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SUMMARY

Helicobacter pylori colonises the human gastric mucosa of approximately half the world’s
population, where it induces a chronic active gastritis and persists lifelong in the absence of
medical intervention. Although most infected patients remain asymptomatic, gastric
colonisation by H. pylori is the main cause of peptic ulcer disease and a significant risk factor
for gastric adenocarcinoma and mucosa-associated lymphoid tissue (MALT) lymphoma. The
outcome of H. pylori infection depends on strain virulence, host response and environmental
factors. A major H. pylori virulence determinant is the vacuolating cytotoxin VacA, which has
many effects on mammalian cells, the most characterised being the induction of cytoplasmic
vacuolation in epithelial cells. VacA is an autotransporter, and is translated as a 139 kDa
polypeptide which undergoes N- and C-terminal processing resulting in a mature, secreted
toxin of 89-95 kDa. A single pair of cysteine residues, usually spaced 11 residues apart, are
found towards the C-terminal end of the passenger domains of many autotransporters
including VacA. We have shown that these cysteine residues are required for high level VacA
production (Letley, DP, et al. 2006. Microbiol. 152:1319), which may have implications for the
autotransport process.

All H. pylori strains possess the gene, vacA, encoding the secreted toxin, and most
express VacA protein. However, not all strains possess vacuolating activity, and those that do
are strongly associated with peptic ulcer disease and gastric adenocarcinoma. Sequence
polymorphisms occur throughout vacA, the two most diverse regions being the signal region
(s1 or s2) and the mid region (m1 or m2). Type sl strains may be further differentiated into sla,
s1lb and silc subtypes. Natural mosaicism exists such that all combinations of signal and mid
region type exist, including the rare s2/m1 type which we reported for the first time (Letley, DP,
et al. 1999. J. Clin. Microbiol. 37:1203). The existence of all possible vacA allelic combinations
supports the proposal that mosaicism results from recombination between different vacA
alleles. Geographical variation in vacA allelic type exists. sla and slb subtypes are common in
the USA and Europe, Asian strains are commonly slc-type and we have found the sl1b-allelic
type to be predominant in South Africa (Letley, DP, et al. 1999. J. Clin. Microbiol. 37:1203). s1b
strains are less strongly associated with disease than sla strains in the west, which may have

implications for the level of H. pylori-related disease in Africa.
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Functionally, s1 strains are associated with vacuolating activity in vitro while s2 VacA is
invariably nonvacuolating. Using isogenic vacA chimeric and site-directed mutagenesis
approaches we have shown that a 12 amino acid hydrophilic N-terminal extension specific to
the s2-form blocks vacuolating activity (Letley, DP, and JO Atherton. 2000. J. Bactelol.
182:3278; Letley, DP, et al. 2003. J. Biol. Chem. 278:26734). Signal region type also
determines toxin production through differences in the promoter region. Natural polymorphism
within the mid-region determines the cell specificity of vacuolation, such that m1 forms
vacuolate a wider range of epithelial cell lines than m2 (Letley, DP et al. 2003. J. Biol. Chem.
278:26734-41). Exchange mutagenesis experiments led to the discovery of a new determinant
of toxin activity, the vacA intermediate region (i1 or i2) (Rhead, JL, DP_Letley, et al.
Gastroenterol. 133:926). While s1/m1l and s2/m2 strains were invariably i1 and i2 types
respectively, sl/m2-type strains varied in i-region type, and this correlated with their
vacuolating activity in vitro. An isogenic mutagenesis approach confirmed that i-type
determined vacuolating activity. A simple POR-based i-region typing system was devised and
used to show that il-type strains were significantly associated with gastric adenocarcinoma
among a sample of 73 Iranian strains. Furthermore, i-region type was a better marker of

disease-associated H. pylol strains than previously studied signal and mid region types.
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CHAPTER 1
INTRODUCTION



1.1 Helicobacter pylori history and microbiology
For most of the 20" Century the mammalian stomach was generally regarded as being free
from bacterial infection owing to its acidic nature, despite early observations of spiral-shaped
bacteria in the stomachs of dogs (Bizzozero, 1893) and humans (Krienitz, 1906). The successful
culture of curved bacteria, which had been observed in human gastric biopsies from patients
with gastritis and peptic ulceration during histological examination, led to the initial
identification of a novel ‘pyloric’ Campylobacter species associated with gastric disease
(Marshall and Warren, 1984; Warren and Marshall, 1983). The general acceptance that chronic
active gastritis and peptic ulcer disease were mainly attributable to a bacterial infection
followed the fulfilment of Koch’s postulates: self-infection experiments demonstrating that
these curved bacteria isolated from gastric tissue were capable of inducing a chronic, active
gastritis, which could be successfully treated by antibiotic therapy (Marshall et al., 1985; Morris
and Nicholson, 1987). Morphological and biochemical characterisation of this newly described
Campylobacter pylori species showed that the organism was sufficiently different to other
members of the Campylobacter genus (Goodwin et al., 1985), and it was reclassified under a
new genus as Helicobacter pylori (Goodwin et al., 1989).

H. pylori is a Gram-negative bacterium with a curved rod morphology (reviewed in
Jenks, 2006; Kusters et al., 2006). It is a fastidious and microaerophilic microorganism, which
requires a humid atmosphere of 2-5% O2 and 5-10% CO2z at 37°C for optimal laboratory
growth. H. pylori can be cultured on a variety of solid base media supplemented with 5-10%
horse or sheep blood, or in liquid broth (brain-heart infusion, Brucella or Isosensitest)
supplemented with either 5-10% foetal calf serum or 0.2-1% B-cyclodextrin. The bacteria can
typically be isolated from gastric biopsies in 3-5 days, forming smooth, translucent colonies
of approximately 1 mm diameter. Prolonged culture of H. pylori results in an irreversible
conversion to a nonculturable, coccoid form, the significance of which remains unclear
despite extensive study. H. pylori is catalase, oxidase and urease positive, the latter reaction
being characteristically rapid and most frequently used for initial identification, and is motile,

possessing 4-8 sheathed, unipolar flagella.



1.2 H. pylori epidemiology and associated disease

In the absence of antibiotic therapy, H. pylori colonisation of the human stomach persists for
many decades, resulting in chronic active gastritis characterised by infiltration of neutrophils
and mononuclear cells into the gastric mucosa (Marshall and Warren, 1984; Marshall et al.,
1985; Morris and Nicholson, 1987; Morris et al., 1991; Warren and Marshall, 1983). It is
generally accepted that H. pylori is acquired in early childhood, and since there has been no
identifiable animal vector, transmission is thought to most likely involve human-to-human
contact through oral-oral or fecal-oral routes from close family members. The prevalence of
infection correlates inversely with socioeconomic status, and worldwide infection rates vary
from more than 80% in developing countries to less than 40% in the developed world
(reviewed in Kusters et al., 2006; Malaty, 2007). Furthermore, H. pylori prevalence is declining
owing to factors such as increased antimicrobial use, improved hygiene and smaller family
groups. While the vast majority of cases of H. pylori infection remain asymptomatic, persistent
colonisation of the gastric mucosa by this bacterium has been associated with several severe
pathological outcomes, and consequently H. pylori is regarded as an important gastric

pathogen.

1.2.1 Acute and chronic gastritis

A human volunteer study has shown that the acute phase of H. pylori-associated gastritis is
characterised by mild to moderate dyspeptic symptoms, including abdominal cramps, nausea
and a feeling of fullness, peaking 9-12 days post infection (Graham et al., 2004). These
symptoms resolved within a month of infection. A state of hypochlorhydria was induced
following infection, lasting for several months. Histological examination of biopsies taken 2
weeks post-infection revealed both acute and chronic inflammatory cells had infiltrated the
gastric mucosa, indicating a rapid onset to a chronic pattern of gastritis. H. pylori-associated
chronic gastritis is characterised by the presence of organised mucosal lymphoid follicles (Eidt
and Stolte, 1993; Genta et al., 1993; Zaitoun, 1995). Where gastric acid production is
maintained, persistent H. pylori colonisation is mainly restricted to the antrum resulting in an
antral-predominant gastritis. Low acid production is associated with colonisation of both the

antrum and corpus resulting in a pan-gastritis, where inflammatory factors may then further



suppress parietal cell function enhancing the hypochlorhydria (Kusters et al., 2006).
Despite active inflammation of the gastric mucosa, H. pylori-associated chronic gastritis is
often asymptomatic. Persistent H. pylori-induced gastritis may eventually lead to atrophic
changes in the normal mucosal structure, such as the loss of gastric glands, and the

development of intestinal metaplasia.

1.2.2 Peptic ulcer disease

In developed countries, about 10-15% of H. pylori-infected individuals develop peptic ulcer
disease (PUD) (reviewed by Kuipers et al., 1995; Kusters et al., 2006). Initial studies soon after
the discovery of H. pylori found that persistent gastric colonisation by this bacterium accounted
for approximately 95% and 85% of duodenal and gastric ulcer cases, respectively, the
remainder being due, almost entirely, to aspirin and non-steroidal anti-inflammatory drug use.
The prevention of ulcer reccurrence through H. pylori eradication, and the declining prevalence
of H. pylori means that the proportion of PUD cases attributable to H. pylori has declined.
Peptic ulceration is most common at mucosal sites where inflammation is severe, and is
strongly influenced by the level of gastric acid production (Van Zanten et al., 1999). In patients
with hyperchlorhydria and antral predominant H. pylori colonisation, ulcers are mainly found in
the duodenal bulb, the area of the duodenum most exposed to gastric acid, and in the
antroduodenal transition zone. In contrast, patients with reduced acid production and a
resulting pangastritis, have more severe inflammation at the junction between the corpus and
antrum, the most common site of gastric ulcers. H. pylori-infected individuals with intermediate
acid secretion are less likely to develop PUD. In the west, duodenal ulceration is more
common than gastric ulceration, while the reverse is observed for developing countries. These
differences in PUD epidemiology may be attributable to differences in nutrition and hygiene
levels affecting the levels of acid production in populations (Van Zanten et al., 1999). Gastric
ulceration occurs more frequently in older adults, while duodenal ulcers are most common in

the 20-50 age group. The reasons for this are unknown.



1.2.3 Gastric adenocarcinoma

Gastric adenocarcinomas are neoplastic lesions which initiate in the glandular cells of the
mucosa and grow to invade further layers of the gastric wall (muscularis mucosae,
submucosa and muscularis externa). These tumours account for about 90-95% of all gastric
malignancies (Shang and Pefia, 2005). Gastric adenocarcinomas may be located within the
cardia, the region of the stomach which borders the oesophagus (proximal-type), or
elsewhere in the stomach (non-cardia or distal-type), and may be well differentiated
(intestinal-type), or undifferentiated (diffuse-type) (reviewed in Fox and Wang, 2007). H. pylori
infection is a significant risk factor for non-cardia gastric adenocarcinoma (Parsonnet et al.,
1991a; Parsonnet et al., 1991b), and as such H. pylori has been classified as a class |
carcinogen by the World Health Organisation. In the west, H. pylori-infected patients have an
estimated 1-2% lifetime risk of developing gastric cancer, which equates to 60-80% of gastric
cancer cases in the developed world being attributed to persistent H. pylori colonisation
(Kusters et al., 2006). Although the incidence of gastric cancer in western countries is slowly
declining with the decreasing prevalence of H. pylori infection, gastric cancer is still the fourth
most common cancer worldwide, and its ranking as the second biggest cause of cancer-
related death means that it is a major public health concern, especially in areas of very high
incidence such as some regions of East Asia.

Like gastric ulceration, the development of gastric cancer in H. pylori-infected patients
is associated with pan-gastritis and reduced acid secretion. Individuals with this pattern of H.
pylori infection develop atrophic gastritis and intestinal metaplasia more quickly than patients
with an antral-predominant infection, and these pathological outcomes increase the risk of
intestinal-type gastric adenocarcinoma (reviewed in Fox and Wang, 2007; Kusters et al.,
2006). Correa (1988) proposed a pathway describing the histological changes leading to
intestinal-type gastric adenocarcinoma beginning with superficial gastritis followed by chronic
inflammation, atrophic gastritis, intestinal metaplasia, dysplasia and finally carcinoma. H. pylori
infection clearly plays a role at the beginning of this pathway establishing chronic gastritis.
However, studies have shown that while eradication of H. pylori can lessen atrophy and

intestinal metaplasia, cancer risk is only reduced in patients without these precancerous



changes (Leung et al., 2004; Mera et al., 2005; Wong et al., 2004), suggesting that H.

pylori is not a major contributor to the latter stages of the Correa pathway.

1.2.4 Mucosa-associated lymphoid tissue (MALT) lymphoma

In addition to neoplasia arising in the gastric epithelium, H. pylori infection is also associated
with malignancy of the gastric mucosa-associated lymphoid tissue (MALT)(Parsonnet et al.,
1994; Wotherspoon et al., 1991). While not normally found in the stomach, MALT is often
present in the gastric mucosa of H. pylori-infected patients. In less than 1% of H. pylori-
infected individuals, a monoclonal population of lymphocytes, usually B cells, may proliferate
to form a MALT lymphoma, and about 90-95% of cases of this malignancy can be attributed
to H. pylori. Gastric MALT lymphomas are the most common form of extranodal non-Hodgkin
lymphoma, and represent about 7% of all gastric tumours (reviewed in Morgner et al., 2007).
It has been suggested that the neutrophilic response induced by H. pylori, results in the
release of reactive oxygen species which could generate the genetic abnormalities in active B
cells required for MALT lymphoma development (Morgner et al., 2007). Gastric MALT
lymphoma often responds well to H. pylori eradication therapy, with complete remission being
reported in about 80% of cases, emphasising the central causative role of this pathogen in the
disease process (Cavanna et al., 2008; Morgner et al., 2007). Long term outcome following H.
pylori eradication is often favourable, with most patients staying in complete remission for at
least 5 years (Chen et al., 2005). Thus, H. pylori eradication therapy is the preferred first line

treatment for low grade MALT lymphoma in H. pylori-positive patients.

1.2.5 Gastro-oesophageal reflux disease

Gastro-oesophageal reflux disease (GORD) occurs when the acidic contents of the stomach
frequently pass into the oesophagus, and several processes contributing to GORD have been
described including inefficient constriction of the gastro-oesophageal sphincter, delayed
gastric emptying, reduced oesophageal motility, insufficient mucosal defence, hiatus hernia
and the toxic action of acid and bile (McNamara and O'Morain, 1999). The most common
symptoms are frequent episodes of heartburn and acid regurgitation, although many GORD

patients present with other symptoms, and it is estimated that 21-44% of the adult population



have frequent GORD symptoms (McNamara and O'Morain, 1999). Complications of severe
GORD include oesophagitis (affecting about 2% of adults), carditis, Barrett's oesophagus
(intestinal metaplasia and dysplasia affecting the oesophageal epithelium) and carcinomas of
both the cardia and oesophagus.

Many studies have found that H. pylori infection does not contribute to the
development of GORD, as the prevalence of H. pylori is not significantly higher in GORD
patients than controls (reviewed in McNamara and O'Morain, 1999). On the contrary, it has
been suggested that H. pylori colonisation may actually protect against GORD by reducing
gastric acidity. This is supported by several lines of evidence: some studies have found that
H. pylori prevalence is lower in GORD patients, and that H. pylori-infected GORD patients are
more likely to harbour less virulent strains; the incidence of GORD and oesophageal
adenocarcinoma is increasing despite the declining prevalence of H. pylori infection; and
there are some reports of an increase in GORD incidence following H. pylori eradication

(Kusters et al., 2006; McNamara and O'Morain, 1999).

1.2.6 Treatment of H. pylori infection

H. pylori is sensitive to a variety of antibiotics in vitro, but the efficacy of single drug therapy is
limited by the localisation of the bacterium within the low pH, viscous environment of the
gastric mucus layer. The most commonly used eradication treatment is a triple therapy
combining two antibiotics with either a proton pump inhibitor (PPI) or a bismuth compound.
Quadruple therapies, using both PPI and bismuth in combination with two antibiotics, have
also been used effectively. H. pylori is sensitive to bismuth compounds, although the
mechanism of action is unknown. The most commonly used antibiotics are tetracycline,
amoxicillin, imidazoles such as metronidazole, and macrolides such as clarithromycin
(Kusters et al., 2006). Using these treatment strategies, eradication rates over 80% are
common, although these rates have decreased more recently (Egan et al., 2007). A major
cause of eradication failure is the presence of antibiotic resistant strains, the most commonly
affected drugs being metronidazole and clarithromycin. New effective treatment strategies
include sequential therapy (PPl and amoxicillin for 5 days immediately followed by PPI,

clarithromycin and tinidazole for 5 days) and the use of fluoroquinolone antibiotics such as



Levofloxacin in a triple therapy regime (Egan et al.,, 2007). There has also been a lot of
interest in the use of vaccination to both prevent and eradicate H. pylori infection. Although
studies using animal models have shown that a Th2 polarised immune response to a H. pylori
vaccine can be an effective treatment strategy, limited vaccination trials in humans, mainly

using recombinant urease, have so far been unsatisfactory (reviewed by Kabir, 2007).

1.3 H. pylori colonisation and virulence factors

Research on factors determining the outcome of H. pylori infection have focused on host
characteristics, particularly the immune response, environmental factors such as smoking,
diet and the use of non-steroidal anti-inflammatory drugs, and the virulence of the infecting
strain. Several H. pylori virulence determinants have been described, the two most important
and extensively studied factors being the vacuolating cytotoxin VacA (discussed in Sections
1.4-1.7) and the cytotoxin-associated gene (cag) pathogenicity island. In addition to these
major virulence determinants, H. pylori produces other proteins which are essential for

colonisation of the human gastric mucosa, or are useful markers of disease risk.

1.3.1 cag pathogenicity island

Soon after the discovery that broth culture supernatant from some strains of H. pylori could
induce cytoplasmic vacuolation in vitro, two supernatant proteins of size 82 kDa and 128 kDa
were identified as being associated with this cytotoxic activity, and were immunoreactive with
human sera (Cover et al., 1990). The 82 kDa protein was later identified as the vacuolating
cytotoxin (Cover and Blaser, 1992), while the gene encoding the 128 kDa protein was cloned
and named the cytotoxin associated gene, cagA (Tummuru et al., 1993). It was later shown
that cagA was located at one end of a 37-40 kb pathogenicity island (PAI) containing 27-31
genes (Akopyants et al., 1998; Censini et al., 1996). In Western countries, about 60% of
strains possess the cag PAIl, and its presence has been associated with more intense
inflammation, and higher rates of peptic ulcer disease and gastric adenocarcinoma (reviewed
in Kusters et al., 2006; Peek and Crabtree, 2006). Such associations have not been observed

in many Far Eastern populations because virtually all H. pylori strains isolated from these



regions possess the cag PAI. However, it is interesting to note that such regions often have a
high prevalence of gastric adenocarcinoma.

The pathogenic mechanisms by which CagA contributes to H. pylori-related disease
have been the subject of extensive study. The cag PAI has been shown to encode a type IV
secretion system which delivers CagA through a syringe-like structure directly into the
cytoplasm of host cells (Backert et al., 2000; Odenbreit et al., 2000), where it becomes
phosphorylated on the tyrosine residues of EPIYA motifs by host Src family kinases (SFKs)
(Asahi et al., 2000; Segal et al., 1999; Selbach et al., 2002; Stein et al., 2000; Stein et al.,
2002). The number of EPIYA motifs present near the C-terminal end of CagA varies between
strains, and this positively correlates with the level of CagA phosphorylation, the degree of
CagA-induced cytoskeletal changes observed in epithelial cells when co-cultured with H.
pylori (the so called ‘Hummingbird’ phenotype characterised by cellular elongation and
protrusions), and gastric adenocarcinoma (Argent et al., 2004a; Azuma et al., 2002; Higashi
et al., 2002a; Segal et al., 1999; Yamaoka et al., 1998). Phosphorylated CagA interacts with
the tyrosine phosphatase SHP2, an important regulator of growth factor signalling (Higashi et
al., 2002b). In fact it has recently been shown that CagA mimics the function of the normal
activator of SHP2, the eukaryotic scaffold adaptor Grb-associated binder (Gab) protein
(Botham et al., 2008). Deregulation of SHP2 signalling and subsequent inactivation of focal
adhesion kinase (FAK) and prolonged activation of Erk MAP kinase leads to the CagA-
dependent morphological changes associated with ‘hummingbird’ phenotype (Higashi et al.,
2004; Higuchi et al., 2004; Tsutsumi et al., 2006). CagA-dependent prolonged activation of
Erk MAP kinase may also be a mechanism for deregulating proliferation (Hatakeyama,
2006). Interestingly, phosphorylated CagA is able to attenuate its biological effects by
activating C-terminal Src kinase (Csk), which in turn inactivates SFKs preventing further
phosphorylation of CagA (Tsutsumi et al., 2003). The inactivation of SFKs, together with
competition from excess CagA, affects the phosphorylation of natural SFK substrates. The
reduced phosphorylation of one such substrate, cortactin, may also contribute to the
formation of ‘hummingbird’ phenotype owing to its role in regulating actin rearrangement

(Selbach et al., 2003).



Studies have also reported biological effects of translocated CagA which are not
dependent on its phosphorylation. These include interaction with the proto-oncogenic
hepatocyte growth factor receptor c-Met, stimulating cell proliferation and motility (Churin et
al., 2003); activation of the Ras-MAP kinase pathway via interaction with Grb2, promoting
gastric epithelial cell growth, motility and scattering (Mimuro et al., 2002), and activation of
nuclear factor kappa B (NFkB), leading to IL-8 induction (Brandt et al., 2005); disruption of
the gastric epithelial cell apical-junctional complex affecting cell-cell adhesion and resulting
in an invasive phenotype (Amieva et al., 2003; Bagnoli et al., 2005); and activation of the
nuclear factor of activated T-cells (NFAT) transcription factor family in gastric epithelial cells
via stimulation of the calcium-dependent serine/threonine phosphatase calcineurin, with
subsequent induction of NFAT-regulated gene expression (Yokoyama et al., 2005). In
addition to these biological effects of CagA translocation, contact between the cag type IV
secretion machinery and the host epithelial cell leads to the increased expression of
proinflammatory cytokines such as IL-8. It has been shown that the cag-dependent leakage
of peptidoglycan into host cells signals this proinflammatory response through its
recognition by Nod1, resulting in the activation of NFkB (Viala et al., 2004).

