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ABSTRACT 

Helicobacter pylori (H. pylori) colonises the human gastric mucosa and is the principal 

causative agent of gastric and duodenal ulcers. Long term infection with H. pylori 

represents a major risk for the development of gastric adenocarcinoma and mucosa-

associated lymphoid tissue lymphoma. It is estimated that half of the world’s population is 

infected with H. pylori with rates of infection up to 90% in the developing world. Despite 

eliciting a vigorous and sustained immune response in the host, H. pylori is able to persist 

in the gastric mucosa for life. In this study we have developed an in vitro infection model to 

(1) investigate the ability of primary human monocytes and macrophages to effectively kill 

H. pylori and (2) examine the process of H. pylori phagosome maturation in infected 

macrophages. 

 

Five H. pylori strains were selected on the basis of their clinical phenotype and 

characterised for the VacA (vacuolating cytotoxin), cagPAI (cag Pathogenicity Island), 

urease and catalase virulence factors by Western blot and PCR analysis. Each strain 

possessed a unique combination of virulence factors and there was only limited correlation 

between molecular typing results and clinical phenotype. 

 

These five H. pylori strains were then used to individually infect in vitro cultures of primary 

human monocytes and macrophages. At various time points after infection, the infected 

monocytes and macrophages were lysed and the remaining viable bacteria were counted 

to determine phagocytic killing efficacy. Primary human monocytes had a higher capacity 

to kill certain strains of H. pylori when compared to macrophages. Three of the H. pylori 
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strains were killed by monocytes after 48 hours whereas none of the H. pylori strains were 

killed by macrophages over the same time. There appeared to be no correlation between 

the virulence factors studied and differential killing in monocytes. The virulence factors 

studied were not predictive of the capacity for H. pylori to avoid monocyte and 

macrophage killing. 

 

The process of H. pylori phagosome maturation was then investigated using the same in 

vitro infection model. Macrophages were infected with H. pylori and the amount of early 

endosome (Rab5 and EEA1), late endosome (Rab7 and CD63) and lysosome (LAMP-1 and 

LAMP-2) markers that co-localised with phagosomes was determined over a four hour time 

course. There was a dramatic change in the kinetics of phagosome maturation between H. 

pylori phagosomes and control E. coli phagosomes and it was proposed that this could 

contribute to the reduced killing of H. pylori observed in macrophages. H. pylori 

phagosomes retained the characteristics of early and late endosomes despite gaining 

lysosome markers. This demonstrated a fundamental change in phagosome maturation 

whereupon the H. pylori phagosome underwent normal fusion with the elements of the 

endocytic network, but blocked the subsequent fission part of the interaction. 

 

Macrophages are the critical regulatory component of the innate and adaptive immune 

responses in the stomach. Restoring the normal process of phagosome maturation in H. 

pylori infection may realise a strategy, enabling the effective killing of H. pylori. Reinstating 

the efficacy of the immune response generated by H. pylori to ultimately clear an H. pylori 

infection would have enormous benefits, particularly in the developing world where H. 

pylori infection has a very high prevalence. 
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1.1 H. pylori background and clinical relevance 

Helicobacter pylori (H. pylori) is one of the most successful human pathogens, infecting 

approximately 50% of the world’s population (Dunn et al. 1997). H. pylori colonises the 

human stomach and is usually found either as an extracellular pathogen in the gastric 

mucous layer or tightly attached to the cells of the gastric epithelium. H. pylori is the 

primary cause of gastric and duodenal ulcers in humans (Hunt 1996) and infection with H. 

pylori is a major risk factor for the development of gastric cancer (Blaser 1990; Forman 

1996). Gastric cancer is the second leading cause of cancer death in the world, with 

approximately 700,000 deaths annually (Parkin et al. 2005). 

 

1.1.1 Isolation and description of H. pylori 

As early as the 19th century, spiral shaped bacteria had been observed in the stomachs of 

animals and human(Rappin 1881; Bizzozero 1893; Salomon 1896; Marshall and Warren 

1984; Versalovic and Fox 2003). However, it was not until 1982 that these curved bacilli 

were successfully cultured for the first time, from stomach biopsy specimens of human 

patients (Warren and Marshall 1983). The newly isolated bacterium resembled 

campylobacter and was initially classified as Campylobacter pyloridis before structural, 

enzymatic and 16S rRNA analysis determined its re-classification as a new species; 

Helicobacter pylori (Versalovic and Fox 2003). H. pylori is a gram negative, spiral shaped 

bacillus with four to six uni-polar sheathed flagella (Dunn et al. 1997). When cultured in 

less than optimal conditions, H. pylori can also be found as a coccoid form that is non-

dividing and metabolically down regulated (Azevedo et al. 2007). Successful cultivation of 
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H. pylori requires incubation at 37°C in a humid atmosphere with a reduced level of oxygen 

(5 to 10%) and an increased level (5 to 12%) of carbon dioxide (Versalovic and Fox 2003). 

 

1.1.2 Epidemiology and treatment of H. pylori infection 

In Australia the overall sero-prevalence of H. pylori is 15% (Moujaber et al. 2008), but in 

undeveloped countries rates as high as 90% have been reported (Lehours and Yilmaz 

2007). Higher rates of prevalence have been correlated with a variety of factors including; 

increasing age, low socioeconomic status, low education and poor sanitation (Bruce and 

Maaroos 2008). Primary colonization is thought to occur in childhood (Thomas et al. 1999) 

and as the only substantial reservoir of H. pylori is the human stomach (Dunn et al. 1997), 

transmission is believed to occur from person to person, but the route of infection is yet to 

be clearly elucidated (Magalhaes Queiroz and Luzza 2006). 

 

The current treatment for H. pylori infection is called triple therapy and includes two 

antibiotics (usually amoxicillin and clarithromycin) in combination with a proton pump 

inhibitor, administered over one or two weeks. However, the incidence of treatment 

failure is reportedly increasing due to poor patient compliance with this therapy, coupled 

with an increasing rate of H. pylori antibiotic resistance (Bytzer and O'Morain 2005). 

Without antibiotic intervention, infection persists for life and chronic H. pylori infection has 

been identified as a major risk factor for the development of peptic ulcers and a range of 

other gastric diseases. 
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1.1.3 H. pylori associated disease 

In 1985, in a now infamous experiment, Barry Marshall attempted to establish H. pylori as 

the causative agent of gastric ulcers by ingesting a pure culture of the bacterium. After five 

days he developed halitosis and recurrent nausea. After ten days a gastric biopsy showed 

severe acute gastritis with many H. pylori and after two weeks the symptoms 

spontaneously resolved. Treatment with antibiotics and bismuth salts then cured the 

infection (Marshall et al. 1985). It is now well established that the primary infection with H. 

pylori results in the host mounting an acute inflammatory immune response that develops 

into chronic superficial gastritis (Blaser and Parsonnet 1994; Crabtree 1996). The majority 

of infected individuals do not go on to develop more severe pathologies but 10-15% 

develop peptic ulcers and 1-2% develop gastric cancer (Ernst and Gold 2000; Gal-Mor and 

Finlay 2006). 

 

1.1.3.1 Peptic ulcer disease 

In the early 20th century, peptic ulceration was believed to be caused by stress and dietary 

factors, and treatment was limited to bed rest and avoidance of spicy foods. Later, peptic 

ulcers were thought to arise from excess production of acid in the stomach leading to 

treatment with antacids. While this treatment strategy provided relief from the symptoms, 

it ultimately failed to cure the disease. After its re-discovery in 1982, H. pylori was 

proposed as the causative agent of peptic ulcer disease and in 1994 a National Institutes of 

Health Consensus Development Conference concluded that there was a strong association 

between H. pylori and ulcer disease (NIH 1994). H. pylori is now regarded to be the 

causative agent in 90-95% of duodenal ulcers and 70-75% of gastric ulcers (Ernst and Gold 
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2000). Furthermore, with decreasing rates of H. pylori infection, rates of non-pylori peptic 

ulcer disease are increasing in many areas of the world (Chow and Sung 2009). 

 

1.1.3.2 Gastric cancer 

An association between H. pylori infection and gastric cancer was first proposed by Warren 

and Marshall in 1983 (Warren and Marshall 1983) and in 1994 the International Agency for 

Research on Cancer classified H. pylori as a class 1 carcinogen based on epidemiological 

evidence (IARC 1994). It has now been established that H. pylori, as the etiological agent 

for gastric cancer and gastric mucosa associated lymphoid tissue lymphoma, is the 

underlying cause of 5.5% of all cancer in humans (Blaser 1990; Forman 1996; Hunt 1996; 

Parkin 2006). Persistent infection with H. pylori is believed to contribute to the 

development of gastric cancer by inducing and sustaining a precancerous cascade (Parkin 

et al. 2005). The generally accepted model of gastric carcinogenesis involves a sequential 

progression from chronic inflammation to mucosal atrophy, metaplasia and dysplasia 

(Correa et al. 1975; Correa and Houghton 2007). Gastric cancer is the second leading cause 

of cancer death in the world with approximately 700,000 deaths annually (Parkin et al. 

2005). However, a reduction in the prevalence of H. pylori infection, brought about 

principally by improvements in hygiene (Banatvala et al. 1993; Roosendaal et al. 1997), 

appears to have put this rate in decline (Munoz and Franceschi 1997). 
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1.2 The innate immune response to H. pylori 

The innate immune response is the body’s first line of defence against infection. Innate 

immunity consists of three parts: physical barriers to infection such as the mucous 

membranes and stomach acid, effector cells such as neutrophils and macrophages, and 

soluble factors such as antimicrobial peptides and complement. Innate activation of 

neutrophils and macrophages relies upon the recognition of pathogen-associated-

molecular-patterns (PAMPs) by pattern-recognition-receptors (PRRs). These pathogen-

associated-molecular-patterns include lipopolysaccharide of gram negative bacteria and 

peptidoglycan of gram positive bacteria. The binding of the PAMP ligand and PRR receptor 

initiates a signalling cascade that ultimately leads to phagocytosis of the pathogen and the 

release of reactive oxygen and nitrogen species and other inflammatory mediators. 

 

The pattern recognition receptors of particular interest for H. pylori are the Toll-like 

receptors 4 and 5 (TLR4 and TLR5). The TLR4 recognizes lipopolysaccharide of gram 

negative bacteria (Poltorak et al. 1998) and TLR5 recognizes flagellin (Hayashi et al. 2001). 

H. pylori lipopolysaccharide is a poor activator of TLR4, when compared to other gram 

negative bacteria (Muotiala et al. 1992) and H. pylori flagellin elicits only a low pro-

inflammatory response via TLR5, despite extensive homology to flagellins of other bacterial 

species (Lee et al. 2003). In contrast to the avoidance of the TLR4 and TLR5 mediated 

immune response, H. pylori strongly activates another innate receptor: Nod-1 (Nucleotide-

binding oligomerisation domain containing 1), which recognizes breakdown products of 

gram negative bacterial peptidoglycan (Girardin et al. 2003). H. pylori strains with an intact 

cag pathogenicity island (cagPAI) can activate the innate receptor Nod-1 by injecting 
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peptidoglycan into the cytosol of epithelial cells through the cagPAI encoded type IV 

secretion system (T4SS). This activates the NF-κB transcription factor and results in the 

release of pro-inflammatory cytokine interleukin (IL)-8 (Viala et al. 2004). Thus, H. pylori is 

able to control the innate immune response by selectively activating Nod-1 and avoiding 

full activation of TLR4 and TLR5. This control of innate immune receptor activation results 

in the initiation of the characteristic H. pylori inflammatory immune response. 

 

1.3 The inflammatory immune response to H. pylori 

The hallmark of H. pylori infection is inflammation of the gastric mucosa, termed chronic 

superficial gastritis. H. pylori stimulates gastric epithelial cells to release pro-inflammatory 

cytokines, which recruit large numbers of neutrophils, macrophages and lymphocytes to 

the site of infection. These infiltrating cells release additional pro-inflammatory cytokines 

that enhance the inflammatory response. The sustained release of pro-inflammatory 

mediators and reactive oxygen and nitrogen radicals produced in the respiratory burst, 

damages the integrity of the gastric epithelium and is believed to cause much of the initial 

pathology associated with H. pylori infection (Whary and Fox 2004). 

 

H. pylori stimulates the production of pro-inflammatory cytokines by gastric epithelial cells, 

and gastric biopsies from H. pylori infected individuals have shown increased amounts of 

interleukin (IL)-1, IL-6, IL-8 and TNFα compared to uninfected persons (Crabtree et al. 

1991a; Crabtree et al. 1993; Bodger and Crabtree 1998; Lindholm et al. 1998). Similarly, 

biopsies of the H. pylori infected gastric mucosa have demonstrated increased numbers of 
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neutrophils, macrophages and lymphocytes, which are predominantly pro-inflammatory 

(Dixon 1996; D'Elios et al. 1997; Agnihotri et al. 1998; Suzuki et al. 2002). 

 

H. pylori further stimulates the infiltrating cells (Harris et al. 1998; Gobert et al. 2004) to 

amplify the amount of inflammation (Yamaoka et al. 1997). H. pylori recombinant urease is 

a potent stimulator of IL-12 and IFNγ secretions from peripheral blood mononuclear cells 

(Meyer et al. 2000), and dendritic cells secrete pro-inflammatory IL-6, IL-8, IL-12, IL-1β, and 

TNFα when co-cultured with H. pylori, in vitro (Hafsi et al. 2004; Kranzer et al. 2005). IL-12 

stimulates the differentiation of naïve T cells into a T-helper 1 (Th1) phenotype (D'Elios et 

al. 1997; Bauditz et al. 1999; Guiney et al. 2003). Th1 cells are pro-inflammatory and 

secrete IFNγ and IL-2 (Karttunen et al. 1995; Bamford et al. 1998). H. pylori modulates the 

Th1 response by also inducing the production of IL-10 in dendritic cells, which activates 

anti-inflammatory T-helper 2 (Th2) and T-regulatory (Treg) cells (Banchereau et al. 2000). 

Treg cells are present in higher numbers in H. pylori infected gastric mucosa (Lundgren et 

al. 2003; Lundgren et al. 2005), presumably attempting to suppress the inflammatory 

immune response. 

 

The interaction between H. pylori derived factors, cytokines and the immune cells 

recruited to the site of inflammation have been summarised in Figure 1.1 (Wilson and 

Crabtree 2007). The monocytes, macrophages and dendritic cells located in the lamina 

propria of the gastric mucosa also play an important role in antigen presentation and the 

initiation of the adaptive immune response to H. pylori (Suzuki et al. 2002; Voland et al. 

2003; Kranzer et al. 2004). In particular, H. pylori stimulates the release of IL-6 by 

macrophages in a process that is dependent upon phagocytosis (Odenbreit et al. 2006) and 
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one of the principal functions of IL-6 is to stimulate the differentiation of B cells into 

antibody producing plasma cells (Kishimoto 2005). 

 

1.4 The adaptive immune response to H. pylori 

A strong antibody response to H. pylori is mounted in all infected persons (Crabtree et al. 

1991b). The major protein antigens of H. pylori, present in all strains, include the subunit B 

of urease, the A and B subunits of flagellin, the neutrophil activating protein (HPNAP), and 

the adhesin; HpaA (Yang et al. 2005). Both local and systemic antibodies have been 

detected in H. pylori infected individuals (Rathbone et al. 1986; Wyatt et al. 1986) and 

these have been shown to react against a range of H. pylori specific antigens (Mattsson et 

al. 1998b). In addition, B cells specific for H. pylori have been detected in H. pylori infected 

gastric mucosa (Mattsson et al. 1998a). However, since it is possible to elicit protective 

immunity in mice that lack B cells (Ermak et al. 1998; Sutton et al. 2000; Ernst and Pappo 

2001), and since the infection is not cleared in humans without antibiotic intervention, the 

humoral immune response has been considered to be an indication of infection rather 

than a marker of protection (Kabir 2007). Furthermore, antibody production leads to the 

activation of other components of the immune system, which H. pylori utilizes to evoke a 

chronic inflammatory immune response. Furthermore, it has been suggested that H. pylori 

specific antibodies may enhance bacterial colonisation, based on evidence obtained from 

the mouse model (Akhiani et al. 2005; Iizumi et al. 2005; Kabir 2007). 
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Figure 1.1 Schematic representation of the immune response to H. pylori 

 

 

 
The dotted lines represent the more speculative components of immune-pathogenesis. 
Items displayed in green are derived from the bacteria, and items displayed in black are 
derived from the host. OMPs: Outer Membrane Proteins, HPNAP: H. pylori neutrophil-
activating-protein, PGN: peptidoglycan, PMN: polymorphonuclear cell 
 
Reproduced from (Wilson and Crabtree 2007) 
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1.5 H. pylori virulence factors 

H. pylori expresses a range of virulence factors important for colonising the human 

stomach and persisting in the gastric mucosa. Some of these virulence factors have also 

been implicated in the development of ulcer disease and gastric cancer, leading to the 

concept of virulent and non-virulent types of H. pylori. The major virulence factors that are 

involved in colonisation, persistence and the development of pathology are discussed in 

detail below. 

 

1.5.1 Virulence factors associated with colonisation and 

adherence 

To colonise the human stomach, H. pylori must first overcome the acid environment and 

the thick mucus layer lining the stomach. Urease is thought to enable H. pylori to survive 

the acid environment of the stomach by creating a neutral micro-environment around the 

bacterium, as a result of urea hydrolysis to bicarbonate and ammonia (Mobley et al. 1991; 

Covacci et al. 1999). To penetrate the thick mucus layer lining the stomach, H. pylori has 

multiple polar flagella. This facilitates migration through the gastric mucosa to the gastric 

epithelium, allowing the bacterium to circumvent the acidic conditions in the stomach 

lumen. H. pylori is then believed to avoid being flushed away by the continual 

replenishment of the gastric mucosa, by tightly attaching to the cells of the gastric 

epithelium using a range of adhesins. Among these, the BabA adhesin recognises Lewis 

blood group b antigen and SabA binds to sialylated oligosaccharides present on gastric 

epithelial cells. The corresponding receptors for other outer membrane proteins that bind 

H. pylori to gastric epithelial cells, such s, such as AlpAB and HopZ, are unknown (Odenbreit 
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2005). Following colonisation, there are four well characterized H. pylori virulence factors 

that have been identified as critical to long term survival in the host and the pathological 

outcome of infection. These are the vacuolating cytotoxin (VacA), the cag pathogenicity 

island (cagPAI), and the abundant proteins urease and catalase (Hazell et al. 1991; 

Bauerfeind et al. 1997). 

