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SUMMARY

The aim o f the present study was to investigate the structure and composition o f H. pylori 

outer membrane vesicles (OMVs) and to functionally characterize several OMV-associated 

pathogenic activities. Initial studies focussed on the structural characterization o f H. pylori 

OMVs based on electron microscopy and proteomic analyses. Having optimized growth 

conditions and an OMV isolation method this study demonstrated that the OMVs recovered 

comprised a heterogeneous mixture o f  vesicles 20-400 nm in diameter and exhibited 

apparent inter-strain variation with respect to their proteome. Mass spectrometry (MS) 

analysis confirmed that the process o f  vesiculation represents a selective mechanism o f 

protein sorting, due to the enrichment o f outer membrane and periplasmic proteins, 

consistent with the findings o f others in relation to OMV production by different species o f 

gram negative bacteria. In addition, H. pylori OMVs were shown to contain several known 

and potential virulence and immunomodulatory factors, including adhesins, CagA and 

VacA.

The acquired OMV proteomic data combined with knowledge o f H. pyon-m odulated  

gastric intracellular signalling pathways, allowed for the exploration o f the role o f  its 

cognate OMVs in signal transduction. Preliminary experiments revealed that OMVs are 

capable o f  inducing recognized H. p>’/orz-associated AGS cell phenotypes, for example the 

hummingbird phenotype, and impaired cell viability. In addition, OMVs were shown to 

possess functional plasminogen binding proteins, which may facilitate tissue disruption. 

Further evaluation demonstrated H. pylori OMV-induced modulation o f gastric cell 

signalling in a partially CagA and VacA-dependent manner, while subsequent MS analysis



of the OMV-modulated AGS phosphoproteome identified proteins involved in 

immunomodulation, ER stress response, structural integrity, morphology and apoptosis.

Based on these findings, the role of H. pylori OMVs in the development of endoplasmic 

reticulum (ER) stress in AGS cells, as well as immunomodulation of polymorphonuclear 

cells (PMNs) and T-cells, was further explored. Together, these studies demonstrated that 

gastric cell protein secretion was modulated in a temporal and dose-dependent manner by 

H. pylori OMVs. Further evidence is presented indicating OMVs can induce an overt ER 

stress response. In relation to their immunomodulatory activity, conditioned medium from 

OMV-treated gastric cells had potent chemotactic activity towards neutrophils. 

Additionally, OMVs could suppress neutrophil oxygen consumption and impair T-cell 

polarization, together indicating potentially important immunosuppressive activity.

Thus, the findings o f this study demonstrate that H. pylori produces intact and biological 

active OMVs, capable of delivering multiple proteins to host cells simultaneously. As 

such, H. pylori OMVs represent a distinct secretory pathway and may play a significant 

role in host-pathogen interaction resulting in gastroduodenal pathology.
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CHAPTER 1

GENERAL INTRODUCTION



1.1: History of Helicobacter pylori Research

The anatomist Bizzozero is widely acknowledged to be the first to report on the presence 

of gastric helicobacters in 1893 (Bizzozero 1893; Buckley and O'Morain 1998), species 

that are now known to be Helicobacter canis, H. felis and/or H. heilmannii (Lee et ai, 

1988; Heilmann and Borchard 1991; Stanley et ai, 1993). Since Bizzozero’s discovery, 

significant progress has been achieved in our understanding and management of this 

bacterium, as outlined in Table 1.1.

Table 1.1: Key dates in history of H. pylori -  adapted from Buckley et al (Buckley and 

O'Morain 1998).

Year Achievement

1893 Gastric spiral bacteria are reported for the first time in the stomachs of 

dogs (Bizzozero 1893).

1906 Spirochaetes are demonstrated in the human stomach (Krieiutz 1906).

1915 Spirochaetes are demonstrated in the stomach of patients with gastric 

and duodenal ulceration (Rosenow and Sanford 1915).

1920 Acute form of gastritis with hypochlorhydria reported in the medical 

literature “ Principles and Practice o f Medicine" (Osier and McCrae 

1920)

1924 Urease activity in the stomach is reported and presumed to be an aspect 

of normal gastric cell physiology (Luck and Seth 1925).

1950 Urease in patients with gastric ulceration neutralises gastric acid via the 

production of ammonia (Fitzgerald and Murphy 1950).

1968 Absence of gastric urease demonstrated in germ-free and fetal animals 

(Delluva et al, 1968).

1975 Gastric spirochaetes and gastritis present in 80% of gastric ulcers (Steer 

1975).
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1979 Spiral bacteria were described on the luminal surface of epithelial cells of 

gastric ulcer patients (Buckley and O'Morain 1998).

1979 Gastritis with hypochlorhydria re-emerged in the 1970s (Ramsey et a!., 

1979).

1982 Original isolation of Campylobacter pyloridis from human gastric mucosa 

(Marshall et a l, 1984).

1983 Campylobacter-like organisms associated with gastritis and possibly 

peptic ulceration - beginning of modem era (Warren and Marshall 1983).

1984 Association between C. pyloridis and gastric urease was reported 

(Lagenberg e/a/., 1984).

1985 Temporal relationship between acquisition of H. pylori infection and 

development of gastritis (Marshall et al., 1985).

1987 Eradication of H. pylori leads to long-term cure of duodenal ulceration 

(Coghlan e / <3/., 1987).

1989 The genus 'Helicobacter' is suggested (Buckley and O'Morain 1998).

1991 Association demonstrated between H. pylori and several 

gastroduodenal pathologies (Parsonnet et al., 1991; Sipponen 1991; 

TaWey et al., 1991; Wotherspoon e/a/., 1991).

1994 H. pylori classified as a grade 1 (definite) carcinogen (lARC 1994).

1994 The infection should be eradicated in patients with peptic ulcers (NIH 

1994).

1997 European consensus report on the management of H. pylori infection 

(Malfertheiner et al., 1997).

2005 The Nobel Prize in Physiology or Medicine was awarded to Marshall 

and Warren (Kleibeuker and Thijs 2005)

Shortly after Bizzozero’s discovery, similar organisms were found in human stomachs, 

initially in patients with gastric carcinoma (Krieiutz 1906), and later in patients with gastric 

and duodenal ulceration (Rosenow and Sanford 1915). Interestingly, there were also early
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reports of an acute form of gastritis with hypochlorhydria in the medical literature “ 

Principles and Practice o f Medicine" (Osier and McCrae 1920). However, no link was yet 

made as these organisms were presumed to be oral contaminants and when urease activity 

was detected in the human stomach almost a decade later, bacterial origin was similarly not 

initially theorized. Instead, Luck and Seth concluded '‘‘‘Under normal physiological 

conditions urea constantly diffuses into those cells o f the gastric mucosa which contain 

urease and is converted into ammonia.''' (Luck and Seth 1925). Therefore, although the 

protective role of urease in neutralizing gastric acid via the production of ammonia was 

reported in 1950 (Fitzgerald and Murphy 1950), the bacterial origin of gastric urease was 

not confirmed until 1968 when Delluva et al demonstrated its absence in germ-free and 

fetal animals (Delluva et al., 1968). A surprising epidemic of gastritis with hypochlorhydria 

re-emerged in the 1970s, with the increasing popularity of passing naso-gastric tubes to 

study gastric acid secretion and although an infectious etiology was suspected, serology 

and culture techniques were unsuccessfiil (Ramsey et al., 1979). In retrospect, the practice 

of using naso-gastric tubes on simultaneous patient as well as laboratory contamination, 

were the likely causes for the outbreak (Mobley et al., 2001). Other studies however, began 

to establish the link, associating gastric spirochaetes with gastritis and gastric ulceration 

(Steer 1975; Fung et al., 1979; Warren and Marshall 1983) and with the isolation of 

'Campylobacter-like organisms' in 1982 called Campylobacter pyloridis, (Marshall et al., 

1984), the modem era of Helicobacter pylori research unfolded (Buckley and O'Morain 

1998). Shortly, the association between C. pyloridis and gastric urease was reported 

(Lagenberg et al., 1984) as was the temporal relationship between deliberate ingestion of a 

bacterial suspension and acute development of gastritis (Marshall et al., 1985).
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Following the initial association between H. pylori infection and gastritis (Marshall et a l, 

1985), several other gastroduodenal disorders were soon to be linked to this bacterium. In 

1991, Sipponen reviewed the evidence for an H. joy/on-mediated sequelae from acute 

gastritis, to chronic gastritis, atrophy and intestinal metaplasia, which at its logical 

conclusion would eventually result in neoplastic transformation (Sipponen 1991). In the 

same year Forman et al reported such an association, between infection and gastric 

cancer (Forman et a l, 1991), which was soon to be made specifically with regards to 

non-cardia gastric adenocarcinoma (Parsonnet et a l, 1991; Talley et al., 1991). Similarly, 

Wotherspoon reported an association with mucosa-associated lymphoid tissue (MALT) 

lymphoma (Wotherspoon et al., 1991). Accordingly, in 1994 the International Agency for 

Research on Cancer (lARC) classified H. pylori as a grade I (definite) carcinogen (lARC 

1994) and the NIH Consensus Development Panel on Helicobacter pylori in Peptic Ulcer 

Disease, recommended that infection should be eradicated in patients with peptic ulcers 

(NIH 1994). Expanded recommendations soon followed for example those from the 

European consensus report on the management of H. pylori infection (Malfertheiner et 

al., 1997). Subsequently, the Nobel Prize in Physiology or Medicine was awarded to the 

Australian doctors Marshall and Warren for their discovery and further identification of 

the stomach bacterium H. pylori (Kleibeuker and Thijs 2005).
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1.2: Epidemiology

Helicobacter pylori infection is usually acquired in childhood and typically becomes 

chronic if left untreated (Mobley et ai, 2001). There is also evidence of transient 

infection throughout childhood (Perri et al, 1998; Redlinger et al, 1999), with reported 

differences in both acquisition and loss of infection in childhood based on racial 

background (Malaty et al, 1999). However, the source of infection has been a subject of 

enquiry for some time. It was initially suggested in 1986 that infection may be zoonotic 

and various reservoirs have been suggested, including the pig, sheep, rhesus monkey, cat 

and even the housefly (Mobley et al., 2001). A more recent study suggested that infected 

mothers are the main source of infection of their children (Weyermann et a i, 2006). O f 

note, this latter study assessed childhood infection at age 3 years. In contrast, a 

subsequent study by Baldassarre et al. started testing at 1 month old and continued 

throughout infancy up to 18 months. They found no association between infant 

acquisition of infection and maternal infection status, but rather, due to a substantial 

infection rate among the neonatology unit staff, suggested that environmental factors like 

formula feeding and admission to an intermediate-risk neonatal unit may be associated 

with acquisition (Baldassarre et a i, 2009). Similarly, water had been suggested as a 

source, but as with other potential sources, evidence has been hard to establish, and this 

was thought to be consistent with the limited aerobic or anaerobic metabolic capacity of 

H. pylori, which limits its survival outside the gastric niche (Mobley et al, 2001). 

However, a more recent study reports that H. pylori can persist in an autochthonous 

biofilm, which may for example provide a suitable microaerophilic environment, while 

remaining non-cultivable (Giao et a i, 2008). As a result, water as a source o f infection
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remains a credible and reported option (Travis et al., 2010). Irrespective of the source, 

due to the restrictive natural niche of H. pylori, transmission is thought to be person-to- 

person (Mobley et a l, 2001). Further, various socioeconomic factors have been 

implicated in an increased transmission rate. These include level o f childhood sanitation, 

density o f living (Mendall et a l, 1992) and education (Forman et a l, 1993). Its restrictive 

niche, also suggests the route of transmission of H. pylori infection is by ingestion. 

However, how this bacterium gains access to the oral cavity is still unclear. The three 

possibilities are gastro-oral for example through infected vomitus (Leung et al., 1999) as 

well as the oral-oral and faecal-oral routes. However, the evidence for the latter two 

routes is not as strong (Mobley et al., 2001). Finally, there is growing evidence of genetic 

factors modulating infection acquisition and progression. Examples include an inverse 

associated between H. pylori seropositivity in children and carriage of a T allele at 

position 889 of the pro-inflammatory interleukin 1 alpha (IL-IA) cytokine gene (Tseng et 

al., 2006), and also positive associations between interleukin-ip gene polymorphisms; 

lL -ip -511 C—>T with H. pylori infection (Liou et al., 2007) and the IL -ip-511 T allele 

with non-cardia gastric carcinogenesis in a Chinese population (Li et al., 2007).

Against this background, it is not surprising that by the age of 10 years, there is a global 

H. pylori prevalence rate of more than 50% (Go 2002). However, o f those infected there 

is only about a 1 in 5-6 lifetime risk o f developing peptic ulcer disease, and less than 1% 

will develop gastric cancer (Go 2002). The incidence of H. /7y/on-related diseases will 

naturally be affected by factors that modulate acquisition o f infection, including an 

inverse relationship between socio-economic status and acquisition (Mbulaiteye et al.,
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2009). For example, age standardized incidence rates of the global gastric cancer burden 

of H. pylori, illustrates highest burden in Eastern Asia (including Japan), Eastern Europe 

(including former Soviet Republics) and in some countries in central South America, 

with lower rates in North America and Western Europe as shown in Figure 1:1. However 

a similarly low incidence was demonstrated for sub-Saharan Africa and other parts of 

Asia, the so-called African or Asian enigma, where early childhood infection rates are 

paradoxically high (Mbulaiteye et al, 2009). One possible explanation is an anti

inflammatory immune response elicited by common parasite infestation resulting in a 

protective Th2-dominant cytokine (IL-4, IL-10, TGF-p) profile (Whary and Fox 2004). 

However despite these variations in global cancer distribution, H. pylori infections 

remain a major health issue and is particularly challenging in undeveloped countries. It 

may play a significant role in the development of hypochlorhydria in children, which 

increases susceptibility to enteric infections thereby promoting diarrhoeal diseases, as 

well as to iron deficiency anemia, together eliciting deleterious effects on growth and 

cognition (Windle et al, 2007).
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Figure 1.1: Helicobacter pylori associated global gastric cancer burden. International 

and gender-related variation in age-standardized gastric cancer incidence (adjusted to the 

world population) based on data from Cancer Incidence in Five Continents. Black bars 

represent rates for males; gray bars represent rates for females (Mbulaiteye et ai, 2009).
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1.3: H  pylori Biology 

Classification

The bacterium Helicobacter pylori is an e-subclass of the Proteobacteria and member of ̂  

growing genus, with species having been isolated in the gastrointestinal tract of humans 

and several animals including mammals and birds (Fox 1997; Mikkonen et a l, 2004), 

Criteria for classification have been recommended from 2000. They include comparison of 

at least five strains, use of standardized and well described methods, details of culture 

procedures, adherence to the proposals of Murray & Stackebrandt [(Murray and 

Stackebrandt 1995)] when 16S rRNA gene sequence analysis is used for uncultured 

organisms being proposed for the provisional taxonomic Candidatus status, as well as 

detailed descriptions of cell and colony morphology, staining, motility, growth conditions, 

biochemical properties, antimicrobial resistance, molecular data and ecology (Dewhirst et 

a l, 2000). Nevertheless, difficulty with in-vitro culturing and traditional biochemical 

analysis has hindered classification, which had been explored primarily by 16S rRNA gene 

sequence analysis, but also using urease a-subunit amino acid sequences and conserved 

partial (600 bp) 60 kDa heat-shock protein (HSP60) sequences; the latter dividing the 

genus into gastric and enterohepatic clusters (Mikkonen et al., 2004). Recently, based on 

analysis of the tag peptide produced by tmRNA, itself encoded by the stable small RNA 

gene (ssrA), Dong et al suggested that the Helicobacter genus may represent two genera 

(Dong et al., 2007), broadly equated with the gastric and enterohepatic clusters, but with 

some differences demonstrating the challenge of classification (Figure 1:2).
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Figure 1.2: Neighbour-joining phylogenetic tree and the amino acid sequence of the 

tag peptide encoded by tmRNA. The tree was constructed with ssrA of 11 Helicobacter 

species and W. succinogenes and out-grouped with Campylobacter jejuni. The sequences of 

ssrA of W. succinogenes DSMZ 1740, Campylobacter jejuni NCTC 11168 and H. 

hepaticus ATCC 51449 were extracted from the tmRNA Website. Numbers at branch

points represent percentage bootstrap support calculated from 1,000 trees. The tag peptide 

sequences are shown at the right part to the tree. Residues identical to the tag sequence of 

H. salomonis are shown as dash. Cluster specific residues are highlighted. Reproduced 

from (Dong et a i, 2007).



Bacteriology

Helicobacter pylori is a gram-negative, micro-aerophilic organism (Warren and Marshall 

1983). It is urease and catalase positive, has multiple sheathed flagellae with a bipolar 

distribution (Dewhirst et al., 2000) as shown in Figure 1:3. In vivo and under optimum in 

vitro conditions, H. pylori is S shaped and this correlates with maximum in vitro motility 

(W orkue/a/., 1999).

Figure 1.3: Morphology of Helicobacter pylori, (a) S-shaped H. pylori with five to seven 

sheathed polar flagella. Field emission SEM, bar = 0.5 |im. (b) Detail of the flagella hook. 

Negative stain, bar = 0.05 ^m. Reproduced from (Mobley et a i, 2001).
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Similar to other gram negative bacteria, the cell wall is composed of the outer and inner 

membranes, separated by the periplasm. However, it has a unique peptidoglycan structure, 

being structurally less complex than other gram negative bacteria. Intracellular granules 

have been demonstrated in the cytoplasm and flagella pole possibly serving as an energy 

source, and also in association with the cell membrane where they may provide structural 

support (Mobley et a i,  2001).

Genetic and Proteomic Diversity

The task o f understanding the pathogenesis of H. pv/or/'-induced diseases has been 

enhanced by recent knowledge of the genomic profiles of a few strains and subsequently a 

growing body of proteomic data. The complete genomes of six strains of H. pylori (TIGR 

26695 (Tomb et a i,  1997), J99 (Aim et a i,  1999), HPAGl (Oh et a i.  2006), G27 (Baltrus 

et a l,  2009), 8128 and 98-10 (McClain et a l,  2009) have so far been sequenced. Although 

only 6-7% of genes from TIGR and J99 are strain specific, this bacterium appears to 

exhibit significant genetic variation mainly found at the third nucleotide position of coding 

triplets. Aim et al. found only 8 genes with at least 98% nucleotide identity between these 2 

strains. O f the 206 strain-specific genes (89 in J99 and 117 in 26695), 46% and 48% 

respectively are found in a hypervariable region called the plasticity zone. However, there 

is significant similarity between the overall genomic organization and gene order 

suggesting minimal evolutionary divergence (Aim et a l, 1999). DNA uptake (Kamholz et 

ai, 2006) and plasmids (Hofreuter and Haas 2002) could also facilitate horizontal gene 

transfer among strains, enhancing inter-strain diversity. H. pylori therefore appears to 

possess a core genome together with a variable gene pool (de Reuse and Bereswill 2007).
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However, when compared to other members of the Campylobacterales group, H. pylon 

also exhibits loss of several regulatory and sensing system, underscoring its adaptation to a 

narrow habitat (Salama et a l, 2000).

Transcriptomic analysis fiirther indicates the likely intricate dynamics of host-pathogen 

interactions as the bacterium strives to colonize the gastric epithelium and evade host 

responses while ensuring the long-term survival of both itself and its host. For example, H. 

pylori has been shown to exhibit differential gene expression when exposed to factors that 

mimic the in-vivo environment compared with in-vitro conditions. These include changes 

in pH (Merrell et a l, 2003) as well as growth phase effects (Thompson et al, 2003). 

Merrell et al. estimated that 7% of the genome is involved in differential gene expression j 

when exposed to a pH of 5, leading to increased levels and speed of motility and  ̂

transcriptional repression of the important virulence factor CagA (Merrell et al., 2003). 

However, the complex nature of host-pathogen interactions is revealed by variable findings 

between studies done under comparable conditions. For example, another study reported 

acid-induced induction of CagA expression (Karita et al., 1996; Allan et al., 2001). The | 

latter study also found induction of enzymes involved in LPS and phospholipid synthesis j 

but down-regulation of a flagellar protein. Yet another, has shown a modest 1.4 fold 

increased induction of CagA under acidic conditions (pH 5.5), with a concomitant 

repression of NADH-ubiquinone oxidoreductase; an enzyme involved in the synthesis of 

the proton pump NADH-quinone oxidoreductase respiratory chain complex I (Ang et al, 

2001). The expression of other virulence factor e.g. vacuolating cytotoxin and the adhesiD 

SabA are also enhanced at neutral pH compared to pH 5 (Bury-Mone et ah, 2004)- I
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Surviving its habitat naturally requires H. pylori to also neutralize the pH of its immediate 

environment. This is achieved via a proton-gated urea channel U rel, which allows for 

buffering of the bacterial periplasm in the low urea environment of the stomach, mediated 

by intra-bacterial ammonia production (Athmann et a l, 2000). It is therefore not surprising 

that among the acid-induced genes are those for the ammonia-producing enzymes urease, 

aliphatic amidase (AmiE) (Ang et a i, 2001) and formamidase (AmiF) (Bury-Mone et a l, 

2004). With respect to growth phase-mediated gene expression, CagA has been shown to 

be up-regulated (almost 2 fold) during stationary phase compared to log phase cultures 

(Karita et a l, 1996). These differences probably indicate adaptive strategies to colonize the 

unique, yet highly diverse conditions present in the gastro-duodenal niche as well as to 

maximize survival at different stages o f the growth cycle, among other goals.

Not surprisingly therefore, H. pylori appears to exhibit significant diversity at the protein 

level. There are only 41 proteins with perfect identity between H. pylori 26695 and J99, 

although 310 exhibit at least 98% amino acid conservation (Aim et a l, 1999). Jungblut et 

al. also showed minimal overlap (just 10) of identified protein species by 2-D 

electrophoresis (2-DE) and peptide mass fingerprinting using MALDI-MS between H. 

pylori 26695 and J99. They identified several proteins with amino acid changes. However, 

some o f the apparent variability may represent shifts on 2-DE resulting from charge 

changes due to post-translational modification as evidenced by their observation that the 

152 identified protein species from H. pylori 26695 represent 126 genes (Jungblut et a l, 

2000).

15



The biological relevance o f such diversity has long been recognized. In 1994, Blaser 

outlined the role of lipopolysaccharide (LPS) structure, cytotoxin-associated gene A 

(CagA) expression, vacuolating cytotoxin (VacA) production and neutrophil activation as 

variable phenotypes among H. pylori strains that influence pathology and clinical outcomes 

(Blaser 1994). Such diversity may also demonstrate the myriad o f selective pressures 

brought to bear by equally numerous host conditions and provide insight into the breadth of 

adaptive options available to this species.
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1.4: H pylori  Virulence Factors

Comparative proteomic and other analyses of Helicobacter pylori have demonstrated the 

presence of several classes of virulence factors including adhesins e.g. BabA, SabA, AlpA, 

AlpB and HpaA; proteins involved in motility e.g. flagellin; acid-neutralizing and 

detoxification factors like urease and catalase; proteins involved in iron storage and 

metabolism e.g. NapA; and proteins involved in pathogenicity such as CagA and VacA 

(Jungblut et al., 2000).

Urease

Helicobacter pylori is one of the few organisms capable of surviving the hostile conditions 

present in the stomach. Among the key aspects of this challenging environment is its low 

pH. However, H. pylori is an acid-tolerant neutralophile (Weeks et al., 2000). A crucial 

determinant o f H. pylori survival depends on its urease operon, which comprises structural 

genes {ureA and ureB), accessory genes required for nickel incorporation into the 

apoenzyme and hence essential for enzyme activity {ureF, ureG and ureH), as well as 

regulatory genes (Mobley et al., 1995). The enzyme urease functions by catalyzing the 

hydrolysis of urea into ammonia and carbamate, with the latter decomposing into another 

molecule of ammonia and carbonic acid; the net effect being an increase in the pH of the 

local microenvironment (Dunn and Phadnis 1998). Unique to the Helicobacter urease 

operon is the urel gene, which encodes the H^-gated urea channel essential for bacterial 

survival in its acidic gastric niche (Gueneau and Loiseaux-De Goer 2002). Although 

significant amounts of urease are surface bound, probably resulting from autolysis (Marcus 

and Scott 2001), surface urease is inactivated below pH 4.0, in comparison to cytoplasmic
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urease, which remains functional down to pH ~ 2.0 (Scott et al, 1998). This implies that It 

is cytoplasmic urease which confers acid resistance, converting cytoplasmic urea delivered 

through acid-stimulated H"^-gated channels, into ammonia, thereby buffering the periplasm 

At neutral pH, absence of transport shuts down urease activity, preventing the production 

of a lethal alkalinization of the environment (Weeks et a l, 2000). However, there may also 

be a role for surface urease as demonstrated by the inability of early log phase cultures, 

which possess only cytoplasmic urease, to survive at low pH even in the presence of urea,  ̂

in contrast to late log phase cultures, when lysis would provide surface-associated urease 

(Krishnamurthy et al, 1998). hi addition to its pro-survival role, urease generated ammonia 

is directly toxic to cultured cells and has itself been shown to be chemotactic for both 

human monocytes and neutrophils, thereby facilitating tissue damage (Harris et al, 1996). 

Taken together, urease represents a critical bacterial virulence factor, even before other 

factors can exert their impact.

Outer Membrane Components

Also crucial to H. pylori pathogenesis are its outer membrane proteins (OMPs). Based on 

the genomic sequence of strains J99 and 26695, five protein families of outer membrane 

proteins have been identified in H. pylori. These include the Hop/Hor family with 

significant C-terminal homology consistent with the known structure of crystallized porins; j 

the Hof family; the Hor family; the iron-regulated outer membrane proteins comprising the 

FecA-like proteins and the FrpB-like proteins; and the efflux pump OMPs, together with 

other OMPs not classified within these families. Although there is high conservation of the 

orthologous genes for OMPs between these and other strains, some variability is present-
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There are also strain-specific outer membrane proteins. Expression of OMPs may be 

regulated by slipped-strand repair, variable spacing between the ribosome binding site and 

initiation codon as well as differences in transcriptional orientation. This variability may in 

turn confer significant survival advantage by facilitating immune evasion as well as 

functional diversity against a background of limited orthologous sequence variation (Aim 

et ai, 2000). For example hopQ mutations have been reported to enhance H. pylori 

adherence to AGS cells as well as CagA translocation (Loh et a l, 2008). Also, the type I 

hopQ genotype was associated with higher atrophy scores than the type II genotype and 

was proposed as a marker for gastroduodenal diseases (Ohno et a l, 2009). Further, H. 

pylori is known to possess the adhesins BabA, which binds to the Lewis B (Le’’) and SabA, 

which binds to glycosphingolipids displaying a sialyl-dimeric Lewis X (sialyl-Le’‘). In 

addition SabA expression demonstrates phase variation via slipped-strand mispairing in 

repetitive nucleotide tracts (Costa et al., 2009). Another important outer membrane 

component is the H. pylori lipopolysaccharide (LPS). LPS is composed of lipid A, core and 

0-polysaccharide chains, with significant structural heterogeneity and pathogenic potential 

within the Helicobacter genus (Hynes et al., 2004). Although H. pylori LPS elicits much 

less endotoxic activity than that from a typical gram negative bacteria like Escherichia coli, 

which may facilitate the establishment of chronic infection, highly antigenic and weakly 

antigenic epitopes are located on the 0-polysaccharide. Also, LPS carrying the weakly 

antigenic epitope is frequently isolated from patients with gastric cancer, whereas LPS 

bearing the highly antigenic epitope is preferentially found in strains associated with 

chronic gastritis (Yokota et al., 2010). There is presently some uncertainty whether H. 

pylori LPS-mediated signal transduction occurs via TLR4 (Ishihara et al., 2004) or
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TLR2/TLR5 (Smith et al, 2003). However, recently Yokota et al reported that H. pylori 

LPS activates the MEK1/2-ERX1/2 pathway via TLR2, which then activates the 

evolutionally conserved transcription factor NF-Y, with subsequent TLR4 induction 

resulting in the production of typical LPS-induced proinflammatory cytokines, such as IL-8 

(Yokota et a l, 2010). This is an area of active research, attempting to highhght the 

potential role that this outer membrane component plays in H. pylori pathogenesis. Finally, 

it has also been reported that both the spiral morphology and presence of flagellae enhance 

colonization (Eaton et a l, 1992). Therefore, taken together, H. pylori appears well 

equipped to interact with gastric cells and to modulate that interaction.

Type IV Protein Secretion Systems

Many H. /rv/or/-mediated pathogenic mechanisms depend on Type IV protein secretion 

systems (T4SS). For example, CagA translocation is mediated by the pT4SS encoded by 

the CagA pathogenicity island {cag PAT). The latter codes for most of the proteins involved 

in the translocation of this virulence protein, which is also associated with numerous 

pathogenic processes within gastric cells (Torres and Backert 2008). Apart from CagA 

translocation, it facilitates the entry of peptidoglycan fragments that are sensed by Nodi 

(intracellular receptor), which activates NF-kB, resulting in the release of IL-8 (Zhong et 

al, 2007). Further, activation of the EGFR requires an intact cag PAl, leading to the 

stimulation of Ras and the ERK pathway (Keates et al, 2001). Type IV secretion systems 

encoded within the genome of H. pylori serve other fiinctions, for example the comB 

transformation competence system (Kamholz et al, 2006), a Type IV secretion system for 

uptake of naked DNA (cT4SS) encoded by the comB cluster, which is involved in the
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uptake o f DNA. This mechanism is important in the genomic flexibility o f H. pylori, which 

is seen for example in its ability to develop antibiotic resistance, hi addition, other Type IV 

secretion proteins are also encoded by the Tfs3 cluster. The Tfs3 cluster region is a recently 

discovered pathogenicity marker found within the plasticity zone that comprises about half 

the strain specific genes in J99 and TIGR and possibly functions as a transposon (Zhong et 

al., 2007). Type IV secretion systems are therefore integral to bacterial pathogenicity, 

either directly, or by maintaining the level o f genetic flexibility that supports pathogenicity.

CagA

CagA translocation is mediated by the Type IV protein secretion system (pT4SS) encoded 

by the CagA pathogenicity island (cag PAI) (Zhong et al., 2007). The cagA gene is strain- 

specific and long recognized as a marker for enhanced pathology including atrophic 

gastritis and intestinal metaplasia, precursors o f gastric cancer (Kuipers et al., 1995). This 

virulence factor is initially delivered into gastric epithelial cells by a T4SS. It is 

subsequently tyrosine phosphorylated by Src and Abl family kinases (SFKs), where it binds 

and modulates up to 20 cellular binding partners (Backert et al., 2010), resulting in a 

plethora o f cellular changes (Figure 1:4). For example, CagA binds to and activates SHP-2 

phosphatase, which in turn dephosphorylates and thereby inhibits focal adhesion kinase 

(FAK). The dephosphorylation o f FAK contributes to the development o f the hummingbird 

phenotype (Tsutsumi et al., 2006), by promoting persistence o f focal adhesion complexes 

at the lagging ends, which delays the disassembly o f these adhesive cell contacts, 

independent o f Cdc42, Racl and Arp2/3 (Bourzac et al., 2007). Phosphorylated CagA also 

dephosphorylates and inhibits many other host proteins including cortactin, vinculin and
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ezrin (actin-binding) leading to actin rearrangements that contribute to CagA-mediated 

morphological changes (Backert and Selbach 2008). In addition it inhibits Src kinase 

providing a negative feedback loop controlling levels o f intracellular phosphorylated CagA.
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Figure 1.4: CagA-mediated host cell signal transduction. CagA is translocated in host 

cells via the Type IV secretion system and modulates host signal transduction in both the 

phosphorylated and unphosphorylated forms. Reproduced from (Backert and Selbach 

2008).
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A proportion of the translocated CagA remains unphosphorylated and has several other 

functions. Both phosphorylated and non-phosphorylated CagA activate SHP2, which 

phosphorylates downstream mediators e.g. Ras, leading to the stimulation of the MAPK- 

MEK-ERK pathway, which modulate various signalling pathways resulting in IL-8 

production, proliferation and modulation of apoptosis (Backert and Selbach 2008). 

Unphosphorylated CagA can also interact with zonula occludens-1 (ZO-1) and tight 

junctional adhesion protein (JAM), by recruiting SHP2 and other signalling molecules. 

This causes ectopic assembly of tight junctions and ultimately monolayer leakage (Amieva 

et a i, 2003). Finally, transfected CagA has been shown by Handa et al. to localize to the 

mitochondria and increase the production of reactive oxygen species (ROS). Due to the 

increased susceptibility of mitochondrial DNA to ROS damage, compared to nuclear DNA, 

this could precipitate a vicious cycle; ROS-induced electron transport ftinctioning leading 

to increased ROS production (Handa et a!., 2007).

Vac A

Another major H. pylori virulence factor is the vacuolating cytotoxin (VacA), associated 

with gastric cell vacuolation (Ricci et a i, 2005). Unlike CagA, VacA appears to enter 

epithelial cells via lipid rafts. It binds to lipid rafts in a cholesterol-dependent manner, 

migrates with glycosylphosphatidylinositol-anchored proteins (GPl-APs) and internalizes 

into cells via the endocytic pathway for delivering GPI-APs (Kuo and Wang 2003). Also, 

in contrast to CagA, the VacA gene is conserved among all H. pylori strains, but exhibits 

significant polymorphism (Atherton et a i, 1995). The polymorphism comprises variable 

signal regions (type si or s2) and mid regions (type ml or m2); types s2/m2 and s2/ml
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being non-toxic (Argent et al, 2008). H. pylori strains carrying the s lml  VacA genotype 

produce a protein best able to induce cell vacuolation (Chitcholtan et al, 2008). In 

addition, H. pylori strains demonstrate significant heterogeneity in cytotoxin production in 

vivo and in vitro. Furthermore, VacA+ strains are significantly more likely to elicit 

detectable serum antitoxin antibodies (IgG and IgA) and have been associated with 

increased antral polymorphonuclear inflammation (Cover et al., 1993). This toxin enters 

epithelial cells by endocytosis and is then transported into endocytic compartments, where 

it forms anion-selective chatmels in the endosomal membrane (Montecucco et al., 2001). 

Weak bases such as ammonia may then diffuse into these compartments causing them to 

swell, resulting in vacuolation (Cover et al, 1991). VacA and CagA also appear to be 

fiinctionally antagonistic. Argent et al. demonstrated diminished effects of CagA on 

hummingbird length in vacuolated cells and VacA on vacuolation in cells with 

hummingbird phenotype. In fact, extensively vacuolated cells did not exhibit the 

hummingbird phenotype and cells with extensive hummingbird phenotype did not exhibit 

vacuolation (Argent et al, 2008). However, Cag PAI+ strains are also more likely to be 

VacA sl+ , and together with the blood group-binding adhesion (BabA2) were associated 

with ulceration and gastric cancer in German strains. This suggests that the mutual down- 

regulation of CagA and VacA phenotypes by each other may prevent excessive cellular 

damage, thereby maximizing H. pylori -  gastric cell interaction (Argent et a l, 2008).
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1.5: Clinical Aspects of Hpylori Infection 

Pathogenesis, Pathology and Symptomatology

Sequelae of Helicobacter pylori infection have been reported for centuries. For example, 

gastric ulceration was first described in 1586 and duodenal ulceration in 1688. Similarly, 

gastric and duodenal erosions were reported in 1761 in a patient with upper abdominal 

symptoms (Buckley and O'Morain 1998). Initial H. pylori infection results in acute 

gastritis. This phase is initiated by various bacterial factors including lipopolysaccharide, 

which induces gastric cell lL-8 secretion (Crabtree 1994) as well as caspase-3 activity 

and mucosal expression of inducible nitric oxide synthase-2 (NOS-2), in addition to other 

bacteria-derived chemotaxic factors (Slomiany et a l, 1998). Therefore, although acute 

gastritis is often asymptomatic it is characterized histologically by a polymorphonuclear 

infiltrate, mucin depletion, cellular exfoliation, and compensatory regenerative changes 

as well as functional alterations including a profound hypochlorhydria (Mobley et al, 

2001) and reduced ascorbic acid production (Sobala et a l, 1993). When symptoms occur, 

they usually include dyspepsia, nausea, or vomiting, or signs of mild bleeding (Porter and 

Kaplan 2010).

Most cases persist despite this initial immune response, resulting in active chronic 

gastritis (Figure 1.5). As a result the initial Thl mediated inflammatory response is 

augmented to varying degrees with a Th2-driven immune response, capable of reducing 

bacterial load (Mohammadi et al., 1997). This involves B-cell infiltration and 

proliferation with subsequent IgM antibody synthesis following plasma cell 

differentiation. However, infection usually persists, resulting eventually in recruitment of
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primed B cells into lymphoid follicles with subsequent synthesis of IgA antibodies with 

the development of organized lymphoid tissue in the gastric mucosa forming a mucosa- 

associated lymphoid tissue (MALT) (Mobley et a l, 2001).

Figure 1.5: Active chronic H. pylori gastritis. The gastric mucosa contains large 

numbers of lymphocytes and plasma cells while polymorphs infiltrate the foveolar 

epithelium. The surface epithelium shows marked degenerative changes. Hematoxylin 

and eosin; magnification, xlOO; Reproduced from (Mobley et al., 2001).
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Continued infection eventually leads to atrophy, characterized as loss of glandular tissue 

or loss of specialized cells and is associated with reduced H. pylori prevalence due to loss 

of habitat and persistent hypochlorhydria (Mobley et ai, 2001). Bacterial factors no 

doubt play a role as seen in the positive relationship between the development of gastric 

atrophy and both VacA positive strains (Ito et a i,  1996) and the prevalence of CagA 

antibodies (Beales et a l, 1996). However, host factors are also involved. For example in 

2005, Togawa et al reported an association between IL-2 polymorphism and risk of 

gastric atrophy (Togawa et ai, 2005). Similar associations have also been reported with 

myeloperoxidase 463 gene polymorphisms (Yilmaz et al, 2007) and cyclooxygenase-2 

gene polymorphisms (Achyut et ai, 2009). Over time, the gastric epithelium undergoes 

metaplasia, characterized by its replacement with intestinal-type epithelium (Mobley et 

a!., 2001). Recently, intestinal metaplasia subtype 11 has been associated with gastric 

carcinogenesis in the presence of H. pylori (Kang et a i,  2009).

The antral-body transitional zone (TZ), describes an area of transition between the non- 

atrophic corpus (body of the stomach) and the atrophic antral mucosa, which moves 

proximally into the corpus with advancing age (Kimura 1972). Inflammation in this zone 

results in the proximal progression of glandular atrophy with subsequently antral 

metaplasia within the corpus and conversely distal atrophy and intestinal metaplasia 

within the antrum (Mobley et ai, 2001). H. pylori is capable of producing an intense 

inflammatory response at the transitional zone, probably due to either the presence of 

optimum local conditions (Mobley et a i, 2001) or conversely due to local environmental 

stress, triggering the acid-tolerance response involving induction of heat shock proteins
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(Goodwin 1995). Further, the TZ is associated with development of atrophy, metaplasia 

and subsequently gastric ulceration and the progressive age-related progression of the TZ, 

explains the progressively higher location o f gastric ulcers with increasing age (Mobley 

et a l, 2001). Under certain conditions, H. pylori can also colonize the duodenum. Wyatt 

et a l  had reported a very high prevalence of gastric metaplasia within the duodenum and 

C. pyloridis associated gastritis in patients with active duodenitis; together with an 

association between gastric metaplasia within the duodenum and low gastric pH (Wyatt 

et al., 1987). From these observations, they surmised a synergistic relationship between 

acid-induced gastric metaplasia within the duodenum and subsequent bacterial 

colonization in the development of acute duodenitis. As in the case o f gastric 

colonization, this soon leads to a chronic inflammatory response, active chronic 

duodenitis and by weakening mucosal host defences, increased risk of ulceration (Walker 

and Dixon 1996). Unlike acute gastritis, peptic ulceration is typically symptomatic. A 

detailed description of peptic ulcer symptoms was reported in 1857 by Brinton (Buckley 

and O'Morain 1998). Initially, gastric ulceration was the predominant form of peptic 

ulcer disease. However, by 1900, there was a reversal, with duodenal ulceration 

becoming more common (Buckley and O'Morain 1998). The typical symptom complex 

involves burning epigastric pain (Fauci et al., 2008). However, this tends to be 

exacerbated by fasting and improved with meals in cases of duodenal ulcer but occurs in 

response to eating with gastric ulcers, which may also present with signs of gastric outlet 

obstruction. Important complications include upper gastrointestinal bleeding and 

perforation (Porter and Kaplan 2010).
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The association between H. pylori and gastric cancer is now widely accepted based on 

several published reports (Forman et al., 1991; Parsonnet et al., 1991; Huang et a l, 

1998). H. pylori promotes neoplastic transformation partly by a combination of direct 

effects on epithelial cells (Figure 1.6) including alteration of signal transduction, 

stimulation of reactive oxygen species production by epithelial cells, direct toxic effects 

and modulation of proliferation and apoptosis (Mobley et al., 2001). Not surprisingly, 

specific bacterial factors have been implicated. For example, Huang et al. reported an 

increased risk of non-cardia gastric cancer with CagA seropositivity (Huang et al., 2003). 

However, transformation typically occurs within the context of progression from chronic 

gastritis, atrophic gastritis and intestinal metaplasia (Correa 1992), underscoring the role 

of general inflammation in transformation (Mobley et a l, 2001). Early symptoms of 

gastric cancer are often non-specific and could include dyspepsia. Later on, early satiety, 

dysphagia, weight loss and anemia may develop and eventually an epigastric and/or other 

abdominal mass and palpable left supraclavicular and/or axillary lymph nodes (Porter and 

Kaplan 2010).

MALT lymphoma is a type o f non-Hodgkin’s lymphoma, classified as an extranodal 

marginal zone B-cell lymphoma of the MALT type (Porter and Kaplan 2010), which 

develops in the context of persistent infection resulting in recruitment o f primed B cells 

into lymphoid follicles with subsequent development of organized lymphoid tissue in the 

gastric mucosa forming a mucosa-associated lymphoid tissue (MALT) (Mobley et a l, 

2001). Patients are often initially asymptomatic, but may also present with anemia or 

other features of gastrointestinal carcinoma (Porter and Kaplan 2010).
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Figure 1.6: Molecular pathways linking H. pylori and gastric carcinogenesis.

Reproduced from (Mobley et a l ,  2001).
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Diagnosis

Various approaches have been developed for the diagnosis of H. pylori infection. 

Following, the detection of spirochetes in gastric mucosa in 1940 using silver staining 

techniques (Freedberg and Barron 1940) and established methods for culture (Marshall 

and Warren 1984), both culture (Jones et al, 1984) and silver staining techniques 

(Marshall et al, 1985) had been reported to achieve higher detection rates. Subsequently, 

Pinkard et al, comparing silver staining, gram staining culture and phase contrast 

microscopy, reported the use of phase contrast microscopy as providing a rapid and 

reliable screening tool comparable with silver staining, effectively replacing gram 

staining as the initial screening method (Pinkard et al, 1986). However, other tests were 

also being reported. These included serology (Marshall et al, 1984), rapid urease test 

(Borromeo et al, 1987) and urea breath test (Bell et ai, 1987; Graham et ai, 1987). 

Several authors have also reported on various stool antigen tests, which have the 

advantage of being completely non-invasive, but differ in their specificity and sensitivity 

(Monteiro et ai, 2009). Similarly molecular methods have recently been developed based 

on real-time polymerase chain reaction (PCR) (Monteiro et al., 2009). However, to 

overcome the challenge of polymorphisms and variable gene expression in some strains, 

real-time reverse transcriptase (RT)-PCR and in-situ hybridization have also been 

developed (Liu et al, 2008). Finally, PCR-based genotyping of both bacterial and host 

cells may prove useful in strain differentiation, important for studying various aspects of 

H. pylori biology, including transmission pathways and prevalence of virulence factors 

(Monteiro et al., 2009).
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In addition to confirming the presence o f  infection, diagnostic strategies are also geared 

towards identifying sequelae o f  infection. For example, the ability to radiographically 

diagnose peptic ulcers using bismuth subnitrate was reported by Cannon from as early as 

1897 (Buckley and O'Morain 1998). Endoscopic evaluation o f  the gastric mucosa has 

also been developed. In addition to its use for rapid diagnosis o f infection (Arvind et a i,  

1988) it provides the added benefits o f direct observation o f the stomach lining and the 

ability to obtain tissue samples for histology. More recently, the capacity o f endoscopy 

has been enhanced. In 2008, Cho et al reported on endoscopic phenol red staining in 

which phenol red is sprayed unto the entire gastric mucosa at endoscopy (Figure 1:7) so 

as to detect elevated pH levels in response to bacterial urease activity (Cho et al., 2008). 