Genotypic analysis of H. pylori clinical isolates from around the world has shown that
the majority of cag PAI positive strains also possess the vacA type sl allele associated with
vacuolating activity (see Section 1.7), while cag PAI negative strains usually possess the non-
vacuolating s2 allelic form of vacA. This association is not due to clonality, or genetic linkage
given their distant locations on the H. pylori chromosome. A simple functional dependence is
not responsible either, as inactivation of CagA does not abolish vacuolating activity (Tummuru
et al., 1994), and a vacA null mutant strain is still able to deliver CagA into AGS cells inducing a
hummingbird phenotype and IL-8 secretion (Argent et al., 2008). However, mutagenesis studies
suggest that CagA and VacA may down regulate each other’'s effect on epithelial cells
presumably to avoid excessive damage to host gastric cells during infection (Argent et al.,
2008). Both CagA and VacA have been shown to localise to lipid rafts (Asahi et al., 2003;
Nakayama et al., 2006), where CagA associates with tyrosine phosphorylated GIT1/Cat-1 (G
protein-coupled receptor kinase-interactor 1/Cool-associated, tyrosine-phosphorylated 1). GIT1

is an important scaffold protein involved in signalling mechanisms that regulate
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cytoskeletal dynamics and membrane trafficking (reviewed in Hoefen and Berk, 2006),
processes central to hummingbird formation and vacuolation. GIT1 is phosphorylated by Src
and FAK kinases, the latter inactivated by phosphorylated CagA (Tsutsumi et al., 2006), and
is dephosphorylated by receptor-like protein-tyrosine phosphatase 6 (RPTB6), the receptor
for VacA. Mutagenesis studies have shown that CagA decreases the tyrosine
phosphorylation of GIT1 (Asahi et al., 2003), and VacA binding to RPTB6 (see Section 1.4.3)
has been shown to increase the tyrosine phosphorylation of GIT1 (Fujikawa et al., 2003).
Thus functional interaction between CagA and VacA may be acting through GIT1-regulated
signalling. There may also be interaction between these two virulence factors acting through
NFAT signalling. As mentioned earlier, CagA upregulates the expression of NFAT-regulated
genes through stimulation of calcineurin (Yokoyama et al., 2005). However, the anion channel
properties of VacA interfere with the calcium ion influx required for calcineurin activity,
reducing NFAT activation (see Section 1.6.4)(Boncristiano et al., 2003; Gebert et al., 2003). In
addition to differential effects on signalling pathways, CagA has also been shown to inhibit the
endocytosis of VacA, reducing the toxin’s ability to induce vacuolation and apoptosis (Akada
et al., 2010; Oldani et al., 2009). If VacA channels in the plasma membrane benefit the
bacteria by releasing nutrients or urea, there may be a selective advantage in inhibiting its
endocytosis. CagA has also recently been shown to increase the uptake of transferrin across
the basolateral surface of polarised epithelial cells, while VacA redirects the internalised
transferrin/transferrin receptor complex to the apical surface of the cell (Tan et al., 2011). In
this way, CagA and VacA may work together to modify iron trafficking to support the growth of

H. pylori microcolonies on the epithelial surface.

1.3.2 Duodenal ulcer promoting gene A (dupA)

In a recent study of 500 H. pylori strains from East Asia and South America, Lu et al. (2005a)
identified a novel H. pylori gene which was present at a significantly higher frequency among
strains isolated from duodenal ulcer patients compared with gastritis only patients. Named the
duodenal ulcer promoting gene A (dupA), it was also shown that its presence was a marker
for increased antral neutrophil infiltration and IL-8 secretion, and was associated with reduced

gastric atrophy, intestinal metaplasia and gastric cancer risk (Lu et al., 2005a). dupA
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represents loci jhp0917 and jhp0918 of the strain J99 genome sequence, and is located
within a region of high gene variability and different G+C content suggestive of acquired DNA.
Further studies have also shown an association between dupA and duodenal ulceration in
Iraq (Hussein et al., 2008) and North India (Arachchi et al., 2007). However, no association
with H. pylori-related disease was found among patients from Iran (Douraghi et al., 2008) or
Brazil (Gomes et al., 2008), although dupA prevalence was very high in the latter population.
Interestingly, dupA negative strains were associated with premalignant lesions such as
dysplasia and lymphoid follicle formation in the Iranian study (Douraghi et al., 2008) in
agreement with Lu et al.’s (2005a) finding that dupA is associated with reduced gastric cancer
risk. Conversely, Argent et al. (2007) found that dupA was associated with gastric cancer, but
not duodenal ulceration in a collection of strains from Belgium, South Africa, China and North
America. To overcome the limitations of small sample size, two recent meta-analysis studies
found that dupA prevalence, and its association with disease differed geographically, and
worldwide, an association between dupA positivity and duodenal ulcer was confirmed, but no
overall association with gastric ulcer or gastric cancer was found (Hussein, 2010; Shiota et al.,

2010).

1.3.3 Outer inflammatory protein A (OipA)

Mutagenesis of genes annotated as putative outer membrane proteins in the H. pylori genome
sequence identified a novel gene encoding a 34 kDa protein involved in stimulating AGS cells
to secrete IL8, and hence named outer inflammatory protein A (OipA, also known as
HopH)(Yamaoka et al., 2000a). However, other mutagenesis studies have failed to find an
involvement of OipA in H. pylori-induced epithelial IL-8 secretion (Akanuma et al., 2002; Ando
et al., 2002a; Dossumbekova et al., 2006; Odenbreit et al., 2002b). Some strains have a non-
functional version of oipA containing frameshift mutations within a dinucleotide repeat region
indicative of phase variation by a slipped-strand repair mechanism (Yamaoka et al., 2000a).
While oipA ‘on’ strains are more frequently isolated from patients with more severe gastric
disease, such strains are commonly cagA positive and have the more pathogenic allelic forms
of other virulence factors such as vacA and babA, therefore it is difficult to evaluate the

importance of oipA status in determining H. pylori disease risk (Ando et al., 2002b;
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Dossumbekova et al., 2006). However, one multivariate analysis of H. pylori clinical isolates
from North and South America showed that oipA ‘on’ status was significantly associated
with duodenal ulceration, high H. pylori density and increased gastric inflammation
independently from other virulence factors (Yamaoka et al., 2002a). Furthermore, inactivation
of oipA has been shown to reduce the development of dysplasia and gastric adenocarcinoma
in a gerbil model of H. pylori infection (Franco et al., 2008). Mutagenesis studies suggest that
OipA may function as an adhesin (Dossumbekova et al., 2006), although its role in
colonisation of animal models is unclear (Akanuma et al., 2002; de Jonge et al., 2004a;
Franco et al., 2008; Yamaoka et al., 2002b). A recent study has shown that a H. pylori oipA
null mutant strain was unable to induce full phosphorylation and activation of FAK in gastric
epithelial cells, preventing H. pylori-induced actin stress fibre formation and changes in cell
morphology (Tabassam et al., 2008). Interestingly, the effects of oipA mutagenesis on FAK
phosphorylation were greater than those observed for a cag PAI deletion mutant. OipA has
also been shown to affect the nuclear translocation of beta-catenin in human gastric cells co-
cultured with H. pylori (Franco et al., 2008), and is associated with increased levels of the
proinflammatory cytokines IL-18 (Yamauchi et al., 2008), IL-6 (Lu et al., 2005b) and RANTES
(Regulation on Activation, Normal T-cell Expressed and Secreted)(Kudo et al., 2005) both in

vitro and in vivo.

1.3.4 Adhesins

Adhesion to host cells is an important aspect of bacterial colonisation of the gastrointestinal
tract as it helps to prevent expulsion due to the movement of material through the gut, and
allows close contact for the efficient delivery and action of other virulence factors, such as
toxins. While the majority of H. pylori bacteria reside within the mucus layer overlying the
epithelium, a proportion are found attached to epithelial cells, and such adhesion has been
associated with increased histological disease activity (Hessey et al., 1990). Two of the most
studied H. pylori adhesins are the outer membrane proteins BabA and SabA. BabA allows H.
pylori to bind strongly to fucosylated Lewis b (Le®) blood group antigen structures which are
found on the surface of epithelial cells, as well as on mucin MUC5AC, one of the major

glycoproteins of the mucus layer overlying the gastric epithelium (llver et al., 1998; Linden et

13



al., 2002). It has been shown that H. pylori co-localises with MUC5AC in gastric biopsies from
H. pylori-infected patients (Van den Brink et al., 2000). The gene babA exists in two main
allelic forms: babAl, which lacks the translational start site and signal peptide, and babA2,
which encodes the full length, active protein (Backstrom et al., 2004) capable of binding Le".
Expression of functional BabA protein can be modulated by recombination between babA
alleles and a closely related locus babB (Backstrom et al., 2004; Solnick et al., 2004). The
presence of the babA2 allele has been associated with increased H. pylori colonisation
density, higher inflammation and more severe gastric disease, particularly in combination with
other virulence determinants such as cagA and the vacA sl allele (Gerhard et al., 1999; Prinz
et al., 2001; Rad et al., 2002; Thoreson et al., 2000; Yamaoka et al., 2002c; Yu et al., 2002).
The increased adherence of babA2-type H. pylori may enhance the virulent actions of CagA
and VacA s1-type toxin.

The adhesin SabA was identified through the study of the adherence properties of a
babA1A2 null mutant strain (Mahdavi et al., 2002). SabA binds to sialyated Lewis x (sLe)
antigen on host membrane glycolipids which is present at a higher level in the inflamed gastric
mucosa, and can also bind sialyated Lewis a antigen (Mahdavi et al., 2002). Sialyated
glycans are more abundant in transformed tissue, and high expression of dimeric sLe* in
gastric adenocarcinoma is associated with metastasis and poor prognosis (Amado et al.,
1998). SabA may allow H. pylori to colonise inflamed or dysplastic mucosal sites.
Interestingly, H. pylori can alter the expression of host glycan biosynthesis genes leading to
increased levels of sLeX, and consequently its own adherence (Marcos et al., 2008). SabA is
able to bind to sialyated receptors on neutrophils inducing phagocytosis and the release of
reactive oxygen species (Petersson et al., 2006; Unemo et al., 2005). It has also been shown
that SabA has haemaglutination properties by allowing binding of H. pylori to sialyated
erythrocytes in gastric mucosal blood capillaries of infected patients (Aspholm et al., 2006).
Like oipA, the expression of functional SabA adhesin is subject to phase variation owing to
the presence of dinucleotide repeats near the start of the gene (Mahdavi et al., 2002). SabA
‘ON’ status has been associated with severe neutrophil infiltration and atrophy in Japan
(Yanai et al., 2007), while expression of SabA protein was less common among strains

isolated from duodenal ulcer patients from South America and USA compared with strains
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from gastritis or gastric cancer patients (Yamaoka et al., 2006). Duodenal ulceration is
associated with higher gastric acid secretion, and interestingly reduced SabA expression has
been observed under mildly acidic culturing conditions (Yamaoka et al., 2006). A sabA
homologue has also been identified in the H. pylori genome, and named sabB (Mahdavi et
al., 2002). sabB expression is also subject to phase variation, and ‘OFF’ status has been
associated with duodenal ulceration (de Jonge et al., 2004b).

Two further adhesins encoded by adjacent genes alpA and alpB have been
shown to be involved in binding to human gastric tissue, and are required for colonisation
of animal models (de Jonge et al., 2004a; Lu et al., 2007; Odenbreit et al., 2002a). AlpAB
adhesins from East Asian and Western H. pylori strains have been found to differ in their
ability to modulate proinflammatory signalling cascades, which may relate to geographical

differences in disease outcome (Lu et al., 2007).

1.3.5 Other colonisation factors

One of the most important aspects of H. pylori colonisation of the human stomach is its ability
to resist the acidic conditions of the gastric lumen. H. pylori is not an acidophile, and normally
colonises deep within the gastric mucosa where the pH is close to neutral. However, sporadic
episodes of acid shock are likely, such as during initial colonisation and upon damage to the
mucus layer. H. pylori can tolerate acidic exposures as low as pH 1 for several hours (Stingl et
al., 2001), and can grow at pH 5.5 to 8.5 (Morgan et al., 1987). The hydrolysis of urea to
carbon dioxide and ammonia by urease is essential for H. pylori acid tolerance in vitro
(Marshall et al., 1990), and for colonisation of animal models (Eaton et al., 1991; Tsuda et al.,
1994). A high level of urease activity is characteristic of H. pylori, and this feature is often used
for its identification both in the laboratory and clinically. The urease enzyme is composed of
two subunits, UreA and UreB, and is primarily a cytoplasmic protein, although surface-bound
urease has been reported, presumably adsorbed following its release from lysed bacteria
(Bode et al., 1993; Hawtin et al., 1990). A third protein, Urel, forms a proton-gated urea
channel regulating intracellular urea concentrations (Weeks et al., 2000). It was originally
suggested that surface-bound urease protected H. pylori against the low pH of the stomach by

neutralizing acid within the immediate surroundings of the bacterium (Dunn et al.,
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1997). However, it is now thought to be more likely that protection derives from internal
urease activity maintaining either cytoplasmic (Stingl et al., 2001) or periplasmic pH (Scott

et al., 1998).

Another important enzyme group which regulate pH homeostasis are carbonic
anhydrases which catalyse the reversible hydration of carbon dioxide to bicarbonate. The H.
pylori genome encodes two carbonic anhydrases belonging to the a (HP1186) and b
(HP0OOO04) families (Tomb et al., 1997). The H. pylori a-carbonic anhydrase (a-CA) is located
within the periplasm, and is essential for H. pylori survival under acidic conditions (Marcus et
al., 2005). It is proposed that the enzyme complements cytoplasmic urease activity by
converting carbon dioxide diffusing into the periplasm to bicarbonate, which allows buffering
of the periplasm at pH 6.1. The concerted action of urease and a-CA in acid survival is
further suggested by the acid-induced expression of both enzymes, regulated by the two
component acid-responsive signalling system, ArsRS (Pflock et al., 2005; Wen et al., 2007).
The ArsRS two component system also regulates other enzymes involved in ammonia
production including the amidase AmiE and the formamidase AmiF, as well as the urea-
producing arginase RocF (Pflock et al., 2006). While these enzymes may contribute to acid
tolerance, they are not essential for colonisation of a mouse model (Bury-Mone et al., 2003;
McGee et al., 1999).

H. pylori strains possess multiple polar flagella which are necessary for colonisation of
the viscous mucus layer overlying the gastric epithelium. The flagella are composed of two
subunits FlaA and FlaB, and many other proteins are involved in the regulation, secretion and
operation of the flagella apparatus. H. pylori follows a pH gradient within the mucus layer from
the more acidic lumen side to the more neutral epithelium, and motility along this gradient is
essential to avoid clearance due to the rapid turnover of mucus (reviewed in Clyne et al.,
2007). A chemotactic response to urea and bicarbonate has also been demonstrated (Mizote
et al., 1997). Motility, pH taxis and chemotaxis are essential functions for persistent gastric
colonisation of animal models (Croxen et al., 2006; Eaton et al., 1992; Foynes et al., 2000;

McGee et al., 2005).
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1.3.6 Lipopolysaccharide

The biological activity of H. pylori lipopolysaccharide (LPS) on the host innate immune system
is poor compared with enteric Gram-negative bacteria (reviewed in Moran, 2007; Muotiala et
al., 1992), and it is generally viewed that it does not make a major contribution to H. pylori-
induced inflammation. Differences in the lipid A moiety of H. pylori LPS compared with other
bacterial LPS structures may account for this lower immunoactivity (Moran et al., 1997). An
interesting feature of H. pylori LPS is the presence of Lewis x and y antigens on the O-antigen
polysaccharide side chain (Aspinall and Monteiro, 1996; Aspinall et al., 1996). Lewis x and y
blood group antigens are expressed in the normal gastric mucosa (Kobayashi et al., 1993;
Sakamoto et al., 1989), and it has been suggested that mimicry between LPS and host Le
antigens is one mechanism which H. pylori uses to evade the host immune system,
contributing to the persistence of infection (Aspinall and Monteiro, 1996; Aspinall et al., 1996).
Alternatively, H. pylori Le antigens may promote an autoimmune response directed towards
the gastric mucosa which could play a role in the pathogenesis of infection (Appelmelk et al.,

1996; Aspinall et al., 1996).

1.4 The vacuolating cytotoxin, VacA

The presence of a cytotoxic activity in H. pylori broth culture supernatants was first reported
two decades ago (Leunk et al., 1988). The authors observed that broth culture supernatants
from approximately half of the clinical isolates studied induced extensive cytoplasmic
vacuolation of a variety of epithelial cell lines (see Figure 1). The clinical importance of this
vacuolating activity was soon realised when it was shown that strains producing this effect in
vitro were more commonly isolated from patients with peptic ulcer disease (Figura et al.,
1989; Tee et al., 1995). Furthermore, H. pylori-infected patients were shown to produce a
neutralising antibody response to the toxin confirming its expression in vivo (Cover et al.,
1992a; Pereira Lage et al.,, 1993). The toxin responsible for this vacuolating activity was
successfully purified from H. pylori culture supernatant and named the vacuolating cytotoxin,
VacA (Cover and Blaser, 1992). In mice, oral administration of H. pylori sonicate of a toxigenic

strain induced erosive gastric lesions and mononuclear inflammatory cell infiltration
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Figure 1 The effect of H. pylori culture supernatant on epithelial cells. RK13 rabbit kidney epithelial
cells were incubated overnight with either medium alone (A) or a 5 fold dilution of H. pylori strain
60190 culture supernatant (B). Black arrows highlight the presence of extensive cytoplasmic v
acuolation.

in the lamina propria, while nontoxigenic strain sonicate did not have this effect (Telford et al.,
1994). Similarly, oral administration of purified VacA induced the same lesions in the murine
gastric mucosa, although extensive inflammation was not observed (Telford et al., 1994).
Vacuolisation of the epithelium has also been observed in vivo following oral administration of
purified toxin to mice (Supajatura et al., 2002). Amino terminal sequence information derived
from purified VacA led to the cloning and nucleotide sequence determination of the gene, vacA,
encoding the toxin from four different toxigenic strains (Cover €t al., 1994; Phadnis €t al., 1994;
Schmitt and Haas, 1994; Telford et al., 1994). Furthermore, these studies showed by
hybridisation and PCR experiments that vacA is also present in the majority of nonvacuolating
strains, although extensive sequence diversity exists between toxigenic and nontoxigenic
strains. Since its initial identification, the vacuolating cytotoxin has been the subject of
extensive study, addressing aspects such as VacA secretion and delivery, structure, its
functional role in H. pylori pathogenesis, the mechanisms underlying vacuolating activity, and

natural vacA polymorphism and its clinical importance.
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1.4.1 Mechanisms of VacA secretion and delivery

Evidence that VacA was secreted by an autotransport mechanism initially came from the
analysis of its deduced polypeptide sequence. While vacA nucleotide sequences vary between
strains, the gene is usually about 3.9 kb in size and encodes a polypeptide of approximately 139
kDa (Cover et al., 1994; Phadnis et al., 1994; Schmitt and Haas, 1994; Telford et al., 1994)(see
Figure 2). Under denaturing conditions, secreted VacA migrates through polyacrylamide gels
with an apparent molecular mass of 87-95 kDa. The molecular mass of purified VacA from
strain 60190 has been precisely determined as 88.2 kDa by matrix-assisted laser desorption
ionization-time of flight mass spectroscopy (MALDI-TOF) (Nguyen et al, 2001). The
discrepancy in these sizes is due to vacA encoding a precursor polypeptide structure which is
typical of an autotransporter mechanism of secretion. In addition to the 87-95 kDa mature,
secreted toxin, the precursor polypeptide includes a characteristic N-terminal signal sequence of
33 amino acids and a 33 kDa C-terminal domain which are both proteolytically cleaved during
secretion. The secreted passenger domain has been shown to consist of the mature toxin and a
12 kDa domain which is cleaved off following secretion (Bumann et al., 2002; Nguyen et al.,
2001). This 12 kDa fragment has been detected in broth culture supernatants of H. pylori strain
26695 (Bumann et al., 2002), and is most likely equivalent to the alpha-protein of the
prototypical Neisseria gonorrhoeae IgAl protease (Pohlner et al.,, 1987). The IgAl protease
alpha-protein can enter cells in vitro via an endocytic route, and translocate to the nucleus
(Pohlner et al., 1995). The alpha protein of Neisseria meningitides IgA protease has been
shown to be immunogenic, stimulating a helper T-cell response in human peripheral blood
monocytes (Jose et al., 2000). It is not known whether the VacA 12 kDa fragment has any
pathological role during H. pylori infection. The C-terminal domain of the VacA precursor is
predicted to contain an amphipathic 3-strand-rich region and terminates in an alternating
hydrophobic amino acid motif ending in phenylalanine, which is commonly found in other
autotransporters and bacterial outer membrane proteins (Cover et al., 1994). This domain
shares 43% similarity with the Iga3-core of the IgA protease of Neisseria gonorrhoeae (Schmitt
and Haas, 1994), and weak homology with 17 other functionally characterized autotransporters,
including the presence of 14 putative amphipathic 13-strands which are typical of outer

membrane-spanning domains (Loveless and Saier, 1997).
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Figure 2 vacA encodes an autotransporter. (A) The vacA gene is approximately 3.9 kb (varies
between strains), and encodes a precursor poly peptide of about 139 kDa. (B) The precursor
polypeptide contains a typical signal peptide which directs secretion across the cytoplasmic
membrane, and a C-terminal autotransporter domain which directs secretion across the outer
membrane. (C) Following N- and C-terminal processing during secretion, the mature secreted VacA
protein folds into two domains (p33 and p55) which are linked by an exposed loop. Cleavage may
occur at this exposed loop, although the two subunits remain in association. (D) Allelic variation has
been described encoding three regions of greater sequence div ersity: the signal, intermediate and
mid-regions. Mosaicism exists giving rise to the f our common allelic types shown. s2/m1 variants
are rarely observed in populations. A conserved pair of cysteine residues are also shown.

Transposon insertions in the region encoding the 50 kDa C-terminal domain abolished toxin
production, supporting its role in toxin autotransport (Schmitt and Haas, 1994). Furthermore,
antisera against the C-terminal region of VacA recognised a 33 kDa cell-associated

polypeptide by immunoblotting (Telford et al., 1994), and localised to the outer membrane in
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immunogold labelling of electron microscopy sections of H. pylori (Fiocca et al., 1999),
consistent with an autotransport mechanism. The role of the VacA C-terminal cell-associated
domain in autotransport function was elegantly confirmed by Fischer et al. (2001) by fusing
this region to the cholera toxin B subunit, and showing secretion of the latter to the surface of
H. pylori. Finally, like most autotransporters, VacA is low in cysteine residues, containing a
single pair spaced 11 residues apart, and located towards the C-terminus of the secreted
toxin. The passenger domains of many autotransporters also contain a pair of cysteine
residues, usually with the same spacing and location. These cysteine residues have been
shown to be required for high VacA production (Letley et al., 2006 [see Chapter 5]).

In addition to free, secreted VacA, a significant proportion of the toxin is found in
association with the bacterial membrane (Telford et al., 1994). Studies have estimated the
proportion of the bacterial-associated VacA to be from 20% (Fitchen et al., 2003) to more than
50% (llver et al., 2004) of total toxin production. This form of the toxin is of the same molecular
mass as the processed, secreted monomeric VacA observed in culture supernatant, and is
presumed to occur post-secretion as both vacA null mutant bacteria and E. coli are able to
adsorb VacA from culture supernatant derived from a VacA producing strain (Fitchen et al.,
2005; Pelicic et al., 1999). Adsorbed VacA is tightly bound to the surface in discrete foci
(Fitchen et al., 2003; llver et al., 2004), and this interaction does not seem to be protein or LPS
mediated (Fitchen et al., 2005). VacA allelic diversity (see below) does not appear to affect
toxin adsorption to bacterial surfaces (Fitchen et al., 2005). The significance of this bacterial-
associated VacA is unclear. The adherence of H. pylori to polarised monolayers of Madin-
Darby canine kidney (MDCK) cells results in a decrease in trans-epithelial resistance across
the monolayer, and this effect appears to be mediated by surface-bound VacA (Pelicic et al.,
1999). In one study, the adherence of H. pylori to AGS cells resulted in vacuolation, but the
possibility that this was due to the secretion of VacA by adhered bacteria during the assay
was not completely excluded (llver et al., 2004). However, contact-dependent direct transfer of
adsorbed VacA from bacteria to host cells was observed by immunofluorescence confocal
microscopy. In contrast, another study has reported that VacA preadsorbed to vacA null
mutant bacteria was unable to induce vacuolation of epithelial cells, despite sufficient

guantities of toxin being present (Fitchen et al., 2005).
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Electron microscopy studies of H. pylori broth cultures have identified outer
membrane blebbing and the release of outer membrane vesicles (OMVs) of between 50-300
nm in diameter (Fiocca et al., 1999; Keenan et al., 2000; Ricci et al., 2005; Sommi et al.,
1998). As OMVs have also been identified in H. pylori-infected gastric biopsies, scattered
around bacteria and adhering to the epithelium, these structures may represent a potential
delivery system for H. pylori virulence factors (Fiocca et al., 1999; Keenan et al., 2000).
Indeed, OMVs have been shown to contain mature VacA protein bound to their surface, both
in vitro and in vivo, although other virulence factors such as CagA and urease do not seem
to be present (Fiocca et al., 1999; Keenan et al., 2000; Ricci et al., 2005; Sommi et al.,
1998). OMVs containing bound VacA have been shown to interact closely with the surface of
MKN28 cells and to accumulate in endosomes (Fiocca et al., 1999; Ricci et al., 2005; Sommi
et al., 1998), and vacuolation of cultured AGS cells by OMV-bound VacA has been reported
(Ismail et al., 2003). However, while OMV-bound VacA has been estimated to account for
about 25% of the toxin present in broth culture supernatants (Ricci et al., 2005), virtually all
the in vitro vacuolating activity measured in this study was accounted for by free VacA. Other
effects attributed to H. pylori OMVs include dose-dependent modulation of cell proliferation,
increased IL-8 production and the induction of apoptosis (Ayala et al., 2006; Ismail et al.,
2003), although whether delivery of OMVs at concentrations required for some of these

effects occurs in vivo is unclear.

