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Summary 

 

During normal growth, Gram-negative bacteria shed nano-sized outer membrane 

vesicles (OMVs), ranging from 50-250 nm in diameter. OMVs have been studied in 

many Gram-negative bacterial species, yet little is still known about the biology of 

OMV release, nor how these vesicles enter host cells or how they induce immune 

responses.  

To investigate OMV production by the gastric pathogen, Helicobacter pylori, we 

inactivated the H. pylori orthologues of Escherichia coli tolB and pal, encoding two of 

the critical components of the Tol-Pal system known to help maintain bacterial 

membrane integrity. We demonstrated that H. pylori mutant strains lacking an intact 

copy of tolB exhibited distinct outer membrane abnormalities, accompanied by defects 

in flagella formation. Importantly, H. pylori lacking functional TolB or Pal proteins 

exhibited extensive OMV production and release. The OMVs from these mutant strains 

induced high levels of pro-inflammatory cytokine (interleukin-8, IL-8) production. This 

work describes, for the first time, the importance of the TolB and Pal proteins in cell 

membrane integrity and OMV formation by H. pylori.  

Work performed previously in our laboratory reported that Gram-negative OMVs enter 

epithelial cells in vitro, resulting in the generation of pro-inflammatory and adaptive 

immune responses. However, to date the precise mechanism of entry has not been 

determined. Studies have reported that not all OMVs enter cells using the same 

endocytic pathways. Using a panel of chemical inhibitors of key endocytosis pathways, 

we found that heterogeneously sized populations of OMVs were internalised by 

epithelial cells via macropinocytosis, clathrin and caveolin dependant endocytosis. 

Interestingly, however, when we fractionated OMVs into either small (< 50 nm) or 
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large (> 50 nm) sizes, we found that small OMVs entered host cells by each of the 

aforementioned pathways. In contrast, cell entry of large OMVs involved 

macropinocytosis and clathrin but not caveolin dependent endocytosis. Proteomic 

analyses of different sized OMVs revealed both shared and unique sets of proteins, 

indicating that particle size may also determine protein content.  

Following internalisation by polarised epithelial cells, we found that H. pylori OMVs 

induce the basolateral secretion of the pro-inflammatory chemokine, IL-8. Interestingly, 

we found that internalised OMVs up-regulated the expression of HLA Class I and II 

molecules in epithelial cells. Moreover, stimulation of polarised epithelial cells with 

H. pylori OMVs resulted in the production of exosomes secreted at their basolateral 

surface containing OMV proteins. Importantly, we demonstrated that exosomes 

containing OMV proteins induced proliferation of human T cells in an antigen 

dependent manner, indicating that exosomes could function to present OMV antigens to 

mucosal T cells.   

Collectively, our data suggest that proteins derived from internalised OMVs are 

packaged into secreted exosomes for presentation to immune cells. We speculate that 

through interactions with antigen presenting cells, these exosomes are capable of 

activating antigen specific T cells located beneath the epithelial cell layer, thereby 

providing a link between the generation of innate and adaptive immune responses to 

H. pylori OMVs at the mucosal epithelium.  
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Chapter 1. Introduction 

 

1.1  Helicobacter pylori and outer membrane vesicles 

In 1940 it was noted by Freedburg and Barron that spirochetes were often present in 

gastric biopsy specimens (Freedburg and Barron 1940), yet the initial isolation of the 

spiral bacterium did not occur until 1982 (Warren and Marshall 1983). The bacteria 

were identified as curved or spiral Gram-negative bacilli that were motile and 

microaerophilic. Suspected to be a new species related to the Campylobacter genus, the 

bacteria were subsequently designated Campylobacter pyloridis (Marshall and Warren 

1984), later to become known as Campylobacter pylori, and finally Helicobacter pylori 

(Dunn, Cohen et al. 1997). It is now known that around half of the population 

worldwide is infected with H. pylori and that this bacterium is usually acquired during 

childhood, persisting for life if left untreated (Dunn, Cohen et al. 1997). Infection with 

H. pylori results in the development of chronic gastric inflammation, which is always 

present but often asymptomatic (Blaser 1990), and may progress to more severe 

diseases such as gastro-duodenal ulcers, gastric cancer and mucosa-associated lymphoid 

tissue (MALT) lymphoma (Nomura 1991, Parsonett 1991, Peek and Blaser 2002).  

Structural analysis of gastric biopsies colonised by H. pylori revealed that the bacteria 

were often surrounded by small spherical vesicles that resembled the bacterial outer 

membrane (Fiocca, Necchi et al. 1999). These were subsequently identified as outer 

membrane vesicles (OMVs), nano-sized spherical structures derived from the Gram-

negative bacterial membrane (Fiocca, Necchi et al. 1999). It has been known for over 40 

years that Gram-negative bacteria produce OMVs (Mashburn and Whiteley 2006), 

however, it is only recently that these vesicles have become the focus of intense 
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research. The shedding of vesicles is common to both Gram-negative and Gram-

positive (Lee, Choi et al. 2009) bacteria and occurs during active growth in almost any 

condition (Beveridge 1999, Peek and Blaser 2002). The biological roles of OMVs are 

many and varied, including toxin delivery (Kesty, Mason et al. 2004), transfer of 

virulence genes between bacteria (Yaron, Kolling et al. 2000) and modulation of the 

host response (reviewed in (Kuehn and Kesty 2005, Mashburn and Whiteley 2006)). 

 

1.2 OMVs: Bacterial membrane vesicles 

1.2.1 The bacterial cell envelope.   

In order to understand how OMVs are formed and released, we must understand the 

structure of the bacterial cell envelope. The Gram-negative cell envelope consists of an 

inner (IM) and an outer membrane (OM), separated by an aqueous layer of periplasm 

where the peptidoglycan (PG) layer resides (reviewed in (Bos, Robert et al. 2007)). The 

IM, which is in contact with both the cytoplasm and the periplasm, is composed 

predominantly of phospholipids and proteins. The OM separates the periplasm from the 

external environment and is composed of phospholipids, lipopolysaccharide (LPS), 

lipoproteins and outer membrane proteins (OMPs) (reviewed in (Ruiz, Kahne et al. 

2006)). Sandwiched between the IM and the OM is the periplasm, a viscous 

compartment containing soluble proteins and the PG layer. The PG layer, comprising 

glycan chains and oligopeptides, is in turn covalently linked to the OM via many 

associated proteins, including the highly abundant Braun’s lipoprotein (Braun 1975). 

OMVs represent one mechanism whereby Gram-negative bacteria release OM, OMPs, 

soluble proteins and periplasm into the external environment (Beveridge 1999). 
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1.2.2 Mechanisms of outer membrane vesicle biogenesis 

Interestingly, neither a naturally occurring, nor a mutant strain of any Gram negative 

bacterium has been found that does not produce OMVs (Kulp and Kuehn 2010), 

suggesting that vesicle formation is an essential and possibly conserved process. The 

precise mechanism by which Gram-negative bacteria form and release OMVs has yet to 

be defined, however, there are currently several hypotheses to explain the mechanism of 

vesicle biogenesis (reviewed in (Mashburn and Whiteley 2006)). (Figure. 1.1) 

 

Membrane bulging (Model 1) 

The model of OMV formation proposed by Wensink and Witholt in 1981 suggests that 

during normal growth, the OM of the bacterial cell wall may expand faster than the PG 

layer below. This subsequently may cause PG to detach from the OM at areas where the 

numbers of lipoprotein (Lpp) linkages are low. The membrane ‘bulges’ under pressure 

where it has detached from the PG, resulting in the eventual release of a spherical 

membrane vesicle (Wensink and Witholt 1981). This model was initially based on the 

observation that Escherichia coli OMVs contain only small amounts of Lpp, despite its 

high abundance in the bacterial outer membrane (Hoekstra, van der Laan et al. 1976, 

Wensink and Witholt 1981). In addition, many of the proteins that commonly associate 

with Lpp are absent or lacking in OMVs (Mashburn and Whiteley 2006). The authors 

therefore reasoned that OMVs may arise at areas of the membrane where Lpp is low or 

absent (Wensink and Witholt 1981). Further supporting this model is the observation 

that E. coli mutants lacking the outer membrane Lpp exhibit extensive vesicle formation 

(Sonntag, Schwarz et al. 1978). 
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Model 1

Model 2

Model 3

Lipoprotein

PG fragments

Mg2+

PQS-Mg2+

OM

PG
IM

OM

PG
IM

OM

PG
IM

Figure 1.1 Proposed models of outer membrane vesicle biogenesis. Model 1) The outer 

membrane (OM) expands faster than the inner membrane (IM), bulging at regions of fewer 

peptidoglycan (PG) to lipoprotein (Lpp) linkages, resulting in the release of outer membrane 

vesicles (OMVs). Model 2) PG fragments derived from cell wall turnover build up, exerting a 

turgor pressure on the OM leading to blebbing of the OM and release of OMVs. Model 3) The 

ionic interactions between PQS and Mg2+ in the OM enhance the anionic repulsion between the 

lipopolysaccharide (LPS) molecules in the membrane resulting in blebbing and OMV release 

(Mashburn and Whiteley 2006). 
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Bacterial cell wall turnover (Model 2) 

During normal growth many Gram-negative bacteria undergo cell wall turnover (Doyle, 

Chaloupka et al. 1988), wherein PG is excised from the cell wall and returned to the 

cytoplasm as muramyl peptides together with other cell wall turnover products (Goodell 

and Higgins 1987, Zhou, Srisatjaluk et al. 1998). A second model of vesicle biogenesis 

suggests that these cell wall turnover products are not effectively internalised by the 

cell, causing a build up at the surface that exerts a turgor pressure on the OM (Zhou, 

Srisatjaluk et al. 1998). If not alleviated, the membrane “bulges”, forming blebs that 

continue to grow until they detach and are released as OMVs (Zhou, Srisatjaluk et al. 

1998). Similar to the model proposed by Wensink and Witholt, the build up of PG is 

thought to occur in regions of the OM where there are fewer PG-Lpp linkages 

(Mashburn and Whiteley 2006). Supporting this theory is the observation that a 

component of PG and cell wall turnover product, muramic acid, is present within 

OMVs (Zhou, Srisatjaluk et al. 1998). Furthermore, over-expressed and misfolded 

proteins can be enriched in OMVs (McBroom and Kuehn 2007). These proteins could 

potentially gather under the surface of the OM, exerting pressure and causing membrane 

bulging and OMV release (Kadurugamuwa and Beveridge 1995, Horstman and Kuehn 

2000, McBroom and Kuehn 2007). Many studies have been performed whereby the PG-

OM links are disrupted through genetic mutation, resulting in mutant strains of bacteria 

that exhibit increased vesiculation (Sonntag, Schwarz et al. 1978, Bernadac, Gavioli et 

al. 1998, Llamas, Ramos et al. 2000, Cascales, Bernadac et al. 2002, Wessel, Liew et al. 

2012). However, fewer PG-OM links do not fully explain OMV biogenesis, as 

vesiculation can be increased without affecting membrane integrity (McBroom, Johnson 

et al. 2006). 
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LPS selection (Model 3) 

A third model of vesicle biogenesis relates more specifically to the formation of 

Pseudomonas aeruginosa OMVs. Most strains of P. aeruginosa possess two different 

forms of LPS which are chemically and immunologically distinct from one another; 

neutral charged A band LPS and negatively charged B band LPS (Rivera, Bruyan et al. 

1988). This third model of OMV production came about following the observation that 

OMVs from P. aeruginosa comprise predominantly negatively charged B-band LPS 

rather than the more neutral A-band LPS (Kadurugamuwa and Beveridge 1995). This 

led to the proposal that the electronegative charge of the B-band LPS causes an anionic 

repulsion resulting in membrane instability. Furthermore, Mg2+ and Ca2+ salt bridges 

exist in the OM that are important for neutralising the anionic repulsion between the 

two kinds of LPS molecules. Quinolone signal molecules, such as the Pseudomonas 

quinolone signal (PQS) released by P. aeruginosa, disrupt the Mg2+ and Ca2+ salt 

bridges in the OM thereby enhancing the anionic repulsion between the LPS and 

causing the membrane to curve outwards (Mashburn and Whiteley 2006, Mashburn-

Warren, Howe et al. 2008). This destabilisation of the membrane results in membrane 

blebbing and OMV production (Mashburn and Whiteley 2005). It is likely that OMVs 

formed in this manner also arise from regions of the membrane that have fewer PG-Lpp 

linkages (reviewed in (Mashburn and Whiteley 2006)).  

These three models are not mutually exclusive and each may contribute to vesicle 

biogenesis (Lee, Choi et al. 2008). Indeed, each model suggests that OMVs form at 

regions of the membrane where there are fewer PG-Lpp and OM linkages causing the 

integrity of the membrane to become weakened. A feature common to each of these 

models is that OMVs are formed when the pressure builds up forcing vesicle release. 

However, these models do not take into account the fact that OMVs are formed in a 
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variety of sizes, suggesting that there is no critical threshold of pressure forcing release 

(reviewed in (Kulp and Kuehn 2010)). Thus, the mechanisms of OMV biogenesis are 

likely to comprise a combination of many factors and remain a highly debated research 

topic.  

 

1.2.3 Composition of bacterial OMVs 

Bacterial OMVs are known to contain many of the proteins and lipids present in the 

outer membrane of the host bacterium. Indeed, a growing body of evidence suggests 

deoxyribonucleic acid (DNA), periplasmic and possibly cytoplasmic proteins, porins, 

phospholipids and a variety of toxins are also present within OMVs (Dorward, Garon et 

al. 1989, Horstman and Kuehn 2000, Kuehn and Kesty 2005, Lee, Choi et al. 2008). 

However, comparison of the bacterial OM and the OMV protein content of various 

strains of E. coli revealed that whilst the protein contents are similar, they are not 

identical (Horstman and Kuehn 2000). For example, the E. coli Lpp which is highly 

abundant in the OM, is found only in small proportions in secreted OMVs (Wensink 

and Witholt 1981). Similarly, whilst the outer membrane of P. aeruginosa contains 

primarily A-band LPS with smaller amounts of B-band LPS, OMVs contain 

predominantly B-band LPS (Kadurugamuwa and Beveridge 1995). Pathogenic bacteria 

also commonly incorporate virulence factors into their OMVs, such as the vacuolating 

cytotoxin A (VacA) of H. pylori (Fiocca, Necchi et al. 1999), the LPS-bound heat labile 

enterotoxin (LT) of enterotoxigenic E. coli (ETEC) (Horstman and Kuehn 2000) as well 

as a variety of adhesins, invasins and other enzymes (Lee, Choi et al. 2008). Indeed, 

Haurat et al. found that the human pathogen Porphorymonas gingivalis possesses a 

mechanism to selectively sort proteins into OMVs, providing an explanation for the 

relative abundance of virulence factors in OMVs when compared with the bacterial OM 
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(Haurat, Aduse-Opoku et al. 2011). Taken together, these studies suggest that OMV 

production is a regulated process rather than simply an artifact of bacterial growth and 

cell wall turnover. 

 

1.2.4 Factors affecting vesicle production and composition 

In addition to intrinsic bacterial factors, environmental and host factors can also 

influence vesicle production and composition (reviewed in (Kuehn and Kesty 2005)). 

Certain growth conditions, such as increased temperature (Katsui, Tsuchido et al. 1982), 

are known to have a major effect on vesiculation resulting in greater numbers of OMVs 

produced by the bacteria. An early study performed by Katsui et al. (Katsui, Tsuchido et 

al. 1982) involved heating the bacteria to 55°C and measuring the subsequent increase 

in OMV release. On the other hand, the formation of OMVs by the opportunistic 

pathogen Serratia marcescens, which is commonly found in soil and water, is 

significantly higher at lower environmental temperatures of 22 or 30°C compared to the 

physiological temperature of 37°C (McMahon, Castelli et al. 2012). Similarly, nutrient 

availability can affect bacterial vesiculation in different ways. In response to low 

nutrition, Lysobacter spp. up-regulates OMV production (Vasilyeva, Tsfasman et al. 

2009), whereas Pseudomonas fragi produces more OMVs when nutrients become 

readily available (Thomson, Naidu et al. 1985).  

Growth conditions can drastically alter not only the amount of OMVs produced, but 

also their composition. For example, when grown in iron limiting medium, H. pylori 

OMVs contain less VacA but more proteases than OMVs grown in standard media 

(Keenan and Allardyce 2000). When grown in the presence of the antibiotic gentamicin, 

OMV production by P. aeruginosa is increased three-fold. Moreover, the composition 

and characteristics of the OMVs produced are drastically altered compared with those 
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produced when the bacteria are grown in standard media (Kadurugamuwa and 

Beveridge 1995).  

Interestingly, no known alterations in growth conditions nor genetic manipulation result 

in an absence of OMV production, indicating that vesiculation is an essential process 

for bacteria (McBroom, Johnson et al. 2006). OMVs are naturally produced in small 

amounts (Henry, Pommier et al. 2004) and are therefore difficult to culture in large 

quantities for research purposes, such as vaccine development. One method of OMV 

purification commonly used for the production of OMV based vaccines involves 

treatment of the bacteria with a detergent, resulting in an increased number of vesicles 

(Ferrari, Garaguso et al. 2006). The increase in vesiculation is a result of bacterial lysis 

and whilst these DOMVs are immunogenic and are safe for use in vaccination, their 

protein content differs dramatically from naturally produced OMVs (Ferrari, Garaguso 

et al. 2006). Thus, the development of hyper-vesiculating bacteria through the use of 

genetic manipulation has been widely studied in several bacteria (Bernadac, Gavioli et 

al. 1998, Llamas, Ramos et al. 2000, Dubuisson, Vianney et al. 2005, Scorza, Doro et 

al. 2008, Yeh, Comolli et al. 2010), as detailed below.  

 

1.2.5 The role of the Tol-Pal system in OMV production 

Genetic manipulation has been used to examine the regulation of OMV production in 

several bacteria using different gene expression systems that result in increased 

vesiculation (Henry, Pommier et al. 2004). A feature common to the majority of these is 

the disruption of membrane integrity. The integrity of the Gram-negative cell wall relies 

on a structural link between the shape determining PG layer and the OM. The major 

lipoprotein Lpp, a particularly abundant OMP that is covalently bound to the PG layer 

(Cascales, Bernadac et al. 2002), provides such a link. When Lpp is disrupted or absent, 
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membrane integrity is deregulated resulting in increased vesiculation (Cascales, 

Bernadac et al. 2002). Similarly, a mutation in any of the genes that make up the Tol-

Pal system disrupts membrane integrity, increasing vesiculation by E. coli (Bernadac, 

Gavioli et al. 1998), Pseudomonas putida (Llamas, Ramos et al. 2000), Erwinia 

chrysanthemi (Dubuisson, Vianney et al. 2005) and Caulobacter crescentus (Yeh, 

Comolli et al. 2010). The Tol-Pal system (Figure 1.2) comprises five proteins: the IM 

proteins TolA, TolQ and TolR, a periplasmic protein TolB, and the PG associated 

lipoprotein (Pal), an OMP (Mizuno 1979, Cascales, Bernadac et al. 2002). The TolA-Q-

R proteins form a complex at the IM, with TolA and TolR anchored by a single 

transmembrane domain, and TolQ by three transmembrane segments (Bouveret, 

Derouiche et al. 1995, Henry, Pommier et al. 2004). The periplasmic TolB interacts 

with Pal, which is anchored to the OM and interacts directly with PG. The two 

complexes, TolA-Q-R and TolB-Pal, are linked through TolA-Pal and TolA-TolB 

interactions (Henry, Pommier et al. 2004). The precise function of each protein in the 

Tol-Pal system has not yet been fully elucidated, however, it is known that each plays a 

role in maintaining OM integrity, as a mutation in any of the tol-pal genes results in a 

loss of integrity and increase in OMV production (Bernadac, Gavioli et al. 1998).  

The tol-pal operon has been described in most Gram-negative bacteria and appears to be 

well conserved with some notable exceptions (Sturgis 2001). Interestingly bacteria that 

do not naturally encode the tol-pal genes: Treponema pallidum (Fraser, Norris et al. 

1998), Borrelia burgdorferi (Fraser, Casjens et al. 1997) and Rickettsia prowazekii 

(Andersson, Zomorodipour et al. 1998), produce OMVs and are obligate intracellular 

parasites. Their inherent membrane instability restricts their niche to osmotically stable 

environments, such as within host cells (Rooney 2003). Furthermore, those bacteria that 

encode only the tolQ and tolR genes, but none of the other genes within the cluster such 
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Figure 1.2: The Tol system of Gram-negative bacteria. The Tol system comprises five proteins: TolA, 

TolQ, TolR, TolB and Pal. TolA, Q and R form a protein complex at the inner membrane (IM). The 

periplasmic protein TolB interacts with Pal, which is anchored to the outer membrane (OM) and associated 

with the peptidoglycan layer. The two complexes are linked via interactions between TolA and Pal, and 

TolA and TolB. The Ton system comprises three proteins: ExbB, ExbD and TonB. The Tol and Ton systems 

share structural and functional similarities. (Adapted from (Gorringe and Pajón 2012))
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as Neisseria spp. (Tettelin, Saunders et al. 2000) and Porphorymonas spp. (Sturgis 

2001), naturally produce large quantities of OMVs due to their innate membrane 

instability (Dorward, Garon et al. 1989, Zhou, Srisatjaluk et al. 1998). Recently, pal and 

tolB homologues have been annotated in the genome sequence of H. pylori 26695 

(Tomb, White et al. 1997, Angelini, Cendron et al. 2008). Drawing on previous 

observations that mutations in the tol-pal genes of E. coli result in loss of membrane 

integrity and overproduction of OMVs, it is possible that similar mutations or loss of 

function of homologous genes in H. pylori will bring about a similar phenotype.  

 

1.2.6  Functions of bacterial OMVs 

Many independent studies have revealed that OMVs are utilised by bacteria for diverse 

functional roles, including DNA transfer (Dorward, Garon et al. 1989), establishment of 

a colonisation niche (reviewed in (Ünal, Schaar et al. 2010)), modulation of the host 

response (Srisatjaluk, Doyle et al. 1999, Srisatjaluk, Kotwal et al. 2002, Chatterjee and 

Chaudhuri 2013), transmission of virulence factors (Fiocca, Necchi et al. 1999, 

Lindmark, Rompikuntal et al. 2009, Kaparakis, Turnbull et al. 2010, Chatterjee and 

Chaudhuri 2011), as well as playing a direct role in bacterial competition and survival 

(Amano, Takeuchi et al. 2010, Manning and Kuehn 2011).  

 

Bacterial Survival – offence and defence 

Many bacteria have developed a diverse range of characteristics to help out compete 

other species for nutrients and space within a niche, thereby aiding survival. OMVs 

secreted by certain species of bacteria harbour antimicrobial activity, such as those from 

P. aeruginosa that contain a small protein with murein hydrolase activity that cleaves 

the covalent bonds of PG in other bacteria, causing bacterial lysis (Li, Clarke et al. 
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1998). This bactericidal activity has also been demonstrated for a variety of other 

bacterial OMVs, including those from Klebsiella, Proteus, Escherichia and Salmonella 

spp. (Li, Clarke et al. 1998). More recently, Myxococcus xanthus were also shown to 

secrete OMVs with bacteriolytic activity (Evans, Davey et al. 2012). The antimicrobial 

activity of OMVs is likely to aid pathogenic bacteria in out competing commensal 

bacteria in the local environment, as well as providing an immediate source of nutrients 

from the surrounding lysed bacteria (Mashburn and Whiteley 2006).  

OMVs have also been found to promote bacterial survival by providing a mechanism 

whereby damaged and unwanted proteins can be removed from the bacteria (McBroom 

and Kuehn 2007). One study demonstrated that when subject to OM damaging agents, a 

range of hyper-vesiculating E. coli mutants, including those lacking functional TolB 

and Pal proteins, demonstrated increased survival rates due to their ability to package 

misfolded proteins into OMVs, thereby reducing their damaging effects (McBroom and 

Kuehn 2007). Building on this, Manning and Kuehn found that hyper-vesiculating 

E. coli mutants were better able to survive treatment with anti-microbial peptides, or the 

T4 bacteriophage (Manning and Kuehn 2011). Furthermore, they found that even wild 

type E. coli strains exhibited increased survival in response to antimicrobial peptides or 

T4 phage when OMVs were added in conjunction. They postulated that OMVs 

contribute to bacterial defence and survival by adsorbing and neutralising 

environmental agents that act on the OM of bacteria (Manning and Kuehn 2011).  

 

Transfer of proteins, toxins and whole OMVs to host cells 

OMVs are proposed to act as intercellular ‘communicasomes’, mediating the transfer of 

a diverse range of molecules such as proteins, toxins and even whole vesicles to other 

bacteria or eukaryotic cells (reviewed in (Mashburn and Whiteley 2006)). Many Gram-
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negative bacteria express surface adhesion molecules that are also present within the 

membrane of the OMVs, allowing adhesion to host cells, thereby aiding in toxin and 

protein delivery. The LT of ETEC (Kuehn and Kesty 2005) is one such protein that acts 

not only as a toxin that is delivered to the host cell, but also as an adhesin (Horstman 

and Kuehn 2000, Kuehn and Kesty 2005). Internalisation of ETEC OMVs by epithelial 

cells depends on specific interactions between LT and its host cell surface receptor 

monosialotetrahexosylganglioside (GM1), leading to internalisation of the OMVs by 

cholesterol-dependent, lipid raft-mediated endocytosis (Kesty, Mason et al. 2004). 

Similarly, Fiocca et al. showed that H. pylori OMVs are internalised by gastric 

epithelial cells into cytoplasmic vacuoles that are part of the endosomal compartment of 

the cell, thereby delivering the VacA toxin to host cells (Sommi, Ricci et al. 1998). 

Diverse Gram-negative bacteria exploit OMVs for the delivery of toxins, some of which 

are particularly abundant in OMVs and may be more active than the native toxin 

(reviewed in (Kuehn and Kesty 2005)). More recently, Gram-positive bacteria have 

been found to secrete MVs, and not surprisingly, MVs derived from Staphylococcus 

aureus (Gurung, Moon et al. 2011) and Bacillus anthracis (Rivera, Cordero et al. 2010) 

were found to deliver toxins to macrophages, resulting in cell death.  

 

1.2.7 OMVS and host cell entry 

The delivery of toxins and bacterial components to host cells via OMVs has been well 

researched, however, the precise mechanisms whereby OMVs deliver these components 

is not well understood. There are numerous pathways by which extracellular particles 

can gain entry to non phagocytic epithelial cells, the most common of which are 

macropinocytosis (Lewis 1931), clathrin-dependent and caveolin-dependent endocytosis 

(reviewed in (Mayor and Pagano 2007)) (Figure 1.3). Macropinocytosis is an actin-
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Figure 1.3: Pathways of entry at the cell surface. There are multiple pathways by which 

extracellular particles can gain entry into host cells. The three main mechanisms are 

macropinocytosis, clathrin-dependent and caveolin-dependent endocytosis. Macropinocytosis is 

actin dependent and pinocytic vesicles can be up to 10 mm in diameter. Clathrin-dependent 

endocytosis involves the internalisation of cargo within clathrin-coated pits, which may be up to 

200 nm in diameter. Caveolin dependent endocytosis occurs via the internalisation of 60-80 nm 

caveolae pits, however larger particles may enter via this mechanism.
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mediated process involving cytoskeletal rearrangement resulting in membrane ruffling. 

These membrane ruffles extend outwards from the cell and join at their distal margins, 

engulfing extracellular fluid (Hewlett, Prescott et al. 1994). Macropinocytic vesicles are 

> 0.2 µm in diameter and can be as large as 10 µm (Hewlett, Prescott et al. 1994). Their 

relatively large size allows cells to non selectively internalise large particles and large 

quantities of extracellular material (Watts and Marsh 1992). Indeed, numerous 

pathogens, including bacteria, viruses and even protozoa, are known to gain entry into 

host cells via macropinocytosis (summarised in (Lim and Gleeson 2011)). Clathrin-

dependent endocytosis occurs via the uptake into the cell of extracellular material 

within clathrin coated vesicles (Pearse 1976), with internalised material delivered to 

early endosomes for sorting (reviewed in (McMahon and Boucrot 2011)). Clathrin 

coated vesicles differ vastly in size, depending upon the material being endocytosed 

(Ehrlich, Boll et al. 2004). The observed upper limit in size is approximately 200 nm 

and larger cargoes are not taken up by this mechanism (Cureton, Massol et al. 2009). 

Caveolin-dependent endocytosis occurs through internalisation of 60-80 nm flask 

shaped caveolae pits at the cell surface (Palade 1953, Yamada 1955, Stan 2005). 

Despite the small size of caveolae pits, bacterial pathogens much larger than 80 nm can 

enter cells via caveolin dependent endocytosis (Shin, Gao et al. 2000). Notably, the 

small GTPase dynamin, plays an essential role in both clathrin and caveolin dependent 

endocytosis (Hinshaw and Schmid 1995, Henley, Krueger et al. 1998, Oh, McIntosh et 

al. 1998, Sweitzer and Hinshaw 1998). The internalisation of OMVs by host cells has 

been demonstrated for OMVs from a wide range of pathogens, however the reported 

mechanisms vary and include: fusion with the host cell plasma membrane, 

macropinocytosis, clathrin- and caveolin-dependent endocytosis. Given the discrepancy 

in the reported mechanisms of OMV cellular entry (summarised in Table 1.1), and their 
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interest and current usage in OMV based vaccines, there exists a need to understand 

precisely how OMVs gain entry into host cells. Demuth et al. labelled OMVs from 

Aggregatibacter actinomycetemcomitans with a lipid tracking dye to demonstrate that 

upon interaction with host cells, the dye was transferred to the cytoplasmic membrane 

of the host cells, indicating that the vesicles were either associating with, or fusing with 

the membrane (Demuth, James et al. 2003). Similarly, P. aeruginosa OMVs have been 

suggested to fuse with host cell membranes via lipid rafts to deliver multiple virulence 

factors to the host cell cytoplasm (Kadurugamuwa and Beveridge 1996, Kadurugamuwa 

and Beveridge 1999, Bomberger, Maceachran et al. 2009). In fact, cholesterol rich lipid 

rafts appear to be essential for the uptake of OMVs from many bacteria, including 

E. coli (Kesty, Mason et al. 2004), Neisseria gonorrhoeae, H. pylori (Kaparakis, 

Turnbull et al. 2010), P. gingivalis (Furuta, Tsuda et al. 2009) and 

Moraxella. catarrhalis (Schaar, de Vries et al. 2010). However, the reported 

mechanisms differ, with some OMVs appearing to enter via receptor mediated 

endocytosis (Kesty, Mason et al. 2004, Furuta, Takeuchi et al. 2009, Furuta, Tsuda et al. 

2009, Schaar, de Vries et al. 2010, Chatterjee and Chaudhuri 2011), whereas others 

enter via fusion (Garcia-del Portillo, Stein et al. 1997, Demuth, James et al. 2003, 

Galka, Wai et al. 2008, Bomberger, Maceachran et al. 2009) or lipid raft dependent 

(Kaparakis, Turnbull et al. 2010) or independent mechanisms (Parker, Chitcholtan et al. 

2010). In fact, confusing the area further are reports proposing conflicting modes of 

entry for OMVs derived from the same bacteria. These include: H. pylori OMVs, for 

which two independent studies reported lipid raft dependency (Kaparakis, Turnbull et 

al. 2010) and independency (Parker, Chitcholtan et al. 2010), respectively; and 

P. gingivalis, for which one study reported clathrin and caveolin independent entry 

(Furuta, Tsuda et al. 2009), whereas another reported and caveolin-dependent 
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endocytosis (Tsuda, Amano et al. 2005). Interestingly, it has been proposed that vesicle 

size plays a crucial role in directing the mechanism of host cell entry and therefore, the 

intracellular trafficking and fate of internalised particles (Brewer, Pollock et al. 2004). 

As OMVs are produced in a wide range of sizes, it is possible that particle size plays a 

role in directing the preferential mode of host cell entry. The contrasting mechanisms of 

entry reported in these diverse studies (summarised in Table 1.1) highlight the need for 

further research if we are to understand their roles in host cell interactions and their 

contribution to bacterial pathogenesis.  

 

1.2.8 OMVs and modulation of the host immune response 

OMVs from several pathogenic bacteria are known to contain immunogenic proteins 

which are recognised by host immune cells (Hynes, Keenan et al. 2005, Roier, Leitner 

et al. 2012, Chatterjee and Chaudhuri 2013) and may act in immunomodulatory or 

stimulatory manners. OMVs derived from P. aeruginosa and H. pylori are able to 

induce production of the chemokine interleukin-8 (IL-8) by lung and gastric epithelial 

cells, respectively (Ismail, Hampton et al. 2003, Bauman and Kuehn 2006). Similarly, 

the endotoxin LPS, a major component of many OMVs (Hynes, Keenan et al. 2005, 

Lee, Choi et al. 2008, Roier, Leitner et al. 2012), is recognised by Toll-like receptor-4 

(TLR-4) leading to the production of pro inflammatory cytokines such as interleukin-1β 

(IL-1β) and interleukin-6 (IL-6) (Zhao, Deng et al. 2013). OMVs may also aid in 

bacterial colonisation by helping the bacteria to escape host immune surveillance. For 

example, N. gonorrhoeae OMVs have been proposed to act as decoys, attracting 

immune cells that would otherwise recognise the whole bacteria, thereby avoiding 

detection themselves (Pettit and Judd 1992).  
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Certain bacteria have also been shown to package proteins within their OMVs that 

mediate immune suppression. To this end, M. catarrhalis incorporates the UspA1/A2 

virulence factors into its OMVs. These proteins are able to bind the complement protein 

C3, thereby counteracting the complement cascade (Tan, Morgelin et al. 2007). 

Interestingly, M. catarrhalis and H. infuenzae are commonly co-isolated from patients 

with respiratory tract infections and Tan et al. found that the M. catarrhalis OMVs 

containing UspA1/A2 promoted the survival of both M. catarrhalis and H. influenzae, 

demonstrating that pathogens can co-operate to enhance survival (Tan, Morgelin et al. 

2007). P. gingivalis OMVs are highly pro-inflammatory, inducing the expression of the 

adhesion molecules intracellular adhesion molecule-1 (ICAM-1) and E-selectin, thereby 

facilitating the migration of immune cells, such as neutrophils, into the affected area 

(Srisatjaluk, Doyle et al. 1999, Srisatjaluk, Kotwal et al. 2002). Concurrently, they are 

able to significantly inhibit interferon-γ (IFN-γ) dependent synthesis of major 

histocompatability complex (MHC) Class II molecules, which play a crucial role in the 

activation of the adaptive immune system (Srisatjaluk, Doyle et al. 1999). Conversely, 

infection with H. pylori is known to induce the expression of human leukocyte antigen 

(HLA) Class II molecules (the human equivalent of MHC), but not ICAM-1, in gastric 

epithelium (Engstrand, Scheynius et al. 1989). Therefore OMVs from a range of 

bacteria are able to act in both immunomodulatory and stimulatory manners. 

 

1.2.9 OMVs and vaccination  

Bacterial OMVs have long been recognised for their potential as vaccine candidates, 

particularly as the composition of OMVs largely reflects that of the bacterium and 

therefore tend to be enriched in many immunogenic OMPs (Schild, Nelson et al. 2008). 

A large number of independent studies have shown that immunisation with OMVs from 
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a wide range of bacteria induce protective immune responses (Keenan, Day et al. 2000, 

Alaniz, Deatherage et al. 2007). One such study by Schild et al. investigated the 

potential of V. cholerae OMVs as a vaccine candidate, concluding that in a murine 

model, immunisation with OMVs resulted in long-term protection against V. cholerae 

(Schild, Nelson et al. 2008). Furthermore, by incorporating the E. coli periplasmic 

alkaline phosphatase (PhoA) protein into V. cholerae OMVs, they showed that an 

immune response could be generated against PhoA following vaccination with these 

OMVs (Schild, Nelson et al. 2008). In a similar study, Chen and colleagues engineered 

E. coli OMVs to express green fluorescent protein (GFP) and demonstrated a strong 

anti-GFP antibody response from mice immunised with these OMVs (Chen, Osterrieder 

et al. 2010). Currently, there are several N. meningitidis OMV-based vaccines licensed 

for use in humans (Haneberg, Dalseg et al. 1998, Saunders, Shoemaker et al. 1999). 

Very recently, a new multicomponent OMV-based vaccine designed to provide 

protection against N. meningitidis has been licensed for use (Gorringe and Pajón 2012).  

OMVs derived from H. pylori are known to contain several immunogenic proteins, 

including pro-inflammatory porin proteins (Keenan, Day et al. 2000), Lpp20 (Keenan, 

Oliaro et al. 2000) and VacA (Fiocca, Necchi et al. 1999). Intragastric immunisation of 

mice with H. pylori OMVs in the presence of an adjuvant, the cholera holotoxin, 

showed promising results with the induction of a protective immunoglobulin (Ig) G 

response (Keenan, Oliaro et al. 2000). Furthermore, the conserved and 

immunodominant antigen Lpp20 was identified as the specific target of these protective 

antibodies (Keenan, Oliaro et al. 2000), suggesting that this antigen may be a good 

candidate for use in vaccination. Moreover, work previously performed in our 

laboratory demonstrated that H. pylori OMVs were capable of inducing pro-

inflammatory cytokines and bacterial specific antibodies, when delivered to mice 
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(Kaparakis, Turnbull et al. 2010). These studies highlight the potential use of OMVs in 

vaccination, not only for the bacteria from which the OMVs are derived, but also as 

engineered delivery systems for foreign antigens.  

 

1.3 Exosomes: Eukaryotic cell membrane vesicles 

 

The secretion of vesicles is a conserved cellular process that occurs not only in 

prokaryotes, but also in eukaryotes (Lee, Choi et al. 2008). One family of extracellular 

membrane vesicles released by host cells are known as exosomes, small vesicles of 

endocytic origin that are secreted by almost all cell types (Johnstone, Adam et al. 1987). 

Originally discovered in reticulocytes (Johnstone, Adam et al. 1987), exosomes have 

since been shown to be released by a variety of cell types of both hematopoietic and 

non-hematopoietic origins, including B cells, dendritic cells (DCs) and intestinal 

epithelial cells (IECs) (Raposo, Nijman et al. 1996, Zitvogel, Regnault et al. 1998, van 

Niel, Raposo et al. 2001). Recent studies suggest that exosomes may play a role in 

immune regulation (Thery, Duban et al. 2002), protein secretion (Johnstone, Mathew et 

al. 1991) and the intracellular transfer of molecules, such as RNA (Valadi, Ekstrom et 

al. 2007) and infectious agents (Izquierdo-Useros, Naranjo-Gómez et al. 2009). Of 

particular interest are the immune regulatory and antigen presenting capabilities of 

exosomes. Thus their potential applications in cancer immunotherapy (Zitvogel, 

Regnault et al. 1998, Escudier, Dorval et al. 2005) and vaccination (Beauvillain, Juste et 

al. 2009, Schnitzer, Berzel et al. 2010).  
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1.3.1 Protein and lipid composition of exosomes 

Playing an important role in the formation and release of exosomes are multivesicular 

bodies (MVB), membrane enclosed organelles within eukaryotic cells that are part of 

the endocytic pathway (van Deurs, Holm et al. 1993). MVBs are important for the 

degradation of damaged and unwanted proteins, which are specifically sorted into 

MVBs for delivery to lysosomes where they are degraded. Alternatively, the inward 

budding of MVBs results in the formation of intraluminal vesicles (ILV) that are 

released into the extracellular environment as exosomes following fusion of the MVB 

membrane with the host cell plasma membrane (reviewed in (Piper and Katzmann 

2007)) (Figure 1.4). During the formation of ILVs a variety of membrane proteins and 

lipids are incorporated into the membrane, maintaining similar protein and lipid profiles 

to those of the host cell (van Niel, Porto-Carreiro et al. 2006, Schorey and Bhatnagar 

2008). Some protein classes common to most exosomes of different cellular origins are: 

adhesion proteins, such as integrins and ICAM-1 (Thery, Boussac et al. 2001, Mears, 

Craven et al. 2004); cytoskeletal components, such as actin and the annexin proteins 

(Thery, Boussac et al. 2001); and the heat shock proteins Hsp70 and Hsp90, which 

facilitate peptide loading onto MHC Class I and II molecules (Gastpar, Gehrmann et al. 

2005). Exosomes also possess proteins and lipids that are specific to the cell type from 

which they were derived. For example, exosomes released from intestinal epithelial 

cells contain both MHC Class I and II molecules, or HLA Class I and II molecules 

(from mouse or human origin respectively) and the epithelial specific marker A33 (van 

Niel, Raposo et al. 2001, Buning, von Smolinski et al. 2008) (Figure 1.5). 
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Figure 1.4: The release of exosomes from eukaryotic cells. Antigens are internalised (1) at the 

cell surface, for example within clathrin coated vesicles (CCV), and delivered to early 

endosomes (2). Early endosomes mature into multivesicular endosomes (MVE) containing 

intraluminal vesicles (ILV) that are formed by inward invagination of the membrane of MVB 

(3). In the degradation pathway MVBs fuse with lysosomes (4). Alternatively, MVBs fuse with 

the plasma membrane (5) and ILVs are released into the extracellular environment as exosomes 

(6). Microvesicles are similar in appearance to exosomes however they bud directly from the 

plasma membrane (7), (Adapted from (Raposo and Stoorvogel 2013)).  
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Figure 1.5: Proteins and molecules associated with epithelial cell derived exosomes. 

Some molecules such as MHC (or HLA) Class I and Class II, CD63 and cytoskeletal proteins 

are ubiquitously expressed in both apical and basolateral exosomes. Basolateral specific 

molecules include co-stimulatory molecules for antigen presentation, whereas apical 

exosomes carry molecules such as syntaxin 3. Electron micrograph of apical (a) and 

basolateral (b) exosomes derived from human T84 intestinal epithelial cells. (van Niel and 

Heyman 2002).  
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1.3.2 Biological functions of exosomes 

Since their discovery, exosomes have been recognised for their clinical importance in 

disease and their potential in immunotherapy (Thery, Duban et al. 2002). Moreover, 

secreted exosomes are biologically active and are important for a variety of cellular 

pathways. Some of these are listed below.   

 

Protein secretion 

Exosomes were initially identified as a means to remove misfolded, overproduced or 

obsolete proteins from the cell (Johnstone, Adam et al. 1987), similar to the release of 

OMVs containing misfolded proteins by Gram-negative bacteria (McBroom and Kuehn 

2007). This was first noticed in maturing reticulocytes that utilised exosomes for 

clearance of proteins, such as acetylcholinesterase and transferrin receptors that are no 

longer required (Johnstone, Adam et al. 1987) 

Immune surveillance  

Pathogens that are located primarily in an intracellular niche, such as Chlamydia 

trachomatis, Mycobacterium spp. and viruses, have a limited exposure of surface 

antigens to host effector cells compared to extracellular pathogens, such as H. pylori 

(Giles and Wyrick 2008, Schorey and Bhatnagar 2008). Work by Beatty et al. regarding 

Mycobacterium bovis infected macrophages led to the hypothesis that exosomes 

released by infected cells contain pathogen associated molecular patterns (PAMPs). 