Similarly, magnifying endoscopy has been shown to improve histological assessment and 

may allow for identification o f specific histopathologic features such as atrophy and 

intestinal metaplasia (Gonen et a l ,  2009). Current standard diagnosis involves endoscopy 

together with biopsy and histological analysis for suspicious lesions. In the case o f gastric 

cancer and MALT lymphoma, addition investigations may include chest, abdominal and 

pelvic cat (CT) scan, endoscopic ultrasound to assess extent o f disease and bone marrow 

biopsy (Porter and Kaplan 2010).
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Figure 1.7: Endoscopic phenol red staining at gastroscopy. After spraying the gastric 

mucosa with phenol red, mucosal staining patterns were classified into four types: diffuse 

(A), regional (B), patchy (C), or unstained (D). Reproduced from (Cho et a l, 2008).
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Management

Surgical intervention for perforated peptic ulcers was reported from at least as early as 

the late nineteenth century (1896). However, non-surgical management increased with 

the recognized link between gastric acid and ulceration (Buckley and O'Morain 1998). To 

this end, minimizing the effect of gastric acid on the mucosa was achieved initially with 

antacids (Sippy 1915). Other early non-surgical management included the use of 

stilboestrol in 1960 and carbenoxolone in 1962 (Doll et ai, 1962). Subsequently, as the 

mechanisms of acid production were unraveled, acid production was decreased first by 

anti-histamines (Black et ai, 1972), and then with the discovery of the H^K^-ATPase 

pump (Ganser and Forte 1973), by proton pump inhibitors (Lindberg et ai, 1990). These 

drugs increasingly suppressed acid production and promoted ulcer healing, but it was also 

becoming clear that ulcer relapse was common with acid-reducing strategies only. In this 

regard, Marshall et al. had previously demonstrated that unlike the anti-histamine 

Cimetidine, colloidal bismuth subcitrate (CBS) exhibited antibacterial activity against C. 

pyloridis, but it was only the combination of CBS and antibiotics that produced long-term 

eradication and healing of gastritis, with reduced risk of ulceration (Marshall et ai, 

1987). Also reported in the same year was the results of the first clinical trial aimed at 

eradication of C. pylori, which showed an association between eradication and long-term 

cure of duodenal ulceration (Coghlan et ai, 1987). A similar effect was observed shortly 

after, linking C  pylori eradication with the cephalosporin, cefixime, and reduction in 

early recurrence of gastric ulceration (Tatsuta et ai, 1990).
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Current standard therapy for gastritis and peptic ulceration involve H. pylori eradication, 

usually with triple antibiotic therapy and acid-suppression drugs. Eradication may also 

cure some cases of MALT lymphoma. In addition upper gastrointestinal bleeding may be 

managed by endoscopic hemostasis. Management of gastric cancer will depend on stage 

at diagnosis and will include any combination of surgical resection, chemotherapy and/or 

radiation therapy (Porter and Kaplan 2010).
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1.6: Outer Membrane Vesicles

Composition and Formation of Gram negative Bacterial OMVs

Gram negative bacteria are surrounded by an asymmetric bilayer comprising an outer and 

inner membrane with lipopolysaccharide (LPS) and phospholipids in its outer and inner 

monolayers respectively (Aim et a i, 2000). Unlike the inner (cytoplasmic) membrane 

which contains active transport systems, the outer membrane serves as a molecular sieve 

allowing small molecules access to the intervening periplasmic space (periplasm) and 

hence sites of active transport (Decad and Nikaido 1976). This is facilitated by 

transmembrane diffusion channels called porins, making it more leaky than the inner 

membrane (Koebnik et al., 2000). However, the outer membranes of gram negative 

bacteria have potential significance beyond the confines of the cell wall. It is now known 

that outer membrane vesicles (OMVs) are constitutively released by several gram negative 

bacteria. OMVs were first detected, 45 years ago, as the observed presence of LPS in cell 

free supernatants of E. coli cultures grown under lysine-limiting growth conditions (Bishop 

and Work 1965). Subsequent electron microscopy located the LPS-lipoprotein complexes 

within membranous blebs, some of which were continuous with the cell wall (Knox et a l, 

1966). Early comparison of the protein profiles o f vesicles and other subcellular membrane 

fractions demonstrated an abundance o f outer membrane proteins (Hoekstra et a l, 1976). 

However, the presence of periplasmic proteins was eventually reported in Pseudomonas 

aeruginosa and E. coli and clear differences between the protein and lipid compositions of 

OMVs compared with the bacterial outer membrane became evident (Katsui et al., 1982; 

Kadurugamuwa and Beveridge 1995; Horstman and Kuehn 2000). For example, the study 

of Katsui et al. demonstrated a higher E. coli vesicular protein content relative to the
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bacterial outer membrane, while that of Kadurugamuwa et al, reported that Pseudomonas 

aeruginosa OMVs were composed primarily of B-band LPS with absence of A-band LPS 

from native OMVs. Beveridge therefore later reported outer membrane proteins, LPS, 

phospholipids and periplasmic components within OMVs (Beveridge 1999). This is 

consistent with at least three of the current models (Figure 1:8) of OMV formation 

involving blebbing of the outer membrane and associated periplasmic components (Lee et 

al., 2008). The first model suggests an imbalance between outer membrane and 

peptidoglycan biogenesis resulting in progressive bulging of the former, leading to the 

budding off of the vesicle (Wensink and Witholt 1981). Further, close attachment of outer 

and inner membranes at such regions of biogenesis may facilitate inner membrane protein 

inclusion during vesiculation. In the second model peptidoglycan turnover results in 

increased turgor on the outer membrane and subsequent vesiculation (Zhou et al., 1998). 

This model predicts the absence of cytoplasmic components and DNA. A third model

involves enhancement of anionic repulsion due to quinine signalling molecules, resulting in

2+  2+destabilization of Mg and Ca salt bridges within the outer membrane (Mashbum and 

Whiteley 2005). Similarly, Kadurugamuwa’s observation (Kadurugamuwa and Beveridge 

1996), led Kulp et al to suggest that because B-band LPS is more highly charged than A- 

band LPS, their localization to a small area of the cell surface, could provide sufficient 

repulsion to promote membrane bulging, though they readily concede that the initiating 

stimulus for such clustering is unclear (Kulp and Kuehn 2010).
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Figure 1.8: Proposed models for biogenesis of Gram-negative bacterial OMVs. OM,

outer membrane; PG, peptidoglycan; IM, inner membrane; PQS, Pseudomonas quinolone 

signal; Reproduced from (Lee et a i,  2008).
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Several factors have been demonstrated to influence vesiculation rates and examining the 

regulation of this process may provide further insights into OMV biogenesis (Kulp and 

Kuehn 2010). Increased vesiculation has been reported for E. coli in response to high 

temperature (Katsui et a l, 1982), nutrient availability in the case of Pseudomonas fragi, 

(Thompson ef al., 1985), or nutrient depletion for Lysobacter (Vasilyeva et al., 2009), as 

well as conditions that generate an envelope stress due to accumulation of periplasmic 

proteins (McBroom and Kuehn 2007), the latter supporting model 2 (Figure 1.8). Gene 

disruptions associated with hypo and hypervesiculation have also been identified, with the 

latter being independent of membrane instability, which argues against models 1 and 2. The 

disruptions reported include genes encoding outer membrane components and involved in 

peptidoglycan synthesis and the sigma(E) cell envelope stress response (McBroom et al., 

2006). The latter induces expression of periplasmic chaperones as well as the down- 

regulation of OMP expression (Rhodius et al., 2006) presumably relieving the periplasmic 

congestion and hence the need for enhanced vesiculation. However, mutations of the OM- 

anchored and IM-associated periplasmic lipoproteins NlpI and NlpA, have been associated 

with hypervesiculation and hypovesiculation, respectively, suggesting a mechanistically 

direct role in vesiculation (McBroom et al., 2006). Similarly, truncating mutations in 

various Salmonella typhimurium OM-peptidoglycan binding proteins resulted in 

hypervesiculation (Deatherage et a l, 2009), providing some support for model 1 (Figure 

1.8) by explaining how an imbalance between outer membrane and peptidoglycan 

biogenesis could lead to progressive bulging. Similarly, not only does the V. cholerae small 

non-coding RNA (sRNA) gene, vrrA, block the expression of the porin, OmpA, resulting in 

hypervesiculation, but vrrA expression requires sigma(E) suggesting another link between
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envelope stress and vesiculation (Song et a l, 2008). However, disrupted OM- 

peptidoglycan links alone cannot explain the selective sorting within OMVs or vesiculation 

in response to accumulated and misfolded periplasmic proteins. Taken together, these 

observations have led to the proposal that like archaeal, viral and eukaryotic processes, 

discussed further below, the accumulation of curvature-inducing molecules and their 

interaction with specific periplasmic proteins, against the background of broken OM- 

peptidoglycan links, could trigger budding and explain selective enrichment of OMV cargo 

(Kulp and Kuehn 2010). Interestingly, Haurat et al. has just reported an LPS-dependent 

sorting mechanism for Porphyromonas gingivalis vesiculation, which results in the 

preferential packaging of a group o f proteases called gingipains and exclusion of abundant 

ON4 proteins, including porins. They propose the formation of OM microdomains created 

by the clustering of different LPS molecules according to polysaccharide composition or 

length. Subsequent protein compartmentalization could then occur perhaps by affinities 

between certain proteins and specific glycan moieties or charge/length of the LPS cohort, 

or by a putative sorting factor recognizing recruiting or exclusion signals in target proteins 

(Haurat et a l, 2010).

However, other studies have suggested a more diverse OMV composition. For example. 

Neisseria meningitidis OMVs have been reported to contain cytoplasmic components (Post 

et al., 2005; Ferrari et al., 2006) as well as inner membrane proteins (Ferrari et al., 2006). 

Likewise, OMVs from E. coli have been observed to contain a unique combination of all 

protein fractions within these gram negative bacteria, though with increased representation 

of outer membrane and periplasmic proteins, and relative deselection of inner membrane
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and cytoplasmic proteins (Lee et a l, 2008). This predominance of outer membrane proteins 

was also demonstrated in the study by Ferrari et al. using a Group B N. meningitidis gna33 

mutant, which promotes vesiculation (Ferrari et al., 2006). This dominance of outer 

membrane proteins (OMPs) is consistent with all three models of vesiculation, which 

predict blebbing of the outer membrane and associated periplasmic components and may 

contribute collectively, along with other mechanisms, to OMV biogenesis (Lee et al., 

2008). But, they do not explain the presence of cytoplasmic proteins in OMVs. This is an 

area of active research and possible explanations include autolysis (Phadnis et al., 1996; 

Dunn et al., 1997) as well as specific secretion (Cover et al., 1994; Vanet and Labigne 

1998). In this regard, Kulp et al. highlight some of the challenges involved in evaluating 

the reported identification of cytoplasmic (C) and inner membrane (IM) proteins in OMVs, 

including the lack of quantification in many of the MS analyses, which may obscure the 

relative scarcity o f identified C and IM proteins consistent with contamination, and the use 

of mutants which may have altered the OMV proteome. 2D difference gel electrophoresis 

would therefore be useful in further analyses (Kulp and Kuehn 2010). Further, from the 

earliest studies, OMVs have been shown to comprise a single bilayer (Knox et a l, 1966), 

inconsistent with the presence o f both IM and OM proteins. Finally, in Ferrari’s study, 

when they compared these native OMVs with detergent-extracted OMVs (DOMVs), not 

only did they find that 64% of DOMV proteins were inner membrane or cytoplasmic 

compared with only 25% being outer membrane proteins, but also that DOMVs were less 

immunogenic (Ferrari et al., 2006). This suggests that outer membrane protein enrichment 

of OMVs during the process of vesiculation is not only a natural process, but confers 

pathogenic potential.
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Functions of Gram negative Bacterial OMVs

Release of outer membrane vesicles implies an energy cost associated with replacing shed 

components and therefore suggests the development of evolution-driven functions (Kulp 

and Kuehn 2010). In this regard, OMVs from gram-negative bacteria have long been 

known to possess and protect DNA, which may facilitate genetic exchange (Dorward and 

Garon 1990). OMVs have also been shown to improve bacterial survival in various ways. 

For example E. coli vesicle formation increases with the onset of phage adhesion resulting 

in rapid removal of the infecting agent, thereby leading to increased survival (Loeb and 

Kilner 1978). Similarly, there is evidence they function as an envelope stress response 

pathway as it has been reported that hypervesiculating E. coli mutant strains could better 

survive envelop stress compared with hypovesiculating mutants. Further, overexpression of 

a periplasmic fusion protein, mimicking a misfolded OM protein resulted not only in 

hypervesiculation, but selective OMV enrichment of the misfolded mimic; suggesting 

vesiculation as a protective mechanism (McBroom and Kuehn 2007). The presence of 

enzymes in OMVs could also facilitate nutrient acquisition as in the case of proteases such 

as P. aeruginosa aminopeptidase. In addition, OMVs have been associated with biofilms, 

where they could serve as nucleating structures, as well in communication, nutrient 

acquisition and defence (Kulp and Kuehn 2010). Another important function is as a 

secretion system, facilitating the simultaneous delivery o f both insoluble components, 

involved in adhesion for example, as well as the targeted and protected delivery o f soluble 

proteins at high concentrations (Kulp and Kuehn 2010). Various mechanisms of targeted 

delivery of vesicular content have been reported. These include attachment and fiision with 

the bacterial membrane of gram positive and negative bacteria respectively, for the delivery



of autolysins into target cells by Pseudomonas aeruginosa OMVs (Kadurugamuwa and 

Beveridge 1996); entry into epithelial cells via the endocytosis pathway as with 

Porphyromonas gingivalis OMV-delivered proteases (Furuta et a i, 2009); lipid raft- 

mediated epithelial cell entry as demonstrated for H. pylori OMVs (Kaparakis et a i, 2010); 

epithelial cell phagocytosis of Shigella flexneri OMVs (Kadurugamuwa and Beveridge 

1998); and OMV lysis near a target site (Kulp and Kuehn 2010). Not surprisingly, OMVs 

have been observed in human tissue and body fluids during infection with several gram 

negative bacteria, including Neisseria meningitidis, Moraxella catarrhal is, Borrelia 

burgdorferi and Helicobacter pylori (Ellis and Kuehn 2010).

Pathogenic Potential of Gram negative Bacterial OMVs

The above outlined functions no doubt facilitate pathogenic roles and it is now generally 

accepted that OMVs may play an important role in the pathogenesis of various gram 

negative bacterial infections (Lee et a i, 2008). They appear to serve as vehicles for the 

delivery o f toxins and other proteins to host cell tissue (Kuehn and Kesty 2005) and there is 

a growing body of information in this regard. For example, the proteome of E. coli OMVs 

has been shown to contain many proteins involved in cellular processes, metabolism and 

information storage and processing, transfer of genetic materials and proteins, as well as 

modulating host immune responses (Lee et a l, 2007). The continuing acquisition of similar 

data from other pathogenic gram negative organisms is yielding useful information from 

which to evaluate the potential contribution of these microscopic vehicles to human 

pathology. In fact, there is a growing body of literature demonstrating the pathogenic 

potential of these OMVs. They have been described as a novel protein secretion pathway in
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gram negative bacteria (Lee et a l, 2008) and as such have been Hnked with several 

pathogenic processes (Table 1:2).

Table 1.2: Virulence factors and activities associated with native OM vesicles. Adapted 

from Ellis et al (Ellis and Kuehn 2010).

Species Vesicle-associated virulence factor Virulence-associated activity

Bacteroides

fragilis

Hemagglutinin, alkaline phosphatase, 

esterase lipase, acid phosphatase, 

phosphohydrolase, a- and P- 

galactosidases, a-glucosidase, 

glucosaminidase, p-glucuronidase 

(Patrick e/a/., 1996).

Hemagglutinating and 

enzymatic activities (Patrick 

et al., 1996).

Bordetella

pertussis

AC-Hly, FHA, pertussis toxin (Ptx) 

{Wozhor et al, 1999).

Not determined.

Borrelia

burgdorferi

OspA, OspB, OspD (Shoberg and 

Thomas 1993).

Human umbilical vein 

endothehal cell (HUVEC) 

adherence (Shoberg and 

Thomas 1993).

ETEC LT (Horstman and Kuehn 2000). Enterotoxic and vacuolating 

activities (Horstman and 

Kuehn 2000).

UPEC Cytotoxic necrotizing factor type 1 

(CNFl) (Kouokam et al., 2006).

Cytotoxic (Kouokam et al, 

2006); immunomodulation 

(Davis et al, 2006).

Pseudomonas

aeruginosa

Phospholipase C, hemolysin, alkaline 

phosphatase, protease 

(Kadurugamuwa and Beveridge 

1995).

In vitro enzyme activities 

(Kadurugamuwa and 

Beveridge 1995).

Salmonella Protective antigens (Bergman et al, Not determined.
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enterica serovar 

Typhimurium

2005).

Shigella 

dysenteriae 

serotype 1

Shiga toxin 1 (Dutta et al., 2004). Toxicity (Dutta et al., 2004).

Shigella flexneri Invasion protein antigens IpaB, IpaC 

and IpaD (Kadurugamuwa and 

Beveridge 1998).

Invasion via cytoskeletal 

rearrangements 

(Kadurugamuwa and 

Beveridge 1998).

Treponema

denticola

Dentilysin, adhesins (Chi et a l, 2003). Chymotryptic activity, 

disruption of tight junctions 

(Chi et al., 2003).

Vibrio cholerae RTX toxin (Boardman et al., 2007). Cell rounding, depolymerizing 

actin (Boardman et a l, 2007).

As demonstrated in Table 1:2 bacterial OMVs are proving to be important vehicles of 

virulence factors and hence to have potential roles in gram negative pathogenesis. Many 

are associated with major public health hazards. For example, Bacteroides fragilis, the 

most common bacteria isolated in infections resulting from fecal comtamination, including 

upper genital tract, pelvic and uterine infections in women, is reported to exhibit several 

OMV-associated virulence factors (Hemagglutinin, alkaline phosphatase, esterase lipase, 

acid phosphatase, phosphohydrolase, a - and P-galactosidases, a-glucosidase, 

glucosaminidase, P-glucuronidase), with hemagglutinating and enzymatic activities 

(Patrick et a l, 1996). The symptoms of Lyme borreliosis, caused by Borrelia burgdorferi, 

are primarily extravascular implying that adhesion to the endothelium and extravasation are 

crucial aspects of its pathogenesis. Interestingly, outer membrane proteins isolated from
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OMVs of this pathogen have been reported to adsorb unto Human umbihcal vein 

endothelial cells (Shoberg and Thomas 1993). In addition to the cytotoxic effects of E. coli 

(UPEC) OMV-associated cytotoxic necrotizing factor type 1 (Kouokam et a i, 2006), this 

virulence factors has also been associated with suppression of PMN phagocytic capacity 

and a chemotactic response (Davis et al., 2006). Similarly, the invasion protein antigens 

IpaB, IpaC and IpaD of the diarrhoea causing bacteria Shigella flexneri, are required for 

invasion and escape from phagocytic vacuoles, associated with cytoskeletal 

rearrangements. Interestingly, these antigens have also been demonstrated in S. flexneri 

OMVs, which also elicit similar reorganization, which may facilitate bacterial invasion 

(Kadurugamuwa and Beveridge 1998). In addition, induction of the systemic inflammatory 

response syndrome (SIRS) in a mouse model by intraperitoneal injection of E. coli OMVs 

(Park et al., 2010); B cell activation by Moraxella catarrhalis OMVs (Vidakovics et al., 

2010); Moraxella catarrhalis OMV-mediated in vitro induction of IL-8 and ICAM-1 

expression in Human alveolar (A549) epithelial cells and in vivo pulmonary inflammation 

in a mouse model (Schaar et al., 2010); and induction of NOD-1 dependent responses in 

epithelial cells and mouse embryonic fibroblasts by Neisseria gonorrhoea and 

Pseudomonas aeruginosa OMVs (Kaparakis et al., 2010) have all been recently reported. 

Importantly, for some of the virulence factors identified in association with outer 

membrane vesicles, gaps still remain in our knowledge of their role in pathogenesis. But 

their presence implies roles yet to be determined.

46



Other Membrane Vesicles

MVs have also been associated with other groups of organisms. Isolation of membrane- 

derived vesicles from gram-positive bacteria has been reported for some time, for example 

from Bacillus cereus and B. subtilis, though their apparent function was not clear (Dorward 

and Garon 1990). More recently. Staphylococcus aureus (Lee et a l, 2009) and 

Mycobacterium ulcerans (Marsollier et a l, 2007) have been reported to release membrane- 

derived vesicles, suggesting this is a widespread phenomenon. In the case of M. ulcerans, 

OMVs have been demonstrated in association with biofilm formation, along with more 

than 80 proteins apparently involved in stress responses, respiration, and intermediary 

metabolism. These biofilm-derived OMVs are also reported to be highly cytotoxic 

(Marsollier et al., 2007). In addition, it has recently been shown for the first time that a 

pathogenic fungus. Cryptococcus neoformans, can produce extracellular vesicles secreted 

across the cell wall and that these vesicles contain key lipids and the major capsular 

polysaccharide glucuronoxylomannan (GXM), which is essential for virulence. GXM was 

localized to vesicles by immunogold labeling using an anti-GXM antibody followed by 

electron microscopy (Rodrigues et a i, 2007). Soon after, a similar immunogold approach, 

this time using antibodies against the anthrax toxin proteins, protective antigen, lethal 

factor and edema toxin, revealed clustering of gold particles in the extracellular space and 

bacterial membrane, which would not have been expected with random secretion (Rivera et 

a l, 2009). Subsequent analysis demonstrated double-membrane vesicles in Bacillus 

anthracis supernatant as well as B. anthracis-mfQciQd macrophages and that they contain 

the three anthrax toxin proteins and also anthrolysin (Rivera et a i, 2010). In addition, there 

are examples o f viruses which use similar secretory mechanism. For example, lipid rafts
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have been shown to concentrate key influenza virus proteins required for viral release, 

some o f which are involved in concentrating viral proteins and inducing membrane 

curvature (Nayak et a l,  2009). Eukaryotes also possess membrane vesicles and their study 

may likewise enhance our understanding o f bacterial OMVs and their biogenesis. The 

endosomal sorting complex required for transport (ESCRT) pathway in mammalian cells 

requires the budding off o f intracellular multi-vesicular bodies (Kulp and Kuehn 2010). It 

facilitates the trafficking o f ubiquitylated proteins from the endosome to the lysosome, 

which involves the recruitment o f the ESCRT-0, -1, -II, and -III  proteins to vesicle budding 

sites and their subsequent recruitment o f cargo proteins and curvature-inducing 

components (Williams and Urbe 2007). Similarly, crescent-shaped inverted F-BAR 

(IFBAR) proteins create curvatures in membranes mediated through interactions between 

highly charged residues on their convex surface and charged groups in the membrane as 

well as localized recruitment o f phosphatidylserine (Saarikangas et al., 2009). Therefore, 

due to some resemblance between the processes o f these membrane vesicles and OMV 

formation, the identification o f homologous bacterial proteins could conceivably shed 

fijrther light on OMV biogenesis (Kulp and Kuehn 2010).

OMV Applications

It is therefore clear that OMVs are increasingly studied and they are also being used in a 

variety o f applications. At the time o f writing, a targeted search on PubM ed.gov, using the 

search phrase ‘“outer membrane vesicles’ [ti]”, returned 107 hits, with the earliest being 

from 1975. O f these 14 (13.1 %) were published so far in the current year (2010) and 55 

(51.4 %) were published in the last 5 years (2006 -  2010). A similar search (“outer
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membrane vesicles”) on the European Patent Office’s (EPO) website, GB Esp@cenet, 

returned 132 hits (EPO 2010). O f these vaccine applications accounted for the majority of 

patents. This is not surprising because their small size, relative ease of preparation, and 

their suitability for oral administration make them suitable vaccine candidates. In fact, 

various approaches are already being explored for some gram negative bacteria including 

Neisseria lactamica OMVs against meningococcal meningitis (Gorringe et a i, 2009) and 

Vibrio cholerae OMVs against cholera (Schild et a l, 2009). Other applications on the EPO 

website included drug delivery via liposome preparations; targeted immunomodulation, for 

example vesicles with chimeric receptors to induce a targeted T-cell response; cosmetic 

microspheres and apoptosis-mimicking vesicles. Another interesting application, recently 

published is the direct fusion of proteins to OMV surface components as reported for the 

vesicle-associated toxin, ClyA, of Escherichia coli. For example, fusion of anti-digoxin 

single-chain Fv antibody fragment created so-called designer immune MVs, while fused 

green fluorescent protein could be used to track vesicle-host interaction as well as the 

process o f vesiculation (Kim et al., 2008). Structurally modified E. coli vesicles have also 

been reported, engineered to have low endotoxicity by mutational inactivation of the MsbB 

(LpxM) lipid A acyltransferase, together with a foreign epitope fused to the OmpA OM 

protein (Kim et al., 2009). No doubt this trend of innovation with regards to bacterial 

OMVs will continue.
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1.7: H. pylori Outer Membrane Vesicles 

Composition, Formation and Internalization

As with several other gram negative bacteria studied to date, H. pylori also produces 

discrete vesicles. Previous mass spectrometric analysis of H. pylori OMVs (NCTC 11638) 

by Erica Mullaney in the author’s institute, demonstrated that these vesicles contain many 

proteins, including the virulence factors CagA, VacA, OipA, urease and NapA. Various 

outer membrane proteins, including the adhesions SabA and HpaA as well as several 

cytoplasmic proteins were also identified (Mullaney 2008). Most recently and during the 

course o f this project, another group published data on the H. pylori OMV (CCUG17875) 

proteome, reporting 306 and 126 proteins from two mass spectrometry analyses (Olofsson 

et at., 2010). Both reports suggest preferential incorporation of outer membrane proteins 

during vesiculation, a feature in common with OMVs from other gram negative bacteria.

Electron microscopic evaluation has shown that H. pylori vesiculation involves the gradual 

budding off of the outer layers of the bacterial wall (Figure 1.9). Further, as with other 

gram negative bacteria, H. pylori OMVs have also been demonstrated to be internalized 

into gastric cells, as seen in Figure 1.10 (Heczko et al., 2000). However, the process of 

internalization is still the subject of much research. H. pylori OMVs have been reported to 

enter gastric cells via lipid rafts (Kaparakis et a l, 2010) and clathrin-mediated endocytosis 

(Parker et al., 2010), the latter report demonstrating intracellular localization o f OMVs 

within 20 min and in a partly VacA-dependent manner. In addition, H. pylori has been 

shown to possess the adhesins BabA and SabA, which binds to fucosylated Lewis b (Le'’) 

blood group antigen (liver et a l, 1998) and sialyl-dimeric-Lewis x glycosphingolipids,
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(Mahdavi et a l, 2002) respectively. These adhesins have subsequently been identified as 

components of H. pylori OMVs (Mullaney 2008; Mullaney et a i, 2009). Further, both have 

been shown to be functional and capable of mediating specific interactions with human 

gastric cell receptors (Olofsson et al., 2010).

It therefore appears that there are several similarities between H. pylori OMVs and vesicles 

from other pathogens. Although the specific components and mechanisms may vary, H. 

pylori OMVs appear to be the result of a vesiculation process favouring the inclusion of 

OM and periplasmic proteins. These vesicles also clearly possess the type of cargo required 

for interaction with gastric mucosa, enabling their internalization, as well as virulence 

factors capable of triggering known and yet un-defined pathogenic processes.
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Figure 1.9: Scanning electron micrographs of a 48-h culture of H. pylori. A, blebs (—>) 

protrude from the spiral-shaped bacterial body. B, numerous vesicles ( ^ )  are visible on the 

bacterial surface (Heczko et ai, 2000).

1 |jm

Figure 1.10: H. pylori internalization. B, H. pylori secretes small vesicles (—>) that seem 

to fuse with the gastric cell (arrowhead). Note that microvilli are absent (Heczko et al, 

2000).
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Pathogenic Potential of H. pylori OMVs

Based on these characteristics of H. pylori OMVs, it is not surprising that they have been 

shown to have potentially important effects on host cells. For example, H. pylori OMVs 

have been reported to induce apoptosis in gastric (AGS) epithelial cells independent of the 

mitochondrial pathway (Ayala et a l, 2006) and also to modulate proliferation and IL-8 

production in AGS cells (Ismail et a l, 2003). They have also been implicated in various 

other pathogenic processes. These include induction of NOD-1 dependent responses in 

epithelial cells and mouse embryonic fibroblasts (Allison et a l, 2009; Kaparakis et a l, 

2010) and VacA dependent vacuolation (Ricci et al., 2005) and micronuclei formation 

(Chitcholtan et a l, 2008) in AGS cells. Micronuclei are produced in dividing cells when 

chromosome breakage occurs within the cell nucleus and these chromosomes are not 

correctly distributed during cell division, and their induction by OMVs suggests a potential 

role in carcinogenesis (Fenech 2000). Finally, H. pylori OMV-induced NapA-dependent 

neutrophil chemotaxis has been reported in response to 5, 10 and 20 |J.g/ml of OMVs and 

enhanced lL-8 secretion has been demonstrated by OMVs (2.5, 5 and 10 |ig/ml) in both 

T84 and AGS cells (Mullaney et al., 2009).
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1.8: Rationale and Objectives

Helicobacter pylori infection is one of the most prevalent infectious diseases. The 

significance of this observation is heightened by the fact that those in the lower 

socioeconomic groups are often disproportionately affected, as well as the demonstration of 

the now well recognized sequelae of untreated infection. Like many other gram negative 

bacteria, H. pylori produces outer membrane vesicles. Preliminary studies suggest that 

these vesicles contain factors which may contribute to pathology, consistent with 

increasing evidence portraying vesicles from various gram negative bacteria as discrete 

vehicles for the delivery of virulence factors. In addition, reports of side-effects, poor 

patient compliance and increasing antibiotic resistance, continue to underscore the dangers 

of relying solely on drug therapy (Borysiewicz et ai, 1993; Singh et al, 2009; Taneike et 

ai, 2009; Tanih et al, 2009). As a result, improving our understanding of H. pylori- 

mediated pathology in crucial and requires further knowledge of its OMVs and their role, 

in gastro-duodenal pathogenesis.

To this end, this present study sought to expand our understanding of these structures and 

evaluate the pathogenic potential of H. pylori OMVs by functionally characterizing several 

OMV-associated pathogenic activities. The rational for undertaking many of these studies 

was guided by proteomic analyses of OMV preparations from different strains and 

proteomic analyses of OMV-induced AGS signalling activity (phosphorylation). Thus, the 

role of H. pylori OMV in modulating various gastric and immune cell functions was 

investigated.
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CHAPTER 2 

MATERIALS AND METHODS



2.1: Source of Cell Lines and Reagents

The epithelial cell lines T84 and AGS, obtained from the American Type Culture 

Collection (Manassas, VA) were used in this study. RPMI-1640 medium, MEM Alpha 

medium, foetal calf serum (PCS) and Hank’s balanced salt solution (HBSS) were obtained 

from GIBCO BRL (Life Technologies, Paisley, Scotland). Dulbecco’s Modified Eagles 

Medium (MEM), Nutrient F-12 medium and Penicillin/streptomycin/L-glutamine 

(prepared aliquots) were purchased from Sigma (Poole, Dorset, U.K.). The human 

embryonic kidney cells, HEK 293, HEK TLR2 and HEK TLR4 were a kind gift from Dr 

Luke O ’ Neill, Dept of Biochemistry, Trinity College Dublin. The anti Erkl/2, anti- 

phospho-Erkl/2 and the anti-LFA antibodies as well as the poly-L-Lysine were a kind gift 

from Dr Michael Freeley (IMM, Trinity College Dublin).

2.2: Tissue Culture -  Gastric Cells 

2.2.1: Growth of Gastric Cells

Frozen stocks of AGS or MK45 gastric cells were stored in cryovials at -SO'^C in 1 ml 

aliquots. When required, these were retrieved, allowed to thaw and added to 9 ml of 

complete medium under sterile conditions; the medium used was RPMI 1640 containing 

glutamine [supplemented with foetal calf serum (10%, v/v), penicillin (50 U/ml) and 

streptomycin (50 |ig/ml). This suspension was centrifuged at 1800 x ^  for 4 min and the 

pellet of cells re-suspended in 2 ml of fresh medium. The cell suspension was then added to 

T75 flasks and incubated at 3>1̂ C, with 5% CO2.
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Cultures were handled under sterile conditions. RPMI 1640 medium, with supplements as 

described earlier, PBS and trypsin were prewarmed in a ?>1̂ C water bath. The medium  

from each T75 culture flask was decanted and the cells washed gently with PBS. 4 ml o f  

trypsin was added to each flask, incubated for 5-10 min in the 37*̂ C incubator and then 

removed and gently agitated. To each flask was added 4 ml o f  complete medium to 

neutralize the trypsin. Each suspension was then transferred to a 15 ml tube, centrifiiged at 

1800 X ^  for 4 min and the pellet re-suspended in 5-10 ml o f  fresh medium. Cells were 

enumerated using a haemocytometer and based on the cell number required an appropriate 

volum e was added to fresh medium to achieve the desired cell density. Otherwise, a 1:10 -  

1:20 dilution o f  each cell suspension was performed, diluted into a new T75 flask labeled 

with date, ID, cell line and passage number. Each flask was then incubated at 37°C, with 

5% CO2.

2.2.2: Gastric Cell Frozen Stock Preparation

To prepare frozen stocks o f  AGS or MKN45 cells, 4 ml o f  trypsin was added to each T75 

culture flask, incubated for 5-10 min at 3 7 V  followed by genfle agitation. To each flask 

was added 4 ml o f  complete RPMI medium to neutralize the trypsin. Each suspension was 

then transferred to a centrifuge tube, centrifuged at 1800 x g  for 4 min and the pellet re

suspended in 2 ml o f  freezing medium [10 ml freezing medium prepared by adding 0.5 ml 

dimethyl sulfoxide (DM SO) to 9.5 ml complete medium; stored at 4®C until required]. 

Cells in freezing medium were stored in labeled cryovials at -80^C and in liquid nitrogen 

for long term storage.
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2.3: Tissue Culture -  Non-Gastric Cells

2,3.1: Maintenance of T84 Cell Cultures

T84 cells were grown in a 1:1 ratio o f  D ulbeccos M EM  and N utrient F-12 m edium

supplem ented w ith L-glutam ine (2 m M ), penicillin  (100 U /m l), streptom ycin (100 |^g/ml) 

and 10% (v/v) fetal ca lf serum  (G ibco) at 37°C in 5%  C O 2 . FCS was heat inactivated 

(56°C, 1 h) to inactivate com plem ent and then aliquoted for storage at -20°C. Supplem ented 

m edium  was stored at 4*’C. Cells w ere routinely m aintained in 75 cm^ cell culture flasks 

(N unclon, Roskilde, Denm ark) at 37°C in 5%  C O 2 in a hum idified incubator. V isual 

exam ination was undertaken using phase contrast m icroscopy. T84 cells were passaged 

upon reaching 80%  confluence. For passage, the m edium  was aspirated and the cells were 

washed tw ice w ith PBS ( x l )  containing Im M  ED TA. O ne to 2 ml o f  Trypsiny'EDTA 

solution was added to cell culture flasks, ensuring all cells were covered. C ells were 

incubated at 37°C in 5%  C O 2 for 2 -  10 m in until cells started to detach from the  flask. 

Gentle centrifiagation (450 x g,  5 m in) was used to pellet the cells, w hich were

subsequently resuspended in com plete m edium  for enum eration or seeding.

T84 cells were adjusted to 1 x 10^ in com plete m edium  and 1 ml added to sem i-perm eable 

tissue culture inserts o f  uncoated polyethylene terephthalate (PET) plastic trace -  etched 

m em branes (Falcon, Beckton D ickinson, Oxford, UK ) in a 12 well plate. Cells w ere fed 

both apically and basally once per day. Cell confluence was m easured by phase-contrast 

m icroscopy. M easuring transepithelial electrical resistance (TER) using an E ndohm  

apparatus (W orld Precision histrum ents, Sarasota, FL), m onitored the polarization and 

differentiation o f  the cells. The resistance m onitored at various intervals increased
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progressively over 10 to 15 days when cells formed high resistance polarized monolayers 

with stable TER values (typically -1300  to 2500 f2/cm^). At this stage the apical cell 

culture medium was replaced with medium containing OMV or medium alone as a 

negative control. The TER was subsequently monitored over 24-72 h.

2.3.2: Culture of Hut78 Cells

Hut78 is a human cutaneous T lymphoma cell line sourced from the American Type 

Culture Collection (Manassas, VA, USA). They were cultured in RPMI 1640 medium 

supplemented with 10 % (v/v) heat-inactivated foetal bovine serum (FBS), 100 U/ml 

penicillin, 100 )ag/ml streptomycin, 2 mM L-glutamine, sodium pyruvate (2 %, v/v) and 

sodium bicarbonate (3 %, v/v) and maintained at 37'*C, 5 % CO 2 . Cell were seeded at 10 x 

10“̂ cells/ml and cell density subsequently maintained at 2 - 10 x 10^ cells/ml by the 

addition o f fresh pre-warmed media, monitoring cell number with a haemocytometer.

2.3.3: HEK Cell lines

HEK cell lines were grown in MEM Alpha medium supplemented with L-glutamine (2 

mM), penicillin (100 U/ml), streptomycin (100 |^g/ml) and 10% (v/v) fetal calf serum 

(Gibco) at 37^C in 5% CO2 . The HEK cell lines were maintained by Dr Sinead Smith, 

Institute o f Molecular Medicine, Trinity College Dublin.
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2.4: Culture of H. pylori

Stocks were stored in cryovials at -80^C as 0.5 ml aliquots in BHI medium containing 20% 

(v/v) glycerol. Columbia blood agar plates were pre-warmed at 37°C, and labeled with 

date, bacterial strain and passage number. When required, a cryovial was retrieved and 

sterile plastic inoculation loops were used to transfer frozen cells from cryovial to the blood 

plates. The inoculated plates were placed in an Anoxomat gas jar (Mart). A micro- 

aerophilic composition (10% N, 10% H and 80% CO2) was infiised into the jar which was 

then placed in a 37^C incubator.

Cultures were handled under sterile conditions in a class 2 Biological Safety Cabinet. 

Approximately 48-72 h after inoculation, the plates containing //. pylori (from frozen 

stocks) were subcultured to fresh blood agar plates to expand biomass, and incubated as 

described. For broth culture of H. pylori for outer membrane vesicle preparation, sterile 

plastic culture flasks (Nalgene) containing 200 ml Brucella broth / 1% beta-cyclodextrin 

were inoculated with plate grown H. pylori to an initial optical density of 0.1 -0.2 (OD 600 

nm) and incubated under microaerophilic conditions in Anoxomat jars for 24-48 h in an 

orbital (120 rpm) incubator (Sanyo) at 37'^C.

2.5: H. pylori Frozen Stock Preparation

When required, 0.5 ml freezing medium was placed into a labeled (ID, date, strain and 

passage number) cryovial. An inoculation loop was then used to transfer cells from plate 

grown bacteria into labeled cryovial and the suspension stored at -80‘̂ C. Care was taken to 

generate an emulsion of the bacteria prior to suspension in the medium.
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2.6: Culture of E. coli for plasmid preparation (GLuc Construct)

Escherichia coli carrying the GLuc construct was a kind gift from Dr Ruchika Sharma 

(School of Pharmacy and Pharmaceutical Sciences, Trinity College Dublin). Stocks were 

stored in cryovials at -80^C. The bacteria were grown in 5-10 ml LB broth in sterile 

universal tubes supplemented with 20 |J.g/ml kanamycin. The suspension was transferred to 

a 37*^0 shaking incubator (120 rpm) and left overnight.

2.7: H. pylori Outer Membrane Vesicle Preparation 

2.7.1: Method 1: Ultracentrifugation

Broth grown H. pylori was centrifuged at 15,000 x g, 4°C for 15 min and the resulting 

supernatant was kept on ice and the pellet stored at -20'^C. The supernatant (200 -  400 ml) 

was then filtered through a 0.2/0.45 micrometer filter (Pall Acrodisc) using a vacuum pump 

to remove any whole bacteria or bacterial debris. The filtrate was divided into 

ultracentrifuge tubes (balanced to within 0.05 g) and centrifuged at 100,000 x g, 4*̂ C for 1 

h. The pellets were re-suspended in ice-cold PBS (approx 13 ml/tube) and washed by 

ultracentrifugation at 30000 x g, 4®C for 30 min. The supernatant was subsequently 

decanted and the pellet re-suspended in -250-500 |_il o f ice-cold sterile PBS. Finally, the 

suspension was divided into 50 |j,l aliquots, and stored frozen at -20°C or keep at 4°C until 

required.
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2.7.2: Method 2: Ammonium Sulphate Precipitation

The filtered supernatant fi'om broth grown bacteria, as described above, was made 39% 

(w/v) with ammonium sulfate. The salt was added slowly over a period o f 15 min, with 

stirring. The suspension was stored at Â C for 2 h and the resulting precipitate was 

harvested by centrifiigation at 3220 x g, for 40 min. The pellets were then re-suspended 

in ice-cold PBS and centrifuged at 100000 x g, 4°C for 1 h. The resulting pellet was re

suspended in ice-cold PBS and washed by centrifugation 30000 x g, 4^C for 30 min. The 

supernatant was then decanted and the pellet re-suspended in -250-500 |al of ice-cold PBS. 

Finally, the suspension was divided into 50 )al aliquots, and stored at -20®C or 4°C, until 

required.

2.8: Electron Microscopy

OMVs were overlaid onto carbon-colloidal-coated mesh grids and allowed to settle for 60 

s. Any residuals OMV in suspension were removed by touching the grid with filter paper. 

After air-drying, the vesicles were stained with 1% v/v aqueous uranyl acetate and 

examined by transmission electron microscopy using a Jeol JEM-2100 LaB6 TEM at the 

Centre for Microscopy and Analysis, Trinity College Dublin.

2.9: Protein Determination

The concentration of protein was determined using the BCA Protein Assay (Pierce) 

essentially according to the manufacturer’s instructions, using 96 well microplates.
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Bovine serum albumin was used as the protein standard. Compositions for the protein 

standard curve are shown in the table below.

Tube 2mg/ml BSA (fil) d H 2 0  ( îl) Final [BSA] (^l/ml)

A 300 0 2000

B 375 125 1500

C 325 325 1000

D 175 ofB 175 750

E 325 of C 325 500

F 325 of E 325 250

G 325 of F 325 125

H 100 ofG 400 25

I 0 400 0

Table 2.1: Composition of bovine serum albumin standards

2.10: Co-incubation of Gastric Cells with H. pylori and/or H. pylori OMV: Treatment 

Protocol

For OMV treatment, an OMV suspension was retrieved from the -20'^C freezer and allowed 

to thaw on ice. Based on protein determination analysis, the volume of the OMV 

suspension required to produce the desired amount of OMV / well of a 12 well plate was 

calculated. An OMV suspension in complete sterile culture medium at the required 

concentration and volume to infect the number of wells to be treated was then prepared. 

AGS gastric cells were retrieved from the Zl^C incubator (5% CO2). The culture medium 

was decanted and the appropriate volume of medium or OMV suspension added to each
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well as required. The final volume o f medium in each well was typically 2 ml. Cultures 

were then returned to the 37®C incubator, and retrieved and processed at appropriate time- 

points.

For H. pylori treatment, the bacteria were harvested from blood agar plates and a whole cell 

suspension was prepared, for which the optical density (OD) at 600nm was determined. 

Based on an estimate o f OD 1.0 = 1 x 10* cells/ml, the volume o f the H. pylori (Hp) 

suspension required to produce the desired MOI/well was calculated. Culture medium was 

decanted from AGS cells and the appropriate volume o f fresh medium or Hp  suspension 

added to each well as required. Cultures were then returned to the 37^C incubator, and 

retrieved and processed at appropriate time-points.

At appropriate time-points cell culture supematants were collected into eppendorf tubes 

and processed as required or retained and stored at -20^C until needed, while cells were 

washed twice with warmed PBS. When processing AGS cells for analysis by SDS-PAGE, 

50-200 1̂1 o f 2 X Laemelli sample buffer was added and the suspension pipetted up and 

down a few times to ensure thorough mixing. The resulting lysate was then pipetted into 

labeled eppendorf tubes and stored at -20°C until needed.

2.11: TCA Precipitation of Proteins

Calculated volumes (based on the protein determination protocol) o f each sample were 

aliquoted into pre-chilled eppendorf tubes. To each sample was added Trichloroacetic 

acid (TCA) to give a final concentration o f 13%. Each solution was mixed, left at 4°C
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overnight and centrifuged at 15000 x g, 4®C for 15 min. The supernatant from each tube 

was careftilly decanted and the tubes inverted on tissue paper to dry. 20-30 |il of SDS- 

PAGE sample buffer was then added to each pellet and the tube vortexed (Sample buffer 

(2X) contained SDS 4%, Glycerol 20%, 2-mercaptoethanol 10%, Bromophenol Blue in 

0.125 M Tris HCl 0.004%, pH 6.5). All tubes were placed in a heating block at lOOV for

3 min prior to loading the sample on the gel.

2,12: Acetone Precipitation of Proteins

4 volumes o f ice cold acetone were mixed with each sample volume. Each solution was 

left at -20*̂ C for about 1 hour, centrifuged at 16,000 x ^  for 1 min and the supernatant 

decanted. 20-30 1̂ of SDS-PAGE sample buffer was then added to each pellet and the 

tube vortexed. All tubes were placed in a heating block at lOOV for 3 min prior to 

loading the sample on the gel.