1.4.2 The oligomeric structure of VacA

VacA is extremely well suited to is gastric environment. Upon exposure to acidic pH, the toxin
undergoes structural changes characterised by shifts in its far-UV circular dichroism spectra
consistent with a turn to 6-structure transition (de Bernard et al., 1995). These effects are not
reversed upon neutralisation, and instead the toxin undergoes further structural changes
affecting the pronase and proteinase K digestion profiles of the toxin. More significantly, the
structural changes induced by acid exposure strongly enhance the vacuolating activity of the
toxin, and this acid activation occurs rapidly and at pH [ 5.5. Furthermore, at pH 2.0, VacA is

highly resistant to the major gastric proteinase, pepsin.
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Under denaturing conditions the toxin migrates through polyacrylamide gels with an
apparent molecular mass of 87-95 kDa, but in its native form exists as larger, oligomeric
structures of about 700-972 kDa (Cover and Blaser, 1992; Manetti et al., 1995). Quick-freeze,
deep etch transmission electron microscopy revealed these high molecular mass VacA
oligomers to be flower-like structures of ~30 nm diameter, consisting of a central ring of ~1215
nm diameter surrounded by 6 or 7 globular “petals” of ~6 nm (Cover et al., 1997; Lupetti et al.,
1996)(see Figure 3A). The proportion of oligomeric structures with 6 or 7 fold radial symmetry
is determined by the size of an exposed loop where proteolytic processing into p33 and p55
domains occurs (see Figure 2C)(Burroni et al., 1998)(also refered to as the p37 and p58
domains in the literature). A proportion of the oligomeric ring structures appear flatter than
normally observed, with counterclockwise chirality and it was originally suggested that these
forms represent proteolytically processed VacA which has lost the p33 subunit (Lanzavecchia
et al., 1998; Lupetti et al., 1996). However, an alternative proposal was that the flat ring
structures are an artifact of the freeze-fracturing process during sample preparation, and that
the normal form of VacA is a dodecameric or heptadecameric structure consisting of two ring
structures assembled face-to-face (Cover et al., 1997). Indeed, oligomeric VacA absorbed to
mica was observed by electron microscopy to dissociate into 12 or 14 monomers under acidic
conditions (Cover et al., 1997). Further support for a bilayer VacA oligomeric structure came
from cryo-negative staining electron microscopy studies of purified, soluble VacA oligomers
immobilized by vitrification, which, in addition to the ring structures observed previously, also
identified rectangular, bilayered structures presumed to be side views of the oligomer (Adrian
et al., 2002; El-Bez et al., 2005). Given that the vacuolating activity of the toxin is enhanced by
low pH treatment, the disassembly of the oligomeric structure upon exposure to acid may be
important for toxin activation (Cover et al.,, 1997; Molinari et al., 1998a). Following
reneutralisation, dissociated VacA monomers are able to reassemble into flower-like
oligomeric VacA structures, although they are slightly less ordered. While less significant in
vivo, oligomeric VacA similarly dissociates upon exposure to alkaline pH, with subsequent
reassembly following reneutralisation, and this treatment also increases the vacuolating

activity of the toxin (Yahiro et al., 1999).
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Figure 3 The structure of the vacuolating cytotoxin, VacA. (A) 3D reconstruction of dodecameric
VacA deduced from cryo-negative staining electron microscopy data (taken from El-Bez et al.,
2005). The top view (left) shows the 6-f old symmetry, and the side view (right) shows the bilay ered
structure. (B) Crystal structure of the purified p55 VacA domain (taken from Gangwer et al., 2007).
The structure is predominately a right-handed parallel 13-helix with a C-terminal domain consisting
of both U and 13 structure, with a single disulphide bond. (C) The p55 crystal structure fits in to the
‘petals’ of the flower-like oligomeric structure (left). The black line indicates the predicted space
occupied by the p33 domain if it extends the p55 13-helix. The proposed position of VacA
monomers in the oligomeric structure (right). Inter-molecular interaction between the p33 domain of
one monomer and the p55 domain of its neighbour are shown by dashed lines (taken from

Gangwer et al., 2007).

The location of the p33 and p55 domains within the oligomeric structure of the toxin
may be deduced from structural studies of the purified p55 domain. Expression of the p55
subunit alone in H. pylori results in the secretion of soluble p55 dimers which bind to target
cells but are not internalized and do not induce vacuolating activity (Reyrat et al., 1999).
Comparing 3D images of these p55 dimers with that of the wild type oligomer, reconstructed
from deep-etch electron microscopy images, suggests that the peripheral arms of the oligomer
are mainly composed of p55 domains, and therefore the central ring is made up from p33

domains (Reyrat et al., 1999). More recently, the crystal structure of the p55 domain
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has been resolved to 2.4 ~, revealing a predominantly right-handed parallel 13-helix structure
with a C-terminal globular domain containing both and 13 secondary structural elements
(Gangwer et al., 2007)(see Figure 3B). Within the crystal, p55 structures were arranged in
pairs, consistent with their dimerisation upon purification. Docking of the p55 crystal structure
into the electron microscopy-derived image of the dodecamer (El-Bez et al., 2005) agrees
with the peripheral arms of the oligomeric structure being composed of the p55 subunit
(Gangwer et al., 2007)(see Figure 3C). The current model proposes that VacA monomers are
intercalated with each other in the oligomeric form, with interactions occuring between N-
terminal residues of the p33 domain of one monomer and the N-terminus of the p55 domain
of a neighbouring monomer (Gangwer et al., 2007; Reyrat et al., 1999). As proteolytically
cleaved VacA still elutes in the same high molecular mass fraction as intact VacA by gel
filtration chromatography (Torres et al., 2004), noncovalent intramolecular interaction must
also occur between p33 and p55. Such interactions have been shown to occur between p33
and p55 recombinant fragments using yeast two hybrid technology, although homomeric
interaction was not observed for either domain (Torres et al., 2004). Furthermore, while
neither domain is able to interact with intact VacA monomers independently,
immunoprecipitation experiments show that a p33/p55 mixture does interact with monomeric
VacA, and that p55 is able to complex with two p33 domains simultaneously (Torres et al.,
2005). Multiple sites of interaction between p33 and p55 domains is also supported by yeast
two hybrid studies using a mutated p33 domain containing a small in-frame deletion which
prevents oligomerisation (Genisset et al., 2006). This mutation reduced p33/p55 interactions
two fold, consistent with loss of intermolecular, but not intramolecular VacA interactions. The
crucial role that p33/p55 interactions play in VacA oligomer assembly is further suggested by
the observation that VacA in-frame deletions which prevent the formation of oligomers also
disrupt p33/p55 interactions in a yeast two hybrid system (Torres et al., 2004).

VacA has been shown bind to liposomes (Molinari et al.,, 1998a), the plasma
membrane of HelLa cells (Garner and Cover, 1996; Torres et al., 2005), and recombinant
VacA subunits interact with unilamellar liposomes (Moll et al., 1995). Membrane insertion of
VacA is strongly increased under mild acidic pH conditions, probably due to the exposure of

hydrophobic sites (Molinari et al., 1998a; Moll et al., 1995). Given its interaction with
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membranes, the structure of the toxin in association with lipid bilayers and cell membranes
has also been studied. Atomic force microscopy of purified VacA bound to pure, supported
lipid bilayers revealed hexameric ring structures of similar dimension to those observed by
electron microscopy of VacA bound to mica (Czajkowsky et al., 1999; Geisse et al., 2004).
Similarly, deep-etch electron microscopy of VacA bound to rabbit erythrocytes showed the
same flower-shaped structures as the flat, counterclockwise forms observed previously
(Adrian et al., 2002). The formation of these oligomeric structures on membrane surfaces
also required either mild acidic conditions (Czajkowsky et al., 1999; Geisse et al., 2004) or

acid-activated toxin (Adrian et al., 2002).

The study of mutated VacA variants has provided further insights into the role of
toxin oligomerisation. VacA(A6-27), a mutated form of the toxin which is unable to induce
vacuolation, is still able to assemble into oligomeric complexes within lipid bilayers (Vinion-
Dubiel et al., 1999), but structural alterations exist in the central ring area, implicating this
part of the structure in toxin activity (El-Bez et al., 2005). The region deleted in VacA(A6-27)
includes three tandem GXXXG motifs, characteristic of transmembrane helix-helix
associations (Russ and Engelman, 2000), and shown to mediate transmembrane protein
dimerization using the recombinant TOXCAT system in E. coli (McClain et al., 2001a).
Alanine substitutions within these motifs showed that the first GXXXG motif was essential
for VacA activity (McClain et al., 2003), and a model has been proposed in which the GXXXG
motifs from adjacent monomers within the hexameric toxin structure allow helix-helix
packing to form a transmembrane channel (Kim et al., 2004). Interestingly, VacA(A6-27) has
a dominant negative effect on wild type VacA, which probably results from the formation of
mixed oligomeric complexes (Vinion-Dubiel et al., 1999). Another dominant negative mutant,
VacA(A49-57), is unable to oligomerise itself and prevents the reassembly of wild type VacA
oligomers following acid activation (Genisset et al., 2006). The dominant negative effects
that these mutants have on the vacuolating activity of wild type VacA clearly emphasise the

important role of VacA oligomerisation in toxin activity.
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1.4.3 VacA binding to epithelial cells and its internalisation

Previous studies of VacA binding to target epithelial cells have given conflicting results.
Massari et al (1998) demonstrated saturable binding of VacA to HelLa cells using flow
cytometry, consistent with a high affinity receptor for the toxin on the cell surface. In contrast,
binding studies using *?°I-labelled VacA showed that a large proportion of toxin binding to
Hela cells was nonspecific and saturable binding indicative of a single high affinity receptor
was not observed (McClain et al., 2000; Ricci et al., 2000). Similarly, acid activation of VacA
was observed to increase the binding of the toxin to AZ-521 cells (Yahiro et al., 1999), a
human gastric adenocarcinoma cell line, but not to HelLa cells (Massari et al., 1998; McClain
et al.,, 2000). Immunoprecipitation experiments identified a protein of 140 kDa which
coprecipitated with VacA in cell lysates from the VacA-sensitive cell lines AZ-521, AGS (both
human gastric adenocarcinoma cell lines) and COS-7 (a monkey kidney cell line), but not
HL-60 cells, a human leukemic cell line which is not sensitive to VacA-induced vacuolation
(Yahiro et al., 1997). Proteins of molecular mass 250 kDa and 150 kDa also coprecipitated
with VacA in AZ-521 and COS-7 cells, respectively, suggesting the presence of more than
one VacA receptor. Following purification of the 140 and 250 kDa VacA-binding proteins,
peptide sequence analysis led to their identification as the glycoproteins receptor-like
protein-tyrosine phosphatase a (RPTPa) (Yahiro et al., 2003) and RPTPI3 (Yahiro et al.,
1999), respectively.

There are several lines of evidence supporting a role for RPTPI3 as a VacA receptor.
Differentiation of HL-60 cells into macrophage-like cells by treatment with phorbol 12-myristate
13-acetate (PMA) induces VacA sensitivity (de Bernard et al., 1998b), and this is accompanied
by greatly increased amounts of RPTPI3 mRNA and the appearance of RPTPI3 protein
(Padilla et al., 2000). The same authors also showed that blocking RPTPI3 expression using
antisense oligonucleotides inhibits PMA-induced vacuolation, that RPTPI3 and VacA colocalise
on the surface of PMA-treated HL-60 cells, and transfection of BHK-21 cells with RPTPI3
confers strong VacA sensitivity on this cell line. VacA binding to RPTPI3 involves a
glycosylated region within the extracellular domain of the receptor (Yahiro et al., 2004). RPTPI3
is mainly located in non-lipid raft microdomains of the plasma membrane of AZ-521 cells, but

translocates to lipid rafts following VacA binding, a characteristic which is essential

27



for subsequent VacA internalisation (Nakayama et al., 2006). RPTPI3 is expressed in the
human and the mouse gastric mucosa, and VacA has been shown to bind to this receptor in
mouse gastric biopsies (Fujikawa et al., 2003). Mice deficient in RPTPI3 expression do not
develop gastric ulcers following oral administration of purified VacA, unlike wild type, RPTPI3
positive mice. Interestingly, VacA is still internalised in the gastric epithelial cells of these
RPTPI3-/- mice and cells cultured from these animals are sensitive to VacA-induced
vacuolation, most likely due to the presence of other VacA receptors such as RPTPCL. These
results indicate that VacA—-induced gastric ulceration is independent of vacuolation, and may
occur through RPTPI3-mediated cell signalling. GIT1/Cat-1 is a substrate for RPTPI3
(Kawachi et al., 2001), and VacA, acting as a ligand for the receptor, is able to increase GIT1
tyrosine phosphorylation in a dose-dependent manner in BHK-21 cells transfected with
RPTPI3 (Fujikawa et al., 2003). GIT1 is a multidomain protein involved in diverse cellular
processes including regulating cytoskeletal dynamics during cell migration, receptor
internalisation and membrane trafficking (reviewed by Hoefen and Berk, 2006).

Evidence that RPTPCL acts as a receptor for VacA came from the study of toxin-
induced vacuolation of G401 cells, a human kidney tumor cell line. Yahiro et al (2003) observed
that this cell line did not express RPTPI3 protein or mRNA, yet was still sensitive to VacA-
induced vacuolation. A 140kDa protein observed in coprecipitation experiments with an anti-
VacA antibody was identified as RPTPCL by peptide sequence analysis. Treating G401 cells
with an RPTPCL antisense oligonucleotide markedly reduced VacA-induced vacuolation and
toxin internalization. Furthermore, COS-7 cells transfected with RPTPCL cDNA showed a
marked increase in RPTPCL expression, and increased VacA binding. In mice, RPTPCL is
most abundant in the brain and kidney, but is found at lower levels in most tissue (Sap et al.,
1990). A role for RPTPCL in cell-substratum adhesion has been suggested, by regulating Src
family kinase activation (Harder et al., 1998).

In addition to binding to high affinity protein receptors, VacA has been found to bind to
the glycosphingolipids, galactosylceramide (Gall31Cer) and galabiosylceramide
(GalCL4GalI31Cer), isolated from human gastric tissue (Roche et al., 2007). The p33 domain

of VacA appeatrs to be required for glycosphingolipid-binding. Binding to these short chain
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glycosphingolipids following initial interaction with a high affinity receptor may provide close
membrane association required for toxin internalisation. Recombinant p55 VacA subunit has
been shown to bind to the surface of RK-13 cells, but unlike full-size VacA is not subsequently
internalised (Reyrat et al., 1999). Weak binding of individual p33 and p55 recombinant
subunits to HeLa cells has also been observed, but again no internalisation occurred (Torres
et al., 2005). However, when both subunits are added to HeLa cells simultaneously, binding is
greatly enhanced and both are internalised. Internalisation of VacA into target cells is a slow
and temperature-dependent process (Garner and Cover, 1996). While purified toxin is able to
bind to cells, internalisation requires the toxin to be in its acid or alkali-activated state (McClain
et al., 2000). A requirement for actin is consistent with toxin internalisation occurring through
an endocytosis pathway, but the mechanism is not clathrin-dependent (Gauthier et al., 2005;
Ricci et al., 2000). VacA preferentially associates with membrane microdomains enriched for
cholesterol, sphingolipids and glycosylphosphatidylinositol-anchored proteins (GPI-APs)
refered to as lipid rafts (Geisse et al., 2004; Kuo and Wang, 2003; Ricci et al., 2000; Schraw
et al.,, 2002). This association is enhanced upon acid activation and is required for
internalisation and vacuolating activity. The association appears to be cholesterol-dependent,
but the requirement for GPI-APs is less clear. Removal of GPI-APs from cell membranes
does not affect the localisation of VacA to lipid rafts, but inhibits toxin internalisation, the
formation of VacA chloride channels (see below) and vacuolating activity (Gauthier et al.,
2004; Kuo and Wang, 2003; Ricci et al., 2000). However, this may be due to other changes in
lipid raft properties as a GPI-AP-deficient cell line was still sensitive to VacA internalisation
and activity (Schraw et al., 2002). VacA internalisation appears to be an actin-dependent
process (Gauthier et al., 2004), and it has been suggested to occur through an endocytic
pathway used for recycling GPI-APs (Kuo and Wang, 2003). Indeed, the mechanism of VacA
internalisation appears to be different to other known lipid raft-dependent endocytic pathways,
and its dependence on Cdc42 (cell division cycle 42), a Rho family GTPase involved in
regulating pinocytosis of GPI-APs into GPI-AP-enriched early endosomal compartments
(GEECs), suggests that the toxin uses the same route to enter cells (Gauthier et al., 2005;

Sabharanjak et al., 2002).
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Following initial internalisation into GEECs, VacA must locate to the late endosomal
compartment from which vacuoles originate (see below). This occurs by transfer of VacA
from GEECs to early endosomes which are associated with polymerised actin structures via
a CD2-associated protein (CD2AP) bridge (Gauthier et al., 2007). Early endosomes
containing VacA are most likely routed to late endosomes via these dynamic actin structures,
as CD2AP, which regulates actin polymerisation, is essential for trafficking of VacA from
GEEC:s to late endosomes. VacA may also be able to enter late endosomes directly from the
cytosol since either microinjection of VacA, or its intracellular expression, results in the same
vacuolated morphology as observed with externally delivered toxin (de Bernard et al.,
1998a). Some VacA may also be further routed to the Golgi apparatus since disruption of
this compartment with Brefeldin A enhances the vacuolating activity of the toxin (Argent et
al., 2004b), and perinuclear co-localisation of the toxin with the Golgi marker, wheat germ
agglutinin, has been observed in CHO (Chinese hamster ovary) cells by confocal

microscopy (Kuo and Wang, 2003).

1.5 The mechanism of VacA-induced cytoplasmic vacuolation

The observation that H. pylori broth culture supernatants induced extensive cytoplasmic
vacuolation of several epithelial cell lines (Leunk et al., 1988) eventually led to the identification
of VacA, the secreted factor responsible for this effect (Cover and Blaser, 1992). It was later
shown that VacA also induced vacuolation of primary human gastric and jejunal mucosal
epithelial cells (Harris et al., 1996; Pagliaccia et al., 1998; Smoot et al., 1996). In addition to the
toxin, the formation of VacA-induced vacuoles requires an active vacuolar-type-ATPase
(Cover et al., 1993; Papini et al., 1993a; Papini et al., 1993b; Papini et al., 1996), an enzyme
responsible for acidifying intracellular compartments, and is potentiated by the presence of
weak bases such as ammonium chloride (Cover et al., 1992c). Neutral red dye, a weak base,
avidly accumulates in VacA-induced vacuoles indicating that they are acidic compartments
(Cover et al., 1992b). The vacuoles contain extracellular fluid-phase material suggesting an
endocytic origin (Papini et al., 1994), and there are several lines of evidence that suggest that
they are derived from late endosomal and lysosomal compartments. VacA-induced vacuoles

do not contain transferrin receptor or cathepsin D suggesting that elements
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of the recycling and trans-golgi network trafficking pathways are absent, and their formation is
inhibited by nocodazole and colchicine, drugs which prevent early to late endosomal
trafficking, all consistent with a prelysosomal origin (Papini et al., 1994). The small GTPases
Racl and Rab7 are both present on VacA-induced vacuoles, and their activity is essential for
vacuole formation (Hotchin et al., 2000; Molinari et al., 1997; Papini et al., 1994; Papini et al.,
1997). The functions of Racl, a member of the Rho family of GTPases, include regulation of
the actin cytoskeleton and membrane trafficking. Rab7 is present on late endosomes where it
regulates their fusion. Vacuoles also contain the lysosomal marker Lgp110, and lack CI-
M6PR, another late endosome marker suggesting they result from heterotypic fusion between
endosomal and lysosomal compartments (Molinari et al., 1997). Consistent with a hybrid
origin is the observation that VacA induces changes in the protein content of late endosome-
enriched cell fractions (Molinari et al., 1997). The redistribution of lysosomal membrane
proteins occurs at low VacA concentrations in the absence of visible vacuolation, and thus the
effect of VacA on the endocytic pathway most likely represents an early event during
intoxication, rather than being an artifact resulting from the presence of large vacuoles forcing
changes in cell structure (Molinari et al., 1997).

VacA has been shown to form hexameric, gated channels in both planar phospholipid
bilayers and the plasma membrane of HelLa cells (Czajkowsky et al., 1999; Czajkowsky et al.,
2005; lwamoto et al., 1999; Szabo et al., 1999; Tombola et al., 1999a; Tombola et al., 1999b).
VacA channels exhibit a low conductance with moderate anion selectivity, maintained from pH
4 to 12, and their formation requires acidic conditions or activated toxin, suggesting assembly
from monomers rather than direct insertion of oligomeric VacA. The electrophysiological
properties of the VacA channel resemble those of host chloride channels (Czajkowsky et al.,
2005; Iwamoto et al., 1999), and channel activity can be blocked by a variety of chloride
channel inhibitors including 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) and 4,4-
diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) (lwamoto et al., 1999; Szabo et al., 1999;
Tombola et al.,, 1999b; Tombola et al., 2000). These inhibitors also prevent, and partially
reverse, VacA-induced vacuolation, implying that channel formation is essential for vacuolating
activity. The current model for VacA induction of vacuolation (see Figure 4)(lwamoto et al.,

1999; Szaho et al., 1999; Tombola et al., 1999a) proposes that
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Figure 4 The proposed model of VacA-induced cytoplasmic vacuolation. VacA channels are
internalised into late endosomal compartments leading to the influx of chloride ions (1). Subsequent
reduction of the inside-positive membrane potential stimulates V-ATPase to pump protons into the
compartment (2). Acidification results in the attraction of membrane permeant weak bases (3), which
become protonated, and trapped within the compartment (4). The resulting osmotic imbalance leads
to the inf lux of water (5), and vacuole swelling. Adapted f rom Tombola et al., (1999a).

internalisation of VacA anion channels into late endosomal compartments leads to the influx of
chloride ions, reducing the inside-positive membrane potential. This stimulates V-ATPase to
increase the proton concentration inside the vacuole, lowering the internal pH. Membrane
permeant weak bases enter the vacuole, become trapped owing to their protonation and
accumulate. The resulting osmotic imbalance would lead to water influx and vacuole swelling.
This model provides a good explanation for why weak bases and an active V-ATPase are
required for VacA-induced vacuolation. Genisset et al (2007) have recently tested this model
using an isolated endosome system. Addition of VacA caused an anion-dependent
acidification of the endosomal compartment, consistent with enhanced v-ATPase activity, and
this led to an increase in endosome size. Another recent study has identified point mutations
within the p33 domain of VacA which block vacuolating activity without affecting
oligomerisation of the toxin, or its binding, internalisation or ion channel formation (McClain et
al., 2006). The ion channels formed by these mutated forms of VacA had the same anion

selectivity as wild type VacA, although differences in channel formation rate were noted at a
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positive, but not negative, membrane potential. These observations raise the possibility that
anion-selective channel formation is required but not sufficient for vacuolating activity.

The swelling of late-endosomal/lysosomal compartments induced by VacA channel
activity means that additional membrane is required, and this most likely derives from
vesicular fusion. The fusion of biological membranes is controlled by a complex machinery,
the core of which are the SNARE (soluble N-ethylmaleimide-sensitive factor attachment
protein receptor) proteins, small membrane proteins with cytoplasmic amphipathic helical
motifs which participate in coiled coil interactions (reviewed in Hay, 2001). The homotypic
fusion of late endosomes involves a complex of the SNARE motif proteins syntaxin 7,
syntaxin 8, vti 1b and endobrevin (Antonin et al., 2000; Mullock et al., 2000; Nakamura et al.,
2000; Ward et al., 2000). Using a dominant negative syntaxin 7 mutant and anti-syntaxin 7
antibodies, de Bernard et al. (2002) reported that late endosomal fusion mediated by syntaxin
7 is not required for VacA-induced vacuolation of HeLa cells, and suggest that the vacuolar
membrane may derive from the fusion of internal membranes present in this organelle with its
cytosolic membrane. In contrast, transfecting AGS cells with a syntaxin 7 dominant negative
mutant did inhibit vacuolation in this cell line, and VacA intoxication was shown to increase
the syntaxin 7 expression in untransfected AGS cells (Suzuki et al., 2003).

Dynamin, a large GTP-binding protein, catalyses several steps in vesicle formation
and trafficking, and exists in three isoforms with dynamin-2 being ubiquitously expressed
(reviewed in Kirchhausen, 1998). VacA-induced vacuoles have been shown to contain
dynamin-2 (Suzuki et al., 2001), although its involvement in vacuolation is unclear. Expression
of a dominant negative mutant of dynamin-1, which also inhibits dynamin-2 function, inhibited
vacuolation of HeLa and MKN28 cells without affecting VacA internalisation (Suzuki et al.,
2001). However, Ricci et al (2000) report that a dominant negative dynamin-2 mutant did not
affect VacA-induced vacuolation of HEp-2 cells. It has also been suggested that VacA may
indirectly inhibit the phophatidylinositol kinase activity of PIKfyve triggering vacuolation, as
active PIKfyve inhibits VacA-induced vacuolation while inactivation of PIKfyve in the absence
of VacA results in intracellular vacuolation resembling that induced by the toxin (lkonomov et

al., 2002).
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1.6 Other functional roles of VacA

While the induction of cytoplasmic vacuolation was the first described effect of VacA
intoxication of epithelial cells in vitro, several other functions have been ascribed to this
toxin. These include other effects on epithelial cells and possible modulation of the host
immune response. Many of these VacA-related effects arise from the anion channel
activity of the toxin, but some may involve signalling mechanisms triggered through VacA

binding to cell surface receptors.

