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THESIS SUMMARY 
 
The pathogen Helicobacter pylori (H. pylori) is highly adapted to the human stomach 

and has developed various strategies to enable its chronic persistence in this site.      

H. pylori has a demonstrated ability to acquire cholesterol from host epithelial cells 

and subsequently incorporate it into its own cell membrane, similar to the cholesterol-

enriched microdomains in eukaryotic cells, commonly known as “lipid rafts”. 

However, the potential role for this H. pylori membrane cholesterol in host-pathogen 

interactions not been described. In Chapter 2, we demonstrate that H. pylori bacteria 

contain lipid raft-like structures and the raft-associated flotillin-like protein, HP0248. 

H. pylori HP0248 was observed to facilitate the association of exogenous cholesterol 

with the bacterial cell membrane. Eukaryotic flotillin-like proteins have been 

identified in other bacterial species, however, this is the first report to investigate the 

functions of one of these proteins in bacterial pathogenesis. Importantly, we showed 

that HP0248 is involved in H. pylori interactions with host cells, specifically playing a 

role in the induction in gastric epithelial cells of cytoskeletal rearrangements and pro-

inflammatory responses via the H. pylori cag type IV secretion system (T4SS). 

H. pylori hp0248 mutants were also affected in their ability to establish a chronic 

infection in mice. Taken together, the data demonstrate important roles for H. pylori 

flotillin in host-pathogen interactions and suggest that HP0248 may be required for 

the organization of virulence proteins into membrane raft-like structures in this 

pathogen. 

 

The H. pylori cag T4SS is a major virulence factor that is encoded by a 40 kilobase 

[1] locus known as the cag pathogenicity island (cagPAI). It is well established that 

infection with cagPAI-positive H. pylori strains is associated with higher levels of 

Interleukin-8 (IL-8) production in gastric epithelial cells, more severe inflammation 

and tissue damage, leading to an increased risk of gastric cancer. These effects on 

epithelial cells are mediated by the actions of the T4SS, which is responsible for the 

delivery of the bacterial effectors, cytotoxin-associated gene A (CagA) and 

peptidoglycan (PG), into the host cell cytoplasm. It has been shown that H. pylori 

interactions with host epithelial cells via the T4SS result in activation of a pro-

inflammatory signaling cascade mediated by the intracellular pattern recognition 

receptor (PRR), Nucleotide-binding oligomerization domain 1 (NOD1). NOD1 in turn 
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activates the transcription factor, Nuclear Factor–kappa B (NF-κB), which ultimately 

results in the production of pro-inflammatory responses. Interestingly, human and 

mouse NOD1 have evolved to detect slightly different side chains of bacterial PG. In 

Chapter 3, we investigated host-specific NOD1 signaling using a human cagPAI+      

H. pylori isolate, strain 245, and its mouse-adapted variant, 245m3. Prior to the 

inception of this project, it was observed that sequential passage of H. pylori 245 

resulted in the generation of a mouse-adapted variant, 245m3, which was impaired in 

its ability to induce NF-κB responses in human gastric epithelial cells. Based on the 

implications of PG composition on NOD1 signaling, we hypothesized that reduced 

NF-κB activation by H. pylori 245m3 in human cells may be associated with 

modifications in its cell wall PG composition. Indeed, we showed that H. pylori 

245m3 retained a functional T4SS, but interestingly, displayed a 2.6-fold increase in 

murine Nod1-specific GM-TetraDAP relative to the human NOD1-specific GM-TriDAP 

in its cell wall. We further demonstrated that H. pylori 245m3 was affected in its 

ability to induce NOD1-dependent pro-inflammatory responses in human gastric 

epithelial cells. In contrast, this strain induced higher chemokine production in murine 

epithelial cells and embryonic fibroblasts, compared to the human clinical isolate, 

245. This is the first study to demonstrate that a modification in peptidoglycan 

composition during host adaptation renders H. pylori more detectable by the host 

immune system.                           

 

Finally, Chapter 4 describes investigations towards an understanding of the functions 

of the NOD1 signaling pathway during long-term H. pylori infection. Previous studies 

established a central role for the NOD1 receptor in promoting protective immunity in 

the host and bacterial clearance in response to acute H. pylori infection in vivo, yet its 

role in chronic infection had yet to be explored. Furthermore, while NOD1 has been 

described as a mediator of apoptosis and cell survival responses in cancer models, 

similar functions in response to microbial infection currently remain unknown. In the 

present study, we observed reduced bacterial loads in Nod1-/- mice during chronic 

infection with H. pylori (8 weeks post-infection), an observation that is in contrast to 

the established role for NOD1 in host defense. These Nod1-/- mice displayed 

significantly increased pro-inflammatory gastric cytokine as well as splenocyte T cell 

responses, when compared to wild type animals. However, interestingly, we also 

observed decreased inflammation and immune cell infiltration to the gastric mucosa 
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in these animals. In addition, the stomachs of these Nod1-/- mice exhibited a 

significant increase in TUNEL positive cells, thus suggesting a role for NOD1 in 

suppressing cell death via apoptosis in vivo.  

 

Overall, this thesis describes a characterization of the novel mechanisms by which   

H. pylori interacts with host cells and the roles of these interactions in its 

establishment of infection and persistence in the human gastric mucosa. The 

knowledge gained from these studies enables us to better understand, manage and 

prevent disease caused by H. pylori, and potentially other Gram-negative pathogens 

detected by the NOD1 signaling pathway. Furthermore, our findings also highlight the 

need for improved therapies that target lipid raft-like structures and/or cell wall 

biosynthesis in H. pylori.  
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Chapter 1: Introduction  
 

1.1.  Helicobacter pylori 
Helicobacter pylori (H. pylori) is a spiral shaped, Gram-negative, human pathogen 

prevalent in all societies around the world. Although it was first identified in vitro in 

1982, the bacterium is thought to have been in humans since their migration out of 

East Africa approximately 58,000 years ago [2]. H. pylori colonizes the harsh 

environment of the stomach and is unable to survive outside the human body for long 

periods [3]. Transmission of the bacterium thus occurs predominantly by close 

person-to-person contact via either oral-oral, gastric-oral and/or fecal-oral routes [4]. 

H. pylori is non-invasive and usually found in the gastric mucus layer, where it 

creates a highly oxidative state on interaction with phagocytic cells like macrophages 

[5]. It is thought that the bacterium obtains nutrients diffusing from the intercellular 

junctions of normal, metaplastic and neoplastic gastric epithelium and utilizes these 

compounds for its growth and metabolism [5, 6]. As such, H. pylori is a fastidious 

bacterium, requiring a microaerobic atmosphere and the presence of serum, blood or 

other supplements in the laboratory growth medium [7-9]. The bacteria also rapidly 

lose viability in the stationary phase of growth, as a result of cell lysis, as well as 

prolonged exposure to atmospheric levels of oxygen. 

 

Although most individuals infected with H. pylori are asymptomatic and display 

chronic gastritis, some develop more severe disease, including peptic and duodenal 

ulcers [10].	 Importantly, H. pylori has also been implicated as the strongest known 

risk factor in 75% of the cases of gastric cancer and hence is classified as a Type 1 

carcinogen [11, 12]. H. pylori-dependent gastric cancer can be classified into two 

broad groups: gastric adenocarcinoma and gastric mucosa-associated lymphoid tissue 

(MALT), affecting gastric epithelial cells (GECs) or extra-nodal lymphoid tissue 

sites, respectively [10]. Interestingly, while it is generally thought that the host 

immune responses generated to combat H. pylori infection contribute to gastric cancer 

development, the precise mechanisms contributing to the chronic persistence of this 

pathogen, as well as to gastric carcinogenesis, remain ill-defined.  
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H. pylori has a relatively small genome (1.6-1.7 Megabases) and a high mutation 

frequency, making it one of the most diverse species of bacteria [13, 14]. The 

prevalence of H. pylori infections in developing countries is in the order of 

approximately 80%, compared to only 15.5% in Australia [15, 16]. This discrepancy 

is likely due to a range of factors, including differences in hygiene and sanitation 

levels, use of antimicrobials and genetic predisposition to disease [4]. The severity 

and incidence of H. pylori associated disease continues to rise due to low patient 

compliance with antimicrobial therapy, as well as increasing rates of antimicrobial 

resistance in the pathogen [17-19].  

 

1.2.  Bacterial factors contributing to colonization and virulence 
The ability of the bacterium to survive in the harsh ecological niche of the stomach 

indicates the presence of well-adapted virulence factors and mechanisms facilitating 

adherence, growth and metabolism. Consequently, numerous host, environmental and 

pathogenic factors, as well as interactions between the three, allow H. pylori to 

colonize humans and cause disease [20]. 

 

1.2.1. Colonization and adherence 

H. pylori contains multiple unipolar flagella that are vital for initial colonization and 

the establishment of infection [21]. Upon colonization of the gastric mucosa, H. pylori 

facilitates the neutralization of the surrounding pH via the secretion of urease, which 

hydrolyzes urea to carbon dioxide and ammonia, and thus protects itself from the 

harsh acidic environment of the stomach [22, 23]. Furthermore, at least 30 outer 

membrane proteins [24] have been identified by genome sequencing as potentially 

playing a role in facilitating adherence of the bacterium to host cells [25]. The 

bacterial adhesion factors blood group antigen binding adhesin (BabA), sialic acid 

binding adhesin (SabA), outer membrane protein 4 (HorB) and outer inflammatory 

protein (OipA) bind to cell surface receptors and thereby initiate contact with the host 

cell [26]. Adherence to host epithelial cells then allows the bacterium access to 

nutrients, triggers expression of certain bacterial genes involved in the formation of 

the Type IV Secretion System (T4SS), and ensures the delivery of other virulence 

factors [26, 27]. 
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1.2.2. cag Pathogenicity Island (cagPAI) 

Virulent strains of H. pylori possess the 40 kb cag Pathogenicity Island (cagPAI) 

which encodes, approximately 30 genes, most of which are required for the 

production of a T4SS (Figure 1.1.) [25]. It is estimated that 100% of East Asian        

H. pylori strains and 60% of Western strains possess a cagPAI [28, 29]. cagPAI 

positive strains of H. pylori are associated with production of higher levels of the pro-

inflammatory chemokine, Interleukin-8 (IL-8), in the infected host, thus leading to 

increased polymorphoneutrophil (PMN) recruitment, which subsequently results in 

greater tissue damage and more severe disease [20, 30, 31]. Interestingly, it is this 

chronic inflammation generated as part of the host immune response directed at 

controlling H. pylori infection that has been implicated as an essential precursor of 

gastric adenocarcinoma [11].  

 

The T4SS of H. pylori is a filamentous surface organelle with a pilus-like structure 

and comprises of several proteins with homology to the prototype T4SS model seen in 

Agrobacterium tumefaciens (Figure 1.1) [32]. H. pylori T4SS attachment to the α5β1 

integrin on GECs facilitates the translocation of bacterial effector molecules,  

including the highly virulent cytotoxin-associated gene A (CagA) and peptidoglycan 

(PG), into the host cell [33-36]. Engagement of the bacterial T4SS with the GEC 

results in the production of pro-inflammatory chemokines and cytokines, including  

IL-8, via the activation of various transcription factors. The major factors involved in 

these processes are nuclear factor-kappa B (NF-κB) and mitogen-activated protein 

kinase (MAPK) members, c-Jun N-terminal kinase (JNK) and extracellular signal-

related kinase (ERK) – 1 and 2. Furthermore, the up-regulation of gastrin, a known 

growth factor and hormone affecting gastric acid secretion in the stomach, allows for 

the generation of a favorable niche thus enabling bacterial colonization [37-39]. 
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Figure 1.1: Architecture of the T4SS encoded by the cagPAI present in H. pylori. 

(A) Graphical representation of the cagPAI encoded by the H.pylori reference strain, 26695. 

Each arrow indicates a separate gene labeled with the corresponding “HP0XXX” gene 

numbers identified in the ORF. (B) Comparison of the prototypical T4SS of A. tumifaciens 

with the T4SS encoded by the H. pylori cagPAI. The T4SS consists of cytoplasmic proteins 

(colored in blue), transmembrane proteins (colored in green) and extracellular, pilus proteins 

(colored in yellow). Proteins labeled in pink are additional components known to associate 

with the cag-T4SS of H. pylori. Figure reprinted from Terradot & Waksman, 2011 [40]. 
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1.2.3. Cytotoxin-associated gene A (CagA) 

CagA is a 120-140 kDa immunogenic protein encoded by the HP0527/cag26/cagA 

gene located on the cagPAI [41]. Translocation of CagA via the T4SS has been 

shown to be dependent on host cholesterol-enriched microdomains or lipid rafts [42].  

Upon delivery to the cytoplasm of GECs, CagA is tyrosine phosphorylated by the 

host kinases, Src and Abl, at multiple sites containing “Glu-Pro-Ile-Tyr-Ala” 

(EPIYA) motifs (Figure 1.2) [43]. Phosphorylation of CagA results in disruption of 

cell adhesion and tight junctions, as well as the induction of cell elongation and 

scattering via actin rearrangement (Figure 1.2) [44]. The latter phenomenon is 

commonly termed the “hummingbird phenotype” and is typically observed following 

co-culture of GECs with CagA-positive H. pylori strains [45]. CagA has also been 

shown to enhance chronic inflammation and carcinogenesis via the induction of 

elevated cell proliferation and expression of host matrix metalloproteinases, activation 

of anti-apoptotic pathways, loss of cell polarity and genetic instability [46-49]. CagA 

has thus been classified as a bacterial oncoprotein [50]. 

 

1.2.4. Peptidoglycan (PG) 

Apart from the highly virulent protein, CagA, the H. pylori T4SS also delivers 

bacterial PG to host GECs (Figure 1.2) [35]. PG from H. pylori cell walls is brought 

to be delivered into the host cell as low molecular weight fragments, known as 

muropeptides. Approximately 15% of the polymeric PG from Gram-negative bacteria 

is released as muropeptides [51]. Muropeptides have been shown to have a higher 

biological activity than intact cell walls and trigger a broad range of pro-inflammatory 

and cytotoxic effects on mammalian host cells, including tissue damage, organ 

morphogenesis and antimicrobial resistance [52-54].  

 

In addition to the T4SS, PG from the H. pylori cell wall can be delivered into host 

epithelial cells by outer membrane vesicles (OMVs) in a cagPAI-independent manner 

(Figure 1.2) [55]. OMVs are spherical, bi-layered structures spontaneously released 

from the outer membranes of Gram-negative bacteria and usually range between a 

size of 20 and 300 nm in diameter [56]. The composition of OMVs varies depending 

on the bacterial strain, stage of growth and environmental conditions, but usually 

comprise cell wall constituents, including lipopolysaccharide and PG, in addition to 

DNA and specific virulence factors, such as toxins [56-58]. The biological roles of 
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OMVs include toxin delivery, transfer of antibiotic resistance between bacteria and 

induction of autophagy, hence making them important vehicles in the activation of 

host innate immune responses [59, 60].  

 

Once internalized, bacterial PG is recognized by the host cystolic receptor, 

Nucleotide-binding oligomerization domain- 1 (NOD1), which detects γ-D-glutamyl- 

meso-diaminopimelic acid (iE-DAP), a motif almost exclusively found in the cell 

walls of Gram-negative bacteria [61]. Upon detection of PG delivered by H. pylori, 

NOD1 initiates a pro-inflammatory signaling cascade via the association with 

receptor interacting serine/threonine-protein kinase 2 (RIPK2), and the subsequent 

activation of the NF-κB and MAPK pathways, leading to the downstream production 

of IL-8 (Figure 1.2) [62-64]. In addition to the canonical signaling pathway, H. pylori 

infection of GECs can also result in the generation of NOD1-dependent type 1-

interferon responses [65, 66]. These pro-inflammatory chemokines and cytokines act 

as chemo-attractants that facilitate the recruitment of immune cells to the site of 

infection in the gastric mucosa, where bacterial clearance as well as further tissue 

damage is initiated [20]. NOD1 has also been shown to regulate direct killing of       

H. pylori bacteria in GECs via the production of the antimicrobial peptide, human 

beta-defensin 2 (hBD-2) [67]. Importantly, these events occur independently of CagA 

translocation into host cells [35, 55]. Nod1-/- mice have also been shown to be more 

susceptible to H. pylori infection and colonization, thus establishing the central role of 

this receptor in promoting protective responses in the host and bacterial clearance in 

vivo [35, 65].  

 

H. pylori also utilizes several enzymes that mediate varying PG modifications which 

may affect bacterial colonization and immune recognition by the host. The PG 

hydrolase, AmiA, was revealed to mediate the morphological transition of the 

bacterium from spiral into coccoid shape, thus affecting motility and colonization 

capacity [68]. Similar functions were elucidated for Csd4, a D, L-carboxypeptidase of 

PG tripeptide monomers [69]. An additional enzyme, Csd6, was also shown to 

function in sequence with Csd4, whereby GlcNAc-(anhydro)MurNAc [70]-tripeptide 

fragments catalyzed by Csd6 are further cleaved into GM-dipeptide structure by Csd4 

[69]. These endogenous enzymes thus enable the bacterium to escape detection by 

NOD1 via reduced production of GM-TriDAP, which subsequently results in enhanced 
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bacterial colonization in the stomach. Furthermore, N-deacetylase (PgdA) and O-

acetyletransferase (PatA) have been shown to protect H. pylori from lysozyme 

degradation, hence conferring a survival advantage to the bacterium [71]. 

Interestingly, the H. pylori lytic transglycosylases, MltD and Slt, which are both lytic 

transglycosylases or PG cleaving enzymes with muramidase activity, were observed 

to exhibit no effect on bacterial shape or the expression of flagella, however these 

proteins were essential for motility and colonization of mice [72, 73]. While non-

redundant functions of H. pylori MltD and Slt involving PG metabolism have been 

demonstrated, of importance, is additional data highlighting the strain-specific effects 

of these enzymes on bacterial growth and function [72, 73].  

 

1.2.5. Vacuolating cytotoxin A (VacA) 

An additional virulence factor present in all H. pylori strains is the exotoxin, 

vacuolating cytotoxin A (VacA). This exotoxin is initially produced as a 140 kDa 

autotransporter precursor protein that is later cleaved to produce an 88 kDa subunit of 

mature VacA protein [74, 75]. Furthermore, different allelic variants in the N-terminal 

(s1a, s1b or s2), intermediate (i1, i2 or i3) and middle (m1 or m2) regions of the       

H. pylori vacA gene have been described. The type of genetic structure present 

determines the quantity and activity of VacA cytotoxin produced, as well as its 

clinical relevance [76-79]. Mature VacA enters host cells via cholesterol-rich 

membrane domains or lipid rafts, where it stimulates vacuolation and affects 

mitochondrial membrane permeability thus resulting in gastric cell apoptosis [80]. 

Additionally, it was previously demonstrated that both H. pylori toxins, VacA and 

CagA, interact antagonistically and thereby affect immune responses and disease 

severity in infected patients [81-83]. VacA also stimulates immunosuppression and 

inhibits specific T cell proliferation [84]. The toxin functions as a trans-membrane 

pore to make GECs permeable to urea [85], and is thus thought to aid urease, the 

aforementioned bacterial virulence factor which neutralizes stomach acidity [86]. The 

combined actions of VacA and urease ensure the development of chronic H. pylori 

infection by establishing favorable conditions for its growth and evasion of the 

adaptive immune response. 
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Figure 1.2: Intracellular host cell interactions initiated by the delivery of the H. pylori 

virulence factors, CagA and Peptidoglycan. 
Several adhesins including BabA, SabA and OipA mediate binding of H. pylori to gastric 

epithelial cells. The bacterium associates with the basolateral integrin α5β1 to enable 

translocation of the effector molecules, cagA and PG into the host cell via its T4SS or OMVs. 

PG is sensed by the cytosolic innate immune receptor NOD1, which subsequently activates 

the NF-κB, MAPK (via p38, ERK, AP1) and interferon (via IRF7) signaling pathways to 

induce the release of pro-inflammatory cytokines including IL-8. Translocated CagA is 

tyrosine phosphorylated and activated by SRC and ABL kinases, leading to cytoskeletal 

rearrangements. Non-phosphorylated CagA can also trigger the activation of NF-κB and the 

disruption of cell–cell junctions, which may contribute to the loss of epithelial barrier 

function. Figure adapted from Polk & Peek, 2010 [11]. AJ, adherens junction; CSK, c-src 

tyrosine kinase; IFN, interferon; IRF7, interferon regulatory factor 7; RICK, receptor-

interacting serine-threonine kinase 2; TJ, tight junction. 

 

 

 

 

 

OMVs	

IL-8	
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1.3. Cholesterol-rich microdomains in eukaryotes and prokaryotes 
It is well established that H. pylori exploits various mechanisms involving its cell wall 

or plasma membrane to facilitate interactions with host epithelial cell cholesterol-rich 

microdomains, so as to adhere, enter or induce pro-inflammatory signaling cascades 

in target cells [34, 42, 87]. A study by Inamoto et al [88] found that H. pylori 

contained a number of different fatty acids and lipids in its cell membrane. These 

include cholesterol esters, triglycerides, free fatty acids, cholesterol, diacylglycerols, 

monoacylglycerols and some glycolipids. Importantly, cholesteryl glucosides account 

for 25% of the total lipids present in H. pylori, including 1.6% of unmodified 

cholesterol [89-91]. However, H. pylori lacks the genes required for the de novo 

synthesis of cholesterol and hence it is likely that the bacterium must obtain this 

component from an external source, such as the infected host or the growth medium 

[92, 93]. 

 

Wunder and colleagues [90] showed that H. pylori follows a cholesterol gradient both 

in vitro and in vivo, and can extract cholesterol from the intercellular tight junctions 

via cholesterol-enriched microdomains, also known as lipid rafts or membrane rafts. 

Besides containing cholesterol, lipid rafts located on epithelial cell membranes 

contain large amounts of sphingolipids and proteins (Figure 1.3) [94]. Bacteria use 

these lipid rafts to attach to host cells and/or as a port of entry into the host [42]. The 

cholesterol acquired from these domains by H. pylori is then converted to cholesterol-

α-glucoside by the enzyme cholesterol-α-glucosyltransferase (encoded by the gene 

HP0421), through alpha glucosylation of the free hydroxyl group on the cholesterol 

steroid nucleus [88]. Cholesterol-α-glucosyltransferase is synthesized as an inactive 

form in the cytoplasm and is then transported to the membrane where it is then 

activated [95]. 

 

The presence of cholesteryl glucosides in cell membranes of bacteria is a rare 

occurrence and is seemingly unique to H. pylori [89]. Acquisition of host cholesterol 

is also observed in bacterial species, such as Chlamydia trachomatis (C. trachomatis) 

[96], Salmonella subspecies enterica serovar Typhimurium (S. typhimurium) and 

Shigella flexneri (S. flexneri) [97]. It is likely that, the inclusion of a host component, 

such as cholesterol, in the bacterial cell membrane, reduces the ability of the host 
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immune system to recognize the bacteria as being foreign and thus developing a 

response against them. Indeed, it was recently demonstrated that the α-glucosylation 

of cholesterol enabled H. pylori to escape phagocytosis, T cell activation and bacterial 

clearance in vivo [90]. Importantly, H. pylori is also able to up-regulate cholesterol 

gene expression in gastric epithelial cells in vitro [98]. Thus, cholesterol acquisition 

may contribute to a form of molecular mimicry in this pathogen and enhance bacterial 

pathogenesis. 

 

In eukaryotes, cholesterol is an indispensable constituent of the plasma membrane and 

is required for many functions in eukaryotic cells, including cell viability, 

proliferation and for the formation of membrane rafts [99, 100]. Membrane rafts are 

detergent-resistant microdomains (DRMs) that contain a different assembly of lipids 

and cholesterol in comparison to the surrounding lipid bilayer (Figure 1.3) [94]. 

Cholesterol plays an important role in maintaining raft integrity and structure. Indeed, 

it has been observed that the removal of this constituent by the use of compounds, 

such as methyl-β-cyclodextrin, leads to the dissociation of most proteins and renders 

membrane rafts non-functional [94, 101].  

 

Membrane rafts control numerous protein-protein and lipid-protein interactions at the 

cell surface and have been implicated in protein sorting, membrane trafficking, 

cholesterol metabolism, and signal transduction events [101, 102]. Furthermore, these 

microdomains further have the unique ability to selectively include or exclude 

proteins and thus control the interactions at the cell surface [94, 102]. To date, over 

100 proteins are known to associate with membrane rafts, including 

glycosylphosphatidylinositol (GPI) anchored proteins, the Src family of tyrosine 

kinases and myristoylated or palmitoylated proteins, such as flotillins or reggie 

proteins (Figure 1.3) [94, 101, 103, 104]. There are two known flotillin proteins: 

flotillin-1 (reggie-2) and flotillin-2 (reggie-1), both of which associate with membrane 

rafts [101, 105]. Flotillins belong to the Stomatin, Prohibitin, Flotillin, and HflK/C 

(SPFH) protein superfamily, whose members share an SPFH domain at their N-

terminus [106]. Flotillins also contain a flotillin domain at the C terminus, which is 

predicted to form coil-coil structures [106]. Importantly, a transmembrane domain 

was found to be absent from flotillin proteins, which instead interact with the plasma 

membrane via a hydrophobic region [106]. 
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Figure 1.3: Schematic representation of the typical arrangement and composition of 

membrane or lipid rafts. 

This diagram depicts the organization of membrane rafts into dynamic assemblies of 

sphingolipids, cholesterol and proteins, such as GPI-anchored proteins and flotillins, which 

are located within the exoplasmic leaflet of the phospholipid bilayer of the plasma membrane.  

Figure adapted from Munro, 2003 [107]. 

 

 

Interestingly, flotillin proteins are highly conserved across human and animal species 

and also exist in some bacteria, plants and fungi [106]. Bioinformatics analyses 

indicate that multiple bacterial genomes encode proteins with similarity to flotillin-1 

[108]. The best characterized of these bacterial flotillins is the YuaG protein of 

Bacillus subtilis (B. subtilis). This flotillin homolog was reported to play roles in a 

diverse range of cellular functions, including cell division, the maintenance of 

bacterial shape, and sporulation [109-111]. It has been suggested that bacterial 

flotillins, such as YuaG, maybe involved in membrane order or organization and are 

likely to guide the recruitment of specific proteins to defined areas within the 

membrane [110]. Consistent with this suggestion, B. subtilis YuaG was observed to 

form punctate immunofluorescent staining patterns along the cell membranes of the 

bacterium [108, 109]. It was further seen to interact with proteins involved in various 

functions, including protein secretion, cell wall metabolism and signaling processes 

[110]. 

 

(Flotillins)	



	 12	

The existence of lipid rafts in bacterial cell membranes has also been described in 

other species including Bacillus halodurans (B. halodurans), Staphylococcus aureus 

(S. aureus) and Borrelia burgdorferi (B. burgdorferi) [108, 109, 112-114]. From these 

studies, a further association between bacterial DRMs and proteins required for 

biofilm formation, signaling, adherence and virulence has been established. 

Cholesterol thus appears to be not only a key metabolite required for H. pylori 

physiology, but also plays a role in host immune modulation, and ultimately enables 

survival in the stomach. However, the presence of flotillin-like homologs and 

membrane rafts in H. pylori remains to be elucidated and characterized [115].  

 

 

1.4. Alternate host-pathogen interactions affecting bacterial 

colonization and H. pylori-associated disease 
Bacterial infection of the host is typically detected via the recognition of microbial-

associated molecular patterns (MAMPs) by pattern recognition receptors (PRRs) of 

the innate immune system [116]. This results in the initiation of intracellular signaling 

cascades, that stimulate pro-inflammatory cytokine and chemokine production by 

epithelial cells and induce the recruitment of antigen presenting cells (APCs) and 

lymphocytes, to the site of infection to enable bacterial clearance [6, 117].  

 

H. pylori is an extracellular pathogen that is associated with lifelong persistence in 

infected individuals, thus suggesting the evolution of multiple immune evasion 

strategies in the bacterium [118]. Following infection of the host, 1% of H. pylori 

bacteria attach to GECs [119]. H. pylori-associated ligands, including 

lipopolysaccharide (LPS) and flagellin, are recognized by toll-like receptors (TLR)-

2,4 and 5 located on host cells [6]. However, interestingly, H. pylori LPS is observed 

to have >100-fold lower biological activity in comparison to LPS from Escherichia 

coli (E. coli) [1, 120]. Furthermore, flagellin from H. pylori was also shown to exhibit 

no significant effect on TLR5-mediated pro-inflammatory signaling [121]. Together, 

these data demonstrate the inefficiency of TLR-driven immunity in response to        

H. pylori infection, and provide evidence for the need to further investigate other 

immune sensing pathways such as the NOD1-PG signaling axis.   
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The host defense roles administered by GECs are in contrast to the central role 

established for tissue macrophages in the development and persistence of H. pylori-

associated inflammatory disease [122, 123]. Monocytes and other immune cell 

populations enter the gastric mucosa in response to the production of pro-

inflammatory cytokines and chemokines by GECs [6, 124]. Numerous studies have 

provided evidence for the phagocytosis and survival of H. pylori in macrophages, 

indicating that this may represent an immune evasion mechanism in the bacterium 

[125, 126]. Formation of autophagosomes has been suggested as being one strategy 

by which H. pylori can survive and multiply in macrophages [125]. Impairment of the 

nitric oxide synthase pathway (iNOS) in macrophages due to competition from         

H. pylori arginase is another mechanism by which the bacterium is able to resist 

immune clearance [127]. However, no correlations between H. pylori cagPAI, VacA 

and urease, and the evasion of phagocyte killing have been discovered. This finding is 

indicative of the presence of alternate bacterial factors enabling immune evasion 

[128]. Thus, while interactions with macrophages contribute to the persistence of     

H. pylori in vivo, factors and mechanisms influencing these interactions have yet to be 

discovered. 