 

1.5.2 The vacuolating cytotoxin; VacA 

The vacuolating cytotoxin VacA is a major H. pylori virulence factor that is critical to the 

initial colonisation of the stomach (Salama et al. 2001). VacA has also been shown to have 

multiple effects on epithelial and immune cells (Cover and Blanke 2005). VacA is 

synthesized as a 140 kDa precursor protein, which is cleaved to an 88 kDa secreted toxin 

(Cover and Blaser 1992; Telford et al. 1994; Nguyen et al. 2001). Secreted VacA assembles 

into oligomers and binds to mammalian cells forming hexameric anion-selective channels 

that induce plasma membrane permeabilisation (Papini et al. 1998; Czajkowsky et al. 1999; 

Szabo et al. 1999). 

 

The most extensively characterised VacA activity is the formation of large cytoplasmic 

vacuoles in epithelial cells, in concert with vacuolar ATPase and ammonium (Cover and 

Blaser 1992; Cover et al. 1993). VacA induced vacuolation also requires the host cell’s small 

GTPase Rab7 and together this generates a compartment with both late endosome and 

lysosome characteristics (Molinari et al. 1997; Papini et al. 1997). All H. pylori isolates have 

the vacA gene but they differ in the amount of vacuolating activity that they can induce. 

These differences in activity are due to variations in the coding sequences of two regions of 
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the vacA gene, the signal- (s1, s2) and mid- (m1, m2) regions. H pylori strains with the 

s1/m1 genotype have been shown to produce a higher level of vacuolating activity in vitro 

when compared to s1/m2 strains, while s2/m2 strains have been reported to produce little 

or no active toxin (Atherton et al. 1995). This reduction in activity of the toxin results from 

the altered capacity to form membrane channels in cellular membranes due to a 12 amino-

acid segment present in type s2 but not type s1 VacA proteins (McClain et al. 2001). 

 

VacA affects immune cells by inhibiting antigen presentation (Molinari et al. 1998) and T 

lymphocyte activation (Gebert et al. 2003) and has also been reported to induce apoptosis 

via two approaches. In the first, VacA induces the formation of pores in mitochondrial 

membranes, leading to the release of cytochrome c into the cytosol (Willhite et al. 2003), 

and in the second, VacA activates the pro-apoptotic proteins Bax and Bak independently of 

vacuolation (Yamasaki et al. 2006). Thus VacA has multiple functions that contribute to 

colonisation, persistence and disease pathogenesis. 

 

1.5.3 CagA and the cag pathogenicity island; cagPAI 

The cagPAI is a 40 kb region of the H. pylori chromosome encoding a type IV secretion 

system that delivers the cytotoxin-associated antigen (CagA) to the cytoplasm of 

eukaryotic cells (Covacci et al. 1999). After delivery, CagA associates with the host cell 

scaffolding protein ZO-1 (zonula occludens-1) and the integral membrane protein JAM 

(junctional adhesion molecule) resulting in disruption of tight junctions (Amieva et al. 

2003). CagA is phosphorylated by host cell c-Src tyrosine kinase at EPIYA motifs; a unique 

five amino acid domain (Glu-Pro-Ile-Tyr-Ala) located in the carboxyl-terminal variable 
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region of the protein (Higashi et al. 2005). H. pylori strains vary with respect to the number 

and arrangement of EPIYA motifs and this has been correlated with clinical outcomes of 

infection (Xia et al. 2009). Following phosphorylation, CagA induces the rearrangement of 

the cellular cytoskeleton through recruitment and activation of the host cell Src homology 

2 (SH2) domain containing tyrosine phosphatase; SHP-2 (Higashi et al. 2004). Continual 

activation of SHP-2 promotes cell motility and proliferation by constitutively stimulating 

the hepatocyte growth factor/scatter factor receptor c-Met and phospholipase C gamma 

(PLCγ) (Churin et al. 2003). Phosphorylated CagA also promotes cell elongation through 

continual activation of extracellular signal-regulated kinase (ERK) (Higashi et al. 2004) and 

by disrupting actin cross-linking, through direct inhibition of c-Src, and activation of C-

terminal Src kinase, leading to de-phosphorylation of cortactin and ezrin (Selbach et al. 

2003; Tsutsumi et al. 2003; Selbach et al. 2004). 

 

Thus, the multiple effects of CagA on cell signalling pathways lead to cytoskeletal changes, 

dispersing cells and giving them a pointy appearance that is often referred to as the 

hummingbird phenotype. The cagPAI also influences epithelial cells independently of 

CagA. The cagPAI has been shown to induce epithelial cells to secrete pro-inflammatory IL-

8, by delivering bacterial peptidoglycan to the innate receptor Nod-1 and activating the 

transcription factor NF-κB (Sharma et al. 1998; Viala et al. 2004). While infections with H. 

pylori strains that carry a functional cagPAI have been associated with an increased 

incidence of severe gastritis, peptic ulcer disease and gastric cancer (Censini et al. 1996), it 

is not yet understood how CagA directly affects the disease process in humans (Bourzac 

and Guillemin 2005; Lu et al. 2005). The intracellular activities of CagA and phosphorylated 

CagA have been summarised in Figure 1.2 (Bourzac and Guillemin 2005). 
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Figure 1.2 Cellular activities of CagA 

 

 
(1) CagA is delivered into host cells via type IV secretion system. (2) CagA promotes 
leakiness of tight junctions by association with the tight junction proteins JAM and ZO-1 (3) 
c-Src tyrosine kinase phosphorylates CagA at EPIYA sites. (4) In a negative feedback loop, 
CagAP-Tyr inhibits c-Src directly and by activation of Csk. (5) Inhibition of c-Src leads to de-
phosphorylation of cortactin and ezrin, disrupting actin cross-linking. (6) CagAP-Tyr 
associates with and activates SHP-2. (7) CagA/SHP-2 associates with the c-Met receptor 
located on the basolateral cell surface and with PLCγ (8) stimulates prolonged ERK kinase 
activity. Activation of SHP-2, c-Met, PLCγ and ERK are all required for CagA-induced cell 
motility and elongation. 
 
Reproduced from (Bourzac and Guillemin 2005)  
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1.5.4 Type 1 and type 2 classification of H. pylori strains 

H. pylori strains have been traditionally classified into two types on the basis of the VacA 

and cagPAI virulence factors (Xiang et al. 1995). Type 1 strains secrete an active form of 

the vacuolating cytotoxin and possess the cagPAI, whereas type 2 strains secrete an 

inactive form of VacA and do not possess the cagPAI (Atherton et al. 1995; Odenbreit et al. 

2000; Bourzac and Guillemin 2005). This classification of H. pylori has also been correlated 

with clinical presentation. Type 1 strains are typically isolated from persons with severe 

pathology such as peptic ulcer or gastric cancer and type 2 strains tend to be isolated from 

individuals with asymptomatic gastritis (Censini et al. 1996; Telford et al. 1997). This leads 

to the delineation of type 1, VacA active, cagPAI positive H. pylori strains as virulent, and 

type 2, VacA inactive, cagPAI negative H. pylori strains as non-virulent. 

 

1.5.5 Urease 

H. pylori produces vast amounts of urease; it is estimated to comprise 10% of the total 

bacterial protein content (Bauerfeind et al. 1997). The relative abundance and strong 

activity of H. pylori urease forms the basis of the H. pylori breath test which is a rapid, non-

invasive diagnostic test that measures the specific production of CO2 from urea by H. pylori 

urease. Urease has multiple roles in H. pylori survival and pathogenesis. In addition to 

enabling H. pylori to survive the acidic conditions in the stomach, bicarbonate derived from 

the hydrolysis of urea protects against bactericidal nitric oxide metabolites, which are 

produced by infiltrating phagocytes (Kuwahara et al. 2000). Independent of the products of 

urea metabolism, urease has been reported to be essential for colonisation and 

persistence in the host, based on several animal studies utilising urease negative mutants 
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(Eaton et al. 1991; Eaton and Krakowka 1994; Tsuda et al. 1994; Andrutis et al. 1995; Wirth 

et al. 1998). Urease is also believed to contribute to the pathogenesis of gastritis and 

peptic ulceration by damaging the gastric epithelium (Smoot et al. 1990; Ohta et al. 2001). 

Urease can also induce apoptosis by interacting with the class II MHC proteins on gastric 

epithelial cells (Fan et al. 2000). Urease activates monocytes, stimulating IL-8 production 

via the NF-κB cascade (Harris et al. 1996; Beswick et al. 2006). Urease exhibits chemotactic 

activity, attracting monocytes and neutrophils to the site of infection (Mai et al. 1992; 

Nakamura et al. 1998), but conversely then assists H. pylori to delay phagocytosis by 

reducing complement opsonisation (Makristathis et al. 1998; Rokita et al. 1998). In 

summary, urease plays multiple roles in H. pylori infection and pathology by directly 

promoting colonisation and persistence in the host while increasing the inflammatory 

immune response, and also directly contributing to the tissue damage associated with 

long-term H. pylori infection. 

 

1.5.6 Catalase 

Following colonisation of the gastric mucosa, H. pylori is exposed to a range of reactive 

oxygen metabolites produced by macrophages, neutrophils and gastric epithelial cells 

(Davies et al. 1994; Bagchi et al. 1996; Ramarao et al. 2000). These reactive oxygen species, 

including oxygen radicals and hydrogen peroxide, are bactericidal and H. pylori has 

developed a battery of antioxidant proteins that enable it to avoid destruction (Wang et al. 

2006). The most important of these antioxidants is catalase, which catalyses the 

decomposition of hydrogen peroxide to water and oxygen, and is estimated to comprise 

1.5% of the total bacterial protein content in H. pylori (Bauerfeind et al. 1997). Catalase is 
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believed to provide protection against exogenously produced hydrogen peroxide (and not 

endogenous H2O2) as catalase negative mutants can be successfully cultured in vitro 

(Westblom et al. 1992; Odenbreit et al. 1996; Ramarao et al. 2000). Catalase has been 

shown to be essential for persistent H. pylori colonization in the mouse (Harris et al. 2003) 

and is considered critical for bacterial survival in humans as no catalase negative clinical H. 

pylori isolates have been reported (Westblom et al. 1992). Catalase has also been 

implicated in H. pylori avoidance of intracellular killing (Basu et al. 2004) presumably due 

to its capacity to protect against the reactive oxygen species produced by phagocytic cells. 

 

1.6 H. pylori as an intracellular pathogen 

H. pylori is generally regarded to be an extracellular pathogen, usually found either living 

freely in the mucus layer of the stomach or tightly attached to the cells of the gastric 

epithelium. However, there are three lines of evidence that support H. pylori acting as an 

intracellular pathogen. Firstly, H. pylori elicits a primarily Th1 mediated immune response, 

which is generally regarded to be directed at intracellular pathogens (Bamford et al. 1998). 

Secondly, early ultrastructural studies described intracellular H. pylori in gastric biopsy 

specimens, albeit at a low frequency (Petersen and Krogfelt 2003), and finally, in vitro 

studies have described internalisation and extended survival of H. pylori in immortalized 

cell lines (described in sections 1.6.1 and 1.6.2). 
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1.6.1 Invasion of gastric epithelial cells by H. pylori 

There is growing evidence that H. pylori can invade the gastric mucosa and enter gastric 

epithelial cells. Several groups have described in vivo intracellular H. pylori by using 

ultrastructural analysis (transmission electron microscopy) of human gastric biopsy 

specimens derived from H. pylori infected individuals (Petersen and Krogfelt 2003). In 

addition, whole H. pylori have been found beyond the epithelial cell barrier, within the 

lamina propria (Andersen and Holck 1990; Morozov 1994). In vitro, H. pylori have been 

shown to invade the human gastric adenocarcinoma epithelial cell line; AGS (Birkness et al. 

1996; Su et al. 1999; Petersen et al. 2000; Petersen et al. 2001; Amieva et al. 2002; Kwok et 

al. 2002; Terebiznik et al. 2006) and the human epithelial cell line HEp2 (Evans et al. 1992; 

Wilkinson et al. 1998; Bjorkholm et al. 2000). In HEp2 cells, the invasion frequency of viable 

H. pylori was comparable to that of Yersinia enterocolitica, a highly invasive bacterium 

(Wilkinson et al. 1998). This capacity for invasion is thought to be epithelial cell specific as 

it has been demonstrated that the H. pylori invasion of epithelial cell lines occurs at a 

higher frequency than that seen for the non-epithelial cell line; human embryonic kidney 

HEK293 (Dubois and Boren 2007). Once internalised, viable H. pylori have been reported to 

survive within large vacuoles from which they can also engineer their release into the 

extracellular environment (Amieva et al. 2002). These in vitro observations suggest an in 

vivo strategy in which H. pylori could transiently invade gastric epithelial cells as a 

protective niche to survive adverse extracellular conditions (Bjorkholm et al. 2000). H. 

pylori may therefore employ a facultative intracellular lifestyle to promote chronic 

infection like other mucosal pathogens, such as Campylobacter jejuni (Dubois and Boren 

2007) and uropathogenic Escherichia coli (E. coli) (Anderson et al. 2003). 
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1.6.2 H. pylori survival in professional phagocytic cells 

The H. pylori infected gastric mucosa is characterised by the influx of large numbers of 

inflammatory neutrophils, monocytes and macrophages. The fact that these infiltrating 

inflammatory effector cells fail to eradicate the bacterium suggests that H. pylori has 

developed mechanisms that enable it to avoid phagocytic killing. The fate of intracellular H. 

pylori phagocytosed by neutrophils, monocytes and macrophages is therefore of 

considerable importance for long term persistence in this phagocyte rich environment. 

 

1.6.2.1 H. pylori survival in neutrophils 

The chronic gastritis caused by H. pylori is characterised by a heavy neutrophilic 

component, which is usually a marker of an acute inflammatory response. H. pylori 

continues to recruit and activate neutrophils during chronic inflammation through the 

concerted actions of urease (see Section 1.5.5), the neutrophil activating protein (Satin et 

al. 2000) and by constitutively stimulating IL-8 production in gastric epithelial cells (see 

Section 1.3). Neutrophils do become activated after phagocytosing H. pylori, but the 

ingested bacteria are not always eliminated (Rautelin et al. 1993; Rautelin et al. 1994; Allen 

2001). The composition of the H. pylori phagosome in neutrophils is not well defined, but 

the work of Allen and co-workers describes two ways that H. pylori can disrupt neutrophilic 

killing. Firstly, H. pylori disrupts NADPH oxidase targeting so that superoxide anions are 

released to the extracellular space rather than accumulating in the phagosomal lumen 

(Allen et al. 2005b) and this also has implications for the tissue damage associated with 

chronic H. pylori infection. Secondly, it appears that H. pylori may block the recruitment of 
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neutrophilic granules to the phagosomal compartment, as H. pylori derived phagosomes 

lack the specific granule marker lactoferrin (Allen et al. 2005b). 

 

1.6.2.2 H. pylori survival in monocytes and macrophages 

Although the predominant phagocytic cell type in the H. pylori-infected gastric mucosa is 

neutrophilic, significant numbers of macrophages are also found at the site of infection. 

Macrophages are critical regulators of the H. pylori immune response, acting as effector 

cells of both innate and adaptive immunity. Macrophages first facilitate the innate immune 

response by phagocytosing bacteria and then initiate the adaptive immune response 

through antigen presentation and the secretion of cytokines that direct lymphocyte 

recruitment and differentiation. Due to their importance at the nexus between innate and 

adaptive immunity, monocytes and macrophages have been investigated by a number of 

groups for their ability to kill phagocytosed H. pylori. Andersen and co-workers published 

the first report of H. pylori survival after phagocytosis by human monocytes for up to 2 

hours (Andersen et al. 1993) and other groups have reported survival of H. pylori in 

macrophage cell lines and primary murine macrophages for up to 24 hours (Chmiela et al. 

1995; Allen et al. 2000; Odenbreit et al. 2001; Rittig et al. 2003; Zheng and Jones 2003; 

Basu et al. 2004; Schwartz and Allen 2006). Although the mechanism that H. pylori employs 

to avoid phagocytic killing is not completely understood, some disruptions to the normal 

processes of phagocytosis and phagosome maturation have been noted in H. pylori-

infected macrophages. 
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1.7 H. pylori controls the processes of phagocytosis and 

phagosome maturation in macrophages 

Phagocytosis is the process by which macrophages ingest particles such as micro-

organisms and phagosome maturation is the process by which these particles are passaged 

towards the lysosome for degradation. Following attachment/receptor binding at the cell 

surface and internalisation, bacteria are found in a membrane-bound compartment called 

the phagosome. The phagosome then matures into a degradative compartment through 

sequential fusion and fission interactions with elements of the endocytic network. It has 

been reported that type 1 and type 2 strains of H. pylori can differentially alter the 

processes of phagocytosis and phagosome maturation. The capacity of H. pylori strains to 

control phagocytosis and phagosome maturation has important implications not only for 

the long term persistence of H. pylori in the host, but also for pathological outcomes of 

infection because of the continual stimulation of the inflammatory response. 

 

1.7.1 H. pylori can delay phagocytosis 

Previous in vitro studies into the process of H. pylori phagocytosis by neutrophils and 

macrophages have indicated that type 1 and type 2 H. pylori strains behave differently. 

Virulent, metabolically active type 1 strains of H. pylori are able to delay their uptake into 

macrophages and neutrophils by several minutes whereas type 2 strains of H. pylori are 

rapidly and efficiently internalised. This suggests that H. pylori gains entry into professional 

phagocytic cells by at least two distinct mechanisms (Allen et al. 2000; Allen 2007). 

Phagocytosis is initiated by a receptor binding process that triggers the recruitment of 

plasma membrane and localised actin polymerisation. In macrophages, phagocytic 
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receptors fall into two broad categories: innate and specific. Specific/adaptive immune 

response receptors require the phagocytosed particle to be coated by an opsonin. For 

example, antibody molecules that coat bacteria are recognized by the Fc receptor (that is 

specific for the Fc region of the antibody molecule). Of particular interest for H. pylori are 

the Fcγ and Fcα receptor families that recognise the IgG and IgA type antibodies induced 

during chronic H. pylori infection (Mattsson et al. 1998b). Innate pattern recognition 

receptors act by recognising pathogen associated molecular patterns that are present only 

on the surface of microorganisms. For example, the macrophage mannose receptor 

recognises bacterial glycoconjugates containing mannose. Although the innate receptors 

that mediate H. pylori phagocytosis are currently unknown (Allen 2007), studies have 

shown that type 1 H. pylori strains utilise a novel signalling cascade during delayed 

phagocytosis. Type 1 H. pylori strains sequentially activate class 1A phosphoinositide 3-

kinase and atypical protein kinase C-ζ to regulate local actin polymerisation on the forming 

phagosomal membrane (Allen and Allgood 2002; Allen et al. 2005a). By regulating bacterial 

uptake via this mechanism, H. pylori is thought to avoid protein kinase C-α mediated 

activation of the respiratory burst, thus assisting in the extended survival of type 1 H. pylori 

strains in phagosomes (Allen 2007). 