1.6.1 Increasing plasma membrane permeability

The ability of VacA to form anion-selective channels within biological membranes has been
discussed in relation to vacuolation. However, their role in causing osmotic imbalance of
endosomal compartments leading to vacuolation occurs after they have been internalised
through endocytosis. In contrast, the main function of VacA channels may be to allow the
release of essential nutrients from the apical surface of the gastric epithelium before their
subsequent internalisation, promoting growth of H. pylori localised deep within the mucus
layer close to the epithelial surface. Indeed, VacA channels have been shown to increase
the permeability of planar lipid bilayers to bicarbonate ions and pyruvate (Tombola et al.,
1999a), the latter being an essential requirement for H. pylori growth (Testerman et al.,
2006). It has also been shown that VacA channels permeabilise the plasma membrane of
cultured epithelial cells to urea, suggesting that the toxin may aid colonisation by acting as a
urea permease in vivo, thereby increasing the availability of this important urease substrate
required for protection against low pH (Tombola et al., 2001a). Indeed, while isogenic vacA
null mutant strains have been shown to colonise gnotobiotic piglets (Eaton et al., 1997) and
Mongolian gerbils (Wirth et al., 1998), competition experiments with a wild type strain in a

mouse model suggest the toxin may have a role in initial colonisation (Salama et al., 2001).

1.6.2 Effect on transepithelial resistance

The addition of purified VacA to polarised monolayers of MDCK cells , T84 (human colonic
epithelial cells) and epH4 (murine mammary gland) cells results in a decrease in trans-

epithelial resistance (TER) (Papini et al., 1998). The effect is dependent on the concentration
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of VacA and is greatly enhanced by acid-activation. VacA bound to the H. pylori surface has
also been shown to induce a decrease in TER of polarised MDCK cells (Papini et al., 1998;
Pelicic et al., 1999). VacA-induced decreases in TER appear to be independent of the
vacuolating activity of the toxin as polarised MDCK monolayers did not vacuolate in the
presence of VacA, unlike nonpolarised cells, and the effect was not inhibited by bafilomycin
Al, which inhibts V-ATPase activity essential for VacA-induced vacuolation (Papini et al.,
1998). Furthermore, a similar effect on TER was observed for an s1/m2 strain which lacked
the ability to vacuolate sparse MDCK cells (Pelicic et al., 1999). VacA does not cause major
disruption of polarised monolayers as following treatment TER does not fall below 1000 c~ x
cm? which is still indicative of good tight junction integrity, and there is no effect on the
amount or localisation of the tight junction proteins ZO-1, occludin and cingulin, or E-
cadherin, a protein associated to the adherens junction (Papini et al., 1998). However, some
weakening of the tight junctions most likely occurs since VacA-treated monolayers show an
increased permeability to mannitol, a membrane impermeable sugar used as a marker for
the paracellular pathway (Papini et al., 1998; Pelicic et al., 1999). Weaking of the epithelial
tight junctions in vivo may allow the release of nutients promoting H. pylori growth, and in this
respect VacA-induced increased permeability of MDCK monolayers to Fe3* and Ni?*ions has
been noted (Papini et al., 1998), both important components for H. pylori colonisation.
Interestingly, one of the identified VacA receptors, RPTPI3, has been shown to interact with
the scaffolding protein MAGI-3 (membrane-associated guanylate kinase with inverted
orientation 3) located at epithelial tight junctions, where it has been demonstrated to link
RPTPI3 with tyrosine-phosphorylated protein substrates (Adamsky et al., 2003). This may
allow VacA, as a ligand for RPTPI3, to influence cell signalling pathways regulating tight
junction integrity. Ligand binding to RPTPI3 has also been shown to affect the tyrosine
phosphorylation of 13-catenin (Meng et al., 2000), a molecule also implicated in tight junction

formation (Rajasekaran et al., 1996).

1.6.3 Induction of mitochondrial damage and apoptosis

Several lines of evidence suggest that VacA is able to target the mitochondria of epithelial

cells. Transfection of HEp-2 cells with DNA encoding the VacA p33 and p55 fragments
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showed that the p33 VacA domain localised to mitochondria while the p55 domain remained
cytosolic (Galmiche et al., 2000). The same authors also showed that full sized VacA, as well
as the p33 fragment, could translocate into purified yeast mitochondria in vitro. More recently,
both VacA domains have been found to enter the intermembrane space of mitochondria
purified from mice (Foo et al., 2010). VacA has also been shown to localise to mitochondria
when delivered externally to HeLa and AGS cells (Willhite and Blanke, 2004), although
Yamasaki et al. (2006) reported that the majority of the toxin remained associated with
vacuoles within AZ-521 gastric cells. Interestingly, this latter cell line is very sensitive to VacA-
induced cell death, but the mechanism is characteristic of programmed necrosis rather than
apoptosis (Radin et al., 2011). The hydrophobic N-terminus of the p33 domain appears to be
the signal for mitochondrial localisation (Domanska et al., 2010). VacA targeting of
mitochondria results in disruptive effects on energy metabolism including a decrease in
mitochondrial membrane potential, a reduction in cellular ATP levels and inhibited oxygen
consumption, as demonstrated in AZ-521 gastric epithelial cells (Kimura et al., 1999). VacA
has also been shown to induce the release of cytochrome ¢ from mitochondria into the cytosol
(Galmiche et al., 2000; Willhite et al., 2003; Willhite and Blanke, 2004). These effects of VacA
on mitochondrial function are not blocked by bafilomycin A1 implying they are independent of
vacuolating activity (Kimura et al., 1999; Willhite et al., 2003). However, nonvacuolating forms
of the toxin with altered anion channel activity, such as s2-type VacA and VacA A6-27, do not
reduce mitochondrial membrane potential or induce cytochrome c release, implying that
channel activity is also required for these effects (Cover et al., 2003; Willhite et al., 2003;
Willhite and Blanke, 2004). Furthermore, VacA-induced cytochrome c release is blocked by
chloride channel inhibitors to the same extent as vacuolation (Willhite et al., 2003). VacA-
induced cytochrome c release occurs after a reduction in mitochondrial membrane potential,
and requires higher toxin concentrations (Willhite and Blanke, 2004), which implies that VacA
primarily affects inner mitochondrial membrane permeability, possibly through channel
formation. Consistent with this view, VacA is able to directly reduce the membrane potential of
purified mitochondria, but not induce cytochrome c release, the latter requiring the activation of
proapoptotic Bcl-2-family proteins Bax and Bak (Yamasaki et al., 2006). The release of

cytochrome ¢ from mitochondria is an important initiator of apoptosis, and it has been shown
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that VacA-induced cytochrome c release leads to activation of procaspase 3, and the
subsequent induction of apoptosis in AGS and HelLa cells (Cho et al., 2003; Cover et al.,
2003; Galmiche et al., 2000; Kuck et al., 2001). Finally, recent work has shown that purified
VacA p33 domain is able to form hexameric and dodecameric complexes, and form anion
channels within artificial lipid bilayers in the absence of the p55 domain, suggesting that the
effects of VacA on mitochondria may be accounted for by just the targeting of this domain to

the organelle (Domanska et al., 2010).

1.6.4 Immunosuppressive and proinflammatory effects

It has been suggested that VacA may play an immunosuppressive role during infection by
blocking T cell activation (Boncristiano et al., 2003; Gebert et al., 2003). The toxin has been
shown to bind to Jurkat human leukemic T cells and human peripheral blood lymphocytes in
vitro, inhibiting their proliferation by inducing cell cycle arrest at the G1 phase. The mechanism
deduced in Jurkat cells involves preventing translocation of the NFAT (nuclear factor of
activated T cells) transcription factor to the nucleus, thus suppressing the expression of
cytokines such as IL-2, essential for T cell proliferation (Boncristiano et al., 2003; Gebert et al.,
2003). Cytoplasmic NFAT translocates to the nucleus upon dephosphorylation by calcineurin,
which is itself activated by the cellular influx of Ca?* ions triggered by T cell antigen stimulation.
The influx of calcium ions into T cells is driven by membrane potential via Ca?* release-
activated Ca?* (CRAC) channels. The anion channel properties of VacA appear to interfere
with this process, presumably by depolarising the plasma membrane (Boncristiano et al.,
2003), hence s2 forms of the toxin with altered channel properties do not reduce the IL-2
production of Jurkat cells (Algood et al., 2007). There is also evidence for a second, channel-
independent mechanism of VacA induced inhibition of T cell activation, since the p55 fragment
of VacA, which binds to cells but is not internalised or able to form channels, still blocks
expression of the T cell activation marker CD69 (Boncristiano et al., 2003). This second
mechanism appears to involve the VacA-induced activation of stress-activated kinase p38 but
not extracellular signal-regulated kinase (ERK)1/2, and is presumably triggered by VacA
binding to a cell surface receptor as activation of the nucleotide exchange factor Vav and

serine/threonine kinases MKK3/6 also occurs (Boncristiano et al., 2003). Vav activation
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also leads to increased activity of the small GTPase Rac resulting in actin reorganisation. The
proliferation of activated primary human CD4+ T cells has also been shown to be blocked by
VacA, however, unlike Jurkat T cells, NFAT translocated to the nucleus as normal and IL-2
secretion was not reduced (Sundrud et al., 2004). Instead, the toxin suppressed IL-2-
dependent cell cycle progression by a mechanism which also appears to be dependent on its
anionic channel forming properties. In contrast to these studies, Gerhard et al. (2005) have
found that H. pylori-induced cell cycle arrest of human peripheral blood lymphocytes did not
involve VacA, but another secreted protein later identified as ~-glutamyltranspeptidase
(Schmees et al., 2007).

VacA may also indirectly inhibit T cell proliferation by interfering with antigen
presentation. Molinari et al. (1998b) have shown that VacA treatment significantly reduces the
proteolytic processing of tetanus toxin in Epstein-Barr virus-transformed B cells. li-dependent
antigen presentation to CD4+ T cells was affected, but not the li-independent pathway. The
former pathway relies on the proteolytic processing of antigens within antigen-processing
compartments, and their loading onto newly synthesised major histocompatibility complex
(MHC) class Il molecules, while the li-independent route utilises epitopes generated in less
acidic early endosomal compartments and recycled MHC class Il. No direct effects on antigen
loading of MHC class Il molecules or their surface presentation was observed (Molinari et al.,
1998b). Antigen-processing compartments are similar to late endosomes, and their low pH is
necessary for antigen denaturation and protease activity. VacA has been shown to partially
neutralise endosomal and lysosomal compartments in HeLa cells inhibiting the degradation of
intracellular epidermal growth factor (Satin et al., 1997), and a similar mechanism most likely
accounts for the toxin’s effect on antigen processing.

In addition to the immunosuppressive actions described above, the vacuolating
cytotoxin has also been shown to have proinflammatory effects on gastric mucosal mast cells.
Oral administration of purified toxin to mice caused marked infiltration of mast cells and
mononuclear cells into the mucosal epithelium (Supajatura et al., 2002). Murine bone marrow-
derived mast cells (BMMCs) showed both a chemotactic attraction to VacA, and bound the
toxin in vitro. VacA treatment of BBMCs induced the secretion of proinflammatory cytokines

including tumor necrosis factor (TNF) a, macrophage-inflammatory protein-1a, IL-1b, IL-6, IL-
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10 and IL-13 in a dose-dependent manner. Similarly, VacA stimulation of the rat basophilic
leukaemia mast cell line RBL-2H3 upregulated TNF-a mRNA and protein levels in a calcium-
dependent manner (de Bernard et al.,, 2005). The mechanism appears to involve VacA-
induced rapid ocillations in cytosolic calcium levels, the calcium ions originating from
intracellular stores such as the endoplasmic reticulum. Degranulation of the mast cells was
observed for VacA-treated RBL-2H3 cells (de Bernard et al., 2005), but not mouse BMMCs
(Supajatura et al., 2002). VacA has also been shown to have proinflammatory effects on T-
cells, in contrast to earlier studies describing immunosuppressive effects as discussed above.
Treatment of Jurkat cells with VacA results in activation of NFKB signalling, leading to the
upregulation of many genes, including the proinflammatory cytokine IL-8 (Takeshima et al.,
2009). One reason for this discrepancy may be that immunosuppressive effects were seen
when polyclonally activated T-cells were treated with VacA, while the study showing a

proinflammatory response used unactivated T-cells (Takeshima et al., 2009).

1.6.5 Activation of cell-signalling pathways

There is some evidence that VacA is able to activate the MAPKs p38 and ERK1/2 in vitro.
The VacA-induced activation of the stress-activated kinase p38 pathway in Jurkat cells
(Boncristiano et al., 2003) has already been described, and in the same study, VacA-
induced activation of p38 was observed in neutrophils and macrophages leading to
increased expression of COX-2, an enzyme catalysing the production of prostaglandins and
other prostanoids. VacA has also been shown to activate the p38 and ERK1/2 pathways in
AZ-521 gastric cells leading to phosphorylation of activating transcription factor 2, and
subsequent increased COX-2 expression and prostaglandin E2 (PGEz2) synthesis (Hisatsune
et al., 2007; Nakayama et al., 2004). Increased COX-2 expression plays an important role in
gastrointestinal tumorigenesis, including gastric adenocarcinoma, through several
mechanisms including promoting proliferation and inhibiting apoptosis (reviewed in Fujimura
et al., 2006). Furthermore, COX-2 has been shown to suppress the production of Thl
cytokines in H. pylori-stimulated human peripheral blood mononuclear cells through its effect
on PGE:2 synthesis (Meyer et al., 2003), and in gastric biopsies from H. pylori-infected

patients (Pellicano et al., 2007). The phosphorylation of p38 induced by VacA treatment of
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AZ-521 cells is independent of other toxin effects such as vacuolation, decreased
mitochondrial membrane potential and cytochrome c release (Nakayama et al., 2004).
Additionally, broth culture supernatants from a wild type H. pylori strain, but not an isogenic
vacA mutant, induced increased vascular endothelial growth factor (VEGF) mRNA and
protein expression in MKN-28 gastric cells by a mechanism which involved the activation of
ERK, expression of COX-2, and required epidermal growth factor receptor tyrosine kinase
activity (Caputo et al., 2003). VEGF is an important angiogenic cytokine involved in the
repair of damaged mucosa, but also plays a role in tumor vascularisation (Veikkola and

Alitalo, 1999).

1.7 Naturally occurring vacA polymorphism

When the vacuolating activity of H. pylori broth culture supernatants was first described it
was noted that only about half of the strains studied produced this effect (Leunk et al., 1988).
Hybridisation and polymerase chain reaction experiments showed that these nontoxigenic
strains still possessed the vacA gene, although genetic diversity was apparent (Cover et al.,
1994; Garner and Cover, 1995; Phadnis et al., 1994; Schmitt and Haas, 1994; Telford et al.,
1994). Sequence analysis of vacA from a nontoxigenic strain confirmed that nucleotide
differences existed throughout the gene, and highlighted two regions of greatest sequence
diversity: the signal region, encoding part of the signal peptide and the N-terminus of the
mature protein (which may be type sl or s2) and the mid region, a 0.73 kb segment encoding
part of the p55 domain (type m1 or m2)(Atherton et al., 1995)(see Figure 2D). Two subtypes of
the s1 signal region were originally described (sla and s1b), and a further, slc type has been
described in strains isolated from East Asia (van Doorn et al., 1998b). Similarly, an m2b mid
region subtype (the original referred to as m2a) has been described for East Asian strains
(van Doorn et al., 1998b), and an mla variant identified in Germany (Strobel et al., 1998).
Natural mosaicism occurs such that all combinations of signal and mid region type exist
(Atherton et al., 1995), although the s2/m1 form of the toxin is rarely found naturally (Kidd et
al., 1999; Letley et al., 1999 [see Chapter 2]; Morales-Espinosa et al., 1999), despite artificially
constructed s2/m1l strains growing equally well in vitro (Letley et al., 2003 [see Chapter 4];

McClain et al., 2001b).
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1.7.1 The association between vacA alleles and toxin activity

Functionally, s1-type strains are associated with vacuolating activity in vitro, while s2-type
strains are invariably nonvacuolating (Atherton et al., 1995; Rudi et al., 1998). The s1-form of
the toxin has been extensively studied, and collective evidence has shown that the
hydrophobic N-terminus of the toxin plays a vital role in the vacuolation process. Truncations,
internal deletions and even single point mutations within this region have been shown to have
dominant negative effects on the vacuolating activity of the toxin either expressed
intracellularly or delivered externally to cells (de Bernard et al., 1998a; McClain et al., 2006;
Vinion-Dubiel et al., 1999; Ye et al., 1999; Ye and Blanke, 2000). Characterisation of one
such mutant, VacA (A6-27), showed that this nonvacuolating form of the toxin still assembled
into oligomeric structures similar to those formed by wild type VacA, bound and entered HeLa
cells, and formed ion conductive channels in planar lipid bilayers (Vinion-Dubiel et al., 1999).
However, ion channels formed more slowly and were less anion-selective, suggesting that the
properties of the VacA ion channel are critical for VacA-induced vacuolation.

The hydrophobic region located near the N-terminus of sl-type VacA, and evidently
important for vacuolating activity, is also present in the nonvacuolating, s2-form of the toxin.
However, this region is preceeded by a hydrophilic N-terminal extension of 12 amino acid
residues, unique to s2-type strains, which results from differences in signal sequence
processing site position coupled with an insertion encoding an additional 9 amino acids
(Atherton et al., 1995). It has been shown that the addition of this hydrophilic extension to the
sl-form of the toxin completely blocks vacuolating activity, while its removal from s2-type
VacA, resulting in an sl-like N-terminus, restores vacuolating activity to an otherwise
nonvacuolating strain (Letley and Atherton, 2000 [see Chapter 3]; Letley et al., 2003 [see
Chapter 4]; McClain et al., 2001b). The chimeric s2/ml1 form of VacA resulting from the
addition of the hydrophilic s2-specific extension to s1/m1 VacA formed channels in planar lipid
bilayers at a significantly slower rate than s1/m1 VacA, but they still showed the same anion-
selectivity (McClain et al.,, 2001b). This implies that the rate of channel formation is an
important factor in the mechanism of vacuolation. Thus, differences in VacA signal region type
determine the vacuolating activity of the toxin by modifying its channel forming properties.

Signal region type may also act as a marker for differences in the promoter region of vacA,
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since exchange experiments have shown this region to also determine the level of toxin

produced (Letley et al., 2003 [see Chapter 4]).

Polymorphic differences in the mid-region of VacA determine the target cell specificity of
vacuolation. For example, using naturally occuring s1/m1 and s1/m2 strains (Pagliaccia et al.,
1998), as well as artificially constructed, isogenic chimeric strains (Ji et al., 2000; Letley et al.,
2003 [Chapter 4]), it has been shown that s1/m1 VacA vacuolates both HeLa and RK13 cells
while s1/m2 VacA vacuolates RK13, but not HelLa cells. Importantly, VacA from one s1/m2
strain has been shown to vacuolate primary cultured human gastric cells (Pagliaccia et al.,
1998). Within the m1-type mid region, the first 35 amino acids have been shown to be essential
for vacuolating HelLa cells (Ji et al., 2000). This region differs to the m2-form mainly by the lack
of a 25 amino acid insertion present in the later. The following 113 residues are also important in
determining the level of Hela cell-specific vacuolating activity observed (Ji et al., 2000).
Tombola et al. (2001b) observed that the channel properties of an s1/ml1 and an s1/m2 toxin
were very similar, and it is unlikely that subtle differences account for the lack of activity in a
HeLa cell vacuolation assay as intracellular expression of s1/m2 VacA in HelLa cells results in
vacuolation (Pagliaccia et al., 1998). Instead, the cell specificity of the mid region can be
attributed to differences in toxin binding to different target cells. Pagliaccia et al (1998) first
showed that s1/m2 VacA bound weakly to HelLa cells, unlike the m1 form, or the binding of
either form to RK13 cells. A later study identified two VacA cell binding patterns: a high affinity,
m1-specific binding site and a lower affinity receptor able to bind both m1 and m2 forms (Wang
et al., 2001). The binding of purified m2-type VacA to both RPTPcL and RPTPI3 receptors in AZ-
521 gastric cells, and to RPTPcLin G401 cells, can be increased by acid or alkali activation (De
Guzman et al., 2005). However, unlike the m1 form of the toxin, m2-type VacA still bound poorly
to RPTPcLin HelLa cells, even when acid activated. This cell specificity in VacA binding appears
to result from differences in glycosylation of RPTPcL in HelLa cells, and is independent of the
RPTPI3 receptor (De Guzman et al., 2005; Skibinski et al., 2006). The higher sensitivity of RK13
cells to the ml form of VacA compared with HelLa cells most likely reflects the higher
expression of RPTPcL in RK13 (and AGS) cells than Hela cells (De Guzman et al., 2005;

Pagliaccia et al., 1998). Thus differences in the mid region of the toxin
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coupled with alterations in glycosylation and expression level of the RPTPc. VacA
receptor appear to determine the susceptibility of cells to VacA-induced vacuolation.
Recently, Rhead et al. (2007)[Chapter 6] described a new polymorphic determinant of
VacA toxicity called the intermediate region, which may be type i1 or i2. This region is located
between the previously described signal and mid regions within the region encoding the p33
domain of the toxin (see Figure 2D). While VacA s1/ml-type strains were nearly always type
il and s2/m2 type strains were always i2-type, sl/m2-type strains varied in their i-region
status and this correlated with their ability to vacuolate RK13 cells: s1/i1/m2 strains induced
vacuolation while sl1/i2/m2 strains were nonvacuolating. Site-directed mutagenesis
experiments confirmed that i-region type determined vacuolating activity in an s1/m2 strain
background, and showed that this region influenced the cell-specificity of the toxin in the
context of an s1/ml-type strain, implying that it may be involved in toxin binding in a similar
manner to the mid region. The amino terminal 422 residues of VacA represent the minimal
domain required for vacuolating activity when the toxin is expressed intracellularly (Ye et al.,
1999). This domain includes the signal and intermediate regions, but not the mid region, and
therefore differences in the intermediate region may instead influence the ability of the toxin to

oligomerise or alter its anion channel activity.

1.7.2 The geographical distribution of vacA allelic types, and their association with
gastric disease

Since the identification of H. pylori vacuolating activity, studies have focused on its association
with upper gastrointestinal disease. Early studies relied on HelLa cell vacuolation assays to
determine toxin activity, but as these cells are unable to bind active s1/m2 forms of the toxin as
discussed earlier, not all potentially pathogenic strains would have been identified. However,
despite this limitation, strains producing vacuolating activity in vitro have been associated with
the presence of peptic ulcer disease in infected patients (Atherton et al., 1995; Figura et al.,
1989; Rautelin et al., 1994; Tee et al., 1995; Zhang et al., 1996). Patient serum responses to
VacA have also been used to evaluate the role of the toxin in H. pylori pathogenesis (Donati et
al., 1997; Shimoyama et al., 1999; Takata et al., 1998a; Yamaoka et al., 1999). However, as

the majority of strains express the toxin, and antibody responses to
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one allelic form of the toxin cross-react, albeit less strongly, to other forms (Ghose et al.,
2007; Pérez-Pérez et al., 1999), this approach has been largely unsuccessful in
associating VacA toxicity with disease.

