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Front cover: In the human stomach, the gastric pathogen Helicobacter 
pylori is highly motile due to its polar flagella which propels the bacteria 
through the slimy mucus layer. The superimposed image at higher 
magnification illustrates the specific interaction between BabA and SabA 
adhesin molecules on the bacterial surface and the corresponding receptors, 
which are carbohydrates expressed on cell surfaces in the stomach lining, 
the ABO blood group antigens and the inflammation associated sialyl-
Lewis x antigens (sLex), respectively. 
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ABSTRACT 
Being among the most prevalent of persistent infectious agents in humans worldwide, 
Helicobacter pylori induces chronic inflammation (gastritis), which may progress to 
peptic ulceration and stomach cancer. The ability to adhere to the gastric mucosa is 
considered to be both a colonization and virulence property of H. pylori. For adherence, 
H. pylori expresses surface-located attachment proteins (adhesins) that bind to specific 
receptors in the gastric mucosa. The best characterized H. pylori adhesin-receptor 
interaction is that between the blood group antigen binding adhesin (BabA) and the 
fucosylated blood group antigens, which are glycans highly expressed in the gastric 
mucosa.  

  Our recent results have changed the view of the blood group antigen-specific 
binding mode of H. pylori. We have tested clinical isolates of H. pylori from human 
populations worldwide for their ability to bind to ABO blood group antigens. The 
results revealed that more than 95% of isolates from Sweden, Germany, Spain, Japan 
and Alaska that bind fucosylated blood group antigens, bind both the Lewis b antigen 
(Leb) (of blood group O) and the blood group A-related antigen A-Lewis b, i.e. they 
exhibit a generalist type of binding mode. In contrast, the majority of strains (62%) 
from South American Amerindians bound best to Leb, i.e. they exhibit a specialist 
blood group “O antigen” binding mode. This specialization in binding coincides with 
the unique predominance of blood group O in the South American Amerindian 
populations. Furthermore, we also showed that H. pylori could switch from specialist to 
generalist binding modes by chromosomal integration of foreign babA gene fragments.  

  A mutant strain lacking the babA gene turned out to adhere to inflamed gastric 
epithelium, despite the fact that it did not bind Leb. We identified the receptor to which 
the mutant binds to as the sialyl-dimeric-Lewis x antigen (sdiLex) and found its 
expression to be associated with persistent H. pylori infection and chronic 
inflammation, both in humans and Rhesus monkeys. The cognate sialic acid binding 
adhesin (SabA) was identified by our ReTagging technique. Deletion of sabA caused 
loss of H. pylori binding to sialylated glycans, and screening of single-colony isolates 
revealed a high frequency of spontaneous on⇒off phase variation in sLex binding.  

  Using erythrocytes as a model for sialyl-dependent cell adhesion, we could show 
that SabA is the sought-after H. pylori sialyl-dependent hemagglutinin. Swedish clinical 
H. pylori isolates were analyzed for sialyl-dependent hemagglutination (sia-HA), and 
the sia-HA titers were found to be highly correlated to the levels of sLex binding. 
Clinical isolates were shown to exhibit several distinct binding modes for sialylated 
glycans, which suggest that SabA exhibit polymorphism in binding. We also found that 
SabA binds to sialylated glycans on neutrophil surfaces by mechanisms involving 
“selectin mimicry”, and that SabA plays an important role in nonopsonic activation of 
neutrophils. 

  In the human stomach, H. pylori is exposed to selective pressures such as immune 
and inflammatory responses, and this is reflected by changes in mucosal glycosylation 
patterns. The high mutation and recombination rates of H. pylori in combination with 
bio-selection will continuously generate clones that are adapted to changes in individual 
gastric mucosa. Such adaptive selection contributes to the remarkable diversity in 
binding modes and to the extraordinary chronicity of H. pylori infections worldwide. 

 Key words: H. pylori, BabA, SabA, adhesin, blood group antigens, sialylated, phase 
variation, hemagglutination, selectin, adaptation 
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PART I - GENERAL INTRODUCTION 
 
 
 
 

 
 

INTRODUCTION TO 
HELICOBACTER PYLORI  

History 
In the early 1980s, Barry Marshall, a physician specialized in internal 
medicine, and the pathologist Robert Warren found spiral-shaped bacteria 
closely associated with the gastric mucosal surface. The bacteria were 
obvious in about half of routine biopsies and were closely associated with 
mucosal inflammation. Attempts to culture the bacteria failed until a 
bacterial culture from a gastric specimen was accidentally incubated longer 
than planned, over an Easter holiday. The bacterium was named 
Campylobacter pyloridis. Warren and Marshall found C. pyloridis in all 
patients with duodenal ulcer and in the great majority of patients with 
gastric ulcer. They suggested that C. pyloridis could be an important factor 
in the development of peptic ulcer disease and that antibiotic therapy might 
be successful in healing peptic ulcers (Marshall & Warren, 1984). Marshall 
himself managed to prove the link between gastritis and C. pyloridis 
infection by drinking a culture of C. pyloridis. He developed acute 
dyspeptic illness, and biopsies showed spiral-shaped bacteria in his 
inflamed gastric mucosa. Marshall then treated himself with antibiotics. 
After a series of clinical trials with antibiotic therapy and successful 
eradication of C. pyloridis infections and associated gastric disease, the 
scientific community finally accepted the causal role of C. pyloridis 
infection in peptic ulcer disease. In 1989, C. pyloridis was re-named 
Helicobacter pylori (reviewed in Andersen & Wadström, 2001; Marshall & 
Warren, 2001). The discovery of the association of H. pylori with peptic 
ulcer disease was the starting point for the medical revolution of efficient 
treatment for peptic ulcer disease.  
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Microbiology 
Helicobacter pylori is a spiral-shaped, Gram-negative rod with 5-7 flagella 
at one end. The bacteria is sensitive to oxygen, and requires a 
microaerophilic atmosphere, i.e., about 5% O2 and 5-10% CO2 (reviewed in 
Percival Andersen & Wadström, 2001). A unique feature of H. pylori is its 
colonization of the acidic gastric environment for the lifetime of the host. It 
shows a strict tissue and host tropism for the gastric mucosa of humans and 
primates. H. pylori is normally found in the less acidic antrum region 
(lower part) of the stomach, but colonizes the corpus (mid) region during 
conditions of low acid secretion (Figure 1). H. pylori survives the low pH 
in the stomach by producing high levels of the enzyme urease, which 
hydrolyzes urea into ammonia (NH3) and carbonic acid. Ammonia buffers 
the cytosolic and periplasmic pH, as well as the microenvironment 
immediately surrounding the bacteria. Unlike the urease of most other 
bacterial species, the H. pylori enzyme can also be found associated with 
the bacterial surface or be shed into the medium. This appears to be due to 
release of urease by lysis of bacteria and subsequent adsorption of the 
protein onto the surface of living bacterial cells. The urease enzyme is an 
important colonization factor of H. pylori, since it is produced at high 
levels by all clinical isolates and is essential for growth in vivo (reviewed in 
Montecucco & Rappuoli, 2001).  

For many bacteria including H. pylori, flagellum-dependent 
movements are essential for infection. In H. pylori, each flagellum is 
approximately 3 µm long and covered by a sheath, which is a membranous 
layer continuous with the outer membrane (Goodwin et al., 1985). The 
sheath has been suggested to protect the polymeric filament core from 
dissociation by low pH, and from being recognized by the immune system. 
The H. pylori flagella are composed of three structural units: a basal body 
in the cell wall which contains the components required for flagellar 
rotation and chemotaxis, a flagellar filament that works as a propeller, and 
a hook that connects the flagellar filament with the basal body (reviewed in 
Spohn & Scarlato, 2001). More than 40 proteins of the H. pylori genome 
have been suggested to be involved in regulation, secretion and assembly 
of the flagellar structures (Tomb et al., 1997). Though, the flagellar 
filaments consist mainly of two proteins: the major flagellin FlaA and the 
minor flagellin FlaB (Leying et al., 1992; Suerbaum et al., 1993). FlaA-
disrupted mutants are completely non-motile whereas flaB mutants are still 
motile (Suerbaum et al., 1993). Eaton and colleagues showed that full 
motility was necessary for persistent H. pylori colonization of piglet 
stomachs (Eaton et al., 1989; Eaton et al., 1996).  

H. pylori lives deep in the mucus layer where part of the bacterial 
population is attached to the gastric epithelial cells, but the great majority 
of bacteria are motile and found within the viscous mucus layer reviewed 
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in (Testerman et al., 2001). The mucus is composed of highly glycosylated 
proteins (mucins) and is continuously secreted by gastric glands and 
epithelial cells to form a layer that protects the gastric epithelial cells. It 
also plays an important role in maintaining a neutral pH at the epithelial 
cell surfaces through its ability to retain bicarbonate. The surface of the 
gastric mucus layer is continuously shed into the gastric lumen. To avoid 
being cleared by mucus turnover, H. pylori swims towards the gastric 
epithelial cells, guided by a chemical gradient in the mucus layer. 
Experimentally challenged Mongolian gerbils demonstrated that H. pylori 
uses mucus pH for chemotactic orientation. Elimination of the mucus pH 
gradient by simultaneous reduction of arterial pH and bicarbonate 
concentration caused bacteria to lose orientation and disseminate in the 
mucus layer (Schreiber et al., 2004). 

 

 

 

 
 
 
 
 

  Figure 1. Anatomy of the human stomach. 
 
 

Infection and gastric diseases 
Gastritis 
The healthy, uninfected human stomach contains very few immune and 
inflammatory cells. Initial colonization by H. pylori results in an acute 
inflammatory response (acute gastritis), which is characterized by 
infiltration by polymorph nuclear lymphocytes (PMN cells) and neutrophils 
into the gastric mucosa. The acute infection is also accompanied by 
transient hypochlorhydria, i.e. reduced gastric acidity. If these initial 
responses fail to clear the infection, there is a gradual accumulation of 
neutrophils, T cells, B cells and macrophages into the gastric mucosa. After 
a few weeks, there is a massive invasion of the tissue by immune and 
inflammatory cells, which is a characteristic histological picture of chronic 
active gastritis. The continuous presence of H. pylori elicits a local mucosal 
IgA antibody response and a systemic humoral response, neither of which 
can eradicate the infection. Once established, the infection persists for the 

Antrum 

Corpus Duodenum 

Esophagus Cardia 
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lifetime of the host if not eradicated with antibiotics. In some cases, it 
progress to severe gastric diseases such as duodenal ulcer, gastric ulcer, 
gastric atrophy and gastric carcinoma. However, in the great majority of 
infected individuals the H. pylori-related chronic gastritis is asymptomatic 
(reviewed in Dixon, 2001)  

 

Duodenal ulcer 
H. pylori is present in >95% of patients with duodenal ulcers (Figure 2A) 
and in >80% of patients with gastric ulcer (Figure 2B), which is a 
significantly higher prevalence than among patients without ulcer disease 
(reviewed in Walsh & Peterson, 1995). The most convincing evidence for a 
causal relationship between H. pylori and peptic ulcer disease, however, is 
healing of the ulcer following antibiotic therapy (Forbes et al., 1994; 
Graham et al., 1992; Hentschel et al., 1993). Duodenal ulcers are often 
associated with excess gastric acid secretion. Hypersecretion of acid into 
the duodenum promotes development of gastric metaplasia, i.e. the 
presence of gastric-type mucus secreting cells in the surface epithelium of 
the duodenum. The appearance of gastric epithelial cells in the duodenum 
allows colonization by H. pylori, which will establish a chronic 
inflammatory response (duodenitis). The inflammation process and 
bacterial effect on the epithelial cells renders the duodenal mucosa 
sensitive to gastric acidity, and thus predisposes it to ulceration (reviewed 
in Dixon, 2001).  