Furthermore, mycobacterial PAMPs, such as lipoarabinomannan (LAM) and 

phosphatidyl-myo-inositol mannosides (PIM), were associated with early and late 

endosomes and MVB within mycobacterial-infected macrophages (Beatty, Rhoades et 

al. 2000). Subsequent studies confirmed that mycobacterial components were indeed 

released from mycobacterial-infected cells via exosomes (Rhoades, Hsu et al. 2003, 
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Bhatnagar and Schorey 2007). In addition, these exosomes were shown to have a pro-

inflammatory effect on resting uninfected macrophages via interactions with TLR-2 and 

TLR-4, thereby assisting in the activation of innate immune responses (Bhatnagar and 

Schorey 2007). This antigen presenting function of exosomes is not limited to exosomes 

originating from Mycobacterial-infected cells. Indeed, macrophages infected with 

Salmonella typhimurium or Toxoplama gondii were found to release exosomes that 

contained PAMPs (Bhatnagar, Shinagawa et al. 2007). These exosomes were capable of 

stimulating TLR dependent pro-inflammatory responses from uninfected macrophages 

(Bhatnagar, Shinagawa et al. 2007). Collectively, these results demonstrate the ability of 

exosomes to participate in immune surveillance and induce pro-inflammatory host 

immune responses. Internalised H. pylori OMVs are thought to enter the endocytic 

pathway and it was suggested by Fiocca et al. that antigens derived from these 

internalised OMVs may move through the gastric epithelial monolayer to the lamina 

propria (Fiocca, Necchi et al. 1999). It is therefore possible that exosomes containing 

OMV-derived proteins may be released from gastric epithelial cells that have 

internalised OMVs, in a similar manner to release of antigen bearing exosomes from 

M. bovis infected macrophages. (Figure 1.6). 

Antigen Presentation 

Exosomes released from a variety of cell types are capable of antigen presentation 

(Schorey and Bhatnagar 2008). Proteins such as MHC Class II accumulate in the MVBs 

of antigen presenting cells (APCs), such as B cells and DCs, giving rise to a specialised 

subset of MVBs known as MHC II-enriched compartments (MIICs) (Piper and 

Katzmann 2007, Buning, von Smolinski et al. 2008). Antigen processing and 

subsequent peptide loading into MHC Class II molecules occurs in MIICs and similar 

compartments (Harding and Geuze 1993). A study by Raposo et al. revealed that in B 
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Figure 1.6: The production and release of exosomes containing extracellular 

peptides. Antigens are internalised at the apical surface of IECs and processed 

into early endosomes (1). These mature into multivesicular bodies (MVB) (2). 

Intraluminal vesicles (ILV) are formed by inward invagination of the membrane 

of MVBs (3). The MVB membrane fuses with the cell membrane releasing the 

ILVs into the extracellular environment where they are known as exosomes (4). 

Exosomes containing extracellular peptides may then then interact with antigen 

presenting cells (APCs) to activate CD4+ T cells (5).  
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cells, the membrane of MIICs can fuse with the plasma membrane to release peptide 

bound MHC Class II enriched exosomes. Furthermore, B cell derived exosomes were 

able to present peptides to CD4+ T cells resulting in peptide specific MHC Class II 

restricted responses (Raposo, Nijman et al. 1996). Since this pioneering study, a vast 

array of data has emerged supporting the hypothesis that exosomes can act as antigen 

presenting vesicles. One such study showed that DC derived exosomes display both 

MHC class I and MHC class II molecules, as well as the co-stimulatory molecules B7-1 

and B7-2 required for T cell activation. Furthermore, these exosomes were capable of 

activating naïve CD4+ T cells in an antigen specific manner (Thery, Duban et al. 2002). 

Human gastric epithelial cells are also known to express both HLA lass I and Class II, 

as well the co-stimulatory molecules required for T cell activation (Ye, Barrera et al. 

1997), indicating a possible role in antigen presentation for exosomes released by these 

cells.  

 

1.3.3 Epithelial cell derived exosomes and the immune system 

IECs are known as non-professional APCs, however, they do express the key molecules 

required for antigen processing and presentation, including MHC Class I and II, 

invariant chain, HLA-DM, B7.1 and B7.2 (van Niel and Heyman 2002, Lin, Almqvist 

et al. 2005, Hundorfean, Zimmer et al. 2007). Interestingly, both HLA Class I and Class 

II molecules in IEC are located predominantly within late endosomes and on the 

basolateral membrane of IEC in human biopsy specimens (Hundorfean, Zimmer et al. 

2007). IECs have been shown to secrete exosomes from both the apical and basolateral 

surfaces. However, basolateral exosomes tend to display a higher percentage of HLA 

Class II molecules than do apical exosomes, most likely due to the distribution of these 

molecules in IECs (Mallegol, van Niel et al. 2005, Hundorfean, Zimmer et al. 2007). In 
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addition, the surface proteins expressed by IEC derived exosomes differ depending on 

the site of release. Surface molecules such as the A33 antigen are found predominantly 

on exosomes released from the basolateral surface of IECs, whereas exosomes released 

from the apical surface are rich in syntaxin 3 and CD26, which are expressed on the 

apical surface of IECs (Mallegol, van Niel et al. 2005). 

IECs serve as a physical barrier between the host and the external environment and are 

perfectly situated to sample luminal antigens (Buning, von Smolinski et al. 2008). 

However, they have a limited interaction with CD4+ T cells in the intestinal lumen due 

to the presence of the basement membrane (van Niel and Heyman 2002). It has been 

hypothesised that exosomes released by IECs function as an antigen delivery system to 

the underlying immune cells. It is interesting to note that the expression of HLA Class II 

molecules, as well as the co-stimulatory molecule B7-2, are up regulated in IECs during 

infection with H. pylori (Engstrand, Scheynius et al. 1989, Krauss-Etschmann, Gruber 

et al. 2005). Moreover, it is known that HLA Class II expression is increased in 

response to IFN-γ (Ye, Barrera et al. 1997, Sommer, Faller et al. 1998), which is present 

in abundance during infection with H. pylori (Sommer, Faller et al. 1998). Importantly, 

exosomes derived from IECs grown in the presence of IFN-γ show a marked increase in 

peptide loaded MHC Class II expression, allowing them to activate CD4+ T cells (van 

Niel, Mallegol et al. 2003).  

These data, when coupled with the knowledge that H. pylori OMVs are internalised by 

epithelial cells (Fiocca, Necchi et al. 1999, Kaparakis, Turnbull et al. 2010, Parker, 

Chitcholtan et al. 2010), have led us to hypothesise that epithelial cells may present 

antigens derived from internalised OMVs in complex with HLA Class II to CD4+ T 

cells. Furthermore, as exosomes have antigen-presenting capabilities, it is reasonable to 
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hypothesise that epithelial cell derived exosomes may also present H. pylori OMV/ 

HLA Class II peptide complexes to CD4+ T cells. 

Given that H. pylori OMVs resemble the bacterial outer membrane, studies on the host 

immune responses to these particles will help us understand the immune response to 

H. pylori.  

 

1.4 H. pylori and the host immune response 

H. pylori infection is usually acquired during childhood and despite active innate and 

adaptive immune responses, the bacterium usually persists in the gastric mucosa 

(reviewed in (Salama, Hartung et al. 2013)). It is therefore believed that H. pylori 

bacteria are somehow able to dampen the host immune response. Initial colonisation of 

the gastric mucosa by H. pylori requires the activity of a variety of virulence factors, 

including urease activity (Tsuda, Karita et al. 1994) and motility (Ottemann and 

Lowenthal 2002), which allow the bacteria to rapidly escape the acid environment of 

the stomach and penetrate the mucus layer to reach the epithelial cell surface (reviewed 

in (Salama, Hartung et al. 2013)). Having penetrated the mucus layer, the outer 

membrane proteins BabA and BabB (Guruge, Falk et al. 1998, Ilver, Arnqvist et al. 

1998), together with other adhesins, mediate adhesion to the gastric epithelium, 

allowing the bacteria to come into contact with host gastric epithelial cells.  

 

1.4.1 Innate immune defence and cytokine production 

The first line of defence against H. pylori infection are the gastric epithelial cells and 

the innate immune cells that reside nearby. The innate detection of pathogens by these 

cells occurs via the detection of PAMPs by pattern recognition receptors (PRRs). TLRs 

are some of the most widely understood PRRs and detect diverse PAMPs, such as LPS 
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(via TLR4), lipoproteins (via TLR2) and flagellin (via TLR5) (reviewed in (Akira, 

Takeda et al. 2001)). H. pylori has evolved to evade detection by TLR4/5 through 

modifications to its Lipid A (Pérez-Pérez, Shepherd et al. 1995, Moran, Lindner et al. 

1997, Cullen, Giles et al. 2011) and flagellin subunits, respectively (Gewirtz, Yu et al. 

2004). TLRs are not the only PRRs known to play a role in H. pylori innate immune 

recognition and defence. H. pylori PG, which can be delivered into the host cell by 

either the type 4 secretion system (T4SS) (Viala, Chaput et al. 2004) or via OMVs 

(Kaparakis, Turnbull et al. 2010), is recognised intracellularly by the PRR Nucleotide-

binding Oligomerization Domain 1 (NOD1). This recognition results in Nuclear Factor-

κB (NF-κB) translocation and the subsequent production and secretion of the chemo 

attractant IL-8 (Viala, Chaput et al. 2004) which causes the influx of neutrophils and 

other immune mediators. The production of certain cytokines is strongly increased 

during H. pylori infection; in particular, increased levels of IFN-γ, IL-6, tumour necrosis 

factor-α (TNF-α), IL-1β and IL-10 are found in the gastric mucosa of infected 

individuals (Yamaoka, Kita et al. 1997, Harris, Smythies et al. 2000). Interestingly, IL-6 

acts as a link between the innate and adaptive immune systems, by promoting 

neutrophil activation (Borish, Rosenbaum et al. 1989), stimulating antibody production 

by B cells (Yoshizaki, Nakagawa et al. 1984) and modulating T cell differentiation 

(reviewed in (Dienz and Rincon 2009)). 

 

1.4.2 Adaptive Immune defence 

H. pylori is also known to manipulate the host adaptive immune response, particularly 

through the actions of the VacA toxin. A seminal study performed by Haas and 

colleagues revealed that VacA was able to inhibit T cell proliferation, via the induction 

of cell cycle arrest (Gebert, Fischer et al. 2003). Not long after this discovery, Cover et 
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al. expanded on this work to show that VacA in fact suppressed interleukin-2 (IL-2) 

dependent cell cycle progression in a manner that did not affect IL-2 secretion nor IL-2 

dependant cell survival (Sundrud, Torres et al. 2004). H. pylori can also inhibit T cell 

proliferation through the secretion of γ-glutamyl transpeptidase (GGT), which similarly 

arrests cell cycle progression, independent of VacA (Gerhard, Schmees et al. 2005, 

Schmees, Prinz et al. 2007). Interestingly, H. pylori is able to promote the 

differentiation of naïve T cells into regulatory T (Treg) cells (Oertli, Noben et al. 2013). 

This process is mediated by DCs that have been exposed to H. pylori and have thereby 

been reprogrammed to induce tolerance through the actions of VacA and GGT (Oertli, 

Noben et al. 2013). Treg cells accrue in the gastric mucosa of H. pylori infected 

individuals where they are able to suppress H. pylori specific memory T cell responses 

(Lundgren, Suri-Payer et al. 2003, Lundgren, Trollmo et al. 2005) (Figure 1.7) 

 

1.5 Aims of this study 

H. pylori is one of many Gram-negative pathogens that utilise naturally produced 

OMVs to deliver virulence factors to host cells. Immunisation studies with OMVs have 

yielded some positive results, indicating that OMVs may function as a useful tool for 

the generation of vaccines. However, OMVs are produced only in small amounts during 

normal growth and thus their purification is laborious. Therefore, the development of a 

method to obtain large volumes of OMVs for research purposes is highly desirable. The 

first aim of this study was to generate and characterise hyper-vesiculating strains of 

H. pylori that could then be used for further studies, thereby also aiding our 

understanding of OMV biogenesis in H. pylori.  

In order to develop OMVs as vaccine carriers, we also need to understand more about 

the basic aspects of their biology; specifically, their mode of cellular entry and 
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Figure 1.7: Interplay between Helicobacter pylori and the host immune response. H. pylori 

binds to gastric epithelial cells through BabA, BabB and other adhesins (1). Strains that carry the 

cagPAI can deliver CagA and PG into the host cell via the T4SS (2). PG is recognised by 

intracellular NOD1 leading to the secretion of IL-8 and subsequent PMN infiltration into the 

gastric	
�     mucosa	
�     (3).	
�     Pro-inflammatory	
�     cytokines	
�     IL-6,	
�     TNF-α,	
�     IL-12	
�     and	
�     IL-1β,	
�     and	
�     the	
�    

anti-inflammatory cytokine IL-10 are secreted into the gastric mucosa (4). H. pylori inhibits T 

cell activation and IL-2 signalling through the actions of VacA and GGT (5). (Adapted from 

(Monack, Mueller et al. 2004)). 
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intracellular fate. Many studies exist regarding the mode of OMV cellular entry, 

however, these studies are contradictory and to date the precise mechanism(s) of entry 

are still unknown. The second aim of the current study was to determine the precise 

mode of OMV internalisation. Moreover, we wished to determine the role of inherent 

factors, such as size and protein composition of OMVs, in directing the mechanism of 

OMV cellular entry. Internalised H. pylori OMVs are thought to enter the endocytic 

pathway, where they may be processed within the cell and packaged into epithelial cell 

derived exosomes. Interestingly, IECs have been shown to secrete exosomes that 

participate in antigen presentation and immune cell signalling via the presentation of  

peptide loaded MHC Class II molecules. Given this evidence, the third aim of this study 

was to determine whether H. pylori OMVs were processed intracellularly into secreted 

exosomes. Furthermore we wished to determine if exosomes containing OMV proteins 

could interact with immune cells, thereby potentiating presentation of OMV proteins to 

T cells.   

Collectively, these studies will enhance our knowledge of H. pylori OMV production, 

internalisation by host cells and the development of adaptive immune responses. Further 

expanding our understanding of the precise mechanisms whereby OMVs enter host cells 

to induce the development of an immune response will greatly aid in OMV based 

vaccine design and provide us with a greater understanding of the contribution of 

OMVs to H. pylori pathogenesis.  
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Chapter 2: Increased outer membrane vesicle formation in 

Helicobacter pylori tolB and pal mutants. 

 

2.1 Summary 

OMVs released by Gram-negative bacteria are highly immunogenic (Ismail, Hampton 

et al. 2003, Kaparakis, Turnbull et al. 2010), inexpensive to produce and easy to 

transport. For these reasons, they are attractive candidates in the development of 

acellular vaccines. However, OMVs are naturally produced in small quantities (Henry, 

Pommier et al. 2004) and the culture of sufficient volumes for research purposes is 

laborious.  

Previous work performed in our laboratory demonstrated that OMVs from H. pylori are 

potent inducers of both innate and adaptive immune responses (Kaparakis, Turnbull et 

al. 2010). Interestingly, several proteins found within H. pylori OMVs have been 

identified as potential vaccine candidates (Keenan, Oliaro et al. 2000, Godlewska, 

Pawlowski et al. 2008). Despite the potent effects of H. pylori OMVs on the host 

immune system, little is currently known regarding OMV formation in this pathogen.  

Although the precise mechanism of OMV formation in Gram-negative bacteria has yet 

to be defined, the disruption of bacterial membrane integrity through the mutation of 

certain genes results in a marked increase in vesiculation (Bernadac, Gavioli et al. 

1998). The best characterised of these are the genes within the tol-pal cluster. This 

cluster contains 5-7 genes, encoding proteins that are important for maintaining cell 

membrane integrity in bacteria (Sturgis 2001). Importantly, the tol-pal cluster is 

conserved across most Gram-negative organisms, including H. pylori, which was 
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reported to share homologues of E. coli tolB and pal (Sturgis 2001).  Nothing is known, 

however, regarding the roles of TolB and Pal in this bacterial pathogen. 

The following experiments were designed to investigate the functions of the TolB and 

Pal proteins in H. pylori membrane integrity and OMV formation.  A secondary aim of 

the work was to generate hyper-vesiculating H. pylori strains that could ultimately be 

used in the development of a vaccine against this bacterial pathogen.  

 55



 

 

2.2 Declaration for thesis chapter 2 

 
Declaration by candidate 
 
In the case of Chapter 2, the nature and extent of my contribution to the work was the 
following: 
 
Nature of contribution Extent 

of contribution (%) 
My contribution included project conceptualisation and 
experimental design. In addition I performed all experiments, 
interpreted data and undertook the majority of the writing.  
 

90 

 
The following co-authors contributed to the work. If co-authors are students at Monash 
University, the extent of their contribution in percentage terms must be stated: 
 
Name Nature of contribution Extent of 

contribution (%) 
for  
student co-authors 
only 

Judyta Praszkier Assisted with molecular biology 
techniques, experimental design and 
manuscript editing 

 

Melanie L Hutton Assisted molecular biology experiments  
David Steer Performed Proteomic analysis  
Georg Ramm Assisted with electron microscopy 

experiments 
 

Maria Kaparakis-
Liaskos 

Project conceptualisation, data 
interpretation and manuscript editing 

 

Richard L Ferrero Project conceptualisation, data 
interpretation and manuscript editing 

 

 
The undersigned hereby certify that the above declaration correctly reflects the nature 
and extent of the candidate’s and co-authors’ contributions to this work*.  
 
Candidate’s Signature 

 
Date 
10/02/2104 

 
Main 
Supervisor’s Signatur
e  

Date  
10/02/2014 

 

 

 56



 

 

 

 

 

 

 

 

 

 

 

2.2 Manuscript: Increased outer membrane vesicle  

formation in H. pylori 

 

 

 

 

 

 

 

 

 57



! !

TITLE:  Increased outer membrane vesicle formation in Helicobacter pylori 

tolB and pal mutants.  

 

RUNNING TITLE:  Increased OMV release in H. pylori tolB-pal mutants. 

 

 

AUTHORS: 

Lorinda Turner1, Judyta Praszkier1, Melanie L. Hutton1, *, David Steer2, Georg Ramm3, Maria 

Kaparakis-Liaskos1 and Richard L. Ferrero1#. 

 

 

AFFILIATIONS: 

1 Centre for Innate Immunity and Infectious Diseases, Monash Institute of Medical Research, 

Monash University, Clayton, Victoria, Australia 

2 Monash Biomedical Proteomics Facility, Monash University, Clayton, Victoria, Australia 

3 Monash Micro Imaging, Monash Institute of Medical Research, Monash University, Clayton, 

Victoria, Australia 

* Current address: the Department of Microbiology, Monash University, Clayton, Victoria, 

Australia 

 

 

# CORRESPONDENCE: 

Associate Professor Richard L. Ferrero  

 58



! !

Abstract 

The tol-pal gene cluster in Escherichia coli encodes proteins playing important roles in the 

maintenance of bacterial cell membrane integrity and the formation of outer membrane 

vesicles (OMVs).  Although the functions of the Tol-Pal system have been extensively studied 

in non-pathogenic Gram-negative bacteria, much less is known about analogous systems in 

pathogenic organisms.  This study investigated the role of two key components of the Tol-Pal 

system (Tol, Pal) in cell morphology and OMV formation in the gastric pathogen, 

Helicobacter pylori.  H. pylori ΔtolB and Δpal bacteria exhibited aberrant cell morphology 

and/or flagella biosynthesis, consistent with perturbations in cell wall integrity. Importantly, 

we found that the disruption of either H. pylori tolB or pal, but not both genes, resulted in 

>600- and 22-fold increases, respectively, in the amounts of OMVs released (P < 0.001 and 

P < 0.005, respectively).  The massively increased levels of OMV production by the tolB 

mutant were consistent with its extensive blebbing, as observed by scanning electron 

microscopy.  OMVs from H. pylori ΔtolB and Δpal bacteria harbored many of the major outer 

membrane and virulence proteins observed in wild-type OMVs.  Interestingly, OMVs purified 

from ΔtolB, Δpal and ΔtolBpal mutants induced significantly higher levels of IL-8 production 

in gastric epithelial cells, when compared with wild-type OMVs (P < 0.05).  Complementation 

of the mutants resulted in bacteria producing OMVs with similar IL-8-inducing activities to 

those of wild-type OMVs.  Together, this work identifies the important roles of TolB and Pal 

in H. pylori membrane integrity and OMV formation.  
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Introduction 

Outer membrane vesicles (OMVs) are nanosized lipid vesicles secreted by a diverse range of 

Gram-negative bacteria. These vesicles have been shown to contain DNA, proteins, lipids, 

peptidoglycan and toxins (reviewed in (1)). Secreted OMVs play many roles during infection, 

including helping to establish a colonization niche (2) and transmission of toxins and virulence 

factors to host cells (3). Importantly, OMVs have been implicated as mediators of various 

types of responses by the host immune system, including the production of pro-inflammatory 

cytokines (4), activation of antigen presenting cells (APCs) and the induction of B and T cell 

responses (5). OMVs are highly immunogenic (4), inexpensive to produce, very stable and 

easy to transport. For these reasons, OMVs are attractive candidates for vaccine study and 

development. Indeed, OMVs form the basis of several licensed vaccines, as well as other 

vaccines currently under development (6-8). However, only small quantities of OMVs are 

produced naturally during normal bacterial growth and the culture of sufficiently large volumes 

is labor intensive. Therefore, the development of a method to isolate large quantities of 

immunogenic OMVs with ease is highly desirable.  

The precise mechanism of OMV formation has yet to be defined and is likely to differ 

depending on the bacterium. Nevertheless, it is commonly thought that vesicles form when the 

outer membrane of the bacterium bulges and pinches off (reviewed in (1)). The structure and 

integrity of the cell membrane is known to be an important factor in the release of OMVs (9). 

Indeed, it is well established that defects in a range of proteins involved in maintaining the 

structural integrity of the membrane result in increased vesiculation (10-12). The best 

characterized of these proteins are encoded by a gene cluster, known as tol-pal, comprising 5-7 

genes. This gene cluster is conserved across most Gram-negative organisms (13). In 

Escherichia coli, the five proteins of the Tol-Pal system comprise three inner membrane 

proteins (TolA, TolQ and TolR) and a periplasmic protein (TolB), which interacts with an 
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outer membrane protein, peptidoglycan associated lipoprotein (Pal) (14). The Tol-Pal proteins 

are linked via TolA-Pal (15) and TolA-TolB (16) interactions. It was reported that the 

disruption of any of the genes within the tol-pal cluster resulted in increased vesiculation in 

E  coli (9, 10), Caulobacter crescentus (17), Erwinia chrysanthemi (18) and Pseudomonas 

putida (19). In addition, the disruption of these genes was shown to result in other 

abnormalities in the bacterium, including a reduction in the kinetics of bacterial growth (18, 

20), changes in motility (18), decreased virulence (18, 20), as well as altered cell morphology 

(17, 18) and division (17, 18, 21). The functions of the Tol-Pal system have been studied in 

many non-pathogenic bacteria, yet the roles of these proteins in pathogenic organisms are less 

clear.  

Although homologs of the E. coli tolB (HP1126) and pal (HP1125) genes were annotated in 

the genome of the gastric pathogen, Helicobacter pylori (22), no homologs for tolR, tolQ or 

tolA were found (22), suggesting that there may be some differences with respect to the 

classical functions of the proteins encoded by the tol-pal cluster in E. coli (Fig.1). Moreover, 

the functional roles of TolB and Pal proteins in H. pylori cell wall biology are unknown. 

Therefore, the major aim of the current study was to investigate the roles of the TolB and Pal 

proteins in OMV formation in H. pylori, a bacterium lacking a conventional Tol-Pal system. A 

secondary aim of the work was to generate hyper-vesiculating H. pylori strains. As H. pylori 

OMVs were shown to be highly immunogenic (4, 23), it may be possible to use such strains to 

develop an OMV-based vaccine against infections caused by this bacterial pathogen.  

Here we demonstrate that genetic disruption of either the H. pylori tolB or pal genes 

resulted in significant morphological changes in the mutant bacteria. Importantly, we found 

that the disruption of either of the H. pylori tolB or pal genes severely affected membrane 

integrity, as evidenced by >600- and 22-fold increases, respectively, in the amounts of OMVs 

released by the respective mutants. This work establishes for the first time the importance of 
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the Tol-Pal cluster in cell membrane integrity and OMV formation in the gastric pathogen, 

H. pylori.   
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Materials and Methods  

Bacterial strains, plasmids, culture media and growth conditions 

Bacterial strains used and generated in this study are listed in Table S1 in the supplemental 

material. H. pylori strains were routinely cultured on horse blood agar (HBA) base No. 2 

(Oxoid, Hampshire, UK), supplemented with 8% horse blood, or in Brain Heart Infusion broth 

(BHI, Bacto™ Brain Heart Infusion (Becton Dickinson and Company, Sparks, USA) 

supplemented with 10% (v/v) fetal calf serum (FCS). Skirrow’s selective supplement was 

added to both media, as described previously (24). Mutant H. pylori strains were cultured on 

HBA supplemented with apramycin (30 µg/ml; Sigma) or chloramphenicol (25 µg/ml; Sigma), 

as appropriate. E. coli strains were cultured on Luria-Bertani agar or in Luria-Bertani broth, 

supplemented with apramycin (30 µg/ml) or chloramphenicol (25 µg/ml) as necessary. 

H. pylori strains were passaged twice on HBA plates prior to inoculation into BHI liquid broth 

for 16 hours. Cells were harvested into BHI liquid broth and inocula standardized to an A600 of 

0.05. To monitor bacterial growth over time, cultures were dispensed into individual flasks for 

incubation for 8 or 16 hours in a microaerobic environment at 37 °C with shaking at 120 rpm. 

Bacterial growth was followed by measuring absorbance at A600 at 0, 8 and 16 hours. Viable 

counts (CFU per ml) were determined on HBA plates after 3-5 days of incubation, as described 

previously (25).  The average generation time over a 16 hour time period was calculated as 

described by Willey et al. (26).  

Molecular Biology Techniques 

Genomic and plasmid DNA were purified using the Purelink™ Genomic DNA mini kit (Life 

Technologies, Ca, USA) and Purelink™ HiPure Plasmid Filter Midiprep kit (Life 

Technologies, Germany), respectively. PCR products were directly purified using the 

Purelink® PCR Purification kit (Invitrogen™). Alternatively, PCR products were 
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electrophoresed using 1.2% (w/v) agarose (Amresco) gels and then purified using the 

PureLink® Quick Gel Extraction Kit (Invitrogen™). Sequences of the oligonucleotides used in 

the study are listed in Table S2 in the supplemental material. Restriction endonuclease 

digestions and ligations with T4 DNA ligase were performed as per standard procedures 

described by Sambrook et al. (27) using reagents purchased from New England Biolabs.  

H. pylori mutagenesis 

DNA fragments were amplified from H. pylori 26695 genomic DNA using GoTaq® Flexi 

DNA polymerase (Promega, WI. USA) with the primers LT1 and LT2 for tolB, and LT1 and 

LT4 for tolBpal. PCR products were purified and ligated into pGEM® T-Easy (Promega) as 

per the manufacturer’s instructions. DNA was amplified from the appropriate pGEM® T-Easy 

constructs by inverse PCR (Failsafe™ PCR System; Epicentre) using primers LT7 and LT8 for 

tolB and LT7 and LT10 for tolBpal, resulting in insertion of KpnI and BamHI restriction 

endonuclease sites at position 1191346 and 1191273, respectively, of the tolB sequence and 

position 1191346 and 1190439, respectively, of the tolBpal sequence. The gentamicin 

resistance cassette (GmR) was excised from the pUC1813apra vector (28) by restriction 

digestion using BamHI and KpnI (New England Biolabs). Purified Failsafe PCR products were 

digested with BamHI and KpnI and ligated to the GmR cassette. Plasmid DNA was 

transformed into rubidium chloride competent E. coli DH5α, generating plasmids pLTtolB and 

pLTtolBpal. The correct integration of the GmR cassette into the plasmids was confirmed by 

PCR and sequence analysis using the following primer pairs: for pLTtolB, LT2/LT6 and 

LT1/LT5; for pLTtolBpal, LT2/LT6 and LT3/LT5. 

Isogenic H. pylori ΔtolB and ΔtolBpal mutants were generated by natural transformation 

(29) and selected on HBA plates containing apramycin (30 µg/ml) and glycine betaine (10mM; 

Sigma). Chromosomal integration of the cassette was confirmed by PCR and sequence analysis 
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of genomic DNA using the following primer pairs: (for H. pylori ΔtolB) LT2/LT6 and 

LT1/LT5; (for H. pylori ΔtolBpal) LT2/LT6 and LT3/LT5. 

H. pylori Δpal mutants were constructed using the Gateway® Cloning System (Invitrogen, 

CA, USA). The 5’ (1190712-1190452) and 3’ (1190440-1190173) regions of HP1125 were 

amplified from H. pylori 26695 using primer pairs LT11/LT12 and LT13/LT14, respectively. 

Primers GmB4rF and GmB3rR were used to amplify the GmR cassette from the pUC1813apra 

vector. Using BP recombination, the 5’ region of HP1125, GmR cassette and 3’ region of 

HP1125 were inserted into the entry clones pDONR (P1, P4), pDONR (P4r, P3r) and pDONR 

(P3, P2), respectively, and transformed into OneShot®Mach1™T1R cells. The correct 

integration of PCR amplicons into each of the plasmids was confirmed by sequence analysis 

using the M13F and M13R primer pair. Insert DNA from all three entry clones were 

recombined into the pDEST17 destination vector using LR Clonase® II enzyme mix and 

transformed into OneShot®Mach1™T1R cells. The plasmid was designated pDESTPal and 

correct insertion confirmed by sequence analysis using the T7 promoter and T7 terminator 

primer pair. All reagents, plasmids and bacterial strains were purchased from Life 

Technologies. pDESTPal plasmid was transformed into E. coli DH5α, plasmid DNA was 

purified and used to transform H. pylori. H. pylori Δpal mutants were generated by natural 

transformation and selected on HBA plates containing apramycin (30 µg/ml) and 10 mM 

glycine betaine. Chromosomal integration of the cassette was confirmed by PCR and 

sequencing using primers LT3/LT4.  

Construction of pJPF3 

The 5’ (L) and 3’ (R) regions of rdxA were amplified from H. pylori SS1 using primers 

rdxA.1F/rdxa.1R and rdxa.rF/rdxArR, respectively. The CATgc cassette was amplified from 

pHel2 (30), using primers CATgc.F and CATgc.R. All three PCR reactions were performed 

 65



! !

using Phusion® High-Fidelity DNA Polymerase (New England biolabs). Purified PCR 

amplicons and an oligonucleotide containing multiple cloning site (rdxA-MCS-CATgc) were 

joined by Splicing Overlap Extension (SOE)-PCR, using primers rdxA.1F! and! rdxA.rR! and!

Platinum® Taq DNA Polymerase High Fidelity (Life Technologies™). The resulting rdxA(L)-

MCS- CATgc-rdxA(R) fragment was purified by agarose gel electrophoresis and cloned into 

pGEMT-easy. This pGEMT-easy recombinant plasmid was designated pJPF3.  

Complementation of H. pylori ΔtolB, Δpal and ΔtolBpal mutants  

Gene complementation was initially attempted using the strong ureA H. pylori promoter to 

drive gene expression (31). Despite numerous attempts, however, no constructs were obtained. 

We therefore altered our strategy by using the putative native promoters for both tolB and pal 

(Fig. 1), identified from the transcriptome studies of Sharma et al. (32). Thus, a region of 

HP1130 that was postulated to contain the native promoter for the exbD-HP1128-HP1127-tolB 

operon (32) was amplified from H. pylori 26695 using primers HP1130.F/HP1130.R. The tolB 

and pal genes, including the ribosome binding site of tolB, were amplified from H. pylori 

26695 in a single fragment using primers HP1126.F/LT13R. PCR amplicons were joined by 

SOE-PCR, digested with BamHI and KpnI and ligated to BamHI/KpnI- digested  pJPF3 vector 

to give rise to plasmid pJPFTolBPal+, which was used to complement H. pylori ΔtolBpal. 

pJPFTolBPal+ was used as a template to amplify the DNA fragment containing the exbD 

promoter region and tolB, using primers HP1130F/139.TolBR. The PCR amplicon was 

digested with BamHI and KpnI and ligated to the pJPF3 vector to generate pJPFTolB+. All the 

above PCRs were performed using Phusion® High-Fidelity DNA Polymerase. 

Construction of a plasmid to complement pal involved the use of SOE-PCR to join a DNA 

fragment containing the exbD promoter region, amplified from H. pylori 26695 using primers 

HP1130F/141.HP1130R, to a DNA fragment carrying the intact pal gene, including its 

predicted promoter (32), amplified using primers 141.PalF/LT13R. This HP1130-pal DNA 
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fragment was digested with BamHI and KpnI, and inserted into the BamHI/KpnI site of pJPF3, 

to produce pJPFPal+.  

H. pylori ΔtolB, Δpal and ΔtolBpal mutants were complemented by electroporation of the 

appropriate pJPF3 derivative, followed by selection on HBA plates containing 

chloramphenicol (25 µg/ml). The chloramphenicol resistant transformants were screened by 

PCR and sequence analysis to confirm the insertion of the tol/pal-CmR fragment into the rdxA 

locus (33). The following primer pairs were used: for ΔtolB (tolB+), LT1/LT15 and 

LT2/HP0953.R; for Δpal (pal+), LT15/LT3 and LT4/HP0953.R; for ΔtolBpal (tolBpal+), 

LT1/LT15 and LT4/HP0953.R. 

Electroporation of H. pylori. 

Briefly, H. pylori bacteria cultured for 24 hours on HBA plates were washed twice in ice-cold 

15% (v/v) glycerol/9% (v/v) sucrose solution and resuspended in the glycerol/sucrose solution. 

500ng plasmid DNA, freshly dialyzed against H2O, was added to 50 µl aliquots of the 

H. pylori cell suspensions. DNA/cell mixtures were transferred to pre-chilled 0.2 cm cuvettes 

(BioRad, Australia) and pulsed in a Gene Pulser Xcell™ (BioRad, Australia) (34) set at 25 µF, 

2.5 kV and 200 Ω with a pulse time of 6-7 milliseconds. Transformants were recovered on 

HBA for 16 hours at 37 °C and then selected using HBA supplemented with chloramphenicol 

(25 µg/ml) and incubated a further 5 days at 37 °C. 

RNA isolation and quantitative real time-polymerase chain reaction (qRT-PCR) 

H. pylori 251 and isogenic mutants were grown until log phase of growth (16 hours) and RNA 

was purified from bacteria using the Purelink RNA mini kit (Invitrogen), as per manufacturer’s 

instructions for bacterial RNA isolation. To remove contaminating DNA, RNA was 

Deoxyribonuclease (DNAse) treated using the Turbo DNA free kit (Ambion, VIC, Australia). 

RNA (500 ng) was reverse transcribed using SuperScript III and random hexamers 
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(Invitrogen). Primers for the genes encoding the proteins Pal (qHP1125 F5 and qHP1125 R5), 

TolB (qHP1126 F3 and qHP1126 R3) and UvrC (uvrC F and uvrcR) are listed in table S2. 

Reaction mixes (final volume 10 µl) consisted of 20 ng cDNA, 5 µl SYBR Green buffer and 

0.1 µM each primer. qRT-PCR gene expression analyses were performed in triplicate using a 

7900HT Fast Real-Time PCR system (Applied Biosystems). The relative changes in gene 

expression were determined using the ΔΔCt method (35) and normalised to the uvrC gene (36). 

Data acquisition and analyses were performed using the Sequence Detection System v2.3 

software (Applied Biosystems).  

Production of OMVs 

Bacteria were cultured in BHI supplemented with 0.6 % (w/v) β-cyclodextrin (Sigma-Aldrich, 

MO, USA) with shaking at 120 rpm for 17 hours at 37°C under micro aerobic conditions. 

OMVs were obtained from cultures as described previously (4).  

Cell co-culture assays 

Human gastric adenocarcinoma (AGS) cells were routinely cultured using RPMI supplemented 

with 10% (v/v) FCS. Cells were seeded at a density of 1 x 105 cells per ml in 12 well plates 

(Becton Dickinson Labware, NY, USA) (37). Media was replaced with serum free media for 

12 hours prior to stimulation with either H. pylori (multiplicity of infection (MOI) = 10:1) or 

OMVs (50 µg per ml), for 24 hours. IL-8 levels in the supernatants were determined using the 

BD OptEIA human IL-8 ELISA kit according to the manufacturer’s instructions.  

Quantification of OMV production 

H. pylori mutant and wild-type strains were grown in 10 ml cultures of BHI supplemented with 

10% FCS, with shaking at 120 rpm for 17 hours at 37°C under micro aerobic conditions. 

Bacterial free supernatants were filtered using 0.22 µm PES filters (Corning Incorporated, NY, 

USA). OMVs were washed with 30 mL PBS and concentrated to a final volume of 800 µl 
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using Amicon YM-10 columns (Millipore Ireland Ltd., Cork, Ireland). Ninety-six well plates 

(Nunc Maxisorb) were coated overnight at 4°C with either OMVs that had been serially diluted 

in coating buffer (0.1M NaHCO3, 0.1M Na2CO3 (BDH Chemicals Australia)), or a standard 

curve of known concentrations of H. pylori 251 OMVs. Plates were blocked using 5% skim 

milk (w/v) in PBS and OMVs were detected using rabbit anti-H. pylori OMV antibodies 

(diluted 1/8000) (4), goat anti-Rabbit IgG (H&L) (1/2000; Chemicon International, CA, USA) 

and streptavidin HRP conjugate (1/2000; BD Biosciences, CA, USA). ELISAs were developed 

using BD OptEIA TMB substrate reagent (BD Biosciences) and read on a FLUOstar Optima 

micro plate reader (BMG Labtech).  

Scanning Electron Microscopy (SEM) 

H. pylori strains grown overnight in BHI broth were pelleted at 1000 x g for 10 minutes at 4°C. 

Bacteria were resuspended in 100 µl 4% glutaraldehyde and 8 % paraformaldehyde in 0.1 M 

sodium cacodylate buffer using wide bore tips. Bacteria were allowed to adhere to Therminox 

12mm cover slips for 2 hours at room temperature and then 4°C overnight. Samples were 

washed twice with 0.1 M sodium cacodylate and dehydrated with 50%, 70%, 90%, 95% and 

100% ethanol for 5 minutes each. Samples were then dehydrated 3 times with 100% absolute 

ethanol for 10 minutes. Samples were further dehydrated with Ethanol: HMDS solution at 2:1, 

1:1 and 1:2 for 5 minutes each, prior to two washes with undiluted HMDS. After drying, 

samples were mounted in stubs and spatter coated with gold palladium.  All reagents were 

purchased from Prositech (USA). Images were taken with a Hitachi S-570 with a lab6 filament 

and images captured using Spectrum software.  

Transmission electron microscopy (TEM) 

OMVs from each strain were mixed 1:1 with 4% (w/v) paraformaldehyde, adhered to Formvar 

coated carbon grids and contrasted with 4% (w/v) uranyl-acetate pH 4.0 in 0.1 M oxalic acid. 

Samples were embedded in a solution of 9 parts 4% (v/v) uranyl acetate and 1 part 2 % (v/v) 
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methylcellulose. All reagents were from Prositech (USA). Samples were viewed using a 

Hitachi H.7-7500 transmission electron microscope at 70K x view and images captured using 

Digital micrograph™ 1.71.38 (Gatan Inc.). Image analysis was performed using ImageJ v1.47k 

(National Institutes of Health, USA).  

Proteomic analyses 

OMV (20 µg) samples prepared in PBS with protease inhibitors (Complete Protease Inhibitor 

cocktail tablets; Roche) were reduced in 2.5 nM DTT at 60°C for 30 minutes. This was 

followed by alkylation with 10 mM iodacetamide for 30 minutes and digestion with 0.5 µg 

trypsin (Promega corp., Madison, WI, USA) in 20 mM ammonium bicarbonate at 37°C 

overnight. Tryptic digests were analyzed by LC-MS/MS using the QExactive mass 

spectrometer (Thermo Scientific, Bremen, Germany) coupled online with an RSLC nano 

HPLC (Ultimate 3000, Thermo Scientific, Bremen, Germany). Samples were injected onto a 

PepMap100 2cm trap column with loading buffer (2% acetonitrile, 0.1% formic acid) at a flow 

rate of 15µl per minute. Peptides were eluted and separated with a Thermo RSLC PepMap100, 

75µm id, 100Ǻ pore size, reverse phased nano column with a 30 minute gradient of 90% buffer 

A (0.01% formic acid) to 30% buffer B (80% acetonitrile, 0.1% formic acid) in 20 minutes and 

then to 40% buffer B, to a complete 30 minute gradient, at a flow rate of 300 nl/minute. The 

eluant was nebulized and ionized using a Thermo nano electrospray source with a distal coated 

fused silica emitter (New Objective, Woburn, MA, USA) with a capillary voltage of 1900V. 

Peptides were selected for MS/MS analysis in Full MS/dd-MS2 (TopN) mode with the 

following parameter settings: TopN 10, resolution 17500, MSMS AGC target 1e5, 60ms Max 

IT, NCE 27 and 3 m/z isolation window. Under fill ratio was at 10% and dynamic exclusion 

was set to 15 seconds. Data was processed using Proteome Discoverer V1.4 (Thermo Fisher 

Scientific) and searched against a customized database downloaded from the National Centre 

for Biotechnology Information (NCBI) ftp site using the MS Amanda search engine. The 
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following search parameters were used: missed cleavages, 1; peptide mass tolerance, ± 15 

ppm; peptide fragment tolerance, ± 0.2 Da; peptide charge, 2+, 3+ and 4+; static modifications, 

carbamidomethyl; Dynamic modification, oxidation (Met). Low and medium confidence 

peptides were filtered with at least 0.02 FDR (high confidence). 

Statistical analyses 

All analyses were performed using Graphpad Prism version 6.0c. ELISA experiments and 

OMV size experiments were analyzed by Student’s t-test. Error bars indicate the means + 

standard deviation (SD). Differences were considered significant when *P<0.05.  
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Results 

The tol-pal cluster in H. pylori 

The tol-pal system in E. coli is comprised of two operons, orf1 tolQRA and orf2 tolB pal (13, 

38) (Fig. 1A). A putative tol-pal cluster has been identified in H. pylori (13, 22, 39), however, 

it seems to be organized differently to that of E. coli and other Gram-negative bacteria (Fig. 

1B). Indeed, although H. pylori homologs of E. coli tolB and pal were identified (HP1126 and 

HP1125, respectively), an H. pylori homolog of tolA was not found (13, 22, 39). Furthermore, 

in place of tolA, H. pylori possesses two coding regions (HP1127 and HP1128), with no 

known homologs in the databases. The H. pylori tol-pal cluster also contains two coding 

sequences (HP1130 and HP1129) that were originally annotated as exbB and exbD, but which 

have since been suggested to be homologs of tolQ and tolR, respectively (13, 22, 39) (Fig. 1B). 

The H. pylori tol-pal gene cluster is also very different to that of E. coli at the transcriptional 

level (40), comprising three transcriptional units: HP1137-HP1130, containing exbB 

(HP1130); HP1129–HP1126, containing exbD (HP1129) and tolB (HP1126); HP1125-

HP1123, containing pal (HP1125) (Fig. 1B). The presence of three transcriptional units is 

based on the data from a genome-wide transcriptomic analysis of H. pylori by Sharma et al. 

(32).  

At the protein level, BLAST analyses revealed the deduced sequences of H. pylori TolB 

(HP1126) and Pal (HP1125) proteins to share 19% and 38% identity, respectively, with E. coli 

TolB and Pal (Fig. 1C). H. pylori ExbB and ExbD share 43% and 29% identity with E. coli 

TolQ and TolR, respectively. Finally, H. pylori HP1124 was shown to share 28% identity with 

another component of the E. coli Tol-Pal system, YbgF, which is known to interact with TolA 

in the bacterial periplasm (41, 42) (Fig. 1C). Taken together, the H. pylori tol-pal cluster 

differs from the canonical clusters found in the Gram-negative bacteria belonging to the 

gamma class of proteobacteria, such as E. coli and Pseudomonas aeruginosa. In order to gain 

 72



! !

the first information on the Tol-Pal system of H. pylori, an epsilonproteobacteria,, we chose to 

focus our study on HP1126 and HP1125. These proteins were unambiguously annotated as 

counterparts of E. coli TolB and Pal, respectively, two proteins shown to be important for E. 

coli membrane integrity and OMV formation (10-12). To this end, we constructed H. pylori 

ΔtolB, Δpal and ΔtolBpal mutants, as well as strains in which each of the defects had been 

repaired by complementation. 