A more successful approach has been the association of specific vacA allelic forms
with gastric disease using simple PCR-based typing systems (Atherton et al., 1995; Atherton
et al., 1999a) and a reverse hybridisation line probe assay (van Doorn et al., 1998a; van
Doorn et al., 1998b). These methods have led to many studies correlating vacA allelic type
and upper gastrointestinal disease. In many populations where vacA diversity has been
found, most notably Western Europe and the USA, vacA sl/ml-type strains have been
associated with duodenal and gastric ulceration (Atherton et al., 1995; Atherton et al., 1997;
Figueiredo et al., 2001; Rudi et al., 1998; Strobel et al., 1998) and gastric adenocarcinoma
(Basso et al., 1998; Evans et al., 1998; Figueiredo et al., 2001; Kidd et al., 1999; Miehlke et al.,
2000). However, even in populations where vacA allelic type is quite homogeneous, there
may be a connection with H. pylori-related disease. For example, the vacA s1/ml-type allele
associated with upper gastrointestinal disease in western populations is the predominant
allele found in Japan, a country with a high incidence of gastric cancer (lto et al., 1997;
Kodama et al., 1999; Sadakane et al., 1999; Shimoyama et al., 1998; Takata et al., 1998b;
Zhou et al., 2004). The reported association between gastric adenocarcinoma and infection
with vacA s1/ml-type strains is not absolute as some of the cancer patients in these studies
are infected with s1/m2-type strains. Instead, the recently described vacA i-region may
provide a better marker of gastric adenocarcinoma risk. As described earlier, s1/m2 strains
vary in their i-region type and this determines their ability to vacuolate RK13 epithelial cells in
vitro (Rhead et al.,, 2007). A case-control study of vacA allelic type and gastric
adenocarcinoma among patients from Iran found that while s1, m1 and il alleles, and cagA
status, were all associated with gastric adenocarcinoma, only i-region status was independent
of the other alleles studied. As all s1/m1 strains, and those s1/m2 strains which displayed
vacuolating activity in vitro, were found to be il-type, determining i-region type may be

sufficient for identifying all pathogenic forms of VacA.
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1.8 Aims
The overall aim of the published papers presented in this thesis was to characterise
natural vacA polymorphism, and how it affects the vacuolating activity of the secreted

cytotoxin. The more specific aims of each paper were as follows:

Paper 1 (Chapter 2)

vacA allelic variation had been previously characterised among H. pylori strains isolated from
USA, Europe and East Asia, but not among isolates from any African countries, where H.
pylori prevalence is high, but the incidence of gastric disease is reportedly low. We aimed to
determine what vacA alleles were present among a small number of strains isolated from

South Africa, and compare this with previously studied strains from USA and East Asia.

Papers 2 and 3 (Chapters 3 and 4)

The diverse vacA signal and mid-regions have been previously described, and the s1/m1
form shown to be associated with vacuolating activity in vitro, and with increased risk of
peptic ulcer disease and gastric adenocarcinoma. We aimed to:

o Assess whether signal region type determined the amount of cytotoxin produced.

e Determine the role of signal and mid-region polymorphic differences on the

vacuolating activity of the cytotoxin.

Paper 4 (Chapter 5)

All forms of VacA contain a conserved pair of cysteine residues spaced 11 amino acids
apart, and located near the C-terminus of the mature, secreted protein. Several other
autotransporters also contain a single pair of cysteine residues with similar spacing,
suggesting they may be required for autotransporter secretion. We aimed to determine

whether these cysteine residues were required for VacA secretion.
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Paper 5 (Chapter 6)

The construction of vacA hybrid strains in Paper 3 (Chapter 4) led to the fortuitous
discovery of a new polymorphic region of vacA which appeared to affect vacuolating
activity. We aimed to:

¢ Define the exact location of this new determinant of vacuolating activity.

e Confirm that this new, intermediate region determined vacuolating activity in
different strain backgrounds.

o Assess whether polymorphic differences in this region were common in other H.
pylori strains.

e Design and evaluate a PCR-based typing system to quickly determine the

intermediate region type of H. pylori clinical isolates.

o Evaluate whether intermediate region type was a risk factor for gastric disease,

and compare it to other vacA allelic markers of disease risk.
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CHAPTER 2
ALLELIC DIVERSITY OF THE Helicobacter pylori VACUOLATING
CYTOTOXIN GENE IN SOUTH AFRICA: RARITY OF THE VACA sla
GENOTYPE AND NATURAL OCCURRENCE OF AN s2/m1 ALLELE
Letley, D. P., A. Lastovica, J. A. Louw, C. J. Hawkey and
J. C. Atherton (1999)

Journal of Clinical Microbiology 37:1203-1205
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We describe the rarity of Helicohacier pylori strains of vacuolating cytotoxin type da (the type most
commonly asociated_with pep_tic_ ulceration in the United States) among black and m?xed-race South Africans.

Wealso providethefirst description of a naturally occurring strain with the vacA allelic structure s2/ml.

Helicobacter pylori colonizes the human gastric mucosa,
leading to chronic superficial gastritis, and is an important
risk factor for peptic ulceration, gastric adenocar cinoma, and
gastric lymphoma. Two virulence deter minants have been de-
scribed: a 40-kb pathogenicity island for which the gene cagA
(cytotoxin-associated gene A) is a marker (5) and a secreted
cytotoxin, VacA. The cytotoxin causes vacuolation of epithelia
cellsin vitro (12) and induces epithelial cell damage and mu-
cosa] ulceration when administered orally to mice (14). Al-
though fewer than 50% of H pylori clinical isolates from the
United States produce Hel.a cell-vacuolating activity, the gene
vacA, which encodes the cytotoxin, has been found in all
strains studied (6). However, vacA alleles vary between
toxigenic (Tox*) and nontoxigenic (Tox) strains, the
differences being most marked in the region encoding the
signal sequence and the mid-region of the gene (2). vacA
alleles of strains from the United States, Europe, and Asia are
mosaics consisting of any combination of the three signal
sequence types (sla, s b, or s2) and two mid-region types (ml
or m2), with the exception of s2/m1 (2, 3). The mosaic
structure of vacA could be explained by stepwise acquisition
of stretches of DNA as single isolated eventsfollowed by clonal
expanson or by acquisition of DNA and subsequent
recombination between vacA alleles among H. pylori strains.
Several lines of evidence, namely multilocus enzyme
electrophoresis (7, 8) and the use of genetic markers (13),
suggest that recombination is frequent in H. pylori. If
recombination occurs within vacA, it is unclear why vacA
s2/m1 alleles have not been found, especially since we have
introduced an artificially constructed s2Imi allele into two
strains and have shown them to be viable in vitro (11). In the
United States, strains with vacA s la alleles arc associated with
peptic ulceration more frequently than those with slb or s2 aleles
(4). vacA diversity among H. pylori strains from South Africa
has not previously been studied but may be clinically
important because the scarcity of pathogenic strains could
explain the "African enigma" of high levels of H. pylori
infection but relatively low levels of peptic ulcer disease and
gastric adenocar-cinomain Africa (10). For this reason we studied
vacA allele diver sity among South African H. pylori isolates.

Corresponding author. Mailing address Divison of Gastroenter-
ology, Queen's Medical Centre, University Hospital, Clifton Boule-
vard, Nottingham NG7 2UH, United Kingdom. Phone (44) 115
9249924. Fax: (44) 115 9422232, E-mail: John.Atherton@noattingham
ac.uk.

We examined single-colony H. pylori isolates from 16 South
African patients having a median age of 36 years (range, 20 to 63
years). Fifteen patients were black or of mixed race, and 1 was
caucasian; 11 were male, 11 had active duodend ulcers, and 5
were asymptomatic without ulcers. None were taking non-
steroidal anti-inflammatory drugs. For three patients, two
mor phologically distinct colonies were isolated and examined
separ ately. Chromosomal DNA was extracted from 48-h plate
cultures of each strain by a previously described guanidine
thiocyanate-EDTA-Sarkosyl lysis method (1). For each isolate,
the vacA signal sequence and mid-region were characterized
by PCR as previously described (2). The presence or absence of
cagA was determined for each isolate by DNA hybridization:
samples of each genomic DNA were applied to a nylon mem-
brane and hybridized with a 349-bp digoxigenin-labelled cagA
probe derived from H. pylori 84183 (2).

vacA and cagA genotypes wer e successfully and fully deter-
mined for each isolate; results arc shown in Table 1. For the
three patients from whom two morphologically distinct colonies
were isolated, both colonies showed the same vacA and cagA
genotype, and for clarity, only one isolate has been included
in Table 1. A single vacA sla/m | strain was found; it was
isolated from the one caucasian patient in the study. Of the
15 black or mixed-race South Africans in this study, 10 had
vacA slbiml isolates, 4 had slb/m2 isolates, and 1 had s2/m1
isolates (two isolates from the same patient).

We compared the vacA and cagA genotypes of South Afri-
can strains from this study with those of previously reported
strains from the United States (2, 4) and Asia (3) (Fig. 1).
There are sinking geographical differences. The absence of the
vacA da alele among isolates from black and mixed-race
subjects from South Africa contrasts with the finding of sla
alleles among all Asian strains studied (P < 10 '°, Fisher's exact
test). The prevalence of type sla vacA aleles among South
African strains was also significantly less than that among strains
from the United States, where a more even spread of strains with
the three different signa types was found (34% sla; P < 0.01).
These comparative data between strains from different
continents ar c potentially influenced by disease state, asthere
is a recognized link between the vacA sla genotype and peptic
ulceration in the United States (4). However, if thisis controlled
for by considering only patients with peptic ulcers, the results are
even more striking. Among such patients, none of 10 black or
mixed-race South Africans had strains with vacA sla al€ees,
which is less than the 100% of 14
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TABLE 1. vacA and ragA genotypes and vacuolating activity
of H. pylori isolates from South Africa

N. pylori c lor}lti:r?; gts;ase rac.4 genotype Vacuolating ragA
isolate patient’ Signdl  Mid-region activity genotype

HP218 DU slb m2

HP220 DU slb ml

HP233 DU slb m2

HP442 DU slb ml ND

HP458'4 DU slb ml

HP460 DU sb m

HP464 DU slb ND

HP465™ DU s2

HP466 DU sib m

HP467 No ulcer sib mi ND

HP468 DU sib n12

HP469 DU slb m2

HP501 No ulcer sib ND

HP508 No ulcer sb Hl

11 P517 No ulcer slb m]

Fl P548 No ulcer sb m

DU. duodenal ulcer. No ulcer patients were asymptomatic.

'H. pylori isolates were delined as producing vacuolating activity (+) when
>80% vacuolation of AGS cells was observed rifler application of unconcen-
trated broth culture supernatant [diluted twofold or more). ND. nol assayed. A
second, morphologically distinct colony from the same original culture plate
was characterized separately and found to he the same (data mit shown). '

This isolate wax from the one eaucasian patient in the study, All other strains were
isolated. from black or rnixederace South Africans.

strains from Asians (P < 10, Fisher's exact test) and the 58% of
40 strains from North Americans (P < 0.005). In contrast to
this finding for the vacA signal region, both vacA mid-region
types were observed among South African strains, as was the
case for strains from Asia and North America. cagA' strains
were observed in South Africa at a frequency similar to that for
strains from the United States, whereas all the strains we have
studied from Asia were cagA* (Fig. 1).

The only subject with a type s2 vacA signal region appeared to
have an s2/ml vacA allele; natural occurrence of vacA alleles with
this structure has not previously been reported. To confirm the
genotype of this isolate, the 246-hp signal region and 463-bp
mid-region PCR products from duplicate reactions were cloned
into the pPGEM-T Easy vector (Promega) and sequenced. The
nucleotide and deduced polypeptide seguences were then
compared with the corresponding regions of the published vacA
sequences from United States strains 60190 (slalml ) and Tx30a
(s2/m2) by using the Clustal

S. Africa USA Aaia
(n=16) (n80)- lit=271
iie4signal [ A i
sequence type N 2
vatA  pad CEE £ #3 : Wmi
region type '-.\ Cm2
‘ MicarA+
cagA genotype
) o) @l

FIG. I. Comparison of v.:m.4 signal sequence and mid-region allelic types and
aigA genotype between H. pylori isolates from South Africa. the United States

(USA), arid Asia (Japan In = 131, Chinala= and Thailand In = 9)).
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V agorithm (9). The signal region showed greatest identity
(87.4% at the nucleotide level) with the typical United States s2
strain Tx30a, including the characteristic 9-codon insertion,
which encodes a signa processing site different from that of
the sl signal sequence (2). The mid-region showed greatest
identity (99.1% at the nucleotide level) to the typical United
States ml strain 60190.

For a subset of isolates (a maximum of four strains of each
genotype), cytotoxin activity was determined by applying 48-h
unconcentrated broth culture supernatants to cultured AGS cells,
incubating the cells for 24 h at 37°C, and recording the level of
vacuolation observed (2). Two of the strains were cytotoxic in
this assay (defined as >80% of HcLa cells exhibiting
vacuolation), the vacA slafml strain and one of the sib/ ml strains;
thus, the 52./m1 strain was noncytotoxic (Table O.

To conclude, vacA diversity was demonstrated among South African
H. pylori strains, hut the pattern was different from that found
among strains from the United States or Asia. In particular,
strains with the vacA sla genotype were not found among Hp
pylori isolates from black or mixed-race South Africansin this
sample, High levels of H. pylori infection exist in Africa, yet
the incidences of peptic ulcer disease and gastric
adenocarcinoma are both thought to he low (10). It is inter-
esting to speculate that this may he explained by a low preva-
lence of H. pylori strains with the vacA sla alele. (Infection
with strains with the vacA sla alele has been shown to be
associated with peptic ulceration in a United States population
[4].) A larger study to examine the association between vacA
genotype, race, and disease in South Africa is currently in
progress. Perhaps the most important discovery in this study was the
natural existence of a strain with a vacA s2/ml genotype. The
finding that all combinations of vacA signal sequence and
mid-region do occur naturally strongly supports the concept of
recombination occurring between vacA genes in vivo to create
the mosaic gene structures observed,

We thank Rachel Twells and Brian Dove for their technical assis-
tance.
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Naturally occurring noneytotoydc vacA type s2 strains of ffefirobacrer pylori have a 12-residue extension to
the vacuolating cytotoxin (VacA) compared with cytotoxic type sl strains. We show that adding the region
encoding this extension to type sl vacA completely abolishes lac:notating cytotoxin activity but has no effect on

VacA production.

Essentially al strains of the gastric pathogen Helicobacter
pylon possess vacA, the gene encoding its vacuolating cytotoxin
(4). However, vacA aleles vary between strains, and one im-
portant difference is that two versions of the region encoding the
signa peptide commonly occur, termed si and s2 (1). This is
medically important, because in the United States, IL pylori
strains with type sl vacA are usually cytotoxic in vitro and are
associated with high levels of gastric inflammation in vivo and a
high prevalence of peptic ulceration (2). In contrast, strains with
type s2 vacA are not cytotoxic in vitro, are associated with less
inflammation in vivo, and are rarely isolated from patients with
peptic ulcers (2). Why differences in the region encoding the
VacA signal peptide have these associations is unclear, but it has
been speculated that there may he differences in signal peptide
cleavage efficiency or that the signal region differences may be a
marker for more subtle sequence differences in vacA, either
upstream (affecting level of transcription) or downstream
(affecting VacA structure). In previous investigations, we have
shown that the signal sequence cleavage site differs between sl
and s2 VacA: mature type s VacA has a hydrophobic N
terminus, hut type s2 VacA has a short, predominantly
hydrophilic, 12-amino-acid, N-terminal extension (1). Thisled us
to hypothesize that the naturally occurring N-terminal extension
of s2 forms of VacA may "block" toxin activity. We have been
encouraged in this work by recent reports from de Bernard et al.
and Ye et a., who have worked on the toxigenic sl form of VacA
and who have shown that deleting the hydrophobic N terminus (9
and 17 amino acid residues, respectively) from sl VacA abolishes
vacuolating activity when the modified toxin is expressed
intracellularly (5, 7).

To investigate the importance of the s2-specific hydrophilic
extension, we inserted the DNA encoding this region from the
nontoxigecnic s2 strain Tx30a (ATCC 51932) into the corre-
sponding position in vacA in the toxigenic s strain 60190
(ATCC 49503). To do this, we first cloned the 5' 274 bp of vacA
from 60190 into pBluescript SK together with the 3'-termina
region of the upstream gene cys.S. Next, we inserted a
chloramphenicol resistance marker 74 hp upstream of the vacA
promoter, and constructed a 60190 control strain by transform-

W Corresponding author. Mailing address Divison of Gastroenterology,
Queen's Medica Centre, University Hospita, Clifton Blvd., Nottingham
NG7 2UH, United Kingdom. Phone: (44) 115-9249924. Fax: (44) 115
9709923. E-mail: Darren.L ctley@ nottingham.ac.uk.

ing 60190 with this construct. We then introduced the 36-hp
insertion encoding the s2-specific 12-amino-acid extension (nu-
cleotides 436 to 471 in the Tx30a vacA sequence, GenBank
accession number U2940]) into the cloned vacA sequence
immediately downstream of the region encoding the signal
peptide (between cottons 33 and 34 in the 60190 vacA se-
quence, GenBank number U05676). We did this by inverse
PCR using primers which annealed to 60190 vacA adjacent to
the site of insertion (896 to 923 nucleotides and 868 to 895
nucleotides respectively). Each primer contained half of the
sequence to be inserted at its 5' end. Following inverse PCR,
we recircularized the linear product by blunt-end ligation and
confirmed the presence of the correct 36 by insertion by nu-
cleotide sequence analysis. We introduced the resulting con-
struct into the chromosomal vacA gene of 60190 by allelic
exchange, using natural transformation and marker rescue. We
confirmed the presence of the insertion in 60190 vacA by PCR
analysis using alelic type-specific primers (1). To confirm that
the signal peptide cleavage site was not altered by the presence
of the hydrophilic extension, we determined the N-terminal
amino acid sequence of the mature, secreted VacA protein of
the 60190 N-terminal insertion mutant strain (Applied Biosys-
tems 473A, Warrington, United Kingdom). The N-terminal
sequence, NTPNDP, confirmed the presence of the s2-specific
hydrophilic extension.

Next, we assessed the vacuolating activity of the 60190 con-
trol and its isogenic N-terminal insertion mutant derivative,
60190 vacA::N(s2), by incubating HeLa, AGS (a human gastric
adenocarcinoma cell line), and RK-13 (a rabbit kidney epithelial
cell line) cells overnight with unconcentrated 48-h broth culture
supernatants (grown in Oxoid Iso-Sensitest broth supplemented
with 5% fetal calf serum). For all six control 60190 broth
supernatants assayed, essentially all cells were vacua-lated fur
each of the three cell lines, whereas incubation with the six
supernatants from 60190 vacA::N(s2) produced no vac-uolation
in any of the cell lines tested (Fig, 1). To confirm that loss of
vacuolating activity was not due to aloss of VacA expression in
our mutant strain, we performed immunoblots and enzyme-
linked immunosorbent assays (ELISAs) for mature VacA
protein in the same 48-h broth culture supernatants by using an
antiserum raised against the recombinant midre-gion of VacA
from strain 60190 (kindly donated by T. L. Cover, Vanderbilt
University, Nashville, Tenn.). The immuno-blot showed that a
protein of similar size (-87 kDa) and amount was detected in all
six 60190 controls and all six 60190
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60190 control 60190 vacA::N(s2)
A AFFTTVI IPA.. NTPND P | HSE SRAFFTIVI IPA..
vac.-1 2-gedific
extenson

Mean VacA ELISA titre
(corrected OD units)

60190 60190
vacA::14(a2)

FIG. 1. Vacuolating activity and VacA production of the 60190 control strain and its N-terminal insertion mutant derivative, 60190 vacif::N(s2). (A) Difference in the
N-terminal amino acid sequence of mature VacA between wild type 60190 and 60190 vac,4::N(s2). The presence of the s2-specific N-terminal extension in VacA from
strain 60190 vac,'L:N(s2) was confirmed fur the first six residues by N-terminal peptide sequencing. (B) The effect on AGS cells following overnight incubation with
48-h broth culture supernatant of either the 60190 control strain (left) or 60190 varill:N{s2) (right) diluted fivefold in RPM] 1610 medium (Gibcci BRL) containing Il
niM ammonium chloride. The presence of cytoplasmic vacuolation was assessed visually by light microscopy at a x50 magnification. (C) Immunoblot of 48-h broth
culture supernatant of 60190 control (left lane) and 60190 mcel::N(s2) (tight lane) detected with rabbit antisera raised against the recombinant VacA type ml
midregion, ( D) Quantification of VacA in etti-h broth culture supernatants by ELISA. Mean VacA ELISA titers, corrected for bacterial density, of six 60190 vocA: 14(s2)
and three 60190 control strain supernatants arc shown. OD, optical density__

vacA::N(s2) mutant broth supernatants tested, confirming that 2.1+ 0.16 [n = 3] corrected optical density units respectively, P

full-sized, mature VacA protein was consistently secreted by the = 0.15, t test).

mutant strain, ELISAs showed that similar levels of VacA In conclusion, we have shown that adding the hydrophilic, 12-
were produced by 60190 vac" (s2) and by the 60190 control amino-acid, N-terminal extension, which is specific to VacA type
(means -+ standard deviations were 1.9 -+ 0.18 [n = 6J and s2 strains, to the N terminus of type sl VacA abolishes
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vacuolating cytotoxin activity. Loss of vacuolating activity is not
explained by differences in VacA production or stability, be-
cause both are unaffected by the addition of the s2-specific
region. Our results raise the interesting question of why vacA
s2 strains of H. pvlori (producing the blocked s2 form of toxin)
survive and thrive in apparent competition with vacA sl strains.
This is particularly curious given the freely recombinational
population structure of H. pylori (6), which should amplify any
negative selection pressure. This and the fact that sequence
homology among type s2 vacA alleles is as close as among type
sl alleles (3) lead us to speculate that the “blocked” s2 form of
VacA has an important function for the bacterium, and we are
investigating what this function may be. Our results are also of
major medical importance, for they explain why H. pylon
strains with the s2 form of vacA are nontoxigenic, cause littie
inflammation, and are rarely associated with peptic uleeration.
These results also provide a rational basis for testing for vacA
signal region type.

We acknowledge the technical assistance of Rachel Twells, Brian
Dove, and Joanne Bower.

This work was funded by the Medical Research Council (United
Kingdom).
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The Helicobacter pylori vacuolating cytotoxin gene,
vacA, is naturally polymorphic, the two most diverse
regions being the signal region (which can be type sl or
s2) and the mid region (ml or m2). Previous work has
shown which features of vacA make peptic ulcer and
gastric cancer-associated type slim' and s1/m2 strains
toxic. vacA s2/m?2 strains are associated with lower pep-
tic ulcer and gastric cancer risk and are non-toxic. We
now define the features of vacA that determine the non-
toxicity of these strains. To do this, we deleted parts of
vacA and constructed isogenic hybrid strains in which
regions of vacA were exchanged between toxigenic and
non-toxigenic strains. We showed that a naturally occur-
ring 12-amino acid hydrophilic N-terminal extension
found on s2 VacA blocks vacuolating activity as its re-
moval (to make the strain sl-like) confers activity. The
mid region of s2/m2 vacA does not cause the non-vacuo-
kiting phenotype, but if VacA is unblocked, it confers
cell line specificity of vacuolation as in natural s1/m2
strains. Chromosomal replacement of vacA in a non-
toxigenic strain with vacA from a toxigenie strain con-
fers full vacuolating activity proving that this activity is
entirely controlled by elements within vacA. This work
defines why H. pylori strains with different vacA allelic
structures have differing toxicity and provides a rational
basis for vacA typing schemes.

Gastric colonization by Helicobacter pylori is the main
cause of peptic ulceration, gastric carcinoma, and gastric
mucosa-associated lymphoid tissue lymphoma (1-3). However,
although more than half the world's population is chronically
infected with this Gram-negative bacterium, most people re-
main asymptomatic. Who develops disease depends on strain
virulence, host genetic susceptibility, and environmental fac-
tors. Several bacterial virulence factors have been linked with
disease: the active form of the vacualating cytotoxin, VacA (4,
5); presence of a pathogenicity island encoding a type IV secre-
tion system, €0g (6-8); and possession of a specific adhesin,
BahA (9),

The active form of VacA induces extensive cytoplasmic vac-
uolation in epithelial cells (10), causes gastro-duodenal damage
in a mouse model (11), and increases gastric ulcer risk in H.
pylori-infected Mongolian gerbils (12). The vacA gene encodes
a preprotoxin of -139 kDa (13-16). This includes an
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Research Council (MR f(Umtcd Kingdom). The costs of publication of
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N-terminal signal peptide and a -50-kDa C-terminal auto-
transporter domain, both of which are cleaved during toxin
secretion through the bacterial membranes (15). The -90-kDa
mature toxin may undergo further processing at an exposed
protease-sensitive loop into -37-kDa N- and --58-kDa C-ter-
minal fragments (p37 and p58, respectively) (15, 17), The toxin
binds to cell surface receptors through the p58 domain (18-20).
However, when expressed in epithelial cells, only p37 and an N-
terminal fragment of p58 are required for vacuolation (21).
Vacuolation is dependent on the insertion of VacA multimers
into cell membranes to form anion selective pores (22, 23). The
mechanism of subsequent vacuole formation and the cellular
origin of the vacuoles from late endosomes have been studied
extensively (24-30).