 

Atrophic gastritis 
Atrophic gastritis is defined as gradual loss of gastric glandular tissue as a 
consequence of long-term mucosal damage, in particular due to chronic 
inflammation. In fact, the tissue destruction may involve progressive loss 
of all specialized mucosal cells including the acid producing parietal cells, 
pepsinogen producing chief cells and mucus producing gland and foveolar 
cells. When these cell types have diminished, the protective mucus layer 
will gradually disappear and the acid secretion will cease. Such 
pathological changes increase the risk of gastric ulceration (see below) and 
development of gastric adenocarcinoma, but, somewhat contradictory, they 
are found protective against duodenal ulcers because acid secretion is 
lowered ( reviewed in Blaser & Atherton, 2004).  
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Gastric ulcer 
In contrast to duodenal ulcers, gastric ulcers (Figure 2B) are associated 
with low acid secretion in addition to H. pylori infection. In individuals 
with normal or high acid secretion, H. pylori does not normally colonize 
corpus because of the low pH, whereas in individuals with low acid 
secretion, the colonization will be more evenly spread throughout the 
stomach. Colonization by H. pylori leads to continuing inflammatory cell 
infiltration, epithelial degeneration, increased exfoliation of the epithelial 
cells and compensatory cell proliferation by immature precursor cells. This 
leads to impaired mucin and bicarbonate production, which makes the 
mucus barrier compromised and the tissue more susceptible to ulceration 
(reviewed in Dixon, 2001). 

 
 
 

 
 
 
 
 
 
 
 
Figure 2. Photographs of duodenal and gastric ulcer obtained by fiberoptic 
gastrointestinal endoscopy. The superimposed images show the location of the 
endoscope tubing and camera opening. 

 

Intestinal metaplasia  
Intestinal metaplasia involves transformation of gastric epithelial cells into 
goblet cells, which normally line the surface of colonic tissue. These 
changes appear most often as a consequence of continuous regeneration of 
tissue and abnormal stimulation of growth during chronic inflammation. 
Both atrophic gastritis and intestinal metaplasia occur during long-term 
(decades of) H. pylori infection and both are considered to be risk factors 
for development of cancer (reviewed in Dixon, 2001).  

 

A B 
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Gastric adenocarcinoma 
A number of epidemiologic investigations and studies in animal models 
have reported a positive association between H. pylori infection and gastric 
adenocarcinoma (reviewed in Peek & Blaser, 2002). In 1994, the World 
Health Organization (WHO) and the International Agency for Research on 
Cancer (IARC) classified H. pylori as a carcinogen (IARC, 1994).  

 Gastric cancer occurs as a net result of long-term gastric mucosal 
infection and chronic inflammation. The tissue conditions that precede 
cancer are atrophic gastritis, intestinal metaplasia (described above) and 
dysplasia (neoplastic tissue which does not metastasize). The difference in 
prevalence of infection versus incidence in gastric cancer (approx. 1%) 
suggests multifactorial etiology – such as differences in bacterial strains, 
host genotypes, and environmental conditions (reviewed in Peek & Blaser, 
2002). Due to the high prevalence of H. pylori infection, however, gastric 
adenocarcinoma is one of the most common cancers in the world and it is 
the second leading cause of cancer-related deaths. In particular, strains that 
carry the cag pathogenicity island and the vacuolating cytotoxin gene 
(vacA), i.e. the more virulent Type I strains, are significantly associated 
with overt disease (Gerhard et al., 1999; Prinz et al., 2001; Xiang et al., 
1995). Individual differences in host responses are also of major 
importance and polymorphism in the pro-inflammatory cytokine 
interleukin IL-1β is the first described host risk factor for H. pylori-
associated gastric cancer. IL-1β is the most powerful inhibitor of gastric 
acid secretion known, and individuals who are colonized by H. pylori and 
possess “high expression” alleles of IL-1β run an increased risk of 
developing hypochlorhydria (decreased secretion of acid), gastric atrophy 
and gastric adenocarcinoma (El-Omar et al., 2000). Thus, both host and 
bacterial factors contribute to development of disease but the incidence of 
gastric cancer varies throughout the world. Interestingly, a high prevalence 
of H. pylori is not always associated with a high incidence of gastric 
cancer. In India and Africa there is a high prevalence of H. pylori infection, 
but a proportionately low prevalence of gastric cancer. This, so far 
unexplained, phenomenon is called the “African enigma” (reviewed in 
Correa, 2003). In other populations, various environmental factors such as 
high salt intake and inadequate consumption of fruits and vegetables has 
been considered risk factors for development of gastric cancer (reviewed in 
Correa et al., 2004). 

 

Epidemiology and transmission  
H. pylori colonizes all human populations worldwide. The risk of being 
colonized by H. pylori depends on geographic area, socioeconomic status 
and age, and initial colonization is thought to occur during early childhood. 
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In developing countries the infection can be almost ubiquitous, whereas in 
industrialized countries H. pylori infects 30–50% of adults. The decline in 
H. pylori infection incidence that relates to industrialization and 
improvements in socioeconomic levels may be explained by the frequent 
use of antibiotics, improvements in sanitation, and reduced crowding. The 
higher prevalence of H. pylori in individuals over 40 years of age is 
considered to be due to a birth cohort effect rather than a continuous risk of 
being infected, i.e. the incidence of infection was higher in the past 
(reviewed in Cover et al., 2001).  

 Transmission may be related to the ability of H. pylori to form non-
culturable coccoid forms when exposed to unfavorable environmental 
conditions. However, controversy exists as to whether these coccoids are 
alive and important for transmission (discussed in O´Rourke & Bode, 
2001). There is also a high probability that no significant reservoirs exist 
outside the human stomach, since H. pylori has a rather small genome 
which does not support all necessary metabolic pathways for a non-
parasitic life-style (Alm et al., 1999; Tomb et al., 1997). Thus, person-to-
person contact involving ingestion of H. pylori from saliva, vomits, feces 
or recently contaminated foods or beverages would be the most likely 
modes of transmission. By use of serological and DNA fingerprinting 
analyses, several studies have suggested that person-to-person transmission 
occurs mainly within families i.e. vertical transmission instead of 
horizontal (epidemic) transmission, which is the most common for 
infectious diseases (Drumm et al., 1990; Kersulyte et al., 1999; Mitchell, 
2001; Suerbaum et al., 1998). In support of this, the same strain is 
frequently shared between mothers and their children, but less frequently 
between spouses. Interestingly, transmission is less common between 
fathers and their children (Han et al., 2000; Kivi et al., 2003; Taneike et al., 
2001).  

 

Geographic variation  
Phylogenetic analyses based on sequence comparisons have shown that 
distinct alleles of H. pylori genes exist in different geographical regions. 
Since H. pylori is transmitted mainly within families, it is therefore likely 
that the geographic variations stem from H. pylori strains that have evolved 
over long periods in different geographical locations. The distinct allele 
types of H. pylori genes found in isolates from various regions are thought 
to reflect either the original founder population that was first introduced in 
the particular area, or the selection for antigenic or functional variants with 
growth and persistence advantages in a particular host population 
(reviewed in Suerbaum & Achtman, 2001).  



Marina Aspholm 
 

 

 

22

 By studying H. pylori sequence data from both housekeeping genes 
and virulence-associated genes from isolates from different geographical 
locations, East Asian strains were found to cluster – as did the alleles of 
African strains – whereas strains from Europe, America and Australia 
formed a heterogeneous third group (Achtman et al., 1999). Similarly, 
Kersulyte and colleagues analyzed more than 500 strains of H. pylori from 
five continents and found that genetic subtypes based on variations in the 
cag PAI, cagA and vacA clustered according to geographical origin. 
Interestingly, their study showed a genetic relatedness between South 
American Amerindian strains and Spanish strains, despite the closer 
genetic relatedness of Amerindian and Asian peoples. This led Kersulyte 
and her colleagues to suggest that Spanish Conquistadors brought the 
European strains to South America some 500 years ago (Kersulyte et al., 
2000). The European influence is also supported by our recent results, 
which demonstrate genetic clustering of babA alleles from Spanish and 
Peruvian Amerindian isolates (Paper I). However, Ghose and colleagues 
showed that isolates from Venezuelan Amazonian Amerindians carried 
East Asian genetic influence. The accumulation of mutations in the “Asian 
alleles” suggested that H. pylori accompanied humans when the ancestors 
of present day South American Amerindians migrated from Asia more than 
11,000 years ago (Ghose et al., 2002). In the same way, Falush and 
coworkers used H. pylori geographic subdivisions to trace both modern and 
ancient human migrations. Based on their reconstruction of H. pylori 
history, they suggested that the migration routes are complex and that H. 
pylori was brought to the Americas both by ancient human migrations from 
Asia and by modern migrations from Africa and Europe (Falush et al., 
2003). However, the origin of the South American Amerindian H. pylori 
strains is still controversial (discussed in Whitfield, 2003). 

 

Genomic variability 
Much attention and research effort has been spent on the remarkable 
genetic diversity between isolates from different individuals. It is 
surprisingly difficult to find two isolates with identical genomic 
fingerprints by methods such as random amplification of polymorphic 
DNA (RAPD) and restriction fragment length polymorphism (RFLP) 
analysis (Akopyanz et al., 1992a; Akopyanz et al., 1992b; Fujimoto et al., 
1994; van Doorn et al., 1998). In addition, comparison of the genomes of 
two strains has shown that 7% of the genes are specific for each strain 
(Alm et al., 1999). The mechanisms which confer this diversity include 
point mutations, chromosomal rearrangements, strain specific restriction-
modification systems, horizontal gene transfer between strains, impaired 
DNA repair mechanisms, and an exceedingly high frequency of 
recombination (reviewed in Blaser & Berg, 2001). The recombination rate 
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in H. pylori exceeds that of all other bacteria studied, and it can be 
demonstrated by comparing different clones from a single patient (Falush 
et al., 2001; Israel et al., 2001; Kersulyte et al., 1999; Kuipers et al., 2000). 
H. pylori is naturally competent for transformation, which allows uptake of 
DNA from neighboring strains in the local environment followed by 
recombination events for integration of alien DNA into the chromosome. 
H. pylori has also been shown to possess a conjugation-like mechanism for 
DNA uptake (Nedenskov-Sorensen et al., 1990). Hofreuter and colleagues 
showed that this natural transformation competence is mediated by proteins 
encoded by the ComB gene cluster (Hofreuter et al., 2001). Uptake of 
foreign DNA and subsequent homologous recombination would result in 
genetic diversity, and generate new potentially beneficial genotypes more 
rapidly compared to spontaneous mutations. Interestingly, the average size 
of recombined fragments in H. pylori (417 bp) is much smaller compared 
than that of other bacteria (Falush et al., 2001).  