2.13: Phosphoprotein Enrichment (Pro-Q Diamond)

The phosphoprotein enrichment kit was purchased from Molecular Probes and the 

enrichment protocol recommended by the manufacturer was followed with minor 

modifications. Briefly, cell suspensions were prepared in 50 mM Tris buffer (pH 7.0). For 

AGS cells cultured in 12-well plates, 500 |o,l of Tris buffer was added to 4 wells, the cells 

scraped off with a pipette tip and the suspension transferred to a minifiige tube followed by 

centriftigation at 3000 rpm x 4 min. Subsequently, 500 |al of kit lysis buffer, 5 ml 

Phosphatase Inhibitor Cocktail 2 (Sigma), 2.5ml Protease Inhibitor Cocktail (Sigma) and
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10 1̂1 of endonuclease were added to the pellet and mixed. This was incubated on ice for 30 

min vortexing for 1 min every 5-10 min. The resulting lysate was centrifuged at 10000 x g, 

4®C for 20 min and the supernatant transferred to a clean tube. The protein concentration 

was determine if required (ideal = 1-2 mg/ml). 50 )al of clarified lysate was saved for later 

SDS-PAGE analysis while the remaining 450 fil diluted to 5 ml with wash buffer [0.1-0.2 

mg/ml].

Next, the diluted lysate was applied to the pre-prepared column, 1 ml at a time. A 1 ml 

aliquot of the flow-through was saved for analysis of the un-phosphorylated proteins. The 

column was then washed thrice with 1 ml of wash buffer, the column eluted five times with 

X 250 1̂1 of elution buffer and the fractions collected (Eluates).

Up to 600 |al of pooled eluate was then transferred to the upper reservoir of a Vivaspin 

filtration concentrator and centrifiiged at 15000 x g  until the sample volume reached ~ 50 

|il (10-15 min). The lower filtrate container was emptied and the upper reservoir refilled 

with more un-concentrated pooled eluate. The process was repeated until all the eluate had 

been concentrated down to ~ 50 |il and the lower filtrate container emptied again. 500 |al of 

25 mM Tris, pH 7.5, 0 .25% CHAPS was then added to the reservoir and the sample 

concentrated to a volume of 50-100 j l̂, with this buffer exchange process repeated twice.

The concentrated retentate was transferred to a 1.5 ml micro-centrifuge tube. To every 150 

1̂ 1 of concentrate in a micro-centrifuge tube, 600 |al o f methanol was added and vortexed, 

followed by 150 |al of chloroform and vortexed, finally followed by 450 )il of deionized

66



w ater and vortexed again. The suspension was then centrifuged at 13000 x ^  for 5 min and 

as much of the upper aqueous phase as possible carefiilly removed, leaving the interface 

layer intact. Next, 450 |al o f methanol was added to the tube, with vortexing, followed by 

centrifugation at 13000 x ^  for 5 min. The supernatant was discarded and the tube was 

subsequently left open and air-dried on the bench or in a fume hood for 1 h or overnight. 

The tube was finally capped and stored at -20*^0 until required.

The precipitate was re-solubilized in SDS-PAGE or lEF/SDS-PAGE sample buffer as 

required, aiming for a concentration o f ~1 mg/ml. The sample was vortexed, left to sit for 

15-30 min and vortexed again. If the sample was re-solubilized in SDS-PAGE buffer, it 

was heated for 10 min at 90*^C, centrifuged at 21000 x ^  for 5 min and transferred to a clean 

tube.

2.14: Immunoprecipitation

When immunoprecipitation was undertaken with various antibodies, the cell lysate was 

prepared thus: the culture medium was removed and cells washed x 1 with PBS. The cell 

lysate was prepared with cold IP Lysis/Wash Buffer, available with the Pierce 

immunoprecipitation kit. For AGS cells grown in 12-well plates, 200 |̂ 1 o f cold IP 

LysisAVash buffer was added per well, followed by 10 |al o f endonuclease and 5 |j.l o f 

protease inhibitor cocktail. This was incubated on ice for 5 min with periodic mixing, 

transferred to a microcentrifuge tube and centrifuged at 13000 x g, 4*̂ C for 10 min. The 

supernatant (clarified lysate) was then transferred to a clean microcentrifuge tube, on ice. 

The protein concentration was determined if  required (ideal = 500-1000 |J.g/IP reaction).
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2-10 |j,l o f  the appropriate affinity purified antibody was added to the clarified lysate (500- 

1000 |ag). The antibody/clarified lysate sample was then diluted to 300-600 |̂ 1 with cold IP 

Lysis/Wash buffer and incubated at 4^C for Ih -  overnight. The immune com plex was 

recovered exactly as described by the manufacturers (Pierce) prior to analysis by SD S- 

PAGE and Western blotting.

2.15: SDS-PAGE (Gel Electrophoresis)

Gel electrophoresis was performed under standard condition using Atto mini or large 

gels. If cast gels were not used immediately, the gel moulds were wrapped in moist paper 

towel and clear film or foil and stored in the cold room until required.

One L o f  lOX SDS-PAGE Running Buffer was prepared using 30 g o f  Tris.HCl, 114 g 

Glycine, 5 g SDS and distilled H2 O to 1 L. To 100 ml o f  this solution was added 900 ml 

ultra pure H2 O. Typically, gels were electrophoresed at a constant current o f  25 mA / gel, 

until the dye front reached the bottom o f  the gel. Gels were stained with either 

Coomassie Brilliant Blue (R250) or colloidal Coom assie Blue (G250). Once the gels 

were destained, they were stored at 4*̂ C in acetic acid (10%, v/v). The latter staining 

protocol is described below and it was used whenever material was to be prepared for MS 

analysis.
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2.15.1: Colloidal Coomassie Blue Staining

SDS-PAGE gels were first incubated in fixation solvent (Appendix A) overnight 

followed by washing 4 x 1 min in 350 ml o f ultra pure water with shaking and then 

transferred to clean container with 180 ml o f incubation solvent (Appendix A) and gently 

mixed for 1 h. Coomassie Blue G250 was then dissolved in 20 ml methanol (0.25 g/L 

incubation solvent). This was added to the incubation solvent containing the gel and left 

gently shaking overnight at RT. Gels were washed in water for 5 min followed by 

methanol (25%) for 2 x 5 min and finally in water for 5 min. Images o f  the gels were 

acquired with a gel documentation system (Biorad).

2.15,2: Silver Staining

The gel was incubated in 50% methanol/5% acetic acid for 20 min followed by 50% 

methanol for 10 min. It was then briefly washed thrice with pure water and then for 10 

min followed by incubation with 0.02% sodium thiosulfate x 3 min. The gel was again 

washed 2 x 30 s with pure water, incubated with 0.1% silver nitrate/0.08% formalin x 20 

min and then washed 2 x 1 min with pure water. This was followed by incubation with 

2% sodium carbonate/0.04% formalin to obtain desired colour or until the background 

began to stain yellow. The gel was then transferred to 5% acetic acid to stop the reaction 

and finally to water for at least 5 min. Silver stained gels were stored in water in the dark.
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2.15.3: Phosphoprotein Staining (Pro-Q Diamond)

The staining protocol was essentially that described by the manufacturer. Briefly, gels 

were incubated with gentle shaking (2 x 30 min) at RT in 100 ml fix solution (Appendix 

A) or alternatively 30 min and then overnight followed by washing (3x 10 min) in 100 ml 

ultra pure water. Pro-Q Diamond stain (60 ml / gel) was then added and gels were 

incubated in this solution for 60-90 min with gentle shaking in the dark. The gels were 

subsequently destained (3 changes x 30 min) in Pro-Q Diamond destaining solution at RT 

with gentle shaking in the dark. Finally, gels were washed ( 2 x 5  min) at RT with ultra 

pure water and imaged with a laser fluorescence scanner (Typhoon).

2.16: Mass Spectrometry

Mass spectrometric analysis was performed by Dr. Catherine Hotting (University of St. 

Andrews, Centre for Biomolecular Sciences) on proteins separated both by 1 D-SDS-PAGE 

and 2D SDS-PAGE. In the case of ID analysis the SDS-PAGE gel track was excised into 

ten sections. Each section was cut into 1 mm cubes. These were then subjected to in-gel 

digestion, using a ProGest hivestigator in-gel digestion robot (Genomic Solutions, Ann 

Arbor, Ml, USA), using standard protocols; the gel cubes for each section were split 

between two wells of the 96-well plate if necessary. Briefly, the gel cubes were destained 

by washing with acetonitrile and subjected to reduction and alkylation before digestion 

with trypsin at 37®C based on a published method (Shevchenko et al, 2006). The peptides 

were extracted with 10% formic acid and concentrated down to 20 ml (SpeedVac, 

ThemoSavant). They were then separated using an UltiMate nanoLC (LC Packings, 

Amsterdam, The Netherlands) equipped with a PepMap C l8 trap & column, developing a
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gradient from 8 to 50% acetonitrile, containing 0.1% formic acid, over S'A h (8-35% 

acetonitrile in 175 min, 35-50% in a ftirther 30 min, followed by 95% acetonitrile to clean 

the column). The eluent was sprayed into a Q-Star Pulsar XL tandem mass spectrometer 

(Applied Biosystems, Foster City, CA, USA) and analyzed in information dependent 

acquisition mode, performing 1 s of MS followed by 3 s MS/MS analyses of the two most 

intense peaks seen by MS. These masses are then excluded from the analysis for the next 

60 s. MS/MS data for doubly and triply charged precursor ions were converted to centroid 

data, without smoothing, using the Analyst Q S l.l MASCOT .dll data import filter with 

default settings. The MS/MS data file generated was analyzed using the MASCOT 2.1 

search engine (Matrix Science, London, UK) against UniReflOO database (January 2008). 

The search was restricted to bacteria, for which the UniReflOO database contains 2652019 

sequences, whereas the H. pylori genome encodes for a predicted 1550 ORFs. The data 

were searched with tolerances of 0.1 Da for the precursor and 0.2 Da for the fragment ions, 

trypsin as the cleavage enzyme, one missed cleavage, carbamidomethyl modification of 

cysteines as a fixed modification and methionine oxidation selected as a variable 

modification. Individual MS/MS spectra were accepted if they had a MASCOT ion score 

above 47 (p50.05). This is described as the “ identity”  threshold by Matrix Science. The 

MS/MS data were similarly searched against a decoy database produced using the 

MASCOT decoy.pl script to randomize each database entry in UniReflOO.

2.17: Western Blot

Western blotting was performed at room temperature using a semi-dry blotting apparatus 

(Atto) and standard conditions with PVDF (Polyvinylidene Fluoride) as the membrane.
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Transfer buffer (1 L) was prepared using 3 g o f  Tris.HCl, 14.5 g glycine, 10 ml 10% SDS, 

200 ml methanol and made up to IL with ultrapure water. The transfer stack was 

assembled within the blot cell as follows; filter paper x3 at the bottom, membrane, gel and 

filter paper x3 on top. Using a Falcon tube to roll across the stack(s), air bubbles were 

removed. The blot cell was then closed, applying slight pressure on the stack, and the blot

■y
electrophoresed at 0.9-1.0 m A/cm  for 1 h.

Post electrophoresis the membrane(s) were removed and washed briefly in Ix TBST. 

Blocking solution (3% BSA75% Milk Powder in TBST) was then added to the membrane. 

This was incubated at RT for 1 h on a rotary shaker. 10 ml o f  the required dilution o f  

appropriate primary antibody was then added to the membrane in a 50 ml Falcon tube. This 

was incubated at 4 V  overnight on a rotating platform. The membrane was subsequently 

washed with TBST briefly (x2) and then thrice x 10 min at RT with gentle shaking. 10 ml 

o f  the required dilution o f  appropriate HRP-conjugated secondary antibody was added to 

the membrane, followed by 1 h incubation at room temperature, with gentle rotation.

The PVDF membrane was subsequently washed with TBST briefly (x2) and then thrice x 

10 min at RT with gentle shaking in the dark. Blots were visualized by enhanced 

chemiluminesence as recommended by the manufacturer (GE Healthcare) and exposed to 

X-ray film (Sigma) or the image was acquired using a Fuji film Luminescent Image 

Analyzer LAS-4000. Alternatively, an ‘in-house’ ECL kit was employed (solution 1: 14 

mg luminol in 50 ml o f  50 mM Tris pH8.8; solution 2: 4 mg iodophenol in 500 |j.l DM SO). 

Solution 1 and 2 were mixed immediately before use with 20(il H2O2 (30%, v/v) and added
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directly to the membrane. After 1 min incubation, the membrane was removed and excess 

buffer drained. The membrane was finally placed between 2 sheets o f acetate paper and 

developed as described above.

For re-probing, membranes were stripped in stripping buffer (6.25 ml IM  Tris, 20 ml 10% 

SDS and 0.83 ml 2-mercaptoethanol). The membrane was soaked in methanol for 5 min 

and placed in a tray to which was added 50 ml o f  stripping buffer. This was incubated for 

45 min at 50”C in a w ater bath. The membrane was subsequently washed briefly (x2) w'ith 

TBST and then 3 x 20 min with 50 ml TBST at RT.

2.18: 2D Gel Electrophoresis

Protein samples were solubilized in 125 |al o f  Rehydration buffer (containing the 

appropriate IPG buffer) for at least 30 min and centrifuged at 14000 x ^  for 4 min. The 

sample was then loaded slowly into a clean strip holder cassette as a stripe o f liquid 

between the 2 electrodes. An IPG strip was removed from its packaging and its protective 

cover peeled away starting at the acidic/anodic (+) end. It was placed gel-side down unto 

the solution starting with the + end directed towards the pointed end o f  the strip holder, 

avoiding air bubble formation beneath the lEF/IPG strip. Cover fluid was next added drop- 

wise into one end o f the strip holder channel until the strip is half covered, and then into the 

other end to fill the strip holder. The cover o f the strip holder was replaced to ensure proper 

contact between gel and electrodes as the former swells. For Immobiline Dry Strip pH 3-10 

NL 7cm the following lEF conditions were used routinely: [lEF default settings: 20®C, 50 

nA/strip]; 60V x 15 h (Step and Hold), 300V x 1 h (Step and Hold), lOOOV x 0.5 h
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(Gradient), 5000V x 1.5 h (Gradient) and 5000V  x 20 min (Step and Hold). Typically, the 

lEF was electrophoresed for approximately 18,000 Vh.

Immediately after lEF, the strip was either stored frozen (-20°C) or subjected to 

equilibration (separately with DTT and iodoacetamide) as recommended by the 

manufacturer, prior to SDS-PAGE electrophoresis in the dimension. After 

equilibration, the lEF strips were immersed in SDS-PAGE electrophoresis buffer to 

provide lubrication and to wash away any residual iodoacetamide. The lEF strip was then 

inserted into the 2"*̂  dimension gel (acidic/+ end to the left) until it was in contact with the 

top surface o f  the cast gel taking care to avoid trapping air bubbles between the gel surface 

and the lEF strip. A piece o f  filter paper (3x3 mm) was next placed adjacent to one end o f  

the lEF strip, to function as a reservoir for the molecular weight markers. Finally, 1-2 ml 

o f  warm molten 1% agarose (1% (w/v), in running buffer containing bromophenol blue), 

was applied to the surface o f  the lEF strip in situ to ensure good electrical contact between 

the lEF strip and the 2"‘* dimension gel. Finally, the gel was subjected to electrophoresis at 

25 m A/gel, until the dye front was within a few  mm o f  the bottom o f  the gel.

2.19: Preparation of Gastric Cells (AGS or MKN45) for Microscopy

Media from 96-w ell plates containing AGS or MKN45 cells was decanted and replaced 

with 200 |j,l o f  pre-warmed 4% Para-formaldehyde/well and incubated at 5% CO2 for 

20 min. Para-formaldehyde/media was then decanted, the cells washed twice with 100 |il 

PBS/well and bright field images were then acquired, i f  needed.
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When specific nuclear or cytoskeletal staining was required, the PBS was replaced with 

100 III of 0.1 % (v/v) Triton X-100/well and incubated at room temperature for 5 min. This 

was then decanted, and the wells washed twice with 100 |il PBS. 100 |j,l of the appropriate 

staining solution was then added to each well [Staining solution comprised 1.5 g BSA, 60 

1̂1 25% Tween-20 and 100 jil 10% Triton X-100 made up to 50 ml with PBS followed by 

Phalloidin TRITC (1:500) and Hoescht (1:1000)]. This was incubated at room temperature 

for 20-30 min. Finally, cells were washed once with 100 1̂ PBS/well, replaced with 100 |̂ 1 

PBS and images were then acquired. Images were taken on a Nikon Eclipse TE300 

microscope with subsequent analysis using Q Capture Pro 6.0.

2.20: Plasmid Preparation: MiniPrep (QIAprep)

When required, plasmid preparations were generated using Quiagen’s MiniPrep kit 

according to the manufacturer’s instructions. Briefly, E. coli cells were pelleted at 3220 x g  

for 4 min, resuspended in 250 |il buffer PI (with RNase A) and transferred to a 

microcentrifiige tube. Then 250 )al buffer P2 was added with thorough mixing (4-6 

inversions). To this was added 350 |il buffer N3 again with thorough mixing by 4-6 

inversions. The suspension was then centrifuged at 17950 x ^  for 10 min and the 

supernatant applied to a QIAprep spin column. This was centrifiiged at 13000 rpm for 45 s 

and the flow through discarded. The spin column was washed by adding 0.5 ml Buffer PB, 

followed by centrifijgation at 17950 x g  for 45 s and discarding the flow through. A second 

wash was performed with 0.75 ml Buffer PE followed by centrifugation at 17950 x g  for 45 

s, again discarding the flow through. This was followed by centrifugation at 17950 x g  for
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1 min to remove residual wash buffer. The spin column was then placed in a clean 

microcentrifiige tube and 50 )ĵ l o f  elution buffer added to the center o f the column. This 

was left to stand for 1 min and centrifuged at 17950 x ^  for 1 min. The amount o f DNA in 

the resulting eluate was quantified by spectrophotometry (Nanodrop) and the eluate stored 

at -20”C.

2.21: Gastric Cell Transfection (Plasmid) -  24 W ell Plates

AGS cells were seeded in complete RPMI 1640 medium the day before transfection at a 

density o f 3 x 10"* cells / well and grown at 37^C, in the presence o f  5% CO 2 . 517 )j,l o f  the 

plasmid preparation (0.02 |^g/fil) in OptiM EM /OptiPro/Sterile water was prepared. To this 

was added 33 (il o f FuGENE-HD reagent, the solution pipetted 15 times or vortexed briefly 

and incubated at RT x 10 min. Cultured AGS cells were then retrieved from the incubator, 

and 25 |il o f the transfection reagent/plasmid complex was added per well. The 

m anufacturer’s recommended reagent/DNA ratio for AGS cells was used (3:1 at 0.5 (j,g 

DNA / well). The transfected cells were then returned to the 37^C incubator. 24 h post

transfection, AGS cells were treated as appropriate (see Section 2.10) and returned to the 

37‘̂ C incubator. Samples o f the supernatant were subsequently taken periodically for 

Gaussia Luciferase (GLuc) Assay.

2.22: Gaussia Luciferase (GLuc) Assay

The luciferase assay was performed essentially as described by the manufacturer. Briefly, 

a Ix  GLuc assay working solution (50 )j,l GLuc Substrate + 5 ml GLuc Assay Buffer) was 

prepared immediately before use. 15-25 |j.l o f the culture supernatant from cultured GLuc-
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transfected AGS cells was then pipetted into a microtiter plate well followed by 50 )o,l Ix 

GLuc assay working solution/well and the luminescence measured promptly (with 

integration 5-10 s after addition o f substrate).

2.23: Elisa Assay

The human IL-8 detection ELISA kit was from Pierce Biotechnology hic. IL, USA and was 

performed according to the manufacturer’s instructions. Briefly, 50 |al o f Standards or 

samples were added to each well in duplicate. The plate was covered and incubated at room 

temperature (20-25°C) for 1 h. The plate was then vigorously washed thrice with wash 

buffer. 50 |al o f biotinylated antibody reagent was then added to each well, followed by 

incubation at room temperature for 1 h and three more vigorous washes with wash buffer. 

This was followed by the addition o f 100 |al o f prepared Streptavidin-HRP solution to each 

well, 30 min incubation at room temperature and three more vigorous washes with wash 

buffer. 100 |il o f premixed TMB substrate solution was then added to each well and the 

plate developed in the dark at room temperature for 30 min. Finally, 100 |il o f stop solution 

was added to each well to stop the reaction and the absorbance measured on the Wallac 

Victor2 microplate reader at 450 minus 550 nm.

2.24: Isolation of Polymorphonuclear Leukocyte (PMNs)

Peripheral blood was obtained from healthy volunteers and polymorphonuclear leukocytes 

(PMNs) isolated by the Lymphoprep^'^ method. Blood was collected into tubes containing 

anticoagulant and mixed 4:1 with 6% Dextran in 0.9% NaCl. This was incubated at 37®C 

for 45 min. The leukocyte rich plasma was removed and layered onto 4 ml HBSS density
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gradient and centrifuged at 1500 rpm, 4^C x 30 min. After decanting the supernatant, the 

pellet was washed twice at 3000 rpm, 4^C x 10 min. The remaining pellet was suspended in 

3 ml water, to lyse any remaining erythrocytes, followed immediately by the addition o f 1 

ml 3.6% NaCl. Finally, the pellet was centrifuged at 3000 rpm, x 10 min and 

resuspended in 4 ml PBS.

2.25: Neutrophil O2 Uptake

Neutrophil O2 uptake was measured using the Rank oxygen electrode. The incubation 

chamber of the oxygen electrode was coupled to a water bath at 37'^C and an X-Y chart 

recorder. The system was initially tested and calibrated with sodium dithionite. 100 |il of 

isolated PMNs were added to 700 1̂ Hanks Balanced Salt Solution (HBSS) and 100 |al of 

this suspension then added to the electrode incubation chamber (approx 4 x 1 0 ^  PMN/ml) 

and oxygen consumption was monitored until a steady rate obtained. When required, 

phorbol myristate acetate (PMA, 1 fo,g/ml, 5 |̂ 1) was added to the PMN suspension in situ to 

activate the PMNs. Finally, various amounts of H. pylori OMVs, as well as whole cells, 

were added to the suspension via the syringe port in the chamber cap, taking care to 

exclude air bubbles. The rate o f O2 uptake was then monitored under the various 

experimental conditions. Rates of oxygen consumption are typically reported as nmol O2 

consumed/min/number of PMNs
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2.26: Neutrophil Chemotaxis Assay

Cell culture inserts with 8 |im-diameter pore size (Falcon, Becton Dickinson, Paramus, NJ, 

USA) were used to monitor the chemotaxis o f PMNs. PMNs were suspended in HBSS 

(Gibco) for chemotaxis assays and placed directly in the upper well o f the filter insert. 

PMNs migrating into the lower well containing the chemoattractants were recovered and 

quantified by direct cell counting. Chemoattractants included H. pylori OMV (5 |^g/ml) and 

supernatants from AGS cells treated with H. pylori OMV (1 |ag/ml).

2.27: Evaluation of T-cell Migration

The wells o f a 96 well plate were coated with 75 |j,l o f  5 |ag/ml goat anti-mouse IgG 

(Sigma) diluted in sterile PBS, sealed with parafilm and stored at 4°C overnight. Unbound 

solution was carefully removed and then 75 |il anti-LFA-1 (l|ig /m l) added (SPVL-7, 

Monosan) and incubated for 1-2 h at 37°C. Unbound antibody was then carefully removed 

and the wells washed once with 100 |al warm sterile PBS. 100 |al HuT-78 T cells (1 x 10^ 

cells/ml medium) were then added to the wells and the cells incubated for 1-24 h at 37°C. 

For non-migrating control cells, the wells were coated with 75 |j,l poly-L Lysine (Sigma) 

for 1-2 h at 37°C. The solution was removed and the wells washed once with 100 |il warm 

sterile PBS. 100 jil HuT-78 T cells (1 x 10^ cells/ml medium) were then added to the wells 

and the cells incubated for 1-24 h at 37°C. The cells were then imaged periodically to 

assess the migratory phenotype.
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The T-cell migratory phenotype was also evaluated using the xCELLigence System. This 

system consists of the Real-Time Cell Analyzer Single Plate (RTCA SP) station, which fits 

inside a standard tissue culture incubator; connected to the RTCA analyzer and RTCA 

computer with integrated software; and the core of the xCELLigence system, the 

disposable E-plate 96 (Urcan et al, 2010). Approximately 80% of the base of each well in 

an E-plate 96 is covered by circle-on-line electrodes. This allows for the measurement of 

electrical impedance across interdigitated micro-electrodes as a reflection of various 

physiological parameters, for example proliferation and morphological changes, of the cells 

on the electrodes (Urcan et al, 2010). Assays were performed according to the 

manufacturer’s instructions (GmbH 2008). Briefly, following instrument start up and warm 

up, culture medium was added to the wells of an E-plate 96, which was inserted into the 

RTCA SP station. The RTCA software was then run to set up experimental parameters and 

the measurements commenced to determine background impedance. When complete, the 

E-plate 96 was removed, prepared cells and other experimental compounds added to wells 

and the plate reinserted into the station. The measurements were then recommenced until 

the desire end point.

2.28: Substrate Assay for Plasmin Bound to OMV

OMV (2-4 |j,g) was incubated with plasminogen (10 ^g) for 30-60 min at 30^C in an 

Eppendorf tube. Following two washes (20000 x g, 17°C for 7 min) the OMVs were 

suspended in 50 )al assay buffer (PBS pH 7.4) and transferred to microtiter plates. 

Urokinase (25 ng) was then added together with 20 |j.g of the plasmin substrate (D-Val-
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Leu-Lys-4-nitroanilide dihydrochloride). The absorbance was then measured at 405 nm

over time.

2.29: Surface Plasmon Resonance

The BlAcore (Biacore X I00) surface plasmon resonance system was used to investigate 

the interaction o f H. pylori with plasminogen. Human plasminogen was covalently bound 

to CM sensor chips as recommended by the manufacturer. Briefly, the CM-dextran matrix 

was activated by mixing equal volumes o f 100 mM N-hydroxysuccinimide and 400 mM N- 

ethyl-N-(dimethylaminopropyl) carbodiimide hydrochloride and injecting the mixture over 

the sensor chip surface. Plasminogen (100 )ig/ml) was dissolved in 10 mM acetate buffer 

(pH 5.0) and injected over the surface for 60 min at a flow rate 2 |xl/min. Un-reacted sites 

on the chip surface were rendered inactive with ethanolamine (1 M, pH 8.5). Bacterial 

vesicles (OMV) were diluted in BlAcore HBS-P buffer (0.01 M HEPES, 0.15 M NaCl, 

0.05% [v/v] Surfactant P20; [pH 7.4]) at concentrations o f 0.1, 1 and 10 fig/ml and injected 

over the plasminogen-coated CM-dextran surface.
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CHAPTER 3

PURIFICATION AND PROTEOMIC 

ANALYSIS OF Helicobacter pylori OUTER 

MEMBRANE VESICLES



3.1: INTRODUCTION

OMVs were first detected 45 years ago, with the observation o f LPS in cell free E. coli 

culture supernatants grown under lysine-limiting conditions (Bishop and Work 1965). 

Subsequent electron microscopy located the LPS-lipoprotein complexes within 

membranous blebs, sometimes continuous with the cell wall (Knox et a l, 1966). 

Membrane vesicles were soon studied, reports dating back at least 40 years (Bhattacharyya 

1970; Konings and Freese 1971). Much of these early studies involved production of 

membrane vesicle “ghosts” (Bhattacharyya 1970) whose isolation was based on the 

lysozyme-ethylenediaminetetraacetate (EDTA) method (Kaback 1968). Such techniques 

were capable o f producing highly purified membrane fractions resulting in vesicular 

structures devoid of much cellular complexity which facilitated study of isolated 

mechanisms (Bhattacharyya 1970). However, such vesicles would be less than ideal for the 

characterization of native OMVs (Bhattacharyya et a i, 1971). More recent methods of 

outer membrane vesicle (OMV) preparation include detergent extraction (Fredriksen et ai, 

1991; Ferrari et al., 2006), ultracentrifugation (UC) (Keenan et al, 1997), cellulose acetate 

filtration (Fiocca et al, 1999) and ammonium sulfate precipitation (ASP) (Grenier and 

Mayrand 1987; Moe et al., 2002). This study therefore evaluated two of these latter 

approaches, UC and ASP, which allow for isolation of native OMVs, comparing their 

ability to produce a purified population of vesicles from broth culture, based on SDS- 

PAGE analysis and transmission electron microscopy (TEM). TEM was also used to 

further examine pure native populations of OMVs, and SDS-PAGE to further compare 

OMV from different strains. Additionally, other methodological parameters were assessed 

to ascertain their impact on OMV quality. These included growth phase used for harvesting
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vesicles (log or stationary phase), medium supplementation (fetal calf serum [FCS] or p- 

cyclodextrin [BCD]) and storage at 4®C or -20'’C.

There is a growing body of literature demonstrating the pathogenic potential of these 

OMVs. They have been described as a novel protein secretion pathway in gram negative 

bacteria (Lee et ai, 2008) and as such have been linked with several pathogenic processes. 

These include enhanced adhesion between homologous cells and non-coaggregating 

bacterial species by Bacteroides gingivalis OMVs (Grenier and Mayrand 1987); cytotoxic 

necrotizing factor type 1-mediated suppression of PMN phagocytic capacity and 

chemotactic response by E. coli (UPEC) OMVs (Davis et ai, 2006); induction of the 

systemic inflammatory response syndrome (SIRS) in a mouse model by intraperitoneal 

injection of E. coli OMVs (Park et ai, 2010); B cell activation by Moraxe/Ia catarrhalis 

OMVs (Vidakovics et ai, 2010) and induction of NOD-1 dependent responses in epithelial 

cells and mouse embryonic fibroblasts by Neisseria gonorrhoea and Pseudomonas 

aeruginosa OMVs (Kaparakis et ai, 2010). A more thorough understanding o f their 

ftinction will no doubt be facilitated by more comprehensive data with respect to the 

proteome of these structures. However, there is a relative lack of such information with few 

exceptions, e.g. the common bacterium E. coli (Lee et al, 2007).

H. pylori OMVs have also been implicated in various pathogenic processes. These include 

modulation of proliferation and enhanced 11-8 production in AGS cells (Ismail et a l, 2003); 

mitochondrial pathway independent induction of apoptosis in gastric epithelial cells (Ayala 

et ai, 2006); VacA dependent vacuolation (Ricci et ai, 2005) and micronuclei formation

84



(Chitcholtan et al., 2008) in AGS cells and induction of NOD-1 dependent responses in 

epithelial cells and mouse embryonic fibroblasts (Allison et a l, 2009; Kaparakis et al., 

2010). Like many gram negative bacteria, the proteome of H. pylori OMVs had not been 

reported on previously, with the exception of a thesis (Mullaney 2007). Most recently and 

during the course of this project, another group published data on the H. pylori OMV 

proteome (Olofsson et al., 2010). This current study had therefore sought to undertake a 

proteomic evaluation of H. pylori OMVs, using mass spectrometry, to more fully evaluate 

the pathogenic potential of these structures by identifying many of the constituent 

molecules. These data have now been published (Mullaney et al., 2009)

Finally, Beveridge reported the presence o f outer membrane proteins, LPS, phospholipids 

and periplasmic components within OMVs (Beveridge 1999). This is consistent with three 

current models of OMV formation involving blebbing of the outer membrane and 

associated periplasmic components (Lee et al., 2008). However, more recent studies have 

revealed other components. For example. Neisseria meningitidis OMVs are known to 

contain cytoplasmic components (Post et al., 2005; Ferrari et al., 2006) as well as inner 

membrane proteins (Ferrari et al., 2006). Likewise, OMVs from Escherichia coli contain a 

unique combination of all protein fractions within these gram negative bacteria, with 

increased representation of outer membrane and periplasmic proteins, and relative 

deselection of inner membrane and cytoplasmic proteins (Lee et al., 2008). Therefore, in 

addition to analysing the proteomic composition o f H. pylori OMVs, this present study also 

assessed the relative abundance of its protein fractions compared with that of whole cells.
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to test the hypothesis that H. pylori OMV formation is also a selective process involving 

apparent protein sorting.
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3.2: OBJECTIVES

1. To evaluate the effect o f broth culture supplementation, growth phase at harvesting and 

the method o f purification on the protein profiles o f H. pylori OMVs.

2. To assess the impact o f the method o f purification and storage temperature on the gross 

structure o f  H. pylori OMVs.

3. To determine the size range o f  native H. pylori OMVs produced in culture.

4. To examine the relationship between the protein profiles o f H. pylori OMVs and H. 

pylori whole cells.

5. To compare the protein profiles o f H. pylori OMVs harvested from strains J99 and 

NCTC 11638.

6. To undertake a proteomic analysis o f H. pylori OMVs from strains J99 and NCTC 

11638.

7. To estimate the amount o f OMV produced by H. pylori.

87



3.3: RESULTS

3.3.1: H. pylori OMV protein profiles are unaffected by growth phase and purification 

methods

The protein profiles of H. pylori J99 outer membrane vesicles (OMVs) harvested from log 

or stationary growth phase and by various methods of preparation were evaluated. As 

expected, OMV preparations from stationary phase yielded greater amounts of protein 

compared to the corresponding log phase OMVs, but their respective protein profiles were 

similar as judged by ID-SDS-PAGE (Figure 3.1a). Likewise, the protein profiles of H. 

pylori J99 OMVs harvested by the ammonium sulfate precipitation (ASP) protocol were 

similar to those harvested directly by ultracentrifugation (UC), but OMV recovery from LfC 

was greater than that from ASP for both log and stationary phase cultures. However, 

although both methods can be completed within a few hours, the ASP protocol produces 

smaller volumes at the ultracentrifugation stage, which allows far more samples to be 

processed simultaneously. Also, additional OMVs were recovered by ASP of the residual 

supernatant resulting from UC, indicating that not all OMVs were efficiently recovered by 

UC. This material was judged to be OMV rather than soluble proteins in solution due to the 

similarity o f the protein profiles of the various preparations. Taken together, these data 

indicated that the ASP method was a more efficient method of OMV purification. 

Routinely, OMV preparations from various strains of H. pylori (J99, SSI, 60190 Wt, 60190 

CagA- and 60190 VacA-) were therefore made by the ASP method using bacteria grown to 

log phase (approximately 24 h. Figure 3.1b) to maximize yield while minimizing the 

potential of cell lysis occurring under stationary conditions o f growth.
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Log + - + . +
Stat - + - + - +
U/C + + . . +  +
ASP - - + + + +

Figure 3.1a: SDS PAGE analysis of H. pylori OMV. Protein profiles o f H. pylori J99 

OMVs harvested at log (Log) or stationary (Stat) growth phases by ultracentrifugation 

(U/C), ammonium sulfate precipitation (ASP) or UC followed by ASP. The gel was stained 

with Coomassie Brilliant Blue.
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Figure 3.1b: H. pylori J99 growth curve. Representative growth curve of H. pylori J99 

showing sequential spectrometric measurements (600 nm) of broth culture suspension.
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3.3.2: Effect of culture medium on H. pylori whole cell and OMV protein profiles

H. pylori SSI outer membrane vesicles (OMVs) prepared by the ASP method were 

harvested from broth culture supplemented with either P-cyclodextrin or fetal calf serum 

(Figure 3.2a, A and B). As shown, apart from a couple of high molecular weight bands 

between that of the myosin (205 kDa) and 3-galactosidase (116 kDa) markers, the protein 

profiles of OMVs recovered from both P-cyclodextrin and fetal calf serum supplemented 

broth medium were generally similar.

A further analysis of H. pylori whole cell and OMV protein profiles comparing broth 

supplementation and preparation method was undertaken using SDS PAGE analysis. 

Again, it was demonstrated that the protein profiles of OMVs recovered by ammonium 

sulfate precipitation were generally similar to those recovered by the ultracentrifugation 

method; though clear differences in protein recovery was evident (Figure 3.2b). 

Similarly, for OMVs prepared by either method, broth culture supplementation did not 

significantly alter the protein profile, apart from a couple of high molecular weight bands 

between that o f the myosin (205 kDa) and (3-galactosidase (116 kDa) markers, noted 

previously. However all of these represented a subset o f the protein profile of H. pylori 

whole cells (Figure 3.2b). Thus p-cyclodextrin was used for broth supplementation to 

avoid any potential issues with subsequent mass spectrometry analysis, due to the 

possibility of contaminants from fetal calf serum.
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Figure 3.2a: SDS-PAGE analysis of OMV from H. pylori grown in medium 

supplemented with P-cyclodextrin or fetal calf serum. Protein profiles of H. pylori SSI 

OMVs harvested from broth culture supplemented with p-cyclodextrin (BCD) or fetal calf 

serum (FCS) and prepared by ammonium sulfate precipitation (ASP). Proteins were 

visualized by Coomassie Blue staining (A) and silver staining (B). MW = molecular mass 

markers.
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Figure 3.2b: SDS-PAGE analysis of H. pylori whole cells and OMVs isolated from  

variously supplemented medium and different methods. Protein profiles o f H. pylori 

SSI whole cells (Hp) and OMVs (OMV) harvested from broth culture supplemented with 

P-cyclodextrin (BCD) or fetal calf serum (FCS) and prepared by ultracentrifugation (UC) 

or ammonium sulfate precipitation (ASP). Proteins were identified by silver staining. MW 

= molecular mass markers.
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3.3.3: H. pylori OMV structure is unaffected by purification and storage methods

The structure of H. pylori J99 outer membrane vesicles (OMVs) harvested by various 

methods and stored under different conditions was also evaluated. All samples 

demonstrated apparently intact vesicular structures as judged by transmission electron 

microscopy (Figure 3.3). There were also no identified whole cells or flagella present in 

any of the preparations. OMVs prepared by ammonium sulfate precipitation appeared 

structurally similar to those prepared by ultracentrifugation. In addition, storage of OMVs 

in PBS at or -20V  had no apparent effect on vesicular structure (Figure 3.3). Based 

on these findings, H. pylori OMVs were therefore routinely harvested from log phase 

cultures grown in [3-cyclodextrin-supplemented broth culture, by the ammonium sulfate 

precipitation method and stored at -20V, unless otherwise indicated.
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Figure 3.3: Transmission electron microscopy of H. pylori J99 OMVs. OMVs were 

harvested by ultracentrifugation (UC) or ammonium sulfate precipitation (ASP) and stored 

in PBS at 4 V  overnight or -20®C for several weeks. The scale bar in each image represents 

100 nm at a magnification of 60000. PBS salt deposits are clearly seen in the background.
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3.3.4: H. pylori OMVs recovered in-vitro demonstrate significant size variation

H. pylori J99 outer membrane vesicles (OMVs) recovered by the various methods and 

storage conditions described above, demonstrated significant variation in size. As shown 

in Figure 3.4, the size of recovered OMVs varied from approximately 20-400 nm.

Figure 3.4: Transmission electron micrograph of H. pylori J99 OMVs. OMVs 

recovered in vitro demonstrated a wide size range from approximately 20-400 nm. The 

scale bar represents 100 nm at a magnification of 20000. PBS salt deposits are clearly seen 

in the background.
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3.3.5: Composition of H. pylori OMV protein profiles reveal selective enrichment of 

vesicular components

The protein profile from H. pylori J99 whole cells was compared with that of its cognate 

OMVs by SDS PAGE. As clearly demonstrated in Figure 3.5, H. pylori OMVs represent 

a subset of the whole cell proteome. There were several prominent bands present in 

whole cells which were absent or very low in abundance in the OMVs (Figure 3.5, red 

arrows). However it is also clear that several proteins of similar prominence in the whole 

cell profile have significantly different representation within the OMV profile, suggesting 

some type of protein sorting or selective enrichment. In support of this latter point, there 

were at least a couple of proteins that appear to be enriched in the OMV profile (Figure 

3.5, green arrows).
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MW W/C OMV

Figure 3.5: SDS-PAGE analysis of H. pylori J99 whole cells (W/C) and OMVs. Protein 

profiles of H. pylori J99 whole cells (W/C) and its cognate OMVs (OMV) harvested from 

broth culture supplemented with P-cyclodextrin and prepared by ammonium sulfate 

precipitation (ASP). Proteins were visualized by Coomassie Blue staining. MW = 

molecular mass markers. Arrows indicate whole cell proteins apparently absent from or 

greatly diminished (red arrows) or enriched (green arrows) in OMVs.
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3.3.6: Composition of H. pylori OMV protein profiles reveal inter-strain variation

The protein profile from the sequenced strain J99 was compared with that of strain NCTC 

11637 by SDS-PAGE. As shown in Figure 3.6, the protein profiles were generally 

similar. However, minor differences are apparent, possibly reflecting intra-species 

variability.

MW J99 NCTC

Figure 3.6: SDS-PAGE analysis of H. pylori J99 and NCTC 11637 OMVs. Protein 

profiles o f H. pylori OMVs from strains J99 compare with OMVs from strain NCTC 

11637 (NCTC). Proteins were visualized by Coomassie Blue staining. MW = molecular 

mass markers.
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3.3.7: Mass spectrometric analysis of H. pylori OMVs from strains J99 and NCTC  

11637 confirms selective enrichment o f vesicular components

The gel lane containing the J99 OMV proteins shown in Figure 3.6 was excised, divided 

into 10 pieces and prepared for mass spectrometric analysis as described in Methods 

(2.16). A total o f 162 proteins were identified in the J99 OMV proteome (this study), 

many o f  which were also identified in the NCTC 11637 OMV proteome (Mullaney 

2007). In order to categorize the J99 OMV proteome as well as verify the selective nature 

o f  vesiculation, identified proteins from J99 OMVs were then assessed with the web- 

based PSORTb v2 protein localization prediction tool, which utilizes amino acid 

sequences to predict protein subcellular localization. This was compared with a similar 

evaluation o f known sequences for the J99 genome (http://cmr.icvi.org/tigr- 

scripts/CM R/GenomePage.cgi?org=nthp01).

As clearly demonstrated in Figure 3.7, o f the proteins whose localization could be 

predicted by PSORTb v2, the dominant protein fraction within the J99 whole cell 

proteome was the cytoplasmic fraction, which comprised 33.9%, followed by the inner 

membrane fraction with 16% (Figure 3.7, panel A). In contrast, the dominant protein 

fraction within the J99 OMV proteome was the outer membrane fraction, comprising 

30.9% (Figure 3.7, panel B). This confirms the relative enrichment o f outer membrane, 

periplasmic and extracellular proteins in contrast to the de-selection o f inner membrane 

and cytoplasmic proteins during vesiculation as shown (Figure 3.8).
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W/C Protein Fraction

OMV Protein Fraction

Figure 3.7: Predicted protein localization of H. pylori J99 whole cell proteins versus 

OMV proteins. Proteins present in H. pylori J99 whole cells (A) and those identified in 

this study by mass spectrometry analysis of H. pylori J99 OMVs (B) were further 

analysed by PSORTb to determine their predicted subcellular location (fraction). The 

number of proteins predicted to belong to each fraction is shown.
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Figure 3.8: Relative enrichment of protein fractions during vesiculation. Following 

PSORTb analysis the number of proteins predicted to belong to the various protein 

fractions was calculated as a percentage of the total proteome for both H. pylori J99 

whole cells and OMVs, reflecting their relative abundance in each. For each fraction, its 

relative abundance within the OMV proteome was compared with that within the whole 

cell proteome, as a measure of the level o f enrichment of that fraction during the process 

of OMV formation.



3.3.8: Mass spectrometric data of H. pylori OMVs from strains J99 and NCTC 11637

The 162 proteins identified by mass spectrometry (MS/MS) are categorized below 

according to predicted subcellular localization (Tables 3.1-3.6).