H. pylori tolB-pal mutants exhibit similar growth to the wild-type strain 

Given that tolB-pal mutations have been shown to result in lower growth rates in some Gram-

negative bacteria (18), we first examined the growth in broth culture medium of the H. pylori 

ΔtolB, Δpal and ΔtolBpal mutants compared with the isogenic wild-type strain. The H. pylori 

wild-type, ΔtolB and Δpal mutants all grew at similar rates (Fig. 2A). H. pylori ΔtolB and 

ΔtolB (tolB+) bacteria started at lower bacterial densities than the other strains, but exhibited 

similar increases in growth and doubling times to those of the wild-type strain (data not 

shown). This is likely due to the extreme clumping nature of the ΔtolB and ΔtolB (tolB+) 

strains (data not shown), making the correct enumeration of cells within the starting inoculum 

very difficult. Nevertheless, the mean generation time measured over 16 hours was similar for 

all strains, and no significant differences were observed, indicating that increases in measured 

growth over 16 hours are similar for all strains (Fig. 2B). In contrast to other Gram-negative 

bacteria, the loss of functional TolB and/or Pal does not significantly affect the growth of 

H. pylori.   

H. pylori ΔtolB-pal mutants exhibit morphological defects  

Previous work has demonstrated that the mutation of Tol-Pal proteins in Gram-negative 

bacteria results in profound morphological alterations (17, 18). Consistent with this 

observation, the H. pylori Δtol-pal mutants each displayed morphological defects when 
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compared with the characteristic spiral morphology and flagellated forms of wild-type 

H. pylori bacteria (Fig. 3A). Specifically, the ΔtolB mutant (Fig. 3B) was slightly shorter than 

the wild-type and lacked fully formed flagella. In addition, the membrane integrity was 

severely disrupted, with the cells exhibiting extensive blebbing (Fig. 3). The Δpal mutant (Fig. 

3D) similarly appeared shorter and more rod-like in shape, when compared with the wild-type, 

but unlike ΔtolB bacteria, had multiple flagella. Interestingly, the ΔtolBpal double mutant (Fig. 

3F) appeared similar in morphology to the wild-type, showing the characteristic spiral shape, 

however, no flagella were apparent and the bacteria appeared to have a cell division defect 

(Fig. 3). ΔtolB(tolB+), Δpal(pal+), and ΔtolBpal(tolBpal+) complemented mutants displayed a 

spiral morphology, similar to that of the wild-type strain, however, all appeared to be lacking 

flagella (Fig. 3C, E, G). Thus, disruption of tolB and/or pal in H. pylori was shown to result in 

aberrant cell morphology and/or flagella biosynthesis consistent with perturbations in cell wall 

integrity.  

H. pylori ΔtolB and Δpal bacteria produce more OMVs than the wild-type strain 

We next determined whether the morphological changes observed in the H. pylori ΔtolB-pal 

mutants resulted in increased outer membrane vesiculation, by assessing the levels of OMV 

production in each strain using an ELISA-based method (Fig. 4). In agreement with the SEM 

data (Fig. 3B. C), the ΔtolB and Δpal mutants produced > 600-fold (317 pg/CFU) and 22-fold 

(11 pg/CFU) more OMVs, respectively, than the wild-type strain (0.5 pg/CFU) (Fig. 4; P < 

0.001 and P < 0.005, respectively). In contrast, the amounts of OMVs produced by the 

ΔtolBpal mutant were not significantly different to those of the wild-type bacteria, a finding 

also consistent with the more normal looking morphology of the mutant (Fig. 3G). 

Complementation of the Δpal, but not the ΔtolB mutant, restored OMV production to wild-type 
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levels (Fig. 4). Taken together, these data demonstrate that disruption of H. pylori tolB or pal 

results in hyper-vesiculating bacteria.  

 

The protein content of H. pylori ΔtolB-pal OMVs is very similar to that of wild-type 

bacteria.  

In order to gain more information regarding the OMVs from H. pylori ΔtolB-pal mutants, we 

performed LC-MS/MS analyses on the OMVs derived from wild-type and Δtol-pal mutant 

strains. From this work, it was possible to unambiguously identify 47 proteins as being present 

in the OMVs purified from the wild-type and each of the mutant strains (Table 1; see also 

Table S3 in the supplemental material). Many of these proteins were either outer-membrane or 

hypothetical proteins. Amongst this group of proteins were the BabA/B and SabA adhesins, an 

OMV-associated vaccine candidate (Lpp20 (23)), virulence factors (HpaA, carbonic 

anhydrase, HtrA and CagD), as well as enzymes involved in disulfide bond breakage or 

formation (disulfide isomerase, DsbC) .  

TolB was only detected within OMVs produced by the wild-type strain, Δpal (pal+) and 

ΔtolB (tolB+) bacteria (Table S3 in the supplemental material). The absence of TolB from Δpal 

OMVs is consistent with the fact that the interaction of this periplasmic protein with the outer 

membrane is dependent upon interactions with Pal (43). Pal was only detected in the Δpal 

(pal+) OMVs, but not in the OMVs produced by any of the other strains, including wild-type 

bacteria (Table S3 in the supplemental material). We speculate that Pal may be present in small 

amounts and thus could only be detected when over-expressed in the H. pylori pal (pal+) 

bacteria. 

Interestingly, eight proteins were identified as being absent from the OMVs purified from 

H. pylori Δpal and ΔtolBpal bacteria, and three of these proteins were also absent in OMVs of 

ΔtolB mutant (Table 2). Of particular note, cytochrome c551 peroxidase was absent from 
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OMVs purified from all mutants lacking a functional Pal, whereas a plasminogen-binding 

protein (PgbB) was absent from those isolated from bacteria lacking both Tol and Pal. Both of 

these proteins were detected in the OMVs from the ΔtolBpal (tolBpal+) bacteria. As H. pylori 

was previously shown to release OMVs of varying sizes that also differed in their protein 

compositions (4, 44), we examined by TEM the OMVs purified from the wild-type and mutant 

strains. These were found to display similar sizes, with the majority (60% and 70%, 

respectively) of the OMVs being in the size range of 50-75 nm (Supplemental Fig. 1). Taken 

together, the data show that despite obvious defects in the membrane integrity of the H. pylori 

Δtol-pal mutants, the OMVs derived from these bacteria varied only slightly in their protein 

composition, with respect to those of wild-type bacteria. 

OMVs derived from H. pylori ΔtolB and Δpal mutants induce higher levels of IL-8 

production from host cells than wild-type OMVs.  

Finally, as H. pylori OMVs are known to induce the production of IL-8 from human gastric 

epithelial cells (4, 45), we examined the immunostimulatory capabilities of OMVs derived 

from Δtol-pal mutants. Interestingly, we found that OMVs derived from each of the mutant 

strains induced significantly higher IL-8 production from epithelial cells than the wild-type 

OMVs (Fig. 5. * P < 0.05), indicating that OMVs produced by the mutant strains are more 

potent in inducing pro-inflammatory signaling in epithelial cells than those produced by wild-

type bacteria. OMVs produced by each of the complemented mutant strains induced similar 

levels of IL-8 as did the wild-type, confirming that the OMVs of Δtol-pal mutants have more 

potent immunostimulatory properties than those of wild-type bacteria.  
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Discussion 

The tol-pal gene cluster has been thoroughly characterized in E. coli (10, 11, 15, 38, 46-49), 

with loss of function shown to result in hyper-vesiculating bacteria. Furthermore, tol-pal genes 

have been demonstrated to play important roles in the maintenance of membrane integrity for a 

range of other Gram-negative bacteria (17, 18, 50). To date, however, there have been no 

functional studies regarding the role of tol-pal genes in H. pylori. As tolB and pal mutations in 

E. coli are known to alter cell wall integrity (10), we sought to disrupt the tolB and pal 

homologs in H. pylori, and in so doing, create hyper-vesiculating mutants of this bacterial 

pathogen.  

H. pylori ΔtolB mutants displayed extensive “blebbing”,  had very few flagella, which were 

markedly shorter in length (Fig. 3B), and appeared to form clumps (data not shown), 

suggesting a division defect. Similar phenotypes have been observed in ΔtolB-pal mutants in 

the bacterial species, Er. chrysanthemi (18) and C. crescentus (17). In contrast to the ΔtolB 

bacteria, the H. pylori Δpal mutants appeared slightly less spiral than their wild-type 

counterparts, with smooth membranes and multiple flagella (Fig. 3D). Surprisingly, the 

morphology of H. pylori ΔtolBpal mutant was very similar to that of wild-type bacteria, the 

only detectable difference being a complete lack of flagella (Fig. 3F). Although these findings 

cannot be fully explained, it is possible that the loss of both proteins in the ΔtolBpal mutant 

strain caused compensatory mutations in genes encoding factors involved in bacterial cell wall 

integrity. 

Gene complementation of the H. pylori ΔtolB, Δpal and ΔtolBpal mutants restored wild-

type morphology, except for the lack of flagella. Peptidoglycan-associated outer membrane 

proteins, including those of the Pal family, share sequence homology in the C-terminal region 

with the E. coli motility protein, MotB (51). This region of MotB is important in anchoring the 

flagella structure to the peptidoglycan. It is therefore possible that any disruption of either the 
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TolB or Pal proteins may affect the functioning of the Tol-Pal complex as a whole, thereby 

altering the synthesis of the flagella or hindering the anchoring of the flagella to the 

peptidoglycan layer. As the stoichiometry of the Tol-Pal complex is essential for its proper 

functioning (10), it was suggested that even minor over-expression of the Tol-Pal proteins 

could be deleterious to the bacteria (50). Gene complementation of ΔtolB did not restore OMV 

production back to wild type levels. Analysis of gene expression of pal and tolB by this strain 

revealed that whilst expression of tolB is restored following gene complementation 

(Supplemental Fig 2A, expression of pal is not (Supplemental Fig 2B). This data further 

supports the notion that the stoichiometry of the TolBPal complex is essential for functional 

activity.  

Importantly, we demonstrated that the H. pylori ΔtolB and Δpal mutants produced >600-

fold and 22-fold more OMVs than wild-type bacteria (Fig. 4), respectively, thus demonstrating 

a significant increase in vesiculation in these mutant strains. The very large increase in 

vesiculation for the H. pylori ΔtolB mutant is consistent with its rough membrane appearance 

(Fig. 3). Conversely, the H. pylori ΔtolBpal mutant strain produced similar quantities of OMVs 

as wild-type organisms, a finding in line with its normal morphology (Fig. 3B).  

Proteomic analyses of the OMVs produced by each of the ΔtolB-pal mutant strains revealed 

only minor differences in the proteomic make-up of the OMVs produced by each strain (Table 

1). Indeed, a large number of outer membrane and hypothetical proteins were common to all 

OMVs analyzed. Importantly, a known OMV-associated protein, Lpp20, which had previously 

been identified as a vaccine candidate (23, 52), was detected in OMVs from all strains tested. 

Interestingly, eight proteins were detected in the OMVs from wild-type bacteria but not in 

those from one or more of the H. pylori mutant strains, and only some of these proteins were 

detected in the complemented mutants (Table 2). It is possible that notwithstanding the genetic 

reconstitution of tolB and pal genes, the altered expression levels of tolB and pal in the 
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complemented mutants may have resulted in functional TolB-Pal complexes not being 

completely restored in the cell membranes of these strains. 

Importantly, despite the similarities in protein composition, the OMVs from H. pylori 

ΔtolB-pal mutant strains induced significantly greater IL-8 responses in gastric epithelial cells 

than wild-type OMVs (Fig. 5). This was not entirely surprising, as our previous work showed 

that cell wall peptidoglycan, and not proteins, is important for the ability of H. pylori OMVs to 

induce IL-8 responses in these cells (4). Indeed, we previously demonstrated that OMVs 

trigger signaling through the cytoplasmic pathogen-recognition molecule, NOD1, which 

specifically senses Gram-negative peptidoglycan and not proteins (4). It is therefore plausible 

that disruption of membrane integrity in the ΔtolB-pal mutant strains results in OMVs in which 

peptidoglycan is rendered more accessible to detection by NOD1. 

In conclusion, this work is the first to functionally characterize the Tol-Pal system in 

H. pylori. Specifically, we showed that tolB and pal mutations in H. pylori conferred profound 

morphological changes in cell shape and membrane integrity, resulting in hyper-vesiculating 

bacteria. Moreover, despite minor differences in protein content, the OMVs from these mutants 

had greater immunostimulatory properties than those produced by wild-type bacteria. Thus, we 

suggest that the OMVs from H. pylori ΔtolB-pal mutants may serve as useful tools for the 

development of vaccine candidates against H. pylori infection.  
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Figure Legends 

Fig. 1. The H. pylori tol-pal gene cluster. (A) Organization of the E. coli K12 subst. MG1655 

tol-pal gene cluster. The two operons are shown in white and grey. (B) Predicted organization 

of the H. pylori strain 26695 tol-pal gene cluster and surrounding genes. The three predicted 

transcription units are shown in black, white and grey. Arrows indicate the direction of 

transcription and predicted putative transcription start sites. (C) Protein length (amino acids) 

and % identity shared between the E. coli and putative H. pylori Tol-Pal proteins. 

Fig. 2: Growth of wild type H. pylori 251 and isogenic mutants. H. pylori from overnight 

cultures were inoculated into liquid culture and the starting OD adjusted to an A600 of 0.05. 

Values are the means pooled from three independent experiments and error bars represent the 

standard deviation (SD).  

Fig. 3. H. pylori ΔtolB, Δpal and ΔtolBpal mutants exhibit distinct morphologies compared 

with the isogenic wild-type bacteria. Bacteria were grown for 16 hours and their morphology 

examined by SEM.  

Fig. 4. H. pylori ΔtolB and Δpal mutants produce significantly more OMVs than the isogenic 

wild-type strain. The amounts of OMV production (in pg per CFU) by wild-type (WT), mutant 

(open bars) and complemented (striped bars) strains were determined by ELISA. Values are 

the means pooled from three independent experiments (determined in triplicate) and error bars 

indicate the standard deviation (SD). ***, P<0.005, **, P<0.001 compared with the wild-type.  

Fig. 5. OMVs produced by H. pylori ΔtolB-pal mutants induced higher levels of IL-8 

production in host cells than wild-type OMVs. AGS epithelial cells were co-cultured with 

OMVs derived from wild-type H. pylori (grey bar), ΔtolB, Δpal or ΔtolBpal mutants (white 

bars) or complemented strains (striped bars). Values are representative of the means of three 
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individual experiments (determined in triplicate) and error bars indicate the standard deviation 

(SD). *, P<0.05 compared with the wild type 
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FIG 1. The H. pylori tol-pal gene cluster. (A) Organization of the E. coli K12 subst. MG1655 
tol-pal gene cluster. The two operons are shown in white and grey. (B) Predicted 
organization of the H. pylori strain 26695 tol-pal gene cluster and surrounding genes. The 
three predicted transcription units are shown in black, white and grey. Arrows indicate the 
direction of transcription and predicted putative transcription start sites. (C) Protein length 
(amino acids) and % identity shared between the E. coli and putative H. pylori Tol-Pal 
proteins.
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FIG 2. Growth of wild type H. pylori 251 and isogenic mutants. H. pylori from overnight cultures were 
inoculated into liquid culture and the starting OD adjusted to an A600 of 0.05 (A). Values are the means pooled 
from three independent experiments and error bars represent the standard deviation (SD). Generation times 
(G, hours) of wild type H. pylori 251 and isogenic mutants was calculated at intervals of 8 hours and the 
results from 3 independent experiments pooled to give the mean generation time +/- the SD (B). 
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A. Wild-type

Β.
�   ΔtolB C. ΔtolB (tolB+)

D. Δpal E. Δpal (pal+)

G. ΔtolBpal H. ΔtolBpal (tolBpal+)

FIG 3. H. pylori	
�    ΔtolB,	
�    Δpal	
�    and	
�    ΔtolBpal mutants exhibit distinct morpholgies compared with 
the isogenic wild-type bacteria. Bacteria were grown for 16 hours and their morphology 
examined by scanning electron microscopy. Images are representative of 3 independent 
experiments. Scale bar represents 1 μm. 
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FIG 4. H. pylori ΔtolB	
�     and	
�    Δpal mutants produce significantly more OMVs than the isogenic 
wild-type strain. The amounts of OMV production (in pg per CFU) by wild-type (WT), mutant 
(open bars; -) and complemented (striped bars; +) strains were determined by ELISA. Values are 
the means pooled from three independent experiments (determined in triplicate) and error bars 
indicate the standard deviation (SD). ****, P<0.0001, ***, P<0.001 compared with the wild-type. 
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FIG 5. OMVs produced by H. pylori	
�    ΔtolB-pal mutants induced higher levels of 
IL-8 production in host cells than wild-type OMVs. AGS epithelial cells were 
co-cultured with OMVs derived from wild-type H. pylori	
�    (grey	
�    bar),	
�    ΔtolB,	
�    Δpal 
or	
�    ΔtolBpal mutants (open bars; -) or complemented strains (striped bars; +). 
Values are representative of the means of three individual experiments 
(determined in triplicate) and error bars indicate the standard deviation (SD). 
*, P<0.05 compared with the wild type
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Protein name Gene no. 
Outer membrane protein HopM (omp5)  HP0227
Outer membrane protein HopA (omp6)  HP0229
Outer membrane protein HopO (omp16) HP0722
Outer membrane protein SabA, HopP (omp17) HP0725
Outer membrane protein BabB, HopT (omp19)  HP0896
Outer membrane protein AlpA, HopC (omp20)  HP0912
Outer membrane protein AlpB, HopB (omp21)  HP0913
Outer membrane protein HopQ (omp27)  HP1177
Outer membrane protein BabA, HopS (omp28) HP1243
Outer membrane protein HorK (omp32)  HP1501
Outer membrane protein HomA HP0710
Outer membrane protein HomD HP1453
Membrane-associated lipoprotein (lpp20)  HP1456
Membrane fusion protein of the HefABC efflux system (mtrC) HP0606
Putative beta-lactamase HcpC JHP1024
Flagellar sheath adhesin hpaA  HP0797
Neuraminyllactose-binding hemagglutinin homolog (hpaA)  HP0410
Carbonic anhydrase  HP1186
Catalase-like protein  HP0485
Iron(III) ABC transporter periplasmic iron-binding protein (ceuE)  HP1561
Disulphide isomerase HP0231
Bifunctional methionine sulfoxide reductase A/B protein  HP0224
Thiol:disulfide interchange protein (dsbC),  HP0377
Serine protease (htrA)  HP1019
Thioredoxin  HP1458
Processing protease (ymxG)  HP0657
Protease (pqqE)  HP1012
Tumor necrosis factor alpha-inducing protein  HP0596
Conserved Hypothetical secreted protein HP1286
Cag pathogenicity island protein CagD (cag24)  HP0545
Put. neuraminyllactose-binding hemagglutinin homolog HP0492
Plasminogen binding protein PgbA HP0508
Plasminogen-binding protein (PgbA) JHP0458
Hypothetical protein HP1454
Hypothetical protein HP0408
Hypothetical protein HP1173
Hypothetical protein HP0129
Hypothetical protein HP0721
Hypothetical protein HP0953
Hypothetical protein HP0203
Hypothetical protein HP0719
Hypothetical protein HP0232
Hypothetical protein HP1524
Hypothetical protein HP0130
Hypothetical protein HP1098
Hypothetical protein HP0783
Hypothetical protein HP1285

Table 1.  Proteins common to wild type and isogenic mutant strains
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FIG S1. Size frequency and distribution of OMVs isolated from ΔtolB-pal mutants. OMVs were purified from the 
wild-type strain and each of the ΔtolB-pal mutants and visualized by TEM. The diameters of the OMVs were 
determined and used to plot the % frequency at which different sizes of OMVs were observed. Images are 
representative across at least 3 fields of view, comprising > 100 OMVs measured per sample. Scale bar is 100nm. 
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Appendix 2.1. Generation of the plasmids pLTtolB and pLTTolBPal

Step 1: tolB and tolBpal were amplified from H. pylori 26695 genomic DNA by PCR, 

yielding 928bp and 1546bp DNA fragments, respectively. 

Step 2: DNA fragments were ligated to the pGEM T-Easy vector to give rise to the 

plasmids pGEM T-Easy tolB, and pGEM T-Easy tolBpal. 

Step 3: Inverse Failsafe PCR was performed using primers to introduce the restriction 

enzyme sites BamHI and KpnI within the DNA sequence of either tolB or tolBpal. 

Step 4: The purified failsafe PCR products were digested with BamHI and KpnI. The 

842 bp gentamicin resistance cassette (GmR) excised from the puc1813 vector by 

restriction digestion with BamHI and KpnI. 

Step 5: Digested Failsafe PCR products were ligaed to the GmR cassette using T4 DNA 

ligase, generating plasmids pLTtolB and pLT TolBPal
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Appendix 2.2. Generation of pDESTPal using Gateway cloning

Step 1: The 5’ and 4’ regions of pal were amplified from H. pylori 26695 genomic 

DNA with primers designed to add attB1 and attB4, and attB2 and attB3 sites, 

respectively, to the resulting DNA fragments. The gentamicin resistance cassette 

(GmR) was amplified from the puc1813 vector with primers designed to add attB4r 

and attB3rt sites to the resulting DNA fragment.

Step 2: DNA fragments containing att sites were inserted into pDONR vectors using 

the BP recombination reaction, to generate entry clones.

Step 3: Insert DNA from all three entry clones were recombined into the pDEST17 

vector using LR Clonase II, to generate the final plasmid pDESTPal.
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Appendix 2.3. Generation of pJPF3

Step 1: The 5’ and 3’ ends of rdxA (designated rdxA(L) and rdxA(R), respectively) were 

amplified from H. pylori SS1 genomic DNA. The chloramphenicol resistance cassette 

(CATgc) was amplified from the plasmid pHEL2. All PCRs were performed with Phusion 

High-Fidelity DNA polymerase in order to generate blunt-ended DNA required for 

overlap extension PCR. 

Step 2: Splicing overlap extension PCR (SOE-PCR) was performed to add a multiple 

cloning site (MCS) between the rdxA(L) and the CATgc, and then to join the 

rdxA(L)-MCS-CATgc to the rdxA(R). The rdxA-MCS-CATgc primer used to insert the 

MCS was designed to have regions complementary to rdxA(L) at the 3’ end, and CATgc 

at the 5’ end to allow the DNA fragments to join during SOE-PCR. 

Step 3: The resulting rdxA(L)-MCS-CATgc-rdxA(R) DNA fragment was cloned into 

pGEM T-Easy, giving rise to the plasmid pJPF3.
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Appendix 2.4. Generation of plasmids pJPFTolBPal+ and pJPFTolBPal+

Step 1: the tolB and pal genes, as well as the putative ribosome binding site for tolB, 

were amplified from H. pylori 26695 genomic DNA by PCR. The primer LT13R 

contained a KpnI restriction enzyme site. The promoter region for the 

exbD-HP1128-HP1127-tolB operon (designated here as HP1130) was amplified from 

H. pylori 26695 genomic DNA. The 5’ region of the primer HP1130.R used to amplify 

the promoter region contained a small section of DNA complementary to the 3’ end of 

tolB, to allow the DNA fragments to join during SOE-PCR. The primer HP1130F 

contained a BamHI restriction enzyme site. All PCR reactions were performed using 

Phusion High Fidelity DNA polymerase. 

Step 2: DNA fragments were joined by SOE-PCR. The resulting DNA fragment was 

digested with BamHI and KpnI and ligated to BamHI/KpnI digested pJPF3 vector, to 

give rise to the pJPFTolBPal+ plasmid. 

Step 3: pJPFTolBPal+ was used as a template to amplify the HP1130P together with 

tolB, using primers to add BamHI and KpnI restriction enzyme sites. 

Step 4: The PCR product was digested with BamHI and KpnI and ligated to 

BamHI/KpnI digested pJPF3, giving rise to the plasmid pJPFtolB+.

 105



0 500

1000
1500

20
00

25
00

30003500

4000

4500

50
00

55
00

600
0

tolB

CmR
pa

l

RdxA
HP1130

RdxA

pJPFtolBpal +
6547bp

pal (540 bp)

HP1126.F

HP1130.F

LT13R HP1130.R

tolB (1254 bp) exbB (570 bp)HP1127 HP1128 exbD

tolBpal

LT13R

HP1130.F

HP1130F

139.TolBR

tolB

0 400
800

1200

16
00

20
00

240
0

28003200

3600

4000
440 0

48
00

52

00
5600

tolB

Cm
R

RdxA
HP1130

RdxA

pJPFTolB+
5940bp

1

SOE-PCR BamHI

KpnI BamHI

2

3

4

pJPFtolBpal+
6547 bp

pJPFtolB+
5940 bp

 106



Appendix 2.5. Generation of pJPFPal+

Step 1: pal, together with the putative native promoter (contained in the 3’ region 

of tolB) was amplified from H. pylori 26695 genomic DNA. The primer LT13R 

contained a KpnI restriction enzyme site. The promoter region within HP1130 was 

also amplified and a BamHI restriction enzyme site added to the 3’ end. The primer 

HP1130.R contained a short region of DNA complementary to tolB, allowing the 

two DNA fragments to be joined during SOE-PCR. 

Step 2: The two DNA fragments were joined by SOE-PCR. 

Step 3: The resulting DNA fragment was digested with BamHI and KpnI and 

ligated to BamHI/KpnI digested pJPF3, giving rise to pJPFPal+.
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2.4 Final Discussion  

 

OMVs have long been recognised for their potential use in vaccination, yet are 

produced only in small amounts, therefore complicating their use in vaccines. H. pylori 

OMVs contain within them several known immunogenic proteins, including Lpp20 

(Keenan, Oliaro et al. 2000), making them ideal vaccine candidates. As for other 

bacteria, however, the OMV yields from this bacterium are typically low 

(approximately 0.5 pg/CFU). The data provided in this chapter documents the 

generation of hyper-vesiculating strains of H. pylori, via the mutation of the genes 

encoding the conserved outer membrane proteins, TolB and Pal.  

We demonstrated that mutations in either H. pylori tolB or pal had little effect on the 

growth rates of the bacteria. We next examined their morphology, as previous work 

performed by others has demonstrated that in other bacteria, strains lacking TolB or Pal 

exhibit morphological abnormalities (Dubuisson, Vianney et al. 2005). Similarly, we 

found that H. pylori ΔtolB bacteria exhibited profound morphological alterations, most 

notably the lack of fully formed flagella. Furthermore, visual examination indicated that 

ΔtolB bacteria demonstrated extensive blebbing at the cell surface. H. pylori Δpal 

bacteria, however, retained flagella expression. Importantly, we determined that 

H. pylori ΔtolB or Δpal demonstrated >600- and 22-fold increases in OMV production 

respectively.  Further analysis of these OMVs revealed that they were capable of 

inducing pro-inflammatory cytokine responses from host cells. Furthermore, OMVs 

produced by the mutant strains contained similar protein contents, when compared with 

those produced by the wild type.  

This work describes, for the first time, the importance of the TolB and Pal proteins in 

cell membrane integrity and OMV formation in the gastric pathogen H. pylori. These 
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data suggest that the OMVs produced by these hyper-vesiculating tolB-pal bacteria may 

be suitable for use in further studies, including vaccine development.  
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Chapter 3. Bacterial outer membrane vesicle size determines their 

mechanisms of host cell entry and protein content.  

 

3.1 Summary 

Gram-negative pathogens ubiquitously shed OMVs that deliver proteins and toxins to 

host cells. There exists a large body of evidence demonstrating OMVs within host cells 

(Kadurugamuwa and Beveridge 1995, Kadurugamuwa and Beveridge 1998, Fiocca, 

Necchi et al. 1999, Demuth, James et al. 2003, Kesty, Mason et al. 2004, Tsuda, Amano 

et al. 2005, Galka, Wai et al. 2008, Bomberger, Maceachran et al. 2009, Furuta, 

Takeuchi et al. 2009, Furuta, Tsuda et al. 2009, Ellis, Leiman et al. 2010, Kaparakis, 

Turnbull et al. 2010, Parker, Chitcholtan et al. 2010, Schaar, de Vries et al. 2010, 

Vidakovics, Jendholm et al. 2010, Bielig, Rompikuntal et al. 2011, Chatterjee and 

Chaudhuri 2011, Rompikuntal, Thay et al. 2011), however, the precise mechanism(s) of 

OMV cellular uptake have yet to be defined. Indeed, a search of the literature reveals 

numerous studies proposing various mechanisms of entry. These include, but are not 

limited to: lipid raft dependent (Kesty, Mason et al. 2004, Kaparakis, Turnbull et al. 

2010) and independent (Parker, Chitcholtan et al. 2010) internalisation, endocytosis 

(Tsuda, Amano et al. 2005), receptor mediated endocytosis (Vidakovics, Jendholm et al. 

2010) and host cell fusion (Demuth, James et al. 2003, Bomberger, Maceachran et al. 

2009). In fact, many of these reported mechanisms are contradictory, even within 

OMVs derived from the same bacteria. One possible explanation is that vesicle size 

may be a factor determining the mode of OMV cell entry.  Indeed, it has been 

hypothesised that particle size can determine not only the mechanism of host cell entry, 

but also the mode of intracellular trafficking and degradation (Brewer, Pollock et al. 
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2004). With regards to H. pylori, previous experiments performed within our laboratory 

have demonstrated lipid raft-dependent endocytosis (Kaparakis, Turnbull et al. 2010). 

However, other works have proposed that H. pylori OMVs do not require lipid rafts for 

internalisation (Parker, Chitcholtan et al. 2010).  

The striking discrepancy in the reported mechanisms utilised by OMVs to enter host 

cells emphasises that further research is required in order to elucidate the precise 

mechanisms of OMV entry. Expanding our knowledge of the pathways utilised by 

OMVs to enter host cells will enable us to further understand their role in disease and 

advance the development of OMV-based vaccines.  

The following series of experiments were thus designed to: firstly, characterise the 

precise mode of host cell internalisation of H. pylori OMVs; secondly, to determine the 

role, if any, of OMV size on the preferential mechanism of entry. Finally, we examined 

the protein content of OMVs of different sizes, in order to determine if OMV size 

correlated with differences in protein content.  
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Abstract 

Gram-negative pathogens ubiquitously shed outer membrane vesicles (OMVs) that 

contribute to pathogenesis via the delivery of toxins and virulence factors into host 

cells. OMVs can be readily detected within host epithelial cells, however, the precise 

mechanism of OMV cellular uptake has yet to be defined.  

Bacterial OMVs are capable of inducing protective immune responses against 

bacterial infection and are therefore attractive vaccine candidates. In order to fully 

understand how OMVs initiate immune responses, we need to elucidate the 

mechanisms behind their entry and subsequent intracellular fate. Using Helicobacter 

pylori OMVs as a model to assess the uptake of OMVs by non-phagocytic cells, we 

demonstrate that a heterogeneous population of OMVs enter epithelial cells via the 

three main mechanisms of endocytosis; macropinocytosis, clathrin and caveolin 

dependent endocytosis, to varying extents. Moreover, we found that vesicle size has 

an important role in directing the route of entry, as small OMVs of approximately 20 

nm enter host cells via macropinocytosis and all mechanisms of endocytosis, whereas 

the entry of OMVs greater than 50 nm did not involve clathrin mediated endocytosis. 

We suggest that small and large OMVs are processed within the cell via different 

intracellular degradation pathways. Importantly, proteomic analysis revealed that 

different sized OMVs contain both unique and shared proteins, with fewer proteins 

contained within small OMVs, indicating that OMV size plays a role in determining 

their protein composition. This is the first report demonstrating the importance of 

OMV size on their mechanisms of host cell entry, protein cargo and potentially 

intracellular fate. 

INTRODUCTION 
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Gram-negative bacteria ubiquitously shed vesicles known as outer membrane 

vesicles (OMVs) during their normal growth (reviewed in (1)). OMVs are spherical, 

bi-layered membrane nanostructures ranging from 20 to 300 nm in size, and their 

release occurs naturally both in vitro and in vivo (reviewed in (1)). The importance of 

OMV production during the natural course of infection and in pathogenesis has been 

highlighted by the identification of OMVs within infected host tissues, including the 

gastric mucosa of Helicobacter pylori infected individuals (2), as well as in the 

cerebrospinal fluid and sera of patients with meningococcal infection (3). More 

recently, the ability of OMVs produced by commensal bacteria to prevent diseases 

such as experimental colitis has been reported (4), further broadening the role of 

OMVs in disease and gut homeostasis. 

OMVs from a range of bacteria have been analyzed and shown to have a 

similar protein (5-7) and lipid (8) composition to the outer membranes of the parent 

bacteria. Specifically, OMVs contain inner and outer membrane proteins, periplasmic 

proteins (9), lipopolysaccharide (LPS) (9), peptidoglycan (PG) (10), DNA (11-13) 

and toxins (2, 14-17). As the protein composition of OMVs are highly similar to that 

of their parent bacterium, their use as vaccine candidates is currently being 

extensively examined (18-25).  

OMVs are extremely inflammatory in nature. We, and others have shown that 

OMVs from the Gram negative pathogens H. pylori, Neisseria, Pseudomonas, 

Campylobacter and Vibrio are capable of inducing IL-8 responses by non-phagocytic 

epithelial cells (10, 26-28). All of these studies reported that OMV entry into non-

phagocytic epithelial cells was essential for the induction of pro-inflammatory 

responses. However, to date, the exact mechanisms whereby OMVs enter non-

phagocytic cells, resulting in the development of an inflammatory response, have not 

 117



! !

been fully elucidated. Indeed, the literature contains numerous studies with 

contradictory findings regarding the mechanisms utilized by OMVs to enter host cells.  

We and others have demonstrated a role for cholesterol-rich lipid rafts in OMV entry 

into non-phagocytic host cells (1, 10, 29-31), whereas other reports described lipid 

raft independent mechanisms of OMV entry (26). Furthermore, the requirement for 

endocytosis (1, 30, 32-34) or macropinocytosis (29), requiring actin and cytoskeletal 

rearrangements, remains unclear. The striking divergence in the reported mechanisms 

utilized by OMVs to enter host cells emphasizes that further research is warranted to 

elucidate the exact mechanisms of OMV entry. Expanding our knowledge of the 

pathways utilized by OMVs to enter host cells will enable us to further understand 

their role in pathogenesis and advance the development of OMV-based vaccines.  

In this study, we characterized the exact mechanisms whereby OMVs enter 

non-phagocytic epithelial cells using a panel of chemical inhibitors to specifically 

block non-phagocytic cell entry pathways, notably: macropinocytosis, clathrin and 

caveolin dependent endocytosis. Our findings revealed that a heterogeneous sized 

population of OMVs entered human epithelial cells via macropinocytosis, caveolin 

and clathrin dependent endocytosis to varying extents, and that inhibition of each of 

the three pathways resulted in a significant reduction in OMV-induced IL-8 

responses. Furthermore, we have demonstrated for the first time that OMV size 

predetermines the mechanism of entry into host cells. Specifically, we found that 

OMVs of approximately 20 nm entered host cells via clathrin and caveolin dependent 

endocytosis, in addition to macropinocytosis, whereas larger OMVs did not utilize 

clathrin for entry into host cells. Furthermore, we found that the intracellular 

processing of different sized OMVs appears to differ, indicating that OMVs entering 

host cells via different pathways undergo distinct intracellular processing. Finally, we 
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determined that OMV size predetermines the protein composition of OMVs, as 

smaller OMVs contain fewer proteins within them. Collectively these findings are the 

first to report that OMV size plays a crucial role in the mechanisms of host cell entry 

and intracellular processing, their protein content and, we propose, their ability to 

activate pro-inflammatory immune responses. These findings have major implications 

for understanding the role of OMVs in bacterial pathogenesis and facilitating their 

development as vaccines.  

 

MATERIALS AND METHODS 

Bacterial strains and OMV purification 

The H. pylori 251 cagPAI strain (10) was routinely cultured on Horse Blood Agar 

medium (Blood Agar Base No2, Oxoid, Hampshire, England) or in Brain Heart 

Infusion broth (BHI, Bacto™ Brain Heart Infusion, Becton Dickinson and Company, 

Sparks, USA), supplemented with 0.6 % (w/v) β-cyclodextrin (Sigma-Aldrich, MO, 

USA) with shaking at 120 rpm. Cultures were grown at 37°C under microaerobic 

conditions (35). H. pylori OMVs were purified from log phase cultures as described 

previously (10). In brief, bacteria were pelleted from overnight cultures by 

centrifugation at 2,500 x g for 20 minutes at 4°C. Supernatants were subsequently 

filtered using a 0.22 µm PES filter (Corning Incorporated, NY USA) and OMVs were 

pelleted from these supernatants by ultracentrifugation (100,000 x g, 2 hours, 4°C). 

The resulting OMV pellets were resuspended in PBS and protein concentrations 

determined by the Bradford Protein Assay (Bio-Rad Laboratories Inc., CA, USA).   
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Sucrose gradient purification of OMVs 

OMV preparations (6 ml) were layered onto discontinuous sucrose gradients, 

consisting of 12.5 ml 25 % (w/v) sucrose (Fluka Biochemika, Steinheim Switzerland), 

15.5 ml 42 % (w/v) sucrose, and 5 ml 56 % (w/v) sucrose and subjected to 

ultracentrifugation (100,000 x g, 16 hours, 4°C) (10, 36). Thirteen fractions (3ml 

each) were collected, washed with PBS to remove any remaining sucrose and 

concentrated to a final volume of 500 µl using Amicon YM-10 columns (Millipore 

Ireland Ltd., Cork. Ireland).  

 

Fluorescent labeling of OMVs 

OMVs (2 mg/ml) were labeled with 1 % (v/v) 3,3’-dioctadecyloxacarbocyanine 

perchlorate (DiO; Molecular Probes Eugene, OR, USA) for 20 minutes at 37 °C (26). 

Excess dye was removed by washing OMVs 3 times with PBS using Amicon Ultra 

0.5 ml Ultracel 3K (Millipore Ireland, Cork, Ireland).  

 

Cell culture  

Human gastric adenocarcinoma (AGS) and human embryonic kidney (HEK293) cells 

were routinely cultured using RPMI or DMEM respectively, supplemented with 10 % 

(v/v) fetal calf serum (FCS) (Gibco, Invitrogen, NY). Cells were seeded at a density 

of 1 x 105 cells per ml in 12 or 24 well plates (Becton Dickinson Labware, NJ, USA) 

for 24 hours, after which media was replaced with media not containing FCS.  
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Cytotoxicity assay 

AGS or HEK293 cells were treated with endocytosis inhibitors or 0.5 % (w/v) sodium 

azide (37) (Sigma-Aldrich, USA) for 30 minutes. Cells were then washed and media 

replaced for 4 hours. Cellular cytotoxicity was measured using the CellTiter-Glo® 

assay (Promega Corporation, WI, USA), according to the manufacturer’s instructions. 

In brief, cells were allowed to equilibrate to room temperature for 30 minutes and 

CellTiter-Glo® reagent (Promega Corporation) was added to cells at a ratio of 1:1. 

Luminescence was measured using a FLUOstar OPTIMA (BMG Labtech, Australia).  

 

Flow Cytometry  

The effectiveness of trypan blue quenching of OMV associated DiO fluorescence was 

examined by flow cytometry. AGS cells were incubated with DiO labeled OMVs for 

4 hours prior to permeabilization with 0.01 % (v/v) Triton-X for 10 minutes, or left 

non permeabilized. Fluorescence was quenched with trypan blue (0.025% final 

concentration). Cells were washed once and resuspended in DPBS (Gibco, Invitrogen, 

NY) containing 2 % (v/v) FCS and analyzed by flow cytometry using BD FACS 

CANTO II and BD FACS Diva software v 6.0. A total of 6 x 104 cells were counted 

for each condition. Data was analyzed using FlowJo version 7.6.  

 

Inhibition of OMV entry into epithelial cells 

Inhibition of OMV entry was performed using chemical inhibitors of endocytosis (all 

from Sigma-Aldrich, MO, USA) at the following concentrations, as described 

previously (38): bafilomycin A1 (10 nM), cytochalasin D (2 µM), dynasore 
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monohydrate (10 µM), nocodazole (3.3 µM) and valinomycin (10 µM). AGS or 

HEK293 cells were pre-treated with inhibitors for 30 minutes. The cells were 

subsequently washed twice and the media replaced prior to incubation with 50 µg/ml 

of OMVs for 4 or 16 hours for fluorescence analysis and 24 hours to quantify IL-8 

production by ELISA.  

 

Fluorescence microscopy 

AGS cells were seeded onto glass coverslips in 12 well plates (Becton Dickinson 

Labware, NJ, USA) and cultured overnight. Cells were pre-treated with inhibitors for 

30 minutes, washed twice and media replaced, prior to co-culture with 50 µg/ml of 

DiO labeled OMVs for 4 or 16 hours. Effectiveness of trypan blue quenching of DiO 

fluorescence was examined by permeabilization of cells with 0.01 % (v/v) Triton-X 

for 10 minutes, prior to addition of trypan blue. For all other experiments, 

extracellular fluorescence was quenched using 0.025 % (v/v) trypan blue (Sigma 

Chemical Co., MO, USA) (26), prior to washing three times with PBS and fixing with 

4 % (v/v) formaldehyde (Merck, Darmstadt, Germany) for 20 minutes. Nuclei were 

stained with 4’,6-diamidino-2-phenylindole, dilactate (DAPI; Molecular Probes, OR, 

USA), prior to mounting in Dako Fluorescent mounting medium (Dako North 

America Inc., CA, USA). Images were acquired on an Applied Precision Instruments 

DeltaVision deconvolution microscope using a 40 x 1.35NA oil objective at 512 x 

512 x 14 bit per channel. Z-stacks (10-15 µm) at 0.2 µm per slice were acquired and 

deconvolved based on the point spread function (PSF) of the system. Images were 

analyzed by Imaris (v7.1.0 Bitplane AG), where the average intensity density of 

OMV fluorescence was derived by measuring the sum intensity of OMV fluorescence 
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divided by the OMV volume, then averaged across cells in the field of view. These 

arbitrary intensity density units were then normalized to OMV-alone groups and 

expressed as average signal density.  The means of each condition were determined 

for 3 independent experiments and plotted as average signal density.  

 

Transmission Electron Microscopy 

OMV samples were resuspended in 4 % (v/v) formaldehyde in PBS. Samples were 

adhered to Formvar coated carbon grids and contrasted with equal volumes of 4 % 

(w/v) uranyl-acetate pH 4.0 and 0.1 M oxalic acid. Samples were embedded in a 

solution of 9 parts 4 % (v/v) uranyl acetate and 1 part 2 % (v/v) methyl cellulose. All 

reagents were purchased from Prositech (USA). Grids were viewed using a Hitachi 

H.7-7500 transmission electron microscope at 70K x view and images captured using 

Digital micrograph™ 1.71.38 (Gatan Inc.). Image analysis was performed using 

ImageJ v1.47n  (National Institutes of Health, USA).  

!

Polyacrylamide gel electrophoresis of OMVs 

Heterogeneous or fractionated OMV preparations (10 µg) were separated using 

Novex® 10-20 % Tris-Glycine gels (Life Technologies, CA, USA). Proteins 

contained within OMVs were visualized by staining in Instant Blue™ (Expedeon Ltd., 

Cambridgeshire, UK). 

!