 Mechanisms for generation of diversity may be responsible, at least in 
part, for the ability of H. pylori to survive in the harsh gastric environment 
where it encounters continuous selection pressures, such as local changes in 
mucosal expression of Lewis antigens (Paper II) and host immune and 
inflammatory responses. In addition, differences between individual hosts 
in traits that affect H. pylori growth and persistence will lead to further 
selection pressure during each new infection (reviewed in Blaser & Berg, 
2001). Thus, development of variation within the H. pylori population – 
followed by continuous selection for sub-clones with improved fitness for 
individual hosts over years or even decades of infection, has led to an 
exceedingly diverse and still most host-adapted bacterial species.  

 

Virulence factors 
Virulence 
There are probably host-genetic, environmental and microbial factors 
involved in the development of severe gastric disease. So far, there is no 
evidence that causing disease would facilitate transmission of H. pylori 
infection from one individual to another, or provide other benefits to the 
bacteria. Nevertheless, some strains are considered distinctly more 
pathogenic than others. Unfortunately, the huge number of people infected 
by H. pylori prohibits treatment of every person since the great majority 
will never develop H. pylori-related symptoms of disease. Consequently, 
much research has been focused on definition of markers for strains 
associated with development of peptic ulcer disease and gastric cancer. To 
date, the best-recognized markers of H. pylori pathogenicity are the cagA, 
vacA, and babA genes.  
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cag pathogenicity island 
The CagA (cytotoxin-associated gene A) was so-named because it was 
thought to be associated with expression of the vacuolationg cytotoxin 
VacA. However, the cagA gene is not chromosomally linked to the vacA 
gene; nor is it needed for expression of VacA (reviewed in Stein et al., 
2001). The cagA gene is present in strains with enhanced virulence, and has 
been identified as an important risk factor for development of severe gastric 
disease. H. pylori strains are divided into two groups named type I or type 
II strains, based on whether or not they express CagA (Xiang et al., 1995). 
The cagA gene is located in a ~40-kbp cag pathogenicity island (cag PAI) 
which contains about 30 genes (Censini et al., 1996). The GC content of 
the cag PAI differs from the rest of the H. pylori chromosome, which 
suggests that it originated from an ancient event of horizontal gene transfer 
(reviewed in Covacci & Rappuoli, 2000). The cag PAI encodes the 
components of a needle-like structure, which is involved in transport of 
CagA from the bacterial cells directly into the cytoplasm of the host cell 
(Rohde et al., 2003). Inside the host cell, CagA undergoes tyrosine 
phosphorylation by host cell kinases and then induces dephosphorylation of 
host cell proteins (Asahi et al., 2000; Odenbreit et al., 2000; Stein et al., 
2000). Once phosphorylated, CagA interacts with different components in 
the host cell signal transduction pathways and the actin binding protein 
cortactin, which ultimately affect cytoskeletal organization (Selbach et al., 
2003). Segal and colleagues showed that CagA positive bacteria, but not 
CagA negative bacteria, induce a “hummingbird”-like phenotype to AGS 
and MDCK cell lines. This phenotype is characterized by out spread and 
elongated growth of the cell and the presence of finger-like protrusions 
containing bundles of actin filaments (Segal et al., 1999). It has also 
recently been shown that CagA associates with epithelial tight-junction 
proteins, which lead to disruption of epithelial barrier function and 
dysplastic alterations in epithelial cell morphology (Amieva et al., 2003). 

 

VacA 
Also the VacA cytotoxin is considered to be an important virulence factor 
in H. pylori, since it induces large cytoplasmic vacuoles in cultured 
mammalian cells and it is associated with gastroduodenal ulcers and gastric 
adenocarcinoma (reviewed in Cover, 1996). A variety of data from cell line 
models and experimental infections of animals also supports its role in 
pathogenesis: VacA has been suggested to induce apoptosis in epithelial 
cells in vitro (Cover et al., 2003; Kuck et al., 2001), and to have a role in 
inhibition of T-cell proliferation (Gebert et al., 2003; Kuck et al., 2001) 
and might also be active in immune suppression (Molinari et al., 1998b).  



INTRODUCTION 
 

 

 

25

 The vacA gene is present in all H. pylori strains, although there are 
differences in expression levels. Each H. pylori strain possesses one of two 
main variants of the signal region located at the 5´-end (s1 or s2), and one 
of two main variants of the ~800 bp “mid-region” (m1 or m2) (Atherton et 
al., 1995). The type s1 vacA produces a fully active cytotoxin, whereas 
type s2 vacA produces a toxin with a hydrophilic N-terminal extension that 
blocks vacuolating and pore-forming activities. The middle region of vacA 
encodes that part of the toxin which confers cell specificity, and the m2 
type induce formation of vacuoles in fewer cell lines than the m1 type 
(Letley et al., 2003). Strains possessing the s1/m1 type of vacA 
demonstrate enhanced cytotoxic activity compared to s1/m2 strains, and are 
epidemiologically associated with gastric carcinoma (reviewed in Atherton 
et al., 2001).  

 VacA is secreted by the bacteria either as monomers or as oligomers 
that contain six or seven copies of the 88-kDa protein. When exposed to 
low pH, the VacA oligomers dissociate into monomers that bind to 
epithelial cells and form flower-shaped anion-selective channels 
(Lanzavecchia et al., 1998; Molinari et al., 1998a). Membrane-associated 
VacA can also be endocytosed, and accumulate in endolysosomes and form 
pores in mitochondrial membranes (reviewed in Montecucco & de Bernard, 
2003). 

 A recent study has shown that VacA accumulates in clusters on the 
bacterial surface. During H. pylori adherence to host cells, the toxin 
clusters are directly transferred in active form from the bacterial surface to 
the host cell surface, followed by uptake (Ilver et al., 2004).  

 Thus, both VacA and CagA constitute important virulence factors of 
H. pylori, but delivery of both proteins to the host cell may be dependent 
on an intimate contact between bacteria and the gastric epithelial cells. 
Mechanisms that mediate such close contact may therefore contribute 
importantly to pathogenicity. These mechanisms are described in detail in 
“H. pylori adherence”. 

 

Lipopolysaccharide (LPS) 
LPS is essential for bacterial survival and, similar to other Gram-negative 
bacteria, the cell envelope of H. pylori contains lipopolysaccharide, also 
termed endotoxin. In general, LPS consists of an O-specific polysaccharide 
chain, a core oligosaccharide, and a lipid part called lipid A, embedded in 
the outer membrane. LPS is often highly toxic for the host, but H. pylori 
LPS is low in activation of the host immunological responses (Muotiala et 
al., 1992). The LPS O antigen of H. pylori isolates often contains Lewis 
and ABO blood group antigens, i.e. structures similar to those occurring in 
the human gastric mucosa (Monteiro et al., 1998). Such similarities suggest 
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that blood group antigens function to camouflage the bacterium from the 
host immune system, i.e there are mechanisms of “molecular mimicry” 
between H. pylori and the host mucosa (discussed in Appelmelk et al., 
2000). Unfortunately for the host, the successful pathogen also induce 
cross-reactive auto-antibodies against blood group antigens in 
experimentally infected rodents, which may cause immune-mediated 
damage to the gastric mucosa (Appelmelk et al., 1996).  

 

HP-NAP 
H. pylori infection is typically associated with strong infiltration of 
neutrophils and mononuclear inflammatory cells into the gastric mucosa. 
There is a good correlation between severity of mucosal damage and extent 
of neutrophil infiltration. As a consequence, it has been suggested that 
leukocytes may be responsible for the tissue damage seen during H. pylori 
infection (reviewed in Dundon et al., 2002). The H. pylori neutrophil-
activating protein (HP-NAP) has been shown to induce adhesion of 
neutrophils to endothelial cells in culture and has thus been suggested to 
play an important role in activation and recruitment of neutrophils from the 
bloodstream to the infected tissue (Evans et al., 1995). The HP-NAP 
protein is also chemotactic for human leukocytes and has been described to 
induce oxidative burst (Evans et al., 1995; Satin et al., 2000). Furthermore, 
HP-NAP was shown to act as a lectin which binds to sulfated salivary 
mucins and to sialylated neutrophil glycolipids (Namavar et al., 1998; 
Teneberg et al., 1997). However, Leakley and colleagues showed that 
nonopsonic activation of neutrophils by H. pylori occurred independently 
of HP-NAP (Leakey et al., 2000). In support of this, we have shown that a 
deletion of napA neither affected the ability of H. pylori to adhere to 
neutrophils nor the ability to induce non-opsonic oxidative burst (Paper 
IV). 

 HP-NAP is a minor protein on the bacterial surface (Blom et al., 
2001). It might be a mainly cytosolic protein, which is only released upon 
bacterial lysis. Similar to urease, it could then bind to the surface of living 
H. pylori cells where it carries out its function. Crystallization and 
diffraction analyses of HP-NAP showed that the protein forms dodecameric 
complexes consisting of 12 identical subunits of 17-kDa monomers. The 
structure of HP-NAP is similar to the E. coli DNA binding protein DPS, 
but it has features more similar to bacterioferritins since it can bind huge 
amounts of iron (Tonello et al., 1999). However, in contrast to other 
ferritins, the synthesis of HP-NAP is not regulated by iron depletion or 
overload (reviewed in Dundon et al., 2002). HP-NAP been shown to be 
immunogenic in mice and humans, since the majority of infected 
individuals produce antibodies to HP-NAP, and mice immunized with HP-
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NAP show protection against subsequent challenge by H. pylori (Satin et 
al., 2000). 

 

H. pylori outer membrane proteins (Hops)  
Bacterial outer membrane proteins have important roles in transport of 
molecules across the bacterial membranes, adhesion to host tissue, and 
escape from host immune responses. Analysis of the genome sequences of 
strains J99 and 26695 revealed the presence of a family of 32 (33 in strain 
26695) genes, which encode H. pylori outer membrane proteins (OMPs) 
(Alm et al., 1999; Tomb et al., 1997). The members of this family vary 
substantially in size, from ∼20 to ∼130 kDa, but contain highly conserved 
N-terminal and C-terminal domains (Alm et al., 2000). Within the H. pylori 
OMP family there are 21 members that contain both the N-terminal and the 
C-terminal conserved motifs, and these proteins are called the Hop 
proteins. The other 11 members do not contain the N-terminal motif and 
are therefore called the Hor (Hop-related) family (Figure 3). The conserved 
C-terminal region contains alternating hydrophobic and hydrophilic amino 
acids, which have been predicted to form membrane-spanning β strands 
(Bina et al., 2000; Tomb et al., 1997). Thus, the highly conserved regions 
could have similar structures and functions, such as integration of the 
proteins into the outer membrane or in protein-protein interactions with 
other family members. The sequence in the variable domain that differ 
between members of the OMP family would thus encode unique functions 
such as ability to act as adhesins or porins (Alm et al., 2000). Five 
members of the Hop family, BabA (HopS) (Ilver et al., 1998), SabA 
(HopP) (Paper II), HopZ (Peck et al., 1999), AlpA (HopC) and AlpB 
(HopB) (Odenbreit et al., 1999) have been shown to be involved in 
bacterial adhesion to host tissue (discussed in “H. pylori adherence”). 
AlpA and AlpB have also together with Hop A, HopD and HopE been 
suggested to function as porins (Exner et al., 1995).  

