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ABSTRACT

Helicobacter pylori colonizes the stomachs of approximately half of all humans. In 
the absence of treatment, H. pylori can persist throughout the life of the host. Although 
most infected individuals are asymptomatic, a significant proportion develops peptic 
ulcer disease, chronic atrophic gastritis (ChAG) or gastric adenocarcinoma. ChAG is 
considered to be a precursor to gastric cancer and is characterized by loss of acid-
producing parietal cells and pepsinogen-secreting zymogenic cells, and an 
accompanying amplification of gastric stem cells in the gastric mucosa. The precise 
mechanisms by which H. pylori causes gastric cancer are unknown.  
This thesis aimed to identify genetic adaptations of H. pylori to the atrophic gastric 
environment of hosts with ChAG during disease progression, and to examine the 
impact of H. pylori isolates on gastric stem cell biology. To obtain information 
concerning the long-term adaptation of H. pylori to an acid-free gastric environment, 
we examined genomic and transcriptional adaptations of the ChAG-associated strain 
HPAG1, which was isolated from a Swedish patient with ChAG. We found that the 
1,596,366 bp HPAG1 genome is smaller than the two previously sequenced H. pylori 
genomes 26695 and J99 due to deletions of strain-specific plasticity zone-associated 
genes. Interestingly, a number of the missing genes have been shown to be acid-
regulated. The loss of these genes might illustrate a genomic adaptation and a 
streamlining of the genome size to an acid-free gastric environment where these genes 
are no longer needed. Whole-genome genotyping of additional ChAG-associated 
strains revealed that outer membrane proteins (OMPs) and genes involved in metal 
utilization were over-represented among ChAG-associated genes. The enrichment of 
these genes indicates that they play important roles in the adhesive adjustments and 
nutrient adaptations of H. pylori in the setting of ChAG. Further, we assessed the 
diversity and structural adjustments of the surface-exposed LPS-molecule and of  
Lewis antigens to varying gastric conditions in individuals during disease progression 
and in two mouse models. We observed extensive diversity in H. pylori Lewis antigen 
expression both within and between individuals, however the proportions of presented 
Lewis epitopes appeared relatively stable over a time-period of four years. 
Interestingly, we noted that Lewis antigen expression differed between H. pylori 
isolates obtained after an experimental infection of two types of mice with distinct 
gastric pH. Thus, the LPS diversity within the bacterial population provides a means 
for H. pylori to adapt to changes in the gastric environment and enables modulation of 
the inflammatory response. A genome-wide comparison of deep draft assemblies of 
24 H. pylori genomes collected from six patients at two time points with a four-year 
interval was performed. We found that genomic variations clustered by host rather 
than disease state, and that intra-individual strains exhibited remarkable stability over 
the four years. Functional genomic studies of both host and microbial responses to H.
pylori infection of a mouse gastric epithelial progenitor (mGEP) cell line, disclosed 
host transcriptional responses enriched in genes related to cell proliferation and gastric 
carcinogenesis, as well as bacterial genes encoding OMPs and genes involved in metal 
ion binding. Our findings have provided new insights on H. pylori´s genetic and 
functional adaptations to ChAG. Varying expression and composition of surface-
exposed structures as well as regulating genes involved in metal ion utilization, are 
associated with this disease state. The intimate association with GEP cells may be 
important for survival in a gastric ecosystem that lacks parietal cells. However, this 
dangerous liaison may also increase the risk of tumorigenesis. 
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1 INTRODUCTION 
 

1.1 HELICOBACTER PYLORI 
 
1.1.1 History 
The first reports on spiral-shaped bacteria in the human stomach date back to the late 
19th century [1]. However, it was not until a century later, in 1982, when Helicobacter
pylori was successfully cultured and isolated from gastric biopsy samples by Drs Robin 
Warren and Barry Marshall [2]. The notion that these bacteria were associated with 
gastritis and duodenal ulcers was initially met with a great deal of scepticism from the 
scientific community. In an attempt to fully establish this association and to fulfill 
Koch´s postulate, Dr Marshall drank a suspension of the bacterium and subsequently 
developed acute gastritis [3]. Initially this newly discovered bacterium was named 
Campylobacter pyloridis, and then Campylobacter pylori. However, 16S rRNA 
sequencing showed that the bacterium did not belong to the Campylobacter genus. 
Hence, in 1989 it was classified into the new genus, Helicobacter, and was named 
Helicobacter pylori [4]. In 1994 the World Health Organization (WHO) and the 
International Agency for Research on Cancer (IARC) classified H. pylori as the first 
bacterial class I carcinogen [5] due to its carcinogenic properties in H. pylori-infected 
individuals. A decade later, in 2005, Warren and Marshall were awarded the Nobel 
Prize in Medicine or Physiology “for their discovery of the bacterium Helicobacter 
pylori and its role in gastritis and peptic ulcer disease" [6]. The discovery of H. pylori 
has impacted the understanding and treatment of upper gastrointestinal diseases 
significantly and has improved the lives for millions of peptic ulcer patients.  
         
1.1.2 Microbiology 
The number of Helicobacter species has increased tremendously in the last years and 
currently at least 46 species have been described in humans and in various animals 
(http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi). All Helicobacter 
species are highly specialized and are well-adapted to the niche that they colonize. The 
Helicobacter genus is divided into two subgroups; “gastric” Helicobacters, which 
colonize the host’s stomach, and “enterohepatic” Helicobacters, which primarily 
colonize the intestine and the hepatobiliary system of the host.  
 
H. pylori, is a microaerophilic, spiral shaped Gram-negative bacterium (Figure 1). It is 
2.5-4.0 μm long with 4-6 unipolar flagella which enables motility and penetration 
through the mucus layer of the stomach. 
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Figure 1. Electron microscopy picture showing  
H. pylori on an agar plate. 

H. pylori is the only known 
microbe that can establish a 
persistent colonization in the 
acidic environment of the human 
stomach. This is, in part, achieved 
by the production of urease, an 
enzyme that converts urea to 
ammonia and carbon dioxide, 
which buffers the acidic gastric 
environment. Additional H. pylori 
colonization factors are discussed 
in chapter 1.6.3.  
 
    

1.1.3 Epidemiology and transmission 
H. pylori is estimated to colonize the stomachs of half of the world´s population, 
making it one of the most common bacterial pathogens in humans [7]. However, the 
worldwide prevalence is not evenly distributed since there is a significant difference 
in H. pylori prevalence between developed and developing countries. In areas with 
high socioeconomic status, e.g. Europe and North America, the prevalence among 
adults is 30-50 %, while in areas with low socioeconomic status, the prevalence 
ranges from 70-90% [8]. Low socioeconomic status and having many family 
members are risk factors for H. pylori infection [9, 10]. 

The infection is commonly acquired during childhood, usually before the age of five 
[11-13]. In developing countries, children are typically infected at an earlier age than 
in Western countries [14]. Studies on children by two years of age disclosed that the 
prevalence of H. pylori infection was 42% in Bangladesh [15], and over 75% in 
Gambia [16]. In Western countries, the corresponding prevalence ranges from 6% in 
Finland [17], 11% in Scotland [18], 13% in Germany [19], and 23% in Italy [20]. In 
contrast, infection acquired in adulthood is less common and the estimated annual 
incidence is only 0.3-0.5% [21]. In Western populations, H. pylori prevalence is age-
dependent [22, 23], which reflects a birth-cohort phenomenon [24], i.e. the incidence 
of infection was higher when these individuals were children. This change can be 
attributed to improved sanitation, smaller family sizes and more frequent use of 
antibiotics. As a consequence, the prevalence of H. pylori is declining, particularly in 
countries with high socioeconomic status. However, there are evidence for a similar 
trend in countries with low socioeconomic status as well. [25-27].  
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Humans are a natural source of H. pylori, however it has been isolated from primates 
as well [28]. It is estimated that H. pylori was spread from East Africa to the rest of 
the world 58,000 years ago, although the intimate association with the human host 
has co-evolved since long before that [29]. Epidemiological studies have shown that 
infection primarily occurs through person-to-person transmission, based on the fact 
that there is a higher prevalence in crowded families [9, 30, 31] and in 
institutionalized individuals [32, 33]. Since H. pylori has been cultured from vomitus, 
saliva and diarrheal stool, transmission is proposed to occur via fecal-oral, oral-oral or 
gastro-oral transmission [34-36].  However, the importance of each of the different 
transmission routes needs to be further investigated. 
 
 

1.2 THE STOMACH 
 
1.2.1 Anatomy of the stomach 
The main functions of the stomach are to store, digest and process food. The human 
stomach is lined with a glandular epithelium and is divided into four regions; cardia, 
the region that connects the esophagus to the stomach; fundus, the most proximal 
region of the stomach, body or corpus, the main central region of the stomach, and 
antrum, the most distal region of the stomach, where H. pylori is primarily found 
(Figure 2). The stomach of the mouse, the model host of this thesis, is divided into 
anatomically distinct regions based on epithelial cell composition (Figure 2). The 
forestomach of the mouse is covered by a stratified squamous epithelium, similar to 
the epithelium found in the human esophagus, whereas the distal two thirds are lined 
with a glandular epithelium, similar to the human stomach.
 
                                

           

Figure 2. Schematic illustrations of the stomach anatomy of humans (A) and mice (B).
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Figure 3. Schematic representation 
of a gastric unit  

1.2.2 Gastric cell types and functions 
 

The glandular epithelium of humans and mice 
are composed of millions of tubular 
invaginations, known as gastric units (Figure 
3). Each gastric unit is self-renewing and 
contains approximately 200 epithelial cells 
which represent all epithelial cell lineages 
[37]. Seventy million new epithelial cells are 
produced every day in the human stomach 
[38]. Gastric units are composed of three 
principal cell lineages; pit cells, parietal cells, 
and zymogenic (chief) cells, and two minor 
cell lineages; enteroendocrine and caveolated 
cells, all of which are derived from 
multipotential stem cells  
 
The stem cell niche is located in the central 
portion (isthmus) of the gastric unit. The 
multipotential stem cell gives rise to granule-
free pre-pit, pre-neck, and pre-parietal cell 
precursors [39]. The mucus-producing pit cells 

differentiate during an upward migration to the surface of the epithelium and the 
pepsinogen-producing zymogenic cells differentiate during a downward migration to 
the base of the gastric unit. The acid-producing parietal cell is the only cell lineage 
that completes its differentiation within the isthmal stem cell niche and then 
undergoes a bidirectional migration to the apex and to the base of the gastric unit, 
where they produce hydrochloric acid.  
 
The gastric acidity is important for digestion but also as a barrier to bacterial 
colonization since it is lethal to most microorganisms. The acid is secreted by the 
proton pump H+/K+-ATPase into the lumen with a concentration of approximately 
160 mmol/l or pH 0.8 [40]. Acid secretion is stimulated by e.g. histamine, gastrin and 
acetylcholine and inhibited by interleukin-1  (IL-1 ), cholecystokinin, 
prostaglandinds etc. H. pylori manages to survive in this harsh environment by hiding 
in the mucus and by neutralizing the local pH through the production of urease. 
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1.3 H. PYLORI-ASSOCIATED DISEASES OF THE STOMACH 
 
1.3.1 Gastritis 
H. pylori colonization causes inflammation of the gastric mucosa, i.e. gastritis. Due to 
ethical reasons it is not possible to study the early course of natural H. pylori infection 
in humans since initial colonization occurs in early childhood. The initial immune 
responses to H. pylori infection results in acute inflammation which involves the entire 
stomach. The gastric mucosa becomes infiltrated by neutrophils, lymphocytes, 
macrophages and plasma cells. Epithelial cells and activated immune cells produce 
numerous cytokines e.g. IL-1 , IL-2, IL-6, IL-8, IL-12, tumor necrosis factor (TNF)- , 
interferon (IFN)- , which can be found in the gastric mucosa of H. pylori-infected 
individuals [41]. The diagnosis of gastritis is based on histological analysis of gastric 
biopsies according to the updated Sydney system [42]. In experimental H. pylori 
infections with adult human volunteers, acute infection was associated with fever, 
vomiting, nausea and mucosal inflammation followed by cramping, gastric pain, and 
development of hypochlorhydria [3, 43-45]. The majority of individuals fail to 
eradicate the infection, however spontaneous clearance has been observed in children. 
The acute gastritis eventually develops into chronic gastritis. Most infected individuals 
are asymptomatic despite the ongoing gastric inflammation. 

1.3.2 Peptic ulcer disease 
The stomach and the intestines are lined with a mucosal layer in order to protect against 
gastric acid, microbes and toxic compounds. When this protective layer is impaired, the 
gastric acid gets access to the underlying tissue and causes a breach in the mucosa, an 
ulcer, which results in peptic ulcer disease. This may involve the stomach or the 
duodenum. It is estimated that 95% of duodenal ulcers and 70% of gastric ulcers are 
caused by H. pylori infection [20]. However, gastric acid output varies among 
individuals and ulceration can occur even in the absence of H. pylori infection. Gastric 
secretion is unaffected in the majority of H. pylori-infected individuals, however the 
infection can increase or reduce gastric acid secretion depending on the infection site 
and the nature of the gastritis. Thus, the distribution and pattern of gastric 
inflammation strongly correlate with the clinical outcome of H. pylori infection [46].  
 
Individuals with antrum-predominant gastritis are prone to hypergastrinemia and 
increased levels of acid secretion from the parietal cells. The increased acid output may 
cause gastric metaplasia of the duodenum, i.e. intestinal cells are replaced by gastric-
type epithelial cells as a protective mechanism against the gastric acid. This provides a 
new niche for H. pylori, which normally cannot colonize the duodenum, and may result 
in further inflammation and duodenal ulceration [46, 47].  
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In contrast, corpus-predominated gastritis is associated with tissue damage of the 
gastric epithelium and an extended inflammation due to H. pylori-induced 
inflammatory mediators e.g. IL-1  and TNF- , which result in a decreased acid output 
from the parietal cells [48]. These mediators suppress the function of the parietal cells 
both directly, via intracellular pathways leading to decreased cAMP levels, and 
indirectly, through decreased histamine production from enterochromaffin-like cells 
[49]. To compensate for the damages of the inflamed mucosa, a continuous stimulation 
of epithelial cell proliferation takes place, which leads to a gradual reduction in gastric 
glands, and a disturbed barrier function of the gastric mucosa that predisposes for 
gastric ulceration. Gastric ulcer is associated with increased risk for gastric 
adenocarcinoma, but because of the reduced acid production, it is protective against 
duodenal ulcer. 
 
1.3.3 Chronic atrophic gastritis 
Virtually all individuals infected with H. pylori develop acute superficial gastritis and a 
subset progresses to chronic atrophic gastritis (ChAG). This condition is associated 
with loss of acid-producing parietal cells and pepsinogen-producing zymogenic cells, 
and an accompanying amplification of gastric stem cells in the gastric epithelium [50]. H. 
pylori colonization initiates an inflammatory process which lasts for decades and 
progresses from non-atrophic gastritis to glandular atrophy with loss of the gastric 
glandular epithelium, and eventually to replacement by an intestinal-type epithelium 
(intestinal metaplasia). Sera from patients with H. pylori-associated ChAG frequently 
contain autoantibodies against the proton pump H+/K+-ATPase involved in secretion 
of acid from parietal cells [51]. A study of the proliferative responses of gastric T-
cells recovered from H. pylori-infected patients with autoimmune chronic gastritis, 
identified nine bacterial proteins that shared epitopes with the parietal cell H+/K+-
ATPase -subunit [52]. It has also been shown that H. pylori induces apoptosis of 
cultured rat parietal cells [53]. 
 
Moreover, IL-1 , a potent inhibitor of gastric acid secretion, is upregulated in H.
pylori-infected individuals [54, 55]. Polymorphisms of the IL1B and the IL-1  
receptor antagonist (IL-1RN) genes have been associated with higher levels of IL-1  
and an increased risk for ChAG and gastric cancer [56-58]. However, this has been 
disputed by others [59, 60]. The proton pump H+/K+-ATPase, located in the canicular 
membrane of gastric parietal cells, secretes H+ in exchange for K+ into the gastric 
lumen. Hypochlorhydria of the gastric mucosa is an important factor in the 
development of gastric adenocarcinoma. The increase in gastric pH leads to overgrowth 
of intestinal bacteria which cannot normally colonize this acidic environment, and in 
some instances to production of carcinogenic N-nitroso compounds [61]. Studies have 
shown that approximately one third of all H. pylori-infected individuals develop ChAG 



 

7 
 

[62, 63]. Atrophic changes of the gastric mucosa with loss of acid-producing parietal 
cells and pepsinogen-producing zymogenic cells result in increased gastric pH, low 
pepsinogenI/pepsinogenII ratios, and high serum gastrin levels, which stimulate the 
proliferative status of gastric epithelial cells. Serum pepsinogen levels are often used as 
an indicator of ChAG during screens for individuals with increased risk for gastric 
cancer [64, 65].  
 
H. pylori-induced ChAG is considered to be a precursor to gastric adenocarcinoma. 
Studies have reported an annual incidence rate for gastric cancer in patients with 
ChAG of 0.1-0.8% [66]. A study of 4,655 healthy Japanese subjects monitored for 
eight years with periodic assays for blood pepsinogen levels and antibodies to H. 
pylori, disclosed that both H. pylori infection (hazard ratio (HR) = 5.13, 95% 
confidence interval (CI) = 1.24-21.24) and ChAG (HR=3.03, 95% CI = 1.67-5.49) 
were significantly associated with an increased risk for gastric cancer development 
[67]. As the gastric mucosa becomes more and more atrophic, which allows 
colonization with intestinal microbes, H. pylori often disappears from the gastric 
mucosa and the infection is cleared. However, some patients with ChAG may have 
detectable H. pylori antibodies, thus indicating an on-going or past H. pylori infection. 
In a recent study, the odds ratio for the association with ChAG for H. pylori infection 
alone was 2.9 (95% CI = 2.3–3.6) and 4.1 (CI=3.2–5.2) for H. pylori infection that was 
positive for the presence of IgG antibodies specific to CagA [68]. Thus the disease-
related clearance of the infection may lead to underestimation of the association 
between H. pylori and ChAG. 