 

1.7.2 H. pylori phagosome maturation 

Phagosome maturation is the process by which a phagosome matures to become a fully 

degradative compartment. This occurs through the sequential interaction with elements of 

the endocytic network. The lack of H. pylori killing by macrophages suggests that H. pylori 
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has a mechanism to avoid phagocytic killing and there is evidence of some disruptions to 

the normal process of phagosome maturation in H. pylori infected macrophages. 

 

1.7.2.1 The endocytic network 

The endocytic network is comprised of three main compartments; early endosomes, late 

endosomes and lysosomes, which can be distinguished by differences in their morphologic 

appearance, cellular location and biochemical composition. In common to all endosome 

compartments is membrane associated ATPase that acidifies the lumen, and all endosome 

compartments are characterised by reduced pH. Early endosomes, pH < 6.2 (Clague et al. 

1994), are tubulovesicular organelles located near the plasma membrane and are the first 

destination of endocytosed material. Early endosomes are characterised by the specific 

markers Rab5 and Early Endosome Antigen 1 (EEA1). Rab5 belongs to the Rab family of 

proteins which are small GTPases involved in the co-ordination and regulation of vesicular 

transport. Rab5 acts in concert with the tethering molecule EEA1 to co-ordinate homotypic 

fusion of early endosomes. Late endosomes are located in the peri-nuclear region of the 

cell, have a pH less than 5.5 (Clague et al. 1994) and are characterised by the presence of 

the specific markers Rab7 and CD63. One of Rab7’s functions is to co-ordinate late 

endosome and lysosome interactions by controlling the movement of late endosomes 

along the microtubule network (Cantalupo et al. 2001; Jordens et al. 2001). CD63 is an 

integral membrane glycoprotein of the tetraspanin family involved in multivesicular body 

formation and signal transduction in late endosome-lysosome compartments (Pols and 

Klumperman 2009). Lysosomes have a pH of between 4.6 and 5.0 (Mellman et al. 1986) 

and are the final destination of endocytosed material. They contain large amounts of 
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hydrolytic enzymes which are used to degrade the endocytosed material into its molecular 

components. Lysosomes are characterised by the integral membrane glycoproteins LAMP-

1 and LAMP-2 (lysosome associated membrane proteins -1 and -2). 

 

1.7.2.2 The phagosome maturation process 

The normal process of phagosome maturation, revealed through in vitro studies using latex 

beads, has been characterised as the step wise interaction of the phagosome with the 

elements of the endocytic network – early endosomes, late endosomes and lysosomes 

(Desjardins et al. 1994a; Desjardins et al. 1994b). This sequential interaction is co-

ordinated at each stage by specific Rab proteins, which control vesicle docking and fusion 

(Somsel Rodman and Wandinger-Ness 2000). There are around 60 small Rab GTPase 

proteins in humans, each with a specific distribution and organelle trafficking function 

(Seabra et al. 2002). Soon after phagocytosis Rab5 associates with the nascent phagosome 

initiating a molecular cascade that promotes fusion with early endosomes (Clemens et al. 

2000). Around 30 min after phagocytosis, Rab5 has normally dissociated from the 

phagosome and late endosome specific markers Rab7, the cation independent mannose-6-

phosphate receptor (CIMPR) and CD63 are detected on phagosomes (Amer and Swanson 

2002). Approximately one hour after internalisation, the phagosome has been shown to 

fuse with lysosomes, as demonstrated by the acquisition of lysosome-associated 

membrane glycoproteins LAMP-1 and LAMP-2 (Tjelle et al. 1998). Through this series of 

organelle fusion and fission reactions the lumen of the phagosome becomes progressively 

more acidified and ultimately gains a full complement of lysosomal hydrolytic enzymes and 
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maximum degradative capacity (the maturation of latex bead derived phagosomes has 

been reviewed in detail: (Vieira et al. 2002). 

 

1.7.2.3 Subversion of phagosome maturation by H. pylori 

There is sufficient preliminary evidence to suggest that H. pylori is able to disrupt the 

normal process of phagosome maturation. Several groups have reported the existence of 

abnormal phagosomes containing multiple bacteria in H. pylori-infected primary mouse 

macrophages and macrophage cell lines (Allen et al. 2000; Rittig et al. 2003; Zheng and 

Jones 2003; Schwartz and Allen 2006). These communal compartments, alternately termed 

“megasomes” (Allen et al. 2000; Zheng and Jones 2003; Schwartz and Allen 2006) or large 

communal vesicles “LCVs” (Rittig et al. 2003) are believed to arise due to the homotypic 

fusion of normal phagosomes containing a single bacterium. Large communal vesicles 

reportedly differ from megasomes as they contain internal membranes, resembling giant 

multivesicular bodies (Rittig et al. 2003). The appearance of megasomes is also reportedly 

characteristic of type 1 H. pylori strains (Allen et al. 2000; Zheng and Jones 2003), whereas 

LCVs were observed in macrophages regardless of the H. pylori strains vacA or cag status 

(Rittig et al. 2003). Both communal compartments appear to arise 2-4 hours after 

internalisation and persist for at least 24 hours (Allen et al. 2000; Rittig et al. 2003; Zheng 

and Jones 2003; Schwartz and Allen 2006). These previous analyses of H. pylori phagosome 

maturation have utilised a limited number of markers over a limited number of time points 

and megasomes have been reported to accumulate EEA1, not become fully acidified and 

only acquire limited amounts of LAMP-1 (Zheng and Jones 2003; Schwartz and Allen 2006). 

The study of isogenic mutant strains of H. pylori have demonstrated that VacA and urease 
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are essential for megasome formation and the prolonged survival of H. pylori in 

macrophages (Zheng and Jones 2003; Schwartz and Allen 2006). Therefore, it has been 

hypothesized that H. pylori arrests phagosome maturation at a stage before the 

phagosome has reached full degradative potential, allowing prolonged bacterial survival in 

a non-lethal intracellular niche (Allen 1999; Zheng and Jones 2003). To fully understand the 

process of H. pylori phagosome maturation, it will be necessary to examine multiple H. 

pylori strains over a more extensive time-course using markers for each stage of the 

phagosome maturation process. 
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1.8 Hypothesis 

H. pylori has a strategy for long term survival that involves controlling the host immune 

response through a number of virulence factors. Following phagocytosis by macrophages, 

H. pylori disrupts the normal process of phagosome maturation generating a distinct 

hybrid phagosome compartment that has both endosome and lysosome properties. This 

disruption to the normal phagosome maturation process enhances pathogenicity and long 

term survival within the host. 

 

1.9 Aims 

1. Characterise and type five selected clinical H. pylori isolates for the major virulence 

factors: VacA, cagPAI/CagA, catalase and urease. 

2. Develop an in vitro model of intracellular infection using primary human 

macrophages. 

3. Examine monocyte and macrophage killing of each of the clinical H. pylori isolates 

over an extended time course. 

4. Define the phagosome maturation process for each of the clinical H. pylori isolates 

using an extensive set of endosome-lysosome markers over a four hour time 

course. 

5. Determine the role that the H. pylori virulence factors play in macrophage killing 

and phagosome maturation in macrophages. 
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2.1 H. pylori isolates and culture conditions 

2.1.1 H. pylori clinical isolates and Sydney Strain 1 

Five H. pylori isolates were used in this study: four clinical isolates and a strain originally 

isolated from a gastric biopsy before being adapted for use in the mouse; Sydney Strain 1 

(SS1) (Lee et al. 1997). The clinical isolates were obtained from patients presenting to the 

gastroenterology department at the Queen Elizabeth Hospital (Woodville, South Australia) 

and were patient de-identified. NL103 was isolated from a gastric biopsy of a patient with a 

duodenal ulcer and NL107 was from a patient with a chronic gastric ulcer. NL101 and 

NL106 were isolated from apparently asymptomatic individuals. The presumptive 

identification of isolates as H. pylori was confirmed by the standard microbiological tests 

for oxidase, catalase and urease as described below (Sections 2.1.2 – 2.1.4). In addition, 

identification was confirmed by PCR amplification of the H. pylori-specific gene for the 

structural protein of flagella; flaA (Section 2.2.1). Primary and secondary stock cultures 

were stored at -80°C as a heavy suspension in nutrient media broth (Oxoid) containing 20% 

(v/v) glycerol. 

 

2.1.2 Confirmation of H. pylori identification: oxidase test 

The bacterial oxidase test detects the presence of a cytochrome c oxidase system by using 

the redox indicator N,N,N’,N'-tetramethyl-p-phenylenediamine (TMPD). H. pylori is 

characterised by the presence of a sole terminal cb-type cytochrome c oxidase, which 

rapidly converts colourless TMPD to a deep purple coloured indophenol (Tsukita et al. 

1999). Oxidase test strips impregnated with TMPD (Sigma Aldrich, St. Louis, MO, USA) were 
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prepared by the Department of Microbiology at the Children Youth and Women’s Health 

Service (CYWHS, North Adelaide, South Australia). Isolates were considered oxidase 

positive if test strips developed a deep purple colour within ten seconds of contact with 

plate grown colonies (Murray et al. 2007). 

 

2.1.3 Confirmation of H. pylori identification: catalase test 

The catalase test determines the ability of an organism to liberate oxygen gas from 

hydrogen peroxide by catalase degradation. H. pylori is a microaerophilic bacterium and 

therefore vulnerable to the toxic effects of oxygen radicals. H. pylori catalase is thought to 

protect against the bactericidal effects of exogenously produced hydrogen peroxide that is 

produced by infiltrating neutrophils in the gastric mucosa (Wang et al. 2006). While H. 

pylori catalase-deficient mutants retain viability when cultured in vitro, no catalase 

negative clinical isolates have been reported (Westblom et al. 1992). Isolates were 

considered catalase positive if oxygen gas emanated when plate grown colonies were 

brought into contact with 3% (v/v) hydrogen peroxide (Murray et al. 2007). 

 

2.1.4 Confirmation of H. pylori identification: urease test 

H. pylori produces vast amounts of urease, and urease activity forms the basis of the H. 

pylori diagnostic breath test. All H. pylori isolates were tested for urease activity in urease 

medium which consisted of a nutrient broth base with 2% (w/v) urea and phenol red as a 

pH indicator (Oxoid, Basingstoke, UK). A heavy inoculum, corresponding to 2 McFarland 

(cell density approximately 6 x 108 CFU/mL), was prepared in urease medium from three 
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day plate cultures of H. pylori and incubated at 37°C for up to 24 hours to allow the 

reaction to occur. Urease positive isolates hydrolysed the urea present in the medium to 

ammonia, thus raising the pH of the medium and generating an intense pink-red colour. 

 

2.1.5 H. pylori culture conditions 

H. pylori were grown on Columbia agar plates (Oxoid) containing 5% lysed horse blood 

(Institute of Medical and Veterinary Science (IMVS), Adelaide, South Australia) and Dent’s 

selective supplement (Oxoid), under microaerophilic conditions (5% O2, 10% CO2) at 37°C, 

for three days, after which H. pylori morphology was assessed by gram stain (Gram 1884; 

Murray et al. 2007) and viability was confirmed by colony counts. Colony counts were 

performed by the standard microbiological method (Murray et al. 2007). Briefly, serial ten-

fold dilutions of plate grown H. pylori were prepared in sterile PBS. One hundred 

microlitres from each of three suitable dilutions were plated in duplicate and incubated as 

above, after which colonies were counted. The colony counts for the H. pylori recovered 

from infected monocytes and macrophages were prepared as described above except that 

plates were required to be incubated for up to five days to enable colonies to grow to 

sufficient size to be counted. 

 

2.2 Characterisation of H. pylori strains 

2.2.1 Genotyping 

H. pylori isolates were genotyped for the virulence factors vacA, cagA and cagE1/2 by 

polymerase chain reaction (PCR) using primers (Table 2.1) and conditions as previously 
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described (Podzorski et al. 2003). A one microlitre loopful of H. pylori from a three day 

plate culture was resuspended in 200 μL of sterile distilled water and boiled at 100°C for 10 

minutes before being centrifuged at 13,000 x g for two minutes. Five microlitres of 

supernatant was then added to 45 μL of PCR master mix. The master mix used for PCR 

amplification consisted of sterile water; 1 x Qiagen PCR buffer (10 x Qiagen PCR buffer: 

Tris-Cl, KCl, (NH4)2SO4, 15 mM MgCl2 at pH 8.7); 0.5 μM of each primer; 200 μM dATP, 

dCTP, dGTP, and dTTP; and 2.5 units of Qiagen HotStar Taq DNA polymerase (Qiagen, 

Doncaster, Victoria). PCR amplifications were performed in a MyCycler thermo cycler (Bio-

Rad) under various conditions depending upon the primer sets. For vacA and cagA, 

reaction mixtures were pre-incubated at 95°C for 15 minutes, followed by 30 cycles of 1 

minute at 95°C, 1 minute at 50°C and 1 minute at 72°C. Final extension was for 5 minutes 

at 72°C (van Doorn et al. 1998). For cagE, pre-incubation at 95°C for 15 minutes was 

followed by 35 cycles of 15 seconds at 95°C, 30 seconds at 50°C and 1 minute at 72°C and 

final extension was for ten minutes at 72°C (Day et al. 2000). An internal positive control 

(flaA, structural protein of H. pylori flagella A) and negative control (water) were included 

for all reactions. PCR products were electrophoresed on 3% (w/v) agarose (AppliChem, 

Darmstadt, Germany) gels containing 0.01% (v/v) ethidium bromide (Promega, Madison, 

WI, USA) and visualized with an ultra violet light transilluminator. The size of the 

amplification product was determined by comparison with standard DNA molecular weight 

markers; HpaII-digested pUC19 (Geneworks, Adelaide, South Australia) or EcoR1 digested 

SPP1 (Southern Biological, Nunawading, Victoria). A permanent digital record of the gel 

was made using a UVitec gel documentation system (UVitec, Cambridge, UK). 
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Table 2.1 PCR primer sets used for genotyping H. pylori 

Gene Primer sequence Reference Product 

vacA s1a 5’-GTC AGC ATC ACA CCG CAA C-3’ 
(van Doorn et al. 1998) 190 bp s1a 5’-CTG CTT GAA TGC GCC AAA C-3’ 

    
 s1b 5’-AGC GCC ATA CCG CAA GAG-3’ 

(van Doorn et al. 1998) 187 bp  s1b 5’-CTG CTT GAA TGC GCC AAA C-3’ 
    
 s2 5’-GCT AAC ACG CCA AAT GAT CC-3’ 

(van Doorn et al. 1998) 199 bp  s2 5’-CTG CTT GAA TGC GCC AAA C-3’ 
    
 m1 5’-GGT CAA AAT GCG GTC ATG G-3’ 

(van Doorn et al. 1998) 290 bp  m1 5’-CCA TTG GTA CCT GTA GAA AC-3’ 
    
 m2 5’-GGA GCC CCA GGA AAC ATT G-3’ 

(van Doorn et al. 1998) 352 bp  m2 5’-CAT AAC TAG CGC CTT GCA C-3’ 
    

cagA 5’-AGG GAT AAC AGG CAA GCT TTT GA-
3’ 

(van Doorn et al. 1998) 352 bp 5’-CTG CAA AAG ATT GTT TGG CAG A-3’ 
    

cagE1 5’-AGA CAT GCA AAA AGG TAT-3’ 
(Day et al. 2000) 900 bp 5’-CAA TCT AGT GGG GTG GTA-3’ 

    

cagE2 5’-TGC TGA TAC GAT TAG AGA-3’ 
(Day et al. 2000) 100 bp 5’-TAG TCC CTT AGT GAT GAT-3’ 

    

flaA 5’-TTC TAT CGG CTC TAC CAC-3’ 
(Day et al. 2000) 500 bp 5’-CTG ACC GCC ATT GAC CAT-3’ 

 
modified from (Podzorski et al. 2003) 

 

2.2.2 Preparation of H. pylori lysates 

For each H. pylori strain, the complete bacterial growth from a single three day plate 

culture was harvested into one millilitre of ice cold 0.5 M NaCl in the presence of protease 

inhibitors (1 mM EDTA, 1 mM PMSF, 1 μM Leupeptin, 1 μM Pepstatin, Sigma Aldrich). This 
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suspension was lysed by six freeze-thaw cycles, each consisting of five minutes in ethanol 

and dry ice followed by five minutes in a 37°C water bath. The soluble supernatant fraction 

was then recovered by centrifugation at 13,000 x g for 20 minutes at 4°C and aliquots of 

200 μL were stored at -20°C. The remaining cell pellet was incubated for one hour at 4°C 

with one millilitre of 1% (v/v) Nonidet P 40 (Sigma Aldrich) plus protease inhibitors (as 

above). The membrane associated supernatant fraction was recovered after centrifugation 

at 13,000 x g for 20 minutes at 4°C and 200 μL aliquots were stored at -20°C. Total protein 

in the bacterial lysate fractions was determined by bicinchoninic acid (BCA) protein assay 

kit according to the manufacturer's instructions (Micro BCA kit, Pierce, Rockford, IL, USA). 

 

2.2.3 Western blot analysis 

SDS-PAGE and Western transfers were carried out with the Invitrogen NuPAGE and XCell II 

blot apparatus according to the manufacturer’s Instructions (Invitrogen Corporation, 

Carlsbad, CA, USA). Briefly, H. pylori lysates were heat denatured for ten minutes at 100°C 

in sample buffer (NuPAGE LDS Sample Buffer, Invitrogen), containing 20 mM dithiothreitol 

as a reducing agent, and electrophoresed on 4-12% gradient SDS-PAGE gels (Invitrogen) at 

140 V for 60 minutes. Proteins were then transferred to PVDF membranes (Polyscreen, 

Perkin Elmer, Boston, MA, USA) at 30 V for 60 minutes. The membranes were then blocked 

with 5% (w/v) skim milk in PBS for one hour at room temperature. Separate membranes 

were then incubated overnight at 4°C with antibodies to either CagA (0.1 μg/mL), VacA (0.4 

μg/mL), catalase (0.14 μg/mL) or urease (0.1 μg/mL), diluted in the block solution. Primary 

antibodies were removed by washing three times with Tris-buffered saline (0.05 M Tris, 

0.15 M NaCl, pH 7.6) containing 0.1% (v/v) Tween20 (BDH Chemicals Ltd, Poole, UK). 



Chapter 2: Materials and methods 

36 

Horseradish peroxidase conjugated secondary antibodies (1/1000 sheep anti-rabbit or 

donkey anti-sheep/goat) were used to detect the primary antibodies by incubation with 

the PVDF membranes in block solution for one hour at room temperature. Western blots 

were washed as above with Tris-buffered saline and visualised by enhanced 

chemiluminescence according to the manufacturer’s instructions (ECL Amersham, 

Sweden). 