 Sequence analysis has revealed that some hop genes are present in 
duplicate copies within the same strain. Strains 26695 and J99 both contain 
two pairs of the essentially duplicated hop genes, hopJ/hopK and 
hopM/hopN. The hopJ/hopK and hopM/hopN genes are also present in the 
great majority of clinical isolates (Alm et al., 2000). Duplicate copies have 
also been found for babA (Ilver et al., 1998) and babB  (discussed in 
“Recombination between babA and babB”). The presence of duplicated 
hop genes may indicate ongoing evolutionary processes where genes 
duplicate and then accumulate mutations to gradually diverge into genes 
encoding new and functionally distinct Hop entities. This scenario is 
probably similar to the processes that once generated the entire Hop family. 
However, hop gene duplications have also been suggested to represent 
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means of regulating expression of proteins for adaptation to changes in 
inflammation and host response during inflammation (Ilver et al., 1998; 
Solnick et al., 2004).  

 Similar to allelic variation in vacA, two distinct families of hopQ 
alleles have been found, designated type I and type II. Although the 
specific function of the HopQ protein is unknown, type I hopQ alleles have 
been found significantly more frequently in cagA+/type s1-vacA strains 
from patients with peptic ulcer disease than in cag-negative strains from 
patients with no history of ulcer disease. Based on these results, hopQ 
alleles could provide useful markers for identification of ulcerogenic H. 
pylori strains (Cao & Cover, 2002). 

 Some of the hop genes such as babB, hopZ, oipA, sabA and sabB 
contain CT-dinucleotide repeats in their 5´ coding region and have 
therefore been suggested to be regulated by phase variation. During DNA 
replication, mispairing can occur, which leads to strand slippage. This 
results in addition or deletion of CT units. Changes in the number of 
repeats can cause addition or removal of premature stop codons, and thus 
on⇔off phase shift in protein expression. The bacterial population never 
“knows” what environmental challenges it will encounter, and on and off 
phases of various OMPs will provide it with a survival advantage, e.g. 
dynamic adherence properties for balanced interaction with the mucosal 
immune system and inflammatory responses, and for adaptation of the 
adhesin repertoire to match the local mucosal glycosylation pattern 
(discussed in Paper II).  
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Figure 3. Phylogenetic tree of the Hop and Hor outer membrane protein family. 
Proteins involved in adherence, AlpA (HopC), AlpB (HopB), SabA (HopP), BabA 
(HopS) and HopZ are indicated in bold text. The phylogeny show that SabA and SabB 
are highly related to each other, and also that BabA, BabB and BabC are highly related. 
Interestingly, three of the proteins involved in H. pylori adherence to the gastric mucosa 
are located in the same cluster. The phylogenetic tree has been modified from (Alm et 
al., 2000).  

 

 
BACTERIAL ADHERENCE 

Adherence:  
Importance for bacterial colonization and virulence  
Adherence to epithelial cells is important for the ability of bacteria to 
transiently or persistently colonize mucosal gastrointestinal and urinary 
tract host tissue. To facilitate adherence to host tissue, bacteria express 
attachment proteins (adhesins) on their surface. Each bacterial adhesin 
binds to specific host-cell constituents (receptors). This process can be 
imagined as a “lock and key” relationship, and the binding usually involves 
only a portion of the adhesin and the receptor structure. The combination of 
environmental factors, bacterial adhesins and expression of host and tissue- 



Marina Aspholm 
 

 

 

30

specific receptors determine which hosts and cell types the bacteria can 
colonize (so-called host and tissue tropism, respectively). A variety of 
molecules can function as receptors, including proteins, polysaccharides, 
glycoproteins and glycolipids.  

 

Diversification of receptor specificity  
Many bacterial species are capable of producing multiple adhesins and can 
also switch expression from one adhesive activity to another, modify the 
strength of binding, or even change into a non-adherent phenotype. These 
processes will provide the bacteria with means of antigenic variation to 
avoid the immune system, and will enable transmission of infection or 
spread to another tissue, and adapt the infection to changes in the local 
environment. Diversification may also affect the bacterial host interaction 
by generating more or less virulent clones. Phenotypically, these variations 
may be due to regulation of adhesin expression, structural changes in the 
adhesin protein itself, or structural changes in proteins involved in 
presentation of the adhesin. Genotypically, point mutations, genetic 
rearrangements, and horizontal gene transfer can confer these changes. In 
natural infections, there are usually genetically variant sub-clones within 
the bacterial population. When the bacterial population spreads to a new 
environment or changes occur in the local environment, some genes will 
not be optimally adapted to the prevalent conditions. Under these 
circumstances, sub-clones carrying advantageous mutations in certain 
genes will be selected, resulting in divergence from the ancestral 
population i.e. from the infectious pool (discussed in Ofek et al., 2003a). In 
line with this, it has recently been shown that uropathogenic strains of E. 
coli are more likely to express FimH adhesin variants that have evolved 
under diversifying selection (positive selection for amino acid 
substitutions) compared to the commensal strains that colonize the colonic 
mucosa (Sokurenko et al., 2004). Both commensal and uropathogenic E. 
coli strains have type 1 fimbriae that bind to tri-mannose, where the Fim H 
adhesin is located at the tip of the fimbriae. FimH is a highly conserved 
protein, but uropathogenic E. coli strains carry minor mutations that 
enhance the affinity of FimH also for mono-mannose structures (so-called 
pathogenicity-adaptive mutations), and thus have a higher tropism for 
uroepithelium (Sokurenko et al., 1998). In contrast, the great majority of 
intestinal strains are of low affinity type and can only bind to tri-mannose 
structures due to higher avidity, and this is regarded as the “low-virulence” 
phenotype of E. coli (Sokurenko et al., 1995). Allelic variation has also 
been described for several other bacterial adhesins such as the E. coli PapG 
adhesin of P-fimbriae and type IV pili of Neisseria gonorrhoeae. The PapG 
adhesin binds to the globoseries of glycosphingolipids which contain 
Gal(α1-4)Gal carbohydrate moieties (globosides). Three different variants 
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of the PapG adhesin have been identified, based on recognition of 
globotriocylceramide (GbO3), globotetraocylceramide (GbO4) or the 
Forssman glycosphingolipid (GbO5). Human pyelonephritic E. coli strains 
possess mainly the GbO4 binding PapG adhesin, whereas strains associated 
with cystitis in dogs carry the GbO5 binding PapG adhesin. Thus, it was 
suggested that PapG adhesins with differences in receptor specificities 
confer differences in host tropism (Strömberg et al., 1990; Strömberg et al., 
1991). Type IV pili confer on N. gonorrhoeae the ability to bind to 
epithelial cells. N. gonorrhoeae strains have been shown to be able to 
modify the receptor specificity of their type IV pili both by on⇔off 
switching in expression of either of two variants alleles of the PilC tip 
adhesin (pilC1 or pilC2), or by altering the structure of the major subunit of 
the fimbrial shaft PilE (reviewed in  Tonjum & Koomey, 1997). The 
Neisseria genome carries one complete pilE gene and multiple incomplete 
and silent pilS genes, which lack the 5´-end and promoter region. 
Homologous recombination events result in insertion of various lengths of 
pilS into expressed pilE genes, and thus formation of new pilE genes (Haas 
et al., 1992; Howell-Adams & Seifert, 2000). Similar to H. pylori, 
Neisseria is naturally competent in uptake of DNA from other strains, 
which would confer yet another way of increasing the diversity of pilE 
(reviewed in Koomey, 1998). Together, these mechanisms lead to 
extensive variability among PilE proteins and type IV piliated Neisseria 
strains with modified binding properties. 

   

H. pylori adherence 
In the human stomach, the great majority of H. pylori cells are found motile 
(swimming) in the slimy mucus layer lining, which protects the epithelial 
cells from the acidity of the stomach lumen. Only part of the bacterial 
population is found adherent to the epithelial cell surfaces. Nevertheless, 
adhesion to the gastric epithelium is considered to be important for the 
ability of H. pylori to colonize and cause disease. Intimate attachment to 
the host cells probably facilitates: 1) colonization, by preventing the 
bacteria from being eliminated from the stomach by mucus turnover and 
gastric movements (peristalsis), 2) efficient delivery of effector proteins 
such as CagA and VacA from the bacteria to the host cell, 3) gain of 
nutrients from exudates, which are released from cells that are damaged by 
the inflammation. Therefore, bacteria with better adherence properties 
would colonize the host at higher densities. In line with this, Sheu and 
colleagues showed that gastric Leb intensity could be correlated to the 
density of H. pylori in the gastric mucosa of Taiwanese patients. In this 
population, 100% of H. pylori isolates are babA2 positive (described below 
in “BabA”). However, intimate adherence is a “mixed blessing” for H. 
pylori since it will also stimulate the host immune response and expose the 



Marina Aspholm 
 

 

 

32

bacteria to high levels of bactericidal compounds (Rad et al., 2002; 
Yamaoka et al., 1999). Thus, regulation of adherence to host cells is 
probably required for H. pylori to survive in the gastric mucosa. 

 H. pylori has adapted to the gastric environment by binding to many 
different oligosaccharide derivatives. On epithelial surfaces these glycans 
are presented in glycoproteins and glycolipids (Papers I-IV), and by the 
MUC5AC and MUC6 mucin molecules in the gastric mucus (Lindén et al., 
2002). The H. pylori receptors include fucosylated glycans (Borén et al., 
1993; Paper I), charged glycans with sialylated (Papers II-IV) or sulfated 
modifications (Slomiany et al., 1989) and, in addition, unsubstituted lacto-
series core chain glycans (Teneberg et al., 2002). The many different 
receptor structures described for mucosal adherence suggest that in a 
similar manner to pathogens such as Pseudomonas aeruginosa and 
Hemophilus influenzae, H. pylori expresses a multitude of different 
adhesins (reviewed in Ofek et al., 2003b). Nevertheless, the best 
characterized H. pylori adhesin-receptor interactions to date are the blood 
group antigen binding adhesin (BabA) which binds to fucosylated ABO 
blood group antigens (Ilver et al., 1998) (Paper I), and the sialic acid 
binding adhesin (SabA) which binds to inflammation-associated sialylated 
glycans such as sialyl-Lewis x and sialyl-Lewis a (Paper II). These 
adhesin-receptor interactions are described in further detail below, and in 
Papers I-IV.  

 

BabA 
Binding to the H and Lewis b antigens 
In 1993, Falk and colleagues developed an in situ adherence assay and 
showed that human colostrum secretory IgA inhibited H. pylori adherence 
to human gastric mucosa in a fucosidase-sensitive manner (Falk et al., 
1993). Soon after that, Borén et al. found that colostrum samples from 
individuals with high amounts of ABO blood group antigens abolished 
binding of the South American H. pylori strain P466, whereas samples 
from individuals of non-secretor phenotype i.e. without ABO antigen 
expression in milk and secretions, had almost no inhibitory properties. This 
result suggested that the H. pylori receptor contained the Fucα1-2 epitope. 
By use of neoglycoconjugates, they showed that strain P466 bound to the 
H1 and Leb antigens, whereas the Lewis b antigen (Leb) substituted with a 
blood group A determinant (A-Lewis b) was not recognized as a receptor. 
Individuals of blood group A or B phenotype might have fewer Leb 
antigens available than individuals of blood group O phenotype. Therefore, 
the specific binding of H. pylori to the Leb/H1 antigens was suggested to 
explain why blood group O individuals are more susceptible to peptic ulcer 
disease compared to blood group A and B individuals (Borén et al., 1993).  