Table 3.1: Outer membrane proteins identified in the OMV from H. pylori J99 and 

NCTC 11637“

Accession
number Name“

Mascot
score

No.
matching
peptides'’

Sequence
coverage

(% )
06VYQ2 *Flagellin A 232 6 15
Q9ZKX4 ♦FrpBl IROMP 102 3 4
Q9ZJA8 *FrpB3 IROMP 1505 30 46
Q9ZMK5 ♦HopA OMP 6 1622 16 42
09ZLD5 ♦HopE OMP 388 7 32
Q9ZM13 *HopF OMP 7 179 5 17
Q9ZM12 *HopG OMP 8 230 5 9
Q9ZK58 *Hopl OMP 25 142 4 10
Q9ZK57 *HopL OMP 26 88 2 2
Q9ZK39 *HopQ OMP 27 1484 19 38
Q9S317 *HopZ protein precursor 100 3 5
Q9ZMV0 *HorB OMP 4 64 1 6
Q1CU56 *HorE OMP 15 783 5 31
Q9ZLG6 *HorF OMP 14 50 1 2
Q9ZJB9 *HorK OMP 32 575 8 24
Q9ZJ82 *HorL OMP 32 181 4 17
Q9ZL47 *HpaA adhesin 141 6 26
Q93T23 *Lpp20 lipoprotein 401 8 45
Q9ZKY7 *OMP 551 11 21
Q9ZL45 *OMP 199 4 25
025036 ♦OMP 8 394 10 24
Q9ZL05 ♦OMP PI 261 5 14
Q9ZMK8 ♦Peptide methionine sulfoxide reductase 158 4 16
Q9ZLE6 ♦Putative OMP 112 2 8
Q9ZLH9 ♦Putative OMP 189 6 8
Q9Z390 ♦HopM OMP 5

♦Putative peptidyl-prolyl cis-trans
558 14 33

Q9ZMQ7 isomerase 158 7 29
Q9ZJY3 BabA 1867 23 44
Q9ZLF4 FecAl IROMP 641 12 21
Q9ZKB5 HcpC putative beta-lactamase precursor 145 2 8
Q9ZLY6 HofD OMP 52 1 2
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Q9ZK48 HopD OMP 2 54 1 3
Q9ZJD0 Lipase-like protein 141 2 5
Q9ZJ38 RlpA-like OMP lipoprotein 50 1 4
Q9ZKT7 OMP/porin 651 8 29
Q9ZLW8 PgbA plasminogen binding protein 77 2 7
Q9ZKY5 PgbB plasminogen binding protein 143 2 6
Q9ZLM7 Putative OM efflux pump 454 14 28
Q9ZL55 Putative OMP 60 1 3
Q9ZLB7 Putative OMP 78 1 5
Q9ZJG5 Putative OMP 111 2 3
Q9ZKR5 Putative OMP 358 13 26
Q9ZLD1 Putative OMP 326 12 23
Q9ZLJ8 Putative OMP 129 2 7
Q9ZM53 Putative OMP 56 1 4
Q9ZLB8 Putative OMP 295 6 12
Q9ZN38 Putative OMP 48 1 2
Q9ZK87 Putative OMP 178 5 39
Q9ZJD0 TolC Putative OMP 141 3 5
Q9ZLM3 VacA paralog 57 1 0.5

a: Proteins with an asterix preceding the name indicates that these proteins were identified in the H. pylori
strain NCTC 11637
b: Where only a single matching peptide was identified, the MS/MS spectra are shown in Appendix A
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Table 3.2: Periplasmic proteins identified in the OMV from H. pylori J99 and NCTC 

11637“

Accession
number Name"

Mascot
score

No.
matching
peptides'’

Sequence
coverage

(% )
Q9ZKX5 *Catalase 1147 17 45

Q9ZLY8 *Catalase-like protein 74 1 4
Q9ZK95 *Gamma glutamyl transpeptidase 129 4 9
Q9ZLI9 * Lytic murein transglycosylase 67 2 3
Q9ZMD7 *Periplasmic dipeptde transporter 57 1 2
Q9ZJF8 *Cytochrome C peroxidase 56 1 2
Q9ZM18 *Serine protease DO 476 9 34
Q9ZK86 *TolB precursor 435 7 21
Q9ZMW9 2'3'-Cyclic nucleotide 2'-phosphodiesterase 65 1 1
Q9ZJZ9 Cytochrome C 553 precursor 57 1 14
09ZKD5 DsbC thiol disulfide interchange protein 125 2 12
Q9ZK88 Periplasmic protein 75 1 4

a: Proteins with an astcrix preceding the name indicates that these proteins were identified in the H. pylori
strain NCTC 11637
b: Where only a single matching peptide was identified, the MS/MS spectra are shown in Appendix A
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Table 3.3: Cytoplasmic proteins identified in the OMV from H. pylori J99 and NCTC 

11637"

Accession
number Name"

Mascot
score

No.
matching
peptides'’

Sequence
Coverage

(% )
P66328 *30S SIO Ribosomal protein 92 2 26
Q1CR52 *30S S2 Ribosomal protein 68 2 10
Q9ZK79 *ATP synthase subunit alpha 64 4 8
Q9ZK81 *ATP synthase subunit beta 108 3 10
Q9ZMH1 *ATP-dependent protease 47 1 1
Q9ZM18 *ATP-dependent RNA helicase 51 1 3
Q9ZLT1 *CagA 388 11 12
Q6A0P8 *Chaperonin 10 kDa 87 2 22
Q9ZN37 *Citrate synthase 62 2 6
Q9ZM99 *CTP synthase 62 1 3
Q9ZK04 *D-lactate dehydrogenase 49 1 1
Q9ZK23 *DNA-directed RNA polymerase 449 18 8
Q9ZN50 *GroEL 60 kDa 829 18 35
Q9ZJW1 *NADH oxidoreductase 197 4 6
Q9ZM03 *01igopeptidase 68 1 2
Q9ZMV4 *Phosphoenolpyruvate synthase 53 1 1
Q9ZP1 *Phosphoglycerate kinase 128 3 13
Q9ZMS7 *Recombinase recA 68 3 6
Q9ZKG9 *tRNA synthetase methionyl 117 2 3
Q9ZMV3 *tRNA synthetase threonyl 63 1 2
Q9ZLP1 2-Oxoglutarate oxidoreductase 81 2 7
Q9ZKF6 30S SI Ribosomal protein 73 1 2
09ZKE8 CheA-MCP coupling protein 67 1 9
Q9ZMU2 Conserved iron sulfur protein 63 1 2
Q9ZJT5 DNA directed RNA polymerase alpha 184 3 14
Q9ZMM2 HtpG chaperone protein 62 1 2
Q9ZJZ0 Hypothetical protein 91 1 8
Q9ZJV2 Phosphohexose mutase 137 4 11
Q9ZN12 Proline/pyrroline 5-carboxylate DH 54 1 1
Q9ZKG0 Putative aminotransferase 73 1 1
Q9ZJF7 Putative motility protein 89 3 12
Q9ZMJ6 tRNA synthetase prolyl 66 1 2
Q9ZL70 Uncharacterized protein 78 1 4
Q9ZMC0 Uncharacterized protein 95 2 12
Q9ZKP3 Uncharacterized protein 95 3 14

a; Proteins with an asterix preceding the name indicates that these proteins were identified in the H. pylori
strain NCTC 11637
b: Where only a single matching peptide was identified, the MS/MS spectra are shown in Appendix A
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Table 3.4: Inner membrane proteins identifled in the OMV from H. pylori 399

Accession
number Name

Mascot
score

No.
matching
peptides**

Sequence
coverage

(% )
Q9ZMT6 Cytochrome oxidase 1 58 1 3
Q9X749 HopV porin 194 4 21
Q9ZMY5 Malate:quinone oxidoreductase 120 4 11
Q9ZKA5 Putative membrane protein 123 1 6
Q9ZL61 Putative membrane protein 48 1 3
Q9ZLR8 Uncharacterized protein 58 1 2
Q9ZLJ9 Uncharacterized protein 78 2 14
Q9ZJ46 Uncharacterized protein 131 3 7

b; Where only a single matching peptide was identified, the MS/MS spectra are shown in Appendix A
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Table 3.5: Proteins of unknown localisation in OMV from H. pylori J99 and NCTC 

11637“

No. Sequence
Accession
number Name’

Mascot
score

matching
peptides'*

covera
(% )

P66609 *30S S9 Ribosomal protein 70 1 8
Q9ZJR4 *50S L3 Ribosomal protein 92 1 7
Q9ZL64 *Aconitase B 363 7 10
Q9ZJN6 *Carboxy terminal protease 136 4 12
Q9ZKG5 *HpaA paralog 150 3 14
Q1CTE7 *L-asparaginase II 76 2 6
Q9ZLH7 *Processing protease 467 13 34
Q9ZMK3 *Putative PDI 342 12 55
Q9ZK63 30S S I6 Ribosomal protein 74 1 23
Q9ZJD1 36 kDa antigen 49 1 6
Q9ZJS2 50S L14 Ribosomal protein 48 1 9
Q9ZJC4 50S L25 Ribosomal protein 58 1 7
Q9ZJS4 SOS L5 Ribosomal protein 82 3 14
Q9ZJS6 50S L6 Ribosomal protein 60 1 8
Q9ZMG0 ATP-dependent nuclease 161 3 10
Q9ZKP8 Hypothetical protein 98 1 8
Q9ZM 06 Hypothetical protein 58 1 5
Q9ZMB5 Putative endonuclease 62 1 7
Q9ZM12 Putative zinc protease 173 4 11
Q9ZJY2 Single stranded DNA binding protein 54 1 9
Q0ZLK9 Tetrahydrodipicolinate N-succinyltransferase 61 1 3
Q9ZLK6 Uncharacterized protein 51 1 6
Q9ZMU8 Uncharactcrized protein 214 5 22
Q9ZLC2 Uncharacterized protein 148 3 26
Q9ZMD1 Uncharactcrized protein 241 7 42
Q9ZLS5 Uncharacterized protein 65 1 4
Q9ZMY4 Uncharacterized protein 214 4 10
Q9ZLH5 Uncharactcrized protein 85 3 9
Q1CV74 Uncharacterized protein 71 2 3
Q9ZL07 Uncharacterized protein 47 1 8
Q8KNZ4 Uncharacterized protein 208 5 20
Q9ZJ62 Uncharacterized protein 52 1 8
025715 Uncharactcrized protein 73 3 7
Q9ZMX6 Uncharactcrized protein 121 3 12
Q9ZM17 Uncharacterized protein 55 1 3
Q9ZMU9 Uncharacterized protein 61 1 6
Q9ZMG0 Uncharacterized protein 161 3 10
Q9ZLN5 Uncharacterized protein 364 9 57
Q9ZJ24 Uncharacterized protein 358 7 28
Q1CTS9 Uncharacterized protein 331 9 46
Q9ZL10 Uncharacterized protein 66 1 4
Q9ZL06 Uncharacterized protein 64 1 6
Q9ZJF6 Uncharactcrized protein 74 2 11
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Q9ZJG2 Uncharacterized protein 227 7 43
Q9ZJA0 Uncharacterized protein 120 4 31
Q9ZJU2 Uncharacterizcd protein 126 3 22
Q9ZJG4 Uncharacterized protein 357 8 33
Q9ZLC3 Uncharacterized protein 74 1 10

a: Proteins with an asterix preceding the name indicates that these proteins were identified in the H. pylori
strain NCTC 11637
b; Where only a single matching peptide was identified, the MS/MS spectra are shown in Appendix A
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Table 3.6: Proteins from H. pylori J99 and NCTC 11637“ associated with ‘structure 

bound’ subproteome'

Accession
number Name” Mascot score

No.
matching
peptides*’

Sequence
coverage

(% )
Q9ZL64 *Aconitate hydratase 363 7 10
Q9ZKE7 *Adhesin-thiol peroxidase 50 1 7
P56876 *AhpC 196 5 30
Q9ZK24 *EF G elongation factor 327 7 12
Q9ZJ71 *EF Ts Elongation factor 113 3 9
Q9ZK19 *EF Tu Elongation factor 344 8 22
Q7X3W5 *Urease B 235 3 11
Q9ZMZ4 * Urease A 94 3 8
Q9ZMP0 Fumarate reductase 83 1 1

a: Proteins with an asterix preceding the name indicates that these proteins were identified in the H. pylori 
strain NCTC 11637
b: Where only a single matching peptide was identified, the MS/MS spectra are shown in Appendix A 
c: sarcosine insoluble and pelletable material [49].
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3.3.9: Consistency in protein profiles of H. pylori OMVs over time

It is known that despite the high sensitivity o f mass spectrometry, some variabihty can be 

expected between samples due to various factors including protein concentration and 

growth conditions (Haab et al., 2005; Olofsson et a l,  2010). Therefore, several OMV 

preparations over a 1 year 3 month period were compared by SDS PAGE. As demonstrated 

in Figure 3.9 protein profiles between OMV preparations made over a wide time span were 

essentially the same. All preparations contained OMVs isolated by the ASP method using 

bacteria grown to log phase in P-cyclodextrin-supplemented broth culture and subsequently 

stored at -2 0 V , except for that done on 24.6.09 (Figure 3.9, middle lane), which 

contained stationary phase OMVs.

D a te  1 2 .2 .0 9  5 .6 .0 9  2 4 .6 .0 9  1 0 .1 2 0 9  7 .5 .1 0

Figure 3.9: SDS-PAGE analysis of successive H. pylori OMV preps. Protein profiles o f 

H. pylori OMVs prepared over a 1 year 3 month time span by ammonium sulfate 

precipitation from (3-cyclodextrin-supplemented broth culture and subsequently stored at - 

20^C. Molecular weight markers (in kDa) are indicated. The proteins were visualised by 

Coomassie Blue staining.



3.3.10: Mass spectrometric analysis of H. pylori OMVs reveals pathogenic potential

Of the 162 proteins identified in the H. pylori J99 and NCTC 11637 OMV proteomes, 

several are known or putative survival and/or virulence factors as outlined in Table 3.7.

Table 3.7: Key proteins identified by mass spectrometric analysis of H. pylori J99 and

NCTC 11637 OMVs.

Protein/Group Function

BabA Adhesin, binds fucosylated blood group antigens (Boren 
e ta l ,  1993).

Urease Neutralization of local acidic environment (Dunn and 
Phadnis 1998).

Outer membrane porins Induction of various immunomodulatory responses e.g. 
cytokine production and modulated PMN chemotaxis 
(Tufano et al., 1994).

Nap A Iron sequestration, oxidative stress resistance and PMN 
chemoattraction (Cooksley et al., 2003; Olczak et aJ., 
2005; Wang et al., 2006; Mullaney et al., 2009).

CagA Modulates several host signalling pathways 
Proliferation, morphological changes and inflammatory 
responses (Crabtree et al., 1994; Bourzac et al., 2007; 
Backert and Selbach 2008).

Vac A paralog Induces intracellular vacuoles (Ricci et al., 2005; 
Chitcholtan et al., 2008).

Plasminogen binding 
proteins

? Degrade host components via bound plasmin (Jonsson 
et al., 2004).

OMP18 Immunomodulatory activity e.g. dendritic cell maturation 
and antigen (Ag) presentation (Voland et al., 2003; 
Rathinavelu et al., 2005).

HpaA Immunomodulatory activity e.g. dendritic cell maturation 
and Ag presentation (Voland et al., 2003).
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3.4: DISCUSSION

In order to optimize the preparation of highly purified Helicobacter pylori outer membrane 

vesicles (OMVs), various methodological parameters were assessed to ascertain their 

impact on OMV quality as demonstrable by SDS-PAGE and transmission electron 

microscopy. These parameter included growth phase used for harvesting vesicles (log or 

stationary phase); OMV isolation technique (ultracentrifugation alone [UC] or ammonium 

sulfate precipitation [ASP]); medium supplementation (fetal calf serum [PCS] or P- 

cyclodextrin [BCD]) and storage at 4°C or -20^C.

Initial SDS-PAGE analysis demonstrated similar protein profiles for H. pylori OMVs 

harvested from either log phase or stationary phase as well as by either UC or ASP. There 

was however considerably more OMVs recovered from stationary phase cultures, using 

either method. This probably reflects, at least partly, the longer duration of these cultures 

which would facilitate continued proliferation and therefore vesiculation. However, based 

on the known phenomena of cell lysis during late log and stationary phase growth (Dunn 

and Phadnis 1998; Hassett et a l, 2000; Kabir et a l, 2005) as well as dead cell lysis in 

stationary cultures (Nitta et a l, 2000), there is also the possibility that the enhanced 

recovery is due partly to an increased risk o f cellular contamination associated with OMV 

preparation from stationary phase cultures, as some of the stationary phase bands were 

large enough to obscure minor differences.
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Current methods of H. pylori OMV preparation include ultracentrifugation (UC) (Keenan 

et a i, 1997), cellulose acetate filtration (Fiocca et at., 1999) and detergent extraction 

(Ferrari et a i, 2006). These contrast with many earlier studies that produced membrane 

vesicle “ghosts” (Bhattacharyya 1970) with less complex vesicular structures, which would 

be unsuitable for the characterization of native OMVs (Bhattacharyya et al., 1971). In this 

study a modification of the protocols o f Grenier et al. and Moe et al. was developed, which 

involves ammonium sulfate precipitation (ASP) (Grenier and Mayrand 1987; Moe et a l, 

2002). ASP is a recognized method for protein concentration and purification (Wingfield 

2001) and this study presents its novel use to purify H. pylori OMVs, comparing the 

resulting OMVs to those produced by the UC method. Both UC and ASP recovered OMVs 

demonstrated similar protein profiles. All recovered material was judged to be OMV rather 

than soluble proteins in solution due to the similarity of the protein profiles of the various 

preparations. While UC recovered greater amounts o f OMVs compared with ASP, not all 

OMVs were efficiently recovered by UC. Further, despite the fact that both methods can be 

completed within a few hours, the ASP protocol produces smaller volumes at the 

ultracentrifugation stage (see Methods 2.7). This allows far more samples to be processed 

simultaneously by the ASP protocol. Taken together, these data indicated that the ASP 

method was a more efficient method for purification o f H. pylori OMVs. Routinely, OMV 

preps were therefore made by the ASP method using bacteria grown to log phase 

(approximately 24 h), to maximize yield and minimize the potential of cell lysis occurring 

under stationary conditions o f growth.
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The effect of broth culture supplementation on H. pylori OMV profiles was also assessed. 

Based on SDS-PAGE analysis, OMVs harvested from (3-cyclodextrin and fetal calf serum 

supplemented broth cultures produced similar profiles, except for minor differences in 

two high molecular weight bands, between that of the myosin (205 kDa) and (3- 

galactosidase (116 kDa) markers, which appear in the profile of OMVs harvested from P- 

cyclodextrin on both the Coomassie and silver stained gels, but appear to be only faintly 

present in the profile of OMVs harvested from fetal calf serum on the silver stained gel 

(Figure 3.2a). Based on the subsequent mass spectrometry (MS) analysis, discussed 

below, three proteins were identified in the H. pylori OMV proteome in this molecular 

mass region; HopL / OMP 26 (133463 Da), CagA (131592 Da) and Proline/pyrroline-5- 

carboxylate dehydrogenase (135768 Da). Based on their reported molecular masses, all 

are possible candidates for the lower band, which interestingly was the weaker o f the two. 

However, this could be explained by the observation that in the gel lane sent for MS 

analysis, this lower band was actually the stronger of the two (Figure 3.6a). The 

difference in protein profile, depending on the type o f supplementation, could also be due 

to several factors. Differential gene expression profiles have been reported in the 

presence or absence of fetal calf serum (Rzucidlo et ai, 2001). Additionally, gene 

expression profiles may also vary when fetal calf serum supplementation is compared 

with other forms of supplementation (Pedersen et ai, 2005). These differences are 

consistent with other recent findings, demonstrating the effect of different environments 

on OMV protein profiles (Olofsson et ai, 2010). However, unlike the oligosaccharide P- 

cyclodextrin (Kaur et ai, 2004), there is the potential issues of contaminants from the 

much more complex composition of fetal calf serum. Therefore, p-cyclodextrin was
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chosen as the broth culture supplement to avoid any potential issues with subsequent 

mass spectrometry analysis.

H. pylori OMV structure was further assessed by transmission electron microscopy (TEM) 

comparing OMVs harvested by the UC or ASP isolation methods as well as OMVs stored 

at either A^C or -20'^C. All conditions demonstrated apparently intact vesicular structures 

and there were no identified whole cells or flagella. Further, TEM analysis of H. pylori 

OMV prepared by others in the lab yielded similar vesicular structures with no evidence of 

cellular debris (Adetomilola 2010; Byrne 2010). OMVs prepared by ASP appeared similar 

to those prepared by UC. Similarly, OMVs stored at A^C appeared similar to those frozen at 

-20”C. These results indicated that both isolation techniques are highly selective and 

capable o f maintaining the structural integrity of H. pylori OMVs. Further, both storage 

conditions are compatible with the maintenance of vesicular structure. However, -20*̂ C was 

chosen as the preferred storage condition for practical reasons, as OMVs so stored had been 

subjected to long-term storage, in comparison to those stored at 4^C for only a few days. As 

a result, based on all the methodological parameters assessed, OMVs were routinely 

isolated by the ASP method using bacteria grown to log phase in P-cyclodextrin- 

supplemented broth culture and subsequently stored at -20‘̂ C.

In all H. pylori OMV samples examined by electron microscopy, there was significant 

heterogeneity with respect to vesicular size. In this study H. pylori 60109 OMVs ranged in 

size from approximately 20 nm to 400 nm. This is similar to other recently published data 

which have also demonstrated significant size ranges for H. pylori OMVs. For example.



Hynes et al. found a similar size range based on transmission electron microscopic analysis 

o f broth culture-derived OMVs and antral biopsy samples (Hynes et ai, 2005). Likewise, 

Olofsson et al. reported estimates of 20-300 nm (Olofsson et a i, 2010) and Fiocca et al, 

50-300 nm (Fiocca et al, 1999). All were also quite similar to Beveridge’s earlier estimate 

of 50-250 nm for OMVs from various gram negative bacteria (Beveridge 1999). 

Interestingly, some authors have studied size fractionated OMVs. This approach has been 

used for example to examine variation in protein content, including key virulence 

associated proteins, based on OMV size (Olofsson et ai, 2010). However, unfractionated 

OMV samples were used in this study, as they represented the native population produced 

in broth cultures.

Extensive proteomic data on H. pylori OMVs had not been previously reported on. In this 

study, mass spectrometry (MS) analysis identified 213 proteins in the H. pylori J99 OMV 

proteome. The J99 strain was chosen because it is one of the few strains sequenced to date, 

where the annotated data is readily available. Accordingly, the 1488 proteins annotated as 

encoded by the H. pylori J99 genome was first analyzed to assess the relative abundance of 

the various protein subcellular fractions in OMVs compared with whole cells using the 

protein subcellular localization tool, PSORTb v.2.0 (Gardy et ai, 2005). On single 

localization proteins, PSORTb v.2.0 attained precision values of 96% for both gram 

positive and gram negative bacteria, with average predictive coverage of 74.8% (maximum 

83.2%) and 56.7% (maximum 78.8%) respectively, which is comparable to other tools for 

whole proteome analysis (Gardy et ai, 2005). In the current study the predictive coverage 

was 55.8% which is close to the average coverage achievable with this tool. This
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evaluation revealed that in H. pylori J99 whole cells, the dominant protein fraction based 

on PSORTb predicted localization was cytoplasmic, comprising 33.9% o f the total 

proteome (504 of 1488 proteins). This was followed by inner membrane proteins 

comprising 16.0% (238 proteins). This was in contrast to H. pylori OMVs, in which the 

dominant protein fraction was outer membrane proteins, comprising 30.9% o f the OMV 

proteome (50 of 162 proteins), with periplasmic proteins accounting for 7.4% (12 proteins). 

Although PSORTb-predicted that cytoplasmic proteins accounted for 21.6% o f the OMV 

proteome, the 35 OMV-associated cytoplasmic proteins comprised only 6.9% of the 504 

whole cell-associated cytoplasmic proteins. Likewise, of the 238 inner membrane proteins, 

only 8 (3.4%) were confirmed to be incorporated into OMVs. This is in contrast to the 

whole cell-associated outer membrane and periplasmic proteins, o f which most appeared to 

be incorporated during vesiculation. Further, the level of selection for inner membrane 

proteins (3.4%) is less than half that for cytoplasmic proteins (6.9%), which are structurally 

more distant from the outer membrane than inner membrane proteins. These observations 

therefore raise the question o f the mechanism of protein selection during vesiculation, 

discussed further below.

Further analysis compared the proteins identified in the H. pylori J99 OMV proteome with 

those identified in the NCTC 11637 OMV proteome based on the MS data. This revealed 

significant differences between the two (Tables 3.1-6). O f the 162 proteins identified in the 

H. pylori J99 OMV proteome, 91 (56.2%) were unique to the J99 strain in this analysis. 

However, all the proteins identified in the H. pylori NCTC 11638 OMV proteome were 

identified in the H. pylori J99 OMV proteome. This finding, coupled with the weaker bands
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in the NCTC 11637 OMV lane of the gel excised and processed for mass spectrometry 

(Figure 3.6a), suggests that a likely reason for much of the difference is a disparity in the 

amount o f OMVs that was available for analysis. However, genetic diversity among H. 

pylori strains (Aim et a i, 1999; de Reuse and Bereswill 2007) would almost certainly be a 

contributing factor. Further, the low amount of NCTC 11637 OMVs analyzed, might 

explain the absence o f unique proteins detectable in the H. pylori NCTC 11637 OMV 

proteome, despite the expected diversity.

A very recent proteomic analysis o f H. pylori CCUG 17875 OMVs identified 306 and 126 

proteins in two samples (Olofsson et al., 2010). The difference between the two could be 

partly explained by the fact that these were density fractionated OMVs with the first 

sample (MS I) comprising the pooled fractions with a destiny range of 1.15-1.20 g/ml, 

while the second (MS 11) had a narrower range of 1.17-1.18 g/ml, thereby representing a 

smaller yield o f OMVs. However, despite this, 93% of MS 11-identified proteins were also 

identified in MS I, demonstrating reasonable reproducibility. In agreement with this study, 

these authors also found a predominance of outer membrane proteins within the OMV 

proteome and calculated that the majority of the whole cell outer membrane proteins were 

incorporated during vesiculation (Olofsson et a i, 2010). There was also considerable 

overlap between both studies. Proteins common to both include Flagellin A, several 

Hop/Hor family members including BabA, Lpp20 lipoprotein, CagA, VacA, Urease A and 

B, Catalase, various tRNA synthetases and ribosomal proteins, DNA directed RNA 

polymerase alpha, elongation factors, plasminogen binding protein A, TolB, peptidyl-prolyl 

cis-trans isomerase, cytochrome oxidase and the heat shock proteins 10, 60 and 90.
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However there were differences and several factors could account for variations between 

studies. Firstly, each study used different strains (J99 vs. CCUG 17875). Secondly, there is 

known to be variation between mass spectrometric analyses, which is influenced by such 

factors as protein concentration (Haab et al., 2005). In addition, H. pylori protein 

expression profiles are known to be modulated by the growth environment (Olofsson et a l, 

2010) and their gene expression profiles, growth phase dependent (Thompson et a l, 2003), 

which would likely alter the resulting OMV proteome. OMVs in this current study were 

routinely harvested during log phase from p-cyclodextrin-supplemented brucella broth 

culture, while those in the Olofsson el al. study were harvested during early stationary 

phase from bovine blood supplemented brucella agar or calf serum supplemented brucella 

broth culture. Finally, the exact methodology of protein identification differed between 

studies. This study utilized nanoLC-ESl MS/MS, Mascot search and protein identification 

criteria o f Mascot Ion Score > 47 while Olofsson et al. employed Nanoflow LC FT-ICR 

MS/MS, Mascot search and protein identification criteria of MOWSE score > 45.

Another interesting finding from the MS analysis was the presence of cytoplasmic and 

inner membrane proteins associated with H. pylori OMVs. There are three current models 

of vesicle formation in gram negative bacteria. The first proposes an imbalance between 

outer membrane and peptidoglycan biogenesis resulting in progressive bulging of the 

former until a discrete vesicle buds off (Wensink and Witholt 1981). In this model, the 

close attachment o f outer and inner membranes at such regions of biogenesis may facilitate 

the inclusion o f some inner membrane proteins during vesiculation. A second model 

proposes peptidoglycan turnover resulting in increased turgor on the outer membrane and
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subsequent blebbing and vesiculation (Zhou et a l, 1998). This model predicts the absence

of cytoplasmic components and DNA. A third model involves the enhancement of anionic

2+ 2+repulsion due to quinine signalling molecules that destabilize Mg and Ca salt bridges 

within the outer membrane (Mashbum and Whiteley 2005). All models predict blebbing of 

the outer membrane and associated periplasmic components and may contribute 

collectively to OMV biogenesis (Lee et al, 2008), but, they do not explain the presence of 

cytoplasmic proteins in OMVs. However, this could be due to several factors. Autolysis 

has been reported as a general mechanism that could account for cytoplasmic 

contamination of bacterial culture supernatants as well as membrane association of known 

cytoplasmic proteins, for example urease and HspB both in vitro and in vivo (Phadnis et 

al, 1996; Dunn et al, 1997). Further, specific secretion has also been demonstrated as a 

likely pathway for some H. pylori proteins to gain access to the external environment, with 

variable secretion rates arguing against programmed autolysis (Cover et al, 1994; Vanet 

and Labigne 1998). It is possible that H. pylori utilize several mechanisms for the transport 

of proteins from the cytoplasm to the surface and/or extracellular space. Additionally, the 

prior observation that the level of selection during vesiculation for PSORTb-localized inner 

membrane proteins (3.4%) was less than half that for the more structurally distant 

cj^oplasmic proteins (6.9%), suggest that autolysis may play a role. Autolysis would permit 

cytoplasmic proteins to enter the extracellular environment where they would be free to 

adhere to OMVs, while inner membrane proteins would remain bound and be removed 

during OMV preparations as cellular debris, after the initial centrifugation step. Inner 

membrane proteins may therefore more likely be incorporated into OMVs by more direct 

processes as that suggested by Wensink et al. (Wensink and Witholt 1981).
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In summary, this study demonstrated that H. pylori OMV profiles are not markedly altered 

by broth culture supplementation as judged by SDS-PAGE. Although growth phase and 

isolation method altered the quantity o f OMVs recovered, they also appeared to have 

minimal effect on protein profiles. Additionally, neither isolation method nor storage 

temperature affected OMV structure as demonstrated by transmission electron microscopy. 

A comparison o f the profiles o f OMVs from strains J99 and NCTC 11637 revealed general 

similarity and this was reflected in significant overlap between their respective proteomes 

based on MS analysis. However, the J99 OMV profile clearly represented a subset o f  the 

whole cell profile. Native OMVs comprise a heterogeneous population with a size range 

between 20 and 400 nm. Their proteomic composition suggested a selective mechanism o f 

vesiculation favouring outer membrane and periplasmic proteins. This is consistent with 

other published data for both H. pylori OMVs as well as those from other gram negative 

bacteria. Further analysis o f  the H. pylori OMV proteome, revealed the presence o f  several 

survival and virulence factors, which raises the question o f the role o f these structures in 

gastroduodenal pathology. As a result, this study explored the effect o f H. pylori OM Vs on 

the phosphoproteome o f the human gastric adenocarcinoma cell line, AGS, in an attempt to 

identify signalling molecules and pathways possibly involved in H. pylori OMV-mediated 

pathogenetic processes.

In this regard it may also be useful in future studies to undertake further proteomic analyses 

o f  OMVs prepared from clinical isolates cultured from patients with various pathologies, 

including acute and chronic gastritis, gastric atrophy and gastric carcinoma as well as 

OMVs isolated from broth cultures grown under conditions o f nutrient depletion (e.g. metal
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ion depletion) as well as acidic-neutral pH environments. Demonstrable differential protein 

expression could suggest possible avenues for ftirther exploration with regards to the 

contribution of individual proteins or groups of proteins to specific pathologies and 

potential adaptive strategies employed by H. pylori, as well as provide additional insight 

into host-pathogen interaction.
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CHAPTER 4

FUNCTIONAL CHARACTERIZATION OF 

H. pylori OMVs: ROLE IN 

INTRACELLULAR SIGNALING



4.1: INTRODUCTION

The bacterium H. pylori, has been implicated in the pathogenesis of various gastric 

pathologies including gastritis, peptic ulcer disease and gastric cancer. There is growing 

evidence linking several bacterial virulence factors to pathological processes. For example, 

H. pylori has been reported to promote gastric cell Interleukin 8 (IL-8) mRNA expression 

and protein secretion (Crabtree et ai, 1994), in a cytotoxin-associated gene pathogenicity 

island (cagF^7)-dependent manner (Crabtree et al, 1999). Similarly, proliferation, motility 

and phenotype changes have been shown to be mediated by the virulence factor cytotoxin- 

associated gene A (CagA) (Handa et ai, 2007). The H. pylori CagA-mediated 

morphological change is known as the hummingbird phenotype, which involves elongation 

and decreased cell symmetry associated with persistence of focal adhesion complexes at 

the lagging ends, independent of Cdc42, Racl and Arp2/3 (Bourzac et al, 2007). CagA has 

been demonstrated to be initially delivered into gastric epithelial cells by a type IV 

secretion system (T4SS) (Backert et ai, 2000). It is subsequently tyrosine phosphorylated 

by Src (SFKs) and Abl family kinases, which bind to and activate SHP-2 phosphatase, 

resulting in dephosphorylation and inhibition of focal adhesion kinase (FAK), as well as 

dephosphorylation of vinculin, cortactin and ezrin resulting in cytoskeletal rearrangements; 

the net effect of which is the hummingbird phenotype (Tsutsumi et ai, 2006; Backert and 

Selbach 2008). Both phosphorylated and non-phosphorylated CagA has also been reported 

to activate Erkl/2 and NF-kB, resulting in induction of mitogenic and pro-inflammatory 

genes (Backert and Selbach 2008). Additionally, Handa et a i reported CagA-mediated 

apoptosis (Handa et al., 2007), while others found an anti-apoptotic effect (Backert and 

Selbach 2008). Another well-studied virulence factor, vacuolating cytotoxin (VacA), has
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been associated with gastric cell vacuolation (Ricci et al., 2005). A more recent report 

associates this virulence factor with a plethora of additional pathogenic processes including 

altered endo-lysosomal function, channel and pore formation, mitochondria-dependent 

apoptosis, induction of p38 and various cytokines including tumour necrosis factor alpha 

(TNFa), IL l-p, IL-6, IL-8, IL-10 and IL-13 and suppression o f T cell proliferation and 

activation (Isomoto et al., 2010). Unsurprisingly, the presence o f these virulence factors 

has been associated with the more severe disease outcomes, including peptic ulcer disease 

and gastric cancer (Atherton 1998). However there is also evidence that these two major H. 

pylori virulence factors, modulate each other’s function as a survival strategy, ensuring 

host cells are not overwhelmed by their respective pathogenic activities (Argent et al., 

2008).

As demonstrated previously in this study, these and other virulence factors are present 

within the H. pylori OMV proteome. It was therefore of interest to evaluate the 

contribution of these vesicles in general to pathogenic phenotypes and also the role of 

specific proteins in these processes. Although the presence of a virulence factor within the 

OMV proteome does not necessarily imply a biologically relevant role, as demonstrated by 

Ricci et al. with respect to the vacuolating activity o f free-soluble and OMV-associated 

VacA toxin (Ricci et a l, 2005), H. pylori OMVs have been associated with apoptosis in 

gastric cells (Ayala et al., 2006), modulation of proliferation and IL-8 secretion (Ismail et 

a l, 2003). However, the role of H. pylori OMVs in many other H. /?j^/on-associated 

processes remains unclear. For example, it is unknown whether OMVs can induce 

morphological changes in gastric cells or alter immune cellular ftinction, as well as much of



the molecular mechanisms o f H. pylori OMV modulation of gastric cell signalling. In 

addition, the OMV proteome was shown to contain the plasminogen binding proteins PgbA 

and PgbB, but it is not known whether they are functional. Further, the presence of H. 

pylori OMV specific effects on gastric and other cell types, independent of H. pylori whole 

cells, is largely unknown.

Based on these gaps in our present knowledge of H. pylori OMV signalling and 

pathogenesis this study sought to evaluate the role of H. pylori OMVs in the development 

of gastric phenotypes associated with key virulence factors. The phosphorylation status of 

AGS cell proteins modulated by H. pylori OMVs was also investigated as a signature o f the 

possible AGS signalling pathways involved in H. pylori OMV-mediated pathology.
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4.2: OBJECTIVES

1. To investigate the ability o f H. pylori OMVs to stimulate the hummingbird phenotype 

in gastric (AGS and MKN45) cells

2. To verify H. pylori OMV mediated impairment o f gastric cell viability

3. To evaluate the ability o f  OMVs to bind plasminogen and assess the functionality o f the 

plasminogen binding proteins

4. To investigate H. pylori OMV-mediated changes to the phosphorylation status o f  AGS 

cell proteins as a signature o f OMV-induced AGS signalling

5. To evaluate H. pylori OMV modulation o f the AGS phosphoproteome so as to predict 

some o f  the probable signalling pathways involved in H. pylori OMV-mediated AGS 

pathogenic processes
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4.3: RESULTS

4.3.1: Optimization of staining protocol for gastric cell morphology analysis

The gastric cell lines, AGS and MKN45, were treated with H. pylori 60190 whole cells 

and OMVs, stained with Phalloidin to stain actin and imaged. Varying conditions were 

tested to determine optimal staining conditions. Triton X-100 was used at 0.1 and 0.2 % 

for 5 and 10 min to permeabilize the cells. Phalloidin was used at 1:500 and 1:250 

dilutions.

At a cell density of 8 x 10"̂  cells / ml and when cells were permeabilized for 5 min, the 

phenotype of the cells was not adversely affected by presence or absence of fetal calf 

serum, percentage of Triton X-100 used for permeabilization or the amount of Phalloidin 

used to stain cells (Figure 4.1). However, at a cell density of 8 x lO'’ cells / ml and when 

cells were permeabilized for longer periods, the quality o f images produced was 

adversely affected for cells permeabilized by 0.2% Triton X-100, stained with a higher 

concentration of Phalloidin (1:250) and serum starved (-FCS), as seen by increased 

background staining and diminished cellular details. Staining was therefore subsequently 

performed on serum fed cultured cells, permeabilized with 0.1% Triton X-100 for 5 min 

and stained with Phalloidin (1:500) to ensure high image quality and cost-effective usage 

o f reagents.
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A 8, -FCS, 0.1, 5mm, 1:500 A. 8, +FCS, 0.1, 5mm, 1:500

A 8, -FCS, 0.2, 5mm, 1:250 A 8, +FCS, 0.2, 5mm, 1:250

Figure 4.1: Optimization of staining protocol for gastric cells. Fluorescence 

microscopic evaluation o f AGS cells grown in the presence or absence o f fetal calf serum 

(FCS), permeabilized with 0.1 or 0.2% Triton-X-100 for 5 min and stained with 

Phalloidin 1:250 or 1:500 (as indicated). Magnification = lOx. Scale bar = 100 |0,m.

130



4.3.2: H. pylori OM V-induced modulation of gastric cell morphology

AGS cells treated with OMVs (0.25 ng/ml) for 24 h demonstrated morphological changes 

consistent with induction o f the hummingbird phenotype (Figure 4.2). Further, a dose- 

dependent (OMV 1-10 ng/ml) and time-dependent induction o f the hummingbird 

phenotype was observed between the 2 h and 50 h time points, as demonstrated in 

Figures 4.3a, 4.3b and 4.3c. There was also demonstrable reduction in cell numbers at 

this higher dose.

A. Untreated AGS xt24h B. AGS + 0.:5jig  ml 0 M \' xt24h

Figure 4.2: Morphological changes in AGS cells upon exposure to low amounts of 

OMV. Fluorescence microscopic evaluation o f AGS cells, showing untreated AGS cells 

(A) and AGS cells treated with H. pylori 60190 OMVs (0.25 |-ig/ml) (B), for 24 h. 

Arrows point to cellular elongations. Magnification = 20x. Scale bar = 50 |j,m.
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Figure 4.3a: H. pylori OMV-induced morphological changes in AGS cells (2 h).

Phase contrast microscopic analysis of untreated AGS cells (A) and AGS cells treated 

with 0.1 i^g/ml (B), 1 |ig/ml (C) and 10 ng/ml (D) of H. pylori 60190 OMVs for 2 h. 

Arrows point to cellular elongations. Magnification = lOx. Scale bar = 200 |im.
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Figure 4.3b: H. pylori OMV-induced morphological changes in AGS cells (28 h).

Phase contrast microscopic analysis of untreated AGS cells (A) and AGS cells treated 

with 0.1 ng/ml (B), 1 |ag/ml (C) and 10 |^g/ml (D) of H. pylori 60190 OMVs for 28 h. 

Arrows point to cellular elongations. Magnification = 40x. Scale bar = 50 |am.
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Figure 4.3c: H. pylori OMV-induced morphological changes in AGS cells (50 h).

Phase contrast microscopic analysis of untreated AGS cells (A) and AGS cells treated 

with 0.1 fig/ml (B), 1 fig/ml (C) and 10 |ag/ml (D) of H. pylori 60190 OMVs for 50 h. 

Arrows point to cellular elongations. Magnification = 40x. Scale bar = 50 |j.m.
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MKN45 cells were also treated with both H. pylori whole cells and OMVs. There was no 

obvious modulation o f morphology in response to H. pylori whole cells at a relatively 

low MOI o f 10 as seen in Figure 4.4a. However, the response o f  MKN45 cells to 0.25 

Hg/ml OMVs was similar to that seen in response to whole cells at an MOI o f 500 

(Figure 4.4b, D and B, respectively). Further, an MOI o f 2000 produced highly 

prominent cellular elongations (Figure 4.4b, C).

A. U iitieatecl 
M K N 4.‘i x t24h

B  M K N 45+H 4310 
M O I x t ’ J h

Figure 4.4a: H. pylori induced morphological changes in MKN45 cells. Fluorescence 

microscopic evaluation o f MKN45 cells, showing untreated MKN45 cells (A) and 

MKN45 cells treated with H. pylori 60190 at MOI = 10 (B), for 24 h. M agnification = 

1 Ox. Scale bar = 100 |j.m.
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Figure 4.4b: H. pylori whole cell and OMV-induced morphological changes in 

MKJN45 cells. Fluorescence microscopic evaluation o f MKN45 cells, showing untreated 

MKN45 cells (A) and MKN45 cells treated with H. pylori 60190 at MOl = 500 (B), H. 

pylori 60190 at MOI = 2000 (C) and H. pylori 60190 OMV (0.25 ^g/ml) (D), for 24 h. 

Arrows point to cellular elongations. Magnification = 20x. Magnification = lOx. Scale 

bar = 50 |am.
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The hummingbird phenotype is known to develop in response to the H. pylori virulence 

factor CagA (Backert et at., 2001). The role o f this factor was therefore assessed in AGS 

cells treated with both wild type and CagA- OMVs. As demonstrated in Figure 4.5, 

CagA- H. pylori 60190 OMVs elicited similar phenotypic changes in AGS cells 

compared with wide type H. pylori 60190 OMVs. However, both produced more 

morphological changes compared with untreated AGS cells.
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Figure 4.5: H. pylori OMV-induced morphological changes in AGS cells is CagA 

mediated. Phase contrast microscopic analysis of untreated AGS cells (1), AGS cells 

treated with wide type (Wt) H. pylori 60190 OMV (l|ag/ml) (2), and CagA- (CA-) H. 

pylori 60190 OMV (1 |^g/ml) (3) for 16 h (A) and 48 h (B). Arrows indicate examples of 

cellular elongation. Magnification = lOx. Scale bar = 200 |o,m.



The presence of total and phosphorylated CagA was further evaluated in AGS cells 

treated with H. pylori (MOl = 200) and 10 lag/ml H. pylori OMV (Figure 4,6). As 

demonstrated by Western blotting, there was enhancement of tyrosine phosphorylated 

proteins in the molecular weight region o f CagA at 3 h in response to both H. pylori 

whole cells and OMVs, with a subsequent reduction at 24 h (Anti-pTyr blot). However, 

CagA was detected in whole H. pylori and H. /jy/orz-treated AGS cells after 3 h (weak) 

and 24 h (strong), but not in OMVs or OMV treated AGS cells (Anti-CagA blot).

3 3 3 24 24 24
+  +  +  +  +  +

Antj-GAPDH 43 —

Figure 4.6: //. pylori whole cell and OMV-induced changes in AGS total and 

tyrosine phosphorylated-CagA. Immunoblot analysis o f crude cell lysates of untreated 

AGS cells (-) and AGS cells treated with H. pylori 60190 OMV (10 |ag/ml) or H. pylori 

whole cells (MOI = 200) (+) for 3 h and 24 h, as indicated. The blot was probed with 

anti-phosphotyrosine antibody (pY-20), reprobed with anti-CagA and then anti-GAPDH 

as a loading control. Molecular weight markers (in kDa) are indicated.

Time (h) 
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OMV 
Hp60190
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Anti-pTyr
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4.3.3: H. pylori OMV-induced modulation of gastric cell viability

AGS cells were treated with OMVs (1 i^g/ml) over a time course of 50 h. This 

demonstrated OMV-mediated induction of the hummingbird-like phenotype in AGS cells 

at the 6 h and 31 h time points (Figure 4.7, B1 and B2). However, by the 31 h time point 

there was also a noticeable reduction in cell numbers (Figure 4.7, B2). By the 50 h time 

point there was significant rounding up and loss of cells (Figure 4.7, B3).

This was consistent with actin blots comparing untreated AGS cells over a 72 h time 

course with AGS cells treated with H. pylori 60190 OMV (10 |J.g/ml) over a similar time 

course. As demonstrated in Figure 4.8 (top), there was an expected time-dependent 

increase in actin, reflecting increase cell mass. However, in response to H. pylori 60190 

OMV (10|ig/ml) there was a reduction in actin abundance after the 24 h time point 

(Figure 4.8 bottom panel), which was associated with detachment of cells into the 

culture medium.
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Figure 4.7: H. pylori OMV modulation of AGS cell morphology and viability. Phase 

contrast microscopic analysis of untreated AGS cells (A) and AGS cells treated with H. 

pylori 60190 OMV (1 |ig/ml) (B), at 6 h (1), 31 h (2) and 50 h (3). Arrows indicate 

examples of cellular elongation. The shadow at the bottom of each image is due to a mark 

on the underside of each well, to facilitate acquiring images at the same location over the 

time course of the experiment. Magnification = lOx. Scale bar = 200 |j,m.
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Figure 4.8: Time-dependent H. pylori OM V-induced suppression o f AGS cell 

viability. Immunoblot analysis o f untreated AGS cells and AGS cells treated with 10 

jig/ml for 15 min, 6 h, 24 h, 48 h and 72 h, as indicated. Both blots were probed with 

anti-actin antibody. Molecular weights (in kDa) are indicated.

