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Abstract 
 
Helicobacter pylori infection affects more than half of the world’s population and although 

colonizing the stomach, chronic infection is also associated with extragastric diseases. 

H. pylori-positive individuals harbor a nearly 2-fold increased risk for colorectal cancer (CRC) 

development. However, the underlying mechanisms that confer the observed increased risk 

are unclear.  

C57BL/6 mice and mouse models of CRC (Apc+/1638N and Apc+/min) were infected with the 

pathogenic H. pylori strain PMSS1 and a comprehensive analysis of H. pylori-induced changes 

in intestinal and colonic immune response, pro-carcinogenic and pro-inflammatory signaling 

and gut homeostasis via flow cytometry, chip cytometry, immunohistochemistry and single cell 

RNA sequencing was conducted. Furthermore, the intestinal and colonic microbiota was 

assessed by 16S rRNA sequencing. To evaluate the phenotype mechanistically, H. pylori 

infected mice were eradicated, germ-free mice were infected and stool transfer experiments 

were conducted. The observed findings were validated in a human cohort of H. pylori-infected 

individuals. 

H. pylori infection was found to promote tumor development in Apc mouse models, and to 

induce a specific proinflammatory T-cell response, accompanied by a reduction of regulatory 

T-cells, in the intestine and colon. Transcriptomic profiling of immune cells revealed that 

H. pylori induces impaired regulatory T-cell functions and rewires the tumor microenvironment 

towards CD8+ T-cell exhaustion. Increased activation of STAT3 signaling and a loss of mucus-

producing goblet cells was observed in infected animals. This H. pylori-induced phenotype was 

normalized to the levels of non-infected controls upon eradication therapy. 16S rRNA 

sequencing revealed that H. pylori infection shapes microbiota towards mucus degradation, 

and germ-free mice as well as stool transfer provided evidence of a significant role of the 

microbiota in the observed phenotype. In colon tissues of H. pylori infected individuals, similar 

changes in colonic immune response, STAT3 signaling and goblet cells differentiation, which 

were attenuated in eradicated patients, were observed. 

These results define distant effects of H. pylori on the intestinal and colonic immune response 

and on the microbiota to be the dominant mechanisms involved in H. pylori-driven colorectal 

carcinogenesis. This study indicates to include H. pylori status into an adapted risk score for 

CRC and suggests including H. pylori positive patients in CRC screening programs. 

 



 
 

 

 
  



 
 

 

Zusammenfassung 
 
Mehr als die Hälfte der Weltbevölkerung ist mit Helicobacter pylori infiziert. Obwohl das 

Bakterium ausschließlich den Magen kolonisiert, ist eine chronische Infektion mit Krankheiten 

außerhalb des Magens assoziiert. Epidemiologische Daten haben gezeigt, dass H. pylori 

positive Menschen ein fast 2-fach erhöhtes Risiko haben, ein kolorektales Karzinom zu 

entwickeln. Die Mechanismen, die zu diesem erhöhten Risiko führen, sind jedoch noch nicht 

geklärt. 

C57BL/6 Mäuse und die Tumormausmodelle Apc+/1638N and Apc+/min wurden mit dem 

pathogenen H. pylori Stamm PMSS1 infiziert und die Immunantwort, dabei induzierte pro-

inflammatorische und pro-karzinogene Signalwege und der Einfluss auf das epitheliale 

Gleichgewicht im Dünn- und Dickdarm der Mäuse mittels Druchflusszytometrie, Chip 

Zytometrie, Immunhistochemie und RNA Sequenzierung auf Einzelzelllevel charakterisiert.  

Außerdem wurden die Mikrobiota des Dünn- und Dickdarms mittels 16S rRNA Sequenzierung 

untersucht. Um den dadurch identifizierten Phänotypen mechanistisch zu evaluieren, wurden 

H. pylori infizierte Mäuse eradiziert, keimfreie Mäuse infiziert und Stuhltransfer Experimente 

durchgeführt. Die Ergebnisse wurden schließlich in einer humanen Kohorte verifiziert. 

Es konnte gezeigt werden, dass H. pylori die Tumorentwicklung in Apc Mausmodellen 

beschleunigt und einen spezifische, proinflammatorische T-Zell Antwort, begleitet von einer 

Reduktion von regulatorischen T-Zellen, im Dünn- und Dickdarm auslöst. Analysen auf 

Genexpressionslevel von Immunzellen ergaben außerdem, dass H. pylori regulatorische 

T-Zellen umprogrammiert und die Tumorumgebung beeinflusst, indem es Erschöpfung von 

CD8+ T-Zellen induziert. Eine erhöhte Aktivierung des STAT3 Signalwegs und der Verlust von 

Mucus-produzierenden Goblet Zellen wurde außerdem in infizierten Mäusen beobachtet. 

Dieser Phänotyp normalisierte sich auf das Level von nicht infizierten Mäusen nach einer 

Eradikationstherapie. 16S rRNA Sequenzierung zeigte, dass H. pylori die Mikrobiota in 

Richtung Mucus-Degradierung formt und sowohl Experimente in keimfreien Mäusen als auch 

Stuhltransfer unterstrichen die signifikante Rolle des Mikrobioms in dem beschriebenen 

Phänotyp. Ähnliche Veränderungen in der Immunantwort, die Aktivierung von STAT3 und der 

Verlust von Goblet Zellen konnten in H. pylori positiven Individuen gezeigt werden und diese 

Effekte waren in eradizierten Patienten abgeschwächt. 

Diese Ergebnisse definieren Effekte von H. pylori auf die Immunantwort und das Mikrobiom 

des Darms als dominante Mechanismen der H. pylori-induzierten kolorektalen Karzinogenese. 

Die Studie liefert den Nachweis, dass H. pylori Status in einen angepassten Risikoscore für 

kolorektale Karzinome aufgenommen werden sollte und suggeriert H. pylori positive Patienten 

für kolorektale Karzinome zu screenen. 
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1. Introduction 

1.1. Helicobacter pylori 
Helicobacter pylori is a gram-negative, spiral shaped, microaerophilic bacterium that 

colonizes the gastric mucosa of more than half of the world’s population. Infection 

prevalence ranges widely among different continents, with the highest prevalence in Africa 

(79.1%) and the lowest prevalence in Western Europe (34.3%) and Oceania (24.4%) 

(Figure 1.1) (1). The discovery of the bacterium’s causative role in peptic ulcer disease in 

1983 by Robin Warren and Barry Marshall was awarded with the Nobel Prize in 2005 and 

changed the perception from a life threatening into a curable disease (2). This milestone 

set the groundwork for an enormous amount of studies conducted on the molecular 

pathogenesis and clinical impact of H. pylori infection, concerning not only its effects on 

gastric disease but also on extragastric conditions. 

 
Figure 1.1: Percentages of H. pylori infected individuals worldwide. Distribution of H. pylori 

positive people in countries across the world, shown in % of the population (1). 

 

1.1.1. Pathogenesis of H. pylori infection 
Infection with H. pylori is typically acquired at early childhood and persists life-long. The 

transmission routes remain controversial, in most cases, however, transmission is 

intrafamilial, mostly from mother to child and between siblings (3). However, especially in 

developing countries, environmental contamination may also constitute a route of 

infection, which certainly contributes to the previously stated wide range of bacterial 

prevalence across continents (4). Furthermore, the overall trend towards lower prevalence 

Prevalence of H. pylori infection

unknown
< 40%
40-49%
50-69%
>70%
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of H. pylori infection can be possibly related to rising socioeconomic status and 

urbanization (5). 

H. pylori has evolved several mechanisms to survive within the hostile environment of the 

stomach. Upon entry, H. pylori encounters a highly acidic gastric lumen (pH 2), which is 

buffered by its urease activity, converting urea to ammonia and carbon dioxide (6). 

Subsequently, the bacterium has to overcome clearance by the host and therefore 

penetrate the gastric mucus to reach the epithelial cells. This is achieved by its 

morphological features, characterized by spiral shape, high motility and unipolar flagella. 

In addition, sensors for pH and bicarbonate ions enable the bacterium to navigate from 

the highly acidic gastric lumen to the almost pH neutral epithelial cell surface (7, 8). This 

pH sensing is likely also responsible for the almost exclusive colonization of the antrum 

and cardia, whereas the corpus is only colonized when acid secretion is decreased due to 

long-term medicinal acid suppression or when atrophy has developed (9-11). It has been 

shown that more than 80% of the bacterium reside within the mucus and the remaining 

fraction adheres to the surface of the gastric epithelium and resides within the glands (8). 

The close proximity to the gastric epithelial cells enables the bacterium to both extract 

nutrients and to deliver bacterial factors, which are crucial for persistent infection but that 

also imply the activation of the immune system. 

Successful attachment to the stomach epithelium is the next decisive factor in the cascade 

of H. pylori-induced pathogenesis. Several bacterial cell surface proteins belonging to the 

outer membrane protein (OMP) family Hop, such as blood group antigen binding adhesin 

(BabA) and sialic acid-binding adhesin (SabA), AlpA and AlpB and HopQ mediate this 

process. Those Hop proteins use distinct epithelial host receptors and functionally 

contribute to the outcome of infection. BabA and SabA both use human blood group 

antigens, di-fucosilated Lewisb and sialyl-dimeric-Lewisx respectively, as receptors on 

human gastric epithelial cells (12-14). BabA positive H. pylori strains have shown to 

contribute to the virulence of H. pylori, especially when co-occurring with the virulence 

factors cytotoxin-associated gene A (CagA) and vacuolating cytotoxin gene A (VacA) as 

positive strains for these factors aggravate inflammatory responses in the stomach (15) 

and are associated with peptic ulcer disease and gastric adenocarcinoma development 

(16). BabA and SabA show a certain interdependency, as initial BabA-Lewisb binding 

upregulates Lewisx, therefore supporting SabA-mediated binding (17). Furthermore, it has 

been shown that in patients with rather low Lewisb expression, SabA/ Lewisx mediated 

binding enables similar densities of H. pylori colonization (18). Interestingly, the expression 

of BabA declines over the course of infection, whereas SabA binding is gaining importance 

with chronicity of the infection, as sialylated antigens are highly expressed in the inflamed, 
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but not in the healthy stomach (14). Adherence associated lipoproteins AlpA and AlpB use 

host laminin as receptor for binding and are also involved in host cell signaling and 

induction of cytokines, as interleukin (IL)-6 and IL-8 (19, 20). Infections of mice with 

AlpA/AlpB deficient strains led to sparse colonization and underline the importance of 

these OMPs in successful H. pylori infection (20). Furthermore, a study reported reduced 

adherence of H. pylori to human gastric tissue upon AlpA/AlpB (21). Recently, members 

of the carcinoembryonic antigen-related cell adhesion molecules (CEACAM) family have 

been identified as receptors for the OMP HopQ, in particular CEACAM1, CEACAM5 and 

CEACAM6. Binding occurs at the N-terminal sites via a protein-protein interaction and has 

shown to be a prerequisite for the translocation of the virulence factor CagA into gastric 

epithelial cells. Furthermore, deletion of HopQ resulted in lower bacterial adhesion and 

less cytokine response, suggesting a pivotal role of HopQ in H. pylori induced 

pathogenesis (22, 23). 

1.1.2. Virulence factors of H. pylori 
After successful attachment to the gastric epithelium, H. pylori induces a chronic 

inflammatory response, which is mediated by different virulence factors, including cag 

pathogenicity island (cagPAI) and CagA, peptidoglycan, VacA and γ-

glutamyltranspeptidase (gGT). Those virulence factors are essential for H. pylori’s unique 

way to activate host signaling pathways and to manipulate distinct immune cell 

populations, with the effect to simultaneously maintain a chronic inflammatory state while 

avoiding clearance by the immune system. 

CagPAI-encoded proteins build up a type IV secretion system (T4SS), which enables the 

translocation of bacterial factors, namely CagA, into the host cell by interacting with 

integrin α5β1 (24). Once translocated, CagA is phosphorylated at distinct EPIYA motifs, 

first by c-Src kinase and at later stages of infection by c-Abl kinase (25) and drives the 

inflammatory response by activation of nuclear factor 'kappa-light-chain-enhancer' of 

activated B-cells (NF-kB) and induction of IL-8 (26). The site of phosphorylation at EPIYA 

motifs is specific for distinct H. pylori isolates and gives insight into their geographical 

distribution and correlation with clinical disease (27). Thus, EPIYA-A, EPIYA-B and EPIYA-

C motifs are typical for Western strains, whereas Asian strains display EPIYA-A, EPIYA-

B and EPIYA-D motifs (28, 29). The presence of a cagPAI in general is a marker of 

virulence, as it correlates with a symptomatic course of infection and therefore implies a 

greater risk for gastritis and eventually gastric cancer (30). Another virulence factor 

delivered via the T4SS into gastric epithelial cells is peptidoglycan (31), which activates 

nucleotide-binding oligomerization domain 1 (NOD1) and is involved in stimulating a pro-

inflammatory environment, induced by MIP-2, ß-defensin and IL-8 mediated activation of 
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NF-kB, p38 and Erk signaling (32, 33). Moreover, studies indicate that structural changes 

in peptidoglycan leading to host immune evasion contribute to bacterial persistence (34). 

The pore-forming toxin VacA enters the host cells by forming anion-selective channels and 

has been described to induce apoptosis and vacuolation in epithelial cells as well as 

autophagy (35, 36). Furthermore, it is involved in immune evasion of H. pylori, by infiltrating 

the lamina propria of the stomach through disruption of epithelial tight junctions and 

inhibition of T-cell proliferation and function (37). The vacA gene is present in all H. pylori 

strains and has two allelic variants in each region: s1/s2 in the signal, i1/i2 in the 

intermediate and m1/m2 in the mid-region. This genetic polymorphism is of clinical 

importance, as e.g. the s1 and i1 alleles are associated with increased risk for symptomatic 

disease and gastric adenocarcinoma (38, 39). 

gGT is a highly conserved virulence factor expressed by all H. pylori strains. Its 

biochemical function consists of converting glutamine into glutamate and ammonia as well 

as glutathione into glutamate and cysteine-glycine (40). It has been shown that gGT is 

important for initial colonization in mouse models of infection and that it is involved in CD8+ 

T-cell infiltration in a glutamine-dependent manner (41). In general, gGT seems to be a 

dominant player in H. pylori induced immune responses, as it not only contributes to gastric 

inflammation via H2O2 -triggered activation of NF-kB and upregulation of IL-8, but is also 

involved in immune tolerization and bacterial persistence (42, 43). 

1.1.3. H. pylori-induced immune response 
Even though H. pylori infection triggers a complex plethora of immune cascades leading 

to severe gastric inflammation, the bacterium has evolved mechanisms to persist lifelong 

in infected individuals. The previously described virulence factors CagA, VacA and gGT, 

but also adhesins like HopQ play a role in this immune evasion, which will be described in 

the following section. 

When entering the host, bacteria are recognized at their pathogen associated molecular 

patterns (PAMPs) by specific receptors, such as toll-like receptors (TLRs), on immune and 

epithelial cells, which then lead to clearance of the infection. H. pylori has evolved several 

mechanisms to overcome this initial clearance (Figure 1.2).: Lipopolysaccharide (LPS) of 

gram-negative bacteria is usually recognized by TLR2 and TLR4. H. pylori avoids 

recognition of its LPS by two main mechanisms. First, its outer membrane lipid A is 

structurally modified via distinct phosphorylation patterns which decrease recognition by 

TLRs and reduce the sensitivity towards antimicrobial peptides. H. pylori lacking this 

dephosphorylation enzyme fail to establish successful infection in mice, showing the 
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importance of these modifications (44). Another mechanism contributing to evasion of 

TLR-mediated signaling is the variation of expression of H. pylori’s LPS O-antigen. By 

structural modifications, this antigen mimics human Lewis and related blood group 

antigens and is therefore not recognized as a foreign but rather a host antigen (45). 

Besides LPS, H. pylori has also evolved to structurally modify the conserved domain D1 

of its flagellin to overcome recognition by TLR5 and subsequent activation of NF-kB (46, 

47). 

Next to immune evasion, H. pylori is able to selectively activate TLR-signaling to induce a 

rather anti-inflammatory environment, such as in TLR2- mediated activation of Myd88, 

leading to IL-10 release or via the activation of TLR9. The knockout of these two TLRs 

lead to a more severe gastric inflammation, evident in upregulation of pro-inflammatory 

cytokines interferon-g (IFNg) and tumor necrosis factor-a (TNFa) and simultaneous 

downregulation of regulatory T-cell transcription factor forkhead box P3 (FoxP3) in mouse 

models of H. pylori infection (48-50). 

 
Figure 1.2: TLR-mediated signaling as paradigm of simultaneous manipulation and evasion 
of immune mechanisms by H. pylori. H. pylori distinctly activates TLR-signaling leading to a 
tolerogenic immune environment, characterized by induction of IL-10 release and inhibition of pro-

inflammatory cytokines IFNg and TNFa. Structural modifications in the O-antigen and lipid A of 

H. pylori LPS as well as modifications in flagellin lead to circumvention of TLR recognition and 

therefore contribute to immune evasion. Created with BioRender.com. 
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The function of dendritic cells (DCs) is to sense foreign antigens and orchestrate adaptive 

immune responses, which is why they are known as the bridge between innate and 

adaptive immunity. They play an important role in H. pylori-induced immune response, as 

they have been shown to reach the gastric mucus by traversing the epithelium, where they 

can take up virulence factors of H. pylori (51). However, the bacterium has developed 

mechanisms to manipulate DCs, in which virulence factors CagA, VacA and gGT are 

involved. CagA e.g. blocks the differentiation of CD4+ T-cells into Th1 cells via the 

inhibition of interferon regulatory factor 3 (IRF-3), while it is also involved in inducing a 

tolerogenic environment via IL-10 dependent activation of signal transducer and activator 

of transcription 3 (STAT3), leading to expansion of regulatory T-cells (Tregs) (52, 53). 

VacA and gGT have been shown to be essential in reprogramming DCs towards a 

tolerogenic phenotype inducing Tregs (42). Mechanistically, it has been shown that the 

enzymatic activity of gGT leading to activation of glutamate receptors on human DCs 

results in the suppression of IL-6, which promotes Treg induction (54). Altogether, DCs 

play an eminent role in H. pylori pathogenesis, as they promote the induction of Tregs 

while simultaneously inhibiting T-cell differentiation. In addition, they are indispensable for 

persistent colonization of the stomach. Besides DCs, antigen presentation is also 

conducted by macrophages (55). However, H. pylori has been shown to modulate 

microRNAs, leading to alterations in expression of the immune receptor CD300E and 

thereby interferes with antigen-presentation abilities of macrophages (56). Next to 

classical antigen-presenting cells (APCs), antigen presentation occurs in gastric epithelial 

cells. They have been shown to upregulate major-histocompatibility complex molecule 

class II (MHCII) and costimulatory molecules CD80 and CD86 and via the release of IFNg, 

contribute to the induction of a Th1 response (57, 58).  

The uptake of bacterial antigens by APCs promotes the activation of specific immune 

responses. The initial priming of specific immune cells in response to H. pylori infection 

occurs at the Peyer’s Patches and the mesenteric lymph nodes of the small intestine (59, 

60), from where they then migrate to the stomach mucosa. Lymphocytes display the most 

important leucocyte subtype, being decisive in the outcome of infection. The cellular 

infiltrate of the gastric mucosa of infected patients consists of both CD4+ and CD8+ T-cells 

(61) and both subsets show antigen-specific responses towards H. pylori (62). The 

importance of T-cells to induce chronic inflammation and to keep the bacterial load in 

check was demonstrated in mouse models deficient in the T-cell receptor ß-chain (TCR-

ß), thus almost completely lacking CD4+ and CD8+ T-cells. Infection with H. pylori in this 

model resulted in much less inflammation and higher colonization rates (63). The main 

inflammatory response against H. pylori is mediated by CD4+ T-cells, in particular by Th1 

and Th17 subsets. Th1- mediated effects are typically directed against intracellular 
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pathogens, however high production of Th1 cytokines IFNg and TNFa was observed in 

response to the extracellular pathogen H. pylori in human gastric biopsies (64, 65). While 

infection of mice deficient in TNFa resulted in no changes in disease severity, the bacterial 

load was higher in those mice (66). In contrast to that, IFNg knockout mice infected with 

H. pylori presented no gastric pathologies and similar or higher colonization compared to 

wild type mice (67-69). IL-17-producing Th17 cells have been extensively linked to 

H. pylori-induced immunopathology. It has been shown that this cytokine is highly 

upregulated in both human and murine stomach upon H. pylori infection (70, 71). Several 

studies report a pivotal role of Th17 cells in controlling bacterial load and inducing gastritis 

using mouse models devoid of IL-17 or antibodies neutralizing the cytokine (59, 70, 72). A 

study in humans showed, that IL-17 leads to induction of IL-8 and thereby promotes 

neutrophil infiltration and enhances inflammation (71). 