INTRODUCTION 
 

 

 

33

 The role of Leb-mediated adherence in the outcome of H. pylori 
infection was later studied using transgenic mice which express Leb in the 
gastric epithelium (Falk et al., 1995). Transgenic and non-transgenic mice 
were infected with a mixture of Leb-binding Peruvian H. pylori strains. H. 
pylori was found to colonize both transgenic and non-transgenic mice at a 
similar level. In transgenic mice, however, H. pylori was found both in the 
mucus layer and attached to the gastric epithelial cells, resulting in chronic 
gastritis, parietal cell loss, and production of auto antibodies against Lewis 
x – a glycan expressed by both bacteria and parietal cells (discussed in 
“Lipopolysaccharide (LPS)”). No bacteria were found to adhere to the 
gastric epithelium of non-transgenic mice and the pathological changes 
were less pronounced than in the transgenic mice. Thus, these findings 
suggest that Leb-mediated attachment of H. pylori to the mouse gastric 
epithelium may skew the course of infection towards increased pathology 
(Guruge et al., 1998).  

 In 1998, Ilver and Arnqvist et al. purified the blood group antigen 
binding adhesin BabA (HopS) by use of the novel receptor activity-directed 
affinity tagging technique (ReTagging). Analysis of the babA gene 
revealed that strain CCUG17875 (hereafter referred to as strain 17875) 
carries two babA alleles, babA1 and babA2. The babA1 and babA2 alleles 
were identical except for a 10-bp insertion, encoding a translational 
initiation codon, which was absent in babA1. Deletion of the babA2 allele 
resulted in loss of Leb binding activity, whereas deletion of babA1 had no 
effect on binding. This result concluded that the babA2 allele encodes the 
Leb binding adhesin. Sequence comparisons revealed that BabA belongs to 
the Hop family of H. pylori outer membrane proteins (discussed in “H. 
pylori outer membrane proteins”). In contrast to strain 17875, the genome 
sequences of H. pylori strains 26695 and J99 possessed only one babA2 
allele. The chromosomal location of the J99 babA gene was different from 
that seen in strain 26695, as it had switched position with its homolog babB 
(Tomb et al., 1997; Alm et al., 1999). 

   

Recombination between babA and babB 
Sequence alignments of BabA and BabB from strains J99, 26695 and 
17875 showed that these proteins are 88% identical. BabA and BabB are 
nearly identical in the N-terminal region and identical in the C-terminal 
region, but differ in the “variable” middle region (Alm et al., 2000). The 
high similarity between babA, babB and also additional members of the H. 
pylori OMP family would make them subject to homologous 
recombination. Indeed, this has been shown to occur; Pride et al. 
demonstrated the presence of naturally occurring in-frame babA/babB 
chimeras among clinical isolates from USA and Japan, and suggested that 
recombination occurs between these two loci (Pride & Blaser, 2002). 
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Recently, Solnick and colleagues showed that H. pylori had lost the ability 
to bind Leb during experimental infection of Rhesus monkey. Loss of babA 
expression occurred either by recombination events in which babA was 
deleted and replaced by a second copy of babB, or by a change in the 
number of CT repeats in the 5´coding region, resulting in a frame shift and 
loss of babA expression. In accordance with the monkey model, 4 of 20 
human clinical isolates demonstrated absence of babA and duplicate copies 
of babB (Solnick et al., 2004). On the other hand, the babA gene was 
shown to be present in each of 10 non-Leb-binding Swedish clinical 
isolates and microscopy studies of strains that do not bind Leb identified 
occasional Leb-binding cells, which suggested that the non-binding 
phenotype is both reversible and metastable. To examine this further, strain 
17875∆babA2::cam, which carries only the silent babA1 allele and cannot 
bind Leb because of a babA2 allele deletion was used. By biopanning with 
Leb neoglycoconjugate and magnetic beads, rare 17875∆babA2::cam 
variant clones, that had gained the Leb binding phenotype, were isolated. 
Characterization of two of these clones showed that the silent babA1 gene 
could regain efficient Leb binding by becoming integrated into the 
expressed babB locus. The resulting chimeric babA/babB gene expressed 
an adhesin with a Leb binding affinity similar to that of wild-type strain 
17875 BabA, although the binding capacity was reduced due to a lower 
expression level. Furthermore, expression of the chimeric BabA/BabB 
protein was subject to high frequency of phase variation due to CT repeats 
(from babB) at the 5´-end of the gene (Bäckström et al., 2004). Most 
importantly, this study tells that less virulent strains can become activated 
and shift into adhesive and more virulent phenotypes (discussed in “BabA 
and “triple-positive” strains”).  

 Taken together, these reports suggest that mechanisms of on⇔off 
phase variation and recombination events between babA and babB provide 
H. pylori with the ability to shift between adherent and non-adherent 
phenotypes, and to dynamically change the adherence properties and 
antigenic properties of BabA. These events may provide H. pylori with 
means of survival in the cross-talk with its host, where the bacteria need to 
constantly adjust to changes in the host immune and inflammatory 
responses and time-dependent shifts in mucosal glycosylation patterns 
(discussed in Paper II).  
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BabA and “triple-positive” strains 
BabA expression and Leb binding is not common to all H. pylori isolates: 
In a survey of 95 Swedish clinical H. pylori isolates, 63/95 (66%) bound 
Leb. Among these isolates, 73% of the cagA+ bound Leb as compared to 
only 5% of the cagA- strains. This result suggests a close association 
between expression of CagA and binding to Leb. However, deletion of the 
entire cag PAI did not reduce Leb binding, which suggests that this activity 
is not dependent on CagA or other genes from the cag PAI (Ilver et al., 
1998).  

 Studies of German clinical isolates indicated that the babA2 allele is 
of clinical relevance, since it was found to be significantly associated with 
duodenal ulcer and adenocarcinoma. In contrast, the type 1 strains 
(vacAs1/cagA+) were only significantly associated with duodenal ulcer. 
Classification of H. pylori strains by their simultaneous expression of 
vacAs1, cagA and babA2 (triple-positive strains) identified a subgroup of 
type 1 strains that showed a highly significant correlation to the prevalence 
of peptic ulcer disease and adenocarcinoma, but not to gastritis (Gerhard et 
al., 1999). In accordance with these results, another study found triple-
positive strains much more frequently than babA2 negative strains in 
patients with severe histological alterations and high levels of granulocyte 
infiltration, high bacterial colonization density, and IL-8 mRNA (Prinz et 
al., 2001; Rad et al., 2002). Unfortunately, triple-positive strains do not 
constitute useful markers for “high-risk” infections in all human 
populations. In a study of Japanese clinical H. pylori isolates, no significant 
correlation between babA2 genotype and clinical outcome was found, 
because almost all strains were of babA2 genotype (Mizushima et al., 
2001).  

 These results suggest that gastric epithelial adherence mediated by 
BabA plays an important role in delivery of host cell effector molecules 
such as CagA and VacA, and concomitant induction of histological 
changes that lead to severe gastric disease. Thus, triple-positive genotype 
of the infecting strain could be a valuable marker for identification of H. 
pylori-infected patients who would profit from clearance of infection. The 
set of genetic markers to be used for prediction of the infection outcome, 
however, would have to be selected to fit the genotype of H. pylori strains 
in different geographical regions.  
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HpaA 
Soon after discovery in the 1980s, H. pylori was shown to be capable of 
agglutinating erythrocytes i.e. to exhibit hemagglutination (HA) activity. 
This activity could be inhibited with monosialogangliosides, which 
suggested that H. pylori expresses a sialyl-dependent hemagglutinin 
(Emody et al., 1988). Evans and coworkers localized the sialyl-dependent 
HA (sia-HA) activity to structures located on the bacterial surface that had 
putative fibrillar morphology (Evans et al., 1988). The gene hpaA, which 
encodes the receptor-binding subunit of the fibrillar hemagglutinin was 
identified and the corresponding protein, HpaA, was shown to be involved 
in binding to NeuAcα2-3Gal-glycans (Evans et al., 1993). However, HpaA 
was also found to be located in the bacterial inner membrane and 
cytoplasm, and not to be involved in sia-HA, since a hpaA deletion mutant 
did not show any reduction in sia-HA activity compared to the wild-type 
strain (O'Toole et al., 1995). Furthermore, immunogold labeling showed 
that HpaA is associated with the flagellar sheath rather than the bacterial 
surface (Jones et al., 1997).  

 

SabA  
The second best characterized H. pylori adhesin-receptor interaction is that 
between the sialic acid binding adhesin (SabA) and the inflammation-
associated sialyl-Lewis x/a antigens (Paper II, III and IV). Similarly to 
BabA, SabA (HopP) belongs to the Hop family of outer membrane 
proteins. The molecular weight of SabA is 66 kDa. SabA shows high 
homology SabB (HopO) in strains 26695 and J99 (Paper II) (Figure 3). Our 
recent results have shown that SabA is the long sought-after sialyl-lactose 
binding hemagglutinin (Paper III). We have also shown that SabA is 
crucial for non-opsonic activation of neutrophils in vitro (Paper IV). Thus, 
SabA promotes binding of H. pylori to both the sialylated epithelium 
during infection and inflammation and in addition to neutrophils recruited 
to the local environment.  

 

AlpA, AlpB and HopZ  
The adherence-associated lipoproteins AlpA and AlpB are encoded by 
highly homologous genes located in the alpAB operon. The AlpA and AlpB 
proteins have been proposed to be involved in adherence of H. pylori to 
gastric epithelium, since deletion mutants lack the ability to adhere to 
gastric epithelial cells. The pattern of AlpAB-dependent adherence of H. 
pylori to gastric epithelium is different to the BabA-mediated adherence, 
and this suggested that a different receptor in the host tissue is involved 
(Odenbreit et al., 1999).  
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 Another member of the Hop family, HopZ, has also been suggested to 
be involved in adherence. Comparison of a wild-type and an isogenic hopZ 
knockout mutant strain for adherence to the AGS cell line (human gastric 
adenocarcinoma) showed that the mutant strain had significantly decreased 
adherence (Peck et al., 1999). However, these studies have not shown if 
AlpA, AlpB or HopZ are directly involved in receptor binding, or whether 
they merely interact with adhesins; i.e. they may facilitate adhesin transport 
and folding, or act as platforms (ushers) for correct presentation of the 
adhesin on the bacterial surface. 