1.3.4 Gastric adenocarcinoma 
Although the incidence rates for gastric cancer are decreasing, it is still the fourth most 
common malignancy worldwide behind cancers of the lung, breast, colon and rectum 
[69]. In 2002, over 900,000 persons were diagnosed with gastric cancer and 
approximately 700,000 died from the disease. Thus, gastric cancer is the second most 
common cause of cancer-related deaths after lung cancer. The incidence rates for 
gastric cancer worldwide differ greatly, although it is more frequent in developing 
countries. East Asia, Eastern Europe and parts of Central and South America are high-
risk areas for gastric cancer [69].  
 
Epidemiological studies in humans together with animal studies have confirmed the 
association between H. pylori infection and gastric cancer development. One meta-
analysis, summarizing 16 case-control studies (2,284 cases and 2,770 controls) 
showed that H. pylori infection increases the risk for non-cardia cancer (2.71-fold) 
but not for cardia cancer [70]. In addition, experiments using Mongolian gerbils 
further established this association [71, 72].
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Gastric adenocarcinomas are derived from the glandular epithelium and are often 
classified histologically into intestinal and diffuse types, depending on the degree of 
glandular formation by the tumor cells [73]. Intestinal-type gastric adenocarcinoma is 
well-differentiated with an intestinal-like glandular epithelium, often occurs in older 
people, predominates in men, and is more common in high-incidence countries [74, 
75]. Diffuse-type gastric adenocarcinoma is less differentiated, is more common 
among young people, affects men and women equally, and is prevalent throughout 
the world [74, 75]. The underlying mechanisms for intestinal-type gastric 
adenocarcinoma are better characterized and consist of multi-step chain events 
(known as Correa´s cascade) with transition from normal gastric mucosa to chronic 
superficial gastritis, ChAG, intestinal metaplasia, dysplasia and finally 
adenocarcinoma [76]. The vast majority of H. pylori-infected individuals are 
asymptomatic, while only a small proportion will eventually develop gastric cancer. 
Therefore it is important to identify individuals with increased risk for gastric cancer 
development. Individuals with H. pylori infection in association with severe gastric 
atrophy, corpus-predominant gastritis, and intestinal metaplasia are at significantly 
higher risk for intestinal type gastric cancer. In addition, the pattern, extent, and 
severity of atrophy and intestinal metaplasia are also considered to be predictors of 
gastric cancer risk [77]. 
 
1.3.5 MALT-lymphoma 
The gastric mucosa is normally devoid of lymphoid tissue. However continuous 
antigen stimulation at sites of inflammation due to chronic infections or autoimmune 
responses can induce formation of mucosa associated lymphoid tissue (MALT), which 
may develop into gastric MALT lymphoma [78]. MALT lymphomas are extranodal B-
cell lymphomas of the non-Hodgkin lymphoma type. Gastric MALT lymphoma is the 
most common type of MALT lymphomas [79]. There is a strong correlation between 
H. pylori infection and development of gastric MALT lymphoma. Approximately 90% 
of gastric MALT lymphomas are associated with H. pylori infection [80, 81]. However, 
eradication of the infection leads to complete regression of the lymphoma in the early 
stages of disease in the majority of patients [82-84].  

1.3.6 Potential benefits of H. pylori colonization 
H. pylori is mainly a gastroduodenal pathogen, however there is evidence for a 
protective role for H. pylori in other diseases such as gastroesophageal reflux disease, 
Barrett’s esophagus, and esophageal adenocarcinoma [85-87]. In the 21st century 
there has been a decline in H. pylori prevalence and a simultaneous decrease of 
gastric adenocarcinoma incidence and increase of esophageal adenocarcinoma 
incidence in developed countries [88]. One explanation for the assumed protective 
effect is that H. pylori-induced inflammation of the corpus and atrophy development 
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lead to reduced levels of gastric acid, which protects the esophageal epithelium from 
damages caused by gastro-esophageal reflux. Another hypothesis for this association 
is that H. pylori affects the microbiota of the stomach [89, 90] and the esophagus [91, 
92], or impact the production of gastric hormones [93, 94], which may influence the 
integrity of the esophageal mucosa.  
 
Furthermore, other studies indicate that H. pylori infections may protect against 
diarrheal diseases [95, 96]. Possible mechanisms for this protection involve secretion 
of antibacterial peptides by H. pylori [97], or stimulation of a local antibody response 
in the gastric mucosa [98] which can act on other intruding pathogens. There is also 
recent data on an inverse association of H. pylori infection and a delay in the onset of 
asthma and allergies in children [99-101]. The incidence of these disorders has 
increased in the last years, which could partly be explained by a decrease in H. pylori 
prevalence and the accompanying absence of an active lymphoid compartment in the 
stomach with regulatory T-cells [102, 103] which could be involved in regulating the 
onset for sensitization to allergens.  
 
 

1.4 DETECTION AND TREATMENT 
 
There are several different methods for detection of H. pylori infection. These 
methods can be divided into two groups - invasive and non-invasive. Invasive 
methods involve gastroscopy and gastric biopsy sampling, which are required for the 
reference methods culture and histology. To reach a high sensitivity, at least two 
biopsies are required for culturing. Colony morphology, urease-, catalase- and 
oxidase tests together with Gram-staining are used to identify H. pylori. Non-invasive 
methods include sampling of blood-, fecal- or breath samples for serological tests 
detecting H. pylori antibodies or urea breath test. The latter is a rapid indirect 
diagnostic method that detects an active infection. The patient ingests 13C-labelled 
urea that gets converted to 13CO2 by the bacterial enzyme urease.  After 20-30 
minutes, the exhaled air is analyzed for the presence of 13CO2, which indicates an 

active H. pylori infection.   
 
The European Helicobacter Study Group (EHSG) directs general guidelines for 
treatment of H. pylori infections [104-106]. Despite intense research, the issue of how 
to treat H. pylori positive individuals remains a challenge to most clinicians. The 
most effective treatment regimens include a standard triple therapy consisting of a 
proton pump inhibitor (PPI) and two antibiotics, usually clarithromycin and 
amoxicillin or metranidazole [105]. However, treatment failure occurs, generally due 
to resistance to clarithromycin [107, 108]. A second-line therapy regimen, a 
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quadruple combination of PPI, bismuth, tetracycline and metronidazole has been 
recommended for those patients [105]. Recently tested triple treatments, with other 
antibiotics than those used in first- and second-line treatments, e.g. a levofloxacin-
based treatment, seem promising for cases where previous treatments have failed 
[109-111]. Eradication of H. pylori infection is recommended in patients with 
gastroduodenal diseases such as peptic ulcer disease, MALT-lymphoma, atrophic 
gastritis, or if there is a family history of gastric cancer [105, 106]. 
 

 
1.5 GENOMICS 
 
The first complete genome sequence of H. pylori in 1997 was the seventh bacterial 
genome to be sequenced [112], and with the release of a second H. pylori genome in 
1999 [113], the first species for which two complete genome sequences were 
available for genomic comparison. To date there are seven complete genome 
sequences available for H. pylori (Table 1). Moreover, there are a number of assembled 
H. pylori genomes available in GenBank, and several sequencing projects are in 
progress. The genomes for the non-pylori Helicobacter species H. hepaticus and H. 
acinonychis have also been sequenced [114, 115]. The latter species, which infects 
cheetahs and other large cats, is the closest relative to H. pylori. Genomic and post-
genomic analyses have contributed enormously to our understanding of the evolution 
and pathogenesis of H. pylori infections.  
 
Table 1. Finished H. pylori genome sequences 
      
Strain Genome size (Mb) ORFs   G+C(%) Origin  Host pathology   Refs. 

26695 1.67 1590 38.9     U.K. Gastritis  [112]

J99 1.64 1495 39.2     USA Duodenal ulcer  [113]

HPAG1 1.60 1536 39.1     Sweden ChAG  [116]

Shi470 1.60 1569 38.9     Peru Gastric ulcer  †

G27 1.65 1515 38.9     Italy Duodenal ulcer  [117]

P12 1.71 1568 38.8     - Duodenal ulcer  †

B38 1.58 1382 39.0     - Gastric ulcer  †
† (http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi) 

 
The genome sizes of the sequenced H. pylori strains vary from 1.6 to 1.7 Mb and 
contain 1382 to 1576 predicted coding open reading frames (ORFs) (Table 1). In 
comparison to other bacterial genomes e.g. Escherichia coli, strain K-12 and 
Pseudomonas aeruginosa with genome sizes of 4.6 and 6.3 Mb respectively [118, 119], 
the H. pylori genome is small and contains a high percentage of coding sequences 
(91%). Despite its small genome size, H. pylori possesses an enormous genomic 
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plasticity and diversity. Almost all infected individuals seem to harbor their own H.
pylori strain, with the exception of family members who frequently carry the same 
strain [120]. Micro-diversity of individual clones within the bacterial population has 
been shown to contribute to a remarkable genetic heterogeneity among single colony-
isolates obtained from the same host [121-123]. This genetic diversity is caused by 
unusually high mutation and recombination rates [124, 125] together with H. pylori´s 
ability for natural transformation (the ability for DNA uptake from the surroundings) 
[126]. H. pylori lacks the mutH and mutL homologues of the methyl-directed 
mismatch repair (MutHLS) system present in many other microbes. The H. pylori 
mutS homologue, appears non-functional [124, 127]. In addition, it has been 
estimated that recombination events are common in H. pylori, which are 
characterized by high import frequency (approximately 60 imports in 25,000 bp per 
genome per year) and much shorter import sizes than what has been observed for 
other bacteria (average 417 bp) [121]. Based on these numbers, 50% of the H. pylori 
genome would be replaced by import in only 41 years during a mixed colonization. 
This is an extremely short time interval as compared to other bacteria, e.g. 10-100 
million years are required for replacing 60% of the E. coli genome [128]. The 
unusually short import size might be due to digestion of naked DNA fragments 
present in the gastric environment.  
 
However, despite the high genetic variability, H. pylori exhibits a strong 
phylogeographic differentiation which mirrors the migration patterns of human 
populations to various continents. Accordingly, strains from the same geographical 
area are more closely related than isolates from other continents [29, 129]. Microarray 
studies on a collection of 56 representative H. pylori strains collected from all 
continents, identified a core genome of H. pylori consisting of 1111 genes [130]. 
Most of the variably present genes (25%) were small and contained an unusual G+C 
content, suggesting that they were acquired through horizontal gene transfer from 
other microbes. A previous microarray study, analyzing 15 H. pylori strains 
demonstrated similar results - 22 % variably present genes were found, among which 
particularly genes encoding restriction-modification (R-M) enzymes, transposases, 
and cell surface proteins were represented [131]. 
 
Besides the genetic diversity among H. pylori strains, the gene order (synteny) within 
the genomes also differs between strains. Comparison of the two sequenced H. pylori 
strains 26695 and J99, revealed that there are 10 genomic rearrangements present, 
particularly in intergenic regions but also associated with insertion elements, repeated 
sequences or genes, and R-M genes [113]. In paper III, we describe thirteen regions 
in the HPAG1 genome that appear to be inverted or translocated as compared with 
one or both of the sequenced 26695 and J99 strains. These regions range in size from 
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1.5 kb to 83.6 kb and represent areas of disruption of otherwise well-conserved gene 
order. Some of the deleted regions are parts of plasticity zones (PZ) and correspond to 
areas containing 26695- and J99-specific genes. The loss of these strain-specific, PZ-
associated genes in HPAG1 may represent a form of “streamlining” of its genome, 
and suggests that loss of these genes may reflect adaptation to an acid-free gastric 
habitat [116]. 
 
 

1.6 BACTERIAL VIRULENCE FACTORS 

1.6.1 cag pathogenicity island 
Many H. pylori strains carry a 40 kb DNA fragment, the cytotoxin-associated gene 
(cag) pathogenicity island (PAI), which encodes a type IV secrection system and the 
CagA effector protein [132-134]. The cag PAI contains up to 32 genes, is flanked by 31 
bp direct repeats, and the G+C content is lower than in the total H. pylori genome (35% 
versus 39%), which indicates that this large chromosomal DNA segment has been 
acquired through horizontal transfer [112, 113, 116, 133]. Accordingly, the complete 
cag PAI can be inserted or deleted in the H. pylori genome which enables co-existence 
of cag PAI positive and cag PAI negative strains in the same individual [123, 135-137]. 
In addition, intermediate cag PAI genotypes exist, which contain some but not all cag 
PAI genes due to deletions and/or genetic rearrangements [138-141].  
 
CagA is an important bacterial virulence factor and has been extensively characterized. 
This protein was discovered in the early 1990s when independent investigators found 
an association between serologic responses to CagA and development of peptic ulcer 
[132, 142, 143]. Later on, additional researchers made the observation that cagA+ 
strains are associated with development of more severe gastric diseases such as peptic 
ulcers and gastric cancer [144, 145]. Following attachment to gastric epithelial cells, 
CagA is injected by the type IV secretion system into the membrane of the cells where 
it is phosphorylated by Src. Phosphorylation enables the protein to interact with the 
tyrosine phosphatase Src homology-2 (SHP-2) [146]. These events eventually lead to 
cytoskeletal rearrangements which results in scattering and a marked elongation 
(hummingbird phenotype) of infected cells in culture [147]. The elongation of host 
cells is suggested to be caused by cell retraction defects in focal adhesions [148]. 
Furthermore, intracellular CagA interferes with the epithelial tight-junction scaffolding 
protein ZO-1, which causes disruption of the apical-junctional complex and loss of the 
barrier function of the gastric epithelium [149]. Moreover, CagA interaction with Par1, 
a regulator of cell polarity [150, 151], and with the cell-cell junction protein E-cadherin 
[152], further destabilize the integrity and architecture of the gastric epithelium, which 
in turn can promote ulceration, inflammation and gastric carcinogenesis [150-152].  
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1.6.2 Vacuolating cytotoxin 
Together with cag PAI, the vacuolating cytotoxin A (VacA) are major virulence factors 
of H. pylori. The vacA gene is present in all H. pylori strains, however the amino acid 
sequence shows no similarity to any other known bacterial or eukaryotic protein. H. 
pylori strains harbour different vacA alleles, which confer varying levels of 
cytotoxicity [153]. The gene consists of three regions; the signal (s) region, which is 
associated with the vacuolating activity [154], the middle (m) region, which 
contributes to cell type-specific receptor binding [155, 156], and the recently 
identified intermediate (i) region, which influences toxin binding and internalization 
[157]. Several vacA alleles have been described, which consists of various 
combinations of signal and middle region alleles, some of which are restricted to 
certain geographic areas [158]. The s1/m1 strains are considered to be the most 
virulent and are associated with the highest vacuolating activity, whereas the s1/m2 
strains have a lower vacuolating activity and the s2/m2 strains lack this activity [153]. 
Rhead et al. found that among Western H. pylori strains, all s1/m1 vacA alleles 
possessed vacuolating activity and were of type i1, all s2/m2 alleles were non-
vacuolating and of type i2, wheras s1/m2 could be either i1 or i2 [157]. 
 
Initially, VacA was discovered because of its ability to cause vacuoles in cultured 
human epithelial cells [159, 160]. However, recently many other activities have been 
identified.  The mature toxin is secreted into the extracellular space [160] but can also 
be associated with the bacterial surface [161]. Except for its vacuolating property, 
VacA also causes gastric epithelial apoptosis through release of cytochrome c from 
mitochondria [162-165], and increases paracellular permeability of epithelial 
monolayers, which probably is a strategy in order to get access to essential nutrients 
to support H. pylori growth [166]. Furthermore, VacA interferes with proliferation of 
T-cells [167-169], phagocytosis, as well as antigen presentation by B-cells and 
macrophages [170-173]. These immunosuppressive activities down-regulate the host 
responses and enable H. pylori to establish a persistent infection in the human gastric 
mucosa.  
 
1.6.3 Colonization 
 H. pylori is highly adapted for colonization of the human stomach, an environment that 
is lethal to most other microbes to due high acidity, limited nutrient availability, gastric 
emptying etc. H. pylori has developed a number of mechanisms to overcome these 
barriers. H. pylori can adapt its gene expression in response to changes in pH [116, 
174-177]. The bacterium is also protected from the acidity through the action of the 
urease enzyme that converts urea to ammonia and carbon dioxide, which increases the 
pH of the local environment surrounding the bacteria [178]. Furthermore, H. pylori 
possesses unipolar flagella which allows motility and penetration through the gastric 
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mucus layer [179, 180]. Chemotaxis directs the bacteria towards the mucosal lining 
where the pH is higher, by utilization of the proton motive force [181, 182]. The spiral-
shaped form of the bacteria is also an important trait which facilitates penetration 
through the thick mucin layer. The majority of the colonizing H. pylori population is 
free-living in the gastric mucus layer, however a small fraction, estimated to comprise 
<1% of the total population, is attached to the gastric epithelium [183]. The intimate 
contact with epithelial cells offers proximity to nutrients, protection from mucus 
turnover and from the gastric acidity since the pH is higher at the epithelial cell surface. 
Moreover, intracellular H. pylori has been described in H-pylori-infected patients [184, 
185], as well as in Rhesus monkeys naturally infected by H. pylori [186] and in 
experimentally infected mice [187].    