 

H. pylori invasion of macrophages also activates the NF-κB signaling pathway via 

recognition of various bacterial proteins including heat shock protein 60 (Hsp60) 

[129] and urease [130]. The activation of the NF-κB pathway causes an up-regulation 

of interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), 

interleukin-18 (IL-18), interferon-γ (IFN-γ) and macrophage inflammatory protein-1α 

(MIP-1α) [6, 131-133]. Production of the immuno-regulatory cytokine interleukin-10 

(IL-10) by activated macrophages has also been observed [134]. Release of 

inflammatory cytokines by macrophages results in gastric inflammation associated 

with H. pylori infection as well as serving as a chemo-attractant for the recruitment of 

greater numbers of monocytes, macrophages, neutrophils and lymphocytes to the 

gastric mucosa [123, 128]. In vitro studies have also provided evidence for the role of 

MIP-1α, and hence mucosal macrophages in the perpetuation of inflammation in      

H. pylori positive patients [131]. Thus, the response by host macrophages appears to 

promote more destructive tissue damage and chronic disease in the gastric mucosa 

through initiation of pro-inflammatory signaling cascades. 
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1.5. NOD-Like Receptors (NLRs)  
NLRs constitute a family of cytosolic innate immune receptors and are characterized 

by the presence of: a NH2-terminal effector binding domain, required for interaction 

with downstream effector molecules; a central NOD, facilitating self-oligomerization; 

and a COOH-terminal leucine-rich repeat (LRR) region, responsible for ligand 

recognition [117, 135]. Members of the NLR family have been identified in varying 

numbers in animals, plants, bacteria and fungi [136]. In addition to sensing invading 

pathogens and generating pro-inflammatory responses, NLRs have also been shown 

to play important roles in the regulation of antigen presentation, detection of 

intracellular metabolic changes, autophagy, embryo development, cell death, and 

differentiation of the adaptive immune response [136-139]. 

 

The NLR family is further categorized into four subfamilies—NLRA, NLRB, NLRC 

and NLRP— each characterized by N-terminal structures comprising either: an acidic 

transactivation domain; a baculovirus inhibitor of apoptosis protein repeat (BIR); a 

caspase-activation and recruitment domain (CARD); or a Pyrin domain (PYD), 

respectively [140]. Members of the NLRP group (NLRP1-14) are widely involved in 

the establishment of multi-protein complexes known as inflammasomes [141]. 

Stimulation of the inflammasome typically requires two signals: the first of which 

primes the pathway via NF-κB activation; while the second results in the dimerization 

of the NLR proteins and the subsequent binding of this dimer to pro-caspase 1, via 

CARD interactions between pro-caspase 1 and the adaptor protein, apoptosis 

associated speck-like protein (ASC) [142, 143]. Activation of these cytoplasmic 

caspase-1 activating platforms results in the processing and release of the pro-

inflammatory cytokines, IL-1β and IL-18, as well as the induction of pyroptosis, a 

form of cell death [144]. NLRP3, the most widely studied NLRP receptor, has been 

reported to be a major activator of the inflammasome-signaling pathway in innate 

immune cells (neutrophils, macrophages and dendritic cells) following H. pylori 

infection [145-147]. Infection studies also demonstrated that the critical 

inflammasome adaptor molecule, ASC, was required for H. pylori-mediated 

production of IL-1β and IL-18 in macrophages and epithelial cells present in the 

stomach [148, 149]. Furthermore, caspase-1 was shown to have both pro-

inflammatory and protective roles during H. pylori infection, by modulating T cell 
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responses via IL-1β and IL-18, respectively [150]. Importantly, gene polymorphisms 

in IL1β and IL18 are shown to correlate with an enhanced risk of H. pylori-associated 

diseases, including gastric carcinogenesis [151]. 

 

NOD1 and NOD2 are the most well characterized members of the NLRC subfamily 

and differ in the number of central CARD domains present in the receptor (Figure 

1.4) [152]. The NOD receptors were first discovered in apoptotic protease activation 

factor 1 (APAF1) and its nematode homologue (CED-4), both of which are central 

regulators of programmed cell death [140, 153, 154]. The two proteins also differ in 

their ligand specificity- NOD1 recognizes an iE-DAP acid residue primarily 

expressed in peptidoglycan fragments from Gram-negative bacteria and some Gram-

positive species, such as Listeria and Mycobacterium tuberculosis [155, 156], 

whereas NOD2 detects a muramyl dipeptide (MDP) motif commonly found in 

peptidoglycan of both Gram-negative and Gram-positive bacteria (Figure 1.4) [157]. 

Both receptors are expressed in a variety of haemopoietic and non-haemopoietic cell 

types in the gut and hence play important roles in promoting host defense and the 

maintenance of homeostasis [158].  

 

Interestingly, human and murine NOD1 have further evolved to sense slightly 

different forms of muropeptides, namely a tri-peptide stem structure (TriDAP) and a 

tetra-peptide stem structure (TetraDAP), respectively (Figure 1.5) [155, 159]. Gram-

negative pathogens exhibit varying TriDAP versus TetraDAP ratios both within and 

between bacterial species [51, 68, 72]. The tracheal toxin (TCT) produced by 

Bordatella pertussis is a muropeptide fragment enriched with a GlcNAc-

(anhydro)MurNAc [70]-TetraDAP motif, which preferentially activates mouse Nod1 

(mNod1) [155, 159]. NOD1-dependent detection of TCT resulted in the initiation of 

inflammatory responses that subsequently induced maturation and migration of 

macrophages into the bloodstream [155]. However, this biological activity was shown 

to be host specific, as mNod1 efficiently recognized TCT, whereas human NOD1 

(hNOD1) responded poorly; thus confirming the specificity of NOD1 recognition 

[155]. Of further significance is data presented by Zarantonelli et al., demonstrating 

how changes in the muropeptide composition of Neisseria meningitidis associated 

with the development of penicillin resistance, impact on NOD1-dependent responses 

and bacterial fitness during human infection [160]. Similarly, the Gram-negative 
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bacterium, B. subtilis, has been reported to be a weak inducer of Nod1 activation in 

mice due to the presence of a higher percentage of amidated GM-TriDAP in it 

peptidoglycan [61]. Activation of NOD1 signaling also varies between different 

strains of H. pylori (Table 1). As discussed earlier, modifications in H. pylori PG have 

demonstrated effects on cell shape, osmotic stability, immune recognition and thus the 

overall colonization capacity of the bacterium in vivo [69, 161-163]. Repeated 

passage in mice of a human cagPAI+ strain, H. pylori 245, generated a mouse-adapted 

variant, 245m3, which displayed reduced NF-κB responses in human gastric epithelial 

cells [164]. Based on the implications of peptidoglycan composition on NOD1 

signaling, it is tempting to speculate if reduced NOD1 activation by H. pylori 245m3 

in human cells may be associated with modifications in its cell wall peptidoglycan. To 

date, there have been no reports confirming the ability of pathogenic bacteria to alter 

their peptidoglycan composition during host adaptation, thereby rendering it more 

detectable by the host innate immune system. 

 

Table 1: Proportions of Tri- and Tetra-peptides measured by HPLC analysis in 

different H. pylori strains after 24 h of incubation 

 

H. pylori strain % of muropeptides 

- GM-TriDAP 

% of muropeptides 

- GM-TetraDAP 

26695 [72] 18.9 47.8 

N6 [163] 7.4 4.7 

B128 [73] 4.6 10.1 

NSH57 [161] 9.35 4.87 
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Figure 1.4: NOD1 and NOD2 recognize bacterial peptidoglycan. 

(A) Composition of the cell walls of Gram-negative and Gram-positive bacteria; (B) 

Illustration of the basic structure of PG found in Gram-negative (DAP-type PG) and Gram-

positive (Lys-type PG) bacteria; (C) NOD1 and NOD2 differ in their ligand specificity – 

NOD1 detects an iE-DAP motif primarily expressed by Gram-negative bacteria; whereas, 

NOD2 recognized a MDP side chain present in both Gram-positive and Gram-negative 

bacterial species. Figure reprinted from Motta et al, 2015 [136]. Tri-DAP, l-Ala-d-Glu-meso-

diaminopimelic acid; iE-DAP, d-Glu-meso-diaminopimelic acid; MDP, muramyl dipeptide; 

GlcNAc, N-acetyl-d-glucosamine; MurNAc, N-acetylmuramic acid. 
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Figure 1.5: Human and mouse NOD1 recognize different PG ligands 

Human and murine NOD1 have evolved to detect forms of PG from Gram-negative bacteria. 

Human NOD1 recognizes TriDAP , while mouse Nod1 recognizes TetraDAP which contains an 

additional alanine motif in its side chain. Figure adapted from Girardin et al, 2005 [155].  
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1.6. Roles for NOD1 in the host beyond mediating anti-bacterial 

immunity 
Aside from its regulatory role in host defense and inflammation following bacterial 

infection, current studies indicate additional PG-independent roles for NOD1 via the 

detection of viruses and parasites, such as Hepatitis C virus and Trypanosoma cruzi, 

respectively [165-167]. Additionally, this intracellular receptor has been implicated in 

the sensing of altered Rho-GTPase activity and actin cytoskeleton remodeling 

following microbial infection [168-170]. 

 

Increasing evidence also supports a role for NOD1 in mediating transactivation and 

antigen presentation by dendritic cells, as well as adaptive immune responses via T 

helper (Th) cell differentiation to a Th2-like phenotype [139, 171, 172]. NOD1 has 

been shown to induce autophagy in a RIPK2-dependent manner [60], or alternatively 

by recruiting ATG16L1, a component of the autophagosome, to the plasma membrane 

at the site of bacterial entry [173]. NOD1 thus has key functions in modulating the 

fine-tuning of the immune response and maintenance of homeostasis. 

 

As discussed above, NOD1 was originally described as a mediator of apoptosis or cell 

death [153]. Contradictory studies have subsequently been reported, where on the one 

hand it is suggested that NOD1 promotes cell proliferation and survival in intestinal 

tumor and head and neck carcinoma models, whereas it mediated apoptosis in a breast 

cancer model [174-176]. Nevertheless, while the role of NOD1 in the regulation of 

cell survival responses in cancer models warrants further investigation, similar 

functions in response to microbial infection currently remain unknown. This is likely 

to be important as most bacterial pathogens, including H. pylori, have evolved to 

subvert cell death pathways to ensure persistence in the host [47]. One mechanism by 

which H. pylori has been proposed to prevent apoptosis is via epidermal growth factor 

(EGFR) activation of cyclooxygenase-2 (COX-2) enzyme and its product, 

prostaglandin E2 (PGE2) [177]. Interestingly, COX-2-dependent production of PGE2 

is shown to also dampen Th1 responses, resulting in increases in bacterial 

colonization in vivo [178].  
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Studies have also demonstrated a link between NOD1 and the initiation and 

progression of gastric cancer. Allison and his co-workers showed increased NOD1 

expression in gastric biopsies with severe gastritis versus no gastritis as well as in 

gastric tumor tissues versus paired non-tumor tissues [64]. Furthermore, numerous 

groups have provided evidence for a correlation between polymorphisms in NOD1 

and an increased risk for gastric cancer in different populations [179-181]. A recent 

report by Necchi et al. is also of interest as they described the discovery of a particle-

rich cytoplasmic structure (PaCS) in gastric epithelium infected with H. pylori [182]. 

This PaCS was found to be associated with metaplastic foci and consisted of 

numerous molecules including CagA, NOD1, components of the proteasome and in 

particular, the oncogenic proteins, SHP-2 and ERK [182]. Together, these data 

establish a potential role for NOD1 in modulating gastric tumourigenesis in response 

to H. pylori infection. In addition to gastric cancer, NOD1 has been implicated in the 

progression of colon cancer and chronic pancreatitis [174, 183, 184], while gene 

polymorphisms in NOD1 have been associated with altered risk profiles for numerous 

malignancies, including ovarian and lung cancers [185].   

 

Overall, it appears that NOD1 is a versatile intracellular receptor that has crucial 

functions in a wide variety of biological and disease processes, beyond bacterial 

sensing and modulation of host-pathogen interactions. It is thus imperative to broaden 

our understanding of the extended functions of the NOD1 signaling pathway during 

H. pylori infection and the development of subsequent inflammation in order to 

develop novel therapeutic strategies. 
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1.7. Aims of this study 
Previous work in our laboratory established that cholesterol-rich domains, or lipid 

rafts, in the cell membranes of epithelial cells are required for H. pylori delivery of 

PG to NOD1 [34]. A unique characteristic of H. pylori bacteria is the acquisition and 

incorporation of cholesterol into its cell membrane [88, 89]. However, an interesting 

yet poorly understood characteristic is the mechanism of accumulation of cholesterol 

within the bacterial cell wall and its effect on host-pathogen interactions. 

Furthermore, genomic analyses conducted in our laboratory identified a predicted 

protein of H. pylori (HP0248) with homology to the lipid raft-associated protein, 

flotillin, in eukaryotic cells. Thus, the first aim of this project was to determine if 

this putative flotillin-like protein (HP0248) constituted a novel bacterial 

virulence factor required for cholesterol acquisition, interactions with host 

epithelial cells, induction of pro-inflammatory responses and host colonization 

(Chapter 2). 

 

The pathogenicity of H. pylori is reliant on the interplay between bacterial virulence 

factors and the pro-inflammatory immune responses generated upon pathogen 

detection in GECs, which represent the first point of contact in the host [186]. NOD1 

is known to be important for epithelial cell sensing of H. pylori bacteria via the 

recognition of the typical iE-DAP motif [61]. Interestingly, human and murine NOD1 

have further evolved to sense slightly different forms of muropeptides, namely a tri-

peptide stem structure (GM-TriDAP) and a tetra-peptide stem structure (GM-TetraDAP), 

respectively [155, 159]. Prior to the inception of the present study, it was found that 

“mouse adaptation” of a clinical isolate of H. pylori (245) generated a variant 

(245m3), which was affected in its ability to induce pro-inflammatory responses in 

human GECs [164]. As the second aim of this study, we wished to elucidate if     

H. pylori might modulate its PG composition during host adaptation in mice to 

actively engage the NOD1 signaling pathway, thereby initiating responses that 

favor host colonization and bacterial persistence in vivo (Chapter 3).  

 

Finally, although it is known that Nod1-/- mice are more susceptible to H. pylori 

infection and colonization at 1-4 weeks post infection [35], there is limited evidence 

for the function of the NOD1 signaling pathway during long-term H. pylori infection 
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(> 4 weeks). Therefore, the third aim of this project was to investigate the role for 

NOD1 in the establishment and maintenance of chronic H. pylori infection in the 

host, whilst also elucidating additional roles for this receptor in mediating host 

cell survival responses during H. pylori infection in vivo (Chapter 4). 

 

Collectively, this PhD project has characterized and demonstrated the importance of 

cholesterol-rich membrane domains and PG in mediating H. pylori interactions with 

host epithelial cells, bacterial virulence and colonization of mice. Furthermore, these 

data suggest broader implications for the NOD1 signaling pathway during H. pylori 

infection. Our results suggest that NOD1 sensing of H. pylori PG generates an initial 

inflammatory response in which the host controls infection during the acute phase; 

and a secondary immune response affecting cell survival that potentially benefits 

persistence of the bacterium, but which may be detrimental to the host. Overall, this 

study has presented new insights into the cellular and molecular mechanisms involved 

in H. pylori infection and chronic persistence, which may provide new strategies for 

early diagnosis and contribute to the development of targeted therapies.
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Chapter 2: A Helicobacter pylori homolog of eukaryotic flotillin is 

involved in cholesterol accumulation, epithelial cell responses and 

host colonization  
 

2. 1. Summary 
H. pylori is highly adapted to the human stomach and has developed various 

strategies to enable its chronic persistence in this site [187]. One such mechanism is 

the inclusion of unique cholesteryl glucoside forms within the bacterial cell 

membrane, which account for 25% of the total lipids present in H. pylori [89, 91]. 

However, interestingly, H. pylori lacks the genes for the de novo synthesis of 

cholesterol and hence it is likely that the bacterium must obtain this component from 

an external source, usually the infected host or the growth medium [87, 92, 93]. 

Wunder et al. showed that H. pylori follows a cholesterol gradient both in vitro and in 

vivo, and can extract cholesterol from the intercellular tight junctions via eukaryotic 

cholesterol-enriched domains (lipid rafts) [90], however the exact mechanisms 

involved require further investigation. Bacteria use these lipid rafts to attach to host 

cells and/or as a port of entry into the host [42]. The cholesterol acquired from these 

domains by H. pylori is then chemically modified and converted to cholesterol-α-

glucoside [88], which aids in the evasion of immune detection by the pathogen, thus 

contributing to H. pylori persistence and pathogenesis [90]. Cholesterol-rich lipid 

rafts also augment adherence by bacteria and enable the translocation of H. pylori 

virulence factors, CagA and PG, into epithelial cells; resulting in cytoskeletal 

rearrangements in the cells and the activation of NF-κB signaling pathway via NOD1, 

respectively [34, 35, 42]. However, the role of H. pylori membrane-associated 

cholesterol in the induction of pro-inflammatory responses in host cells remains 

unclear.  

 

Furthermore, it has been recently discovered that prokaryotes may also contain lipid-

rich membrane domains with the characteristic structural and functional features of 

membrane rafts [108]. Indeed, via bioinformatics analyses of the H. pylori genome, 

we discovered a conserved hypothetical protein (HP0248), which displays significant 

homology to the flotillin-like protein in B. subtilis (YuaG). In turn, YuaG is known to 

share some similarity to Flotillin-1, a typical constituent of eukaryotic lipid rafts 
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[108]. Bacterial lipid rafts have been shown to harbor and organize proteins involved 

in small molecule translocation, secretion and signal transduction; as well as to 

contribute to bacterial pathogenesis [108, 109, 112]. Overall, the presence of both, 

cholesterol and a bacterial homologue of eukaryotic flotillin, provide evidence for the 

potential existence of lipid raft-like structures within the cell membrane of H. pylori. 

However, the characteristics of these putative cholesterol-enriched microdomains and 

their effects on H. pylori pathogenesis and virulence remain to be elucidated. This is 

of importance as bacterial membrane-associated cholesterol has been shown to confer 

resistance to a range of antibiotics including polymyxin, beta defensins and LL-37 

[19]. Taken together, membrane-associated cholesterol appears to be required not 

only to maintain H. pylori physiology and membrane structure, but also to enable host 

immune modulation, and ultimately, survival within the gastric mucosa.  

 

The following experiments were therefore designed to firstly demonstrate the 

existence of lipid raft-like structures in H. pylori containing the flotillin-like protein, 

HP0248.  Secondly, we wished to examine the role for HP0248 in cholesterol 

acquisition and the subsequent stabilization of H. pylori lipid raft-like structures. The 

final aim of this project was to characterize the importance of HP0248 in mediating 

H. pylori interactions with host epithelial cells and macrophages, bacterial virulence 

and colonization of mice.  
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The human pathogen Helicobacter pylori acquires cholesterol from membrane raft

domains in eukaryotic cells, commonly known as “lipid rafts.” Incorporation of this

cholesterol into the H. pylori cell membrane allows the bacterium to avoid clearance by

the host immune system and to resist the effects of antibiotics and antimicrobial peptides.

The presence of cholesterol in H. pylori bacteria suggested that this pathogen may

have cholesterol-enriched domains within its membrane. Consistent with this suggestion,

we identified a hypothetical H. pylori protein (HP0248) with homology to the flotillin

proteins normally found in the cholesterol-enriched domains of eukaryotic cells. As shown

for eukaryotic flotillin proteins, HP0248 was detected in detergent-resistant membrane

fractions of H. pylori. Importantly, H. pylori HP0248 mutants contained lower levels of

cholesterol than wild-type bacteria (P < 0.01). HP0248 mutant bacteria also exhibited

defects in type IV secretion functions, as indicated by reduced IL-8 responses and CagA

translocation in epithelial cells (P < 0.05), and were less able to establish a chronic

infection in mice than wild-type bacteria (P < 0.05). Thus, we have identified an H. pylori

flotillin protein and shown its importance for bacterial virulence. Taken together, the

data demonstrate important roles for H. pylori flotillin in host-pathogen interactions. We

propose that H. pylori flotillin may be required for the organization of virulence proteins

into membrane raft-like structures in this pathogen.

Keywords:Helicobacter pylori, lipid rafts, membrane raft domains, cholesterol, bacterial flotillins, type IV secretion

system, CagA

INTRODUCTION

The human gastric pathogen Helicobacter pylori induces chronic gastric inflammation that usually
remains asymptomatic. In 10–20% of infections, however, individuals develop either peptic
ulceration or gastric cancer (The EUROGAST Study Group, 1993). These severe forms of disease
are more commonly associated with infection byH. pylori strains which harbor a cag pathogenicity
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island (cagPAI), encoding a type IV secretion system (T4SS)
(Montecucco and Rappuoli, 2001). The H. pylori T4SS system
mediates the induction of pro-inflammatory (e.g., interleukin-8,
IL-8) responses (Viala et al., 2004) and a cell scattering or so-
called “hummingbird” phenotype in epithelial cells (Segal et al.,
1999). These responses are mediated by the T4SS-dependent
delivery of cell wall peptidoglycan (Viala et al., 2004) and the
effector protein, CagA (Odenbreit et al., 2000), respectively. In
contrast, the H. pylori T4SS appears to be dispensable for the
induction of cytokine responses in macrophages and monocytes
(Maeda et al., 2001; Gobert et al., 2004; Koch et al., 2016).

H. pylori T4SS functionality depends on cholesterol-rich
microdomains in the plasma membrane of epithelial cells (Lai
et al., 2008; Hutton et al., 2010). These microdomains are
known as membrane rafts, also commonly referred to as lipid
rafts. Interestingly, cholesterol is an important factor for H.
pylori chemotaxis and adherence (Ansorg et al., 1992). H. pylori
has a specific affinity for cholesterol (Trampenau and Muller,
2003) and is able to grow in cholesterol-supplemented media
(Testerman et al., 2001). This is consistent with the fact that
H. pylori does not appear to carry cholesterol biosynthesis
genes critical for de novo sterol synthesis (Testerman et al.,
2001) and must obtain the cholesterol from an exogenous
source. Indeed, H. pylori is able to up-regulate cholesterol gene
expression in gastric epithelial cells in vitro (Guillemin et al.,
2002), suggesting one mechanism by which the bacterium may
ensure an abundance of cholesterol is present in its environment.
H. pylori can acquire cholesterol from membrane raft domains
in host cells for incorporation into its own membrane (Wunder
et al., 2006). Once incorporated, cholesterol is α-glucosylated
by a cholesterol α-glucosyltransferase (Wunder et al., 2006),
resulting in glycolipid forms called cholesteryl glucosides.
This α-glucosylation of cholesterol allows H. pylori to escape
phagocytosis, T-cell activation and bacterial clearance in vivo
(Wunder et al., 2006), thereby providing a novel mechanism for
persistence within the host.

Cholesterol is an indispensable constituent of the plasma
membrane and is required for many functions in eukaryotic cells,
including cell viability, proliferation (Goluszko and Nowicki,
2005), and for the formation of membrane rafts (Simons and
Ikonen, 1997). Membrane rafts control numerous protein-
protein and lipid-protein interactions at the cell surface and
have been implicated in protein sorting, membrane trafficking,
cholesterol metabolism, and signal transduction events (Simons
and Toomre, 2000; Manes et al., 2003). Prokaryotes may also
contain membrane domains with the characteristic structural
and functional features of membrane rafts (Lopez and Kolter,
2010). The membrane raft domains in bacteria are likely
to harbor and organize proteins involved in small molecule
translocation, protein secretion and signal transduction. These
membrane raft-like domains have been identified in the human
pathogen Borrelia burgdorferi and are thought to contribute to
the pathogenesis of Lyme disease (Larocca et al., 2010; Toledo
et al., 2014).

Eukaryotic membrane rafts typically contain many proteins,
including a prominent raft-associated protein called flotillin,
also known as reggie (Simons and Toomre, 2000). There

are two known flotillin proteins: flotillin-1 (reggie-2) and
flotillin-2 (reggie-1), both of which associate with membrane
rafts (Lang et al., 1998). Flotillin-1 is involved in a variety
of cellular processes, including vesicle trafficking, cytoskeletal
rearrangement, and signal transduction (Langhorst et al., 2005).
Flotillin proteins also play key roles in cell-cell adhesion (Otto
and Nichols, 2011), clathrin-independent endocytosis (Otto and
Nichols, 2011), and the uptake of dietary cholesterol via vesicular
endocytosis (Ge et al., 2011).

Flotillins belong to the Stomatin, Prohibitin, Flotillin, and
HflK/C (SPFH) protein superfamily, whose members share an
SPFH domain at their N-terminus. These proteins are highly
conserved across human and animal species and also exist
in some bacteria, plants and fungi (Langhorst et al., 2005).
Bioinformatic analyses indicate that most bacterial genomes
encode proteins with similarity to Flotillin-1 (Lopez and Kolter,
2010). The best characterized of these bacterial flotillins is the
YuaG protein of the gut commensal, Bacillus subtilis. This
flotillin homolog was reported to play roles in a diverse range
of cellular functions, including cell division, the maintenance
of bacterial shape, and sporulation (Donovan and Bramkamp,
2009; Bach and Bramkamp, 2013; Mielich-Suss et al., 2013). It
has been suggested that bacterial flotillins, such as YuaG, may
be involved in membrane order or organization and are likely
to guide the recruitment of specific proteins to defined areas
within the membrane (Bach and Bramkamp, 2013). Consistent
with this suggestion, B. subtilis YuaG forms punctate staining
patterns along the cell membranes of the bacterium (Donovan
and Bramkamp, 2009; Lopez and Kolter, 2010) and interacts
with proteins involved in various functions, including protein
secretion, cell wall metabolism and signaling processes (Bach
and Bramkamp, 2013). Although a flotillin homolog has been
cloned from the human pathogen, Staphylococcus aureus (Lopez
and Kolter, 2010), the role(s) of flotillin proteins in bacterial
pathogenesis have yet to be investigated.

Herein, we present the first characterization of a flotillin-like
protein in the virulence of a human pathogen, H. pylori. This
protein (HP0248) was shown to be involved in the accumulation
of cholesterol within H. pylori cell membranes. Importantly,
we show that H. pylori HP0248 mutants were affected in their
abilities to induce T4SS-dependent responses in gastric epithelial
cells and to establish chronic infection in mice. Collectively,
the data demonstrate that the H. pylori flotillin-like protein,
HP0248, is involved in the accumulation of bacterial membrane
cholesterol, thereby contributing to H. pylori pathogenesis.

MATERIALS AND METHODS

Bacterial Strains, Media, and Culture
Conditions
H. pylori 251 and 26695 are cagPAI+/T4SS+ laboratory strains
(Viala et al., 2004), whereas SS1 (cagPAI+/T4SS−) and X47-
2AL (cagPAI−/T4SS−) are mouse colonizing strains (Grubman
et al., 2010). The H. pylori 251!cagA mutant was described
previously (Hutton et al., 2010). H. pylori strains were
routinely cultured on either blood agar or brain heart infusion
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broth (BHI; Oxoid) containing a modified Skirrow’s selective
supplement (comprising vancomycin, 10 µg/ml; polymyxin B,
25 ng/ml; trimethoprim, 5 ug/ml; and amphotericin B, 2.5
µg/ml), according to standard procedures (Ferrero et al., 1998).
Escherichia coli BL21 was propagated on Luria-Bertani (LB)
agar or broth with the appropriate antibiotic. H. pylori was
incubated with epithelial cells at a multiplicity of infection
(MOI) of 10 (Hutton et al., 2010). Viable counts of H. pylori
were determined by serial dilution and plating. The cholesterol
content of the bacteria was determined using the Amplex
red cholesterol detection kit, according to the manufacturer’s
instructions (Molecular Probes, OR, USA).

Cell Culture
Human gastric adenocarcinoma cells (AGS) and murine
macrophages (RAW 264.7) were routinely cultured in RPMI
medium, supplemented with 10% FCS, 50 units/ml penicillin,
50 µg/ml streptomycin and 1% (v/v) L-glutamine (all reagents
from Life Technologies, CA, USA). Cells were seeded at
1 × 105 cells/ml and incubated at 37◦C in 5% CO2.
For co-culture assays, cells were serum-starved overnight in
antibiotic-free RPMI medium, then washed 2–3 times in
antibiotic-free RPMI medium prior to the addition of H. pylori
bacteria.

In vitro Adherence Assay
Bacterial adherence was assessed using modifications to a
previously described method (Chionh et al., 2009). Briefly, AGS
cells were seeded at 1 × 104 cells in duplicate sets of triplicate
wells in 96-well plates (Falcon) and incubated for 24 h at 37◦C
in 5% CO2. Cells were serum-starved overnight and co-cultured
with H. pylori bacteria for 6 h. One set of the duplicate wells was
washed three times with PBS to remove any unattached bacteria.
Both sets of wells were fixed for 20 min in a final concentration
of 4% paraformaldehyde and then blocked in 1% BSA in PBS
for 30min at room temperature. Cells were incubated for 1 h at
room temperature with rabbit anti-H. pylori antiserum (diluted
1:500 in PBS; Ferrero et al., 1994). A horseradish peroxidase
(HRP)-conjugated goat anti-rabbit antibody (diluted 1:2,000 in
PBS; Dako, Glostrup, Denmark) was then added, prior to color
development with 3,3′, 5,5′-tetramethylbenzidine (TMB) (Pierce,
Thermoscientific, Rockford, IL, USA). The reaction was stopped
by adding 0.5M H2SO4. Absorbance was read at 450 nm and the
percentages of adherent bacteria were calculated by dividing the
average OD of the washed set of samples by the average OD of
the unwashed set.