 

H. pylori receptors: ABO blood group antigens and 
sialylated glycans 
The ABO blood group antigens and secretor status 
Blood group antigens are a group of carbohydrates typically found on 
erythrocytes, but they are also highly expressed in epithelial tissues. Blood 
group A and B phenotypes are characterized by the presence of specific tri-
saccharide structures known as the A and B antigens, respectively. Blood 
group O phenotype is characterized by expression of the H antigen, which 
is a di-saccharide and precursor of the A and B antigens. The H antigen is 
also present in individuals of blood group A and/or B phenotype although 
at a lower density compared to in individuals with blood group O 
phenotype. The ABH antigens are present on several different precursor 
core chains and exist either as free oligosaccharides, glycolipids or 
glycoproteins. Blood group antigens expressed on epithelial surfaces are 
called “histo-blood group antigens”. These are either built from lacto series 
type 1 core chains, which contain Galβ1-3GlcNAc or from lacto series type 
2 core chains, which contain Galβ1-4GlcNAc. As shown in Figure 4, ABH 
antigens are formed by sequential action of several glycosyl transferases, 
which add fucose, galactose and GalNAc to the carbohydrate core chains. 
The H and Se genes each encode different α1-2 fucosyl transferases. The 
H-fucosyl transferase modifies the type 2 core chain to form H type 2 (H2) 
on erythrocytes. In contrast, the secretor fucosyl transferase (Se-
transferase) can modify both type 1 and type 2 core chains. The Se-
transferase is highly expressed in body secretions and in epithelial surfaces 
of the respiratory tract, in salivary glands and in the digestive tract. 
However, it is not responsible for H2 on erythrocytes (although H1 
antigens from the plasma can be incorporated into the erythrocyte 
membrane). In contrast to the H gene, Se is more polymorphic since 20% 
of Caucasians do not have a functional Se-transferase. These individuals 
are “non-secretors” and have only a few percent of ABH antigens in their 
body secretions and mucosal epithelial surfaces compared to individuals 
with the common “secretor” phenotype. In certain Asian and Polynesian 
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populations, a weak variant of the Se-transferase is common, which causes 
a distinct reduction in ABH expression in secretions and mucosal surfaces. 
As a consequence of the weak α1-2 fucosylation, higher levels of the 
shorter Lea antigen will form and thus, the weak secretor phenotype 
demonstrates a blend of ABO and Lea antigens (described further below) 
(reviewed in Henry et al., 1995; Marionneau et al., 2001).   

 

 

     

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 4. Biosynthetic pathways of human histo-blood group antigens based on the 
lacto-series type 1 core chain precursor in secretor and non-secretor individuals.  
 
 
 The H1 and H2 antigens are acceptor substrates for the “A and B 
transferases”, which form the blood group A or B phenotypes, respectively. 
The A gene product is a N-acetyl-galactosaminyltransferase (GalNAc-
transferase) which transfers N-acetylgalactosamine to the fucosylated 
galactosyl residue of the H antigen, and the B gene encodes a 
galactosyltransferase (Gal-transferase), which instead transfers galactose to 
the H antigen. The O allele does not produce any GalNAc- or Gal 
transferases, due to a frameshift mutation. Absence of the H-transferase 
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(such as in individuals of the rare Bombay phenotype) confers lack of ABO 
antigens on red blood cells. Interestingly, these individuals appear to suffer 
no apparent disadvantages compared to individuals of regular ABO 
phenotype (reviewed in Henry & Samuelsson, 2000; Marionneau et al., 
2001). 

 
The Lewis blood group antigens 
The Lewis system is determined by the interaction between three pairs of 
alleles: H/h, Se/se, and Le/le. The Le allele encodes an α1-3/4 fucosyl 
transferase (Le-transferase) which fucosylates the sub-terminal GlcNAc 
residue in the lacto-series type 1 and type 2 core chains (Figure 4). The Le-
transferase forms the Lewis a antigen (Lea) from the type 1 core chain and 
the difucosylated Leb antigen from the H antigen. The Lewis system also 
modifies the A type 1 and B type 1 glycans into the difucosylated A-Lewis 
b antigen (ALeb) and B-Lewis b antigen (BLeb), respectively. Lea is a 
poor substrate for the Se-transferase. If Lea is produced, it cannot be 
converted further to form Leb. Therefore in secretor individuals, Leb is the 
predominant antigen in the gastric surface epithelium, although there can 
also be some Lea, whereas in non-secretor individuals Lea is predominant 
(described in “The ABO blood group antigens and secretor status”). The 
monofucosylated Lewis x antigen (Lex) and the difucosylated Lewis y 
antigen (Ley) are both type 2 core chain forms of Lea and Leb, 
respectively. The Lex and Ley antigens are formed by addition of a fucose 
residue to the sub-terminal GlcNAc of the type 2 core chain precursor, H2, 
A2 or B2, to produce Lex, Ley, ALey or BLey, respectively (reviewed in 
Marionneau et al., 2001). These antigens are normally detected deep in 
gastric glands, regardless of secretor status. During gastric malignancy, 
there is an increased expression of Lea in the gastric mucosa of secretor 
individuals due to a decline in the secretory activity. Such a reduction in 
fucosylation will also result in increased sialylation of mucosal tissue, and 
in formation of the sialyl-Lewis a antigen (sLea), which is a recognized 
tumor antigen (Sakamoto et al., 1989).  

 
Global distribution of ABO blood group genotypes 
The frequencies of the four A, B, AB and O blood group phenotypes differ 
substantially between different ethnic groups and geographic regions. If all 
populations were put together, the gene frequencies should be 62% for O, 
22% for A and 16% for B. The highest frequency of the O gene is found in 
Indians of Central and South America, who are almost all of blood group O 
phenotype. The frequency of the O gene is also high (gene frequency 
greater than 70%) in northwestern Europe (Scotland, Wales, Ireland and 
Iceland), and in parts of Africa and in Australia. The A gene is frequent in 
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Europe (25% – 55%), in particular in Scandinavia and certain areas of 
central Europe. High frequencies are also found among Aborigines of 
southwestern Australia (∼45%), but the top frequencies are found in certain 
Indian tribes of North America (50%). The B gene is almost totally absent 
among Amerindians and among Aborigines of southwestern Australia, 
whereas it is found at high frequencies (20 – 30%) in central Asia and in 
northern parts of India. In Europe, B ranges in frequency from ∼15% in the 
east to less than 5% in the Netherlands, France, Spain, and Portugal 
(reviewed in Mourant & Kopec, 1976). 

   

ABO blood group phenotypes and association with infectious 
diseases 
The geographic and ethnic differences in prevalence of blood group 
phenotypes are intriguing. One possible explanation could be an 
association between blood types and microbial infections, which results in 
a natural selection that favors survival of individuals of certain blood group 
phenotypes. Seymour and colleagues suggested that viral infections might 
select for asymmetry in ABO blood group phenotypes, whereas bacterial 
infections lead to maintenance of polymorphism. Individuals with blood 
group O phenotype produce antibodies against blood group A and B 
antigens, whereas the opposite does not occur since A and B individuals 
have various levels of blood group “O” antigens. It is believed that viruses 
acquire ABO antigens from their host as part of the glycan composition of 
their envelope. Viruses transmitted from blood group A or B individuals 
are likely to be neutralized when infecting a blood group O individual, who 
carries both anti-A and B antibodies. In contrast, viruses from a blood 
group O individual carry “O” antigens in their envelope and are not likely 
to be neutralized in individuals with blood group A or B. Thus, virulent and 
probably endemic viruses might explain this asymmetric abundance of 
blood group O phenotype in certain populations e.g. the South American 
Amerindian. Some bacterial species and also viruses use fucosylated blood 
group antigens such as ABO histo-blood group antigens as receptors for 
adhesion to mucosal surfaces. Adherent microbes will continuously adapt 
to the most prevalent blood group phenotype in the population and will 
consequently select for survival of rare phenotypes. Thus, these 
mechanisms will confer time-dependent fluctuations in blood group 
phenotypes and maintenance of ABO blood group polymorphism in human 
populations (discussed in Seymour et al., 2004). For instance, severe 
cholera occurs with higher frequency among individuals of blood group O 
phenotype and this selection pressure has been suggested to partly explain 
the low prevalence of blood group O among people living in the Ganges 
Delta of India (Glass et al., 1985; Swerdlow et al., 1994). Studies of 
Noroviruses (NORs) demonstrate a close association between individual 
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blood group phenotype and susceptibility to disease. NORs are the most 
frequent cause of non-bacterial epidemics of acute gastroenteritis 
worldwide. Different genogroups of NORs have been shown to exhibit four 
distinct binding patterns for ABO, Lewis and secretor-histo-blood group 
antigens in saliva. In human challenge studies using NORs, none of 15 
non-secretors became infected whereas the 35 secretors were significantly 
more likely to become infected (Lindesmith et al., 2003). In another study 
in which the same NOR genogroup was used, individuals with blood group 
B were less likely to become infected and to develop symptomatic disease 
than individuals with blood group O (Hutson et al., 2002). Taken together, 
these studies suggest that there is a close association between a person's 
blood group phenotype and susceptibility to certain infectious diseases. 

 

Sialylated Lewis antigens 
The sialyl-Lewis a antigen (sLea) and sialyl-Lewis x antigen (sLex) are 
sialylated forms of the Lea and Lex antigens, respectively. SLex is an 
inflammation-associated glycan bound by P, E and L selectins, which are 
adhesion molecules involved in leucocyte migration from the bloodstream 
into the tissue in need (reviewed in Lowe, 2003). In secretor individuals, 
sialylated Lewis antigens are low in healthy gastric mucosa but are 
expressed during gastritis (discussed in Paper II). In contrast, non-secretors 
are often positive for expression of sLea antigens also during conditions of 
health. SLex and sLea glycans are common on tumor cells, including 
gastric carcinoma (Sakamoto et al., 1989). We have recently shown that H. 
pylori infection and associated chronic inflammation induces expression of 
sLex in the gastric mucosa of experimentally infected Rhesus monkeys 
(Paper II). In accordance with this, Ota and coworkers found significantly 
increased levels of sLea in the H. pylori-infected gastric mucosa, which, 
after eradication of H. pylori, decreased to normal levels (Ota et al., 1998). 
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PART II - PRESENT STUDIES 
 

 

 
 

 

AIMS OF THE STUDY 
The aims of the study were to analyze adaptation of H. pylori adherence 
properties to fit both individual hosts and local populations. Bacterial 
adherence is dependent on attachment proteins (adhesins) that evolve 
through adaptation to functionally match the complexity and changes in 
gastric mucosal glycosylation patterns. Selection for adhesive traits is a 
continuous process during conditions of health as well as persistent 
infection and chronic inflammation, and successful adaptation is essential 
to secure balanced long-term infection and transmission of infection. 

 
RESULTS AND DISCUSSION 

Paper I 
The South American strain P466 was previously found to bind the Leb/H1 
antigens (blood group O), whereas ALeb (blood group A) was not bound 
(Borén et al., 1993). We extended this study and analyzed laboratory 
reference strains, as well as a large panel of clinical isolates from different 
parts of the world for binding to ABO blood group antigens. Our results 
showed that almost all H. pylori strains worldwide that bind fucosylated 
blood group antigens bind both Leb and ALeb, i.e. exhibit the “generalist” 
binding phenotype. In contrast, the great majority of South American 
Amerindian strains bound Leb much better than the ALeb antigen, thus 
showing the “specialist” binding phenotype (Figure 5). Among South 
American Amerindians (the South American native population), the blood 
group O phenotype is close to universal, whereas most other endogenous 
populations display combinations of A, AB, B and O phenotypes (reviewed 
in Mourant & Kopec, 1976). Based on this background, we suggested that 
BabA binding domains have evolved to functionally match the gastric 
mucosal glycosylation patterns in local populations. In South America, 
where most Amerindians lack expression of ALeb and BLeb in their gastric 
mucosa, only Leb binding activity would be selected for, and gradually the 
generalist binding mode would have been lost.  

 



PRESENT STUDIES 
 

 

 

43

48

29

3

1

23

9

2

74

26

3

38

34

2

20

31

0

25

5

0%

20%

40%

60%

80%

100%

SA alaska Sverige tyskland spanien japan

  

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Illustration of the proportions of specialists (dark gray), generalists (light 
gray), and strains that do not bind Leb/ALeb (white) in different populations. The 
number of strains in each group are given on the bars and the total number of isolates in 
each population is given in parentheses. Note the large proportion of specialists among 
South American Amerindians (arrow). 