Research has focused on the most active form of VacA, but
most H. pylori clinical isolates express less vacuolating or
non-vacuolating forms (31). The gene, vacA, is naturally
polymorphic and differences are most marked in two areas:
the signal region, encoding the signal peptide and the N
terminus of the mature protein (which may be type sl or s2)
and the mid region, encoding part of the p58 domain (type ml
or m2) (31). vacA signal and mid regions from all clinical
isolates of H. pylori can be classified as one of these types,
and all combinations of signal and mid region occur naturally,
although the s2/m1 structure is rare (31, 32). The vacA allelic
type is associated with vacuolating activity in vitro: strains
with slim' uaCA cause more extensive vacuolation in HeLa
cells than those with slim2 vacA, and melt s21m2 strains are
invariably non-vacuolating (31). The existence of stable
polymorphisms affecting toxin function is of major biological
interest; it may form a paradigm for varying functionality of
proteins in other bacteria with high levels of genetic
recombination in which mosaic genes are common. However,
for H. pylori, vacA polymorphism is also potentially of major
clinical importance: vacA s21m2 strains are less frequently
associated with both peptic ulceration and gastric carcinoma
than vacA al rat or sl/m?2 strains (33-38).

In this report, we define the determinants of non-toxicity in H.
pylori with type s2/m2 vacA. Work by us and others on the most
toxic slim' type of oath has guided our approach. We have
previously shown that VacA transcription is higher for some toxic
than for some non-toxic strains (39). We and others have also
shown that the N terminus of mature sl/ml VacA in toxic strains
is one important determinant of toxicity and that adding an s2-
like N-terminal extension blocks activity (21, 40-43). However,
one cannot extrapolate from this to imply that the N terminus of
natural s2im2 strains is the cause of their non-toxicity, so we
aimed to determine whether this was indeed the case. Naturally
occurring VacA type slim' strains cause vatualatien in a wider
range of cell lines than slirn2 strains (19, 44), so we also planned
to show whether the m2 mid region was the cause of non-
toxicity in natutal s2/m2 strains.

This paper is available on line at http://www.jbe.org
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TABLEI
H. pylori strains and plasmids
Strain/plasmic' Relevant characteristics Source
1L pylori Tx30a

60190 84-183 Wild type (ATCC 51932); tawA s2/m2; cag” Ref, 10
Tx30a/CAT Wild-type (ATCC 49503); vacA sl./m1; cog' Ref. 10
Tx30a/P1S1 Wild-type (ATCC 53726); vacA sl/ml; cog Ref. 64
Tx30a/N1 As Tx30a except cat inserted immediately 3' to cysS; c111* This study
Tx30alKAN As Tx30a/CAT except uacA promoter/signal region replaced with sl type to nt 763 This study
Tx30a/M1 As Tx30alCAT except in-frame deletion of ircecA nt 436-471 This study
Tx30a/P1S1M Ac Tx30a except aphA inserted into fecE; Kink This study
1 As Tx30a/K AN except 3' vacA replaced with ml type from nt 843 This study

As Tx30a/KAN except vocA promoter/signal region replaced with sl type to nt 638; This study
60190/CAT cat inserted immediately 3' to cysS; Cm"
60190/P2S1 As 60190 except cat inserted immediately 3' to cysS, Cm" This study
60190/P2S2 As 60190/CAT except vacA promoter region replaced with s2 type to nt 795 This study
60190/RAN As 60190/CAT except vacA promoter/signal region replaced with e2 type to nt 1070 This study
60190/M2 84- As 60190 except aphA inserted into fecE; KmR This study
183/P2S2 As 60190/KAN except 3' vacA replaced with m2 type from nt 1710 This study

As 84-183 except uacA signal and promoter region replaced with s2 type; cat inserted This study
84-163/P151,,,,1. immediately 3' to cysS; Cm" . .

As 84-183 except vacA signal and promoter region replaced with el type from 60190; This study

cat inserted immediately 3' to cysS;
Plasmids

pA153
pPA163::cat pBluescript containing 3' cysSto vacA nt 418 from strain Tx30a; Amp' As Ref. 31
pCTB2 PA153 except cat inserted immediately 3' to cysS, Amp"; Cm' This study
pCTB2:Trot pBluescript (Stratagene) containing 3' cysSto vocA nt 274 from strain 60190; Amp' Ref. 13
pNV2 As pCTB2 except cat inserted at Hindlll site immediately 3' to cysS: Amp"; Cm" This study

pBluescript containing a 5.2-kb fragment from 60190 including the 3' 3587 nt of This study

vocA, complete lecE, and partial ,fecD sequences, fecE is interrupted by aphA

pNV5 located at Xmnl site; Amp"; KmR

pBluescript containing a4.7-kb fragment from Tx30aincluding the 3' 3676 nt of vacA, This study

complete fecE, and partial fecD sequences, fecE isinterrupted by aphA located et its

single Xmml site; Amp"; Km"

Finally, it is unclear whether elements outside vacA in s2/m2
strains contribute to non-toxicity, and we aimed to resolve this
issue,

MATERIALSAND METHODS

Bacterial Strains, Plasmids, and Gmwth Conditions—H. pylori strains
(Table I) were grown on blood agar base 2 supplemented with 7% (v/v)
horse blood (Oxoid Ltd.) microaembically at 37 °C (Campypak Plus, BD
Biosciences UK Ltd.). Broth cultures were grown in Iso-sensitest media
(Oxoid Ltd.) with 5% (v/v) FCS' (Invitrogen) microaero-bically with
shaking.

Construction of Isogenk vacA Signal Region Hybrid Strains—The
effect of uacA signal region type on toxin production and activity was
studied by constructing H. pylori isogenic uacA hybrid strains in which
different extents of the signal region had been exchanged between the sl
and s2 forms on the ft pylori chromosome. Such hybrids were
constructed using plasmids pA153::cat and pCTB2::cat, containing the
promoter and 5' terminus of vacA, including the signal region, from
strains Tx30a (vacA s2/m2; Tox— } and 60190 (vacA 81/ml; Tox+),
respectively, together with the 3' terminus of the upstream gene cysS
with a chloramphenicol resistance marker (chloramphenicol acetyl-
transferase; cat) inserted immediately downstream (see Table D. These
pBluescript-derived plasmids act as suicide vectors in H. pylori, thus
chromosomal recombinants were constructed by natural transformation,
allelic exchange, and chloramphenicol rescue as previously described
(41) (see Fig. 1). Transformation of pA153::cat and pCTB2::cat into
their respective homologous strains resulted in the isolation of control
strains Tx30alCAT and 60190/CAT, containing the insertion of cat
upstream of the vacA promoter. Transformation of Tx30a with
pCT.82.::cat and 60190 with pA153:iroi gave rise to multiple hybrid
strains. DNA extracted from single colonies (45) was typed for uttrA
signal and mid region by allele-specific PCR, as previously described
(31, 46). Only vacA type a recombinants were identified from the
transformation of Tx30a with pC'T132::cai, and one was selected and
termed Tx30a/P1S1. For the transformation of 60190 with pA153::cat,
type sl and s2 recombinants were identified and termed 60190/P2S1 and
60190/P252, respectively. The precise extent of recombination was

' The abbreviations used are: FCS, fetal calf serum; ELISA, enzyme-linked
immunosorbent  assay; PBS, phosphate-buffered  saline;  CAT,
chloramphenicol acetyltranaferase.

determined for these mutants by nucleotide sequencing. pA153::cat and
peTB2ricat were similarly transformed into the toxigenic strain $4-163
(vacA sl/ml) to give hybrids 84-183/P2S2 and 84-183/1%1S1,,,,,
respectively.

Construction of vacA Mid Region Hybrid Strains—The effect of vacA
mid region type was studied ins similar manner. Plasmids pNV5 and
pNV2, containing 3' terminal 3576 bp and 3587 bp of vacA with 1 kb and
15 kb of downstream sequence from strains Tic30a and 60190,
respectively, with a kanamycin resistance marker (aminoglycoside
phosphotransferase; aphA) inserted 0.5 kb 3' to vacA, within the fecE gene,
were introduced into strain Tx30a by natura transformation, alelic
exchange, and kanamycin marker rescue. Recombinants were typed for
vacA signal and mid region by allele-specific PCR (31, 46).
Transformation with pNV5 and pNV2 gave rise to the control strain
Tx30a/KAN and the hybrid strain Tx30a/M1 (vacA s21m IL respectively.
Similarly, transformation of strain 60190 with pNV2 and pNV5 created the
control strain 60190/EAN and the hybrid strain 60190/M2 (vacA s11m2),
respectively. Tx30a/M1 was further transformed with pCTB2-:cat to
produce the hybrid strain Tx30a/P151M1 (vacA 811m1).

Ste-directed Mutagencsis of vacA—The vacA mutant Tx30a/N1, con-
taining an in-frame deletion of the region encoding the s2-specific N-
terminal extension, was constructed by first deleting this 36-bp region from
the cloned uacA fragment in plasmid pA153::cat using inverse
PCR with primers NdelF rt. {CACAACCG'TGATCATTCCA-
GCC-3) and NdelR (5
AGCCCCCAOTFCGOTGCCCA'TTAACACCC-3), which bound to
nucleotides 472-501 and 107-435 in the vacA sequence of Tx30a (3I),
respectively, Template DNA was removed by Dpnl restriction
endonuclease digestion (New England BioLabs (UK) Ltd.), and the PCR
product was end-polished using Pfu DNA polymerise (Stratagene
Europe), 5'-phosphorylated with T4 polynucleotide ki-nase in the
presence of 1 mat ATP, and blunt-end-religated. Following
transformation into Escherichio cult strain Dff5a, plasmid DNA was
extracted, and the presence of the 36-bp deletion screened by PCR using
primers VA1F and VA1R (31), and confirmed by nucleotide sequencing.
The vacA mutation was introduced into chromosomal uacA of H. pylori
strain Tx30a by natural transformation, allelic exchange, and chloram-
phenicol marker rescue, and the presence of the vacA mutation was
confirmed by PCR as before.

Quantification of VacA—VacA production was quantified by antigen
detection ELISA as previously described (47). Briefly, duplicate 48-h
broth culture supernatant samples of each strain were adsorbed to a
microti ter plate overnight at 4 °C, blocked with 3% bovine serum albu-
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min (Sigma), and bound antigen incubated with a 1:5,000 dilution of rabbit
antiserum to either purified VacA from the type sliml strain 60190 (Ab123)
(47), or the recombinant VacA p58 fragment from either this strain
(Ab929) (18) or the m2 type strain Tx30a (Ab927), all kindly donated by
Dr. T. L. Cover, Nashville, TN, For detection we used anti-rabbit IgG-
horseradish peroxidase conjugate (Sigma) then ortho-
phertyldiamine/hydrogen peroxide. ELISA values were expressed as .ilasn,
cotrected for bacterial density (AG0O..,,,).

Detection of V'acA by Immunoblotting—H. pylori broth culture super-
natants or water extracts were separated by SDS-PAGE and transferred
to nitrocellulose by eiectroblotting. Nitrocellulose blots were blocked in
5% (w/v) milk in PBS-Tween 20 (PBS-T) then incubated with rabbit
anti-VacA antiserum (Ab123, 927, or 929) diluted 1:10,000. Blots were
washed three times in PBS-T, incubated in anti-rabbit IgG-horse-radish
peroxidase conjugate, washed six times in PBS-T, and visualized by
ECL™ detection (Amersham Biosciences).

Determination of VacA Actieity—W ater extracts were prepared by
harvesting 48-h growth from a single plate into 1 ml of sterile distilled
water, vortexing for 30 s, and incubating at room temperature for 20
min. Cells were removed by microcentrifugation, and the supernatant
containing VacA was filter-sterilized. Vacuolating activity was deter-
mined using three different epithelial cell lines: HelLa, AGS (a human
gastric adenocarcinoma cell line), and it1{13 (a rabbit kidney cell line).
Assays were performed by adhering 104 epithelial cells in 1tPM1 1640
media supplemented with 10% FCS (both Invitrogen) to a microtiter
plate overnight. The media via, than replaced with fresh media con-
taining 10 mm :ironlin-141m chloride, .nti a 5-fold dilution of water
extract. Cells were incubated overnight and then visually assessed for
vacuolation by light microscopy.

RESULTS

The Type 52 Promoter/ Signal Region of vacA Determines the Non-
toxcic Status of the Tox— Strain Tx30a—Our previous work had
shown that vacA siirril strains are usually toxic and vacA 82/m2
strains invariably non-toxic (31). Our first aim was to define
whether the promoter/signal region of a candidate nontoxic
vacA s21m2 strain, Tx30a, was directly responsible for its non-
vacuolating phenotype. To do this, we used allelic exchange to
replace the promoter and signal region of vacA on the Tx30a
chromosome with that of strain 60190 (tox+; vacA all ml) to
make an artificial hybrid al/m2 wacA construct in a non-
toxigenic strain background, which we called Tx30a/P181 (see
"Materials and Methods" and Fig. 1). Nucleotide sequencing of
this hybrid showed the crossover point to be between 588 and
763 in the Tx30a sequence (31) and proved that the promoter
region was identical to that in the sl/ml strain 60190. To ensure
that insertion of the chloramphenicol resistance marker (caz),
used for the allelic exchange experiment, was not influencing
VacA production or activity, we also constructed the control
strain Tx30a/CAT with cat inserted between ¢s§ and vacA (see
"Materials and Methods"). Insertion of the chloram-phenicol
cassette in Tx30a did not affect Vac-A. levels in broth culture
supernatants, as determined by antigen detection EL1SA, and all
later compatrisons used Tx30a/CAT as control. Replacement of
the signal and promoter regions with those from 60190
increased VacA production as determined by ELISA using
antiserum Ab927 (Tx30a/CAT mean VacA production 0.03 *
0.01, n = 10, versus Tx30a/P1S1 mean 0.17 0.05, n = 8, p <
0.005, 7 test). This finding was confirmed by immunoblot using
the same antiserum (Fig. 2). As expected, water extracts of the
non-toxigenic control strain, Tx30a/CAT, did not cause
vacuolation of any of the three cell lines tested (Fig. 3A and
Table II). However, Tx30a/P1S1 water extracts induced
extensive cytoplasmic vacuolation of RK13 cells following
overnight incubation (Fig. 3B). Interestingly, the vacuolat-ing
activity observed for this strain was cell line-specific, because
the same water extracts were unable to induce vacuolation of
HeLa and AGS cells (Table H). This is consistent with the
described phenotype of a naturally occurring vacA sl/m2 strain
(19). Thus, naturally occurring differences in vacA
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Fie. 1. Construction of Tx30a/P1S1 hybrid strain. A4, a fragment
containing the 3' terminus of cysS, the ¢s$-vacA intergenie region and
the fitst 274 nt of wrA from H. pylori strain 60190 (eacA sl/ml;
Tox+) was cloned into pBluescript SE. A chloramphenicol
acetyltransferase gene (caz), conferring resistance to chloramphenicol, was
inserted immediately 3' to the ¢sS stop codon to create the plasmid
pC7B2:cal. This plasmid was then introduced into the Tox— strain Tx30a
(vacA s21m2) by natural transformation. B, in some transformed bactetia,
DNA exchange occurs between the cloned ¢ysS-vacA fragment and the
equivalent chromosome sequence through homologous recombination,
é such recombination events were se{i:ected by growth on blood agar
containing 30 gofral chloramphenicol (pCT132:co t is unable to replicate
autonomously in H, pylori). Recombinants were then screened by allele-
specific PCR for the hybrid 2221 type s1/m2,

signal regions are directly responsible for VacA production and
activity_

Confirmation That the s2 Promoter [ Signal Region of vacA
Determines Non-toxic Status Using Tax+ Strain Back-grounds—
Using identical methodology, we confirmed our re-
sults by performing reciprocal expetiments in which we replaced
the signal and promoter regions of »acA in strain 60190 (tox+ ;
vacA sl/m1) with those of Tx30a (fox—; vacA s2/m2) to
create the hybrid strain 60190/P2S2. Nucleotide sequencing
confirmed that the sequence up to nucleotide 1070 had been
replaced with that of Tx30a. As for Tx30a, we constructed a
control strain of 60190 with the chloramphenicol cassette inserted
just after the ¢ysS stop codon; this did not affect VacA
production or activity, and 60190/CAT was used as the control in
all further experiments. Insertion of the signal and promoter
region from Tx30a reduced VacA production as determined by
ELISA using Ab123 (60190/CAT mean VacA production 1.01
0.12, n = 8, versus 60190/P252 mean 0.19 + 0.02, n = 4, p < 10").
As expected, 60190/ CAT water extracts caused extensive
cytoplasmic vacuolation of all three cell lines studied (Fig. 4A and
Table II). In contrast, no vacuolation of HelLa, AGS, or
RK13 cells was observed with water extracts of the hybrid
strain 60190/P252 (Fig, 4C and Table II). Next, we aimed to
confirm our results in a third independent strain background.
We selected strain 84-183, an easily naturally transformable
strain of oacA type sliml, which we have previously shown to
transcribe VacA less strongly than strain 60190 and to be less
strongly vacuolating (39). Replacement of the signal and pro-
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Fin. 2. Production of VacA by Tx30a control and hybrid strains. Water
extracts of Tx30a/CAT (/cme I ) and Tx30a/P1S1 (/cme 2 ) were separated
by SDS-PAGE, transferred to nitrocellulose by electro-blotting for 1 h at
140 mA, and detected using a 1:10,000 dilution of antiserum to the
recombinant p58 subunit of Tx30a VacA (Ab927). An immunoreactive
band of --93 kDa was detected for the control strain Tx30a/CAT as
reported previously (31). A more intense, but slightly smaller band was
detected for Tx30a/P1S1 confirming that VacA production is increased in
this strain. The difference in size is in agreement with the removal of the
VacA N-terminal extension resulting from

swapping the s2 signal region for the s1 type.
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FIG. 3. Effect of Tx30a control and isogenic mutant water extracts
on RK13 cells. RK13 cells were grown in 96-well microtiter plates for
24 h (10* cells/well) and then incubated overnight with 1/5
dilution of water extract of either strain Tx34alCAT Tx30a/P1S1
(B), Tx30a/N1 (C), Tx30a/M1 (D), or Tx30a/P1SIM1 (E). Original
magnification was x50.

moter regions of caeA in strain 84-183 with those of strain
Tx30a (to make strain 84-183/P2S2) reduced VacA production
as determined by ELISA using Ab123 (84-183 mean VacA
production 0.20 £ 0.02, versus 84-1831P252 0.05 = 0.01,n = 6
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TABLEII
Vacnalating utotoxin activity 7/ control and isagenic vacA hybrid
H. pylori strains
Strain saeA type Vacuolating activity
HeLa MIS RK13
Tx30a 62/m2
Tx30a/CAT s2/m2
Tx30a/P1S1 sl/m2
Tx30a/N1 s2s1'im2
Tx30a/KAN s2/m2
Tx30a/M1 82./ml
Tx30a/P1S1M1 sl/ml
60190 sl/m1
60190/CAT s1/ml
60190/P2S1 sliml
60190/P2S2 62/m1
00190/KAN
60190/M2 s1/m2

Vacuolating activity was assessed by incubating either HelLa, AGS,
or RK13 epithelial cells overnight with a water extract of the appropriate
strain. Vacuolation was recorded as positive if more than 50% of the cells
within a randomly chosen field were vacuolated and negative if the
number of vacuolated cells was the same or Less than that observed for
untreated cells.

¢ The signal region of this strain is s2 type for the signal peptide
including the cleavage site, and sl type for the mature N terminus.

e

FIG. 4. Effect of 60190 control and isogenic mutant water ex.
tracts on RK13 cells. RK13 cells were grown in 96-well microtiter plates
for 24 h (101 celldwell) and then incubated overnight with 115 dilution of
water extract of either strain 60190/CAT (AL 60190/P2S1 (B),
60190/P2S2 (C), or 60190/M2 (DI. Original magnification was x50.

for both, p < 10-3). As expected, strain 84-183 caused vacuo-
lation in Hela cells, whereas strain 84-183/P2S2 did not (data
not shown). In complementary experiments, we replaced the
signal and promoter regions of strain 84-183 with those of
strain 60190 (to make strain 84-183/P1S10190), and this in-
creased VacA production (to mean 0.31 = 0.02, n = 8, p <
0.0006). Both strains vacuolated Hel.a cells (data not shown).
These experiments show that replacing the type al promoter
and signal region in a tox+ strain with a type s2 region from a
tox — strain reduced VacA production and abolished activity.
Interestingly, strains 60190/P2S2 and 84-183/P2S2, which
both have a hybrid s2/ml meer structure, grew similatly to
their respective controls on blood agar and in broth. Thus the
reason that strains of vacA type s2fml are uncommon in
nature is not that they have obvious self-toxicity or a growth
disadvantage, at least  vitro.

The vacA Promoter Region Determines Differences in 1 acA
Production, but the Signal Region Determines Differences in 1 acnolating
Activity—Having shown directly that the ceA signal and
promoter regions in vacA s2/m2 strain Tx30a were together an
important determinant of its non-toxigenic status, we now
aimed to define the role of each region individually.
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Fin. 5. The Neterminal protein sequence of mature Vac& A, the N terminus of mature VacA from the s2-type strain Tx30a contains a 12-amino
acid extension compared with that of the sl-type strain 60190. B, a2 mean hydrophobicity plot shows that in contrast to the hydrophobic mature N
terminus of 60190 VacA, the N-terminal extension found on Tx30a VacA is hydrophilic.

From the previous experiments it was unclear whether the low
level of VacA production in strains Tx30a and 60190/P2S2 was
the reason these strains were non-toxic or whether there were
other determinants of non-toxicity. We aimed to address this
by screening for transformants from our previous experiments
where the recombination point was between the promoter re-
gion and signal sequence coding region. Screening of mutants
generated by transforming strain Tx30a with the promoter and
signal regions of vacA from 60190 yielded no such transfor-
manta. However, the transformation of 60190 with pA153::cat
yielded a transformant, which typed as sl by allele-specific
PCR, and we called this 60190/P2S1. Sequence analysis
showed that this hybrid contained a promoter region and ribo-
somal binding site identical to that of the type s2 strain Tx30a,
but the signal sequence remained 60190 vacA. The exact 3'
crossover point was between nucleotides 795 and 835 in the
60190 vacA sequence (13). Studying this hybrid allowed us to
determine the relative effects of the s2 promoter and signal
regions in the 60190 strain background. Replacing the pro-
moter region only, significantly reduced VacA ELISA levels
using Ab123 (60190/P2S1 mean 0.34 -1 0.09, n = 4, p < 0.005,
versus 60190/ CAT, not different from 60190/P2S2). Howevet,
in contrast to 60190/P2S2, which did not express vacuolating
activity, 601901P2S1 caused vacuolation in all three cell lines
(Fig. 4B and Table II). Thus the lack of vacuolating activity
observed for 60190/P2S2 was not simply due to reduced VacA
production as 601901P2S1 produced similar levels of VacA but
still retained vacuolating activity. This shows that, as expected,
the promoter region, not the signal region, determines VacA
production. However, the signal region is responsible for
determining VacA activity.

The N-terminal Hydrophilic Extension on Mature Type s2
VacA Determines Its Non-vacuolating Phenotype—A striking
difference in the signal region between vacA type s 1 and s2
strains is the presence of a 12-amino acid extension to the non-
toxigenic, s2 form of VacA (31). The mature N terminus of sl
type VacA is markedly hydrophobic, whereas the 52-specific, N-
terminal amino acid extension is strongly hydrophilic (Fig. 5).
We hypothesized that the presence of this hydrophilic extension
blocks the vacuolating activity of VacA produced by s2 strains
such as Tx30a. To test this, we made an in-frame deletion in
Tx30a vacit of the 36 nucleotides encoding this extension, thus
removing it from the mature VacA product (see "Matetials and
Methods"). We named the resulting isogenic mutant strain
Tx30a/N1. Removal of the N-terminal amino acid extension
reversed the non-vacuolating phenotype of Tx30a, such that
water extracts of Mc30a/N1 caused extensive vacuolation of
RK13 cells (Fig. 3C). Tx30a/N1 did not vacuolate AGS or HeLa
cells (Table II). Note that Tx30/N1 has a type m2 mid region,
so this result is consistent with the described phenotype of a
naturally occutring vacA sl/m2 strain (19). To ensute that the
vacuolating activity of Tx30a/N1 was not due to a greater VacA
production compared with Tx30a/CAT, we de

termined the amount of VacA in water extracts by ELISA using
ADb123. VacA levels wete no greater for Tx30a/N1 than Tx30a/
CAT (means 0.11 0.02 for both, n = 10 and 4, respectively, p —
ns). Thus, the non-toxigenic phenotype of the vacA s2/m2
strain Tx30a is due to the hydrophilic extension on the N
terminus of mature VacA.