1.6.4 Outer membrane proteins 
H. pylori encodes an extraordinarily large set of outer membrane proteins (OMPs), 
representing ~ 4% of the predicted ORFs in the genome. The Hop (Helicobacter outer 
membrane porins) proteins represent the biggest OMP family, and together with the 
Hor (Hop-related) proteins, they constitute a large group of paralagous proteins with 
over 30 members [112, 113, 116]. The functions for the majority of these OMPs are 
unknown, although several have been implicated to be adhesins or porins.  
 
A number of OMPs have been proposed to be important for attachment to gastric 
epithelial cells e.g. the Lewisb (Leb) blood group antigen binding adhesin, BabA, which 
recognizes Fuc 1,2Gal 1,3[Fuc 1,4]GlcNAc  epitopes produced by differentiated pit 
cells of the human gastric epithelium [188]. Another important adhesin is the sialic acid 
binding adhesion SabA (also known as HopP), which recognizes NeuAc 2,3Gal 1,4 
epitopes including sialyl-LewisX [189] produced by gastric epithelial progenitors 
(GEPs) [190]. The adherence-associated lipoproteins A and B (AlpA/B) also have 
apparent roles in H. pylori attachment, although their host receptors have not yet been 
characterized [191]. HopZ has been shown to be important for bacterial attachment to a 
gastric adenocarcinoma-derived epithelial cell line (AGS) in vitro although its receptor 
is not known [192]. Introducing a null allele of hopZ does not affect the bacterium’s 
ability to establish residency in the stomachs of mice or guinea pigs with normal acid-
producing capacity [193, 194]. However, in paper III we show that loss of hopZ 
markedly reduced the fitness of H. pylori in the stomachs of parietal-cell deficient 
tox176 mice, but not in their normal littermates [195].  
 
The functional status of many of the H. pylori OMPs is suggested to be regulated by a 
slipped-strand repair mechanism based on the number of homopolymeric tracts and/or 
di-nucleotide repeats in the 5´region of the gene [113, 196]. Considering the 
conservation of the numerous OMPs in H. pylori, they are probably important in the 
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adhesive adjustments and adaptations of H. pylori to the different gastric conditions, 
e.g. an acid-free stomach of a host with ChAG where there is an expansion of glycan-
receptors for H. pylori. Indeed, 12 of the 21 members of the Hop family are regulated 
by acid [175, 177, 197], including the HopU, HopZ and SabA/HopP adhesins [189, 
192]. A strain that can express multiple adhesins with different receptor/cellular 
specificities, is better equipped to persist in the stomach in the face of a changing 
epithelial cell environment.
 
1.6.5 Lipopolysaccharide 
While attachment is important to maintain persistence, it also presents a problem for 
bacteria to avoid an adaptive immune response that could threaten the long-term 
stability of the host-microbial relationship. H. pylori avoids clearance by the immune 
system, in part, by varying some of the carbohydrate epitopes associated with its 
lipopolysaccharide (LPS).  
 
The LPS is a major component of the cell wall of Gram-negative bacteria and covers 
75% of the cell surface [198]. It is composed of lipid A, a core oligosaccharide, and a 
variable O-antigen chain (Figure 4) [199, 200]. H. pylori O-antigen chains uniquely 
display human-related blood group antigens, Lewis (Le) antigens, which share 
structural homology with blood group antigens found in the gastric mucosa [201]. Lex 
and Ley are the predominating Lewis antigens in H. pylori LPS and are expressed by 
80-90% of clinical isolates [202-205], however Lea, Leb, Lec, si-Lex and H-antigen may 
also be expressed [206-209].  
 
The Lewis structures are generated by the bacterium’s own 1,2- and 1,3-
fucosyltransferases, encoded by the futC and futA or futB genes [112, 210, 211]. FutA 
and FutB have either 1,3- and/or 1,4-fucosyltransferase activity for Lex or Lea 
antigen synthesis, respectively, whereas FutC has 1,2-fucosyltransferase activity, 
which results in Ley or Leb synthesis [212, 213]. H. pylori LPS is synthesized in a 
step-wise manner [207, 213] and is typically glycosylated with internal Lex units and 
either Lex or Ley at the terminal position [214]. Expression of all three 
fucosyltransferases is regulated by a slipped-strand mispairing mechanism due to 
stretches of C-residues in the 5´end of the futA, futB and futC genes, which yields 
variants with different LPS phenotypes [215, 216]. In vitro studies have shown that 
the expression of Lewis antigens can phase vary at high frequencies (0.2-0.5%), which 
favors strain diversification and suggests that several LPS phenotypes can exist in a 
bacterial population originating from a single cell [217]. Moreover, FutA and FutB 
contain a C-terminal heptad repeat region, consisting of a variable number of a seven 
amino acid repeat, that directs which sizes of O-antigen polymers to become 
fucosylated [218]. In addition, Lewis expression can vary depending on the relative 
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activities of the 1,2 and 1,3-fucosyltransferases as well as on fucose availability 
[216]. Thus H. pylori LPS has the potential for enormous structural variability.  
 
 

         

Figure 4. Schematic representation of the LPS molecule.
 
The exact function of Lewis antigens on the LPS is not clear. It has been suggested 
that they are important for colonization [219, 220] or for providing a “camouflage” 
(molecular mimicry) to the bacterium by preventing the formation of antibodies 
directed against epitopes that are shared with the host [209, 221]. Accordingly, 
colonization studies in Rhesus monkeys demonstrated that the Lewis antigen 
expression of H. pylori phase-varied to match the corresponding Lewis phenotype of 
the host [222]. However, this theory has been disputed by others, since similar 
correlations could not be demonstrated in humans [202, 223].  
 
Recent studies have shown that the phase-variable expression of Lewis antigens 
allows H. pylori to modulate the host T helper cell immune response through 
interactions with dendritic cell-specific ICAM-3-grabbing non-integrin (DC-SIGN) on 
gastric dendritic cells [224]. Binding of Lex- or Ly-expressing H. pylori strains to DC-
SIGN, results in increased levels of IL-10, which induces a Th2-cell response and 
inhibits Th1-cell activation. Lewis-negative H. pylori strains, on the other hand, do 
not bind DC-SIGN and thereby promote Th1-cell activation and a cell-mediated 
proinflammatory response [224]. Thus, by varying Lewis antigen expression, H.
pylori can modulate the host´s immune response to avoid clearance and instead 
establish a chronic infection. Furthermore, H. pylori LPS has significantly lower 
endotoxicity and reduced immunological activities as compared to other Gram-negative 
bacteria due to underphosphorylation, underacylation and fatty acid substitutions in the 
lipid A structure [199, 200, 225]. Compared with LPS from other enteric bacteria, H.
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pylori LPS has a 500-fold reduced lethal activity in mice [226] and is 1000-fold less 
potent in inducing IL-8 production in neutrophils [222, 227].  
 
Interestingly, several studies have demonstrated that the expression of H. pylori O-
antigen chains and Lewis antigens are subjected to environmental regulation, both in 
vitro [228-230] and in vivo [141, 222, 231, 232]. Environmental pH has been shown 
to influence Lewis antigen expression in culture [229], in experimental infections of 
mice with different gastric pH (Paper II; [141]),  and can vary in different gastric 
regions within a single host [218], which might be due to varying gastric pH. These 
observations suggest that H. pylori can adapt its surface structures to changes in the 
gastric environment, which provide a means to regulate the inflammatory response 
and to promote persistence. 
 
1.6.6 H. pylori interactions with gastric stem cells 
A 16S rRNA sequence-based enumeration of microbes in the adult human stomach, 
showed a hereto unappreciated diversity of phylotypes in both the presence and 
absence of H. pylori, although it did not address differences in pathologic status such 
as ChAG [89]. However, culture-based studies have shown that ChAG-associated 
conditions with increased gastric pH result in marked changes in gastric microbial 
community structure and diversity (26) – creating a situation where H. pylori faces 
increased competition for niches in the gastric mucosa. One solution to this problem 
is to find a new habitat that is devoid of microbial competitors. 

H. pylori has long been considered an extracellular bacterium. However treatment 
failure of extracellular antibiotics and the involvement of a predominant Th1 cytokine 
immune response in clearance of H. pylori infections, which is characteristic of 
invasive pathogens, have suggested an intracellular location of H. pylori [233, 234]. 
Furthermore, electron microscopy studies of biopsies obtained from H. pylori-infected 
individuals have shown bacteria within the gastric epithelium [185, 235], and in vitro 
studies of various cultured cell lines have documented internalization of H. pylori. 
Internalization seem to occur through a “zipper-like” mechanism that is triggered by H.
pylori attachment-associated induction of a variety of host cell responses including 
cytoskeletal rearrangements and a variety of host signal transduction events [236].  
 
Studies on gnotobiotic transgenic mice that lack parietal cells, revealed that GEPs are 
targets of H. pylori invasion, and intracellular collections of bacteria were found in a 
small subset of these cells [187]. Intracellular invasion may be a strategy to avoid 
clearance from the host habitat, or to avoid inhospitable extracellular conditions. 
Nevertheless, the invasion of H. pylori into GEPs raises questions regarding the nature 
of the interactions between this bacterium and the intracellular environment. In silico-
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based reconstructions of the H. pylori metabolome (based on the complete genome 
sequences of strains 26695 and J99), suggest that GEPs may offer H. pylori an 
alternative way of overcoming its auxotrophies for various amino acids that it would 
otherwise have to acquire in the competitive extracellular environment. Moreover, 
since H. pylori lacks enzymes necessary for putrescine production, it might utilize 
polyamines generated by GEPs to facilitate its intracellular growth. In this way, H.
pylori can indirectly regulate the proliferative status and census of GEPs, since 
polyamines have been shown to stimulate cell division and regulate survival in many 
mammalian cell lineages [237]. 
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2 AIMS 
 
The general aim of this thesis was to identify adaptive mechanisms of H. pylori to the 
gastric environment of hosts with ChAG during disease progression, and to examine 
the impact of H. pylori isolates on gastric stem cell biology. 
 

Specific aims: 

Paper I 
To analyze the complete genome sequence of the first fully sequenced ChAG-
associated H. pylori strain and to identify genetic adaptations associated with 
colonization of an acid-free gastric environment with focus on features that can 
influence tumorigenesis. 

Paper II 
To examine the impact of varying gastric conditions on LPS diversity and on Lewis 
antigen expression in H. pylori isolates during gastric disease progression.  

Paper III 
To characterize H. pylori´s genetic adaptations to ChAG by comparing genomes 
collected from individuals with various gastric histopathology, and to determine the 
impact on GEPs in response to H. pylori isolates, and finally, to identify bacterial genes 
that are important for survival in a parietal cell-deficient gastric environment. 
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3 MATERIALS AND METHODS 
 
This section describes the bacterial strains, mouse models, cell lines and general 
principles of selected techniques that have been used in this thesis. A more detailed 
description of experimental design and methods are found in the respective papers. 

 
3.1 H. PYLORI STRAINS 

All H. pylori isolates used in the respective papers are clinical isolates obtained from 
individuals with gastric disease as well as from healthy individuals without 
symptoms. Below are descriptions of the previously published studies yielding these 
bacterial isolates. 

Cancer-control study (strains used in paper I, II and III) 
The aim of this study was to explore the influence of H. pylori on the risk for gastric 
adenocarcinoma. H. pylori isolates were obtained from individuals enrolled in a 
Swedish case-control study of gastric cancer performed at eight regional hospitals 
[238]. Cases were defined as patients with gastric adenocarcinoma, while controls 
represented the next five consecutive patients presented to the same endoscopy unit 
without gastric adenocarcinoma (their gender and age, in 10-year age-bands, matched 
to those of the cases). Controls consisted of individuals with normal gastric mucosa 
as well as individuals with gastritis, esophagitis, ChAG, peptic ulcer disease and 
lymphoma. The ChAG-associated strain HPAG1 (formerly called CAG7:8) that was 
used for whole-genome sequencing in paper I and for various other genetic and 
biochemical analyses in paper II and III, was obtained from a control patient in this 
study. 
 
Kalixanda study (strains used in paper I, II and III) 
The original purpose of this study was to design a population-based endoscopy 
survey of the upper gastrointestinal tract in a general adult population [239, 240]. The 
setting consisted of the two adjoining communities Kalix and Haparanda in Northern 
Sweden. Initially 1,001 asymptomatic volonteers were endoscoped, and four years 
later a subset of randomly selected individuals (n=289) were re-endoscoped. Host 
pathology was determined by serology on blood samples and histology on gastric 
biopsies, and H. pylori status was determined by culture of gastric biopsies. Sub-
isolates from a couple of the individuals that were H. pylori positive at both 
endoscopies, were used in papers I, II and III. Among those were individuals who 
presented with normal mucosa at both endoscopies, individuals who progressed from 
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normal mucosa to ChAG or gastric adenocarcinoma during the four years, and 
individuals who presented with ChAG at both endoscopies. According to then-
prevailing Swedish medical practices and the human studies committee-approved 
study protocol, a histologic diagnosis of ChAG at the time of initial endoscopy was 
not considered an indication of H. pylori eradication. 
 
Mouse-passaged HPAG1 re-isolates (strains used in paper I and II) 
H. pylori strain HPAG1 was inoculated into the stomachs of germ-free parietal cell-
deficient tox176 mice and non-transgenic FVB/N mice for 56 weeks. Single-colony 
re-isolates from these mice were collected and subsequently used in paper I and III. 

 
3.2 ANIMAL MODELS  
 
All experiments involving mice were conducted according to protocols approved by 
the Washington University Animal Studies Committee. All mice were of the FVB/N 
genetic background. The tox176 mouse is a transgenic mouse model of ChAG, with 
an engineered ablation of parietal cells, achieved by expressing an attenuated 
diphtheria toxin A fragment (tox176) under the control of a lineage-specific promoter 
(Atp4b; the noncatalytic -subunit of mouse H+/K+-ATPase). The loss of parietal cells 
leads to gastric achlorhydria (pH 6) and is associated with a block in terminal 
differentiation of zymogenic (chief) cells. To compensate for the loss of parietal cells, 
there is an increased proliferation of multipotential gastric stem cells and their 
committed oligopotential descendants (pre-parietal, pre-pit and pre-neck cell 
progenitors), collectively defined as gastric epithelial progenitors (GEPs). The result 
is a progressive increase in GEPs, which contain NeuAc 2,4Gal 1,4 glycans, 
including sialyl-Lex (the receptor for the H. pylori OMP SabA). These are all features 
that the tox176 mice share with humans with ChAG. The parietal cell ablation was 
confirmed by hematoxylin and eosin staining, by the absence of cells that react with 
antibodies to the -subunit of H+/K+-ATPase or with the parietal cell-specific lectin 
Dolichos biflorus agglutinin, and by gastric pH measurements (gastric luminal pH 

6). 
 

3.3 GENERATION OF GERM-FREE MICE  
 
All experimental infections were performed using germ-free mice. This greatly 
simplifies the analysis of H. pylori tropism and bacterial-host responses since 
conventionally raised mice contain a complex gastric microbiota due to coprophagy. 
Germ-free mice are maintained in gnotobiotic isolators and are given an autoclaved 
chow diet. Mice are typically re-derived as germ-free by Ceasarian delivery into a 
plastic gnotobiotic isolator. The uterus from the mother is sterilized by passing the 
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intact uterus through a bath of chlorine for 45 seconds. The re-derived pups are fostered 
to germ-free surrogate mothers. Monitoring the microbial status by both culture-based 
and molecular based methods (PCR) are performed before the mice are considered 
germ-free [241].  
 
 

3.4 CELL LINES  
 
Mouse gastric epithelial progenitors (mGEPs) 
The mGEP cell line was established from FVB/N transgenic mice that express the 
oncogene simian virus 40 large T-antigen (SV40 T antigen) under the control of the 
same Atbp4 transcriptional regulatory elements that were used to direct expression of 
tox176. In these mice, pre-parietal cells undergo mitosis and thus their differentiation 
from oligopotential pre-parietal cells to mature parietal cells is blocked. The result is 
an amplified population of pre-parietal cells (GEPs). Transmission electron 
microscopy and immunohistochemical studies confirmed that these cells have the 
morphologic features of mouse GEPs, and express a number of biomarkers that are 
also enriched in GEPs from tox176 mice [242]. 
 
 

3.5 WHOLE-GENOME SEQUENCING 
 
We generated a finished genome sequence for the ChAG-associated strain HPAG1 
using traditional whole-genome shotgun (WGS) plasmid/fosmid sequencing with an 
Applied Biosystems 3730 XL capillary machine, and independently with a 454 Life 
Sciences GS-20 pyrosequencer (paper I). Two whole-genome shotgun libraries were 
constructed from HPAG1 DNA; a plasmid library with an average insert size of 4 kb 
and a fosmid library with an average insert size of 40 kb. In paper III, another recently 
introduced sequencing method, Illumina (formerly known as Solexa) sequencing, was 
employed using Illumina GA-I and GA-II sequencers. The massively parallel 454 and 
Illumina sequencing techniques yield shorter reads than traditional Sanger sequencing 
(250 and 36 bp versus > 650 bp, respectively) and are more error prone, however 
costs are orders of magnitude lower per sequenced base. Both these sequencing 
techniques are ideal for re-sequencing bacterial genomes for which high-quality 
reference genomes exist. 
 

The finishing effort for the HPAG1 genome was initated with the computer program 
Autofinish, which links the contigs and was followed by manual manipulation of the 
assembly to solve repetitive regions. Gap identification was facilitated by aligning 
HPAG1 sequence contigs to the previously sequenced H. pylori 26695 genome by 
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using Genomelink, a software tool that takes a WGS assembly and a reference 
genome as input and automatically creates a graphical "comparative assembly" 
interface to deduce the spatial relationships among contigs. All sequence gaps were 
filled by "primer-walking" on spanning plasmids and fosmids, and by sequencing 
PCR fragments.  