In summary, these data demonstrate a dose and time dependent effect o f H. pylori OMVs 

on gastric cell morphology and viability. Temporal variation was seen in the onset o f cell 

detachment from experiment to experiment. O f note, OMVs appeared to induce AGS cell 

rounding in all experiments regardless o f the amount o f OMV used, indicating possibly 

the initiation o f  an apoptotic phenotype. However, these cells remained attached to the 

plastic substratum for prolonged periods o f time when low amounts o f OMV were used 

(1 |ig/ml). In contrast, elevated amounts o f  OMV (10 ^ig/ml) induced more rapid cell 

rounding and detachment from the substratum. Interestingly, low amounts o f  OMV (1 

l^g/ml) were observed to modulate actin expression levels in AGS cells (Figure 4.9).

The reduction o f  actin levels o f AGS cells upon exposure to OMV (Figure 4.8) was 

ultimately associated with detachment o f cells into the culture medium, as fewer cells
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were recovered when harvested at late time points. However, given the role of CagA in 

gastric cell actin cytoskeletal rearrangements it was hypothesized that OMVs may have a 

subtle effect on actin dynamics. Thus the effect of H. pylori OMV on AGS levels of actin 

was examined over a 48 h time course in response to low amounts of OMV (1 jig/ml). 

The data demonstrated H. pylori OMV-induced suppression of actin expression at all 

time points examined particularly at the 48 h time point (Figure 4.9), demonstrating 

different kinetics from that shown in Figure 4.8, where OMV (10 |o.g/ml) was used. 

Further, the expression levels o f the housekeeping protein, GAPDH, remained unaffected 

by OMV over the duration of the experiment.

143



Anti -Actin

Time
OMV

kDa

43—

4h 18h 48h
+

Anti - GAPDH 43 ■

^  fO O  L.N «
«  t  (O
E i  0.6
o I i 
c  Q  
c  Q.
o  0

4+ 16- 16+ 48- 48+

Figure 4.9: H. pylori OMV-induced changes in AGS total actin. Immunoblot analysis 

of Actin from crude cell lysate of untreated AGS cells (-) and AGS cells treated with 1 

p,g/ml of H. pylori 60190 OMV (+) for 4 h, 18 h and 48 h. The blot was probed with anti- 

Actin and then stripped and reprobed with anti-GAPDH as a loading control. Molecular 

weights (in kDa) are indicated. A graph showing densitometry measurements is included 

below. For densitometric analysis, for each condition (time +/ OMV), the level of Actin 

was normalized to the level of GAPDH. Subsequently, each was normalized to the level 

of the control at its time point.
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4,3.4: H. pylori OMV mediated binding of plasminogen and interaction of 

OMV/plasmin complexes with non-gastric epithelial cells

The MS analysis of the OMV proteome presented in Chapter 3 identified the presence of 

the plasminogen binding proteins (PgbA and PgbB). It was therefore of interest to assess 

the functionality of these receptors to evaluate their ability to bind plasminogen. Activation 

of OMV-bound plasminogen to plasmin via the urokinase pathway, for example, could 

equip the OMV with potent proteolytic activity. Thus, to evaluate OMV-associated 

proteolytic activity an assay was developed to measure plasmin activity using an ELISA- 

based method. Plate-bound plasminogen (1 mg/ml -  0.01 ng/ml), was incubated with 56 ng 

urokinase and 20 |ig of the plasmin substrate (D-Val-Leu-Lys-4-nitroanilide 

dihydrochloride) to determine the limit of sensitivity of the assay used with OMV-bound 

plasmin. Plasmin activity at 1 mg/ml and 0.1 mg/ml was easily demonstrated (Figure 4.10,

A), while lower amounts (>/=0.1 |o.g/ml) yielded low but detectable activity (Figure 4.10,

B). When incubated with H. pylori 60190 OMVs (10 |j,g), the activity of 0.5 |ag/ml of 

urokinase-activated plasminogen was demonstrable (Figure 4.10, C) in comparison to the 

lack of activity observed in the absence of plasminogen and urokinase as a negative control 

(Figure 4.10, C).
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Figure 4.10: Detection of H. pylori OMV-bound plasmin activity. A. Plasmin activity 

was detectable when amounts of plasminogen, between 1 mg/ml and 0.01 mg/ml, were 

activated with urokinase in the presence of the plasmin substrate (D-Val-Leu-Lys-4- 

nitroanilide dihydrochloride). B. Much lower plasmin activity was detectable when very 

low amounts of plasminogen were used (>/= 0.1 |j,g/ml). C. Plasmin activity demonstrated 

at 0.5 i^g/ml in the presence of 10 îg H. pylori OMV (0/P/U/S) compared to no activity 

with H. pylori OMV and plasmin substrate only (O/S).
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Against this background and the demonstrable activity associated with OMV-bound 

plasmin (Figure 4.10), it was o f further interest to evaluate the ability o f OMVs to bind 

plasminogen. A Biacore chip was coated with Plasminogen (100 ^g/ml). OMVs were then 

used in a surface plasmon resonance (Biacore) assay to monitor OMV-plasminogen 

interaction. H. pylori (60190) OMVs demonstrated interaction (binding) to chip-bound 

plasminogen following sequential injection o f 3 solutions, (Methods 2.28) added to 

activate the CM-dextran matrix, bind plasminogen and inactivate un-reactive sites on the 

chip surface (Figure 4.11a).

Based on the observations that OMVs are capable o f binding plasminogen and the 

detection o f  H. pylori OMV-bound plasmin activity, implying that vesicles could 

potentially expand the reach o f this pathogen by facilitating local tissue degradation and 

cell migration o f transformed cells, this possibility was tested using the T84 colonic cell 

monolayer model. However, the OMV-plasmin complex, generated by treating a 

suspension o f  OMVs (2.45 |o.g/ml) with urokinase (56 ng) in the presence o f plasminogen, 

failed to elicit a detectable effect on the integrity o f fiilly differentiated and polarized T84 

monolayers (Figure 4.11b).
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Figure 4.11a: Detection of interaction between H. pylori OMVs and plasminogen.

Binding o f 10 fig/ml, 1 jig/ml and 0.1 |ig/ml of H. pylori OMVs (10, 1 and 0,1, 

respectively) to immobilized plasminogen following sequential injection o f equal volumes 

of 100 mM N-hydroxysuccinimide and 400 mM N-ethyl-N-(dimethylaminopropyl) 

carbodiimide hydrochloride to activate the CM-dextran matrix (SI), plasminogen (100 

|ig/ml) dissolved in 10 mM acetate buffer (pH 5.0) (S2) and ethanolamine (1 M, pH 8.5) to 

inactivate un-reactive sites on the chip surface (S3).
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Figure 4.11b: T84 transepithelial electrical resistance. T84 cells (1 ml, 2x10^ cells/ml) 

were transferred to the upper chamber o f cell culture inserts (BD Falcon) suspended in 

Falcon 12 well plates in DMEM/F12 medium containing 10% FCS. The transepithelial 

electrical resistance (TEER) was monitored until the cells had become fully confluent and 

differentiated at which time the cells were left untreated (blue line), or treated with a 

suspension o f OMV (2.45 |J.g/ml) containing urokinase (56 ng) (red line) or OMV with 

bound plasminogen (green line). Each data point is the mean o f duplicate determinations 

+/- the range. The arrow indicates the point at which the OMVs were added (362 h).
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4.3.5: H. pylori OMV-induced modulation of tyrosine, threonine and serine 

phosphorylation in gastric cells

Based on the previous observation of H. pylori OMV-induced modulation o f gastric cell 

morphology and viability, it was of interest to evaluate the effect of OMVs on signalling 

events in gastric cells using phosphorylation as a surrogate signature of signalling activity. 

To this end, different approaches were used to investigate phosphorylation activity. Firstly, 

Western blotting (WB) using anti-phospho antibodies was tried in addition to the phospho- 

specific staining reagent Pro Q Diamond. Initial experiments evaluated the effect of OMVs 

on phospho-tyrosine, serine and threonine levels in AGS cells by Western blotting. A 

general time-dependent increase in tyrosine phosphorylation in response to OMVs (1 

|o,g/ml) was observed over 48 h, with some proteins exhibiting decreased phosphorylation 

compared to untreated cells (Figure 4.12). However, little if any, OMV-modulation of 

threonine phosphorylation was observed, while minor changes in the serine 

phosphorylation status of proteins were observed (Figure 4.12).
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Figure 4.12: Time-dependent H. pylori OMV-induced phosphorylation in AGS cells.

Immunoblot analysis o f untreated AGS cells (-) and AGS cells treated with OMVs (1 

fig/ml) (+) at 4 h, 18 h and 48 h (as indicated). The blots were probed with anti- 

phosphotyrosine (Anti-p-Tyr) antibody, anti-phosphothreonoine (Anti-p-Thr) antibody 

and anti-phosphoserine (Anti-p-Ser) antibody; then reprobed with anti-GAPDH antibody 

(lower panels) as a loading control. Arrows indicate increased (green) and decreased 

(red) phosphorylation. Molecular weights (in kDa) are indicated.
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4,3.6: H. pylori OM V-induced modulation of tyrosine phosphorylation in gastric cells

As most o f the phosphorylation activity was observed on the phospho-tyrosine probed blot, 

this activity was examined in more detail. The dose-dependent and temporal effects o f 

OMVs on p-tyrosine status were next evaluated. The tyrosine phosphorylation status o f 

control untreated AGS cells was compared with cells treated with different amounts o f H. 

pylori OMVs (1 |0,g and 10 |ig/ml). This was evaluated by Western blotting using the 

phospho-tyrosine specific antibody (pY-20), over a 72 h time course. This demonstrated a 

general time-dependent increase in tyrosine phosphorylation over 72 hours in response to 

OMVs (1 |ig/ml) (Figure 4.13). Several proteins exhibited enhanced and sustained tyrosine 

phosphorylation in response to H. pylori OMVs (1 |ag/ml) over the 72 h time course (green 

horizontal arrow and brackets). In addition, other proteins exhibited initial sustained 

enhancement o f tyrosine phosphorylation with subsequent reduction, for example at the 72 

h time point (vertical green and red arrows, respectively).

However, in response to a higher dose o f H. pylori OMVs (10 |ig/ml), no protein specie 

demonstrated sustained enhancement o f tyrosine phosphorylation over the 72 h time 

course (Figure 4.14). Instead, the tyrosine phosphorylation status o f  most proteins 

increased up to the 4 h, 6 h or 24 h time point (green vertical arrows and bracket), 

declining thereafter (red vertical arrows and bracket). This was associated with 

detachment o f cells into the culture medium (see Figure 4.8).
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Figure 4,13: Time-dependent H. pylori OMV-induced tyrosine phosphorylation in 

AGS cells. Immunoblot analysis o f untreated AGS cells and AGS cells treated with H. 

pylori 60190 OMV (1 |J.g/ml) for 15 min, 6 h, 24 h, 48 h and 72 h (as indicated). H. pylori 

60190 OMVs alone and H. pylori 60190 alone (rightmost lanes) served as controls. The 

blot was probed with anti-phosphotyrosine antibody (upper panel) and then stripped and 

reprobed with anti-actin antibody (lower panel) as a loading control. Brackets and arrows 

indicate examples o f protein species demonstrating time-dependent modulation of 

tyrosine phosphorylation. Molecular weight markers (in kDa) are indicated.
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Figure 4.14: Time-dependent H. pylori OMV-induced tyrosine phosphorylation in 

AGS cells. Immunoblot analysis o f untreated AGS cells and AGS cells treated with H. 

pylori 60190 OMV (10 |J.g/ml) for 15 min, 6 h, 24 h, 48 h and 72 h (as indicated). H. 

pylori 60190 OMVs alone and H. pylori 60190 alone (rightmost lanes) served as controls. 

The blot was probed with anti-phosphotyrosine antibody (upper panel) and then stripped 

and reprobed with anti-actin antibody (lower panel) as a loading control. Brackets and 

arrows indicate examples of protein species demonstrating time-dependent modulation of 

tyrosine phosphorylation. Molecular weight markers (in kDa) are indicated.
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As the MS analysis o f OMV identified the presence o f CagA and VacA as vesicle 

constituents, the role o f these virulence factors in H. pylori OMV-induced modulation of 

AGS tyrosine phosphorylation was explored using OMVs from cagA and vacA isogenic 

mutants. The 6 h time point was chosen for this experiment as increased tyrosine 

phosphorylation was previously demonstrated to have started at this time point (Figure 

4.13). Further, for these experiments CagA and VacA deficient OMVs stored at -20^C 

and were tested.

As shown in Figure 4,15, there were clear differences between the tyrosine 

phosphorylation profiles o f AGS cells treated with OMV (1 |ig/ml) from wide type (W ) 

H. pylori, and the corresponding OMV from CagA- (C) or VacA- (V) H. pylori 60190 

mutants, with several high molecular mass AGS protein species exhibiting enhanced 

tyrosine phosphorylation (green vertical arrows) when exposed to CagA and VacA 

deficient OMVs. Also, the phosphoprotein profiles o f AGS cells treated with OMVs 

stored at -20*^0 and 4®C were slightly different, particularly when the VacA- OMVs are 

compared with the wild type OMVs.
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Figure 4.15: H. pylori OMV from wild type and CagAA^acA mutants induce 

differential tyrosine phosphorylation in AGS cells. Immunoblot analysis of untreated 

AGS cells and AGS cells treated with OMV (1 )ag/ml) from wide type (W), CagA- (C) or 

VacA- (V) H. pylori 60190 either stored frozen (superscript -20) or unfrozen (superscript 

+4) for 6 h (as indicated). 20 |ig H. pylori 60190 wide type OMVs and 10 \ig H. pylori 

60190 wide type (leftmost lanes) served as controls. The blot was probed with anti- 

phosphotyrosine antibody (Anti-p-Tyr -  upper panel) and then stripped and reprobed 

with anti-Actin antibody (lower panel) as a loading control. Bracket and arrows indicate 

examples of proteins demonstrating OMV-induced modulation o f tyrosine 

phosphorylation. Molecular weights (in kDa) are indicated.
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4.3.7: H. pylori OM V-induced modulation of the gastric cell phosphoproteome

An alternative strategy was used to evaluate the phosphorylation status o f AGS cell 

proteins, to compare sensitivity with the WB approach. This involved Pro-Q Diamond 

phosphoprotein gel staining and utilizing the PeppermintStick™  Phosphoprotein molecular 

weight standards. The latter served as internal controls to set appropriate exposure 

conditions when using the Typhoon scanner as the lower 2 markers at 45 and 23.6 kDa 

(ovalbumin and P-casein) are phosphorylated, whereas the markers at 116 and 66 kDa are 

non-phosphorylated. The total AGS phosphoproteome was therefore initially evaluated by 

ID-SDS-PAGE. For this, phosphoproteins from crude cell lysates o f untreated AGS cells 

and cells treated with OMV (1 |ig/ml) for 16 h, were affinity purified with the Pierce® 

Phosphoprotein Enrichment Kit, separated by ID-PAGE and subsequently identified by the 

Pro-Q-Diamond phosphoprotein-specific stain and silver staining. The 16 h time point was 

chosen as increased phosphorylation had been previously observed by this time point 

(Figure 4.13). This demonstrated a general OMV-mediated enhancement o f the 

phosphorylation status o f many proteins as seen in the phosphoprotein-specific stained gel 

(Figure 4.16, A), and confirmed by densitometry (Figure 4.16, B).
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Figure 4.16: H. pylori OIMV-induced changes in AGS total phosphoproteome. Panel 

A: SDS-PAGE analysis o f the phosphoprotein enriched cell lysate o f untreated AGS cells 

(Lane 1) and AGS cells treated with H. pylori 60190 OMV (1 |ig/ml) for 16 h (Lane 2). 

The gel was stained with Pro-Q Diamond Phosphoprotein Gel Stain according to the 

m anufacturer’s instructions. Arrows indicate examples o f altered phosphorylation. The 

lower 2 markers at 45 and 23.6 kDa (ovalbumin and P-casein) are phosphorylated. Panel 

B: Densitometry o f  gel (A) comparing untreated AGS cells (Black line) and treated AGS 

cells (Red line). Panel C: The gel was subsequently silver stained to demonstrate equal 

loading. PeppermintStick™  standards (in kDa) are indicated, demonstrating specificity o f 

the lower two markers.
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The role o f  the key virulence factors CagA and Vac A in H. pylori OMV modulation of 

AGS total phosphoproteome was fiirther explored using OMVs from wild type as well as 

the corresponding cagA and vacA isogenic mutants. Further, for these experiments the 

OMVs tested had been stored at -20°C and 4*̂ C, to confirm previous observations that the 

phosphoprotein profiles o f AGS cells treated with OMVs stored at -20”C and 

exhibited some differences (Figure 4.14). For this, crude cell lysates o f untreated AGS 

cells and cells treated with OMVs over a 6 h time course were separated by ID SDS- 

PAGE and subsequently visualized with Pro-Q-Diamond stain and Coomassie Blue 

staining.

As shown in Figure 4.17, there were clear differences between the phosphorylation 

profiles o f untreated AGS cells (A), AGS cells treated with OMV (1 |ag/ml) from wild 

type (W'*) H. pylori, or with CagA- (C^) or VacA- (V*) H. pylori 60190 OMVs at the 6 h 

time point using OMVs stored at 4°C. For example, several proteins exhibited enhanced 

phosphorylation as confirmed by densitometry (W'*, green bracket and arrow) in 

response to wide type OMVs, with a few exhibiting reduced phosphorylation (W*, red 

arrow). In addition, there was greatly enhanced phosphorylation o f several high 

molecular weight proteins in response to CagA- and to a lesser extent VacA- OMVs (C^ 

and V'*, green brackets and arrow), but a few exhibited reduced phosphorylation in 

response to VacA- OMVs (V*, red bracket).
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Figure 4.17: Time-dependent H. pylori OMV-induced phosphorylation in AGS cells.

ID-SDS-PAGE analysis of untreated AGS cells and AGS cells treated with OMV (1 

|ig/ml) for 6 h from wild type (W"*), CagA- (C^) or VacA- (V"̂ ) H. pylori 60190. 10 \igH.  

pylori 60190 wild type OMV (leftmost lane) served as a control. The gel was stained with 

Pro-Q Diamond Phosphoprotein Gel Stain followed by Colloidal Coomassie Blue. 

PeppermintStick™ standards (in kDa) are indicated, demonstrating specificity o f the lower 

two markers. S = standards. Graphs showing densitometry measurements are included.
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As shown in Figure 4.18, there were also clear differences between the phosphorylation 

profiles o f  untreated AGS cells (A), AGS cells treated with OMV (1 |J.g/ml) from wild 

type (W^®) H. pylori, or with CagA- (C^®) or VacA- (V‘̂ ”) from H. pylori 60190 at the 6 

h time point using OMVs stored at -20°C. For example, a few proteins exhibited reduced 

phosphorylation as confirmed by densitometry (W^®, red arrow) in response to wild type 

OMVs. In addition there was greatly enhanced phosphorylation o f several high molecular 

weight proteins in response to CagA- and VacA- OMVs (Ĉ ** and green brackets). 

This was consistent with previous observations demonstrating enhanced tyTosine 

phosphorylation o f AGS proteins in response to CagA- and VacA- OMVs (Figure 4.14). 

Further, there were also several proteins that exhibited reduced phosphorylation in 

response to CagA- and VacA- OMVs and V'^*, red brackets and arrow).
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Figure 4.18: Time-dependent H. pylori OMV-induced phosphorylation in AGS cells.

ID-SDS-PAGE analysis of untreated AGS cells and AGS cells treated with OMV (1 

|j,g/ml) for 6 h from wild type (W^^), CagA- (C'^°) or VacA- H. pylori 60190, stored 

frozen. 10 //. pylori 60190 wild type OMV (leftmost lane) served as a control. The gel

was stained with Pro-Q Diamond Phosphoprotein Gel Stain followed by Colloidal 

Coomassie Blue. PeppermintStick™ standards (in kDa) are indicated, demonstrating 

specificity o f the lower two markers. S = standards. Graphs showing densitometry 

measurements are included below.
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4.3.8: H. pylori OMV-induced modulation of the gastric cell phosphoproteome -  2D 

SDS PAGE / Mass Spectrometry

The total AGS phosphoproteome was next evaluated by 2D-SDS-PAGE to improve 

resolution of the Pro-Q Diamond stained proteins. For this, phosphoproteins from crude 

cell lysates o f untreated and OMV-treated AGS cells were affinity purified with the 

Pierce® Phosphoprotein Enrichment Kit, separated by 2D-PAGE and subsequently 

visualized by Colloidal Coomassie Blue staining and the phosphoprotein-specific stain, 

Pro-Q-Diamond. Two time points were examined (16 h and 48 h), to evaluate sustained 

phosphorylation events rather than transient, as sustained phosphorylation activity is 

generally associated with proliferation and/or differentiation.

This analysis demonstrated modulation of the expression levels of several AGS cell 

phosphoproteins upon exposure to OMV (1 |^g/ml) for 16 h, shown by Coomassie Blue 

staining (Figure 4.19, Panels la  and lb). However, in contrast to these modest changes in 

protein expression, there was significant OMV-mediated enhancement of the 

phosphorylation status of several proteins as demonstrated by phosphoprotein-specific 

staining, at 16 h post-treatment (Figure 4,19, Panels 2a and 2b).

A similar, but less dramatic, modulation of the expression levels of several 

phosphoproteins was seen on the Coomassie stained gels 48 h post-treatment (Figure 4.20, 

Panels la  and lb). There was also a less dramatic general OMV-mediated enhancement of 

the phosphorylation status of several proteins as demonstrated by phosphoprotein-specific 

staining, at 48 h post-treatment (Figure 4.20, Panels 2a and 2b).
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Figure 4.19: H. pylori OMV-induced changes in AGS total phosphoproteome at 16

h. Two dimensional gel electrophoresis of phosphoprotein enriched cell lysates of 

untreated AGS cells ( la  and 2a) and AGS cells treated with 1 |-ig/ml of H. pylori 60190 

OMV (lb  and 2b) for 16 h. Panels la  and lb  shows Colloidal Coomassie Blue-stained 

gels. Panels 2a and 2b show the corresponding Pro-Q Diamond phosphoprotein-stained 

gels. Numbers indicate examples of proteins exhibiting altered phosphorylation when 

compared with the untreated samples (phosphoprotein stained gels). The 

PeppermintStick™ molecular weight markers (in kDa) are indicated.
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Figure 4.20: H. pylori OMV-induced changes in AGS total phosphoproteome at 48

h. Two dimensional gel electrophoresis of phosphoprotein enriched cell lysates of 

untreated AGS cells ( la  and 2a) and AGS cells treated with 1 |ig/ml of H. pylori 60190 

OMV (lb  and 2b) for 16 h. Panels la  and lb shows Colloidal Coomassie Blue-stained 

gels. Panels 2a and 2b show the corresponding Pro-Q Diamond phosphoprotein-stained 

gels. Numbers indicate examples of proteins exhibiting altered phosphorylation when 

compared with the untreated samples (phosphoprotein stained gels). The 

PeppermintStick™ molecular weight markers (in kDa) are indicated.
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Ten proteins which exhibited apparent differential phosphorylation in response to H. pylori 

(60190) OMVs were excised from the 2D gels (Figures 4,19 and 4.20) and analyzed by 

mass spectrometry. From these, six proteins were identified (Table 4.1). The changes to 

their phosphorylation status as judged by the 2D analyses, largely demonstrated enhanced 

phosphorylation at the 16 h time point (Figure 4.19, spots 1-10), with some species 

showing reduced phosphorylation at 48 h (Figure 4.20, spots 1, 5, 7 and 9).

Table 4.1: H. pylori OMV-induced changes in AGS total phosphoproteome. Proteins 

identified by mass spectrometry analysis o f the spots excised from the 2D gels (Figure 

4.19, 4.20).

Number Phosphoprotein Mass (Da) MS Score

1 Acidic leucine-iich nuclear 
phosplioprotein32 fanuh’ ineiuber

2-416" 533

5 Siippression ofTiunoiigemcit\’ 13 35164 1“4

7/7B .•\lplia-2 -H S-gly copiotein 39193 864

8 Endoplasimn 928-40 108"

9 Heat shock protein 90kDa alpha 
(Cytosolic), class A nienibei 1, gene2

00

1
CO CO 63

10 Calreticiilin 48255 1182
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4.3.9: Validation of H. pylori OMV-induced modulation of the gastric cell 

phosphoproteome

In an attempt to confirm the observation that H. pylori OMVs appear to induce changes in 

the expression levels and/or phosphorylation status of AGS cell proteins (Table 4.1), these 

proteins were immunoprecipitated from cell lysates of untreated AGS cells and AGS cells 

treated with H. pylori 60190 OMV (1 |ag/ml) for 16 and 48 h. The resulting protein 

precipitates were then analysed by Western blotting using an anti-phosphotyrosine 

antibody as well as the corresponding antibodies against the specific proteins.

H. pylori OMV modulation of AGS calreticulin phosphorylation was evaluated using 

immunoprecipitated protein. As demonstrated there was an increase in the amount of 

calreticulin recovered by immunoprecipitation from cells treated with both wild type and 

CagA- OMVs in comparison to control cells (Figure 4.21, Anti-CALR3 blot). Similarly, 

an increase in tyrosine phosphorylation o f this protein was also observed, in response to 

both wild type and CagA- OMVs (Figure 4.21, Anti-p-Tyr blot) compared to controls. 

This enhanced tyrosine phosphorylation was most pronounced at the 16 h time point in 

response to wild type OMVs with subsequent reduction at 48 h, thus confirming the data 

from the 2D phosphoprotein analysis (Figures 4.19 and 4.20), while the enhanced tyrosine 

phosphorylation was most pronounced at 48 h in response to CagA- OMVs, confirming 

CagA modulation of AGS protein phosphorylation.
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Figure 4.21: H. pylori OMV-induced changes in AGS calreticulin phosphorylation.

Immunoblot analysis of calreticulin immunoprecipitated from cell lysate o f untreated AGS 

cells (-), and AGS cells treated with 1 |u,g/ml of H. pylori 60190 OMV or 1 |ag/ml of H. 

pylori 60190 CagA- OMV (+) for 16 h and 48 h, as indicated. The blot was probed with 

anti-phosphotyrosine (Anti-p-Tyr) antibody (Upper Panel) and then stripped and reprobed 

with anti-calreticulin antibody (Lower Panel) to confirm the presence of 

immunoprecipitated calreticulin. The heavy chain of the recovered co-precipitating 

antibody is labelled IgG, calreticulin is labelled CALR. Molecular weights (in kDa) are 

indicated.
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Several attempts were made to immunoprecipitate Endoplasmin (Grp94), but very little 

was recovered and no phospho-tyrosine detected, despite significant recovery o f the co- 

precipitating antibody. This suggests minimal/no Grp94 phosphorylation, phosphorylation 

below the threshold o f detection by Western blotting or possibly that the antibody (Santa 

Cruz Biotechnology Inc. # sc-11402) was not idea! for immunoprecipitation. As clearly 

shown in Figure 4.22, the anti-Grp94 antibody worked well for Western blotting, 

demonstrating sustained reduction in the expression levels o f Grp94 in AGS cells in 

response to H. pylori OMV (1 |ag/ml) over a 48 h time course.

Time 4h 
OMV - +

kDa
A n ti-G rp 94 100 —

Anti - GAPDH 43 —

Figure 4.22: H. pylori OM V-induced changes in expression levels of Grp94 in AGS 

cells. Immunoblot analysis o f Grp94 from crude cell lysate o f  untreated AGS cells (-) and 

AGS cells treated with 1 |^g/ml o f H. pylori 60190 OMV (+) for 4 h, 18 h and 48 h. The 

blot was probed with anti-Grp94 antibody and then stripped and reprobed with anti- 

GAPDH as a loading control. Molecular weights (in kDa) are indicated.
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H. pylori OMV-induced modulation of AGS Hsp90 phosphorylation was also evaluated 

using immunoprecipitated protein. As demonstrated there was an apparent increase in 

Hsp90 recovery, in response to both wild type and CagA- OMVs at the 16 h time point 

(Figure 4.23, Anti-Hsp90 blot). However, there was very weak signal when probed with 

anti-p-Tyr (Figure 4.23, Anti-p-Tyr blot).

TimeOi) 16 48
OMVWt - + - . +  .
OMVCa- - - + - - +
Antibofh* . . .  . . .  -I-

kDa

A nti-p-Tyr 91 

A nti-H sp90 91 -

I i

Figure 4.23: // . pylori OMV-induced changes in AGS Hsp90 phosphorylation.

Immunoblot analysis of Hsp90 immunoprecipitated from cell lysate of untreated .\G S cells 

(-) and AGS cells treated with 1 )ag/ml o f H. pylori 60190 OMV or 1 ^ig/ml of H. pylori 

60190 CagA- OMV (+), for 16 h and 48 h as indicated. The blot was probed with anti- 

phosphotyrosine (Anti-p-Tyr) antibody and then stripped and reprobed with anti-Hsp90 

antibody to confirm the presence of immunoprecipitated Hsp90. Molecular weights (in 

kDa) are indicated.

170



In an attempt to confirm the observation that H. pylori OMVs appear to induce changes in 

the expression levels and/or phosphorylation status of AGS cell proteins (as demonstrated 

previously by 2D analysis) a Western blotting analysis of crude cell lysates and 

phosphoprotein enriched cell lysates was undertaken using appropriate antibodies. 

Consistent with the data shown in Table 4.1, changes in the phosphorylation status of some 

proteins was confirmed using this approach (Figure 4.24).

Specifically, when treated with OMVs (1 |^g/ml), there was a significant reduction in the 

expression of ANP32A at 4 h, no change at 16 h, while increasing at the 48 h time-point 

(Figure 4.24, 2). The level of recovered phospho-ANP32A similarly decreased at 4 h 

compared to control, but increased dramatically at 16 h while remaining unchanged at the 

48 h time-point (Figure 4.24,1). Therefore, as demonstrated by densitometry (Figure 4.24, 

1 and 2) there was increased phosphorylation of ANP32A in response to OMVs (1 ng/ml) 

at 4 h, which was very pronounced at 16 h, followed by reduced phosphorylation at 48 h. 

These data support the findings from the 2D analysis (Table 4.1). Also, consistent with the 

2D analysis, there was a small increase in Grp94 phosphorylation in response to OMVs (1 

|ag/ml) at 16 h followed by reduced phosphorylation at 48 h as judged by densitometry 

(Figure 4.24, 3 and 4). However, at the earliest time point of 4 h there was a large 

reduction of Grp94 phosphorylation (Figure 4.24, 3 and 4). In the case o f Hsp90, little if 

any change in phosphorylation was demonstrated by densitometry in response to OMVs (1 

|ag/ml) at 16 h. However, consistent with the 2D analysis (Table 4.1), there was a 

pronounced reduction in phosphorylation at 48 h. Further, at the earliest time point of 4 h 

there was increased phosphorylation of Hsp90 (Figure 4.24, 5 and 6).
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GAPDH 7 47

Figure 4.24: H. pylori OM V-induced changes in the phosphorylation status and/or 

expression levels of ANP32A, Grp94 and Hsp90. Immunoblot analysis o f 

phosphoproteins recovered from cell lysates (RP -  1, 3, 5) and crude cell lysates (CL -  2, 

4, 6) from untreated AGS cells and AGS cells treated with H. pylori 60190 OMV (1 

|j,g/ml) for 4 h, 16 h and 48 h as indicated in the legend above the figure. The blots were 

probed with appropriate antibody and then stripped and reprobed with anti-GAPDH (7) 

as a loading control. Molecular weights (in kDa) are indicated. Graphs showing 

densitometry measurements are included. For densitometric analysis, for each condition 

(time +/ OMV), the level o f recovered phosphoproteins was normalized to the level o f 

crude cell lysates. Subsequently, each was normalized to the level o f the control at its 

time point.



4.3.10: Mass Spectrometry analysis of all phosphoproteins recovered from OMV  

treated AGS cells

Not all proteins were identified by mass spectrometry analysis o f the differentially 

phosphorylated proteins in the 2D gels and particularly the very low abundance but heavily 

phosphorylated spots (Figure 4:19, 2, 3 and 4). Further there was a noticeable absence o f 

high molecular mass proteins on the 2D gels and many o f these are phosphorylated in 

response to OMVs. Thus, the total AGS phosphoproteome was evaluated by MS analysis 

using ID-SDS-PAGE separation o f phospho-enriched proteins. For this, phosphoproteins 

from crude cell lysates o f untreated and OMV-treated AGS cells at 16 h were affinity 

purified using the Pierce® Phosphoprotein Enrichment Kit, separated by ID-PAGE and 

subsequently visualized by Colloidal Coomassie Blue staining (Figure 4.25). ID analysis 

demonstrated a general OMV-mediated enhancement o f phosphorylation o f multiple 

proteins as judged by greater recovery o f phosphoproteins in the OMV-treated sample, 

consistent with previous observations.

The H. pylori OMV-treated lane (Figure 4.25, lane labeled +) was excised and analyzed 

by mass spectrometry, resulting in the identification o f 224 proteins (Table 4.2). The lane 

with untreated AGS cells (Figure 4.25, lane labeled -) was not analyzed, as the method 

was not designed to be quantitative. Therefore, it likely would not have been possible to 

distinguish between the 2 experimental conditions. Further, based on the 2D analysis 

(Figure 4.19 and 4:20) the pattern o f the phosphoproteins in both the untreated and 

OMV treated gels were judged to be very similar, suggesting a similar cohort o f proteins 

were recovered from both but that they exhibited varying degrees o f phosphorylation. All
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the differentially phosphorylated proteins identified appear to be phosphorylated in the 

control untreated cells and upon exposure to OMV they selectively become 

phosphorylated to a greater extent
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Figure 4.25: ID-SDS-PAGE analysis of purified phosphoproteins from AGS cells. One

dimensional gel electrophoresis of phosphoproteins enriched from cell lysates of untreated 

AGS cells (-) and AGS cells treated with 1 )J.g/ml of H. pylori 60190 OMV (+) for 16 h. 

The gel was stained with Colloidal Coomassie blue G250. Arrows indicate examples of 

enhanced recovery of phosphoproteins in the OMV-treated sample compared with the 

control sample. Molecular weight markers (in kDa) are indicated. MW = molecular mass 

markers.
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Table 4.2: Mass spectrometry analysis of ID-SDS-PAGE separated phosphoproteins 

purified from AGS cells treated with H. pylori (60190) OMV

Accession
Number Name

Mass
(Da)

No.
Matching
Peptides

Sequence
Coverage

(% )
Mascot
Score

B3KX19
116 kDa U5 small nuclear 
ribonucleoprotein component 109111 25 21 244

B5BU24 14-3-3 protein beta/alpha 28209 47 52 274
P62258 14-3-3 protein epsilon 29326 41 51 368
Q04917 14-3-3 protein eta 28372 39 39 235
P61981 14-3-3 protein gamma 28456 38 34 234
P31947 14-3-3 protein sigma 27871 30 20 144
P27348 14-3-3 protein thcta 28032 46 42 303
P63104 14-3-3 protein zeta/delta 27899 52 57 491
P62195 26S protease regulatory 45768 5 11 114

B2R975
26S Proteasome (prosome, macropain) 
26S subunit, ATPase 44430 11 28 147

043242
26S proteasome non-ATPase 
regulatory 61054 19 26 226

Q 13442
28 kDa heat- and acid-stable 
phosphoprotein 20618 7 20 141

P08865 40S ribosomal protein SA 32947 9 21 190
P08195 4F2 cell-surface antigen heavy chain 58023 11 24 167
A8K4Z4 60S acidic ribosomal protein PO 34389 56 46 685
P18124 60S ribosomal protein L7 29264 7 21 105
P62917 60S ribosomal protein L8 28235 18 36 108

P39687
Acidic leucine-rich nuclear 
phosphoprotein 32 family member A 28682 57 38 418

043423
Acidic leucine-rich nuclear 
phosphoprotein 32 family member C 26917 20 11 147

Q5TB18
Acidic leucine-rich nuclear 
phosphoprotein 32 family, member E 30902 14 14 171

P63261 Actin 42108 111 61 1405

A8K586
Adaptor-related protein complex 3, 
beta 1 subunit (AP3B1) 121785 13 11 161

P05141 ADP/ATP translocase 2 33102 34 40 228

P12236
ADP/ATP translocase 3 (SLC25A6 
protein) 33073 31 40 225

Q9H0C2 ADP/ATP translocase 4 35285 15 12 179
Q6S8J3 ANKRD26-like family C member lA 122882 41 10 757
A5A3E0 ANKRD26-like family C member IB 123020 15 8 117
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P07355 Annexin A2 38808 43 66 545

O9UJS0
Aralar2, Calcium-binding 
mitochondrial carrier protein 74528 10 16 127

Q9BXP5 Arsenite-resistance protein 2 101060 20 16 112
A4FU77 ASCC3L1 protein 217585 10 4 111

A2BF75
ATP-binding cassette sub-family F 
(GCN20) member 1 96323 22 22 199

P12956
ATP-dependent DNA helicase 2 
subunit 1 70084 57 37 872

Q86XP3 ATP-dependent RNA helicase DDX42 103197 14 12 125
B5BUB5 Autoantigen La (Fragment) 47009 16 21 134
Q9NT62 Autophagy-related protein 3 36298 2 8 120

Q7L1Q6
Basic leucine zipper and W2 domain- 
containing protein 1 48184 73 44 546

A4D123 Basic leucine zipper and W2 domains 2 48360 26 32 161
08WYA6 Beta-catenin-like protein 1 65588 20 17 112

09P287
BRCA2 and CDKN1 A-interacting 
protein 36299 14 27 252

P27824 Calnexin 67982 44 28 633
Q15417 Calponin-3 36562 14 30 118
Q6IAT4 CALR protein 48283 100 40 890

B1AK87
Capping protein (Actin filament) 
muscle Z-line, beta 29562 4 17 101

Q5U065 Casein kinase 2 45229 68 53 736
016543 Cdc37-Hsp90 co-chaperone 44953 29 42 138
Q53HU0 Chaperonin containing TCPl 60183 59 54 952
05SRT3 Chloride intracellular channel 1 27248 9 38 145

016630
Cleavage and polyadenylation 
specificity factor 59344 12 16 149

096A33
Coiled-coil domain-containing protein 
47 56123 26 36 263

007021

Complement component 1 Q 
subcomponent-binding protein, 
mitochondrial 31742 10 21 174

09BT78 COP9 signalosome complex 46525 19 38 296
P17812 CTP synthase 1 67332 24 24 151
09NRF8 CTP synthase 2 66320 4 4 127

086VP6
Cullin-associated NEDD8-dissociated 
protein 1 (TBP-interacting protein) 137999 33 20 207

P47712 Cytosolic phospholipase A2 85669 10 10 216

09Y295
Developmentally regulated GTP 
binding protein 1 40802 15 31 274

Q53Y50
Developmentally regulated GTP 
binding protein 2 41150 17 32 145

Q6MZT3
DKFZp686C1054 Putative 
uncharacterized protein 48974 10 17 141
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B3KXZ4
DNA replication licensing factor 
MCM2 91898 45 29 614

P25205
DNA replication licensing factor 
MCM3 91551 32 26 211

Q9BUI4
DNA-directed RNA polymerase III 
subunit RPC3 60972 5 10 113

P31689
DnaJ (Hsp40) homolog subfamily A 
member 1 45581 11 22 124

P04843

Dolichyl-diphosphooligosaccharide- 
protein glycosyltransferase subunit 1 
(Ribophorin I) 68641 37 33 626

A8MZF9 DRG2 Putative uncharacterized protein 38504 16 32 146
Q9H223 EH domain-containing protein 4 61365 5 9 141
P49411 Elongation factor Tu, mitochondrial 49852 25 36 317

A8MTF2
ENSP00000382149 (Fragment) 
Putative uncharacterized protein 33217 3 8 162

000267
Eukaryotic transcription elongation 
factor SPT5 121324 46 26 393

Q 14222
Eukaryotic transcription elongation 
factor 1A protein 24352 19 31 277

Q 13263
Eukaryotic transcription intermediary 
factor 1-beta 90261 16 13 179

P55072
Eukaryotic transitional endoplasmic 
reticulum ATPase 89950 17 15 171

096138

Eukaryotic translation elongation factor 
1 (guanine nucleotide exchange 
protein) 71834 53 22 n i l

B2RMP5
Eukaryotic translation elongation factor 
2 96246 42 24 212

P05198
Eukaryotic translation initiation factor 
2 subunit 1 36374 30 48 322

024JU4
Eukaryotic translation initiation factor 
3 subunit A 166768 96 31 745

O3B770
Eukaryotic translation initiation factor 
3A 75747 16 19 107

Q6IB98
Eukaryotic translation initiation factor 
3S3 40076 28 38 121

Q6IAX5
Eukaryotic translation initiation factor 
3S6 52572 38 43 338

B2R6L8
Eukaryotic translation initiation factor 
4A 46353 26 35 487

Q6IBU0
Eukaryotic translation initiation factor 
5 49577 49 49 779

Q8N5A0
Eukaryotic translation initiation factor 
5B 139172 14 10 127

Q6IAM0
Eukaryotic translation initiation factor 
S4 35864 18 35 167

B2R6B4
Eukaryotic translation termination 
factor 1 49228 10 16 123
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09Y5B9 FACT complex 120409 106 36 1003

B2R8G6 FK506 binding protein 8 38870 4 14 101

Q86SX1

Full-length cDNA 5-PRIME end of 
clone CS0DN005YI08 of Adult brain 
of Homo sapiens (human) (Fragment) 29184 11 26 174

Q9Y5Q8
General transcription factor 3C 
polypeptide 5 59989 10 16 101

P14314 Glucosidase 2 subunit beta 60357 17 20 195

A8K7C1
Glycylpeptide N- 
tetradecanoyltransferase 57112 8 14 100

Q9H3P7

Golgi resident protein GCP60 (Golgi 
complex associated protein 1 - 
GOCAPl) 60841 26 34 507

061T96 HDACl protein 55638 18 25 245

P11142 Heat shock cognate protein 71 kDa 71082 136 52 2420

Q92598 Heat shock protein 105kDa 97716 30 24 421

P I0809 Heat shock protein 60kDa 61187 44 46 518

B0QZ61
Heat shock protein 70kDa (Glucose- 
regulated protein, 78kDa) 72402 75 47 1124

P07900 Heat shock protein 90kDa (Hsp90AAl) 85006 675 65 8500

P I4625
Heat shock protein 90kDa (Hsp90Bl), 
Endoplasmin 92696 219 48 2783

09BV61

Heat shock protein 90kDa (Hsp90L), 
Hsp75/TRAP 1 /TNFR-associated 
protein 1 79649 35 4 945

P54652 Heat shock related protein 2 70kDa 70263 53 18 1175

Q5T6W5
Heterogeneous nuclear 
ribonucleoprotein K 47756 30 36 433

Q00839
Heterogeneous nuclear 
ribonucleoprotein U 91198 29 17 412

P09429 High mobility group protein B1 25049 25 44 286

P26583 High mobility group protein B2 24190 10 23 130

092769 Histone deacetylase 2 55899 15 19 264

B7Z592
Immediate early response, 
erythropoietin 4 45262 7 17 115

B2RN95 Importin 4 120179 19 11 137

Q5T578 Importin 5 125032 19 13 141

095373 Importin 7 120751 16 9 215

B1ASV5 Importin 9 116858 15 9 168

Q6NVW7
Importin alpha 1 (Karyopherin alpha 2, 
RAG cohort 1) 58271 10 16 128

060684 Importin alpha 7 subunit 60733 4 7 110

Q53XN2 Importin beta 1 (Karyopherin) 98420 15 14 190

Q15181 Inorganic pyrophosphatase 33095 17 37 176

012905 Interleukin enhancer-binding factor 2 43263 15 22 124

P42167 Lamina-associated polypeptide 2, 50696 11 25 153
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isoforms beta/gamma

P42704
Leucine-rich PPR motif-containing 
protein, mitochondrial 159003 26 17 179

08N1G4
Leucine-rich repeat-containing protein 
47 64004 10 19 127

P05455 Lupus La protein 46979 16 21 134

015173
Membrane-associated progesterone 
receptor component 2 23861 8 27 141

P54105 Methylosome subunit plCln 26370 11 16 244
Q9UKD2 mRNA turnover protein 4 homolog 27657 33 65 301

015069
NAC-alpha domain-containing protein 
1 161987 7 0 117

B1AKJ5
Nardilysin (N-arginine dibasic 
convertase) 140352 42 15 402

Q13765
Nascent polypeptide-associated 
complex subunit alpha 23370 66 35 1630

B2RAR2 Nin one binding protein (NOBIP) 47015 14 25 188
Q9L'NZ2 NSFLl cofactor p47 (p47) 40548 8 26 181

Q5T626
Nuclear autoantigenic sperm protein 
(Histone-binding) 49003 32 25 256

Q9Y266 Nuclear migration protein nudC 38276 8 17 130
P19338 Nucleolin 76625 49 29 417
P06748 Nucleophosmin 32726 36 39 302
P55209 Nucleosome assembly protein 1-like 1 45631 17 24 279

A8MU04
NUDC (Fragment) Putative 
uncharacterized protein 32767 8 20 130

Q92882 Osteoclast-stimulating factor 1 23943 6 24 124
Q05D08 PA2G4 protein (Fragment) 45579 24 35 178
06F1A3 PACSIN2 protein 51663 24 28 320

A8MXI4
PDCL3 (Fragment) Putative 
uncharacterized protein 27693 15 43 142

Q6FHP5 PHB protein (Fragment) 29871 15 43 137
Q9H2J4 Phosducin-like protein 3 27711 15 43 142
A8K2S1 Phospholipase A2, group IVA 85695 10 10 216
B1ANJ4 Poly (ADP-ribose) polymerase 1 113811 13 13 207
P51003 Poly(A) polymerase alpha 83247 9 8 126
B4DZW4 Poly(A)-binding protein 1 65756 11 17 107

Q9UHX1

Poly(U)-binding-splicing factor PUF60 
(Fuse-binding protein-interacting 
repressor) 60009 33 39 425

P11940 Polyadenylate-binding protein 1 70854 12 16 127

Q53F76

Polymerase (RNA) III (DNA directed) 
polypeptide C (62kD) variant 
(Fragment) 60964 5 10 113

043143
Pre-mRNA-splicing factor ATP- 
dependent RNA helicase DHX15 91673 12 10 170
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02NL82
Pre-rRNA-processing protein TSRl 
homolog 92151 23 19

178

Q7L014
Probable ATP-dependent RNA helicase 
DDX46 117803 17 14

P35232 Prohibitin 29843 15 43
099623 Prohibitin-2 33276 12 34
06FI35 Proliferating cell nuclear antigen 29096 8 20
O9UQ80 Proliferation-associated protein 2G4 44101 24 35
P25786 Proteasome subunit alpha type-1 29822 21 44 167
P25788 Proteasome subunit alpha type-3 28643 27 32 ____^
P25789 Proteasome subunit alpha type-4 29750 18 26 161
P28066 Proteasome subunit alpha type-5 26565 17 41 ____m
P60900 Proteasome subunit alpha type-6 27838 18 30 169
014818 Proteasome subunit alpha type-7 28041 22 52 302
014744 Protein arginine N-methyltransferase 5 73322 23 29 221
PI 3667 Protein disulfide-isomerase 73229 198 62 2868

A8K318
Protein kinase C substrate 80K-H 
(PRKCSH) 60110 17 20 195

015355 Protein phosphatase IG 59919 23 30 330
09P258 Protein RCC2 56790 33 34 269
QIKLZO PSlTP5-binding protein 1 42052 8 25 135
B2RDQ2 Putative uncharacterized protein 57480 171 64 2770
P46060 Ran GTPase-activating protein 1 63958 24 29 365

B7Z5P4 Ran-binding protein 3 47232 5 15 119

013283
Ras GTPase-activating protein-binding 
protein 1 52189 51 42 519

09UN86
Ras GTPase-activating protein-binding 
protein 2 54145 16 24 193

P46940

Ras GTPase-activating-like protein 
lOGAPl (IQ motif containing GTPase 
activating protein 1) 189761 37 16 216

A8K6V7
Ras-GTPase activating protein SH3 
domain-binding protein 2 (G3BP2) 50842 16 26 193

09N 0C3 Reticulon-4 130250 7 3 131

A2RUM7 Ribosomal protein L5 34569 23 39 140

05T8U4 Ribosomal protein L7a 30148 23 40 ____ ^

B2R7N5 Ribosomal protein S3 26842 17 51 ____ ^

A2A3R6 Ribosomal protein S6 28834 21 32
B0BLV3 RNA binding motif protein 39 59628 14 17
09ULX3 RNA-binding protein NOBl 47045 14 25
Q6IPH7 RPL14 protein 23886 3 13
Q7L7Q6 RTN4 isoform B 1 40350 7 12 ___J31.