Proteomic analysis of OMVs 
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OMV preparations (6 µg) were reduced in 2.5 mM DTT at 600C for 30 minutes 

followed by alkylation with 10 mM Iodoacetamide for 30 minutes in the dark at room 

temperature. Following alkylation, 0.5 µg Trypsin (Promega corp., Madison, WI, 

USA) in 20mM Ammonium bicarbonate was added and the samples were incubated 

at 370C overnight. Tryptic digests were analyzed by LC-MS/MS using the QExactive 

mass spectrometer (Thermo Scientific, Bremen, Germany) coupled online with an 

RSLC nano HPLC (Ultimate 3000, Thermo Scientific, Bremen, Germany). Samples 

were injected onto a PepMap100 2cm trap column with loading buffer (2 % 

Acetonitrile, 0.1 % Formic acid) at a flow rate of 15 µl/minute. The peptides were 

eluted and separated with a Thermo RSLC PepMap100, 75µm id, 100Ǻ pore size, 

reversed phase nano column with a 30 minute gradient of 90% buffer A (0.1 % 

Formic acid) to 30 % buffer B (80 % Acetonitrile 0.1 % formic acid) in 20 minutes 

and then to 40% buffer B, to a complete 30 minute gradient, at a flow rate of 300 

nl/minute. The eluant was nebulized and ionized using a Thermo nano electrospray 

source with a distal coated fused silica emitter (New Objective, Woburn, MA, USA) 

with a capillary voltage of 1900V. Peptides were selected for MS/MS analysis in Full 

MS/dd-MS2 (TopN) mode with the following parameter settings: TopN 10, resolution 

17500, MSMS AGC target 1e5, 60ms Max IT, NCE 27 and 3 m/z isolation window. 

Underfill ratio was at 10 % and dynamic exclusion was set to 15 seconds. Data was 

processed using Proteome Discoverer V1.4 (Thermo Fisher Scientific) and searched 

against a custom database downloaded from the National Centre for Biotechnology 

Information (NCBI) ftp site using the MS Amanda search engine.  The following 

search parameters were used: missed cleavages, 1; peptide mass tolerance, ± 15 ppm; 

peptide fragment tolerance, ± 0.2 Da; peptide charge, 2+, 3+ and 4+; static 
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modifications, carbamidomethyl; Dynamic modification, oxidation (Met). Low and 

medium confidence peptides were filtered with at least 0.02 FDR (high confidence).  

 

IL-8 ELISA 

Inhibition of entry was indirectly determined by the measurement of IL-8 levels in the 

supernatants using the BD OptEIA human IL-8 ELISA kit as per the manufacturer’s 

instructions (BD Biosciences, CA, USA).  

 

Statistical analysis  

Error bars indicate the mean + standard error of the mean (SEM). Fluorescence 

microscopy experiments were analyzed by One-Way Analysis of Variance (ANOVA) 

followed by Dunnett’s post-hoc test. IL-8 responses were analyzed using the student’s 

t-test. Statistical analyses were performed using Prism software. Differences were 

considered significant when *P < 0.05, **P < 0.01. 

 

RESULTS 

A heterogeneous population of OMVs enter host cells predominantly via 

macropinocytosis and caveolin dependent endocytosis.  

In this study we sought to elucidate the precise molecular mechanism of OMV 

entry into human cells. To do this, we treated human gastric (AGS) and embryonic 

kidney (HEK293) cells using a panel of chemical inhibitors to selectively block 

specific endocytosis and intracellular degradation pathways, prior to the addition of 
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fluorescently labeled H. pylori OMVs. We initially confirmed the viability of AGS 

and HEK293 cells post treatment with pre-defined concentrations of inhibitors of the 

endocytosis pathways  (Fig. S1 A, B respectively). Cells were treated for 30 minutes 

with either of the following inhibitors: cytochalasin D or nocodazole, to block 

macropinocytosis, dynasore monohydrate to inhibit dynamin dependent endocytosis, 

valinomycin to specifically block clathrin mediated endocytosis, or bafilomycin A1 to 

specifically inhibit phagolysosome degradation (38). Sodium azide was used as a 

positive control for cell death. Cell viability of inhibitor-treated and control AGS and 

HEK293 cells was determined using the CellTiter-Glo assay (Fig. S1). Our results 

demonstrated that both AGS and HEK293 cells remained viable 4 hours post 

treatment with specific inhibitors of the macropinocytosis or endocytosis pathways, 

compared to azide control cells (Fig. S1).  

We next sought to elucidate the endocytic mechanisms utilized by 

fluorescently-labeled H. pylori OMV to enter host cells. Any fluorescence associated 

with extracellular OMVs was excluded from our analysis using the cell impermeant 

dye, trypan blue. The effectiveness of trypan blue quenching of fluorescence was 

confirmed in AGS cells that had been first co-cultured with DiO-fluorescently labeled 

H. pylori OMVs, then permeabilized using 0.01 % Triton-X and treated with trypan 

blue. Effective quenching of fluorescence was confirmed and quantified using both 

fluorescence microscopy and flow cytometry (Fig. S2). OMV-stimulated cells that 

were permeabilized and treated with trypan blue had negligible detectable 

fluorescence, compared with OMV-stimulated control cells, as determined by 

fluorescence microscopy (Fig. S2 A-D) and flow cytometry analysis (Fig. S2E).  

The mechanisms of H. pylori OMV entry into epithelial cells was determined 

using cells that were pre-treated with chemical inhibitors followed by co-culture with 
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DiO-labeled OMVs for 4 hours. OMV internalization was visualized and quantified 

using fluorescence microscopy (Fig. 1A, B). Inhibition of macropinocytosis and 

dynamin dependent endocytosis, using cytochalasin D or dynasore monohydrate, 

respectively, resulted in significant reductions in OMV-associated intracellular 

fluorescence in AGS cells, compared with untreated cells (Fig. 1A and B, P<0.05). A 

similar trend was observed using the macropinocytosis inhibitor nocodazole, 

however, the reduction in OMV-associated fluorescence was not statistically 

significant. As the small GTPase dynamin is essential for both clathrin and caveolin 

mediated endocytosis, we used valinomycin, which specifically blocks clathrin 

mediated endocytosis to distinguish between these two mechanisms. A slight, albeit 

not significant, reduction of OMV-associated fluorescence was observed when cells 

were pre-treated with valinomycin (Fig. 1A, B). Similarly, treatment of cells with 

bafilomycin, which inhibits phagolysosomal degradation, reduced the levels of 

intracellular OMV-fluorescence although this reduction was not statistically 

significant. This finding shows that inhibition of phagolysosomal degradation does 

not prevent degradation of intracellular OMVs, suggesting that intracellular OMVs 

may undergo multiple pathways of intracellular degradation. Collectively these data 

suggest that a heterogeneous population of OMVs enter host cells predominantly via 

macropinocytosis and caveolin mediated endocytosis, with a minor role for clathrin. 

We, and others, have previously demonstrated that OMV entry into non-

phagocytic epithelial cells results in the production of the pro-inflammatory cytokine, 

IL-8 (10, 39). Therefore, we used IL-8 production as a measure of OMV-induced 

responses in AGS (Fig. 1C) and HEK293 cells (Fig. S3). Pre-treatment of both AGS 

and HEK293 cells with cytochalasin, nocodazole and dynasore significantly reduced 

IL-8 production in response to OMV stimulation (Fig. 1C, Fig. S3, respectively). In 
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addition, inhibition of clathrin mediated endocytosis with valinomycin resulted in a 

significant reduction of IL-8 in response to H. pylori OMV stimulation, indicating that 

a minor inhibition of OMV entry (Fig. 1B) may have profound effects on OMV-

induced inflammation. (Fig. 1C, P<0.01).  

Collectively, these findings demonstrated that a heterogeneous population of 

OMVs enter non-phagocytic host cells predominantly via macropinocytosis and 

dynamin dependent caveolin mediated endocytosis, and to a lesser extent via clathrin 

mediated endocytosis. Furthermore, inhibition of all pathways had a direct effect on 

OMV-induced inflammatory responses, indicating that a small alteration in the 

number of intracellular OMVs may have profound effects on the development of IL-8 

responses in host cells.  

 

OMVs of different sizes enter host cells via specific mechanisms.  

Gram negative bacterial OMVs range in size from 20 to 300 nm (reviewed in (1)). We 

used sucrose gradient ultracentrifugation to separate a heterogeneous population of 

H. pylori OMVs into two main populations, differing in both size and density (10). 

Thirteen fractions were collected in total, of which fraction 6 contained a 

homogeneous population of small OMVs of approximately 20 nm in diameter, as 

determined by TEM (Fig. 2A, C). Fraction 12 contained two distinct populations of 

OMVs, being approximately 50 nm and 100 nm in diameter, respectively (Fig. 2B, 

2C). Quantification of each distinct population of OMVs in fraction 12 revealed that 

83% of OMVs were approximately 50 nm in diameter, whereas 17 % were 

approximately 100 nm in size. We used these fractionated OMVs to determine 

whether OMV size may define the mechanism of entry into non-phagocytic host cells. 
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Small OMVs of approximately 20 nm were fluorescently labeled with DiO and added 

to AGS cells that had been treated with inhibitors of endocytosis and 

macropinocytosis, or non-treated cells. Extracellular OMV-associated fluorescence 

was quenched using trypan blue and the number of internalized OMVs was quantified 

using fluorescence microscopy (Fig. 3A, B). Our findings revealed that the 

internalization of small OMVs occurred via macropinocytosis, clathrin and caveolin 

mediated endocytosis (Fig. 3A, B, P<0.01). Furthermore, bafilomycin treatment did 

not decrease the level of intracellular OMV-associated fluorescence, indicating that 

inhibition of the phagolysosomal pathway prevented the degradation of internalized 

small OMVs. These findings suggest that OMVs of approximately 20 nm enter host 

cells in a macropinocytosis, clathrin and caveolin dependent manner, and once 

internalized, these vesicles undergo phagolysosomal degradation.  

 

Larger OMVs have a more restricted pathway of entry into host cells.  

Analysis of the mechanisms of entry of larger OMVs contained in fraction 12 

revealed that these OMVs use a more restricted route of entry into host cells, 

compared to smaller OMVs (Fig. 4). Fluorescence microscopy revealed that inhibition 

of macropinocytosis with cytochalasin or nocodazole significantly reduced entry of 

larger fluorescently-labeled OMVs (>50 nm) into host AGS cells (Fig. 4A, B, 

P<0.01). Furthermore, dynasore, and not valinomycin, reduced the number of 

intracellular larger OMVs, indicating that large OMVs enter AGS cells in a dynamin 

and caveolin dependent, but clathrin independent manner (Fig. 4A, B). In addition, 

bafilomycin treatment did not inhibit intracellular degradation of large OMVs, 

suggesting that large OMVs do not significantly enter the phagolysosomal 
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degradation pathway (Fig. 4). Therefore, we conclude that larger H. pylori OMVs 

have more restricted mechanisms of entry into host cells, involving both 

macropinocytosis and caveolin dependent pathways (Fig. 4 A, B).  

 

OMV size predetermines their protein content 

It has been reported that bacteria may selectively package protein cargo into 

OMVs (40). However, it is not known if OMV size predetermines their protein 

content or cargo. Therefore, we sought to determine if there was a size-dependent 

difference in protein composition of H. pylori OMVs. For this, we performed SDS-

PAGE analysis of small, large and heterogeneous OMV populations. As shown in 

Figure 5A, the smaller H. pylori OMVs within fraction 6 contained fewer proteins, 

when compared with both large OMVs, contained within fraction 12, and a 

heterogeneous population of OMVs. Indeed, these findings corroborate our 

preliminary finding identifying that fewer proteins were contained within smaller 

OMVs (10). This finding was also confirmed by LC-MS/MS proteomic analysis, 

whereby a total of 28 H. pylori specific proteins were contained within small OMVs, 

compared with a total of 137 proteins contained within large OMVs (Fig. 5B; Table 

S1, Table S2). Of all of the proteins identified within both small and large OMVs, 113 

were unique to large OMVs, 4 proteins were unique to small OMVs and 24 proteins 

were common to both sized OMV preparations (Fig. 5B). Interestingly, proteins 

associated with H. pylori survival or virulence were common to both small and large 

OMVs, including: urease A and B subunits, neutrophil activating protein (NAP), 

vacuolating cytotoxin (VacA) and the porin HopA (Table 1). Larger OMVs contained 

many of the known H. pylori adhesins, such as SabA, BabA, iron regulated proteins, 
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the Hop family of outer membrane proteins and numerous flagella basal and hook 

proteins (Table S2), which were absent from smaller OMVs (Table S1). The 4 

proteins exclusively contained within small OMVs were predominately associated 

with metabolism, and not virulence or adhesion (Table S1). Collectively, this 

proteomic analysis confirmed that larger OMVs contain more proteins within them 

compared to smaller OMVs, and that most of the H. pylori adhesins are contained 

within these protein-rich large OMVs. However, both small and large populations of 

OMVs contained many known virulence determinants, suggesting that both sized 

OMVs play a role in pathogenesis.  

 

DISCUSSION 

OMVs are produced by all Gram negative bacteria as part of their normal 

growth and have been reported to play a role in pathogenesis, bacterial cell 

communication and biofilm formation (17, 41-43). The ability of OMVs from various 

bacteria to enter host cells has been well documented. However, the specific 

mechanisms of OMV entry into non-phagocytic host cells via various groups differ 

and as yet, the precise mode of entry remains unclear (1, 10, 26, 29-31, 33, 34, 44, 

45). Recently, Gram positive bacteria including Staphylococcus, Bacillus and 

Mycobacteria species have also been reported to produce membrane vesicles that 

function to enter cells and induce host cell death (45-48), highlighting the likely 

importance of bacterial membrane vesicle production in essentially all types of 

bacterial infections. The implications of bacterial membrane vesicles in pathogenesis 

emphasises the need to elucidate the precise mechanism(s) whereby these vesicles 
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enter host cells, resulting in the initiation of bacterial specific immune responses in 

the host.  

The aim of the present study was firstly, to characterize the specific mode of 

entry of H. pylori OMVs into host epithelial cells, and secondly, to determine if 

vesicle size played a role in determining the mode of entry and OMV protein 

composition. Using chemical inhibition of the three main pathways of endocytosis: 

macropinocytosis, clathrin and caveolin mediated endocytosis, we found that entry of 

a heterogeneous population of OMVs into non-phagocytic human epithelial cells was 

significantly decreased when macropinocytosis and caveolin mediated endocytosis 

were inhibited (Fig. 1). We also established a minor, albeit not statistically significant, 

role for clathrin in heterogeneous OMV entry into human AGS cells. However, when 

examining the effect of inhibition of macropinocytosis, clathrin and caveolin 

dependent endocytosis on OMV-induced IL-8 responses, we discovered that all 3 

pathways were required for maximal induction of IL-8 production in response to 

OMV stimulation. This is the first report identifying that a small reduction in OMV 

entry may have a profound effect on the host inflammatory response. Indeed, this data 

was further validated by measurement of IL-8 production in HEK293 cells treated 

with inhibitors and subsequently stimulated with OMVs  (Fig. S3).  Collectively, our 

findings suggest that the contradictory findings of numerous studies describing 

various mechanisms of OMV entry into host cells may all be correct. We speculate 

that variations in OMV size may be a reason for the discrepancies in the mechanisms 

of OMV host cell entry reported by various groups. Therefore, we conclude that 

OMV entry into non-phagocytic cells can occur via multiple mechanisms.  

Several studies indicate that particle size plays a crucial role in determining 

the pathways of entry utilized by OMVs, and subsequently their intracellular fate (49, 
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50). Indeed, in our previous study, we identified that OMVs less than 100 nm in 

diameter induced higher levels of NF-κB activity than larger OMVs, suggesting that 

these smaller OMVs may be more efficient at entering host epithelial cells and 

initiating pro-inflammatory responses (10). To determine the role of OMV size in host 

cell entry, we used a previously reported method to separate OMVs according to size 

and density (10). Using this method, we separated a heterogeneous population of 

H. pylori OMVs into two populations that were enriched for either small 

(approximately 20 nm) or large (>50 nm) OMVs. Using fluorescence microscopy, we 

found that a homogeneous population of small OMVs entered host cells via all three 

mechanisms of endocytosis (Fig. 3), whereas a population of large OMVs only 

entered via macropinocytosis and caveolin mediated endocytosis (Fig. 4). We 

previously identified that small OMVs were more immunogenic than larger OMVs, as 

indicated by a greater induction of NF-κB activity, suggesting that these OMVs may 

be more efficient at entering host cells (10). Indeed, we have shown that these small 

OMVs are able to more efficiently enter host cells via each of the three main 

mechanisms of endocytosis, potentially assisting their pro-inflammatory role, whereas 

larger OMVs have a more restricted route of entry into non-phagocytic host cells.  

A recent study of OMV formation in Acinetobacter baumannii demonstrated 

that small OMVs were formed at the bacterial distal ends where the peptidoglycan 

layer of the bacteria was thicker, whereas large OMVs formed at sites of internal 

bacterial cell division (51). In addition the authors found that small OMVs formed 

primarily during early log phase cultures, whereas large OMVs were formed during 

later stages of Acinetobacter baumannii growth (51). This finding may explain the 

differences observed between various groups examining entry of OMVs into host 

cells. For example, Kesty et al., showed that enterotoxigenic Escherichia coli OMVs 
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interacted with host cell caveolin, and that inhibition of clathrin mediated endocytosis 

had no effect on vesicle uptake (1). However, clathrin mediated endocytosis was 

reported by others to be required for internalization of H. pylori OMVs into host cells 

(26). We identified that a heterogeneous population of OMVs enter via a variety of 

mechanisms and that OMV size predetermines the route of OMV entry into host cells. 

Each of the aforementioned studies isolated OMVs from bacterial cultures at different 

growth stages, which may result in a difference in the sizes of OMVs contained 

within each heterogeneous OMV preparation used, and hence the discrepancy in the 

findings. Therefore, we suggest that determining the size of OMVs contained within 

an OMV preparation is vital and may account for the differences seen in the modes of 

OMV entry between these and other studies.  

 Our data suggest that OMV size may also regulate the mechanism of 

intracellular degradation of OMVs. Bafilomycin A1 is a macrolide antibiotic that 

inhibits the fusion between autophagosomes and lysosomes, thereby preventing 

degradation of internalized particles (52).  Surprisingly, we found that fewer large 

OMVs were detected in cells treated with bafilomycin A1 (Fig. 4).  Whereas, small 

OMV-associated fluorescence was maintained following pre-treatment with 

bafilomycin A1, suggesting that small OMVs are intracellularly processed by the 

phagolysosomal degradation pathway. A similar phenomenon was observed by Lee et 

al., who suggested that bafilomycin treatment was required for processing of 

intracellular bacterial peptidoglycan (38), which we have reported to be present within 

OMVs (10). It is therefore possible that small OMVs enter host cells and are 

incorporated into autophagosomes, whereas large OMVs may be processed through a 

different pathway and exit early endosomes prior to formation of the autophagosomes. 
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The mechanisms of intracellular trafficking and fate of different sized OMVs form the 

basis of our future studies.  

Another significant difference between small and large OMVs is their protein 

composition. Smaller OMVs of approximately 20 nm in size contained significantly 

fewer proteins within them, when compared to larger OMVs. In addition, we found 

that larger H. pylori OMVs contained a prevalence of adhesion proteins that were 

absent from smaller OMVs, which may facilitate their entry into host cells. We 

identified 24 proteins common to both small and large OMVs; these were mostly 

proteins associated with virulence, including the vacuolating toxin (VacA), 

demonstrating a pathogenic role for OMVs of various sizes. An earlier study reported 

that OMVs containing the vacuolating toxin (VacA) were less dependent on clathrin 

for entry, when compared with VacA- OMVs, indicating that toxin-containing OMVs 

may enter host cells by more than one mechanism (26). To our knowledge, no studies 

have been performed regarding the amount of VacA toxin associated with OMVs 

from different strains of H. pylori, or OMVs of different sizes, and it is plausible that 

different sized OMVs may contain varying amounts of toxin, which may also 

facilitate their entry via receptor mediated endocytosis.  

 In summary, we believe that these findings have for the first time clarified an 

important issue within field of OMV research, by defining the mechanisms of OMV 

entry into host cells and identifying a previously unknown dependency of OMV size 

on their intracellular degradation and protein composition. More specifically, we 

showed that a heterogeneous sized population of OMVs enter host cells via each of 

the three main mechanisms of endocytosis: macropinocytosis, caveolin and clathrin 

mediated endocytosis, to various extents. We demonstrated that a small reduction in 

OMV entry had a profound effect on reducing the pro-inflammatory responses 
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induced in epithelial cells. Further examination of OMVs that had been separated 

based on their size and density revealed a previously unknown dependency of OMV 

size on their mode of entry into host cells. We found that small OMVs enter host cells 

via all 3 mechanisms of endocytosis, however, large OMVs do not require clathrin for 

cellular entry. We believe that the discrepancies in the literature regarding the 

mechanisms of OMV entry into host cells are most likely due to the use of 

heterogeneous populations of OMVs, ranging in different sizes. Moreover, we suggest 

that larger OMVs are processed in a different manner to the population of small sized 

OMVs. Further examination of the impact of particle size on the mechanisms of OMV 

degradation forms the basis of our future research.  Surprisingly, proteomic analysis 

of small and large OMV populations revealed that these OMVs differ in the quantity 

and types of proteins contained within them. Collectively, these findings have 

fundamental and significant implications that should be considered when examining 

the role of OMVs in pathogenesis, their protein content, and ultimately their use as 

vaccines against bacterial infections in humans.  
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FIG 1. Heterogeneous populations of OMVs enter host cells via macropinocytosis and dynamin 

dependant caveolin mediated endocytosis. (A) AGS cells were either left non-stimulated (NS), 

co-cultured with DiO-labeled (green) heterogeneous sized OMVs (OMV), or pre-treated with one of the 

following inhibitors prior to co-culture with OMVs; cytochalasin D (Cy), nocodazole (No), dynasore (Dy), 

valinomycin (Va) or bafilomycin (Ba). Nuclear DNA was stained using DAPI (blue) to allow enumeration 

of	
�    cells.	
�    Extracellular	
�    fluorescence	
�    was	
�    quenched	
�    with	
�    trypan	
�    blue.	
�    Scale	
�    bar	
�    indicates	
�    10	
�    μm.	
�    Images	
�    are	
�    

representative of 10 fields of view from 3 replicate experiments. (B) The average signal density of green 

fluorescence, indicating intracellular OMVs, in AGS cells was compared between cells cultured with 

OMVs alone (OMV), or cells treated with inhibitors and subsequently stimulated with 

fluorescently-labeled OMVs. Values were normalized to those of the OMV alone group (OMV). Data are 

means of 3 independent experiments in which >100 cells were counted per treatment within each 

experiment. Error bars indicate ± standard errors of the means. * P< 0.05 compared to OMV control group 

(ANOVA). (C) IL-8 production by AGS cells that were non-stimulated (NS), stimulated with OMVs alone 

as a control (O), pre-treated with chemical inhibitors alone (grey bars), or treated with chemical inhibitors 

prior to co-culture with OMVs was determined. IL-8 within the culture supernatants of cells 24 hours after 

stimulation with OMVs was determined by ELISA.  Data are representative of three independent 

experiments Error bars indicate ± standard errors of the means ** P<0.01 (Students t test). 
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FIG 2  Heterogeneous sized populations of OMVs purified using sucrose gradient purification. 

(A) Transmission electron micrographs of small OMV present in fraction 6 and (B) larger 

OMVs present in fraction 12. (A) Fraction 6 contained a homogeneous population of small 

OMVs, approximately 20 nm in size, indicated by the black arrows. (B) Fraction 12 contained 

two distinct populations of OMVs ranging between 50 nm (white arrows) and 100 nm (black 

arrows) in diameter. Scale bar represents 100 nm. (C) The diameters (nm) of OMVs contained 

within each fraction were measured for >100 OMVs per fraction.  OMVs contained within 

fraction 6 were approximately 20 nm in diameter. Whereas, two distinct populations were found 

in fraction 12 of approximately 50 nm (F12a, white arrows) and 100 nm (F12b, black arrows) in 

diameter. Error bars indicate ± standard errors of the means. 
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FIG 3  Small OMVs enter host cells via endocytosis and macropinocytosis. (A) AGS cells were 

either left non-stimulated (NS), co-cultured with DiO-labeled (green) homogeneous small sized 

OMVs (OMV), or pre-treated with one of the following inhibitors prior to co-culture with small 

OMVs; cytochalasin D (Cy), nocodazole (No), dynasore (Dy), valinomycin (Va) or bafilomycin 

(Ba). Nuclear DNA was stained using DAPI (blue) to allow enumeration of cells. Extracellular 

fluorescence	
�    was	
�    quenched	
�    with	
�    trypan	
�    blue.	
�    Scale	
�    bar	
�    indicates	
�    10μm.	
�    Images	
�    are	
�    representative	
�    

from 10 fields of view from 3 replicate experiments. (B) The average signal density of green 

fluorescence, indicating intracellular OMVs, in AGS cells was compared between cells cultured 

with OMVs alone (OMV), or cells treated with inhibitors and subsequently stimulated with 

fluorescently-labeled OMVs.  Values were normalized to those of the OMV alone group (OMV). 

Data are means of 3 independent experiments in which >100 cells were counted per treatment 

within each experiment. Error bars indicate ± standard errors of the means. * *P< 0.01  compared 

to OMV control group (ANOVA). 

** ** ** ****** ** **
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FIG 4. Large OMVs enter host cells via macropinocytosis and caveolin mediated endocytosis but not 

clathrin mediated endocytosis. (A) AGS cells were either left non-stimulated (NS), co-cultured with 

DiO-labeled (green) large sized OMVs (OMV), or pre-treated with one of the following inhibitors prior 

to co-culture with large OMVs; cytochalasin D (Cy), nocodazole (No), dynasore (Dy), valinomycin (Va) 

or bafilomycin (Ba). Nuclear DNA was stained using DAPI (blue) to allow enumeration of cells. 

Extracellular	
�     fluorescence	
�     was	
�     quenched	
�     with	
�     trypan	
�     blue.	
�     Scale	
�     bar	
�     indicates	
�     10μm.	
�     Images	
�     are	
�    

representative from 10 fields of view from 3 replicate experiments. (B) The average signal density of 

green fluorescence, indicating intracellular OMVs, in AGS cells was compared between cells cultured 

with OMVs alone (OMV), or cells treated with inhibitors and subsequently stimulated with 

fluorescently-labeled OMVs.  Values were normalized to those of the OMV alone group (OMV). Data 

are means of 3 independent experiments in which >100 cells were counted per treatment within each 

experiment. Error bars indicate ± standard errors of the means. ** P< 0.01 compared to OMV control 

group (ANOVA). 
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FIG 5 OMVs of different sizes vary in their protein content.  (A) Instant-blue 
stained tris-glycine gel showing protein profiles of small (S), large (L) and 
heterogenous (H) OMVs, the latter in increasing concentrations. (B) Venn Diagram 
of proteins detected within small (approximately 20 nm) and large (> 50 nm) 
OMVs. LC MS/MS analysis determined that 137 proteins were exclusively 
contained within large OMVs, whereas 4 proteins were unique to small OMVs. A 
total of 24 proteins were found in both small and large OMVs. 
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Figure S1: AGS and HEK cells treated with inhibitors of endocytosis remain viable.  
AGS (A) and HEK (B) cells were treated with either of the inhibitors cytochalasin D (Cyt), 
dynasore (Dyn), nocodazole, (N), valinomycin (Val), bafilomycin (Baf), or sodium azide 
(Az) as a positive control of cell death, for 30 minutes. Cells were subsequently washed 
and further incubated for 4 hours. Cell Viability was measured using the CellTiter-Glo 
assay. Percentage of cell viability was determined by comparing treated cells to non-treated 
control cells. Data are representative of two individual experiments. Data are represented 
as mean ± SEM. 
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Figure S2: OMV-associated fluorescence is effectively quenched using trypan blue. 

AGS	
�    cells	
�    were	
�    incubated	
�    with	
�    50	
�    μg/ml	
�    of	
�    DiO	
�    fluorescently-labeled	
�    OMVs	
�    (B,	
�    C)	
�    or	
�    

left	
�    non-stimulated	
�    (A).	
�    Four	
�    hours	
�    later,	
�    cells	
�    were	
�    permeabilized	
�    with	
�    Triton-X	
�    (B)	
�    or	
�    

left	
�    untreated	
�    (A,	
�    C)	
�    and	
�    fluorescence	
�    was	
�    quenched	
�    using	
�    trypan	
�    blue	
�    (A,	
�    B,	
�    C).	
�    Cells	
�    

were	
�    subsequently	
�    imaged	
�    using	
�    fluorescence	
�    microscopy	
�    (A-C).	
�    	
�    Scale	
�    bar	
�    indicates	
�    10	
�    

μm.	
�     (D)	
�    The	
�     percentage	
�     of	
�     green	
�     fluorescence	
�     in	
�     samples	
�    A-C	
�    was	
�     quantified	
�     using	
�    

confocal	
�    microscopy.	
�    The	
�    average	
�    signal	
�    density	
�    of	
�    DiO-OMV	
�    fluorescence	
�    (green)	
�    was	
�    

determined.	
�     Values	
�     were	
�     normalized	
�     to	
�     those	
�     of	
�     the	
�     OMV	
�     group.	
�     Data	
�     are	
�     mean	
�    

fluorescence	
�     in	
�    >100	
�    cells	
�    per	
�     treatment.	
�    Error	
�    bars	
�     indicate	
�    ±	
�    standard	
�    errors	
�    of	
�     the	
�    

means	
�     (SEM).	
�     (E)	
�    AGS	
�     Cells	
�     that	
�     were	
�     either	
�     non-stimulated	
�     (NS,	
�     black	
�     line),	
�     or	
�    

 153



200

100

300

NS C DN V B

IL
-8

 (p
g/

m
l)

0
O C DN V B

** ******

Figure S3.  A heterogeneous population of OMVs enter host cells via 
macropinocytosis, clathrin and caveolin mediated endocytosis. HEK cells were left 
non-treated (NS; open bar), stimulated with OMVs (O; black bar) or pre-treated with 
inhibitors (grey bars) cytochalasin D (C), nocodazole (N), dynasore (D), valinomycin 
(V), bafilomycin (B) prior to co-culture with heterogeneous sized OMVs. IL-8 responses 
were determined 24 hours later by ELISA. Data are representative of three independent 
experiments performed in triplicate. Shown are the mean ± standard errors of the means 
(SEM) (determined in triplicate). ** P<0.01.
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3.4 Final Discussion 

 

The findings from this chapter demonstrate that H. pylori OMVs are internalised by 

host cells via diverse mechanisms, including macropinocytosis, clathrin- and caveolin- 

dependent endocytosis. This is not surprising, as other groups have attributed OMV 

internalisation to each of these mechanisms. However, the reported mechanisms of 

entry differ across the various bacteria and experimental systems. In this chapter we 

have provided evidence supporting our hypothesis that OMV size plays a role in 

directing the route of host cell entry. Indeed, we found that OMVs smaller than 50 nm 

were capable of entering host cells via each of the listed mechanisms of endocytosis, 

whereas OMVs larger than 50 nm could enter cells via macropinocytosis and caveolin-

dependent endocytosis, but not clathrin-dependent endocytosis.  

Interestingly, we found that small OMVs and large OMVs may be degraded within the 

cell via distinct pathways, as treatment of the cells with bafilomycin A1 hindered the 

intracellular degradation of small but not large OMVs. As bafilomycin A1 prevents the 

fusion of autophagosomes with lysosomes, thereby preventing lysosomal degradation, 

we surmised that the intracellular degradation pathways of OMVs may differ depending 

on their mode of internalisation, and therefore, their size.  

The data reported here provide the first evidence that OMV size also predetermines 

protein content. Although it has been suggested that OMVs of different sizes may vary 

in their protein constituents (Elmi, Watson et al. 2012), this hypothesis has thus far not 

been investigated in any detail. Using LC-MS/MS analysis, we have demonstrated that 

small OMVs comprise fewer proteins than large OMVs and that these different 

populations of OMVs contain within them both unique and shared sets of proteins.  
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In summary, the data presented in this chapter demonstrate that OMV size plays a role 

in directing the mechanisms of host cell internalisation and also predetermines their 

protein content. 

 161



 

  

Chapter 4. Bacterial outer membrane vesicles are processed into 

antigen presenting exosomes by epithelial cells, which induce the 

proliferation of human T cells. 

 

4.1 Introduction  

The release of extracellular vesicles known as exosomes has been demonstrated for a 

wide range of eukaryotic cell types, including reticulocytes (Johnstone, Adam et al. 

1987), B lymphocytes (Raposo, Nijman et al. 1996) and DCs (Zitvogel, Regnault et al. 

1998). Since their discovery, exosomes have been found to represent an important 

mechanism of cell to cell communication, acting as ‘communicasomes’ for the transfer 

of DNA, protein, lipids, RNA between eukaryotic cells (reviewed in (Simons and 

Raposo 2009)).  

Derived from MVB within the cell, exosomes contain not only cargo derived from the 

cell of origin, but may also contain extracellular contents that have entered the cell at 

the plasma membrane, such as viral RNA (Narayanan, Iordanskiy et al. 2013) and 

bacterial products (Bhatnagar and Schorey 2007). Indeed, studies by Bhatnager et al. 

reported that exosomes released from macrophages infected with M. bovis or 

Mycobacterium avium contained specific bacterial PAMPs such as LIM and 

glycopeptolipids, respectively (Bhatnagar and Schorey 2007, Bhatnagar, Shinagawa et 

al. 2007). Furthermore, it was shown that these exosomes containing bacterial PAMPs 

were capable of stimulating pro-inflammatory responses by macrophages in vitro and in 

vivo (Bhatnagar, Shinagawa et al. 2007).  
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In 2001, van Niel and colleagues demonstrated that polarised IECs were capable of 

secreting exosomes that were enriched in HLA Class I and II molecules, required for 

antigen presentation (van Niel, Raposo et al. 2001). Later work published by the same 

group demonstrated that exosomes secreted by IECs, which had been cultured with 

ovalbumin  (OVA) peptide, were capable of inducing OVA-specific humoral immune 

responses following administration to mice (van Niel, Mallegol et al. 2003). Further 

work performed by van Niel and colleagues demonstrated that IEC exosomes 

expressing HLA Class II / human serum albumin (HSA) peptide complexes, targeted 

and were internalised by follicular DCs. These DCs were then able to present HSA 

peptide to T cells (Mallegol, van Niel et al. 2007), indicating that exosomes may 

potentiate peptide presentation to T cells via interactions with DCs.  

Given that bacterial OMVs are known to enter host epithelial cells via the endocytic 

pathway (Kesty, Mason et al. 2004, Furuta, Tsuda et al. 2009, Parker, Chitcholtan et al. 

2010) (Chapter 3), we propose that internalised H. pylori OMVs may be processed 

within the cell and packaged within exosomes. Furthermore we propose that these 

OMV-containing exosomes are capable of interacting with APCs to facilitate the 

presentation of H. pylori OMV proteins to the local immune system.  

In this chapter, we demonstrate the internalisation of H. pylori OMVs by polarised IECs 

and the subsequent inclusion of OMV proteins within exosomes secreted basolaterally 

from these cells. Furthermore, we establish that these OMV containing exosomes are 

capable of presenting OMV derived proteins to T cells, via interactions with DCs, 

resulting in antigen specific T cell proliferation.  
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4.2 Methods 

4.2.1 Growth of H. pylori 

H. pylori 251 (Viala, Chaput et al. 2004) was routinely cultured on horse blood agar 

(HBA) plates [Blood agar base No.2 (Oxoid Ltd., Hampshire, England) containing 8% 

(v/v) horse blood (Bio-Lab, VIC, Australia) and Skirrow’s selective supplement [155 

µg/ml polymixin B (Sigma, Steinheim, Germany), 6.25 mg/ml vancomycin (Sigma), 

3.125 mg/ml trimethoprim (Sigma), and 1.25 mg/ml amphotericin B (Amresco, OH, 

USA)]. H. pylori mutant strain 251 cagPAI (Kaparakis, Turnbull et al. 2010) was 

cultured on HBA supplemented with 20 µg/ml kanamycin (Sigma). Liquid broth 

cultures were incubated in 25 cm2 or 75 cm2 tissue culture flasks (BD Falcon™) in final 

volumes of 10 ml or 40 ml of brain heart infusion (BHI; Oxoid) containing 10% fetal 

calf serum (FCS; Thermo Electron, Melbourne, Australia). H. pylori were incubated 

under microaerobic conditions in anaerobic jars containing a Campygen gas pack 

(Oxoid) for 24-36 hours at 37˚C. Additionally, liquid cultures were shaken at 125 rpm. 

Viable counts were performed using 10 fold serial dilutions of bacteria in BHI and 

incubated for 3-5 days prior to enumeration. H. pylori was fixed by resuspension in 4% 

(v/v) formaldehyde in phosphate buffered saline (PBS) for 20 minutes on ice. Bacteria 

were subsequently washed 3 times by centrifugation in PBS at 2,500 x g for 10 minutes. 

The absence of viability of formaldehyde fixed bacteria was confirmed by bacterial 

culture, as described above.  

 

4.2.2 Preparation of OMVs 

For the production of H. pylori OMVs, bacteria were grown in BHI medium 

supplemented with 0.6% (w/v) β-cyclodextrin (Sigma) in place of FCS. Cultures were 
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incubated under microaerobic conditions for approximately 17 hours at 37˚C with 

shaking at 140 rpm. Bacteria were pelleted by centrifugation at room temperature at 

3,220 x g for 20 and cell free supernatants filtered using Stericup-GP with 0.22 µm 

filters (Millipore, Ireland). Supernatants were ultracentrifuged in Ultra-Clear™ 

centrifuge tubes (Beckman Coulter) using a Sorvall RC100 ultracentrifuge (Thermo-

Scientific) and an AH629 rotor (Thermo-Scientific). OMV pellets were resuspended in 

final volumes of 1 ml PBS. Samples were concentrated using Amicon Ultracel 10K 

filtration units (Millipore). Protein concentrations of OMV samples were determined 

using a modified method of the BioRad Protein Assay (BioRad Laboraties Inc., USA). 

Aliquots of OMV samples and samples of bovine serum albumin (BSA; Sigma) at a 

range of known concentrations, were incubated with octyl-β-D-glucopyranoside (NOG; 

Sigma-Aldrich), at a final concentration of 7.5% (w/v) for 10 minutes at room 

temperature. The addition of the detergent NOG solubilises membrane bound proteins 

allowing more accurate measurement of the protein content of membrane bound 

proteins (Fanger 1987), such as those in OMVs. Samples were mixed with the dye 

reagent from the Bradford protein assay kit at a ratio of 4:1 and incubated for 5 minutes 

at room temperature. The absorbance at 595 nm was measured using a Beckman DU® 

530 Life Science UV/Vis Spectrophotometer and the protein concentrations determined 

by comparison against a standard curve of BSA samples.  

 

4.2.3 Growth and maintenance of cell lines 

T84 IECs were routinely cultured in Dulbecco’s Modified Eagles Medium:Ham’s-F12 

nutrient mixture (DMEM:F12; Gibco) supplemented with 10% (v/v) FCS and 1 % (v/v) 

penicillin-streptomycin (complete DMEM:F12; Gibco). T84 cells were incubated at 

37˚C in 5% CO2 in 25 cm2 or 75 cm2 tissue culture flasks. T84 cells were detached from 
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flasks by incubation with TrypLE™ Express (Life Technologies) for 5-7 minutes at 

37˚C in 5% CO2. Detached cells were collected in DMEM:F12 and centrifuged at room 

temperature for 5 minutes at 300 x g, prior to resuspension in complete DMEM:F12. 

T84 cells were seeded at 1 x 105 cells per well in 24 well plates (BD Falcon™). 

Alternatively, to obtain a polarised monolayer of cells, T84 cells were seeded at 106 

cells per cm2 in Transwell® 24 mm diameter inserts, with 3 µm pore size (Corning 

Incorporated, NY, USA). The media in Transwell® dishes was replaced every second 

day. Cells were considered fully polarised when a stable Transepithelial electrical 

resistance (TEER) of 700Ω•cm2 was reached (15-21 days of culture). TEER was 

measured using a Millicell Electrical Resistance System (Millipore). 

 

4.2.4 Dextran-flux assay 

Polarised T84 cells with a TEER of 700Ω•cm2 were stimulated basolaterally with 100 

international units (IU) IFN-γ (Gibco®) per ml for 48 hours, or OMVs (100 µg) 

apically for 24 hours. Alexa Fluor® 488 conjugated 3 kDa Dextran beads (Molecular 

Probes®; 500ng) were added apically to cells and 100 µl aliquots taken from the 

basolateral compartment after 3 hours. To allow measurement of the amount of beads 

that were able to pass through the cell monolayer, a standard curve was prepared (10-

200 ng dextran). Fluorescence was measured at excitation 485, emission 520 using a 

FLUOstar Optima plate reader  (BMG Labtech).  

 

4.2.5 Alexa fluor®  568-labelling of OMVs 

Aliquots (500 µl) of H. pylori 251 cagPAI OMVs (2 mg/ml), were fluorescently 

labelled with Alexa fluor® 568 using an Alexa Fluor® 568 Protein Labelling Kit 

 166



 

  

(Invitrogen Molecular Probes, Oregon, USA), as per the manufacturer’s instructions. 

Briefly, OMVs were mixed with 1M sodium hydrogen carbonate (AJAX chemicals, 

Sydney, Australia) and added to a reactive dye, followed by a 1 hour incubation at room 

temperature in the dark with gentle agitation. Purification resin was added to a column, 

the buffer allowed to drain away and OMV mixtures added slowly and allowed to enter 

the resin. Elution buffer was added to the column and the fluorescent band containing 

labelled OMVs collected. Alexa fluor® 568-tagged OMVs were stored at -20˚C in the 

dark until required.  

 

4.2.6 Confocal fluorescence microscopy to visualise OMV entry into polarised 

cells. 

Alexa fluor® 568-labelled OMVs (50 µg per ml) were added apically to cells in 2 ml 

aliquots and left in contact with cells for 16 hours. Cells were then washed 3 times with 

sterile PBS and fixed with 4% (v/v) formaldehyde in PBS for 20 minutes. Cells were 

washed 3 times and blocked using blocking buffer (2% (w/v) BSA Fraction V (Roche 

Diagnostics) in PBS). Cells were washed 3 times with PBS and incubated with a 

polyclonal rabbit anti-H. pylori 251 cagPAI OMV (Kaparakis, Turnbull et al. 2010), 

diluted 1/500 in bocking buffer for 1 hour at room temperature. Alternatively, cells were 

incubated with blocking buffer alone. Cells were washed 3 times and incubated with 

Alexa Fluor® 488 goat anti-rabbit IgG antibody (Invitrogen Molecular Probes), diluted 

1/1000 in blocking buffer for 40 minutes at room temperature. Cells that did not require 

antibody staining were incubated with blocking buffer alone. For samples requiring 

permeabilisation of cells, Triton-X (MERCK) was added to blocking buffer at a 

concentration of 0.1% (v/v) during each incubation. Following 3 washes with PBS the 

membranes were cut from inserts and placed on glass microscope slides (Sailbrad, 
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China) with cells facing up. A single drop of Prolong Gold (Invitrogen Molecular 

Probes) was added to cells and 0.17 mm cover slips placed on top. Slides were left to 

cure overnight at room temperature and then viewed using Nikon C1 upright 

microscope. Images were captured using NIS Elements AR.3.0 software (both Nikon 

Instruments Inc. NY) and analysed using ImageJ 1.42q (National Institutes of Health, 

USA).  