 

 We also found that the BabA adhesin of most Swedish clinical isolates 
(a population with almost 100% generalists) exhibits higher binding 
affinities for Leb than for ALeb. Higher affinity for Leb may confer the 
bacterial cells with stronger binding to gastric mucosa of individuals of 
blood group O phenotype, since they would have higher densities of Leb in 
their gastric mucosa than blood group A or B individuals, in which a large 
proportion of Leb and H1 are substituted with GalNAc or Gal, respectively. 
Due to the higher binding affinity of H. pylori for blood group O antigens, 
it is tempting to speculate that the higher density of Leb/H1 antigens in 
individuals with blood group O, compared to A and B individuals, could 
contribute to their relatively higher risk of peptic ulcer disease. Our study 
also revealed that clinical isolates show a wide range of Leb and ALeb 
binding affinities (1500-fold and 300-fold for Leb and ALeb, respectively). 
By recombinant expression of generalist babA genes in specialist strains, 
we could show that the binding mode and affinity is attributable to BabA 
itself. This finding suggests that polymorphism in BabA may stem from 
adaptation of BabA to the mucosal glycosylation pattern and inflammatory 
responses of the individual host.  

To investigate how the different binding modes relate to structural 
differences in BabA, the central variable region of babA was analyzed in 66 
strains from Japanese, Alaska Natives, South American Amerindians and 
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Spaniards. Using multiple amino acid sequence alignments, we were 
unable to distinguish any distinct sequence features that could be related to 
either the generalist or the specialist binding modes. Phylogenetic analysis 
revealed five distinct sequence clusters: one Peruvian, one Alaskan, one 
Japanese, and two mixed Peruvian/Spanish. The mixed clusters support 
previous findings of strong European genetic influence on South American 
H. pylori isolates (Kersulyte et al., 2000). Thus, if the babA genes of the 
Amerindian strains originate from European lineages, the specialist binding 
mode must have evolved during the last 500 years! Within the Peruvian 
babA clusters, specialist and generalist binders were found to be equally 
distributed, which suggests that the difference between specialist and 
generalist binding mode relate to discrete structural motifs such as amino 
acid substitutions. By analogy, novel blood group A and B antigen binding 
properties were recently introduced by minor amino acid substitutions into 
a cholera toxin B-subunit/E. coli heat-labile enterotoxin fusion protein 
(Ångstrom et al., 1998). Our sequence analyses also revealed that certain 
positions in babA are exposed to positive selection for amino acid changes. 
Amino acid substitutions are likely to be in surface-exposed positions, 
since they are less well tolerated in transmembrane regions (Bina et al., 
2000). These variable sites may be due to mechanisms of antigenic 
variation, but may also contribute to the diversity in binding properties 
observed, such as differences in affinity.    

To test whether the generalist-binding mode resides in babA itself or 
is also dependent of the genetic background, we transformed two different 
specialist strains with chromosomal DNA from the generalist strain 17875. 
The bacteria were then mixed with biotin-tagged ALeb and transformants 
with gained generalist phenotype could be isolated by bio-panning using 
streptavidin-coated magnetic beads. Analysis of representative 
transformants showed that one H. pylori clone carried a mosaic babA allele 
in which ~1200 bps were identical to the central domain of strain 17875 
babA, whereas the other clone had integrated one full copy of 17875 babA. 
Recombinant strains with gained generalist binding mode could also be 
isolated after transformation of specialist strains with PCR fragments of the 
babA gene from strain 17875. The chimeric clone demonstrated reduced 
affinity for ALeb binding compared to wild-type strain 17875, whereas the 
transformant that had acquired the full-length BabA gene was identical to 
strain 17875 in ALeb binding affinity. Thus, these results suggest that the 
binding mode is inherent to babA itself and that H. pylori can dynamically 
change its binding properties by uptake of foreign babA genes.  

 In conclusion, H. pylori is exceedingly well-adapted for colonization 
of the human gastric mucosa. During the life-long infection, H. pylori will 
continuously adapt to its host, which results in clustering of distinct 
genotypes in local populations and ethnic groups. In this study, such 
microevolution was revealed by the geographic clustering of babA alleles 
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and by the BabA binding properties that closely match the prevailing 
distribution of blood group phenotypes in different human populations. 

 

Paper II 
This work started with the observation that the babA-deficient mutant 
17875babA, which cannot bind Leb, nevertheless bound efficiently to 
gastric epithelium from patients with gastritis. In contrast to binding to 
inflamed gastric mucosa, the mutant was negative for binding to healthy 
gastric mucosa. The results suggested that another adhesin and receptor 
distinct from BabA/ABO blood group antigens is involved in adherence to 
inflamed gastric mucosa. In addition to gain in binding to inflamed human 
gastric mucosa, the mutant had also gained in binding to gastric mucosa of 
Leb-mice. The combination of mucosal inflammation and expression of 
Le-fucosylation narrowed the spectra of glycan candidates and implicated 
sLex and sLea antigens as receptors for babA mutant binding.  

 The receptor which the babA mutant strain utilizes for binding to the 
inflamed gastric mucosa was then isolated and purified from human gall 
bladder carcinoma and structurally identified as the sialyl-dimeric-Lewis x 
antigen (sdiLex) (Figure 6).  
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Figure 6. The sialyl-dimeric-Lewis x antigen. 

 

  Further binding analyses using sLex neoglycoconjugate revealed that 
one-third of Swedish clinical isolates were positive for binding. Among 
European isolates, sLex binding was associated with the virulent cagA+ 
isolates. 

  By studying H. pylori adherence to human gastric biopsies, we found 
strong correlation between binding by the babA mutant and several markers 
of gastric inflammation. To further understand the association between H. 
pylori colonization and mucosal expression of sialylated glycans, a Rhesus 
monkey experimentally infected with a mixture of H. pylori strains was 
analyzed. H. pylori infection induced gastric mucosal inflammation with 
heavy lymphocyte infiltration and strong expression of sialylated glycans. 
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The epithelial sLex expression supported efficient binding by the babA 
mutant. Thus, H. pylori uses mechanisms of “selectin mimicry” to 
specifically target inflamed gastric mucosa for intimate binding to the 
epithelium.  

 Similarly to BabA, we isolated the sialic acid binding adhesin (SabA) 
from the genome-sequenced strain J99 by use of the “ReTagging” 
technique. This technique is based on a receptor covalently attached to a 
multi-functional crosslinker, which during UV irradiation transfers a biotin 
tag to the bound cognate adhesin. After detergent solubilization, the 
adhesin can be extracted by use of streptavidin-coated magnetic beads. 
ReTagging with sLex conjugate isolated a 66-kDa protein. A proteolytic 
digest was analyzed by mass spectrometry and a protein encoded by the 
gene JHP0662 (HP0725 in strain 26695) was identified. Two peptides also 
matched the related gene JHP659 (HP0722 in strain 26695). Disruption of 
sabA with camR markers totally eliminated the ability of H. pylori to bind 
to sialylated neoglycoconjugates, whereas most JHP0659 (sabB) deletion 
mutants were unaffected in their binding. This result indicated that the gene 
JHP662 encodes the SabA adhesin.  

  Interestingly, when screening JHP0659 deletion mutants for binding 
we found that a small subset of single-colony isolate clones could not bind 
sLex. Since the sabA gene contains a stretch of CT repeats (Tomb et al., 
1997), these binding-negative clones could be a result of on⇒off phase 
variation of sabA (mechanisms described in “H. pylori outer membrane 
proteins”). Screening of 200 single-colony isolates of strain J99 revealed 
that approx. 1% of isolates had lost the ability to bind sLex, whereas all 
isolates could still bind Leb. This suggests that expression of SabA is 
subject to phase variation. We also tested 4 non-sLex-binding and 4 sLex-
binding Swedish clinical isolates for the presence of sabA and found that 
all of these strains carried sabA, but demonstrated different lengths of the 
CT repeat regions.  

In conclusion, H. pylori infection and adherence mediated by BabA 
induces mucosal inflammation and expression of sialylated glycans. Close 
membrane adherence mediated by SabA binding to sialylated glycans may 
allow the bacterium to further explore the inflammatory response and 
utilize the release of nutrient-rich exudates from damaged host cells. When 
the host inflammation responses become too vigorous, mechanisms of 
on⇒off phase variation of SabA expression will enable subpopulations to 
escape intimate contact with the inflamed epithelium, thus assuring long-
term persistence of infection. 
 



PRESENT STUDIES 
 

 

 

47

Paper III 
Hemagglutination tests are well-established methods for analyzes of 
microbial adhesion. Soon after its discovery two decades ago, H. pylori 
was shown to exhibit sialic acid-dependent hemagglutination properties. 
Much effort has been invested in identification of the sialyl-lactose binding 
H. pylori hemagglutinin. HpaA was the first protein to be implicated in H. 
pylori hemagglutination, but later studies provided contradictory results 
and suggested that binding of H. pylori to sialic acid on erythrocytes occurs 
independently of HpaA (described in “HpaA”). 

 In Paper II, we show that SabA is the identity of the sought-after H. 
pylori sialyl-lactose-binding hemagglutinin. In this work, we also show that 
clinical H. pylori isolates exhibit polymorphism in binding to sialylated 
glycans. 

 Analysis of a series of Swedish H. pylori isolates revealed a strong 
correlation between sialyl dependent hemagglutination (sia-HA) titers and 
sLex binding affinities. Since SabA is the recognized sialic acid binding 
adhesin of H. pylori, the isogenic sabA deletion mutant was tested for sia-
HA properties. The result showed that the mutant was devoid of sia-HA 
properties, suggesting that SabA is the true identity of the H. pylori sialyl-
lactose-binding hemagglutinin.  

 Further characterization of the binding sites for SabA on the 
erythrocyte surface revealed that the adhesin bind mainly to the NeuAcα2-
3neolactotetraosylceramide and the more complex gangliosides G-10 and 
G9-B. However, the minimal receptor epitope for SabA was identified as 
the disaccharide NeuAcα2-3Gal.  

 H. pylori strains and clinical isolates were analyzed for binding to 
sialylated neoglycoconjugates by RIA, and a wide variety of different 
binding modes was found. To critically test whether the SabA adhesin is 
responsible for all these modes of binding, a series of sabA deletion 
mutants were generated in clinical isolates. We found that all sabA deletion 
mutants were almost totally devoid of sialyl binding, which suggests that 
the polymorphism in binding is conferred by SabA itself. This 
polymorphism may stem from continuous adaptation of SabA binding 
properties to conform to changes in host mucosal immune responses, as 
well as to changes in mucosal glycosylation patterns. In accordance with 
this hypothesis, we have shown that H. pylori infection itself induces 
mucosal inflammation and changes in the mucosal sialylation patterns 
(Paper II). Furthermore, results by Lindén and colleagues show that H. 
pylori infection induces time-dependent modifications in the gastric 
sialylation and fucosylation patterns in primates (Lindén et al.). 

 In conclusion, the affinity of SabA for different sialylated glycans 
may specialize the microbe for detailed host tropism such as local areas of 
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inflamed and/or dysplastic tissue, i.e. adaptation of its binding properties to 
match host responses that develop during chronic inflammation.  