Replacing the m2 Mid Region of a Non-toxigenic Strain
with an ml Mid Region Is Not Sufficient to Render It
Toxigeni—Having shown that non-toxic vacA s2/m2 strains
could be rendered toxic by replacing the signal region with an
al region or by removing the N-terminal amino acid extension
on the mature VacA protein, we now aimed to assess whether
these strains could also be rendered toxic by changing the
mid region to an ml type. To do this we replaced the vacA
mid region of strain Tx30a with that of strain 60190 (tox+;
vacA sltml) to make a vacA 32/ml construct in a non-
toxigenic strain background, which we termed Tx30a/Ml
(see ""Materials and Methods"), Sequence analysis confirmed
that the vacA mid region sequence had been exchanged for
the 60190 sequence downstream of nucleotide 828. This strain
also gained the 3' region of vacA from 60190, but this region,
which encodes the C-terminal bacterial outer membrane
transporter, which is cleaved from mature VacA after export,
is very similar between all vacA alleles (48). As the kanamycin
resistance marker used for allelic exchange was located 3' to
vacA within fecE, we also constructed the control strain
Tx30a/KAN containing just the matrker insertion.

Insertion of the kanamycin cassette in fecE did not affect
growth on blood agar or VacA activity (Table II), and all later
comparisons used Tx30a/KAN as the control. Inactivation of
fecE, encoding the ATP-binding protein component of an Fe'"'-
dicitrate ABC transporter, has previously been shown not to
affect Fez' or Fe- transport, or growth on brain heart infu-sion-
FCS medium (49). Replacing the oacA m2 mid region with an
ml type did not render the strain toxigenic: neither Tx30a/ KAN
nor Tx30a/MI1 caused vacuolation in any of the three cell lines
tested (Table II and Fig. 3D). VacA levels in water extracts of
Tx30a/M1 were not significantly different to those of
Tx30a/KAN as determined by ELISA using an m2-specific an-
tibody (Ab927) (means 0.32 + 0.01, n = 4 and 0.35 £ 0,004, n = 2).
However, using an ml-specific antibody (Ab929) VacA levels
appeared 2-fold higher for Tx30a/M1 (means 0.45 £ 0.01, n = 4
and 0.22 * 0.01, n = 2, p < 10%). Although it is not possible to
directly compare VacA production for these strains by ELISA,
owing to antigenic differences in the mid region, it is worth
noting that, even if VacA levels were higher in Tx30a/M1 water
extracts, no vacuolating activity was observed. This shows that
merely replacing the m2 mid region with an ml mid region is
insufficient to render a non-toxigenic vacA a2/m2 strain
toxigenic. Presumably, the type s2 N-terminal extension is
sufficient to block toxic activity. Interestingly, strain Tx30a/ Ml,
which has a hybrid 32/ml vacA structure, gtew similarly to
Tx30a and Tx30a/CAT on blood agar and in broth. This eon-
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firms, in a Tx30a background, our findings in the 60190 and
84-183 backgrounds, that possession of VacA with the naturally
uncommon s2/ml structure is not obviously disadvantageous
invitro.

vacA from a Toxigenic Strain Is Sufficient to Render a Non-
toxigenic Strain Fully Toxigenic—The failure of an ml vacA mid
region to render tox- strain Tx30a toxigenic could have been
because the ml mid region was non-functional in this Tx30a)M1
hybrid. To refute this, we next replaced the s2 signal and
promoter regions with sl regions derived from strain 60190, to
make a vacA sllml construct in a non-toxigenic Tx30a
background. Our second and more important aim in making
this hybrid was to replace type s2/m2 vacA in Tx30a with type
slim]. vacA from 60190 to assess to what extent single copy
chromosomal complementation with toxigenic vacA conferred
activity in a non-toxigenic strain background.

To replace the s2 signal and promoter regions in Tx30a/M1
with sl regions from 60190, we transformed Tx30a/M1 with
pCTB2:cat to produce the hybrid strain Tx30a/P1S1M1. Se-
quence analysis of vacA from this hybrid confirmed that the gene
had been replaced with that of the toxigenic strain 60190 with the
exception of a 190-bp region from nucleotides 639 to 828
encoding part of the p37 domain of the VacA protein, which was
still derived from Tx30a. Water extracts of Tx30a/P1S1M1
induced extensive vacuolation of all three cell types studied,
similar to 60190 and controls 60190/CAT and 60190/KAN (Ta-
ble I and Fig. 3E). VacA levels in the Tx30a/P1SIM1 and
60190/KAN water extracts were also similar as determined by
ELISA using Ab929 (means 0.50 £ 0.10 and 0.43 £ 0.01,
respectively, N = 4 for both, p = This confirms that the ml
mid region is functional in a Tx30a background and that vacA
itself from a toxigenic strain is sufficient to confer full toxigenic
activity. Thus differences between tax+ and tox- strains else-
where on the chromosome do not contribute to differences in
VacA toxicity between strains.

The m2 Mid Region from a Non-Toxigenic vacA .82 f na Srain
Confers Cell-line Specificity of Vacuolating Activity to a Toxi-
genic 4 | m Strain—The type m2 mid region of a naturally
occutring VACA sl/m?2 strain has previously been shown to confer
specificity of vacuolation such that the strain vacuolates RK13
cells but not Hella or AGS cells (19). Our previous experiment
described above in which we created Tx30a/P1S1 with its sl/m2
structure, suggests that the m2 mid region from an originally
non-toxigenic VacA s2/m?2 strain also confers cell specificity. To
prove that the m2 vacA mid region is directly responsible for this
effect, we replaced the type ml mid region in strain 60190 with
the m2 mid region from Tx30a to create the vacA sl/m2 hybrid
strain 60190/1412. Sequence analysis confirmed that the mid
region had been replaced with the m2 form downstream of
nucleotide 1696. As before we also constructed the control strain
60190/KAN containing the kanamy-cin marker insertion in
fecE. Water extracts of 60190/M2 and 60190/KAN vacuolated
RK13 cells equally (Fig. 4D). However, in contrast to the control,
which also caused extensive vacuo-lation of Hel.a and AGS cells,
60190/M2 did not cause vacuo-lation of either of these cell types
(Table II). The amount of VacA in water extracts of 60190/M2
appeared nearly 2-fold lower than those of the control
60190/KAN, as determined by ELISA using the ml-specific
antibody, Ab929 (means 0.23 -£ 0.01 and 0.43 + 0.01, n - 4 for
both, p < 104), but over 3-fold higher using the m2-specific
antibody, Ab927 (means 0.83 0.04 and 0.25 £ 0.005, n = 4 for
both, p < 10"). Immunoblot-ting confirmed these findings (data
not shown). Given that the ELISA values obtained with each
antibody would have been underestimated for VacA alleles of
the opposite mid region type, it is likely that the actual VacA
amounts for the hybrid
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and control strains were similar. This experiment shows that
the m2 mid region from a non-toxigenic vacA s2/m2 strain is
functional in determining cell line specificity. Notably also, the
vacuolating phenotype of 601901M2 was the same as that ob-
tained for Tx30a/P1S1, showing that the activity of the sllm2
form of vacA is independent of strain background.

DISCUSSION

Compared with toxigenic strains of H. pylori, non-toxigenic
vacA 82./m2 strains are associated with a much lower risk of
peptic ulceration and gastric adenocarcinoma (31, 36, 37, 50).
In this study we have shown why VacA s2/m?2 strains are non-
toxigenic, the primary determinant being a 12-amino acid N-
terminal extension on the VacA protein, which blocks toxin
activity regardless of production level or p58 binding region
type. Removal of this extension confers toxicity. The m2 vacA
mid region in non-toxigenic s2./m2 strains is not the cause of
non-toxigenicity, but is functional in conferring cell specificity.
Chromosomal complementation with single copy vacA from a
toxigenic vacA slim 1 strain shows for the first time that
elements outside €acA are not needed for full vac-uolating
activity.

Mature VacA from toxigenic VAaCA type sl strains has a
hydrophobic N-terminal region, which can insert into lipid
bilayers (51). In non-toxigenic VaCA type s2 strains this region is
preceded by a 12-amino acid hydrophilic N-terminal extension,
which we have shown blocks vacuolating activity. Partially
deleting the hydrophobic N terminus of type sl VacA (for
example, amino acids 6-27) also blocks vacuolating activity, and,
although VacA still forms pores in artificial membranes, they
form more slowly and are less anion selective (42). We have
previously shown that adding the s2-specific hydrophilic
extension to the N terminus of type sl VacA abolishes vacua-
lating activity (41). However, although this slows pore forma-
tion in artificial membranes, it does not abolish it nor change
the anion selectivity of these pores (43). Thus, it remains unclear
whether the hydrophilic N-terminal extension of s2 VacA
blocks membrane insertion but that this is not necessary for
pore formation in attificial lipid membranes, or whether it acts
through another mechanism, far example, through changing the
conformation of the active p37 subunit of VacA.

Our key finding is that type s2/m2 VacA is functionally
vacuolating once the hydrophilic N-terminal extension is re-
moved. Why H. pylori should possess a functional "blocked"
form of VacA is a fascinating enigma. One possibility is that
the toxin becomes activated in vivo through cleavage of this
extension. However, if this occurs, it is insufficient to render
such strains pathogenic. A second possibility is that VacA
possesses an important biological function other than inducing
vacuola-tion, which is not blocked by the s2 extension. For
example, it may perform other functions ascribed to VacA
such as increasing epithelial permeability, stimulating epithelial
cell apopto-sis (52), inhibiting antigen presentation (53), or
binding to cytoskeletal proteins (54).

Wild-type H. pylori strains of vacA type s2/ml have only
rarely been isolated (32, 55, 56), and we have identified only
one that expresses VacA. Population genetic analyses show that
vacA structure is characterized by frequent recombination
events between vacA from different strains (57-60), so vacA
s21m1 structures would be expected to arise in Vivo as fre-
quently as 61.1m2 structures. In this study, we constructed the
cowl s2/m1 structure in both originally toxigenic and originally
non-tmdgenic strain backgrounds, and these strains grew in-
distinguishably under laboratory conditions from other strains.
Thus, although we speculate that 82/m1 VacA offers a selective
disadvantage or fails to offer a selective advantage in vivo, the
nature of this remains unclear.
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An important finding in our study is that single copy chro-
mosomal replacement of s2/m2 vacA in @ non-toxigenic strain
with sl/ml var-A from atoxigenic strain confers full vacuolating
activity similar to that of the parent toxigenic strain. This shows
that production and vacuolating activity of VacA are not
dependent on chromosomal elements outside vacA. Further-
more, as full vacuolating activity was conferred without amino
acids 639-828 (which are fairly well conserved between vacA
alleles) being replaced, we can infer that these residues do not
contribute to reduced VacA activity.

Pathogenic strains with the sl/ml type of VacA have been
extensively characterized, including the determination of the
complete genome sequence for two such strains (61-63). How-
ever, such strains comprise only about 40% of strains isolated
from patients undergoing endoscopy (31-38), and this propor-
tion would be expected to be smaller in an unselected popula-
tion. We have now concentrated on the s2/m2 type of VacA
found in non-pathogenic, non-toxigenic strains and the common
hybrid sl/m2 type and uncommon hybrid 92.1m1 type (32, 55,
56). We have shown that strains with the type s2 signal region
are non-vacuolating due directly to the N-terminal extension on
the mature toxin of these strains, The most commonly used test
for these strains is an allelic type-specific PCR assay based on
detection of this region (31, 46), and our study confirms that
this test has a rational biological basis. We have also shown
that the mid region of both s2/m2 strains and al/m2 hybrid
strains is responsible for cell-specific vacuolation, and this
provides validity to the widespread use of mid region alelic
type-specific PCR. However, the full significance of vacA
polymorphism is unlikely to be defined until studies are under-
taken in large patient series, and this will not be possible until
serum tests are developed which can accurately differentiate
between infection with strains expressing the various VacA
types.
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CHAPTER 6
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7.1 Natural vacA polymorphism

The mosaic structure of vacA suggests recombination occurs between vacA alleles, most
likely during multiple infection, or transient infection with another strain. Such recombination
suggests the existence of all combinations of vacA signal and mid-region type. For a long
time, the vacA s2/m1 allele remained elusive despite many typing studies based on clinical
isolates from H. pylori-infected populations around the world. It seemed unlikely that this
allelic variant would not arise through recombination, and so it was suggested that vacA
s2/ml-type strains were either non-viable, or the allele conferred a selective disadvantage
(Atherton et al., 1995). Our discovery of a vacA s2/m1l-type strain among a collection of clinical
isolates from South Africa showed for the first time that such alleles can arise naturally, and
strains with this vacA genotype can colonise the human gastric mucosa (Letley et al., 1999
[Chapter 2]). Since this first report, vacA s2/ml-type strains have been isolated from several
other populations including Mexico (Garza-Gonzalez et al., 2004; Morales-Espinosa et al.,
1999), Chile (Martinez et al., 2001), Argentina (Catalano et al., 2001), Costa Rica (Con et al.,
2007), Cuba (Torres et al., 2009), Saudi Arabia (Ismail et al., 2001), Ethiopia (Asrat et al., 2004),
Nottingham UK (Bebb et al., 2003), Italy (De Francesco et al., 2009) and further isolates from
South Africa (Kidd et al., 1999). The discovery of vacA s2/m1 strains from diverse geographical
regions supports the hypothesis that vacA mosaicism arises from recombination between
vacA alleles. However, despite these reports, the vacA s2/m1l allele remains a rarity in all
populations studied to date, and the reason for this is unclear. We and others have generated
artificially constructed vacA s2/m1 alleles, and strains expressing this form of the toxin do not
show any reduced viability in vitro (Letley and Atherton, 2000 [Chapter 3]; Letley et al., 2003
[Chapter 4]; McClain et al., 2001b). However, this does not rule out a selective disadvantage
conferred by the s2/ml1 form of the toxin in vivo, particularly if newly arising s2/ml
recombinants are competing with their parental strains in the context of a multiple infection.
Functionally, the s2/m1 form of the toxin is nonvacuolating (Letley and Atherton, 2000
[Chapter 3]; Letley et al., 2003 [Chapter 4]), and forms anion channels in lipid bilayers more
slowly than the s1/m1 form (McClain et al., 2001b). The significance of VacA channels in vivo is
not clear, but they may act as urea permeases, releasing urea from host cells to aid acid

resistance (Tombola et al., 2001a), or generally increase the availability of
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nutrients for H. pylori growth. Furthermore, while s1 forms of VacA may also promote nutrient
release by weakening tight epithelial cell junctions (Papini et al., 1998; Pelicic et al., 1999), it
has not been determined whether s2 forms of the toxin also possess this activity. Therefore, it
is feasible that the altered channel properties of s2 VacA could affect H. pylori colonisation
efficiency. However, it seems unlikely that strains expressing s2 forms of the toxin have a
significant growth disadvantage in vivo given that vacA s2/m2 strains are common in many
European and USA populations. Indeed, one study has shown that s2-type strains colonise
with higher density than s1 strains (van Doorn et al., 2000), although this could be due to more
virulent s1 strains causing greater inflammation, rather than any enhanced growth ability of s2
strains. Furthermore, it is reasonable to assume that s2/m1 recombinant strains arising during
multiple infection may benefit in trans from the VacA channels secreted by closely
neighbouring vacA sl-type strains also present. While there has been extensive focus on the
clinical aspects of vacA polymorphism, with particular emphasis on the pathogenic role of the
s1/ml form of the toxin, the role of the nonpathogenic s2 forms of VacA on the growth and
survival of H. pylori in its gastric niche still remains to be determined. Once a clear
understanding of how VacA benefits H. pylori colonisation has been established, the reason
for the rarity of the s2/m1 allele may become more apparent.

Our finding that the vacA slb-allele was predominant among a small collection of H.
pylori strains from South Africa (Letley et al., 1999 [Chapter 2]) was one of the first reports of
vacA allelic diversity among H. pylori strains isolated from the African continent. The
predominance of the slb-allele in South Africa was later confirmed for a larger number of
strains (Kidd et al., 1999). In both studies, s1b strains were more commonly mi-type than m2.
vacA slb/ml was also found to be the predominant allelic variant among strains isolated from
Zambia, also located within southern Africa (Raeiszadeh et al., 2003). While vacA sla-type
strains have been shown to be the predominant strain among H. pylori-infected patients from
Sudan, located in the northeastern region of Africa, multiple infection with an slb-type strain
was very common (El Mahadi et al., 1999). In neighbouring Ethiopia, s1/m1 strains have been
shown to be the most common (Asrat et al., 2004), while the s1/m2 allele was predominant
among Nigerian strains from west Africa (Smith et al., 2002), although neither of these studies

determined the subtype of the s1-strains identified. In contrast to the predominance of s1
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strains in these studies, s2/m2 strains were found to predominate among H. pylori isolates
from the north African countries Egypt (Van Doorn et al., 1999) and Tunisia (Ben Mansour et
al., 2010). However, among the s1 strains in the Tunisian study, the s1b allele was the most
common, as observed for other African countries (Ben Mansour et al., 2010). Interestingly, a
study of vacA diversity among ethnic groups in Houston, Texas found that the vacA slb/ml
allele was also predominant among strains from the black population, in contrast to the white
population which were more commonly sla/m2 (Yamaoka et al., 2000b).

Although H. pylori infection rates are very high in Africa, the incidences of peptic ulcer
disease and gastric cancer are surprisingly low, an observation which has been referred to as
the ‘African Enigma’ (Holcombe, 1992). As vacA sla alleles had earlier been shown to be more
strongly associated with duodenal ulcer disease and greater inflammation than slb alleles
among strains from the United States (Atherton et al., 1997), we speculated that the rarity of
sla-type strains in South Africa may contribute to the low incidence of H. pylori-related disease
(Letley et al., 1999 [Chapter 2]). Later studies have also shown vacA sla-type strains to be
more strongly associated with peptic ulcer disease (Catalano et al., 2001; Diaz et al., 2005) and
gastric cancer (Qiao et al., 2003) than the s1b allelic form, further suggesting that vacA sl1b-
type strains may be less pathogenic. We have shown for one s1b-type strain that replacing the
promoter and signal region with the sla form increases VacA production (Letley et al., 2003
[Chapter 4]), and Atherton et al. (1997) reported that vacuolating activity was significantly higher
for sla/ml strains than slb/ml strains, although whether this was due to reduced VacA
production among the s1b strains was not determined. The s1b allele has also been shown to
be the predominant vacA type among H. pylori isolates from the Iberian Peninsula (Portugal
and Spain), and Southern and Central America (Van Doorn et al., 1999), where gastric cancer
incidence is markedly higher than in Africa (Ferlay et al., 2010). This emphasises that multiple
factors most likely contribute to the low incidence of gastric disease in Africa. For example,
global variation in gastric cancer incidence has been associated with allelic differences in cagA,
and the frequency of cag-negative strains within the population (Yamaoka et al., 2008). A study
of H. pylori strains from high and low gastric cancer risk regions of Colombia showed that the
geographical origin of the strain was a determinant; strains of African origin were only found in

the low risk region, and were
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associated with reduced severity of premalignant histological changes compared to strains of
European origin (de Sablet et al., 2011), highlighting that genetic differences may make
African H. pylori strains less virulent. Concurrent enteric infection with helminths may also
contribute to geographical variations in H. pylori-related disease incidence by modulating the
host immune response (Fox €t al., 2000). Additionally, environmental factors such as diet, as
well as host genetic differences would be expected to play a role. Finally, the existence of an
‘African Enigma’ has itself been questioned, as a more recent review of published
endoscopic studies in African populations found no evidence for discordance between H.

pylori prevalence and gastric disease (Agha and Graham, 2005).

7.2 Relationship between vacA polymorphism and vacuolating activity

When vacA from a nontoxigenic strain was first characterised it became apparent that allelic
variation within the gene encoding the cytotoxin was associated with differences in
vacuolating activity observed between strains in Vvitro: nontoxigenic strains invariably
possessed an s2/m2 form of vacA, while s1/ml-type strains often showed more vacuolating
activity than sl/m2-type strains (Atherton et al., 1995). However, how this natural
polymorphic variation in vacA led to variation in strain toxigenicity required further
characterisation. For example, structural differences in the cytotoxin encoded by this allelic
variation could directly affect its activity, its ability to bind to epithelial cells or its interaction
with putative host cell factors required for vacuolation to occur. Additionally, variation within
the signal region could potentially act as a marker for differences within the promoter region,
or affect signal sequence processing efficiency during secretion of the toxin across the
cytoplasmic membrane, both of which might affect the production of the mature toxin. It was
also unclear whether other bacterial factors contributed to the vacuolating phenotype of H.
pylori, which may be variable between strains. The published papers presented in this thesis
describe the effects of signal and mid-region polymorphisms on the vacuolating activity of the
toxin. They also describe a new polymorphic determinant of vacuolating activity, the
intermediate region. A summary of the vacuolating activity observed for the isogenic vacA

mutants and their wild-type control strains is shown in Table 1.
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Table 1 vacA allelic mutant and control strains studied in this thesis, and theirvacuolating activity

Vacuolating activity”?

Mutant strain vacA allelic type Ref

HeLa AGS RK13
B0 AL s1/il/m1® + o+ + Letley et al., 2003
60190 VacA::N(s2) s2/il/ml - - - Letley & Atherton 2000
60190/P2S1 sl/il/ml + + + Letley €t al., 2003
60190/P2S2 s2/il/ml - - - Letley et al., 2003
60190/M2 sl/il/m2 - - + Letley et al., 2003
60190/A2 s1/i2(cluster A) / m1 + + + Rhead et al., 2007
60190/B2 s1/i2(cluster B) / m1 - - + Rhead €t al., 2007
60190/C2 s1/i2(cluster C)/ ml - - + Rhead €t al., 2007
Tx30a/CAT or .
Tx30a/KAN s2/i2/ m28 - - - Letley et al., 2003
Tx30a/P1S1 s1/i2/m2 - - + Letley €t al., 2003
Tx30a/N1 s1/i2/m2 - - + Letley €t al., 2003
Tx30a/M1 s2/il/ml - - - Letley €t al., 2003
Tx30a/P1S1M1-A sl/il/ml + + + Rhead et al., 2007
Tx30a/P1S1M1-B sl/i2/ml - - + Rhead et al., 2007
93-67/CAT s1/il/m2B ND ND + Rhead €t al., 2007
93-67/i2-i1 sl/(i2-i1) / m2 ND ND +/- Rhead et al., 2007
93-67/i1-i2 s1/(i1-i2) / m2 ND ND +/- Rhead et al., 2007
1226/KAN s1/i2 )/ mo® ND  ND - Rhead et al., 2007
J226/i1-i2 sl/(i1-i2) / m2 ND ND +/- Rhead et al., 2007

A

The presence (+) or absence (-) of cytoplasmic vacuolation as determined by light microscopy is
shown. +/- indicates a quantitative reduction in vacuolation relative to 93-67/CAT as determined by
counting vacuolated cells in random fields. ND, not determined.