Q96B16 RTN4 isoform B2 42305 7 11 _ _ _ j3 t

09Y3F4 Serine-threonine kinase receptor- 38756 9 32



associated protein

O9Y6E0 Serine/threonine-protein kinase 24 49562 10 19 102

P30153
Serine/threonine-protein phosphatase 
2A 65 kDa regulatory subunit A alpha 66065 21 29 287

P50454 Serpin HI (Collagen-binding protein 2) 46525 29 45 463
05VXV3 SET nuclear oncogene 33469 39 42 391
09H9B4 Sideroflexin-1 35881 8 25 108

08IXJ3
Small nuclear ribonucleoprotein 
component 96280 25 23 224

P63162
Small nuclear ribonucleoprotein- 
associated protein N 24769 10 18 115

A6NKH4 SNXl Putative uncharacterized protein 53385 8 12 138

053GR7
Solute carrier family 25, member 13 
(Citrin) variant (Fragment) 74469 10 16 127

013596 Sorting nexin-1 59147 8 11 138
060749 Sorting nexin-2 58549 20 28 200
012874 Splicing factor 3A subunit 3 59154 23 27 193
001081 Splicing factor U2AF 35 kDa subunit 28368 11 24 135
P26368 Splicing factor U2AF 65 kDa subunit 53809 25 26 173
007955 Splicing factor, arginine/serine-rich 1 27842 31 53 292
001130 Splicing factor, arginine/serine-rich 2 25461 15 22 377
008170 Splicing factor, arginine/serine-rich 4 56759 8 5 100
013243 Splicing factor, arginine/serine-rich 5 31359 8 20 105
013247 Splicing factor, arginine/serine-rich 6 39677 15 24 150

P50502
ST B  (HIP/Hsc70-interacting 
protein/Aging-associated protein 2) 41477 23 25 417

09UBT2 SUMO-activating enzyme subunit 2 71749 20 19 117

09H3N1
Thioredoxin domain-containing protein 
1 32170 14 32 160

Q9NXG2 THUMP domain-containing protein 1 39690 10 21 141
007157 Tight junction protein ZO-1 195682 19 9 107
09UDY2 Tight junction protein ZO-2 134118 29 20 189
05JTV8 Torsin-lA-interacting protein 1 66379 8 15 112
092973 Transportin'1 102727 11 11 232
B2R8R5 Tripartite motif-containing 28 90271 16 13 179
Q9Y606 tRNA pseudouridine synthase A 48010 7 16 144
Q5JP53 Tubulin 48135 261 51 4248

08N9Z3
Tumor Necrosis Factor Type 1 
Receptor Associated Protein 66290 8 6 163

B5BU25
U2 small nuclear RNA auxiliary factor 
2 isoform b 53445 25 26 173

075643
U5 small nuclear ribonucleoprotein 200 
kDa helicase 246006 10 3 111

061BM8 U5-116KD protein 110360 25 20 244
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Q08AL5 Ubiquitin carboxyl-terminal hydrolase 110542 15 9 110

P54578
Ubiquitin carboxyl-terminal hydrolase 
14 56489 13 19 127

B2RD79

Ubiquitin specific peptidase 14 (tRNA- 
guanine transglycosylase) (USP14), 
mRNA 56462 13 19 127

B3KMZ6
Ubiquitin-like 1 -activating enzyme 
ElB 71687 20 19 117

094888 UBX domain-containing protein 7 55227 15 25 179
Q0V924 Valosin-containing protein 89972 17 15 171

Q8WU90
Zinc finger CCCH domain-containing 
protein 15 48972 7 15 115

Among the top 40 most abundant proteins identified, based on their Mascot scores (Table 

4.3), five o f the six previously identified proteins from the mass spectrometry analysis o f 

the 2-D gels (Figure 4:19 and 4:20) were again identified (Table 4,3, labelled **). 

There were also several known molecular chaperones (Table 4.3, superscript *). Sixteen 

o f the top 40 hits (40%), and 11 o f the top 20 (55%) are known molecular chaperones. 

Another highly represented and related group are proteins known or suspected to be 

involved in the endoplasmic reticulum (ER) stress response, including protein 

degradation (Table 4.3, superscript *’). This group accounted for 12 o f the top 40 hits 

(30%), and 8 o f the top 20 (40%). The group o f top 40 hits was completed by the 

structural proteins tubulin and actin; scaffold proteins; and proteins involved in cellular 

processes e.g. transcription, translation, proliferation, biogenesis and apoptosis.
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T able 4.3: Top 40 hits identifled by m ass spectrom etry o f ID  SDS PAGE analysis o f

H, pylori (60190) O M V -induced differentially expressed AG S phosphoproteins

Name ** Mascot
Score

Function(s)

**Heat shock protein 90kDa 
(H sp90A A l)“’ ‘’

8500 Molecular chaperone (Schroder 2008; Henderson 
2010)

Tubulin 4248 Major constituent o f microtubules
3 b

Protein disulfide-isomerase 2868 Molecular chaperone, protein folding (Schroder 
2008)

**Heat shock protein 90kDa 
(Hsp90Bl), Endoplasmin / 
Grp94 ^

2783 ER-resident Molecular chaperone, Holdase (Schroder 
2008)

Heat shock cognate protein 
71kD a“

2420 Molecular chaperone, possible role in viral 
replication (Hayashi et al, 2009)

Nascent polypeptide- 
associated complex subunit 
alpha **

1630 Molecular chaperone (Andersen et ai, 2007), 
possible role in protein degradation and localization 
(Hiraishi et ai, 2009) and transcription regulation 
(Papachristou et ai, 2003)

Actin 1405 Cell motility
Heat shock related protein 2 
70kDa (HspA2) “

1175 Molecular chaperone, possible role in cellular 
protective response (Scieglinska et ai, 2008)

Heat shock protein 70kDa 
(Glucose-regulated protein, 
78kDa / BiP) ^

1124 Molecular chaperone Foldase (Bertolotti et al., 2000; 
Schroder 2008; Zhang et ai, 2010)

Eukaryotic translation 
elongation factor 1 (guanine
nucleotide exchange protein)

1111 Negative regulator o f chaperone mediated autophagy 
(Bandyopadhyay et al, 2010)

FACT complex ^ 1003 Histone chaperone complex, transcription elongation 
(Kwon et ai, 2010)

Chaperonin containing 
TCPl “

952 Molecular chaperone, protein folding (Yam et ai, 
2008)

Heat shock protein 90kDa 
(Hsp90L),Hsp75/TRAP 1 /TNF

3 bR-associated protein 1 ’

945 Molecular chaperone, protective role against 
oxidative stress and apoptosis (Montesano Gesualdi 
et ai, 2007)

**CALR protein ** 890 Molecular chaperone, protein folding (Schroder 
2008)

ATP-dependent DNA helicase 
2 subunit 1

872 Unwinding of DNA strands (Tuteja et al, 1994)

Eukaryotic translation 
initiation factor 5

779 Translation initiation
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ANKRD26-like family C 
member lA

757 Possible role in apoptosis (Liu et al., 2009)

Eukaryotic translation 
initiation factor 3 subunit A

745 Translation initiation

Casein kinase 2 736 Proliferation and cell growth, suppression of 
apoptosis (Trembley JH et al, 2010)

60S acidic ribosomal protein 
PO

685 Protein synthesis

Calnexin ^ 633 Molecular chaperone, protein folding (Schroder 
2008)

Dolichyl-
diphosphooligosaccharide- 
protein glycosyltransferase 
subunit 1 (Ribophorin I) **

626 Protein folding; regulation of protein N-glycosylation 
(Wilson et al., 2008)

DNA replication licensing 
factor MCM2

614 Initiation of DNA replication

Basic leucine zipper and W2 
domain-containing protein 1

546 Proliferation regulator (Li et al., 2009)

Annexin A2 545 Multiple functions including plasmin generation/ 
associated with malignant transformation (Das et al., 
2010)

Ras GTPase-activating 
protein-binding protein 1

519 Multiple functions including Ras-mediated 
proliferation and survival (Irvine et al., 2004)

Heat shock protein 60kDa * 518 Molecular chaperone, immunomodulation 
(Henderson 2010)

Golgi resident protein GCP60 
(Golgi complex associated 
protein 1-GOCAPl)

507 Multiple functions including maintenance of Golgi 
structure, steroidogenesis, apoptosis and 
embryogenesis (Fan et al., 2010)

14-3-3 protein zeta/delta 491 Scaffold protein (Barry et al., 2009; Nakamura et al., 
2010)

Eukaryotic translation 
initiation factor 4A

487 Translation initiation

Serpin HI (Collagen-binding 
protem 2)

463 ER-resident collagen chaperone, protein folding 
(Mala and Rose 2010)

Heterogeneous nuclear 
ribonucleoprotein K

433 Scaffold protein integrating multiple signal cascades, 
with possible roles in chromatin remodelling, 
transcription, splicing and translation (Bomsztyk et 
al, 2004)

Poly(U)-binding-splicing 
factor PUF60 (Fuse-binding 
protein-interacting repressor)

425 RNA splicing (Page-McCaw et a l, 1999)

St bHeat shock protein 105kDa ’ 421 Molecular chaperone, possible role in ER stress 
induced apoptosis (Meares et al., 2008)

**Acidic leucine-rich nuclear 
phosphoprotein 32 family 
member A

418 Tumour suppressor, pro-apoptotic (Pan et al., 2009)

Nucleolin 417 Synthesis and maturation of ribosomes
**ST13 (HIP/Hsc70- 417 Putative tumour suppressor (Dong et al., 2005),
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interacting protein/Aging- 
associated protein 2) ^

Hsp70 co-chaperone, pro-apoptotic (Caruso and 
Reiners 2006)

Heterogeneous nuclear 
ribonucleoprotein U

412 Scaffold protein, with possible roles in 
transcriptional regulation and chromatin organization 
(Ameyar-Zazoua ei a i,  2009)

Nardilysin (N-arginine dibasic 
convertase)

402 Protein maturation (Scamuffa et al, 2006)

Eukaryotic transcription 
elongation factor SPT5

393 Transcription

a: Proteins with an asterix preceding the name indicates that these proteins were identified in the previous 
mass spectrometry analysis of 2D-PAGE gels (Figures 4:17 and 4:18) 
b: Proteins followed by the superscript “are known molecular chaperones
c: Proteins followed by the superscript '’are known or suspected to be involved in the ER stress response
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4.4: DISCUSSION

The acquisition of the hummingbird phenotype by gastric cells has been widely reported as 

associated with the H. pylori virulence factor CagA (Backert et a l, 2001; Selbach et a l, 

2002; Su et a l, 2003; Tsutsumi el a l, 2006; Bourzac et a l, 2007). The mass spectrometry 

analysis of OMV identified CagA within the H. pylori OMV proteome. It was therefore of 

interest to investigate the effect o f H. pylori OMVs on gastric cell morphology. Based on 

fluorescence and phase contrast microscopy, H. pylori OMVs (0.25 ng/ml) were 

demonstrated to induce the hummingbird phenotype in both AGS and MKN45 cells 

(Figures 4,2 and 4.5). Interestingly, the morphological response of MKN45 cells to OMVs 

(0.25 |J.g/ml) was similar to that seen in response to whole cells at an MOI o f 500. This is 

significant as based on MOI levels reported in the studies cited, the H. pylori-mAxictd 

hummingbird phenotype was elicited in gastric cells at MOIs between 50 and 100. 

Therefore this study demonstrates modulation of gastric cell morphology elicited in 

response to correspondingly very low levels of H. pylori OMV. A dose-dependent and 

time-dependent induction o f the hummingbird phenotype was also demonstrated between 2 

h and 50 h (Figure 4.3) in response to higher amounts of OMVs (1 and 10 |J.g/ml). 

However, the dramatic morphological changes demonstrated in the cited studies by 3 h 

were not evident at earlier time points (2 h) in this study, suggesting that H. pylori OMV- 

mediated induction of the AGS hummingbird phenotype may occur later than whole cell- 

mediated morphological changes. This apparent difference in the kinetics of morphological 

change in response to whole cells versus OMVs could be due to mechanistic differences in 

each case. Unlike the more direct entry of whole cell-derived CagA by the Type IV 

secretion system (T4SS) (Backert et a l, 2000), H. pylori OMVs have been reported to
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enter gastric cells via lipid rafts (Kaparakis et a l, 2010) or clathrin-mediated endocytosis 

(Parker et a i, 2010). However, the former mechanism has been associated with 

intracellular CagA phosphorylation as early as 15 min (Backert et al., 2000), compared to 

the intracellular localization o f OMVs within 20 min, reported for clathrin-mediated 

endocytosis (Parker et a l, 2010). Therefore, the difference may result from the longer time 

required for OMVs to establish contact before gaining access to gastric cells as well as the 

time required for the OMV cargo to be accessible. In this study, H. pylori whole cell and 

OMV-treated gastric cells were not centrifuged, which would help to synchronize settling 

of whole cells and OMVs, for the very reason that this was judged not to be physiological 

and therefore likely to mask the very differences apparent in these results. Further, studies 

with CagA- H. pylori derived OMVs demonstrated similar morphological changes in AGS 

cells, as judged by phase contrast microscopy. Therefore, the role of this virulence factor in 

H. pylori OMV-mediated induction of the hummingbird phenotype in gastric cells remains 

unclear, in contrast to its well described role in H. pylori whole cells.

Total and phosphorylated CagA in AGS cells treated with H. pylori (MOI = 200) and H. 

pylori OMV (10 |ig/ml) were also evaluated. Enhancement of tyrosine phosphorylated 

proteins in the molecular weight region of CagA was demonstrated at 3 h in response to 

both H. pylori whole cells and OMVs, with a subsequent reduction at 24 h. However, 

although CagA was detected weakly in whole H. pylori and H. py/or/'-treated AGS cells 

at 3 h and strongly at 24 h, CagA was not detected in OMVs or OMV treated AGS cells 

by Western blot (Figure 4.6). However, based on the demonstrated presence of CagA in 

H. pylori OMVs in this and other studies (Mullaney et a l, 2009; Olofsson et a i, 2010),
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the enhancement o f tyrosine phosphorylated high molecular weight (-120  kDa) aq s  

proteins in response to H. pylori OMVs at the 3 h time point and H. pylori OMV 

induction o f  the hummingbird phenotype in AGS cells starting at the 2 h time point and 

becoming pronounced by 28 h, these changes could be CagA mediated. The lack of 

demonstrable OMV-associated CagA could reflect much lower levels o f CagA in //, 

pylori OMVs compared to whole cells, below the threshold o f  detection o f Western 

blotting. Although we and other authors have demonstrated OMV-associated CagA using 

Western blotting (Mullaney et al„ 2009; Olofsson et a l ,  2010), under the conditions 

tested, it was not detected in this current study.

Another, major H. pylori OMV-modulated AGS phenotype that has been reported on is 

apoptosis. However, the nature o f  this cytotoxic effect remains unclear. For example, 

Handa et al. reported CagA-mediated apoptosis (Handa et al., 2007), while others found an 

anti-apoptotic effect (Backert and Selbach 2008). In this study, we investigated cell 

viability as judged by microscopic observations. This demonstrated OMV-mediated 

reduction in cell numbers at 28 h and by 50 h there was general rounding up, detachment 

and loss o f cells (Figure 4.7). This observation was consistent with Western blot analysis 

o f H. pylori OMV-treated AGS cells, which showed a reduction in actin levels in response 

to H. pylori OMV (10 |ig/ml) after 24 h, with almost complete loss by 72 h (Figure 4.8). 

Together, these findings imply that H. pylori OMVs are toxic to AGS cells at levels 

approaching 10 |^g/ml and at exposures over 24 h. However, the implications are possibly 

far greater as chronic infections typical o f H. pylori colonization suggest that 

overwhelming toxicity is not a likely in-vivo scenario. With this in mind, our o b serv a tio n  is



important with respect to the appropriate amounts of H. pylori OMVs which are 

physiologically relevant, as some authors have reported OMV-mediated gastric changes 

using greater amounts of OMV (Ismail et al, 2003; Chitcholtan et al, 2008). In this 

present study, an approximation of the likely amount of OMV occurring in vivo has been 

estimated. The calculations based on estimates of in vivo H. pylori load (colony forming 

units/gram of tissue), and calculations of OMV recovery/yield from broth culture (yield / 

CFU), were that the Hkely in vivo OMV load is in the 1-10 |J.g/ml range. Therefore in the 

face of evidence of gastric cell cytotoxic effects at H. pylori OMV levels approaching 10 

|ig/ml, there may not be reasonable grounds for using higher doses.

The MS analysis of the OMV proteome also identified two plasminogen binding proteins. 

Tetranectin, a human plasminogen binding protein, has been found in increased amounts in 

the extracellular matrix of desmoplastic cells surrounding breast cancer cells, compared to 

little or no tetranectin in tumour cells as well as in the plasma of patients with various 

malignancies (Kastrup et al, 1997). Further, its ability to bind to and activate plasminogen 

suggests its role in tissue degradation and cell migration (Kastrup et al, 1997). 

Plasminogen binding proteins have also been demonstrated on the surface of various gram 

positive and gram negative bacteria including H. pylori (Jonsson et al, 2004), Borrelia 

burgdorferi (Hu et al, 1997) and Bacteroides fragilis (Sijbrandi et al, 2008) as well as the 

parasite Leishmania mexicana (Vanegas et al, 2007). This study therefore investigated the 

fiinctionality of these receptors to evaluate their potential involvement in pathogenesis 

whereby OMV-bound plasmin could mediate enzymatic damage to epithelial cells. Surface 

plasmon resonance (SPR) was used to demonstrate interaction (binding) of OMV to chip-
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bound plasminogen (Figure 4.11a). Further, when OMVs were co-incubated with 

plasminogen followed by washing of the OMV by centrifugation, the plasminogen 

remained OMV-associated as revealed by the presence of OMV-associated plasmin activity 

after urokinase-mediated activation o f the OMV-bound plasminogen. Taken together, these 

findings suggest that the H. pylori OMV-bound plasminogen binding proteins are 

functional. Further, despite recent evidence of intracellular invasion and multiplication of 

H. pylori whole cells (Chu et al., 2010), functional OMV-bound plasminogen binding 

proteins would potentially expand the reach of this pathogen not only locally, but beyond 

the epithelium. Such functionality would have important implications with respect to the 

role of H. pylori in carcinogenesis as local tissue degradation would facilitate cell 

migration of transformed cells. Although this possibility was tested using the T84 colonic 

cell monolayer model, the OMV-plasmin complex failed to elicit a detectable effect on the 

integrity of fully differentiated and polarized T84 monolayers (Figure 4.11b). 

Nevertheless, in vivo, such a complex may interact with the gastric epithelium.

Against this background of demonstrable H. pylori OMV-mediated induction of AGS cell 

phenotypes associated with virulence factors, it was decided to attempt to investigate the 

signalling pathways disrupted by H. pylori OMVs. Several studies have enhanced our 

understanding of H. pylori induced gastric signalling. For example, CagA is known to be 

injected into gastric cells through a Type IV secretion pilus that interacts with the host 

receptor integrin a5[31 through the arginine-glycine-aspartate (ROD) motif o f CagL that is 

targeted to the pilus surface (Kwok et al., 2007). Injected CagA is tyrosine phosphorylated 

by Src and Abl kinases and subsequently through interactions with Shp-2 which
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dephosphorylates and inactivates focal adhesion kinase leading to dephosphorylation o f 

cortactin, vinculin and ezrin and with Crkll which activates Racl through Dock 180, 

induces actin cytoskeletal rearrangements required for motility and cell elongation that 

results in the hummingbird phenotype (Backert and Selbach 2008). Src-phosphorylated 

CagA can also signal through Shp-2 via R apl-B R af-Erkl/2  and along with 

unphosphorylated CagA/Grb2 signalling through Ras-CRaf-M ek/Erkl/2 and peptidoglycan 

induced signaling through Nod-1, culminates in the induction o f NF-kB, which enhances 

expression o f  mitogenic and proinflammatory genes as well as the anti-apoptotic myeloid 

cell leukemia sequence 1 (M C Ll) protein (Backert and Selbach 2008; Torres and Backert 

2008). Unphosphorylated CagA also interacts with E-cadherin as well as the epithelial tight 

junction-scaffolding protein ZO-1 and junctional adhesion molecule resulting in disruption 

o f adherens and tight junctions, respectively (Backert and Selbach 2008). Another major H. 

pylori virulence factor VacA, has been reported to enter epithelial cells through interaction 

with the receptor-like protein tyrosine phosphatases, R PT Pa and RPTPP(Yahiro et ai,  

1999; Yahiro et a l ,  2003), leading to oligomerization within detergent-resistant membrane 

domains and subsequent endocytosis (Isomoto et a l ,  2010). This virulence factor is 

associated with intracellular vacuolation and although the exact mechanism is not fully 

understood, it has been associated with vacuolar ATPase (Cover et al., 1993), Rab7 (Papini 

et a l ,  1997) and Racl (Hotchin et al., 2000) as well as Dynamin, Syntaxin 7 and vesicle 

associated membrane protein 7 (VAMP7), suggesting VacA-induced vacuolation results 

from altered intracellular vesicle trafficking (Isomoto et a i ,  2010). VacA has also been 

reported to induce activation o f the pro-apoptotic proteins Bax and Bak, resulting in 

cytochrome c release from the mitochondria (Yamasaki et a i ,  2006), while down-
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regulating the anti-apoptotic proteins Bcl-2 and Bcl-xL in AZ521 cells through inhibition 

of STAT3, possibly via JNK activation (Isomoto et a l, 2010). Activation of the p38-ATF 2 

cascade was also reported to be VacA mediated in AZ521 cells, leading to induction of 

cyclooxygenase-2 expression and prostaglandin E2 production (Hisatsune et a l, 2007),

while VacA also enhances IL-8 production in U937 cells through the p38-ATF 2 cascade

2_|_
via Ca release (Isomoto et al., 2010). Finally, VacA has been shown to enter T-cells by 

binding to CD 18 (P2 integrin) and subsequently interferes with the T-cell receptor/IL-2 

signalling pathway at the level of calcineurin (Torres and Backert 2008). These findings 

highlight the pleiotropic nature of CagA and VacA signalling. The picture is further 

complicated by the reported antagonistic nature of their respective effects (Yokoyama et 

al., 2005; Argent et a l, 2008) which possibly helps to dampen the severity of epithelial and 

other tissue damage and therefore the resulting immune response to H. pylori infection, 

thereby promoting chronic infection.

However, despite our increasing knowledge with respect to H. pylori gastric cell signalling, 

very little is known regarding H. pylori OMV gastric cell signalling. As a preliminary 

assessment, this study evaluated changes in the phosphorylation status of AGS cell proteins 

using phospho-specific antibodies, as an indication of intracellular signalling. These 

experiments demonstrated a general time-dependent increase in tyrosine phosphorylation in 

response to OMVs (1 |J.g/ml) a 48 h, with little if  any, threonine and minimal serine 

phosphorylation as judged by ID-SDS-PAGE analysis (Figure 4.12). A further assessment 

of the tyrosine phosphorylation status o f AGS cells treated with H. pylori OMVs over a 72 

h time course demonstrated a general time-dependent increase in tyrosine phosphorylation
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in response to OMVs (1 |J.g/ml) with several proteins exhibiting sustained phosphorylation 

and subsequent reduction o f phosphorylation o f a few proteins. However, in response to a 

higher dose o f H. pylori OMVs (10 |J.g/ml), the enhancement o f tyrosine phosphorylation 

was transient with the phosphorylation status o f most proteins increasing up to the 4 h, 6 h 

or 24 h time point and declining thereafter, associated with detachment o f cells into the 

culture medium, consistent with reduced viability (Figure 4.8). The role o f the key 

virulence factors CagA and VacA in H. pylori OMV modulation o f AGS tyrosine 

phosphorylation was also explored using wide type OMVs and the corresponding CagA 

and VacA isogenic mutant-derived OMVs. There were clear CagA- and VacA- mediated 

differences in the tyrosine phosphorylation o f AGS proteins at 6 h, with several high 

molecular weight protein species exhibiting enhanced tyrosine phosphorylation (Figure 

4.15) indicating a role for CagA and VacA in the dephosphorylation o f several o f  these 

AGS proteins. However, the observation that wild type OMV-treated AGS cells 

demonstrated enhanced phosphorylation compared to untreated OMVs implies that some o f 

these high molecular weight AGS proteins are also phosphorylated by wild type H. pylori 

OMVs. Further, these findings demonstrate that as in the case o f H. pylori whole cells, H. 

pylori OMV modulation o f gastric cell signalling is mediated, at least in part, by these 

virulence factors.

Given the role o f CagA in gastric cell actin cytoskeletal rearrangements, the effect o f  H. 

pylori OMV on AGS levels o f actin was examined over a 48 h time course. This revealed 

the interesting finding that H. pylori OMV induced sustained suppression o f actin at all 

time points examined (Figure 4.9). The reason for this is not immediately clear. Actin
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filament dynamics play a key role in cell motility and a central regulator is cortactin, whij), 

possesses binding domains for N-WASP, Arp2/3 and F-actin, suggesting the possibility 

that CagA-mediated dephosphorylation of cortactin, vinculin and ezrin may directly as well 

as indirectly through N-WASP stimulate Arp2/3, which in turn could activate actin 

assembly (Selbach and Backert 2005; Backert and Selbach 2008). Cortactin, vinculin and 

ezrin have molecular weights of 80/85 kDa (Bowden et a l, 1999), 130 kDa (Wilkins and 

Lin 1982) and 81 kDa, respectively (Egerton et a l, 1992). It is therefore possible that the 

CagA- and VacA- mediated enhancement of the tyrosine phosphorylation of several high 

molecular weight protein species (Figure 4.15), may involve one or more of these proteins.

Activated Arp2/3, and possibly other proteins, appear to direct de novo assembly of actin 

filaments near the barbed ends of filaments at approximately 70° to the existing filament 

resulting in a branched actin system growing in the barbed direction, which generates 

propulsive force against the plasma membrane (Pollard and Borisy 2003; Schaus et al., 

2007). Further, Bershadsky et al. reported that actin synthesis is controlled by an 

autoregulatory pathway whereby actin polymerization leads to a reduction in the s o lu b le  

actin fraction and subsequent increased actin secretion, demonstrated at 16 h by these 

authors (Bershadsky et al, 1995). In this study, AGS actin levels were evaluated using cell 

lysates following lysis and subsequent removal of membranous fractions by centrifugation. 

This could explain the early H. pylori OMV-induced suppression of actin observed at 4 h, 

as the actin being measured would likely be predominantly the soluble monomeric fr a c t io n . 

The later reduction in AGS actin levels (18 h and 48 h) may also be due partly to continue<l 

OMV stimulation of actin assembly with concomitant reduction in the soluble actiD



fraction beyond the capacity of the cells to synthesize actin at a similar rate. However, in 

addition, as shown in Figure 4.8, H. pylori OMVs reduce cell viability, and this factor 

probably accounts for a greater share of the apparent OMV-mediated reduction in AGS 

actin levels with increasing time.

In addition to the use to phospho-specific antibodies to detect AGS phosphoproteins, the 

latter were purified with the Pierce® Phosphoprotein Enrichment Kit and directly 

visualized using the Pro-Q Diamond phosphoprotein gel stain and the PeppermintStick™ 

Phosphoprotein molecular weight standards, with their built-in internal controls. Using ID- 

SDS-PAGE analysis this approach also demonstrated a general OMV-mediated 

enhancement of the phosphorylation status of many AGS proteins 16 h post-treatment 

(Figure 4.16). This approach confirmed the previous data, showing clear H. pylori OMV- 

mediated modulation of several AGS phosphoproteins. Also, the role of the key virulence 

factors, CagA and Vac A, was evaluated and again there were clear CagA and VacA 

mediated differences in the phosphorylation of several AGS cell proteins by 6 h, in 

particular a group of high molecular mass proteins whose phosphorylation status was 

enhanced in response to CagA- and VacA- OMV treatment.

These preliminary findings clearly imply H. pylori OMV-mediated gastric cell signalling. 

Therefore, 2D analyses of affinity purified phosphoproteins were undertaken with the aim 

of identifying specific AGS proteins whose phosphorylation status was modulated by H. 

pylori-OMVs. These analyses demonstrated reproducible results, and consistent with the 

previous data, confirmed modulation of the expression levels and phosphorylation status of
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several AGS cell phosphoproteins upon exposure to OMV (1 |^g/ml) by 16 h (Figure 4.19) 

and to a lesser extent at the 48 h time point (Figure 4,20), with most changes being 

stimulatory and at 16 h. However, this in-vitro transient effect does not necessarily imply 

that H. pylori OMV modulation of the phosphorylation status of AGS cell proteins is 

transient, as the effect demonstrated resulted from a single treatment of OMVs. This would 

presumably contrast the in-vivo scenario, where H. pylori OMVs are constitutively 

produced and therefore likely to induce sustained signalling. An initial mass spectrometry 

analysis of 10 excised spots identified only one spot, Endoplasmin (spot 8), due to reported 

technical issues and possibly low protein content. Therefore, as the repeat 2D gels 

demonstrated clearly reproducible patterns, corresponding spots from multiple gels were 

pooled to ensure the greatest possible yield. O f the 10 spots of interest rcanalysed by mass 

spectrometry, six proteins corresponding to six spots were identified; Acidic leucine-rich 

nuclear phosphoprotein 32 family member A (ANP32A), Suppression of Tumorigenicity 

13 (STB ), Alpha-2-HS-glycoprotein (Ahsg), Endoplasmin (Grp94), Heat shock protein 

90kDa alpha (Cytosolic) class A member 1, gene2 (Hsp90aal.2) and Calreticulin (CALR) 

(Table 4.1). Importantly, no H. pylori proteins were identified. Unfortunately, three o f the 

most heavily phosphorylated spots (2, 3 and 4) remained unidentified by this second mass 

spectrometry analysis, which was disappointing considering that spot 2 for example 

appeared to be at least as abundant as spot 1, which was identified (Figure 4.19, 

Coomassie-stained gel).

Validation of the identified proteins was initially attempted by their immunoprecipitation 

from cell lysates and subsequent identification by Western blotting. This approach proved
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most successful for calreticulin. There was a demonstrated increase in the amount o f 

recovered total and tyrosine phosphorylation calreticulin in response to both wild type and 

CagA- OMVs, which was most pronounced at the 16 h time point in response to wild type 

OMVs with subsequent reduction at 48 h (Figure 4.21), thus confirming the data from the 

2D phosphoprotein analysis (Figures 4.19 and 4.20), while the enhanced tyrosine 

phosphorylation was most pronounced at 48 h in response to CagA- OMVs, confirming 

CagA modulation o f AGS protein phosphorylation. There was also demonstrable increase 

in Hsp90 recovery at the 16 h time point, in response to both wild type and CagA- OMVs 

but very weak signal when the blot was probed with anti-p-Tyr (Figure 4.23). Likewise, 

immunoprecipitation o f  the other proteins proved unsuccessful. As a result Western 

blotting analysis o f crude cell lysates and phosphoprotein enriched cell lysates was 

undertaken using appropriate antibodies. This approach confirmed that H. pylori OMVs 

mediated a dramatic enhancement o f ANP32A phosphorylation at 16 h followed by 

reduced phosphorylation at 48 h, increased Grp94 phosphorylation at 16 h followed by 

reduced phosphorylation at 48 h and resulted in a pronounced reduction in Hsp90 

phosphorylation at 48 h. Further, these experiments had examined an earlier time point (4 

h), which demonstrated H. pylori OMV-mediated reduction in the recovery o f all three 

proteins with subsequent increase at the latter time points. This reduction, similar to that 

seen with actin, indicates that several proteins may be heavily utilized in the early period of 

infection, before levels can be restored by compensatory synthesis. In addition there was 

suppression o f Grp94 phosphorylation, but increased phosphorylation o f  ANP2A and 

Hsp90 (Figure 4.24, 5 and 6), confirming the complex nature o f OMV-modulation o f the 

phosphorylation status o f various AGS proteins. Due to the difficulty experienced in
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growing mutant H. pylori strains, especially the VacA- mutant, more thorough evaluation 

o f these proteins was not possible. However, taken together these findings support the 

hypothesis that H. pylori OMVs do modulate the expression and phosphorylation of many 

AGS proteins, some in a CagA and VacA-dependent manner.

All o f  the identified proteins are o f  potential relevance to H. pylori OMV-mediated gastric 

pathology. For example, ST 13 and ANP32A may have a role as tumour suppressors. In the 

case o f  ST 13, a pro-apoptotic Hsp70 co-chaperone (Caruso and Reiners 2006), expression 

o f this protein is decreased in primary colorectal tumours (Dong et a l,  2005). Similarly 

ANP32A is a reported tumour suppressor with altered expression in various cancers (Pan et 

al., 2009) and is reported to modulate MEK1/2-ERX1/2 signalling (Yu et al., 2004). The 

molecular chaperone Grp94 (H sp90pi) has been shown to be over expressed in lung cancer 

tissue (Wang et a l,  2005) and silencing its expression (siRNA) has been associated with 

enhanced apoptosis in pancreatic cancer cells (Pan et al., 2009). A protein designated 

Hsp90p was also reported translocated to the surface o f AGS cells where it interacts with 

and activates Racl and these effects as well as H2O2 production were inhibited in cells 

transfected with Hsp90p siRNA (Cha et al., 2010). Another molecular chaperone, Hsp90 is 

reported as a regulator o f  H. pylori induced IL -8  production and this effect is associated  

with H. pylori induced Hsp90 phosphorylation and Erkl/2 and NF-kB signalling (Yeo 

a l,  2004). It has also been reported that H. pylori induce CCL20 expression in gastric cells 

in a Cag PAI, Hsp90 and NF-KB-dependent but VacA-independent manner (Tomimori 

al., 2007). The glycoprotein Ahsg is reported to be protective against pathologic 

calcification in both soft tissue and vasculature (Westenfeld et a l ,  2009) but to enhance



insulin resistance in mice (Mathews et al, 2006). Finally, calreticulin has multiple known 

functions as a calcium binding (chaperone) protein / storage protein and has been reported 

to be over-expressed in several cancers including gastric, hepatocellular, colon and bladder 

cancer (Chen et al., 2009). These reports clearly demonstrate possible pathogenic roles for 

the H. pylori OMV modulated AGS phosphoproteins identified here. Several are implicated 

in various signalling pathways involved in carcinogenesis and immunomodulation. 

Interestingly, four of the six proteins are chaperones and three (Grp94, Hsp90 and 

calreticulin) are involved in the ER stress response (Schroder 2008; Henderson 2010). 

Further, although chaperones were previously considered intracellular proteins, they have 

more recently been demonstrated on the cell surface and in the extracellular space where 

they function in signal transduction and immunomodulation (Henderson 2010).

Since all proteins could not be identified by mass spectrometry of the 2D gels and high 

molecular weight proteins were noticeably under-represented on the 2D gels, the total AGS 

phosphoproteome was further evaluated by ID-SDS-PAGE, which demonstrated a 

pronounced OMV-mediated enhancement of recovery of proteins from phospho-enriched 

cell lysates (Figure 4.25), consistent with previous observations. Subsequent mass 

spectrometry analysis resulted in the identification of 224 proteins (Table 4.2). Based on 

the 2D gels (Figure 4.19 and 4:20), which indicated a general OMV-mediated 

enhancement of the phosphorylation status of a similar cohort of proteins in untreated and 

OMV-treated AGS cells and the fact that these 224 proteins were identified in phospho- 

enriched cell lysates, it was concluded that most, if not all, of these 224 proteins also had 

their phosphorylation status enhanced by OMVs, hence their increased recovery. It was
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therefore not surprising that five of the six previously identified proteins from the mass 

spectrometry analysis of 2D gels (Figure 4:19 and 4:20) were again identified by this 

approach. At this point it was also possible to speculate regarding the possible identity of 

the 3 proteins whose phosphorylation status had been dramatically enhanced in response to 

H. pylori OMVs at 16 h, but whose identity remained undetermined after several 2D-PAGE 

and two mass spectrometry analyses. Based on the determination of the molecular mass of 

spots 2, 3 and 4 (28.8, 31.6 and 41.7 kDa, respectively), the most closely matched 

candidates are Ribosomal protein S6 (28834 Da), Complement component 1 Q 

subcomponent-binding protein (31742 Da) and Developmentally regulated GTP binding 

protein 2 (41150 Da), respectively. However, the mass spectrometry data identified several 

other proteins with similar molecular masses, and the identification of these proteins 

remains an area for further investigation. Also, consistent with the previous 2D analysis, 

sixteen of the top 40 hits (40%), and 11 o f the top 20 (55%) are known molecular 

chaperones, while 12 of the top 40 hits (30%), and 8 of the top 20 (40%) are proteins 

known or suspected to be involved in the endoplasmic reticulum (ER) stress response. 

Other key proteins identified among the top 40 hits were the structural proteins tubulin and 

actin; scaffold proteins; and proteins involved in cellular processes e.g. transcription, 

translation, proliferation, biogenesis and apoptosis (Table 4.3).

In summary, H. pylori OMV have been shown to induce the hummingbird phenotype in 

gastric cells, impair their viability at high doses (10 |^g) and possess fiinctional 

plasminogen binding proteins, which may facilitate tissue disruption, although this could 

not be demonstrated using the T84 colonic epithelial cell monolayer model. H. pylori-
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mediated changes in AGS morphology and apoptosis are associated with known 

intracellular signalling pathways triggered by the virulence factor CagA. This study has 

confirmed H. pylori OMV-induced gastric cell signalling modulated by both CagA and 

VacA. In addition to structural and other proteins involved in morphology and apoptosis, 

MS analysis of H. pylori OMV treated AGS cells, also indicates the modulation o f other 

signalling pathways, including those involved in immunomodulation and the ER stress 

response. Therefore taken together with the H. pylori OMV proteomic data, a developing 

hypothesis emerges. H. pylori OMV clearly possess the machinery to adhere to and gain 

entry to gastric cells; modulate multiple signalling pathways associated with pathological 

outcomes; induce either a stress response or in the presence of high and sustained exposure 

an adaptive apoptotic response; as well as a pro-transformation anti-apoptotic response. 

With regards to the H. pylori OMV-induced modulation o f the AGS phosphoproteome, it 

was unfortunate that the three spots (Figure 4.19, # 2, 3 and 4) identified as the most 

heavily phosphorylated in response to OMV were not identified after two MS analyses. 

However, a subsequent attempt seems justified, considering that the information gained 

may further enhance our understanding of H. pylori OMV-induced gastric signalling. In 

addition, similar phospho-proteomic information obtained from MS analysis of gastric cells 

treated with OMVs from cagA, vacA and other isogenic mutants may be usefial to fiarther 

define the role of these virulence factors in pathogenesis. Finally, the use of 2D 

fluorescence difference gel electrophoresis (2D-DIGE), which adds to traditional 2D- 

PAGE, a quantitative dimension coupled with an internal standard on each gel (Unlu et a i, 

1997; Marouga et a i, 2005), would provide additional information with regards to the level 

of modulation induced in test samples compared to controls .
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CHAPTER 5

FUNCTIONAL CHARACTERIZATION OF 

H. pylori OMVs: ROLE IN ER STRESS and 

IMMUNOMODULATION



5.1: INTRODUCTION

Analysis of the phosphoproteome of H. pylori OMV-treated AGS cells indicates that H. 

pylori CM Vs may be involved in the modulation o f several cellular processes including the 

endoplasmic reticulum (ER) stress response / unfolded protein response (UPR) and 

immunomodulation. Reports of cellular stress responses date back at least thirty five years. 

For example, the study by Stephens et al. demonstrated that Salmonella typhimurium when 

stressed by amino acid deficiency, is alerted to the danger by the induction of various 

proteins, initially called alarmones (Stephens et al., 1975). These include the adenylylated 

nucleotide guanosine 5'-diphosphate 3'-diphosphate (ppGpp), which accumulates 

intracellularly as part of the stringent response (Cashel 1975). Similarly, a link between 

heat stress and the induction of heat shock proteins was reported in Escherichia coli shortly 

after (Neidhardt et al., 1984), as between oxidizing agents and the accumulation of various 

adenylylated nucleotides (Bochner et al., 1984). Since then, various stressors, have been 

linked to the induction of the heat shock, SOS and oxidative regulons, among other cellular 

stress responses (VanBogelen et al., 1987), and their inter-relationship demonstrated, based 

on shared stimuli, shared gene members or interacting protein products (Mizusawa and 

Gottesman 1983; Krueger and Walker 1984; Christman et al., 1985). Against the 

background that various unfavourable conditions generate proteins with abnormal 

conformations, which are rapidly degraded (Pine 1967; Goldberg 1972), Goff et al also 

demonstrated that the production of unfolded proteins led to the induction of several heat 

shock proteins in E. coli (Goff and Goldberg 1985). This finding was replicated by Parsell 

et al, with respect to the E. coli heat shock proteins Dna K and Gro EL, and together with 

the observation that it was the concentration o f unfolded proteins and not the degree of
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degradation that was stimulatory (Parsell and Sauer 1989), helped establish the link 

between accumulation of abnormal proteins and cellular stress response.