 

Paper IV 
A prominent feature of H. pylori-induced gastritis is heavy infiltration of 
neutrophils and mononuclear cells into the infected mucosa. It has been 
shown that H. pylori strains that possess non-opsonic neutrophil-activating 
capacity are associated with peptic ulcer disease and this property has 
therefore been considered to be a virulence factor (Rautelin et al., 1993). In 
several studies, the HP-NAP protein has been demonstrated to be involved 
in activation of neutrophils (described in “HP-NAP”). However, it has also 
been found that non-opsonic H. pylori-induced activation of human 
neutrophils is mostly independent of HP-NAP, but involves bacterial 
binding to sialylated glycoconjugates on the neutrophil surface (Teneberg 
et al., 2000). Since SabA is the recognized sialic acid-binding adhesin of H. 
pylori, the adhesin may also play a role in sialyl-dependent activation of 
neutrophils. In this paper, we studied neutrophil responses to H. pylori 
strains and isogenic knockout mutants lacking the adhesins SabA, BabA, 
HP-NAP or the cytotoxin VacA.  

 Firstly, we tested the ability of parent strains and a series of sabA, 
babA, sabA/babA, napA and vacA mutants to bind to neutrophil 
gangliosides separated on thin-layer chromatograms. All strains, except for 
the SabA negative mutants, bound to the same extent as the parent strains. 
In contrast to a previous report, where purified HP-NAP was used 
(Teneberg et al., 1997), this result suggested that HP-NAP presented on the 
bacterial surface does not exhibit binding activity toward sialylated glycans 
on the neutrophil surface. Next, the importance of different adhesins and 
virulence factors in stimulation of neutrophil oxidative burst was assessed 
by measuring luminol-enhanced chemiluminicence (CL). Challenge of 
neutrophils with the sabA deletion mutant stimulated no CL responses and 
deletion of the entire vacA or only a 37-kDa fragment of vacA (encodes the 
minimal intracellular vacuolating unit of vacA (de Bernard et al., 1998)) 
resulted in delayed and reduced CL responses. However, no relationship 
was found between neutrophil activation and expression of HP-NAP or 
BabA. When testing parent strains and the series of sabA, babA, 
sabA/babA, napA and vacA mutants for binding to neutrophils, we found 
that all SabA expressing strains were positive for binding and/or 
phagocytosis by the neutrophils. These activities were much less 
pronounced for the vacA, sabA, and sabA/babA deletion mutants, and for 
the SabA/VacA negative strain 7050, which were only occasionally bound 
to and/or phagocytosed by neutrophils. Together, these results suggest that 
H. pylori makes use of SabA-mediated “selectin mimicry” to specifically 
target human neutrophils. In addition, while SabA appears to be essential, 
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VacA plays an important role in the ability of H. pylori to induce 
phagocytosis and oxidative burst by neutrophils. Similarly, the bacterium 
Anaplasma phagocytophilum (granulocytic ehrlichiosis) has been shown to 
bind the sialylated and fucosylated major selectin ligand PSGL-1 to 
specifically target neutrophils for colonization (Yago et al., 2003).  

 Several neutrophil signaling pathways are involved in activation of 
neutrophil NADPH oxidase. It has been reported that activation of 
leukocytes by HP-NAP is inhibited by DPI, wortmannin, and pertussis 
toxin. DPI (diphenylene iodonium (Ph2I+)) is an inhibitor of the NADPH 
oxidase complex (O´Donell et al., 1993), wortmannin specifically inhibits 
phosphatidylinositol 3-kinase (PI-3) (Arcaro & Wymann, 1993), and the 
pertussis toxin catalyses ADP ribosylation of the G protein and thereby 
prevents it from regulating its target proteins (reviewed in Alberts et al., 
2002). In a similar fashion to activation of leukocytes by purified HP-NAP 
(Evans et al., 1995; Satin et al., 2000), these signal inhibitors suppressed 
neutrophil activation by whole H. pylori cells. H. pylori adherence to 
neutrophils was only moderately inhibited, however, indicating that SabA 
still binds while the signaling cascades in the neutrophils are turned off.   

 In conclusion, we have found that SabA is a key component in non-
opsonic neutrophil activation by whole H. pylori cells. Neutrophil 
activation mediated by SabA binding to neutrophil surfaces leads to 
phagocytosis and oxidative burst, and involves activation of the same 
intracellular signaling pathways as employed by soluble HP-NAP.  
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SHORT SUMMARIES OF PAPERS I-IV 
 

Paper I 

• The H. pylori BabA adhesin exhibit either the generalist binding 
mode i.e. binding to the series of ABO blood group antigens, or the 
specialist binding mode i.e. preferential binding to the blood group 
“O” antigens (H1 and Leb). 

• The great majority of clinical isolates from Alaska, Europe and 
Japan exhibit generalist binding mode, whereas the majority of South 
American Amerindian isolates bind best to H1 and Leb. This 
specialization coincides with the unique predominance of blood 
group O in these Amerindians. Thus, BabA exhibits polymorphism 
in binding properties, which match the distribution of histo-blood 
group phenotypes in local populations. 

• Clinical isolates show a wide range of binding affinities for Leb and 
ALeb, which suggest that the H. pylori has adapted its binding 
properties to balance the individual host glycosylation patterns, 
immune- and immune responses. 

• The specialist and generalist binding modes are determined by the 
babA sequence itself. 

• H. pylori can switch from the specialist to the generalist binding 
mode by uptake of foreign babA alleles. 

 

Paper II 

• The SabA adhesin mediates binding of H. pylori to sialylated 
glycans expressed in inflamed gastric mucosa.  

• 39% of Swedish clinical isolates bind sLex, and sialyl binding is 
associated with virulent type 1 strains.  

• H. pylori infection in both humans and Rhesus monkeys results in 
mucosal inflammation responses and epithelial expression of 
sialylated glycans, structures which the bacteria use to home-in to 
inflamed gastric tissue. 

• Spontaneous on⇒off phase variations of SabA provide the bacteria 
with means of escaping intimate attachment and host immune 
responses. 
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Paper III 

• The SabA adhesin is the H. pylori sialyl-dependent hemagglutinin. 

• SabA adhesins of clinical isolates exhibit polymorphism in binding 
modes for sialylated glycans, which may relate to adaptation of H. 
pylori to individual host mucosal glycosylation patterns and 
inflammatory responses. 

 

Paper IV 

• SabA is the key protein in H. pylori-induced non-opsonic activation 
of neutrophils. 

• The link between SabA binding to sialylated glycans on the 
neutrophil surface and oxidative burst involves a G-protein-linked 
signaling pathway and activation of PI-3 kinase. 
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DISCUSSION AND FUTURE PERSPECTIVES 
H. pylori is unique among bacteria in its ability to colonize the inhospitable 
environment of the human stomach, and to be able to persist for the 
lifetime of its host, despite vigorous host immune and inflammatory 
responses. Thus, H. pylori is fit to encounter the continuously changing 
local environment in the inflamed gastric mucosa. To adapt to these 
changes in environmental conditions, H. pylori is extremely diverse 
genetically, which allows the bacterium to maintain a dynamic balance 
with its host. During long-term infection, genetic drift occurs which results 
in quasi-species pools of genetic subtypes. Over time, variant subtypes will 
be selected and predominate in different gastric niches that develop during 
the chronic inflammation processes. The great diversity we have revealed 
for H. pylori binding properties towards fucosylated blood group antigens 
and inflammation-associated sialylated glycans probably stems from such 
recurrent mutation and selection events within individual hosts. Thus, the 
co-evolution of H. pylori with its host seems to follow the “Red Queen 
Effect”: For an evolutionary system, continuous development is required in 
order for an organism to maintain its fitness relative to the systems it is co-
evolving with (Van Valen, 1974) or “it takes all the running you can do, to 
stay in the same place”.  

 Further understanding of the development of infection, both in terms 
of defined host tissue responses and bacterial adaptation, can be obtained 
by experimental infections of Rhesus monkeys or transgenic Leb mice by 
wild-type H. pylori strains and the series of adhesin deletion mutants 
(described in Paper II). These experiments would shed light on issues such 
as the importance of BabA and SabA-mediated binding during acute versus 
persistent infection, time-dependent shifts in binding properties of 
sialylated and fucosylated glycans, genetic drift in babA and sabA, the 
impact of BabA and SabA in stimulation of inflammation responses, and 
adaptability of BabA to the host ABO blood group phenotype. It would 
also be interesting to test whether strains that express different subsets of 
adhesins would affect the host mucosal glycosylation patterns differently.  

  Our attempt to express large amounts of native BabA protein in 
recombinant systems such as E. coli has so far turned out to be 
unsuccessful. Recombinant expression of BabA appears be toxic, which 
might relate to inabilities of recombinant BabA to fold correctly in the 
bacterial outer membrane. Thus, we have developed protocols for 
purification of native BabA from H. pylori cells. The BabA adhesin-
receptor complex is a promising candidate for diffraction analysis, due to 
the impressive affinity for its cognate receptor structures, the ABO blood 
group antigens. We have by surface plasmon resonance analyses concluded 
that purified BabA exhibits high affinity binding to both Leb and ALeb 
which suggest that the structural integrity of the adhesin is retained in the 
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purification process (unpublished results). Structural analysis of complexes 
between BabA and either Leb, BLeb or ALeb would provide detailed 
information about the molecular interaction between the blood group 
antigen binding site of BabA and the glycans it binds to. These studies will 
shed light on the connection between structure and binding specificity, the 
location and presentation of the binding site, variable regions, and 
membrane-integrated conserved regions. Analysis of BabA from specialist 
and generalist binding strains would indicate the changes that are essential 
for shifts between generalist and specialist binding phenotypes, such as 
those that may have occurred among South American Amerindian strains 
some time during the last 500 years. 

 The incidence of H. pylori infection is too high for general antibiotic 
treatment, especially since the great majority of carriers will not develop 
clinical symptoms and treatment must be balanced against the 
accompanying risk of spread of antibiotic resistance. In this thesis, I have 
described the virulence-associated BabA and the SabA adhesins. Further 
studies will show whether sabA – probably in combination with babA, 
vacA, cag and other virulence markers – can be utilized for more accurate 
prediction of “high-risk infections”, for selective treatment and prevention 
of disease. 

 The possibility of interfering with the adherence process provides new 
approaches for the development of anti-microbial strategies. As a 
consequence of surface exposure and putatively biologically conserved 
receptor binding motifs, the microbes may have been forced to accept the 
Achilles’ heel of adhesin proteins as potential vaccine candidates. It has 
been proposed that H. pylori colonization could provide benefits to the host 
under certain circumstances discussed in (Blaser, 1997). There is currently 
no proof for this hypothesis, but it suggests possible adverse effects of 
eradication of all H. pylori infections. Therefore, a vaccine strategy focused 
on the present findings regarding the BabA and SabA adhesins could be 
used to target virulent/adhesive H. pylori strains. To date, no homologs to 
the Hop family have been found in other bacterial species, which suggests 
that these proteins are unique to H. pylori. Then, a vaccine based on SabA 
and/or BabA would not exhibit the adverse effect of cross-reacting with the 
normal flora of the gastrointestinal tract. Thus, further studies will reveal 
whether BabA and SabA, in combination with appropriate mucosal 
adjuvants and delivery systems, constitute potential vaccine candidates. 
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