These strong CD4+ T-cell responses are kept in balance by Tregs, which allows the 

bacterium to persist life-long. A similar scenario occurs in the intestine, where gut 

microbiota and dietary antigens continuously stimulate the immune system, while Tregs 

control antigen-specific immune responses and thereby ensure a symbiotic balance 

between host and microbiota. Therefore, H. pylori is often referred to as commensal of the 

stomach microbiome. A study comparing responses of infected children with adults 

revealed, that the gastric immune infiltrate in children primarily consists of Tregs and high 

levels of regulatory cytokines IL-10 and transforming-growth-factor ß (TGF-β), resulting in 

reduced gastric pathology. In contrast, infected adults display rather proinflammatory 

responses and gastritis (73). However, H. pylori-induced gastritis is also associated with 

both recruitment of naturally occurring Tregs, defined as CD4+, CD25high, FOXP3+, and 

with high bacterial colonization (74). The absolute requirement of Tregs for bacterial 

persistence has been shown in a study with IL-10-/- mice, which underwent a so-called 

natural course of infection: H. pylori infected mice displayed a transient, Th1-mediated 

gastritis with subsequent complete clearance of infection (75). Adoptive transfer of CD4+, 

CD25high Tregs into Rag-/- mice, devoid of mature B- and T-cells, lead to less gastric 

pathology and higher bacterial colonization upon H. pylori infection. In contrast, wild type 

mice typically display a regulatory response, which contributes to the balanced 

inflammatory phenotype induced by H. pylori infection (68).  

To summarize, it is widely accepted that the main triggered response upon H. pylori 

infection is predominantly CD4+ T-cell mediated, consisting of a mixed Th1 and Th17 

response. This is counterbalanced by a regulatory T-cell response, which blocks clearance 

and results in bacterial persistence. Furthermore, experimental evidence derived from 
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mouse models deficient in T-cell subsets or their surrogate cytokines indicate that 

precancerous lesions in the stomach are T-cell driven. 

1.1.4. H. pylori-induced changes in microbiota 
The crosstalk between host, microbiota and immune cells has been described extensively 

and plays a decisive role in the outcome of various diseases. It has been shown that upon 

H. pylori infection of C57BL/6 mice, the gastric as well as the distant microbiota of the 

intestine and caecum are affected (76) and that the expression of cytokines Il1β, Il17a and 

Reg3g in the stomach vary depending on changes induced in gastric microbial 

communities (77). Furthermore, antibiotic treatment of mice before infection resulted in a 

lower inflammatory response, specifically in less CD4+ T-cell recruitment and lower 

expression of Ifng in the stomach compared to non-treated controls (78). The relevance of 

the microbiota in the development of H. pylori-induced gastric pathologies was highlighted 

in a study comparing H. pylori infected germ-free and specific pathogen free (SPF) insulin-

gastrin (INS-GAS) mice, prone to develop spontaneous gastritis and gastrointestinal 

intraepithelial neoplasia (GIN). Germ-free mice showed a significantly delayed 

development of gastritis and GIN compared to SPF mice (79). In humans, the impact of 

H. pylori infection on the gastric microbiome is controversial. No significant differences 

between negative and positive individuals were reported in some studies (80), while others 

found distinct changes in relative abundances of Proteobacteria and Acidobacteria (81, 

82). Interestingly, a study in Colombia revealed distinct gastric microbiota compositions 

between two villages sharing the same H. pylori prevalence but a 25-fold difference in the 

risk for gastric cancer development (83), indicating a decisive role of the microbiota in H. 

pylori-induced gastric cancer also in humans. In children, H. pylori-induced changes in 

microbiota have been linked to a tolerogenic environment in the stomach, consisting of 

higher levels of FOXP3, TGF-β and IL-10 compared to adults and non-infected children 

(84, 85). In summary, there is much data that the microbiota and the impact of H. pylori on 

their composition are decisive players in bacterial pathogenesis and development of 

disease. 

1.1.5. H. pylori-induced gastric and extragastric diseases  
Residing within the gastric mucosa, H. pylori infection is known to result in superficial 

gastritis, which remains asymptomatic in most individuals (2, 86). Chronic infection, 

however, increases the risk for gastric and duodenal ulcers and is ultimately the main risk 

factor for development of gastric cancer and mucosa-associated lymphoid tissue (MALT) 

lymphoma (86, 87). This risk depends on a variety of factors. One determinant is the 

colonizing strain, as described in the previous section. Polymorphisms in the cagPAI – 

including distinct phosphorylation of EPIYA motifs, and VacA as well as expression of 
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BabA and OipA are associated with a higher risk of disease (30, 88-90). Other risk factors 

include host and environmental factors, such as male gender, specific IL-1β haplotypes, 

diet and presence of parasitic infections (91-93). A Japanese study including patients with 

ulcers, hyperplasia or non-ulcer dyspepsia showed that approximately 3% of infected 

individuals developed gastric cancer, compared to none of the H. pylori negative patients 

(94). Epidemiologically, the risk of gastric cancer attributed by H. pylori infection lays 

around 75% (87). This risk is significantly decreased upon eradication therapy in patients 

with and without premalignant lesions, pointing towards a role of H. pylori in the early 

carcinogenic process (95). Furthermore, a recently published long-term cohort study in 

Taiwan, a region with a high infection prevalence, reported a reduction of gastric cancer 

incidence by 53% upon mass eradication with no increase in likelihood of adverse effects 

(96). 

Besides its prominent role in the involvement of gastric disease, H. pylori infection has 

been linked to and associated with a variety of extragastric diseases. Epidemiological and 

experimental evidence supports both positive and negative associations between the 

bacterium and various disease entities (Table 1.1) (97). 

Table 1.1: H. pylori’s role in extragastric diseases 
Disease Association Underlying mechanism References 
Coronary artery 
disease 

Increased 
risk 

- Systemic inflammatory processes 
- Molecular mimicry of bacterial heat 

shock protein 60 

(98-100) 

Stroke Reduced 
mortality  

Unknown (101) 

Increased 
risk 

Activation of platelets and 
coagulation 

(102, 103) 

Alzheimer’s 
disease 

Increased 
risk 

Access to the brain via infected 
monocytes and increased TNFa 
production 

(104, 105) 

Multiple sclerosis Protective 
role 

Inhibition of Th1 and Th17 
responses 

(106) 

Increased 
risk 

Molecular mimicry of bacterial and 
human anti-aquaporins 

(101) 

Parkinson’s 
disease 

Increased 
risk 

Bioavailability of L-
3,4 dihydroxyphenylalanine 

(107-109) 

Guillain-Barrè 
syndrome 

Positive 
association 

Molecular mimicry of bacterial LPS 
and peripheral nerve gangliosides 

(110-112) 

Rosacea Positive 
association 

Unknown (113, 114) 

Psoriasis Controversial Unknown (115) 
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Iron deficiency 
anemia 

Positive 
association 

Upregulation of hepcidin levels, 
reduction of bioavailability of dietary 
iron 

(116-118) 

Vitamin B12 
deficiency 

Positive 
association 

Impaired absorption due to gastritis (119) 

Idiopathic 
thrombocytopenic 
purpura 

Positive 
association 

- Genetic susceptibility (IL-1β 
polymorphism) 

- Modulation of Fcg receptor balance 
- Molecular mimicry of bacterial 

virulence factors and platelet 
surface glycoproteins 

(120, 121) 

Diabetes mellitus 
and Insulin 
resistance 

Positive 
association 

Induction of hepatic insulin 
resistance via Jun/miR-
203/suppressor of cytokine 
signaling 3 pathway 

(122-124) 

Allergic diseases Protective Induction of Tregs via DC derived 
IL-18 

(125, 126) 

Non-alcohol fatty 
liver disease 

Positive 
association 

- Access to the liver via increased 
mucosal permeability through 
portal vein 

- Pro-inflammatory cytokines 

(127-129) 

Hepatic fibrosis Positive 
association 

TGF-β1- mediated pro-inflammatory 
signaling 

(130) 

Primary biliary 
cirrhosis 

Positive 
association 

Molecular mimicry of bacterial 
urease and pyruvate 
dehydrogenase complex 

(131, 132) 

Hepatocellular 
carcinoma 

Positive 
association 

Proinflammatory processes (133, 134) 

Gastro-
esophageal reflux 
disease (GERD) 

Controversial - Pangastritis resulting in lower acid-
secretion and amelioration of 
GERD-associated symptoms 

- VacA mediated impairment of 
parietal cells leading to lower acid 
secretion (135) 

(136-139) 

Barett’s 
esophagus 

Protective (140, 141) 

Esophageal 
adenocarcinoma 

Protective (141) 

Inflammatory 
Bowel Disease 

Strong 
negative 
association 

- Induction of IL-10 in mesenteric 
lymph nodes leading to 
suppression of Th17 response 

- TLR2/NLRP3/caspase-1/IL-18 
signaling inducing immune 
tolerance 

(49, 142-145) 

Colorectal cancer Positive 
association 

unknown (146, 147) 

These diverging associations of H. pylori with extragastric diseases, on the one hand 

acting pathogenic and on the other immunomodulatory, and the fact that most individuals 

infected with H. pylori remain asymptomatic lifelong, contradict a solely pathogenic nature 
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of the bacterium and rather support the idea that the bacterium, shaped by years of 

coevolution within its human host, in most patients could also be carefully considered as 

a commensal. This underlines the necessity to stratify H. pylori positive patients with an 

increased risk to develop disease. In case of colorectal cancer (CRC), epidemiological 

studies have shown a nearly two-fold increased risk for H. pylori positive patients (146-

151). Considering that 50% of the world’s population are H. pylori positive and assuming 

that the relative risk of H. pylori positive patients to develop CRC accounts for 1.8, the 

population attributable risk (PAR) of CRC cases that could be attributed to H. pylori 

infection is 29%. This demands for investigation of the underlying mechanisms in order to 

appropriately screen those at risk with the possibility to subsequently intervene. 

1.2. Colorectal Cancer 
CRC is the second most frequently diagnosed cancer in women and the third most 

diagnosed in men. It is the third most common cause of cancer related deaths among both 

sexes with 9.5% for women and 9.3% for men (152). 

1.2.1. Colorectal Carcinogenesis 
Three pathways have been described to give rise to sporadic CRC: the adenoma-

carcinoma sequence, the serrated pathway and the inflammatory pathway (153). The 

adenoma-carcinoma sequence accounts for 85-90% of all sporadic CRCs and starts with 

an aberrant crypt focus, developing to neoplastic precursor lesions, called adenomas, 

which eventually progress to colorectal cancer. This multistep process is characterized by 

mutations that lead to activation of oncogenes and inactivation of tumor-suppressor genes. 

Mutations in the tumor suppressor APC, found in 80-90% of CRC cases, lead to 

deregulation of Wnt/ß-Catenin signaling resulting in hyperproliferation and adenoma 

formation, whose growth is fueled by mutations in the oncogene KRAS, seen in 45% of all 

CRCs, and inactivating mutations of the tumor suppressor TP53, found in 54% of all cases 

(154-156). The mutation leading to APC inactivation has been attributed to be the initiating 

and maintaining event of carcinogenesis, as restoration of its function in mouse models 

has shown to reestablish normal cell homeostasis and differentiation (157). About 10-15% 

of CRC cases arise from the serrated pathway, which progress from normal cells over 

hyperplastic polyps and sessile serrated adenomas to cancer. This pathway is typically 

initiated by mutations in the oncogene BRAF (158, 159) and the tumor suppressor RNF43 

is found to be frequently co-mutated (160, 161). Finally, the remaining 1-2% of CRC cases 

have an inflammatory etiology, where chronic inflammation drives the progression from 

low- to high-grade dysplasia to the development of cancer (162). This is why patients with 

inflammatory bowel disease (IBD), in particular with ulcerative colitis, harbor a 2.4-fold 

increased risk to develop CRC (163). Within this pathway, mutations occur in reversed 
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order compared to the adenoma-carcinoma sequence: TP53 mutations, found in 63% of 

patients, occur early and mutations in APC, observed in only 13% of cases, are found late 

in the carcinogenic process (164). Beyond those pathways, genetic and epigenetic 

aberrations play an important role in colorectal carcinogenesis, including CpG island 

methylator phenotype (CIMP), microsatellite instability (MSI) and somatic copy number 

alterations (SCNA) (165). Those genetic alterations accumulate throughout the course of 

colorectal carcinogenesis, overlap with each other and their occurrence across CRC cases 

are estimated to be 85% for SCNA, 20% for CIMP and 15% for MSI (166). 

In 2015, a new subtyping of CRC was introduced based on gene expression, the so called 

four consensus molecular subtypes (CMS) (167): 

1. CMS1 (MSI immune): characterized by MSI, CIMP high, hypermutations, mutations in 

BRAF, immune infiltration and activation and worse survival after relapse. 

2. CMS2 (canonical): characterized by high SCNA and WNT as well as MYC activation. 

3. CMS3 (metabolic): characterized by mixed MSI status, SCNA low, CIMP low, 

mutations in KRAS and metabolic deregulation 

4. CMS4 (mesenchymal): SCNA high, stromal infiltration, TGF-β activation, angiogenesis 

and worse relapse-free and overall survival. 

Those efforts in molecular subtyping are sought to facilitate drug development, extend 

therapeutic options, maximize personalized therapy and improve clinical outcomes of the 

very heterogenous cancer entity of colorectal cancer. 

1.2.2. Inflammation and Colorectal Cancer 
Chronic intestinal inflammation is a major risk factor for CRC and immune infiltration is 

known to not only dictate initiation and progression of disease, but also therapy response. 

This is supported by the fact that patients with long-term intake of anti-inflammatory aspirin 

exhibit a significantly lower risk of CRC development (168, 169). Furthermore, as already 

described in section 1.2.1, more than 20% of IBD patients develop colitis-associated 

cancer (CAC), resulting in a mortality of 50% (170). Inflammatory pathways, such as 

STAT3 and NF-kB, have been shown to be constitutively active in many CRC cases (171, 

172), suggesting a strong contribution of immune cells and their cytokines to CRC 

development. Thereby, the type of infiltrating immune cells determines the effect on the 

prognosis. While the presence of Th1 cells and associated cytokine IFNγ in CRC tumors 

has been shown to beneficial, Th17 infiltrates have been shown to be less favorable (173). 

This is supported by experiments in animal models of colorectal cancer, which have shown 

that IL-17A induces a pro-tumorigenic environment, which is possibly driven by microbial 

triggers (174, 175). 
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1.2.3. Microbiota, intestinal homeostasis and Colorectal Cancer 
Microbial compositions and functions have been proposed to impact development, 

progression and treatment response of CRC (176, 177). Both distinct bacterial species 

and microbiota- associated mechanisms have been linked to colorectal carcinogenesis 

and will be introduced in the following section. 

Several bacterial species are known to contribute to and promote CRC. 

Fusobacterium nucleatum was found to be 79-fold overabundant in CRC tumor tissue 

compared to healthy tissue (178) and has been proposed to drive carcinogenesis by 

induction of proinflammatory NF-kB and induction of IL-6 as well as epithelial-

mesenchymal transition, a precursor of metastasis (179, 180). Similarly, pathogenic 

strains of Escherichia coli have been described to promote CRC via the induction of DNA 

damage in consequence to translocation of its genotoxin colibactin (181, 182). 

Enterotoxigenic Bacteroides fragilis and its toxin Bacteroides Fragilis Toxin has been 

shown to drive both colitis and CRC via Th17 mediated inflammation and tissue injury 

leading to increased permeability (183-186). Next to those direct effects of distinct species 

on tumorigenesis, bacterial metabolites, such as short chain fatty acids (SCFA) and bile 

acids play a role in the development and progression of CRC. Those are highly dependent 

on dietary patterns and play an important role in an individual’s risk for CRC, as e.g. a 

high-fiber diet has been shown to decrease the progression from adenoma to carcinoma 

(187), while high-fat diet was found in populations with increased CRC risk (188). A study 

in mice fed a high-fat Western diet revealed increased tumor formation compared to mice 

on a control diet, which resulted from inactivation of nuclear bile acid receptor farnesoid X, 

leading to increased proliferation and deregulation of bile acid metabolism (189). 

Furthermore, the microbial modulation of both innate and adaptive immune cells within the 

tumor and in the tumor microenvironment is a major mechanism by which the microbiota 

impact cancer. Also here, sensing of microbe-associated molecular patterns (MAMPs) via 

TLR and NOD-like receptors form the basis of microbe-immune interactions and can result 

in both pro- and anti-inflammatory environments (177). 

Intestinal homeostasis requires an elaborate balance between microbiota, the intestinal 

immune system and the epithelial compartment. An intact intestinal barrier is crucial for 

intestinal homeostasis and defects have shown to greatly contribute to intestinal 

inflammation and CRC (190, 191). From base to top, this barrier consists of the lamina 

propria, containing both innate and adaptive immune cells, epithelial cells, which are 

connected via tight junctions that ensure permeability for selective nutrient uptake while 

simultaneously providing a barrier for invading pathogens and the mucus layer, often 

referred to as the first layer of defense protecting the intestinal epithelium (190). The 
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intestinal mucus layer is composed of highly glycosylated mucus proteins and is 

replenished by goblet cells (191). MUC-2 constitutes the major intestinal mucin and the 

fact that mouse models bearing a knockout in Muc2 (Muc2-/- mice) are prone to develop 

colitis and spontaneous CRC (192, 193) underlines the importance of an intact intestinal 

mucus layer for a balanced gut homeostasis. 

1.2.4. Mouse models of Colorectal Cancer 
Despite remarkable advances in screening and treatment of CRC, in vivo models are still 

indispensable to study the full aspects of colorectal tumorigenesis, including the tumor 

microenvironment and systemic effects of immune responses and microbiota. The ideal 

mouse model of CRC would allow to study the progression from premalignant precursors 

to invasive carcinomas with the ultimate possibility to metastasize, while simultaneously 

mirroring the genetic heterogeneity and involving the tumor microenvironment of colon 

tumors. However, to date no such mouse model exists. Categorically, 3 types of CRC 

mouse models are currently used: carcinogen-induced, genetically engineered and 

transplant models. Selected models are summarized in Table 1.2 (194, 195). 

 

 

Table 1.2: Selected mouse models of colorectal cancer 
Mouse 
model 

Tumor 
location 

Invasion/ 
Metastasis 

Characteristics References 

Carcinogen induced 
AOM Colon No Sporadic tumorigenesis, widely used 

for dietary studies 
(196) 

AOM/DSS Colon No Inflammation driven tumorigenesis (197) 
Genetically engineered 

Apc+/min Small 
Intestine 

No • Multiple intestinal adenomas 
already at relatively young age 
(3-4 months) 

• Only few adenomas in the colon 
• high mortality with increasing age 

(198) 

Apc+/1638N Small 
Intestine 

No • Adenomas proceeding to 
carcinomas with advanced age 

• More tumors develop in the colon 
compared to Apc+/min mice 

(199) 

KRASV12G 
/Apc+/1638N 

Small 
Intestine 
and Colon 

Yes • Increase in tumor numbers, size 
and progression to invasive 
carcinomas 

• Tumors develop also in the colon 

(200) 

Apclox/lox 

/Trp53lox/lox 

/Tet-O-LSL-
KrasG12D 
/VillinCreERT2 

Small 
Intestine 
and Colon 

Yes • Recapitulates tumor progression 
from adenoma to carcinoma 

• Invasive and metastatic disease 

(201) 
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Transplantation 
Xenograft 
models 

Injected 
s.c. into 
flanks of 
mice 

Yes • Cell-derived and patient-derived 
models available 

• Incomplete tumor 
microenvironment (only stromal 
cells, not immune cells) 

• Used for drug testing 

(202) 

Organoids Colon Yes • Mouse- and patient-derived 
organoids 

• Genetically engineered mouse 
models can be transplanted 

• Whole spectrum of tumor 
progression and metastasis can 
be studied 

• Complete tumor 
microenvironment 

(203) 

 

1.2.5. Risk factors 
All subtypes of CRC described in section 1.2.1 share the notion of a window of opportunity 

for early intervention. Arising from premalignant precursor lesions, which are detectable 

by means of screening, and the sometimes more than 10-year time-gap between those 

precursors and the progression to cancer, allow for the possibility to reduce cancer 

incidence and mortality by means of secondary prevention (204). In line with that, next to 

the individual risk determined by genetic and epigenetic factors, modifiable risk and 

protective factors play a decisive role in CRC and in patient risk-stratification for primary 

prevention (Figure 1.3). 

 

Risk andprotective factors for Colorectal Cancer

Hereditary:
HereditaryNonpolyposis Colorectal Cancer

Familial AdenomatousPolyposis

Otherfactors:
Ethnicity

Male gender
Type2diabetes

Inflammatorybowel disease

Microbial species:
Fusobacterium nucleatum

Helicobacter pylori

AspirinorNSAID intake
Menopausal hormonetherapy

Statin intake

Modifiable risk factors:
Smoking

Processed meat
Alcohol intake
Redmeat

Western dietary pattern
Body fat andobesity

Modifiable protective factors:
Physical activity
Whole grains
Dietary fibre

Prudent dietary pattern
Vitamins (D,C andothers)
Calcium supplementation
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Figure 1.3: Summary of risk and protective factors of CRC. Risk factors for CRC are shown in 

red boxes and protective factors in green boxes. Convincing risk factors with a high level of 

evidence are depicted in bold (153, 205). Created with BioRender.com. 