The presence of unfolded proteins was fiirther shown to induce the ER resident proteins 

glucose regulated protein 94 (Grp94) and 78 (Grp78/BiP) (Kozutsumi et ai, 1988), the 

latter transiently associated with nascent unfolded hemagglutinin protein in the ER until 

native configuration is achieved, contrasting a more prolonged association with the 

unfolded protein whose transport from the ER was impeded (Gething et al, 1986). These 

studies paved the way for our present understanding of the function of BiP and other ER- 

resident molecular chaperones in protein folding under both normal and stressed conditions 

as outlined by Xu et al (Xu et al, 2005). As shown in Figure 5.1, BiP serves as a 

controller, interacting with and inhibiting the key ER trans-membranous stress response 

mediators Inositol requiring enzyme 1 (Irel), PKR-like ER kinase (PERK) and activating 

transcription factor 6 (ATF6). The presence of unfolded proteins in the ER causes BiP to 

release these proteins (Bertolotti et ai, 2000; Xu et al, 2005), leading to the activation of 

their downstream signalling cascades, resulting in global suppression of protein secretion 

(PERK), selective synthesis of proteins involved in protein folding, and degradation of 

unfolded proteins (Irel, PERK and ATF6); and when these adaptive mechanisms fail, 

induction of NF-kB and AP-1 mediated alarm signals via Irel (Xu et al, 2005).
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Figure 5.1: Signal transduction events associated with ER stress (Xu et a l, 2005).

The previous results presented in this study demonstrate that a significant component o f the 

H. pylori OMV-mediated modulation of the AGS phosphoproteome comprises known 

molecular chaperones and proteins involves in the ER stress response. This suggests a 

potential role of these constitutively produced vesicles, capable of gaining access to AGS 

cells within minutes (Parker et al., 2010), in the development of ER stress within gastric 

cells. As one manifestation of ER stress is global suppression of protein secretion, in an 

attempt to investigate the role of OMVs in these processes, a published assay for 

monitoring protein secretion and ER stress (Badr et al., 2007) was optimized, to monitor 

these processes within AGS cells. To accomplish this, the secretion of Gaussia Luciferase 

(GLuc) from AGS cells transfected with a GLuc vector was monitored over time in
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response to both H. pylori whole cells and H. pylori OMVs, as a reflection of H. pyj^ .̂ 

modulation of global protein secretion as well as an indirect indication of ER stress 

Further, as a more direct measure of ER stress, the level of the key ER stress controller 

BiP, was monitored in response to H. pylori OMVs.

Another important aspect of molecular chaperone biology is their localization not only 

intracellularly, but also on cell surfaces and in extracellular spaces, where they appear to 

assume immunomodulatory roles (Schmitt et al, 2007; Henderson 2010). The significance 

of these findings is being unravelled with increasing functions being ascribed to these 

chaperones. For example, patients with periodontitis were reported to have significantly 

lower plasma levels of HsplO and BiP, with subsequent treatment leading to increased 

HsplO levels (Shamaei-Tousi et al., 2007). BiP has also been shown to stimulate human 

monocytes, resulting in the expression of an anti-inflammatory gene profile (Panayi and 

Corrigall 2008). Unsurprisingly, it has been suggested that secreted molecular chaperones 

may provide an extra level of homeostatic control by linking cellular stress to physiological 

systems including the immune system (Henderson 2010). If this is so, H. pylori OMVs may 

be capable of modulating immune cells. As a result, this study sought to identify the H. 

pylori OMV-induced AGS secretome, looking specifically for the presence of molecular 

chaperones and other known immunomodulatory substances.

In this regard, H. pylori has also been reported to promote gastric cell interleukin 8 (IL-8) 

mRNA expression and secretion (Crabtree et al, 1994), which is modulated in a cytotoxin- 

associated gene pathogenicity island {cag /^47)-dependent manner (Crabtree et al., 1999)



and its secretion has also been reported to be enhanced by H. pylori OMVs (response to 

2.5, 5 and 10 |ag/ml) in both T84 and AGS cells (Mullaney et ai, 2009). Further, IL-8 has 

been known to mediate neutrophil chemotaxis mainly through type 1 IL-8 receptors 

(Hammond et al, 1995), which could facilitate H. /?>^/or/-mediated chemotaxis. The latter 

was reported in response to H. pylori in a CagA-independent manner (Akyon and Hascelik 

1999) and more recently Allison et al. demonstrated cag PAI and NOD-1 dependent IL-8 

secretion via the mitogen-activated protein kinase MAPK pathways (Allison et al, 2009). 

However, there is also evidence of CagA-dependent activation of the MAPK and NF-kB 

pathways, reviewed by Backert et al. (Backert and Selbach 2008). Similarly, H. pylori 

OMV-induced NapA-dependent neutrophil chemotaxis has been reported in response to 5, 

10 and 20 ^ig/ml of OMVs (Mullaney et al, 2009). Infiltrating neutrophils phagocytose 

bacteria, encircling them in an intracellular compartment called the phagosome (Keenan et 

al, 2005), which utilizes the plasma membrane bound pool of NADPH oxidase, as opposed 

to the granule membrane bound pool (Karlsson et al, 2000). However, unlike the 

extracellular release of reactive oxygen species (ROS) in response to soluble stimuli via the 

membrane bound NADPH oxidase, neutrophils appear to utilize the inverted orientation of 

this complex during phagocytosis, to direct its ROS arsenal into the phagosome, resulting 

in a similarly robust oxygen burst (Hampton et al, 1998). Based on this scenario, this study 

therefore investigated the role of H. pylori OMVs in IL-8 production in AGS cells at much 

lower levels (0.1 and 1 |^g/ml) than previously reported, in collaboration with Dr. Sinead 

Smith (IMM, TCD), in studies aimed at identifying immunomodulatory constituents of 

OMVs. Further, the ability of H. pylori OMV (1 |J.g/ml) to induce neutrophil chemotaxis
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and modulate Erk 1/2 signalling was explored. In addition H. pylori OMV modulation of 

neutrophil oxygen consumption was evaluated.

Unlike the role of H. pylori in the modulation of neutrophil function, little is known about 

the role o f H. pylori in T cell biology. One of the crucial elements of T-cell function is 

migration. This process involves interaction between the T-cell integrins e.g. lymphocyte 

function-associated antigen 1 (LFA-1) and a4 p i/7 , and the epithelial and vascular 

receptors intercellular adhesion molecule 1 and 2 (ICAM-l/ICAM-2) and VCAM-1 

respectively, and begins with lamellipodial extensions at the broad leading edge, followed 

by cell body contractions to generate forward propulsion and detachment of the trailing 

edge (Hogg et a i, 2004). T-cell migration can be induced in activated peripheral blood T 

lymphocytes when exposed on immobilized ICAM-1 ligands, which is accompanied by 

strong adhesion and increased cell polarization (Volkov et a l, 2001). This model was 

therefore utilized in the present study to investigate H. pylori OMV-mediated modulation 

o f T-cell morphology as an indication o f the potential role that OMVs may play in T-cell 

migration, using the lymphoma cell line, Hut78.
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5.2: OBJECTIVES

1. To optimize the GLuc luciferase assay.

2. To assess and compare the effect o f H. pylori whole cells and H. pylori OMVs on 

global protein secretion in AGS cells.

3. To evaluate H. pylori OMV-mediated ER-stress signalling in AGS cells

4. To examine the H. pylori OMV-induced AGS secretome

5. To investigate the role o f H. pylori OMVs in IL-8 production in AGS cells, in

collaboration with Dr. Sinead Smith (IMM, TCD) in studies aimed at identifying 

immunomodulatory constituents o f OMVs.

6. To explore the ability o f H. pylori OMVs to induce neutrophil chemotaxis and 

modulate neutrophil oxygen consumption.

7. To evaluate H. pylori OMV-mediated MAPK signalling in AGS cells

8. To investigate H. pylori OMV-mediated modulation o f T-cell morphology as an

indication o f the potential role that OMVs may play in T-cell migration
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5.3: RESULTS

5.3.1: Evaluation of protein secretion by AGS cells in response to H. pylori and H. 

pylori OMVs

This part of the project sought to evaluate the possibility that OMVs may induce ER stress 

as mass spectrometry data provided an indication that such a pathway may be induced in 

AGS cells in response to OMV. Thus to test this hypothesis, the Gaussia Luciferase 

secretion assay was used to evaluate the effect of OMVs and H. pylori on AGS secretion. 

AGS cells were transfected with a Gaussia Luciferase construct (Figure 5.2) and its 

secretion into the culture supernatant measured over time in response to H. pylori whole 

cells and H. pylori OMVs. This construct contains a coding sequence for the secreted 

Gaussia luciferase (GLuc), under control of the Herpes Simplex Virus thymidine kinase 

promoter, ensuring constitutive expression. GLuc also possesses a natural secretory signal, 

precluding the need for cell lysis, while allowing serial sampling of the culture supernatant 

and it catalyzes the oxidation of coelenterazine to coelenteramide without utilizing ATP, in 

a reaction that emits light at 470 nm.
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5.3.2: Validation of Gaussia Luciferase (GLuc) assay and controls

In order to ensure that the assay readouts would fall within the manufacturer’s 

recommended range of detection using a Wallac Victor2 microplate reader, a serial dilution 

o f supernatant from GLuc transfected AGS cells was performed and the secreted GLuc 

measured. As shown in Figure 5.3, there was a linear relationship between GLuc dilution 

and relative light units (RLU). Further, even at the lowest dilution o f 1/100 (0.01), the RLU 

of 904780 was well within the recommended range of the microplate reader. As a result, a 

dilution of 1/100 was used for all experiments.

1000000-1
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-J 500000-
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D ilu tion

Figure 5.3: Optimization of Gaussia Luciferase assay. GLuc secretion into su p e r n a ta n t  

from transfected AGS cells was measured at serial dilutions of 1/100, 1/1000, 1/10000 and  

1/100000. RLU = Relative Light Units.
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In the Gaussia Luciferase assay Brefeldin A was used as a positive control for inhibition of 

protein secretion, being a known inhibitor o f protein transport between the endoplasmic 

reticulum and the Golgi apparatus. This inhibitor was prepared in DMSO at a concentration 

of 10 ng/ml. hi addition, the assay was performed in white 96 well plates. GLuc secretion 

from untreated but transfected AGS cells at 16 h was therefore compared with that from 

transfected AGS cells treated with H. pylori OMVs (1 |o,g/ml), Brefeldin A (100 |a,M) or 

DMSO (5 1̂ 1) as a vehicle control and untreated, untransfected cells (background).

As shown in Figure 5.4, the level of GLuc secretion from untreated transfected cells (AGS 

cells) was similar to that of cells treated with DMSO, implying the latter does not interfere 

with protein secretion at the concentration used. In addition, there was a substantial 

inhibitory effect on GLuc secretion in the presence o f Brefeldin A demonstrating its 

validity as a positive control as well as the sensitivity o f the assay. Further, the level of 

GLuc secretion from unfransfected cells (background) was negligible, demonstrating the 

specificity o f the assay. GLuc secretion from AGS cells treated with H. pylori OMV (1 

l^g/ml) was also tested and this initial experiment showed a very modest, non-statistically 

significant, enhancement of secretion.
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Figure 5.4: Validation o f GLuc assay controls (16 h). Protein secretion from 

transfected AGS cells either untreated or treated with OMVs (1 |j.g/ml), Brefeldin A (100 

^M ) or DMSO (5 |o.l), and untreated untransfected cells (background) was determined 

after 16 h o f incubation. RLU = Relative Light Units.

214



5.3.3: Initial H. pylori OMV-mediated enhancement of GLuc secretion in AGS cells

An initial stimulation o f AGS GLuc secretion in response to H. pylori OMVs (1 |ag/ml) 

was confirmed. As shown in Figure 5.5, OMV treatment at the 4 h time point resulted in 

stimulation of secretion. However, in this experiment, non-statistically significant 

suppression of GLuc secretion was observed by 16 h, suggesting some variability in the 

dynamics o f H. pylori OMV modulation of protein secretion by AGS cells, as the data in 

Figure 5.4 suggested non-statistically significant enhancement at this time point.
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Figure 5.5: H. pylori OMVs modulate AGS protein secretion over 4-16 h time 

course. GLuc secretion in untreated AGS cells and cells treated with H. pylori OMV (1 

|ig/ml) measured at 4 h and 16 h. RLU = Relative Light Units.
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5.3,4: H. pylori whole cells inhibit protein secretion in AGS cells

Based on the preliminary data, further GLuc assays were performed on AGS cells treated 

with both H. pylori whole cells and H. pylori OMVs over varying time courses. By 16 

hours a significant reduction in GLuc secretion in response to H. pylori whole cells was 

observed (p < 0.05), which is consistent with ER stress. Conversely, OMV treatment (1 |j.g 

and 10 |o.g/ml) of AGS cells resulted in moderate initial stimulation of secretion at 4 h as 

well as a dose dependent modulation at 16 h (Figure 5.6).
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Figure 5.6: H. pylori modulates AGS protein secretion over 4-16 h time course.

Analysis of GLuc secretion by AGS cells in response to treatment with OMV (1 |j.g and 

10 ^g/ml) for 4 h and 16 h, compared to whole H. pylori (MOI = 100). Controls included 

untreated AGS cells (Control), and cells treated with 1 |iM Brefeldin A (Brefeldin). RLU 

= Relative Light Units. Significance values: p < 0.05 (*); p < 0.01 (**).
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5.3.5: H. pylori OMVs modulate protein secretion in AGS cells

When the effect o f OMV treatment on AGS protein secretion over 72 h was examined, in 

this instance OMVs continued to induce GLuc secretion up to 72 h, in a dose-dependent 

manner. As shown in Figure 5.7, OMVs induced a dose-dependent enhancement o f 

protein secretion over the time course o f the experiment with 1 |o.g/ml OMV treatment 

resulting in significant stimulation at the 48 h and 72 h time points (p < 0.001). O f note 

however, treatment o f transfected AGS cells with a greater amount o f OMV (10 |j,g/ml), 

induced less protein secretion compared with that seen at 1 |ag/ml OMV.
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Figure 5.7: Dose-dependent H. pylori OMV modulation o f AGS protein secretion 

over 4-72 h time course. Analysis o f GLuc secretion by AGS cells in response to 

treatment with OMV (1 [ig and 10 |-ig/ml) for 4-72 h. Controls included untreated AGS 

cells (Control), and cells treated with 1 |^M Brefeldin A (Brefeldin). RLU = Relative 

Light Units. Significance value: p < 0.001 (***).
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In yet other experiments, OMV treatment promoted inhibition of protein secretion at 

longer time-points up to 96 h, as demonstrated in Figure 5.8. This also demonstrated a 

dose-dependent response with significant inhibition of protein secretion in response to 10 

|ig/ml OMV at the 96 h time point (p < 0.05), which is consistent with ER stress.
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Figure 5.8: Dose-dependent H. pylori OMV modulation of AGS protein secretion 

over 4-96 h time course. Analysis of GLuc secretion by AGS cells in response to 

treatment with OMV (1 |ag and 10 |J.g/ml) for 4-96 h. Controls included untreated AGS 

cells (Control), and cells treated with 1 )j.M Brefeldin A (Brefeldin). RLU = Relative 

Light Units. Significance value: p < 0.05 (*).
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5.3.6: Modulation of ER stress signaling by H. pylori OMVs

Having demonstrated variable degrees o f suppression o f protein secretion in AGS cells in 

response to OMV, it was o f interest to evaluate modulation o f AGS ER-stress associated 

proteins in response to OMV. For this, cell lysates from untreated and OM V-treated AGS 

cells were used to test for expression levels o f the key ER stress molecule, BiP, using 

Western blotting. As shown in Figure 5.9, there was an initial suppression o f  BiP 

expression at 24 h in response to H. pylori OMVs (1 |_ig/ml). However, this was followed 

by almost complete recovery o f BiP levels by the 72 h time point, in response to 1 |J.g/ml 

o f H. pylori OMVs (Figure 5.9).
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Figure 5.9: H. pylori OMV-induced changes in AGS BiP expression. Immunoblot 

analysis of untreated AGS cells (-) and AGS cells treated with 1 |^g/ml of H. pylori 60190 

OMV (+) for 24 h and 72 h. The blot was probed with anti-BiP antibody (upper panel) 

and then stripped and reprobed with anti-Actin antibody (lower panel) as a loading 

control. Molecular weight markers (in kDa) are indicated. A graph showing densitometry 

measurements is included below.
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5.3.7: Evaluation of the H. pylori OMV-modulated AGS secretome

Due to the consistent finding that H. pylori OMVs stimulated AGS GLuc secretion within 

the first few hours of treatment and generally enhanced protein secretion within 48 h in 

response to OMV (1 ^xg/ml), attempts were made to further define this secretome. For this, 

protein precipitates of supernatants from untreated AGS cells, AGS cells treated with H. 

pylori OMV (1 |ag/ml) and AGS cells treated with Brefeldin A (1 mM) cultured in serum 

free medium for 48 h were separated by SDS PAGE. Serum free conditions were used in 

this instance to minimize contamination and masking of secreted proteins by serum 

constituents as preliminary experiments demonstrated that serum albumin precluded data 

interpretation (data not shown). As shown in Figure 5.10, H. pylori OMV treatment led to 

increased recovery of several proteins, demonstrable on both the Coomassie Blue and silver 

(over-) stained gels. Also, as expected, Brefeldin A treatment suppressed the recovery of 

some proteins.
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Figure 5.10: H. pylori OMV-induced changes in AGS secretome at 48h. ID-SDS- 

PAGE analysis of protein precipitates o f supernatant from untreated AGS cells (-), AGS 

cells treated with 1 |^g/ml H. pylori OMV (+) and AGS cells treated with 1 mM Brefeldin 

A (B) cultured in serum free medium for 48 h. Arrows indicate bands/regions of increased 

(green) and decreased (red) protein recovery. Molecular weight markers (in kDa) are 

indicated.

222



The H. pylori OMV-induced modulation of the AGS secretome at 48 h, demonstrable on 

ID-SDS-PAGE, was confirmed by densitometry analysis of the Coomassie stained gel 

(Figure 5.11).
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Figure 5.11: H. pylori OMV-induced changes in AGS secretome at 48 h. Densitometry 

measurements of Coomassie stained ID-SDS-PAGE analysis of protein precipitates of 

supernatant from untreated AGS cells, AGS cells treated with H. pylori OMV (1 |ig/ml) 

and AGS cells treated with Brefeldin A (1 mM) cultured in serum-free medium for 48 h. 

Arrows and brackets indicate bands/regions of increased (green) and decreased (red) 

protein recovery.
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The H. pylori OMV-induced AGS secretome was fiarther analyzed by 2D-PAGE in the 

hope of identifying proteins unique to the OMV-induced secretome, using protein 

precipitates o f supernatants from untreated AGS cells and AGS cells treated with H. pylori 

OMV (1 |j,g/ml), cultured in serum-free medium for 48 h. However, as shown in Figure 

5.12, 2D analysis demonstrated few proteins and of those, no discemable differences could 

be identified on either the Coomassie Blue or silver stained gels.
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Figure 5.12: 2D-SDS PAGE analysis of protein precipitates of supernatant from 

OMV-untreated and treated AGS cells. Cells were treated with 1 )_ig/ml H. pylori OMV 

(as indicated) cultured in serum-free medium for 48 h. Molecular weight markers (in kDa) 

are indicated.
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5.3.8: Chemotactic response of PMNs to Supernatant from H. pylori OMV-treated 

AGS cells

Although the H. pylori OMV-modulated AGS secretome was not further clarified by 2D- 

PAGE, ID-SDS-PAGE analysis and GLuc assays clearly demonstrated early H. pylori 

OMV-induced protein secretion. Further, mass spectrometry analysis o f the total 

phosphoproteome o f OMV-treated AGS cells identified several abundant molecular 

chaperones. Such proteins are recognized to be associated with the cell surface and possess 

immunomodulatory' activity (Henderson 2010). These observations suggest that among the 

OMV-induced AGS secretome may be proteins with immune function. A well established 

immunomodulatory role o f H. pylori is its induction o f lL-8 secretion from AGS cells 

(Crabtree et al., 1999) and subsequent IL-8-induced chemo-attraction o f neutrophils 

(Akyon and Hascelik 1999). As a result, the chemotactic response o f  neutrophils to 

supernatant from untreated and H. pylori OMV-treated AGS cells as well as OMVs alone 

was investigated. The response was measured by counting the number o f neutrophils that 

migrated through culture inserts with an 8 |im-diameter pore size over a period o f 90 min.

Due to the short lifespan o f neutrophils, during which reliable data can be obtained, 

multiple experiments could not be performed with the same PMN preparation. However, 

consecutive experiments revealed similar results. The results from these studies 

demonstrated that the chemotactic potential o f OMVs (5 fig/ml) was only marginally 

greater than the control buffer (HBSS), while supernatant from untreated AGS cells had 

either a similar or higher ability to chemoattract PMNs compared to that o f OMVs (5
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|ig/ml) alone (Figure 5.13). However, there was always a greater chemotactic response of 

PMNs to supernatant from AGS cells treated with H. pylori OMVs (1 ^g/ml) for 48 h.
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Figure 5.13: Chemotactic response of PMNs to OMV and supernatant from OMV- 

treated AGS cells. AGS cells were incubated either alone or in the presence of H. pylori 

OMV (1 fig/ml) for 48 h, at which time the supernatant was removed and centrifuged to 

exclude detached cells. The resulting supernatant was then placed in the lower chamber of 

a transwell system and the number of PMNs migrating into the lower chamber was 

enumerated after 90 min. Migration o f PMNs in response to OMV (5 |J.g/ml) and HBSS 

placed into the lower chamber o f a transwell system was also quantified.



5.3.9: H. pylori OMV modulation of AGS chemokine secretion

Among the known biological roles o f IL-8 is neutrophil chemotaxis, an effect that has 

been demonstrated in this study in response to supernatant from OMV-treated AGS cells 

(Figure 5,13). Based on this observation and the demonstrated OMV-induced 

enhancement o f AGS protein secretion at early time points, secretion o f IL-8 by AGS 

cells was assessed in response to H. pylori 60190 OMVs. As shown in Figure 5,14, there 

were only marginal increases in AGS IL-8 secretion in response to OMV (1 |J.g/ml) at 48 

h as well as in response to conditioned medium from AGS cells treated with OMVs (0.1 

|ig/ml and 1 jag/ml) over 48 h.

o
Q.

14 00

12 00
10.00

SN2 CM2

□ AGS 
■ OMVxO. 
OOMVxl

Figure 5,14: IL-8 secretion by AGS cells in response to H. pylori 60190 OMVs.

Supernatants from AGS cells cultured in the absence or presence o f OMVs (0.1 and 1 

|ag/ml) for 48 h were tested for IL-8 by ELISA (SN2). AGS cells were then exposed for a 

further 24 h to the resulting conditioned medium recovered from untreated and H. pylori 

60190 OMV-treated AGS cells (0.1 |ag/ml and 1 |_ig/ml). The subsequent supernatants 

were again tested for IL-8 by ELISA (CM2).
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However, H. pylori OMV-mediated induction of IL-8 mRNA was evaluated by my 

colleague Dr. Sinead Smith at earlier time points. This analysis demonstrated H. pylori 

OMV-mediated induction of IL-8 mRNA expression in HEK cells transfected with TLR2 

(Figure 5.15), with the greatest induction occurring at the 4 h time point, decreasing 

thereafter up to 24 h.
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Figure 5.15: H. pylori OMVs induce IL-8 mRNA in a TLR2-dependent manner in 

transfected HEK cells. IL-8 mRNA expression in untransfected HEK cells compared 

with those transfected with TLR2 and TLR4 in the presence of H. pylori NCTC 11637 

OMVs (10 |ag /ml) -  data from Dr. Sinead Smith, Institute of Molecular Medicine, TCD.
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This expression appeared to be only partially LPS mediated as seen by its incomplete 

inhibition in the presence o f Polymyxin B (Figure 5.16, Top panel). This latter 

conclusion was confirmed by assessing IL-8 mRNA expression in TLR2-transfected 

HEK cells in response to LPS alone or LPS and Polymyxin B. As demonstrated in Figure 

5.16, Bottom panel, the induction o f IL-8 mRNA expression by soluble LPS was 

completely abrogated by the addition o f Polymyxin B.
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Figure 5.16: H. pylori OMV-mediated induction of IL-8 mRNA in TLR2-transfected 

HEK cells is partially LPS-mediated. Top panel: IL-8 mRNA expression in TLR2- 

transfected HEK cells in the absence (untreated) or presence of H. pylori NCTC 11637 

OMVs (OMV) or both OMV and Polymyxin B treated (OMV & PMB). Bottom panel: 

IL-8 mRNA expression in TLR2-transfected HEK cells in untreated HEK cells or in 

response to soluble LPS or both LPS and Polymyxin B treated (LPS & PMB) -  data from 

Dr. Sinead Smith, Institute o f Molecular Medicine, TCD.



In addition to H. pylori OMV-mediated induction o f IL-8 mRNA, my colleague Dr. Sinead 

Smith, further demonstrated H. pylori OMV-induced mRNA expression of various 

chemokines (CXCLl, 2 and 3 and CCL20) in TLR2-transfected HEK cells, also in a partly 

LPS-dependent manner (Figure 5,17). This suggests the presence of other components that 

can interact with TLR2 in this regard. Taken together, these data demonstrate that H. pylori 

OMVs have the potential to induce a proinflammatory environment mediated by enhanced 

chemokine production and the PMN chemo-attractant potential of OMV-treated AGS cells.

4500  -

4000  - I

□  luiti ealed

CCCLl CXCLi CXCX3 CCUO

Figure 5.17: H. pylori OMV-mediated induction of chemokine expression in TLR2- 

transfected HEK ceils is partially LPS-mediated. CXCLl, CXCL2, CXCL3 and 

CCL20 mRNA expression in TLR2-transfected HEK cells in the absence (untreated) or 

presence of H. pylori NCTC 11637 OMVs (OMV) or both OMV and Polymyxin B 

treated (OMV & PMB) -  data from Dr. Sinead Smith, Institute of Molecular Medicine, 

TCD.
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5.3.10: H. pylori OMV-induced modulation of Erk signaling

Various immunomodulatory processes, including IL-8 production, are known to be 

mediated at least partly through the MAPK pathway. H. pylori OMV modulation o f Erk 

signalling was therefore assessed in untreated and OMV-treated AGS cells at 4 h, 16 h and 

48 h time points. As demonstrated in Figure 5.18, H. pylori OMV treatment (1 |^g/ml) 

resulted in an initial suppression of Erkl phosphorylation at the 4 h time point, but then 

sustained phosphorylation at the 16 and 48 h time points. In the case of H. pylori OMV- 

mediated phosphorylation o f Erk2, OMV treatment resulted in sustained phosphorylation at 

all time points tested, more prominently at the 4 and 16 h time points, but less so at 48 h.
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Figure 5.18: H. pylori 60190 OMV-induced changes in AGS phosphorylated Erkl/2.

Immunoblot analysis of untreated AGS cells (-) and AGS cells treated with 1 |ig/ml o f H. 

pylori 60190 OMV (+) for 4 h, 16 h and 48 h. The blot was probed with anti-phospho-Erk 

1/2 antibody (upper blot) and then stripped and reprobed with anti-Erk 1/2 antibody (lower 

blot). Graphs showing densitometry measurements for both phospho-Erk 1 and phospho- 

Erk 2 are included below. For densitometric analysis, for each condition (time +/ OMV), 

the level of p-Erkl/2 was normalized to the level of Erkl/2. Subsequently, each was 

normalized to the level of the control at its time point. Molecular weight markers (in kDa) 

are indicated.
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5.3.11: Inhibition of neutrophil O2 uptake by H. pylori OMVs

Having demonstrated the chemotactic potential of supernatant from OMV-treated AGS 

cells to attract PMNs, the effect of OMVs on neutrophil O2 uptake was next determined as 

a means of evaluating the metabolic competence of PMNs in the presence of OMVs. Due 

to the short lifespan of neutrophils, during which reliable data can be obtained, multiple 

experiments could not be performed with the same PMN preparation. However, 

consecutive experiments revealed reproducible results. As shown in Figure 5.19, resting 

PMN O2 uptake was stimulated by activating the neutrophils with PMA (3.5 ng/ml). 

Subsequent addition of H. pylori OMVs to PMA-stimulated PMNs resulted in a dose- 

dependent reduction in O2 uptake measured 3-20 minutes after the addition of OMVs. 

Oxygen consumption was measured using a Clark-type oxygen electrode coupled to an 

XY-chart recorder.
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Figure 5.19: H. pylori 60190 OMV-mediated inhibition of neutrophil 0 2  uptake. O2

uptake by PMNs was measured after the sequential addition of PMA (3.5 ng/ml), followed 

by 1 |ig/ml and 10 f^g/ml H. pylori 60190 OMV to the neutrophil suspension.

234



As shown in Figure 5.20, the OMV-induced inhibition of O2 consumption by PMNs was 

reproducible. However, of note, considerable variation was observed in the O2 uptake of 

resting PMNs (compare Figure 5.19 and Figure 5.20) and is likely due to person to person 

variation, as PMNs were isolated from the blood of different volunteers.

Figure 5.20: H. pylori 60190 OMV-mediated inliibition of neutrophil 0 2  uptake. O2

uptake measured after sequential addition of PMA followed by H. pylori 60190 OMV (10 

P-g/ml) to the neutrophil suspension.
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H. pylori 60190 OMV-mediated inhibition of PMA stimulated PMN O2 uptake was 

progressive. Over a 30 minutes time course, a progressively inhibitory effect of H. pylori 

60190 OMV (5 i-ig/ml) on PMN O2 uptake, measured as the average O2 uptake over the 0 

to 15 min. and then 1 5 - 2 5  min periods post treatment, was demonstrated (Figure 5.21).

(U
ra

4.5n
4.0-
3.5-

Q. c  3.0- 
^  I  2.5H
2 I 2.0H 

S  i-S-
1 .0 - 

0.5- 
0.0

O
0)

q:

Figure 5.21: H. pylori 60190 OMV-mediated time dependent inhibition of neutropliil 

0 2  uptake. O2 uptake was measured at different times after the sequential addition of 

PMA (3.5 ng/ml) and H. pylori 60190 OMV (5 |-ig/ml) to the neutrophil suspension over a 

25 m time course. A small amount of drift was measureable (PBS alone).
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This effect was also reproducible as shown in Figure 5.22. There was a progressively 

inhibitory effect of H. pylori 60190 OMVs (5 |ag/ml) on PMN O2 uptake, measured at 5, 15 

and 30 min post treatment. Again, of note, considerable variation was observed in the O2 

uptake of resting PMNs (compare Figure 5.21 and Figure 5.22).

E E 0.8-

Figure 5.22: H. pylori 60190 OMV-mediated time dependent inhibition of neutrophil 

0 2  uptake. O2 uptake measured after sequential addition of PMA and H. pylori 60190 

OMV (5 ng/ml) to the neutrophil suspension over a 30 min time course.
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This inhibitory effect was not H. pylori strain-specific. Both H. pylori 60190 OMVs 

(10 |J.g/ml) and H. pylori SSI OMVs (10 |ag/ml) induced a similarly inhibitory effect on 

neutrophil O2 uptake as demonstrated in Figure 5.23. However, this effect contrasts with 

that of H. pylori 60190 whole cells, which appeared to have no inhibitory effect on PMN 

O2 consumption.
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Figure 5.23: H. pylori whole cell versus OMV modulation of neutrophil 0 2  uptake. O2

uptake measured after sequential addition of H. pylori 60190 OMVs (10 |^g/ml) and H. 

pylori SSI OMVs (10 jig/ml) to the neutrophil suspension. H. pylori 60190 whole cells 

(MOl = 100) were separately added to a suspension of untreated neutrophils.
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In an attempt to investigate further the mechanism o f H. pylori OMV-mediated inhibition 

o f  neutrophil O2 uptake, the effect o f heat-treated OMVs was compared with that o f normal 

OMVs. As shown in Figure 5.24, heat treatment totally abrogated the inhibitory effect of 

H. pylori OMVs, suggesting that the effect was mediated by proteinaceous components of 

the OMVs.
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Figure 5.24: Effect of heat-treated OMV on PMN oxygen consumption. H. pylori SSI 

OMVs (5 |ig/ml) were untreated or heat-treated (95*^C, 10 min) prior to evaluating their 

effect on oxygen consumption by PMNs in comparison to resting PMNs.
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The H. pylori OMV-mediated inhibition of neutrophil O2 uptake was also unaffected by the 

culture conditions used. The effect of OMVs harvested from broth supplemented with fetal 

calf serum was compared with those harvested from broth supplemented with beta 

cyclodextrin. As shown in Figure 5.25, these culture conditions did not affect the 

inhibitory effect of H. pylori OMVs.

For this experiment, PMNs were treated sequentially with OMVs harvested from broth 

supplemented with fetal calf serum and then with those harvested from broth supplemented 

with beta cyclodextrin. This clearly shows the diminished responsiveness of PMNs to PMA 

stimulation as seen by the lower O2 uptake achieved in the presence of OMVs harvested 

from broth supplemented with beta cyclodextrin than with those previously attained in 

response to OMVs harvested from broth supplemented with fetal calf serum (Figure 5.25, 

+PMA). This supports the well known fact of the short lifespan of neutrophils and the 

previous decision that multiple experiments would not be performed with the same PMN 

preparation.
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Figure 5.25: Comparison of the inhibitory effect of sequential addition of H. pylori 

SSI OMVs (2 fj.g/addition) grown in the presence of FCS or p-cyclodextrin on PMN 

respiration. In both panels the same preparation of neutrophils was used. In the lower 

panel the resting rate of PMN O2 consumption was not measured. Note the reduction of O2 

uptake by the PMA-stimulated PMNs in the lower panel, due to the temporally-dependent 

decrease in neutrophil metabolic competence.



5.3.12: H. pylori OMV inhibition of the Hut78 migratory phenotype

Given the significant effect OMVs had on PMN respiration, it was of interest to determine 

whether or not OMVs could modulate the activities of other immune cells such as T-cells. 

To this end the effect of OMVs on the migratory phenotype o f T-cells was examined 

initially using the Hut-78 T-cell line. This cell line has been used and validated by 

researchers in the author’s institution as a means of monitoring T-cell migration in response 

to various experimental conditions.

Initial studies designed to evaluate the effect of OMVs on T-cell morphology indicated that 

the T-cell migratory phenotype was inhibited in the presence of H. pylori 60190 OMVs (1- 

100 |ag/ml) in a dose-dependent manner over a 23 h time course (Figures 5.26-28).
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a. Hut78 c. Hut78 + OMVx10 e. Hut78 on Poly-L-Lysine
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Figure 5.26: H. pylori 60190 OMV modulation o f T-cell migration at 2 h. T-cell 

migration induced on anti-LFA coated wells (a-d). T-cell phenotypes observed in the 

presence o f H. pylori 60190 OMV (1 |ag/ml, 10 |J.g/ml and 100 |J.g/ml) after 2 h incubation. 

Green arrows highlight cells exhibiting a migratory phenotype and red arrow, a cell 

exhibiting a non-migratory phenotype. Poly-L-lysine coated wells were used as a control to 

demonstrate the morphology o f non-migrating T-cells. A preparation o f H  pylori 60190 

OMV (10 |J.g/ml) pipetted into an empty well also served as a control. Magnification = lOx. 

Scale bar = 100 |im.
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a. Hut78 c. Hut78 + OMVxIO e. Hut78 on Poly-L-Lysine

f. OMVxIOb.Hut78 + OMVx1 d. Hut78 + OMVxIOO

Figure 5.27: H. pylori 60190 OMV modulation of T-cell migration at 4 h. T-cell 

migration induced on anti-LFA coated wells (a-d). T-cell phenotypes observed in the 

presence of H. pylori 60190 OMV (1 ng/ml, 10 ^ig/ml and 100 |ig/ml) after 4 h incubation. 

Poly-L-lysine coated wells were used as a control to demonstrate the morphology of non

migrating T-cells. A preparation of H  pylori 60190 OMV (10 |ig/ml) pipetted into an 

empty well also served as a control. Magnification = lOx. Scale bar = 100 |im.
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a. Hut78 c. Hut78 + OMVxIO e. Hut78 on Poly-L-Lyslne

b. Hut78 + OMV x1 d. Hut78 + OMVxIOO f. OMVxIO

Figure 5.28: H. pylori 60190 OMV modulation of T-cell migration at 23 h. T-cell 

migration induced on anti-LFA coated wells (a-d). T-cell phenotypes observed in the 

presence of H. pylori 60190 OMV (1 ^ig/ml, 10 |ig/ml and 100 |^g/ml) after 23 h 

incubation. Poly-L-lysine coated wells were used as a control to demonstrate the 

morphology of the non-migrating T-cells. A preparation o f H  pylori 60190 OMV (10 

jag/ml) pipetted into an empty well also served as a control. Magnification = lOx. Scale bar 

= 100 |im.
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The H. pylori 60190 OMV-mediated inhibition of the migratory phenotype o f Hut78 cells 

was ftirther examined using the xCELLigence system which measures impedance across 

microelectrodes integrated on the bottom of tissues plates (E-Plates). This approach 

demonstrated OMV-mediated inhibition of impedance levels detected from T-cells in E- 

Plates, which was particularly pronounced when cells were pre-treated for 30 minutes with 

OMVs, prior to taking measurements (Figure 5.29). This inhibition was dose-dependent, 

with OMV (10 i^g/ml) eliciting greater inhibition that OMV (1 |ag/ml). The inhibition was 

also dependent on whether OMVs were treated before or after addition to T-cells. Pre

treatment resulted in much greater inhibition, approaching the level of inhibition seen with 

Nocodazole (a microtubule inhibitor) and almost as great as that seen with T-cells on Poly- 

L-lysine, the negative control (Figure 5.29).
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Figure 5.29: H. pylori 60190 OMV inhibition of the Hut78 migratory phenotype.

Migratory phenotype over 24 h time course measured as impedance across microelectrodes 

integrated on the bottom of E-Plates, in the absence (Untreated Hut78) and presence of H. 

pylori 60190 OMV (1 |o.g/ml and 10 j^g/ml) either added at tO or as pretreatment x 30 min. 

T-cells observed on a Poly-L -Lysine coated well and nocodazole treatment (microtubule 

inhibitor) served as controls.
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5.4: DISCUSSION

Proteins serve a diverse range of functions, from structural support that provides cell 

shape and enables motion, to the various enzymes, ligands and receptors that mediate 

cellular signal transduction pathways. This plethora and specificity of functions relies on 

precise protein conformation. Among its many roles, the rough endoplasmic reticulum 

(ER) is the main site for protein synthesis and the site of synthesis and folding of virtually 

all proteins targeted to the membrane or for secretion (Schroder 2008; McGuckin et a!., 

2010). Normally, there is a basal rate of production of misfolded or unfolded proteins 

which are dealt with by the ER stress response and the ER-associated degradation 

(READ) pathway, which involves retrotranslocation to the cytoplasm for degradation by 

the ubiquitin-proteasome machinery (Vembar and Brodsky 2008). However, several 

mechanisms may result in accumulation of unfolded proteins in the ER. These include 

increased protein secretion, missense polymorphisms, energy (ATP) depletion 

(McGuckin et al., 2010), alteration of the high Ca^^ (Ma and Hendershot 2004) or 

oxidative environment of the ER lumen, impaired N-linked protein glycosylation e.g. 

glucose deprivation, impaired proteasomal degradation (Xu et a!., 2005) and selective 

pressures promoting cell suicide e.g. viral infections (Christen et a l, 2007). Under such 

circumstances the unfolded protein response (UPR) is triggered as outlined in Figure 5.1, 

including global suppression of protein synthesis and selective synthesis of ER stress- 

related proteins.

Due to the dominant presence o f several molecular chaperones and ER stress-related 

proteins in H. pylori OMV-treated AGS cells and previous observations that OMVs
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impaired gastric cell viability, the possibility of H. pylori OMV-mediated gastric cell ER 

stress was considered. As a result, this study sought to investigate the effect of H. pylori 

OMVs on protein secretion and the development of the ER stress response in AGS cells, 

using a Gaussia Luciferase (GLuc) construct bearing a constitutively expressed and 

secreted GLuc component, as a measure of protein secretion and indirect indicator of ER 

stress. After optimization of the GLuc assay, several experiments revealed certain 

reproducible findings. H. pylori OMV treatment consistently resulted in early (4 h) 

stimulation o f GLuc secretion by AGS cells. In contrast, H. pylori whole cells led to early 

(4 h) and significantly sustained (16 h) suppression of GLuc secretion at a standard 

treatment dose (MOl = 100), consistent with ER stress. However, H. pylori OMV 

treatment over longer time courses was more variable, with some experiments 

demonstrating sustained stimulation of GLuc secretion, and others a subsequent 

inhibition, following the early stimulatory effect. But despite this variation, higher doses 

(10 |ag/ml) o f OMVs were always either less stimulatory or more inhibitory than lower 

doses (1 |ig/ml), suggesting a dose-dependent trend towards suppression of GLuc 

secretion with increasing OMV dose. This variation could be due to several factors. One 

possibility is inconsistent rates of transfection of AGS cells. However, all findings 

presented here, represent the results of three or more experiments. Further, the errors 

about the mean were such that the data could be subjected to statistical analysis and 

yielded significant results. Based on the association between protein secretion and ER 

stress, the results suggest that H. pylori OMVs elicited enhanced protein secretion in 

some experiments and an ER stress in others. However, as enhanced protein secretion is 

itself a cause of ER stress (McGuckin et al., 2010) and higher OMV doses appear to push
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AGS cells towards ER stress, the variations could represent a genuine OMV dose effect, 

with increased dose resulting in a shift from enhanced protein secretion towards overt ER 

stress and decreased protein secretion. Interestingly, the GLuc measurements for 

untreated AGS cells at both 48 and 72 h was less than 150,000 RLU (Figure 5.7), in an 

experiment that demonstrated sustained H. pylori OMV-mediated enhancement of AGS 

GLuc secretion. In contrast, the GLuc measurements for untreated AGS cells at 48 and 72 

h was greater than 600,000 and approximately 800,000 respectively (Figure 5.8), in an 

experiment that demonstrated early and sustained H. pylori OMV-mediated suppression 

of AGS GLuc secretion. This observation suggests the possibility that the variations may 

be due, at least partly, to differences in AGS cell densities. Assuming that lower GLuc 

measurements reflect lower cell densities, in the former experiment cells may have been 

less stressed by OMV-independent factors like nutrient depletion. However, under the 

same conditions, H. pylori OMVs (10 |^g/ml) were still almost capable of suppressing 

protein secretion, implying an H. pylori OMV-dependent component. Similarly, even if 

nutrient-depletion contributed to the suppressed protein secretion seen in the latter 

experiment due to higher cell densities and therefore nutrient demand, the fact that H. 

pylori OMVs impaired protein secretion in AGS cells compared to untreated cells under 

the same conditions and H. pylori OMVs (10 fig/ml) again elicited a greater suppression 

compared with H. pylori OMVs (1 |^g/ml), these observations imply that there is an H. 

pylori OMV-mediated component to the modulation of AGS cell protein secretion and in 

a dose-dependent manner.
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It therefore seems plausible that H. pylori OMVs elicit, in consort with other factors, an 

ER stress response in gastric cells in vitro. Nutrient starvation and hypoxia occur 

naturally in solid tumours and has been associated with chemotherapy resistance in small 

cell lung cancer (W ang el a l, 2008), while hypoxia inhibits the differentiation o f tumour 

and associated stromal cells generally, resulting in increased resistance to therapy and 

poorer prognosis (Kim et al., 2009; Lin and Yun 2010), associated for example with 

activation o f the DNA repair response (Bao et al., 2006). Interestingly a key molecular 

chaperone involved in the unfolded protein response, BiP (Grp78), is known to play a 

protective role in maintaining cell viability in various cancers, affecting the efficacy o f 

cancer drugs acting through ER stress, by impairing apoptosis (Fu and Lee 2006). 

Therefore the in-vitro model used in this study may very nearly mimic aspects o f the 

stressed in-vivo scenarios in which H. pylori OMVs may participate. Accordingly, further 

analysis o f Figures 5.7 and 5.8, reveal that the rate o f  increase o f GLuc secretion 

progressively declines in untreated AGS cells between the 48 and 76/92 h time points 

respectively compared with earlier intervals, whether or not H. pylori OMV-treatment 

was stimulatory or not. Although this could be due to increased degradation o f proteins 

with time, it is unlikely, because this does not explain the higher rate o f enhancement o f 

protein secretion associated with H. pylori OMV treatment in the first experiment. Taken 

together, these observations therefore support the hypothesis that H. pylori OMVs 

represents an unfavourable environmental factor within its gastric niche, and if  present in 

high enough doses and for extended periods can contribute to the development o f gastric 

cell ER stress, especially in the presence o f other unfavourable conditions.
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To further test this hypothesis, the effect of H. pylori OMVs on the expression of BiP in 

AGS cells was assessed. BiP interacts with and inhibits the key ER trans-membranous 

UPR mediators Irel, PERK and ATF6. Unfolded proteins in the ER causes BiP to release 

these proteins, leading to various responses collectively known as the unfolded protein 

response as outlined in Figure 5.1. This study demonstrated a dramatic initial 

suppression of BiP expression at 24 h in response to H. pylori OMVs (1 |ag/ml), followed 

by almost complete recovery o f BiP levels by the 72 h time point (Figure 5.9). 