 

2.3 E. coli isolate and culture conditions 

The DH5α strain of E. coli was grown on Columbia agar plates (Oxoid) containing 5% (v/v) 

horse blood (IMVS), overnight at 37°C in aerobic conditions. Stock cultures were stored at 

-80°C as a heavy suspension in nutrient media broth (Oxoid) containing 20% (v/v) glycerol. 

 

2.4 Preparation of primary human monocytes and 

macrophages 

2.4.1 Collection of peripheral blood 

Approximately 72 mL (8 x 9 mL) of peripheral blood was collected from healthy volunteers 

into ten millilitre vacuettes containing EDTA as an anti-coagulant (Greiner Bio-One 

Preanalytics, Kremsmünster, Austria) at the Department of Laboratory Medicine, CYWHS, 

North Adelaide, South Australia. The volunteers consisted of six males and eight females 

aged between 20 and 50 years. The collection of blood samples was approved by the 

CYWHS Ethics Committee (REC 1434 03/2009) and all volunteers consented directly to the 

procedure and to participation in this study. 
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2.4.2 Isolation of peripheral blood mononuclear cells 

Peripheral blood mononuclear cells were isolated by centrifugation of whole blood on 

Ficoll-Paque Plus gradients (Amersham Biosciences) as previously described (Brooks et al. 

1983). Briefly, whole blood was centrifuged at 700 x g for ten minutes at 20°C and the 

plasma layer removed by aspiration. The remaining fractions, containing the buffy coat and 

red blood cells, were pooled and resuspended 1:2 in Dulbecco’s PBS (SAFC Biosciences, 

Sigma Aldrich) in four 50 mL centrifuge tubes. An equivalent volume of Ficoll Paque Plus 

(15 mL) was then layered underneath each diluted white and red blood cell mixture and 

the gradients were centrifuged at 700 x g for 30 minutes at 20°C with the brake turned off. 

The distinctive opaque layer containing the mononuclear cells and platelets was then 

collected with a sterile plugged pasteur pipette and resuspended in ice cold Dulbecco’s PBS 

in fresh 50 mL centrifuge tubes, before being pelleted by centrifugation at 600 x g for 

seven minutes at 20°C. The pellets were pooled and washed twice in ice cold 50 mL 

Dulbecco’s PBS (400 x g for five minutes at 20°C) to remove any contaminating platelets. 

Finally, the mononuclear cell pellet was resuspended in ten millilitres of cell culture 

medium (Section 2.4.3) and the cells were counted using a haemocytometer. 

 

2.4.3 Purification and culture of monocytes and macrophages 

Monocytes were purified from the complete mononuclear cell fraction by virtue of their 

ability to adhere to untreated plastic and glass surfaces. Mononuclear cells that had been 

resuspended in cell culture medium were dispensed into 24-well cell culture plates 

(Cellstar, Greiner Bio-One BioScience, Frickenhausen, Germany) for the bacterial killing 

experiments or onto 22 mm2 glass coverslips (Menzel-Glazer, Darmstadt, Germany) 
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residing in six-well cell culture plates (Cellstar) for the immunofluorescence experiments. 

After two hours incubation (37°C, 5% CO2), the non-adherent cells were removed by five 

vigorous washes with Dulbecco’s PBS pre-warmed to 37°C. Monocytes normally account 

for 10-20% of all peripheral blood mononuclear cells therefore PBMCs were seeded at 3 x 

106 cells/well to ensure a final density greater than or equal to 3 x 105 monocytes per well. 

The adherent peripheral blood mononuclear cells were cultured in cell culture medium 

(Basal Modified Eagle’s Medium (BME; Sigma Aldrich) containing 20% (v/v) foetal bovine 

serum (FBS; Thermo Electron, Melbourne, Victoria) at 37°C in 5% CO2. Monocytes were 

cultured overnight prior to infection with H. pylori for the bacterial killing experiments. 

Macrophages were derived from monocytes by culturing at 37°C in 5% CO2 for eight days. 

For macrophages, the cell culture medium was replaced every three to four days. 

 

2.4.4 Confirmation of monocyte differentiation into macrophages: 

CD206 immunofluorescence 

CD206, also known as the macrophage mannose receptor, is a membrane glycoprotein 

that recognizes mannose, fucose or N-acetylglucosamine residues present on the surface 

of many microorganisms. CD206 is strongly expressed by macrophages and other subsets 

of mononuclear phagocytes such as immature dendritic cells, but is not expressed by 

circulating monocytes (Stahl and Ezekowitz 1998). CD206 was therefore used as a suitable 

marker to confirm the differentiation of adherent monocytes into macrophages over time 

in culture. Sequential cultures of adherent peripheral blood mononuclear cells were 

collected and fixed every 24 hours for eight days (Section 2.7.1) and expression of CD206 

was monitored by immunofluorescence staining (Section 2.7.2). CD206 was detected using 
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a monoclonal mouse anti-CD206 antibody at a final concentration of 5 μg/mL. Mouse anti-

CD206 IgG was then detected with a polyclonal donkey anti-mouse antibody conjugated to 

the fluorescent dye AlexaFluor 488 (1/500 dilution). All images were acquired as described 

in Section 2.8. 

 

2.5 Antibodies 

2.5.1 Primary antibodies to H. pylori proteins 

Sheep anti-catalase 

A peptide near the carboxyl terminus of H. pylori catalase (amino acids 421-444), 

containing the epitope DYYR (Asp-Tyr-Tyr-Arg) (Miura et al. 2000) was selected to generate 

a polyclonal antibody against catalase, for Western blot analysis. A 25 amino acid peptide 

(DDSDYYTQPGDYYRSLPADEKERLC) was synthesized by Mimotopes Pty Ltd (Clayton, 

Victoria) and conjugated to either diphtheria toxoid for immunisation or sepharose for 

affinity purification. Antibody production followed a standard immunisation regimen for 

polyclonal antibody production in sheep (Polyclonal Antibody Production, IMVS, Veterinary 

Services Division, Gilles Plains, South Australia) and followed the Australian code of 

practice for the care and use of animals for scientific purposes. Briefly, a sheep was primed 

by the subcutaneous injection of two milligrams of peptide in 500 μL of Freund’s Complete 

Adjuvant. Injections were at multiple subcutaneous sites with 100-150 μL total volume. 

Three subsequent injections of two milligrams of peptide in 500 μL of Freund’s Incomplete 

Adjuvant were given at three week intervals. A test bleed was performed after the third 

injection and the titre was determined to be 1.6 x 107 which was considered a successful 
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immunisation. Two weeks after the final injection the sheep was exsanguinated and the 

serum collected. Polyclonal antibodies were then affinity purified using an Econocolumn 

apparatus (Bio-Rad, Hercules, CA, USA) as follows. A two millilitre column containing the 

immunizing peptide conjugated to sepharose beads (Mimotopes) was washed with ten 

column volumes of distilled water before being pre-equilibrated with ten column volumes 

of PBS. A total of 50 mL of sheep anti-catalase serum, filtered through a 0.22 micron filter, 

was loaded onto the column at a flow rate of 0.5 mL/minute. The column was washed with 

sufficient PBS to remove all unbound serum proteins and then the bound antibody was 

eluted with acid phosphate (0.1M orthophosphoric acid pH 2.5). One millilitre fractions 

were collected into 1.0 M disodium hydrogen phosphate (1.0 M Na2HPO4 pH 9.0) and the 

amount of protein in each fraction was determined by absorbance at 280 nm. The nine 

fractions that contained the majority of the eluted protein were pooled and dialysed 

against one litre of fresh PBS overnight at 4°C with stirring. Precipitates were removed by 

0.22 micron sterile filtration. The IgG concentration (mg/mL) was calculated by re-

determining the absorbance at 280 nm and dividing by the antibody extinction coefficient 

(1.35). 

 

Rabbit anti- H. pylori 

The caprylic acid purified immunoglobulin fraction of a rabbit antiserum that was raised 

against formaldehyde-inactivated H. pylori was a kind gift from Fiona Campbell, 

Department of Gastroenterology, CYWHS, North Adelaide, South Australia. 
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Rabbit anti-urease �� 

An affinity purified rabbit polyclonal antibody that had been raised against amino acids 

270-569 of subunit � of urease of H. pylori origin was purchased from Santa Cruz 

Biotechnology, Santa Cruz, CA, USA. 

 

Rabbit anti-CagA 

An affinity purified rabbit polyclonal antibody that had been raised against amino acids 1-

300 of CagA of H. pylori origin was purchased from Santa Cruz Biotechnology. 

 

Goat anti-VacA 

An affinity purified goat polyclonal antibody that had been raised against a peptide 

mapping near the N-terminus of VacA of H. pylori origin was purchased from Santa Cruz 

Biotechnology. 

 

2.5.2 Primary antibody to E. coli 

The purified immunoglobulin fraction of a rabbit antiserum that had been raised against a 

sonicated lysate from E. coli strain K12 C600 was purchased from Dako, Glostrup, 

Denmark. 

 

2.5.3 Primary antibody to macrophage mannose receptor CD206 

A mouse IgG1k monoclonal antibody (clone 19.2) that had been raised against CD206 of 

human origin was purchased from BD Biosciences Pharmingen, San Diego, CA, USA. 
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2.5.4 Primary antibodies to vesicular machinery and endosome-

lysosome proteins 

Mouse anti-Rab5 

A mouse IgG2a monoclonal antibody that had been raised against amino acids 1-215 of 

Rab5a of human origin was purchased from BD Biosciences Pharmingen. 

 

Goat anti-EEA1 

An affinity purified goat polyclonal antibody that had been raised against a peptide at the 

N-terminus of EEA1 of human origin was purchased from Santa Cruz Biotechnology. 

 

Mouse anti-Rab7 

A mouse IgG2b monoclonal antibody (clone RAB7-117) that had been raised against amino 

acids 163-177 of Rab7 of human origin was purchased from Sigma Aldrich. 

 

Mouse anti-CD63 

An affinity purified mouse monoclonal antibody that had been raised against CD63 of 

human origin was a kind gift from Andrew Zannettino, IMVS, Adelaide, South Australia 

(Zannettino et al. 2003). 

 

Sheep anti-LAMP-1 

An affinity purified sheep polyclonal antibody that had been raised against LAMP-1 of 

human origin was a kind gift from Debbie Lang, Lysosomal Diseases Research Unit (LDRU), 

CYWHS, North Adelaide, South Australia (Meikle et al. 1997). 
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Mouse anti-LAMP-2 

An affinity purified mouse monoclonal antibody that had been raised against LAMP-2 of 

human origin was a kind gift from Caroline Dean, LDRU, CYWHS, North Adelaide, South 

Australia (Hua et al. 1998). 

 

2.5.5 Secondary antibodies 

Sheep anti-rabbit IgG peroxidase conjugate 

A horseradish peroxidase conjugated and affinity purified sheep polyclonal antibody that 

had been raised against rabbit IgG and adsorbed against human and mouse proteins was 

purchased from Chemicon International, Millipore, Temecula, CA, USA. 

 

Donkey anti-sheep/goat IgG peroxidase conjugate 

A horseradish peroxidase conjugated and affinity purified donkey polyclonal antibody that 

had been raised against sheep/goat IgG and adsorbed against human, rabbit and mouse 

proteins was purchased from Chemicon International. 

 

Donkey anti-rabbit IgG FITC conjugate 

A fluorescein isothiocyanate (FITC) conjugated and affinity purified donkey polyclonal 

antibody that had been raised against rabbit IgG (heavy and light chains) and adsorbed 

against human, bovine, goat, sheep, rat, horse, guinea pig, hamster, chicken and mouse 

proteins was purchased from Chemicon International. 
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Donkey anti-mouse IgG AF488 conjugate 

An AlexaFluor 488 conjugated and affinity purified donkey polyclonal antibody that had 

been raised against mouse IgG (heavy and light chains) and adsorbed against bovine, 

chicken, goat, guinea pig, hamster, horse, human, rabbit, rat and sheep serum proteins 

was purchased from Molecular Probes, Eugene, OR, USA. 

 

Donkey anti-mouse IgG Cy3 conjugate 

A red fluorescent cyanine dye (Cy3) conjugated and affinity purified donkey polyclonal 

antibody that had been raised against mouse IgG (heavy and light chains) and adsorbed 

against bovine, chicken, goat, guinea pig, hamster, horse, human, rabbit, rat and sheep 

serum proteins was purchased from Rockland Immunochemicals, Gilbertsville, PA, USA. 

 

Donkey anti-goat IgG Cy3 conjugate 

A Cy3 conjugated and affinity purified donkey polyclonal antibody that had been raised 

against goat IgG (heavy and light chains) and adsorbed against human, bovine, goat, sheep, 

rat, horse, guinea pig, hamster, chicken and mouse proteins was purchased from Chemicon 

International. 

 

Donkey anti-sheep IgG Cy3 conjugate 

A Cy3 conjugated and affinity purified donkey polyclonal antibody that had been raised 

against sheep IgG (heavy and light chains) and adsorbed against human, bovine, goat, 

sheep, rat, horse, guinea pig, hamster, chicken and mouse proteins was purchased from 

Chemicon International. 
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2.5.6 Fluorescent dyes 

A summary of the absorption and emission spectra of the fluorescent dyes used in the 

current study is presented in Figure 2.1. DAPI (4', 6-diamidino-2-phenylindole) is an ultra 

violet fluorescent dye with an absorption maximum of 358 nm and an emission maximum 

461 nm, which binds strongly to DNA and was used to label the cell nuclei (blue in confocal 

microscope images). Fluorescein isothiocyanate (FITC) and AlexaFluor 488 (AF488) are 

derivatives of the green fluorescent dye fluorescein, with an absorbance maximum of 495 

nm and an emission maximum of 519 nm. FITC and AF488 were used to label bacteria 

(green). Cy3 is a red fluorescent cyanine dye which has an absorbance maximum of 550 nm 

and an emission maximum of 570 nm, and was used to label endosome markers (red). 
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Figure 2.1 Absorbance and emission spectra of fluorophores 

 

The following laser lines were used: 405 nm pulsed laser, 488 nm Argon laser, 561 nm 

DPSS laser. Dashed and solid blue lines and shading represent the absorption and emission 

spectra of DAPI and the emission wavelengths collected (431-481 nm) respectively. Green 

lines and shading represent the absorption and emission spectra of FITC/AF488 and the 

emission wavelengths collected (498-548 nm). Red lines and shading represent the 

absorption and emission spectra of Cy3 and the emission wavelengths collected (571-621 

nm). Source: http://www.invitrogen.com/site/us/en/home/support/Research-

Tools/Fluorescence-SpectraViewer.html?CID=fl-spectraviewer 

  

http://www.invitrogen.com/site/us/en/home/support/Research-Tools/Fluorescence-SpectraViewer.html?CID=fl-spectraviewer
http://www.invitrogen.com/site/us/en/home/support/Research-Tools/Fluorescence-SpectraViewer.html?CID=fl-spectraviewer
a1172507
Text Box
                           NOTE:     This figure is included on page 46  of the print copy of the thesis held in    the University of Adelaide Library.
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2.6 Infection of monocytes and macrophages: bacterial killing 

Primary human monocytes and macrophages (Section 2.4) were infected with H. pylori or 

E. coli inocula, using a multiplicity of 50-200 bacteria per cell. Inocula were prepared by 

resuspending H. pylori from a three day plate culture or E. coli from an overnight plate 

culture in Dulbecco’s PBS to a density corresponding to 5 McFarland and diluting this 

suspension 1:10 in cell culture medium. The number of viable bacteria in each inoculum 

was assessed by plating serial dilutions and counting colonies. Contact between the 

bacteria and either the monocytes or macrophages was facilitated by centrifugation of the 

cell culture plates at 400 x g for three minutes at 12°C. For the viability studies, 

phagocytosis was initiated by warming the plates to 37°C and then allowed to proceed for 

30 minutes. Extracellular bacteria were removed by either 0.1 mg/mL gentamicin (Pfizer, 

Bentley, WA) treatment for one hour followed by washing five times with pre-warmed 

Dulbecco’s PBS, or by washing alone. Final washes were plated to ensure that no residual 

bacteria remained after these treatments. The infected monocytes and macrophages were 

cultured at 37°C in 5% CO2 for two, four, 24 or 48 hours before being lysed (0.1% saponin; 

Sigma Aldrich, 15 minutes at 37°C) and the viable bacteria enumerated by plating serial 

dilutions of bacterial suspensions as described in Section 2.1.5. All infections were 

performed in triplicate and viable counts were performed in duplicate (Elsinghorst 1994; 

Allen et al. 2000). The raw data was transformed to remedy the non-normality of the 

residuals and analysed by repeated measures ANOVA using the Holm-Bonferroni step-

down procedure. 
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2.7 Infection and immune staining of infected macrophages 

2.7.1 Infection of macrophages 

Primary human macrophages on 22 mm glass coverslips were infected with H. pylori or E. 

coli as described in Section 2.6 for the bacterial killing experiments. Phagocytosis was 

allowed to proceed for up to 30 minutes at 37°C before extracellular bacteria were 

removed by washing five times with pre-warmed Dulbecco's PBS. Infected macrophages 

were cultured for zero, 15, 30, 120 and 240 minutes before being fixed in 50% 

methanol/acetone (v/v) for ten minutes on ice. Fixed slides were stored overnight at 4°C in 

Dulbecco’s PBS before immunofluorescence staining. 

 

2.7.2 Immunofluorescence 

Coverslips were blocked with 5% (w/v) bovine serum albumin (BSA; Sigma Aldrich) for one 

hour at room temperature. All primary and secondary antibodies for immune detection 

were prepared in 5% BSA. Bacteria were detected with either a caprylic acid purified IgG 

fraction of rabbit anti- H. pylori serum (1/100 dilution), or the purified immunoglobulin 

fraction of a rabbit anti-E. coli serum (130 μg/mL). Endosome-lysosome markers were 

detected with mouse anti-Rab5 (5 μg/mL), goat anti-EEA1 (4 μg/mL), mouse anti-Rab7 (2.2 

μg/mL), mouse anti-CD63 (5 μg/mL), sheep anti-LAMP-1 (2.26 μg/mL), or mouse anti-

LAMP-2 (3.37 μg/mL) antibodies. After incubation for two hours at room temperature, 

primary antibodies were removed by washing three times with PBS. Primary antibodies to 

bacteria were detected with FITC-conjugated donkey anti-rabbit antibody (1/100 dilution) 

for one hour at room temperature. Primary antibodies to endosome-lysosome markers 
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were detected with Cy3-conjugated donkey anti-mouse (1/500 dilution), donkey anti-goat 

(1/500 dilution) or donkey anti-sheep (1/500 dilution) antibodies for one hour at room 

temperature. Secondary antibodies were then removed by washing as above and the 

coverslips mounted with ProLong Gold antifade containing DAPI nuclear stain (Invitrogen). 