 

Compelling epidemiological evidence suggests H. pylori as a strong risk factor for CRC, 

however experimental and mechanistic evidence conferring this risk are missing and 

would allow for improved patient risk stratification and intervention.  
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2. Aims 

Emerging epidemiological evidence supports a strong association of H. pylori infection 

with an increased risk for CRC development. The causal nature of this association, and 

the underlying mechanisms however are yet to be elucidated. The strong immune 

response elicited upon infection, consisting of an intricate balance between a mixed 

Th1/Th17 response and a compensatory regulatory component, might be one of the 

mechanisms involved. Second, signaling pathways, activated upon chronic inflammatory 

stimuli and contributing to epithelial transformation, might play a crucial role in the 

progression from non-malignant precursors to cancer. Finally, the microbiota, which have 

been shown to not only be affected by H. pylori locally in the stomach, but also in the 

distant intestine, and are known to contribute to the development and progression of CRC, 

could contribute to the cancer promoting effects of H. pylori in the distant colon. 

The aims of this thesis are to identify those underlying mechanisms. Therefore, a 

comprehensive analysis of the effects of H. pylori infection on intestinal and colonic tissue 

of C57BL/6 mice will be conducted, with particular focus on T-cell response, immune 

signaling, epithelial response, including proliferation and activation of pro-inflammatory 

and potentially carcinogenic signaling pathways. Furthermore, H. pylori induced microbial 

signatures, including both luminal and mucosa-adherent microbiota of the gastrointestinal 

tract, will be evaluated. To assess direct effects on colorectal carcinogenesis, two tumor 

mouse models bearing mutations in the Apc gene, prone to develop intestinal and colonic 

adenomas and carcinomas, will be infected with H. pylori: Apc+/1638N and Apc+/min mice. 

Additionally, transcriptomic signatures of immune and epithelial cells upon H. pylori 

infection will be assessed on a single cell level. As a proof of concept, eradication 

experiments of H. pylori infected C57BL/6 and Apc+/1638N mice will be performed. To 

evaluate the role and the necessity of the microbiota, germ-free Apc+/1638N mice will be 

infected and stool transfer experiments will be performed. 

Finally, colon biopsies of a human cohort, comprising H. pylori positive, eradicated and 

negative patients, will be evaluated in order to confirm that the observed effects in mouse 

models are transferable to humans. 
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3. Material and Methods 

3.1. Material 
Table 3.1: Instruments used within this study 
Instrument Company 
Agarose Gel chamber Bio-Rad Laboratories 
Biofuge Fresco Refrigerated Microliter Centrifuge Thermo Fisher Scientific  
Biophotometer, 6131 Spectrophotometer  Eppendorf 
Bioanalyzer 2100 Agilent 
C1000 Touch Thermal Cycler Bio-Rad Laboratories 
CFX384 Touch Real-Time PCR Detection System Bio-Rad Laboratories 
Chromium Controller 10x genomics 
Cooling Plate COP 30 Medite 
Cryotome Leica CM3050S Cryostat Leica Biosystems 
Fine Balance (max: 120g, d~0.0001g) ScalTec 
Flow cytometer CytoFlex S Beckman Coulter  
Forma Series II Water Jacket CO2 incubator, bacteria 
incubator 

Thermo Fisher Scientific 

Heating plate/magnetic stirrer ARE VELP Scientifica 
Hera Safe Bio-Flow cell culture  Hera Instruments 
Heraeus Megafuge 40R Thermo Fisher Scientific 
Ice machine CoolNat Ziegra Eismaschinen 
Maxwell RSC 48 Promega 
Microtome Leica RM2245 Leica Biosystems  
Mini shaking oven, hybridisation oven; OV3 Biometra 
MoFlo Astrios Cell Sorter Beckman Coulter 
NanoDrop 1000 Thermo Fisher Scientific 
Precellys 24 Tissue Homogenizer Bertin Technologies 
Qubit 4 Fluorometer Thermo Fisher Scientific 
Tissue Flotation Bath TFB 35 Medite 
ZellScanner One Zellkraftwerk 

 
Table 3.2: Consumables used within this study 
Consumables Company 
6-well plate Corning 
12-well plate Corning 
24-well plate Corning 
96-well plate U-Bottom Corning 
96-well plate V-Bottom Kuhnle 
Adhesion slides, Menzel Gläser, SuperFrost Plus Thermo Fisher Scientific 
CapLock microtubes 0.5ml, 1.0ml, 2.0ml Trefflab 
Centrifuge Tube 15/ 50ml Corning 
Cell Strainer 70/100μm Corning 
CellSafe Chips Zellkraftwerk 
Clarithromycin Eberth 
Combitips Advanced Eppendorf AG 
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Feather Microtome Blades A35 pfm medical 
Filtertips 10/20µl, 20µl, 200µl, 1000µl  
FrameStar 384 Well Skirted PCR Plate  4titude 
Inoculation loop, 10µl  
Microscope Cover Glasses VWR 
PCR tube stripes with lid (8 tubes) Kisker Biotech 
Precellys Lysing Kit CKMix VWR 
qPCR Seal 4titude 
Sapphire PCR tubes Greiner Bio-One 
Sealing film, self-adhesive, OV96 A. Hartenstein 
Serological Pipettes 10ml, 25ml Greiner Bio-One 
Spreaders, L-shaped, disposable VWR 
Superfrost Plus Adhesion Microscope Slides Gerhard Menzel 
ZellSafe tissue chips Zellkraftwerk 

 
Table 3.3: Chemicals used within this study 
Product Company 
30 % (w/w) H2O2  Sigma-Aldrich 
100 % molecular grade ethanol (EtOH) AppliChem 
Agarose Sigma-Aldrich 
Albumin (BSA) Fraction V  AppliChem 
AMPure XP beads Beckman-Coulter 
BD GolgiPlug Protein Transport Inhibitor  BD Life Sciences 
BenchTop 100 bp DNA ladder Promega 
Collagenase Type II and IV from Clostridium 
histolyticum 

Sigma-Aldrich 

Dimethyl sulfoxide (DMSO) AppliChem 
DNAse AppliChem 
Eosin 1 %, aqueous MORPHISTO 
Fixation Buffer Zellkraftwerk 
Formaldehyd Lösung 3.5 – 3.7 % Otto Fischar 
Goat anti-rabbit IgG (HRP) Promega 
Hematoxylin (Hemalum solution acc. to Mayer) Carl Roth 
Histosette I biopsy processing/embedding cassettes  Simport 
Hydrochloric acid (HCl) Carl Roth 
Hydroxy-propyl-methyl-cellulose Sigma-Aldrich 
Tissue-Tek O.C.T. Compound A. Hartenstein 
Tissue-Tek Cryomold A. Hartenstein 
Metronidazole Carl Roth 
Normal goat serum Abcam 
Nuclease-free water Promega 
Omeprazole Carl Roth 
PBS, pH 7.4 Thermo Fisher Scientific 
Percoll VWR 
Periodic acid 1 % Carl Roth 
Phenol-chloroform-isoamyl alcohol (PCI), 25:24:1 Sigma-Aldrich 
Random primers Promega 
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ROTI Mount mounting medium Carl Roth  
RPMI 1640 Medium Thermo Fisher Scientific 
Schiffs reagent Carl Roth 
SignalStain Antibody Diluent Cell Signaling 
Sodium hydroxide (NaOH) Sigma-Aldrich 
Storage Buffer Zellkraftwerk 
Washing Buffer Zellkraftwerk 
Xylol Roticlear Carl Roth 
Fetal Calve Serum Sigma-Aldrich 
P/S  
NEAA  
Glutamine  

 
Table 3.4: Buffers and solutions used within this study 
Buffer Ingredients Company 
0,5 M EDTA buffer 18.61 g Ethylenediaminetetraacetic acid 

disodium salt dihydrate (Na2EDTA) (M= 
372,24 g/mol), dissolved in 100 mL dH2O, 
pH8 
 

Carl Roth 

1 mM EDTA buffer 0.744 g Ethylenediamine tetraacetic acid 
disodium salt dihydrate (Na2EDTA) 
(M= 372,24 g/mol), dissolved in 2 L dH2O, 
pH 8 

Carl Roth 

1M HEPES 23.84 g HEPES (M= 238,31 g/mol),  
dissolved in 100 mL dH2O, pH 7.5 

Carl Roth 

20 % SDS 40 g Dodecylsulphate sodium salt (SDS), 
ultra pure (M= 288,38 g/mol), dissolved in 
200 mL dH2O 

Carl Roth 

3 M Sodium acetate  24.61 g Sodium acetate, anhydrous (M= 
82.03 g/mol), dissolved in 100 mL dH2O, 
pH 5.2  

Carl Roth 

1 M Sodium citrate 
buffer 

5.88 g tri-Sodium citrate dihydrate, 
dissolved in 2 L dH2O, pH 6 

Carl Roth 

10x TBS 
 
 

50 mM Tris-ultra-pure (60.5 g) 
150 mM NaCl (87.6 g), 
dissolved in 1 L dH2O, pH 7.5 

AppliChem 
Carl Roth 

1x TBS + 0.1 % 
Tween (TBS-T) 

100 mL 10x TBS, 1 mL Tween, 900 mL 
dH2O 

 

1x Tris-acetate-EDTA 
(TAE) buffer 

250 mL 50x TAE buffer 
dissolved in 1 L dH2O 

 

DNA extraction buffer  2 mL 0.2 M NaCl  
2 mL 0.2 M Tris, pH 8.0 
2 mL 20 mM EDTA, pH 8.0 
5 mL NFW 

 

Flow cytometry buffer 500 mL PBS + 0.5 % BSA  
Percoll 100 % Percoll 

+ 10 % 10x PBS 
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Percoll 40 % 40 % Percoll 100 % 
+60 % RPMI 

 

Percoll 80 % 80 % Percoll 100 % 
+ 20 % RPMI 

 

Table 3.5: Assays and kits used within this study 
Name Company  
3' Feature Barcode Kit, 16 rxns  10x genomics 
BD Cytofix/CytopermFixation/Permeablization Kit BD Life Sciences 
BCA Protein Assay Kit Thermo Fisher 

Scientific 
Chromium Next GEM Chip G Single Cell Kit, 16 rxns 10x genomics 
Chromium Next GEM Single Cell 3' Kit v3.1, 4 rxns  10x genomics 
Dual Index Kit TT Set A 96 rxns  10x genomics 
Dual Index Kit NT Set A, 96 rxn 10x genomics 
eBioscience Foxp3 / Transcription Factor Staining Buffer Set  Thermo Fisher 

Scientific 
GoTaq qPCR Master Mix  Promega 
High sensitive DNA kit Agilent 
Illumina MiSeq Reagent Kit v3 Ilumina 
KAPA Library Quantification Kit Illumina Platforms KAPA Biosystems 
Maxwell RSC – simplyRNA Tissue Kit Promega 
Moloney Murine Leukemia Virus Reverse Transcriptase Kit Promega 
Nextera XT Index Kit Ilumina 
recomwell Helicobacter IgG kit Mikrogen 
recomline Helicobacter IgG kit Mikrogen 
SignalStain DAB Substrate Kit Cell Signaling  
Qubit dsDNA HS assay kit Life technologies 
Zombie aqua Fixation and Viability Kit  Biolegend 

 
Table 3.6: Softwares and Packages used within this study 
Software Company/Developer 
Affinity Designer Serif 
Affinity Photo Serif 
Aperio eSlide Manager Leica Biosystems 
Aperio ImageScope  Leica Biosystems 
CFX Manager Software Bio-Rad Laboratories 
FlowJo v10.7  FlowJo LCC 
GraphPad Prism 8  GraphPad Software  
Python Python Software Foundation 
R R Core Team 
RStudio RStudio 
ZellExplorer Software Zellkraftwerk 
CellRanger v1.6 10x genomics 
SCANPY v5.0.0 (206) 
velocyto (207) 
scvelo (208) 
qiime2 v2021.4 QIIME2 development team 
FastQC v0.11.9 Babraham Bioinformatics 
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3.2. Methods 

3.2.1. Animal experiments 
3.2.1.1. Mouse models 

Female C57BL/6 mice were purchased from Envigo RMS GmbH at an age of 6 weeks and 

acclimatized to our animal facility for 1-2 weeks prior infection. Tumor mouse models 

Apc+/min, initially obtained from Jackson Laboratories, and Apc+/1638N mice, provided by 

Prof. Klaus-Peter Janssen (Klinikum rechts der Isar, München) (200), were bred under 

specific pathogen-free conditions at our animal facility at the Institute for Medical 

Microbiology, Immunology and Hygiene, TUM. Both female and male mice were co-

housed with wild type littermates, which served as controls in experiments. 

Apc+/1638N mice and wild type littermates were re-derived germ-free from conventional mice 

by Prof. Bleich and Dr. Basic (Hannover medical school, Hannover). 

Mice were fed with a standard diet and water ad libitum and maintained under a 12-hour 

light-dark cycle. DNA extracted from mouse tails was used for genotyping. All animal 

experiments were conducted in compliance with European guidelines for the care and use 

of laboratory animals and were approved by the Bavarian Government (Regierung von 

Oberbayern, Az.55.2-1-54-2532-161-2017). 

 
3.2.1.2. H. pylori infection 

H. pylori pre-mouse Sidney Strain 1 (PMSS1) was cultured on Wilkins-Chalgren (WC) 

Dent (containing vancomycin, trimethoprim, cefsoludin and amphotericin) agar plates in a 

microaerophilic atmosphere (5% O2, 10% CO2). Mice were infected aged 6–8-weeks by 

oral gavage, twice within 72 hours, with 2 × 108 H. pylori PMSS1 in 200 µl brain-heart-

infusion (BHI) medium containing 20% fetal calve serum (FCS) for distinct timepoints 

(Figure 3.1). Proof of infection was assessed by plating homogenized stomach tissue on 

WC Dent plates supplemented with 200 g/ml bacitracin, 10 g/ml nalidixic acid and 3 g/ml 

polymycin B, and counting colony-forming units (CFU) per mg stomach. 

 
Figure 3.1: H. pylori infection setup. 
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3.2.1.3. H. pylori eradication 

Mice infected for 4 weeks with H. pylori PMSS1 were eradicated according to the “Italian 

triple therapy”, consisting of the antibiotics clarithromycin (Eberth) (7.15 mg/kg/day) and 

metronidazole (Carl Roth) (14.2 mg/kg/day) and the proton-pump inhibitor omeprazole 

(Carl Roth) (400 µmol/kg/day). Omeprazole was dissolved in 200µl 2.5% Hydroxy-propyl-

methyl-cellulose (Sigma-Aldrich) with pH adjusted to 9 and antibiotics were dissolved in 

200µl PBS. Mice were orally gavaged twice daily for 7 consecutive days, whereas the 

antibiotics were administered 45 minutes after omeprazole (209). Mice were analyzed 4, 

12 or 24 weeks after eradication therapy (Figure 3.2). 

 
Figure 3.2: Eradication of H. pylori infection. 
 

3.2.1.4. Stool transfer 

For stool transfer experiments, stool was obtained from SPF mice and transferred into 

germ-free Apc+/1638N mice. Therefore, Apc+/1638N mice and Apc+/+ littermates were infected 

at an age of 6-8 weeks and after 24 weeks of infection, stool pellets were collected from 

“donor” mice, dissolved in 0.1ml PBS/g stool, and administered via oral gavage to germ-

free Apc+/1638N “recipient” mice. 

 

3.2.2. Histological evaluation 
3.2.2.1. Preparation of tissue 

Stomach tissue was opened along the great curvature after removing the front stomach 

and flushed with phosphate-buffered saline (PBS). Intestine and colon were longitudinally 

opened, flushed with PBS and a cross-section as well as a swiss roll was collected. 

Dissected tissue was fixed in approximately 4% formaldehyde for at least 48 hours and 

subsequently dehydrated and embedded in paraffin. 4µm thick sections were cut on a 

microtome (Leica). 
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3.2.2.2. HE staining 

Hematoxylin Eosin staining was performed to assess histopathological changes. To melt 

the paraffin, slides were incubated at 60°C for 30 min. After deparaffinization and 

rehydration (Table 3.7, steps 1-6), slides were treated with Mayer’s hematoxylin (Carl 

Roth) and Eosin (Morphisto). Stained and dehydrated slides (Table 3.7, steps 11-15) were 

mounted with mounting medium (Carl Roth) and covered with cover glass. 

 

 
Table 3.7: HE staining 

Step Reagent  Incubation Step Reagent  Incubation 
1 Xylene 3 x 10 min. 9 Eosin 6 min. 
2 100 % EtOH 2 x 10 min. 10 dH20 rinse 
3 90 % EtOH 5 min. 11 50 % EtOH 5 min. 
4 70 % EtOH 5 min. 12 70 % EtOH 5 min. 
5 50 % EtOH 5 min. 13 90 % EtOH 5 min. 
6 dH20 rinse 14 100 % EtOH 2 x 5 min. 
7 Hematoxylin 6 min. 15 Xylene 3 x 10 min. 
8 Tap water rinse    

 
3.2.2.3. Immunohistochemical staining 

For immunohistochemical staining, FFPE slides were incubated at 60°C for 30 min., 

deparaffinized and rehydrated as described in Table 3.7 (steps 1-6). Antigen retrieval was 

achieved with 10 mM sodium citrate (pH 6) for surface antibodies or 1 mM EDTA (pH 8) 

for antibodies detecting intranuclear signals. Slides were blocked with 5% goat serum and 

primary antibodies were diluted in Antibody Diluent (CellSignaling) and applied overnight 

at 4°C (Table 3.8). Horseradish peroxidase (HRP) coupled secondary antibodies 

(Promega) and diaminobenzidine (DAB) (CellSignaling) were used to detect signal. Slides 

were counterstained with hematoxylin, dehydrated (Table 3.7, steps 10-15) and mounted. 
 
Table 3.8: Antibodies used for immunohistochemical evaluation 

Target Clone Origin/Target Antigen retrieval Dilution Company 
CD3 SP7 Rabbit mAB sodium citrate 1:150 Thermo Fisher 

Scientific 
Ki67 D3B5 Rabbit mAB sodium citrate 1:400 Cell Signaling  
pSTAT3 D3A7 Rabbit mAB EDTA 1:200 Cell Signaling  

 

3.2.2.4. PAS staining 

Periodic acid Schiff (PAS) staining was performed to detect proteoglycans (mucins) and 

to assess the quantity of mucus producing goblet cells, using Schiff’s reagent (Carl Roth) 
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and 1% perjodic acid (Carl Roth). Slides were deparaffinized and rehydrated as described 

in Table 3.7 (steps 1-6). PAS staining was performed as described in Table 3.9. Stained 

slides were dehydrated (Table 3.7, steps 10-15) and mounted. 
Table 3.9: PAS staining 

Step Reagent  Incubation 
1 1% periodic acid 5 min. 
2 dH20 rinse 
3 Schiff’s reagent 15 min. 
4 luke warm tap water 5 min. 
5 Hematoxylin 1 min. 
6 tap water 5 min. 

 
3.2.2.5. Imaging and Quantification 

Slides were scanned at a magnification of 20 by the Institute of General and Surgical 

Pathology, TUM. Stomach, intestinal and colonic sections were blindly quantified by two 

independent researchers by measuring the area of a functional unit (stomach gland, 

intestinal crypt/villus unit or colonic crypt) and counting positive cells per mm2, using Aperio 

ImageScope (Leica BioSystems). 

 

3.2.3. Quantitative PCR 
3.2.3.1. RNA Isolation 

Stomach, intestine and colon tissue was snap frozen in liquid nitrogen upon sacrifice. For 

RNA Isolation, tissue was thawed on ice and homogenized with Precellys 24 homogeniser 

(Avantor) and RNA subsequently isolated with a Maxwell 48 RSC simply RNA Tissue Kit, 

including DNase treatment, on a Maxwell RSC Instrument (Promega) according to 

manufacturer’s instructions. RNA concentration was measured on a NanoDrop (Thermo 

Fisher Scientific). 