Cytokine Responses
Serum-starved cells were stimulated with either live H. pylori
(MOI = 10) or bacterial lysates (20 µg protein/ml), prepared
by freeze-thawing, and incubated at 55◦C for 20 min. Following
incubation for 1 h, the culture medium was replaced and the cells
washed 2–3 times to remove bacteria. Cells were then placed in
fresh antibiotic-free medium and incubated a further 5 or 23 h,
respectively. IL-8 and IL-6 levels in culture supernatants were
determined by sandwich ELISA, according to the manufacturer’s
instructions (BD Biosciences).

Isolation of H. pylori Detergent-Resistant
Membranes (DRMs)
H. pyloriDRMs were isolated using modifications to a previously
described method (Lopez and Kolter, 2010). Briefly, H. pylori
bacteria (∼1–5 × 109 bacteria) were pelleted after 16 h of
growth in BHI liquid culture medium, washed three times with
20mM Tris-HCL (pH 7.5) and resuspended in 20 mM Tris-HCL
containing protease inhibitors. Bacterial cells were sheared using
a French press and cell debris was eliminated by centrifugation.
Membrane fractions were precipitated from supernatants by
ultracentrifugation (40,000× g for 30 min at 4◦C) using a Sorvall
RC90 ultracentrifuge (Kendro, NC). Proteins that associated with
hydrophobic DRM fractions were separated from hydrophilic
DSM fractions by phase separation, using the CellLytic MEM
protein extraction kit (Sigma) (Lopez and Kolter, 2010).

Cloning the SPFH Domain of HP0248
The Gateway R⃝ Cloning System (Life Technologies) was used to
generate an expression vector for the production of a His-tag-
labeled 163 amino acid region internal to the predicted SPFH
domain of H. pylori HP0248 (deduced total length 362 amino
acids). Primers MH9 and MH10 (Supplementary Table 1) were
used to amplify a 487 bp fragment, containing attB1 and attB2
sites, from the HP0248 gene of H. pylori 26695. The resulting
PCR product was cloned into the entry clone, pDONR 221.
The PCR amplicon was then recombined into the destination
vector pDEST17 using LR clonase. Final destination plasmids
were confirmed by sequence analysis using the T7 promoter
and terminator primers. The pDEST17 expression vector was
transformed into E. coli BL21 cells for expression.

Expression and Purification of
Recombinant HP0248
The SPFH domain of H. pylori HP0248 was expressed in
E. coli using standard techniques (see Supplementary Methods
for details). Briefly, expression was induced by the addition
of 0.4 mM isopropyl β-D-1-thiogalactopyranoside (IPTG;
Promega) and the bacterial suspensions pelleted, lyzed by both
sonication and 0.1 mg/ml lysozyme (Sigma) treatment. The
insoluble pellets were sonicated and the proteins solubilized
using 6 M guanidine hydrochloride (Amresco, Ohio, USA). The
solubilized proteins were loaded onto a HisTrap HP column (GE
Healthcare, Uppsala, Sweden) and recombinant HP0248 purified
by immobilized metal ion affinity chromatography. Polyclonal
antibodies to HP0248 were generated by administering
the purified recombinant protein to a New Zealand White
rabbit (Walter and Eliza Hall Institute of Medical Research
Antibody Facility; Bundoora, Melbourne, Australia). This
anti-HP0248 serum (diluted 1:1,000) was used in Western blot
analyses.

SDS-Page and Western Blotting
Whole cell lysates, DRM or DSM fractions were resuspended in
solubilization buffer, separated in either 12.5% (v/v) acrylamide
or 4–12% (v/v) NuPAGE R⃝ Bis-tris (LifeTechnologies) gels and
transferred to nitrocellulose. H. pylori proteins were reacted
with rabbit anti-HP0248 serum (diluted 1:1,000) or anti-UreA
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antibody (1:5,000; Ferrero et al., 1994), followed by addition of
a goat anti-rabbit-HRP conjugated antibody (1:1,000 dilution;
Dako). Antigen-antibody complexes were detected using ECL
detection reagent (Pierce).

H. pylori Mutagenesis
Mutagenesis was performed using the Gateway R⃝ Cloning System
(Life Technologies). Primer combinations and DNA fragments
for cloning were as follows: MH1 and MH3 (Supplementary
Table 1), a 299 bp fragment from the 5′ end of the hp0248
of H. pylori 26695; GmB4rF and GmB3rR, the gentamicin
resistance cassette (GmR) from the pUC1813apra vector (Bury-
Mone et al., 2003); and MH4 and MH2, a 368 bp fragment
from the 3′ end of the hp0248 gene. PCR products were
cloned into three entry clones and integration confirmed by
sequence analysis using the M13 primer pair (Supplementary
Table 1). Recombination was performed in the destination vector
pDEST17 using LR clonase and the final destination plasmid
confirmed by sequencing using the T7 promoter and terminator
primers (Supplementary Table 1). H. pylori !HP0248 mutants
were created by natural transformation and selected on horse
blood agar (HBA) containing apramycin (30 µg/mL; Sigma)
(Grubman et al., 2010). Apramycin-resistant transformants in
each strain of H. pylori were verified by sequencing using
primers MH5, MH6, and GmFwd or GmRvs (Supplementary
Table 1). Mutant bacteria were characterized by a 263-amino acid
deletion in HP0248. This truncated form of HP0248 included
a 185-amino acid deletion within the 231 amino acid SPFH
domain.

Complementation of H. pylori HP0248
Mutants
Primer combinations and DNA fragments for cloning were
as follows: LT8F and LT8R (Supplementary Table 1), a 301
bp fragment from the 5′ end of the H. pylori 26695 rdxA
locus; LT9F and LT9R, a 191 bp fragment, encompassing
the H. pylori 26695 ureA promoter sequence; MH11 and
MH12, H. pylori hp0248 from H. pylori 26695; and LT10F
and LT10R, the 3′ end of rdxA. The four PCR products were
cloned into the pDEST17 destination vector and confirmed as
above. H. pylori !HP0248 mutants, in which an exogenous
copy of hp0248 was inserted into the rdxA locus (Smeets
et al., 2000), were selected by natural transformation and
cultured on HBA plates supplemented with metronidazole (8–
32 µg/mL; Sigma). Mutants were verified by sequencing using
the primers AG1F, MH5, MH6, and MH13R (Supplementary
Table 1).

Densitometric Analysis of HP0248
Abundance in DRM and DRM Fractions
Western blots of DRM andDSM fractions fromH. pylori 251WT,
!FLOT, or FLOT (FLOT+) strains were analyzed using ImageJ
software. The percentage area for HP0248 in each fraction was
quantified relative to that for the non-specific protein band in the
corresponding fraction. All values were then normalized to the
wild-type DRM fraction.

Proteomic Analysis of H. pylori DRM and
DSM Fractions
Coomassie-stained protein bands in DRM samples from
H. pylori 251 WT were excised from preparative SDS-PAGE
gels (4–12% NuPAGE R⃝ Bis-tris; LifeTechnologies) and trypsin
digested prior to identification by Matrix Assisted Laser
Desorption/Ionization Time-of-Flight (MALDI-TOF) and
Liquid Chromatography/Mass Spectrometry (LC-MS/MS).
For MALDI-TOF, digested samples were co-spotted onto the
MALDI target plate and analyzed on an Applied Biosystems
(Foster City, CA, USA) 4700 Proteomics Analyser MALDI
TOF/TOF in reflectron mode (see Supplementary Methods
for details). Data were searched against an in-house database
compiled from H. pylori genomes downloaded from the
ExPASy FTP site (ftp.expasy.org) using the MASCOT search
engine (version 1.9, Matrix Science Inc., London, UK) with
all taxonomy selected. The following search parameters
were used: missed cleavages, 1; peptide mass tolerance,
± 50 ppm; peptide fragment tolerance, ±0.1Da; peptide
charge, 1+; fixed modifications, carbamidomethyl; variable
modification, oxidation (Met), and the top five matches
reported. Scores were considered significant when above the
MASCOT-generated probability-based Mowse score minimum
threshold.

LC-MS/MS was performed using an HCT ULTRA ion
trap mass spectrometer (Bruker Daltonics, Bremen, Germany),
coupled online with an RSLC nano HPLC (Ultimate 3000,
Dionex Corporation, SunnyBrook, CA, USA; see Supplementary
Methods for details). Data from LC-MS/MS analysis were
exported in the Mascot generic file format (∗.mgf) and
searched against an in-house database, as above. The following
search parameters were used: enzyme specificity, trypsin;
missed cleavages, 1; peptide mass tolerance, ±0.6Da; peptide
fragment tolerance, ±0.3Da; peptide charge, 2+ and 3+;
fixed modifications, carbamidomethyl; variable modification,
oxidation (Met).

To identify proteins in DRM and DSM fractions from H.
pylori WT, !FLOT, and !FLOT (FLOT+) bacteria, sections of
SDS-PAGE gel corresponding to a molecular weight of ∼40
kDa were excised. These sections of gel (∼1 cm high and
spanning the width of the gel) were sliced into six pieces
and each trypsin digested prior to analysis. In this case, LC-
MS/MS was performed using the QExactive mass spectrometer
(Thermo Scientific, Bremen, Germany) coupled online with
an RSLC nano HPLC (Ultimate 3000, Thermo Scientific,
Bremen, Germany; see Supplementary Methods for details). For
each sample, pooled data from six gel slices were exported
in the Mascot generic file format (∗.mgf) and analyzed as
above.

Quantitation of Cell Scattering Responses
by High Throughput Analysis
AGS cells were seeded on coverslips at 1 × 105 cells/ml and
incubated for 24 h at 37◦C in 5% CO2. Cells were then
serum-starved overnight prior to co-culture with H. pylori for
6 h. Immunofluorescence staining of cellular actin using Alexa
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Fluor R⃝ 488 phalloidin (1:40 dilution; Molecular Probes) was
performed as described previously (Hutton et al., 2010). For
staining of bacteria, co-cultured cells or H. pylori that had
been air dried and fixed onto microscope slides (PolysineTM,
Menzel-Glaser, Braunschweig, Germany) were incubated with
rabbit anti-H. pylori sera (diluted 1:5,000 in PBS) for 1 h
at room temperature, followed by incubation with an anti-
rabbit Alexa Fluor R⃝ 568 conjugated antibody (1:1,000 dilution;
Molecular Probes). The stained bacteria were examined using
a Nikon C1 confocal microscope. Actin staining in cells
was viewed using the Cellomics ArrayScan VTI HCS Reader
(Thermo Scientific), capturing 20 fields per well with the 20 x
objective.

Quantification of CagA Translocation by
Immunofluorescence
AGS cells were seeded in µ-slide eight well-chambers (Ibidi)
at 3 × 104 cells/ml and incubated for 24 h at 37◦C in
5% CO2. Cells were then serum-starved overnight prior to
co-culture with H. pylori for 6 h. Cells were subsequently
fixed using 4% paraformaldehyde and their nuclei stained
with DAPI (diluted 1:1,000 in PBS; Molecular Probes).
Extracellular CagA was detected using a rabbit anti-CagA (b-
300) antibody (1:100; sc-25766, Santa-Cruz Biotechnology),
followed by incubation with an anti-rabbit Alexa Fluor 488
conjugated antibody (1:1,000 dilution; Molecular Probes). Cells
were then re-fixed and permeabilized using 1% Triton-X.
Intracellular CagA was probed using the same rabbit anti-
CagA antibody, followed by incubation with an anti-rabbit
Alexa Fluor 647 conjugated antibody (1:1,000 dilution;Molecular
Probes). Cells were imaged with the same background intensity
settings on a Deltavision API wide-field microscope (60 x
objective). Image analysis was performed using ImageJ, where
relative intensities of A647/A488 were quantified for five cells
per field viewed (five fields viewed per sample; n = 2
experiments).

Mouse Infection
Animal handling and experimentation was performed in
accordance with Victorian State Government regulations and
approved by the Monash University Animal Ethics Committee
(ethics no. MMCA 2010/18). H. pylori suspensions for mouse
inoculation were prepared by harvesting bacteria from HBA
plates using BHI broth (Ferrero et al., 1998). Six- to eight-
week-old female specific pathogen/Helicobacter-free C57BL/6
mice were each intragastrically administered a single 100-µl
aliquot of the inoculating suspension (107 cfu/mouse) using
polyethylene catheters (Ferrero et al., 1998). The presence of
H. pylori infection in mice was determined after 30 days
of infection by quantitative culture as described previously
(Ferrero et al., 1998).

Statistical Analysis
Data were analyzed using the Student’s t-test, Mann-Whitney U-
test or ANOVA, as appropriate. Differences in data values were
considered significant at a P < 0.05.

RESULTS

H. pylori Has a Flotillin-Like Protein
(HP0248) That Partitions to Membrane
Raft-Like Domains in Its Cell Membrane
Studies have recently described the presence of membrane
raft-like domains within the cell membranes of a pathogenic
bacterium, B. burgdorferi, suggesting that membrane rafts may be
conserved amongst both prokaryotic and eukaryotic organisms
(Larocca et al., 2010; Toledo et al., 2014). Consistent with this
suggestion, the commensal bacterium B. subtilis was reported
to contain a protein, YuaG, with homology to flotillins, a
family of membrane raft-associated proteins (Donovan and
Bramkamp, 2009). A flotillin-like protein was identified in the
bacterial species, S. aureus, but this protein was not characterized
(Lopez and Kolter, 2010). Given that H. pylori cell membranes
are highly enriched in cholesterol, a feature of membrane
rafts, we speculated that H. pylori may have a flotillin-like
protein. To address this question, we used the primary amino
acid sequence of B. subtilis YuaG (Donovan and Bramkamp,
2009; Lopez and Kolter, 2010) to perform BLAST analyses on
the order Campylobacterales. We first identified homologs in
Helicobacter hepaticus (HH0856) and several Campylobacter spp.
These proteins were, in turn, used to identify the presence
of a hypothetical protein, HP0248, in the H. pylori 26695
strain. hp0248 and its predicted protein in this H. pylori strain
have accession numbers NC_000915.1 (257084-258172) and
NP_207046.1, respectively.We identified a 231 amino acid region
in H. pylori HP0248, which when subjected to CLUSTALW
analysis, exhibited 14.7% identity and 42.7% similarity with
the SPFH domain of human flotillin-1 (Supplementary Figure
1) (Langhorst et al., 2005). The SPFH domain of H. pylori
HP0248 shares a similar level of identity with that of human
flotillin-2 (data not shown). Homologs of HP0248 are present
in other H. pylori strains (e.g., J99, B128, G27), as well as in
various human and animal Helicobacter spp e.g., Helicobacter
acinonychis, Helicobacter felis, Helicobacter mustelae (data not
shown). This highlights the likely importance of HP0248 in
Helicobacter biology. On the basis of the findings, we have named
the H. pyloriHP0248 protein, “flotillin-like protein” or “FLOT.”

In order to characterize the biological functions of the
H. pylori flotillin-like protein, we generated !hp0248 deletion
mutants (!FLOT) in H. pylori 26695 and 251, both of which
have functional T4SSs (Viala et al., 2004), as well as in two strains
that do not i.e., X47-2AL and SS1 (Grubman et al., 2010). We
also generated a complemented mutant (!FLOT (FLOT+)) in
the 251 strain. Western blot analyses using a polyclonal rabbit
antibody raised against the HP0248 SPFH domain confirmed
the production of HP0248 in H. pylori 251 wild-type (WT)
and !FLOT (FLOT+) strains, but not in a !FLOT mutant
(Figure 1A).

To determine the cellular localization of H. pylori HP0248,
whole bacteria were fractionated into cytoplasmic, inner and
outer membrane compartments (Voss et al., 2014). By Western
blotting, HP0248 was shown to be present in the outer but not
inner membrane (Figure 1B). The H. pylori urease A subunit
(UreA), which is present in both cytoplasmic and membrane
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FIGURE 1 | HP0248 is enriched in the DRM fractions of H. pylori cell membranes. (A) Whole cell lysates of H. pylori 251 WT, !FLOT, or FLOT (FLOT+)

bacteria were analyzed by Western blotting. Full length HP0248 protein (molecular weight, c. 40 kDa) was detected in WT and FLOT (FLOT+) preparations, but not in

those of the !FLOT strain. A non-specific protein band was also present in all three preparations. (B) Western Blot of H. pylori 251 WT whole cell lysate (lane 1), inner

membrane (lane 2), outer membrane (lane 3) and cytoplasmic (lane 4) fractions. UreA was used as a loading control. (C) Coomassie-stained SDS-PAGE gel showing

the total protein profiles of DRM (lane 1) and DSM (lane 2) preparations of H. pylori 251 WT. Molecular weight markers are shown. (D) Western blot of DRM (lane 1)

and DSM (lane 2) preparations from H. pylori 251 WT, !FLOT, or FLOT (FLOT+) bacteria. (E) Densitometric analysis of HP0248 in DRM and DSM fractions from H.

pylori 251 WT, !FLOT, and FLOT (FLOT+) bacteria. The relative amount of HP0248 in each fraction (mean ± SEM from three independent experiments) is expressed

relative to that in the WT DRM fraction. Data were analyzed using the one-way ANOVA. **P < 0.01; ****P < 0.0001.

fractions (Phadnis et al., 1996), was used a sample loading
control. Given that flotillins normally partition to membrane
rafts, we next sought to determine whether H. pylori HP0248
might also localize to membrane raft-like structures within the
bacterial membrane. To do this, we exploited the known property
of raft-associated proteins to partition to detergent-resistant
membrane (DRM) fractions. This approach has been used
previously to isolate hydrophobic proteins from membrane rafts
in other bacteria (Larocca et al., 2010; Lopez and Kolter, 2010).
As shown in Figure 1C, DRM fractions of H. pylori membranes
exhibited markedly different SDS-PAGE profiles to those of
detergent-sensitive membrane (DSM) fractions, consistent with
the separation of hydrophobic raft-associated proteins from
hydrophilic proteins. Importantly, HP0248 was detected in the
DRM fractions of WT and !FLOT (FLOT+), but not in those
of !FLOT bacteria (Figures 1D,E). The presence of HP0248 in
the DSM of the !FLOT (FLOT+) mutant can be attributed to
over-expression of this protein in the strain due to the use of
the strong ureA promoter for complementation (Grubman et al.,
2010). Using two different biochemical approaches, we showed

that the H. pylori FLOT protein associates with the bacterial
membrane.

Proteomic Analyses Identify H. pylori
HP0248 within DRM Fractions
Proteomic analyses of the total DRM fractions of WT bacteria
identified 29 putative and five hypothetical proteins (Table 1).
Amongst the putative proteins, 19 were proven experimentally
to associate with membranes (Baik et al., 2004; Carlsohn et al.,
2006), with an additional four predicted by the PSORTb program
to be membrane-associated (Table 1, Figure 1B). Although the
six remaining putative proteins are defined as cytoplasmic
(Table 1, Supplementary Table 2), five of these have actually
been shown to associate with H. pylori membranes i.e.,
HP0072, HP0073, HP0248, HP1462, HP1563. Amongst these
predicted cytoplasmic proteins are HP0248 and UreA (HP0073)
(Figure 1B, Phadnis et al., 1996). Similar findings were reported
in a proteomic study on B. burgdorferi DRMs in which the
majority (63%) of the proteins found in those fractions were
predicted to be associated with the bacterial membrane, however,
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some cytoplasmic proteins were also detected (Toledo et al.,
2015).

To directly compare the protein composition of DRM and
DSM fractions, we performed LC/MS-MS analysis on DRM
and DSM fractions from H. pylori WT, !FLOT and !FLOT
(FLOT+) bacteria. Proteins in the molecular weight range of
HP0248 i.e., 40 kDa were selectively analyzed by LC-MS/MS
using the QExactive mass spectrometer. This analysis yielded
a larger number of protein “hits” than that acquired on the
HCT ULTRA ion trap mass spectrometer (Table 1). This is
most likely due to the greater level of sensitivity of the former.
Most importantly, however, HP0248 was again detected in the
DRM but not DSM fractions of WT and !FLOT (FLOT+)
bacteria (Supplementary Table 3). Additionally, 50 proteins were
identified within the DRM fractions from all three H. pylori
strains (Supplementary Figure 2), of which 31 were not detected
in any of the DSM fractions (Supplementary Tables 3, 4). The
latter were considered to be putative membrane raft-associated
proteins. In addition to HP0248, several outer membrane
proteins (OMPs) were found to partition to the DRM fractions
(Table 1, Supplementary Tables 3, 4), suggesting that proteins
involved in host-pathogen interactions may selectively localize
to the membrane raft-like structures in H. pylori membranes.
Taken together, the data demonstrate that H. pylori HP0248
preferentially associates with a fraction enriched in membrane
rafts.

H. pylori HP0248 Is Important for
Cholesterol Accumulation and Induction of
IL-8 Responses
The H. pylori 251 !FLOT and !FLOT (FLOT+) strains grew
as well as the WT strain in BHI broth medium supplemented or
not with cholesterol (data not shown). Importantly, however, the
H. pylori 251 !FLOT mutant strain possessed significantly lower
cholesterol levels, when compared with WT bacteria (Figure 2A;
P < 0.01). Similar findings were obtained for !FLOT mutants
on the H. pylori 26695, X47-2AL, and SS1 backgrounds, with
these mutants consistently displaying 40% less cholesterol than
the respective WT strains (data not shown). Finally, the H. pylori
251 !FLOT (FLOT+) complemented strain exhibited WT levels
of cholesterol (Figure 2A), thereby confirming the important
function of HP0248 in H. pylori cholesterol accumulation.

Given the importance of H. pylori-associated cholesterol
for the induction of cellular responses, we next examined
interactions betweenH. pyloriWT,!FLOT, or!FLOT (FLOT+)
bacteria and host epithelial cells. As shown in Figure 2B,H. pylori
!FLOT 26695 and 251 mutants adhered as well to AGS cells as
the corresponding WT strains, suggesting that adhesion occurs
independently of the flotillin-like protein. In contrast, H. pylori
!FLOT mutant strains on both 26695 and 251 backgrounds
induced significantly lower IL-8 responses, when compared with
WT strains (Figure 2C; P < 0.05 and P < 0.001, respectively).
!FLOT (FLOT+) bacteria induced significantly increased IL-
8 responses when compared with !FLOT organisms, however,
these responses were only partially restored with respect to
those induced by WT bacteria (Figure 2C; P < 0.001 and

TABLE 1 | Proteins identified in DRM fractions of H. pylori 251 WT bacteria.

HP

number

Protein Predicted protein

locationa

HP0025 OMP2 Membrane-associatedb,c

HP0072 Urease subunit beta (UreB) Cytoplasmicb,c

HP0073 Urease subunit alpha (UreA) Cytoplasmicb,c

HP0097 Hypothetical protein Unknown

HP0127 OMP4 (HorB) Membrane-associatedb,c

HP0130 Hypothetical protein Unknown

HP0185 Hypothetical protein Cytoplasmic

HP0229 OMP6 (HopA) Membrane-associatedb,c

HP0248 Flotillin-like protein Cytoplasmic

HP0252 OMP7 (HopF) Membrane-associatedb

HP0317 OMP9 (HopU or BabC) Membrane-associatedb

HP0377 Thiol:Disulphide interchange protein

(DsbE)

Membrane-associated

HP0472 OMP11 Membrane-associatedb,c

HP0486 OMP (HofC) Periplasmicb

HP0606 Membrane fusion protein (MtrC) Membrane-associatedc

HP0671 OMP14 (HorF) Membrane-associatedb,c

HP0706 OMP15 (HopE) Membrane-associatedb,c

HP0797 Lipoprotein (HpaA) Membrane-associatedb

HP0896 OMP19 (BabB or HopT) Membrane-associatedb,c

HP0912 OMP20 (HopC, AlpA) Membrane-associatedb,c

HP0913 OMP21 (HopB, AlpB) Membrane-associatedb,c

HP1069 ATP-dependent zinc

metalloprotease

Membrane-associated

HP1125 OMP18 (Peptidoglycan-associated

lipoprotein precursor)

Membrane-associatedb

HP1132 ATP synthase F1, subunit beta Cytoplasmic

HP1173 Hypothetical protein Cytoplasmicc

HP1177 OMP27 (HopQ) Membrane-associatedb,c

HP1243 OMP28 (HopS, BabA) Membrane-associated

HP1395 OMP30 (HorL) Membrane-associatedb

HP1462 Secreted protein involved in motility Cytoplasmicb

HP1463 Hypothetical protein Unknown

HP1469 OMP31 (HopV) Membrane-associatedb,c

HP1488 36 kDa antigen Membrane-associated

HP1540 Ubiquinol cytochrome c

oxidoreductase

Membrane-associated

HP1563 Alkyl hydroperoxide reductase

(TsaA)

Cytoplasmicc

aDetermined using the PSORTb prediction program (http://www.psort.org/psortb/).
bMembrane association proved experimentally (Carlsohn et al., 2006).
cMembrane association proved experimentally (Baik et al., 2004).

P < 0.01, respectively). As observed for cholesterol-enriched
and cholesterol-depleted bacteria, H. pylori !FLOT mutants
induced similar IL-6 and TNF-α responses in macrophages as
WT organisms (Figure 2D; data not shown). Cumulatively, these
data indicate that H. pylori HP0248 is involved in cholesterol
accumulation in the bacterial cell membrane and induction
of IL-8 responses in epithelial cells. We speculate that the
absence of HP0248 may destabilize membrane raft domains in
the H. pylori cell membrane, thereby affecting T4SS-dependent
functions.
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FIGURE 2 | The H. pylori flotillin-like protein, HP0248, is important for cholesterol accumulation and induction of cytokine responses in epithelial cells

but not macrophages. (A) Levels of cholesterol in H. pylori 251 WT, !FLOT, and !FLOT (FLOT+) bacteria, as measured by the Amplex Red cholesterol detection

kit. Data have been normalized to those for the WT strain and thus no error bars can be presented for this group. (B) Adhesion assays were performed on AGS gastric

epithelial cells that had been co-cultured for 6 h with H. pylori WT 26695 or 251 strains, or the corresponding !FLOT mutants. Data are expressed as the % of

bacteria that adhered. The results represent the average of three independent experiments. (C) AGS cell responses to H. pylori WT, !FLOT, or FLOT (FLOT+)

bacteria. Non-stimulated cells (NS) served as negative controls. The supernatants were analyzed by ELISA for the detection of IL-8 at 24 h post-stimulation. (D) RAW

264.7 cell responses to H. pylori 251 WT, !FLOT, or FLOT (FLOT+) bacteria. The supernatants were analyzed by ELISA for IL-6, at 6 and 16 h post-stimulation. Data

correspond to the mean ± S.E.M. (determined in triplicate) and are pooled from at least three independent experiments. Data were analyzed using the one-way

ANOVA (A,C,D) or Mann-Whitney test (B) *P < 0.05; **P < 0.01; ***P < 0.001; !P > 0.05.

H. pylori HP0248 Is Important for
T4SS-Induced Cell Scattering Responses
and CagA Translocation in Epithelial Cells
In addition to the induction of IL-8 production in epithelial
cells, the H. pylori T4SS mediates delivery of the effector
molecule, CagA, which causes rearrangement of the host cell
actin cytoskeleton and results in cell scattering (Segal et al.,
1999; Odenbreit et al., 2000; Backert et al., 2001). To further
investigate the importance of H. pylori HP0248 in T4SS-
dependent functions, we co-cultured AGS cells with H. pylori
WT, !FLOT, or !FLOT (FLOT+) bacteria, and used a high
throughput imaging technique to quantify the proportions of
cells displaying a cell scattering response (Figure 3A). Consistent
with the IL-8 data (Figure 2C), AGS cells that had been
co-cultured with an H. pylori !FLOT mutant strain displayed
weaker cell scattering responses, when compared with cells

co-cultured with either the WT or complemented mutant strains
(Figure 3B; P < 0.05 and P > 0.05, respectively).

We also confirmed that the reduced levels of cell scattering
induced in AGS cells by H. pylori !FLOT bacteria were due to
reduced translocation of the CagA effector protein, a functional
read-out of T4SS activity. Using an immunofluorescence-based
technique to detect both extracellular and intracellular CagA, we
observed that the levels of intracellular CagA were significantly
reduced in AGS cells that had been co-cultured with H. pylori
!FLOT or !cagA bacteria, when compared with cells co-
cultured with eitherWT or!FLOT (FLOT+) bacteria (Figure 4;
P < 0.02 and P < 0.008, respectively). Together, the data
show that H. pylori !FLOT bacteria are significantly affected
in their ability to induce CagA-dependent cell scattering and
IL-8 responses in gastric epithelial cells, thereby confirming the
importance of theH. pylori flotillin-like protein, HP0248, in T4SS
functionality.
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FIGURE 3 | The H. pylori flotillin-like protein, HP0248, is important for

the induction of cell scattering responses in epithelial cells. (A)

Induction of the cell scattering phenotype in AGS cells, as determined by

phalloidin-staining of cells that were either non-stimulated (NS) or co-cultured

with H. pylori 251 WT, !FLOT, or !FLOT (FLOT+) bacteria. Cellular actin is

stained green, cell nuclei are DAPI stained (blue), and H. pylori are stained red.