 

4.2.7 Enzyme Linked Immunosorbent Assay (ELISA) 

IL-8 production was measured using the BD OptEIA™ Human IL-8 ELISA kit (BD 

Pharmingen), as per the manufacturer’s instructions. Briefly, wells of a 96 well 

Maxisorp plate (Nunc, Roskilde, Denmark) were coated with 100 µl purified mouse 

anti-human IL-8 diluted 1/500 in carbonate coating buffer [0.1M NaHCO3, 0.1M 

Na2CO3 (both BDH Chemicals, Vic, Aus) pH 9.5] overnight at 4˚C. Plates were washed 

3 times with 300 µl per well of wash buffer [0.05% Tween-20 in PBS], using a BIO-

TEK plate washer (BIO-TEK, VT, USA), prior to blocking with 200 µl per well of 

assay diluent [10% (v/v) FCS in PBS] at room temperature for 1 hour. IL-8 standards 

(100 µl) were added to wells in duplicate. Sample aliquots (100 µl) were added to wells 

in triplicate and incubated for 2 hours at room temperature. IL-8 was detected by 

addition of 100 µl of biotin-labelled mouse anti-human IL-8 antibody and streptavidin-

horseradish peroxidase (HRP) (both diluted 1/1000), for 1 hour each. Substrate solution 

(100 µl; BD Biosciences, San Diego, CA, USA) was added to each well and allowed to 

develop for 15 minutes in the dark. The reaction was then stopped with 100 µl per well 

of 0.5M H2SO4 and absorbance values measured at 450nm, using a FLUOstar Optima 

plate reader.  
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4.2.8 RNA isolation and quantitative real time-polymerase chain reaction (qRT-

PCR) 

Non-polarised T84 cells were either left non-stimulated or stimulated with 100 IU per 

ml of recombinant human IFN-γ for 48 hours (Ye, Barrera et al. 1997). Polarised T84 

cells were basolaterally stimulated with 100 U per ml IFN-γ, or not, for 48 hours. Live 

H. pylori 251 (multiplicity of infection (MOI) = 10:1), or OMVs (50 or 200 µg/ml), 

were added apically to polarised T84 cells for 24 hours. RNA was purified from cells 

using the Purelink RNA mini kit (Invitrogen), as per manufacturer’s instructions. To 

remove contaminating DNA, RNA was Deoxyribonuclease (DNAse) treated using the 

Turbo DNA free kit (Ambion, VIC, Australia). RNA (500 ng) was reverse transcribed 

using SuperScript III (Invitrogen). Taqman primers for the genes encoding 18s rRNA, 

HLA Class I and HLA Class II are listed in 4.1. Reaction mixes (final volume 10 µl) 

consisted of 20 ng cDNA, 2 µl 10xRT buffer and 0.5 µl primer. qRT-PCR gene 

expression analyses were performed in triplicate using a 7900HT Fast Real-Time PCR 

system (Applied Biosystems). The relative changes in gene expression were determined 

using the ΔΔCt method (Kennedy, Najdovska et al. 2011) and normalised to the 18s 

rRNA gene. Data acquisition and analyses were performed using the Sequence 

Detection System v2.3 software (Applied Biosystems).  

 

4.2.4.2.9 Detection of HLA Class I and II on T84 cells using flow cytometry 

Non-polarised T84 cells were treated with 1000 IU/ml recombinant human IFN-γ, for 

48 hours in 5% CO2 at 37˚C. Following IFN-γ stimulation, media were replaced with 

DMEM:F12 and incubated a further 24 hours to allow up-regulation of HLA Class I and 

II molecules. Cells were co-cultured with H. pylori 251 (MOI = 10:1) or OMVs (50 or 

200 µg per ml) for 24 hours. Cells were detached from tissue culture plates by 
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Gene Reference Amplicon length
18S5 Hs03928990_g1 61
HLA-B Hs00818803_g1 189
HLA-DRB1, HLA-DRB4, HLA-DRB5 Hs04192463_mH 95

Table 4.1: Taqman gene expression assays used in this study

 170



 

  

incubation with 1mM ethylenediaminetetraacetic acid (EDTA) disodium dihydrate 

(amresco) for 20-30 minutes and suspended in FACS buffer (Dulbecco’s phosphate 

buffered saline (DPBS; Gibco) with 1% (v/v) FCS), prior to centrifugation at 1000 x g 

for 5 mins at 4˚C. Cells were incubated with fluorescein isothiocyanate (FITC) mouse 

anti-human HLA-DQR and phycoerythrin (PE) mouse anti-human HLA-B (both BD 

Pharmingen™) for 30 minutes on ice in the dark. Single stained and non-stained cells 

were included as controls. Cells were then washed using FACS buffer, pelleted by 

centrifugation and resuspended in FACS fixative [DPBS with 2% (v/v) formaldehyde]. 

Cells were acquired using BD FACS Canto II and BD FACS Diva software v 60 (both 

BD Biosciences, CA, USA). Non-viable cells were excluded from analysis based on 

forward scatter (FSC; granularity) and side scatter (SSC; size) profiles. Data were 

analysed using FlowJo version 7.2.2. Results are displayed as histograms, and 

expressed as the ratio of the mean fluorescence intensity (MFI) of HLA Class I or II 

from cells cultured with H. pylori or OMVs : cells cultured with medium alone (Ciantar 

and Mannering 2011).  

 

4.2.10 Isolation and characterisation of exosomes 

Polarised T84 cells were co-cultured with H. pylori 251 cagPAI OMVs (100µg), live 

H. pylori 251 (MOI = 10:1) or formaldehyde fixed H. pylori 251 (MOI = 10:1). OMVs 

were left in contact with cells for 24 hours. For bacterial stimulations, medium was 

replaced after 1 hour of incubation for a further 23 hours. Following 24 hours in culture, 

supernatant samples were collected for analysis using IL-8 ELISA, and the medium was 

replaced with exosome culture medium (DMEM:F12 supplemented with 1% (v/v) 

penicillin-streptomycin and 2% (w/v) BSA) for a further 48 hours. Isolation of 

exosomes was performed as follows, based on the method of Van Niel et al. (van Niel, 
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Raposo et al. 2001). Supernatants were collected from the apical and basolateral 

compartments and subjected to serial centrifugations at 300 x g for 10 minutes (to 

remove dead cells and cellular debris), 2000 x g for 20 minutes and 10,000 x g for 30 

minutes (to remove any remaining contaminating cellular material) using a Heraeus 

Multifuge 3SR+ (Thermo Scientific). All centrifugations were performed at 4°C. The 

final supernatants were washed by ultracentrifugation 3 times in sterile PBS at 100,000 

x g (4°C) for 1 hour to wash and concentrate the exosomes. Pellets were subsequently 

resuspended in PBS (100 µl). Basolateral exosomes purified from non stimulated cells 

or OMV-stimulated cells were designated “empty” exosomes or “OMV exosomes, 

respectively. Protein concentrations were determined using the Quant-iT™ protein 

assay kit and a Qubit fluorometer (both from Invitrogen), as per the manufacturer’s 

instructions.  

 

4.2.11 Transmission electron microscopy 

Exosome and OMV pellets were resuspended in 2% (v/v) paraformaldehyde in PBS and 

added to Formvar coated carbon grids. Samples were contrasted with 2% (w/v) uranyl-

acetate / 0.15M oxalate (pH 7). Samples were embedded in a solution of 1 part 4% (v/v) 

uranyl acetate and 9 parts 2% (v/v) methyl cellulose. All reagents were purchased from 

Prositech (USA). Samples were viewed using a Hitachi H.7-7500 transmission electron 

microscope at 70,000-fold magnification and images captured using Digital 

micrograph™ 1.71.38 software (Gatan Inc.). Image analysis was performed using 

ImageJ v1.47k (National Institutes of Health, USA).  
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4.2.12 Separation of IEC, exosomal and OMV proteins by gradient gel 

electrophoresis 

Cell lysates, exosomes and OMV samples were resuspended in 4X NuPAGE® LDS 

sample buffer with 10X NuPAGE® Reducing agent (final volume 10 µl). Samples 

containing equal protein concentrations were heated for 10 minutes at 70°C and loaded 

onto NuPAGE® Novex® 4-12% Bis-Tris Gels (Life Technologies) with a Colour Plus 

pre-stained protein ladder (10-230 kDa; New England BioLabs). Gels were immersed in 

1X NuPAGE® MOPS buffer with 1X NuPAGE® antioxidant in the upper chamber of 

XCell SureLock® Mini-Cells (Life Technologies). Samples were electrophoresed at 

200V for 50 minutes.  

 

4.2.13 Detection of IEC, exosomal and OMV proteins by Western blot analysis 

Proteins were transferred to 0.2 µm pore size nitrocellulose membranes (iBlot® transfer 

stacks; Novex® Life Technologies) using the iBlot® Gel Transfer Device 

(Invitrogen™, Life Technologies). Membranes were blocked using 5% (w/v) skim milk 

(Diploma) in PBS and incubated for 2 hours at room temperature. Membranes were 

washed 3 times for 5 minutes each in PBS with 0.05% (v/v) Tween-20 (amresco). 

Membranes were incubated with rabbit anti-H. pylori 251 cagPAI OMV antibodies 

(diluted 1/2500 in 1% (w/v) skim milk) (Kaparakis, Turnbull et al. 2010) overnight at 

4˚C. Membranes were washed and incubated with biotin conjugated goat anti-rabbit 

IgG (Chemicon; diluted 1/1000 in 1% skim milk) for 2 hours at room temperature. 

Membranes were subsequently washed and incubated with streptavidin-HRP (Millipore; 

diluted 1/1000 in 1% skim milk) for 1 hour. Proteins were detected using 

Electrochemiluminescence (ECL) Chemiluminescence kit (GE Healthcare, 

Buckinghamshire, UK) and films developed using a Fuji FPM 100A film processor.  
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4.2.14 Protein sample preparation for mass spectrometry 

Exosome samples (100 µg) were suspended in PBS with protease inhibitors (Complete 

Protease Inhibitor cocktail tablets; Roche). Associate Professor Stuart Cordwell 

performed sample preparation and analysis at the School of Molecular Bioscience, the 

University of Sydney.  

Exosome preparations were resuspended in 100 µL 6M urea / 2M thiourea and bath 

sonicated for 5 minutes prior to 4 rounds of freeze-thaw. Proteins were reduced in 10 

mM dithiothreitol (DTT) at 25°C for 1 hr, followed by alkylation in 20 mM 

iodoacetamide (IAA) at 25°C in the dark for 30 minutes. Proteins were diluted 1:8 in 40 

mM ammonium bicarbonate and digested overnight in trypsin (1 µg) for 16 hours. 

Digestion was terminated by the addition of trifluoroacetic acid (TFA) to a final 

concentration of 0.1%. Peptides were concentrated and desalted using hydrophilic-

lipophilic balance (HLB) solid phase extraction. Prior to mass spectrometric analysis, 

samples were fractionated by hydrophilic interaction liquid chromatography (HILIC) 

using an Agilent 1200 series HPLC. Fractionation was performed using a 20 cm long, 

320 µm I.D. column packed with TSK-Amide 80 HILIC resin (3 µm particle size). 

Samples were resuspended in 100% buffer B (90% MeCN, 0.1% TFA) and separated 

using a linear gradient as follows: sample loading for 10 minutes at 100% buffer B (12 

µl/min); sample elution from 100% buffer B to 60% buffer B for 25 minutes (6 µl/min), 

ending in a column re-equilibration step for 20 minutes. Peptide elution was monitored 

by a multiwavelength detector at 280 ± 4 nm, 254 ± 4 nm, 260 ± 4 nm and 230 ± 4 nm. 

Following separation, all samples were lyophilised to complete dryness using a 

Speedvac and stored at -20°C until mass spectrometric analysis. 
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4.2.15 Mass Spectrometry 

Purified peptides were resuspended in 100% Buffer A (2% MeCN, 0.1% FA, 98.9% 

H2O) and analysed by tandem mass spectrometry (MS/MS), using an Eksigent Nano LC 

Ultra 2D Plus coupled to an AB SCIEX 5600 TripleTOF mass spectrometer. Liquid 

chromatography was performed using a two-column set up where peptides were loaded 

onto a trap column (0.5 cm, 150 µm I.D., C18) in 5% Buffer B (90% MeCN, 0.1% FA) 

for 8 mins, at a flow-rate of 5 µl/min. Following valve switching, peptides were then 

eluted onto an analytical column (15 cm, 75 µm I.D., C18Aq Reprosil) and separated on 

a linear of gradient of 5% Buffer B to 60% Buffer B over 90 minutes, at a flow-rate of 

300 nl/min. Eluted peptides were sprayed by electrospray ionisation directly into the 

TripleTOF system at 150°C. The top 20 most abundant ions were selected for MS/MS 

by collision-induced dissociation, using the following parameters: full scan high 

resolution MS between 350 and 2000 m/z; MS/MS events between 100 – 2000 m/z 

using ‘high sensitivity’ mode, isolation width of 3.0 amu and a minimum charge state of 

+2. All samples were written to .wiff files and later converted to .mgf utilising the AB 

SCIEX file converter. 

Mascot searching was performed using the publicly available H. pylori database 26695 

(reverse concatenated), with the following parameters: trypsin cleavage with a 

maximum of two missed cleavages; 0.2 Da tolerance for both MS and MS/MS; variable 

oxidation of methionine; variable carbamidomethylation of cysteines and variable N-

terminal pyroglutamation. Following database searching, results were compiled using 

Scaffold 3 (Proteome Software) and searched using X!Tandem with identical 

parameters as outlined for Mascot. Peptide and protein validation was performed with 

the inbuilt PeptideProphet and ProteinProphet algorithms provided by Scaffold to obtain 

peptides and proteins with 90% confidence and below 1% FDR. Single peptide 
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identifications for proteins were also manually validated for correct sequence 

assignment. 

 

4.2.16 Isolation and separation of human PBMCs using CD3 MACS beads 

Blood was obtained by venepuncture from healthy, H. pylori negative, volunteer 

donors. Peripheral blood mononuclear cells (PBMCs) were isolated over Ficoll-Paque 

PLUS (GE Healthcare, Australia) and washed twice in DPBS by centrifugation at 500 x 

g for 5 minutes at room temperature. Cells were cultured in Roswell Park Memorial 

Institute (RPMI; Gibco®) medium supplemented with 5% pooled human male AB 

serum (PHS; Lonza), 1% penicillin-streptomycin and 0.05 mM 2-mercaptoethanol 

(Gibco®; complete T cell media).  

 

4.2.17 Separation of human PBMCs using CD3 MACS beads 

PBMC suspensions were centrifuged at 300 x g for 10 minutes, supernatants were  

removed and cells were resuspended in 80 µl MACS buffer (DPBS with 0.5% BSA 

Fraction V and 3mM EDTA) per 107 cells containing CD3 micro beads (Miltenyi 

Biotec; 20 µl per 107 cells). Cells were subsequently incubated for 15 minutes on ice, 

washed using MACS buffer and resuspended in 500 µl MACS buffer. CD3+ cells were 

separated from CD3- cells using a MidiMACS™ Separator and LS columns (both 

Miltenyi Biotec). Separation of CD3+ and CD3- cell populations was confirmed by 

staining cells with brilliant violet mouse anti-human CD3 antibody (Clone UCHT1; BD 

Pharmingen) and analysis by flow cytometry. Cells were washed in DPBS and 

resuspended in 1 ml RPMI with 10% (v/v) PHS. To prepare cells for storage in liquid 

nitrogen, equal volumes of RPMI containing 20% (v/v) dimethyl sulfoxide (DMSO; 
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Sigma) were added drop wise to cell suspensions over 2 minutes, on ice. Cells were 

then stored in liquid nitrogen until required.  

4.2.18 Determining H. pylori status of donors by Western blot analysis 

Aliquots of H. pylori lysate (10 µg) were suspended in 4X NuPAGE® LDS sample 

buffer with 10X NuPAGE® Reducing agent (final volume 10 µl). Samples were 

prepared and electrophoresed as described in section 4.2.12. Proteins were transferred to 

nitrocellulose membranes as described in section 4.2.13. Blocked membranes were 

incubated with donor sera (diluted 1/100 in 1% skim milk), or rabbit anti-H. pylori sera 

(diluted 1/5000 in 1% skim milk) overnight at overnight at 4˚C. Membranes were 

washed and incubated with biotin conjugated goat anti-human IgG (H+L) (ZyMax) 

(Invitrogen; diluted 1/1000 in 1% skim milk) for 2 hours at room temperature. 

Membranes were washed and incubated with streptavidin-HRP (Millipore; diluted 

1/1000 in 1% skim milk) for 1 hour. Proteins were detected as described in section 

4.2.14.  

 

4.2.19 T cell proliferation assay 

T cell proliferation assays were performed as previously described (Mannering, Dromey 

et al. 2005). Briefly, PBMCs (1 x 107) were incubated with 0.1 µM 5-(and-6)-

Carboxyfluorescein Diacetate, Succinimidyl Ester (5(6)-CFDA, SE (CFSE; Molecular 

Probes®) for 5 minutes, at 37°C. Cells were washed once with DPBS containing 1% 

(v/v) PHS and resuspended at 1 x 106 per ml. H. pylori lysates were prepared by 5 

freeze-thaw cycles, in DPBS containing complete mini protease inhibitor cocktail. The 

absence of bacterial viability was confirmed by culture on HBA as described above. 

CFSE stained cells were either left non-stimulated, or stimulated with H. pylori 251 
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lysate (10 µg/ml), “empty” OMVs (20 µg/ml), “OMV” exosomes (20 µg/ml). 

Inactivated influenza virus (2 µg/ml (Ciantar and Mannering 2011)), or CystoStim (as 

per manufacturers instructions; Miltenyi Biotec) were included as positive controls. 

Cells were cultured in 96 well-curved bottom plates (200 µl; BD Falcon™) in triplicate 

for 7 days. Following 7 days in culture, supernatants were collected and stored at -80°C 

for cytokine analyses. To measure the proliferation of CD4+ and CD8+ cells, cells were 

collected and stained with Alexa Fluor®647 anti-human CD4 (clone RPA-T4), PE anti-

human CD8 (clone RPA-T8; both BD Pharmingen™) antibodies. Propidium-iodide (PI; 

40 µg/ml; Molecular Probes®, Life Technologies™) was used to allow exclusion of 

non-viable cells for all flow cytometry experiments. Non-stained cells were included in 

all experiments to set the compensations on the flow cytometer. Optimal gain and 

compensation settings were determined for each individual experiment based on the 

non-stained and single stained samples. Samples were acquired using a FACS Canto II 

and BD FACS Diva software v.60. The cell division index (CDI) was calculated as 

follows. Gates were placed around PI negative (viable) lineage specific cells, either 

CD4+ or CD8+, which were either CFSEbright (non divided) or CFSEdim (divided). The 

average number of CFSEdim cells per 5000 CFSEbright cells was determined, and the CDI 

calculated using the following formula: 

 

CDI = 
 

Average number CFSEdim/5000CFSEbright cells with antigen 
Average number CFSEdim/5000CFSEbright cells without antigen 

 

A CDI of >2 is considered to be a positive response (Mannering, Dromey et al. 2005). 
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4.2.20 Th1/Th2/Th17 cytokine analysis using cytometric bead array (CBA) 

Cytokine secretion by human PBMCs was analysed using the BD CBA Human 

Th1/Th2/Th17 kit (BD Biosciences, San Jose, CA), as per the manufacturer’s 

instructions. Briefly, supernatants (50 µl) from cell proliferation assays were added to 

the Th1/Th2/Th17 capture bead suspension and incubated for 3 hours at room 

temperature. Standards were prepared as per manufacturer’s instructions. Samples were 

washed with the supplied wash buffer and analysed using a FACS Canto II flow 

cytometer and BD FACS Diva software v 60. Data were formatted and further analysed 

using FlowJo version 7.2.2 

 

4.2.21 Isolation of H. pylori responsive T cells by cell sorting 

For isolation of H. pylori reactive T cells by fluorescence activated cell sorting (FACS), 

CFSE-labelled cells (3 x 107) were stimulated with H. pylori lysate as above, and 

cultured for 7 days. Cells were collected in DPBS, centrifuged at 500 x g for 5 mins at 

room temperature and incubated with brilliant violet mouse anti-human CD3 antibody 

for 20 minutes on ice in the dark. Cells were washed once by centrifugation in DPBS 

and resuspended in DPBS with 1% PHS, and PI (40 µg/ml). Cells were sorted using a 

BD Influx™ cell sorter (BD Biosciences). Doublets (cell aggregates) were excluded 

based on forward and side scatter profiles and non-viable cells excluded based on PI 

staining. Single PI-, CD3+, CFSEdim cells were collected, washed once in DPBS and 

resuspended (1 x 106 per ml) in complete T cell media supplemented with recombinant 

human IL-2 (50 IU/ml; PeproTech), recombinant human IL-7 (5 ng/ml; Miltenyi 

Biotec) and Dynabeads® Human T-Activator CD3/CD28/CD137 (Gibco®, Life 

Technologies™) at a ratio of 1 bead per 10 cells.  Media were replaced every 2-3 days 

with fresh media supplemented with cytokines. After 7 days in culture, the beads were 

 179



 

  

removed and cells were cultured in media with cytokines at the aforementioned 

concentrations. 

 

4.2.22 Click-iT®  EdU cell proliferation assay 

Human CD3- cells were thawed from liquid nitrogen and allowed to recover for 1 day in 

complete T cell medium, followed by irradiation at 25 Gray. Irradiated cells were 

treated with 1000 IU/ml DNAse I (Sigma-Aldrich) for 30 minutes and then washed with 

DPBS. Human H. pylori-reactive CD3+ T cells were seeded in 96 well curved bottom 

plates at 1 x 106 cells per ml, with 5 x 105 irradiated CD3- cells per ml in a final volume 

of 200 µl. Cells were left non-stimulated or co-cultured with either H. pylori lysate (10 

µg/ml), CytoStim, “empty” exosomes (20 µg/ml) or “OMV” exosomes (20 µg/ml). T 

cell proliferation was measured using the Click-iT® EdU Alexa Fluor® Flow 

Cytometry Assay Kit (Molecular Probes®, Life Technologies™), performed as follows. 

After 6 days in culture, 5-ethynyl-2'-deoxyuridine (EdU) was added to a final 

concentration of 10 mM and incubated for a further 24 hours. Cells were collected and 

washed once with 1% BSA (Gibco) in DPBS and fixed with Click-iT® fixative (100 

µl). Following another wash, cells were resuspended in Click-iT® saponin-based 

permeabilisation and wash reagent (100 µl) and labelled with the Click-iT® reaction 

cocktail, as per the manufacturer’s instructions. Following a 30-minute incubation, cells 

were washed twice with Click-iT® saponin-based permeabilisation and wash reagent 

and analysed by flow cytometry.  

4.2.23 Statistical analysis 

All analyses were performed using Graphpad Prism version 6.0c. ELISA and qRT-PCR 

experiments were analysed by Student’s t-test. Error bars indicate the means + standard 
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deviation (SD). CBA experiments were analysed using analysis of variance (ANOVA) 

and the Friedman test, with Dunn’s multiple comparisons test. For each of the above 

listed tests, differences were considered significant when *P < 0.05, **P < 0.01, ***P < 

0.001, ****P < 0.0001. 
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4.3 Results 

4.3.1 H. pylori OMVs are internalised by polarised epithelial cells 

There is now a vast body of evidence demonstrating that Gram-negative OMVs from a 

variety of bacteria are able to enter non-polarised epithelial cells (Horstman and Kuehn 

2000, Bomberger, Maceachran et al. 2009, Furuta, Tsuda et al. 2009), including those 

from H. pylori (Fiocca, Necchi et al. 1999, Kaparakis, Turnbull et al. 2010, Parker, 

Chitcholtan et al. 2010). The cells used in the aforementioned studies do not form 

polarised monolayers or intact tight junctions and hence, do not reflect the physiological 

conditions of gastric epithelium encountered by H. pylori within the host (El-Etr, 

Mueller et al. 2004). We therefore wished to examine the ability of H. pylori OMVs to 

enter polarised epithelial cells. However, due to the absence of an appropriate gastric 

epithelial cell line that can form polarised monolayers, we used T84 IECs as a model to 

study OMV entry into polarised epithelial cells. T84 IECs have been widely used to 

study H. pylori interactions with host cells (Corthesy-Theulaz, Porta et al. 1996, 

Hofman, Ricci et al. 2000, Le'Negrate, Ricci et al. 2001, El-Etr, Mueller et al. 2004, 

Gewirtz, Yu et al. 2004) and are known to secrete exosomes (van Niel, Raposo et al. 

2001), making them an appropriate cell line for our studies.  

Initially, we sought to determine whether co-culture of polarised IECs with OMVs 

would affect the integrity of the monolayer. For this, cells were grown on Transwell® 

filters and the TEER was measured every 3 days until the cells were completely 

polarised (700 Ω•cm2) (van Niel, Raposo et al. 2001). Once polarised (0 hours), cells 

were co-cultured with media alone or OMVs and the TEER measured 24 and 72 hours 

later (Figure 4.1A). There were no significant decreases in the TEER of either non-

stimulated cell monolayers, or those that had been cultured with OMVs, after 24 hours. 

The TEER of both non-stimulated and OMV-stimulated cells did decrease after 72 
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Figure 4.1. Treatment of polarised T84 intestinal epithelial cells with OMVs does not 

affect the integrity of the monolayer. T84	
�     cells	
�     were	
�     grown	
�     for	
�     15-21	
�     days	
�     until	
�    

polarised.	
�    Cells	
�    were	
�    considered	
�    polarised	
�    when	
�    they	
�    reached	
�    a	
�    stable	
�    TEER	
�    of	
�    

700Ω•cm2	
�    (0	
�    hours)	
�    (A).	
�    TEER	
�    was	
�    measured	
�    24	
�    and	
�    72	
�    hours	
�    after	
�    culture	
�    with	
�    medium	
�    

alone	
�     (white	
�     bars)	
�     or	
�     stimulation	
�     with	
�     OMVs	
�     (grey	
�     bars)	
�     (B).	
�     The	
�     integrity	
�     of	
�     the	
�    

monolayer	
�     was	
�     determined	
�     by	
�     the	
�     passage	
�     of	
�     FITC-dextran	
�     beads	
�     from	
�     the	
�     apical	
�    

compartment	
�    to	
�    the	
�    basolateral	
�    compartment.	
�    Cells	
�    were	
�    grown	
�    until	
�    polarised	
�    and	
�    then	
�    

cultured	
�    with	
�    medium	
�    alone	
�    (white	
�    bar),	
�    OMVs	
�    added	
�    apically	
�    (grey	
�    bar)	
�    or	
�    IFN-γ	
�    added	
�    

basolaterally	
�    (striped	
�    bar)	
�    for	
�    24	
�    hours.	
�    Beads	
�    were	
�    added	
�    apically	
�    and	
�    the	
�    quantity	
�    of	
�    

beads	
�     able	
�     to	
�     pass	
�     through	
�     the	
�     monolayer	
�     was	
�     determined	
�     after	
�     3	
�     hours.	
�     Data	
�     are	
�    

represented	
�     as	
�     the	
�     means	
�     and	
�     standard	
�     deviation	
�     (SD)	
�     pooled	
�     from	
�     six	
�     experiments	
�    

performed	
�    in	
�    triplicate	
�    (A)	
�    and	
�    one	
�    experiment	
�    performed	
�    in	
�    triplicate	
�    (B).	
�    *P	
�    <	
�    0.05
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hours (Figure 4.1A, *P > 0.05 for both non-stimulated and OMV-stimulated cells at 72 

hours compared to cells at 0 hours). However, there were no significant decreases in the 

measured TEER between the non-stimulated and the OMV stimulated cells 24 or 72 

hours after stimulation (Figure 4.1A). These data suggest that the decrease in measured 

TEER of the polarised cell monolayer after a stable TEER of 700Ω•cm2 has been 

reached is not due to stimulation with H. pylori 251 OMVs.  

To confirm the integrity of the monolayer, cells were grown until polarised and then 

treated apically with media alone or OMVs, or basolaterally with IFN-γ (Madara and 

Stafford 1989) for 24 hours. IFN-γ is known to increase the permeability of a polarised 

T84 cell monolayer when added basolaterally, as the IFN-γ receptor is present on the 

basolateral cell membrane (Boivin, Roy et al. 2009). Therefore, we used IFN-γ as a 

positive control to increase the permeability of T84 epithelial cell monolayers. FITC-

conjugated 3kDa dextran beads were added to cells apically and the passage of beads 

through the monolayer was measured 3 hours later (Figure 4.1 B). Our data showed that 

beads were detected within the basolateral compartment of cells treated with IFN-γ 

(approximately 20-25 ng beads per ml) but not OMVs (approximately 2 ng beads per 

ml). Thus we concluded that treatment of polarised intestinal T84 epithelial cells with 

OMVs did not affect the integrity of the monolayer.  

In order to determine if H. pylori OMVs were able to enter polarised epithelial cells, 

T84 cells were grown on Transwell® filters until a stable TEER of 700 Ω•cm2 was 

reached and then co-cultured with OMVs. Intracellular OMVs were then detected using 

an anti-OMV specific antibody and visualised using confocal fluorescence microscopy.  

To confirm that the cells and the membrane on which they were grown were not auto 

fluorescent, cells were cultured with medium alone (Figure 4.2 1A-C Incubation of 

permeabilised cells with the secondary antibodies; rabbit anti-H. pylori OMV and goat 
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anti-rabbit IgG Alexa Fluor® 488, allowed us to demonstrate the ability of these 

antibodies to enter permeabilised cells (Figure 4.2 2A-C). Cells co-cultured with Alexa 

Fluor® 568-labelled OMVs alone were used to demonstrate that OMVs entered host 

cells without the need for permeabilisation (Figure 4.2 3A-C). Permeabilisation of the 

cells was required to allow antibodies to enter and co localise with intracellular OMVs 

(Figure 4.2 4A-C). Finally, permeabilisation of cells co-cultured with OMVs and 

subsequently incubated with secondary antibodies (Figure 4.2 5A-C), allowed us to 

visualise intracellular OMVs as areas of dual fluorescence (Figure 4.2 5C; yellow). This 

allowed us to show for the first time that H. pylori OMVs are internalised by polarised 

epithelial cells.  

 

4.3.2 Stimulation of polarised epithelial cells with H. pylori OMVs induced the 

production and basolateral secretion of IL-8 

IL-8 is an important chemo-attractant and activator of neutrophils and the infiltration of 

neutrophils into the gastric mucosa is a hallmark of H. pylori infection (Dixon 1991). 

Similarly, H. pylori OMVs induce IL-8 production by epithelial cells (Ismail, Hampton 

et al. 2003, Mullaney, Brown et al. 2009) and previous work performed in our 

laboratory demonstrated that the production of IL-8 is dependant upon OMV 

internalisation (Kaparakis, Turnbull et al. 2010). Thus, having shown that H. pylori 

OMVs are internalised by polarised T84 cells, we next wished to investigate the ability 

of internalised OMVs to induce IL-8 production by these cells.  

Polarised T84 cells were co-cultured with either live H. pylori, formaldehyde fixed 

H. pylori or OMVs. The levels of IL-8 secreted into the apical and basolateral 

compartments were measured after 24 hours (Figure 4.3). There were no differences in 

the levels of IL-8 detected in either the apical or basolateral compartments of non-
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Figure 4.3. H. pylori and OMVs induce the basolateral secretion of IL-8 by 

polarised epithelial cells. Polarised T84 cells were co-cultured with media 

alone (non stimulated), formaldehyde fixed H. pylori, live H. pylori or OMVs. 

IL-8 production was measured from the apical (white) and basolateral (black) 

compartments, 24 hours post stimulation. Values represent the means and the 

SD of samples tested in triplicate and are representative of > 3 independent 

experiments. **P < 0.01, *** P <0.001, ****P < 0.0001. 
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stimulated cells compared with cells cultured with formaldehyde fixed H. pylori (Figure 

4.3). In accordance with previously published studies (Hofman, Ricci et al. 2000), 

stimulation of polarised T84 epithelial cells with H. pylori resulted in significantly 

higher levels of IL-8 secreted into the basolateral compartment than the apical 

compartment (**P < 0.01). Similarly, polarised T84 cells co-cultured with OMVs 

secreted significantly higher levels of IL-8 into the basolateral compartment compared 

with the apical compartment (****P < 0.0001). Interestingly, apical secretion of IL-8 

from polarised IECs was higher in response to H. pylori when compared with OMVs 

(***P < 0.001).  

 

4.3.3 H. pylori OMVs up-regulate HLA Class II expression by epithelial cells  

Engstrand and colleagues demonstrated that HLA Class II expression was up-regulated 

in gastric biopsy specimens taken from H. pylori infected patients compared to healthy 

donors (Engstrand, Scheynius et al. 1989, Wee, Teh et al. 1992). The up-regulation of 

HLA Class II by human epithelial cells (Fan, Crowe et al. 1998) and mouse gastric 

epithelial cells (Maekawa, Kinoshita et al. 1997) was subsequently demonstrated. 

However, to date there has been no published work regarding the effect of H. pylori 

OMVs on HLA Class I or Class II expression by human epithelial cells. This led us to 

query the expression levels of HLA Class I and II by epithelial cells in response to 

stimulation with H. pylori or H. pylori OMVs. As IFN-γ is known to increase HLA 

Class I and II expression by T84 cells (Colgan, Parkos et al. 1994), we included this as a 

positive control.  

In our studies we found that non-polarised IECs demonstrated a 4-fold up-regulation of 

HLA Class I molecules (Figure 4.4 A, ***P < 0.001) and 1000-fold up-regulation of 

HLA Class II (Figure 4.4 B, ****P < 0.0001) in response to H. pylori. Interestingly, we 
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Figure 4.4: H. pylori and H. pylori OMVs up-regulate HLA Class I and II by non-polarised 

epithelial	
�    cells	
�    following	
�    pre-treatment	
�    with	
�    IFN-γ. Non-polarised (A, B) or polarised (C, D) T84 

cells	
�    were	
�    left	
�    non-stimulated	
�    (NS)	
�    or	
�    treated	
�    with	
�    IFN-γ	
�    bsolaterally	
�    (black	
�    bars),	
�    H. pylori	
�    (grey	
�    

bars)	
�    apically	
�    or	
�    OMVs	
�    (50μg;;	
�    chequered	
�    bars	
�    or	
�    200	
�    μg;;	
�    striped	
�    bars)	
�    apically.	
�    The	
�    expression	
�    of	
�    

HLA	
�    Class	
�    I	
�    (A,	
�    C)	
�    or	
�    HLA	
�    Class	
�    II	
�    (B,D)	
�    was	
�    measured	
�    by	
�    qRT-PCR.	
�    Values	
�    are	
�    the	
�    means	
�    and	
�    

standard	
�    deviation	
�    (SD)	
�    and	
�    are	
�    representative	
�    of	
�    three	
�    experiments	
�    performed	
�    in	
�    triplicate	
�    (A,	
�    B)	
�    

and	
�    two	
�    experiments	
�    performed	
�    in	
�    triplicate	
�    (C,	
�    D).	
�    **P	
�    <	
�    0.01,	
�    ***P<0.001,	
�    ****P<0.0001)
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found that non-polarised IECs demonstrated a 1.5-fold and 2-fold up-regulation of HLA 

Class I expression (Figure 4.4 A) in response to OMVs at 50 µg (ns) or 200 µg per ml 

(**P < 0.01), respectively. Similarly, we demonstrated 3-fold and 45-fold increases in 

HLA Class II (Figure 4.4 B) expression in response to OMVs at 50 µg (*** P < 0.001) 

or 200 µg per ml (****P < 0.0001), respectively. Similarly, polarised epithelial cells 

up-regulated HLA Class I (Figure 4.4 C) and Class II (Figure 4.4 D) expression in 

response to H. pylori (7-fold and 10-fold, respectively) or OMVs at 50 µg (1.6-fold and 

1.6-fold, respectively) or 200 µg per ml (2-fold and 1.5-fold, respectively).  

We next wished to confirm the ability of T84 epithelial cells to up-regulate HLA Class I 

and II in response to H. pylori or OMVs using flow cytometry. Non-polarised T84 cells 

were pre-treated, or not, with IFN-γ for 48 hours, prior to co-culture with H. pylori or 

OMVs for 24 hours. Interestingly, the up-regulation of HLA Class I and II was only 

detectable by cells that had been pre-treated with IFN-γ (Figure 4.5 B, E, F, I, J) and 

was not detectable in cells that were not pre-treated IFN-γ (Figure 4.5 A, C, D, G, H). 

HLA Class I expression by IECs pre-treated with IFN-γ was up-regulated in response to 

H. pylori or OMVs (Figure 4.5 E, F; both *P < 0.05). Furthermore, HLA Class II 

expression was significantly increased in response to H. pylori by non-polarised cells 

pre-treated with IFN-γ compared to cells stimulated with IFN-γ alone (Figure 4.5 I, J, 

*P < 0.05). HLA Class II expression was also up-regulated by co-culture of IFN-γ 

treated cells with H. pylori OMVs compared with cells stimulated with IFN-γ alone 

(Figure 4.5 I, J, **P < 0.01). 
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Figure 4.5: H. pylori and H. pylori OMVs up-regulate cell surface expression of 

HLA Class I and II by non-polarised epithelial cells following pre-treatment with 

IFN-γ.	
�    Cells	
�    were	
�    pre-treated	
�    for	
�    24	
�    hours	
�    with	
�    IFN-γ	
�    (A,	
�    C,	
�    D,	
�    G,	
�    H)	
�    or	
�    not	
�    (B,	
�    E,	
�    F,	
�    I,	
�    

J)	
�    prior	
�    to	
�    co-culture	
�    with	
�    medium	
�    alone	
�    (black),	
�    H. pylori	
�    bacteria	
�    (red)	
�    or	
�    OMVs	
�    (200

μg,	
�    blue;;	
�    50μg,	
�    green).	
�    Live	
�    cells	
�    were	
�    selected	
�    based	
�    on	
�    their	
�    forward	
�    scatter	
�    (FSC)	
�    and	
�    

side	
�    scatter	
�    (SSC)	
�    profiles	
�    (A,	
�    B),	
�    and	
�    were	
�    gated	
�    for	
�    further	
�    analysis	
�    of	
�    their	
�    cell	
�    surface	
�    

expression	
�    of	
�    HLA	
�    Class	
�    I	
�    (C,	
�    E)	
�    and	
�    Class	
�    II	
�    (G,	
�    I)	
�    (plotted	
�    as	
�    histograms).	
�    The	
�    MFI	
�    of	
�    

HLA	
�    Class	
�    I	
�    (D,	
�    F)	
�    or	
�    II	
�    (H,	
�    J)	
�    were	
�    determined.	
�    Results	
�    are	
�    expressed	
�    as	
�    the	
�    ratios	
�    of	
�    the	
�    

MFIs	
�     of	
�     cells	
�     cultured	
�     with	
�     H.	
�     pylori	
�     or	
�     OMVs:cells	
�     cultured	
�     with	
�     medium	
�     alone.	
�    

Histograms	
�    are	
�    representative	
�    of	
�    three	
�    individual	
�    experiments.	
�    For	
�    MFI	
�    graphs,	
�    values	
�    

represent	
�    three	
�    individual	
�    experiments,	
�    error	
�    bars	
�    indicate	
�    the	
�    SD.	
�   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4.3.4 OMV proteins are present within cell lysates and exosomes samples of IEC 

co-cultured with H. pylori OMVs 

In the first study demonstrating intracellular H. pylori OMVs, Fiocca et al. proposed 

that internalised OMVs may enter the endocytic pathway from which exosomes are 

derived (Fiocca, Necchi et al. 1999). This led us to hypothesise that internalised OMVs 

may be processed intracellularly and subsequently packaged within exosomes that are 

released from the cells.   

In order to test this hypothesis, we co-cultured H. pylori OMVs with polarised T84 

cells, which secrete exosomes from the apical and basolateral surfaces (van Niel, 

Raposo et al. 2001). The resulting apical and basolateral exosomes were viewed by 

TEM (Figure 4.6) and subjected to SDS/PAGE and Western blot analysis with anti-H. 

pylori OMV antibodies (Figure 4.7). TEM analysis of exosomes secreted from the 

apical surface (apical exosomes) revealed a relatively homogeneous population of 

single vesicles ranging from approximately 50-100 nm in diameter (Figure 4.6A). The 

exosomes secreted from the basolateral surface (basolateral exosomes) (Figure 4.6B) 

exhibited the similar heterogeneous aggregate morphology described by Van Niel et al 

(van Niel, Raposo et al. 2001) (white arrowhead, Figure 4.6B), with their sizes ranging 

from approximately 50-180 nm in diameter. Both apical and basolateral exosomes 

exhibited the characteristic ‘cup shape’ morphology that resembles a flattened sphere 

with a bilipid layer (Chaput, Taieb et al. 2005) (indicated by black arrows, Figure 4.6). 

Using Western blot analysis, we detected OMV proteins within the OMV stimulated 

cell lysate and exosome samples, indicating that proteins derived from intracellular 

OMVs are present within the cell lysates, as well as exosomes (Figure 4.7). 

Interestingly, the major protein present appears to be approximately 18-20 kDa 

(indicated by arrow) and is similar to the size of Lpp20, a known OMV associated 
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Apical exosomes Basolateral exosomes

Figure 4.6: TEM analysis of exosomes. Exosomes obtained from apical cell culture 

conditioned media appeared as single vesicles, ranging from 50-100 nm in diameter. 

Exosomes obtained from basolateral cell culture conditioned media were more 

heterogeneous in nature, approximately 50-180 nm in diameter, and often appeared as 

aggregates (white arrowhead). Both apical and basolateral exosomes exhibited a 

double-layer membrane (black arrows). Scale bar indicates 100 nm.
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CL ApE BasE OMV CL ApE BasE

80
50

25

10

kDa

Non stimulated OMV stimulated

Figure 4.7: OMV proteins detected within exosomes derived from polarised T84 cells 

cultured with H. pylori OMVs. Western blot analysis, using an anti-H. pylori OMV 

antibody, of cell lysates (CL), apical exosomes (ApE), and basolateral exosomes (BasE) 

derived from either non stimulated or H. pylori OMV stimulated polarised T84 epithelial 

cells. An OMV (OMV) preparation was included as a positive control. Arrow indicates the 

main protein band of approximately 18-20 kDa. Representative of > 3 independent 

experiments. 
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vaccine candidate (Keenan, Oliaro et al. 2000). Relatively few bands greater then 20 

kDa were present.  

Having demonstrated the presence of OMV proteins within exosomes, we next used 

mass spectrometry to identify the proteins present within basolateral exosome samples 

(Table 4.2 and Table S1). We detected 8 H. pylori-specific proteins within basolateral 

exosomes derived from OMV stimulated cells (“OMV” exosomes) that were not 

detected within basolateral exosomes derived from non-stimulated cells (“empty” 

exosomes). Interestingly, these H. pylori proteins included the following known 

virulence factors: VacA, HopQ, catalase and Lpp20 (Keenan, Oliaro et al. 2000). 

From the sequencing data presented in Chapter 3, we know that 6 of the 7 proteins 

identified in this study within exosomes are also found within large OMVs (Chapter 3 

Table 1 and Table S2). The scores represent the overall abundance of peptides within 

the sample analysed. Of the proteins identified within large OMVs, the average score 

was 2865 and the median was 1536, with the lowest score being 68 and the highest 

being 34510. Therefore, the reported initial abundance within H. pylori OMVs of the 

proteins detected in “OMV” exosomes is not particularly low (Table 4.3).  

Were these proteins found at higher abundances within “OMV” exosomes, this would 

suggest that the OMVs were passing intact through the cell monolayers via the 

intracellular junctions. We believe that the low abundance of these proteins within 

“OMV” exosome preparations reflects a low abundance of H. pylori peptides in the 

exosomes, as OMVs are degraded within the cell. 

 Of the 239 human proteins identified in either of the exosomes samples, 55 were 

unique to “empty” exosomes, whereas no unique human proteins were contained within 

“OMV” exosomes (Tables S1 and S2). The A33 antigen, an intestinal epithelial cell 

marker known to be associated with epithelial cell derived exosomes (van Niel, 
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Gene name
Open reading
frame no.