3.2.3.2. cDNA synthesis 

RNA concentration was adjusted to 1µg/µl with nuclease-free water (NFW) (Promega) and 

incubated with random primers at 70° for 5 minutes. cDNA was synthesized with Moloney 

Murine Leukemia Virus Reverse Transcriptase RNase H- Point Mutant (Promega) under 

the following conditions (Table 3.10 and Table 3.11): 

 
Table 3.10: cDNA master mix 

Reagent Volume Volume Negative Control 
Nuclease free water 3,75 µl 4,75 µl 
dNTPs 1,25 µl 1,25 µl 
M-MLV Reverse Transcriptase 1 µl - 
M-MLV 5x RT buffer 5 µl 5 µl 
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Table 3.11: cDNA cycling conditions 

Temperature Time 
22° 10:00 
50° 50:00 
70° 15:00 
12° ∞ 

 
3.2.3.3. qPCR 

Gene expression was assessed with GoTaq qPCR Mastermix (Promega) on a CFX384 

system (Bio-Rad), with cDNA diluted 1:5 and primers 1:10 in NFW. The following 

conditions were applied (Table 3.12 and Table 3.13): 

 
Table 3.12: qPCR master mix 

Reagent Volume 
Diluted cDNA 4 µl 
GoTaq qPCR Master Mix 5 µl 
Diluted forward primer 0,5 µl 
Diluted forward primer 0,5 µl 

 
Table 3.13: qPCR cycling conditions 

Step Temperature Time 
1 95° 5:00 
2 95° 0:10 
3 60° 0:30 
4 Go to step 2 39x 
5 65° 0:05 
6 95° 0.5°/cycle 
7 12° ∞ 

 
According to the ∆∆CT method, CT values were normalized to Gapdh and to uninfected 

controls, in order to determine fold changes in gene expression. The sequences of primers 

used within this study are summarized in Table 3.14. 

 
Table 3.14: Primer sequences used for qPCR 

 Target gene Forward sequence Reverse sequence 
Gapdh GCCTTCTCCATGGTGGTGAA GCACAGTCAAGGCCGAGAAT 
KC (Cxcl) AATGAGCTGCGCTGTCAGTG CGCGACCATTCTTGAGTGTG 
Tnfα   CGATGGGTTGTACCTTGTC CGGACTCCGCAAAGTCTAAG 
Foxp3 AGGAGCCGCAAGCTAAAAGC TGCCTTCGTGCCCACTGT 
Il17a   GCTCCAGAAGGCCCTCAGA AGCTTTCCCTCCGCATTGA 
Il6 AGTTGCCTTCTTGGGACT   CAGAATTGCCATTGCACAAC 
Il11 CGATTCCCTAAGCTGCGG   AGTAGCTGCAGCTAGAGC 
Lgr5 GGGAGCGTTCACGGGCCTTC GGTTGGCATCTAGGCGCAGGG 
RegIIIγ TTCCTGTCCTCCATGATCAAAA CATCCACCTCTGTTGGGTTCA 
Muc2 TTCTCTTCCTCGTCG TGAAGGCTGGATTTC 
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3.2.4. ChipCytometry and automatic image quantification 
ChipCytometry and automatic image quantification was performed as described previously 

(210). Murine intestinal and colonic cross-sections were preserved with O.C.T. compound 

(Tissue Tek) in cryomolds (Tissue Tek) and kept frozen at -80°C. For ChipCytometry, 7µm 

thick sections were cut on a Cryotome (Leica), fixed in Fixation Buffer (Zellkraftwerk) for 

45 minutes and subsequently transferred to CellSafe Chips (Zellkraftwerk). ChipCytometry 

on human FFPE biopsies was performed according to the procedure described in Jarosch, 

Köhlen et al. (211). Briefly, tissue sections were rehydrated on coverslips and antigen 

retrieval was performed using TRIS-EDTA buffer (pH 8.5) and then transferred to CellSafe 

Chips. Alternating cycles of staining, immunofluorescence detection and photobleaching 

were performed for various markers (Table 3.15). Automated image processing was 

performed as described in Jarosch, Köhlen et al., which includes segmentation of cells, 

removing of outliers and spatial spill over correction (211). The resulting cell – marker 

matrix was analyzed using FlowJo software, which enabled absolute quantification of cells. 

 
Table 3.15: Antibodies used for ChipCytometry (as described in 210) 

Epitope Fluorochrome Clone Dilution Company Catalog # 
anti-mouse CD3 PerCP/Cy5.5 17A2 1:200 BioLegend 100218 
anti-mouse CD4 eFluor450 RM4-5 1:80 BioLegend 100531 
anti-mouse CD45 FITC 30-F11 1:100 BioLegend 103108 
anti-mouse Foxp3 PE FJK-16s 1:80 eBioscience  14-5773-82 
Pan-cytokeratin AlexaFluor 488 C-11 1:100 BioLegend 628602 
Hoechst BUV395 - 1:50.000 ThermoScientific H3570 
α-SMA eFluor570 1A4 1:750 eBioscience  41-9760-80 
anti-human CD3 unconjugated SP7 1:150 ThermoScientific RM-9107-S1 
anti-human CD4 AlexaFluor 488 polyclonal 1:50 R&D Systems FAB8165G 
anti-human CD45 PerCP/Cy5.5 HI30 1:80 BioLegend 304028 
anti-human Foxp3 PE 236A/E7 1:30 eBioscience 563791 
2nd anti-rabbit PE Polyclonal 1:300 BioLegend 406421 

 

3.2.5. Flow Cytometry 
3.2.5.1. Lamina propria lymphocyte isolation 

Harvested intestinal tissue was cut open longitudinally after removing Peyer’s Patches and 

adjacent tissue. Subsequently, tissue was treated with 30mM EDTA and digested with 

0.5mg/mL collagenase from Clostridium histolyticum Type IV (Sigma Aldrich) and 

10μg/mL DNase I (Applichem), until the tissue dissociated. Filtered and centrifuged cell 

suspensions were density separated using a Percoll gradient (Thermo Fisher). 

Fresh human biopsies were collected in Hank’s Balanced Salt Solution w/o Mg2+/Ca2+ 

(HBSS) and digested with 0.1% collagenase from Clostridium histolyticum Type IV (Sigma 

Aldrich) for 30 min. at 37°C. Digestion was stopped by adding 20 mL HBSS and 
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centrifugation twice. Isolated lymphocytes were frozen in Dimethyl sulfoxide (Applichem) 

+ 20 % FCS at -80° C. 

3.2.5.2. H. pylori lysate 

Frozen stocks of H. pylori PMSS1 were plated on WC Dent plates and split after 2 days. 

Bacteria were collected with inoculation loops and sonicated 3 times for 10 seconds. 

Protein concentration was determined with BCA protein assay kit (Thermofisher) 

according to manufacturer’s instructions. 

For stimulation with whole H. pylori lysate, cells were stimulated for 12 hours with 20µg/mL 

PMSS1 lysate at 37° C and protein transport inhibitor Golgi Plug (BD Biosciences) added 

1:1000 after 7 hours for a total of 5 hours. 

 

3.2.5.3. Antibody staining 

For staining of intestinal single cell suspensions, unspecific binding was minimized by 

applying Fc block and applying live/dead staining. After 3 washing cycles with Flow 

Cytometry buffer, cells were stained with surface antibodies, which were diluted according 

to titration experiments (Table 3.3). For transcription factors, cells were permeabilized and 

blocked with Foxp3 Transcription Factor Staining Buffer Set (eBioscience) according to 

manufacturer’s instructions. Stimulated cells were permeabilized and blocked with 

intracellular cytokine staining kit according manufacturer’s instructions (BD Biosciences). 

After 3 washing cycles, primary transcription and cytokine antibodies (Table 3.16) were 

diluted according to titration experiments and cells stained for 30 min at 4° C. Stained 

single cell suspensions were acquired on a CytoFlex S (Beckman Coulter) and analyzed 

with FlowJo software. 
Table 3.16: Antibodies used for flow cytometry 

Epitope Fluorochrome Clone Dilution Catalog # Company 
anti-mouse 
CD16/CD32 

- 93 1:500 14-0161-86 eBioscience 

anti-mouse CD45 AlexaFluor 700 30-F11 1:400 103128 BioLegend 
anti-mouse CD3ε FITC 500A2 1:200 152304 BioLegend 
anit-mouse CD4 BV605 RM4-5 1:250 100548 BioLegend 
anti-mouse CD4 eFluor450 RM4-5 1:250 48-0042-82 eBioscience 
anti-mouse CD8a APC-H7 53.6-7 1:250 560182 BD 

Biosciences 
anti-mouse FoxP3 eFluor450 FJKL-16s 1:200 45-5773-82 eBioscience 
anti-mouse IL-17A APC eBio17B7 1:150 17-7177-81 eBioscience 
anti-human CD45 AlexaFluor 700 2D1 1:50 368514 BioLegend 
anti-human CD3 FITC OKT3 1:300 317306 BioLegend 
anti-human CD4 PB450 SK3 1:30 344620 BioLegend 
anti-human CD8 APC-H7 SK1(RUO) 1:150 560179 BD 

Biosciences 
anti-human FoxP3 PerCP/Cy5.5 PCH101  35-4776-42 eBioscience 
Human TruStain FcX - - 1:500 422302 BioLegend 
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3.2.5.4. Gating strategy 

In the forward scatter (FSC) and sideward scatter (SSC) gate, an initial lymphocyte gate 

was set based on their known size and granularity. Doublets were excluded by plotting 

area and height within the forward scatter. After excluding dead cells, CD45+ and CD3+ 

cells were determined. T-cells were distinguished into CD4+ and CD8+ cells, on which 

transcription factors as well as cytokines were finally gated (Figure 3.3). 

 
Figure 3.3: Gating strategy 
 

3.2.6. 16S rRNA Sequencing 
16S rRNA Sequencing was performed as described in Ralser et al. 2022 (210). 

3.2.6.1. DNA extraction and 16S rRNA Sequencing 

Genomic DNA was extracted from stomach, proximal and distal as well as colon tissue 

and caecum including content as well as stool from H. pylori infected mice and controls. 

Sequencing was partly performed by the Core Facility Microbiome of the ZIEL Institute for 

Food & Health (Technical University of Munich) as described previously (212, 213). 

Otherwise, phenol chloroform DNA isolation and ethanol precipitation were performed 

following modified protocols of P.J. Turnbaugh et al., 2009 and E. G. Zoetendal et al. 2006 

(214, 215). Briefly, samples were lysed with a Precellys 24 homogeniser (Avantor) in a 

mixture of DNA extraction buffer, 20% SDS and phenol-chloroform-isoamyl alcohol (PCI). 

After 2-3 rounds of purification with DNA extraction buffer and PCI, DNA precipitation was 

performed with pre-cooled 100% EtOH and 3M sodium acetate. Subsequently, the V3/V4 

region of the 16S rRNA gene was amplified with the KAPA Library Quantification Kit and 

double indexed using barcoding primers modeled after Kozich et al. (216) (Table 3.17) 

under the conditions stated in Table 3.12. 

 
Table 3.17: 16S rRNA primer sequence 

 Sequence 
Forward TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG 
Reverse GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC 
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Table 3.18: PCR conditions for amplification of 16S rRNA gene 

Step Temperature Time 
1 95° 3:00 
2 95° 0:30 
3 55° 0:30 
4 72° 0:30 
5 Go to step 2 25x 
6 72° 5:00 
7 12° ∞ 

 
PCR fragments were purified using magnetic AMPure XP beads (Beckman Coulter, USA) 

according to manufacturer’s instructions (216) and indexing was performed with the 

Nextera XT Index Kit (Ilumina). The final pooled library was sequenced on an Illumina 

MiSeq with Reagent Kit v3 (Ilumina) for 600 cycles of paired-end reads. 

 

1.1.1.1. Bioinformatic analysis 

Quality of raw sequences were checked with FastQC (v0.11.9) and analyzed using the 

Qiime2 platform (v2021.4) (217). In detail, denoising, removing of chimeras and generation 

of Amplicon Sequence Variants (ASVs) was performed with dada2. Subsequently, a 

phylogenetic tree was generated and diversity measures were calculated. Chao1 and 

Shannon index were used to determine community alpha diversity. Taxonomic 

classification was performed with a qiime2 feature classifier trained on the SILVA132 99% 

OTUs, specifically targeting the V3 region. Linear discriminant analysis effect size (LEfSe) 

determining differentially abundant features was performed on the online interface 

at http://huttenhower.sph.harvard.edu/lefse/, developed by Segata et al. (218). 

 

3.2.7. Single cell RNA sequencing 
Single cell RNA sequencing was performed as described in Ralser et al. 2022 (210). 

Thereby, cells were isolated as described in section “Lamina propria lymphocyte isolation 

and Flow cytometry”. Single cell suspensions were stained with anti-mouse CD45 PB450 

(Clone: 30-F11, BioLegend, #103126), anti-mouse EPCAM APC (Clone: G8.8, 

BioLegend, #118214) and Propidium Iodide (PI). CD45+ PI- and EPCAM+ PI- cells were 

sorted. 
Single cell RNA Sequencing was performed with 10X Genomics, according to 

manufacturer’s instructions (Chromium™ Single Cell 3’ GEM v3 kit). Briefly, sorted cells 

were centrifuged and resuspended in mastermix and 37.8 µl of water, before 70 µl of the 

cell suspension was transferred to the chip. QC was performed with a high sensitivity DNA 

Kit (Agilent) on a Bioanalyzer 2100, and libraries were quantified with the Qubit dsDNA HS 

assay kit (life technologies). 
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Libraries were pooled according to their minimal required read counts (20.000 reads/cell 

for gene expression libraries). Illumina paired end sequencing was performed with 150 

cycles on a NovaSeq 6000. 

Annotation was performed using cellranger (V5.0.0, 10X genomics) against 

the murine reference genome GRCm38 (mm10-2020-A). All subsequent analysis was 

performed using SCANPY V1.6 (206). Preprocessing was performed following the 

guidelines of best practice in single-cell RNA-seq analysis (219) and involved less than 

15% mitochondrial genes, regressing out cell cycle, mitochondrial genes and total counts. 

The data was normalized per cell count and logarithmized.  

RNA velocities were calculated using velocyto (207) and analyzed with scVelo (V 0.2.3) 

(208). 

 

3.2.8. Human studies 
As described previously (210), 87 fresh colonoscopy biopsies were collected within the 

framework of the COLOBAC study of the CRC1371 (Dept. of Surgery and II. Medical Dept. 

Klinikum rechts der Isar, Technical University of Munich, Germany) and 67 FFPE colon 

biopsies were obtained from the Klinikum Bayreuth. Both studies were approved by the 

respective ethics committees (Klinikum rechts der Isar #322/18, Klinikum Bayreuth 

#241_20Bc). 

H. pylori status of colonoscopy biopsies was determined in serum samples using the 

recomwell Helicobacter IgG kit (Mikrogen) according to manufacturer’s instructions. 

Additionally, strain specific virulence factors were assessed recomline Helicobacter IgG 

kit (Mikrogen), which revealed the current infection status of these patients. H. pylori status 

of FFPE biopsies was determined histologically in corresponding gastric biopsies by Prof. 

Michael Vieth. 

 

3.2.9. Statistical analysis 
Statistical analysis was carried out using Prism 8 (GraphPad Software) and conducted on 

biological replicates of 1-3 independent infection experiments. Depending on Gaussian 

distribution, statistical significance between two groups was determined with unpaired 

student’s t-test or Mann-Whitney-U test and for analysis among more than two groups, 

one-way ANOVA with Tukey’s multiple-comparisons test was used in case of normal 

distribution, otherwise Kruskal-Wallis-test with Dunn’s multiple-comparisons test. Values 

below 0.05 were considered significant. 

Figures were constructed with Affinity Photo and Affinity Designer (Serif). 



 
 

 43 

4. Results 

4.1. Characterization of the influence of H. pylori infection on 
intestinal/colonic inflammation and signaling pathways 

To assess the impact of H. pylori infection on homeostasis in the lower gastrointestinal 

tract, C57Bl/6 mice (WT mice) were infected and an extensive analysis of the elicited 

immune response, the activation of signaling pathways and changes in epithelial cell 

compartments and microbial compositions was conducted. 

4.1.1. H. pylori-infected mice exhibit a pro-inflammatory T-cell response in 
intestine and colon 

WT mice were infected with the pathogenic H. pylori strain PMSS1 for 4, 12 and 24 weeks 

(Figure 4.1a). The infection status of each mouse was detected by counting of CFU, which 

revealed stable infection over time (Figure 4.1b). To confirm the infection status on a 

molecular level, typical markers of H. pylori-induced immune response in the stomach 

were assessed. This revealed increased T-cell infiltration (Figure 4.1c), upregulated Cxcl1 

and Il17a levels as well as a tendency towards more Foxp3 expression in stomach tissue 

upon H. pylori infection (Figure 4.1d). 
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Figure 4.1: WT mice were successfully infected with H. pylori strain PMSS1 for 4, 12 and 24 weeks. 
(a) Experimental setup of H. pylori infection experiments is shown. (b) Colony forming units after 4, 12 and 24 
weeks of infection were counted. (c) T cell infiltration into stomach epithelium determined via CD3+ 
immunohistochemical staining. Representative images of HE and CD3+ staining are shown. White scale bar 
corresponds to 200µm, small scale bar to 20µm. (d) Gene expression of Cxcl1, Il17a and Foxp3 in stomach 
tissue was assessed by qPCR. Fold change in expression is depicted as 2∆∆CT value, normalized to Gapdh 
and control mice. Dots represent data of individual mice from 3 independent experiments. Horizontal bars 
indicate medians. Statistical significance was determined with one-way ANOVA with Tukey’s multiple 
comparisons in case of normal distribution, otherwise with Kruskal Wallis test with Dunn’s multiple 
comparisons. *p<0. 05, **p<0.01, ***p<0.001. 

 
In summary, C57Bl/6 mice were successfully infected with H. pylori for 3 time points and 

showed robust CFU as well as known characteristic inflammatory responses in the 

stomach upon H. pylori infection. 

 

In the stomach, H. pylori infection leads to a strong T cell response. This response consists 

of an intricate balance between proinflammatory Th1 and Th17 cells and Tregs. We 

hypothesized that such inflammatory response my not be restricted to the stomach, but 

may also extend to the lower gastrointestinal tract. To explore such immune response in 

intestine and colon upon H. pylori infection, intraepithelial CD3+ T-cells of the intestine and 

colon were first assessed by immunohistochemistry. This revealed an increased 

recruitment of CD3+ T cells into the epithelium of proximal and distal intestine as well as 
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colon after 4, 12 and 24 weeks of infection (Figure 4.2a). Furthermore, the abundance and 

phenotype of lamina propria lymphocytes in the intestine was assessed via flow cytometry. 

A shift towards less CD4+ and more CD8+ T cells upon H. pylori infection (Figure 4.2b) was 

detected. In this context, the number of FoxP3+ regulatory T cells was evaluated, which 

were reduced in H. pylori-infected compared to non-infected mice (Figure 4.2c). 

Remarkably, a H. pylori specific CD4+ T cell response was observed in lymphocytes 

isolated from intestines of infected mice after in vitro culture and restimulation with whole 

H. pylori lysate, showing significant IFNg and IL-17 release (Figure 4.2d). This indicated 

that immune cells primed to H. pylori were homing to the gut lamina propria. 

 



 
 

 46 

 
Figure 4.2: H. pylori infection induces pro-inflammatory T-cell responses in intestine and colon. 
(a) T cell infiltration into intestinal and colon epithelia determined via CD3+ immunohistochemical staining. 
Representative images of CD3+ staining are shown. White scale bar corresponds to 200µm, small scale bar 
to 20µm. Dots represent data of individual mice of 3 independent experiments. Horizontal bars indicate 
medians. (b) CD4+ and CD8+ T cell properties in intestinal lamina propria lymphocytes are depicted. Cells are 
gated on single cells, live, CD45+ and CD3+. Representative pseudocolor plots are shown. (c) FoxP3+ 
regulatory T cells frequencies are shown, gated on single cells, live, CD45+, CD3+ and CD4+. Cells are shown 
as percentages of CD4+ cells with representative pseudocolor plots. (d) Overnight stimulation with whole H. 
pylori lysate and subsequent intracellular cytokine staining for IFNγ (upper graphs) and l17a (lower graphs), 
shown as percentages of CD4+ cells. Cells are gated on single cells, live, CD45+, CD3+ and CD4+ and shown 
with representative pseudocolor plots. One representative flow cytometry experiment out of 3 is shown. 
Statistical significance was determined with one-way ANOVA with Tukey’s multiple comparisons in case of 
normal distribution, otherwise with Kruskal Wallis test with Dunn’s multiple comparisons or with 
Mann-Whitney U test, *p<0.05, **p<0.01, ***p>0.001, ****p<0.001. 
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The immune response elicited upon H. pylori infection in the gastrointestinal tract was 

further characterized by examining the expression of innate, regulatory and 

proinflammatory cytokines and transcription factors. As shown in Figure 4.1, the immune 

response in the stomach upon H. pylori infection is characterized by a strong innate 

response, marked by Cxcl1 and Tnfα, as well as a strong Th17 response, marked by the 

key cytokine Il17a. In the stomach, this strong proinflammatory response is normally 

counteracted by a high regulatory response. In the intestine and colon, a tendency towards 

more Cxcl1 and Tnfα in both acute and chronic infection settings was observed. The Il17a 

expression showed a tendency towards upregulation, however not significant. In contrast 

to the findings in the stomach, Foxp3 expression showed a trend towards downregulation 

after 12 weeks of infection (Figure 4.3). 