Cellular morphology was examined using the Cellomics Array Scan High

Content Screening reader (20 × objective). Arrows indicate cells that are

displaying a cell scattering responses or “hummingbird phenotype,” as

characterized by cell elongation and the formation of spindles. Scale bars

represent 30 µm. (B) The percentages of cells displaying cell scattering

responses were determined after 6 h co-culture. Cell counting was performed

on 20 fields per well for a total of 10 wells per experimental condition, across

two independent experiments (with a minimum of 6,500 cells counted per

experimental condition). Data correspond to the mean ± S.E.M. from pooled

independent experiments (n = 2). Data were analyzed using one-way ANOVA

*P < 0.05; !P > 0.05.

H. pylori HP0248 Is Important for
Establishment of a Chronic Infection in
Mice
Finally, mouse infection studies were performed with H. pylori
!FLOT mutants that had been generated in the SS1 and X47-
2ALmouse-colonizing strains (Grubman et al., 2010). A dramatic

FIGURE 4 | H. pylori bacteria lacking the flotillin-like protein, HP0248,

translocate less CagA into epithelial cells. AGS cells were either (A,B)

(Continued)
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FIGURE 4 | Continued

non-stimulated or co-cultured with (C,D) H. pylori 251 WT, (E,F) !cagA, (G,H)

!FLOT, or (I,J) !FLOT (FLOT+) bacteria. CagA was detected using a rabbit

anti-CagA antibody. Panels (A,C,E,G,I) show cells that had been incubated

with anti-rabbit Alexa Fluor 488-conjugated secondary antibody. Panels

(B,D,F,H,J) show cells that had been incubated with anti-rabbit Alexa Fluor

488-conjugated secondary antibody, permeabilized with 1% Triton-X and then

incubated with anti-rabbit Alexa Fluor 647-conjugated antibody. Nuclei (blue)

were stained using DAPI. Extracellular CagA molecules (thin arrows) appear as

green diffuse areas of staining and were detected using a rabbit anti-CagA

(b-300) primary antibody and an Alexa Fluor 488 anti-rabbit conjugate as the

secondary antibody. Intracellular CagA molecules (arrow heads) appear as red

mainly punctate areas of staining that were detected using the rabbit

anti-CagA and Alexa Fluor 647-conjugated anti-rabbit antibodies. Scale bars,

17 µm. K, Quantification of Alexa Fluor 647 and Alexa Fluor 488 staining

(expressed as relative intensities) in AGS cells that had been co-cultured with

either H. pylori 251 WT, !cagA, !FLOT, or !FLOT (FLOT+) bacteria. The

data represent the mean ± SEM for two independent experiments. Data were

analyzed using the Mann-Whitney U test. **P < 0.008; !P > 0.05.

and highly significant effect on colonization was observed for
H. pylori SS1!FLOTmutants, with no bacteria cultured from the
gastric tissues of these mice at 30 days post-infection (Figure 5;
P < 0.0001). Although we were unable to complement the
FLOT mutation in H. pylori SS1 (data not shown), we were
able to do so in another mouse-colonizing strain, H. pylori
X47-2AL. Bacterial loads in X47-2AL !FLOT-infected mice
were significantly reduced with respect to those in WT-infected
mice, albeit less strikingly than for SS1 (Figure 5; P = 0.039).
Additionally, mice that were infected with the X47-2AL !FLOT
(FLOT+) strain exhibited significantly higher bacterial loads
than animals infected with the !FLOT mutant (P = 0.01), but
similar loads to those infected with the WT strain (P = 0.549).
The fact that the FLOT mutation had a more dramatic effect on
colonization in SS1 than in X47-2AL is similar to the findings of
a previous study (Grubman et al., 2010), indicating likely strain-
dependent differences. Taken together, the data demonstrate that
HP0248 plays a role in chronic colonization of the mouse gastric
mucosa.

DISCUSSION

It has been known for some time that H. pylori obtains host
cell-derived cholesterol to generate cholesteryl glucosides which
the bacterium incorporates into its own membrane (Ansorg
et al., 1992; Hirai et al., 1995). These cholesteryl glucosides
allow H. pylori to evade phagocytosis, the activation of a T-
cell response and thus bacterial clearance (Wunder et al., 2006).
We now know that cholesterol plays multiple roles in H. pylori
pathogenesis. This compound is required during the initial phase
of colonization by H. pylori (Hildebrandt and Mcgee, 2009),
as well as in bacterial resistance to antibiotics, antimicrobial
peptides and bile salts (Mcgee et al., 2011; Trainor et al., 2011).
In the present study, we have identified an H. pylori homolog
of eukaryotic flotillin proteins that localizes to the cholesterol-
enriched cell membranes of the bacterium. We propose that this
H. pylori flotillin represents a new virulence factor involved in
host-pathogen interactions.

FIGURE 5 | The H. pylori flotillin-like protein, HP0248, is required for

mouse colonization. C57BL/6 mice were inoculated with 107 CFU of H.

pylori by intragastric gavage. Quantitative culture assays were performed at 30

days post-infection. Data are presented as Log10colony forming units (CFU)/g

stomach, with each point representing the mean of two estimations for a

single mouse. Horizontal bars represent the geometric means of viable cell

count determinations. The limit of detection for the assay is approximately

1,000 CFU/gram. Data for H. pylori SS1 are pooled from three independent

experiments, whereas those for X47-2AL are from 2 (WT, !FLOT ) and 1

experiment (!FLOT (FLOT+)), respectively. Data were analyzed using the

Mann-Whitney test *P < 0.05; ****P < 0.0001; !P > 0.05.

It is well-established that cholesterol accumulates within
membrane raft microdomains of eukaryotic cells. An important
property of membrane rafts is that they can selectively include
or exclude proteins to control interactions at the cell surface
(Manes et al., 2003). It is becoming apparent that some bacteria
possess domains analogous to eukaryotic membrane rafts in
their outer membranes (Larocca et al., 2010; Lopez and Kolter,
2010). Additionally, it has been reported that homologs of the
archetypal membrane raft molecule, flotillin, can be found in
certain bacteria (Donovan and Bramkamp, 2009; Lopez and
Kolter, 2010). For the first time, we have characterized a flotillin-
like protein in a human bacterial pathogen and demonstrated
its importance in pathogenesis. This protein, encoded by the
hp0248 gene in H. pylori 26695, was originally annotated as a
hypothetical protein. Consistent with this finding, a recent review
article reported H. pylori hp0248 as being a putative flotillin-
encoding gene, however, no evidence for this conclusion was
provided (Bramkamp and Lopez, 2015). Interestingly, although
we used the amino acid sequence of the B. subtilis flotillin-like
protein YuaG (also known as FloT) to identify H. pyloriHP0248,
it was suggested that HP0248 was likely to be more similar to
the B. subtilis flotillin-like protein YqfA (or FloA) (Bramkamp
and Lopez, 2015). It is therefore possible that in common with
B. subtilis and other bacteria, H. pylori has two flotillin-like
proteins, a fact that may explain the significant but relatively
modest differences observed between the H. pylori WT and
!FLOTmutants observed here. CLUSTALWanalysis ofH. pylori
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HP0248 (Supplementary Figure 1) showed that it has a predicted
SPFH domain, characteristic of flotillin family members. By
homologous recombination, we were able to generate H. pylori
HP0248 mutants lacking all but 47 amino acids in the N-
terminal region of the SPFH domain. In contrast, and despite
two different mutagenesis approaches, all attempts to generate
H. pylori HP0248 mutants lacking the entire SPFH domain
were unsuccessful (data not shown). The precise reason for
this observation remains unclear. One possibility is that the
downstream gene, hp0249, which was used as a homology arm
for recombination, may be an essential gene for H. pylori. The
start codon of hp0249 is situated only seven base pairs from the
stop codon of hp0248 and the two genes are likely to be part of
the same transcriptional unit. Thus, any perturbation in hp0249
expression may be lethal for the bacterium.

H. pylori can incorporate cholesterol into its cell membrane
(Wunder et al., 2006) and thus it appeared likely that the
bacterium may have membrane raft-like structures in its outer
membrane. Based on the known property of membrane raft
components to partition to DRM fractions, our data indicate
that H. pylori HP0248 is a membrane raft-associated protein
(Figure 1, Supplementary Tables 3, 4). Bioinformatic analyses
suggest that this protein does not have a signal sequence but
does have the predicted transmembrane region (data not shown)
required for the association of SPFH proteins with the bacterial
membrane (Bramkamp and Lopez, 2015). Proteomic analyses
of the DRM preparations (Table 1, Supplementary Tables 3, 4)
also revealed a selective enrichment of OMPs, including several
of which are important for adhesion e.g., BabA, HopB, HopC,
HopQ. In S. aureus, DRMs were reported to contain proteins
required for biofilm formation, signaling, attachment, and
virulence (Lopez and Kolter, 2010). Similarly, selective packaging
of outer surface lipoproteins into membrane rafts has been
reported in B. burgdorferi (Toledo et al., 2014). We hypothesize
that specific proteins, required for H. pylori interactions with
target cells and/or colonization, may compartmentalize within
the membrane raft domains of this pathogen.

Eukaryotic flotillin is found within membrane raft domains
and is important for various cellular functions (Simons and
Ikonen, 1997). We therefore speculated whether the flotillin-
like protein, HP0248, renamed here as FLOT, may hold a
similar importance for H. pylori physiology. Indeed, H. pylori
!FLOT mutants displayed ∼40% less cholesterol in their
membranes (Figure 2A), thus indicating that the protein is
involved in cholesterol accumulation by the bacterium. Although
a cholesterol receptor has yet to be identified in H. pylori,
previous experimental evidence suggested that cholesterol uptake
in the bacterium is protein-mediated (Trampenau and Muller,
2003). It is therefore possible that H. pylori FLOT may be
one protein required for the uptake of cholesterol within
the H. pylori cell membrane. We hypothesize that through
its stabilization of membrane raft domains, H. pylori FLOT
may be important for cholesterol accumulation within its
cell membrane. In turn, these domains may be required for
the proper formation and functioning of the T4SS apparatus.
Consistent with this hypothesis, we demonstrated that T4SS-
dependent functions, as determined by cell scattering responses

and CagA translocation, were significantly affected in H. pylori
!FLOT mutants (Figures 3, 4, respectively). Furthermore, we
showed that these mutants were also significantly affected in their
ability to colonize mice in a bacterial strain-dependent manner
(Figure 5). Similar strain-dependent effects on colonization have
been reported for otherH. pylorimutants (Grubman et al., 2010)
and are most likely reflective of the enormous genetic diversity in
this bacterial species (Falush et al., 2003).

In conclusion, the flotillin-like protein, HP0248 appears
to be critical for H. pylori pathogenesis, as not only is this
protein important for the induction of T4SS-mediated host
cell responses, but also for colonization. Although we have
shown that HP0248 is involved in the optimal delivery of
CagA into host cells and complete induction of IL-8 immune
responses, it would be of interest to directly show whether T4SS-
dependent delivery of peptidoglycan to host cells is reduced
in the absence of HP0248. Furthermore, it remains to be
elucidated whether the reduced amounts of cholesterol in
the H. pylori !FLOT bacteria, or a combination of reduced
cholesterol and the absence of FLOT, account for the lower
host cell responses and decreased colonization levels observed.
The difficulty in separating the contribution of cholesterol and
FLOT to the phenotypes observed during this study has raised
further questions that will form the basis of future investigations.
Are the observed HP0248-dependent phenotypes a result of lost
interactions between FLOT and other H. pylori proteins that
might complex within the membrane raft domain? Are these
phenotypes an indirect effect of the reduction in membrane
cholesterol, rather than through the direct loss of FLOT?
Finally, is FLOT itself responsible for controlling integration of
cholesterol into membrane microdomains?Whatever the relative
contributions of cholesterol and FLOT, the fact that both have
an association with DRMs identifies H. pylori membrane raft-
like structures as critical to host-pathogen interactions during H.
pylori infection. Finally, as cholesterol is a key metabolite in H.
pylori physiology and plays a critical role in bacterial survival
within the stomach, we propose that the biological pathways
involved in accumulation of this sterol or its derivatives may
be attractive targets for the design of new treatments against
infection. Interestingly, H. pylori-infected subjects with high
serum levels of total cholesterol and low-density lipoprotein
cholesterol exhibited increased gastritis scores (Kucukazman
et al., 2009). It is tempting to speculate whether increased levels of
cholesterol within the gastric niche of these subjects might render
H. pylori bacteria more pathogenic.
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Supplementary Table 1. Primers used in this study 

 

Primer 

name 

Primer sequence 

MH9 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAgggatccacttctttgtgcct

atc 

MH10 GGGGACCACTTTGTACAAGAAAGCTGGGTAtcattcttggcgcgcgatttgga

c 

MH1 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCCCATTGAT

TTGAACGAACAT 

MH3 GGGGACAACTTTGTATAGAAAAGTTGGGTGCCACAATGAGAAT

GTCTTGAATGA 

GmB4rF GGGGACAACTTTTCTATACAAAGTTGCTGGTACCCGGGTGACTA

AC 

GmB3rR GGGGACAACTTTATTATACAAAGTTGTGGATCCCCGTGTCATTA

TTCC 

MH4 GGGGACAACTTTGTATAATAAAGTTGCTAAAAGTCCAAATCGC

GCGCCAAGA 

MH2 GGGGACCACTTTGTACAAGAAAGCTGGGTACTATTAAGGCTCTT

TAGTCTCGGCAAT 

M13 TGTAAAACGACGGCCAGT (f)  

TCACACAGGAAACAGCTATGAC (r) 

T7  TAATACGACTCACTATAGGG (promoter)   

GCTAGTTATTGCTCAGCGG (terminator) 

MH5 CCTAATACGCCTAATAATGGG 

MH6 GGCTCTTTAGTCTCGGCAAT 

GmFwd gacacgatgccaacacgacg 

GmRvs agggcctcgatcagtccaag 

LT8F GGGGACAAGTTTGTACAAAAAAGCAGGCTCAATGAAATTTTTG

GATCAAG 

LT8R GGGGACAACTTTTGTATACAAAGTTGTATTTGAGCAAAAGAGG

GGATC 

LT9F GGGGACAACTTTGTATACAAAAGTTGCATTAGTTAATGAACGCT
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TCTG 

LT9R GGGGACAACTTTGTATAGAAAAGTTGGGTGTTTTGGGGTGAGTT

TCATCTC 

MH11 GGGGACAACTTTTCTATACAAAGTTGCAATGCCCATTGATTTGA

ACGAAC 

MH12 GGGGACAACTTTATTATACAAAGTTGTTTAAGGCTCTTTAGTCT

CGGC 

LT10F GGGGACAACTTTGTATAATAAAGTTGCAGAGATTCAACCACAG

CATGC 

LT10R GGGGACCACTTTGTACAAGAAAGCTGGGTATCACAACCAAGTA

ATCGCATC 

AG1F ACCACACGGCCACTACATGC 

MH13R ACCACACGGCCACTACATGC 
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Supplementary Table 2. Cellular locations of cytoplasmic proteins as predicted 

by the PSORTb program. 

 
a Predicted locations are reported as percentages. 

 

 

 

 

 

 

 

 

 

 

 

 

HP 

No. 

Protein Cytoplasmic Cytoplasmic 

Membrane 

Periplasmic Outer 

Membrane 

Extra-

cellular 

0072 Urease subunit 

B (UreB) 

100 a 0 0 0 0 

0073 Urease subunit 

A (UreA) 

100 0 0 0 0 

0248 Flotillin-like 

protein 

89.6 5.1 2.6 0.1 2.6 

1132 ATP synthase 

F1, subunit 

beta 

91.2 8.8 0 0 0 

1462 Secreted 

protein 

involved in 

motility 

89.6 5.1 2.6 0.1 2.6 

1563 Alkyl 

hydroperoxide 

reductase 

(TsaA) 

100 0 0 0 0 
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Supplementary Table 4. List of proteins migrating in the 40 kDa molecular 

weight range and common to DRM fractions from H. pylori WT, ∆FLOT and 

∆FLOT (FLOT+) bacteria but absent from all DSM fractions. 1 

 

HP 

number 

Protein name Accession 

number 

Da Mascot 

search 

score 

Total 

peptides 

matched 

HP0010 60 kDa Heat shock protein, 

chaperone (GroEL/HspB) 

P42383 58285 108 10 

HP0019 Chemotaxis protein (CheV1) O24864 36735 30 2 

HP0045 Nodulation protein (NolK) O24886 35075 93 7 

HP0106 Cystathionine g-synthase 

(MetB) 

P56069 41320 52 2 

HP0118 Hypothetical protein O24937 45336 20 1 

HP0176 Fructose-biphosphate aldolase 

(Fba/Tsr) 

P56109 33865 230 15 

HP0197 S-adenosylmethionine 

synthase (MetK) 

P56460 42678 40 2 

HP0254 Outer membrane protein 8 

(OMP8, HopG) 

O25036 47526 38 5 

HP0267 Adenosine deaminase O25046 45798 68 3 

HP0393 Chemotaxis protein (CheV3) O25154 35665 51 1 

HP0554 Hypothetical protein O25280 37202 81 4 

HP0569 GTP-binding protein (Gtp1) O25293 40834 53 2 

HP0570 Cytosol aminopeptidase 

(PepA) 

O25294 54969 41 1 

HP0582 Hypothetical periplasmic 

protein (TonB homolog) 

O25304 37359 47 5 

HP0589 2-oxoglutarate-acceptor 

oxidoreductase subunit (OorA) 

O25311 41596 26 2 

HP0631 Hydrogenase (NiFe) small 

subunit (HydA) 

O25348 42954 50 2 

HP0656 Dehypoxanthine futalosine 

cyclase 

O25370 43738 47 2 
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HP0694 Hypothetical protein O25401 29996 150 5 

HP0825 Thioredoxin reductase (TrxB) P56431 34030 287 13 

HP0913 OMP21 (HopB, AlpB) O25571 57141 19 2 

HP1110 Pyruvate ferredoxin 

oxidoreductase, a subunit 

(PorA) 

O25738 45000 26 1 

HP1111 Pyruvate ferredoxin 

oxidoreductase, b subunit 

(PorB) 

O25739 35390 31 3 

HP1118 g-glutamyltranspeptidase 

(GGT) 

O25743 61113 62 4 

HP1133 ATP synthase g chain (AtpG) P56082 34221 121 4 

HP1177 OMP27 (HopQ) O25791 69991 55 4 

HP1335 Predicted tRNA-specific 2-

thiouridylase (MnmA) 

O25893 38508 71 5 

HP1345 Phosphoglycerate kinase (Pgk) P56154 44915 60 4 

HP1349 Hypothetical 

periplasmic protein 

O25904 44538 37 1 

HP1373 Rod shape-determining actin-

like protein (MreB) 

O25925 37488 220 7 

HP1398 Alanine dehydrogenase (Ald) O25948 41256 196 8 

HP1554 30S ribosomal protein S2 

(RpsB) 

P56009 30839 61 2 

 
1 Proteins were identified by LC-MS/MS using the QExactive mass spectrometer. 
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2.3. Discussion 
The findings of this chapter have demonstrated the existence and characteristics of a 

novel flotillin-like protein, HP0248, in a bacterial pathogen. Furthermore, we have 

provided convincing evidence for the presence lipid raft-like structures in the human 

pathogen, H. pylori. Although this is not the first report of lipid rafts and flotillin-like 

proteins in prokaryotes [108, 109, 113, 115, 188], we have demonstrated for the first 

time a role for bacterial membrane cholesterol in the stabilization of bacterial raft-like 

structures as well as the incorporation of specific proteins important for adherence, 

virulence and colonization into these cholesterol-rich domains present in H. pylori. 

These observations are consistent with an important property of eukaryotic membrane 

rafts to selectively include or exclude proteins that influence interactions at the cell 

surface [102]. Furthermore, DRMs in S. aureus were reported to contain proteins 

required for biofilm formation, signaling, attachment, and virulence [108]. Similar 

findings were also reported for lipid raft-like structures from other bacterial pathogens 

such as B. burgdorferi [112].  

 

Interestingly, this study has also determined a role for the H. pylori flotillin-like 

protein, HP0248, in the induction of pro-inflammatory cytokine and chemokine 

responses in host epithelial cells. In addition, we found that HP0248 was required for 

the T4SS-dependent delivery of CagA to target cells and mouse colonization in vivo. 

However, the most striking finding is the association between the flotillin-like protein, 

HP0248, and the presence of cholesterol in the cell membrane of the bacterium, 

making this is the first example of a specific protein that may be involved in 

cholesterol acquisition/retention in H. pylori. Taken together, these data suggest that 

HP0248 and the associated membrane rafts are critical for H. pylori pathogenesis and 

virulence.  
 

Overall, we have identified a novel H. pylori homolog of eukaryotic flotillin that 

localizes to the cholesterol-enriched cell membrane domains of the bacterium. We 

propose that this bacterial protein constitutes a new class of bacterial virulence factors 

involved in host-pathogen interactions. Given that the deletion of HP0248 did not 

completely abrogate pro-inflammatory chemokine responses in host epithelial cells, it 

is possible that H. pylori encodes for additional flotillin-like proteins, as is common in 
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other bacterial species such as B. subtilis [115]. Indeed, recent findings suggest 

HP0248 is likely to be more similar to the flotillin-like protein YqfA (or FloA) from 

B. subtilis, rather than the YuaG (or FloT) protein used to identify HP0248 in this 

study [115]. Furthermore, since our results have shown that HP0248 is required in the 

optimal delivery of CagA into host cells, it would be of interest to demonstrate if the 

T4SS-dependent translocation of PG and subsequent induction of NOD1-dependent 

pro-inflammatory responses are also affected in the absence of this bacterial flotillin-

like protein. Finally, this study recognizes cholesterol-rich membrane domains as a 

novel therapeutic target to combat persistent H. pylori infection, and thus provides 

additional evidence to support emerging data identifying the use of statins as a 

feasible approach to alleviate H. pylori-mediated inflammation [189, 190]. 
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Chapter 3: Modifications of Helicobacter pylori peptidoglycan during 

host adaptation affect NOD1-mediated gastric epithelial cell 

responses 
 

3.1. Summary 
 

The intracellular innate immune receptor, NOD1, recognizes a conserved structure 

present in Gram-negative bacterial PG [61]. Human and murine NOD1 have further 

evolved to preferentially sense two distinct forms of PG that differ solely in the 

lengths of their side chains – being GM-TriDAP and GM-TetraDAP, respectively [155, 

159]. Ratios of Tri/TetraDAP have been shown to vary not only between bacterial 

species, but also between different strains within the same bacterial species [51, 161, 

191, 192]. However, interestingly, the biological significance of these observations 

remains unclear. Helicobacter pylori, a non-invasive gastric pathogen, activates 

NOD1 signaling by delivering PG fragments into host cells via the T4SS encoded by 

the cagPAI or OMVs [35, 55]. NOD1 detection of H. pylori typically initiates host 

defense mechanisms resulting in NF-kB activation and production of the CXC 

chemokine, IL-8, by epithelial cells [35, 65]. Thus, NOD1 is an important mediator of 

epithelial cell sensing of H. pylori infection.  

 

Gram-negative pathogens have, however, evolved various strategies to modify their 

PG and thus avoid NOD1 detection [68, 160, 193]. Indeed, H. pylori also utilizes 

several enzymes that mediate cell wall PG modifications which, in turn, affects 

bacterial colonization and immune recognition by the host [68, 72, 73]. Bacterial PG 

is thus an important virulence factor required for the establishment and persistence of 

infection in the host.  

 

Studies have previously reported how the sequential passage of a clinical cagPAI+   

H. pylori isolate (245) through mice resulted in a “mouse-adapted” variant (245m3) 

that colonized the mouse in high numbers, but which had lost the ability to induce 

NF-kB and IL-8 responses in a human gastric epithelial cell line [164]. The mouse-

adapted H. pylori 245m3 variant was further observed to retain a genetically intact 

cagPAI [164].  Based on the implications of PG composition on NOD1 recognition, 
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we hypothesized that the reduced NF-κB activation by H. pylori 245m3 in human 

cells may be associated with modifications in its cell wall PG composition. We 

speculate that NOD1 signaling may confer a selective advantage to H. pylori in vivo, 

a finding that would have broader implications for other bacterial pathogens detected 

by this cytosolic receptor.  

 

The following experiments were therefore designed to: firstly, identify any genomic 

differences between the mouse-adapted H. pylori strain, 245m3, and its human 

clinical progenitor isolate, H. pylori 245; secondly, we wished to characterize the PG 

muropeptide composition of the aforementioned human and mouse-adapted isolates 

of H. pylori as well as other paired human and mouse-adapted H. pylori strains; 

finally, we sought to determine the impact of bacterial PG modifications on NOD1-

dependent host responses and colonization in vitro and in vivo, respectively. 
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ABSTRACT 30	

The intracellular innate immune receptor, NOD1, recognizes a conserved structure present in 31	

the degradation products (muropeptides) of Gram-negative bacterial peptidoglycan (PG). 32	

Human and mouse NOD1 preferentially detect two distinct forms of muropeptides, namely 33	

GM-TriDAP and GM-TetraDAP, respectively. The non-invasive gastric pathogen, Helicobacter 34	

pylori, activates NOD1 signaling by delivering muropeptides into host epithelial cells via a 35	

type IV secretion system. Here, we investigated whether changes in cell wall PG occurred 36	

during host adaptation of H. pylori and if these modifications may subsequently affect NOD1 37	

signaling in host cells. For this, we used a clinical isolate, H. pylori 245, and its mouse-38	

adapted variant, 245m3, which colonizes mice in higher numbers. We showed that H. pylori 39	

245m3 displayed a 2.6-fold increase in murine Nod1-specific GM-TetraDAP relative to the 40	

human NOD1-specific GM-TriDAP in its cell wall. In comparison to the clinical isolate, 245, 41	

H. pylori 245m3 was affected in its ability to induce pro-inflammatory responses in human 42	

gastric epithelial cells. These differences appeared to be independent of T4SS functions. 43	

Interestingly, however, H. pylori 245m3 induced higher chemokine production in mouse 44	

epithelial cells and embryonic fibroblasts. Analyses of additional pairs of clinical and mouse-45	

adapted H. pylori strains suggested that the modifications in PG muropeptide composition 46	

arising from host host-adaptation have an impact on NOD1 responses in host cells, but these 47	

changes may be strain-dependent. Taken together, our findings demonstrate that the human 48	

gastric pathogen, H. pylori, modulates its muropeptide composition to enable detection by the 49	

NOD1 signaling pathway, which may be important for bacterial colonization and persistence 50	

in vivo. 51	
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IMPORTANCE 52	

The stomach pathogen Helicobacter pylori has been associated with humans for over 100,000 53	

years. This Gram-negative bacterium is highly adapted to the human stomach, where it can 54	

persist for decades. The cytosolic molecule NOD1 is important for epithelial cell sensing of 55	

Gram-negative peptidoglycan and host defense responses against infection. Interestingly, 56	

human and mouse NOD1 have evolved to detect slightly different structures within Gram-57	

negative peptidoglycan, yet the biological significance of this specificity remains undefined. 58	

We have shown that “mouse-adaptation” of a clinical H. pylori isolate (245) generated a 59	

variant (245m3) that exhibited an increased proportion of the murine Nod1 agonist, GM-60	

TetraDAP. We confirmed the specificity of NOD1 recognition of H. pylori 245 and 245m3 in 61	

in vitro cell culture models. This study demonstrates that modifications in peptidoglycan 62	

composition arising from host adaptation may render bacteria more detectable by NOD1, 63	

thereby potentially promoting their persistence in vivo.                           64	
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INTRODUCTION 65	

During cell division, Gram-negative bacteria remodel their cell walls, resulting in the release 66	

of low molecular weight, soluble fragments of degraded peptidoglycan (PG), known as 67	

muropeptides (1). These muropeptides have been shown to have a higher biological activity 68	

than intact cell walls and to induce multiple pro-inflammatory and cytotoxic effects on 69	

mammalian host cells (1-3).  70	

 71	

Bacterial muropeptides are recognized by the cytoplasmic innate immune sensor, Nucleotide-72	

binding Oligomerisation Domain 1 (NOD1) in mammalian cells (4, 5). NOD1 specifically 73	

senses γ-D-glutamyl-meso-diaminopimelic acid (iE-DAP), a motif almost exclusively found 74	

in the cell walls of Gram-negative bacteria (6). Interestingly, human and murine NOD1 have 75	

been shown to preferentially detect slightly differently forms of muropeptides, namely a tri-76	

peptide stem structure (GM-TriDAP) and a tetra-peptide stem structure (GM-TetraDAP), 77	

respectively (7, 8). Gram-negative pathogens exhibit varying GM-TriDAP versus GM-TetraDAP 78	

ratios both within and between bacterial species (9, 10). Indeed, the tracheal toxin produced 79	

by Bordatella pertussis, a muropeptide fragment enriched with a GlcNAc-(anhydro)MurNAc 80	

(11) -TetraDAP motif, is observed to preferentially activate mouse Nod1 (7, 8). In contrast, 81	

Bacillus subtilis has been reported to be a weak inducer of Nod1 activation in mice due to the 82	

presence of a higher percentage of amidated GM-TriDAP muropeptides in its PG (12). 83	

Bacteria have thus evolved various strategies to modify their PG and evade NOD1 detection 84	