Protein name Score # Peptides

lpp20 HP1456
membrane-associated 
lipoprotein 

9984.98 9

katA HP0875 catalase 26552.56 21
hopQ HP1177 outer membrane protein 35410.35 13
flgE HP0870 flagellar hook protein 4847 11
vacA HP0887 vacuolating cytotoxin 7883.58 15
flaA HP0601 flagellin A 761.89 3

Table 4.3. Abundance scores of proteins within “large” OMVs that were 
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Mallegol et al. 2003) was found to be present within both “empty” and “OMV” 

exosomes. The common exosome markers HSP60, and CD9 were also present in both 

samples. Furthermore, a variety of exosome associated proteins were identified, 

including a variety of Rabs, Raps, Annexins, integrins and clathrin heavy chain (Table 

S4.1) (Mathivanan, Lim et al. 2010). Interestingly, an HLA Class I protein, HLA-A, 

was detected in both exosomes samples, whereas no HLA Class II proteins were 

identified in either sample.  

 

4.3.5 Human T cells proliferate in response to OMV-containing exosomes 

Having determined that “OMV” exosomes contained within them specific H. pylori 

proteins, we next wished to investigate their ability to induce H. pylori specific T cell 

responses.  For this, we used a method developed by Mannering et al. to measure the 

proliferation of CD4+ T cells in response to antigen stimulation (Mannering, Morris et 

al. 2003). PBMCs were isolated from healthy, H. pylori negative human volunteers 

(Appendix 4.1) and labelled with CFSE prior to co-culture with media alone, influenza 

virus as a positive control (Ciantar and Mannering 2011), “empty” exosomes or “OMV” 

exosomes (Figure 4.8 F-I). We found that CD4+ T cells proliferated in response to 

“OMV” exosomes, with a CDI of 22 (Figure 4.8 I, J). However we found that CD4+ T 

cells also responded to “empty” exosomes, with a CDI of 13 (Figure 4.8 H, J), 

indicating an allogeneic T cell response to the human exosomal proteins present.  

 

4.3.6 Human T cells proliferate in response to H. pylori lysate.  

We hypothesised that the allogeneic response to the human proteins present in 

exosomes (Figure 4.8) would be reduced if we used a pool of H. pylori reactive T cells. 

Therefore, we sought to isolate a pool of T cells that proliferated in response to 
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Figure 4.8: Human CD4+ T cells proliferate in response to exosomes.  Human 

CFSE labelled PBMCs were incubated with medium alone (Nil), Influenza virus 

(Influenza), basolateral exosomes derived from non-stimulated cells (“empty” 

exosomes) or exosomes derived from OMV-stimulated cells (“OMV” exosomes). 

Lymphocytes were gated based on their forward scatter (FSC) and side scatter 

(SSC) profiles (A). Non-viable cells were excluded from analysis based on PI 

positive staining (B). Gates were placed around CFSEbright and CFSEdim CD4+ 

cells based on the staining profiles for non-stained cells (C), CFSE alone stained 

cells (D) and AlexaFluor 647 (CD4) alone stained cells (E). The levels of 

proliferation of cells in response to media alone (F) Influenza (G), “empty” 

exosomes (H) or “OMV” exosomes (I) were determined by calculation of the cell 

division index (J).  Values represent the means determined in triplicate from an 

individual donor. A CDI of >2 is considered a positive response (indicated by red 

dashed line). 
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H. pylori lysate, that we could then culture with “empty” or “OMV” exosomes to 

measure H. pylori antigen specific proliferative responses. In order to determine the 

correct concentration of H. pylori lysate to induce T cell proliferation, we stimulated 

CFSE labelled PBMCs with H. pylori lysate at a range of concentrations (1 – 100 µg 

per ml) and measured their proliferation using the CFSE proliferation assay (Figure 4.9 

F). The highest levels of proliferation of CD4+ (FACS plots not shown) and CD8+ T 

cells were measured at lower concentrations of H. pylori stimulation (5 and 10µg per 

ml; Figure 4.9 G-H, respectively). As human T cells were previously found to respond 

to H. pylori lysate at 10 µg per ml (D'Elios, Manghetti et al. 1997), we used this 

concentration of H. pylori lysate for the remainder of our studies. 

To isolate a population of H. pylori reactive T cells, CFSE labelled PBMCs were 

cultured with H. pylori lysate and then CD3+ T cells that had divided were sorted from 

cells that had not divided based on their CFSE staining. In parallel, T cell proliferation 

assays were performed to investigate the CD4+ and CD8+ T cell proliferative responses 

to H. pylori lysate between the various donors. CytoStim (Campbell, Foerster et al. 

2010) was used as a positive control for proliferation. We found that whilst T cells from 

all donors proliferated in response to H. pylori lysate (Figure 4.10 E, F), the CDI values 

differed vastly from donor to donor and between CD4+ and CD8+ T cells (Table 4.4). 

This was also reflected in the CDI of cells cultured with CytoStim, with donors who 

exhibited a lower CDI in response to H. pylori also demonstrating a lower CDI for 

CytoStim (Table 4.4). A CDI of >2 is considered positive, and each donor demonstrated 

a CDI of >2 in response to H. pylori lysate for both CD4+ and CD8+ cells (Table 4.4). 
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CytoStim H. pylori lysate CytoStim H. pylori lysate
Donor a 356.68 66.66 1299.86 125.77
Donor b 273.81 10.57 805.25 12.14
Donor c 57.59 2.08 76.60 2.06
Donor d 432.24 14.14 412.84 11.97
Donor e 216.55 16.75 207.99 10.95

Table 4.4: Proliferative response (CDI) of human CD4+ and CD8+ T cells to 

CDI of CD4+ T cells in response to: CDI of CD8+ T cells in response to:
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CFSEbrightCFSEdim

Figure 4.9: Proliferative responses of human CD4+ and CD8+ T cells when cultured with 

increasing doses of H. pylori lysate.  Lymphocytes were gated on based on their forward scatter (FSC) 

and side scatter (SSC) profiles (A). Non-viable cells were excluded from analysis based on PI positive 

staining (B). Gates were placed around CFSEbright and CFSEdim CD4+ (not shown) or CD8+ cells 

based on the staining profiles for non-stained cells (C), CFSE alone stained cells (D) and PE (CD8) alone 

stained cells (E) or AlexaFluor 647 (CD4) alone stained cells (not shown). The levels of proliferation of 

CD4+ (G; FACS plots not shown) and CD8+	
�    (H)	
�    T	
�    cells	
�    in	
�    response	
�    to	
�    increasing	
�    doses	
�    (1	
�    -	
�    100	
�    μg	
�    per	
�    

ml) of H. pylori lysate (F) were determined by calculation of the cell division index. Values represent the 

CDI of a single donor. A CDI of >2 is considered a positive response (indicated with a red dashed line). 
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Figure 4.10: Human PBMCs proliferate in response to H. pylori lysate. CFSE 

labelled PBMCs were cultured with medium alone (Nil), H. pylori lysate (H. pylori) or 

CytoStim (CytoStim) and the proliferative responses of CD4+ and CD8+ T cells 

measured after 7 days. Gates were placed around lymphocytes based on their FSC and 

SSC profiles (A). Non-viable cells were excluded from analysis based on PI positive 

staining (B). Gates were placed around CFSEbright and CFSEdim CD4+ (C) or CD8+ 

(D) cells, based on the single colour staining profiles to allow calculation of the cell 

division index of CD4+ (E) or CD8+ (F) cells. Scatter plots are representative of data 

collected from 5 individual donors performed in triplicate.  
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4.3.7 H. pylori lysate or OMVs induce Th1 and Th2 cytokine secretion by human 

PBMCs.  

In order to examine the cytokine profiles of PBMCs cultured with H. pylori lysate or 

H. pylori OMVs, we collected supernatants 7 days post stimulation, during CFSE 

proliferation assays (as described in section 4.3.6). H. pylori lysate induced the 

secretion of IFN-γ, IL-6, IL-10, TNF-α and IL-2 (****P<0.0001, **P<0.01, 

****P<0.0001, ****P<0.0001 and *P<0.05, respectively, Figure 4.11) by human 

PBMCs. OMVs induced a similar cytokine profile by PBMCs as the H. pylori lysate, 

with induction of the cytokines IL-6 , IL-10 and TNF-α (****P<0.0001, *P<0.05 and 

**P<0.01, respectively, Figure 4.11). There was a trend, albeit non-significant, towards 

higher IFN-γ production by cells in response to OMVs (average 75 pg per ml) compared 

with no stimulation (average 3.9 pg per ml). Interestingly, the induction of IFN-γ, IL-10 

and TNF-α secretion from T cells in response to OMVs, was increased when compared 

with non-stimulated cells, but than that induced by the H. pylori lysate. Furthermore, 

the induction of IL-6 was comparable between H. pylori lysate and OMVs. Neither 

H. pylori lysate nor OMVs induced the secretion of IL-2, IL-4 or IL-17A by human 

PBMCs (Figure 4.11).  

 

4.3.8 Human H. pylori reactive T cells proliferate in response to exosomes 

containing OMV proteins.  

H. pylori reactive CD3+ T cells (Section 4.3.6) were co-cultured with either H. pylori 

lysate as a positive control for antigen specific proliferation, “empty” exosomes or 

“OMV” exosomes. Proliferation was measured using a Click-IT EdU based 

proliferation assay (Figure 4.12).  The Click-iT EdU proliferation assay was chosen in 

preference to the CFSE based T cell proliferation assay used previously in this study to 
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Figure 4.11: Human PBMCs produce pro- and anti-inflammatory cytokines in response to 

H. pylori lysate and OMVs. Human PBMCs were stimulated with H. pylori lysate (Hp; squares), 

OMVs (OMV; triangles), CytoStim (CyS; inverted triangles, positive control) or left 

non-stimulated (Nil; circles). Supernatants were collected 7 days later and analysed using by flow 

cytometry. The blue dashed lines indicate the detection limit for each cytokine where visible. 

Shown are the responses of 7 individual donors determined in duplicate. Error bars represent the 

means (red dash) and standard deviations (SD). **** P <0.0001, ** P <0.01, * P <0.05.
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Figure 4.12: H. pylori reactive human T cells proliferate in response to exosomes 

derived from OMV stimulated cells (“OMV” exosomes). Human H. pylori reactive CD3+ 

T cells were cultured with irradiated CD3- cells and were left non stimulated (C; Nil) or 

stimulated with either H. pylori lysate (D), “empty” exosomes (E) or “OMV” exosomes (F). 

Proliferation was measured using a Click-iT EdU proliferation assay. A gate was placed 

around live cells based on their FSC and SSC profiles (A). Representative histograms  from 

an individual donor are shown. Values indicate the % of cells that had proliferated or not. The 

CDI of CD3+ T cells in response to H. pylori lysate (Hp), “empty” exosomes or “OMV” 

exosomes was determined (B). Values are the means and stardard deviations determined 

from two individual donors determined in duplicate. A cell division index of >2 is considered 

a positive response (indicated by a red dashed line).  
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avoid the possibility of residual fluorescence remaining from either CFSE or antibody 

staining during the initial cell sort. The CDI was determined for each population (Figure 

4.12 B). H. pylori antigen specific proliferation was observed by cells co-cultured with 

H. pylori lysate (Figure 4.12 D, B; CDI of >40 for both donor 1 and donor 2) and for 

cells co-cultured with “OMV” exosomes (Figure 4.12 B, F; CDI>2 for both donors). No 

antigen specific proliferation was observed in response to CytoStim or “empty” 

exosomes for either donor.  
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4.4 Discussion 

The binding and internalisation of H. pylori OMVs, both in cell culture and in gastric 

biopsy specimens, is well established (Fiocca, Necchi et al. 1999, Kaparakis, Turnbull 

et al. 2010, Parker, Chitcholtan et al. 2010). Recent studies, including those performed 

in our laboratory, utilised non-polarised gastric epithelial cell lines, which grow as a 

single monolayer lacking apical and basolateral surfaces, as well as proper cell 

junctions. H. pylori is known to preferentially attach to cells in the gastric mucosa near 

the intercellular junctions (Hazell, Lee et al. 1986, Amieva, Vogelmann et al. 2003) 

which are only present in polarised cell monolayers. The use of T84 intestinal epithelial 

cells, which form a polarised monolayer with a brush border, tight junctions and 

desmosomes (Madara, Stafford et al. 1987, El-Etr, Mueller et al. 2004) in a manner 

analogous to the mucosal epithelial cells found in the host, allowed us to perform our 

studies using an in vitro model that mimics the in vivo environment. Initially, we wished 

to demonstrate that in this model system of polarised T84 cells, co-culture with 

H. pylori OMVs would not affect the integrity of the cell monolayer. Using TEER 

measurements (Figure 4.1 A) and dextran flux studies (Figure 4.1B) we showed that the 

apical administration of OMVs to polarised T84 cells did not drastically affect the 

integrity of the epithelial cell monolayer. Having shown that the monolayer remains 

intact following OMV stimulation, we next examined the internalisation of H. pylori 

OMVs by these cells. Using confocal fluorescence microscopy we were able to 

demonstrate for the first time that H. pylori OMVs are internalised by polarised T84 

epithelial cells (Figure 4.2).  

It has been widely demonstrated that H. pylori and H. pylori OMVs induce the 

production and secretion of IL-8 from epithelial cells (Crabtree, Wyatt et al. 1994, 

Ismail, Hampton et al. 2003, Kaparakis, Turnbull et al. 2010). Therefore we wished to 
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examine the ability of internalised H. pylori OMVs to induce this important cytokine 

response from polarised IECs. Confirming the data of others, we demonstrated that live 

H. pylori induced the production and predominantly basolateral secretion of IL-8 from 

polarised T84 epithelial cells (Figure 4.3) (Hofman, Ricci et al. 2000). Furthermore, 

there was no increase in the secretion of IL-8 in response to formaldehyde fixed 

H. pylori (Crabtree, Farmery et al. 1994). Interestingly, we found that OMVs induced 

similar levels of basolateral IL-8 secretion from polarised epithelial cells compared to 

the levels induced by live H. pylori (Figure 4.3). Taken together, these data demonstrate 

for the first time that internalised H. pylori OMVs interact with polarised host epithelial 

cells to induce the production of pro-inflammatory mediators, without affecting the 

barrier function of the cells.  

In addition to the production of IL-8, host cells have been shown to respond to H. pylori 

infection by up-regulating the expression of HLA Class II (Engstrand, Scheynius et al. 

1989, Scheynius and Engstrand 1991, Wee, Teh et al. 1992, Fan, Long et al. 1996, Fan, 

Crowe et al. 1998, Archimandritis, Sougioultzis et al. 2000). Furthermore, the up-

regulation of both HLA Class I and Class II by other cells, such as lymphocytes, in 

response to H. pylori has been demonstrated (Fan, Long et al. 1996, Suleymanov 2003, 

Lopes, Victorino et al. 2006). However, there is no data in the literature regarding the 

effect of H. pylori on the expression of HLA Class I by epithelial cells, nor have the 

effects of OMVs on HLA Class I or II expression by epithelial cells been investigated. 

In fact, the only data relating to OMVs and HLA Class II expression was performed by 

Srisatjaluk and colleagues, who found that OMVs derived from Porphorymonas 

gingivalis inhibited IFN-γ mediated up-regulation of HLA Class II by endothelial cells 

(Srisatjaluk, Doyle et al. 1999, Srisatjaluk, Kotwal et al. 2002). Therefore we examined 

the levels of HLA Class I and II expression by non-polarised and polarised epithelial 
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cells in response to H. pylori or OMVs using qRT-PCR analysis (Figure 4.4) and flow 

cytometry (Figure 4.5). Initial qRT-PCR experiments performed using non-polarised 

T84 cells showed the up-regulation of both HLA Class I (Figure 4.4 A) and Class II 

(Figure 4.4 B) in response to H. pylori and OMVs. Interestingly, the up-regulation of 

HLA Class II was much more apparent than Class I, with >1000-fold increase in HLA 

Class II expression by H. pylori treated cells, and > 45 by cells treated with OMVs at 

200µg. Whereas the fold increase in HLA Class I in response to H. pylori or OMVs was 

only 4-fold and 2-fold, respectively. We then performed these experiments using 

polarised T84 cells and saw a similar trend, with the increase in expression of both HLA 

Class I and II, with Class II (Figure 4.4 D) being more apparent than Class I (Figure 4.4 

C). Thus we have confirmed the data of others showing that HLA Class II gene 

expression is up regulated by epithelial cells in response to H. pylori infection. In 

addition, we have shown for the first time that H. pylori OMVs are able to induce the 

up-regulation of HLA Class II expression by these cells. Furthermore, we have 

demonstrated that H. pylori and OMVs augment the expression of HLA Class I by 

polarised and non-polarised epithelial cells. To the best of our knowledge this is the first 

time that this has been demonstrated.  

Using flow cytometry, we were able to detect increases in HLA Class I and II cell 

surface expression by non-polarised cells pre-treated with IFN-γ, in response to 

H. pylori (Figure 4.5 E, F, I, J). Given that H. pylori is able to stimulate the secretion of 

IFN-γ from mononuclear cells, such as Th1 cells (Fan, Chua et al. 1994, D'Elios, 

Manghetti et al. 1997), which are increased in number during infection (Karttunen, 

Karttunen et al. 1995), it is not surprising that IFN-γ must be present for HLA up-

regulation to occur. We were similarly able to demonstrate that non-polarised cells up-
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regulate HLA Class I and II surface expression in response to H. pylori OMVs. A novel 

finding that has not previously been reported.  

In the first report showing H. pylori OMV entry into epithelial cells, Fiocca et al. 

suggested that internalised OMVs entered into the endosomal network where they 

appeared to remain intact (Fiocca, Necchi et al. 1999). They also suggested that 

antigens derived from these internalised OMVs might then reach the lamina propria, 

although the mechanism by which this may occur was only speculated upon. 

Furthermore, bacterial PG, which is an important component of OMVs (Kaparakis, 

Turnbull et al. 2010), can be internalised by epithelial cells and packaged into exosomes 

which are secreted from the basolateral surface of the cells (Bu, Wang et al. 2010). 

Given that macrophages infected with Mycobacterium have been shown to secrete 

exosomes containing mycobacterial antigens (Bhatnagar and Schorey 2007), and that 

exosomes are derived from this endosomal network where internalised OMVs are 

proposed to reside, we hypothesised that internalised OMVs or their proteins may be 

packaged within exosomes and secreted by epithelial cells into the lamina propria.  

To examine this, we isolated exosomes secreted either apically or basolaterally into the 

culture medium from cells cultured with OMVs. Purified apical and basolateral 

exosomes were found to display the characteristic exosomal morphology noted by 

others (van Niel, Raposo et al. 2001) (Figure 4.6). Western blot analysis using anti-

H. pylori OMV specific antibodies revealed H. pylori OMV specific proteins within the 

cell lysates, apical exosomes and basolateral exosomes derived from OMV stimulated 

T84 cells (Figure 4.7). However, no OMV proteins were present in the cell lysates, or 

exosome samples isolated from non-stimulated cells (Figure 4.7). Interestingly, in the 

cell lysates and basolateral exosome samples from OMV stimulated cells, only 

protein(s) at approximately 18-20 kDa were detected, indicating low molecular weight 

 216



 

  

protein(s). Alternatively, these low molecular weight proteins may represent larger 

OMV-derived proteins that had been processed intracellularly into smaller, lower 

molecular weight proteins.  

Using mass spectrometry, we identified 8 H. pylori specific proteins within “OMV” 

exosomes that were absent from “empty” exosomes (Table 4.2). These H. pylori 

proteins were Lpp20, flagellin A, VacA, flagella hook protein, catalase, S-

adenosylmethionine synthase and HopQ. The presence of Lpp20 within “OMV” 

exosomes was particularly interesting, as this outer membrane protein has been 

recognised as a potential vaccine candidate. Most importantly, Lpp20 is approximately 

18k Da (Keenan, Oliaro et al. 2000) and may potentially represent the low molecular 

weight protein present in our Western blot. In addition, we detected other known OMV-

associated virulence factors (Mullaney, Brown et al. 2009, Olofsson, Vallström et al. 

2010) including VacA, HopQ (Belogolova, Bauer et al. 2013) and catalase (Table 4.2) 

within “OMV” exosomes. Taken together, the Western blot and the proteomic analysis 

indicate that internalised OMVs are processed within the cell, and some of their proteins 

are packaged into exosomes that are released from the basolateral surface of epithelial 

cells.  

Over the last decade, there has been a large volume of research regarding the antigen 

presenting capacity of exosomes, particularly those derived from APCs, which have 

been shown to release MHC expressing exosomes capable of stimulating T cell 

responses (Thery, Duban et al. 2002, Sprent 2005). These exosomes have been 

proposed as a source of “pre-processed” antigens, as they bear peptide loaded MHC 

complexes and are efficiently internalised by DCs that can then present antigens to 

naïve T cells (Morelli, Larregina et al. 2004). Although not professional APCs, IECs 

express many of the surface receptors required for antigen presentation, including HLA 
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Class I and II and the co-stimulatory molecule CD58 (Framson, Cho et al. 1999). 

Interestingly, IEC exosomes bearing MHC Class II/OVA complexes are capable of 

acting as antigen presenting vesicles, which when inoculated into mice resulted in 

OVA-specific humoral immune responses (van Niel, Mallegol et al. 2003). More 

important to host pathogen biology, however, was the discovery that macrophages 

infected with Mycobacterium release pro-inflammatory exosomes that contain within 

them mycobacterial PAMPS (Bhatnagar and Schorey 2007, Bhatnagar, Shinagawa et al. 

2007). Furthermore, these exosomes have since been shown to bear MHC Class 

II/peptide complexes and are capable of presenting antigen directly to T cells to induce 

proliferation (Ramachandra, Qu et al. 2010). Given these data, we hypothesised that 

exosomes containing OMV derived proteins may be capable of interacting with T cells 

to induce OMV antigen specific proliferation. To test this hypothesis, we performed 

some preliminary experiments in an attempt to induce human PBMCs to proliferate in 

response to “OMV” exosomes. For this, proliferation was measured via the dilution of 

CFSE through successive rounds of T cell division, in response to “empty” exosomes or 

“OMV” exosomes. Using this method, we demonstrated significant T cell proliferation 

in response to “OMV” exosomes (Figure 8), with a CDI of 22. However, these T cells 

also proliferated in response to “empty” exosomes, with a CDI of 13, indicating an 

allogeneic T cell response to human proteins contained within the exosomes. The 

interaction of IEC derived exosomes with immune cells has been demonstrated by 

several groups. In each of these studies however, a defined system was utilised with 

either T cell hybridomas specific for a particular peptide (Mallegol, van Niel et al. 

2007), or mice that were pre-sensitised to the peptide of interest (van Niel, Mallegol et 

al. 2003). One of these studies, performed by Mallegol et al. demonstrated that IEC 

derived exosomes were capable of presenting antigen to T cells, via specific interactions 
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with DCs. That study utilised an HLA-DR4 expressing T84 cell line, and loaded the 

exosomes with the HLA-DR4 specific peptide, 3H-HAS 64-76. The authors then 

showed that these peptide loaded exosomes were capable of activating a HLA-DR4 

restricted T cell hybridomas in the presence of DCs (Mallegol, van Niel et al. 2007). A 

similar study performed by the same group delivered OVA peptide loaded exosomes to 

OVA sensitised mice, thereby demonstrating an OVA-specific humoral response (van 

Niel, Mallegol et al. 2003). We therefore hypothesised that in order to remove the 

allogeneic T cells proliferative response to exosomal proteins, we would need to isolate 

a pool of H. pylori reactive T cells and then use these to measure the proliferative 

response to OMV proteins within “OMV” exosomes.  

Initially, we characterised the proliferative responses of human T cells to H. pylori 

lysate and OMVs. We found that whilst PBMCs from all donors proliferated in 

response to both the positive control, CytoStim and H. pylori, the extent of proliferation 

differed vastly. Those that recorded a lower CDI for CytoStim had a similarly lower 

CDI for H. pylori (Figure 4.10, Table 4.4). Importantly, all donors tested demonstrated 

positive T cell proliferative responses to H. pylori lysate. Interestingly, we found that in 

response to stimulation with H. pylori lysate, PBMCs secreted significant levels of IFN-

γ, TNF-α, IL-6, IL-2 and IL-10. Moreover, stimulation with H. pylori OMVs similarly 

induced the secretion of the cytokines TNF-α, IL-6 and IL-10. (Figure 4.11). In infected 

individuals, high levels of the pro-inflammatory cytokines IL-8, IL-1β, TNF-α and IL-

6, as well as the Th1 associated cytokines, IFN-γ, IL-12 and IL-18, dominate the 

cytokine milieu in the gastric mucosa (Yamaoka, Kita et al. 1997, Sakai, Kita et al. 

2008). Furthermore, the secretion of the anti-inflammatory and immunosuppressive 

cytokine IL-10 is increased in the gastric mucosa of H. pylori infected patients (Bodger, 

Wyatt et al. 1997). The production of pro-inflammatory cytokines, such as IFN-γ, IL-6 
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and TNF-α, are thought to help control infection whilst contributing to gastric 

pathology and the development of preneoplastic changes in the gastric mucosa (Sayi, 

Kohler et al. 2009). Moreover, despite robust pro-inflammatory cytokine responses and 

the infiltration of immune cells into the infected area, the host is more often than not 

unable to clear the infection. This, in part, may be due to the release of ‘inhibitory” 

cytokines, such as IL-10, which has potent anti-inflammatory properties, and is capable 

of suppressing T cell cytokine production and proliferation (Del Prete, De Carli et al. 

1993, Bodger, Bromelow et al. 2001). To the best of our knowledge, this is the first 

report demonstrating pro- and anti-inflammatory cytokine production by human T cells 

in response to OMVs.  

Finally, we demonstrated that a pool of H. pylori reactive human T cells proliferated in 

response to re-stimulation with H. pylori lysate, indicating that the expansion of a clonal 

H. pylori reactive T cell pool had been successful. These H. pylori reactive T cells 

proliferated specifically in response to OMV proteins contained within “OMV” 

exosomes (Figure 4.12). Moreover, no proliferation was observed in response to 

“empty” exosomes or CytoStim, indicating that the proliferation in response to “OMV” 

exosomes was H. pylori antigen specific. These data indicate that exosomes are capable 

of presenting OMV derived proteins to T cells, in the presence of antigen presenting 

cells, thereby initiating T cell proliferative immune responses. In order to gain 

significance, PBMCs from a greater number of individuals will need to be tested for 

their proliferative responses to “empty” and “OMV” exosomes.  

 

In summary, this study has demonstrated for the first time that internalised H. pylori 

OMVs up-regulate the expression of HLA Class I and II on the cell surface and induce 

the basolateral secretion of IL-8. Furthermore, stimulation of polarised epithelial cells 
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results in basolaterally produced exosomes that contain within them known 

immunogenic OMV proteins. Finally, these exosomes had immunostimulatory capacity, 

as they induced the antigen specific proliferation of human T cells. Collectively, our 

findings suggest that upon entry into epithelial cells, OMVs are processed and packaged 

into exosomes, which facilitate the generation of antigen specific T cell responses. We 

propose that these exosomes are important for presenting luminal antigens to immune 

cells, thereby providing a link between the generation of innate and adaptive immune 

responses at the mucosal epithelium.  
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20 kDa
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anti-H
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ve 
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Donor D
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Supplementary Figure 4.1: H. pylori status of peripheral blood donors. H. pylori 251 

lysate (10 μg/ml) was seperated by electrophoresis and potential  H. pylori infection 

status of donors was assessed by incubating donor serum with membranes. anti-H. pylori 

antibody, and a donor with a positive infection status were included as controls. 
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Chapter 5. Final Discussion and Future Directions 

 

Like other Gram-negative bacteria, H. pylori sheds OMVs during normal growth, which 

are thought to deliver proteins, pro-inflammatory products and other virulence factors 

into host cells (Fiocca, Necchi et al. 1999, Ismail, Hampton et al. 2003, Kaparakis, 

Turnbull et al. 2010). OMVs have long been known to induce similar responses by the 

host immune system as their parent bacteria, owing to their similar but not identical 

protein content (Mullaney, Brown et al. 2009, Olofsson, Vallström et al. 2010). 

Furthermore, OMVs are often enriched in virulence factors (Sidhu, Vorholter et al. 

2008, Bomberger, Maceachran et al. 2009, Lindmark, Rompikuntal et al. 2009, 

Rompikuntal, Thay et al. 2011, Avila-Calderon, Lopez-Merino et al. 2012, Chowdhury 

and Jagannadham 2013). For these reasons, the use of OMVs as acellular vaccines has 

been researched extensively (Haneberg, Dalseg et al. 1998, Davenport, Groves et al. 

2008, Roberts, Moreno et al. 2008, Schild, Nelson et al. 2008, Holst, Martin et al. 2009, 

Chen, Osterrieder et al. 2010, Avila-Calderon, Lopez-Merino et al. 2012, Roier, Leitner 

et al. 2012, Mitra, Chakrabarti et al. 2013). The limited studies regarding H. pylori 

OMVs suggest that they are capable of interacting with host cells and inducing 

comparable responses as H. pylori (Ismail, Hampton et al. 2003, Kaparakis, Turnbull et 

al. 2010, Parker, Chitcholtan et al. 2010, Parker and Keenan 2012). However, little is 

known about how OMVs are produced, how they enter host epithelial cells and how 

they influence the host immune system to drive inflammation and adaptive immune 

responses. 

It is difficult and labour intensive to culture sufficient volumes of OMVs for research 

purposes and vaccine development. The natural production of large amounts of OMVs 

has only been described for a limited number of bacterial species (Henry, Pommier et 
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al. 2004) but not for H. pylori. The first aim of this study was to generate hyper-

vesiculating strains of H. pylori, allowing us to examine the role of membrane stability 

in OMV production by this bacterium. If OMVs are to be successfully developed as 

vaccines, we also need to understand more about their interactions with the host, 

specifically, how they enter host cells to induce anti-bacterial responses. Thus, we next 

wished to characterise the molecular mechanisms of OMV entry into host epithelial 

cells, as despite extensive evidence demonstrating OMV entry into host cells 

(Kadurugamuwa and Beveridge 1998, Sharma, Tummuru et al. 1998, Demuth, James et 

al. 2003, Kesty, Mason et al. 2004, Tsuda, Amano et al. 2005, Galka, Wai et al. 2008, 

Bomberger, Maceachran et al. 2009, Furuta, Takeuchi et al. 2009, Furuta, Tsuda et al. 

2009, Ellis, Leiman et al. 2010, Kaparakis, Turnbull et al. 2010, Parker, Chitcholtan et 

al. 2010, Schaar, de Vries et al. 2010, Vidakovics, Jendholm et al. 2010, Bielig, 

Rompikuntal et al. 2011, Chatterjee and Chaudhuri 2011, Pollak, Delpino et al. 2012), 

the precise mechanism(s) remain(s) undetermined. Previous work from our laboratory 

has demonstrated that H. pylori OMVs are capable of inducing bacterial specific 

antibody responses when delivered orally to mice. Despite this evidence, the 

mechanisms whereby OMVs are able to generate bacterial specific immune responses 

also remain unknown. Interestingly, research performed by other groups has shown that 

pathogen infected cells can secrete exosomes containing within them proteins derived 

from the internalised pathogen (Bhatnagar and Schorey 2007, Bhatnagar, Shinagawa et 

al. 2007). Furthermore, exosomes containing PAMPS were shown to be capable of 

antigen presentation, ultimately resulting in the generation of T cell responses 

(Ramachandra, Qu et al. 2010). Thus, we hypothesised that antigens derived from 

internalised OMVs may be packaged within exosomes that are released from host 

epithelial cells 
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Therefore, the three aims of this study were as follows: 

1. To generate hyper-vesiculating strains of H. pylori 

2. To determine the molecular mechanisms of OMV cellular entry, and to define 

the role, if any, of size in directing the route of entry 

3. To determine the fate of internalised H. pylori OMVs, and to characterise the 

human T cell proliferative response to OMV proteins contained within 

epithelial cell derived exosomes. 

 To address the first aim, we disrupted the membrane integrity of H. pylori using 

standard molecular biology techniques and then assessed the impact on OMV 

production. In E. coli, the disruption of membrane integrity through mutation of any of 

the tol-pal genes has been found to increase vesicle production (Sonntag, Schwarz et al. 

1978, Bernadac, Gavioli et al. 1998, Llamas, Ramos et al. 2000, Dubuisson, Vianney et 

al. 2005, Yeh, Comolli et al. 2010). Although homologues of the tolB and pal genes 

have been annotated in the H. pylori genome (Sturgis 2001), to date there is no 

published work regarding the functional roles of TolB and Pal in H. pylori. We found 

that the disruption of tolB brought about profound morphological changes (Chapter 2). 

Notably, strains lacking TolB displayed extensive “blebbing” at the cell surface, 

together with fewer, shorter flagella. Interestingly, strains lacking Pal retained flagella 

expression, whereas those lacking both TolB and Pal lacked flagella entirely. 

Importantly, in addition to morphological changes, we demonstrated that in H. pylori, 

disruption of either the tolB or pal genes alone resulted in hyper-vesiculating bacteria 

displaying 600- and 22-fold increases in OMV production, respectively. However, 

disruption of both tolB and pal did not result in a hyper-vesiculating phenotype. Whilst 

the reasons for this remain unknown, it is possible that the loss of both proteins 
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together, rather than individual proteins, is so devastating to the bacterial OM that other 

OM proteins compensate for their loss. Indeed, other researchers have noted that when 

proteins involved in bacterial cell division are missing or mutated, other OM proteins 

such as Lpp, are able to compensate for the lack of critical division proteins (Bernard, 

Sadasivam et al. 2007, Gerding, Ogata et al. 2007). Interestingly, the proteins of the 

Tol-Pal complex are recruited to bacterial division sites where they are proposed to 

form a sub complex of the division apparatus, aiding in cell division (Gerding, Ogata et 

al. 2007). It is therefore possible that other OM proteins somehow compensate for the 

loss of both TolB and Pal together.  

Previous work from our laboratory demonstrated that OMVs can deliver PG to the 

cytosol of host cells, resulting in the induction of pro-inflammatory responses 

characterised by IL-8 production (Kaparakis, Turnbull et al. 2010). Interestingly, OMVs 

produced by each of the ΔtolB-pal mutant strains generated in this study induced 

significantly higher levels of IL-8 production by host cells than did those produced by 

the wild type strain. Proteomic analysis of OMVs derived from the wild type and each 

of the mutant strains of H. pylori revealed subtle differences in the protein content of 

each. Present in all OMVs examined were a variety of virulence factors including: the 

adhesion proteins BabA and BabB, a known vaccine candidate Lpp20, the VacA 

cytotoxin, and TNF-α-inducing protein (Tip-α).  

H. pylori is well known to induce NF-κB activity in host cells, resulting in the secretion 

of IL-8 (Sharma, Tummuru et al. 1995). Two major H. pylori products known to induce 

IL-8 secretion from host cells are CagA (Crabtree, Wyatt et al. 1994, Crabtree, Covacci 

et al. 1995) and PG (Viala, Chaput et al. 2004). Interestingly, heat shock protein 60 

(HSP60) (Takenaka, Yokota et al. 2004), and more recently HP0986 (Devi, Ansari et al. 

2014) have been found to induce NF-κB activity and IL-8 production from gastric 
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epithelial cells. Whilst CagA has been detected on the surface of H. pylori wild type 

OMVs (Olofsson, Vallström et al. 2010), we were only able to detect the protein in 

association with ΔtolB OMVs, and it is therefore unlikely to be responsible for any 

increased IL-8 production from host cells in response to Δtol-pal OMVs. HSP60 was 

only detected in association with ΔtolB (+tolB), Δpal and Δpal (+pal) OMVs, and 

HP0986 was not detected at all, again suggesting that these proteins are unlikely to be 

the cause of the increased IL-8 production. Indeed, from previous work we know that 

proteinase K treated H. pylori OMVs induced similar levels of IL-8 secretion by host 

cells as non-treated OMVs (Kaparakis, Turnbull et al. 2010). Furthermore, OMVs 

smaller than 100 nm induce higher levels of NF-κB than OMVs larger than 100 nm, 

despite their lower protein content (Kaparakis, Turnbull et al. 2010). Taken together, 

these data indicated that the protein content of OMVs was not the main activator of NF-

κB, rather the PG contained within OMVs was found to be the main agonist for NF-κB 

activity. Furthermore, it is possible that differences in PG content may help to explain 

the differences in immunogenicity of OMVs produced by ΔtolB, Δpal and ΔtolBpal 

bacteria.  

It is important to note however, that although the protein content is unlikely to be 

responsible for the increases in IL-8 inducing ability, the proteins present are likely to 

play an important role in the generation of H. pylori specific adaptive immune 

responses. Further work is required to determine the immunostimulatory capacity of 

OMVs produced by these mutant strains of H. pylori. Specifically, we would like to 

utilise an established mouse model (Kaparakis, Turnbull et al. 2010) to investigate the 

ability of these OMVs to induce humoral and innate immune responses in vivo. For this, 

mice would be fed intragastrically with OMVs from the various strains, and gastric 

Cxcl2 responses would be measured 1 and 7 days post feeding. To investigate the 
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ability of these OMVs to induce humoral immune responses we would measure anti-H. 

pylori OMV IgG responses in the sera of mice that had been fed OMVs, compared with 

mice that had been fed PBS. Serum IgG specificity could then be determined (Keenan, 

Oliaro et al. 2000), allowing us to identify any H. pylori OMV proteins able to induce 

humoral immune responses in mice, thereby strengthening their suitability in vaccine 

development against this pathogen.  

It would also be interesting to examine the contribution of OMVs in bacterial 

colonisation. Since H. pylori is known to require flagella for efficient colonisation of 

the stomach (Ottermann and Lowenthal 2002), it is likely that ΔtolB and ΔtolBpal 

strains would be unable to colonise mice. Therefore to examine this, we could infect 

mice with mouse colonising mutant strains of H. pylori Δpal, which exhibits an increase 

in OMV production, and compare the colonisation levels between the mutant and the 

wild type.  

In summary, the work performed in this study demonstrated that H. pylori bacteria 

lacking either TolB or Pal exhibited profound morphological abnormalities 

accompanied by an increase in vesiculation. Furthermore, the protein content of the 

OMVs produced by these mutant strains was similar to that of wild type OMVs, 

containing several known immunogenic proteins. Finally, these OMVs were capable of 

inducing significant levels of IL-8 production by host cells, indicating that whilst they 

differ slightly from those produced by wild type H. pylori, they are suitable for use in 

further studies, including those for an OMV based vaccine against infection by this 

pathogen.  

Previous work from our laboratory demonstrated that Gram-negative OMVs deliver PG 

to the host cell cytosol following internalisation by non phagocytic epithelial cells 

(Kaparakis, Turnbull et al. 2010). Prior to beginning this study, the entry of OMVs into 
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epithelial cells had been shown for numerous pathogens including V. cholerae 

(Chatterjee and Chaudhuri 2011), P. gingivalis (Furuta, Takeuchi et al. 2009, Furuta, 

Tsuda et al. 2009), E. coli (Kesty, Mason et al. 2004), P. aeruginosa (Bomberger, 

Maceachran et al. 2009) and H. pylori (Parker, Hampton et al. 2005, Kaparakis, 

Turnbull et al. 2010). However, the mechanisms of entry reported differed according to 

the study. These conflicting reports regarding OMV entry led us to investigate the 

precise mechanisms of OMV cellular entry. Furthermore, as OMVs are produced in a 

range of sizes, we also wished to investigate the contribution of OMV size to their mode 

of entry, as a possible explanation for the conflicting reports.  

In order to measure OMV entry into host cells we used two techniques: fluorescence 

microscopy and IL-8 production by host cells. Initially, all experiments were performed 

using a heterogeneous population of OMVs. Using a panel of chemical inhibitors to 

block the various pathways of endocytosis (macropinocytosis, clathrin- and caveolin- 

dependent endocytosis) we determined that heterogeneous populations of H. pylori 

OMVs enter host cells by each of these mechanisms. Furthermore, we found that even 

partial inhibition of OMV entry resulted in a significant decrease in IL-8 production by 

host cells (Chapter 3).  

Studies have shown that particles of a particular size preferentially enter cells via 

specific endocytosis pathways (Mayor and Pagano 2007). Moreover, the size of the 

particles and therefore the mechanisms of entry may also define their intracellular 

degradation pathway (Brewer, Pollock et al. 2004). One such study performed by 

Rejman et al. demonstrated that the internalisation of smaller particles (< 200 nm) relied 

on clathrin-dependent endocytosis, whereas when the size of the particles increased 

(500 nm) the mode of entry became caveolin-dependent (16). OMVs smaller than 100 

nm in diameter have been found to induce higher levels of NF-κB activity than larger 
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OMVs, suggesting that these smaller OMVs may be more efficient at entering host 

epithelial cells to initiate pro-inflammatory responses (Kaparakis, Turnbull et al. 2010). 

Given that OMVs produced by different bacteria exhibit wide ranges in size and that the 

method of isolation used may also affect particle size (van de Waterbeemd, Zomer et al. 

2013), we surmised that size may direct the mechanism of entry and therefore account 

for the differing results found by other groups. To further investigate this theory, we 

compared the preferential modes of host cell entry by small (< 50nm) and large 

(>50nm) OMVs. Using chemical inhibition of endocytosis we found that small OMVs 

entered host epithelial cells via all mechanisms of endocytosis, whereas large OMVs 

entered by macropinocytosis and caveolin-dependent endocytosis, but not by clathrin-

dependent endocytosis (Chapter 3). Further analysis of small and large OMVs revealed 

that they contained both unique and shared proteins. Taken together, these data indicate 

that OMV size predetermines not only the protein content but also the preferential 

mechanism of entry.  