Slides were incubated for 48 hours at room temperature in the dark before visualisation by 

confocal microscopy. 

 

2.8 Confocal microscopy and image acquisition 

Confocal microscopy was performed using a Leica SP5 Laser Scanning Spectral Confocal 

Microscope (Adelaide Microscopy, University of Adelaide, South Australia). Images were 

collected and analysed using the Leica Application Suite for Advanced Fluorescence 

software (Leica Microsystems, Wetzlar, Germany). Laser lines at 405 nm, 488 nm and 561 

nm were used for excitation of DAPI, FITC/AlexaFluor 488 and Cy3 respectively and laser 

intensity was set at 40%. During image acquisition, the smart gain was adjusted to reduce 

differences in pixel intensity between fluorophores. To eliminate cross-talk between 

fluorophores, fluorescence emission was captured by between frame sequential scanning. 

Cells were observed and images were captured using a 100x oil-immersion objective lens 

with a numerical aperture of 1.4 and zoom factor of 2.4. Cells were scanned at 400 Hz and 

images collected from the average of 3 lines. Pinhole size was set by the software and 

corresponded to 1 Airy unit. Images were acquired at 1024 x 1024 pixels giving an image 

size of 64.58 micron and pixel size of 63.13 nm. At least ten macrophages were screened 

from each slide to ensure representative images were taken. Six images were taken for 

each combination of bacterial strain, time and marker (i.e. six images x six bacterial strains 
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x six markers x five time-points = 1080 images). Images were processed to create figures 

using Adobe Photoshop software (Adobe Systems Inc., San Jose, CA, USA). 

 

2.9 Quantitative analysis of co-localisation 

Colocalisation analysis was performed using the Leica Application Suite for Advanced 

Fluorescence software. A scatter-plot which correlates the colour and intensity of each 

pixel with respect to the contribution from each of the red and green channels was 

generated for each image. Background threshold was set at 20% and a statistical 

measurement of co-localisation was determined: Pearson's correlation coefficient. The 

average of these measurements, taken from at least five representative images for each 

treatment, was used to generate the graphs. 
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3.1 Introduction 

The typing of H. pylori strains was considered to be important as previous studies by other 

groups into H. pylori survival in phagocytes have suggested that type 1 and type 2 strains 

behave differently. These previous studies, performed in primary murine macrophages 

and/or macrophage cell lines, have reported that Type 1 H. pylori strains delay 

phagocytosis and avoid phagocytic killing while type 2 strains are rapidly internalised and 

efficiently killed (Allen et al. 2000; Zheng and Jones 2003). To investigate H. pylori killing in 

primary human macrophages it was first necessary to characterise the four clinical H. pylori 

strains and the SS1 mouse-adapted H. pylori strain for the major H. pylori virulence factors; 

VacA, cagPAI, urease and catalase. 

 

The H. pylori clinical isolates were characterised using three approaches. First, the clinical 

notes accompanying the gastric biopsy pathology requests were used to assign a putative 

clinical type to each isolate as the type 1 and type 2 classifications of H. pylori strains are 

normally associated with clinical presentation. Type 1 H. pylori strains are typically 

associated with more severe pathologies such as peptic ulcer disease and gastric cancer, 

while type 2 strains are normally associated with asymptomatic gastritis (Censini et al. 

1996; Telford et al. 1997). Second, the VacA and cagPAI virulence factor genotypes were 

determined by PCR for each H. pylori strain and used to assign a molecular type. Type 1 H. 

pylori strains are vacA s1/m1 and cagPAI positive whereas type 2 H. pylori strains are vacA 

s2/m2 and cagPAI negative. Finally, Western blot analysis was used to test for the 

presence of the VacA, CagA, urease and catalase proteins in whole cell lysates for each of 

the H. pylori strains. 
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3.2 Results 

3.2.1 H. pylori isolates and their clinical classification 

A total of five H. pylori strains were investigated in this study. The best characterised of 

these was the Sydney Strain 1 (SS1), a strain adapted for colonising ability in the mouse 

model (Lee et al. 1997). SS1 has previously been reported to be CagA positive and to 

produce an inactive form of the VacA cytotoxin (s2/m2) (van Doorn et al. 1999). SS1 was 

classified as a putative type 1 strain as it was originally isolated from a patient with chronic 

inflammation of the antral mucosa (Lee et al. 1997). The remaining four clinical strains 

were isolated from gastric biopsies of patients presenting to the gastroenterology 

department at the Queen Elizabeth Hospital, Woodville, South Australia. Strains NL101 and 

NL106 were isolated from asymptomatic patients and were therefore classified as putative 

type 2 strains. Strain NL103 was isolated from a patient with a duodenal ulcer and strain 

NL107 was isolated from a patient with a chronic gastric ulcer and both were therefore 

classified as putative type 1 strains (Table 3.1). 

 

3.2.2 Characterisation and molecular classification of H. pylori 

strains: PCR analysis 

PCR analysis of the vacA, cagA and cagE genes was employed to characterise and classify 

the H. pylori strains used in this study (Figure 3.1). PCR analysis of the vacA gene from the 

five H. pylori strains revealed two genotypes. Strains NL101 and NL107 possessed the 

s1a/m1 genotype most commonly associated with type 1 H. pylori. Strains NL103, NL106 

and SS1 possessed the s2/m2 genotype normally associated with type 2 H. pylori. 
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Figure 3.1 H. pylori typing: agarose gel analysis of amplified PCR products

 
 

Composite of 3% PCR agarose gels run for H. pylori vacA and cagA/E typing. All bands of 
500 base pairs (bp) are the flaA internal control. 
 

1. pUC19/HpaII molecular weight marker. Bands from top to bottom are: 500bp, 
400bp, 331bp, 242bp, 190bp, 150bp and 110bp 

2. H. pylori SS1  vacA s1a negative 
3. H. pylori SS1  vacA s1b negative 
4. H. pylori SS1  vacA s2 199bp positive 
5. H. pylori SS1  vacA m1 negative 
6. H. pylori SS1  vacA m2 352bp positive 
7. H. pylori SS1  cagA  352bp positive 
8. H. pylori NL101 vacA s1a 190bp positive 
9. H. pylori NL101 vacA s1b negative 
10. H. pylori NL101 vacA s2 negative 
11. H. pylori NL101 vacA m1 290bp positive 
12. H. pylori NL101 vacA m2 negative 
13. H. pylori NL106 cagE1  900bp positive 
14. H. pylori NL101 cagE2  100bp positive 
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PCR analysis was also used to test for the presence or absence of the cagA and cagE genes, 

as markers for the cagPAI. In addition, the type of allele present at the cagE locus was 

identified. Only H. pylori strain NL103 did not possess the cagA or cagE genes, all other 

strains contained the cagA gene and either the cagE1 or cagE2 allele (Table 3.1). NL103 

was therefore the only H. pylori strain that did not appear to contain the entire cagPAI. 

The H. pylori strains were then assigned a molecular type from the PCR results for the vacA 

and cagPAI genes. The H. pylori strains were classified as type 1 if they possessed the 

s1a/m1 vacA genotype and contained the cagPAI (H. pylori strains NL101 and NL107). Type 

2 strains were identified by the s2/m2 vacA genotype and the absence of the cagPAI (H. 

pylori strain NL103). The other two H. pylori strains (NL106 and SS1) could not be classified 

as either type 1 or type 2. While these strains possessed the s2/m2 vacA genotype that 

typically corresponds to a type 2 strain, they also contained the cagA and cagE genes from 

the cagPAI which typically corresponds to a type 1 strain. The NL106 and SS1 H. pylori 

strains were therefore designated as "other" (Table 3.1). 

 

Table 3.1 Molecular and clinical classification of H. pylori isolates 

Strain vacA cagA cagE molecular type clinical type 

NL101 s1a/m1 + E2 1 2 

NL103 s2/m2 – – 2 1 

NL106 s2/m2 + E1 Other 2 

NL107 s1a/m1 + E2 1 1 

SS1 s2/m2 + E2 Other 1 
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3.2.3 Characterisation of H. pylori strains: Western blot analysis 

By Western blot analysis (Figure 3.2), the amounts of VacA (Figure 3.2 VacA), urease 

(Figure 3.2 Urease) and catalase (Figure 3.2 Catalase) that were detected in whole cell 

lysates were similar for each of the five strains of H. pylori (when controlled for total 

protein loaded per isolate). VacA was detected mainly in the soluble extract fractions (lane 

1), when compared to the NP40 membrane extract fractions (lane 2), but urease and 

catalase appeared to be equally distributed between these two fractions (Figure 3.2). 

There were apparent differences in CagA expression between H. pylori strains (Figure 3.2 

CagA) and these differences did not directly correlate with the molecular typing results 

(Section 3.2.2). As expected, CagA protein was detected in cell lysates by Western blot 

analysis for the cagA positive H. pylori strains (NL107 and SS1) and no CagA protein was 

detected in cell lysates for the cagA negative H. pylori strain (NL103). However, no CagA 

protein was detected in cell lysates by Western analysis for H. pylori strains NL101 and 

NL106 despite the presence of the cagA and cagE genes in these strains being confirmed 

by PCR (Section 3.2.2). 
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Figure 3.2 Western blots of H. pylori protein extract fractions 

 

 

 

Soluble (1) and membrane associated (2) protein extract fractions from H. pylori isolates 
(NL101, NL103, NL106, NL107 and SS1) were examined by Western blot analysis for 
expression of CagA, VacA , urease and catalase. Varying amounts of H. pylori lysate were 
loaded for the detection of CagA (10 μg/lane), VacA (15 μg/lane), urease (10 μg/lane) and 
catalase (5 μg/lane). The molecular size of CagA is 120 kDa, VacA is 88 kDa, the β-subunit 
of urease is 61 kDa and the subunit of catalase is 59 kDa. 
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3.3 Discussion 

The classification of H. pylori strains as either type 1 or type 2 is traditionally based on the 

clinical presentation and the molecular classification of the major virulence factors; VacA 

and the cagPAI. Type 1 strains secrete an active form of VacA and possess the cagPAI and 

are normally associated with more severe disease phenotypes, whereas type 2 strains 

secrete an inactive form of VacA, do not possess the cagPAI and are usually isolated from 

asymptomatic individuals (Atherton et al. 1995; Odenbreit et al. 2000; Bourzac and 

Guillemin 2005). The classification of the H. pylori strains used in the current study was  

considered to be important as previous studies into the intracellular survival of H. pylori 

have reported that type 1 and type 2 strains behave differently, with only type 1 strains 

being able to avoid phagocytic killing (Allen et al. 2000; Zheng and Jones 2003). In the 

current study, clinical H. pylori isolates were selected on the basis of the clinical 

presentation of the patient and then characterised according to their molecular genotype 

and phenotype. 

 

The clinical and molecular characterisations performed on the H. pylori strains did not 

allow the classification of individual strains into type 1 or type 2. For example, NL101 was 

originally selected as a type 2 strain because it was isolated from an asymptomatic 

individual. However, NL101 was subsequently classified as a type 1 strain according to the 

vacA and cagA/cagE genotypes that were determined by PCR. Further complicating the 

classification of NL101 was the observation that NL101 did not appear to produce any 

CagA protein by Western blot analysis despite possessing the cagA gene. Normally, the 

lack of any CagA protein would suggest that NL101 should be classified as a type 2 strain. 
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Taken together, it is clear that NL101 cannot be classified as either a classical type 1 or 

type 2 strain. Strain NL106 was also positive for the cagA gene by PCR but negative for the 

CagA protein by Western blot analysis. Previous studies have reported cagA positive H. 

pylori strains that do not produce CagA protein (Xiang et al. 1995; Argent et al. 2004), and 

it has recently been demonstrated that this could be due to insertions and deletions in the 

upstream promoter region of the cagA gene (Kanada et al. 2008). The NL103 and SS1 H. 

pylori strains also had inconsistent typing results across the different methods. NL103 was 

presumptively identified as a type 1 strain because it was isolated from a patient 

presenting with a gastric ulcer, but molecular typing of NL103 by PCR analysis of the vacA 

and cagA/E genes characterised it instead as a type 2 strain. Finally, SS1 is considered to be 

a type 1 strain (Lee et al. 1997), but PCR analysis showed that it has the s2/m2 vacA 

genotype normally associated with type 2 strains. These differences in typing results 

between molecular and clinical methods ultimately meant that the simple classification of 

the H. pylori strains as either type 1 or type 2 was not appropriate. 

 

While each of the five H. pylori strains examined in the current study had a unique 

combination of virulence factor types (Table 3.1), strains could also be grouped according 

to the individual virulence factor types. For the vacuolating cytotoxin; NL101 and NL107 

were vacA s1a/m1 and NL103, NL106 and SS1 were vacA s2/m2. For the cagPAI and CagA 

protein; NL101 and NL106 did not produce the CagA protein although they contained the 

cagA gene whereas NL107 and SS1 were positive for the cagA gene and produced the CagA 

protein. The H. pylori strains could not be differentiated with respect to urease or catalase 

because they showed identical patterns for these factors according to Western blot 

analysis. 
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The lack of correlation between molecular typing results, phenotypic data and clinical 

classifications in this study reflects the limitations of the H. pylori type 1 and type 2 

categories. While it is useful to describe the association between H. pylori strains with 

different genetic backgrounds and different pathogenic outcomes, this classification 

system has limits as demonstrated by the cagA/cagE positive strains that do not produce 

any CagA protein. Overall, the strain classification and molecular typing results described in 

this chapter serve to characterise the five H. pylori strains used throughout this current 

study as a diverse collection of strains with various, unique combinations of the known 

pathogenicity factors. This is consistent with the concept of a spectrum of H. pylori 

pathogenicity factors, with the possibility that each combination could confer different 

advantages for survival in the different environments and conditions that are encountered 

in the host. 
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4.1 Introduction 

H. pylori infection of the gastric mucosa results in acute inflammation and the recruitment 

of large numbers of phagocytic monocytes, macrophages and neutrophils to the site of 

infection. In spite of this substantial immune response, an H. pylori infection can persist in 

the host for decades, causing chronic inflammation that is the precursor to H. pylori-

associated disease. The failure of infiltrating monocytes, macrophages and neutrophils to 

eradicate H. pylori has therefore prompted a number of in vitro investigations into the 

intracellular fate of H. pylori. The first in vitro investigations into phagocytic killing of H. 

pylori reported that viable bacteria could be recovered from primary human monocytes 

and mouse peritoneal macrophages up to two hours after phagocytosis (Andersen et al. 

1993; Chmiela et al. 1995). Since then, other groups have demonstrated that H. pylori can 

survive within primary murine macrophages and various macrophage cell lines for up to 24 

hours (Allen et al. 2000; Odenbreit et al. 2001; Rittig et al. 2003; Zheng and Jones 2003; 

Basu et al. 2004; Schwartz and Allen 2006). However, extended survival times have not 

previously been reported in primary human monocytes and macrophages. To investigate 

this, an in vitro infection model was developed using primary human monocytes and 

macrophages and used to evaluate phagocytic killing of the five H. pylori strains that were 

characterised in chapter three. 
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4.2 Results 

4.2.1 Collection of peripheral blood, yield of peripheral blood 

mononuclear cells and plating density 

Whole blood was collected from normal control human blood donors (three males and 

three females, aged 25-50 years) for the isolation of mononuclear cells. Approximately 4 to 

8 x 107 mononuclear cells were collected from each 72 mL donation of whole blood. 

Mononuclear cells were seeded at 3 x 106 cells per well into 24-well cluster plates. Each 

well of a 24-well cluster plate has a surface area of 1.9 cm2 and so this inoculum 

corresponds to 1.6 x 106 peripheral blood mononuclear cells per cm2. This compared 

favourably with the generally accepted plating density of 2 x 106 peripheral blood 

mononuclear cells per cm2 (Gessani et al. 2000). As monocytes normally account for 10-

20% of all peripheral blood mononuclear cells, this resulted in a plating density of greater 

than 3 x 105 monocytes (or macrophages) per well. 

 

4.2.2 Differentiation of adherent monocytes into macrophages 

Monocytes were not treated with specific factors to facilitate their differentiation into 

macrophages. The stimulus for differentiation was adherence, followed by sufficient time 

in culture to allow for differentiation. To follow the differentiation of cultured adherent 

mononuclear cells from monocytes to macrophages, expression of the macrophage 

specific factor CD206 was monitored by immunofluorescence staining as described in 

Section 2.7.2. CD206 is characteristically expressed on macrophages and is not detected on 

monocytes and was therefore considered a suitable marker to confirm macrophage 
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differentiation. The expression of CD206 by the adherent peripheral blood mononuclear 

cells was monitored over the course of eight days in culture. CD206 could not be detected 

by immunofluorescence staining on cells that were freshly isolated (Figure 4.1, Image 0) or 

after 24 hours incubation (Figure 4.1, Image 1). A small amount of CD206 staining was first 

detected on the adherent peripheral blood mononuclear cells after two days in culture 

(Figure 4.1, Image 2). The amount of CD206 that was detected on the mononuclear cells 

increased each day in culture for the next four days (Figure 4.1, Images 3 – 6) until a steady 

state of CD206 expression could be seen by immunofluorescence staining after seven and 

eight days (Figure 4.1, Images 7 and 8). 
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Figure 4.1 Time course of CD206 expression by adherent primary human

mononuclear cells 

 

Adherent peripheral blood mononuclear cells were monitored for expression of the 
macrophage mannose receptor (CD206) over the course of eight days in culture (Images 
zero to eight). Fluorescence images were captured on Leica SP5 confocal microscope using 
a 20x oil-immersion objective lens with a numerical aperture of 0.70 and zoom factor of 
1.0. Images show multiple cells with nuclei stained by DAPI (blue) and CD206 immune 
stained with AF488 (green). Bar = 50 μm. 
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4.2.3 Recovery of viable bacteria from infected monocytes and 

macrophages 

At the designated times after infection (two, six, 24 and 48 hours), infected monocytes and 

macrophages were lysed in 0.5 mL of a 0.1 % saponin solution. This lysis treatment 

disrupted the integrity of the infected monocytes and macrophages, releasing the 

internalised bacteria, but did not affect the viability of the bacteria (control bacterial 

suspensions that were treated under the same lysis conditions showed no decline in 

CFU/mL; data not shown). To determine the number of viable bacteria present in infected 

monocyte or macrophage lysates, 100 μL of each lysate was plated in duplicate. Therefore 

the minimum CFU/mL that could be calculated for each lysate was: one colony, times five 

(for two 100 μL duplicates), times two (for the 0.5 mL of saponin solution used to lyse the 

cells) leading to the lower limit of detection for recovered viable bacteria of 1 x 101 

CFU/mL. 