(13, 14).  Indeed, bacteria possess a variety of PG-modifying enzymes that can modify PG 85	

muropeptide composition thereby affecting both innate immune recognition and bacterial 86	

colonization in the host (10, 13-18). Of significance are recent data reported by Zarantonelli 87	

et al., demonstrating how modifications in the muropeptide composition of Neisseria 88	

meningitidis had compound effects on its resistance to penicillin, induction of NOD1-89	
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dependent responses and fitness in an in vivo infection model (18). Nevertheless, the 90	

biological significance of differential NOD1 agonist specificity and PG muropeptide 91	

composition in bacteria remains poorly understood.  92	

 93	

Helicobacter pylori is a Gram-negative human pathogen that infects half of the world’s 94	

population. It is classified as a Type 1 carcinogen and is the leading risk factor associated 95	

with 75% cases of gastric cancer (19, 20). H. pylori is highly adapted to the human stomach 96	

and has developed numerous mechanisms to enable its chronic persistence in this site. In 97	

particular, virulent strains of H. pylori possess a 40 kb cag pathogenicity island (cagPAI), 98	

which encodes genes required for the production of a Type 4 Secretion System (T4SS) (21, 99	

22). Interactions between the CagL protein on the exterior of the H. pylori T4SS and α5β1 100	

integrins on gastric epithelial cells facilitate the translocation of bacterial effector molecules, 101	

cytotoxin-associated gene A (CagA) and PG, into host cells (23-26). In addition to the 102	

delivery of PG via the T4SS, this H. pylori cell wall component can be delivered into host 103	

epithelial cells by outer membrane vesicles (OMVs) in a cagPAI-independent manner (27). It 104	

has been shown that H. pylori interactions with host epithelial cells, involving either the 105	

T4SS or OMVs, result in activation of a pro-inflammatory signaling cascade mediated by 106	

NOD1 (5, 27). Upon detection of PG delivered by H. pylori, NOD1 associates with the 107	

adaptor molecule, receptor interacting serine/threonine-protein kinase 2 (RIPK2), and 108	

subsequently activates the nuclear factor-kappa B (NF-κB) and mitogen-activated protein 109	

kinase (MAPK) pathways resulting in the production of the pro-inflammatory chemokine, 110	

Interleukin-8 (IL-8) (5, 28-30). 111	

 112	

Previous work from our group described how the repeated passage through mice of a human     113	

H. pylori cagPAI+ isolate, strain 245, resulted in the generation of a mouse-adapted variant, 114	
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245m3, which was impaired in its ability to induce NF-κB-dependent responses in human 115	

gastric epithelial cells (31). In the current study, we have used these paired H. pylori isolates 116	

to investigate the dual impact of host adaptation on PG muropeptide composition and 117	

recognition by the host innate immune system. We found that the mouse-adapted H. pylori 118	

245m3 variant exhibited an increased proportion of GM-TetraDAP relative to GM-TriDAP 119	

muropeptides, when compared with the progenitor clinical isolate. This alteration in 120	

muropeptide composition resulted in reduced NOD1-dependent CXC chemokine responses in 121	

human epithelial cells. Importantly, we showed that while other mouse-adapted H. pylori 122	

strains displayed modifications to their PG composition, others retained a similar profile to 123	

their parental isolates. From genomic analyses, we also identified a predicted protein 124	

truncation in the PG-modifying lytic transglycosylase enzyme, MltD (HP0527), in the 125	

mouse-adapted variant, 245m3. We hypothesize that the human gastric pathogen, H. pylori, 126	

modulates its muropeptide composition via MltD, or other PG- modifying enzymes, to 127	

actively engage the NOD1 signaling pathway.  128	
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RESULTS 129	

Host specificity in NOD1-mediated host defense against H. pylori infection in mice. In a 130	

previous study (31), we showed that the repeated passage of a clinical isolate, H. pylori 245, 131	

resulted in a generation of a mouse-adapted variant, 245m3, which colonized the stomachs of 132	

wild-type mice in high numbers. In the present study, we sought to investigate the effect of 133	

the NOD1 signaling pathway on the colonization of the H. pylori strains, 245 and 245m3, in 134	

vivo. For this, Nod1+/+ and Nod1-/- mice were infected with H. pylori strains, 245 and 245m3, 135	

and then sacrificed at either 7 (Fig.1A) or 30 (Fig. 1C) days post-infection. Consistent with 136	

previous findings (31), 2-fold higher bacterial loads were recovered from Nod1+/+ mice 137	

infected with H. pylori 245m3 compared to 245, at both time points (Fig.1A, C). 138	

Interestingly, both the human (1.5 fold increase) and mouse-adapted (0.5 fold increase)       139	

H. pylori strains were able to colonize Nod1-/- animals with greater efficiency at 7 days post-140	

infection (Fig.1A); however, at 30 days post-infection, only H. pylori 245m3 bacteria were 141	

recovered at significantly higher numbers (1.2 fold increase; Fig. 1C). These data suggested 142	

that mouse Nod1 may have a greater impact on chronic infection by the mouse-adapted 143	

strain. 144	

As human and mouse NOD1 preferentially recognize different PG side chains (7), we next 145	

infected transgenic mice that specifically express human NOD1 but not its murine equivalent 146	

(hTghNOD1+/+) (18). At 7 days post-infection, hTghNOD1+/+ animals infected with the 147	

human clinical isolate, 245, exhibited lower bacterial loads when compared with their Nod1-/- 148	

counterparts, though these differences did not reach statistical significance (Fig. 1B). 149	

Interestingly, no differences were observed in animals gavaged with the H. pylori 245m3 150	

strain (Fig. 1B). Collectively, these data demonstrate host-specificity in NOD1-mediated host 151	

defense against infection by H. pylori strains.  152	

 153	
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Identification of genetic polymorphisms arising from mouse adaptation of a human           154	

H. pylori isolate. Strain-specific genetic diversity has been proposed to affect the ability of       155	

H. pylori to colonize and persist in a host (32). Therefore, we wished to first ascertain 156	

whether the mouse-adapted H. pylori variant, 245m3, was indeed derived from the progenitor 157	

human clinical isolate, H. pylori 245. Using paired-end whole genome sequencing and 158	

subsequent mapping/bioinformatics analyses, we demonstrated that both H. pylori 245 and 159	

245m3 displayed >90% similarity to the genome of the reference strain, H. pylori 26695. In 160	

addition, both strains shared >95% similarity with each other (Fig. 2A). We further confirmed 161	

this result via sequencing of the well-conserved housekeeping gene, glmM, (33) as well as 162	

CagA genotyping both strains (SF.1). Interestingly, 300 single nucleotide polymorphisms 163	

(SNPs) were also identified in the genome of the mouse-adapted variant, when compared 164	

with the genome of the parental clinical isolate (Fig. 2B). Of these, approximately 63.3% 165	

were predicted to induce missense mutations in the genome, whereas 1.3% were predicted to 166	

induce premature stop codons in the open reading frames of genes (Fig. 2B, Table 1). 167	

Importantly, three of the nonsense mutations were detected in cagPAI- and PG metabolism-168	

associated genes, namely: cag3 (HP0522), cag7 (HP0527) and mltD/dniR (HP1572) (Fig. 169	

2C, Table 1).  170	

 171	

Mouse-adapted H. pylori 245m3 has a functional T4SS. Having identified the presence of 172	

SNPs in the genome of H. pylori 245m3, it was imperative to confirm the presence of an 173	

intact cagPAI in both H. pylori strains via Western blotting for Cag3, Cag7 and CagA (Figure 174	

3A; SF.2). Full-length CagA and Cag7 proteins were observed in whole cell lysates obtained 175	

from  H. pylori 245m3, however, no Cag3 protein production was detected (Figure 3A; SF.2). 176	

We subsequently examined the translocation of the CagA effector protein to confirm the 177	

presence of a functional T4SS in H. pylori 245 and 245m3 bacteria. Using an 178	
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immunofluorescence-based technique to detect both extracellular and intracellular CagA 179	

(34), we observed that the levels of intracellular CagA were unchanged in AGS cells that had 180	

been co-cultured with H. pylori 245 or 245m3 bacteria (Fig. 3B; P > 0.05). Together, these 181	

data indicate that H. pylori 245m3, appears to retain a genetically intact cagPAI and is still 182	

able to translocate CagA into host cells, suggesting the presence of a functional T4SS.  183	

 184	

Mouse-adapted H. pylori strains exhibit an increased proportion of murine Nod1-185	

specific GM-TetraDAP relative to the human NOD1 agonist, GM-TriDAP. To investigate 186	

whether changes in cell wall PG muropeptides could account for the differential detection of 187	

H. pylori 245 and 245m3 by NOD1 in mice (Fig. 1), we performed HPLC/MALDI-MS 188	

analyses on the digested PG from both strains (Fig. 4A). Strikingly, the PG from H. pylori 189	

245m3 displayed a 2.6-fold increase in mouse Nod1-specific TetraDAP muropeptides relative 190	

to the human NOD1-specific TriDAP form, when compared with H. pylori 245 (Fig. 4A, B). 191	

To corroborate these findings, we also analyzed alternate pairs of H. pylori clinical (10700, 192	

256) and mouse-adapted (SS1, 256m1, 256m2) strains (31, 35, 36). Similar to the results 193	

obtained for H. pylori 245 and 245m3, HPLC/MALDI-MS analyses revealed a 1.53-fold 194	

increase in TetraDAP muropeptides relative to the TriDAP form in the mouse-adapted H. pylori 195	

SS1 strain, when compared with its clinical progenitor, 10700 (also known as PMSS1) (37) 196	

(SF. 3A, B). Significantly higher (1.1 fold increase) bacterial loads were also recovered at 7 197	

days post-infection from Nod1-/- mice infected with H. pylori SS1 but not 10700, when 198	

compared with Nod1+/+ animals (SF. 3D). In contrast, no changes in the muropeptide 199	

composition were observed in the mouse-adapted strains, 256m1 and 256m2, when compared 200	

with the clinical isolate, 256 (5, 31) (SF. 4A, B). Interestingly, it was shown that although    201	

H. pylori SS1, like H. pylori 245m3, was affected in its ability to induce NF-κB-dependent 202	

responses in human epithelial cells, both H. pylori 256m1 and 256m2 were unaffected in this 203	
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regard (31). Thus, the data suggest that the acquisition of modifications in PG muropeptide 204	

composition during host adaptation is a strain-specific phenomenon and that these changes 205	

may have an impact on host cell responses.  206	

 207	

H. pylori 245m3 is affected in its ability to induce NOD1-dependent cytokine responses 208	

in human gastric epithelial cells, but not cells of murine origin. Given the importance of          209	

H. pylori detection by NOD1 for the generation of pro-inflammatory responses in host gastric 210	

epithelial cells (5), we next examined interactions between H. pylori 245/245m3 and host 211	

cells in vitro. Using AGS human cell lines stably expressing short hairpin RNA (shRNA) to 212	

either NOD1 or an irrelevant gene (23, 29, 38), we found that the 245m3 strain induced 213	

significantly lower NF-κB p65 subunit translocation (Fig. 5A), CXCL8 gene expression (Fig. 214	

5B) and CXCL8/IL-8 cytokine production (Fig. 5C), compared with the 245 strain. These 215	

responses were further abrogated in the AGS NOD1 knockdown cell line infected with both 216	

H. pylori strains (Fig. 5A-C). We also corroborated our observations relating to IL-8 217	

chemokine production using AGS control and NOD1 knockout cell lines generated using the 218	

CRISPR-Cas9 technology, thereby confirming a role for NOD1 in mediating altered cytokine 219	

responses upon infection with human and mouse-adapted H. pylori bacteria (Fig. 2D).  220	

Finally, to investigate whether the altered pro-inflammatory responses observed in gastric 221	

epithelial cells were cagPAI-independent effects, OMVs from H. pylori 245 and 245m3 were 222	

added to AGS control and NOD1 knockdown cell lines (Fig. 6A). As hypothesized, we 223	

observed significantly reduced IL-8 responses in AGS control cells stimulated with 245m3 224	

OMVs in comparison to those stimulated with 245 OMVs, as well as an additional significant 225	

decline in IL-8 responses in stimulated AGS NOD1 knockdown cells (Fig. 6A). In contrast, 226	

murine epithelial cells (GSM06) and immortalized murine embryonic fibroblasts (MEFs) 227	

stimulated with 245m3 OMVs produced higher levels of Cxcl2/MIP-2, a murine IL-8 228	
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homologue (39) (Fig. 6B, C). Importantly, a significant decrease in Cxcl2/MIP-2 responses 229	

was observed in immortalized Nod1-/- MEFs stimulated with 245m3 OMVs, when compared 230	

with those from Nod1+/+ mice (Fig. 6C). In summary, we identified that H. pylori 245m3 was 231	

significantly impaired in its ability to induce NOD1-dependent responses in human gastric 232	

epithelial cells, when compared with the progenitor strain, 245. However, these trends were 233	

reversed in epithelial cells and embryonic fibroblasts of murine origin, thus further 234	

confirming the host specificity of H. pylori-NOD1 signaling axis.  235	

 236	

H. pylori 245m3 has a SNP in the gene encoding the PG-modification enzyme, MltD.          237	

H. pylori MltD (encoded by HP1572) has previously been established to function as a key 238	

factor involved in the modulation of PG composition in H. pylori in a strain-specific manner 239	

(10, 15). Having identified the introduction of a SNP in the mltD gene of H. pylori 245m3 by 240	

comparative genomics (Fig. 2C), we confirmed the presence of this SNP via Sanger 241	

sequencing (SF. 5A). Next, we investigated its expression in H. pylori 245 and 245m3 via 242	

RT-PCR (SF. 5B). Interestingly, while the genome sequencing analysis predicted a premature 243	

truncation of the mltD gene truncation in H. pylori 245m3 (SF. 5A), our RT-PCR data 244	

indicate that this gene is expressed in both clinical and mouse-adapted H. pylori strains of 245	

interest, with only a slight reduction in the latter (SF. 5B). Although published findings by 246	

Roure et al (15) reported that the inactivation of mltD resulted in a motility defect in            247	

H. pylori, semi-solid agar tests conducted in our laboratory indicated that the observed SNP 248	

in mltD had no significant effect on the motility of H. pylori 245m3 (SF. 5D, E). Taken 249	

together, these results indicate that the phenotypic and pathogenic changes observed in        250	

H. pylori 245m3 post-host adaptation could be attributed to genetic changes in mltD, a known 251	

PG modification enzyme. 252	
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DISCUSSION 253	

The innate immune receptor, NOD1, is present in the cytoplasm of various cell types and 254	

tissues and has key functions in immune surveillance, host responses against infection and 255	

regulation of cell death (4). It is well established that NOD1 sensing of H. pylori PG, 256	

delivered via the T4SS or OMVs, results in the generation of pro-inflammatory immune 257	

responses required for bacterial clearance and host defense (5, 27). Furthermore, the NOD1 258	

receptor from human and murine hosts has been shown to preferentially recognize different 259	

motifs (GM-TriDAP versus GM-TetraDAP) in bacterial PG (7, 8). Importantly, the reasons 260	

contributing to this evolution and its biological repercussions remain ill-defined. Many 261	

Gram-negative human pathogens, such as N. meningitidis, produce significantly more GM-262	

TetraDAP than GM-TriDAP muropeptides (40-42). In contrast, H. pylori strains seem to contain 263	

similar proportions of GM-TriDAP versus GM-TetraDAP forms (10, 13, 15, 43, 44). 264	

Interestingly, however, examination of published data (15, 17) suggest that laboratory          265	

H. pylori strains contain more GM-TriDAP, whereas host-adapted isolates that colonize mice in 266	

high numbers seem to display a higher ratio of GM-TetraDAP. In the present study, we have 267	

demonstrated that changes in GM-TetraDAP/GM-TriDAP ratios are a common occurrence in   268	

H. pylori strains that have been adapted to colonize the murine host. In addition, we have 269	

shown that these modifications in muropeptide composition impact on NOD1 signaling in the 270	

host, thereby possibly providing a selective advantage to the bacterium in vivo.  271	

 272	

In agreement with an earlier study (31), we showed that the mouse-adapted strain, H. pylori 273	

245m3, colonized wild-type mice with greater efficiency at 7 and 30 days post-infection, in 274	

comparison to its parental human clinical isolate, H. pylori 245 (Figure 1). Importantly, 275	

higher bacterial loads were recovered from Nod1-/- mice infected with both H. pylori 245 and 276	
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245m3 at 7 days post-infection, with only the latter mouse-adapted variant displaying a 277	

colonization advantage at the later time point assessed (Figure 1).  278	

 279	

We next performed whole genome sequencing of both H. pylori 245 and 245m3 strains in 280	

order to confirm the genetic similarity between both isolates. We corroborated that H. pylori 281	

245m3 was indeed a variant of its parental human isolate, but additionally identified 300 282	

SNPs in its genome (Figure 2, SF.1, Table 1). Significantly, 3 of the identified SNPs were 283	

predicted to induce premature stop codons in cagPAI- and PG metabolism-associated genes 284	

(i.e. cag3, cag7 and mltD) (Figure 2, Table 1). From previous work (5), it appears that NOD1 285	

sensing of H. pylori is affected by both the cagPAI and PG-status of the bacterium. 286	

Interestingly, we determined by Western blotting a loss of Cag3 protein expression, but no 287	

change in Cag7 expression in the mouse-adapted strain, 245m3 (SF.2). As Cag3 has 288	

previously been shown to be essential for T4SS function in H. pylori (45, 46), it is possible 289	

that the 245m3 variant contained a non-functional T4SS. However, CagA expression and 290	

T4SS-dependent CagA translocation appeared to be unaffected (Figure 3). Hence, the effect 291	

of Cag3 loss in the mouse-adapted H. pylori strain, 245m3, remains to be elucidated. 292	

 293	

Importantly, from HPLC/MALDI analyses of digested PG from H. pylori 245 and 245m3, we 294	

demonstrated that the latter mouse-adapted variant displayed a 2.6-fold increase in the murine 295	

Nod1 agonist, GM-TetraDAP compared with GM-TriDAP, which is preferentially recognized 296	

by human NOD1 (Figure 4). This would enable us to explain the findings reported by 297	

Philpott et al. (31), as well as the differences in colonization efficiencies between H. pylori 298	

245 and 245m3 observed in Figure 1. Furthermore, we confirmed our results of changes in 299	

PG composition during host adaptation, as well as the resulting effects on NOD1-recognition 300	

in vivo, using an additional pair of human- and mouse-adapted strains, 10700 and SS1, 301	
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respectively (SF.3). However, similar results were not obtained when an alternate set of 302	

parental and adapted strains, 256 and 256m1/m2 respectively, were investigated (SF.4). This 303	

suggests that the modification of muropeptide composition during host adaptation is strain-304	

dependent.  305	

 306	

Finally, using both live bacteria and OMVs as mechanisms for the delivery of PG into cells, 307	

we have been able to confirm the reduced ability of the 245m3 strain to induce pro-308	

inflammatory responses in human epithelial cells (Figure 5, 6). In contrast, murine epithelial 309	

cells and fibroblasts infected with H. pylori 245m3 displayed increased cytokine and 310	

chemokine production, in comparison with those stimulated with either bacteria or OMVs of 311	

the progenitor strain, 245, thus confirming the specificity of NOD1 recognition (Figure 6).  312	

 313	

H. pylori MltD, (also known as dniR), is a lytic transglycosylase or PG-cleaving enzyme with 314	

previously established functions involving PG metabolism, modifications to muropeptide 315	

composition and bacterial motility (10, 15). Having identified a SNP in hp0527 (mltD) (Table 316	

1, SF.5), conferring a putative truncated protein, we hypothesized that H. pylori may 317	

modulate its PG composition via MltD during host adaptation to actively engage the NOD1 318	

signaling pathway, thereby initiating responses that favor bacterial persistence in vivo. 319	

However, RT-PCR analyses only revealed a partial reduction in the expression of mltD in   320	

H. pylori 245m3, in comparison with the progenitor strain, 245 (SF.5). Furthermore, in 321	

contrast to a previous study (15), the SNP in mltD had no effect on motility of H. pylori 322	

245m3 bacteria; indeed, this strain seemed to be even more motile than the clinical isolate 323	

(SF.5). The increased motility observed in H. pylori 245m3 could partly account for its 324	

greater colonization potential in vivo (47). It will therefore be important to confirm our gene 325	

expression results with future experiments investigating protein expression of MltD via 326	
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Western blotting. Further investigations are also warranted to determine if MltD is directly 327	

responsible for the change in GM-TetraDAP-GM-TriDAP ratios observed in the mouse-adapted 328	

H. pylori strains 245m3 and SS1.  329	

 330	

In conclusion, our data suggest a novel adaptation mechanism employed by H. pylori to 331	

enable robust infection in the human host. We have demonstrated how subtle changes in the 332	

PG muropeptide composition of the Gram-negative pathogen, H. pylori, affect NOD1 333	

signaling and hence favor bacterial colonization in vivo. However, future investigations are 334	

required to demonstrate whether MltD, or other PG modification enzyme(s), are responsible 335	

for the changes in muropeptide composition observed in H. pylori 245m3. Given the strain-336	

dependent occurrence of PG modifications observed in the study, it would be of interest to 337	

show if these PG modification enzymes are solely responsible for host adaptation of H. pylori 338	

strains or if there exists an additional virulence factor that confers a selective advantage to the 339	

bacterium. This would enable us to explain why some mouse-adapted variants investigated 340	

altered their muropeptide composition, while others did not.  341	
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MATERIALS AND METHODS 342	

Bacterial strains, media and culture conditions. Clinical cagPAI+ isolates (H. pylori 245, 343	

256, 10700, P1, P1 ΔcagPAI) and mouse-adapted variants (H. pylori 245m3, 256m2, SS1) 344	

have been described previously (26, 31, 38). H. pylori strains were routinely cultured on 345	

either blood agar or in brain heart infusion broth (BHI; Oxoid), according to standard 346	

procedures (36). Viable counts of H. pylori were determined by serial dilution and plating. 347	

 348	

Mouse Infection. Animal experimentation was performed in accordance with institutional 349	

guidelines (Monash University AEC no. MMCA 2015/43). H. pylori suspensions for mouse 350	

inoculation were prepared by harvesting bacteria from HBA plates using BHI broth (36). Six- 351	

to eight-week-old specific pathogen/Helicobacter-free Nod1+/+, Nod1-/- and transgenic 352	

hNOD1+/+/Nod1-/- C57BL/6 (5, 8, 18) mice were each intra-gastrically administered a single 353	

100 µl aliquot of the inoculating suspension (107 cfu/mouse) using polyethylene catheters 354	

(36). The presence of H. pylori infection in mice was determined after 7 or 30 days of 355	

infection by quantitative culture as described previously (36, 48). 356	

 357	

Whole Genome Sequencing and Analysis. Genomic DNA was extracted using a PureLink 358	

Genomic DNA mini kit (Thermo Fisher Scientific) from overnight cultures of H. pylori 245 359	

and 245m3 grown on HBA plates. Whole-genome sequencing was performed using a paired-360	

end 250 bp protocol on the Illumina MiSeq sequencer. Raw reads from the two RNAseq 361	

libraries were quality checked using the fastQC tool and subsequently trimmed using the 362	

Trimmomatic tool (49) and a sliding window approach, to ensure the highest quality of 363	

sequences for downstream mapping and variant calling steps.  Remaining good quality read 364	

pairs were then mapped to the reference Helicobacter genome (Helicobacter pylori 26695-365	

gi15644634) using the BWA tool (50). Before proceeding with variant calling, the mapping 366	
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files were sorted on coordinates using the Samtools (51) and duplicated reads were marked 367	

using the Picard toolkit. The FreeBayes tool was then used to identify variation between each 368	

strain and the reference genome, including SNPs and Insertions/Deletions (In/Dels). 369	

Parameters were set such as at any position in the genome covered by at least 10 reads, a 370	

variant would be reported if the alternative nucleotide was present in at least 70% of the 371	

reads. Variants that were not in common between those two lists were then identified as the 372	

differences between the two strains of interest. 373	

 374	

Western Blotting. Whole cell lysates from various H. pylori strains were collected in 375	

solubilization buffer, separated in 4-12% (v/v) NuPAGE® Bis-tris (LifeTechnologies) gels 376	

and transferred to nitrocellulose. H. pylori proteins were reacted with either rabbit anti-CagA 377	

(diluted 1:1000; b-300, Santa-Cruz Biotechnology), rabbit anti-Cag3 (diluted 1:10,000) (46) 378	

or rabbit anti-Cag7 (diluted 1:10,000) (52). A goat anti-rabbit-HRP conjugated antibody 379	

(1:2000 dilution; Dako) was added and antigen-antibody complexes detected using ECL 380	

detection reagent (Cell Signaling Technologies). 381	

 382	

Quantification of CagA translocation by immunofluorescence. AGS cells were seeded in 383	

µ-slide 8 well chambers (Ibidi) at 3 X 104 cells/ml and incubated for 24 hours at 37 °C in 5% 384	

CO2. Cells were then serum-starved overnight prior to co-culture with H. pylori 245 and 385	

245m3 for 6 h. H. pylori P1 and P1 ΔcagPAI were used as positive and negative control 386	

strains (26), respectively. Cells were subsequently washed, fixed, stained and analyzed as 387	

described previously (5 fields viewed per sample; data pooled from n=3 experiments) (34). 388	

 389	



     
 

	 67	

PG extraction and analysis. The PG from H. pylori was extracted from 1 L of exponentially 390	

growing liquid cultures. The isolated PG was subsequently purified, digested and analyzed as 391	

described previously (10, 53). 392	

 393	

OMV purification. H. pylori OMVs were purified using standard techniques (27). OMV 394	

protein concentrations were determined by Bradford Protein Assay (Bio-Rad).  395	

 396	

Cell culture. Human gastric adenocarcinoma cell line (AGS) (54), either wild type or stably 397	

transfected with an expression vector containing shRNA directed to either Nod1 or a control 398	

gene (EGFP) (38), as well as immortalized Nod1+/+ and Nod1-/- murine embryonic fibroblasts 399	

(27), were routinely cultured in RPMI medium, supplemented with 10 % FCS, 50 units/ml 400	

penicillin, 50 µg/ml streptomycin and 1% (v/v) L-glutamine (all reagents from Life 401	

Technologies, CA, USA). Generation and maintenance of human epithelial AGS cell lines 402	

harboring CRISPR/Cas9 mediated control or NOD1 gene knockout have been described 403	

previously (Tran et al, manuscript under revision at Cell Microbiology). Cells were seeded at 404	

1 X 105 cells/ml and incubated at 37 °C in 5 % CO2. The mouse gastric epithelial cell line, 405	

GSM06 (55), was maintained in Dulbecco’s modified Eagle medium–nutrient mixture/F-12 406	

medium, supplemented with 10% FCS, 1% (w/v) insulin/transferring/selenite (Gibco) and 10 407	

ng/ml epidermal growth factor. Cells were grown in 5% CO2 at 33˚C, then moved to 37˚C 408	

prior to experiments. 409	

 410	

Electrophoretic mobility shift assay (EMSA). Nuclear extracts were prepared from AGS 411	

cells stably transfected with an expression vector containing shRNA directed to either Nod1 412	

or a control gene (EGFP) at 4 h post-stimulation, as described previously (31). The nuclear 413	
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translocation of the p65 sub-unit of NF-κB was subsequently detected according to a 414	

previously published protocol (55). 415	

 416	

Gene Expression. RNA from cell lines post-stimulation, was extracted using the PureLink® 417	

RNA mini kit (Thermo Fisher Scientific). cDNA was generated from 500 µg of RNA using 418	

the SuperScript® kit (Thermo Fisher Scientific), as per the manufacturer’s instructions. 419	

qPCR reactions consisted of 4 µl of diluted synthesized cDNA (1:10), 5µl of SYBR® Green 420	

qPCR MasterMix (Thermo Fisher Scientific) and 1 µl of oligonucleotide primers (1 µM) for 421	

the tested genes. Sterile nuclease-free water was used as a negative control for all the genes 422	

tested. Oligonucleotide sequences were as follows: RNA18s: Fwd – 423	

CGGCTACCACATCCAAGGAA, Rev- GCTGGAATTACCGCGGCT; CXCL8: Fwd- 424	

GCTTTCTGATGGAAGAGAGC, Rev- GGCACAGTGGAACAAGGAC. qPCR assays 425	

were performed in an Applied Biosystems™ 7900 Fast Real-Time PCR machine (Thermo 426	

Fisher Scientific), using the following program: 50⁰C, 2 min, followed by 95˚C, 10 min, then 427	

40 successive cycles of amplification (95˚C, 15 sec; 60˚C, 1 min). Gene expression levels 428	

were determined by the Delta-Delta Ct method to measure relative gene expression levels to 429	

the 18S rRNA gene.  430	

 431	

Cytokine responses. Serum-starved cells were stimulated with either live H. pylori 432	

(Multiplicity of Infection, MOI=10) (5) or OMVs (50 µg of protein/ml). Following 433	

incubation with live bacteria for 1 h, the culture medium was replaced and the cells washed 434	

2-3 times to remove bacteria. Cells were then placed in fresh medium and incubated a further 435	

23 h. In co-culture assays with OMVs, cells were left untreated or treated with an equivalent 436	

volume of BHI only as negative controls. IL-8 (BD Biosciences) and MIP-2 (R&D Systems) 437	



     
 

	 69	

levels in culture supernatants were determined by sandwich ELISA, according to the 438	

manufacturer’s instructions.  439	

 440	

Statistical analysis. Data were analyzed using the non-parametric Mann-Whitney U test 441	

(when two conditions/stimuli were tested) or the parametric one-way ANOVA with Tukey’s 442	

multiple testing correction (when three or more conditions/stimuli were present), as 443	

appropriate. Differences in data values were considered significant at a P value of < 0.05. 444	
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FIGURE LEGENDS 645	