Interestingly, the early (24 h) OMV-induced suppression o f BiP levels in AGS cells 

contrasts the consistent early (4 h) OMV-induced enhancement of protein secretion. The 

reason for this initial suppression is not entirely clear. One possibility is the secretion of 

BiP from cells, as several authors have reported extracellular localization of this 

chaperone (Shamaei-Tousi et a i, 2007; Panayi and Corrigall 2008; Henderson 2010). 

Due to the consistent finding that H. pylori OMVs stimulated AGS GLuc secretion within 

the first few hours of treatment, the AGS secretome was therefore investigated. This 

revealed H. pylori OMV-induced enhanced recovery of several proteins based on ID- 

SDS-PAGE analysis (Figure 5.10); supporting the possibility that BiP, along with other 

proteins, may be secreted in the early stages of H. pylori OMV treatment. Further 

analysis o f the secretome was done utilizing a 2D-PAGE approach in the hope of 

identifying these and other proteins unique to the OMV-induced AGS secretome, using 

protein precipitates of supernatants from untreated AGS cells and AGS cells treated with 

H. pylori OMV (1 |j,g/ml), cultured in serum-free medium to avoid serum-associated 

contaminants. Unfortunately, 2D analysis demonstrated few proteins and o f those, no 

discemable differences could be identified on either the Coomassie Blue or silver stained
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gels (Figure 5.12). This possibility therefore remains an area for further investigation. 

However, by the 72 h time point, the levels of BiP expression in H. pylori OMV treated 

AGS cells had almost recovered to the levels present in untreated cells. Based on 

densitometry analysis, there was a 7.1 fold increase in the level of BiP between the 24 h 

and 72 h time points in untreated AGS cells, which would be due, at least partly, to cell 

proliferation. In contrast, BiP levels increased 27.25 fold over the same time course in H. 

pylori OMV-treated AGS cells, which represents an almost four fold enhancement of the 

rate of increase of BiP in response to H. pylori OMVs. Further, based on microscopic 

observation of AGS cultures, both before and after cell harvesting, this dramatic 

difference cannot be accounted for by differences in cell proliferation or unequal 

harvesting, as no such dramatic differences in confluence or residual cells post-harvesting 

were observed. This suggests that the BiP expression rate was markedly enhanced by H. 

pylori OMVs after the initial 24 h time point tested, and even more so if BiP secretion 

continued to be enhanced simultaneously. Together these findings therefore confirm that 

H. pylori OMVs modulate BiP expression within AGS cells and this may be associated 

with its secretion at least in the early phases of AGS treatment. They also support the 

hypothesis that H. pylori OMVs are capable of contributing to ER stress in AGS cells.

Apart from the possibility that H. pylori OMVs may induce secretion o f molecular 

chaperones, which have been increasingly associated with surface and extracellular 

locations and with immunomodulatory functions (Zheng et a i, 2001; Stebbing et a i, 

2004; Cabanes et a i, 2005; Henderson 2010), a well established immunomodulatory role 

o f // , pylori is its induction of IL-8 secretion from AGS cells (Crabtree et a i, 1999) and
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subsequent neutrophil chemotaxis (Akyon and Hascelik 1999). However, the role of H. 

pylori OMVs in these processes is unfolding. Mullaney et al have demonstrated dose- 

dependent H. pylori OMV-modulation of lL-8 secretion from AGS (gastric) and T84 

(colonic) cells at OMV doses of 2.5, 5 and 10 ng/ml as well as neutrophil chemotaxis is 

response to OMV (5, 10 and 20 )ig/ml) (Mullaney et a l, 2009). This study attempted to 

replicate these findings at the lower OMV doses of 0.1 and 1 |ag/ml. Consistent with the 

study o f Mullaney et al, which demonstrated H. pylori OMV-induced IL-8 secretion from 

AGS cells of approximately 50 pg/ml in response to OMV (2.5 |j,g/ml), compared to 

approximately 600 pg/ml in response to OMV (20 |o,g/ml), this study demonstrated lL-8 

secretion o f 5.25 and 8.25 pg/ml in response to a 48 h OMV treatment at doses of 0.1 and 

1 Jig/ml, respectively (Figure 5.14); expanding the dose range. The lL-8 secretion from 

AGS cells in response to OMV (1 |^g/ml) was marginally greater than that from untreated 

AGS cells. Further, AGS cells were then exposed for a further 24 h to the resulting 

conditioned medium recovered from untreated and H. pylori 60190 OMV-treated AGS 

cells (0.1 |ag/ml and 1 |j,g/ml). Again, lL-8 secretion from the latter was marginally 

greater. These observations suggest that doses of OMV less than 1 ^g/ml may be 

inadequate to produce noticeable differences in lL-8 secretion from AGS cells. Another 

possibility is that IL-8 levels may have declined over the time course due to degradation, 

as seen with Porphyromonas gingivalis proteases for example (Zhang et ah, 1999). 

Further, contrary to the reported cag Py4/-dependent nature of H. /?j^/or/-dependent 

enhancement of AGS secretion of IL-8, which implies requirement for the intracellular 

translocation o f effectors like CagA and Nod-1 (Crabtree et al., 1999; Viala et a l, 2004; 

Backert and Selbach 2008), H. pylori OMV-mediated induction o f AGS IL-8 secretion
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may be partially independent o f intracellular translocation o f OMVs as evidenced by the 

marginal increased IL-8 secretion in response to conditioned medium. In support o f this 

hypothesis, this study demonstrated that supernatant from AGS cells treated with H. 

pylori OMVs (I |ag/ml) for 48 h elicited a greater chemotactic response from PMNs, than 

either the supernatant from untreated AGS cells or OMVs (5 ^ig/ml) alone (Figure 5.13). 

These findings further complement results from studies demonstrating H. pylori OMV- 

mediated induction o f IL-8, C X C Ll, CXCL2, CXCL3 and CCL20 mRNA expression in 

HEK cells transfected with TLR2, with IL-8 induction maximal at the 4 h time point and 

decreasing almost to baseline by 24 h (Figures 5.15, 5:17) and all in a partially LPS 

mediated manner (Figures 5.16 and 5.17). This indicates the presence o f other 

components that can interact with TLR2 in this regard. In addition TLR-independent 

mechanisms have also been suggested for H. pylori OMV-mediated enhancement o f IL-8 

secretion from AGS cells via their peptidoglycan component (Kaparakis et al., 2010). In 

this latter study, the authors reported N od-1-dependent enhancement o f P38 and Erk 

phosphorylation at 15 m. This present study has also investigated H. pylori OMV- 

induced Erk phosphorylation and has demonstrated sustained Erk 1/ 2 phosphorylation up 

to 48 h (Figure 5.18), consistent with the time frame o f the chemotactic response 

demonstrated with H. pylori OMVs. Therefore, taken together, these data demonstrate 

that H. pylori OMVs have the capacity to utilize multiple strategies to induce a 

proinflammatory environment mediated by enhanced chemokine production and its 

resultant chemotactic effect on PMNs.
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Chemotaxis is a vital immune response, directing immune cells to areas of infection. 

Infiltrating neutrophils phagocytose bacteria within phagosomes (Keenan et a l, 2005). 

Therefore, unlike the extracellular release of reactive oxygen species (ROS) in response 

to soluble stimuli via the membrane bound NADPH oxidase, the latter undergoes 

inversion during phagocytosis of bacteria (Hampton et al., 1998) and other materials 

(Thomas et a l, 1992), directing ROS into the phagosome. However, there is evidence of 

inadvertent leaking of oxidants which may contribute to tissue damage (Weiss 1989). H. 

pylori has been reported to promote reactive nitrogen species-mediated oxidative damage 

to gastric cells through infiltrating neutrophils (Correa and Miller 1998). Neutrophils can 

be primed by H. pylori and soluble products consistent with the presence of markers of 

oxidative stress within infected biopsy specimens (Keenan et al., 2005). Further, H. 

pylori has been reported to induce the translocation of the molecular chaperone Hsp90p 

to the membrane where it interacts with Racl in AGS cells, while increased NADPH 

oxidase activity and ROS production were inhibited by Hsp90p siRNA, implying a role 

for H. pylori in subsequent tissue damage (Cha et al., 2010). However, there is also 

evidence that oxidants may have a protective role in dampening the gastric inflammatory 

response. For example, NADPH oxidase-derived oxidants have been reported as 

necessary for extemalization of phosphatidylserine on human neutrophils and the 

subsequent uptake by monocyte-derived macrophages of activated neutrophils (Hampton 

et al., 2002). Similarly, NADPH oxidase-derived superoxide may be a quencher of nitric 

oxide (Keenan et al., 2005). Therefore, the understanding o f H. pylori involvement in 

gastric tissue damage is complicated and developing. Yet, despite these potentially 

destructive mechanisms, H. pylori infections are notoriously chronic, leading at least one
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author to use the term colonization rather than infection and to highlight the dynamic 

interplay between these bacteria and the immune system (Hadley 2006). In this regard, 

this study demonstrated H. pylori OMV-induced reduction in neutrophil O2 uptake in a 

dose and time-dependent manner that appears strain-independent and which activity was 

heat-labile. There was also the observation that this contrasted the effect o f  H. pylori 

whole cells, which appeared to have no inhibitory effect on PMN O2 consumption. These 

observations are significant from the point o f  view , that they demonstrate an H. pylori 

OMV, whole cell-independent response. Further, they suggest the possibility that H. 

pylori OMVs may help to promote chronicity both by impairing the anti-microbial 

oxygen burst o f  neutrophils as well as modulating local tissue damage, thereby 

countering whole cell effects and allowing for increased survival o f  cells.

Having demonstrated H. pylori OMV-modulation o f  neutrophil function, this study 

further explored the possibility that OMVs also modulate other immune cells; examining 

the role o f  OMVs in T cell function, looking specifically at migration, being a crucial 

aspect o f  T-cell biology. Because migration involves interaction between the T-cell 

integrins and epithelial and vascular adhesion m olecules (Hogg et a i ,  2004), this study 

utilized a model o f  T-cell migration that can be induced in activated peripheral blood T 

lymphocytes when exposed on immobilized ICAM-1 ligands (Volkov et a l ,  2001). The 

measured outcome was H. pylori OMV-mediated modulation o f  T-cell polarization, 

assessed by microscopy. Controls included T-cell placed on Poly-L-lysine coated wells, 

which lacking the required LFA-1 stimulus, served to establish the specificity o f  the 

assay as there was no obvious polarization observed in these wells. OM Vs were also
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added to wells on their own to establish a visual background. Microscopic evaluation 

demonstrated dose-dependent H. pylori OMV-inhibition of T-cell polarization in 

response to 1-100 ^ig/ml of OMVs compared to untreated cells (Figures 5.26-28). This 

finding was supported by further observations using the xCELLigence system which 

measures impedance across microelectrodes integrated on the bottom of tissues plates. As 

outlined in Methods, the core of the system is the disposable E-plate 96 (Urcan et a l, 

2010), with approximately 80% of the base o f each well covered by circle-on-line 

electrodes. This allows for the production of electrical impedance by cells as they 

move/spread across the interdigitated micro-electrodes, as a reflection of various 

physiological parameters, for example proliferation and morphological changes, (Urcan 

et al., 2010). Therefore, as cells become increasingly polarized, cellular projections result 

in a corresponding increase in the electric impedance. As demonstrated in this study, 

most of this increased impedance occurred within the first 3 hours with a general plateau 

thereafter. But consistent with the microscopic evaluation, H. pylori OMV treatment of 

T-cells resulted in an inhibition of impedance levels compared to untreated cells, with all 

time points representing the results from triplicate wells (Figure 5.29). The controls 

included T-cell placed on Poly-L-lysine coated wells to establish assay specificity, and 

there was minimal increased impedance suggesting T-cells did not establish adhesion 

with this substrate and therefore could not affect impedance. The other control was 

nocodazole, an anti-polymerization drug that destabilizes dynamic microtubules 

(Marceiller et al., 2005). Nocodazole has also been reported to induce apoptosis in Rat-1 j
j

fibroblasts, which is associated with degradation of focal adhesion proteins, loss of 

asymmetry (rounding up) and detachment (Kook et al., 2000). This could explain an
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initial but comparatively minor increase in impedance in nocodazole-treated T-cells 

peaking at the 6 h time point, but subsequently decreasing to baseline (Poly-L-lysine) 

levels by 24 h, as reflecting the kinetics o f nocodazole action. In addition, the H. pylori 

OMV-mediated reduction in impedance was dose-dependent. The reason for this is not 

presently known. However, at the 3 h time point, OMV (10 ^g/ml) was twice as 

repressive as OMV (1 |^g/ml). In view o f previous experiments demonstrating the ability 

o f OMV (10 i^g/ml) to impair AGS cell viability and promote cell rounding and 

detachment, it is tempting to consider that a similar effect may be operative with respect 

to T-cells. This possibility arguably finds support from the additional observation that 

pre-treating T-cells with OMVs produced even greater inhibition o f impedance, as this 

would impair adhesion even before contact with the anti-LFA-1 substrate was 

established. In fact, pre-treating T-cells with OMV (1 |j,g/ml), inhibited impedance more 

than treating T-cells with OMV (10 ^ig/ml) after they would have had a chance to interact 

with the substrate. Further, pre-treatment with OMV (10 jig/ml) led to impedance levels 

almost as low as those measured in Poly-L-lysine coated wells, where adhesion would 

not have been expected. Taken together these results therefore demonstrate that H. pylori 

OMVs are capable o f inhibiting T-cell polarization and this may be effected by 

interfering with T-cell adhesion, a possibility to be explored in ftiture studies. Further, 

stronger adhesion and increased cell polarization have been reported as associated with 

measureable migration in PMA-activated T-cell, at rates o f  0.5-2 |^m/min (Volkov et a i, 

2001). This implies that the T-cell polarization observed in this study represents a 

migratory phenotype and as such is an indication o f T-cell migration. This study therefore 

demonstrates H. pylori OMV-mediated inhibition o f T-cell migration.
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In summary therefore, H. pylori OMVs have been shown to modulate AGS cell protein 

secretion, consistently enhancing secretion at early time points (4 h), with more variable 

modulation thereafter. However, as with H. pylori whole cell-mediated suppression of 

protein secretion, consistent with ER stress, the causal relationship between enhanced 

protein synthesis and ER stress suggests that prolonged and robust OMV exposure are 

also capable of eliciting an ER stress response, supported by OMV-induced modulation 

of AGS cell BiP levels. In addition H. pylori OMVs are capable of modulating immune 

cell function. They induce AGS cell chemokine production, stimulate a chemotactic 

response from neutrophils, yet suppress neutrophil oxygen consumption. Similarly, they 

appear to modulate T-cell ftinction by impairing T-cell polarization and hence migration. 

Taken together, these findings indicate a potentially significant role for H. pylori OMVs 

as a distinct means of delivering multiple proteins to host cells simultaneously. Recent in 

vivo experiments in a murine model demonstrated a pro-inflammatory response of the 

host to H. pylori OMVs delivered by gavage (Kaparakis et a i, 2010). Thus it would be of 

great interest to study immune cell responses to OMV in an animal model. Further in 

vitro studies of the mechanism of OMV-immune cell interaction are also warranted, 

given the accumulating evidence that OMV from other pathogens modulate immune 

responses, for example those of T-cells (Lee et a i, 2007), B-cells (Vidakovics et a i, 

2010) and PMNs (Davis et a l, 2006).
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CHAPTER 6

GENERAL DISCUSSION



6.1: Summary of Project

The general aim of this study was to expand our understanding of the structure and 

composition of H. pylori OMVs and evaluate their pathogenic potential by fiinctionally 

characterizing several OMV-associated pathogenic activities. With this is mind, the initial 

experiments were geared largely to the structural characterization of H. pylori OMVs based 

on electron microscopic evaluation as well as proteomic analysis utilizing protein profiles 

and mass spectrometry. With respect to the structural characterization of H. pylori OMVs, 

this study demonstrated the following;

1. Broth culture supplementation, the growth phase used for harvesting OMVs and the 

OMV isolation method did not markedly altered H. pylori OMV profiles, although 

growth phase and isolation method influenced the quantity of OMVs recovered.

2. Neither isolation method nor storage temperature affected the gross OMV structure.

3. The native OMV population comprised a heterogeneous population with a size 

range between 20 and 400 nm, and appeared to exhibit inter-strain variation, with 

respect to their proteomes.

4. The OMV proteome is clearly a subset of the whole cell proteome.

5. Proteomic analysis suggested that the process o f vesiculation involves a selective 

mechanism favouring outer membrane and periplasmic proteins.

6. H. pylori OMVs contain several survival and virulence factors, including adhesins, 

CagA, VacA and immunomodulatory components.

i
1
I
I

It was anticipated that with the acquired proteomic data and guided by known intracellular | 

gastric signalling pathways modulated by H. pylori, the role of its cognate OMVs in signal
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transduction could be explored. The role o f OMVs in the development o f recognized H. 

pv/or/'-associated phenotypes was first evaluated to determine the likelihood and predict 

possible mechanisms o f corresponding OM V-mediated pathogenesis, before embarking on 

a more extensive exploration o f OMV-induced modulation o f gastric cell signalling. With 

these goals in mind, several observations were made as follows;

1. H. pylori OMVs induced the hummingbird phenotype and cell rounding in gastric 

cells, and also impaired their viability at high doses (>/= 10 |J.g/ml).

2. Although disruption o f  a T84 colonic epithelial cell monolayer model could not be 

demonstrated, OMVs were shown to possess functional plasminogen binding 

proteins, which may facilitate tissue disruption.

3. H. pylori OMV-induced gastric cell signalling is modulated by both CagA and 

Vac A.

4. Mass spectrometry analysis indicated H. pylori OMV-induced modulation o f AGS 

cell signalling pathways involved in immunomodulation and the ER stress response, 

as well as structural and other proteins involved in morphology and apoptosis.

As a result o f the above findings, a developing hypothesis emerged. H. pylori OMVs 

clearly appeared to possess the required machinery to successfully colonize gastric cells; 

modulate gastric cell signalling pathways; induce cellular stress with high and sustained 

OMV exposure and elicit a pro-transformation anti-apoptotic response. With this in mind, 

the role o f  H. pylori OMVs in the development o f two processes was ftirther explored. 

These were endoplasmic reticulum (ER) stress in AGS cells and immunomodulation of
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polymorphonuclear cells (PMNs) and T-cells. This section of the project revealed the 

following;

1. AGS cell protein secretion is modulated by H. pylori OMV treatment, which 

when prolonged and robust is capable of suppressing protein secretion, a finding 

that is consistent with the development of overt ER stress.

2. This observation was supported by the observation that H. pylori OMVs 

modulated BiP levels in AGS cells.

3. H. pylori OMVs induced AGS cell chemokine production, stimulated a 

chemotactic response from neutrophils, but suppressed neutrophil oxygen 

consumption.

4. H. pylori OMVs impaired T-cell polarization, which reflects a suppression of 

migration.

Taken together, the findings o f this study demonstrate that intact and functional OMVs 

are produced by H. pylori and that these OMVs represent a distinct means of delivering 

multiple proteins to host cells simultaneously. As such H. pylori OMVs may play a 

significant role in gastroduodenal pathology.



6.2: Model of H. pylori OMV-mediated Pathogenesis

Based on the findings of this study as well as published and unpublished data, a model of 

H. pylori OMV-mediated pathogenesis is hereby proposed (Figure 6.1).

H. pylori OMVs
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Figure 6.1: Proposed model of H. pylori OMV-induced pathogenesis. The model being 

proposed here is based on the findings from this project, supplemented by the observations 

of others. Green arrows = stimulatory effect, red arrows = inhibitory effect. FAK = focal 

adhesion kinase, LPS = lipopolysaccharide, MAPK = Mitogen-activated protein kinase, PG 

= peptidoglycan, Pgb = plasminogen binding protein, TJ = tight junction, UPR = unfolded 

protein response.
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OMVs are reported to enter epithelial cells via lipid rafts (Kaparakis et al, 2010), thereby 

facilitating the simultaneous delivery of many proteins. CagA, a component o f H. pylori 

OMVs, is known to modulate several intracellular pathways. These include deactivation of 

the vinculin/cortactin/ezrin pathways leading to actin rearrangements and also of focal 

adhesion kinase resulting in a retraction deficit; the combined effect of which is the 

development of cellular elongation known as the hummingbird phenotype. By the 

induction o f NF-kB and Erkl/2, CagA may also up-regulate various pro-inflammatory, 

mitogenic and anti-apoptotic genes. Additionally, by interacting with the scaffolding 

protein ZO-1 and its associated protein, junctional adhesion molecule, CagA can disrupt 

tight junctions. (Backert and Selbach 2008). VacA has also been shown to enter epithelial 

cells by endocytosis and then be transported into endocytic compartments, forming anion- 

selective channels in the endosomal membrane (Montecucco et al., 2001). However, as 

demonstrated above, this route could be circumvented by OMVs, presumable facilitating 

direct entry into cells. In this event, weak bases such as ammonia may then diffuse into 

these compartments causing them to swell, resulting in vacuolation (Cover et al, 1991). 

Interestingly, is has also been reported that VacA and CagA appear to be functionally 

antagonistic, for example with regards to CagA-mediated induction of the hummingbird 

phenotype and Vac-mediated vacuolation (Argent et al, 2008). In this regard, this study 

demonstrated both CagA and VacA-mediated modulation of the AGS phosphoproteome. 

Also shown, was CagA-dependent induction of the hummingbird phenotype as well as 

OMV-mediated induction of ErkI/2. Further, based on the demonstrated presence o f the j  

plasminogen binding proteins, PgbA and PgbB, in H. pylori OMVs, as well as their 

demonstrated capacity to bind to and activate plasmin, this study proposes that these
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proteins may play a role in OMV-mediated disruption o f  the epithelial monolayer in vivo. 

In addition to CagA, both OMV-derived peptidoglycan (Kaparakis et a l ,  2010) and LPS 

[(Yokota et a l ,  2010) and Smith et al. (unpublished data)] have been shown to induce a 

proinflammatory response in AGS cells, via NF-kB and/or MAPK signalling. The secreted 

chemokines have the capacity to chemo-attract PM Ns and the current study supported this 

by demonstrating PMN chemotaxis in response to supernatant from OMV-treated AGS 

cells. Further, in collaboration with Dr. Sinead Smith (IMM, TCD), OMV-induced 

induction o f  several chemokines from HEK cells transfected with TLR2 was demonstrated. 

However, this study has also shown that H. py lori OMVs suppressed O2 uptake by PMNs 

as well as T-cell migration suggesting that they may be involved in the modulation or 

dampening down o f  the immune response. Under stressed conditions, as would occur in the 

face o f  an infection, immunomodulation may be part o f  an integrated response involving 

ER-derived but secreted molecular chaperones (Henderson 2010). As shown in this study, 

H. pylori OMVs modulate protein secretion in a dose-dependent manner. The response o f  

AGS cells to high OMV doses (10 |^g/ml), tended towards either a dampening o f  the 

stimulatory effect o f  lower doses (1 |ag/ml), or an inhibition o f  protein secretion, which was 

demonstrated in response to whole cells and which is consistent with overt ER stress. It 

seems plausible therefore, that given adequate exposure to H. pylori OM Vs, especially in 

the face o f  other stressors like nutrient-deprivation, low pH and hypoxia, gastric cells will 

by sufficiently stressed so as to induce an unfolded protein response (UPR). In keeping 

with this hypothesis, the current study has also shown H. py lo ri OMV-mediated 

modulation o f  BiP, the key ER-resident molecular chaperone central to the regulation o f
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the UPR. Taken together, the proposed model presents a developing hypothesis of H. pylori 

OMVs as a delivery vehicle for many factors relevant to gastroduodenal pathology.
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6.3: Proposed Future Work and Translational Significance

Most of the studies performed in this project were conducted using OMVs isolated from 

wild type Helicobacter pylori. However, it is known that H. pylori exhibits significant 

genetic variation much of which is found in a hypervariable region called the plasticity 

zone (Aim et a l, 1999). This feature no doubt enables rapid adaptation to hostile and 

changing environmental conditions. For example, H. pylori has been shown to exhibit 

differential gene expression when exposed to variable pH conditions (Merrell et al., 2003). 

This suggests much more is to be gained from continued studies of OMVs isolated from 

broth cultures grown under different growth conditions, including nutrient depletion. Such 

information could help to clarify potential adaptive strategies employed by H. pylori as 

well as provide additional insight into host-pathogen interaction. Similarly, antigenic 

variation has the potential to influence clinical outcome. For example, Yokota et al. 

reported on the association of LPS carrying the weakly or highly antigenic epitope and 

gastric cancer and chronic gastritis respectively (Yokota et al., 2010). In this regard future 

proteomic analyses of OMVs prepared from clinical isolates cultured from patients with 

various pathologies could highlight differential protein expression and suggest possible 

avenues for further exploration with regards to the contribution of individual proteins or 

groups o f proteins to specific pathologies.

Further studies, with regards to H. pylori OMV-induced modulation of the AGS 

phosphoproteome are also warranted. Unfortunately the three spots (Figure 4.19, # 2, 3 and 

4), representing OMV-induced AGS phosphoproteins, were also the most heavily 

phosphorylated, but not identified after two mass spectrometry analyses. Their low
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abundance likely contributed to this outcome, but the dramatic differential phosphorylation 

seen with each could indicate prominent roles in H. pylori OMV-modulation of AGS 

signalling. As a result, it seems prudent that a subsequent attempt be made to identify them, 

considering that the information gained may further enhance knowledge of H. pylori OMV- 

induced gastric signalling. Further, similar phospho-proteomic information obtained from 

MS analysis of gastric cells treated with OMVs from cagA, vacA and other isogenic 

mutants could prove beneficial in providing additional information regarding the role of 

these virulence factors in pathogenesis. All of the 2D-PAGE analyses presented in this 

project were conducted based on the traditional approach first described by O ’Farrell 

(O'Farrell 1975). Although this theoretically permits the simultaneous resolution of 

thousands of proteins, a more recent modification, 2-D fluorescence difference gel 

electrophoresis (2-D DIGE), adds a quantitative dimension coupled with an internal 

standard on each gel (Unlu et ai, 1997; Marouga et ai, 2005), and hence the likelihood of 

attaining further information with regards to the level of modulation induced in test 

samples compared to controls. Such an approach may therefore be useful for additional 2D 

approaches to the investigation of H. pylori OMV-induced gastric signalling.

Also, the abundance of surface exposed peptides, implied that OMVs are likely antigenic. 

Additional in vitro studies of the mechanisms underlying the interactions between H. pylori 

OMVs and immune cells are therefore warranted, given the accumulating evidence that 

OMVs from several pathogens modulate immune responses, for example those of T-cells 

(Lee et al, 2007), B-cells (Vidakovics et al, 2010) and PMNs (Davis et al, 2006). It 

would further be of great interest to study immune cell responses to H. pylori OMVs in an
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animal model. Unsurprisingly, recent in vivo experiments in a murine model demonstrated 

a pro-inflammatory response of the host to H. pylori OMVs delivered by gavage 

(Kaparakis et a l, 2010). Additionaly, their small size, relative ease of preparation, and their 

suitability for oral administration make OMVs suitable vaccine candidates. In fact, various 

approaches are already being explored for some gram negative bacteria including Neisseria 

I act arnica OMVs against meningococcal meningitis (Gorringe et a l, 2009) and Vibrio 

cholerae OMVs against cholera (Schild et a l, 2009). Taken together, it is clear that OMVs 

are being increasingly studied and used in a variety o f applications. At the time of writing, 

a targeted search on PubMed.gov, using the search phrase “ ‘outer membrane vesicles’ [ti]”, 

returned 107 hits from 1975, of which 14(13.1 %) were published so far in the current year 

(2010) and 55 (51.4 %) were published in the last 5 years (2006 -  2010). A similar search 

(“outer membrane vesicles”) on the European Patent Office’s (EPO) website, GB 

Esp@cenet, returned 132 hits (EPO 2010). O f these, vaccine applications accounted for the 

majority of patents, with other applications including drug delivery for example via 

liposome preparations, targeted immunomodulation, cosmetic microspheres and apoptosis- 

mimicking vesicles.

271



abundance likely contributed to this outcome, but the dramatic differential phosphorylation 

seen with each could indicate prominent roles in H. pylori OMV-modulation of AGS 

signalling. As a result, it seems prudent that a subsequent attempt be made to identify them, 

considering that the information gained may further enhance knowledge of H. pylori OMV- 

induced gastric signalling. Further, similar phospho-proteomic information obtained from 

MS analysis of gastric cells treated with OMVs from cagA, vacA and other isogenic 

mutants could prove beneficial in providing additional information regarding the role of 

these virulence factors in pathogenesis. All of the 2D-PAGE analyses presented in this 

project were conducted based on the traditional approach first described by O ’Farrell 

(O'Farrell 1975). Although this theoretically permits the simultaneous resolution of 

thousands of proteins, a more recent modification, 2-D fluorescence difference gel 

electrophoresis (2-D DIGE), adds a quantitative dimension coupled with an internal 

standard on each gel (Unlu et a i, 1997; Marouga et a i, 2005), and hence the likelihood of 

attaining further information with regards to the level of modulation induced in test 

samples compared to controls. Such an approach may therefore be useful for additional 2D 

approaches to the investigation of H. pylori OMV-induced gastric signalling.

Also, the abundance of surface exposed peptides, implied that OMVs are likely antigenic. 

Additional in vitro studies of the mechanisms underlying the interactions between H. pylori 

OMVs and immune cells are therefore warranted, given the accumulating evidence that 

OMVs from several pathogens modulate immune responses, for example those o f T-cells 

(Lee et a i, 2007), B-cells (Vidakovics et a l, 2010) and PMNs (Davis et a l, 2006). It 

would fiirther be of great interest to study immune cell responses to H. pylori OMVs in an



which is particularly significant in an organism with as narrow a physiological range as 

H. pylori. Taken together, this project therefore supports the hypothesis that H. pylori 

OMVs represent a distinct secretory pathway for the release o f known and potential 

bacterial virulence factors.
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APPENDIX A 

BUFFERS and OTHER SOLUTIONS

Freezing Medium (AGS Gastric Cells Frozen Stocks)
0.5 ml Dimethyl Sulfoxide (DMSG); 9.5 ml RPMI 1640 containing PCS (10%)-

Brucella Broth /1%  beta-cyclodextrin
800 ml o f purified water, 22.4 g o f Brucella broth powder (BD) (28 g/L water).

8 g beta-cyclodextrin

Brucella agar /10%  Horse serum / Kanamycin 20 Dg/ml
360 ml o f purified water; 16.4 g Brucella Agar. Autoclaved at 120V  x 20-30 min. Cooled 

and then added 40 ml Horse serum + 133.3 fil Kanamycin added to a final amount o f 20 

|j,g/ml under sterile conditions. Freshly poured plates were covered when solidified inverted 

and left at room temperature prior to storing at 4'’C

Columbia Blood Agar +/- Kanamycin
800 ml o f purified water; 31.2g o f Columbia Agar Base powder (39 g/L water).

When required, the agar medium was supplemented with kanamycin (20 |ig/ml). The plates 

were stored as described above and used within 2 weeks o f preparation.

Freezing medium for preparation of H. pylori Frozen Stocks
80 ml o f water; 20 g o f glycerol; 29.6 g Brain Heart Infusion powder (Lab M) (37g/L 

water). Autoclaved

lOx Running Buffer
30 g Tris-base; 114 g Glycine; 5 g SDS; Made up to IL with ultra pure water
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Transfer Buffer
3 g Tris-base; 14.5g Glycine; 10 ml 10% (w/v) SDS; 200 ml Methanol. 

Made up to 1L with ultra pure water

lOx TBS Buffer pH 7.4
24.2 g Tris-base; 80g NaCl. Adjusted pH to 7.4 with HCl 

Made up to 1L with ultra pure water

Ix TEST Buffer pH 7.4
100 ml 10 X TBS; 1 ml Tween 20. Made up to 1 L with ultra pure water

Ix TBST/3% BSA
100 ml IxTBST; 3g BSA

Ix TBST/5% milk powder
100 ml Ix TBST; 5g non fat milk powder (Marvel)

Rehydration buffer
12 g Urea; 0.5 g CHAPS; 50|il of 1% Stock Bromophenol blue; 125 fj.1 IPG buffer 

(appropriate pH range). Made up to 25 ml with ultra pure water and divided into 1 ml 

aliquots. 2.8 mg DTT/ml of Rehydration buffer was added to each aliquot just before use.

Equilibration buffer
10 ml Tris (1 M pH 8.8); 72.07 g Urea; 69 ml Glycerol (87 % (v/v)); 4.0 g SDS;
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400 III o f 1% Stock Bromophenol blue. Made up to 200 ml with ultra pure water and 

divided into 20 ml aliquots (stored at -20C). 100 mg DTT/10 ml or 250 mg/10 ml

lodoacetamide was added to each aliquot just before use, as required.

Fixation Solvent (Colloidal Coomassie Blue Staining)
100 ml methanol; 4.7 ml Phosphoric acid (85%). Made up to 200 ml with ultra pure water. 

Incubation Solvent (Colloidal Coomassie Blue Staining)
340 ml methanol; 23.5ml Phosphoric acid (85%); 170 g Ammonium Sulfate. Made up to 

1L with ultra pure water.

Fix Solution (Pro-Q Diamond Phosphoprotein Staining)
100 ml methanol; 20 ml Acetic acid; Made up to 200 ml with ultra pure water

Coomassie De-stain solution
300 ml methanol; 100 ml acetic acid; Made up to 1 L with ultra pure water
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APPENDIX B

MSMS spectra for single-peptide-based identifications of proteins shown in Table 3.1

200 800 1200400 600 1000

Accession number: Q9ZJ38 (RlpA-like OMP lipoprotein)
Peptide sequence: VINVDNNSSTIVR 
Precursor ion m/z: 715.88 
Charge: 2+
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Accession number: Q9ZK48 (HopD 0M P2) 
Peptide sequence: IGWDSNPNFSGTGFR 
Precursor ion m/z: 827.90 
Charge: 2+
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Accession number; Q9ZL55 (Putative OMP)
Peptide sequence; GFAYNEWLYNFYSPK 
Precursor ion m/z; 949.97 
Charge; 2+
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200 600 800 1200400 1000 1400

Accession number; Q9ZLB7 (Putative OMP) 
Peptide sequence; TYDPTSNAQGSLVLQK 
Precursor ion m/z; 861.42 
Charge; 2+
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Accession number: Q9ZLG6 (HorF OMP 14) 
Peptide sequence: SSEFNYPK 
Precursor ion m/z: 486.21 
Charge: 2+

Accession number: Q9ZLM3 (VacA paralog) 
Peptide sequence: ASFTNDTFNVNNQFK 
Precursor ion m/z: 873.90 
Charge: 2+
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Accession number: Q9ZLY6 (HofD OMP) 
Peptide sequence: INPYFYAIFQR 
Precursor ion m/z: 716.38 
Charge: 2+
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Accession number: Q9ZM53 (Putative OMP) 
Peptide sequence: FYGDLLLGGGALK 
Precursor ion m/z: 662.34 
Charge: 2+
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Accession number: Q9ZMV0 (HorB OMP 4) 
Peptide sequence: NNYYTASADNVPEGTTYR 
Precursor ion m/z: 1018.43 
Charge: 2+
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Accession number: Q9ZN38 (Putative OMP) 
Peptide sequence: LNNLLTNYSVLNALIR 
Precursor ion m/z: 916.03 
Charge: 2+
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MS MS spectra for single-peptide-based identifications of proteins shown in Table 3.2
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Accession number: Q9ZJZ9 (Cytochrome C553 precursor)
Peptide sequence; SGANKNPVMTAQAK 
Precursor ion m/z: 708.88 
Charge: 2+
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Accession number: Q9ZK88 (Periplasmic protein) 
Peptide sequence: LSQDLVSQIALIQK 
Precursor ion m/z: 788.44 
Charge: 2+
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Accession number: Q9ZLY8 (Catalase-like protein) 
Peptide sequence: GVEAPTDPLFQIR 
Precursor ion m/z: 721.80 
Charge: 2+
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Accession number: Q9ZMD7 (Periplasmic dipeptide transporter)
Peptide sequence: SPGLIANWLSLNTQK 
Precursor ion m/z: 821.46 
Charge: 2+

284



j I.Ij  ..1̂ 1 itl

100 200 300 500 600 700 800 900400

Accession number: Q9ZMW9 (2’3 ’-Cyclic nucleotide 2 ’-phosphodiesterase) 
Peptide sequence: FANTLIGVR 
Precursor ion m/z: 495.78 
Charge: 2+

285



MSMS spectra for single-peptide-based identifications of proteins shown in Table 3.3
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Accession number: Q9ZK04 (D-Lactate dehydrogenase) 
Peptide sequence: AFINYTALTK 
Precursor ion m/z: 571.30 
Charge: 2+
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Accession number: Q9ZKE8 (CheA-MCP coupling protein) 
Peptide sequence: VPETPNYVLGVFNLR 
Precursor ion m/z: 859.49 
Charge: 2+
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Accession number: Q9ZKF6 (30S SI Ribosomal protein) 
Peptide sequence: lEELGENYENAIIEGK 
Precursor ion m/z: 910.93 
Charge: 2+
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Accession number: Q9ZKG0 (Putative aminotransferase) 
Peptide sequence: VGVVAFNIGGISPYDLAR 
Precursor ion m/z: 924.53 
Charge: 2+
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Accession number: Q9ZL70 (Uncharacterized protein)
Peptide sequence: EGALGVISAVGTGYYK 
Precursor ion m/z: 792.92 
Charge: 2+
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Accession number: Q9ZM03 (Oligopeptidase) 
Peptide sequence: lALALSPVGVGAFSR 
Precursor ion m/z: 729.43 
Charge: 2+
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Accession number: Q9ZM99 (CTP synthase) 
Peptide sequence: LNNFTTGQIFSSVIENER 
Precursor ion m/z: 1035.00 
Charge: 2+
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Accession number: Q9ZMH1 (ATP-dependent protease) 
Peptide sequence: ALAQFLFDSDKNLIR 
Precursor ion m/z: 584.30 
Charge: 3+
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Accession number; Q9ZM18 (ATP-dependent RNA helicase)
Peptide sequence: IGLNQQEIDAIQNPK 
Precursor ion m/z: 840.95 
Charge: 2+
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Accession number: Q9ZMJ6 (tRNA synthetase prolyl)
Peptide sequence: ALNTLNLLGANALELR 
Precursor ion m/z: 848.48 
Charge: 2+
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Accession number: Q9ZMM2 (HtpG chaperone protein)
Peptide sequence: GVIDSEDLPLNVSR 
Precursor ion m/z: 757.38 
Charge: 2+
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Accession number: Q9ZMU2 (Conserved iron sulphur proten)
Peptide sequence: LDEYLELFEK 
Precursor ion m/z: 649.83 
Charge: 2+
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Accession number: Q9ZMV3 (tRNA synthetase threonyl) 
Peptide sequence: GTEPIYFDDSPLALEVIR 
Precursor ion m/z: 1081.03 
Charge: 2+
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Accession number: Q9ZMV4 (Phosphoenolpyruvate synthase) 
Peptide sequence: lYINIGNPEK 
Precursor ion m/z: 580.802 
Charge: 2+
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Accession number: Q9ZN12 (Proline/pyrroline 5-carboxylate DH) 
Peptide sequence: ALQANAPIVYESLQK 
Precursor ion m/z; 822.94 
Charge: 2+
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MSMS spectra for single-peptide-based identifications of proteins shown in Table 3.4

1200200 400 600 800 1000 1400

Accession number: Q9ZKA5 (Putative membrane protein) 
Peptide sequence: TEIVDGLSATTLWQR 
Precursor ion m/z: 845.46 
Charge: 2+
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Accession number: Q9ZL61 (Putative membrane protein)
Peptide sequence: IGVGGILGALAYDSTK 
Precursor ion m/z: 767.95 
Charge: 2+
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Accession number: Q9ZLR8 (Uncharacterized protein) 
Peptide sequence: LTPNFGIQFYTR 
Precursor ion m/z: 718.88 
Charge: 2+
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Accession number: Q9ZMT6 (Cytochrome oxidase) 
Peptide sequence: DVDQYGNLTYQFIDTVK 
Precursor ion m/z: 1009.96 
Charge: 2+
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MSMS spectra for single-peptide-based identifications of proteins shown in Table 3.5
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Accession number: P66609 (30S S9 Ribosomal protein) 
Peptide sequence: VGGATYQVPVEVR 
Precursor ion m/z: 687.89 
Charge: 2+
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Accession number: Q9ZJ62 (Uncharacterized protein)
Peptide sequence: YYAINQAVEQTLTK 
Precursor ion m/z: 821.45 
Charge: 2+
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Accession number: Q9ZJC4 (SOS L25 Ribosomal protein)
Peptide sequence: ILDHDSIAVIGVIK 

Precursor ion m/z: 746.92 
Charge: 2+
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Accession number: Q9ZJD1 (36 kDa antigen)
Peptide sequence: ALAPIDGEVSNVLLSGGELSPK 
Precursor ion m/z: 1083.57 
Charge: 2+
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Accession number: Q9ZJR4 (SOS L3 Ribosomal protein) 
Peptide sequence: ELGDLDLSALETLKR 
Precursor ion m/z: 836.99 
Charge: 2+
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Accession number: Q9ZJS2 (SOS LIS Ribosomal protein) 
Peptide sequence: FDDNAAVILDAK 
Precursor ion m/z: 646.34 
Charge: 2+
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Accession number: Q9ZJS6 SOS L6 Ribosomal protein) 
Peptide sequence: IIEIPSSVQASVEGSK 
Precursor ion m/z: 822.46 
Charge: 2+

+
+
in

o
inCh

C \

400200 600 800 1000 1200 1400

Accession number; Q9ZJY2 (Single stranded DNA binding protein) 
Peptide sequence: YLPSGSAAATIGLATSR 
Precursor ion m/z: 818.42 
Charge: 2+
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Accession number; Q9ZK63 (SOS S16 Ribosomal protein)
Peptide sequence; DGGWIESIGYYNPLSEPK 
Precursor ion m/z; 1013.02 
Charge; 2+
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Accession number; Q9ZKP8 (Hypothetical protein)
Peptide sequence: ASVENLNDNEIAYIAK 
Precursor ion m/z: 882.46 
Charge; 2+
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Accession number: Q9ZL06 (Uncharacterized protein)
Peptide sequence; VSYGDLFDDIVLGR 
Precursor ion m/z: 784.87 
Charge: 2+
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Accession number: Q9ZL07 (Uncharacterized protein) 
Peptide sequence: VNAQDTVKDMVLQNSVIK 
Precursor ion m/z: 668.04 
Charge: 3+
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Accession number: Q9ZLC3 (Uncharacterized protein) 
Peptide sequence: LAGTLPSNEAIDYR 
Precursor ion m/z: 760.41 
Charge: 2+
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Accession number: Q9ZLI0 (Uncharacterized protein) 
Peptide sequence: LYDYDLYTLGEAADR 
Precursor ion m/z: 889.43 
Charge: 2+
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Accession number: Q9ZLK6 (Uncharacterized protein) 
Peptide sequence: YIDEVFTSGHGK 
Precursor ion m/z: 676.82 
Charge: 2+
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Accession number: Q9ZLK9 (Tetrahydrodipicolinate N-succinyl transferase) 
Peptide sequence: ALDFYTPFLNEAYSNK 
Precursor ion m/z: 946.96 
Charge: 2+
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Accession number; Q9ZLS5 (Uncharacterized protein) 
Peptide sequence; QQEIALNLLDGVR 
Precursor ion m/z; 734.89 
Charge; 2+
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Accession number: Q9ZM06 (Hypothetical protein) 
Peptide sequence: lALASQLLENDLKDS 
Precursor ion m/z: 1628.83 
Charge: 2+
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A ccession number: Q9ZM B5 (Putative endonuclease) 
Peptide sequence: D A LN SLISG ISSA R 
Precursor ion m/z: 702.40 
Charge: 2+
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A ccession num ber: Q9ZM I7 (U ncharacterized protein) 
Peptide sequence; LPN TPV ELSSIQ LR 
Precursor ion m/z: 783.95 
Charge: 2+
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Accession number: Q9ZMU9 (Uncharacterized protein) 
Peptide sequence: VAPSEVPEFR 
Precursor ion m/z: 565.81 
Charge: 2+
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MSMS spectra for single-peptide-based identifications of proteins shown in Table 3.6

KD

CO

CO

k .  1 1 1 ^ ^  . j d  I J L  I I ml I iJ LiJ J * 1 1 |L J1  
400300100 200 500 600 700

Accession number: Q9ZMP0 (Fumarate reductase) 
Peptide sequence: GLNTIVLSLVPVR 
Precursor ion m/z: 690.91 
Charge: 2+
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