels in H. pylori-negative CG patients and only 
slightly more present in H. pylori-negative GIM patients. This is in contrast to 
sequencing studies, which suggest a distinct microbiome exists in H. pylori-negative 
disease states (5-8). These discrepancies may be due many factors contributing to an 
over-representation of the gastric microbiota using sequencing techniques, such as 
amplification-based methods capturing bacterial DNA remnants, contamination issues 
(9) and detection of transient rather than persistent bacteria (18). Indeed, this study 
highlights the crucial need for researchers to use a combination of sequencing, spatial 
profiling and culture techniques to fully resolve the ecology of the gastric microbiota 
during health and disease. The most important observation made in this study was that 
non-H. pylori bacteria invaded the lamina propria in 67% of H. pylori-positive CG and 
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80% of H. pylori-positive GIM. The high prevalence of invasive bacteria in H. pylori-
positive patients amongst this cohort of patients was surprising. However, this could 
be explained by these patients being symptomatic and therefore attending for further 
clinical investigations. Our preliminary studies using intestinal-type GAC tissue from 
gastrectomy samples highlighted that comparisons between CG and GIM gastric 
punch biopsy samples and gastrectomy samples are incredibly difficult to make with 
spatial biology approaches. The size, stage and molecular subtypes of GAC samples 
demands that three-dimensional reconstructions of consecutive tissue sections are 
required to fully resolve intratumoral microbial communities. As such, these samples 
were excluded from this study until this comprehensive analysis of GAC samples can 
be made.   
 
The gastrointestinal tract provides an important barrier to pathogen invasion. 
Translocation of bacteria and their metabolites across the intestinal epithelial barrier is 
associated with gastrointestinal infections and a range of diseases, such as 
inflammatory bowel diseases and metabolic diseases (16, 17). Activation of immune 
cells in the lamina propria drives pathology in these disorders via the production of pro-
inflammatory cytokines and reactive oxygen species. Thus, it is conceivable that 
invasive bacteria within the gastric lamina propria synergistically activate the immune 
response in H. pylori-associated CG and GIM. Further work is underway to triangulate 
the immune response to invasive bacteria within the gastric mucosa. Given that these 
archived gastric tissue samples were retrieved via the local tissue bank (HBRC), we 
did not have access to the associated H. pylori clinical isolates from these patients. 
Recently, Sharafutdinov and colleagues reported that H. pylori strains encoding the 
trimeric form of the HtrA serine protease, which proteolytically cleaves the cell junction 
proteins occludin, claudin-8 and E-cadherin, are associated with a higher GAC risk 
than strains encoding the monomeric form (4). It is therefore conceivable that 
individuals infected with strains of H. pylori that secrete the trimeric HtrA cause the 
gastric epithelial cell barrier to become ‘leakier’, thereby facilitating invasion of bacteria 
to the lamina propria. However, it is also possible that H. pylori-associated inflammation 
can cause disruption to the epithelial barrier by direct and indirect interactions between 
gastric epithelial cells and mucosal immune cells (19). Thus, we propose that H. pylori 
facilitates opportunistic invasion of the lamina propria by transiting microbes. Further 
work is required to compare bacterial invasion in patients that are infected with strains 
of H. pylori encoding the trimeric or monomeric HtrA. Unfortunately, we did not have 
access to healthy patients for endoscopy and so the microbial landscape in the healthy, 
H. pylori-negative gastric mucosa is yet to be determined using imaging-based 
approaches. Additionally, the prevalence and precise identity of invasive bacteria 
during the carcinogenic cascade must be determined in a larger cohort of patients.  
 
Interestingly, we have also shown that the levels of non-H. pylori bacteria increased 
from CG to GIM (Figure 2B) and that microniches of MUC2 with non-H. pylori bacteria 
are apparent in GIM tissue samples (Figure S2). The region of non-H. pylori bacteria 
shown in Figure S1A represents the largest single region of non-H. pylori bacteria 
detected amongst all patient samples. Although the levels of Eubacteria was relatively 
low in this patient (0.14%), it is conceivable that this microniche of bacterial colonisation 
could be due to their use of the proton pump inhibitor, Rabeprazole (Table S1). 
However, our relatively low number of patients with known PPI use (Table S1) limits 
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our ability to correlate the use of PPI with changes in the gastric microbiota. 
Nonetheless, our data provides the first observation of non-H. pylori bacteria with 
MUC2 within the gastric mucosa. Further work is required to understand whether these 
unique pre-cancer microenvironments contribute to the estimated 0-10% of GIM 
patients who progress to developing GAC (21). Limitations of this study were that 94% 
of patients were male, cases of autoimmune gastritis within the H. pylori-negative CG 
samples is unknown and PPI use is only known for a small number of patients (5) 
within this cohort (Table S1). Future studies should address these important 
considerations, particularly the use of proton pump inhibitors, when assessing the role 
of H. pylori and the microbiota in gastric cancer.  
 
Clinically, GIM has been termed the ‘point of no return’, given that antibiotic eradication 
of H. pylori in GIM provides only minimal benefit to patient’s risk of developing GAC, in 
comparison to treatment of H. pylori-associated CG (21). Additionally, patients with 
GIM are monitored for progression to GAC with 3-yearly endoscopic surveillance due 
to a lack of convincing evidence on the use of biomarkers (21). Here, we show that a 
rapid and cost-effective modified Gram stain could identify non-H. pylori bacteria in 
GIM, whilst it was less superior at visualising H. pylori than H&E staining (data not 
shown). Therefore, further work could focus on optimising the modified Gram stain to 
better visualise Gram-negative bacteria, or, modified Gram staining in conjunction with 
H&E staining of consecutive tissue sections could be utilised for the diagnosis of 
invasive bacteria and H. pylori, respectively. Although future studies must determine 
whether invasive bacteria drive progression to GAC, it is possible that this represents 
a novel biomarker for GAC and that antibiotic treatment of GIM patients to eradicate 
both H. pylori and invasive bacteria could be implemented as a preventative treatment 
for GAC.  
 