 

4.2.4 Primary human monocyte and macrophage killing of H. pylori 

Primary human monocytes and macrophages both showed a reduced capacity for killing 

internalised H. pylori and viable bacteria were recovered from primary human monocytes 

and macrophages at 24 hours after infection for all of the H. pylori strains studied (Figures 

4.2 and 4.3). However, monocytes and macrophages showed different kinetics with 

respect to bacterial killing between the 24 and 48 hour time-points following infection. 
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4.2.4.1 Monocyte killing of H. pylori 

For the NL106, NL107 and SS1 strains of H. pylori no viable bacteria were recovered from 

primary human monocytes at 48 hours after infection (Figure 4.2). In contrast, the ability 

of monocytes to kill the NL101 and NL103 H. pylori strains was significantly reduced when 

compared to the NL106, NL107 and SS1 strains (p < 0.001 at 24 and 48 hours). In particular, 

for the H. pylori NL103 strain, large numbers of viable bacteria (> 105 CFU/mL) were 

recovered from monocytes at 48 hours after infection (Figure 4.2). The absence of any 

viable bacteria in the wash controls (no viable bacteria for all treatments, data not shown) 

and the null colony counts observed for the H. pylori NL106, NL107 and SS1 strains at the 

48 hour time-points in monocyte infections (Figure 4.2), confirmed that the bacteria being 

enumerated had been internalised and were neither tightly attached to the extracellular 

surface of the monocytes (or macrophages in other experiments) nor simply surviving in 

the culture medium. 

 

4.2.4.2 Macrophage killing of H. pylori 

In contrast to the killing observed in primary human monocytes, viable bacteria were 

recovered from primary human macrophages after 48 hours for all of the H. pylori strains 

tested (Figure 4.3). The NL106, NL107 and SS1 strains of H. pylori that were eliminated in 

monocytes were not killed by macrophages over the 48 hour time-course. Furthermore, 

for the NL103 strain of H. pylori, significantly more viable bacteria were recovered from 

infected primary human macrophages at 48 hours compared with the NL106, NL107 and 

SS1 strains (p < 0.001, Figure 4.3). This was consistent with the notion that H. pylori NL103 

has a higher level of resistance to macrophage and monocyte killing. 
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4.2.4.3 Macrophage killing of H. pylori: effect of gentamicin 

Previous studies into phagocytic killing of H. pylori have used gentamicin to eliminate any 

non-internalised bacteria. Here the use of a gentamicin treatment appeared to distort the 

data set - compare Figures 4.3 (no gentamicin) and 4.4 (plus gentamicin). Firstly, 

gentamicin affected the total number of viable bacteria recovered at each time point. For 

each of the H. pylori strains the total number (CFU/mL) of viable bacteria recovered from 

infected primary human macrophages after gentamicin treatment was significantly 

reduced, when compared to the “wash only” treatment (NL101 p<0.005, NL103 p<0.001, 

NL106 p<0.001, NL107 p<0.01, SS1 p<0.001: Figures 4.3 and 4.4). Secondly, the gentamicin 

treatment appeared to differentially affect each of the H. pylori strains. For example, in 

primary human macrophages infected with H. pylori strain NL107, there was no difference 

between the number of recovered viable bacteria at 24 and 48 hours after infection 

following gentamicin treatment (p=0.997: Figure 4.4). In contrast, treatment with the 

“wash only” procedure resulted in the recovery of a significantly lower number of viable 

bacteria from primary human macrophages after 48 hours compared to 24 hours (p=0.021: 

Figure 4.3). Furthermore, for the NL106 H. pylori strain, no viable bacteria were recovered 

from macrophages at 48 hours after infection following the gentamicin treatment (Figure 

4.4), but significant numbers of viable bacteria were recovered from macrophages at 48 

hours after infection following the wash only procedure (Figure 4.3). 
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Figure 4.2 Monocyte killing of H. pylori 

 

 
 
Primary human monocytes were investigated for their capacity to kill each of five H. pylori 
isolates in vitro: NL101, NL103, NL106, NL107, and SS1. Curves show the number of viable 
H. pylori in colony forming units per millilitre (CFU/mL) recovered from monocytes at two, 
24 and 48 hours post infection. H. pylori infected monocyte cultures were treated with an 
extensive wash to remove extra-cellular bacteria. Data is the mean of three experiments 
and all viable counts were performed in duplicate. Error bars show standard deviations. 
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Figure 4.3 Macrophage killing of H. pylori 

 
 
Primary human macrophages were investigated for their capacity to kill each of five H. 
pylori isolates in vitro: NL101, NL103, NL106, NL107, and SS1. Curves show the number of 
viable H. pylori in colony forming units per millilitre (CFU/mL) recovered from macrophages 
at two, 24 and 48 hours post infection. H. pylori infected macrophage cultures were 
treated with an extensive wash to remove extra-cellular bacteria. Data is the mean of 
three experiments and all viable counts were performed in duplicate. Error bars show 
standard deviations. 
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Figure 4.4 Macrophage killing of H. pylori: effect of gentamicin 

 
 
Primary human macrophages were investigated for their capacity to kill each of five H. 
pylori isolates in vitro: NL101, NL103, NL106, NL107 and SS1. Curves show the number of 
viable H. pylori in colony forming units per millilitre (CFU/mL) recovered from macrophages 
at two, 24 and 48 hours post infection. H. pylori infected macrophage cultures were 
incubated with gentamicin (0.1 mg/mL) for one hour followed by extensive washing to 
remove extra-cellular bacteria. Data is the mean of three experiments and all viable counts 
were performed in duplicate. Error bars show standard deviations. 
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4.3 Discussion 

4.3.1 Development of an in vitro infection model using primary 

human monocytes and macrophages 

Primary human monocytes were isolated from the peripheral blood mononuclear cell 

fractions of whole blood as the adherent cell population. Over the course of eight days in 

culture, these adherent cells showed an increase in the expression of the macrophage 

specific marker CD206, from no detectable expression on day one and day two, to a 

maximum steady-state expression on days seven and eight. This finding confirmed the 

differentiation of monocytes into macrophages over eight days in culture. This 

monocyte/macrophage culture model provided a suitable in vitro infection system that 

could be used to analyse bacterial killing. 

 

4.3.2 Primary human monocyte and macrophage killing of H. pylori 

In the current study, monocytes had a higher capacity to kill three of the five strains of H. 

pylori compared to macrophages, but even these three strains (NL106, NL107 and SS1) 

were killed at a slow rate, not being eradicated until the 48 hour time-point. At 24 hours 

post-infection, viable bacteria could be recovered from infected monocytes for each of the 

five strains of H. pylori studied, indicating significantly delayed H. pylori killing by these 

cells. Furthermore, for two strains of H. pylori (NL101 and NL103) viable bacteria were 

recovered from infected monocytes at 48 hours post-infection, suggesting an inability of 

monocytes to kill these strains. For macrophages, there were different survival kinetics. 

Viable bacteria were recovered from infected macrophages for all five of the H. pylori 
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strains at 48 hours post-infection. This confirmed and extended previous reports of H. 

pylori survival in primary murine macrophages and macrophage cell lines for periods up to 

24 hours (Allen et al. 2000; Odenbreit et al. 2001; Rittig et al. 2003; Zheng and Jones 2003; 

Basu et al. 2004; Schwartz and Allen 2006). One explanation for this difference in 

monocyte and macrophage killing capacity could relate to macrophages releasing less 

bactericidal reactive oxygen species, when compared with monocytes (Sasada et al. 1987; 

Newman and Tucci 1990). 

 

4.3.3 Effect of gentamicin on the recovery of viable H. pylori from 

infected macrophages 

Previous studies on intracellular bacterial survival have used gentamicin to remove 

extracellular bacteria, as gentamicin was thought to not enter eukaryotic cells. However, 

recent studies have demonstrated that high concentrations of extracellular gentamicin can 

impact on intracellular bacteria, as gentamicin is taken up into eukaryotic cells by 

pinocytosis and ultimately enters phagosomes as they mature (Menashe et al. 2008). The 

extent of any gentamicin effect on internalized bacteria is also dependent on the acidity 

level within the phagosome, as gentamicin loses antimicrobial activity at low pH. H. pylori 

phagosomes have been reported to fail to fully acidify (Zheng and Jones 2003) therefore, 

gentamicin treatment may have a more bactericidal effect on intracellular H. pylori than 

other intracellular bacteria. While the current study confirms that gentamicin treatment 

appeared to impact on intracellular bacterial survival, there were still distinct differences 

between H. pylori strains in terms of macrophage killing, prompting investigation into the 
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role that virulence factors may play in reduced monocyte and macrophage killing of H. 

pylori. 

4.3.4 The relationship between H. pylori virulence factors and 

bacterial killing by monocytes and macrophages 

H. pylori has a number of virulence factors that help it to avoid eradication by immune 

mediated mechanisms and enable it to colonise the human stomach. Conversely, some of 

these H. pylori virulence factors, such as the cagPAI, have been reported to actually 

enhance the inflammatory immune response (Crabtree et al. 1995). The inflammatory 

immune response to H. pylori results in the recruitment of large numbers of monocytes 

and macrophages to the gastric mucosa, but this ultimately fails to clear the infection. It 

has been suggested that the extended survival of H. pylori in the gastric mucosa could be 

due to the diminished capacity of monocytes and macrophages to kill ingested H. pylori 

(Allen 2007). 

 

There are properties associated with each of the H. pylori virulence factors; urease, 

catalase the cagPAI and VacA that could impact on intracellular survival. Previous studies 

have shown that urease and catalase are both critical for bacterial survival in macrophages. 

Urease is thought to promote bacterial survival by increasing the intra-phagosomal pH 

(Schwartz and Allen 2006), and catalase has antioxidant properties that could assist H. 

pylori to avoid the reactive oxygen species that are produced by monocytes and 

macrophages during phagosome maturation (Ramarao et al. 2000). The cagPAI has been 

implicated in the H. pylori intracellular survival process through the actions of its effector; 

CagA. CagA has multiple effects upon host cell protein kinases, the cellular cytoskeleton 
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and intracellular signalling that could modify the H. pylori intracellular compartment and 

may alter its degradative capacity/qualities (Bourzac and Guillemin 2005). Similarly, VacA 

has been implicated in extended H. pylori survival in macrophages through studies that 

have demonstrated its influence on the H. pylori intracellular compartment in epithelial 

cells. VacA acts upon epithelial cells, hijacking the vesicular trafficking machinery to induce 

the formation of vacuoles with late endosome characteristics (Li et al. 2004). 

 

In the current study, there appeared to be no correlation between the strain specific 

differences that were observed in bacterial survival (Chapter 4) and the strain specific 

differences for the H. pylori virulence factors (Chapter 3). For urease and catalase, no 

variation in expression was detected between strains. Neither the strains that expressed 

CagA (NL107 and SS1) nor the CagA negative strains (NL101, NL103 and NL106) showed 

any direct relationship with the amount of bacterial survival. This was consistent with the 

study of Odenbreit and co-workers (Odenbreit et al. 2001), which demonstrated that 

deletion of the cagPAI did not affect survival of H. pylori in phagocytic cells. In the current 

study, the presence of either active VacA (NL101 and NL107) or inactive VacA (NL103, 

NL106 and SS1) did not correlate directly with bacterial survival. However, a previous study 

using isogenic vacA mutant strains of H. pylori, has demonstrated that VacA does play a 

role in interrupting phagosome maturation (Zheng and Jones 2003) and Schwartz and Allen 

have demonstrated that the combined action of VacA and urease was required for H. pylori 

survival in macrophages (Schwartz and Allen 2006). 

 

H. pylori has also been reported to survive in other cell types besides macrophages, 

including a key site of bacterial contact, cells of the gastric epithelium (Dubois and Boren 
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2007). The chronic inflammatory process evoked by H. pylori damages this epithelial cell 

layer of the stomach, inducing gastric permeability and this may aid the process of 

intracellular invasion. A recent report indicated that the cytotoxin VacA was important for 

the intracellular survival of H. pylori in epithelial cells (Terebiznik et al. 2006). This was 

consistent with a requirement of H. pylori to modify intracellular endosome-lysosome 

compartments, to avoid their degradative potential and thus facilitate bacterial survival in 

these organelles. Thus, the issue of intracellular survival is important not only in 

professional phagocytic cells, like the macrophage, but also in other cell types. 

 

In summary, there did not appear to be a direct correlation between the virulence factors 

studied and the increased capacity of the NL101 and NL103 H. pylori strains to survive 

monocyte killing compared to the NL106, NL107 and SS1 strains. For macrophages, all 

strains of H. pylori examined avoided killing for 48 hours. The VacA and cagPAI virulence 

factors were not directly predictive of the capacity to avoid macrophage killing, suggesting 

that the VacA type and the presence of the cagPAI did not play a dominant role in bacterial 

survival in the macrophage. Taken together, these observations suggest that additional 

factors (beyond the four studied) may be important for the avoidance of monocyte and 

macrophage killing. For example, H. pylori uses arginase to avoid the antimicrobial effect of 

macrophage derived nitric oxides through competition for the common substrate L-

arginine (Gobert et al. 2001). A recent study has identified heterogeneity in arginase 

activity in clinical isolates of H. pylori (Hovey et al. 2007). Furthermore, it has been 

reported that H. pylori is able to disrupt the normal process of phagosome maturation, 

however, the H. pylori factors that are responsible for this disruption to the phagosome 

maturation process are yet to be studied in detail. 
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5.1 Introduction 

Although the predominant phagocytic cell type in the H. pylori-infected gastric mucosa is 

neutrophilic, significant numbers of macrophages are also found at the site of infection. 

Macrophages are critical regulators of the H. pylori immune response, acting as effector 

cells of both innate and adaptive immunity. Macrophages first facilitate the innate immune 

response by phagocytosing bacteria and then initiate the adaptive immune response 

through antigen presentation and the secretion of cytokines that direct lymphocyte 

recruitment and differentiation. H. pylori has been shown to be efficiently internalised by 

macrophages, but it avoids phagocytic killing. In vitro studies have shown that live H. pylori 

can be recovered from within human monocytic cell lines and primary human 

macrophages up to 48 hours after infection (Allen et al. 2000; Zheng and Jones 2003; 

Borlace et al. 2008). Although the mechanism that H. pylori employs to avoid phagocytic 

killing is not completely understood, some disruptions to the normal process of 

phagosome maturation have been noted in H. pylori-infected macrophages. 

 

The normal process of phagosome maturation has been characterised as the step wise 

interaction of phagosomes with early endosomes, late endosomes and lysosomes 

(Desjardins et al. 1994a; Desjardins et al. 1994b). Newly formed phagosomes interact with 

early endosomes, gaining early endosome markers such as Rab5 and EEA1. After 10-30 

minutes, the early endosome markers are lost from the phagosome and are replaced by 

late endosome markers, such as Rab7 and CD63. After approximately one hour, the late 

endosome markers are lost and phagosomes fuse with lysosomes to become phago-

lysosomes, with a full complement of lysosomal hydrolytic enzymes and maximum 
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degradative capacity. Phago-lysosomes can be characterised by the presence of the 

lysosome associated membrane proteins LAMP-1 and LAMP-2 (Vieira et al. 2002). 

 

It has been hypothesized that H. pylori arrests the normal phagosome maturation process 

at a stage prior to the phagosome reaching full degradative capacity, thus allowing for 

prolonged bacterial survival in a non-lethal intracellular niche (Allen 1999). Previous 

reports on the composition of the H. pylori compartment in macrophages have provided 

evidence for differences between phagosomes containing virulent type 1 and non-virulent 

type 2 strains of H. pylori (Allen et al. 2000). Non-virulent type 2 strains of H. pylori have 

been reported to undergo normal phagosome maturation, resulting in a fully degradative 

phago-lysosome compartment (Allen et al. 2000). Conversely, virulent type 1 strains of H. 

pylori have been reported to disrupt phagosome maturation, and generate abnormal 

compartments termed megasomes (Allen et al. 2000; Rittig et al. 2003; Zheng and Jones 

2003; Schwartz and Allen 2006). Megasomes are believed to arise due to the homotypic 

fusion of H. pylori phagosomes, resulting in a communal compartment with less 

degradative capacity. Megasomes containing virulent type 1 strains of H. pylori have been 

reported to retain the early phagosome marker coronin 1 and the early endosome marker 

EEA1, but exclude the lysosomal marker LAMP-1 (Allen et al. 2000; Zheng and Jones 2003; 

Schwartz and Allen 2006). The specific H. pylori virulence factors responsible for prolonged 

intracellular survival and disturbed phagosome maturation are beginning to be 

investigated. In vitro studies in mouse peritoneal macrophages and macrophage cell lines, 

utilising isogenic mutant strains of H. pylori, have demonstrated that VacA and urease 

were both essential for the prolonged survival of H. pylori, but only urease deletion 
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mutants were unable to form megasomes (Zheng and Jones 2003; Schwartz and Allen 

2006). 

 

To date there has not been a systematic time-course study undertaken to characterise the 

H. pylori phagosome. Here, utilising a set of markers to define early endosomes, late 

endosomes and lysosomes, the sequential steps in the phagosome maturation process 

have been characterised for five genotypically and phenotypically distinct clinical isolates 

of H. pylori, using a primary human macrophage model of infection. This can then be 

contrasted with a control bacterial strain (E. coli DH5α) that does not avoid macrophage 

killing and provides a model of normal phagosome maturation in this model of infection. 

 

In the previous chapter, five clinical H. pylori strains were shown to avoid eradication by 

primary human macrophages for up to 48 hours in an in vitro model of infection. In this 

chapter, the critical degradative process of phagosome maturation will be characterised 

for these five clinical strains of H. pylori. Markers of early endosomes (Rab5 and EEA1), late 

endosomes (Rab7 and CD63) and lysosomes (LAMP-1 and LAMP-2) were used to define the 

composition of H. pylori phagosomes over a four hour time-course using a primary human 

macrophage in vitro model of infection. 
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5.2 Results 

5.2.1 Primary human macrophage killing of E. coli 

In contrast to all of the H. pylori strains investigated, the DH5α strain of E. coli was rapidly 

and efficiently eliminated by primary human macrophages in the in vitro infection model. 

No viable E. coli could be recovered from infected macrophages at six hours after infection 

(Figure 5.1). 