B
vacA type represents the wild type allele for this strain.
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7.2.1 Signal region polymorphism

An insertion in the s2-form of VacA had been shown to result in a different signal sequence
processing site leading to an altered mature N-terminus containing a 12 amino acid extension
relative to the s1 form (Atherton et al., 1995). To examine whether this N-terminal extension
affected the vacuolating activity of the mature secreted toxin, we constructed an isogenic
mutant of the strongly toxigenic s1/m1 strain 60190, which contained the same 12 amino acid
extension as the non-toxigenic s2/m2 strain Tx30a (Letley and Atherton, 2000 [Chapter 3]).
During the course of this study, other mutagenesis strategies on the toxigenic s1/m1 form of
the toxin were published, which showed that deletions at the N-terminus of the mature protein
had a profound effect on vacuolating activity (de Bernard et al., 1998a; Vinion-Dubiel et al.,
1999; Ye et al., 1999; Ye and Blanke, 2000). However, it was still not clear whether the natural
extension to the N-terminus of s2 forms of the toxin would similarly disrupt toxin activity.
Indeed, characterisation of our s2-extension mutant showed that vacuolating activity was
blocked by the addition of these 12 amino acids resulting from the different signal processing
site in s2-type VacA (Letley and Atherton, 2000 [Chapter 3]). This finding was later confirmed
by McClain et al. (2001b) who also demonstrated that the s2-extension to the N-terminus
reduced the rate of toxin channel formation in artificial lipid bilayers, although did not alter its
anion selectivity. The mature N-terminus of the toxigenic s1-form of VacA represents one of
the only hydrophobic regions of the protein, and we speculated that the hydrophilic nature of
the s2-specific 12 amino acid extension may account for the alteration in vacuolating activity
observed (Letley and Atherton, 2000 [Chapter 3]). Indeed, the hydrophobic N-terminus
contains GXXXG motifs which have been shown to promote transmembrane dimerisation of
VacA monomers, and are essential for vacuolating activity (McClain et al., 2001a; McClain et
al., 2003). It has been proposed that the GXXXG motifs from adjacent VacA monomers
associate to form a transmembrane channel (Kim et al., 2004). Therefore it is likely that the
addition of hydrophilic residues to the hydrophobic N-terminus would impede transmembrane
interactions between monomers, affecting channel formation.

While we had shown that the hydrophilic s2-extension could block the vacuolating
activity of the s1/m1 form of VacA, it could not be ruled out that other factors contributed to

the lack of vacuolation observed for s2/m2-type strains. To address this, we constructed s-
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region hybrid constructs and an s2-extension deletion mutant in the non-toxigenic s2/m2
strain, Tx30a (Letley et al., 2003 [Chapter 4]). We showed that removing the hydrophilic 12
amino acid extension could restore vacuolating activity to an otherwise s2/m2-type strain,
albeit in a cell-type-specific manner similar to that observed for natural s1/m2 strains (Letley
et al., 2003 [Chapter 4]). This study also demonstrated that full vacuolating activity could be
established in a nontoxigenic, s2/m2-type strain background by replacing both the signal and
mid regions with the s1 and m1 forms, respectively. This showed for the first time that vacA
allelic variation was the only factor responsible for the lack of vacuolating activity in
nontoxigenic strains. This finding supports the extensive use of vacA allelic typing by PCR to
characterise H. pylori clinical isolates, especially given the association between peptic ulcer
disease, and the ability of the infecting strain to cause cytoplasmic vacuolation of epithelial
cells in vitro (Figura et al., 1989; Tee et al., 1995).

Our analysis of signal region hybrids between the toxigenic s1/m1 strain 60190 and
the nontoxigenic s2/m2 strain Tx30a also revealed that differences upstream of the vacA open
reading frame affected the level of VacA produced: the sl upstream region increased
production of the s2/m2-type toxin, and the s2 upstream region decreased production of the
sl/ml form of VacA (Letley et al., 2003 [Chapter 4]). While our studies did not discriminate
between transcriptional and translational differences, Forsyth et al. (1998) earlier showed that
sl-type strains had higher VacA transcription levels than s2-type strains. While we have
shown that reduced VacA production in s2/m2 strains does not account for their lack of
toxicity, we have recently found that among s1-type strains, higher vacA transcription levels in
vivo are associated with more severe gastric inflammation and atrophy (C. Masters et al.,

manuscript in preparation).

7.2.2 Mid-region polymorphism

Pagliaccia et al. (1998) previously showed that the naturally-occuring vacA s1/m2 strain 95-54,
which did not induce vacuolation of HeLa cells in vitro, was able to vacuolate another cell line,
RK13, derived from rabbit kidney epithelial cells. We observed similar cell-specificity for our
isogenic vacA s1/m2 hybrids constructed in both toxigenic and nontoxigenic parental strain

backgrounds. The cell-specific vacuolating phenotype of strain 95-54 was attributed to a
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defect in VacA binding to Hela, but not RK13 cells (Pagliaccia et al., 1998). Interestingly, the
majority of the polymorphic differences between m1 and m2-type VacA correspond to residues
residing on the surface of the p55 domain’s 13-helix structure (Gangwer et al., 2007), which
could potentially interact with host cell receptors. Several receptors have been implicated in
the binding of ml-type VacA to epithelial cells, including the receptor-like protein tyrosine
phosphatases (RPTP) LI] and 13 (see section 1.4.3). The m2-form of VacA could bind to a
different receptor to the m1 form, which is either lacking or expressed at a very low level in
HelLa cells, or the two forms may bind with different affinity to the same receptor, which is
either expressed at different levels in different cell lines, or is polymorphic. To address this, De
Guzman et al. (2005) studied the interactions between host cell proteins and the m2-form of
VacA. Using immunoprecipitation, they showed that, like the m1 form, m2-type VacA bound to
both RPTPLI] and RPTP13, and that RPTPLI] alone was sufficient to confer sensitivity to both
m1l and m2-forms of the toxin. Furthermore, while HelLa cells express only RPTPLI], the
receptor is expressed at a lower level than in RK13 cells, and appears to be post-
translationally modified affecting its ability to bind m2-type, but not m1-type VacA (De Guzman
et al., 2005). A lower expression of RPTPLI] most likely explains the reduced binding of m1-
type VacA to Hela cells compared to RK13 cells (Pagliaccia et al., 1998). We also found AGS
cells to be insensitive to vacuolation by m2-type VacA (Letley et al., 2003 [Chapter 4]) and
these similarly lack RPTP13 and have a modified form of RPTPLI] which differs to both HeLa
and RK13 cells (De Guzman et al., 2005).

While RPTP13 does not play a role in the vacuolation of the cell lines used in our study, it
has been shown to have an essential role in the pathological effects of the toxin in mice (Fujikawa
et al., 2003). An extracellular domain of RPTP13 has been shown to be involved in VacA binding,
and glycosylation of this region appears to be important (Yahiro et al., 2004). Skibinski et al.
(2006) have suggested that the cell-specific phenotype attributed to different mid-region types is
independent of the RPTP13 receptor, based on the observation that HL-60 cells remained more
sensitive to the m1-form of the toxin than an isogenic m2-hybrid form, even when treated with
PMA which increased the expression of RPTP13. However, PMA-treatment did greatly increase
sensitivity of HL-60 cells, and to some extent HeLa cells, to the m2-form of VacA, consistent with

both forms binding to RPTP13. However, it is difficult to draw
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conclusions about the role of RPTPI3 from these studies as PMA treatment could have
affected the expression of other putative VacA receptors, including RPTPLI], influencing
the amount of vacuolation observed. It is possible that both RPTPLI] and RPTPI3 play an
active role in the pathological effects of VacA during H. pylori infection in humans, and it
will be important for future studies to determine the existence of natural variation in post-
translation modification of these proteins among populations, the effect these have on the

binding of the different forms of VacA, and the consequences for disease outcome.

7.2.3 Intermediate region polymorphism

During our studies on the effect of signal and mid-region polymorphisms on vacuolating
activity we identified a new determinant of vacuolating activity located within the p33 domain
which we called the intermediate region (i-region) (Rhead et al., 2007 [Chapter 6]). This
finding has most significance among vacA s1/m2-type strains where heterogeneity in i-region
type exists, and we showed that among such strains, only il variants vacuolated RK13 cells
(which are sensitive to m2-type VacA). We confirmed this using an isogenic mutant approach.
There are several ways in which i-region polymorphisms could influence the vacuolating
phenotype of the toxin, including affecting its ability to bind to epithelial cells; to form
oligomeric structures; to become internalised; or perturb the formation or activity of the anionic
channel, and some of these mechanisms have been discussed previously (Rhead et al., 2007
[Chapter 6]). While our finding that isogenic s1/i2/m1 variants (a type rarely found among
clinical isolates) had a cell-specific vacuolating phenotype similar to sl/m2-type strains
suggests a role in VacA binding, other mechanisms cannot be ruled out. Pagliaccia et al.
(1998) observed that RK13 cells bound more of the ml-type toxin than HelLa cells, and De
Guzman et al. (2005) showed that RK13 cells express higher amounts of the RPTPLI]
receptor, and vacuolate more strongly than HelLa cells. Thus RK13 cells are more sensitive to
vacuolation by s1/ml VacA than HelLa cells, and consequently the reduced toxin activity of
s1/i2/m1l VacA through whatever mechanism, may be more apparent for HeLa cells than
RK13. More recently we have found quantitative differences in the ability of wild type s1/i1/m1
VacA and s1/i2/m1 isogenic variants to vacuolate RK13 cells, indicating the effects may not

be cell-specific (unpublished data).
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At present, the only VacA crystal structure data available is for the p55 domain.
However, secondary structure predictions, and the shape of VacA monomers in electron
microscopy maps of the oligomeric structure, suggest that a large proportion of the p33
domain may extend the 13-helix fold found in the p55 domain (Gangwer €t al., 2007). The i-
region lies within this predicted 13-helix fold, and it is conceivable that polymorphic
differences occur on the surface of this structure, as is the case for mid region
polymorphisms (Gangwer €t al., 2007), where they could influence interactions with either
host cell receptors, or with neighbouring VacA monomers affecting oligomerisation.

Using a random mutagenesis approach, McClain et al. (2006) identified several
amino acid substitutions which abolished the toxin’s ability to vacuolate HelLa cells. While
most of these mutations were located within the well characterised hydrophobic N-terminus
of the p33 domain, four affected residues within the C-terminal half of p33, predicted to form
a 13-helix fold. Interestingly, one mutation, T210A, lay within the i-region between cluster B
and C. However, the importance of this residue was difficult to ascertain, as while it abolished
vacuolating activity when present in recombinant VacA expressed in E. cali, it had no effect
when introduced into the chromosomal vacA gene in H. pylori. The authors suggest this
anomaly may be due to differences in the way the toxin folds when expressed in its mature
form in E.coli compared with its native, precursor form in H. pylori. Another mutation, S246L,
was located just 23 residues down from the i-region. This substitution abolished vacuolating
activity in both the E. coli recombinant system and naturally in H. pylori. The mutated toxin
still associated into oligomeric structures, and formed channels with the same anion
selectivity as wild type VacA. However, subtle differences in the channel properties of the
mutated toxin existed, as evidenced by a reduced ability to depolarise intact cells, and an
altered rate of channel formation on lipid bilayers at positive, but not negative, membrane
potentials. Thus, it is feasible that i-region polymorphisms could affect the channel properties

of the toxin in a similar manner.
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7.3 Association between vacA intermediate region type and H.
pylori-related gastric disease

Having identified the i-region as a new determinant of VacA toxicity and shown by sequence
analysis that both i1 and i2-types were common among a selection of Western H. pylori
strains, we devised a simple PCR-based typing system that could be used to study other
populations to assess the association between i-region type and disease (Rhead et al., 2007
[Chapter 6]). Using this typing system, we found that among a group of H. pylori-infected
patients from lIran, il-type strains were significantly associated with gastric cancer. Further
more, multivariate analysis suggested that i-region type may be a better marker of VacA-
associated disease than the other polymorphic regions studied to date. Our PCR typing
system has now been successfully used to determine the i-region type of H. pylori clinical
isolates from Italy (Basso et al., 2008), Greece (Panayotopoulou et al., 2010), Iran (Hussein
et al., 2008), Taiwan (Sheu et al., 2009), Pakistan (Yakoob et al., 2009), South Korea (Jang
et al., 2010), and strains from the US, Columbia, South Korea and Japan (Ogiwara et al.,
2009). Collectively, these studies confirm our findings that virtually all s1/m1 strains are il-
type and s2/m2 strains are i2-type, with s1/m2-type strains being variable in their i-region
status, presumably based on whether recombination occured before or after the i-region
when that particular vacA allele arose.

The i-region typing system we described discriminates vacA alleles based on
polymorphic differences within Cluster C. Recently, Chung et al. (2010) determined the
nucleotide sequence of the entire vacA i-region of 120 clinical isolates from Chinese, Turkish,
Uruguayan and Afro-American patients. They constructed a phylogenetic tree based on the
complete i-region sequence which confirmed the assessment of i-region type based solely on
sequence polymorphisms of both clusters B and C. As we found, while the majority of strains
were the same i-region type for both cluster B and C, a few strains showed discordance in i-
type between the two clusters, and these were refered to as i3-type strains. The majority of
these i3-type sequences were il-type for cluster B and i2-type for cluster C, the same
recombinant type we observed for two of the strains in our study (Rhead et al., 2007 [Chapter
6]). These i3-type strains originated from the same main phylogenetic branch as the i2-type

strains, which would agree with their classification as i2-type based on our PCR-typing of the
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cluster C polymorphisms. Interestingly, the il-type strains formed country-specific clusters
within the tree, while i2-types were more homogeneous. This parallels the observation
that mid region sequences are more conserved among m2-type strains than ml-type
strains (Atherton et al., 1999b; van Doorn et al., 1998b).

Our finding that il-type strains were associated with increased gastric cancer risk
among an Iranian population, has similarly been shown for H. pylori-infected patients from Italy
(Basso et al.,, 2008), Pakistan (Yakoob et al., 2009) and the Americas (US and
Colombia)(Ogiwara et al., 2009). Furthermore, associations between il-type strains and
duodenal ulcer (Basso et al., 2008), gastric ulcer (Hussein et al., 2008) or both (Ogiwara et al.,
2009; Yakoob et al., 2009) have been reported, as has an association with severe chronic
inflammation and marked active gastritis (Panayotopoulou et al., 2010). In Taiwan (Sheu et al.,
2009), South Korea (Jang et al., 2010; Ogiwara et al., 2009) and Japan (Ogiwara et al., 2009),
virtually all the strains studied were il-type, meaning no association with disease could be
shown, although it is interesting to note that the incidence of gastric cancer is high in these
regions. In many of these studies, associations between gastric disease and other vacA allelic
types (s1 and ml) and cagA status (positivity or number of phosphorylation motifs) were
described, as were associations between these other known markers of H. pylori pathogenicity
and the presence of the il allele. To address the relative importance of the i-region as a marker
of gastric disease compared to other vacA allelic types and the presence of cagA, we used
subgroup analysis and multivariate logistic regression models (Rhead et al., 2007 [Chapter 6]).
We found that the association of i1-type strains with gastric cancer among our Iranian patients
was independent of these other pathogenicity markers. Similarly, Basso et al. (2008) also
found using multivariate analysis that only the il allele was independently associated with
peptic ulcer, although infection with an il-type strain did not significantly increase gastric
cancer risk when adjusted for cagA phosphorylation motif number. Hussein et al. (2008) did
not find any association between gastric ulcer and other vacA allelic types, or the presence of
cagA, indicating that the il allele was the only determinant in their study. In contrast, Ogiwara
et al. (2009) report that using multiple linear regression analysis, no single factor was
associated with gastric disease, although their univariate analysis showed that the il allele

gave the highest odds ratio for gastric cancer, and was second to cagA presence for
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determining gastric ulcer risk (Ogiwara et al., 2009). Thus, these studies, which span a
diverse range of geographical locations, support our initial observation that the vacA i-
region is an important marker of H. pylori-related gastric disease.

As discussed above, the vacA il allele predominates among H. pylori isolates from
many East Asian countries. While this may explain why such countries have a high
incidence of gastric disease, it means that i-region type is less useful for determining
disease risk among such populations. Sheu et al. (2009) analysed the i-region nucleotide
sequence of 39 il-type strains from Taiwanese patients, and found that strains with a
nonsynonomous substitution encoding glycine rather than serine, asparagine or aspartic
acid at the ninth residue of cluster B, were significantly associated with peptic ulcer disease
and gastric cancer. More recently, Jones et al. (2011) studied the i-region sequences of 222
strains from South Korean patients, and found that such variation at position 9 of cluster B
was only associated with disease among strains in which CagA did not have the Asian
phosphorylation motif (EPIYA-ABD). The authors also described another polymorphic site,
five residues down from cluster A, which was either serine or leucine: i1 sequences were
predominantly serine, while i2 sequences were invariably leucine. Patients with gastric
cancer were significantly more likely to be infected with a strain having serine at this position
than non-cancer patients. Further studies may determine whether these polymorphic sites
within the i-region are associated with disease in other populations, or have any effect on

the vacuolating activity of the toxin.

7.4 Autotransport mechanism of VacA secretion

The polypeptide encoded by the vacA gene has a typical autotransporter organisation,
containing an N-terminal signal sequence of 30-33 residues, and an ~50kDa C-terminal
domain, both of which are cleaved during secretion to produce the mature toxin (Cover et al.,
1994; Phadnis et al., 1994; Schmitt and Haas, 1994; Telford et al., 1994). The cleaved C-
terminal domain remains associated with the cell (Telford et al., 1994), and shares homology
with autotransporters from other bacterial species, including 14 putative amphipathic 13-
strands typical of outer membrane spanning domains (Loveless and Saier, 1997).

Furthermore, fusing the VacA cell-associated C-terminal domain to the cholera toxin B

99



subunit results in the secretion of the latter to the H. pylori surface (Fischer et al., 2001). A
conserved feature of some autotransporters is the presence of a pair of cysteine residues,
most commonly 11 residues apart, located towards the C-terminus of the passenger domain,
and we have shown that substitution of serine for either of these cysteine residues in VacA
results in severely reduced levels of toxin in culture supernatants, suggesting they are
important for the secretion process (Letley et al., 2006 [Chapter 5]). Several studies have
suggested the existance of an autochaperone region at the C-terminal end of autotransporter
passenger domains, and we proposed that mutagenesis of the cysteine residues may affect
the conformation of such a region in VacA (as discussed in Letley et al., 2006 [Chapter 5]).
Despite no sequence homology between autotransporter passenger domains, all the
structures solved to date are, like VacA, largely composed of an extended right-handed 13-
helix from which other functional domains may protrude (for a recent review see Benz and
Schmidt, 2011). Translocation of the pertactin passenger domain has been shown to begin at
its C-terminal end, and vectorial folding of the 13-helix as it exits the transporter domain’s pore
is suggested to drive the secretion process in the absence of ATP or a proton motive force
across the outer membrane (Junker et al., 2009). Studying the folding kinetics of purified
passenger domains has revealed that the C-terminal end forms a more stable structure
(Junker et al., 2006; Renn and Clark, 2008), consisting of the end of the 13-helix and the
autochaperone domain, which caps the end of the helix protecting its hydrophobic interior. The
autochaperone domain is thought to fold on exiting the translocator pore and initiate the stable
folding of the 13-helix. Mutagenesis studies of the putative autochaperone regions of IcsA
(May and Morona, 2008), Hbp (Soprova et al., 2010) and BrkA (Oliver et al., 2003) highlight
the importance of this region for passenger domain secretion. The cysteine residues at the C-
terminus of VacA form a disulphide bond located within the autochaperone region, immediately
behind the 13-helix cap (Gangwer et al., 2007). Thus, they are ideally placed to stabilise the
formation of the autochaperone region promoting folding of the rest of the passenger domain.
Interestingly, deletion of a single coil near the C-terminus of the VacA 13-helix greatly reduced
the amount of secreted toxin (lvie et al., 2010), similar to the effect we observed for
substitution of the cysteine residues, confirming that the stability of the C-terminus of VacA is

critical, as observed for other autotransporters. The IgA1 protease of
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Haemophilus influenzae is another autotransporter with a cysteine pair located in the
passenger domain with an 11 residue spacing, as occurs in VacA. The crystal structure of the
IgAl passenger domain reveals that these cysteines form a disulphide bond which stabilises
a two strand 13-sheet in a domain which protrudes about halfway down the length of the 13-
helix spine (Johnson et al., 2009). This domain is suggested to form part of the substrate
binding site for the protease, rather than be involved in secretion. Thus, the similarly spaced
cysteine pairs observed in some autotransporters may be stabilising small domains with
different roles for each protein, rather than being part of a common mechanism for secretion.
Presumabily, restrictions on polypeptide folding prior to translocation have placed limitations
on the number of cysteines and their spacing in autotransporter passenger domains (Jong et
al., 2007).

The disulphide bond between the VacA cysteine pair occurs between an LI-helix and
a 13-strand (Gangwer et al., 2007). A favoured model of autotransporter secretion is the
formation of a hairpin in the C-terminus of the passenger domain which enters the
translocator pore from the periplasmic side to initiate translocation. The passenger domains
of IcsA and EspP form disulphide bonds and undergo some folding in the periplasm prior to
secretion (Brandon and Goldberg, 2001; Skillman et al., 2005), therefore it is possible that the
VacA disulphide bond similarly forms in the periplasm. Furthermore, the crystal structures of
several autotransporter translocator domains reveal the presence of an Ll-helix within the
pore (reviewed in Benz and Schmidt, 2011), demonstrating that such a structure can be
accomodated. Thus it is possible that the VacA cysteine pair stabilise the formation of a
hairpin between an LI-helix and 13-strand in the periplasm which directs translocation of the
C-terminus of the passenger through the pore. These structures may then assist with the
folding of the rest of the autochaperone, and ultimately the 13-helix upon exiting the pore. We
found that the C771S mutation had a greater impact on VacA levels than C782S, suggesting
an additional effect beyond disruption of disulphide bond formation. The cysteine at position
771 resides within the 13-strand, which appears to form a small antiparallel sheet with two
further 13-sheets within the autochaperone domain. It is possible that the substitution of
serine at this position has a slightly greater effect on the overall structure of the

autochaperone domain than at position 782 within the LI-helix.
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Mapping sequence variation between both ml1 and m2 sequences to the crystal
structure of the VacA p55 domain revealed just two conserved, surface-exposed regions: one
located at the N-terminus; and a conserved pocket formed from two long 13-helix loops and the
disulphide bond at the C-terminus (Gangwer €t al., 2007). It was suggested that this feature
may represent a receptor binding site shared between m1 and m2 forms of the toxin (Gangwer
et al., 2007). Thus, the C-terminal domain of VacA may be important for both autochaperone
activity during secretion, and binding of the mature toxin to host cells. We found that the small
amount of mutated toxin, VacA C782S, secreted in to the culture supernatant was still able to
vacuolate HeLa and RK13 cells (Letley et al., 2006 [Chapter 5]). Presumably, the C-terminal
domain of a fraction of toxin molecules was still able to fold correctly, despite losing the
stabilising effect of the disulphide bond, to allow secretion, and therefore the involvement of this
region in receptor binding cannot be ruled out. An alternative role for this conserved pocket
could be to interact with an accessory component required for toxin secretion. While
autotransporters were originally proposed to secrete their passenger domains across the outer
membrane unassisted, more recent studies have suggested the involvement of other proteins,
including the BAM complex required for the insertion of 13-barrel structures into the outer
membrane (reviewed in Benz and Schmidt, 2011). Cross-linking studies have shown an
interaction between BamA and the EspP passenger domain during its translocation, suggesting
that the BAM complex may be involved with both the insertion of the autotransporter pore
domain into the outer membrane, and the passenger domain translocation itself (leva and
Bernstein, 2009). If the conserved pocket in the VacA structure was involved in an association
with the BAM complex, disruption of the disulphide bond by cysteine substitution may affect this

interaction, thereby hindering translocation of the toxin.

7.5 Conclusion

For more than two decades, the vacuolating cytotoxin of H. pylori has been the subject of
extensive study. The description of vacA polymorphism, and the ability to identify alleles by a
simple PCR typing system has resulted in the characterisation of vacA diversity among clinical
isolates from all regions of the world, including the African continent, which we were the first to

describe. In many countries, associations between the vacA s1 and m1 alleles and
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H. pylori-related disease have been found, making the cytotoxin one of the major virulence
determinants of this important gastric pathogen. Using an isogenic mutant and hybrid
approach, we characterised the effect of signal and mid region allelic differences on
vacuolating activity. Our data, in combination with other studies, has shown that the vacA
signal region determines vacuolating activity, and mid region polymorphisms affect the cell
specificity of the toxin, by altering its binding to host cells. Collectively, these results
demonstrate the functional importance of these two regions upon which many vacA typing
studies have been based. We have also identified a third determinant of vacuolating activity,
the intermediate region, which we showed to be the most important disease marker. Our
initial characterisation of this region has generated a lot of interest, and several studies have
now confirmed its significance for determining disease risk. Future studies are now needed to
determine why i2-type polymorphisms reduce the vacuolating activity of the toxin, and to
characterise the importance of the i-region for other effects of the toxin. Finally, in contrast to
the characterisation of vacA polymorphisms, we have identified two cysteine residues,
conserved among VacA types, which appear to play an important structural role in the
secretion or stable folding of the toxin. These residues reside within an interesting region of
the p55 structure, in close proximity to the 13-helix cap, and a conserved pocket on the
surface of the protein, and our results will add to the future characterisation of these

potentially important structures.
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