The origin of replication was defined by performing a GC-skew analysis 
(http://mips.gsf.de/services/analysis/genskew). Protein-coding genes were identified 
by integrating predictions from ORF-predicting programs, and intergenic regions 
were examined for coding sequences by using BLASTX. Predictions from the two 
steps were merged and manually compared with ORF predictions in the revised 
annotations of the 26695 and J99 genomes. Gene functions were assigned based on 
BLASTP searches of the non-redundant (nr) database (http://www.ncbi.nlm.nih.gov), 
and the 26695 and J99 proteomes. tRNA genes were detected by TRNAScan-SE and 
rRNA genes were identified based on sequence conservation.  

 

3.6 MICROARRAY EXPERIMENTS 

HPAG1 Affymetrix GeneChips  (Paper I and III)

We designed a custom Affymetrix GeneChip containing probe sets to 1,530 of the 
1,536 predicted chromosomal protein-coding genes in HPAG1. These GeneChips 
were used for whole-genome genotyping and transcriptional profiling of H. pylori 
genes in response to various conditions (paper I and III). Standard Affymetrix 
protocols were used for hybridization of the DNA or cDNA targets to each HPAG1 
GeneChip.  
 
For transcriptional profiling of H. pylori genes (paper I), GeneChip data were 
normalized by the Affymetrix Microarray Suite Version 5.0 software. Normalized 
expression values were subsequently analyzed with dChip software [243]. Genes were 
considered up- or down-regulated based on the following criteria: 2-fold change in 
expression; minimal absolute intensity difference 100, p value for paired t test 

0.05; 100% present call in the up-regulated condition for a given probe set. In paper 
III, transcriptional profiling GeneChip data were normalized with Robust Multi-array 
(RMA) [244].  

Mouse Affymetrix GeneChips 
Biotinylated and fragmented cRNAs prepared from total cellular mGEP RNA were 
hybridized to mouse MOE430_2 Affymetrix GeneChips according to standard 
Affymetrix protocols. Raw data were normalized with RMA [244]. The selection 
criteria for differentially expressed genes were: > 2-fold difference in expression, p
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<0.05 (t test), 100% present call in the condition with the higher expression, and 
minimal absolute intensity difference >100. 
 

 
3.7 LPS AND LEWIS ANTIGEN EXPRESSION  
Equal amounts of bacteria (as determined by OD600) were collected from liquid 
cultures. Samples were harvested by centrifugation and washed twice in PBS. LPS 
was isolated using hot phenol/water extraction. Isolated LPS was separated on SDS-
PAGE gels and either immunoblotted to PVDF membranes for immunodetection, or 
silver-stained for analysis of LPS profiles. For Lewis antigen detection, the primary 
antibodies mouse anti-Lex and mouse anti-Ley were used in combination with a 
secondary goat anti-mouse antibody, conjugated to horseradish peroxidase. 
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4 RESULTS AND DISCUSSION 
 

4.1 PAPER I 
The complete genome sequence of a chronic atrophic gastritis Helicobacter 
pylori strain: Evolution during disease progression.

When we initiated this project there were two finished H. pylori genomes available. 
However, both strains were recovered from patients with normal gastric acid 
production; strain 26695 from a host with active gastritis [112], and strain J99 from a 
duodenal ulcer patient [113]. To gain insights about the genetic adaptations of H. 
pylori during gastric disease progression, we sequenced the genome of strain HPAG1, 
which was isolated from a patient with ChAG. Sequence data from a ChAG-associated 
strain can provide information concerning the long-term adaptation of this organism 
to an acid-free gastric environment, including its capacity to acquire genes from 
environmental/oral/intestinal bacteria that colonize the formerly acid-containing 
gastric ecosystem, and features that may impact tumorigenesis. 

H. pylori strain HPAG1 was recovered from an 80 year-old woman with ChAG, who 
was enrolled in a Swedish case-control study of gastric cancer [238]. The genome 
was sequenced using traditional WGS plasmid/fosmid sequencing with an ABI 
3730xl capillary sequencer and, independently, with the recently introduced, 
massively parallel 454 Lifesciences GS-20 pyrosequencer. 

HPAG1 contains a 1,596,366 bp circular chromosome and a single 9,369 bp plasmid 
(Figure 5). Its genome is 71,501 bp and 47,465 bp smaller than the 26695 and J99 
chromosomes, respectively, while its G+C content (39%) is the same. HPAG1 has 
1,536 predicted ORFs - 53 fewer than in 26695 and 42 more than in J99. HPAG1 has 
1380 genes in common with both 26695 and J99. The functions of 20 of the 28 ORFs 
missing in the HPAG1 genome in comparison to the other two genomes, are 
unknown, while five are members of R-M systems. The remaining three ORFs 
include a member of the cag PAI, an OMP belonging to the Hom family, and a 
putative integrase/recombinase. Variation in the representation of R-M component 
genes is not surprising given the fact that they are frequently exchanged between 
organisms and undergo rapid evolution. The genomes of H. pylori contain an 
unusually large proportion of R-M systems [112, 113, 116] and it is believed that 
every clinical isolate has a unique setup of R-M systems [131, 245]. These systems 
function as primitive bacterial immune systems that protect the H. pylori 
chromosome from invading foreign DNA of bacteriophages and other bacteria, which 
is of particular importance for H. pylori since it is naturally competent for DNA 
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uptake [246, 247]. Moreover, the genome of H. pylori encodes unusually few 
regulatory elements, and therefore it has been speculated, and also recently confirmed 
by Skoglund et al. [248], that methylation can impact H. pylori gene expression. 
    

 

Figure 5. Circular representation of the HPAG1 genome and related Cluster of 
Orthologous Groups (COG) descriptions.
 
HPAG1 contains 43 “novel” genes that are either not present, or whose sequences are 
only incompletely represented in the 26695 and J99 genomes. Twenty-five of those 
are predicted genes/proteins with no significant similarities to entries in available 
public databases, and three have best-hits to xenologs of members of R-M systems 
from other bacterial species. The predicted products of the remaining 15 genes have 
high homology to other proteins in various H. pylori strains. Not unexpectedly, four 
of the 15 genes are related to R-M system components characterized in other H.
pylori strains, but not in the sequenced strains.  
 
Thirteen regions in HPAG1 appear to be inverted or translocated when compared 
with one or both of the other sequenced H. pylori strains. Two regions of the HPAG1 
genome contain major inversions, followed by deletions of regions represented in the 
26695 genome. The deleted regions are parts of PZs and correspond to areas 
containing 26695- and J99-specific genes. We speculate that the loss of these strain-
specific, PZ-associated genes in HPAG1 may represent a form of “streamlining” of 
its genome, and suggests that loss of these genes may reflect adaptation to an acid-
free gastric habitat. 
 
The stability of the HPAG1 genome was tested by sequencing 26 of the 28 strain-
specific HPAG1 genes in 40 HPAG1 isolates retrieved after a 56-week colonization 
of 32 isolates from 12 tox176 mice and 8 isolates obtained from 4 normal littermates. 
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Furthermore, whole-genome genotyping of four randomly selected isolates (two from
tox176 and two from normal mice) was performed. The results showed that none of 
the HPAG1-specific genes were lost from any isolates, and there were no nucleotide 
sequence alterations, which suggest that the genome is stable in these environments 
during the time period tested. 
 
We have generated a custom Affymetrix HPAG1 GeneChip containing probe pairs 
representing 99.6% of the protein-coding genes. The GeneChip was used to genotype 
a panel of eight ChAG-associated H. pylori strains to define a common gene signature 
and for transcriptional analysis of HPAG1 to various pH conditions. The results 
revealed 1025 genes that were present in all ChAG strains.  This 1025-member ChAG 
gene “signature” was further compared to the H. pylori “pan-genome” of 1150 genes 
described by Gressmann et al. [130], which was generated from microarray analyses of 
56 globally represented H. pylori strains (without respect to host pathology). Among 
the 1025 genes, there were 121 genes, which we defined as “ChAG-associated” genes, 
that were not represented in the 1150-member pan-genome list. These ChAG-
associated genes include Hop family members predicted to function as porins and 
adhesins, genes involved in forming the molybdenum cofactor for metalloenzymes that 
participate in metabolism of nitrogen, sulfur, and carbon containing substrates, genes 
involved in iron and metal utilization, and genes encoding components of R-M 
systems. We speculate that this is a strategy in order to compensate for the reduced 
ferric iron availability in the hypo- or achlorhydric ChAG environment. In addition, this 
situation forces H. pylori to compete for metals with members of the intestinal 
microbiota that are now able to reside in the stomach because of an increased gastric 
pH.  
 
In order to characterize the impact of pH on gene expression of HPAG1 during 
growth in vitro at pH 5.0 and pH 7.0, we performed whole-genome transcriptional 
profiling using the Affymetrix GeneChip. A total of 12 genes were defined as up-
regulated at 1 h and/or 3 h after the shift from pH 7.0 to pH 5.0; the ChAG-associated 
gene fur, two quinone-reactive Ni/Fe hydrogenases, and four heat shock-responsive 
genes/chaperones. Among the 177 genes that were down-regulated at pH 5.0, were 
genes involved in; coenzyme transport and metabolism (e.g. components involved in 
synthesis of the molybdenum cofactor), cell wall/membrane biogenesis (e.g., lipid A 
disaccharide synthetase, type 1 capsular polysaccharide biosynthesis protein J, and a 
predicted LPS 1,2-glycosyltransferase), and the virulence-associated genes vacA and
cag-PAI protein 4. Since hypochlorhydria is a major feature of ChAG, the acid-
regulated HPAG1 genes that are also part of the ChAG-associated gene signature are 
presumably important for H. pylori’s adaptation to this environment. These genes may 
contribute advantages to H. pylori in getting access to nutrients and scavenging of 
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essential metals important for proper enzyme functions in the atrophic stomach where 
fast-growing intestinal microbes compete for colonization sites. 
 
 

4.2 PAPER II 
A changing gastric environment leads to adaptation of lipopolysaccharide 
variants in Helicobacter pylori populations during colonization. 
 
In this paper we investigated whether the Lewis antigen repertoire in H. pylori is 
adjusted in response to changing gastric and environmental conditions observed in 
normal and atrophic individuals. The LPS of H. pylori is decorated with the human 
blood group Lewis antigens, which provide the bacterium with surface structures that 
can interact with the host and modulate immune responses. This is suggested to be a 
strategy of the bacterium to avoid an adaptive immune response that could threaten 
the long-term stability of the host-microbial relationship. The majority of clinical H.
pylori isolates contains Lex

 and Ley epitopes in their LPS [209]. These antigens are 
generated by the bacterium’s own 1,2- and 1,3-fucosyltransferases, and are 
subjected to phase variation. Lewis antigen expression has been shown to vary in 
different gastric compartments within a single host [218] and can be regulated by 
environmental factors such as pH and iron levels [229, 230].  

 
To investigate how gastric pH affects LPS phenotypes and Lewis antigen expression, 
we colonized germ-free parietal cell-deficient tox176 and wildtype mice with the 
ChAG-associated strain HPAG1 for 56 weeks. We discovered that colonization of the 
wildtype mice resulted in a switch in Lewis antigen expression as compared with the 
inoculating strain and to strains from the tox176 mice. All but one of the isolates from 
the wildtype mice (4/5) expressed both Lex- and Ley-glycosylated O-antigen chains, 
whereas the inoculating strain and all but one of the isolates from the tox176 mice 
(4/5) expressed Ley-glycosylated O-antigen chains exclusively. All isolates expressed 
Ley, indicating an active 1,2-fucosyltransferase and expression of the futC gene.
Sequencing of the fucosyltransferases futA and futB, revealed that futA was in frame 
in all isolates, futB was out of frame in all isolates from the wildtype mice and in 
frame in all but one of tox176-passaged isolates. This can, in part, explain why the 
mouse-passaged isolates from two distinct gastric environments differed in Lewis 
antigen expression.  
 
Furthermore, in vitro growth of the mouse-passaged isolates at pH 5, revealed LPS 
profiles with no or very low levels of high- and low molecular weight structures as 
compared to isolates grown at pH 7. This was not consistent with the expression 
levels of the Lewis antigen expression, since the expression levels were comparable 
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for the majority of isolates at both pH 5 and pH 7, except in three of the isolates from 
wildtype mice, that presented considerably less Lewis antigens at pH 5. Consistent 
with our results, Nilsson et al. [232] demonstrated H. pylori LPS diversity after 
experimental infection in mice, both at the level of Lewis antigen expression, and in 
variability of the sizes of glycosylated O-antigen chains. 
 
Furthermore, we analyzed the Lewis antigen expression in clinical H. pylori isolates 
obtained from corpus biopsies of 17 individuals enrolled in a population-based upper-
endoscopy study, who were endoscoped at two time points with four years apart. 
These individuals presented diverse gastric histopathology, which remained 
unchanged or evolved over the four years. Fifteen single-colony isolates were 
obtained from each individual and time point, which yielded a total of 482 clinical H. 
pylori isolates that were analyzed in this study. 

We found intra-strain Lewis antigen diversity among clinical isolates obtained from the 
same individual, both in Lewis antigen expression per se and in the sizes of O-antigen 
chains that were fucosylated. This indicates an advantage for the bacterial population to 
sustain diversity in order to support a persistent colonization. However, there was no 
significant change in Lewis antigen expression over time, irrespective of host disease 
status (Figure 6). Interestingly, we noted that atrophy-associated isolates had a tendency 
to express more O-antigen chains that were both Lex- and Ley-glycosylated, whereas 
isolates from normal individuals presented more O-antigen chains that were either Lex-
or Ley-glycosylated, or completely lacked Lewis antigen expression. In contrast to a 
previous study [229], we did not observe any acid-induced switches in Lewis antigen 
expression in neither mouse-passaged nor clinical H. pylori isolates cultured at pH 5 
and pH 7 in vitro. 
 

 

Figure 6.  Lewis expression in H. pylori isolates obtained from two individuals (Kx345 and 
Kx438) shows considerable intra- and interindividual diversity, although the overall 
expression per se is relatively stable over time within individuals.
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We conclude that gastric environments with distinct pH affect Lewis antigen 
expression in H. pylori LPS during experimental colonization in mice. We also 
showed intra-individual strain diversity with regard to Lewis antigen expression and 
glycosylation pattern of differently sized O-antigen chains. However, the Lewis 
phenotypes within each individual were stable over the four-year interval 
investigated, irrespective of disease status. The disease-associated (ChAG- and 
cancer-associated) strains showed a higher tendency to present LPS that was both 
Lex- and Ley-glycosylated, whereas the LPS of isolates obtained from normal mucosa 
more commonly presented either Lex or Ley exclusively, or none. The propensity for 
regulating Lewis antigen expression, diversifying Lewis antigen expression and 
varying the sizes of Lewis antigen-glycosylated O-antigen chains within the bacterial 
population, may facilitate survival in the changing environment during gastric disease 
progression. 
 
 

4.3 PAPER III 
The response of gastric epithelial progenitors to Helicobacter pylori 
isolates obtained from patients with chronic atrophic gastritis. 

In this paper, we have characterized H. pylori´s genetic adaptation to ChAG by 
sequencing the genomes of 24 H. pylori strains obtained from six individuals at two 
time points during development of ChAG and/or gastric adenocarcinoma. Moreover, 
we investigated the interactions between H. pylori and gastric stem cells. The 
mechanisms that link H. pylori infection and gastric adenocarcinoma are currently not 
fully understood. Several observations have suggested that the interaction of this 
organism with gastric stem cells could influence tumorigenesis. H. pylori has been 
shown to invade GEPs in a gnotobiotic mouse model of ChAG [187], and 
intracellular H. pylori have been demonstrated in human gastric biopsies with pre-
neoplastic and neoplastic changes [185]. Moreover, the finding that one ChAG- and 
one cancer-associated isolate (obtained from the same individual at two different time 
points with four years apart as he progressed from ChAG to gastric adenocarcinoma) 
differed in responses in bacterial-progenitor-cell interactions, implies an evolving 
relationship with the host, which contributes to initiation versus progression and 
maintenance of tumorigenesis, respectively [249].  

Comparison of H. pylori genomes 
H. pylori isolates were recovered from each of six individuals in the Kalixanda study 
obtained at two time points with four years apart [240, 250]. Two isolates per time 
point and person were randomly chosen for sequencing, (totally 24 isolates; Table 2).  
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Table 2. List of sequenced H. pylori strains 

Patient   Gastric histopathology     t=0 years   t=4 years 
1259 normal to normal HPKX_1259_NL0C1 HPKX_1259_NL4C1 

HPKX_1259_NL0C2 HPKX_1259_NL4C2 
1379 normal to normal HPKX_1379_NL0C1 HPKX_1379_NL4C1 

HPKX_1379_NL0C2 HPKX_1379_NL4C2 
345 normal to high grade atrophy HPKX_345_NL0C1 HPKX_345_AG4C1 

HPKX_345_NL0C2 HPKX_345_AG4C2 
1039 slight atrophy to high grade atrophy HPKX_1039_AG0C1 HPKX_1039_AG4C1 

HPKX_1039_AG0C2 HPKX_1039_AG4C2 
1172 moderate atrophy to high grade atrophy HPKX_1172_AG0C1 HPKX_1172_AG4C1 

HPKX_1172_AG0C2 HPKX_1172_AG4C2 
438 moderate atrophy to gastric cancer HPKX_438_AG0C1 HPKX_438_CA4C1 

HPKX_438_AG0C2 HPKX_438_CA4C2 
*Age at initial endoscopy 
 
Deep draft genome assemblies were generated by using massively parallell Illumina 
GA-I and GA-II DNA sequencers. Comparisons of gene and single nucleotide 
polymorphism (SNP) content of the sequenced genomes demonstrated that all intra-
individual strains were very closely related (SNPs in the range of noise, <100). In 
contrast, strains recovered from different individuals, were equally distant from each 
other with 30,000-50,000 SNPs, and showed no relatedness, regardless of the host´s 
disease state (Figure 7).  