Figure 5.1 Primary human macrophage killing of E. coli 

 

The ability of primary human macrophages to kill E. coli DH5α in vitro. Curve shows the 
number of viable bacteria in colony forming units per millilitre (CFU/mL) recovered from 
macrophages 30 minutes, two or six hours post infection. Infected macrophage cultures 
were treated with an extensive wash to remove extra-cellular bacteria. Data is the mean of 
three experiments and all viable counts were performed in duplicate. Error bars show 
standard deviations. 
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5.2.1 E. coli phagosome maturation 

To define the normal process of phagosome maturation in primary human macrophages, 

co-localisation of E. coli DH5α phagosomes with Rab5, EEA1, Rab7, CD63, LAMP-1 and 

LAMP-2 markers was assessed at 0 minutes, 15 minutes, 30 minutes, two hours and four 

hours after infection (Figure 5.2). 

 

5.2.1.1 Co-localisation of early endosome markers with E. coli 

phagosomes 

Rab5 showed a consistently low amount of co-localisation with E. coli DH5α phagosomes, 

throughout the four hour time-course (Figure 5.2). There was some EEA1 associated with 

E. coli DH5α phagosomes immediately after infection, but the amount of co-localisation 

decreased at the 15 and 30 minute time-points, to a minimum that was maintained 

between two and four hours after infection (Figure 5.2). 

 

5.2.1.2 Co-localisation of late endosome markers with E. coli 

phagosomes 

Immediately after infection, E. coli DH5α phagosomes showed a relatively high amount of 

co-localisation with Rab7 when compared to the other markers examined. The amount of 

Rab7 associated with E. coli DH5α phagosomes remained steady at this relatively high 

amount at 15 and 30 minutes after infection, and then increased at the two hour time-

point before decreasing at four hours after infection (Figure 5.2). There was little or no 

association of CD63 with E. coli DH5α phagosomes at time zero after infection. The amount  
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Figure 5.2 Co-localisation of endosome-lysosome markers with E. coli 

phagosomes 

 

 

The amount of co-localisation between the endosome-lysosome markers (Rab5; EEA1; 
Rab7; CD63; LAMP-1; and LAMP-2) and E. coli phagosomes was determined at five time-
points over four hours (0 minutes, 15 minutes, 30 minutes, two hours and four hours). Co-
localisation between the bacteria (FITC) and endosome-lysosome markers (CY3) was 
quantified by averaging Pearson's Correlation Coefficient from five different confocal 
immunofluorescence images in three independent experiments. Error bars show standard 
deviations. 
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of CD63 that was co-localised with E. coli DH5α phagosomes increased at the 15 minute, 

30 minute and two hour time-points, to an amount that was maintained at four hours after 

infection (Figure 5.2). 

 

5.2.1.3 Co-localisation of lysosome markers with E. coli phagosomes 

Over the four hour time-course, LAMP-1 and LAMP-2 showed a similar pattern of co-

localisation with E. coli DH5α phagosomes as that observed for CD63. The amount of 

LAMP-1 and LAMP-2 associated with E. coli phagosomes increased at each time-point over 

the first two hours, from a low immediately after infection to a high that was maintained 

between two and four hours after infection (Figure 5.2). 

 

5.2.2 H. pylori phagosome maturation 

The H. pylori phagosome maturation process was defined by determining the amount of 

Rab5, EEA1, Rab7, CD63, LAMP-1 or LAMP-2 that co-localised with H. pylori NL101, NL103, 

NL106, NL107 and SS1 phagosomes in primary human macrophages at 0 minutes, 15 

minutes, 30 minutes, two hours and four hours after infection (Figures 5.3- 5.5). 

 

5.2.2.1 Co-localisation of early endosome markers with H. pylori 

phagosomes 

There were strain specific differences observed in the acquisition of the early endosome 

markers by H. pylori phagosomes. Rab5 showed increasing co-localisation with H. pylori 

NL101, NL103, NL106 and SS1 phagosomes throughout the four hour time-course (Figure 
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5.3); whereas the amount of Rab5 associated with H. pylori NL107 phagosomes fluctuated. 

Rab5 co-localisation with H. pylori NL107 phagosomes increased over the first thirty 

minutes following infection, decreased between 30 minutes and two hours, before 

stabilising at two to four hours (Figure 5.3). H. pylori NL101, NL103 and NL106 phagosomes 

showed substantially higher co-localisation with EEA1 than with Rab5 throughout the four 

hour time-course (Figure 5.3). In contrast, H. pylori NL107 and SS1 phagosomes showed 

the same level of co-localisation with both EEA1 and Rab5 throughout the four hour time-

course (Figure 5.3). For all of the H. pylori strains examined, there was more Rab5 and 

EEA1 co-localised with phagosomes at the four hour time-point than immediately after 

infection (Figure 5.3). 
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Figure 5.3 Co-localisation of early endosome markers with H. pylori and E. 

coli phagosomes 

 

Individual panels show the amount of co-localisation between the early endosome markers 
(Rab5 � and EEA1 ●) and H. pylori (NL101, NL103, NL106, NL107, SS1) or E. coli (ECOL) 
phagosomes. Error bars show standard deviations. 

0.0

0.2

0.4

0.6

0.8

1.0

0 60 120 180 240

NL101

0.0

0.2

0.4

0.6

0.8

1.0

0 60 120 180 240

NL103

0.0

0.2

0.4

0.6

0.8

1.0

0 60 120 180 240

NL106

0.0

0.2

0.4

0.6

0.8

1.0

0 60 120 180 240

NL107

0.0

0.2

0.4

0.6

0.8

1.0

0 60 120 180 240

SS1

0.0

0.2

0.4

0.6

0.8

1.0

0 60 120 180 240

ECOLPe
ar

so
n'

s 
C

or
re

la
tio

n 
C

oe
ffi

ci
en

t

minutes



Chapter 5: H. pylori phagosome maturation 

87 

5.2.2.2 Co-localisation of late endosome markers with H. pylori 

phagosomes 

There were also strain specific differences in late endosome marker acquisition by H. pylori 

phagosomes. H. pylori NL107 phagosomes showed near-maximum co-localisation with 

Rab7 immediately after infection (Figure 5.4). In contrast, there was little or no co-

localisation of Rab7 with H. pylori NL101, NL103, NL106 and SS1 phagosomes immediately 

after infection. For these strains, the amount of Rab7 associated with phagosomes 

increased to a maximum at 15 minutes (NL101 and SS1), 30 minutes (NL106) or two hours 

(NL103) after infection (Figure 5.4). For all of the H. pylori strains examined, once the 

maximum co-localisation with Rab7 had been reached, this was maintained until the four 

hour time point (Figure 5.4). All of the H. pylori strains examined showed a similar pattern 

for the phagosomal acquisition of CD63. There was little or no co-localisation of CD63 with 

phagosomes immediately after infection. The amount of CD63 co-localised with 

phagosomes then increased to a maximum over either 30 minutes ( H. pylori strains NL101, 

NL106 and NL107), or two hours (NL103 and SS1) and this maximum was maintained until 

the four-hour time point after infection (Figure 5.4). 
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Figure 5.4 Co-localisation of late endosome markers with H. pylori and E. coli 

phagosomes 

 

Individual panels show the amount of co-localisation between the early endosome markers 
(Rab7 ∆ and CD63 ▲) and H. pylori (NL101, NL103, NL106, NL107, SS1) or E. coli (ECOL) 
phagosomes. Error bars show standard deviations. 
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5.2.2.3 Co-localisation of lysosome markers with H. pylori phagosomes 

The pattern of lysosome marker acquisition by H. pylori phagosomes was similar to that 

observed for CD63 for all of the H. pylori strains examined. At time zero after infection, 

LAMP-1 and LAMP-2 showed little or no co-localisation with phagosomes. The amount of 

LAMP-1 and LAMP-2 co-localised with phagosomes steadily increased at the 15 minute, 30 

minute and two hour time-points post-infection and reached a maximum between two 

and four hours after infection (Figure 5.5). The only digression from this pattern was a 

higher amount of LAMP-1 co-localisation and lower amount of LAMP-2 co-localisation for 

H. pylori NL101 phagosomes at the 30 minute time-point after infection (Figure 5.5).  
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Figure 5.5 Co-localisation of lysosome markers with H. pylori and E. coli 

phagosomes 

 

Individual panels show the amount of co-localisation between the early endosome markers 
(LAMP-1 □ and LAMP-2 ■) and H. pylori (NL101, NL103, NL106, NL107, SS1) or E. coli 
(ECOL) phagosomes. Error bars show standard deviations. 
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5.2.3 H. pylori were internalised and trafficked to the peri-nuclear 

region of the macrophage at different times for each strain 

Primary human macrophages were infected with H. pylori and changes in the intracellular 

location of the bacteria were tracked over a four hour time-course using confocal 

immunofluorescence microscopy. The rate of trafficking from the cell surface to the peri-

nuclear region varied for the different H. pylori strains (Table 5.1). 

 

Table 5.1 Time and relative position of intra-cellular bacteria in macrophages 

 
  Bacterial Strain 
  NL101 NL103 NL106 NL107 SS1 E. coli 

tim
e 

af
te

r 
in

fe
ct

io
n 

0 min S S S S S S 

15 min C P C PN C C 

30 min PN C PN PN PN C 

2 hr PN PN PN PN PN PN 

4 hr PN PN PN PN PN PN 

 
H. pylori strains NL101, NL103, NL106, NL107, SS1 and E. coli DH5α intracellular position in 
primary human macrophages 0 minutes, 15 minutes, 30 minutes, 2 hours and 4 hours after 
infection. S: cell surface/just inside, P: cell periphery, C: cytoplasmic, PN: peri-nuclear 
 

For example, immediately after infection, H. pylori NL103 were located either at the cell 

surface or just inside the macrophages (Figure 5.6 B). By fifteen minutes after infection, H. 

pylori NL103 were located inside the macrophages at the cell periphery (Figure 5.6 C) and 

by 30 minutes had been relocated to an intermediate position between the cell periphery 

and the peri-nuclear region (Figure 5.6 D). By two (Figure 5.6 E) and four (Figure 5.6 F) 

hours after infection, H. pylori NL103 were almost exclusively located in the peri-nuclear 
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region of the macrophages. H. pylori NL103 appeared to have the slowest transit time for 

the H. pylori strains examined, not reaching the peri-nuclear region until the two-hour 

time-point. H. pylori NL101, NL106 and SS1 phagosomes were detected in the peri-nuclear 

region by 30 minutes after infection. The fastest transit time was observed for H. pylori 

NL107, which had been re-located to the peri-nuclear region by 15 minutes after infection. 

Figure 5.6 Time course of bacterial location in H. pylori-infected macrophages

 

Confocal micrographs showing primary human macrophages infected with H. pylori NL103 
immune stained with H. pylori anti-serum (green) and DNA stain DAPI (blue). DIC scanned 
image of an uninfected control macrophage (A). Intra-cellular location of H. pylori (green) 
in macrophages (greyscale) at 0 minutes (B), at 15 minutes (C), at 30 minutes (D), at two 
hours (E) and at four hours (F) after infection. Scale bar = 5 μm. 
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5.2.4 H. pylori promotes formation of megasomes 

A distinctive feature of H. pylori infected macrophages was the appearance of megasomes, 

containing multiple intact H. pylori. These megasomes had a diffuse coating of the early 

endosome marker EEA1 and membranes that were defined by CD63, LAMP-1 and LAMP-2 

(Figure 5.7). For each of the H. pylori strains examined, the megasomes had a similar 

marker composition to that observed for the phagosomes containing a single bacterium 

(comparative data not shown). However, in different bacterial strains megasomes 

appeared at different time-points. They were detected at 15 minutes after infection for H. 

pylori strain NL107, at 30 minutes for H. pylori strains NL101, NL106 and SS1 and not until 

two hours for H. pylori strain NL103. 
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Figure 5.7 H. pylori megasomes in primary human macrophages two hours 

after infection with H. pylori NL103 

 

 
Confocal fluorescence images depict macrophages immune stained for H. pylori NL103 
(green) and the endosome-lysosome markers EEA1, CD63, LAMP-1 or LAMP-2 (all in red) 
and counterstained with DAPI nuclear stain (blue). Row (A) depicts a representative 
macrophage for each marker (scale bar = 5μm). Row (B-D) Enlarged images of the regions 
boxed in (A) shown as a merged image (B) or separate images for the endosome-lysosome 
markers (row C) and H. pylori (row D). Scale bar in (B-D) is 2 μm. 
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5.3 Discussion 

H. pylori infection is characterised by chronic inflammation of the gastric mucosa, which 

results in the recruitment of large numbers of macrophages and other phagocytic cells. 

However, the persistence of H. pylori in the host indicates that this immune response fails 

to clear the infection. In vitro studies have demonstrated that macrophages are unable to 

eradicate phagocytosed H. pylori, and it has been postulated that this could be due to 

impaired phagosome maturation (Allen et al. 2000; Odenbreit et al. 2001; Zheng and Jones 

2003; Schwartz and Allen 2006; Borlace et al. 2008). In macrophages, H. pylori phagosomes 

have been reported to undergo homotypic phagosome fusion forming megasomes that 

show altered phagosome maturation characteristics; with extended retention of EEA1 and 

impaired acquisition of LAMP-1 (Zheng and Jones 2003; Schwartz and Allen 2006). Here a 

systematic time-course study of the acquisition of early endosome, late endosome and 

lysosome markers was carried out to accurately define the sequence of the phagosome 

maturation process in five clinical strains of H. pylori. 

 

In the first stage of the phagosome maturation process, phagosomes normally recruit 

markers characteristic of early endosomes. Here the early endosome markers Rab5 and 

EEA1 were recruited to H. pylori phagosomes, but in two distinct modes, involving either 

acquisition of similar amounts of Rab5 and EEA1 or the acquisition of larger amounts of 

EEA1 relative to Rab5. This suggested that some strains of H. pylori could acquire EEA1 

independently of Rab5. The differences observed in the recruitment of Rab5 and EEA1 to 

H. pylori phagosomes correlated with the CagA typing of the bacterial strains. The H. pylori 

strains negative for CagA (NL101, NL103 and NL106) recruited EEA1 independently of 
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Rab5, whereas the CagA positive H. pylori strains (NL107 and SS1) simultaneously recruited 

Rab5 and EEA1. This differential recruitment of either early endosomes or early endosome 

trafficking machinery to H. pylori phagosomes could modulate the normal functioning of 

the endocytic compartments involved in for example, antigen presentation and cytokine 

secretion. While the mechanism connecting CagA and EEA1 acquisition is unclear, bacterial 

strains that produce CagA have been linked to more severe disease outcomes, such as 

gastric cancer (Censini et al. 1996). 

 

The next stage in the phagosome maturation process is normally characterised by the 

depletion of early endosome markers from the phagosome and the concomitant gain of 

late endosome markers (Desjardins et al. 1994b). However, despite the strain specific 

differences that were observed in the acquisition of Rab5 and EEA1, all of the H. pylori 

strains showed abnormal retention of these early endosome markers on their phagosomes 

even while gaining late endosome markers. In addition, strain specific differences were 

observed in the timing of the recruitment of the late endosome marker Rab7 to the H. 

pylori phagosomes. Rab7 was acquired by H. pylori NL107 phagosomes immediately after 

infection, by H. pylori NL101 and SS1 phagosomes 15 minutes after infection, by H. pylori 

NL106 phagosomes 30 minutes after infection and by H. pylori NL103 phagosomes two 

hours after infection. These differences in the rate of Rab7 acquisition directly matched the 

transit times of phagosomes to the peri-nuclear region. This was consistent with the role of 

Rab7 to recruit downstream effectors that enable endosomes and lysosomes to attach to 

the dynein/dynactin motor complex, for trafficking along microtubules (Cantalupo et al. 

2001; Jordens et al. 2001). For all of the H. pylori strains examined, both Rab7 and CD63 

were retained by phagosomes throughout the time course. This was not the case for E. 
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coli, which showed a reduction in the amount of phagosome associated Rab7 after the two 

hour time-point. The retention of early and late endosome markers by H. pylori 

phagosomes represented a significant departure from the normal phagosome maturation 

process. 

 

The final stage in the phagosome maturation process is normally characterised by the loss 

of late endosome markers and gain of lysosome markers (Desjardins et al. 1994b). Despite 

retaining high levels of both early and late endosome markers, H. pylori phagosomes 

acquired the lysosomal membrane markers LAMP-1 and LAMP-2 with the same kinetics as 

observed for E. coli phagosomes. Taken together these results indicated that there was 

normal recruitment of early endosomes, late endosomes and lysosomes by H. pylori 

phagosomes, but there was aberrant recovery of endosomes during the phagosome 

maturation process. This blockage in endosome fission resulted in the formation of a 

hybrid phagosome-endosome-lysosome compartment. The apparent retention of early 

endosomes and late endosomes by H. pylori phagosomes, coupled with normal 

phagosome-lysosome fusion, could result in larger phagosome compartments. These 

hybrid compartments would not be expected to have the same degradative properties as 

normal phagosomes, due to the increased size and reduced concentration of lysosomal 

hydrolases. This reduced phagosome degradative capacity could be responsible for the 

failure of macrophages to eradicate H. pylori. 

 

Megasomes containing multiple intact bacteria were observed for all of the H. pylori 

strains examined in this study, and showed the same marker composition as phagosomes 

containing a single bacterium. The timing differences observed in megasome formation for 
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different H. pylori strains was correlated with three factors: the retention of EEA1, the 

timing of Rab7 acquisition by phagosomes and the traffic of phagosomes to the peri-

nuclear region (Table 5.1). 

 

This confirmed and extended the model for megasome formation proposed by Schwartz 

and Allen (Schwartz and Allen 2006). EEA1/Rab7 positive H. pylori phagosomes would be 

transported along the microtubule network to the peri-nuclear region of the cell, in a Rab7 

dependent manner. The juxtaposition of EEA1 positive phagosomes in the peri-nuclear 

region would then facilitate tethering and phagosome fusion (Allen 2007), in a manner 

analogous to the homotypic fusion of early endosomes (Dumas et al. 2001). While the 

retention of EEA1 by megasomes was reported previously, the acquisition of the lysosomal 

membrane marker LAMP-1 by megasomes was not observed in a previous study (Zheng 

and Jones 2003). Moreover, all strains of H. pylori were observed to generate megasomes 

in the current study, in contrast to previous reports of only type 1 strains of H. pylori 

forming megasomes (Allen et al. 2000; Zheng and Jones 2003). These discrepancies may be 

explained by different rates of early and late endosome marker acquisition by each H. 

pylori strain, and consequently the timing of megasome formation. Finally, the high level of 

co-localisation of LAMP-1 and LAMP-2 with both type 1 and type 2 H. pylori compartments 

indicated normal fusion of lysosomes with the H. pylori phagosomes. This was consistent 

with our previous report showing that most internalised H. pylori are killed, with only 

residual numbers of bacteria recovered after 48 hours in the macrophage (Borlace et al. 