Despite having identified a role for OMV size in directing the mechanism of host cell 

entry, we did not investigate the potential role of host cell-surface receptors in this 

process. VacA, which we found to be present in both small and large populations of 

OMVs (Chapter 3), has been shown to bind to several host cell surface components, 

including sphingomyelin (Gupta, Patel et al. 2008), glycosylphosphatidylinositol (GPI)-

anchored proteins (Ricci, Galmiche et al. 2000), protein-tyrosine phosphatase α 

(RPTPα) (Yahiro, Wada et al. 2003) and receptor-like protein tyrosine phosphatases-β 

(RPTPβ) (Nakayama, Hisatsune et al. 2006). Receptor-bound VacA subsequently 

clusters at the cell surface in association with cholesterol-rich lipid rafts (Nakayama, 

Hisatsune et al. 2006), which we have previously shown to be important for OMV 

internalisation (Kaparakis, Turnbull et al. 2010). Interestingly, Parker et al. found that 
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OMVs lacking VacA entered host cells via different mechanisms than OMVs 

containing VacA, indicating that VacA may play a role in directing entry (Parker, 

Chitcholtan et al. 2010). Furthermore, H. pylori has been proposed to interact with 

many host cell surface receptors that are located within lipid rafts, including α5β1 

(Kwok, Zabler et al. 2007), and epidermal growth factor receptor (EGFR) (Tegtmeyer, 

Zabler et al. 2009). Therefore, the next step in determining the precise mode of OMV 

host cell entry would be to examine the role of host cell surface receptors. This could be 

done through the use of specific antibodies to block ligand binding. The effect of 

blocking the interaction of OMVs with these cell surface receptors could then be 

measured by fluorescent microscopy, IL-8 production (as described in chapter 3) and 

flow cytometry (Parker, Chitcholtan et al. 2010). Alternatively, we could investigate the 

host cell receptor(s) involved in OMV internalisation by transfecting gastric epithelial 

cells with an siRNA genome library. We can then monitor the levels of NF-κB activity 

in host cells by luciferase assay (Kaparakis, Turnbull et al. 2010) and IL-8 ELISA as 

described in chapter 3. As it is possible that the siRNAs in a library such as this could 

block other components of the NF-κB pathway, we could also visualise intracellular  

Despite numerous studies regarding the entry of OMVs into host cells, the entry of 

OMVs into polarised cells has thus far not been investigated. Moreover, there have been 

limited studies regarding the intracellular fate of internalised OMVs. We therefore 

wished to investigate the entry and subsequent intracellular fate of OMVs within 

polarised epithelial cells. Certain epithelial cell lines can be cultured to form a polarised 

monolayer, with apical and basolateral membranes which are otherwise not found in 

non-polarised cells (Corthesy-Theulaz, Porta et al. 1996). Moreover, due to our interest 

in the potential for proteins derived from internalised OMVs to be packaged within 

exosomes, we chose to work with T84 IECs, a cell line that is able to both form 
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polarised monolayers, and to secrete apical and basolateral exosomes. Thus, we were 

able to translate our previous findings of OMV internalisation by non-phagocytic 

epithelial cells, into a model that more closely mimics the in vivo environment 

encountered in the host. Using the T84 model we showed for the first time that H. pylori 

OMVs enter polarised epithelial cells at the apical surface (Chapter 4). Interestingly, 

OMVs induced significantly higher levels of IL-8 from the basolateral but not the apical 

surface, when compared with non-stimulated cells (Chapter 4). It has previously been 

shown that T84 cells secrete significantly higher amounts of IL-8 from the basolateral 

surface than the apical surface of cells in response to stimulation by bacteria such as 

H. pylori (Hofman, Ricci et al. 2000) and S. typhimurium (McCormick, Hofman et al. 

1995). This establishes a transepithelial cytokine gradient that is likely to promote the 

migration of neutrophils to the epithelium, such as occurs during H. pylori infection 

(Crabtree, Kersulyte et al. 1999). Although it has been previously shown that H. pylori 

OMVs are able to induce the production of IL-8 from non polarised AGS (Ismail, 

Hampton et al. 2003) and T84 cells (Mullaney, Brown et al. 2009), we have provided 

the first evidence that OMVs enter polarised epithelial cells and induce IL-8 production 

to similar levels as the H. pylori strain from which they were generated (Chapter 4). In 

addition to the production of IL-8, host epithelial cells respond to H. pylori infection by 

the up-regulation of HLA Class II expression (Engstrand, Scheynius et al. 1989, 

Maekawa, Kinoshita et al. 1997). This led us to postulate that epithelial cells may also 

up-regulate HLA Class II in response to H. pylori OMVs. Furthermore, as IEC-derived 

exosomes bearing HLA Class II/peptide complexes are capable of potentiating antigen 

presentation (Mallegol, van Niel et al. 2007), we reasoned that exosomes released from 

OMV-containing cells may express HLA Class II/OMV peptide complexes at their 
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surface. Using qRT-PCR and flow cytometry, we demonstrated that H. pylori and 

H. pylori OMVs up regulate HLA Class I and II by IECs.  

It was known that exosomes released by IECs and bearing HLA Class II/peptide 

complexes are capable of interacting with DCs, thereby facilitating peptide presentation 

to T cells (Mallegol, van Niel et al. 2007). These data, together with our findings that 

H. pylori OMVs enter polarised IECs, led us to postulate that antigens derived from 

internalised OMVs may be processed within the cell and packaged within exosomes that 

are able to interact with immune cells such as T cells and DCs. Using Western blot and 

proteomic analysis we found that exosomes released from polarised human epithelial 

cells that had been co-cultured with OMVs (“OMV” exosomes) did indeed contain 

within them OMV-derived proteins. Interestingly, of the 8 OMV-associated proteins 

detected by LC-MS/MS protein analysis, 5 are known virulence factors; catalase, 

flagellin A, VacA, flagella hook protein E and HopQ. Furthermore, Lpp20, a known 

OMV-associated vaccine candidate (Keenan, Oliaro et al. 2000), was among the 8 

proteins identified within “OMV” exosomes (Chapter 4). 

Given that exosomes carrying bacterial PAMPs are capable of presenting bacterial 

antigens to T cells (Ramachandra, Qu et al. 2010), we hypothesised that exosomes 

carrying H. pylori OMV proteins may be able to present these antigens to immune cells. 

Initially, we measured the proliferative response of human PBMCs to either “OMV” 

exosomes or exosomes from cells not exposed to OMVs, referred to as “empty” 

exosomes. Whilst there was a significant increase in T cell proliferation in response to 

“OMV” exosomes, there was also a smaller, yet still significant, proliferative response 

to “empty” exosomes. This suggested that human T cells were mounting an allogeneic 

response to the human “non-self” proteins within the exosomes. In order to remove this 

background proliferation, we isolated and expanded a pool of polyclonal H. pylori 
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reactive T cells with which to repeat these experiments. Using cell proliferation assays 

and cytokine analysis, we demonstrated that both human polyclonal H. pylori reactive 

CD4+ and CD8+ T cells proliferated in response to H. pylori lysate and secreted the pro-

inflammatory cytokines IFN-γ, IL-6 and TNF-α as well as the anti-inflammatory 

cytokine IL-10, all of which are hallmarks of H. pylori infection (Bodger, Wyatt et al. 

1997, Yamaoka, Kita et al. 1997, Sayi, Kohler et al. 2009). Finally, we determined that 

exosomes containing OMV proteins were indeed able to elicit a proliferative response 

by these H. pylori reactive polyclonal T cells.  

Further work is required to validate this finding, using PBMCs taken from at least 3 

donors. Moreover, this study did not examine the proliferative response of H. pylori 

positive donors and how this may affect the outcomes of T cell proliferation in response 

to H. pylori antigen stimulation. Given that PBMC responses to H. pylori are lower in 

H. pylori positive patients than H. pylori negative patients (Fan, Chua et al. 1994), the 

proliferative response of T cells from H. pylori positive donors to “OMV” exosomes 

may be less pronounced than those from H. pylori negative donors. It would therefore 

be interesting to measure and compare the proliferation of T cells from H. pylori 

positive and negative donors in response to exosomes containing H. pylori OMV 

proteins. It would also be important to examine T cell cytokine responses following 

stimulation with either “empty” or “OMV” exosomes.  

Whilst we did determine that H. pylori OMV proteins are contained within exosomes 

released from cells containing intracellular OMVs (Chapter 4), we did not investigate 

the possibility that these proteins exist as HLA Class II/OMV peptide complexes. Nor 

did we investigate in any detail the expression of HLA Class I or II by exosomes 

released from polarised T84 IECs. Although we did not identify any HLA Class II 

molecules present within our exosome samples using LC-MS/MS, it may be that these 
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molecules were present in lower amounts than were detectable with our method of 

analysis. As we have shown that HLA Class II is up regulated at the cell surface only by 

cells that have been pre-treated with IFN-γ, it is possible that we would only identify 

HLA Class II in exosomes derived from cells pre-treated with IFN-γ prior to co-culture 

with OMVs. In future experiments, T84 cells (both polarised and non-polarised) could 

be treated with IFN-γ, prior to co-culture with OMVs or H. pylori. Since exosomes are 

too small for direct FACS analysis, alternative methods have been developed utilising 

magnetic beads coated with antibodies of interest (Clayton, Court et al. 2001), some of 

which are now commercially available (Exo-Flow, System Biosciences). Using 

magnetic beads coated with antibodies against HLA Class II, we could investigate the 

exosomal surface expression of HLA Class II molecules of exosomes derived from cells 

cultured with IFN-γ and OMVs. Furthermore, other groups have demonstrated that 

exosomes bearing HLA Class II/peptide complexes are capable of presenting antigen to 

DCs, with subsequent induction of T cell responses (Mallegol, van Niel et al. 2007). In 

order to identify if the OMV derived proteins we detected within our exosome samples 

exist as HLA Class II/peptide complexes, we could purify the HLA Class II molecules 

by affinity chromatography using specific antibodies against HLA Class II (Fissolo, 

Haag et al. 2009). The peptides could then be separated by HILIC and analysed by LC-

MS/MS as described in Chapter 4. This would allow us to further elucidate the antigen 

presenting capabilities of exosomes containing OMV derived proteins. Finally, in order 

to determine if exosomes are directly capable of presenting antigen, or if there is a 

requirement for APCs, it will be necessary to perform T cell proliferation assays in the 

presence or absence of APCs, as described in chapter 4. Given that IEC derived 

exosomes have been shown to be capable of presenting antigen only in the presence of 

DCs (Vincent-Schneider, Stumptner-Cuvelette et al. 2002, Mallegol, van Niel et al. 
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2007), we hypothesise that DCs are required for the generation of T cell responses. 

Interestingly, exosomes are internalised by phagocytic cells such as DCs (Morelli, 

Larregina et al. 2004, Feng, Zhao et al. 2010). Therefore, it is possible that IEC derived 

exosomes containing OMV-derived proteins (or bearing HLA Class II/OMV peptide 

complexes) are internalised by DCs, followed by presentation of OMV-derived proteins 

on the surface of DCs to mucosal T cells.  

 

In summary, this work has demonstrated that the disruption of the proteins TolB and Pal 

in H. pylori results in distinct morphological alterations, accompanied by an increase in 

outer membrane OMV production. We demonstrated that the size of these OMV plays a 

critical role in directing the precise mode of entry into host cells. Moreover, polarised 

epithelial cells containing intracellular OMVs basolaterally secreted exosomes that 

contained OMV proteins within them. Importantly, we showed that exosomes 

containing OMV proteins induced proliferation of human T cells in the presence of 

APCs, indicating that exosomes could function to present OMV antigens to mucosal T 

cells. We propose that through interactions with APCs such as DCs, these exosomes are 

capable of inducing antigen specific proliferation of T cells located beneath the 

epithelial cell layer, thereby providing a link between the generation of innate and 

adaptive immune responses to H. pylori at the mucosal epithelium. Our model for 

H. pylori OMV induced innate and adaptive immune responses is as follows. H. pylori 

OMVs are internalised at the host cell surface by macropinocytosis, clathrin- and/or 

caveolin-dependent endocytosis, depending on the size of the OMVs. PG, delivered to 

the interior of the cell by OMVs, interacts with NOD1 to up regulate NFκB activation 

and IL-8 production. IL-8 is secreted predominantly from the basolateral surface of host 

cells, thereby helping to establish a transepithelial cytokine gradient that aids in 
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neutrophil recruitment to the affected area. Intracellular OMVs also induce the up 

regulation of HLA Class I and II by host epithelial cells. Intracellular OMVs are 

processed within the cell and packaged within exosomes, which are secreted into the 

extracellular environment. These OMV-containing exosomes are capable of inducing 

antigen specific T cell proliferation, through interactions with APCs (Figure 5.1). 

Overall, this work has further expanded our knowledge of how OMVs are able to enter 

host epithelial cells. Importantly, we have provided the first evidence demonstrating that 

internalised OMVs are processed within the cell and packed within exosomes that 

capable of inducing bacterial specific T cell proliferation.  
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Figure 5.1. Proposed model of H. pylori OMV induced innate and adaptive 

immune responses.  H. pylori OMVs enter host cells via lipid rafts (Kaparakis et 

al, 2010) by macropinocytosis, clathrin- and caveolin-dependent endocytosis (1). 

OMVs induce the upregulation of HLA Class I and Class II by epithelial cells (2). 

OMV-PG interacts with NOD1 to induce NF-κB induction and IL-8 production. 

IL-8 is secreted predominantly from the basolateral surface of cells, attracting 

neutrophils to the area (3). Intracellular OMVs are processed within the cells and 

packaged within exosomes that are released from the cells (4). Exosomes 

containing OMV proteins interact with APCs such as DCs, which present 

OMV-derived proteins to T cells, inducing antigen specific proliferation (5). 

Modified from a figure designed by M Kaparakis-Liaskos and compiled by P. 

Alwis. 

 247



 248



 

  

References 

 
Akira, S., K. Takeda and T. Kaisho (2001). "Toll-like receptors: critical proteins linking 
innate and acquired immnity." Nature 2(8): 675-680. 
 
Alaniz, R., B. Deatherage, J. Lara and B. Cookson (2007). "Membrane vesicles are 
immunogenic facsimiles of Salmonella typhimurium that potently activate dendritic 
cells." The Journal of Immunology 179: 7692-7701. 
 
Amano, A., H. Takeuchi and N. Furuta (2010). "Outer membrane vesicles function as 
offensive weapons in host–parasite interactions." Microbes and Infection 12(11): 791-
798. 
 
Amieva, M. R., R. Vogelmann, A. Covacci, L. Tompkins, W. J. Nelson and S. Falkow 
(2003). "Disruption of the epithelial apical-junctional complex by Helicobacter pylori 
CagA." Science 300: 1430-1434. 
 
Andersson, S. G., A. Zomorodipour, J. O. Andersson, T. Sicheritz-Pontén, U. C. 
Alsmark, R. M. Podowski, A. K. Näslund, A. S. Eriksson, H. H. Winkler and C. G. 
Kurland (1998). "The genome sequence of Rickettsia prowazekii and the origin of 
mitochondria." Nature 396(6707): 133-140. 
 
Angelini, A., L. Cendron, S. Goncalves, G. Zanotti and L. Terradot (2008). "Structural 
and enzymatic characterization of HP0496, a YbgC thioesterase from Helicobacter 
pylori." Proteins 72(4): 1212-1221. 
 
Archimandritis, A., S. Sougioultzis, P. G. Foukas, M. Tzivras, P. Davaris and H. M. 
Moutsopoulos (2000). "Expression of HLA-DR, costimulatory molecules B7-1, B7-2, 
intercellular adhesion molecule-1 (ICAM-1) and Fas ligand (FasL) on gastric epithelial 
cells in Helicobacter pylori gastritis; influence of H. pylori eradication." Clinical and 
experimental immunology 119(3): 464-471. 
 
Avila-Calderon, E. D., A. Lopez-Merino, N. Jain, H. Peralta, E. O. Lopez-Villegas, N. 
Sriranganathan, S. M. Boyle, S. Witonsky and A. Contreras-Rodriguez (2012). 
"Characterization of Outer Membrane Vesicles from Brucella melitensis and Protection 
Induced in Mice." Clinical and Developmental Immunology 2012: 1-13. 
 
Bauman, S. and M. Kuehn (2006). "Purification of outer membrane vesicles from 
Pseudomonas aeruginosa and their activation of an IL-8 response." Microbes and 
Infection 8(9-10): 2400-2408. 
 
Beatty, W. L., E. R. Rhoades, H. J. Ullrich, D. Chatterjee, J. E. Heuser and D. G. 
Russell (2000). "Trafficking and release of mycobacterial lipids from infected 
macrophages." Traffic 1(3): 235-247. 
 
Beauvillain, C., M. O. Juste, S. Dion, J. Pierre and I. Dimier-Poisson (2009). 
"Exosomes are an effective vaccine against congenital toxoplasmosis in mice." Vaccine 
27(11): 1750-1757. 

 249



 

  

Belogolova, E., B. Bauer, M. Pompaiah, H. Asakura, V. Brinkman, C. Ertl, S. Bartfeld, 
T. Y. Nechitaylo, R. Haas, N. Machuy, N. Salama, Y. Churin and T. F. Meyer (2013). 
"Helicobacter pylori outer membrane protein HopQ identified as a novel T4SS-
associated virulence factor." Cellular Microbiology: 1-17. 
 
Bernadac, A., M. Gavioli, J. C. Lazzaroni, S. Raina and R. Lloubès (1998). 
"Escherichia coli tol-pal mutants form outer membrane vesicles." J Bacteriol 180(18): 
4872-4878. 
 
Bernard, C. S., M. Sadasivam, D. Shiomi and W. Margolin (2007). "An altered FtsA 
can compensate for the loss of essential cell division protein FtsN in Escherichia coli." 
Molecular Microbiology 64(5): 1289-1305. 
 
Beveridge, T. J. (1999). "Structures of gram-negative cell walls and their derived 
membrane vesicles." Journal of Bacteriology 181(16): 4725-4733. 
 
Bhatnagar, S. and J. S. Schorey (2007). "Exosomes Released from Infected 
Macrophages Contain Mycobacterium avium Glycopeptidolipids and Are 
Proinflammatory." Journal of Biological Chemistry 282(35): 25779-25789. 
 
Bhatnagar, S., K. Shinagawa, F. J. Castellino and J. S. Schorey (2007). "Exosomes 
released from macrophages infected with intracellular pathogens stimulate a 
proinflammatory response in vitro and in vivo." Blood 110(9): 3234-3244. 
 
Bielig, H., P. K. Rompikuntal, M. Dongre, B. Zurek, B. Lindmark, M. Ramstedt, S. N. 
Wai and T. A. Kufer (2011). "NOD-Like Receptor Activation by Outer Membrane 
Vesicles from Vibrio cholerae Non-O1 Non-O139 Strains Is Modulated by the Quorum-
Sensing Regulator HapR." Infection and Immunity 79(4): 1418-1427. 
 
Blaser, M. J. (1990). "Helicobacter pylori and the pathogenesis of gastroduodenal 
inflammation." Journal of Infectious Diseases 161: 626-633. 
 
Bodger, K., K. Bromelow, J. I. Wyatt and R. V. Heatley (2001). "Interleukin 10 in 
Helicobacter pylori associated gastritis: immunohistochemical localisation and in vitro 
effects on cytokine secretion." Journal of Clinical Pathology 54(285-292). 
 
Bodger, K., J. I. Wyatt and R. V. Heatley (1997). "Gastric mucosal secretion of 
interleukin-10: relations to histopathology, Helicobacter pylori status, and tumour 
necrosis factor-α secretion." Gut 40: 739-744. 
 
Boivin, M. A., P. K. Roy, A. Bradley, J. C. Kennedy, T. Rihani and T. Y. Ma (2009). 
"Mechanism of Interferon-Υ-Induced Increase in T84 Intestinal Epithelial Tight 
Junction." Journal of Interferon & Cytokine Research 29(1): 45-54. 
 
Bomberger, J. M., D. P. Maceachran, B. A. Coutermarsh, S. Ye, G. A. O'Toole and B. 
A. Stanton (2009). "Long-distance delivery of bacterial virulence factors by 
Pseudomonas aeruginosa outer membrane vesicles." PloS Pathogens 5(4): e1000382. 
 
Borish, L., R. Rosenbaum, L. Albury and S. Clark (1989). "Activation of neutrophils by 
recombinant interleukin-6." Cellular Immunology 121(2): 280-289. 

 250



 

  

Bos, M. P., V. Robert and J. Tommassen (2007). "Biogenesis of the Gram-Negative 
Bacterial Outer Membrane." Annual Review of Microbiology 61(1): 191-214. 
 
Bouveret, E., R. Derouiche, A. Rigal, R. Lloubès, C. Lazdunski and H. Bénédetti 
(1995). "Peptidoglycan-associated lipoprotein-TolB interaction." J Biol Chem 270(19): 
11071-11077. 
 
Braun, V. (1975). "Covalent lipoprotein from the outer membrane of Escherichia coli " 
Biochim. Biophys. Acta 413: 335-377. 
 
Brewer, J. M., K. G. J. Pollock, L. Tetley and D. G. Russell (2004). "Vesicle size 
influences the trafficking, processing, and presentation of antigens in lipid vesicles." 
Journal of Immunology 173(10): 6143-6150. 
 
Bu, H.-F., X. Wang, Y. Tang, V. Koti and X.-D. Tan (2010). "Toll-like receptor 2 
mediated peptidoglycan uptake by immature intestinal epithelial cells from apical side 
and exosome associated transcellular trancytosis." Journal of Cellular Physiology 
222(568-668). 
 
Buning, J., D. von Smolinski, K. Tafazzoli, K. Zimmer, S. Strobel, M. Apostolaki, G. 
Kollias, J. Heath, D. Ludwig and A. Gebert (2008). "Multivesicular bodies in intestinal 
epithelial cells: responsible for MHC Class II-restricted antigen processing and origin of 
exosomes." Immunology 125: 510-521. 
 
Campbell, J. D. M., A. Foerster, V. Lasmanowicz, M. Niemoller, A. Scheffold, M. 
Fahrendorff, G. Rauser, M. Assenmacher and A. Richter (2010). "Rapid detection, 
enrichment and propagation of specific T cell subsets based on cytokine secretion." 
Clinical and Experimental Immunology 163: 1-10. 
 
Cascales, E., A. Bernadac, M. Gavioli, J. Lazzaroni and R. Lloubès (2002). "Pal 
lipoprotein of Escherichia coli plays a major role in outer membrane integrity." J 
Bacteriol 184(3): 754-759. 
 
Chaput, N., J. Taieb and L. Zitvogel (2005). "The potential of exosomes in 
immunotherapy." Expert opinion on biological therapy 5(6737-747). 
 
Chatterjee, D. and K. Chaudhuri (2011). "Association of cholera toxin with Vibrio 
cholerae outer membrane vesicles which are internalized by human intestinal epithelial 
cells." FEBS Letters 585(9): 1357-1362. 
 
Chatterjee, D. and K. Chaudhuri (2013). "Vibrio cholerae O395 outer membrane 
vesicles modulate intestinal epithelial Cells in a NOD1 dependent manner and induces 
dendritic cell-mediated Th2/Th17 responses." The Journal of biological chemistry 288: 
4299-4309. 
 
Chen, D. J., N. Osterrieder, S. M. Metzger, E. Buckles, A. M. Doody, M. P. Delisa and 
D. Putnam (2010). "Delivery of foreign antigens by engineered outer membrane vesicle 
vaccines." Proc. Natl. Acad. Sci. U. S. A. 107(7): 3099-3104. 
 

 251



 

  

Chowdhury, C. and M. Jagannadham (2013). "Virulence factors are released in 
association with outer membrane vesicles of Pseudomonas syringae pv. tomato T1 
during normal growth." Biochimica et Biophysica Acta (BBA) - Proteins and 
Proteomics 1834(1): 231-239. 
 
Ciantar, J. P. and S. I. Mannering (2011). "An improved method for growing and 
analysing human antigen-specific CD4+ T-cell clones." Diabetes/Metabolism Research 
and Reviews 27(8): 906-912. 
 
Clayton, A., J. Court, H. Navabi, M. Adams, M. D. Mason, J. A. Hobot, G. R. Newman 
and B. Jasani (2001). "Analysis of antigen presenting cell derived exosomes, based on 
immuno-magnetic isolation and flow cytometry." Journal of Immunological Methods 
247: 163-174. 
 
Colgan, S. P., C. A. Parkos, J. B. Matthews, L. D&apos;Andrea, C. S. Awtrey, A. H. 
Lichtman, C. Delp-Archer and J. L. Madara (1994). "Interferon-ϒ induces a cell surface 
phenotype switch on T84 intestinal epithelial cells." The American journal of 
physiology 267(2 Pt 1): C402-410. 
 
Corthesy-Theulaz, I., N. Porta, E. Pringault, L. Racine, A. Bogdanova, J. Kraehenbuhl, 
A. Blum and P. Michetti (1996). "Adhesion of Helicobacter pylori to polarized T84 
human intestinal cell monolayers is pH dependent." Infection and Immunity 64(9): 
3827-3832. 
 
Crabtree, J., D. Kersulyte, S. Li, I. Lindley and D. Berg (1999). "Modulation of 
Helicobacter pylori induced interleukin-8 synthesis in gastric epithelial cells mediated 
by cagPAI encoded VirD4 homologue." Journal of Clinical Pathology 52(9): 653-657. 
 
Crabtree, J., J. I. Wyatt, L. K. Trejdosiewicz, P. Peichl, P. H. Nichols, N. Ramsay, J. N. 
Primrose and I. J. Lindley (1994). "Interleukin-8 expression in Helicobacter pylori 
infected, normal and neoplastic gastroduodenal mucosa." Journal of Clinical Pathology 
47(1): 61-66. 
 
Crabtree, J. E., A. Covacci, S. M. Farmery, Z. Xiang, D. S. Tompkins, S. Perry, I. J. 
Lindley and R. Rappuoli (1995). "Helicobacter pylori induced interleukin-8 expression 
in gastric epithelial cells is associated with CagA positive phenotype." Journal of 
Clinical Pathology 48: 41-45. 
 
Crabtree, J. E., S. M. Farmery, I. J. Lindley, N. Figura, P. Peichl and D. S. Tompkins 
(1994). "CagA/cytotoxic strains of Helicobacter pylori and interleukin-8 in gastric 
epithelial cell lines." Journal of Clinical Pathology 47(10): 945-950. 
 
Cullen, T. W., D. K. Giles, L. N. Wolf, C. Ecobichon, I. G. Boneca and M. S. Trent 
(2011). "Helicobacter pylori versus the host: remodelling of the bacterial outer 
membrane is required for survival in the gastric mucosa." PLoS Pathogens 7(12): 
e1002454. 
 
Cureton, D. K., R. H. Massol, S. Saffarian, T. L. Kirchhausen and S. P. Whelan (2009). 
"Vesicular stomatitis virus enters cells through vesicles incompletely coated with 
clathrin that depend upon actin for internalization." PloS Pathogens 5(4): e1000394. 

 252



 

  

D'Elios, M. M., M. Manghetti, M. De Carli, F. Costa, C. T. Baldari, D. Burroni, J. L. 
Telford, S. Romagnani and G. Del Prete (1997). "T helper 1 effector cells specific for 
Helicobacter pylori in the gastric antrum of patients with peptic ulcer disease." Journal 
of Immunology 158(2): 962-967. 
 
Davenport, V., E. Groves, R. Horton, C. Hobbs, T. Guthrie, J. Findlow, R. Borrow, L. 
Naess, P. Oster, R. Heyderman and N. Williams (2008). "Mucosal immunity in healthy 
adults after parenteral vaccination with outer-membrane vesicles from Neisseria 
meningitidis serogroup B." J Infect Dis 198(5): 731-740. 
 
Del Prete, G., M. De Carli, F. Almerigogna, M. G. Giudizi, R. Biagiotti and S. 
Romagnani (1993). "Human interleukin-10 is produced by both type 1 helper (Th1) and 
thype 2 helper (Th2) T cell clones and inhibits their antigen-specific proliferation and 
cytokine production." Journal of Immunology 150(353-360). 
 
Demuth, D. R., D. James and Y. Kowashi (2003). "Interaction of Actinobacillus 
actinomycetemcomitans outer membrane vesicles with HL60 cells does not require 
leukotoxin." Cellular Microbiology 5(2): 111-121. 
 
Devi, S., S. A. Ansari, J. Vadivelu, F. Mégraud, S. Tenguria and N. Ahmed (2014). 
"Helicobacter pylori Antigen HP0986 (TieA) Interacts with Cultured Gastric Epithelial 
Cells and Induces IL8 Secretion via NF-κB Mediated Pathway." Helicobacter 19: 26-
36. 
 
Dienz, O. and M. Rincon (2009). "The effects of IL-6 on CD4 T cell responses." 
Clinical Immunology 130(1): 27-33. 
 
Dixon, M. F. (1991). "Helicobacter pylori and peptic ulceration: histopathological 
aspects." Journal of Gastroenterology and Hepatology 6: 125-130. 
 
Dorward, D., C. Garon and R. Judd (1989). "Export and intercellular transfer of DNA 
via membrane blebs of Neisseria gonorrhoeae." Journal of Bacteriology 171(5): 2499-
2505. 
 
Doyle, R., J. Chaloupka and V. Vinter (1988). "Turnover of cell walls in 
microorganisms." Microbiological Reviews 52(4): 554-567. 
 
Dubuisson, J.-F., A. Vianney, N. Hugouvieux-Cotte-Pattat and J. Lazzaroni (2005). 
"Tol-Pal proteins are critical cell envelope components of Erwinia chrysanthemi 
affecting cell morphology and virulence." Microbiology 151(10): 3337-3347. 
 
Dunn, B., H. Cohen and M. J. Blaser (1997). "Helicobacter pylori." Clinical 
Microbiology Reviews 10(4): 720-741. 
 
Ehrlich, M., W. Boll, A. Van Oijen, R. Hariharan, K. Chandran, M. L. Nibert and T. 
Kirchhausen (2004). "Endocytosis by random initiation and stabilization of clathrin-
coated pits." Cell 118(5): 591-605. 
 
El-Etr, S., A. Mueller, L. Tompkins, S. Falkow and S. Merrell (2004). 
"Phosphorylation-independent effects of CagA during interaction between Helicobacter 

 253



 

  

pylori and T84 polarised monolayers." The journal of Infectious Diseases 190: 1516-
1523. 
 
Ellis, T. N., S. A. Leiman and M. J. Kuehn (2010). "Naturally Produced Outer 
Membrane Vesicles from Pseudomonas aeruginosa Elicit a Potent Innate Immune 
Response via Combined Sensing of Both Lipopolysaccharide and Protein Components." 
Infection and Immunity 78(9): 3822-3831. 
 
Elmi, A., E. Watson, P. Sandu, O. Gundogdu, D. C. Mills, N. F. Inglis, E. Manson, L. 
Imrie, M. Bajaj-Elliott, B. W. Wren, D. G. E. Smith and N. Dorrell (2012). 
"Campylobacter jejuni outer membrane vesicles play an important role in bacterial 
interactions with human intestinal epithelial cells." Infection and Immunity. 
 
Engstrand, L., A. Scheynius, C. Pahlson, L. Grimelius, A. Schwan and S. Gustavsson 
(1989). "Association of Campylobacter pylori with induced expression of class II 
transplantation antigens on gastric epithelial cells." Infection and Immunity 57(3): 827-
832. 
 
Escudier, B., T. Dorval, N. Chaput, F. André, M.-P. Caby, S. Novault, C. Flament, C. 
Leboulaire, C. Borg, S. Amigorena, C. Boccaccio, C. Bonnerot, O. Dhellin, M. 
Movassagh, S. Piperno, C. Robert, V. Serra, N. Valente, J.-B. Le Pecq, A. Spatz, O. 
Lantz, T. Tursz, E. Angevin and L. Zitvogel (2005). "Vaccination of metastatic 
melanoma patients with autologous dendritic cell (DC) derived-exosomes: results of 
thefirst phase I clinical trial." Journal of Translational Medicine 3(1): 1-13. 
 
Evans, A. G., H. M. Davey, A. Cookson, H. Currinin, G. Cooke-Fox, P. J. Stanczyk and 
D. E. Whitworth (2012). "Predatory activity of Myxococcus zanthus outer-membrane 
vesicles and properties of their hydrolase cargo." Microbiology 158(11): 2742-2752. 
 
Fan, X., S. Crowe, S. Behar, H. Gunasena, G. Ye, H. Haeberle, N. Van Houten, W. 
Gourley, P. Ernst and V. Reyes (1998). "The effect of Class II Major Histocompatibility 
Complex expression on adherence of Helicobacter pylori and induction of apoptosis in 
gastric epithelial cells: A mechanism for T helper cell type 1-mediated damage." 
Journal of Experimental Medicine 187(10): 1659-1669. 
 
Fan, X., A. Long, M. Goggins, X. Fan, P. W. Keeling and D. Kelleher (1996). 
"Expression of CD44 and its variants on gastric epithelial cells of patients with 
Helicobacter pylori colonisation." Gut 38: 507-512. 
 
Fan, X. J., A. Chua, C. N. Shahi, J. McDevitt, P. W. Keeling and D. Kelleher (1994). 
"Gastric T lymphocyte responses to Helicobacter pylori in patients with H. pylori 
colonisation." Gut 35(10): 1379-1384. 
 
Fanger, B. (1987). "Adaptation of the bradford protein assay to membrane bound 
proteins by solubilising in glucopyranoside detergents." Analytical Biochemistry 162: 
11-17. 
 
Feng, D., W.-L. Zhao, Y.-Y. Ye, X.-C. Bai, R.-Q. Liu, L.-F. Chang, Q. Zhou and S.-F. 
Sui (2010). "Cellular Internalization of Exosomes Occurs Through Phagocytosis." 
Traffic (Copenhagen, Denmark) 11(5): 675-687. 

 254



 

  

Ferrari, G., I. Garaguso, J. Adu-Bobie, F. Doro, A. R. Taddei, A. Biolchi, B. Brunelli, 
M. M. Giuliani, M. Pizza, N. Norais and G. Grandi (2006). "Outer membrane vesicles 
from group B Neisseria meningitidis Δgna33 mutant: Proteomic and immunological 
comparison with detergent-derived outer membrane vesicles." Proteomics 6(6): 1856-
1866. 
 
Fiocca, R., V. Necchi, P. Sommi, V. Ricci, J. Telford, T. L. Cover and E. Solcia (1999). 
"Release of Helicobacter pylori vacuolating cytotoxin by both a specific secretion 
pathway and budding of outer membrane vesicles. Uptake of released toxin and vesicles 
by gastric epithelium." Journal of Pathology 188(220-226): 220. 
 
Fissolo, N., S. Haag, K. de Graaf, O. Drews, S. Stefanovic, H. G. Rammensee and R. 
Weissert (2009). "Naturally presented peptides on MHC I and II molecules eluted from 
the central nervous system of multiple sclerosis patients." MCP Papers in Press: 1-35. 
 
Framson, P. E., D. H. Cho, L. Y. Lee and R. M. Hershberg (1999). "Polarized 
expression amd function of the costimulatory molecule CD58 on human intstinal 
epithelial cells." Gastroenterology 116(5): 1054-1062. 
 
Fraser, C. M., S. Casjens, W. M. Huang, G. G. Sutton, R. Clayton, R. Lathigra, O. 
White, K. A. Ketchum, R. Dodson, E. K. Hickey, M. Gwinn, B. Dougherty, J. F. Tomb, 
R. D. Fleischmann, D. Richardson, J. Peterson, A. R. Kerlavage, J. Quackenbush, S. 
Salzberg, M. Hanson, R. van Vugt, N. Palmer, M. D. Adams, J. Gocayne, J. Weidman, 
T. Utterback, L. Watthey, L. McDonald, P. Artiach, C. Bowman, S. Garland, C. Fuji, 
M. D. Cotton, K. Horst, K. Roberts, B. Hatch, H. O. Smith and J. C. Venter (1997). 
"Genomic sequence of a Lyme disease spirochaete, Borrelia burgdorferi." Nature 
390(6660): 580-586. 
 
Fraser, C. M., S. J. Norris, G. M. Weinstock, W. O, G. G. Sutton, R. Dodson, M. 
Gwinn, E. K. Hickey, R. Clayton, K. A. Ketchum, E. Sodergren, J. M. Hardham, M. P. 
McLeod, S. Salzberg, J. Peterson, H. Khalak, D. Richardson, J. K. Howell, M. 
Chidambaram, T. Utterback, L. McDonald, P. Artiach, C. Bowman, M. D. Cotton, C. 
Fujii, S. Garland, B. Hatch, K. Horst, K. Roberts, M. Sandusky, J. Weidman, H. O. 
Smith and J. C. Venter (1998). "Complete genome sequence of Treponema pallidum, 
the syphilis spirochete." Science 281(5375): 375-388. 
 
Freedburg, A. S. and L. E. Barron (1940). "The presence of spirochaetes in human 
gastric mucosa." American Journal of Digestive Diseases 7: 443-445. 
 
Furuta, N., H. Takeuchi and A. Amano (2009). "Entry of Porphyromonas gingivalis 
outer membrane vesicles into epithelial cells causes cellular functional impairment." 
Infection and Immunity 77(11): 4761-4770. 
 
Furuta, N., K. Tsuda, H. Omori, T. Yoshimori, F. Yoshimura and A. Amano (2009). 
"Porphorymonas gingivalis Outer Membrane Vesicles Enter Human Epithelial Cells via 
an Endocytic Pathway and Are Sorted to Lysosomal Compartments." Infection and 
Immunity 77(10): 4187-4196. 
 
Galka, F., S. N. Wai, H. Kusch, S. Engelmann, M. Hecker, B. Schmeck, S. Hippenstiel, 
B. E. Uhlin and M. Steinert (2008). "Proteomic Characterization of the Whole 

 255



 

  

Secretome of Legionella pneumophila and Functional Analysis of Outer Membrane 
Vesicles." Infection and Immunity 76(5): 1825-1836. 
 
Garcia-del Portillo, F., M. Stein and B. Finlay (1997). "Release of lipopolysaccharide 
from intracellular compartments containing Salmonella typhimurium to vesicles of the 
host epithelial cell." Infection and Immunity 65(1): 24-34. 
 
Gastpar, R., M. Gehrmann, M. A. Bausero, A. Asea, C. Gross, J. A. Schroeder and G. 
Multhoff (2005). "Heat Shock Protein 70 Surface-Positive Exosomes Stimulate 
Migratory and Cytolytic Activity of Natural Killer Cells." Cancer Research 65(12): 
5238-5247. 
 
Gebert, B., W. Fischer, E. Weiss, R. Hoffmann and R. Haas (2003). "Helicobacter 
pylori vacuolating cytotoxin inhibits T lymphocyte activation." Science 301: 1099-
1102. 
 
Gerding, M., Y. Ogata, N. Pecora, H. Niki and P. de Boer (2007). "The trans-envelope 
Tol-Pal complex is part of the cell division machinery and required for proper outer-
membrane invagination during cell constriction in E. coli." Mol Microbiol 63(4): 1008-
1025. 
 
Gerhard, M., C. Schmees, P. Voland, N. Endres, M. Sander, W. Reindl, R. Rad, M. 
Oelsner, T. Decker, M. Mempel, L. Hengst and C. Prinz (2005). "A Secreted Low--
Molecular-Weight Protein From Helicobacter pylori Induces Cell-Cycle Arrest of T 
Cells." Gastroenterology 128(5): 1327-1339. 
 
Gewirtz, A. T., Y. Yu, U. S. Krishna, D. A. Israel, S. L. Lyons and R. Peek (2004). 
"Helicobacter pylori flagellin evades toll-like receptor 5-mediated innate immunity." 
Journal of Infectious Diseases 189: 1914-1920. 
 
Giles, D. and P. Wyrick (2008). "Trafficking of chlamydial antigens to the endoplasmic 
reticulum of infected epithelial cells." Microbes and Infection 10: 1494-1503. 
 
Godlewska, R., M. Pawlowski, A. Dzwonek, M. Mikula, J. Ostrowski, N. Drela and E. 
Jagusztyn-Krynicka (2008). "Tip-α (hp0956 gene product) is a highly immunogenic 
Helicobacter pylori protein involved in colonization of mouse gastric mucosa." Current 
Microbiology 56: 279-286. 
 
Goodell, E. and C. Higgins (1987). "Uptake of cell wall peptides by Salmonella 
typhimurium and Escherichia coli." Journal of Bacteriology 196: 3861-3865. 
 
Gorringe, A. R. and R. Pajón (2012). "Bexsero: A multicomponent vaccine for 
prevention of meningococcal disease." Human Vaccines & Immunotherapeutics 8(2): 
174-183. 
 
Gupta, V., H. K. Patel, S. S. Kostolansky, R. A. Ballivian, J. Eichberg and S. R. Blanke 
(2008). "Sphingomyelin functions as a novel receptor for Helicobacter pylori VacA." 
PloS Pathogens 4: e1000073. 
 

 256



 

  

Guruge, J. L., P. G. Falk, R. G. Lorenz, M. Dans, H. P. Wirth, M. J. Blaser, D. E. Berg 
and J. I. Gordon (1998). "Epithelial attachment alters the outcome of Helicobacter 
pylori infection." Proceedings of the National Academy of Science USA 95(7): 3925-
3930. 
 
Gurung, M., D. C. Moon, C. W. Choi, J. H. Lee, Y. C. Bae, J. Kim, Y. C. Lee, S. Y. 
Seol, D. T. Cho, D. T. Kim, S. I. Kim and J. C. Lee (2011). "Staphylococcus aureus 
Produces Membrane-Derived Vesicles That Induce Host Cell Death." PLoS One 6(11): 
1-8. 
 
Haneberg, B., R. Dalseg, E. Wedege, E. A. Høiby, I. L. Haugen, F. Oftung, S. R. 
Andersen, L. M. Naess, A. Aase, T. E. Michaelsen and J. Holst (1998). "Intranasal 
administration of a meningococcal outer membrane vesicle vaccine induces persistent 
local mucosal antibodies and serum antibodies with strong bactericidal activity in 
humans." Infect Immun 66(4): 1334-1341. 
 
Harding, C. and H. Geuze (1993). "Immunogenic peptides bind to class II MHC 
molecules in an early lysosomal compartment." Journal of Immunology 151: 3988-
3998. 
 
Harris, P. R., L. E. Smythies, P. D. Smith and A. Dubois (2000). "Inflammatory 
cytokine mRNA expression during early and persistent Helicobacter pylori infection in 
nonhuman primates." Journal of Infectious Diseases 181(2): 783-786. 
 
Haurat, M. F., J. Aduse-Opoku, M. Rangarajan, L. Dorobantu, M. R. Gray, M. A. Curtis 
and M. F. Feldman (2011). "Selective Sorting of Cargo Proteins into Bacterial 
Membrane Vesicles." The Journal of biological chemistry 286(2): 1269-1276. 
 
Hazell, S. L., A. Lee, L. Brady and W. Hennessy (1986). "Campylobacter pyloridis and 
gastritis: association with intercellular spaces and adaptation to an environment of 
mucus as important factors in colonization of the gastric epithelium." Journal of 
Infectious Diseases 153(4): 658-663. 
 
Henley, J. R., E. W. A. Krueger, B. J. Oswald and M. A. McNiven (1998). "Dynamin-
mediated iternalisation of Caveolae." The Journal of Cell Biology 141(1): 85-99.  
 
Henry, T., S. Pommier, L. Journet, A. Bernadac, J. Gorvel and R. Lloubes (2004). 
"Improved methods for producing outer membrane vesicles in Gram-negative bacteria." 
Research in Microbiology 155: 437-446. 
 
Hewlett, L. J., A. R. Prescott and C. Watts (1994). "The coated pit and macropinocytic 
pathways serve distinct endosome populations." Journal of Cell Biology 124: 689-703. 
Hinshaw, J. E. and S. L. Schmid (1995). "Dynamin self-assembles into rings suggesting 
a mechanism for coated vesicle budding." Nature 374: 190-192. 
 
Hoekstra, D., J. W. van der Laan, L. de Leji and B. Witholt (1976). "Release of outer 
membrane fragments from normally growing bacteria." Biochim Biophys Acta 455: 
889-899. 
 

 257



 

  

Hofman, V., V. Ricci, A. Galmiche, P. Brest, P. Auberger, B. Rossi, P. Boquet and P. 
Hofman (2000). "Effect of Helicobacter pylori on polymorphonuclear leukocyte 
migration across polarised T84 epithelial cell monolayers: role of vacuolating toxin 
VacA and cag pathogenicity island." Infection and Immunity 68(9): 5225-5233. 
 
Holst, J., D. Martin, R. Arnold, C. C. Huergo, P. Oster, J. O'Hallahan and E. Rosenqvist 
(2009). "Properties and clinical performance of vaccines containing outer membrane 
vesicles from Neisseria meningitidis." Vaccine 27(2): B3-B12. 
 
Horstman, A. L. and M. J. Kuehn (2000). "Enterotoxigenic Escherichia coli Secretes 
Active Heat-labile Enterotoxin via Outer Membrane Vesicles." Journal of Biological 
Chemistry 275(17): 12489-12496. 
 
Hundorfean, G., K. P. Zimmer, S. Strobel, A. Gebert, D. Ludwig and J. Buning (2007). 
"Luminal antigens access late endosomes of intestinal epithelial cells enriched in MHC 
I and MHC II molecules: in vivo study in Crohn's ileitis." American Journal of 
Physiology: Gastrointestinal and Liver Physiology 293(4): G798-G808. 
 
Hynes, S., J. Keenan, J. Ferris, H. Annuk and A. Moran (2005). "Lewis Epitopes on 
Outer Membrane Vesicles of Relevance to Helicobacter pylori Pathogenesis." 
Helicobacter 10(2): 146-156. 
 