          
 
Figure 7. Hierarchical clustering of SNP differences between H. pylori strains. SNP rates 
(SNPs/aligned bp) between different sequenced strains were interpreted as a distance 
matrix. 
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A “core” genome of 1073 genes was generated for all sequenced genomes, in which 
house-keeping genes (functional categories metabolism, translation/ribosomal 
structure/biogenesis) were enriched, while typical strain-specific genes, such as those 
involved in replication/recombination and repair, were enriched among the variable 
genes. This is consistent with previous observations showing that R-M genes are 
variably present among H. pylori strains [130, 131]. Furthermore, the isolates within a 
given individual was remarkably stable over a period of four years, which supports the 
idea of host-pathogen co-evolution during persistent infections [251, 252]. 
 
Functional genomic studies of the mGEP responses to H. pylori infection 
We also defined the responses of a cultured mGEPs cell line to infection with seven H. 
pylori isolates (five ChAG-associated isolates, one cancer-associated isolate and one 
isolate associated with normal gastric histology) using whole-genome transcriptional 
profiling. Comparisons of the transcriptional profiles of infected versus uninfected 
mGEPs, allowed us to define a common ChAG isolate-associated progenitor cell 
response. This was achieved by identifying the transcripts that were differentially 
expressed upon infection with all ChAG strains, but not with the strain associated 
with a normal gastric environment or with uninfected mGEPs. Among these 695 
transcripts, genes associated with cancer, apoptosis and cellular proliferation were 
significantly over-represented.  
 
Functional genomics of a ChAG-associated H. pylori strain to mGEP infection. 
Furthermore, the sequenced ChAG-associated strain HPAG1, was seleceted as a 
“model” ChAG strain for transcriptional analysis of H. pylori responses during mGEP 
infection. The results disclosed that a set of bacterial genes involved in metal ion 
binding, as well as numerous OMPs of the Hof, Hop, and Hor families were among 
differentially expressed mGEPs genes in response to H. pylori infection. Interestingly, 
the list included upregulation of HopZ, an adhesin important for attachment to gastric 
adenocarcinoma-derived epithelial (AGS) cells, and whose expression has been 
shown to be regulated by acid when cultured in vitro [175]. To elucidate the role of 
HopZ in various gastric environments, we constructed a knock-out mutant for further 
analyses. Experimental infections of gnotobiotic tox176 and non-transgenic mice, did 
not produce statistically significant differences in colonization efficiency with the 

hopZ and the wild-type (HPAG1) strains. However, follow-up in vivo competition 
experiments of equal amounts of both strains, showed that loss of HopZ produced a 
significant fitness defect in gnotobiotic tox176 mice, but not in non-transgenic 
littermates. All of the non-transgenic mice (10/10) contained both strains in their 
stomachs, and there was no statistically significant difference in their relative 
proportions (62% of the H. pylori population was composed of wild-type strain). In 
contrast, 2 of the 8 tox176 mice only retained the wild-type strain in their stomachs, and 



 

33 
 

in the 6 remaining tox176 mice, HPAG1 wild-type was the dominant strain 
representing 91-100% (average 96%) of the population.  
 
Loss of HopZ did not affect binding to or invasion of mGEP cells. Transcriptional 
profiling of both strains cultured in vitro at pH 5 and pH 7 revealed a number of 
differentially expressed genes at pH 7 as compared to pH 5, including the OMP HopP 
(SabA) and an -1,3-fucosyltransferase, whose expressions were lower at pH 7 in the 
knock-out mutant as compared to the wild-type strain. An -1,2-fucosyltransferase 
and two lipopolysaccharide -1,2-glycosyltransferase genes showed increased 
expression at pH 7 in the knock-out mutant as compared to the wild-type strain. 
Interestingly, SabA is an important H. pylori adhesin that binds to sialylated GEPs in
vivo, and the fucosyl-and glycosyltransferases are involved in generating variation in 
expression of Lewis antigens presented on H. pylori LPS.  
 
GeneChip transcriptional profiling of mGEP responses to the both strains revealed no 
mouse genes that were differentially expressed upon infection with the hopZ and the 
wild-type strains. Furthermore, only four bacterial transcripts, including hopZ itself, 
the OMP HorF, and two putative type III restriction enzymes, were differentially 
expressed in hopZ as compared with the wild-type strain following a 24-hour 
infection of mGEP cells. One possible explanation for the reduced fitness of hopZ 
observed in parietal cell-deficient, but not in non-transgencic mice, is the fact that 
HopZ regulates the expression of SabA, which normally binds sialylated 
carbohydrate epitopes produced by GEPs. The loss of parietal cells in the stomachs of 
the tox176 mice, leads to an increased proliferation of GEPS, which express 
NeuAc 2,3Gal 1,4-containing glycans including sialyl-LewisX, the receptor for the 
SabA adhesin [189, 253]. Hence, as the binding capacity of the hopZ strain is 
affected, only the wild-type strain is able to expand and predominate in the ChAG 
environment. 
  
This is the first study comparing whole genome sequences of multiple H. pylori strains 
obtained from multiple individuals at two time points. We demonstrated that the H.
pylori strains clusered by host rather than by histopathology, and showed that the 
bacterial genomes were remarkably stable within a given host over a four-year interval. 
Moreover, we identified mGEP transcriptional responses to ChAG- and gastic cancer-
associated H. pylori strains that were enriched in genes related to proliferation and 
cancer development, as well as bacterial genes involved in surface structures important 
for survival in a gastric ecosystem that lacks parietal cells. Our results suggest that the 
influence of H. pylori on GEP cell biology may mediate progression from ChAG to 
gastric adenocarcinoma. 
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5 CONCLUDING REMARKS 
 
Historically, the human stomach has been viewed as a sterile and inhospitable 
environment for microorganisms due to the gastric acidity. However, with the 
discovery of H. pylori, this view has drastically changed. Now we know that H.
pylori is highly specialized in colonizing the human stomach and that the co-
evolution of the bacterium and the host often results in an asymptomatic state. 
However, a small proportion of infected people develop gastric pathology, such as 
ChAG and gastric adenocarcinoma. In this thesis, I have investigated H. pylori´s 
genetic adaptations to ChAG, a precursor to gastric adenocarcinoma, and the 
interaction between the bacterium and gastric epithelial stem cells. The key findings 
are the following: 
 
Genome sequencing of the ChAG-associated H. pylori strain HPAG1 disclosed that 
its genome is smaller than those of the two previously sequenced strains. This is due 
to deletions of strain-specific plasticity zone-associated genes, which might represent 
a form of streamlining of the genome. Interestingly, a number of the missing genes 
have been shown to be acid-regulated and the loss of these genes might illustrate 
genomic adaptation to an acid-free gastric environment, where the acid-responsive 
genes are no longer needed. OMPs of the Hop family and genes involved in metal 
utilization were over-represented among ChAG-associated genes, as determined by 
whole-genome genotyping. The Hop proteins are thought to function as porins, which 
are important for transport of small hydrophilic molecules and nutrients across H.
pylori’s outer membrane, or as adhesins, important for attachment to gastric epithelial 
cells. Thus, the enrichment of these genes in ChAG-associated strains indicates that 
they play important roles in the adhesive adjustments and nutrient adaptations of H. 
pylori to an atrophic stomach.  
 
We further assessed the diversity of the surface-exposed LPS-molecule and of the 
Lewis antigens expressed on its O-antigen, as well as their adaptation to varying 
gastric conditions. There was a pronounced diversity in Lewis antigen expression 
both within and between individuals. However the relative proportions of presented 
Lewis epitopes on H. pylori LPS appeared relatively stable over a time-period of four 
years. Interestingly, we also noted that Lewis antigen expression differed between H. 
pylori isolates obtained after an experimental infection of two types of mice with 
distinct gastric pH. The inoculation strain and isolates from mice lacking parietal cells 
expressed Ley only. In contrast, isolates from mice with functional parietal cells 
expressed both Lex and Ley. Thus, we propose that the LPS diversity within the 
bacterial population provides a means for H. pylori to adapt to changes in the gastric 
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environment, and that pH-regulation of these surface-exposed molecules enables 
modulation of the inflammatory response, which might impact the disease outcome. 
 
The notion that H. pylori can invade and reside within gastric epithelial stem cells in 
the setting of ChAG, implies that GEPs provide an environment that supports H. 
pylori´s need for auxotrophic amino acids that it cannot synthesize in the atrophic 
stomach. Additionally, this niche supports H. pylori persistence since they have to 
compete with oral and intestinal microbes that can now colonize the atrophic 
stomach. One consequence of this intimate relationship may be increased risk of 
gastric adenocarcinoma, since the bacterium can affect host expression of genes 
involved in the control of proliferation and tumorigenesis. We identified a bacterial 
OMP, HopZ, which was shown to be important for survival in a mouse gastric 
ecosystem that lacks parietal cells. Our genome-wide comparison of 24 H. pylori 
strains obtained from multiple patients at two time points with a 4-year interval 
presenting with variable histopathology and disease progression, revealed that 
genomic variations clustered by host rather than disease state. Intra-individual strains 
exhibited remarkable stability over the four years, however this time period could be 
too short in view of the life-long infection. By prolonging this time period to 20 
years, we could possibly identify genes and genetic adaptations linked to a specific 
disease pathogenesis. 
 
Both microbial, host, and environmental factors shape the destiny of H. pylori 
infection. Our results have provided new insights on H. pylori´s genetic and 
functional adaptations to ChAG. Varying expression and composition of surface-
exposed structures as well as regulating genes involved in metal ion utilization, are 
associated with this disease state. The intimate assocation with GEP cells may be 
important for survival in a gastric ecosystem that lacks parietal cells. However, this 
dangerous liaison may also increase the risk of tumorigenesis.  
 
. 
 
 

 
 
 



 

36 
 

6 ACKNOWLEDGEMENTS 
 
There is no way to properly express the gratitude I feel towards the many people who 
have inspired, supported and helped me over the years. Without you this thesis would 
not have been possible. I would especially like to thank the following persons: 
 
Lars Engstrand, for introducing me to the exciting Helicobacter field and for 
creating the best working atmosphere with your never-ending enthusiasm for science, 
new cool techniques and for life in general. Thanks also for introducing me to 
scientific meetings, for all the fun social activities outside the lab, and for supporting 
me even on a long distance. I am very grateful for your generosity at all levels. 
 
Jeffrey Gordon, for adopting me to St Louis and for the opportunity to do part of my 
thesis work in your wonderful lab. Thanks for sharing your brilliant mind for science, 
your sense of humor and for contributing a great part to this thesis. The Gordon lab and 
St Louis will always have a special place in my heart. 
 
Britta Björkholm, I will always be grateful for you always being there for me. Your 
support and help have meant a lot to me. Thanks for sharing your extensive knowledge 
in the gut/Helicobacter field and for your constructive ideas for manuscripts and the 
thesis. Thanks also for introducing me to Mården and the best drinks in the world! 
 
Staffan Normark, for your engagement in my projects and for taking the time to 
discuss results and manuscripts. The meetings with you have always been very 
inspiring.  
 
I also want to thank; 
 
Past and present members of Pyloripinglorna; special thanks to Anna, for being so 
fun to work with, for being helpful in the lab, and for struggling with manuscripts until 
the day before your delivery…You were also great company in the shopping malls in 
St Louis. Christina N, for being my LPS guru. Thanks for always taking the time to 
review manuscripts and for answering stupid LPS questions. Annelie, for being a great 
room mate. Hedvig, Sandra and Anna, for growing big bellies together with me. 
Sönke for interesting discussions and for great company at meetings. Wille (godisråttan 
#1) Mathilda, Anders, Cia, Karin W, Zongli, Christina P, Philippe, Sophie, 
Mårten, Maria N, Annika, Cecilia and Elin for being smart and fun colleagues. 
Lena, Kristina and Marianne, for always being so helpful and friendly. Britt-Marie, 
for being the best coordinator and for contributing to a great atmosphere in the corridor. 
Maud, for all cute rats. Heather, Hazel, it was a pleasure to have you Aussies in the 
lab. Tjorren – for chocolate and candy whenever needed… 
 
 



 

37 
 

Past and present members of the Gordon lab; Marios, one of the smartest and funniest 
(and craziest) persons I know. Thanks for fun discussions, for all help with microarray 
analyses, and for being a great friend. Jung, for taking me under your wings and 
guiding me in the H. pylori field. Sabrina, for invaluable help at the germ-free facility 
and for sharing my passion for soccer (although rooting for the wrong team..), Jill, for 
being a great lab manager and hosting fantastic parties, Maria & Dave, for your GF 
expertise, for always being so kind and helpful in all matters & for great company,
Janaki, for sharing your microbiology knowledge and for helping me getting started in 
the lab, Stephanie, Laura, Shirley for all your kind help and support, Magnus (and 
Anna), Buck (and Melanie), Peter (and Jane), Liz, Eric (and Nicole), Ruth (and 
Lars), JF (and Amy), Justin, Erica, Dan, Chris, Erik van der Peeterhoven for all 
fun times in the lab, on the softball field, at BBQ parties, at ski trips etc. You all made 
my time in St Louis very memorable!!!!  
 
Members of Bakt Lab Babes in Uppsala; especially to Maria S (now K), for 
introducing me to Lars and the Helicobacter field, for all fun times at meetings, and for 
being a great Trinity friend. Caroline, Ingegerd (IG), Sara, Maria H, Svena, 
Johanna, Marie, Kristine, Martin, Christian, Marius, Calle, Patrik, Astrid – 
thanks for all the great times in the lab! 
 
The groups of Birgitta Henriques-Normark, Öjar Melefors, Dan Andersson, Karin
Tegmark-Wisell , TB-gruppen, and all other colleageus for making Bakt the best 
department at SMI. 
 
Erik and Edith Fernströms stiftelse för medicinsk forskning and Svenska 
Läkaresällskapet for travel grants. 
 
All my friends (you know who you are) for good times outside work!!! 
 
Thanks to all wonderful friends for having me stay with you during my Stockholm 
visits after our move to the best coast;  Jessica & Staffan, Maria & Magnus, Anna & 
Magnus, Britta & Magnus, and Anna & Raymond.  
 
My second family, Ingela, Gert-Arne and the best sister-in-law ever Helena (Hella) 
for welcoming me to your family, for your support and for baby-sitting when needed.  
 
Most of all I would like to thank: 
My family - mamma Britt, pappa Peter and syster Jessica for your love, 
encouragement and support in all matters.  
 
The two most important persons in my life; FREDRIK and INGRID. Thanks for your 
patience with me lately during my work on the thesis. Fredrik, for being a wonderful 
person and father, for your positive attitude and for always supporting me.  
You mean everything to me!!!!   



 

38 
 

7 REFERENCES 
 
1. Kidd M & Modlin IM (1998) A century of Helicobacter pylori: paradigms lost-paradigms 

regained. Digestion 59(1):1-15. 
2. Marshall BJ & Warren JR (1984) Unidentified curved bacilli in the stomach of patients with 

gastritis and peptic ulceration. Lancet 1(8390):1311-1315. 
3. Marshall BJ, Armstrong JA, McGechie DB, & Glancy RJ (1985) Attempt to fulfil Koch's 

postulates for pyloric Campylobacter. Med J Aust 142(8):436-439. 
4. Goodwin CS, Armstrong, JA, Chilvers, T, et al. (1989) Transfer of Campylobacter pylori and 

Campylobacter mustelae to Helicobacter gen. nov. as Helicobacter pylori comb. nov. and 
Helicobacter mustelae comb. nov., Respectively. Int J Syst Bacteriol 39(4):397-405. 

5. IARC (1994) Schistosomes, liver flukes and Helicobacter pylori. IARC Working Group on the 
Evaluation of Carcinogenic Risks to Humans. IARC Monogr Eval Carcinog Risks Hum 61:1-
241. 

6. Pincock S (2005) Nobel Prize winners Robin Warren and Barry Marshall. Lancet 
366(9495):1429. 

7. Torres J, Perez-Perez G, Goodman KJ, et al. (2000) A comprehensive review of the natural 
history of Helicobacter pylori infection in children. Arch Med Res 31(5):431-469. 

8. Brown LM (2000) Helicobacter pylori: epidemiology and routes of transmission. Epidemiol 
Rev 22(2):283-297. 

9. Goodman KJ & Correa P (2000) Transmission of Helicobacter pylori among siblings. Lancet 
355(9201):358-362. 

10. Goodman KJ & Correa P (1995) The transmission of Helicobacter pylori. A critical review of 
the evidence. Int J Epidemiol 24(5):875-887. 

11. Granström M, Tindberg Y, & Blennow M (1997) Seroepidemiology of Helicobacter pylori 
infection in a cohort of children monitored from 6 months to 11 years of age. J Clin Microbiol 
35(2):468-470. 

12. Mitchell HM, Li YY, Hu PJ, et al. (1992) Epidemiology of Helicobacter pylori in southern 
China: identification of early childhood as the critical period for acquisition. J Infect Dis 
166(1):149-153. 

13. Malaty HM, El-Kasabany A, Graham DY, et al. (2002) Age at acquisition of Helicobacter 
pylori infection: a follow-up study from infancy to adulthood. Lancet 359(9310):931-935. 