 
Figure 4.3: Immune response elicited upon H. pylori infection in intestinal and colonic tissue. 
Gene expression of Cxcl1, Tnfα, Il17a and Foxp3 in proximal and distal intestine as well as colon tissue 
assessed by qPCR. Fold change in expression is depicted as 2∆∆CT value, normalized to Gapdh and control 
mice. Dots represent data of individual mice of 3 independent experiments. Horizontal bars indicate medians. 
Statistical significance was determined with one-way ANOVA with Tukey’s multiple comparisons in case of 
normal distribution, otherwise with Kruskal Wallis test with Dunn’s multiple comparisons. 
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To characterize Tregs in further detail, chip cytometry was performed to assess 

localization and distribution of cells in colon tissue on a single cell level. Regulatory T cells 

were identified by + CD45+, CD4+, CD3+and intranuclear FoxP3staining and quantified via 

automated image processing (Figure 4.4a). This confirmed that H. pylori infection leads to 

a higher CD3+ T cell infiltration and a reduction of FoxP3+ regulatory T cells in the colon 

(Figure 4.4b). Furthermore, cytokeratin staining enabled distinguishing between 

intraepithelial and lamina propria location of regulatory T cells and revealed, that in H. 

pylori infected mice, FoxP3+ regulatory T cells completely lose their intraepithelial 

localization (Figure 4.4b). 

 
Figure 4.4: H. pylori infection leads to loss of intraepithelial regulatory T cells in colon tissue. 
(a) Representative picture of colon tissue stained with multiplexed chip cytometry. FoxP3+ cell, defined by 
intranuclear FoxP3+, CD4+ CD3+ and CD45+ staining. Large scale bar corresponds to 100µm, small scale bar 
to 10µm. (b) Whole colonic transection tissue stained with multiplexed chip cytometry. Automatic image 
processing of multiplexed chip cytometry on colon tissue identifies CD3+ T-cell infiltration and CD4+ T-cell 
properties in H. pylori positive and negative C57BL/6 mice: frequencies of conventional T-cells (Tconv), 
regulatory T-cells (Treg) and intraepithelial regulatory T-cells (IE Treg) are shown. Scale bar corresponds to 
500µm. 
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Thus, H. pylori was found to induce a proinflammatory, antigen-specific T-cell response 

and an overall as well as intraepithelial reduction of Tregs in intestine and colon. 

 

4.1.2. H. pylori infection activates STAT3 signaling, enhances proliferation 
and reduces mucus producing goblet cells in intestine and colon 

The STAT3 signaling pathway is known to be induced upon inflammatory processes and 

has been described to contribute to gastric and colon carcinogenesis. Against this 

background, the activation of STAT3 signaling in H. pylori infected mice was investigated. 

Immunohistochemical staining for phosphorylated STAT3 (pSTAT3), which is a marker for 

active STAT3 signaling, revealed stronger activation of this pathway in the intestinal and 

colonic epithelium of H. pylori infected mice compared to non-infected controls (Figure 

4.5a). Next, Il6 and Il11, cytokines known to induce STAT3 signaling, were assessed in H. 

pylori infected mice. This revealed a tendency towards more Il6 expression in the intestine, 

however not in the colon. The expression levels of Il11 did not show any consistent 

changes. (Figure 4.5b) 
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Figure 4.5: H. pylori infection activates STAT3 signaling in intestine and colon. 
(a) Number of active STAT3 epithelial cells in proximal and distal intestine as well as colon was assessed by 
immunohistochemical staining of phosphorylated STAT3. Representative pictures are shown. White scale bar 
corresponds to 200µm, small scale bar to 20µm. (b) Gene expression levels of Il6 and Il11 in proximal and 
distal intestine as well as colon tissue was assessed by qPCR. Fold change in expression is depicted as 2∆∆CT 
value, normalized to Gapdh and control mice. Dots represent data of individual mice of 3 independent 
experiments. Horizontal bars indicate medians. Statistical significance was determined with one-way ANOVA 
with Tukey’s multiple comparisons in case of normal distribution, otherwise with Kruskal Wallis test with Dunn’s 
multiple comparisons, *p<0.05, **p<0.01, ***p>0.001, ****p<0.001. 
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a crucial aspect to ensure a healthy intestinal epithelium and to prevent the development 

of cancer. 

To assess the impact of H. pylori infection on intestinal and colonic proliferation, we first 

assessed proliferating cells via Ki67 immunohistochemical staining and changes in gene 

expression of the stem cell marker Lgr5, in order to assess possible effects of H. pylori 

infection on stemness. We characterized both proliferating cells per mm2 tissue (Figure 

4.6a) and measured the proportion of the proliferating zone in relation to the whole 

crypt-villus - or in case of the colon crypt only – length (Figure 4.6b). This analysis revealed 

increased proliferation in intestinal and colonic tissue of H. pylori infected mice. However, 

no significant changes in the expression of Lgr5 were detected (Figure 4.6c). 
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Figure 4.6: H. pylori infection drives proliferation in intestinal and colonic tissue. 
(a) Number of proliferating epithelial cells in proximal and distal intestine as well as colon was assessed by 
immunohistochemical staining of Ki67. Representative pictures and quantifications per mm2 tissue are shown. 
White scale bar corresponds to 200µm, small scale bar to 20µm. (b) Proportions of proliferating cells in relation 
to whole crypt-villus/crypt length is shown in %. Representative picture of proliferation zone measured in colon 
is depicted. White scale bar corresponds to 50µm. (c) Gene expression of Lgr5 in proximal and distal intestine 
as well as colon tissue was assessed by qPCR. Fold change in expression is depicted as 2∆∆CT value, 
normalized to Gapdh and control mice. Dots represent data of individual mice of 3 independent experiments. 
Horizontal bars indicate medians. Statistical significance was determined with one-way ANOVA with Tukey’s 
multiple comparisons in case of normal distribution, otherwise with Kruskal Wallis test with Dunn’s multiple 
comparisons, *p<0.05, **p<0.01, ***p>0.001, ****p<0.001. 
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the number of mucus producing goblet cells and constituent genes as well as genes 

involved in antimicrobial defense were assessed upon H. pylori infection. H. pylori infection 

was found to lead to a decreased number of goblet cells (Figure 4.7a) and to a 

downregulation of mucin Muc2 in proximal intestine and colon (Figure 4.7b). The 

antimicrobial peptide RegIIIγ showed trends towards downregulation in the proximal 

intestine and colon after chronic infection with H. pylori (Figure 4.7b). 

 
Figure 4.7: H. pylori reduces mucus producing cells in intestine and colon. 
(a) Number of mucus producing cells in proximal and distal intestine as well as colon was assessed by PAS 
staining. Representative pictures and quantifications per mm2 tissue are shown. White scale bar corresponds 
to 200µm, small scale bar to 20µm. (b) Expression levels of Muc2 and RegIIIγ in proximal and distal intestine 
as well as colon tissue was assessed by qPCR. Fold change in expression is depicted as 2∆∆CT value, 
normalized to Gapdh and control mice. Dots represent data of individual mice of 2 independent experiments. 
Horizontal bars indicate medians. Statistical significance was determined with one-way ANOVA with Tukey’s 
multiple comparisons in case of normal distribution, otherwise with Kruskal Wallis test with Dunn’s multiple 
comparisons, *p<0.05, **p<0.01, ***p>0.001, ****p<0.001. 
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In summary, we detected activation of pro-inflammatory and carcinogenic STAT3 signaling 

pathway, increased proliferation of epithelial cells and a reduction of mucus producing 

goblet cells in proximal and distal intestine as well as colon tissue upon H. pylori infection. 

 

4.1.3. H. pylori infection shapes gut microbiota towards mucus-degradation 
Host-microbiota interactions and balanced gut microbiota are important for gut intestinal 

health, a functional immune system and gut homeostasis, and can therefore be decisive 

players in the development and outcome of disease. Literature reports an effect of H. pylori 

infection not only on local gastric, but also on distant microbiota (76). To analyze the effects 

of H. pylori infection on the gut microbiome, 16S rRNA sequencing of the gastrointestinal 

tract of H. pylori infected WT mice was performed. Thereby, stomach, intestinal and 

colonic tissue as well as caecum including content and stool were analyzed, which allowed 

to assess both luminal and mucosa-associated microbiota. This revealed changes in 

alpha-diversity (depicted as Chao1 index) based on infection status (Figure 4.8a). H. pylori 

infection markedly affected microbiota compositions, assessed by relative taxonomic 

abundances at phyla level (Figure 4.8b) and clustering according to infection status in the 

Bray-Curtis dissimilarity index (Figure 4.8c). To determine differentially abundant features 

upon infection LEfSe analysis was performed (Figure 4.8d). To point out a few remarkable 

features, increased abundance of Akkermansia spp., a mucus degrading bacterium, in 

caecum, stool and colon was detected. Another interesting finding was the decrease in 

beneficial Roseburia spp. detected in caecum and intestine, which has been described to 

promote regulatory T-cells while simultaneously reducing Th17 responses (220). As a 

proof of concept, the abundance of Helicobacter spp. was assessed, which was highly 

abundant in stomach and detectable in single samples of intestine and colon (Figure 4.8e). 

On genera level, the abundance of mucus degrading Akkermansia and Ruminococcus 

species was confirmed to be increased throughout the intestinal tract upon H. pylori 

infection (Figure 4.8e). 

 

 



 
 

 55 

Figure 4.8: H. pylori infection affects gastrointestinal microbiota. 

 
(a) Chao1 index as an indicator of alpha-diversity shown of caecum, stool, intestine and colon of 24 weeks 
infected WT mice and aged matched, non-infected controls. (b) Taxonomic binning showing relative 
frequencies at phyla level in stool of non-infected and infected WT mice. (c) Bray Curtis emperor plot as an 
indicator of beta-diversity of intestine and stool of non-infected and infected WT mice. (d) LEfSe analysis of 
caecum, stool, intestine and colon, depicting differentially abundant features upon H. pylori infection. (e) 
Feature counts of Helicobacter species (spp.), Akkermansia spp. and Ruminococcus spp. in ceacum, stool, 
intestine and colon of non-infected and infected WT mice. Chao1 index depicted as box and whiskers, from 
min to max. Feature counts shown as bar plots, indicating mean with standard deviation.  

 
In summary, H. pylori infection induced distinct changes in microbiota composition 

throughout the gastrointestinal tract with evident effects on both luminal and tissue-

adherent microbiota, pointing towards signatures of inflammation and mucus degradation. 
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In order to proof that the observed effects were specifically attributable to H. pylori 

infection, H. pylori infected WT mice were eradicated. Thereby, mice infected for 4 weeks 

Control H. pylori

a b

c

d

e

Control

Caecum Stool Intestine Colon

H. pylori

Stool
Intestine



 
 

 56 

were treated with a therapy regimen consisting of the proton pump inhibitor omeprazole 

and two antibiotics clarithromycin and metronidazole, resembling the “Italian triple 

therapy”, a gold-standard therapy to eradicate H. pylori in humans. To monitor the effects 

of the treatment itself, one group was administered with the eradication therapy alone 

(‘ABX’). Mice were analyzed after a short and a longer recovery time of 4 and 12 weeks, 

respectively (Figure 4.9a). This approach resulted in successful eradication of H. pylori, 

confirmed by absent CFU counts after antibiotic treatment (Figure 4.9b) as well as 

significantly reduced T-cell infiltration into the stomach epithelium (Figure 4.9c). 

 
Figure 4.9: H. pylori infected WT mice were successfully eradicated. 
(a) Experimental setup for eradication therapy of H. pylori infected WT mice. (b) CFU counts per mg stomach 
4 weeks and 12 weeks after eradication are shown. (c) Representative pictures of CD3+ immunohistochemistry 
staining of stomach tissue of control, antibiotically treated, infected and eradicated mice are shown. White 
scale bar corresponds to 200µm, small scale bar to 20µm. Quantification of positive cells per mm2 tissue. Dots 
represent data of individual mice. Horizontal bars indicate medians. Statistical significance was determined 
with one-way ANOVA with Tukey’s multiple comparisons in case of normal distribution, otherwise with Kruskal 
Wallis test with Dunn’s multiple comparisons. *p<0. 05, **p<0.01. 
 
When assessing the effect of eradication on the previously described phenotype, the 

enhanced immune cell infiltration as well as the higher activation of STAT3 signaling in 

intestinal and colonic epithelia upon H. pylori infection was normalized to the level of non-
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weeks after treatment (Figure 4.10a). The regulatory T-cell response was severely 
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underlines again the impact of antibiotic treatment on immune cells (Figure 4.10c). Finally, 

when looking at the status of mucus producing cells, normalization of levels was 

depending on the recovery time after eradication therapy, eventually leading to number of 

goblet cells leveling with control mice 12 weeks after treatment (Figure 4.10a). 
 

 
Figure 4.10: Eradication therapy reverses H. pylori induced phenotype in C57Bl/6 mice. 
(a) Representative pictures of CD3+, pSTAT3 and PAS staining of intestinal and colonic tissue of control, 
antibiotically treated, infected and eradicated mice are shown. White scale bar corresponds to 200µm, small 
scale bar to 20µm. Quantification of positive cells per mm2 tissue is shown. (b) FoxP3+ regulatory T cells 
frequencies are shown, gated on single cells, live, CD45+, CD3+ and CD4+. Cells are shown as percentages 
of CD4+ T-cells with representative pseudocolor plots. (d) Frequencies of l17a positive cells, shown as 
percentages of CD4+ cells. Cells are gated on single cells, live, CD45+, CD3+ and CD4+ and shown with 
representative pseudocolor plots. Dots represent data of individual mice. Horizontal bars indicate medians. 
Statistical significance was determined with one-way ANOVA with Tukey’s multiple comparisons in case of 
normal distribution, otherwise with Kruskal Wallis test with Dunn’s multiple comparisons. *p<0. 05, **p<0.01. 
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In summary, the eradication therapy resulted in a normalization of the H. pylori induced 

phenotype to the level of non-infected controls and simultaneously revealed a detrimental 

effect of antibiotics included in the eradication regimen on certain immune as well as 

epithelial cell populations. 

Overall, an extensive analysis of the effects of H. pylori infection on the immune system, 

epithelial compartment and microbiota of the small and large intestine of WT mice revealed 

antigen specific, proinflammatory T-cell responses accompanied by reduction of Tregs, 

activation of STAT3 signaling, triggering of proliferation and shaping of microbiota towards 

mucus degradation as defined effects of H. pylori infection on intestinal and colonic tissue. 

H. pylori eradication experiments confirmed that those observed effects can be specifically 

attributed to H. pylori infection. 

4.2. Characterization of the influence of H. pylori infection on 
 intestinal/colonic carcinogenesis 

To assess the carcinogenic potential of H. pylori in the colon, colon cancer mouse models, 

Apc+/1638N and Apc+/min mice were infected. Homozygous Apc wild type littermates (Apc+/+) 

were used as controls. Those mouse models are resembling the human disease of familial 

adenomatous polyposis coli (FAP) and are known to develop multiple polyps and tumors 

in the intestine and colon. Apc+/1638N mice have been described extensively and develop 

tumors in both intestine and colon, often progressing to carcinomas with increasing age 

(199). In contrast, Apc+/min mice are known to develop high numbers of polyps in the 

intestine already at an earlier age, but tumors are only seldomly located in the colon and 

do not progress to carcinomas (198). 

4.2.1. H. pylori drives tumor development in Apc+/1638N and Apc+/min mice 
Apc+/1638N mice were infected for 12 and 24 weeks, in order to assess the effect of infection 

in both early and late stages of tumor development (Figure 4.11a and 4.11b). This revealed 

an increased tumor burden and tumor size in Apc+/1638N mice after 12 and 24 weeks of 

infection, compared to non-infected animals (Figure 4.11c). Apc+/min mice were analyzed 

after 12 weeks of infection (Figure 4.11d and 4.11e), as only 60% of the mice survived 12 

weeks of infection (Figure 4.11f). Also in this mouse model an increased tumor number in 

both intestine and colon, compared to non-infected controls was found (Figure 4.11g). 
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Figure 4.11: H. pylori promotes tumor development in Apc+/1638N and Apc+/min mice. 
(a) Experimental setup for infection of Apc+/1638N mice. (b) CFU counts per mg stomach 12 weeks and 24 
weeks after infection from Apc+/1638N mice and littermate controls (Apc+/+) are shown. (c) Tumor number and 
diameter (in mm) as well as representative pictures of non-infected (Cont.) and infected Apc+/1638N mice are 
shown. (d) Experimental setup for infection of Apc+/min mice. (e) CFU counts per mg stomach 12 weeks after 
infection from Apc+/min mice and littermate controls (Apc+/+) are shown. (f) Kaplan-Meier survival curve 
comparing H. pylori infected and non-infected Apc+/min mice. (g) Tumor counts of H. pylori infected and non-
infected Apc+/min mice in intestine and colon and representative pictures of non-infected (Cont.) and infected 
(H. pylori) animals are shown. Each symbol represents one animal, from 2-3 independent experiments. Bars 
denote median. Statistical significance was determined with Mann-Whitney-U test or unpaired t-test, *p < 0.05. 
 
4.2.2. H. pylori infection induces pro-inflammatory T-cell response in 

 Apc+/1638N and Apc+/min mice 
To identify underlying mechanisms of the tumor-promoting effect of H. pylori in Apc mouse 

models, the T-cell response in those mice was characterized, as this response was found 
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to be altered upon H. pylori infection in WT mice. The increased T-cell infiltration into the 

stomach upon infection was confirmed, however, no significant changes between mutant 

mice and littermate wildtype controls were detected (Figure 4.12a). Furthermore, 

significantly higher CD3+ T-cell infiltration upon H. pylori infection in Apc+/1638N and Apc+/min 

mice compared to non-infected controls in both proximal and distal intestine (Figure 4.12b) 

as well as colon (Figure 4.12c) were observed. Similarly as in WT mice, a reduction of 

Tregs in H. pylori infected mice (Figure 4.12d) was found, which is remarkable, as it is 

known that especially in the Apc+/min mouse model, Tregs are increased and are important 

for tumor immune evasion (221). Also in those mice, an antigen-specific IL-17 response 

was detected upon restimulation of intestinal lymphocytes with whole H. pylori lysate 

(Figure 4.12e).  
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Figure 4.12: H. pylori induces proinflammatory T-cell response in Apc+/1638N and Apc+/min mice. 
(a) Quantifications of intraepithelial CD3+ cells per mm2 stomach tissue of Apc+/1638N and of Apc+/min mice are 
shown. (b) Representative images of HE and CD3+ staining of intestinal epithelium and quantifications of 
intraepithelial CD3+ cells per mm2 are shown. White scale bar corresponds to 200µm, small scale bar to 20µm. 
(c) Representative images of HE and CD3+ staining of colonic epithelium and quantifications of intraepithelial 
CD3+ cells per mm2 are shown. White scale bar corresponds to 200µm, small scale bar to 20µm. (d) FoxP3+ 
Tregs are shown, gated on single cells, live, CD45+, CD3+ and CD4+. Cells are shown as percentages of CD4+ 
T-cells with representative pseudocolor plots. (e) Frequencies of IL-17 releasing CD4+ T-cells are shown, 
gated on live, CD45+, CD3+ and CD4+. Cells are shown as percentages of CD4+ T-cells with representative 
pseudocolor plots. Dots represent data of individual mice. Horizontal bars indicate medians. Statistical 
significance was determined with one-way ANOVA with Tukey’s multiple comparisons in case of normal 
distribution, otherwise with Kruskal Wallis test with Dunn’s multiple comparisons, *p<0.05, **p<0.01, 
***p>0.001, ****p<0.001. 
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4.2.3. H. pylori infection activates STAT3 signaling, enhances proliferation 
and reduces mucus producing goblet cells in Apc+/1638N and 
Apc+/min mice 

Given that disturbance of intestinal tissue homeostasis contributes to tumor formation and 

progression and against the background that effects of H. pylori infection on epithelial cell 

homeostasis have been observed in WT mice, the influence of infection on the epithelial 

cells in Apc tumor mouse models were evaluated. First, the activation of pro-inflammatory 

STAT3 signaling was assessed, which indeed was significantly higher in H. pylori infected 

mice, in both proximal and distal intestine (Figure 4.13a) as well as in colon (Figure 4.13b). 

As expected, the baseline activation of STAT3 signaling was higher in Apc mutant mice 

compared to the littermate controls, which was further increased by infection. 

 
Figure 4.13: H. pylori enhances activation of STAT3 signaling in Apc+/1638N and Apc+/min mice. 
(a) Representative pictures of pSTAT3 staining of intestinal tissue of of Apc+/1638N and of Apc+/min mice are 
shown. White scale bar corresponds to 200µm, small scale bar to 20µm. Quantification of positive cells per 
mm2 proximal and distal intestinal tissue is shown. (b) Representative pictures of pSTAT3 staining of colon 
tissue of of Apc+/1638N and of Apc+/min mice are shown. White scale bar corresponds to 200µm, small scale bar 
to 20µm. Quantification of positive cells per mm2 colon tissue is shown. Dots represent data of individual mice. 
Horizontal bars indicate medians. Statistical significance was determined with one-way ANOVA with Tukey’s 
multiple comparisons in case of normal distribution, otherwise with Kruskal Wallis test with Dunn’s multiple 
comparisons, *p<0.05, **p<0.01, ***p>0.001, ****p<0.001. 
 