Fig. 1. NOD1-mediated host defense responses generated against H. pylori infection are 646	

host-specific. Nod1+/+ and Nod1-/- mice (minimum n=5 per group per H. pylori strain tested) 647	

were inoculated intra-gastrically with 107 CFU of H. pylori 245 and 245m3 and sacrificed 648	

either 7 (A) or 30 (C) days post-infection. (B) Nod1-/- mice (n=12 per H. pylori strain tested) 649	

and BAC-transgenic mice expressing human NOD1 (hTgNOD1+/+) (n=5 per H. pylori strain 650	

tested) were also inoculated with both H. pylori strains and culled 7 days post infection. 651	

Bacterial loads in mice were determined by quantitative culture of gastric tissue samples and 652	

are pooled from at least two independent experiments. Data are presented as Log10 colony 653	

forming units (CFU)/g stomach, with each point representing a single mouse. The limit of 654	

detection for the assay was 1,000 CFU/gram. Data were analyzed using a Mann-Whitney U 655	

test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. 656	

 657	

Fig. 2. Identification of SNPs in the genome of the mouse-adapted H. pylori 245m3. (A) 658	

A circular representation of the genomes from H. pylori strains, 245 and 245m3, aligned to 659	

the reference strain, 26695. (B) Genome analysis revealed the presence of 300 SNPs in the 660	

genome of H. pylori 245m3 in comparison to the human isolate, 245. The effects on protein 661	

translation resulting from each individual SNP was predicted and annotated as “missense”, 662	

“synonymous”, “stop-gained” or “unknown” (expressed as percentages of total).  (C) Details 663	

of SNPs identified in key cagPAI- and PG-associated genes.  664	

 665	

Fig. 3. Mouse adaptation of H. pylori 245 does not alter its T4SS function. (A) Whole cell 666	

lysates of H. pylori P1 wild-type [127] (lane 1), P1 ΔcagPAI (lane 2), 245 (lane 3) or 245m3 667	

(lane 4) strains were analyzed by immunoblotting using an antibody directed against CagA 668	

(b-300; Santa Cruz Biotechnology). Full length CagA protein (molecular weight, c. 140 kDa) 669	
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was detected in H. pylori P1, 245 and 245m3 preparations, but not in those of the ΔcagPAI 670	

strain. (B) AGS cells were either non-stimulated (NS) or co-cultured with H. pylori P1 WT, 671	

P1 ΔcagA, 245 or 245m3 bacteria. Panels show cells that had been incubated with Alexa 672	

Fluor 488-conjugated secondary antibody, permeabilised with 1% Triton-X and then 673	

incubated with Alexa Fluor 647-conjugated antibody. Nuclei (blue) were stained using 674	

Hoescht 33342 (Thermo Fisher Scientific). Arrows indicate intracellular CagA molecules, 675	

which appear as red mainly punctate areas of staining (detected using Alexa Fluor 647 676	

conjugated antibody). Scale bar, 15 µm. Quantification of Alexa Fluor 647 and Alexa Fluor 677	

488 staining (expressed as relative intensities) in AGS cells that had been co-cultured with 678	

either H. pylori P1 WT, 245 and 245m3 bacteria are represented as a histogram. The data 679	

represent the mean ± SEM for three independent experiments. Data were analyzed using a 680	

Mann-Whitney U test. ns, P > 0.05. 681	

 682	

Fig. 4. PG muropeptides in H. pylori 245m3 are enriched in the murine Nod1 agonist, 683	

GM-TetraDAP. (A) Chromatogram of muropeptides from H. pylori strains 245 and 245m3, 684	

separated by HPLC. Peaks 1 to 4 correspond to G-anhM-tripeptide, G-anhM-tetrapeptide, G-685	

anhM-tetrapeptide-glycine and G-anhM-dipeptide, respectively. (B) Proportions of 686	

dipeptides, tripeptides, tetrapeptides and tetraglycinepeptides present in H. pylori 245 and 687	

245m3. 688	

 689	

Fig. 5. H. pylori strain 245m3 is a poor inducer of NOD1-dependent pro-inflammatory 690	

responses in human gastric epithelial cells. (A) EMSA showing nuclear translocation of 691	

NF-κB p65 in AGS control and NOD1 knockdown cells. AGS cells stably expressing shRNA 692	

to NOD1 (white bars) or a control gene (black bars) were either left untreated (control) or 693	

infected with H. pylori 245 or 245m3. (B) CXCL8 expression and (C) IL-8 production were 694	
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measured 6 h and 24 h post-infection, respectively. (D) Control (black bars) or NOD1 695	

knockout (white bars) AGS cell lines were co-cultured with H. pylori strains, 245 and 245m3, 696	

for 24 h. The supernatants were then analyzed by ELISA for the detection of IL-8 responses. 697	

Data correspond to the mean ± S.E.M. (determined in triplicate) and are representative of at 698	

least three independent experiments. Data were analyzed using a Mann-Whitney U test or 699	

one-way ANOVA.  *, P < 0.05; ***, P < 0.001. 700	

 701	

Fig. 6. OMVs purified from H. pylori 245m3 are affected in their ability to induce 702	

NOD1-dependent pro-inflammatory responses in human gastric epithelial cells, but not 703	

murine cell lines. (A) Human gastric epithelial AGS cell lines, stably expressing shRNA 704	

targeting either NOD1 or a control gene, were either left untreated or stimulated with a 705	

control BHI broth or OMVs (50 µg/ml) purified from H. pylori strains, 245 and 245m3. IL-8 706	

cytokine production was measured at 24 h p.i. (B) GSM06 murine epithelial cells and (C) 707	

Nod1+/+ (black bars) and Nod1-/- (white bars) immortalized murine embryonic fibroblasts 708	

were stimulated with OMVs. Production of the murine IL-8 homologue, Cxcl2/MIP2, was 709	

measured 24 h p.i. Figures show means ± SEM and are pooled from three independent 710	

experiments. Data was analyzed using a one-way ANOVA. **, p< 0.01; ****, p< 0.0001. 711	
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Table 1: Single nucleotide polymorphisms identified in the genome of the mouse-712	

adapted H. pylori 245m3 strain. 713	

Gene Position Sequence in 
H. pylori 245 

Sequence in 
H. pylori 245m3 Effect 

hp0009 
(hopZ) 6791 C T Predicted change from Asn to Asp 

hp0289 
(imaA) 298963 G A Predicted change from Val to Thr 

hp0289 
(imaA) 304659 C T Predicted change from Thr to Ala 

hp0289 
(imaA) 304994 C T Predicted change from Ala to Val 

hp0317 
(hopU/babc) 332799 C G Predicted change from Ser to Thr 

hp0373 
(homC) 382150 C T Predicted change from Arg to Cys 

hp0407 
(bisC) 421174 G T Predicted premature stop codon 

hp0477 
(hopJ) 500023 G A Predicted change from Met to Val 

hp0522 
(cag3) 548226 CATTAAG TATTAAAAG Predicted premature stop codon 

hp0527 
(cag7) 554776 C T Predicted premature stop codon 

hp0527 
(cag7) 557650 TTT ATC Predicted premature stop codon 

hp0527 
(cag7) 558280 G A Predicted premature stop codon 

hp0527 
(cag7) 559029 CTC ATT Predicted premature stop codon 

hp0725 
(sabA) 

779058-
779069 GTAATTGAGTGC CCAGTTTGGTGT Predicted change from Gly-Thr-Gln-

Leu-Gln to Asp-Thr-Lys-Leu-Glu 

hp0725 
(sabA) 779112 T C Predicted change from Ile to Val 

hp0887 
(vacA) 940144 A G Predicted change from Arg to His 

hp0887 
(vacA) 940465 G A Predicted change from Gly to Asp 
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hp0896 
(babB) 

949053-
949054 TT GC Predicted change from Lys To Ser 

hp0912 
(hopB) 965469 G T Predicted change from Gly to Ile 

hp0913 
(hopC) 

967112-
967113 AG CA Predicted change from His to Ser 

hp1083 [38] 1142062 C A Predicted change from Trp to Leu 

hp1157 
(hopL) 1224192 A G Predicted change from Ala to Thr 

hp1177 
(hopQ) 

1244610-
1244615 GCGGCA ATAGCG Predicted change from Ser-Ala-Ala to 

Ser-Ala-Ile 

hp1177 
(hopQ) 

1244634-
1244638 GTCGC ACACT Predicted change from Cys-Ala-Thr 

to Cys-Ser-Val 

hp1243 
(hopS/babB) 1319279 G A Predicted change from Ser to Leu 

hp1243 
(hopS/babB) 1319562 A G Predicted change from Asn-Gly-His-

Lys to Asn-Gly-Tyr-Thr 

hp1243 
(hopS/babB) 

1319874-
1319876 AAC GCT Predicted change from Asn-Leu-Asn 

to Lys-Leu-Ser 

hp1243 
(hopS/babB) 

1319885-
1319887 CGA TTG Predicted change from Asp-Asn to 

Asp-Arg 

hp1243 
(hopS/babB) 1319898 C G Predicted change from Gln to Glu 

hp1403 
(hsdM) 1469837 G T Predicted premature stop codon 

gained 

hp1512 
(frpB) 1584934 C T Predicted change from Ala to Val 

hp1512 
(frpB) 1586656 G A Predicted change from Arg to Lys 

hp1560 
(ftsW) 1642176 ATTTC GTTTT Predicted change from Ile-Ser to Val-

Leu 

hp1565 
(pbp2) 1648503 T C Predicted change from Glu to Lys 

hp1569 
(lptC) 1651016 T C Predicted change from Asp-His to 

Asn-Tyr 

hp1572 
(mltD/DniR) 1653734 G A Predicted premature stop codon 

 714	

 715	
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SUPPLEMENTAL MATERIALS AND METHODS 716	

Capillary Sequencing of H. pylori genes. Genomic DNA was isolated from H. pylori 245 717	

and 245m3, using a PureLink Genomic DNA mini kit (Thermo Fisher Scientific). H. pylori 718	

glmM (HP0075), cagA (HP0547) and mltD (HP1572) were amplified and sequenced using 719	

the primers listed in ST1. Sequences were aligned using the ClustalW program.  720	

 721	

qRT-PCR. RNA (200 ng to 2 µg) was reverse transcribed using random hexamers and 722	

SuperScript III (Invitrogen). Primers (described in ST1) were designed based on 723	

the H. pylori 245 genomic DNA sequence and directed to the 5’ and 3’ regions of the mltD 724	

gene. qRT-PCR was performed as previously described [67]. Expression of the housekeeping 725	

gene, ureB was used as a positive control [86]. 726	

 727	

Motility testing. Bacterial motility was determined using semisolid agar plates. Motility 728	

assays were performed in 0.35% agar Brain Heart Infusion medium (Oxoid) complemented 729	

with 1% of heat inactivated FCS and Skirrow’s Selective Supplement [73, 213].  730	
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SUPPLEMENTAL FIGURE LEGENDS 748	

SF. 1. ClustalW alignment of glmM and cagA sequences in H. pylori 245 and 245m3. 749	

Alignment of the genomic DNA sequences of (A) glmM and predicted amino acid sequences 750	

of (B) CagA from H. pylori 245 and 245m3. The CagA type exhibited by each strain was 751	

determined using the “Glu-Pro-Ile-Tyr-Ala” (EPIYA) motifs (highlighted in red) and the 752	

surrounding amino acid sequences (highlighted in blue).  753	

 754	

SF. 2. H. pylori 245m3 displays Cag7, but not Cag3 expression. Whole cell lysates of 755	

H. pylori P1 wild-type (lane 1), P1 ΔcagPAI (lane 2), 245 (lane 3) or 245m3 (lane 4) strains 756	

were analyzed by immunoblotting using an antibody directed against Cag7 or Cag3. Full 757	

length Cag7 protein (molecular weight, c. 120 kDa) was detected in H. pylori P1, 245 and 758	

245m3 preparations, but not in those of the ΔcagPAI strain. A non-specific band was also 759	

present in all four preparations. Full length Cag3 protein (molecular weight, c. 60 kDa) was 760	

present in H. pylori P1 and 245 lysates, but absent in lysates from ΔcagPAI and 245m3 761	

strains.  762	

 763	

SF. 3. PG from the mouse-adapted H. pylori SS1 strain, is enriched in the murine Nod1 764	

agonist, TetraDAP. (A) Chromatogram of muropeptides from H. pylori strains 10700 and 765	

SS1, separated by HPLC. Peaks 1 to 4 correspond to G-anhM-tripeptide, G-anhM-766	

tetrapeptide, G-anhM-tetrapeptide-glycine and G-anhM-dipeptide, respectively. (B) 767	

Proportions of dipeptides, tripeptides, tetrapeptides and tetraglycinepeptides present in         768	

H. pylori 10700 and SS1. (C) Control (black bars) or NOD1 knockout (white bars) AGS cell 769	

lines were either left untreated (NS) or co-cultured with H. pylori strains, 10700 and SS1, for 770	

24 hours. The supernatants were then analyzed by ELISA for the detection of IL-8 responses. 771	

(D) Nod1+/+ and Nod1-/- mice (n = 9 each per H. pylori strain tested) were inoculated with 107 772	
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CFU of H. pylori by intra-gastric gavage. Quantitative culture assays were performed 7 days 773	

post-infection. Data are presented as Log10 colony forming units (CFU)/g stomach, with each 774	

point representing a single mouse. The limit of detection for the assay was 1,000 CFU/gram. 775	

Samples displaying values lower than this threshold were excluded from the analysis. Data 776	

correspond to the mean ± S.E.M. (determined in triplicate) and are pooled from at least three 777	

independent experiments. Data were analyzed using a Mann-Whitney U test or a one-way 778	

ANOVA.  *, P < 0.05; **, P < 0.01. 779	

 780	

SF. 4. The cell wall composition of the mouse-adapted H. pylori 256m2 strain remains 781	

unchanged from that of the original clinical 256 isolate. (A) Chromatogram of 782	

muropeptides from H. pylori strains 256, 256m1 and 256m2, separated by HPLC. Peaks 1 to 783	

4 correspond to G-anhM-tripeptide, G-anhM-tetrapeptide, G-anhM-tetrapeptide-glycine and 784	

G-anhM-dipeptide, respectively. (B) Proportions of dipeptides, tripeptides, tetrapeptides and 785	

tetraglycinepeptides present in H. pylori 256, 256m1 and 256m2. 786	

 787	

SF. 5. The presence of a SNP in mltD (HP1572) affects gene expression in H. pylori 788	

245m3. (A) ClustalW alignment of the genomic sequences of mltD from H. pylori 245 and 789	

245m3 revealed a SNP in the latter strain. (B) Gene expression of the 5’ and 3’ regions of 790	

mltD in each strain was analysed using RT-PCR. (C) The expression of the ureB gene was 791	

tested as a positive control. Genomic DNA isolated from H. pylori 26695 was used as a 792	

positive control in both (B) and (C). (D) Soft-agar motility testing of H. pylori strains 245 793	

and 245m3. (E) The diameters of motility halos were measured for each strain. Data 794	

correspond to the mean ± S.E.M. (determined in triplicate) and are pooled from at least three 795	

independent experiments. Data were analyzed using a Mann-Whitney U test. ***, P < 0.001. 796	
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ST1. Primers used in this study 797	

Primer name Primer sequence 

glmM (F) GGATAAGCTTTTAGGGGTGTTAGGGG 

glmM (R) GCTTGCTTTCTAACACTAACGCGC 

cagA (F) GGGAATTGTCTGATAAACTTG 

cagA (R) GCTATTAATGCGTGTGTGGCT 

mltD 5’ (F) GAATGAAGTG TTTTAGTC 

mltD 5’ (R)  CTCCGGTTTGCTTGTAGAGC 

mltD 3’ (F) GCTCTACAAG CAAACCGGAG 

mltD 3’ (R) CCCTTGTAGCGAGTAATT 

 798	
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Figure 2

A B

Gene Position Sequence in 
H. pylori 245 

Sequence in 
H. pylori M3 

Effect 

hp0494 (murD) 521859 G A No change 

hp0522 (cag3) 548226 CATTAAG TATTAAAAG Predicted premature 
stop codon 

hp0527 (cag7) 554776 C T Predicted premature 
stop codon 

hp0527 (cag7) 557650 TTT ATC 
Predicted premature 

stop codon 

hp0527 (cag7) 558280 G A Predicted premature 
stop codon 

hp0527 (cag7) 559029 CTC ATT Predicted premature 
stop codon 

hp0597 (pbp1A) 632691 T C No change 

hp1560 (ftsW) 1642176 ATTTC GTTTT 
Predicted change from 

Ile-Ser to Val-Leu 

hp1565 (pbp2) 1648503 T C Predicted change from 
Glu to Lys 

hp1572 
(mltD/DniR) 

1653734 G A Predicted premature 
stop codon 

	

C
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Figure 3
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Figure 4

0	.	0	
0	.	1	
0	.	2	
0	.	3	
0	.	4	

245	

245	m3	

1	 2	 4	

5	

6	 7	8	
9	

10	 11	12	13	14	
15	

1	 2	
3	4	

5	

6	 7	8	
9	

10	 11	12	13	14	15	

10	 20	 30	 40	 50	 60	 70	 80	 90	 100	 110	

0	

0.1	

0.2	

0.3	

0.4	

Vo
lts
	

Minutes	

3	

Muropep9des	 245	(in	%)	 245	m3	(in	%)	 %	varia9on	

Di	 4.29	 6.44	 50.0	
Tri	 5.27	 3.06	 -41.9	

Tetra	 5.83	 8.75	 50.3	

Penta	 34.97	 30.29	 -13.4	

Tetra/Tri	ra9o	 1.11	 2.86	

4	
1	

2	

5	

Peaks Muropeptides 245 (in %) 245m3 (in %) 

4 Di 4.29 6.44 

1 Tri 5.27 3.06 

2 Tetra 5.83 8.75 

3 Penta 34.97 30.29 

Tetra/Tri Ratio 1.11 2.86 

A

B

5



     
 

	 93	

Figure 5
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Figure 6
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Supplementary Figure 1
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Supplementary Figure 2

Cag7 
120 kDa 

1 2 3 4 

Cag3 
60 kDa 



     
 

	 97	

Supplementary Figure 3
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Supplementary Figure 4
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Supplementary Figure 5
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3.3. Discussion 
 

The findings of this chapter have demonstrated for the first time that a modification in 

peptidoglycan composition, generated during host adaptation, renders H. pylori more 

detectable by a molecule of the host innate immune system. We showed that a 

cagPAI+ mouse-adapted strain, H. pylori 245m3, displayed a 2.6-fold increase in 

murine Nod1-specific GM-TetraDAP relative to the human NOD1-specific GM-TriDAP 

[155] in its cell wall. We further demonstrated that this mouse-adapted variant was 

affected in its ability to induce NOD1-dependent pro-inflammatory responses in 

human gastric epithelial cells. In contrast, this strain induced higher levels of 

chemokine production in mouse epithelial cells and embryonic fibroblasts, compared 

to the human clinical isolate, 245, thereby confirming the host-specificity of the 

NOD1 molecule.  

 

Importantly, we confirmed via whole genome sequencing that mouse-adapted           

H. pylori 245m3 was indeed derived from the progenitor 245 strain. In addition, 

bioinformatics analyses identified 300 SNPs in the genome of H. pylori 245m3, when 

compared with that of the 245 strain. These SNPs included a point nonsense mutation 

in HP1572 (mltD/dniR), which encodes a known PG modification enzyme [72, 73]. 

Thus, we hypothesize that H. pylori may modulate its PG composition via MltD, to 

actively engage the NOD1 signaling pathway. Future mutagenesis and in vitro co-

culture studies are warranted to confirm if the lytic transglycosylase activity of MltD 

is indeed responsible for the changes in cell wall composition observed in H. pylori 

245m3, as well as its subsequent effects on NOD1-dependent host cell responses.  

 

Muropeptides have been implicated in a diverse array of biological processes, 

including tissue damage and antimicrobial resistance [52]. Indeed, changes to PG 

composition in N. meningitidis have previously been shown to have an impact on 

bacterial resistance to penicillin, a β-lactam antibiotic [160]. Therefore, it will be of 

interest to investigate any potential differences in the antibiotic resistance profiles of 

the human clinical H. pylori 245 isolate and it’s associated mouse-adapted variant, 

245m3. Data from this study will enable us to further understand the mechanisms 
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contributing to the generation of antibiotic resistance in pathogens and thereby allow 

the development of novel antimicrobial compounds [163].  

 

Overall, we have demonstrated how subtle changes in PG composition of the Gram-

negative pathogen, H. pylori, affect NOD1 signaling and hence may favor bacterial 

persistence in vivo. Our data further suggest that bacterial pathogens may be able to 

customize their PG composition to better interact with the NOD1 receptor of the host, 

thereby facilitating chronic persistence in vivo. 
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Chapter 4: Novel host responses triggered by the NOD1 signaling 

pathway during long-term Helicobacter pylori infection favors 

bacterial persistence in vivo 

 

4.1. Introduction 

 
The innate immune receptor, NOD1, is ubiquitously expressed in various cell types 

and tissues, including the gut epithelium [153], where it plays key roles in immune 

surveillance and host responses against bacterial infection [136]. It is well established 

that NOD1 sensing of H. pylori PG, delivered via the T4SS or OMVs, results in the 

activation of NF-κB and the subsequent generation of pro-inflammatory responses 

required for host defense [35, 55]. Bacterial interactions with host epithelial cells also 

induce the activation and rapid recruitment of immune cells, such as monocytes and 

neutrophils, to the gastric mucosa thus perpetuating the inflammation associated with 

H. pylori infection [214, 215]. Furthermore, mice lacking functional Nod1 were 

shown to be more susceptible to H. pylori infection, thus establishing a central role 

for this molecule in promoting bacterial clearance in vivo [35, 65]. As such, many 

Gram-negative pathogens, including H. pylori, have evolved the ability to modify 

their PG and avoid NOD1 detection [68, 162, 193]. However, our findings described 

in Chapter 3 show that a mouse-adapted H. pylori strain had altered its cell wall 

composition to express relatively higher levels of GM-TetraDAP, a muropeptide 

preferentially detected by mouse Nod1, as well as exhibited higher colonization levels 

compared to its human isolate during long-term infection, thereby suggesting that 

there may be some benefit for the bacterium to engage NOD1. We thus hypothesize 

that H. pylori-dependent activation of the NOD1 signaling pathway may represent a 

double-edged sword, with certain downstream responses promoting anti-bacterial 

effects and others enabling bacterial survival.  

 

Interestingly, most previous studies have focused on the role of the NOD1 signaling 

pathway during short-term H. pylori infection [35, 216, 217]; however, the function 

of this cytosolic receptor during long-term H. pylori infection (> 4 weeks), as well as 

the relationship between NOD1 activation and H. pylori-induced disease remains 

unclear. This is of importance as chronic inflammation caused by persistent H. pylori 
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infection is an essential precursor to gastric carcinogenesis [11]. Furthermore, innate 

immune recognition of H. pylori has been shown to result in pro-inflammatory T 

helper (Th) 1 and Th17 responses, which in turn, promote the development of gastric 

immunopathologies [150, 218]. Our developing hypothesis is concurrent with a 

previous study by Allison and colleagues, which demonstrated an increased 

expression of NOD1 in human gastric cancer biopsies [219]. However, in contrast, a 

recent report by Suarez et al. [214] showed that the pre-activation of NOD1 

suppressed the gastric inflammation and injury caused in response to H. pylori 

infection.  

 

Although NOD1 is now recognized mainly for its roles in NF-κB signaling and 

inflammation, this protein was originally identified due to its similarities to two pro-

apoptotic proteins, cell death protein 4 (CED-4) and Apoptotic protease activating 

factor 1 Apaf-1 (Apaf-1), found in worms and mammals, respectively [153, 220]. 

NOD1, or CARD4 as it was earlier known, was subsequently observed to interact 

with the transcription factor, RIPK2, as well the pro-inflammatory caspases -1, -2, -4 

and -9 [153, 220-222]. Its role in apoptosis is, however, yet to be fully examined with 

NOD1 reported to mediate apoptosis in a breast cancer model [176], whereas it 

promoted cell survival in an intestinal tumor model [174]. Even less is known 

regarding NOD1 regulation of cell survival and apoptotic functions in response to 

bacterial infection. Given that bacterial pathogens, including H. pylori, have evolved 

strategies to subvert cell death pathways for their survival in the host [47, 223], we 

speculate that H. pylori may exploit the PG-NOD1 signaling axis to regulate cell 

death and proliferative responses, thus enhancing its persistence and replication in 

vivo.  

 

In the present chapter, we present primary evidence for the functions of NOD1 during 

chronic H. pylori infection. We found that Nod1-/- mice had reduced H. pylori 

bacterial loads when compared with their Nod1+/+ counterparts at 8 weeks post-

infection, which is in contrast to the established role for NOD1 in host defense. These 

Nod1-/- mice also displayed significantly increased gastric chemokine and splenocyte 

T cell cytokine responses, yet surprisingly had decreased inflammation scores and 

gastric immune cell infiltration when compared with wild type animals. Interestingly, 

a significant increase in apoptotic cells was also observed in the stomachs of 
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H. pylori-infected Nod1-/- mice. Taken together, our findings implicate NOD1 as 

being an important factor in facilitating the establishment and persistence of H. pylori 

infection in the stomach. We further observed NOD1 to be a regulator of host 

adaptive immunity as well as gastric epithelial cell survival responses. 

 

4.2. Materials and Methods 

 
4.2.1. Bacterial Strains and Culture Conditions. 

The mouse-adapted H. pylori 245m3 strain has been described previously in Chapter 

3. H. pylori bacteria were routinely cultured on either horse blood agar (HBA), 

according to standard procedures [205]. Viable counts of H. pylori were determined 

by serial dilution and plating. 

 

4.2.2. Mouse Infection. 

Animal experimentation was performed in accordance with institutional guidelines 

(Monash University AEC no. MMCA 2015/43). H. pylori suspensions for mouse 

inoculation were prepared by harvesting bacteria from HBA plates using Brain Heart 

Infusion (BHI) broth [198]. Six- to eight-week-old specific pathogen/Helicobacter-

free Nod1+/+ or Nod1-/- [35] mice on a C57BL/6 background were each intra-

gastrically administered a single 100-µl aliquot of the inoculating suspension 

(107 cfu/mouse) or control BHI broth using polyethylene catheters [205]. Mice were 

sacrificed by carbon-dioxide asphyxiation at 8 weeks post-infection, and subsequently 

the stomachs and spleens were collected and weighed.  The presence of H. pylori 

infection was determined by quantitative culture, as described previously [198, 205]. 

 

4.2.3. Haematoxylin and Eosin (H&E) Staining.  

Formalin-fixed, paraffin-embedded gastric sections were de‐paraffinized in histolene 

(2 x 5 mins) and re‐hydrated in 100% ethanol (2 x 3 mins), followed by 3 mins in 

70% ethanol and a 1 min rinse in tap water. Slides were then incubated with Mayer’s 

haematoxylin solution for 5 mins, rinsed thrice in tap water, dipped in Scott’s tap 

water for 1 min and rinsed a further 3 times in tap water. Subsequently, slides were 

incubated for 3 mins in 1% Eosin. Following a rinse with tap water, sections were 

dehydrated using the following incubation steps: 1 x 30 sec in 70% ethanol, 2 x 10 sec 
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in 100% ethanol and 2 x10 sec in histolene. Finally, slides were thoroughly air-dried 

before being cover‐slipped (Menzel‐Gläser) using DPX mounting medium (Merck).  

H&E-stained sections were imaged at 20x magnification using an Olympus BX53 

confocal microscope and assessed blindly by an independent researcher for 

histopathological changes. Inflammatory scores for PMNs and lymphocytes were 

graded according to a previously described six-point scheme [224, 225] (Table 1) 

 

Table 1: Histological scoring scheme to grade PMN and lymphocyte infiltration 

and gastric inflammation [123, 226] 

Score Criteria Definition of criteria 

0 No inflammation Absence of immune cells in the mucosa 

1 Mild multifocal Scattered clumps of two or three immune cells 

2 Mild widespread OR 

moderate multifocal 

Widespread scattering of two or three immune cells across 

most of the antrum or fundus OR larger clumps of immune 

cells seen in a few fields per region 

3 Mild widespread 

AND moderate OR 

severe multifocal 

As per 2, plus large infiltrations of immune cells across the 

whole width of the mucosa 

4 Moderate widespread Large clumps of immune cells seen throughout the whole 

width of mucosa 

5 Moderate widespread 

and severe multifocal 

As per 4, but also with areas of dense concentrations of 

immune cells 

6 Severe widespread Dense sheets of immune cells throughout the mucosa 

 

4.2.4 Immunohistochemistry (IHC). 

Gastric tissue samples were acquired as formalin‐fixed, paraffin-embedded sections. 

All IHC staining commenced with a de‐paraffinization procedure described in 4.2.3. 

Antigen retrieval was performed by immersion of tissue sections in 10 mM sodium 

citrate buffer, pH 6 and boiling for 8 mins in a microwave. Slides were then rinsed in 

tap water and allowed to cool. Endogenous peroxidases were inactivated via 

incubation with 3% hydrogen peroxide solution diluted in methanol for 30 mins at 

room temperature (RT), followed by 2 x 5 mins washes in phosphate-buffered saline 

(PBS). Next, a clear border around each section was drawn with a PapPen (Dako 

Australia). Sections were blocked in 10% (v/v) normal goat serum (Vector 
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Laboratories) in 0.05% PBS-Tween 20 (PBST) for 1.5 h at RT, followed by an 

overnight incubation at 4 °C with either rat anti-mouse F4/80 (ab6640, Abcam) or rat 

anti-mouse CD45 (550539, BD Pharmingen), each diluted 1 in 100 in blocking buffer. 