Ilver, D., A. Arnqvist, J. Ögren, I.-M. Frick, D. Kersulyte, E. T. Incecik, D. E. Berg, A. 
Covacci, L. Engstrand and T. Borén (1998). "Helicobacter pylori Adhesin Binding 
Fucolsylated Histo-Blood Group Antigens Revealed by Retagging." Science 279(5349): 
373-377. 
 
Ismail, S., M. B. Hampton and J. Keenan (2003). "Helicobacter pylori outer membrane 
vesicles modulate proliferation and interleukin-8 production by gastric epithelial cells." 
Infect Immun 71(10): 5670-5675. 
 
Izquierdo-Useros, N., M. Naranjo-Gómez, J. Archer, S. C. Hatch, I. Erkizia, J. Blanco, 
F. E. Borràs, M. C. Puertas, J. H. Connor, M. T. Fernández-Figueras, L. Moore, B. 
Clotet, S. Gummuluru and J. Martinez-Picado (2009). "Capture and transfer of HIV-1 
particles by mature dendritic cells converges with the exosome-dissemination pathway." 
Blood 113(12): 2732-2741. 
 
Johnstone, R. M., M. Adam, J. R. Hammond, L. Orr and C. Turbide (1987). "Vesicle 
formation during reticulocyte maturation. Association of plasma membrane activities 
with released vesicles (exosomes)." The Journal of biological chemistry 262(19): 9412-
9420. 
 
Johnstone, R. M., A. Mathew, A. B. Mason and K. Teng (1991). "Exosome formation 
during maturation of mammalian and avian reticuolcytes: evidence that exosome release 
in a major route for externalization of obsolete membrane proteins." Journal of Cellular 
Physiology 147: 27-36. 
 
Kadurugamuwa, J. and T. J. Beveridge (1998). "Delivery of the Non-Membrane-
Permeative Antibiotic Gentamicin into Mammalian Cells by Using Shigella flexneri 
Membrane Vesicles." Antimicrobial Agents and Chemotherapy 42(6): 1476-1483. 

 258



 

  

Kadurugamuwa, J. L. and T. Beveridge (1996). "Bacteriolytic effect of membrane 
vesicles from Pseudomonas aeruginosa on other bacteria including pathogens: 
conceptually new antibiotics." Journal of Bacteriology 178: 2767. 
 
Kadurugamuwa, J. L. and T. J. Beveridge (1995). "Virulence factors are released from 
Pseudomonas aeruginosa in association with membrane vesicles during normal growth 
and exposure to gentamicin: a novel mechanism of enzyme secretion." Journal of 
Bacteriology 177(14): 3998-4008. 
 
Kadurugamuwa, J. L. and T. J. Beveridge (1999). "Membrane vesicles derived from 
Pseudomonas aeruginosa and Shigella flexneri can be integrated into the surfaces of 
other Gram-negative bacteria." Microbiology 145 ( Pt 8): 2051-2060. 
 
Kaparakis, M., L. Turnbull, L. Carneiro, S. Firth, H. A. Coleman, H. C. Parkington, L. 
Le Bourhis, A. Karrar, J. Viala, J. Mak, M. L. Hutton, J. K. Davies, P. J. Crack, P. J. 
Hertzog, D. J. Philpott, S. E. Girardin, C. B. Whitchurch and R. L. Ferrero (2010). 
"Bacterial membrane vesicles deliver peptidoglycan to NOD1 in epithelial cells." Cell 
Microbiol 12(3): 372-385. 
 
Karttunen, R., T. Karttunen, H. Ekre and T. MacDonald (1995). "Interferon gamma and 
interleukin 4 secreting cells in the gastric antrum in Helicobacter pylori positive and 
negative gastritis." Gut 36(3): 341-345. 
 
Katsui, N., T. Tsuchido, R. Hiramatsu, S. Fujikawa, M. Takano and I. Shibasaki (1982). 
"Heat-induced blebbing and vesiculation of the outer membrane of Escherichia coli." 
Journal of Bacteriology 151: 1523-1531. 
 
Keenan, J. and R. Allardyce (2000). "Iron influences the expression of Heliocbacter 
pylori outer membrane vesicle-associated virulence factors." European Journal of 
Gastroenterology and Hepatology 12: 1267-1273. 
 
Keenan, J., T. Day, S. Neal, B. Cook, G. Perez-Perez, R. Allardyce and P. Bagshaw 
(2000). "A role for the bacterial outer membrane in the pathogenesis of Helicobacter 
pylori infection." FEMS Microbiology Letters 182: 259-264. 
 
Keenan, J., J. Oliaro, N. Domigan, H. Potter, G. Aitken, R. Allardyce and J. Roake 
(2000). "Immune response to an 18-Kilodalton outer membrane antigen identifies 
lipoprotein 20 as a Helicobacter pylori vaccine candidate." Infect Immun 68(6): 3337-
3343. 
 
Kennedy, C. L., M. Najdovska, G. W. Jones, L. McLeod, N. R. Hughes, C. Allison, C. 
H. Ooi, P. Tan, R. Ferrero, S. A. Jones, S. A. Dev, W. Sievert, P. S. Bhathal and B. J. 
Jenkins (2011). "The molecular pathogenesis of STAT3-driven gastric tumourigenesis 
in mice is independent of IL-17." Journal of Pathology 225(2): 255-264. 
 
Kesty, N., K. Mason, M. Reedy, S. Miller and M. Kuehn (2004). "Enterotoxigenic 
Escherichia coli vesicles target toxin delivery into mammalian cells." EMBO J 23: 
4538-4549. 

 259



 

  

Krauss-Etschmann, S., R. Gruber, K. Plikat, I. Antoni, H. Demmelmair, D. Reinhardt 
and S. Koletzko (2005). "Increase of antigen-presenting cells in the gastric mucosa of 
Helicobacter pylori-infected children." Helicobacter 10(3): 214-222. 
 
Kuehn, M. and N. Kesty (2005). "Bacterial outer membrane vesicles and the host-
pathogen interaction." Genes & Development 19: 2645-2655. 
 
Kulp, A. and M. Kuehn (2010). "Biological Functions and Biogenesis of Secreted 
Bacterial Outer Membrane Vesicles." Annu Rev Microbiol 64: 162-184. 
 
Kwok, T., D. Zabler, S. Urman, M. Rohde, R. Hartig, S. Wessler, R. Misselwitz, J. 
Berger, N. Sewald, W. Konig and S. Backert (2007). "Helicobacter exploits integrin for 
type IV secretion and kinase activation." Nature 449: 862-866. 
 
Le'Negrate, G., V. Ricci, V. Hofman, B. Mograbi, P. Hofman and B. Rossi (2001). 
"Epithelial intestinal cell apoptosis induced by Helicobacter pylori depends on 
expression of the cag pathogenicity island " Infection and Immunity 69(8): 5001-5009. 
 
Lee, E., D. Choi, D. Kim, J. Kim, J. Park, S. Kim, S. Kim, D. Desiderio, Y. Kim, K. 
Kim and Y. Gho (2009). "Gram-positive bacteria produce membrane vesicles: 
Proteomics-based characterization of Staphylococcus aureus-derived membrane 
vesicles." Proteomics 9: 5425-5436. 
 
Lee, E., D. Choi, K. Kim and Y. Gho (2008). "Proteomics in gram-negative bacterial 
outer membrane vesicles." Mass spectrometry reviews 27(6): 535-555. 
 
Lewis, W. H. (1931). "Pinocytosis." Johns Hopkins Hosp Bull 49: 17-27. 
 
Li, Z., A. Clarke and T. Beveridge (1998). "Gram-negative bacteria produce membrane 
vesicles which are capable of killing other bacteria." J Bacteriol 180: 5478-5483. 
 
Lim, J. P. and P. A. Gleeson (2011). "Macropinocytosis: an endocytic pathway for 
internalising large gulps." Immunology and Cell Biology 89(8): 836-843. 
 
Lin, X., N. Almqvist and E. Telemo (2005). "Human small intestinal epithelial cells 
constitutively express the key elements for antigen processing and the production of 
exosomes." Blood Cells, Molecules, and Diseases 35(2): 122-128. 
 
Lindmark, B., P. Rompikuntal, K. Vaitkevicius, T. Song, Y. Mizunoe, B. Uhlin, P. 
Guerry and S. Wai (2009). "Outer membrane vesicle-mediated release of cytolethal 
distending toxin (CDT) from Campylobacter jejuni." BMC Microbiology 9(1): 220. 
 
Llamas, M., J. Ramos and J. Rodríguez-Herva (2000). "Mutations in Each of the tol 
Genes of Pseudomonas putida Reveal that They Are Critical for Maintenance of Outer 
Membrane Stability." J Bacteriol 182(17): 4764-4772. 
 
Lopes, A. I., R. M. M. Victorino, A. M. Palha, J. Ruivo and A. Fernandes (2006). 
"Mucosal lymphocyte subsets and HLA-DR antigen expression in paediatric 
Helicobacter pylori-associated gastritis." Clinical and Experimental Immunology 145: 
13-20. 

 260



 

  

Lundgren, A., E. Suri-Payer, K. Enarsson, A. M. Svennerholm and B. S. Lundin (2003). 
"Helicobacter pylori-Specific CD4+ CD25high Regulatory T Cells Suppress Memory T-
Cell Responses to H. pylori in Infected Individuals." Infection and Immunity 71(4): 
1755-1762. 
 
Lundgren, A., C. Trollmo, A. Edebo, A. M. Svennerholm and B. S. Lundin (2005). 
"Helicobacter pylori-Specific CD4+ T Cells Home to and Accumulate in the Human 
Helicobacter pylori-Infected Gastric Mucosa." Infection and Immunity 73(9): 5612-
5619. 
 
Madara, J., J. Stafford, K. Dharmsathaphorn and S. Carlson (1987). "Structural analysis 
of a human intestinal epithelial cell line." Gastroenterology 92: 1133-1145. 
 
Madara, J. L. and J. Stafford (1989). "Interferon-ϒ Directly Affects Barrier Function of 
Cultured Intestinal Epithelial Monolayers." Gastroenterology 83: 724-727. 
 
Maekawa, T., Y. Kinoshita, Y. Matsushima, A. Okada, H. Fukui, S. Waki, K. Kishi, C. 
Kawanami, H. Nakata, S. Hassan, Y. Wakatsuki, H. Ota, K. Amano, M. Nakao and T. 
Chiba (1997). "Helicobacter pylori induces proinflammatory cytokines and major 
histocompatibility complex class II antigen in mouse gastric epithelial cells." The 
Journal of laboratory and clinical medicine 130(4): 442-449. 
 
Mallegol, J., G. van Niel and M. Heyman (2005). "Phenotypic and functional 
characterisation of intestinal epithelial exosomes." Blood Cells, Molecules, and 
Diseases 35(1): 11-16. 
 
Mallegol, J., G. van Niel, C. Lebreton, Y. Lepelletier, C. Candalh, C. Dugave, J. Heath, 
G. Raposo, N. Cerf-Bensussan and M. Heyman (2007). "T84-intestinal epithelial 
exosomes bear MHC class II/peptide complexes potentiating antigen presentation by 
dendritic cells." Gastroenterology 132: 1866-1876. 
 
Mannering, S. I., J. A. Dromey, J. S. Morris, D. J. Thearle, K. P. Jensen and L. C. 
Harrison (2005). "An efficient method for cloning human autoantigen-specific T cells." 
Journal of Immunological Methods 298(1-2): 83-92. 
 
Mannering, S. I., J. S. Morris, K. P. Jensen, A. W. Purcell, M. C. Honeyman, P. M. van 
Endert and L. C. Harrison (2003). "A sensitive method for detecting proliferation of rare 
autoantigen-specific human T cells." Journal of Immunological Methods 283(1-2): 173-
183. 
 
Manning, A. J. and M. Kuehn (2011). "Contribution of bacterial outer membrane 
vesicles to innate bacterial defence." BioMed Central Microbiology 11: 258-271. 
 
Marshall, B. J. and J. R. Warren (1984). "Unidentified curved bacilli in the stomach of 
patients with gastric and peptic ulceration." The Lancet 323(8390): 1311-1315. 
 
Mashburn, L. and M. Whiteley (2005). "Membrane vesicles traffic signals and facilitate 
group activities in a prokaryote." Nature 437: 422-425. 
 

 261



 

  

Mashburn, L. and M. Whiteley (2006). "Special delivery: vesicle trafficking in 
prokaryotes." Molecular Microbiology 61(4): 839-846. 
 
Mashburn-Warren, L., J. Howe, P. Garidel, W. Richter, F. Steiniger, M. Roessle, K. 
Brandenburg and M. Whiteley (2008). "Interaction of quorum signals with outer 
membrane lipids: insights into prokaryotic membrane vesicle formation." Molecular 
Microbiology 69(2): 491-502. 
 
Mathivanan, S., J. W. E. Lim, B. J. Tauro, H. Ji, R. L. Moritz and R. J. Simpson (2010). 
"Proteomics Analysis of A33 Immunoaffinity-purified Exosomes Released from the 
Human Colon Tumor Cell Line LIM1215 Reveals a Tissue-specific Protein Signature." 
Molecular &amp; Cellular Proteomics 9(2): 197-208. 
 
Mayor, S. and R. Pagano (2007). "Pathways of clathrin-independent endocytosis." 
Nature reviews Molecular cell biology 8(8): 603-612. 
 
McBroom, A., A. P. Johnson, S. Vemulapalli and M. Kuehn (2006). "Outer Membrane 
Vesicle Production by Escherichia coli Is Independent of Membrane Instability." 
Journal of Bacteriology 188(15): 5385-5392. 
 
McBroom, A. and M. Kuehn (2007). "Release of outer membrane vesicles by Gram-
negative baceria is a novel envelope stress response." Molecular Microbiology 63(2): 
545-558. 
 
McBroom, A. J., A. P. Johnson, S. Vemulapalli and M. J. Kuehn (2006). "Outer 
Membrane Vesicle Production by Escherichia coli Is Independent of Membrane 
Instability." Journal of Bacteriology 188(15): 5385-5392. 
 
McCormick, B., P. Hofman, J. Kim, D. Carnes, S. Miller and J. Madara (1995). 
"Surface attachment of Salmonella typhimurium to intestinal epithelia imprints the 
subepithelial matrix with gradients chemotactic for neutrophils." Journal of Cell 
Biology 131(6): 1599-1608. 
 
McMahon, H. T. and E. Boucrot (2011). "Molecular mechanism and physiological 
functions of clathrin-mediated endocytosis." Nature Reviews Molecular Cell Biology 
12: 517-533. 
 
McMahon, K. J., M. E. Castelli, E. G. Vescovi and M. F. Feldman (2012). "Biogenesis 
of Outer Membrane Vesicles in Serratia marcescens Is Thermoregulated and Can Be 
Induced by Activation of the Rcs Phosphorelay System." Journal of Bacteriology 
194(12): 3241-3249. 
 
Mears, R., R. Craven, S. Hanrahan and N. Totty (2004). "Proteomic analysis of 
melanoma derived exosomes by two dimensional polyacrylamide gel electrophoresis 
amd mass spectrometry." Proteomics 4: 4019-4031. 
 
Mitra, S., M. K. Chakrabarti and H. Koley (2013). "Multi-serotype outer membrane 
vesicles of Shigellae confer passive protection to the neonatal mice against shigellosis." 
Vaccine: 1-11. 
 

 262



 

  

Mizuno, T. (1979). "A novel peptidoglycan-associated lipoprotein found in the cell 
envelope of Pseudomonas aeruginosa and Escherichia coli." Journal of Biochemistry 
86: 991-1000. 
 
Moran, A. P., B. Lindner and E. J. Walsh (1997). "Structural characterisation of the 
lipid A component of Helicobacter pylori rough- and smooth-form 
lipopolysaccharides." Journal of Bacteriology 179: 6453-6463. 
 
Morelli, A., A. Larregina, W. Shufesky, M. Sullivan, D. Stolz, G. Papworth, A. 
Zahorchak, A. Logar, Z. Wang, S. Watkins, L. Falo and A. Thomson (2004). 
"Endocytosis, intracellular sorting, and processing of exosomes by dendritic cells." 
Blood 104(10): 3257-3266. 
 
Mullaney, E., P. Brown, S. Smith, A. Botting, Y. Yamaoka, A. Terres and D. Kelleher 
(2009). "Proteomic and functional characterisation of the outer membrane vesicles from 
the gastric pathogen Helicobacter pylori." Proteomics Clinical Applications 3: 785-796. 
 
Nakayama, M., J. Hisatsune, E. Yamasaki, Y. Nishi, A. Wada, H. Kurazono, J. Sap, K. 
Yahiro, J. Moss and T. Hirayama (2006). "Clustering of Helicobacter pylori VacA in 
lipid rafts, mediated by its receptor, receptor-like protein tyrosine phosphatase beta, is 
required for intoxication in AZ-521 Cells." Infection and Immunity 74: 6571-6580. 
 
Narayanan, A., S. Iordanskiy, R. Das, R. Van Duyne, S. Santos, E. Jaworski, I. 
Guendel, G. Sampey, E. Gerhart, M. Iglesias-Ussel, A. Popratiloff, R. Hakami, K. 
Kehn-Hall, M. Young, C. Subra, C. Gilbert, C. Bailey, F. Romerio and F. Kashanchi 
(2013). "Exosomes derived from HIV-1 infected cells contain TAR RNA." The Journal 
of Biological Chemistry 288: 20014-20033. 
 
Nomura, A. (1991). "Helicobacter pylori infection and gastric carcinoma among 
Japanese Americans in Hawaii." New England Journal of Medicine 325: 1132-1136. 
Oertli, M., M. Noben, D. B. Engler, R. P. Semper, S. Reuter, J. Maxeiner, M. Gerhard, 
C. Taube and A. Müller (2013). "Helicobacter pylori γ-glutamyl transpeptidase and 
vacuolating cytotoxin promote gastric persistence and immune tolerance." Proceedings 
of the National Academy of Sciences 110(8): 3047-3052. 
 
Oh, P., D. P. McIntosh and J. E. Schnitzer (1998). "Dynamin at the neck of caveolae 
mediates their budding to form transport vesicles by GTP-driven fission from the 
plasma membrane of endothelium." Journal of Cell Biology 141: 101-114. 
 
Olofsson, A., A. Vallström, K. Petzold, N. Tegtmeyer, J. Schleucher, S. Carlsson, R. 
Haas, S. Backert, S. N. Wai, G. Gröbner and A. Arnqvist (2010). "Biochemical and 
functional characterization of Helicobacter pylori vesicles." Mol Microbiol 77(6): 1539-
1555. 
 
Ottemann, K. M. and A. Lowenthal (2002). "Helicobacter pylori uses motility for initial 
colonization and to attain robust infection." Infection and Immunity 70(4): 1984-1990. 
 
Palade, G. E. (1953). "Fine structure of blood capillaries." Journal of Applied Physics 
24: 1424. 

 263



 

  

Parker, H., K. Chitcholtan, M. B. Hampton and J. I. Keenan (2010). "Uptake of 
Helicobacter pylori outer membrane vesicles by gastric epithelial cells." Infection and 
Immunity 78(12): 5054-5061. 
 
Parker, H., M. Hampton and J. Keenan (2005). "Helicobacter pylori outer membrane 
vesicles bind to and internalise within gastric epithelial cells." Microscopy 
Microanalysis 11(2): 978-979. 
 
Parker, H. and J. I. Keenan (2012). "Composition and function of Helicobacter pylori 
outer membrane vesicles." Microbes and infection / Institut Pasteur 14(1): 9-16. 
 
Parsonett, J. (1991). "Helicobacter pylori infection and the risk of gastric carcinoma." 
New England Journal of Medicine 325: 1127-1131. 
 
Pearse, B. M. (1976). "Clathrin: a unique protein associated with intracellular transfer of 
membrane by coated vesicles." Proceedings of the National Academy of Science USA 
73(4): 1255-1259. 
 
Peek, R. M. and M. J. Blaser (2002). "Helicobacter pylori and gastrointestinal tract 
adenocarcinomas." Nature Reviews Cancer 2(28-36): 28. 
 
Pérez-Pérez, G. I., V. L. Shepherd, J. D. Morrow and M. J. Blaser (1995). "Activation 
of human THP-1 cells and rat bone marrow-derived macrophages by Helicobacter 
pylori lipopolysaccharide." Infection and Immunity 63(4): 1183-1187. 
 
Pettit, R. and R. Judd (1992). "The interaction of naturally elaborated blebs from serum 
susceptible and serum resistant strains of Neisseria gonorrhoeae with normal human 
serum." Molecular Microbiology 6: 729-734. 
 
Piper, R. and D. Katzmann (2007). "Biogenesis and function of multivesicular bodies." 
The Annual Review of Cell and Developmental Biology 23: 519-547. 
 
Pollak, C. N., M. V. Delpino, C. A. Fossati and P. C. Baldi (2012). "Outer Membrane 
Vesicles from Brucella abortus Promote Bacterial Internalization by Human Monocytes 
and Modulate Their Innate Immune Response." PLoS ONE 7(11): e50214. 
 
Ramachandra, L., Y. Qu, Y. Wang, C. J. Lewis, B. A. Cobb, K. Takatsu, W. H. Boom, 
G. R. Dubyak and C. V. Harding (2010). "Mycobacterium tuberculosis Synergizes with 
ATP To Induce Release of Microvesicles and Exosomes Containing Major 
Histocompatibility Complex Class II Molecules Capable of Antigen Presentation." 
Infection and Immunity 78(12): 5116-5125. 
 
Raposo, G., H. W. Nijman, W. Stoorvogel, R. Leijendekker, C. V. Harding, C. J. M. 
Melief and H. J. Gueze (1996). "B lymphocytes secrete antigen-presenting vesicles." 
Journal of Experimental Medicine 183(3): 1161-1172. 
 
Rhoades, E., F. Hsu, J. Torrelles, J. Turk, D. Chatterjee and D. Russell (2003). 
"Identification and macrophage-activating activity of glycolipids released from 
intracellular Mycobacterium bovis BCG." Molecular Microbiology 48: 875-888. 

 264



 

  

Ricci, V., A. Galmiche, A. Doye, V. Necchi, E. Solcia and P. Boquet (2000). "High cell 
sensitivity to Helicobacter pylori VacA toxin depends on a GPI-anchored protein and is 
not blocked by inhibition of the clathrin-mediated pathway of endocytosis." Molecular 
Biology of the Cell 11(11): 3897-3909. 
 
Rivera, J., R. J. B. Cordero, A. S. Nazouki, S. Frases, A. Nicola and A. Casadevall 
(2010). "Bacillus anthracis produces membrane-derived vesicles containing 
biologically active toxins." Proceedings of the National Academy of Science 107(44): 
19002-19007. 
 
Rivera, M., L. E. Bruyan, R. E. W. Hancock and E. J. McGoarty (1988). "Heterogeneity 
of Lipopolysaccharides from Pseudomonas aeruginosa: Analysis of Lipopolysaccharide 
Chain Length." Journal of Bacteriology 170(2): 512-521. 
 
Roberts, R., G. Moreno, D. Bottero, M. E. Gaillard, M. Fingermann, A. Graieb, M. 
Rumbo and D. Hozbor (2008). "Outer membrane vesicles as acellular vaccine against 
pertussis." Vaccine 26(36): 4639-4646. 
 
Roier, S., D. R. Leitner, J. Iwashkiw, K. Schild-Prüfert, M. F. Feldman, G. Krohne, J. 
Reidl and S. Schild (2012). "Intranasal Immunization with Nontypeable Haemophilus 
influenzae Outer Membrane Vesicles Induces Cross-Protective Immunity in Mice." 
PLoS ONE 7(8): e42664. 
 
Rompikuntal, P. K., B. Thay, M. K. Khan, J. Alanko, A. M. Penttinen, S. Asikainen, S. 
N. Wai and J. Oscarsson (2011). "Perinuclear Localization of Internalized Outer 
Membrane Vesicles Carrying Active Cytolethal Distending Toxin from Aggregatibacter 
actinomycetemcomitans." Infection and Immunity 80(1): 31-42. 
 
Rooney, A. (2003). "Selection for highly biased amino acid frequency in the TolA 
envelope protein of proteobacteria." Journal of Molecular Evolution 57: 731-736. 
 
Ruiz, N., D. Kahne and T. Silhavy (2006). "Advances in understanding bacterial outer-
membrane biogenesis." Nature Reviews Microbiology 4: 57-66. 
 
Sakai, K., M. Kita, N. Sawai, S. Shiomi, Y. Sumida, K. Kanemasa, S. Mitsufuji, J. 
Imanishi and Y. Yamaoka (2008). "Levels of interleukin-18 are markedly increased in 
Helicobacter pylori-infected gastric mucosa among patients with specific IL18 
genotypes." Journal of Infectious Diseases 197: 1752-1761. 
 
Salama, N. R., M. L. Hartung and A. Muller (2013). "Life in the human stomach: 
persistence strategies of the bacterial pathogen Helicobacter pylori " Nature Reviews 
Microbiology 11: 385-399. 
 
Saunders, N., D. Shoemaker, B. Brandt, E. Moran, T. Larsen and W. Zollinger (1999). 
"Immunogenicity of intranasally administered meningococcal native outer membrane 
vesicles in mice." Infection and Immunity 67(1): 113-119. 
 
Sayi, A., E. Kohler, I. Hitzler, I. Arnold, R. Schwendener, H. Rehrauer and A. Müller 
(2009). "The CD4+ T Cell-Mediated IFN-γ  Response to Helicobacter Infection Is 

 265



 

  

Essential for Clearance and Determines Gastric Cancer Risk." The Journal of 
Immunology 182(11): 7085-7101. 
 
Schaar, V., S. P. W. de Vries, M. L. A. Perez Vidakovics, H. J. Bootsma, L. Larsson, P. 
W. M. Hermans, A. Bjartell, M. Mörgelin and K. Riesbeck (2010). "Multicomponent 
Moraxella catarrhalis outer membrane vesicles induce an inflammatory response and 
are internalized by human epithelial cells." Cellular Microbiology 13(3): 432-449. 
 
Scheynius, A. and L. Engstrand (1991). "Gastric epithelial cells in Helicobacter pylori-
associated gastritis express HLA-DR but not ICAM-1." Scandinavian Journal of 
Immunology 33: 237-241. 
 
Schild, S., E. Nelson and A. Camilli (2008). "Immunization with Vibrio cholerae outer 
membrane vesicles induces protective immunity in mice." Infection and Immunity 
76(10): 4554-4563. 
 
Schild, S., E. J. Nelson, A. L. Bishop and A. Camilli (2008). "Characterization of Vibrio 
cholerae Outer Membrane Vesicles as a Candidate Vaccine for Cholera." Infection and 
Immunity 77(1): 472-484. 
 
Schmees, C., C. Prinz, T. Treptau, R. Rad, L. Hengst, P. Voland, S. Bauer, L. Brenner, 
R. M. Schmid and M. Gerhard (2007). "Inhibition of T-Cell Proliferation by 
Helicobacter pylori γ-Glutamyl Transpeptidase." Gastroenterology 132(5): 1820-1833. 
 
Schnitzer, J. E., S. Berzel, M. Fajardo-Moser, K. A. Remer and H. Moll (2010). 
"Fragments of antigen-loaded dendritic cells (DC) and DC-derived exosomes induce 
protective immunity against Leishmania major." Vaccine 28: 5785-5793. 
 
Schorey, J. and S. Bhatnagar (2008). "Exosome function: from tumor immunology to 
pathogen biology." Traffic 9: 871-881. 
 
Scorza, F., F. Doro, M. Rodriguez-Ortega, M. Stella, S. Liberatori, A. Taddei, L. 
Serino, D. Moriel, B. Nesta, M. Fontana, A. Spagnuolo, M. Pizza, N. Norais and G. 
Grandi (2008). "Proteomics characterisation of outer membrane vesicles from the 
extraintestinal pathogenic Escherichia coli ∆tolR IHE3034 mutant." Molecular & 
Cellular Proteomics 7: 473-485. 
 
Sharma, S., M. Tummuru, M. Blaser and L. Kerr (1998). "Activation of IL-8 gene 
expression by Helicobacter pylori is regulated by transcription factor nuclear factor-kB 
in gastric epithelial cells." The Journal of Immunology 160: 2401-2407. 
 
Sharma, S., M. Tummuru, G. Miller and M. Blaser (1995). "Interleukin-8 response of 
gastric epithelial cell lines to Helicobacter pylori stimulation in vitro." Infection and 
Immunity 63(5): 1681-1687. 
 
Shin, J. S., Z. Gao and S. N. Abraham (2000). "Involvement of Cellular Caveolae in 
Bacterial Entry into Mast Cells." Science 289: 785-788. 
 

 266



 

  

Sidhu, V. K., F.-J. Vorholter, K. Niehaus and S. A. Watt (2008). "Analysis of outer 
membrane vesicle associated proteins isolated from the plant pathogenic bacterium 
Xanthomonas campestris pv. campestris." BMC Microbiology 8: 1-16. 
 
Simons, M. and G. Raposo (2009). "Exosomes - vesicular carriers for intercellular 
communication." Current Opinion in Cell Biology 21: 575-581. 
 
Sommer, F., G. Faller, P. Konturek, T. Kirchner, E. Hahn, J. Zeus, M. Rollinghoff and 
M. Lohoff (1998). "Antrum- and corpus mucosa-infiltrating CD4+ lymphocytes in 
Helicobacter pylori gastritis display a Th1 phenotype." Infection and Immunity 66(11): 
5543-5546. 
 
Sommi, P., V. Ricci, R. Fiocca, V. Necchi, M. Romano, J. Telford, E. Solcia and U. 
Ventura (1998). "Persistence of Helicobacter pylori VacA toxin and vacuolating 
potential in cultured gastric epithelial cells." American Journal of Physiology: 
Gastrointestinal & Liver Physiology 275(4): G681-688. 
 
Sonntag, I., H. Schwarz, Y. Hirota and U. Henning (1978). "Cell envelope and shape of 
Escherichia coli: multiple mutants missing the outer membrane lipoprotein and other 
major outer membrane proteins." J Bacteriol 136(1): 280-285. 
 
Sprent, J. (2005). "Direct stimulation of naïve T cells by antigen-presenting cell 
vesicles." Blood Cells, Molecules, and Diseases 35(1): 17-20. 
 
Srisatjaluk, R., R. Doyle and D. Justus (1999). "Outer membrane vesicles of 
Porphyromonas gingivalis inhibit IFN-g -mediated MHC class II expression by human 
vascular endothelial cells." Microbial Pathogenesis 27: 81-91. 
 
Srisatjaluk, R., G. Kotwal, L. Hunt and D. Justus (2002). "Modulation of Gamma 
Interferon-Induced Major Histocompatibility Complex Class II Gene Expression by 
Porphyromonas gingivalis Membrane Vesicles." Infection and Immunity 70(3): 1185-
1192. 
 
Stan, R. V. (2005). "Structure of caveolae." Biochim Biophys Acta 1746: 334-348. 
 
Sturgis, J. N. (2001). "Organisation and Evolution of the tol-pal Gene Cluster." J Mol 
Microbiol Biotechnol 3(1): 113-122. 
 
Suleymanov, Z. (2003). "Expression of calss I and II MHC receptors in Helicobacter 
pylori-positive patients with active gastritis and duodenal ulcer." Turkish Journal of 
Gastroenterology 14(3): 168-172. 
 
Sundrud, M. S., V. J. Torres, D. Unutmaz and T. L. Cover (2004). "Inhibition of 
primary human T cell proliferation by Helicobacter pylori vacuolating toxin (VacA) is 
independent of VacA effects on IL-2 secretion." Proceedings of the National Academy 
of Sciences of the United States of America 101(20): 7727-7732. 
 
Sweitzer, S. M. and J. E. Hinshaw (1998). "Dynamin undergoes a GTP-dependent 
conformational change causing vesiculation." Cell 93: 1021-1029. 
 

 267



 

  

Takenaka, R., K. Yokota, K. Ayada, M. Mizuno, Y. Zhao, Y. Fujinami, S.-N. Lin, T. 
Toyokawa, H. Okada, Y. Shiratori and K. Oguma (2004). "Helicobacter pylori heat-
shock protein 60 induces inflammatory responses through the Toll-like receptor-
triggered pathway in cultured human gastric epithelial cells." Microbiology 150: 3913-
3922. 
 
Tan, T. T., M. Morgelin, A. Forsgren and K. Reisbeck (2007). "Haemophilus influenzae 
survival during complement-mediated attacks is promoted by Moraxella catarrhalis 
outer membrane vesicles." Journal of Infectious Diseases 195: 1661-1670. 
 
Tegtmeyer, N., D. Zabler, D. Schmidt, R. Hartig, S. Brandt and S. Backert (2009). 
"Importance of EGF receptor, HER2/Neu and Erk1/2 kinase signalling for host cell 
elongation and scattering induced by the Helicobacter pylori CagA protein: antagonistic 
effects of the vacuolating cytotoxin VacA." Cellular Microbiology 11: 488-505. 
 
Tettelin, H., N. J. Saunders, J. Heidelberg, A. C. Jeffries, K. E. Nelson, J. A. Eisen, K. 
A. Ketchum, D. W. Hood, J. F. Peden, R. J. Dodson, W. C. Nelson, M. L. Gwinn, R. 
DeBoy, J. D. Peterson, E. K. Hickey, D. H. Haft, S. L. Salzberg, O. White, R. D. 
Fleischmann, B. A. Dougherty, T. Mason, A. Ciecko, D. S. Parksey, E. Blair, H. 
Cittone, E. B. Clark, M. D. Cotton, T. R. Utterback, H. Khouri, H. Qin, J. Vamathevan, 
J. Gill, V. Scarlato, V. Masignani, M. Pizza, G. Grandi, L. Sun, H. O. Smith, C. M. 
Fraser, E. R. Moxon, R. Rappuoli and J. C. Venter (2000). "Complete genome sequence 
of Neisseria meningitidis serogroup B strain MC58." Science 287(5459): 1809-1815. 
 
Thery, C., M. Boussac, P. Veron, P. Ricciardi-Castagnoli, G. Raposo, J. Garin and S. 
Amigorena (2001). "Proteomic Analysis of Dendritic Cell-Derived Exosomes: A 
Secreted Subcellular Compartment Distinct from Apoptotic Vesicles." Journal of 
Immunology 166(12): 7309-7318. 
 
Thery, C., L. Duban, E. Segura, P. Veron, O. Lantz and S. Amigorena (2002). "Indirect 
activation of naive CD4+ T cells by dendritic cell-derived exosomes." Nature 
Immunology 3(12): 1156-1162. 
 
Thomson, S. S., Y. M. Naidu and J. J. Pestka (1985). "Ultrastructural localization of an 
extracellular protease in Pseudomonas fragi by using the peroxidase-antiperoxidase 
reaction." Applied Environmental Microbiology 50: 1038-1042. 
 
Tomb, J., O. White, A. Kerlavage, R. Clayton, G. Sutton, R. Fleischmann, K. Ketchum, 
H. Klenk, S. Gill, B. Dougherty, K. Nelson, J. Quackenbush, L. Zhou, E. Kirkness, S. 
Peterson, B. Loftus, D. Richardson, R. Dodson, H. Khalak, A. Glodek, K. McKenney, 
L. Fitzegerald, N. Lee, M. Adams, E. Hickey, D. Berg, J. Gocayne, T. Utterback, J. 
Peterson, J. Kelley, M. Cotton, J. Weidman, C. Fujii, C. Bowman, L. Watthey, E. 
Wallin, W. Hayes, M. Borodovsky, P. Karp, H. Smith, C. Fraser and J. Venter (1997). 
"The complete genome sequence of the gastric pathogen Helicobacter pylori." Nature 
388: 539-547. 
 
Tsuda, K., A. Amano, K. Umebayashi, H. Inaba, I. Nakagawa, Y. Nakanishi and T. 
Yoshimori (2005). "Molecular dissection of internalization of Porphyromonas 
gingivalis by cells using fluorescent beads coated with bacterial membrane vesicle." 
Cell structure and function 30(2): 81-91. 

 268



 

  

Tsuda, M., M. Karita, T. Mizote, M. G. Morshed, K. Okita and T. Nakazawa (1994). 
"Essential role of Helicobacter pylori urease in gastric colonization: definite proof using 
a urease-negative mutant constructed by gene replacement." European Journal of 
Gastroenterology and Hepatology 6: S49-52. 
 
Ünal, C. M., V. Schaar and K. Riesbeck (2010). "Bacterial outer membrane vesicles in 
disease and preventive medicine." Seminars in Immunopathology: 1-14. 
 
Valadi, H., K. Ekstrom, A. Bossios, M. Sjostrand, J. J. Lee and J. O. Lotvall (2007). 
"Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of 
genetic exchange between cells. ." Nature Cell Biology 9: 654-659. 
 
van de Waterbeemd, B., G. Zomer, P. Kaaijk, N. Ruiterkamp, R. H. Wijffels, G. P. J. 
M. van den Dobbelsteen and L. A. van der Pol (2013). "Improved Production Process 
for Native Outer Membrane Vesicle Vaccine against Neisseria meningitidis." PLoS One 
8(5): e65157. 
 
van Deurs, B., P. K. Holm, L. Kayser, K. Sandvig and S. H. Hansen (1993). 
"Multivesicular bodies in HEp-2 cells are maturing endosomes." European Journal of 
Cell Biology 61: 208-224. 
 
van Niel, G. and M. Heyman (2002). "The epithelial cell cytoskeleton and intracellular 
trafficking. II. Intestinal epithelial cell exosomes: perspectives on their structure and 
function." American Journal of Physiology: Gastrointestinal & Liver Physiology 
283(2): G251-255. 
 
van Niel, G., J. Mallegol, C. Bevilacqua, C. Candalh, S. Brugiere, E. Tomaskovic-
Crook, J. Heath, N. Cerf-Bensussan and M. Heyman (2003). "Intestinal epithelial 
exosomes carry MHC class II/peptides able to inform the immune system in mice." Gut 
52(12): 1690-1697. 
 
van Niel, G., I. Porto-Carreiro, S. Simoes and G. Raposo (2006). "Exosomes: A 
Common Pathway for a Specialized Function." Journal of Biochemistry 140(1): 13-21. 
van Niel, G., G. Raposo, C. Candalh, M. Boussac, R. Hershberg, N. Cerf-Bensussan 
and M. Heyman (2001). "Intestinal epithelial cells secrete exosome-like vesicles." 
Gastroenterology 121: 337-349. 
 
Vasilyeva, N. V., I. M. Tsfasman, N. E. Suzina, O. A. Stepnaya and I. S. Kulaev (2009). 
"Outer membrane vesicles of Lysobacter sp." Doklady Biochemistry and Biophysics 
426(1): 139-142. 
 
Viala, J., C. Chaput, I. Boneca, A. Cardona, S. Girardin, A. Moran, R. Athman, S. 
Mémet, M. Huerre, A. Coyle, P. DiStefani, P. Sansonetti, A. Labigne, J. Bertin, D. 
Philpott and R. Ferrero (2004). "Nod1 responds to peptidoglycan delivered by the 
Helicobacter pylori cag pathogenicity island." Nat Immunol 5(11): 1166-1174. 
 
Vidakovics, M., J. Jendholm, M. Mörgelin, A. Månsson, C. Larsson, L. Cardell and K. 
Riesbeck (2010). "B Cell Activation by Outer Membrane Vesicles—A Novel Virulence 
Mechanism." PloS Pathogens 6(1): e1000724. 
 

 269



 

  

Vincent-Schneider, H., P. Stumptner-Cuvelette, D. Lankar, S. Pain, G. Raposo, P. 
Benaroch and C. Bonnerot (2002). "Exosomes bearing HLA-DR1 molecules need 
dendritic cells to efficiently stimulate specific T cells." International immunology 14(7): 
713-722. 
 
Warren, J. R. and B. J. Marshall (1983). "Unidentified curved bacilli on gastric 
epithelium is active chronic gastritis." The Lancet 321: 1273-1275. 
 
Watts, C. and M. Marsh (1992). "Endocytosis: what goes in and how?" Journal of Cell 
Science 103: 1-8. 
 
Wee, A., M. Teh and J. Y. Kang (1992). "Association of Helicobacter pylori with HLA-
DR antigen expression in gastritis." Journal of Clinical Pathology 45: 30-33. 
 
Wensink, J. and B. Witholt (1981). "Outer membrane vesicles released by normally 
growing Escherichia coli contain very little lipoprotein." European Journal of 
Biochemistry 116: 331-335. 
 
Wessel, A. K., J. Liew, T. Kwon, E. M. Marcotte and M. Whiteley (2012). "Role of 
Pseudomonas aeruginosa Peptidoglycan-Associated Outer Membrane Proteins in 
Vesicle Formation." Journal of Bacteriology 195(2): 213-219. 
 
Yahiro, K., A. Wada, M. Nakayama, T. Kimura, K. Ogushi, T. Nildome, H. Aoyagi, K. 
Yoshino, K. Yonezawa, J. Moss and T. Hirayama (2003). "protein-tyrosine phosphatase 
alpha, RPTP alpha, is a Helicobacter pylori VacA receptor." Journal of Biological 
Chemistry 278(21): 19183-19189. 
 
Yamada, E. (1955). "The fine structures of the gall bladder epithelium of the mouse." 
Journal of Biophysical and Biochemical Cytology 1: 445-458. 
 
Yamaoka, Y., M. Kita, T. Kodama, N. SawaI, K. Kashima and J. Imanishi (1997). 
"Induction of various cytokines and development of severe mucosal inflammation by 
cagA gene positive Helicobacter pylori strains." Gut 41: 442-451. 
 
Yaron, S., G. L. Kolling, L. Simon and K. R. Matthews (2000). "Vesicle-Mediated 
Transfer of Virulence Genes from Escherichia coli O157:H7 to Other Enteric Bacteria." 
Applied and Environmental Microbiology 66(10): 4414-4420. 
 
Ye, G., C. Barrera, X. Fan, W. Gourley, S. Crowe, P. Ernst and V. Reyes (1997). 
"Expression of B7-1 and B7-2 costimulatory molecules by human gastric epithelial 
cells." Journal of Clinical Investigation 99(7): 1628-1636. 
 
Yeh, Y.-C., L. R. Comolli, K. H. Downing, L. Shapiro and H. H. Mcadams (2010). 
"The Caulobacter Tol-Pal Complex Is Essential for Outer Membrane Integrity and the 
Positioning of a Polar Localization Factor." J Bacteriol 192(19): 4847-4858. 
 
Yoshizaki, K., T. Nakagawa, K. Fukunaga, L. T. Tseng, Y. Yamamura and T. 
Kishimoto (1984). "Isolation and characterization of B cell differentiation factor 
(BCDF) secreted from a human B lymphoblastoid cell line." Journal of Immunology 
132(6): 2948-2954. 

 270



 

  

Zhao, K., X. Deng, C. He, B. Yue and M. Wu (2013). "Pseudomonas aeruginosa Outer 
Membrane Vesicles Modulate Host Immune Responses by Targeting the Toll-Like 
Receptor 4 Signalling Pathway." Infection and Immunity 81(12): 4509-4518. 
 
Zhou, L., R. Srisatjaluk, D. Justus and R. Doyle (1998). "On the origin of membrane 
vesicles in Gram negative bacteria." FEMS Microbiology Letters 163: 223-228. 
 
Zitvogel, L., A. Regnault, A. Lozier, J. Wolfers, C. Flament, D. Tenza, P. Ricciardi-
Castagnoli, G. Raposo and S. Amigorena (1998). "Eradication of established murine 
tumors using a novel cell-free vaccine: dendritic cell derived exosomes." Nature 
Medicine 4(5): 594-600. 
 
 

 271


	Figure 5.1.pdf
	Figure 5.1 legend
	Figure 5.1