14. Frenck RW, Jr. & Clemens J (2003) Helicobacter in the developing world. Microbes Infect 
5(8):705-713. 

15. Mandeville KL, Krabshuis J, Ladep NG, et al. (2009) Gastroenterology in developing 
countries: issues and advances. World J Gastroenterol 15(23):2839-2854. 

16. Thomas JE, Dale A, Harding M, et al. (1999) Helicobacter pylori colonization in early life. 
Pediatr Res 45(2):218-223. 

17. Rehnberg-Laiho L, Rautelin H, Valle M, & Kosunen TU (1998) Persisting Helicobacter 
antibodies in Finnish children and adolescents between two and twenty years of age. Pediatr 
Infect Dis J 17(9):796-799. 

18. Patel P, Mendall MA, Khulusi S, Northfield TC, & Strachan DP (1994) Helicobacter pylori 
infection in childhood: risk factors and effect on growth. BMJ 309(6962):1119-1123. 

19. Rothenbacher D, Bode G, Berg G, et al. (1998) Prevalence and determinants of Helicobacter 
pylori infection in preschool children: a population-based study from Germany. Int J Epidemiol 
27(1):135-141. 

20. Rothenbacher D & Brenner H (2003) Burden of Helicobacter pylori and H. pylori-related 
diseases in developed countries: recent developments and future implications. Microbes Infect 
5(8):693-703. 

21. Everhart JE (2000) Recent developments in the epidemiology of Helicobacter pylori. 
Gastroenterol Clin North Am 29(3):559-578. 

22. Ekström AM, Held M, Hansson LE, Engstrand L, & Nyren O (2001) Helicobacter pylori in 
gastric cancer established by CagA immunoblot as a marker of past infection. Gastroenterology 
121(4):784-791. 

23. Rautelin H & Kosunen TU (2004) Helicobacter pylori infection in Finland. Ann Med 
36(2):82-88. 

24. Banatvala N, Mayo K, Megraud F, et al. (1993) The cohort effect and Helicobacter pylori. J
Infect Dis 168(1):219-221. 



 

39 
 

25. Chen J, Bu XL, Wang QY, Hu PJ, & Chen MH (2007) Decreasing seroprevalence of 
Helicobacter pylori infection during 1993-2003 in Guangzhou, southern China. Helicobacter 
12(2):164-169. 

26. Tkachenko MA, Zhannat NZ, Erman LV, et al. (2007) Dramatic changes in the prevalence 
of Helicobacter pylori infection during childhood: a 10-year follow-up study in Russia. J
Pediatr Gastroenterol Nutr 45(4):428-432. 

27. Yim JY, Kim N, Choi SH, et al. (2007) Seroprevalence of Helicobacter pylori in South Korea. 
Helicobacter 12(4):333-340. 

28. Baskerville A & Newell DG (1988) Naturally occurring chronic gastritis and C. pylori infection 
in the rhesus monkey: a potential model for gastritis in man. Gut 29(4):465-472. 

29. Linz B, Balloux F, Moodley Y, et al. (2007) An African origin for the intimate association 
between humans and Helicobacter pylori. Nature 445(7130):915-918. 

30. Drumm B, Perez-Perez GI, Blaser MJ, & Sherman PM (1990) Intrafamilial clustering of 
Helicobacter pylori infection. N Engl J Med 322(6):359-363. 

31. McCallion WA, Murray LJ, Bailie AG, et al. (1996) Helicobacter pylori infection in children: 
relation with current household living conditions. Gut 39(1):18-21. 

32. Lambert JR, Lin SK, Sievert W, et al. (1995) High prevalence of Helicobacter pylori 
antibodies in an institutionalized population: evidence for person-to-person transmission. Am J 
Gastroenterol 90(12):2167-2171. 

33. Vincent P, Gottrand F, Pernes P, et al. (1994) High prevalence of Helicobacter pylori 
infection in cohabiting children. Epidemiology of a cluster, with special emphasis on molecular 
typing. Gut 35(3):313-316. 

34. Parsonnet J, Shmuely H, & Haggerty T (1999) Fecal and oral shedding of Helicobacter 
pylori from healthy infected adults. JAMA 282(23):2240-2245. 

35. Leung WK, Siu KL, Kwok CK, et al. (1999) Isolation of Helicobacter pylori from vomitus in 
children and its implication in gastro-oral transmission. Am J Gastroenterol 94(10):2881-2884. 

36. Thomas JE, Gibson GR, Darboe MK, Dale A, & Weaver LT (1992) Isolation of 
Helicobacter pylori from human faeces. Lancet 340(8829):1194-1195. 

37. Karam SM & Leblond CP (1992) Identifying and counting epithelial cell types in the "corpus" 
of the mouse stomach. Anat Rec 232(2):231-246. 

38. Croft DN & Cotton PB (1973) Gastro-intestinal cell loss in man. Its measurement and 
significance. Digestion 8(2):144-160. 

39. Karam SM & Leblond CP (1993) Dynamics of epithelial cells in the corpus of the mouse 
stomach. I. Identification of proliferative cell types and pinpointing of the stem cell. Anat Rec 
236(2):259-279. 

40. Schubert ML (2008) Gastric secretion. Curr Opin Gastroenterol 24(6):659-664. 
41. Algood HM & Cover TL (2006) Helicobacter pylori persistence: an overview of interactions 

between H. pylori and host immune defenses. Clin Microbiol Rev 19(4):597-613. 
42. Dixon MF, Genta RM, Yardley JH, & Correa P (1996) Classification and grading of 

gastritis. The updated Sydney System. International Workshop on the Histopathology of 
Gastritis, Houston 1994. Am J Surg Pathol 20(10):1161-1181. 

43. Morris A & Nicholson G (1987) Ingestion of Campylobacter pyloridis causes gastritis and 
raised fasting gastric pH. Am J Gastroenterol 82(3):192-199. 

44. Morris AJ, Ali MR, Nicholson GI, Perez-Perez GI, & Blaser MJ (1991) Long-term follow-
up of voluntary ingestion of Helicobacter pylori. Ann Intern Med 114(8):662-663. 

45. Graham DY, Opekun AR, Osato MS, et al. (2004) Challenge model for Helicobacter pylori 
infection in human volunteers. Gut 53(9):1235-1243. 

46. Blaser MJ & Atherton JC (2004) Helicobacter pylori persistence: biology and disease. J Clin 
Invest 113(3):321-333. 

47. Hamlet A & Olbe L (1996) The influence of Helicobacter pylori infection on postprandial 
duodenal acid load and duodenal bulb pH in humans. Gastroenterology 111(2):391-400. 

48. Beales IL & Calam J (1998) Interleukin 1  and tumour necrosis factor alpha inhibit acid 
secretion in cultured rabbit parietal cells by multiple pathways. Gut 42(2):227-234. 

49. El-Omar EM (2001) The importance of interleukin 1  in Helicobacter pylori associated 
disease. Gut 48(6):743-747. 

50. Suerbaum S & Michetti P (2002) Helicobacter pylori infection. N Engl J Med 347(15):1175-
1186. 

51. Faller G, Winter M, Steininger H, et al. (1998) Antigastric autoantibodies and gastric 
secretory function in Helicobacter pylori-infected patients with duodenal ulcer and non-ulcer 
dyspepsia. Scand J Gastroenterol 33(3):276-282. 



 

40 
 

52. Amedei A, Bergman MP, Appelmelk BJ, et al. (2003) Molecular mimicry between 
Helicobacter pylori antigens and H+, K+ -adenosine triphosphatase in human gastric 
autoimmunity. J Exp Med 198(8):1147-1156. 

53. Neu B, Randlkofer P, Neuhofer M, et al. (2002) Helicobacter pylori induces apoptosis of rat 
gastric parietal cells. Am J Physiol Gastrointest Liver Physiol 283(2):G309-318. 

54. Noach LA, Bosma NB, Jansen J, et al. (1994) Mucosal tumor necrosis factor- , interleukin-
1 , and interleukin-8 production in patients with Helicobacter pylori infection. Scand J 
Gastroenterol 29(5):425-429. 

55. Yamaoka Y, Kita M, Kodama T, Sawai N, & Imanishi J (1996) Helicobacter pylori cagA 
gene and expression of cytokine messenger RNA in gastric mucosa. Gastroenterology 
110(6):1744-1752. 

56. El-Omar EM, Carrington M, Chow WH, et al. (2000) Interleukin-1 polymorphisms 
associated with increased risk of gastric cancer. Nature 404(6776):398-402. 

57. Rad R, Prinz C, Neu B, et al. (2003) Synergistic effect of Helicobacter pylori virulence factors 
and interleukin-1 polymorphisms for the development of severe histological changes in the 
gastric mucosa. J Infect Dis 188(2):272-281. 

58. Machado JC, Figueiredo C, Canedo P, et al. (2003) A proinflammatory genetic profile 
increases the risk for chronic atrophic gastritis and gastric carcinoma. Gastroenterology 
125(2):364-371. 

59. Persson C, Engstrand L, Nyren O, et al. (2009) Interleukin 1  gene polymorphisms and risk 
of gastric cancer in Sweden. Scand J Gastroenterol 44(3):339-345. 

60. Zambon CF, Basso D, Navaglia F, et al. (2005) Pro- and anti-inflammatory cytokines gene 
polymorphisms and Helicobacter pylori infection: interactions influence outcome. Cytokine 
29(4):141-152. 

61. Houben GM & Stockbrugger RW (1995) Bacteria in the aetio-pathogenesis of gastric cancer: 
a review. Scand J Gastroenterol Suppl 212:13-18. 

62. Kuipers EJ, Uyterlinde AM, Pena AS, et al. (1995) Long-term sequelae of Helicobacter 
pylori gastritis. Lancet 345(8964):1525-1528. 

63. Valle J, Kekki M, Sipponen P, Ihamaki T, & Siurala M (1996) Long-term course and 
consequences of Helicobacter pylori gastritis. Results of a 32-year follow-up study. Scand J 
Gastroenterol 31(6):546-550. 

64. Samloff IM, Varis K, Ihamaki T, Siurala M, & Rotter JI (1982) Relationships among serum 
pepsinogen I, serum pepsinogen II, and gastric mucosal histology. A study in relatives of 
patients with pernicious anemia. Gastroenterology 83(1 Pt 2):204-209. 

65. Miki K, Ichinose M, Shimizu A, et al. (1987) Serum pepsinogens as a screening test of 
extensive chronic gastritis. Gastroenterol Jpn 22(2):133-141. 

66. Lahner E, Bordi C, Cattaruzza MS, et al. (2005) Long-term follow-up in atrophic body 
gastritis patients: atrophy and intestinal metaplasia are persistent lesions irrespective of 
Helicobacter pylori infection. Aliment Pharmacol Ther 22(5):471-481. 

67. Ohata H, Kitauchi S, Yoshimura N, et al. (2004) Progression of chronic atrophic gastritis 
associated with Helicobacter pylori infection increases risk of gastric cancer. Int J Cancer 
109(1):138-143. 

68. Weck MN, Gao L, & Brenner H (2009) Helicobacter pylori infection and chronic atrophic 
gastritis: associations according to severity of disease. Epidemiology 20(4):569-574. 

69. Parkin DM, Bray F, Ferlay J, & Pisani P (2005) Global cancer statistics, 2002. CA Cancer J 
Clin 55(2):74-108. 

70. Huang JQ, Zheng GF, Sumanac K, Irvine EJ, & Hunt RH (2003) Meta-analysis of the 
relationship between CagA seropositivity and gastric cancer. Gastroenterology 125(6):1636-
1644. 

71. Watanabe T, Tada M, Nagai H, Sasaki S, & Nakao M (1998) Helicobacter pylori infection 
induces gastric cancer in mongolian gerbils. Gastroenterology 115(3):642-648. 

72. Honda S, Fujioka T, Tokieda M, et al. (1998) Development of Helicobacter pylori-induced 
gastric carcinoma in Mongolian gerbils. Cancer Res 58(19):4255-4259. 

73. Lauren P (1965) The two histological main types of gastric carcinoma: diffuse and so-called 
intestinal-type carcinoma. An attempt at a histo-clinical classification. Acta Pathol Microbiol 
Scand 64:31-49. 

74. Munoz N, Correa P, Cuello C, & Duque E (1968) Histologic types of gastric carcinoma in 
high- and low-risk areas. Int J Cancer 3(6):809-818. 

75. Peek RM, Jr. & Blaser MJ (2002) Helicobacter pylori and gastrointestinal tract 
adenocarcinomas. Nat Rev Cancer 2(1):28-37. 



 

41 
 

76. Correa P (1992) Human gastric carcinogenesis: a multistep and multifactorial process-First 
American Cancer Society Award Lecture on Cancer Epidemiology and Prevention. Cancer Res 
52(24):6735-6740. 

77. Uemura N, Okamoto S, Yamamoto S, et al. (2001) Helicobacter pylori infection and the 
development of gastric cancer. N Engl J Med 345(11):784-789. 

78. Kuppers R, Klein U, Hansmann ML, & Rajewsky K (1999) Cellular origin of human B-cell 
lymphomas. N Engl J Med 341(20):1520-1529. 

79. Thieblemont C, Berger F, Dumontet C, et al. (2000) Mucosa-associated lymphoid tissue 
lymphoma is a disseminated disease in one third of 158 patients analyzed. Blood 95(3):802-806. 

80. Wotherspoon AC, Ortiz-Hidalgo C, Falzon MR, & Isaacson PG (1991) Helicobacter pylori-
associated gastritis and primary B-cell gastric lymphoma. Lancet 338(8776):1175-1176. 

81. Parsonnet J, Hansen S, Rodriguez L, et al. (1994) Helicobacter pylori infection and gastric 
lymphoma. N Engl J Med 330(18):1267-1271. 

82. Wotherspoon AC, Doglioni C, Diss TC, et al. (1993) Regression of primary low-grade B-cell 
gastric lymphoma of mucosa-associated lymphoid tissue type after eradication of Helicobacter 
pylori. Lancet 342(8871):575-577. 

83. Nagashima R, Takeda H, Maeda K, Ohno S, & Takahashi T (1996) Regression of duodenal 
mucosa-associated lymphoid tissue lymphoma after eradication of Helicobacter pylori. 
Gastroenterology 111(6):1674-1678. 

84. Bayerdorffer E, Neubauer A, Rudolph B, et al. (1995) Regression of primary gastric 
lymphoma of mucosa-associated lymphoid tissue type after cure of Helicobacter pylori 
infection. MALT Lymphoma Study Group. Lancet 345(8965):1591-1594. 

85. Vicari JJ, Peek RM, Falk GW, et al. (1998) The seroprevalence of CagA-positive 
Helicobacter pylori strains in the spectrum of gastroesophageal reflux disease. Gastroenterology 
115(1):50-57. 

86. Vaezi MF, Falk GW, Peek RM, et al. (2000) CagA-positive strains of Helicobacter pylori may 
protect against Barrett's esophagus. Am J Gastroenterol 95(9):2206-2211. 

87. Ye W, Held M, Lagergren J, et al. (2004) Helicobacter pylori infection and gastric atrophy: 
risk of adenocarcinoma and squamous-cell carcinoma of the esophagus and adenocarcinoma of 
the gastric cardia. J Natl Cancer Inst 96(5):388-396. 

88. Blaser MJ (1999) Hypothesis: the changing relationships of Helicobacter pylori and humans: 
implications for health and disease. J Infect Dis 179(6):1523-1530. 

89. Bik EM, Eckburg PB, Gill SR, et al. (2006) Molecular analysis of the bacterial microbiota in 
the human stomach. Proc Natl Acad Sci U S A 103(3):732-737. 

90. Andersson AF, Lindberg M, Jakobsson H, et al. (2008) Comparative analysis of human gut 
microbiota by barcoded pyrosequencing. PLoS One 3(7):e2836. 

91. Pei Z, Bini EJ, Yang L, et al. (2004) Bacterial biota in the human distal esophagus. Proc Natl 
Acad Sci U S A 101(12):4250-4255. 

92. Pei Z, Yang L, Peek RM, et al. (2005) Bacterial biota in reflux esophagitis and Barrett's 
esophagus. World J Gastroenterol 11(46):7277-7283. 

93. Francois F, Roper J, Goodman AJ, et al. (2008) The association of gastric leptin with 
oesophageal inflammation and metaplasia. Gut 57(1):16-24. 

94. Roper J, Francois F, Shue PL, et al. (2008) Leptin and ghrelin in relation to Helicobacter 
pylori status in adult males. J Clin Endocrinol Metab 93(6):2350-2357. 

95. Bode G, Rothenbacher D, & Brenner H (2001) Helicobacter pylori colonization and 
diarrhoeal illness: results of a population-based cross-sectional study in adults. Eur J Epidemiol 
17(9):823-827. 

96. Rothenbacher D, Blaser MJ, Bode G, & Brenner H (2000) Inverse relationship between 
gastric colonization of Helicobacter pylori and diarrheal illnesses in children: results of a 
population-based cross-sectional study. J Infect Dis 182(5):1446-1449. 

97. Pütsep K, Brändén CI, Boman HG, & Normark S (1999) Antibacterial peptide from H.
pylori. Nature 398(6729):671-672. 

98. Mattsson A, Lönroth H, Quiding-Järbrink M, & Svennerholm AM (1998) Induction of B 
cell responses in the stomach of Helicobacter pylori- infected subjects after oral cholera 
vaccination. J Clin Invest 102(1):51-56. 

99. Eder W, Ege MJ, & von Mutius E (2006) The asthma epidemic. N Engl J Med 355(21):2226-
2235. 

100. Kosunen TU, Hook-Nikanne J, Salomaa A, et al. (2002) Increase of allergen-specific 
immunoglobulin E antibodies from 1973 to 1994 in a Finnish population and a possible 
relationship to Helicobacter pylori infections. Clin Exp Allergy 32(3):373-378. 