Isotype control antibodies of similar concentrations were also included in each 

experiment. After 3 x 5 mins washes in PBST, a biotin-conjugated anti-rat secondary 

antibody (Vector Laboratories) was applied for 1 h at RT. Sections were then washed 

for 2 x 5 mins in PBST and subsequently incubated with ABC vecta stain reagent 

(Vector Laboratories), according to the manufacturer’s instructions, for 30 mins at 

RT. Slides were washed twice with PBST before addition of 3,3'‐diaminobenzidine 

(DAB) peroxidase substrate (Vector Laboratories). The development of DAB-specific 

brown staining was monitored closely under a microscope and the length of 

incubation was kept consistent within each experiment. At the conclusion of staining, 

samples were counterstained in Mayer’s haematoxylin for approximately 45 sec, 

“blued” in Scott’s water for 1 min and dehydrated in 70% ethanol for 1 min, 100% 

ethanol for 2 x 1 min and histolene for 2 x 1 min. Sections were then dried prior to the 

addition of cover‐slips (Menzel‐Gläser) using DPX mounting medium (Merck). 

IHC-stained slides were then scanned and captured at 40x magnification using the 

Aperio Scanscope AT Turbo slide scanner (Leica Biosystems), located at the Monash 

Histology Platform (Clayton, Victoria, Australia). The numbers of positively-stained 

cells/total number of cells were analyzed for a minimum of 2 sections per sample 

using Aperio Imagescope software (Leica Biosystems). Only antral and body sections 

of the stomach were used for the analysis. The thickness of gastric tissue sections was 

also measured using this software.  

 

4.2.5. Flow cytometry. 

To isolate lymphocytes, whole stomachs from euthanized mice were first placed in 

ice-cold sterile PBS (Life Technologies) and their contents removed. Stomachs were 

then chopped into fine pieces in sterile petri dishes and transferred to 50 ml Falcon 

tubes (Thermo Fisher Scientific) containing fresh dissociation buffer [2% foetal calf 

serum (FCS) in Hank’s Balanced Salt Solution (HBSS) (Calcium and Magnesium 

free; Life Technologies) + 5 mM Ethylenediaminetetraacetic acid (EDTA)]. Cell 

suspensions were incubated at 37˚C with shaking at 180 rpm for 30 mins, vortexed for 

15 sec and then passed through 70 µm cell strainers (Falcon, Thermo Fisher 

Scientific) into fresh 50 ml Falcon tubes. The remaining pieces of tissue were 
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returned to the original Falcon tubes prior to the addition of digestion buffer [2% FCS 

in RPMI (Life Technologies) + 1 mg/ml collagenase Type 1 (Life Technologies) + 

0.4 units dispase (Life Technologies) + 0.4 units DNase (Promega)]. Samples were 

incubated at 37˚C with shaking at 180 rpm for 45 mins and subsequently passed 

through new cell strainers into the Falcon tubes containing the prior cell filtrates. 

Tubes were then centrifuged at 630 x g for 10 mins at RT. Following this, 

supernatants were discarded and the cell pellets resuspended in 40% percoll (GE 

Healthcare) and diluted in sterile PBS. This cell suspension was then gently added 

drop-wise to 15 ml Falcon tubes containing 80% Percoll (GE Healthcare). Tubes were 

centrifuged at 900 x g (with no brake) for 20 mins at RT. Later, the cell debris at the 

top was removed and the cell suspensions beneath were collected into fresh 15 ml 

Falcon tubes. This material was centrifuged at 630 x g for 10 mins at RT, resuspended 

in HBSS and centrifuged once more. Finally, the resulting cell pellets were 

transferred to fluorescence-activated cell sorting (FACS) tubes (Falcon, Thermo 

Fisher Scientific), prior to the addition of FACS buffer (2% FCS in PBS) containing 

Fc block and Propium-iodide (PI) (Table 2). Tubes were incubated for 15 mins and 

cells were then washed in fresh FACS buffer. Subsequently, cell pellets were 

resuspended in FACS buffer containing the antibodies at desired concentrations 

(Table 2) and incubated for 30 mins. Finally, samples were washed twice in fresh 

FACS buffer and the stained lymphocytes were ready to be analyzed. Data was 

acquired on a FACSCanto™ II system (BD Biosciences) and analyzed using Kaluza 

software (Beckman Coulter). Compensation was set up on the FACSCanto™ II flow 

cytometer at the beginning of the experiment. The gating and cell identification 

strategy is shown in Figure 4.5 and is as follows: firstly, cell debris was eliminated 

and single cell suspensions were gated using a forward versus side scatter (FSC-

A/SSC-A) dot plot (data not shown). Total viable leukocytes were then identified 

based on the expression of CD45 and the simultaneous exclusion of the live/dead dye, 

PI. Myeloid cells and T cells were distinguished within this CD45+ cell population by 

their expression of CD11b, and CD3, respectively. Finally, proportions of neutrophils 

and macrophages within the gated CD11b+ cell population were determined based on 

their expression of the neutrophil-specific marker, Ly6G and F4/80, respectively.  
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Table 2: List of antibodies and concentrations used for flow cytometry analysis 

Antibody Dilution 

TruStain FcX (anti-mouse CD16/CD32 antibody) (#101310, Biolegend) 1 in 50 

PI (Thermo Fisher Scientific) 1 in 1000 

PE/Cy7 anti-mouse CD45 (#103113, Biolegend) 1 in 100 

FITC anti-mouse F4/80 (#123107, Biolegend) 1 in 50 

PE anti-mouse/human CD11b (#101207, Biolegend) 1 in 100 

APC anti-mouse Ly6G (#127613, Biolegend) 1 in 100 

Pacific Blue anti-mouse CD3 (#100213, Biolegend) 1 in 100 

 

4.2.6. Gene expression. 

RNA was isolated from murine gastric tissues using TRI Reagent (Thermo Fisher 

Scientific), according to the manufacturer’s instructions. cDNA was generated from 

RNA (1 µg) using the SuperScript® kit (Thermo Fisher Scientific), as per the 

manufacturer’s instructions. qPCR reactions consisted of 4 µl diluted synthesized 

cDNA (1:10), 5 µl SYBR® Green qPCR MasterMix (Thermo Fisher Scientific) and 1 

µl oligonucleotide primers (1 µM) for the tested genes (Table 3). Sterile nuclease-free 

water was used as a negative control for all the genes tested. Quantitative real-time 

PCR (qPCR) assays were performed in Applied Biosystems™ 7900 Fast Real-Time 

PCR machines (Thermo Fisher Scientific), using the following program: 50⁰C, 2 min, 

followed by 95˚C, 10 min, then 40 successive cycles of amplification (95˚C, 15 s; 

60˚C, 1 min). Gene expression levels were determined by the Delta-Delta Ct method 

to measure relative gene expression levels to the 18S rRNA gene (Rn18s).  

 

4.2.7. Gastric cytokine responses. 

Stomachs were homogenized in 1 ml of BHI broth using the gentleMACS™ 

dissociator (Miltenyi Biotec). Keratinocyte-derived chemokine, KC (CXCL1, R&D 

Systems), macrophage inflammatory protein 2, MIP-2 (CXCL2, R&D Systems) and 

C-C motif ligand 2, CCL2 (R&D Systems) cytokine levels in gastric homogenates 

were determined by sandwich ELISA, according to the manufacturer’s instructions.  
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Table 3: List of primers used for qPCR 

Primer name Primer sequence 

m18S F GTAACCCGTTGAACCCCATT 

m18S R CCATCCAATCGGTAGTAGCG 

mNod1 F  GCCTGACAAGGTCCGAAAGA 

mNod1 R GGTATACCTGCTTACTGGGTCA 

mCxcl1 F CCTTGACCCTGAAGCTCCCT 

mCxcl1 R CAGGTGCCATCAGAGCAGTCT  

mCxcl2 F AACATCCAGAGCTTGAGTGTGA 

mCxcl2 R TTCAGGGTCAAGGCAAACTT  

mCcl2 F AGGTGTCCCAAAGAAGCTGTA 

mCcl2 R ATGTCTGGACCCATTCCTTCT 

mMid1 F CTCCAGTACACCATATTCACCG 

mMid1 R GTGGTTCTGCTTGATGTTGG 

mErdr1 F TCAAGATGTTCACCCGCC 

mErdr1 R TGTGCTTTCGTGGGTGAC 

mATgfb F GTCATCCTTGTCCTGCTCTG 

mATgfb R CCTTGGTCTACATAGTGAGTTCC 

mBpifb1 F GTCACCTCTGCTAACATCCTC 

mBpifb1 R TCGGTGCTCATTTGGAACTC 

mAdcyap1r1 F AAATGAGTCTTCCCCAGGTTG 

mAdcyap1r1 R CCCCTATGGTTTCTGTCATCC 

 

4.2.8. Splenocyte cytokine responses. 

Spleens were collected from euthanized mice. Single cell suspensions were obtained 

by grinding tissues through 70 µm cell strainers. Splenocytes were recovered in RPMI 

complete medium (RPMI + 10% FCS + 1% penicillin/streptomycin) and seeded at 

2 x 106 cells/ml in 24-well plates (Falcon). Cells were left untreated or stimulated 

with 5 µg/ml concanavalin A (ConA; Sigma Aldrich), and then incubated for 3 days 

at 37˚C in 5% CO2. Levels of Interferon-gamma (IFN-γ), Interleukin-2 (IL-2), Tumor 

necrosis factor (TNF) and Interleukin-17 (IL-17) were measured in splenocyte 

supernatants using a cytometric bead array (BD Biosciences), as per the 

manufacturer’s instructions.  
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4.2.9. Terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) 

assay. 

Apoptotic cells in gastric tissue sections were fluorescently labeled using a Click-iT® 

Plus TUNEL assay (C10617, Thermo Fisher Scientific), according to the 

manufacturer’s instructions. Stained samples were imaged at 20x magnification using 

a confocal microscope. The numbers of apoptotic cells (stained green), as well as the 

total numbers of cells (identified via DNA staining in blue) per sample were analyzed 

using a custom macro written for Image J software (Dr. Sarah Creed, Monash Micro 

Imaging).  

 

4.2.10. Microarray analysis. 

RNA was isolated from stomach tissues collected from Nod1+/+ (n=3) and Nod1-/- 

(n=4) mice at 8 weeks post-infection. Cyanine-3 (Cy3)-labeled cRNA was then 

prepared from total RNA (0.2 µg) using the One-Color Low input Quick Amp 

labeling Kit (Agilent) and RNeasy column purification (Qiagen). Dye incorporation 

and cRNA yield were determined with a NanoDrop ND-1000 Spectrophotometer. 

cRNA (600 ng) was labeled with Cy3 (specific activity > 6 pmol Cy3/µg cRNA) and 

fragmented at 60˚C for 30 mins in a reaction volume of 25 µl, containing 1x Agilent 

fragmentation buffer and 2 x Agilent blocking agent, as per the manufacturer’s 

instructions. On completion, 25 µl of 2x Agilent gene expression hybridization buffer 

was added and 42 µl of sample hybridized for 17 h at 65˚C in a rotating Agilent 

hybridization oven. After hybridization, microarrays were washed for 1 min at RT 

with GE wash buffer 1 (Agilent) and again for 1 min with GE wash buffer 2 (Agilent) 

at 37˚C. Slides were scanned immediately after washing on the Agilent C, DNA 

microarray scanner using one color scan settings for 8 x 60 K array slides and the 

following parameters: scan area, 61x21.6 mm; scan resolution, 3 µm; dye channel set 

to Green; and 20 bit Tiff. The scanned images were analyzed with Feature Extraction 

Software 11.0.1.1 (Agilent) using default parameters (protocol GE1-1100_Jul11 and 

Grid: (074809_D_F_20150624) to obtain background subtracted and spatially 

detrended processed signal intensities. 

Microarray data were analyzed using GeneSpring GX software to identify genes 

displaying differential expression patterns (>/= 1.5 fold) between infected Nod1+/+ 

and Nod1-/- mice. Genes displaying statistically significant (p < 0.05) expression 

levels between both groups of animals were identified using Limma software [227] 
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(Dr. Ross Chapman, Hudson Institute of Medical Research), and subsequently 

validated via qPCR, as described in section 4.2.6. 

 

4.2.11. Statistical analysis. 

Data were analyzed using the parametric Students’ t-test or non-parametric Mann-

Whitney U test, as appropriate, when two conditions/stimuli were tested. 

Alternatively, a parametric one-way ANOVA with Tukey’s multiple testing 

correction was employed when three or more conditions/stimuli were present. 

Differences in data values were considered significant at a P value of < 0.05.
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4.3. Results 
 

4.3.1. Nod1-/- mice display reduced susceptibility to infection with    H. pylori 

245m3 at 8 weeks post-infection.  

To determine the role of NOD1 during chronic infection, Nod1+/+ and Nod1-/- mice 

were gavaged with either H. pylori 245m3 bacteria or BHI broth, then sacrificed at 56 

days (8 weeks) post-gavage. Interestingly, in contrast to our previous findings at both 

7 and 30 days post-infection (Chapter 3), Nod1 did not seem to protect against 

chronic infection, with Nod1-/- mice infected with H. pylori 245m3 exhibiting similar, 

if not reduced, bacterial loads when compared with their Nod1+/+ counterparts (Fig. 

4.1. A; p = 0.0726). H. pylori-infected Nod1+/+ and Nod1-/- mice had similar stomach 

and spleen weights (Fig. 4.1. B, C). However, interestingly, spleens from BHI-

inoculated Nod1-/- mice displayed a significantly higher weight in comparison to their 

Nod1+/+ counterparts (16-fold increase) (Fig. 4.1. C, p = 0.0065). No Helicobacters 

were isolated from the stomachs of control animals administered BHI (data not 

shown).  

 

Figure 4.1: Nod1-/- mice do not display increased bacterial loads during chronic H. pylori 

infection. Nod1+/+ and Nod1-/- mice (n=28 per group) were gavaged with either control BHI broth 

or 107 colony-forming units (CFUs) of H. pylori 245m3 and sacrificed 56 days post gavage. (A) 

Bacterial loads in mice were determined by quantitative culture of gastric tissue samples and are 

pooled from four independent experiments. Data are presented as Log10 colony forming units 

(CFU)/g stomach. The limit of detection for the assay is 1,000 CFU/gram. (B) Stomachs (n≥8) 

and (C) spleens (n≥5), isolated from control and infected mice, were weighed prior to use in 

downstream analyses. Each point represents a single mouse. Data were analyzed using a Student’s 

t - test. ** p < 0.01, ‘ns’ p  > 0.05. 
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4.3.2. Nod1-/- mice infected with H. pylori 245m3 exhibit extensive gastric 

hyperplasia and significantly decreased gastric inflammation and mucosal 

immune cell infiltration.  

It has been previously established that the recognition of Gram-negative bacterial PG 

by the intracellular NOD1 receptor stimulates a pro-inflammatory signaling cascade, 

ultimately resulting in the recruitment of immune cells to the gastric mucosa [158, 

228, 229]. To investigate the gastric inflammatory phenotype following long-term    

H. pylori infection, we performed histological analyses on gastric antrum and corpus 

tissues from both H. pylori-infected and control Nod1+/+ and Nod1-/- mice. H&E 

staining revealed increased gastric mucosal thickening or hyperplasia in Nod1-/- mice 

inoculated with BHI at 8 weeks post-infection. This effect was further exacerbated in 

animals infected with H. pylori 245m3 (Fig. 4.2. A, C; p = 0.0003). However, 

surprisingly, in comparison to Nod1+/+ animals infected with H. pylori 245m3, these 

Nod1-/- mice displayed significantly lower immune cell infiltration and gland atrophy, 

as well as fewer lymphoid aggregates, thus resulting in decreased overall 

inflammation scores (Fig. 4.2. A, B; p = 0.0571). Furthermore, from 

immunohistochemical analyses, we observed significantly reduced recruitment of 

CD45+ immune cells (Fig. 4.3. A, B; p < 0.0001; 1.8 fold decrease) and F4/80+ 

macrophages (Fig. 4.4. A, B; p < 0.0001; 2.3 fold decrease) to the gastric mucosa of 

Nod1-/- mice infected with H. pylori 245m3 in comparison with their Nod1+/+ 

counterparts. Interestingly, however, no differences in CD45+ immune cell infiltration 

to the gastric sub-mucosa were observed between infected Nod1+/+ and Nod1-/- mice 

(Fig. 4.3. C), thus suggesting that immune cell migration to the gastric mucosa may 

be impeded in Nod1-/- mice.  

 

In order to confirm the results obtained via histological analyses, proportions of 

certain immune cell subsets present in a pool of lymphocytes isolated from H. pylori- 

infected and control Nod1+/+ and Nod1-/- mice were determined by flow cytometry. 

We observed a lower overall relative percentage of macrophages and neutrophils in 

infected Nod1-/- animals, in comparison to Nod1+/+ mice. In contrast, a higher relative 

percentage of T cells were seen in these Nod1-/- mice (Fig. 4.5. A-F). Collectively, our 

data indicate that while Nod1-/- mice infected with H. pylori 245m3 display extensive 

gastric hyperplasia, they are characterized by lower inflammation and decreased 
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immune cell infiltration to the gastric mucosa, when compared with infected 

Nod1+/+animals, at 8 weeks post-infection.  

Fig. 4.2. Nod1-/- mice infected with H. pylori 245m3 exhibit less gastric immunopathology but 

significantly increased mucosal thickening. Nod1+/+ (black spots) and Nod1-/- (grey spots) mice 

were gavaged with either BHI broth or H. pylori 245m3 and sacrificed 8 weeks post-gavage. (A) 

Gastric tissue sections were subsequently stained with H&E to determine overall inflammation, 

comprising PMNs, mononuclear cells, parietal cell atrophy and lymphoid aggregates/abscesses in 

the antrum and body of tissues; (B) The overall inflammatory scores (see Methods, Table 1) (n=5 

per group); (C) The mucosal thickness of each gastric tissue section was measured using the 

Aperio Imagescope software. (B) Each data point represents a single mouse or (C) a single 

analyzed field of view from n=20 mice per group. Figures show means ± SEM. Data are pooled 

from 2 independent experiments and analyzed for statistical significance using a Mann Whitney 

test. **** p < 0.0001. > infiltrating cells, * cell aggregates, magnification = 20X, Scale bar = 50 

µm. 

	
* 
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Fig. 4.3. Nod1-/- mice infected with H. pylori 245m3 display decreased CD45+ immune cell 

infiltration to the gastric mucosa. Nod1+/+ (black spots) and Nod1-/- (grey spots) mice (n=18  per 

group) were gavaged with either BHI broth or H. pylori 245m3 and sacrificed 8 weeks post-

gavage. (A) Gastric tissue sections were stained with anti-CD45 antibody to ascertain the 

recruitment of leukocytes. The proportion of CD45+ immune cells present in the (B) gastric 

mucosa (indicated by black arrows) and (C) gastric sub-mucosa (indicated by red arrows) of 

infected mice are represented as “relative positivity” or (number of positively stained cells/number 

of total cells) in H. pylori-infected mice relative to control mice on the same genetic background. 

Data were analyzed using the Aperio Imagescope software. Each data point represents a single 

mouse. Figures show means ± SEM. Data are pooled from 2 independent experiments and 

analyzed for statistical significance using a Mann Whitney test. **** p < 0.0001, ‘ns’ p > 0.05. 

Magnification = 40X, Scale bar = 400 µm. 
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Fig. 4.4. Nod1-/- mice infected with H. pylori 245m3 display decreased F4/80+ macrophage 

infiltration to the gastric mucosa. Nod1+/+ (black spots) and Nod1-/- (grey spots) mice (n=18 per 

group) were gavaged with either BHI broth or H. pylori 245m3 and sacrificed 8 weeks post-

infection. (A) Gastric tissue sections were subsequently stained with anti-F4/80 antibody to 

ascertain the specific recruitment of macrophages in response to infection; (B) The proportion of 

F4/80+ immune cells present in the gastric mucosa (indicated by black arrows) of infected mice 

are represented as “relative positivity” or (number of positively stained cells/number of total cells) 

in H. pylori-infected mice relative to control mice on the same genetic background. Data were 

analyzed using the Aperio Imagescope software. Each data point represents a single mouse. 

Figures show means ± SEM. Data are pooled from 2 independent experiments and analyzed for 

statistical significance using a Mann Whitney test. **** p < 0.0001. Magnification = 40X, Scale 

bar = 200 µm. 

B

A

0

1

2

3

4

R
el

at
iv

e 
P

os
iti

vi
ty

 
(N

P
os

iti
ve

 c
el

ls
/ N

 to
ta

l c
el

ls
) Nod1+/+

Nod1-/-
****

245m3

Nod1+/+  BHI 

Nod1-/-  BHI 

Nod1+/+  245m3 

Nod1-/-  245m3 

ê 
ê 

ê 
ê 

ê 
ê 

ê 

ê 



     
 

 117	

 

Fig 4.5. Nod1-/- mice infected with H. pylori 245m3 exhibit reduced T cell, macrophage and 

neutrophil recruitment to the gastric compartment. Nod1+/+ (black spots; n=2) and Nod1-/- 

(grey spots; n=3) mice were gavaged with either BHI broth or H. pylori 245m3 and sacrificed 8 

weeks post-infection. Immune cells isolated from murine stomachs were stained using 

fluorescently labeled antibodies with specificity for viable cells (anti-PI), leukocytes (anti-CD45, 

anti-CD11b), T cells (anti-CD3), macrophages (anti-F4/80) and neutrophils (anti-Ly6G). (A) To 

analyze the samples, a rectangular region was initially used to circumscribe viable leukocytes 

(CD45+, PI-) in a bivariate histogram of CD45 v/s PI. (B, C) Scatter-inclusive cells were used to 

evaluate the activation state of each respective measured population. The proportions of (D) 

CD45+, (E) CD11b+, (F) CD3+, (G) F4/80+ and (H) Ly6G+ in the total number of viable cells 

isolated from H. pylori-infected Nod1+/+ and Nod1-/- mice were normalized to control animals on 

the same genetic background. Data are represented as means. Each data point represents an 

independent sample.  
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4.3.3. Nod1-/- mice infected with H. pylori 245m3 exhibit significantly altered 

levels of pro-inflammatory chemokines in the stomach. 

Having observed differences in inflammation and gastric architecture in Nod1-/- mice 

with chronic H. pylori infection, we wished to ascertain if there were concurrent 

changes in NOD1-dependent pro-inflammatory cytokine production in these mice. 

Previous studies have demonstrated the ability of the NOD1 signaling pathway to 

trigger the secretion of murine IL-8 homologues, CXCL1/KC and CXCL2/MIP-2, in 

H. pylori-infected cells [35, 117, 212]. Furthermore, NOD1 stimulation has been 

shown to enhance the production of CCL2, the murine homologue of monocyte 

chemo-attractant protein 1 (MCP-1) [228]. Therefore, we analyzed gastric Cxcl1, 

Cxcl2 and Ccl2 responses by qPCR and ELISA in H. pylori-infected and control 

Nod1+/+ and Nod1-/- mice. Interestingly, we observed a significant increase in relative 

gene expression and protein secretion of Cxcl1 (Fig. 4.6. A, D; p = 0.0397 and p = 

0.0228, respectively) in infected Nod1-/- animals. However, only a significant 

enhancement of relative Cxcl2 protein production was observed in these mice (Fig. 

4.6. B, E; p = 0.0166). In agreement with the histological results described earlier 

(Fig. 4.4), we observed a significant reduction in the relative gene expression of Ccl2 

in H. pylori-infected Nod1-/- mice compared to infected Nod1+/+ mice (Fig. 4.6. C, F; 

p = 0.0010). Together, these data indicate that Nod1-/- mice infected with H. pylori for 

8 weeks exhibit altered pro-inflammatory cytokine profiles in the stomach, when 

compared to Nod1+/+ counterparts. 

 

4.3.4. Infection with H. pylori 245m3 generates a shift towards a Th-1/Th-17 

inflammatory phenotype in Nod1-/- mice at 8 weeks post-infection.   

In addition to influencing innate immune signaling following H. pylori infection, 

NOD1 activation has also been implicated in the generation of adaptive T cell 

responses [139, 171]. Hence, we next investigated the cytokine profiles of splenocytes 

isolated from control and infected Nod1+/+ or Nod1-/- mice at 8 weeks post-infection. 

Although splenocytes from Nod1+/+ and Nod1-/- mice produced similar levels of the 

Th-2 cytokines, IL-4 and IL-10 (data not shown), splenocytes isolated from Nod1-/- 

mice produced significantly higher levels of the Th-1 cytokines, IFN-γ, TNFα and   

IL-2, as compared with Nod1+/+ splenocytes (Fig. 4.7. A-C; p = 0.0433, p = 0.0159 

and p = 0.1255, respectively). Significant differences were also observed for the    
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Th-17-associated cytokine, IL-17 (Fig. 4.7. D, p = 0.0159). Thus, our data indicate 

that during chronic infection with H. pylori, NOD1 regulates adaptive immune 

responses to dampen a pro-inflammatory TH-1 and IL-17 driven phenotype. 

 
Fig. 4.6. Stomachs from Nod1 -/- mice infected with H. pylori 245m3 display a significantly 

altered pro-inflammatory chemokine profile at 8 weeks post infection. Nod1+/+ and Nod1-/- 

mice (n≥8 per group) were gavaged with H. pylori 245m3 and sacrificed 8 weeks post-infection. 

(A, D) Cxcl1/KC, (B, D) Cxcl2/Mip2 and (C, F) Ccl2, gene expression and cytokine responses 

were determined from stomach homogenates of Nod1+/+ and Nod1-/- mice and expressed relative 

to those of control animals. Figures show means ± SEM. Data was pooled from a minimum of 2 

independent experiments and was analyzed using a Mann Whitney test. * p < 0.05, *** p < 0.001, 

‘ns’ p > 0.05. 

 

4.3.5. Nod1-/- mice display increased numbers of TUNEL+ apoptotic cells in the 

gastric mucosa following long-term H. pylori infection.  

NOD1 was originally described as a mediator of apoptosis [153], but was reported to 

have either pro- or anti-apoptotic functions in different mouse tumor models [174-

176]. Furthermore, H. pylori has been independently shown to affect cell survival 

pathways in the host to overcome the turnover of gastric epithelial cells and thus 

establish persistent infection [47]. We therefore sought to investigate a potential role 

for Nod1 in mediating apoptosis following chronic H. pylori infection. In order to 

visualize and quantify apoptotic cells in the murine stomach following infection, mice 
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were administered etoposide, an intrinsic apoptosis-inducer, 24 h prior to sacrifice 

[47]. Gastric tissue sections acquired from control and H. pylori-infected Nod1+/+ and 

Nod1-/- mice were then examined using the TUNEL assay, to detect DNA 

fragmentation and cell death via apoptosis. The numbers of TUNEL+ cells in the 

gastric tissues of H. pylori-infected mice were normalized to control animals. A 

significant increase in TUNEL+ apoptotic gastric epithelial cells was observed in 

Nod1-/- mice infected with H. pylori 245m3 for 8 weeks (Fig. 4.8. A, B; p = 0.0158), 

thereby suggesting that NOD1 may play an anti-apoptotic role during long-term       

H. pylori infection in vivo. 

 

 
 

Fig. 4.7. H. pylori-infected Nod1-/- mice display a Th1-dominant phenotype at 8 weeks post 

infection. Nod1+/+ and Nod1-/- mice (n=6 per group) were gavaged with H. pylori 245m3 and 

sacrificed 8 weeks post-infection. (A) IFN-g , (B) TNF, (C) IL-2 and (D) IL-17 cytokine 

production in the culture supernatants of ConA-stimulated splenic cells isolated from mice. Data 

are normalized to control animals and presented as the means ± SEM. Data were analyzed using a 

Mann Whitney test. * p  <0.05, ‘ns’ p > 0.05.  
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4.3.6. NOD1 plays a novel role in regulating the gene expression of Adcyap1r1, a 

mediator of gastric acid secretion.  

Finally, in order to corroborate a role for NOD1 in mediating apoptosis, as well as 

identify the down-stream mediators of this novel function for this receptor during     

H. pylori infection, microarray analyses were performed on stomachs from Nod1 +/+ 

and Nod1-/- mice that had been infected with H. pylori 245m3 for 8 weeks. From this, 

248 genes were identified as being differentially expressed and hence to be potentially 

NOD1-regulated (Fig. 4.9. A). Subsequent bioinformatics and power analyses 

revealed 10 target genes, whose expression levels were significantly altered in the 

stomachs of Nod1-/- mice when compared with those of Nod1 +/+ animals (Fig. 4.9. B). 

One of these genes was Nod1 itself (Fig. 4.9. B). The differential gene expression of 

hits displaying greatest significance was validated using qPCR (Fig. 4.10. A-E). From 

this, we observed a significant down regulation of Adcyap1r1 (also known as pituitary 

adenylate cyclase-activating polypeptide type 1 receptor, Pac1) (Fig. 4.10. D, p = 

0.0314). No significant differences were observed for the other genes investigated 

(Mid1, Erdr1, antiTgfβ and Bpifb1) (Fig. 4.10. A, B, C, E). Collectively, from this 

data we have identified a novel NOD1-regulated gene during chronic H. pylori 

infection.  
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Fig. 4.8. NOD1 dampens gastric apoptosis during long-term H. pylori infection in vivo.  