Next, the impact of H. pylori infection on mucus producing cells in Apc mouse models was 

investigated. PAS staining revealed a loss of mucus producing cells in both Apc+/1638N and 

Apc+/min mice, which was evident in the proximal and distal intestine (Figure 4.14a) as well 

as the colon (Figure 4.14b) 

200µm 200µm

0

1,000

2,000

3,000

4,000

pS
ta
t3
/m
m
²

Int. prox.

12 weeks 24 weeks

H. pylori - + - + - + - +
Apc+/+ Apc+/1638N Apc+/+ Apc+/1638N

*

0

1,000

2,000

3,000

4,000

pS
ta
t3
/m
m
²

Int. dist.

12 weeks 24 weeks

H. pylori - + - + - + - +
Apc+/+ Apc+/1638N Apc+/+ Apc+/1638N

**

0

1,000

2,000

3,000

4,000

pS
ta
t3
/m
m
²

Colon

12 weeks 24 weeks

H. pylori - + - + - + - +
Apc+/+ Apc+/1638N Apc+/+ Apc+/1638N

***

Cont. H. pylori

Cont. H. pylori

0

500

1000

1500

2000

pS
ta
t3
/m
m
²

Apc+/minApc+/+

H. pylori - + - +

p=0.06
Int. prox.

0

500

1000

1500

pS
ta
t3
/m
m
²

Apc+/minApc+/+

H. pylori - + - +

*
*

Colon

Apc+/1638N Apc+/min

0

500

1000

1500

pS
ta
t3
/m
m
²

Apc+/minApc+/+

H. pylori - + - +

Int. dist.

Apc+/1638N Apc+/min

a

b



 
 

 63 

 
Figure 4.14: H. pylori reduces mucus producing cells in Apc+/1638N and Apc+/min mice. 
(a) Representative pictures of PAS staining of intestinal tissue of of Apc+/1638N and of Apc+/min mice are shown. 
White scale bar corresponds to 200µm, small scale bar to 20µm. Quantification of positive cells per mm2 
proximal and distal intestinal tissue is shown. (b) Representative pictures of PAS staining of colon tissue of of 
Apc+/1638N and of Apc+/min mice are shown. White scale bar corresponds to 200µm, small scale bar to 20µm. 
Quantification of positive cells per mm2 colon tissue is shown. Dots represent data of individual mice. 
Horizontal bars indicate medians. Statistical significance was determined with one-way ANOVA with Tukey’s 
multiple comparisons in case of normal distribution, otherwise with Kruskal Wallis test with Dunn’s multiple 
comparisons, *p<0.05, **p<0.01, ***p>0.001, ****p<0.001. 
 
Those data confirm the phenotype that was previously observed in WT mice upon H. pylori 

infection and suggest that H. pylori-induced changes in epithelial signatures, namely the 

activation of proinflammatory STAT3 signaling in epithelial cells, as well as the loss of 

mucus producing goblet cells, might contribute to colon carcinogenesis. 

 

4.2.4. H. pylori infection shapes gut microbiota in Apc+/1638N and 
Apc+/min mice 

Increasing amount of literature highlights that disturbances in gut microbiota and certain 

microbiome compositions are contributing to development and progression of CRC (176, 

177). To assess distinct changes in gut microbiota of Apc+/1638N and Apc+/min mice and 

whether H. pylori infection is further shaping the composition, 16S rRNA sequencing was 

performed analogously to the previously described for WT mice, assessing both luminal 

and tissue-adherent microbiota throughout the gastrointestinal tract. 

H. pylori infection resulted in changes in alpha-diversity in both Apc+/1638N and Apc+/min mice 

(Figure 4.15a and Figure 4.16a). Furthermore, distinct taxonomic profiles were detectable 
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in Apc+/1638N and Apc+/min mice in comparison to WT littermates, which was further 

influenced by infection (Figure 4.15b, Figure 4.16b). Given the previously observed 

increase in mucus-degrading bacteria upon H. pylori infection in WT mice (Figure 4.8d), 

their frequency in Apc mutant mice was evaluated. Indeed, predominantly 

Akkermansia spp. was found to be increased in infected Apc+/1638N mice and 

Ruminococcus spp. in infected Apc+/min mice (Figure 4.15c and Figure 4.16c). 

 

 
Figure 4.15: H. pylori infection shapes gastrointestinal microbiota of Apc+/1638N mice. 
(a) Chao1 index as an indicator of alpha-diversity shown for caecum, stool, intestine and colon of Apc+/1638N 
and Apc+/+ (WT) littermates infected for 12 and 24 weeks and non-infected controls. (b) Taxonomic binning 
showing relative frequencies at phyla level in stool of non-infected and infected Apc+/1638N and WT mice after 
12 weeks and 24 weeks of infection. (c) Feature counts of Akkermansia species (spp.) and Ruminococcus 
spp. in ceacum, stool, intestine and colon of non-infected and infected Apc+/1638N and WT mice after 12 weeks 
and 24 weeks of infection. Chao1 index is depicted as box and whiskers, from min to max. Feature counts 
shown as bar plots, indicating mean with standard deviation.  
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Figure 4.16: H. pylori infection shapes gastrointestinal microbiota of Apc+/min mice. 
(a) Chao1 index as an indicator of alpha-diversity shown for caecum, stool, intestine and colon of Apc+/min and 
Apc+/+ littermates (WT) infected for 12 weeks and non-infected controls. (b) Taxonomic binning showing 
relative frequencies at phyla level in stool of non-infected and infected Apc+/min and WT mice after 12 weeks 
of infection. (c) Feature counts of Ruminococcus spp. in ceacum, stool, intestine and colon of non-infected 
and infected Apc+/min and WT mice after 12 weeks of infection. Chao1 index is depicted as box and whiskers, 
from min to max. Feature counts shown as bar plots, indicating mean with standard deviation.  

In summary, H. pylori infection was found to alter microbiota in Apc mouse models and, 

similarly as in WT mice, infection induced a mucus-degrading signature. When looking at 

the effect of Apc muation, by comparing Apc mutant and WT mice, changes could be 

observed in alpha-diversity and relative abundances, however these differences were not 

as pronounced as the effects upon infection with H. pylori. 

4.2.5. H. pylori-induced immune and epithelial signatures depend on the 
presence of gut microbiota and level to non-infected controls upon 
eradication therapy. 

Considering the known contribution of gut microbiota to carcinogenic processes and the 

observed effects of H. pylori infection on gut microbiota compositions in WT and APC 

mutant mice, germ-free Apc+/1638N mice were infected with H. pylori in order to determine 

the relevance of H. pylori induced microbiota signatures in the mechanism by which H. 

pylori contributes to CRC (Figure 4.17a and 4.17b). This revealed only slightly enhanced 

tumor number and normalization of tumor diameter to the levels of non-infected Apc+/1638N 

mice, indicating that the tumor-promoting effects of H. pylori infection were particularly 

lower in germ-free mice (Figure 4.17c). When evaluating the immune response in germ-

free mice, H. pylori infection was still inducing a pro-inflammatory environment with an 

increased T-cell infiltration into stomach, intestine and colon (Figure 4.17d) and a reduction 

of regulatory T-cells (Figure 4.17e). Additionally, a H. pylori specific IL-17 response upon 

restimulation of lymphocytes derived from germ-free mice with H. pylori lysate was 

observed (Figure 4.17f). In contrast, neither significant activation of STAT3 signaling in 

intestine and colon (Figure 4.17g), nor a reduction of mucus producing goblet cells were 

identified in H. pylori infected germ-free mice (Figure 4.17h). 

To ultimately assess the contribution of H. pylori induced changes in microbiota to 

intestinal carcinogenesis, a stool transfer experiment was performed. Therefore, stool was 
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obtained from 4 different groups, namely SPF non-infected and H. pylori infected Apc+/1638N 

and Apc+/+ mice, respectively, and transferred into germ-free Apc+/1638N mice (Figure 4.17i). 

Higher tumor numbers in stool recipients from H. pylori infected mice were found, which 

was already evident in Apc+/+ mice and further enhanced in an Apc+/1638N background 

(Figure 4.17j). This indicates a strong contribution of H. pylori-induced changes in 

microbiota to the tumor phenotype. 

 

Altogether, these results show that H. pylori induced tumorigenesis in Apc+/1638N mice 

depends on the presence of gut microbiota and that the combined alterations of immune 

and epithelial components elicited by H. pylori is required for its tumor promoting effects. 
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Figure 4.17: H. pylori’s cancer promoting effects are depending on the presence of gut microbiota. 
(a) Experimental setup of infection of germ-free Apc+/1638N mice. (b) CFU counts per mg stomach 24 weeks 
after infection from Apc+/1638N mice and littermate controls (Apc+/+) (WT) are shown. (c) Tumor number and 
diameter (in mm) as well as representative pictures of non-infected (Cont.) and infected germ-free mice are 
shown. (d) CD3+ T-cell infiltration into gastric, intestinal and colonic epithelium of germ-free mice are shown 
as quantification of positive cells per mm2. (e) Regulatory T-cells of H. pylori infected and non-infected germ-
free Apc+/1638N and WT mice are shown as frequencies of FoxP3+ CD4+ cells, gated on single, live, CD45 and 
CD3+ cells with representative pseudocolor plots. (f) Paired frequency of IL-17 releasing CD4+ cells are shown 
of H. pylori infected and non-infected germ-free Apc+/1638N mice, not stimulated and restimulated with H. pylori 
lysate (red). (g) Quantification of epithelial pSTAT3 positive cells per mm2 intestine and colon tissue of H. pylori 
infected and non-infected germ-free Apc+/1638N and WT mice is shown. (h) Quantification of PAS positive cells 
per mm2 intestine and colon tissue of H. pylori infected and non-infected germ-free Apc+/1638N and WT mice is 
shown. (i) Experimental setup for stool transfer from specific-pathogen free mice (non-infected and H. pylori 
infected Apc+/+ or Apc+/1638N mice, respectively, (stool donors)) to germ-free Apc+/1638N mice (stool recipients). 
(j) Intestinal tumor counts of stool transfer experiments are shown. Statistical significance was determined with 
one-way ANOVA with Tukey’s multiple comparisons in case of normal distribution, otherwise with Kruskal 
Wallis test with Dunn’s multiple comparisons, *p<0.05, **p<0.01. 
 

To ultimately confirm that H. pylori is responsible for the observed phenotype, H. pylori 

infected Apc+/1638N mice were next treated with the same eradication regimen as described 

in section 1.1.4, which successfully eradicated H. pylori in those mice (Figure 4.18a and 

4.18b). Indeed, the tumor load of eradicated Apc+/1638N mice was reduced to the level of 

non-infected mice, while it was significantly increased in non-eradicated mice (Figure 

4.19c). Next, the intestinal and colonic immune response was assessed and revealed that 

T-cell infiltration normalizied upon eradication (Figure 4.18d), whereas the reduction of 

regulatory T-cells did not reach baseline levels (Figure 4.18e). Furthermore, the elicited T-

cell response was detected to be antigen-specific in H. pylori infected as well as eradicated 

Apc+/1638N mice (Figure 4.18f). The activation of STAT3 signaling normalized to non-

infected controls in intestinal epithelium upon eradication (Figure 4.19g), as did the number 

of mucus producing goblet cells in both intestine and colon of Apc+/1638N mice (Figure 

4.19h). 
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Figure 4.18: H. pylori’s cancer promoting effects are reversible upon eradication. 
(a) Experimental setup of infection and eradication of Apc+/1638N mice. (b) CFU counts per mg stomach 24 
weeks after eradication of Apc+/1638N mice are shown. (c) Tumor number as well as representative pictures of 
non-infected (Control), eradicated (ABX), infected (H. pylori) and infected and eradicated (H. pylori ABX) 
Apc+/1638N mice are shown. (d) CD3+ T-cell infiltration into intestinal and colonic epithelium are shown as 
quantification of positive cells per mm2. (e) Regulatory T-cells are shown as frequencies of FoxP3+ CD4+ cells, 
gated on single, live, CD45+ and CD3+ cells with representative pseudocolor plots. (f) Paired frequency of IL-
17 releasing CD4+ cells are shown from not stimulated and with H. pylori lysate restimulated lamina propria 
lymphocytes, gated on single, live, CD45+ and CD3+ cells with representative pseudocolor plots. (g) 
Quantification of epithelial pSTAT3 positive cells per mm2 intestine and colon tissue is shown. (h) 
Quantification of PAS positive cells per mm2 intestine and colon tissue is shown. 
 
4.2.6. Single cell RNA Sequencing reveals molecular mechanisms in H. 

pylori-induced colon carcinogenesis 
To identify detailed molecular pathways involved in the tumor promoting properties of H. 

pylori, the immune and epithelial cell compartments were investigated on a single cell level 

by single-cell RNA sequencing using the 10X genomics platform. Therefore, CD45+ 

immune cells and EPCAM+ epithelial cells isolated from the intraepithelial and lamina 

propria compartments of intestinal and colonic tissue from Apc+/min (APC) mice and 

littermate controls (WT) that had been infected for 12 weeks were sorted and compared 

to non-infected controls (Fig. 4.19a). Unsupervised clustering identified 16 clusters of 

CD45+ cells and 15 clusters of EPCAM+ cells according to their transcriptional profiles, 

which were visualized using Uniform Manifold Approximation and Projection (UMAP) (222) 
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(Figure 4.19b) and annotated based on known marker genes (Figure 4.19d and 4.19e). 

The overall frequencies of annotated CD45+ cell clusters showed distinct differences in 

intestine and colon and were influenced by genotype and infection (Figure 4.19f). In 

epithelial cells, organ specific clusters of stem cells and enterocytes were detected, 

leading to different clusters in intestine and colon. Also here, the overall frequencies of 

annotated EPCAM+ cell clusters were influenced by genotype and infection (Figure 4.19g). 

 

Figure 4.19: Single cell RNA sequencing of immune and epithelial cells from H. pylori infected 
Apc+/min and Apc+/+ mice. 
(a) Experimental setup of single cell RNA sequencing of CD45+ and EPCAM+ cells isolated from intestine 
and colon of H. pylori infected and non-infected Apc+/min and Apc+/+ mice. (b) Annotated immune cells after 
unsupervised clustering plotted as uniform manifold approximation and projection (UMAP), n=2 mice per 
group, n= 11407 cells. (c) Annotated epithelial cells after unsupervised clustering plotted as UMAP, n=2 
mice per group, n= 4249 cells. (d) Gene matrix of marker genes used for annotation of CD45+ clusters. (e) 
Gene matrix of marker genes used for annotation of EPCAM+ clusters. (f) Relative frequency of CD45+ cell 
types in intestine and colon of Apc+/+ (WT) and Apc+/min (APC) mice, grouped by infection. (g) Relative 
frequency of EPCAM+ cell types in intestine and colon of WT and APC mice, grouped by infection. 
 
Within this study, a strong and consistent effect of H. pylori infection on Tregs were 

observed, which is why this cluster was subclustered and annotated based on published 
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marker genes, resulting in three subclusters: activated Tregs (act. Tregs), peripherally 

induced Tregs (iTregs), characterized by high RORyt+ expression, and thymus-derived 

Tregs (nTregs), characterized by GATA3+ expression (223, 224) (Figure 4.20a and 4.20b). 

When looking into the distribution of these subclusters across organ and genotype upon 

infection, an increase of act. Tregs in APC mutant mice (Figure 4.20c) was observed. To 

get insight into their functionality, a Treg effector score (225) identified that act. Tregs and 

nTregs showed a tendency towards reduced effector properties (Figure 4.20d). This led to 

the assumption, that H. pylori infection might reprogram Tregs. Indeed, significantly 

increased Th17 differentiation genes in infected act. Tregs were identified (Figure 4.20e). 

CD8+ T-cells are known to play an important role in tumor immune surveillance. Next, CD8 

and CD8 tissue resident memory (TRM) clusters were subclustered and annotated based 

on known marker genes (226). This resulted in four CD8 clusters: effector, memory, 

progenitor exhausted and terminally exhausted CD8 T-cells (Figure 4.20f and 4.20g). In 

the intestine, H. pylori led to a reduction of effector CD8 T-cells and an increase in 

terminally exhausted T-cells (Figure 4.20h). In order to assess their functionality, a gene 

score from genes upregulated in exhausted versus effector CD8+ T-cells was derived 

(227), which revealed a higher score in the terminally exhausted cluster of H. pylori 

infected cells, suggesting a more severe exhaustion phenotype upon H. pylori infection 

(Figure 4.20i). To understand cell dynamics of T-cells in APC mutant mice, RNA velocity 

vectors were identified, which predict future states of individual cells based on ratios of 

spliced and unspliced mRNAs. This revealed a strong directionality from the CD8 to the 

CD8 TRM cluster, which consisted mostly of terminally exhausted T-cells (Figure 4.20e). 
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Figure 4.20: H. pylori infection dampens regulatory T-cell function and promotes CD8+ T-cell 
exhaustion. 
(a) Unsupervised clustering and annotation of Treg cluster as UMAP, n=217 cells. activated Tregs = act. Tregs, 
iTregs = peripherally induced Tregs, nTregs = thymically derived Tregs. (b) Gene matrix of marker genes used 
for annotation of Treg subclusters. (c) Relative frequency of Treg cell types in intestine and colon of Apc+/+ 
(WT) and Apc+/min (APC) mice, grouped by infection. (d) Gene set score of Treg effector genes, comparing 
Treg cells from intestine and colon of H. pylori infected and non-infected Apc+/min mice. (e) Gene set score of 
Th17 differentiation genes comparing Treg cells from intestine and colon of H. pylori infected and non-infected 
Apc+/min mice. (f) Unsupervised clustering and annotation of CD8 and CD8 TRM cluster as UMAP, n=986 cells. 
(g) Gene matrix of marker genes used for annotation of CD8+ subclusters. (h) Relative frequency of CD8 cell 
types in intestine and colon of WT and APC mice, grouped by infection. (i) Gene set score of exhaustion versus 
effector signatures, comparing progenitor and terminally exhausted CD8 T-cells in intestine from H. pylori 
infected and non-infected WT and APC mice. (i) RNA velocity analysis plotted as UMAP for single CD3+ T 
cells from H. pylori infected (APC H. pylori) and non-infected Apc+/min mice (APC Control). The directional flow 
of the velocity arrows between cell clusters shows the projection from the observed state to the predicted 
future state. Zoom into CD8 T-cell RNA velocity analysis of H. pylori infected Apc+/min mice and visualization 
of newly identified CD8 subsets in CD45 UMAP. Each symbol represents one single cell. Statistical 
significance was determined with Kruskal-Wallis test. 
 
Next, transcriptomic profiles of epithelial cells and the impact of H. pylori infection on this 

compartment were assessed. Pseudo-spatial distribution of epithelial cells along the crypt-

villus axis (from base to top) were computed to confirm correct annotation of cell types 

(228, 229) (Figure 4.21a). H. pylori infection is known to strongly induce NF-kB signaling 

in the stomach, which prompted the question whether activation of this pathway is also 
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seen in intestinal and colonic cell types. Hence, a score of genes involved in NFkB 

signaling retrieved from the Kyoto Encyclopedia of Genomes and Genes (KEGG) (230, 

231) were computed, which showed higher scores in intestinal enterocytes upon H. pylori 

infection (Figure 4.21b). To confirm the extensively described activation of STAT3 

signaling in intestine and colon, the same approach was applied and a score of genes 

involved in the Jak-STAT signaling pathway was retrieved from KEGG (230, 231). This 

confirmed an increased activation of this pathway, with significantly higher scores in 

intestinal stem cells and colonocytes of wildtype mice and proximal enterocytes of mutated 

mice upon H. pylori infection (Figure 4.21c). Considering the detrimental effect of H. pylori 

infection on goblet cells, the goblet cell cluster was subclustered and annotated based on 

differentiation (232), which resulted in three stages of maturation: immature, characterized 

by high expression of Tff3, intermediate, highly expressing Oasis, and terminal goblet 

cells, high expression of Muc2 and Ktlp4 (Figure 4.21d and 4.21e). The correct cell type 

annotation was confirmed by plotting the expression of Muc genes across the different 

clusters, with terminal goblet cells showing the highest expression (Figure 4.21f). 