 

42 
 

101. Chen Y & Blaser MJ (2008) Helicobacter pylori colonization is inversely associated with 
childhood asthma. J Infect Dis 198(4):553-560. 

102. Lundgren A, Strömberg E, Sjöling Å, et al. (2005) Mucosal FOXP3-expressing CD4+ 
CD25high regulatory T cells in Helicobacter pylori-infected patients. Infect Immun 73(1):523-
531. 

103. Goll R, Gruber F, Olsen T, et al. (2007) Helicobacter pylori stimulates a mixed adaptive 
immune response with a strong T-regulatory component in human gastric mucosa. Helicobacter 
12(3):185-192. 

104. Malfertheiner P, Megraud F, O'Morain C, et al. (1997) Current European concepts in the 
management of Helicobacter pylori infection--the Maastricht Consensus Report. The European 
Helicobacter Pylori Study Group (EHPSG). Eur J Gastroenterol Hepatol 9(1):1-2. 

105. Malfertheiner P, Megraud F, O'Morain C, et al. (2002) Current concepts in the management 
of Helicobacter pylori infection-the Maastricht 2-2000 Consensus Report. Aliment Pharmacol 
Ther 16(2):167-180. 

106. Malfertheiner P, Megraud F, O'Morain C, et al. (2007) Current concepts in the management 
of Helicobacter pylori infection: the Maastricht III Consensus Report. Gut 56(6):772-781. 

107. Pilotto A, Leandro G, Franceschi M, et al. (1999) The effect of antibiotic resistance on the 
outcome of three 1-week triple therapies against Helicobacter pylori. Aliment Pharmacol Ther 
13(5):667-673. 

108. McMahon BJ, Hennessy TW, Bensler JM, et al. (2003) The relationship among previous 
antimicrobial use, antimicrobial resistance, and treatment outcomes for Helicobacter pylori 
infections. Ann Intern Med 139(6):463-469. 

109. Gisbert JP, Castro-Fernandez M, Bermejo F, et al. (2006) Third-line rescue therapy with 
levofloxacin after two H. pylori treatment failures. Am J Gastroenterol 101(2):243-247. 

110. Zullo A, De Francesco V, Scaccianoce G, et al. (2007) Helicobacter pylori eradication with 
either quadruple regimen with lactoferrin or levofloxacin-based triple therapy: a multicentre 
study. Dig Liver Dis 39(9):806-810. 

111. Cheng HC, Chang WL, Chen WY, et al. (2007) Levofloxacin-containing triple therapy to 
eradicate the persistent H. pylori after a failed conventional triple therapy. Helicobacter 
12(4):359-363. 

112. Tomb JF, White O, Kerlavage AR, et al. (1997) The complete genome sequence of the gastric 
pathogen Helicobacter pylori. Nature 388(6642):539-547. 

113. Alm RA, Ling LS, Moir DT, et al. (1999) Genomic-sequence comparison of two unrelated 
isolates of the human gastric pathogen Helicobacter pylori. Nature 397(6715):176-180. 

114. Suerbaum S, Josenhans C, Sterzenbach T, et al. (2003) The complete genome sequence of 
the carcinogenic bacterium Helicobacter hepaticus. Proc Natl Acad Sci U S A 100(13):7901-
7906. 

115. Eppinger M, Baar C, Linz B, et al. (2006) Who ate whom? Adaptive Helicobacter genomic 
changes that accompanied a host jump from early humans to large felines. PLoS Genet 
2(7):e120. 

116. Oh JD, Kling-Bäckhed H, Giannakis M, et al. (2006) The complete genome sequence of a 
chronic atrophic gastritis Helicobacter pylori strain: evolution during disease progression. Proc
Natl Acad Sci U S A 103(26):9999-10004. 

117. Baltrus DA, Amieva MR, Covacci A, et al. (2009) The complete genome sequence of 
Helicobacter pylori strain G27. J Bacteriol 191(1):447-448. 

118. Blattner FR, Plunkett G, 3rd, Bloch CA, et al. (1997) The complete genome sequence of 
Escherichia coli K-12. Science 277(5331):1453-1462. 

119. Stover CK, Pham XQ, Erwin AL, et al. (2000) Complete genome sequence of Pseudomonas 
aeruginosa PAO1, an opportunistic pathogen. Nature 406(6799):959-964. 

120. Kivi M, Johansson AL, Reilly M, & Tindberg Y (2005) Helicobacter pylori status in family 
members as risk factors for infection in children. Epidemiol Infect 133(4):645-652. 

121. Falush D, Kraft C, Taylor NS, et al. (2001) Recombination and mutation during long-term 
gastric colonization by Helicobacter pylori: estimates of clock rates, recombination size, and 
minimal age. Proc Natl Acad Sci U S A 98(26):15056-15061. 

122. Israel DA, Salama N, Krishna U, et al. (2001) Helicobacter pylori genetic diversity within the 
gastric niche of a single human host. Proc Natl Acad Sci U S A 98(25):14625-14630. 

123. Björkholm B, Lundin A, Sillén A, et al. (2001) Comparison of genetic divergence and fitness 
between two subclones of Helicobacter pylori. Infect Immun 69(12):7832-7838. 

124. Wang G, Humayun MZ, & Taylor DE (1999) Mutation as an origin of genetic variability in 
Helicobacter pylori. Trends Microbiol 7(12):488-493. 



 

43 
 

125. Suerbaum S, Smith JM, Bapumia K, et al. (1998) Free recombination within Helicobacter 
pylori. Proc Natl Acad Sci U S A 95(21):12619-12624. 

126. Nedenskov-Sorensen P, Bukholm G, & Bovre K (1990) Natural competence for genetic 
transformation in Campylobacter pylori. J Infect Dis 161(2):365-366. 

127. Björkholm B, Sjölund M, Falk PG, et al. (2001) Mutation frequency and biological cost of 
antibiotic resistance in Helicobacter pylori. Proc Natl Acad Sci U S A 98(25):14607-14612. 

128. Lawrence JG & Ochman H (1997) Amelioration of bacterial genomes: rates of change and 
exchange. J Mol Evol 44(4):383-397. 

129. Falush D, Wirth T, Linz B, et al. (2003) Traces of human migrations in Helicobacter pylori 
populations. Science 299(5612):1582-1585. 

130. Gressmann H, Linz B, Ghai R, et al. (2005) Gain and loss of multiple genes during the 
evolution of Helicobacter pylori. PLoS Genet 1(4):e43. 

131. Salama N, Guillemin K, McDaniel TK, et al. (2000) A whole-genome microarray reveals 
genetic diversity among Helicobacter pylori strains. Proc Natl Acad Sci U S A 97(26):14668-
14673. 

132. Covacci A, Censini S, Bugnoli M, et al. (1993) Molecular characterization of the 128-kDa 
immunodominant antigen of Helicobacter pylori associated with cytotoxicity and duodenal 
ulcer. Proc Natl Acad Sci U S A 90(12):5791-5795. 

133. Censini S, Lange C, Xiang Z, et al. (1996) cag, a pathogenicity island of Helicobacter pylori, 
encodes type I-specific and disease-associated virulence factors. Proc Natl Acad Sci U S A 
93(25):14648-14653. 

134. Akopyants NS, Clifton SW, Kersulyte D, et al. (1998) Analyses of the cag pathogenicity 
island of Helicobacter pylori. Mol Microbiol 28(1):37-53. 

135. Figura N, Vindigni C, Covacci A, et al. (1998) cagA positive and negative Helicobacter pylori 
strains are simultaneously present in the stomach of most patients with non-ulcer dyspepsia: 
relevance to histological damage. Gut 42(6):772-778. 

136. Kersulyte D, Chalkauskas H, & Berg DE (1999) Emergence of recombinant strains of 
Helicobacter pylori during human infection. Mol Microbiol 31(1):31-43. 

137. van der Ende A, Rauws EA, Feller M, et al. (1996) Heterogeneous Helicobacter pylori 
isolates from members of a family with a history of peptic ulcer disease. Gastroenterology 
111(3):638-647. 

138. Jenks PJ, Megraud F, & Labigne A (1998) Clinical outcome after infection with Helicobacter 
pylori does not appear to be reliably predicted by the presence of any of the genes of the cag 
pathogenicity island. Gut 43(6):752-758. 

139. Nilsson C, Sillén A, Eriksson L, et al. (2003) Correlation between cag pathogenicity island 
composition and Helicobacter pylori-associated gastroduodenal disease. Infect Immun 
71(11):6573-6581. 

140. Kauser F, Khan AA, Hussain MA, et al. (2004) The cag pathogenicity island of Helicobacter 
pylori is disrupted in the majority of patient isolates from different human populations. J Clin 
Microbiol 42(11):5302-5308. 

141. Skoglund A, Kling Bäckhed H, Nilsson C, et al. (2009) A changing gastric environment leads 
to adaptation of lipopolysaccharide variants in Helicobacter pylori populations during 
colonization. PLoS One 4(6):e5885. 

142. Cover TL, Dooley CP, & Blaser MJ (1990) Characterization of and human serologic response 
to proteins in Helicobacter pylori broth culture supernatants with vacuolizing cytotoxin activity. 
Infect Immun 58(3):603-610. 

143. Crabtree JE, Taylor JD, Wyatt JI, et al. (1991) Mucosal IgA recognition of Helicobacter 
pylori 120 kDa protein, peptic ulceration, and gastric pathology. Lancet 338(8763):332-335. 

144. Blaser MJ, Perez-Perez GI, Kleanthous H, et al. (1995) Infection with Helicobacter pylori 
strains possessing cagA is associated with an increased risk of developing adenocarcinoma of 
the stomach. Cancer Res 55(10):2111-2115. 

145. Xiang Z, Censini S, Bayeli PF, et al. (1995) Analysis of expression of CagA and VacA 
virulence factors in 43 strains of Helicobacter pylori reveals that clinical isolates can be divided 
into two major types and that CagA is not necessary for expression of the vacuolating cytotoxin. 
Infect Immun 63(1):94-98. 

146. Higashi H, Tsutsumi R, Muto S, et al. (2002) SHP-2 tyrosine phosphatase as an intracellular 
target of Helicobacter pylori CagA protein. Science 295(5555):683-686. 

147. Segal ED, Cha J, Lo J, Falkow S, & Tompkins LS (1999) Altered states: involvement of 
phosphorylated CagA in the induction of host cellular growth changes by Helicobacter pylori. 
Proc Natl Acad Sci U S A 96(25):14559-14564. 



 

44 
 

148. Bourzac KM, Botham CM, & Guillemin K (2007) Helicobacter pylori CagA induces AGS 
cell elongation through a cell retraction defect that is independent of Cdc42, Rac1, and Arp2/3. 
Infect Immun 75(3):1203-1213. 

149. Amieva MR, Vogelmann R, Covacci A, et al. (2003) Disruption of the epithelial apical-
junctional complex by Helicobacter pylori CagA. Science 300(5624):1430-1434. 

150. Saadat I, Higashi H, Obuse C, et al. (2007) Helicobacter pylori CagA targets PAR1/MARK 
kinase to disrupt epithelial cell polarity. Nature 447(7142):330-333. 

151. Zeaiter Z, Cohen D, Musch A, et al. (2008) Analysis of detergent-resistant membranes of 
Helicobacter pylori infected gastric adenocarcinoma cells reveals a role for MARK2/Par1b in 
CagA-mediated disruption of cellular polarity. Cell Microbiol 10(3):781-794. 

152. Murata-Kamiya N, Kurashima Y, Teishikata Y, et al. (2007) Helicobacter pylori CagA 
interacts with E-cadherin and deregulates the -catenin signal that promotes intestinal 
transdifferentiation in gastric epithelial cells. Oncogene 26(32):4617-4626. 

153. Atherton JC, Cao P, Peek RM, Jr., et al. (1995) Mosaicism in vacuolating cytotoxin alleles of 
Helicobacter pylori. Association of specific vacA types with cytotoxin production and peptic 
ulceration. J Biol Chem 270(30):17771-17777. 

154. McClain MS, Cao P, Iwamoto H, et al. (2001) A 12-amino-acid segment, present in type s2 
but not type s1 Helicobacter pylori VacA proteins, abolishes cytotoxin activity and alters 
membrane channel formation. J Bacteriol 183(22):6499-6508. 

155. Pagliaccia C, de Bernard M, Lupetti P, et al. (1998) The m2 form of the Helicobacter pylori 
cytotoxin has cell type-specific vacuolating activity. Proc Natl Acad Sci U S A 95(17):10212-
10217. 

156. Ji X, Fernandez T, Burroni D, et al. (2000) Cell specificity of Helicobacter pylori cytotoxin is 
determined by a short region in the polymorphic midregion. Infect Immun 68(6):3754-3757. 

157. Rhead JL, Letley DP, Mohammadi M, et al. (2007) A new Helicobacter pylori vacuolating 
cytotoxin determinant, the intermediate region, is associated with gastric cancer. 
Gastroenterology 133(3):926-936. 

158. Van Doorn LJ, Figueiredo C, Megraud F, et al. (1999) Geographic distribution of vacA 
allelic types of Helicobacter pylori. Gastroenterology 116(4):823-830. 

159. Leunk RD, Johnson PT, David BC, Kraft WG, & Morgan DR (1988) Cytotoxic activity in 
broth-culture filtrates of Campylobacter pylori. J Med Microbiol 26(2):93-99. 

160. Cover TL & Blaser MJ (1992) Purification and characterization of the vacuolating toxin from 
Helicobacter pylori. J Biol Chem 267(15):10570-10575. 

161. Ilver D, Barone S, Mercati D, Lupetti P, & Telford JL (2004) Helicobacter pylori toxin 
VacA is transferred to host cells via a novel contact-dependent mechanism. Cell Microbiol 
6(2):167-174. 

162. Kimura M, Goto S, Wada A, et al. (1999) Vacuolating cytotoxin purified from Helicobacter 
pylori causes mitochondrial damage in human gastric cells. Microb Pathog 26(1):45-52. 

163. Galmiche A, Rassow J, Doye A, et al. (2000) The N-terminal 34 kDa fragment of Helicobacter 
pylori vacuolating cytotoxin targets mitochondria and induces cytochrome c release. EMBO J 
19(23):6361-6370. 

164. Willhite DC & Blanke SR (2004) Helicobacter pylori vacuolating cytotoxin enters cells, 
localizes to the mitochondria, and induces mitochondrial membrane permeability changes 
correlated to toxin channel activity. Cell Microbiol 6(2):143-154. 

165. Kuck D, Kolmerer B, Iking-Konert C, et al. (2001) Vacuolating cytotoxin of Helicobacter 
pylori induces apoptosis in the human gastric epithelial cell line AGS. Infect Immun 69(8):5080-
5087. 

166. Papini E, Satin B, Norais N, et al. (1998) Selective increase of the permeability of polarized 
epithelial cell monolayers by Helicobacter pylori vacuolating toxin. J Clin Invest 102(4):813-
820. 

167. Gebert B, Fischer W, Weiss E, Hoffmann R, & Haas R (2003) Helicobacter pylori 
vacuolating cytotoxin inhibits T lymphocyte activation. Science 301(5636):1099-1102. 

168. Boncristiano M, Paccani SR, Barone S, et al. (2003) The Helicobacter pylori vacuolating 
toxin inhibits T cell activation by two independent mechanisms. J Exp Med 198(12):1887-1897. 

169. Sundrud MS, Torres VJ, Unutmaz D, & Cover TL (2004) Inhibition of primary human T 
cell proliferation by Helicobacter pylori vacuolating toxin (VacA) is independent of VacA 
effects on IL-2 secretion. Proc Natl Acad Sci U S A 101(20):7727-7732. 

170. Molinari M, Salio M, Galli C, et al. (1998) Selective inhibition of Ii-dependent antigen 
presentation by Helicobacter pylori toxin VacA. J Exp Med 187(1):135-140. 



 

45 
 

171. Allen LA, Schlesinger LS, & Kang B (2000) Virulent strains of Helicobacter pylori 
demonstrate delayed phagocytosis and stimulate homotypic phagosome fusion in macrophages. 
J Exp Med 191(1):115-128. 

172. Zheng PY & Jones NL (2003) Helicobacter pylori strains expressing the vacuolating cytotoxin 
interrupt phagosome maturation in macrophages by recruiting and retaining TACO (coronin 1) 
protein. Cell Microbiol 5(1):25-40. 

173. Rittig MG, Shaw B, Letley DP, et al. (2003) Helicobacter pylori-induced homotypic 
phagosome fusion in human monocytes is independent of the bacterial vacA and cag status. Cell 
Microbiol 5(12):887-899. 

174. Pflock M, Finsterer N, Joseph B, et al. (2006) Characterization of the ArsRS regulon of 
Helicobacter pylori, involved in acid adaptation. J Bacteriol 188(10):3449-3462. 

175. Merrell DS, Goodrich ML, Otto G, Tompkins LS, & Falkow S (2003) pH-regulated gene 
expression of the gastric pathogen Helicobacter pylori. Infect Immun 71(6):3529-3539. 

176. Ang S, Lee CZ, Peck K, et al. (2001) Acid-induced gene expression in Helicobacter pylori: 
study in genomic scale by microarray. Infect Immun 69(3):1679-1686. 

177. Bury-Mone S, Thiberge JM, Contreras M, et al. (2004) Responsiveness to acidity via metal 
ion regulators mediates virulence in the gastric pathogen Helicobacter pylori. Mol Microbiol 
53(2):623-638. 

178. Marshall BJ, Barrett LJ, Prakash C, McCallum RW, & Guerrant RL (1990) Urea protects 
Helicobacter (Campylobacter) pylori from the bactericidal effect of acid. Gastroenterology 
99(3):697-702. 