Nod1+/+ (black spots) and Nod1 -/- (clear spots) mice (n=5 per group for BHI infection, n=30 per 

group for H. pylori infection) were gavaged with BHI or H. pylori 245m3 and sacrificed 8 weeks 

post-infection. Twenty-four hours prior to sacrifice, mice were gavaged with etoposide, an 

apoptosis-inducer. Gastric tissue sections were stained using the Click-IT Plus TUNEL assay to 

determine apoptosis. Data are pooled from 3 independent experiments and are represented as the 

means ± SEM of “Relative Positivity” or (number of positive cells/number of total cells) in   

H. pylori-infected mice normalized to control animals. Each data point represents an individual 

mouse. Figure shows means ± SEM. Data were analyzed using a Mann Whitney test. * p < 0.05. 
 

 

KO	M3	KO	BHI	

WT M3 WT BHI 

A

B

0

2

4

6

8

10

R
el

at
iv

e 
Po

si
tiv

ity
 

(N
Po

si
tiv

e 
ce

lls
/ N

 to
ta

l c
el

ls
) Nod1+/+

Nod1-/-*

Nod1+/+ BHI

Nod1-/- BHI

Nod1+/+ 245m3

Nod1-/- 

245m3



     
 

 123	

Fig 4.9. Nod1 regulates the expression of 248 genes in vivo in response to chronic H. pylori 

infection. Nod1+/+ and Nod1-/- mice (n=4 per group) were gavaged with H. pylori 245m3 and 

sacrificed 8 weeks post-infection. RNA was extracted from the gastric tissues of these mice. (A) 

Microarray analyses identified 248 genes to be differentially expressed between Nod1+/+ and 

Nod1-/--infected mice. These genes are displayed as a cluster heat map, based on fold change. (B) 

The expression levels of 10 of these genes were statistically different between Nod1+/+ and Nod1-/- 

mice. Data are pooled from n=4 biological replicates and analyzed using a Student’s t test, p < 

0.05, Fold change >= 1.5, no multiple testing correction.  
 

  
Fig. 4. 10. Adcyap1r1 expression is significantly reduced in H. pylori-infected Nod1-/- mice at 

8 weeks post-infection. Gene expression of (A) Mid1, (B) Erdr1, (C) antiTgfβ, (D) Adcyap1r1 

and (E) Bpifb1 was validated by qPCR in control (BHI) and H. pylori-infected mouse samples at 8 

weeks post-infection (at least n≥5 per group). Figures show means ± SEM. Data are pooled from 

n=4 independent experiments and analyzed using the Mann Whitney U test. * p < 0.05, ’ns’ p > 

0.05. 
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4.4. Discussion 
 

The extracellular pathogen, H. pylori, is highly adapted to the human stomach and has 

developed various strategies to enable its chronic persistence in this site [187]. It has 

been shown that the innate immune receptor NOD1, which recognizes a conserved 

structure present in Gram-negative bacterial PG [61], has important host defense 

functions in several infection models, including those caused by H. pylori [35, 61, 

230]. Activation of NOD1 signaling initiates a pro-inflammatory signaling cascade 

via the transcription regulator NF-κB, resulting in the production of the chemokine, 

CXCL8/IL-8 [35]. The majority of the published studies on NOD1 to date have 

focused on its role in immunity and inflammation during short–term H. pylori 

infection, thus providing firm evidence for the current dogma that NOD1 protects the 

host against infection by pathogens [35, 64, 65, 67, 219]. However, the findings 

detailed in Chapter 3 of this thesis indicate that an H. pylori strain, that was adapted to 

colonize mice in higher numbers, exhibited a modified muropeptide composition to 

potentially actively engage the NOD1 signaling pathway; thereby suggesting that 

NOD1 may also serve potentially beneficial functions for H. pylori during host 

colonization. In the present study, we have shown that while NOD1 sensing of         

H. pylori PG generates an initial inflammatory response in which the host controls 

infection, a secondary immune response is generated during chronic infection that 

potentially benefits persistence of the bacterium. Furthermore, our data suggest a 

novel role for the PG-NOD1 signaling axis in suppressing cell death via apoptosis in 

the host.  

 

Although significantly higher bacterial loads were observed in Nod1-/- mice following 

infection with H. pylori 245m3 for 1-4 weeks (Chapter 3), reduced numbers of 

bacteria were recovered from these mice during chronic infection with the 245m3 

strain (8 weeks post-infection) (Figure 4.1.). Furthermore, the stomachs of these 

Nod1-/- mice exhibited extensive gastric mucosal thickening (Figure 4.2. A, C), yet 

surprisingly, also displayed decreased inflammation (Figure 4.2. A, B) and 

significantly impaired recruitment of CD45+ leukocytes (Figure 4.3, 4.5) and F4/80+ 

macrophages (Figure 4.4, 4.5) to the gastric mucosa, when compared with infected 

Nod1+/+ counterparts. Interestingly, similar numbers of CD45+ immune cells were 
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observed in the gastric sub-mucosa of H. pylori-infected Nod1-/- animals at 8 weeks 

post-infection, when compared with Nod1+/+ animals (Figure 4.3. C). This 

observation suggests an impairment in the migration of immune cells from the gastric 

sub-mucosa to mucosal layer and requires further investigation to delineate the 

reasons or mechanisms resulting in this phenomenon. Future studies are also 

warranted to investigate the factors contributing to the gastric hyperplasia observed in 

Nod1-/- mice with chronic H. pylori infection, such as the gastric epithelium 

proliferation index, gastric pit length and numbers of parietal cells [231, 232]. 

Furthermore, as we were unable to identify all the individual cell types present in the 

pool of CD45+ leukocytes isolated via flow cytometry analyses (Figure 4.5.A), it 

would be of interest to examine the relative proportions of other immune cells known 

to be recruited to the gastric sub-mucosa and mucosal layers following H. pylori 

infection, including B cells [233], mast cells [234] and dendritic cells [235].  

 

In addition to the infiltration of immune cells to the gastric mucosa, the inflammation 

associated with H. pylori infection is also propagated via the up-regulation in the 

stomach of the pro-inflammatory cytokines IL-1, IL-6, IL-8, TNF and RANTES 

[236]. In our current study, we observed a significant increase in the expression and 

secretion of the functional murine homologues of CXCL8/IL-8, Cxcl1/KC and 

Cxcl2/Mip2, in gastric homogenates from H. pylori-infected Nod1-/- mice, when 

compared with Nod1+/+ animals, at 8 weeks post-infection (Figure 4.6. A-B, D-E). 

Based on previous findings, these responses would be expected to accentuate the 

development of gastric inflammation and thus affect bacterial clearance [218, 237]. In 

the present study, although we observed lower overall inflammatory scores in Nod1-/- 

mice infected with H. pylori 245m3 for 8 weeks, we hypothesize that the increased 

production of pro-inflammatory cytokines is a result of the enhanced gastric 

hyperplasia described earlier [238]. Additionally, complementary to results obtained 

via immunohistochemical analyses described earlier (Figure 4.4), we observed a 

significant reduction in the production of the murine macrophage chemo-attractant 

protein, Ccl2 (Figure 4.6. C, F). 

 

 Importantly, these altered chemokine responses in gastric homogenates were 

associated with up-regulation of IFN-γ, TNF, IL-2 and IL-17 production in splenic 
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lymphocytes in Nod1-/- mice infected with H. pylori 245m3 at 8 weeks post-infection 

(Figure 4.7. A-D). NOD1 is thus seen to regulate adaptive immune responses to 

dampen a pro-inflammatory Th-1 and Th-17 phenotype, which in turn could result in 

the increased bacterial colonization observed in vivo (Figure 4.1) [239]. Interestingly, 

this observation is in contrast to previously published data by Allison and colleagues 

[219] as well as Kaparakis et al. [55], which demonstrated a link between NOD1 

activation and the generation of Th-1 responses following acute H. pylori infection.  

Furthermore, enhanced IL-17 secretion is also associated with a greater induction of 

pro-inflammatory cytokine production in vivo, thus validating our results observed in 

Figure 4.6. Taken together, the altered pro-inflammatory cytokine profile observed in 

the stomachs and splenic lymphocytes of Nod1-/- mice infected with H. pylori 245m3 

for 8 weeks is complementary to the histopathological phenotype in the animals 

described earlier.  

 

Aside from its regulatory role in pro-inflammatory signaling and inflammation, 

NOD1 was originally described as also regulating apoptotic functions [153, 220]. 

Indeed, we observed a significant increase in etoposide-induced apoptosis in the 

stomachs of Nod1-/- mice at 8 weeks post-infection with H. pylori 245m3 (Figure 4.8. 

A-B), thus suggesting that H. pylori can regulate host cell death/survival responses in 

vivo via a NOD1-dependent mechanism. However, the mechanistic details of this 

process remain to be elucidated. One mechanism by which H. pylori has previously 

been proposed to prevent apoptosis is via Epidermal growth factor receptor (EGFR) 

activation of the cyclooxygenase – 2 (COX-2) enzyme and its product, Prostaglandin 

E2 (PGE2) [177]. Furthermore, NOD1 activation has also been linked to the up-

regulation of COX-2 expression and PGE2 production [240, 241]. Interestingly, COX-

2-dependent production of PGE2 was shown to also dampen Th-1 responses resulting 

in increases in bacterial colonization in vivo [178]. In addition, increased PGE2 

signaling was shown to enhance production of CCL-2 and infiltration of macrophages 

to the gastric mucosa [242].  

 

Additionally, we also observed a statistically significant down regulation of 

Adcyap1r1/Pac1 in infected Nod1-/- animals at 8 weeks post-infection via microarray 

analyses and subsequent qPCR validation (Figure 4.9-4.10). Previous studies have 

shown PAC1 is an anti-apoptotic factor and is also essential for the maintenance of 
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homeostasis of gastric acid secretion [243-245]. Interestingly, it has also been shown 

that H. pylori inhibits gastric acid secretion to enable colonization and cause disease 

[246-248]. Therefore, it is tempting to speculate that PAC1 may be a key NOD1-

dependent factor required for the establishment of persistent H. pylori infection in the 

stomach. Nonetheless, future studies are warranted to further demonstrate the 

mechanism by which the PG-NOD1-PAC1 signaling axis stimulates apoptosis and/or 

generates a favorable niche for the establishment of chronic H. pylori infection. 

Overall, we have demonstrated a role for NOD1 in facilitating the establishment and 

persistence of H. pylori infection in the stomach. Our findings also suggest a novel 

anti-apoptotic role mediated by NOD1 signaling pathway during long-term H. pylori 

infection.
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Chapter 5: Final Discussion and Future Directions 

 
H. pylori is a Gram-negative gastric pathogen that infects half of the world’s 

population, commonly resulting in chronic persistence within the host [187]. This 

bacterium is also classified as a Type 1 carcinogen and is the leading cause of gastric 

cancer [11], a malignancy that is responsible for the second highest number of deaths 

due to cancer worldwide [249]. Interestingly, however, the mechanisms contributing 

to the chronic persistence of H. pylori as well as gastric carcinogenesis following 

infection remain ill-defined. It has been previously demonstrated that infection with 

virulent H. pylori strains harboring the cagPAI are more frequently associated with 

the initiation of gastric cancer [11, 250]. The cagPAI encodes approximately 30 genes 

required for the production of a T4SS, which in turn exploits cholesterol-rich lipid raft 

microdomains in GECs to facilitate the translocation of bacterial effector molecules, 

cytotoxin-associated gene A (CagA) and peptidoglycan (PG), into the host cell [33, 

34, 36]. In addition to the T4SS, H. pylori can deliver factors such as PG, to epithelial 

cells in a cagPAI-independent manner via OMVs [55]. It has been shown that          

H. pylori interactions with host epithelial cells, involving either the T4SS or OMVs, 

result in activation of a pro-inflammatory signaling cascade mediated by the 

intracellular PRR, NOD1 [35, 55, 60]. NOD1 in turn activates the transcription factor, 

NF-κB, which ultimately results in the upregulation of pro-inflammatory genes and 

production of chemokines, such as IL-8 and type 1-interferons [35, 65, 66, 187]. 

Mucosal production of IL-8 in response to H. pylori infection is associated with 

greater tissue damage and an increased risk of severe disease [30, 49, 250].  

 

Previous work in our laboratory established that cholesterol-rich domains, or lipid 

rafts, in the cell membranes of host epithelial cells are required for H. pylori delivery 

of PG to NOD1 [34, 55]. Furthermore, eukaryotic lipid rafts have been shown to be 

essential for H. pylori delivery of CagA and the vacuolating cytotoxin (VacA) into 

host epithelial cells, thus confirming an essential role for these microdomains in 

facilitating H. pylori interactions with the gastric mucosa [42]. Cholesterol is an 

indispensable constituent of the plasma membrane and is essential for the formation 

of lipid rafts in eukaryotic cells [99, 100]. Interestingly, 25% of the total lipids in the 

H. pylori cell wall are also derived from cholesterol, yet the bacterium lacks the genes 
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required for the de novo synthesis of this sterol [89, 92, 93]. Unsurprisingly, it was 

subsequently demonstrated that H. pylori associates with the lipid rafts of host 

epithelial cells and acquires cholesterol from these microdomains for incorporation 

into its own cell membrane [90]. However, the mechanism of accumulation of 

cholesterol within the bacterial cell membrane and furthermore, the potential role for 

this H. pylori membrane cholesterol in host-pathogen interactions had not been 

described. Furthermore, while the existence of cholesterol-enriched microdomains or 

lipid rafts had been described in several bacterial species, such as B. subtilis and         

S. aureus [108, 113], similar structures had not been investigated in pathogenic 

bacteria.  

 

From the findings presented in Chapter 2 of this thesis, we have demonstrated the 

existence and characteristics of a novel flotillin-like protein, HP0248, in the human 

pathogen, H. pylori. In addition, we have provided convincing evidence for the 

presence of lipid raft-like structures in this bacterium and have shown a role for 

bacterial membrane cholesterol in the stabilization of these structures, as well as their 

incorporation of specific proteins important for bacterial virulence. These 

observations are consistent with an important property of eukaryotic membrane rafts 

to selectively include or exclude proteins that influence interactions at cell surfaces 

[102]. Interestingly, the study presented here has also demonstrated a role for the     

H. pylori flotillin-like protein, HP0248, in the induction of pro-inflammatory cytokine 

and chemokine responses in host epithelial cells. Additionally, we found that HP0248 

was required for both the T4SS-dependent delivery of CagA to target cells and mouse 

colonization in vivo. However, the most striking finding is the association between the 

flotillin-like protein, HP0248, and the presence of cholesterol in the cell membrane of 

the bacterium, making this is the first example of a specific protein that may be 

involved in cholesterol acquisition/retention in H. pylori. Taken together, these data 

suggest that HP0248 and the associated membrane rafts serve as platforms for the 

organization of bacterial proteins that are critical for H. pylori pathogenesis. Future 

studies are warranted to determine if the flotillin-like protein, HP0248, is solely 

responsible for controlling integration of cholesterol into H. pylori membrane 

microdomains, or if the bacterium possesses additional flotillin-like proteins, as is 

common in other bacterial species, such as B. subtilis [115].  
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In addition to the role of cholesterol-enriched microdomains in direct interactions 

with host cells, bacteria release low molecular weight, soluble fragments of cell wall 

PG, known as muropeptides, which can trigger a broad range of pro-inflammatory 

and cytotoxic effects on mammalian host cells, thereby mediating tissue damage and 

organ morphogenesis in vivo [52-54]. As described earlier, bacterial muropeptides, 

consisting of the GlcNAc–MurNAc [70] disaccharide and oligopeptide chains of 

varying lengths, are recognized via the cytoplasmic innate immune sensor, NOD1 

[35, 117]. This host defense protein specifically detects a minimal iE-DAP structure 

[156] present within muropeptides that are almost exclusively found in the cell walls 

of Gram-negative bacteria [61]. Interestingly, human and murine NOD1 have further 

evolved to sense slightly differently forms of muropeptides that differ solely in the 

lengths of their oligopeptide side chains, namely tri-peptide (GM-TriDAP) and tetra-

peptide (GM-TetraDAP) stem structures, respectively [155, 159]. This difference in 

host-specificity of the NOD1 signaling pathway allowed us to investigate the ability 

of H. pylori bacteria to alter its PG composition during host adaptation. In Chapter 3, 

we demonstrated that mouse-adapted H. pylori bacteria are able to modify their cell 

wall PG composition to enable preferential detection by the murine Nod1 protein. We 

found that the mouse-adapted variant of an H. pylori clinical isolate, 245m3, 

displayed a functional T4SS, but interestingly also exhibited an increased proportion 

of GM-TetraDAP, the murine Nod1 agonist. Consistent with this finding, the mouse-

adapted strain, 245m3, induced strong pro-inflammatory responses in mouse 

epithelial cells, but was significantly affected in its ability to induce NOD1-dependent 

responses in human cell lines. These primary data suggest that bacterial pathogens 

may be able to tailor their PG composition to specifically target NOD1 detection by 

the host. It is tempting to further speculate a potential role for the NOD1 signaling 

pathway in favoring bacterial replication and survival in vivo. Interestingly, in the 

present study we also observed a strain-specificity in cell wall modification, wherein 

the mouse-adapted variants, 245m3 and SS1, displayed increased proportions of the 

murine Nod1 agonist; whereas an additional mouse-adapted bacterial strain, 256m2, 

showed no difference in PG composition when compared to its progenitor human 

clinical isolate. Therefore, further analysis of the cell wall PG composition from other 

pairs of human and host-adapted H. pylori strains, such as B128 and B128 7.13 [251], 

G27 and NSH57 [161], PMSS2000 and SS2000 [252], are required to investigate the 

frequency of PG modifications and confirm our aforementioned hypothesis. 
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Importantly, comparative genomic analyses of H. pylori 245 and its mouse-adapted 

245m3 variant allowed us to identify a predicted premature protein truncation in 

MltD. H. pylori MltD, also referred to as regulatory protein DniR, is encoded by the 

HP1572 gene and is a known PG-cleaving enzyme exhibiting muramidase-like 

activity [72]. Further investigation is warranted to determine if MltD is indeed absent 

and hence directly responsible for the change in GM-TetraDAP-GM-TriDAP ratios as 

well as the subsequent effects of H. pylori 245m3 on NOD1-dependent cytokine 

responses in murine versus human non-phagocytic cells. Given that MltD and another 

PG-cleaving enzyme, Slt, have non-redundant and strain-dependent functions in PG 

cleavage [72], it will be crucial to demonstrate if these or indeed, other related PG-

cleaving enzymes mediate cell wall modifications in other host-adapted H. pylori 

isolates. Interestingly, H. pylori Δslt mutant bacteria have previously been shown to 

have a reduced capacity to induce pro-inflammatory signaling due to an impaired 

release of NOD1-activating ligands [35, 253, 254]. Other relevant examples of PG 

modification enzymes in H. pylori include the cell shape-determining proteins, Csd6 

and Csd4, which constitute L, D-carboxypeptidase enzymes that were recently found 

to play key roles in mediating cross-linking and trimming of PG muropeptides, 

thereby regulating the levels of GM-TriDAP in the cell wall [69, 255-257]. It is 

therefore of interest to further investigate the presence of potential morphological 

differences between H. pylori 245 and 245m3 strains. Importantly, PG modification 

enzymes in Campylobacter jejuni, a close relative of H. pylori, were also shown to 

influence bacterial morphology, PG biosynthesis, pathogenesis, NOD1 activation and 

subsequent inflammatory responses in the host [258-260]. 

 

The absence of complete abrogation of cytokine responses in NOD1-deficient cell 

lines following infection with H. pylori 245m3 (Chapter 3) suggests that other 

bacterial changes may have an effect on host cell responses and/or other host immune 

pathways involved in detection of Gram-negative bacteria. A proposed alternate 

innate immune sensor of H. pylori infection is tumor necrosis factor receptor-

associated factor (TRAF)-interacting protein with forkhead-associated domain (TIFA) 

[261]. TIFA has been shown to be activated by the cytosolic presence of the bacterial 

heptose-1,7-bisphosphate (HBP), a metabolic intermediate in LPS biosynthesis [262-

266]. Interestingly, it was recently described that T4SS-dependent TIFA activation 

precedes the NOD1 response during acute H. pylori infection [261]. In contrast, 
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Gaudet and colleagues demonstrated the primary activation of NOD1 followed by 

TIFA in response to invasive S. flexneri infection [264]. Nevertheless, there is 

currently no experimental evidence to support this sequential activation of NOD1 and 

TIFA during H. pylori infection. Future studies are therefore required to delineate the 

relative roles of NOD1 and TIFA in mediating host inflammatory responses during   

H. pylori infection. 

 

Finally, since NOD1 has been shown to play key roles in immune surveillance and 

generation of host responses primarily during acute bacterial infection, we sought to 

investigate the functions of the NOD1 pathway during chronic H. pylori infection 

(Chapter 4). We found that Nod1-/- mice had reduced H. pylori bacterial loads when 

compared with their Nod1+/+ counterparts at 8 weeks post-infection, which is in 

contrast to the established role for NOD1 in host defense. These Nod1-/- mice also 

displayed significantly increased gastric chemokine and splenocyte T cell cytokine 

responses, yet surprisingly had decreased inflammation scores and gastric immune 

cell infiltration when compared with wild type animals. NOD1 therefore appears to be 

essential for the maintenance of the gastric niche required for H. pylori persistence 

and the subsequent disease phenotype associated with chronic infection. Interestingly, 

a significant increase in apoptotic cells was also observed in the stomachs of 

H. pylori-infected Nod1-/- mice, thereby suggesting a role for NOD1 in suppressing 

cell death in vivo. Taken together, we propose that NOD1 is an important factor in 

facilitating the persistence of H. pylori infection in the stomach. However, the 

mechanistic details of NOD1-dependent apoptosis following chronic H. pylori 

infection remain to be elucidated. One mechanism by which H. pylori has previously 

been proposed to prevent apoptosis is via EGFR activation of the cyclooxegenase-2 

(COX-2) enzyme and its product, Prostaglandin E2 (PGE2) [177]. Interestingly, 

NOD1 activation has been linked to the up-regulation of COX-2 expression and PGE2 

production [240, 241]. Furthermore, recent data suggest that the caspase-3/E-cadherin 

pathway is also involved in the induction of apoptosis of gastric epithelial cells in 

response to H. pylori [70], hence making it an alternate downstream mediator of 

NOD1-driven cell survival responses that warrants further experimentation. 

  

Microarray analyses of the gastric mucosa from Nod1+/+ and Nod1-/- animals revealed 

a statistically significant down regulation of Adcyap1r1/Pac1 in Nod1-/- animals at 8 
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weeks post-infection (Chapter 4). PAC1 is widely expressed in the gastrointestinal 

tract and displays specific affinity for Pituitary adenylate cyclase-activating 

polypeptide (PACAP) [267, 268]. Furthermore, PAC1 has been observed to suppress 

apoptosis in vitro and in vivo, as well as to play an essential role in the maintenance of 

homeostasis of gastric acid secretion [243-245]. Pac1-deficient mice displayed higher 

basal gastric acid output, increased gastric mucosa thickness and glands height, when 

compared to wild-type mice [243]. Interestingly, it has been shown that H. pylori can 

inhibit gastric acid secretion to enable colonization and cause disease [246-248]. As 

gastric acid reduces susceptibility to infection with ingested bacterial pathogens [269], 

it is tempting to speculate that NOD1-dependent regulation of PAC1 may be a 

determinant of H. pylori colonization. The corollary of this suggestion is that the 

reduced levels of Pac1 expression in Nod1-/- mice may result in increased gastric 

acidity, thus contributing to the reduced levels of H. pylori infection that were 

observed in the stomachs of these animals. However, preliminary experiments in 

which we measured the gastric pH of the gastric contents from wild-type and Nod1 

knock-out mice infected with H. pylori for 8 weeks, showed no statistically 

significant differences (data not shown).  

 

A significant limitation of the aforementioned data is the absence of complementary 

evidence in human samples due to the exclusive use of in vitro cell lines and mouse 

models of H. pylori infection to study host-pathogen interactions. Our conclusions 

describing the novel functions of the H. pylori-NOD1 signaling axis could be 

enhanced and supported by the inclusion of additional experiments using gastric 

biopsies from human patients or alternatively via the use of human gastric organoids. 

Gastric organoids refer to three-dimensional culture systems that are grown from 

gastric stem cells and are organized epithelial structures that comprise all the 

differentiated cell types of the stomach (Bartfeld, 2015 #360). They can be expanded 

indefinitely and have been shown to be highly instrumental in revealing new insights 

into the pathogenesis of H. pylori infection as well as the resulting immune responses 

and histopathological changes associated with disease (Bartfeld, 2015 

#362)(Schlaermann, 2016 #364)(Hill, 2017 #361).  

 

In addition to regulating NF-κB signaling and IL-8 secretion in host epithelial cells, 

the NOD1 pathway was shown to enhance IL-1β production in Chlamydia 
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trachomatis-infected trophoblasts [270]. Furthermore, H. pylori bacteria have been 

shown to induce IL-1β and IL-18 responses in epithelial cells and macrophages [148, 

271-273]. Interestingly, cholesterol crystals have also been shown to act as danger 

signals in vitro, thereby inducing the production of the aforementioned pro-

inflammatory cytokines in phagocytes [274]. A study by Rajamaki et al also 

confirmed that cholesterol crystals present in atherosclerotic lesions induced IL-1β 

secretion from macrophages in a caspase-1-dependent manner [275]. There have been 

several reports that NOD1 may be able to interact with caspase-1 [153, 220, 222], 

however, the findings of those studies were inconclusive and need to be substantiated 

by further work. It therefore remains to be determined whether the H. pylori-NOD1 

signaling axis constitutes a novel inflammasome-like pathway and/or represents a 

potential link between the generation of host immune responses by epithelial and/or 

phagocytic cells.  

 

Dysregulation of NOD1 functions has been linked to the progression of several 

inflammatory and auto-inflammatory diseases [276, 277]. For example, insertion-

deletion polymorphisms in NOD1 have been correlated with an increased 

susceptibility to the development of asthma and inflammatory bowel disease [278, 

279]. Controversially, hematopoietic NOD1 has been identified to enhance a high-fat 

diet-induced metabolic inflammation and insulin intolerance, commonly associated 

with the onset of Type 2 diabetes [280, 281]. Recent reports also suggest a role for 

NOD1 in the generation of an infection-induced cytokine storm in pregnant mothers, 

which results in fetal inflammation and premature births [282]. Overall, these data 

suggest that NOD1 displays many functions beyond mediating pro-inflammatory 

signaling, including the maintenance of immune homeostasis, and thus warrant 

further investigation. 

 

In conclusion, we have demonstrated that the presence of bacterial membrane 

cholesterol and lipid raft-like domains appears to be important for host immune 

modulation and ultimately survival of H. pylori within the stomach, thus 

complementing earlier studies in this field [90, 283]. We have also provided evidence 

for the first time that H. pylori is able to modulate its PG composition during host-

adaptation to actively engage the NOD1 signaling pathway. Finally, we have shown 

that NOD1 sensing of H. pylori PG generates an initial inflammatory response in 
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which the host controls infection during the acute phase, and a secondary response in 

which epithelial cell apoptosis is prevented thus potentially facilitating bacterial 

persistence. Taken together, these data describe novel mechanisms by which Gram-

negative pathogens utilize interactions with host epithelial cells to enable chronic 

persistence in the host, as well as suggest broader implications for the NOD1 

signaling pathway during H. pylori infection. The fundamental new information 

presented here may thus inform the design of novel, improved therapies that target   

H. pylori cell wall structures to eradicate the bacterium or reduce the inflammation 

associated with this infection. 
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Supplementary Figure 1 
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Supplementary Figure 2 
 



     
 

 166	

Supplementary Figure 3 
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Supplementary Figure 4 
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Supplementary Table 1: The relative densitometry intensities calculated for each protein 

band and normalised to Tubulin. 

    Lane 

Figure Band 1 2 3 4 5 6 

1c 

SUP IL-33/p22  0.29 0.60 0.04 0.27     

LYS IL-33/fl  0.30 0.69 0.28 0.20     

LYS IL-33/p22  0.14 0.81 0.05 0.08     

1d 

SUP IL-33/p22  0.19 0.21 0.15 0.27 0.32 0.53 

LYS IL-33/fl  0.16 0.21 0.29 0.40 0.43 0.56 

LYS IL-33/p22  0.10 0.19 0.24 0.25 0.39 0.40 

1e 

SUP IL-33/p22  0.39 0.59 0.40 0.02 0.02 0.13 

LYS IL-33/fl  0.16 0.43 0.06 0.20 0.19 0.27 

LYS IL-33/p22  0.19 0.32 0.12 0.16 0.26 0.15 

1h 

SUP IL-33/p22  0.36 0.66 0.11 0.12 0.15 0.28 

LYS IL-33/fl  0.25 0.58 0.17 0.31 0.27 0.33 

LYS IL-33/p22  0.15 0.30 0.18 0.17 0.41 0.25 

2d 

SUP IL-33/p22  0.49 0.63 0.36 0.23     

LYS IL-33/fl  0.24 0.66 0.21 0.59     

LYS IL-33/p22  0.16 0.34 0.25 0.29     

2e 

SUP IL-33/p22  0.24 0.89 0.08 0.47 0.14 0.58 

LYS IL-33/fl  0.64 1.02 0.26 0.63 0.42 0.56 

LYS IL-33/p22  0.73 0.91 0.69 0.13 0.24 0.20 

5c 

IL-33/fl 0.69 1.21 0.04 0.44     

IL-33/p22 0.28 1.27 0.19 0.53     
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