Frequencies across intestinal genotypes were distinctly affected by H. pylori infection, with 

a switch to less differentiated goblet cells (Figure 4.21g). To assess the functionality of the 

goblet cells, the expression of antimicrobial peptide genes, including Reg3b and Reg3g, 

which are known to play a role in response to pathogens and inflammation, was 

determined. Those peptides were found to be reduced upon H. pylori infection (Figure 

4.21h). To explain the absolute loss of goblet cells detected by PAS staining, cellular 

dynamics of goblet cells by means of RNA velocities were studied. In WT mice, less 

directionality from the stem cell cluster towards the goblet cluster and at the same time 

more directionality towards colonocyte cluster upon H. pylori infection were observed. This 

phenotype was further pronounced in APC mice, indicating a skewed differentiation of 

stem cells rather into colonocytes than goblet cells (Figure 4.21i). To get insight into the 

effect of H. pylori infection on tumor cells, differentially expressed genes (DEG) upon 

infection were identified and gene list annotations of the upregulated genes (-log10p>0.05, 

log2fc >1) were performed, which revealed that DEG were involved in negative regulation 

of immune cell proliferation and response, indicating an immune evasion phenotype 

(Figure 4.21j). Based on previous reports, NOTCH signaling is responsible for tumor 

microenvironment remodeling towards metastasis and poor prognosis in CRC (233). The 

NOTCH score from Jackstadt et al. was adapted and showed an increased score in 

intestinal tumor cells and fibroblasts upon infection (Figure 4.21k). 
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Figure 4.21: H. pylori infection activates pro-inflammatory signaling, affects goblet cell functions and 
induces tumor cell immune evasion. 
(a) Pseudo-spatial distribution of stem-cell, enterocyte and tumor cell clusters along the crypt villus axis in 
intestine and colon of Apc+/+ (WT) and Apc+/min (APC) mice. (b) Gene set score of NFkB signaling genes, 
comparing epithelial subsets of intestine and colon from H. pylori infected and non-infected WT and APC mice. 
(c) Gene set score of STAT3 signaling genes, comparing epithelial subsets of intestine and colon from H. pylori 
infected and non-infected WT and APC mice. (d) Unsupervised clustering and reannotation of goblet cluster 
as UMAP, n=218 cells. (e) Gene matrix of marker genes used for annotation of Goblet cell subclusters. (f) 
Expression of several mucin genes across different Goblet cell subtypes. (g) Relative frequency of goblet 
subtypes in intestine of WT and APC mice, grouped by infection. (h) Gene set score of antimicrobial peptide 
genes, comparing goblet cells of intestine from H. pylori infected and non-infected WT and APC mice. (i) RNA 
velocity analysis plotted as UMAP for single EPCAM+ cells from intestine of non-infected (left) and H. pylori 
infected WT and APC mice (right). Velocity-inferred cell to cell interactions are shown for stem cell clusters, 
tumor cells, enterocyte clusters and goblet cells. (j) Gene annotation of differentially expressed genes in tumor 
cells of H. pylori infected APC, log2fc>1, -log10corrected p value <0.05. (k) NOTCH gene set score of tumor 
cells and fibroblasts from intestine and colon of H. pylori infected and non-infected Apc+/min mice (APC) Each 
symbol represents one single cell. Statistical significance was determined with Kruskal-Wallis test. 
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In summary, these findings revealed a detrimental effect of H. pylori infection on both the 

immune and epithelial cell compartment. By interfering with regulatory T cell and CD8+ T-

cell functions, known to be essential for tumor immune surveillance, as well as reduced 

goblet cell functionality and hampered differentiation of epithelial cells, transcriptomic 

profiling revealed that H. pylori infection establishes a tumor promoting niche in the 

intestine and colon, which ultimately may contribute to the increased tumor development 

and reduced survival in H. pylori infected Apc+/min mice. 

4.3. Characterization of the influence of H. pylori infection on 
inflammation and signaling pathways in human colon 

4.3.1. H. pylori induced immune and epithelial signature can be translated 
into human colon 

Finally, the H. pylori induced phenotype observed in mice was confirmed in biopsies of 

human colon. Therefore, 148 colon biopsies derived from endoscopy as well as FFPE 

biopsies of healthy individuals were analyzed. Histological as well as serological screening 

allowed to distinguish between currently H. pylori infected individuals, H. pylori eradicated 

and H. pylori negative individuals (Figure 4.22a). This human cohort displayed evenly 

distributed patient characteristics regarding age and sex, and approximately one third of 

the patients was currently positive for H. pylori or has been eradicated (Figure 4.22a). 

The first aim was to assess the putative effects of H. pylori infection on the colonic immune 

response in human biopsies. H. pylori positive and also eradicated individuals exhibited a 

trend towards higher infiltration of CD3+ T-cells into colonic tissue (Figure 4.22b). This 

trend was confirmed via flow cytometry and, furthermore, a trend towards higher CD4+ to 

CD8+ ratio in eradicated and currently infected patients compared to non-infected patients 

was observed (Figure 4.22c). When assessing Tregs, lower amounts were detected by 

flow cytometry in currently infected patients and interestingly, eradicated patients seemed 

to have almost the same numbers of Tregs as negative patients (Figure 4.22d). This 

reduction of regulatory T-cells was corroborated by multiplexed chip cytometry, which 

provided additional insight into the loss of intraepithelial T-cells in H. pylori positive 

individuals (Figure 4.22e). Next, the effects of H. pylori on STAT3 signaling in human colon 

were identified and showed more activation of STAT3 in patients suffering from active H. 

pylori infection, however not in eradicated patients (Figure 4.22f), matching to the 

phenotype in eradicated mice. Likewise, currently infected patients displayed a loss of 

goblet cells, which however was less pronounced in eradicated patients (Figure 4.22g). 
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Figure 4.22: H. pylori shapes immune response, activates carcinogenic signaling and reduces goblet 
cells in human colon. 
(a) Study design and patient characteristics: 148 colon biopsies were collected, of those 81 from colonoscopies 
and 67 as FFPE samples. Sex and age distribution as well as H. pylori status (negative, eradicated and 
currently infected) across patients are shown as parts of whole plots. (b) Representative HE and CD3+ pictures 
of colonic human tissue are shown. White scale bars correspond to 200 µm, black scale bars to 20 µm. 
Quantification of total CD3+ positive cells per mm2 are shown. (c) Flow cytometric analysis of H. pylori positive 
and negative colon biopsies were conducted. Frequencies of CD3+ cells of CD45+ cells and CD4+ to CD8+ cell 
ratio are shown. gated on live, single cells, CD45+ and CD3+. (d) FoxP3+ cells of CD4+ T-cells, gated on live, 
single cells, CD45+ and CD3+ are shown and representative pseudocolor plots of H. pylori positive (current 
infection) and negative individuals are included. (e) Representative pictures of human colon tissue stained by 
multiplexed chip cytometry. FoxP3+ cell, defined by intranuclear FoxP3+, CD4+, CD3+ and CD45+ staining is 
shown for H. pylori negative and positive tissue. Large scale bar corresponds to 100µm, small scale bar to 
10µm. Automatic image processing of multiplexed chip cytometry on colon tissue determines CD4+ T-cell 
properties in H. pylori positive and negative individuals: frequencies of conventional T-cells (Tconv), regulatory 
T-cells (Treg) and intraepithelial regulatory T-cells (IE Treg) are shown. (f) Representative pSTAT3 pictures of 
colonic tissue from H. pylori infected (current infection) and non-infected patients are shown. Quantification of 
intraepithelial pSTAT3 positive cells per mm2 are shown. (g) Representative PAS pictures of colonic tissue 
from H. pylori infected (current infection) and non-infected patients are shown. Quantification of PAS positive 
cells per mm2 are shown. White scale bars correspond to 200 µm, black scale bars to 20 µm. Each symbol 
represents one patient. Bars denote median. Statistical significance was determined with one-way ANOVA 
with Tukey’s multiple comparisons in case of normal distribution, otherwise with Kruskal Wallis test with Dunn’s 
multiple comparisons, *p<0.05, **p<0.01, ***p>0.001. 
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4.3.2. H. pylori infection affects microbiota in humans 
As shown before, H. pylori infection has a severe impact on microbiota along the 

gastrointestinal tract in mice. Therefore, microbiota compositions of matching stool 

samples from patients with endoscopic colon biopsies were assessed. 

No distinct patterns in relative frequencies at phyla level were observed upon taxonomic 

binning between negative, eradicated and patients with active infection (Fig. 4.23a). When 

looking into alpha-diversity, a tendency towards less species richness in patients with 

active H. pylori infection was detected (Figure 4.23b). However, a difference in β-diversity 

between actively H. pylori infected and negative patients (p=0.062), but not between H. 

pylori eradicated and negative patients (p=0.552) could be observed (Figure 4.23c). 

Furthermore, tendencies towards lower Firmicutes/Bacteroidetes ratio in both eradicated 

and currently infected compared to negative patients was found (Figure 4.23c), which, 

together with a reduction of alpha-diversity, indicates signs of dysbiosis. Differentially 

abundant species between H. pylori negative and H. pylori positive individuals were 

calculated and revealed that, among others, Prevotella and Peptostreptococcales were 

enriched in H. pylori positive patients (Figure 4.23d), species found in a previous meta-

analysis to be increased in CRC patients (234). 

Altogether, this analysis reveals that H. pylori affects microbiota compositions in human 

patients, which are depending on the status of H. pylori infection, with evident differences 

between active infection and patients who underwent eradication. 
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Figure 4.23: H. pylori shapes gut microbiota in humans. 
(a) Taxonomic binning showing relative frequencies at phyla level in stool of patients. (b) Chao1 index as an 
indicator of alpha-diversity shown for negative, eradicated and currently infected individuals. (c) Bray-Curtis 
dissimilarity depicting beta-diversity between H. pylori infected and eradicated as well as H. pylori infected and 
non-infected patients. Statistical significance was determined with PERMANOVA. (d) Ratio of feature counts 
from Firmicutes and Bacteroidetes phyla. (e) LEfSe analysis depicting differentially abundant features in 
patients upon H. pylori infection and feature counts of Prevotella species (spp.). Chao1 index depicted as box 
and whiskers, from min to max. Feature counts shown as bar plots, indicating mean with standard deviation. 

To sum up, those data provide evidence that the phenotype induced upon H. pylori 

infection in mouse models, including a shift towards a pro-inflammatory immune response 

concomitant with a reduction of regulatory immune cells, the activation of pro-carcinogenic 

signaling, the reduction of mucus-producing goblet cells and changes of microbiota 

compositions, can be observed in humans. These findings indicate that H. pylori promoted 
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colorectal carcinogenesis is a multifactorial process, which might be ameliorated and even 

prevented, if patients at risk are eradicated. 
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5. Discussion 
H. pylori infection is the main risk factor for gastric cancer development and although 

colonizing the stomach, chronic infection has been shown to be related to a variety of 

extragastric diseases (235). Among these, growing evidence has stressed an association 

between H. pylori and CRC, with meta-analyses stating a up to 2-fold increased risk upon 

infection (146, 148-151). However, despite robust epidemiological data, experimental 

evidence supporting this association and the underlying mechanisms remained elusive. 

The effect of H. pylori on intestinal and colonic homeostasis was examined by initially 

characterizing infected C57Bl/6 mice. To investigate the impact on CRC development and 

progression, two APC mouse models (Apc+/1638N and Apc+/min mice) were utilized, which 

developed twice as many tumors upon infection. Mechanisms leading to this exaggerated 

tumorigenesis revealed to be connected to H. pylori’s effects on intestinal and colonic 

immune, epithelial signaling and microbial signatures. Finally, those signatures were 

evaluated in a human cohort compromising H. pylori positive, eradicated and negative 

patients. 

In the following sections, the observed phenotype and the mechanistic contribution of 

these effects to colorectal carcinogenesis will be discussed in detail. 

5.1. H. pylori shapes intestinal immune response and signaling 

H. pylori infection is known to trigger a cascade of inflammatory processes, which originate 

from priming at the Peyer’s Patches and the mesenteric lymph nodes (MLN) of the small 

intestine (59, 60). In the stomach, the elicited response is mainly CD4+ T-cell mediated, 

consisting of a mixed Th1/Th17 response, which is counteracted by an increase of Tregs, 

which is required for bacterial persistence. The immune response induced upon H. pylori 

infection is crucial for the development of precancerous lesions in the stomach (236). 

Therefore, within this study, the immune response elicited in the intestine and colon upon 

H. pylori infection was characterized in depth in order to determine its contribution to 

colorectal carcinogenesis. 

The assessment of gastrointestinal epithelia for T-cell infiltration revealed an overall 

increase in CD3+ T-cells upon H. pylori infection not only in the stomach, but also in the 

proximal as well as the distal intestine and the colon of mice as well as in the human 

cohort. Infecting C57Bl/6 mice for 3 different time points, namely 4, 12 and 24 weeks, 

resembled acute, intermediate, and chronic infection settings and allowed to interpret the 

infection dynamics over time. These findings led to the following conclusions. First, H. 

pylori was stably colonizing over time and was not cleared by the immune system, which 

makes the infection of mice in a C57Bl/6 background with the strain PMSS1 (a mouse 
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adapted strain able to translocate CagA, short for pre-mouse Sidney Strain1 (237)) a 

suitable model to study long-term effects of H. pylori infection and its impact on colorectal 

carcinogenesis. Second, the sensing of the pathogen, which is known to occur in the 

lymphoid organs of the intestine (59, 60), was most probably leading to a homing of 

lymphocytes not only to the infected stomach, but also to the intestine and colon, leading 

to a chronic inflammatory response throughout the intestinal tract. Chronic inflammation 

has been reported as an independent risk factor for CRC in patients suffering from 

ulcerative colitis (UC) and this risk increases with time, from 2% after 10 years, over 8% 

after 20 years, to 18%, after 30 years of disease (238, 239). This strongly supports the 

hypothesis, that the chronic inflammatory response elicited upon H. pylori infection in 

intestine and colon is contributing to the increased risk for CRC. To understand the 

mechanisms triggering this chronic inflammatory response and considering the largely T-

cell driven immune response upon H. pylori in the stomach, intestinal and colonic T-cells 

were characterized in further detail. 

When looking at T-cell subsets, an increase in CD8+ T-cells was observed, while CD4+ T-

cells were reduced upon infection. This has been reported in previous studies, such as 

mouse models of H. pylori infection showing the same trend in the stomach mucosa as 

well as in ex-vivo stimulated gastric lymphocytes (41, 240). In contrast to mice, H. pylori 

infection leads to an increase of both CD4+ and CD8+ T-cells in human gastric tissue (241), 

which was also found to be the case in colon biopsies. 

As the T-cell response in the stomach has been mostly attributed to T-helper cells, the 

focus of this study remained on CD4+ T-cells, which revealed a reduction of Tregs and a 

specific, pro-inflammatory Th17 response. The reduction of Tregs was highly unexpected, 

as in the stomach, Tregs are upregulated in response to infection and balance the strong 

pro-inflammatory response. Also, Treg induction plays a major role in the known impact of 

H. pylori on the lung, where this induction results in protection from asthma development 

(237). In the murine intestine and colon as well as in the human cohort, however, Tregs 

were consistently reduced. This reduction most certainly further contributes to intestinal 

inflammation, which is supported by the clinical phenotypes of IBD and patients suffering 

from immunodysregulation polyendocrinopathy enteropathy X-linked (IPEX) syndrome, 

where the reduction or lack of functional FOXP3+ Tregs results in severe gastrointestinal 

inflammation and allergies (242, 243). Furthermore, intestinal Tregs are known to be of 

utmost importance in their role to maintain a balance between allowance of nutrient uptake 

and commensal colonization while simultaneously monitoring possible harmful substances 

and invading pathogens (244). Besides the reduction of Tregs in the lamina propria, a loss 

of Tregs in the intraepithelial compartment in H. pylori infected mice was observed. The 

close proximity of these cells to the intestinal lumen and the known necessity of 
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intraepithelial CD4+ T-cells in intestinal barrier homeostasis and immunoregulatory 

balance underline a perturbation of these functions upon H. pylori infection (245, 246). 

However, as the sole reduction in Tregs does not consider their functionality, their 

transcriptional profile was assessed on a single-cell level. The distribution of the different 

Treg subtypes was clearly affected by H. pylori infection: while in the intestine of naïve WT 

mice, iTregs accounted for the majority of Tregs and the remaining 10% were identified as 

nTregs, infection skewed this composition to consist exclusively of nTregs while lacking 

iTregs. It is generally accepted, that induction of RORγt+ iTregs in the periphery is strongly 

dependent on the microbiota (247, 248). To identify possible species responsible for iTreg 

induction, GF mice were colonized with single species, which revealed that members of 

several phyla and genera, including Clostridiae and Bacteroidia, were able to restore 

RORγt+ iTregs to levels of SPF mice. Foxp3-cre/Rorcfl/fl mice, which lack RORγt in their 

Tregs, displayed an impaired ability to regulate inflammatory responses, and they 

produced higher levels of IL-17 and IFNγ. Consequently, chemically induced colitis led to 

more severe colitis scores and histopathology (248). Furthermore, it has been shown that 

RORγt+ iTregs express high levels of Il10, Ctla4 and Icos, which are known to be crucial 

for the suppressive capacities of Tregs, thereby controlling colitis and intestinal 

inflammation (249). This phenotype was further supported by an overall loss of effector 

properties of GATA3+ nTregs and act. Tregs in H. pylori infected mice, which was detected 

by means of a Treg effector score (225). In addition to this loss of suppressive capacities 

and shifting in subpopulations of Tregs, a reprogramming towards a Th17 phenotype was 

observed upon H. pylori infection. It has been shown that Il17+ FoxP3+ T-cells display a 

pro-inflammatory phenotype and express not only IL-17, but also IFNγ and thereby 

suppress T-cell activation (250). This population has been found to be enriched in patients 

with Crohn’s Disease (CD) and CRC (251, 252). Furthermore, it has been shown, that they 

might be involved in CRC initiation and progression via the increase of cancer promoting 

markers like CD44 and EpCAM, as well as phosphorylated Akt and p38 – important for 

cell proliferation and tumor progression (251). Additionally, Il17+ FoxP3+ T-cells have been 

linked to CD8+ T-cell suppression, which further potentiates tumor immune evasion and 

supposedly promotes tumor progression (252). 

This loss of regulatory T-cells, shifting of Treg subpopulations and reprogramming towards 

a Th17 phenotype indicates a severe interference of H. pylori with intestinal immune 

homeostasis and suggests a detrimental impact on the regulation of inflammatory 

responses, which in combination with pro-inflammatory responses may mechanistically 

link chronic inflammation to tumor development. 

The specific, pro-inflammatory CD4+ T-cell response was characterized by IL-17 

production of intestinal lymphocytes upon stimulation with whole H. pylori lysate, 
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suggesting an antigen-specific response. Furthermore, Il17a expression levels in intestinal 

and colonic tissue revealed tendencies towards upregulation, indicating a pro-

inflammatory, Th17 mediated response in the intestine and colon upon H. pylori infection. 

It is well known, that in the stomach, H. pylori infection of mice leads to a strong 

upregulation of Il17a (41). Interestingly, IL-17 was not only found to be increased in H. 

pylori positive patients with gastritis (253), but also in the serum of gastric cancer patients. 

Furthermore, mRNA expression of IL-17 was upregulated in gastric cancer tissue of H. 

pylori infected individuals (254-256). Accordingly, it is tempting to speculate, that IL-17 

induced upon H. pylori infection might be a mechanism contributing to colorectal 

carcinogenesis. In fact, IL-17 has been suggested to promote carcinogenesis via chronic 

tissue inflammation, not only in CRC, but also in other cancer entities, like ovarian cancer 

(257, 258). Furthermore, a study assessing the outcome of colorectal cancer patients 

revealed, that tumors exhibiting Th17 signatures, including RORC, IL17, IL23 and STAT3, 

were linked to poorer prognosis (259). This unfavorable role of Th17 responses in cancer 

immunity is further promoted and influenced by perturbations of gut microbiota. Several 

microbial species have been shown to induce IL-17 signatures at the epithelial interface 

with the gut lumen, including segmented filamentous bacteria (SFB) and enterotoxigenic 

Bacteroides fragilis (ETBF) (260, 261). While SFB are neither related to disease 

progression nor cancer and rather enhance mucosal immunity, ETBF induced IL-17 

production has been shown to endorse colon cancer initiation and progression in Apc+/min 

mice (262). Another study confirmed this phenotype, deciphering that the mechanism 

behind this was IL-17 induced STAT3 signaling (263). This matches to the epithelial 

phenotype observed in both WT and tumor mice upon H. pylori infection as well as in H. 

pylori “currently infected” individuals, namely an increase in STAT3 signaling activation in 

both intestine and colon. Tissue levels of STAT3 in CRC patients have been shown to 

negatively correlate with tumor invasion, progression and survival (264-266). Furthermore, 

persistent STAT3 activation has been related to cell proliferation and tumor growth in CRC 

(267). In fact, an increase in proliferation detected by means of Ki67 staining was already 

observable in intestine and colon of WT mice upon H. pylori infection, which suggests, that 

H. pylori can distantly deregulate proliferation, which is known as a prerequisite for 

carcinogenesis (268). This leaves the question, which mechanism was leading to STAT3 

activation upon infection. One possible mechanism could be the activation via microbial 

signals, which would be supported by the lower intestinal, and in the colon even absent, 

STAT3 activation in H. pylori infected germ-free mice (discussed in section 5.4). 