In conclusion, we have observed that invasive bacteria are associated with H. pylori 
infection in the early and middle stages of Correa’s carcinogenic cascade and therefore 
represent an attractive target for microbiome-based interventions in the prevention, 
diagnosis and management of GAC.
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Figure 1. Spatial localisation of H. pylori and non-H. pylori bacteria in GIM 
revealed by RNAscope in situ hybridisation (ISH) and immunohistochemistry 
(IHC). Whole slide scans of stained patient tissue sections were obtained using a 
Vectra whole slide scanner. Images were spectrally unmixed, viewed and quantified 
using QuPath. A & C) A representative whole slide scan of a GIM H. pylori-positive (A) 
or H. pylori-negative (C) section showing RNAscope ISH probes ‘H. pylori’ and 
‘Eubacteria’ to detect H. pylori (green) and non-H. pylori bacteria (white), respectively. 
IHC staining against E-cadherin (red), MUC5AC (yellow) and MUC2 (turquoise) are 
also shown. B & D) A higher magnification of regions highlighted with a white box from 
panels A and C, respectively. The coloured arrows show the indicated markers and a 
region of MUC2 is highlighted within the cyan circle in Panel A. 
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Figure 2. Quantification of target markers in tissue from whole slide scans, using 
QuPath. The percentage coverage of tissue for each patient group is shown for H. 
pylori (A), Eubacteria (B) MUC5AC (C) and MUC2 (D). Horizontal bars indicate the 
median for each indicated patient group. A Mann Whitney test was used to determine 
significance where * = p<0.05, ** = p<0.01 and *** = p<0.001. 
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Figure 3. Non-H. pylori bacteria invade the gastric lamina propria in CG and GIM. 
Whole slide scans were obtained using a Vectra whole slide scanner. Images were 
spectrally unmixed and viewed using QuPath. A-F) Representative images showing 
Eubacterial (white) invasion in patients with CG (A-B), GIM (C-D), H. pylori negative 
CG (E) and GIM (F). Only E-cadherin (red), H. pylori (green), Eubacteria (white) and 
DAPI (blue) are shown for visualisation purposes. Arrows indicate the target markers. 
Eubacterial invasion is highlighted in white ovals for CG and GIM. A rare occurrence 
of H. pylori invasion to the lamina propria is indicated by the green arrow in (C). 
Qualitative invasion ISH scoring of Eubacterial invasion was determined for each 
patient as follows; 0 = no invasion, 1 = sparse, 2 = moderate and 3 = high invasion. 
Invasion scores for representative images are indicated above each column and 
qualitative scores for each patient group are shown in (G). Horizontal bars indicate the 
mean for each indicated patient group. A Mann-Whitney test was used to determine 
significance where * = p<0.05 and ** = p<0.01.  
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Figure 4. A modified Gram stain detects non-H. pylori bacteria in GIM. Archived FFPE 
biopsy tissue from H. pylori-positive GIM patients (n=4) were obtained from the Human 
Biomaterials Resource Centre (HBRC). After applying a modified Gram stain, slides were 
viewed at 100x magnification with oil immersion using a light microscope. Images A-D show 
a single representative image for each GIM H. pylori-positive patient. Images E-H show a 
region on the same patient where bacteria are not present. Black arrows in Panels A-D 
indicate purple stained bacteria.  
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Figure S1. Spatial localisation of H. pylori and non-H. pylori bacteria in CG 
revealed by RNAscope in situ hybridisation (ISH) and immunohistochemistry 
(IHC). Whole slide scans of stained patient tissue sections were obtained using a 
Vectra whole slide scanner. Images were spectrally unmixed, viewed and quantified 
using QuPath. A & C) A representative whole slide scan of a CG H. pylori-negative (A) 
or H. pylori-positive (C) section showing RNAscope ISH probes ‘H. pylori’ and 
‘Eubacteria’ to detect H. pylori (green) and non-H. pylori bacteria (white), respectively. 
IHC staining against E-cadherin (red) and MUC5AC (yellow) are also shown. B & D) A 
higher magnification of regions highlighted with a white box from panels A and C, 
respectively. The coloured arrows show the indicated markers.  
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Figure S2. Co-localisation of non-H. pylori bacteria and Muc2 in GIM. (A-C) Whole 
slide scans of stained patient tissue sections were obtained using a Vectra whole slide 
scanner. Images were spectrally unmixed, viewed and quantified using QuPath. H. 
pylori-negative (A) or H. pylori-positive (B-C) GIM patient samples are shown. 
RNAscope in situ hybridisation probes ‘H. pylori’ and ‘Eubacteria’  were used to detect 
H. pylori (green) and non-H. pylori bacteria (white), respectively. 
Immunohistochemistry staining against E-cadherin (red), MUC5AC (yellow) and MUC2 
(turquoise) are also shown. The coloured arrows show the indicated markers.  
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Figure S3. Representative images of scoring system for invasion of non-H. pylori 
bacteria to the gastric lamina propria. Whole slide scans were obtained using a 
Vectra whole slide scanner. Images were spectrally unmixed and viewed using 
QuPath. A-D) Representative images showing Eubacterial (white) invasion in patients 
with H. pylori-positive CG (A-B) or GIM (C-D). Eubacterial invasion was determined for 
each patient as follows; 1 = sparse and 2 = moderate invasion. Invasion scores for 
each image is indicated at the top of each column. Only E-cadherin (red), H. pylori 
(green), Eubacteria (white) and DAPI (blue) are shown for visualisation purposes.  
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