179. Hazell SL, Lee A, Brady L, & Hennessy W (1986) Campylobacter pyloridis and gastritis: 
association with intercellular spaces and adaptation to an environment of mucus as important 
factors in colonization of the gastric epithelium. J Infect Dis 153(4):658-663. 

180. Eaton KA, Morgan DR, & Krakowka S (1992) Motility as a factor in the colonisation of 
gnotobiotic piglets by Helicobacter pylori. J Med Microbiol 37(2):123-127. 

181. Yoshiyama H, Nakamura H, Kimoto M, Okita K, & Nakazawa T (1999) Chemotaxis and 
motility of Helicobacter pylori in a viscous environment. J Gastroenterol 34 Suppl 11:18-23. 

182. Terry K, Williams SM, Connolly L, & Ottemann KM (2005) Chemotaxis plays multiple 
roles during Helicobacter pylori animal infection. Infect Immun 73(2):803-811. 

183. Falk PG, Syder AJ, Guruge JL, et al. (2000) Theoretical and experimental approaches for 
studying factors defining the Helicobacter pylori-host relationship. Trends Microbiol 8(7):321-
329. 

184. Semino-Mora C, Doi SQ, Marty A, et al. (2003) Intracellular and interstitial expression of 
Helicobacter pylori virulence genes in gastric precancerous intestinal metaplasia and 
adenocarcinoma. J Infect Dis 187(8):1165-1177. 

185. Necchi V, Candusso ME, Tava F, et al. (2007) Intracellular, intercellular, and stromal invasion 
of gastric mucosa, preneoplastic lesions, and cancer by Helicobacter pylori. Gastroenterology 
132(3):1009-1023. 

186. Dubois A, Fiala N, Heman-Ackah LM, et al. (1994) Natural gastric infection with 
Helicobacter pylori in monkeys: a model for spiral bacteria infection in humans. 
Gastroenterology 106(6):1405-1417. 

187. Oh JD, Karam SM, & Gordon JI (2005) Intracellular Helicobacter pylori in gastric epithelial 
progenitors. Proc Natl Acad Sci U S A 102(14):5186-5191. 

188. Ilver D, Arnqvist A, Ogren J, et al. (1998) Helicobacter pylori adhesin binding fucosylated 
histo-blood group antigens revealed by retagging. Science 279(5349):373-377. 

189. Mahdavi J, Sonden B, Hurtig M, et al. (2002) Helicobacter pylori SabA adhesin in persistent 
infection and chronic inflammation. Science 297(5581):573-578. 

190. Syder AJ, Guruge JL, Li Q, et al. (1999) Helicobacter pylori attaches to NeuAc 2,3Gal 1,4 
glycoconjugates produced in the stomach of transgenic mice lacking parietal cells. Mol Cell 
3(3):263-274. 

191. Odenbreit S, Till M, Hofreuter D, Faller G, & Haas R (1999) Genetic and functional 
characterization of the alpAB gene locus essential for the adhesion of Helicobacter pylori to 
human gastric tissue. Mol Microbiol 31(5):1537-1548. 

192. Peck B, Ortkamp M, Diehl KD, Hundt E, & Knapp B (1999) Conservation, localization and 
expression of HopZ, a protein involved in adhesion of Helicobacter pylori. Nucleic Acids Res 
27(16):3325-3333. 

193. Yamaoka Y, Kita M, Kodama T, et al. (2002) Helicobacter pylori infection in mice: Role of 
outer membrane proteins in colonization and inflammation. Gastroenterology 123(6):1992-
2004. 



 

46 
 

194. de Jonge R, Durrani Z, Rijpkema SG, et al. (2004) Role of the Helicobacter pylori outer-
membrane proteins AlpA and AlpB in colonization of the guinea pig stomach. J Med Microbiol 
53(Pt 5):375-379. 

195. Giannakis M, Kling Bäckhed, H., Chen, S.L., Faith, J.J., Wu, M., Guruge, J.L., 
Engstrand, L., and Gordon, J.I. The response of gastric epithelial progenitors to Helicobacter 
pylori  isolates obtained from patients with chronic atrophic gastritis. Manuscript. 

196. Saunders NJ, Peden JF, Hood DW, & Moxon ER (1998) Simple sequence repeats in the 
Helicobacter pylori genome. Mol Microbiol 27(6):1091-1098. 

197. Wen Y, Marcus EA, Matrubutham U, et al. (2003) Acid-adaptive genes of Helicobacter 
pylori. Infect Immun 71(10):5921-5939. 

198. Lerouge I & Vanderleyden J (2002) O-antigen structural variation: mechanisms and possible 
roles in animal/plant-microbe interactions. FEMS Microbiol Rev 26(1):17-47. 

199. Moran AP, Helander IM, & Kosunen TU (1992) Compositional analysis of Helicobacter 
pylori rough-form lipopolysaccharides. J Bacteriol 174(4):1370-1377. 

200. Moran AP (1995) Cell surface characteristics of Helicobacter pylori. FEMS Immunol Med 
Microbiol 10(3-4):271-280. 

201. Kobayashi K, Sakamoto J, Kito T, et al. (1993) Lewis blood group-related antigen expression 
in normal gastric epithelium, intestinal metaplasia, gastric adenoma, and gastric carcinoma. Am
J Gastroenterol 88(6):919-924. 

202. Heneghan MA, McCarthy CF, & Moran AP (2000) Relationship of blood group 
determinants on Helicobacter pylori lipopolysaccharide with host lewis phenotype and 
inflammatory response. Infect Immun 68(2):937-941. 

203. Simoons-Smit IM, Appelmelk BJ, Verboom T, et al. (1996) Typing of Helicobacter pylori 
with monoclonal antibodies against Lewis antigens in lipopolysaccharide. J Clin Microbiol 
34(9):2196-2200. 

204. Wirth HP, Yang M, Karita M, & Blaser MJ (1996) Expression of the human cell surface 
glycoconjugates Lewis x and Lewis y by Helicobacter pylori isolates is related to cagA status. 
Infect Immun 64(11):4598-4605. 

205. Marshall DG, Hynes SO, Coleman DC, et al. (1999) Lack of a relationship between Lewis 
antigen expression and cagA, CagA, vacA and VacA status of Irish Helicobacter pylori isolates. 
FEMS Immunol Med Microbiol 24(1):79-90. 

206. Monteiro MA, Chan KH, Rasko DA, et al. (1998) Simultaneous expression of type 1 and type 
2 Lewis blood group antigens by Helicobacter pylori lipopolysaccharides. Molecular mimicry 
between H. pylori lipopolysaccharides and human gastric epithelial cell surface glycoforms. J
Biol Chem 273(19):11533-11543. 

207. Monteiro MA, Appelmelk BJ, Rasko DA, et al. (2000) Lipopolysaccharide structures of 
Helicobacter pylori genomic strains 26695 and J99, mouse model H. pylori Sydney strain, H.
pylori P466 carrying sialyl Lewis X, and H. pylori UA915 expressing Lewis B classification of 
H. pylori lipopolysaccharides into glycotype families. Eur J Biochem 267(2):305-320. 

208. Monteiro MA, Zheng P, Ho B, et al. (2000) Expression of histo-blood group antigens by 
lipopolysaccharides of Helicobacter pylori strains from asian hosts: the propensity to express 
type 1 blood-group antigens. Glycobiology 10(7):701-713. 

209. Wirth HP, Yang M, Peek RM, Jr., Tham KT, & Blaser MJ (1997) Helicobacter pylori 
Lewis expression is related to the host Lewis phenotype. Gastroenterology 113(4):1091-1098. 

210. Doig P, de Jonge BL, Alm RA, et al. (1999) Helicobacter pylori physiology predicted from 
genomic comparison of two strains. Microbiol Mol Biol Rev 63(3):675-707. 

211. Berg DE, Hoffman PS, Appelmelk BJ, & Kusters JG (1997) The Helicobacter pylori 
genome sequence: genetic factors for long life in the gastric mucosa. Trends Microbiol 
5(12):468-474. 

212. Ma B, Simala-Grant JL, & Taylor DE (2006) Fucosylation in prokaryotes and eukaryotes. 
Glycobiology 16(12):158R-184R. 

213. Moran AP (2008) Relevance of fucosylation and Lewis antigen expression in the bacterial 
gastroduodenal pathogen Helicobacter pylori. Carbohydr Res 343(12):1952-1965. 

214. Wang G, Ge Z, Rasko DA, & Taylor DE (2000) Lewis antigens in Helicobacter pylori: 
biosynthesis and phase variation. Mol Microbiol 36(6):1187-1196. 

215. Appelmelk BJ, Martin SL, Monteiro MA, et al. (1999) Phase variation in Helicobacter pylori 
lipopolysaccharide due to changes in the lengths of poly(C) tracts in alpha3-fucosyltransferase 
genes. Infect Immun 67(10):5361-5366. 



 

47 
 

216. Wang G, Rasko DA, Sherburne R, & Taylor DE (1999) Molecular genetic basis for the 
variable expression of Lewis Y antigen in Helicobacter pylori: analysis of the (1,2) 
fucosyltransferase gene. Mol Microbiol 31(4):1265-1274. 

217. Appelmelk BJ, Shiberu B, Trinks C, et al. (1998) Phase variation in Helicobacter pylori 
lipopolysaccharide. Infect Immun 66(1):70-76. 

218. Nilsson C, Skoglund A, Moran AP, et al. (2006) An enzymatic ruler modulates Lewis antigen 
glycosylation of Helicobacter pylori LPS during persistent infection. Proc Natl Acad Sci U S A 
103(8):2863-2868. 

219. Martin SL, McColm AA, & Appelmelk BJ (2000) H. pylori adhesion and Lewis X. 
Gastroenterology 119(5):1414-1416. 

220. Moran AP, Sturegard E, Sjunnesson H, Wadstrom T, & Hynes SO (2000) The relationship 
between O-chain expression and colonisation ability of Helicobacter pylori in a mouse model. 
FEMS Immunol Med Microbiol 29(4):263-270. 

221. Appelmelk BJ, Monteiro MA, Martin SL, Moran AP, & Vandenbroucke-Grauls CM 
(2000) Why Helicobacter pylori has Lewis antigens. Trends Microbiol 8(12):565-570. 

222. Wirth HP, Yang M, Sanabria-Valentin E, et al. (2006) Host Lewis phenotype-dependent 
Helicobacter pylori Lewis antigen expression in rhesus monkeys. FASEB J 20(9):1534-1536. 

223. Taylor DE, Rasko DA, Sherburne R, Ho C, & Jewell LD (1998) Lack of correlation between 
Lewis antigen expression by Helicobacter pylori and gastric epithelial cells in infected patients. 
Gastroenterology 115(5):1113-1122. 

224. Bergman MP, Engering A, Smits HH, et al. (2004) Helicobacter pylori modulates the T 
helper cell 1/T helper cell 2 balance through phase-variable interaction between 
lipopolysaccharide and DC-SIGN. J Exp Med 200(8):979-990. 

225. Moran AP, Lindner B, & Walsh EJ (1997) Structural characterization of the lipid A 
component of Helicobacter pylori rough- and smooth-form lipopolysaccharides. J Bacteriol 
179(20):6453-6463. 

226. Muotiala A, Helander IM, Pyhala L, Kosunen TU, & Moran AP (1992) Low biological 
activity of Helicobacter pylori lipopolysaccharide. Infect Immun 60(4):1714-1716. 

227. Nielsen H, Birkholz S, Andersen LP, & Moran AP (1994) Neutrophil activation by 
Helicobacter pylori lipopolysaccharides. J Infect Dis 170(1):135-139. 

228. McGowan CC, Necheva A, Thompson SA, Cover TL, & Blaser MJ (1998) Acid-induced 
expression of an LPS-associated gene in Helicobacter pylori. Mol Microbiol 30(1):19-31. 

229. Moran AP, Knirel YA, Senchenkova SN, et al. (2002) Phenotypic variation in molecular 
mimicry between Helicobacter pylori lipopolysaccharides and human gastric epithelial cell 
surface glycoforms. Acid-induced phase variation in Lewis(x) and Lewis(y) expression by H.
pylori lipopolysaccharides. J Biol Chem 277(8):5785-5795. 

230. Keenan JI, Davis KA, Beaugie CR, McGovern JJ, & Moran AP (2008) Alterations in 
Helicobacter pylori outer membrane and outer membrane vesicle-associated 
lipopolysaccharides under iron-limiting growth conditions. Innate Immun 14(5):279-290. 

231. Wirth HP, Yang M, Peek RM, Jr., et al. (1999) Phenotypic diversity in Lewis expression of 
Helicobacter pylori isolates from the same host. J Lab Clin Med 133(5):488-500. 

232. Nilsson C, Skoglund A, Moran AP, et al. (2008) Lipopolysaccharide diversity evolving in 
Helicobacter pylori communities through genetic modifications in fucosyltransferases. PLoS 
One 3(11):e3811. 

233. Engstrand L, Graham D, Scheynius A, Genta RM, & El-Zaatari F (1997) Is the sanctuary 
where Helicobacter pylori avoids antibacterial treatment intracellular? Am J Clin Pathol 
108(5):504-509. 

234. Lindholm C, Quiding-Jarbrink M, Lonroth H, Hamlet A, & Svennerholm AM (1998) 
Local cytokine response in Helicobacter pylori-infected subjects. Infect Immun 66(12):5964-
5971. 

235. Petersen AM & Krogfelt KA (2003) Helicobacter pylori: an invading microorganism? A 
review. FEMS Immunol Med Microbiol 36(3):117-126. 

236. Kwok T, Backert S, Schwarz H, Berger J, & Meyer TF (2002) Specific entry of 
Helicobacter pylori into cultured gastric epithelial cells via a zipper-like mechanism. Infect 
Immun 70(4):2108-2120. 

237. Cheng Y, Chaturvedi R, Asim M, et al. (2005) Helicobacter pylori-induced macrophage 
apoptosis requires activation of ornithine decarboxylase by c-Myc. J Biol Chem 280(23):22492-
22496. 



 

48 
 

238. Enroth H, Kraaz W, Engstrand L, Nyren O, & Rohan T (2000) Helicobacter pylori strain 
types and risk of gastric cancer: a case-control study. Cancer Epidemiol Biomarkers Prev 
9(9):981-985. 

239. Aro P, Storskrubb T, Ronkainen J, et al. (2006) Peptic ulcer disease in a general adult 
population: the Kalixanda study: a random population-based study. Am J Epidemiol 
163(11):1025-1034. 

240. Storskrubb T, Aro P, Ronkainen J, et al. (2005) A negative Helicobacter pylori serology test 
is more reliable for exclusion of premalignant gastric conditions than a negative test for current 
H. pylori infection: a report on histology and H. pylori detection in the general adult population. 
Scand J Gastroenterol 40(3):302-311. 

241. Hooper LV, Mills JC, Roth KA, et al. (2002) Combining gnotobiotic mouse models with 
functional genomics to define the impact of the microflora on host physiology. Molecular 
Cellular Microbiology, Methods in Microbiology, eds Sansonetti P & Zychlinsky A (Academic 
Press, San Diego), Vol 31, pp 559-589. 

242. Farook VS, Alkhalaf M, & Karam SM (2008) Establishment of a gastric epithelial progenitor 
cell line from a transgenic mouse expressing the simian virus 40 large T antigen gene in the 
parietal cell lineage. Cell Prolif 41(2):310-320. 

243. Li C & Wong WH (2001) Model-based analysis of oligonucleotide arrays: expression index 
computation and outlier detection. Proc Natl Acad Sci U S A 98(1):31-36. 

244. Irizarry RA, Bolstad BM, Collin F, et al. (2003) Summaries of Affymetrix GeneChip probe 
level data. Nucleic Acids Res 31(4):e15. 

245. Xu Q, Morgan RD, Roberts RJ, & Blaser MJ (2000) Identification of type II restriction and 
modification systems in Helicobacter pylori reveals their substantial diversity among strains. 
Proc Natl Acad Sci U S A 97(17):9671-9676. 

246. Tock MR & Dryden DT (2005) The biology of restriction and anti-restriction. Curr Opin 
Microbiol 8(4):466-472. 

247. Israel DA, Lou AS, & Blaser MJ (2000) Characteristics of Helicobacter pylori natural 
transformation. FEMS Microbiol Lett 186(2):275-280. 

248. Skoglund A, Björkholm B, Nilsson C, et al. (2007) Functional analysis of the M.HpyAIV 
DNA methyltransferase of Helicobacter pylori. J Bacteriol 189(24):8914-8921. 

249. Giannakis M, Chen SL, Karam SM, Engstrand L, & Gordon JI (2008) Helicobacter pylori 
evolution during progression from chronic atrophic gastritis to gastric cancer and its impact on 
gastric stem cells. Proc Natl Acad Sci U S A 105(11):4358-4363. 

250. Aro P, Ronkainen J, Storskrubb T, et al. (2004) Valid symptom reporting at upper endoscopy 
in a random sample of the Swedish adult general population: the Kalixanda study. Scand J 
Gastroenterol 39(12):1280-1288. 

251. Blaser MJ & Kirschner D (1999) Dynamics of Helicobacter pylori colonization in relation to 
the host response. Proc Natl Acad Sci U S A 96(15):8359-8364. 

252. Blaser MJ & Kirschner D (2007) The equilibria that allow bacterial persistence in human 
hosts. Nature 449(7164):843-849. 

253. Syder AJ, Oh JD, Guruge JL, et al. (2003) The impact of parietal cells on Helicobacter pylori 
tropism and host pathology: an analysis using gnotobiotic normal and transgenic mice. Proc 
Natl Acad Sci U S A 100(6):3467-3472. 

 
 
 