Furthermore, it has been shown that IL-6 and IL-11 mediated STAT3 signaling in cancer-

associated fibroblasts drives colorectal carcinogenesis (269). Gene expression analysis 

of intestinal and colonic tissue, which would also include signals from fibroblasts, however, 
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did not reveal a clear picture of involvement of these cytokines in the activation of this 

pathway. This supports the concept, that the chronic inflammatory response upon H. pylori 

triggers the activation of epithelial signaling pathways, which eventually promote intestinal 

and colonic tumor development. Therefore, it is tempting to speculate that in this scenario, 

IL-17 induced STAT3 signaling is a potent mediator to induce tumor initiation in the colon 

of a mouse model, that preferentially develops adenomas in the small intestine (195). 

Furthermore, a study reported a reduced recruitment of Tregs upon STAT3 activation into 

colonic tissue (270), which would further add significance to the speculation, that STAT3 

mediated regulation of immune cells promotes tumor growth upon H. pylori infection. 

All these effects observed upon H. pylori infection in the colon, including a strong 

pro-inflammatory response, paired with activation of carcinogenic signaling and increased 

proliferation, let assume that H. pylori infection on its own is sufficient enough to create a 

tumorigenic environment comparable with other colitis and tumor stimulating agents, such 

as azoxymethane (AOM) and dextran sodium sulphate (DSS). This is of utmost 

importance, as Apc mouse models are known for their limitation as surrogates of human 

CRC, developing adenomas mostly in the intestine and not in the colon (271, 272). 

5.2. H. pylori interferes with microbiota compositions and impairs 
goblet cell function 

The microbiota are known to orchestrate major physiological functions of the gut and its 

disturbance has a detrimental impact on disease development, progression and outcome. 

The contribution of alterations in microbiota compositions to accelerating inflammation as 

well as cancer have been described widely (273, 274). The extent of disturbances in 

microbiota compositions and contribution of certain microbial genera to the cancer 

promoting effects of H. pylori have been examined extensively throughout this study and 

involved the analysis of tissue-adherent as well as luminal microbiota of the 

gastrointestinal tract of C57BL/6 mice as well as colon tumor models Apc+/1638N and 

Apc+/min. Furthermore, stool samples of the human cohort were assessed for microbial 

alterations. 

A decrease in a-diversity, an indicator of species richness and microbial diversity within 

one sample, was observed in the intestine and colon of H. pylori infected mice as well as 

in H. pylori infected patients. Furthermore, measures of community diversity revealed 

separation of the groups according to infection status, emphasizing the effect of H. pylori 

infection on the microbiota of the gastrointestinal tract. A loss of diversity has been 

described as a common feature of dysbiosis in a variety of diseases of the gastrointestinal 

tract, including IBD, irritable bowel syndrome (IBS) and colorectal cancer (275-277). It has 

been shown in both murine and human studies, that H. pylori infection induces states of 
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dysbiosis (76, 278). Importantly, not only the stomach microbiota are susceptible to 

infection, but also the distant intestine has shown to be affected (76). The composition of 

the microbiota is highly susceptible to diet, metabolic markers, inflammation, host genetics 

and therapeutic interventions (274). One could hypothesize that H. pylori infection induces 

a dysbiotic state via distinct mechanisms. First, inflammatory processes elicited upon 

infection, which have been characterized extensively within this study, may have a 

detrimental impact on the intestinal microbiota. Mouse models have shown that infection 

with pathogens like Citrobacter rodentium and Salmonella enterica serovar typhimurium 

or inflammation induced by dextran sodium sulfate or deficiency in Il10, compromise 

microbial balance and lead to overgrowth of pathobionts (279, 280). Ultimately, this 

overgrowth induced by inflammation leads to CRC promotion, as it was shown with 

members of the Enterobacteriaceae family (281). Another mechanism contributing to 

dysbiosis could be the impact of H. pylori on distinct epithelial cell populations, namely 

mucus producing goblet cells and antimicrobial-peptide secreting Paneth cells, which have 

been observed to be impaired upon infection. A mouse model deficient in NLRP6 

inflammasome, known as a key regulator of colonic homeostasis by regulating mucus-self 

renewal, proliferation and secretion, revealed that disturbed secretion of mucus and 

antimicrobial-peptides supports dysbiosis (282, 283). 

This notion of H. pylori manipulating the balance between mucus replenishment and 

degradation was further supported by close monitoring of microbial species differentially 

abundant upon H. pylori infection, which revealed a favorable niche for mucus-degrading 

bacteria. Akkermansia spp. and Ruminococcus spp. were enriched consistently along the 

intestinal tract in both wild type and tumor mice. Even though Akkermansia muciniphila 

have been associated with rather beneficial effects, including inverse correlations with 

disease entities like IBD, diabetes and obesity (284, 285), as well as to have a predictive 

role in response to PD-1 checkpoint inhibitors (286), several studies have attributed 

potential disease promoting effects to this species. These include that in case of fiber-

deprivation, mucus degrading bacteria, including Akkermansia muciniphila, switch their 

nutritional source to the intestinal mucus layer, which results in an impaired intestinal 

barrier. This impaired barrier facilitates invasion of enteric pathogens and has been shown 

to lead to lethal colitis upon infection with Citrobacter rodentium (287). In another study, 

Akkermansia muciniphila has been shown to induce colitis in both germ-free and SPF Il10-

/- mice and that its abundance is determined by NLRP6 in an IL-18 dependent manner, 

suggesting a potential pathogenic role of the bacteria in a susceptible host (288). 

Interestingly, a study carried out in germ-free mice, which were subjected to chemically 

induced CRC via AOM DSS treatment after receiving microbiota transfers from either 

healthy or CRC patients, revealed, that Akkermansia spp. were among the taxa correlating 
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positively with a high tumor burden (289). Along that line, differential abundance testing in 

the human cohort of this study did not detect species involved in mucus degradation. 

However, Prevotallae spp. and species of the order Peptostreptococcales revealed to be 

enriched in H. pylori positive individuals. Those two species have been shown to be 

enriched in CRC patients, as shown by a meta-analysis of more than 700 cases identifying 

a core signature of CRC (234). 

The exact mechanism, by which an increased abundance of Akkermansia spp. upon H. 

pylori infection might contribute to CRC remains unclear. One could assume, that mucus 

degradation allows closer interaction of commensals with the intestinal mucosa and 

therefore drives inflammatory processes. The observed decrease in goblet cells might 

further pronounce this effect, however, it is not clear, whether and how these two observed 

phenotypes are related. 

Impaired goblet cell function has been described as a pathogenic feature of IBD, more 

precisely the dysregulation of mucin-synthesis leading to barrier dysfunction, which 

facilitates bacterial penetration (290). Furthermore, loss of goblet cells has been found in 

inflamed tissue of both UC and CD patients, indicating a role of inflammation in this 

process (291). Goblet cell depletion has been observed in several studies of DSS induced 

colitis, and subsequent bacterial invasion drove the infiltration of immune cells and 

progression of colitis (292-294). Furthermore, it was shown, that Muc2 levels did not 

correlate with loss of goblet cells, which were either unaltered or even increased, and that 

those levels varied based on the location within the colon (294). This is in concordance 

with the observed variations in Muc2 mRNA expression within this study.  

The loss of goblet cells could be also attributed to a failure in the differentiation of those 

specialized cells from the secretory lineage of stem cells. It has been shown, that ATOH1, 

known to drive terminal differentiation of goblet cells, is downregulated in CRC and that 

this terminal differentiation is inhibited by NOTCH signaling (295, 296). A study showed 

that inhibition of NOTCH signaling lead to preferential differentiation of stem cells to goblet 

cells, emphasizing that NOTCH signaling is mediating the lineage differentiation of those 

specialized epithelial cells (297). Indeed, NOTCH signaling was found to be enhanced 

upon H. pylori infection, indicating that the loss of goblet cells observed in H. pylori infected 

mice might be caused by a failed lineage differentiation.  

RNA velocity further supports this speculation, that goblet cells fail to fully differentiate 

under inflammatory conditions caused by H. pylori infection: directionalities from stem 

towards goblet cell clusters seemed to be reduced in comparison to non-infected mice, 

possibly explaining the absolute loss of specialized, mucus producing cells. 
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These studies support the hypothesis, that goblet cell depletion and resulting barrier 

dysfunction further drives inflammatory processes in the intestine and colon induced upon 

H. pylori infection and might therefore be involved in colorectal carcinogenesis. 

5.3. H. pylori modulates the tumor environment 
To explore the molecular mechanisms involved in the acceleration of tumor development 

and to get insight into the processes leading to the severe, at times lethal phenotype in 

Apc+/min mice upon H. pylori infection, possible factors influencing the tumor 

microenvironment as well as transcriptomic profiles of tumor cells were investigated by 

means of single-cell RNA sequencing of immune and epithelial cells. Phenotype and 

density of tumor-infiltrating immune cells are known to be decisive in the progression, 

outcome and therapy response of various cancer entities, above all in regard to cytotoxic 

T-cells (298). Next to the reduction of regulatory T-cells and their phenotypic switch 

towards Th17 cells, CD8+ T-cell exhaustion was observed in Apc+/min mice upon H. pylori 

infection. Exhausted CD8+ T-cells have been proposed to be subdivided into two groups, 

namely progenitor exhausted and terminally exhausted T-cells (299, 300). Besides their 

observed differential expression of PD-1 and other inhibitory molecules and exhaustion 

markers, such as Tim-3, Tox and CXCR5, importantly, these two subpopulations are 

distinguished functionally by their ability to proliferate after immune-checkpoint blockade 

(299, 301). Those progenitor exhausted T-cells have been shown to possess the ability to 

differentiate into highly cytotoxic, tumor-infiltrating lymphocytes and thereby control tumor 

growth and therapy response (226). Both progenitor and terminally exhausted CD8+ T-

cells displayed higher exhaustion scores upon H. pylori infection and the overall CD8+ T-

cell population showed pronounced dynamics towards the terminally exhausted cluster 

compared to non-infected tumor mice. These data lead to the impression, that H. pylori 

promotes tumor immune evasion, which was further supported by pathway enrichment 

analysis of differentially expressed genes in tumor cells upon infection, revealing immune 

evasion signatures. 

Indeed, in human CRC tissue, high infiltrates of memory and effector CD8+ T-cells 

correlated with less metastasis, less tumor progression and better survival (302). In line 

with this, H. pylori seemed to increase NOTCH signaling in tumor cells and fibroblasts of 

Apc+/min mice, which was shown to reshape the tumor microenvironment towards 

metastasis and found to correlate with poor prognosis in CRC (233).  

These data suggest that H. pylori favors terminal T-cell exhaustion and immune evasion 

in tumor cells, and thereby creates an immune suppressive, possibly pre-metastatic tumor 

environment. 
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5.4. H. pylori induced phenotype is normalized upon eradication and 
is partly depending on the presence of microbiota 

Eradication of H. pylori infection is the gold-standard treatment in risk stratified patients 

and has been shown to be highly preventive in terms of morbidity to infection (303). In the 

course of this study, the effect of eradication on the phenotype observed in intestine and 

colon upon H. pylori infection was evaluated. This revealed that the H. pylori induced 

effects on immune and epithelial signatures, but most importantly also on tumor 

development in Apc+/1638N mice, normalized to levels of non-infected controls. Similarly, 

eradication of H. pylori in gastric cancer prone INS-GAS mice resulted in cancer prevention 

(304). Another study performed in Mongolian gerbils confirmed the reduced gastric cancer 

incidence in H. pylori eradicated compared to H. pylori infected animals (305). 

Interestingly, in both studies the time point of eradication was decisive for the outcome, 

with early intervention being superior in terms of incidence and severity of cancer lesions 

compared to later intervention. In this study, early intervention after 4 weeks of infection 

proved to be efficient in tumor prevention in Apc+/1638N mice, however it still needs to be 

determined whether eradication after later time points of infection would still positively 

impact tumor development and disease progression in this mouse model. 

As a side observation besides the normalization of H. pylori induced effects, the 

eradication treatment and the various time spans of “recovery”, indicating the time between 

antibiotic administration and sacrifice of the mice, highlighted the detrimental impact of 

antibiotic intake on certain immune and epithelial cell populations. Especially Tregs and 

goblet cells seemed to be affected. The unfavorable impact of antibiotic exposure on Treg 

frequency in the gut has been related to microbial depletion (306, 307). Also, goblet cell 

functions have been described to highly depend on microbial signals (308). However, 

several studies in humans and mice show, that microbial dysbiosis after antibiotic intake 

was mostly restored after 1 to 1.5 months in adults and children (309, 310) and in even 

less than 1 month in mice (311). Nevertheless, the study conducted in mice also showed, 

that normal microbial evolution occurring with aging could not be restored after a follow-

up period of 6 months (311). Those findings are mostly consistent with phenotypes in 

germ-free mice, supporting the fact that many immune and epithelial functions in the gut 

are heavily reliant on microbial signals. 

Within this study, additional to eradication experiments, which allowed to attribute the 

described effects specifically to H. pylori infection, the role of the microbiota in H. pylori 

driven carcinogenesis was determined by infection and transferring stool of H. pylori 

infected mice into germ-free Apc+/1638N mice. The fact, that the effects on the intestinal and 

colonic immune response were still observable in germ-free mice and that eradication 

experiments reversed the observed immune phenotype, reinforce the concept, that those 
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effects can be attributed specifically to H. pylori infection and are not a consequence of 

other factors, such as the microbiota. In contrast, the activation of STAT3 signaling 

seemed to be highly depending on the presence of microbiota, as e.g. in the colon, almost 

no signal was detectable in germ-free mice. Indeed, mice with antibiotically depleted 

microbiota exhibited a loss of STAT3 signaling, which was reconstituted upon fecal 

microbiota transplantation (FMT) (312). Furthermore, it has been shown in Apc+/min mice, 

that tumor growth was accelerated via microbial induced c-Jun/JNK and STAT3 signaling 

(313), which matches to the observation, that germ-free Apc+/1638N mice, exhibiting almost 

no STAT3 signaling, developed less tumors upon H. pylori infection than mice housed 

under SPF conditions. Additionally, our findings from transferring stool of H. pylori-infected 

SPF mice into germ-free Apc+/1638N mice, where we observed an accelerated tumor 

development in comparison to stool transferred from non-infected mice, support the 

hypothesis, that microbial induction of STAT3 signaling might be crucial in the tumor 

promoting effects of H. pylori. 

Taken together, these findings allow the following conclusions. First, the disturbances in 

microbiota are a critical component in the tumor promoting effect of H. pylori. Additionally, 

the immune response was still affected by H. pylori infection in germ-free mice but 

apparently not sufficient to induce the full cancer promoting effect as observed in 

conventionally raised mice. Finally, the fact that stool transfer was sufficient to accelerate 

tumor development implies that a multifactorial process, including not only a pro-

inflammatory environment, but also certain microbiota signatures, activated STAT3 

signaling and impaired goblet cell functions, underlies the cancer promoting effects of H. 

pylori. 

5.5. H. pylori affects immune, epithelial and microbial signatures in 
human colon 

Finally, it was attempted to corroborate those described signatures in a cohort of human 

patients. The analysis of colon biopsies revealed increased T-cell infiltration, reduction of 

regulatory T-cells, activation of STAT3 signaling, loss of goblet cells and perturbations in 

microbiota compositions in H. pylori infected individuals. Stratifying H. pylori status of this 

human cohort into “currently infected“ and “eradicated”, which however has the limitation 

that the time of eradication was not known and could thereby be biased, revealed similar 

results as detected upon eradication of mice: the observed phenotype in eradicated 

patients was obviously mitigated or, in case of STAT3 activation, even significantly lower 

than in currently infected patients. This not only indicates that the effects described to 

occur in response to H. pylori infection in the colon can be attributed to H. pylori infection, 

as they seem to be reversible upon eradication, also, it is of utmost clinical importance, as 

it justifies the assumption, that eradication of H. pylori infection would be a preventive 
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option not only for gastric cancer, but also for CRC. Current guidelines recommend 

eradication of H. pylori infection in the following cases: peptic ulcer, MALT lymphoma, 

functional dyspepsia after endoscopy, ITP, refractory iron deficiency anemia, upper 

gastrointestinal bleeding while on acetylsalicylic acid (ASA) or non-steroidal anti-

inflammatory drugs (NSAID), ASA or NSAID long-term intake with medical history of peptic 

ulcer disease and gastric cancer risk patients (314). This study provides experimental 

basis to include CRC risk patients in those guidelines. In line with that, it supports the 

inclusion of H. pylori infection into risk assessment of patients with increased risk for CRC 

development. 

In concordance with the changes observed in mouse models, those findings allow the 

assumption that H. pylori infection might favor a pre-cancerous microbial niche in the 

human colon, which in combination with inflammation, carcinogenic signaling and other 

environmental and risk factors could foster the development of CRC. 

5.6. H. pylori induced colorectal carcinogenesis: a proposed model of 
underlying mechanisms 

Compelling evidence supports an increased risk for CRC development in H. pylori infected 

individuals. However, a causality or underlying mechanism has not been verified yet. 

H. pylori’s relationship with increased CRC development could be attributed to two distinct 

modes of action. On one side, H. pylori could exert its cancer promoting effects in a direct 

manner, providing that the bacterium is present in the stool or colon tissue of patients. 

However, this presence was only seldomly detected (315-317) and would stand against 

an exclusive ecological niche of H. pylori within the stomach and the very well described, 

intricate host-pathogen relation here. Another mechanism would be an indirect effect, 

which seems to be more probable when considering the effects of the bacterium on other 

extragastric organs, such as the lung. 

This study supports the notion that H. pylori infection exerts its colon cancer promoting 

effects via (i) creating a pro-inflammatory environment, including T-cell exhaustion and 

reduced as well as pathogenically rewired Tregs, (ii) activating pro-inflammatory and pro-

carcinogenic STAT3 signaling, (iii) reducing mucus producing goblet cells and (iv) 

modulating the microbiota towards a dysbiotic state and mucus degradation (Figure 5.1). 
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Figure 5.1: H. pylori induced indirect effects promote colon carcinogenesis 
Left panel: Healthy colon epithelia are in a symbiotic, balanced state, characterized by diverse 

microbiota and balanced immune and epithelial cell populations. Right panel: upon H. pylori 

infection, colonic homeostasis is disturbed, manifested by an increase of proinflammatory T-cells, 

T-cell exhaustion, STAT3 activation and mucus-degrading bacteria and concomitant reduction of 

regulatory T-cells and goblet cells – eventually contributing to colon carcinogenesis. Created with 
Biorender.com. 
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5.7. Conclusion and outlook 
This study provides first experimental evidence of H. pylori inducing colorectal 

carcinogenesis and describes mechanisms involved in this association. Eradication 

experiments performed in both wild type and tumor mouse models show a reversibility of 

the underlying effects as well as a normalization of the accelerated tumor development. 

Moreover, the clinical relevance of these findings was corroborated in a cohort of human 

colon biopsies, which reflected the phenotype observed in mouse models and indicated a 

decline of the effects in eradicated patients. 

Those findings strongly encourage and support the association of H. pylori with an 

increased risk for CRC development and provide convincing evidence to include H. pylori 

status into an adapted risk score for CRC. Furthermore, it indicates that eradication might 

be an effective measure to reduce this risk. Considering a PAR of H. pylori positive 

individuals to develop CRC of nearly 30%, eradication therapy would prevent more than 

150.000 CRC cases per year in Europe (152). Long term studies including H. pylori 

positive patients undergoing eradication therapy are required to ultimately confirm this 

suggestion. Furthermore, phenotyping of cancer tissue derived from polyps, adenomas, 

and carcinomas of H. pylori positive patients would be worth investigating, to determine 

the influence of H. pylori infection on colon cancer progression. Finally, considering the 

worldwide emerging antibiotic resistance, the findings of this study in terms of H. pylori as 

a major health threat, support the importance of investigation for alternative treatment 

options for H. pylori infection, including H. pylori specific phages or vaccination strategies. 
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IRF-3   interferon regulatory factor 3 

iTregs   peripherally induced Tregs 

LEfSe   linear discriminant analysis effect size 



 
 

 93 

LPS   lipopolysaccharide 

MAMPs  microbe-associated molecular patterns 
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NSAID   non-steroidal anti-inflammatory drugs 
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PAMPs  pathogen associated molecular patterns 
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PAS   periodic acid Schiff 

PBS   phosphate-buffered saline 

pSTAT3  phosphorylated STAT3 

SabA   sialic acid-binding adhesin 

SCNA   somatic copy number alterations 

SPF   specific pathogen free 

SSC   side scatter 

STAT3   signal transducer and activator of transcription 3 

TGF-β   transforming-growth-factor ß 

TLRs   toll-like receptors 

TNFa   tumor necrosis factor-a 

Tregs   regulatory T-cells 

TRM   tissue resident memory 

T4SS   type IV secretion system 

UMAP   Uniform Manifold Approximation and Projection 

VacA   vacuolating cytotoxin gene A 

WC   Wilkins-Chalgren 
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