2008). 

There are several different strategies employed by intracellular pathogens to alter 

phagosome maturation and avoid phagocytic killing. Mycobacterium tuberculosis (M. 
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tuberculosis) arrests phagosome maturation at an early stage - it recruits Rab5, but blocks 

the recruitment of Rab5 effectors. The resultant lack of accumulation of 

phosphatidylinositol 3-phosphate on the M. tuberculosis phagosome prevents it’s 

maturation into a phago-lysosome with degradative capacity (Vergne et al. 2003; Jordao et 

al. 2008). Legionella pneumophila establishes a replicative niche within an endoplasmic-

reticulum derived compartment, through the actions of a range of effectors encoded on 

the Dot-Icm type IV secretion system (T4SS) (Shin and Roy 2008). Coxiella burnetii (C. 

burnetii; the causative agent of Q fever) alters its intracellular compartment to resemble 

an autophagosome, which results in delayed fusion with lysosomes (Beron et al. 2002; 

Romano et al. 2007). Although the compartment becomes acidified (pH ~ 4.8) and gains 

some lysosomal proteins, C. burnetii avoids phagosomal killing for sufficient time to 

become replicative (Maurin et al. 1992). The specific virulence factors that enable it to 

avoid destruction are largely unidentified, but there is a great deal of interest in the genes 

encoded on the C. burnetii T4SS (Flannagan et al. 2009). 

 

H. pylori generates a unique, hybrid phagosome-endosome-lysosome compartment that 

retains some degradative capacity. This degradative capacity would account for the strong 

humoral immune response that H. pylori evokes in the host (Crabtree et al. 1991b), as 

antigen presentation is critically reliant upon degradation of phagosomal cargo. The 

limited degradative capacity of phagosomes would be consistent with the long term 

persistence of H. pylori in the host and the survival of residual numbers of H. pylori in 

infected macrophages (Allen et al. 2000; Odenbreit et al. 2001; Rittig et al. 2003; Zheng 

and Jones 2003; Schwartz and Allen 2006; Borlace et al. 2008). 
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6.1 H. pylori strategies for infection and persistence 

H. pylori is one of the most successful human pathogens, infecting the stomachs of over 

half of the world’s population. H. pylori infection tends to persist in the host for life and is 

characterised by chronic inflammation of the gastric mucosa. In the majority of cases this 

inflammation is low-grade and asymptomatic. However, 10-15% of infected individuals 

develop more severe inflammation and ulcer disease and 1-2% go on to develop gastric 

cancer (Ernst and Gold 2000). H. pylori control of the host immune response is thought to 

help facilitate long-term survival and be critical for the development of pathology. 

 

H. pylori modulates the local environment in the stomach through the action of a number 

of virulence factors including urease and VacA. Urease generates ammonium and 

bicarbonate, which are thought to buffer H. pylori against the low pH conditions 

encountered in the stomach (Mobley et al. 1991; Covacci et al. 1999). VacA increases the 

permeability of the gastric epithelial layer, releasing soluble nutrients that are normally in 

short supply in the gastric mucus layer (Papini et al. 1998). VacA also has a pro-

inflammatory effect that further damages the integrity of the gastric epithelium by 

stimulating the de-granulation of mast cells (Supajatura et al. 2002). 

 

H. pylori is able to manipulate the host’s immune response to cause chronic inflammation. 

The attachment of H. pylori to gastric epithelial cells stimulates the release of pro-

inflammatory cytokines which recruit neutrophils and macrophages to the site of infection. 

These infiltrating cells enhance the inflammatory immune response firstly by releasing 

more pro-inflammatory cytokines and secondly through the release of reactive oxygen and 
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nitrogen species that are produced by the respiratory burst. H. pylori is able to avoid the 

destructive effects of reactive oxygen and nitrogen species with a battery of anti-oxidant 

mechanisms, including catalase which breaks down H2O2 (Wang et al. 2006), and arginase 

which competes for the iNOS common substrate L-arginine (Gobert et al. 2001). H. pylori 

further regulates the host’s inflammatory immune response by concomitantly stimulating 

macrophages to produce pro-inflammatory IL-12 (Meyer et al. 2000) and dendritic cells to 

produce anti-inflammatory IL-10 (Banchereau et al. 2000). 

 

There is growing evidence that H. pylori is also a facultative intracellular pathogen (Dubois 

and Boren 2007) and H. pylori has been shown, in vitro, to invade the AGS gastric epithelial 

cell line and then avoid intracellular killing for up to 48 hours (Kwok et al. 2002; Terebiznik 

et al. 2006). The lumen of the H. pylori intracellular compartment is contiguous with the 

extracellular milieu, and thus the stomach, therefore H. pylori may use similar strategies to 

survive in both environments. For example, the high pH micro-environment produced by 

H. pylori as an ammonium/bicarbonate cloud in the gastric lumen, could also enable H. 

pylori to avoid destruction by the acidic conditions encountered in an intracellular vacuole. 

However, Terebiznik and co-workers showed that the pH of H. pylori containing vacuoles in 

AGS cells was comparable to that of late endosomes and that enhanced survival of 

intracellular H. pylori was not simply due to an elevated vacuolar pH (Terebiznik et al. 

2006). H. pylori has also been reported to manipulate the cytoskeletal, cell signalling and 

vesicular trafficking machinery in gastric epithelial cells through the actions of VacA, which 

causes vacuolation (Cover and Blaser 1992), and CagA, which changes the morphology of 

gastric epithelial cells by inducing a growth-factor-like response (Bourzac and Guillemin 

2005). 
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The deletion of VacA was reported to result in a reduced ability for H. pylori to survive for 

extended periods (24-48 hours) in AGS cells (Terebiznik et al. 2006). Once inside gastric 

epithelial cells, H. pylori uses VacA to create enlarged vacuolar compartments by recruiting 

and retaining active Rab7 at the vacuolar membrane. These enlarged H. pylori vacuoles 

were found to originate from the fusion of late endosomes and lysosomes, since both late 

endosome and lysosome markers were present (Papini et al. 1994; Molinari et al. 1997). 

VacA requires ammonium to create these late endosome derived vacuoles, and this 

ammonium could be obtained through the action of urease. Thus, it has been proposed 

that VacA is the main architect of the large bacterial intracellular niche that mediates long-

term survival of the bacteria (Terebiznik et al. 2006). Intracellular H. pylori have also been 

reported to survive in immune effector cells, including macrophages. 

 

Macrophages are a critical component of the innate immune response and help direct the 

adaptive immune response in the gastric mucosa due to the lack of specialised immune 

tissues in the stomach. Whilst H. pylori is phagocytosed by macrophages recruited to the 

site of infection, there is some evidence that H. pylori can avoid phagocytic killing and 

survive in these cells. In vitro studies in primary mouse macrophages, mouse macrophage 

cell lines and human macrophage-like cell lines have demonstrated that H. pylori can avoid 

phagocytic killing for up to 24 hours. In the model system developed for this study, primary 

human macrophages were used to evaluate phagocytic killing of H. pylori. All of the H. 

pylori strains examined were able to avoid macrophage killing for at least 48 hours, 

whereas a control E. coli strain was killed within six hours in the same model system. 
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Certain bacterial factors have been implicated in H. pylori avoidance of macrophage killing. 

Mutations in catalase (Basu et al. 2004), ClpP ATP-dependant caseinolytic protease and its 

chaperone ClpA (Loughlin et al. 2009), and RuvC Holliday junction resolvase (Loughlin et al. 

2003) have all resulted in reduced survival of H. pylori in macrophages due to an inability 

to avoid the destructive effects of reactive oxygen species. Similarly, H. pylori mutants 

defective in SpoT synthetase (Zhou et al. 2008) were unable to survive the bacterial stress 

response initiated after phagocytosis by macrophages. Finally, it has been reported that 

the deletion of either VacA (Zheng and Jones 2003) or urease (Schwartz and Allen 2006) 

resulted in reduced survival of H. pylori in macrophage cell lines and that, VacA and urease 

are implicated in disruption of the phagosome maturation process. 

 

There is evidence of H. pylori modifying the phagosomal compartment in a range of 

phagocytic cell types. In neutrophils, H. pylori has been reported to alter the assembly of 

the NADPH oxidase complex on the phagosome membrane and block the recruitment of 

neutrophilic granules to the phagocytic compartment (Allen et al. 2005b). In macrophages, 

H. pylori has been reported to generate megasomes (communal phagosomal 

compartments created through homotypic phagosome fusion) that are critical to the long 

term survival of H. pylori in macrophages. Megasomes have been reported to retain EEA1 

for extended periods, and delay the acquisition of LAMP-1, when compared to 

phagosomes that contain a single bacterium (Zheng and Jones 2003; Schwartz and Allen 

2006). In the current study, megasomes containing multiple H. pylori showed the same 

characteristics as phagosomes containing a single bacterium. All H. pylori compartments 

showed disturbed phagosome maturation, with retention of EEA1 and Rab7. Rab7 was 

retained on the H. pylori phagosome in a similar fashion to that described for H. pylori 
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vacuoles in AGS cells (Terebiznik et al. 2006). The common feature of intracellular H. pylori 

across all three cell types (gastric epithelial cells, neutrophils and macrophages) is that H. 

pylori exerts some control over it’s intracellular compartment by altering vesicular 

trafficking and this results in reduced intracellular killing. This control over phagosome 

maturation will ultimately have consequences for downstream events in the immune 

response, such as antigen presentation. 

 

There were differences observed between the H. pylori strains in the acquisition of 

markers by phagosomes. Immediately after infection, some strains had already acquired 

EEA1 (seemingly independent of Rab5), while the other strains had immediately recruited 

Rab7. However, once they were acquired, all of the strains retained EEA1 and Rab7 despite 

also acquiring the late endosome/lysosome membrane markers CD63, LAMP-1 and LAMP-

2. Since Rab5 normally recruits EEA1 to early endosomes, it is possible that the strains that 

acquired EEA1 independently of Rab5 recruited EEA1 by a different mechanism. 

 

The recruitment of Rab5 and EEA1 to the phagosome is a complex process that is not 

completely understood. However, two recent reviews have proposed a mechanism from 

studies of apoptotic cell removal in nematodes and mammalian cells (Kinchen and 

Ravichandran 2008; Flannagan et al. 2009). The large GTPase dynamin associates with 

newly formed phagosomes and recruits VPS34 (class III phosphatidylinositol 3-kinase) and 

Rab5-GDP by an unknown mechanism (Kinchen and Ravichandran 2008). Microtubule-tip-

associating protein EB1 then delivers the guanine nucleotide exchange factor Gapex-5 to 

phagosomes on microtubules and Gapex-5 activates Rab5-GDP forming Rab5-GTP (Kitano 

et al. 2008). Rab5-GTP then activates VPS34 which generates phosphatidylinositol 3-
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phosphate, PI(3)P, which accumulates on the phagosomal membrane (Vieira et al. 2003; 

Kinchen and Ravichandran 2008). PI(3)P anchors EEA1 to the cytosolic face of the 

phagosome through the FYVE domain (Simonsen et al. 1998). 

 

EEA1 normally acts to tether early endosomes for homotypic endosome fusion, and 

probably has a similar role with phagosomes. Thus, EEA1 attaches to phagosomes (either 

with or without Rab5) and as the phagosome matures and is transported toward the 

microtubule organising centre (via continued association with Rab7, RILP and the 

dynein/dynactin motor complex), phagosomes come in closer contact. EEA1 then 

promotes homotypic phagosome fusion which would result in the creation of megasomes. 

In AGS cells, the VacA-mediated retention of active Rab7 at the vacuolar compartment 

promotes fusion with late endosome compartments (Terebiznik et al. 2006). 

 

There was a correlation between the production of CagA protein and the pattern of 

phagosome maturation. Previously it has been reported that deletion of the cagPAI did not 

affect survival of H. pylori in phagocytic cells (Odenbreit et al. 2001) – and in our study, all 

strains showed survival until 48 hours regardless of whether they possessed the cagPAI or 

not. However, the strains that produced CagA protein as determined by Western analysis 

(NL107 and SS1) showed a different pattern of phagosome maturation compared to the 

others. CagA has been implicated in H. pylori disease severity – with more severe disease 

phenotypes correlating with CagA positive strains. This raises the question of a link 

between CagA mediated alteration of phagosome maturation and disease outcome. 

Although H. pylori infects approximately half of the world’s population, it only causes 

peptic ulcer or gastric cancer in a small percentage of cases. The majority of infected 
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individuals have an H. pylori infection that appears to have established a fine balance 

between pro-inflammatory and anti-inflammatory immune response machinery. The more 

pathogenic outcomes may represent a loss of control over the host immune response by 

H. pylori. The differences observed between H. pylori strains in the pattern of phagosome 

maturation could impact on the bacterium’s control of the immune response. As the 

immune response is a key effector of H. pylori disease, this could in turn shape or change 

the long term consequences of an H. pylori infection. This loss of bacterial control over the 

host immune response may be seen early at the cellular level through differences in the 

phagosome maturation process that are due to as yet unknown factors. The differences 

observed between CagA positive and negative H. pylori strains in the sequence of 

phagosome maturation could impact on the bacterium’s control of the host immune 

response and this in turn could impact upon disease severity. 

 

CagA is a good candidate for involvement in this process as it has multiple effects on cell 

signalling, the cell cytoskeleton and vesicular trafficking and has been implicated in more 

severe disease phenotypes. In this study it appeared that CagA influenced the composition 

of the H. pylori compartment in macrophages. Since macrophages regulate the innate and 

adaptive immune response during H. pylori infection (due to the lack of specialised 

immune tissues in the stomach) there could be a link between the factors responsible for 

manipulating phagosome maturation in macrophages and severe disease outcome. A 

recent study has shown that VacA can down regulate the effect of CagA on epithelial cells, 

suggesting a novel mechanism whereby H. pylori may be able to control and avoid 

excessive cell damage through the concerted action of these factors (Tegtmeyer et al. 

2009).  
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Figure 6.1 Schematic of H. pylori infection 

 

H. pylori colonises the gastric mucosa by using urease to buffer the low pH in the gastric 
lumen, multiple polar flagella to traverse the thick gastric mucous layer and adhesins to 
avoid the continual replenishment of the stomach lining. During colonisation, H. pylori 
induces a strong inflammatory immune response which recruits large numbers neutrophils 
and macrophages. H. pylori survives using catalase to avoid the bactericidal effects of the 
reactive oxygen species produced by neutrophils and by residing in a non-degradative 
compartment within macrophages. H. pylori subverts the normal process of phagosome 
maturation in macrophages, hijacking the cellular machinery to create a unique 
compartment with early endosome, late endosome and lysosome characteristics that does 
not achieve full degradative capacity. These compartments can then undergo homotypic 
fusion to form megasomes containing multiple intact bacteria. It is this persistence of 
infection that underlies all H. pylori-associated disease. The more severe pathologies that 
can develop in some infected individuals have been linked to the presence of particular 
bacterial virulence factors, such as CagA and VacA, as well as pro-inflammatory 
polymorphisms in host cytokine genes and environmental factors such as high salt and 
nitrites. 
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6.2 Comparison of H. pylori and other bacterial strategies for 

altering phagosome maturation and future research directions 

It is likely that H. pylori uses a combination of strategies to resist phagocytic killing. Firstly, 

it has been reported that live, metabolically active H. pylori are able to delay phagocytosis 

(Allen et al. 2000; Allen and McCaffrey 2007). Following internalisation, H. pylori is then 

able to counteract the effects of acid accumulation and resist the antimicrobial effects of 

low pH in the phagosome, in much the same way as it does in the stomach, through the 

action of urease. Furthermore, H. pylori arginase effectively down-regulates iNOS 

mediated production of reactive nitrogen species and catalase protects against exogenous 

reactive oxygen species (Wang et al. 2006). Additionally, H. pylori employs a vigorous 

stress response to dispose of and replace proteins damaged by reactive oxygen and 

nitrogen species (Zhou et al. 2008). Finally, H. pylori disrupts the normal process of 

phagosome maturation by retaining early endosome and late endosome trafficking 

characteristics (EEA1 and Rab7) while still recruiting CD63 and the integral lysosome 

membrane proteins LAMP-1 and LAMP-2 to the phagosome and by generating 

megasomes. 

 

Other professional intracellular pathogens have different strategies for altering phagosome 

maturation and avoiding phagocytic killing (Flannagan et al. 2009). Mycobacterium 

tuberculosis (M. tuberculosis) arrests phagosome maturation at an early stage - it recruits 

Rab5 but blocks the recruitment of Rab5 effectors such as EEA1 and VPS34 by impairing 

cytosolic calcium flux. The resultant lack of accumulation of PI(3)P on the M. tuberculosis 

phagosome prevents it’s maturation into a phago-lysosome with full degradative capacity. 
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Legionella pneumophila establishes a replicative niche within an endoplasmic-reticulum 

derived compartment, through the actions of a range of effectors encoded on the Dot-Icm 

type IV secretion system (T4SS). Coxiella burnetti (C. burnetii; the causative agent of Q 

fever) alters its intracellular compartment to resemble an autophagosome, which results in 

delayed fusion with lysosomes. Although the phagosome becomes acidified (pH ~ 4.8) and 

gains some lysosomal proteins, C. burnetii avoids phagosomal killing for sufficient time to 

become replicative. The specific virulence factors that enable it to avoid destruction are 

largely unidentified, but there is a great deal of interest in the genes encoded on the C. 

burnetii T4SS. Thus, the mechanism that H. pylori uses to disrupt phagosome maturation is 

quite distinct from other bacterial species, but nonetheless each approach results in 

impairment of a critical bactericidal function of cells of the innate immune system. 

 

Further research is required to define the molecular mechanism that H. pylori uses to 

disrupt phagosome maturation. Whether this is through the production of lipid factors that 

disrupt the phosphatidylinositol vesicular machinery, or protein factors that directly bind 

effectors such as EEA1, or through the production of exosomes containing lipid rafts that 

could hijack the EEA1 and Rab7 trafficking machinery is yet to be defined. The current 

study has demonstrated that different H. pylori strains may use slightly different strategies, 

or combinations of strategies, to control interactions between phagosomes and 

endosome-lysosome compartments. Whatever strategy is employed, the final result is 

phagosome retention of endocytic or vesicular compartments, or components of the 

vesicular machinery, to modulate the normal sequential process of phagosome 

maturation. The ability to disrupt this modulation may realise a strategy for enabling the 

effective killing of H. pylori by the effector cells of the immune response mounted against 
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H. pylori. Reinstating the efficacy of the immune response generated by H. pylori to 

ultimately clear an H. pylori infection would have enormous benefits, particularly in the 

third world where H. pylori infection is rife. 
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