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ABSTRACT 

Helicobacter pylori causes chronic gastritis, peptic ulceration and gastric cancer. 

This bacterium is one of the most prevalent in the world, but affects mostly the 

populations with a lower socioeconomical status. While it causes gastric and duodenal 

ulcers in only 20% of infected patients, less then 1% will develop gastric adenocarcinoma. 

In fact, H. pylori is the most important risk factor in developing gastric cancer. 

Epidemiological studies have shown that 80% of gastric cancer patients are H. pylori 

positive. The outcome of the infection with this bacterium depends on bacterial factors, 

diet, genetic background of the host, and coinfection with other microorganisms.  The 

most important cofactor in H. pylori induced disease is the host immune response, even 

though the exact mechanism of how the bacterium is causing disease is unknown.  

The structural complexity of Helicobacter bacteria makes us believe that different 

bacterial factors interact with different components of the innate immunity. However, as a 

whole bacterium it may need mainly the TLR2 receptor to trigger an immune response. 

The type of adaptive immunity developed in response to Helicobacter is crucial in 

determining the consequences of infection. It is now known for decades that a susceptible 

host will follow the infection with a strong Th1 immune response. IFNγ, IL-12, IL-1β and 

TNF-α are the key components of a strong adaptive Th1 response. This is further 

supported by our work, where deficient T-bet (a master regulator for Th1 response) mice 

were protected against gastric cancer, despite maintaining an infection at similar levels to 

wild type mice.  On the other hand, a host that is resistant to Helicobacter develops an 

infection that is followed by a Th2 response sparing the mucosa from severe 



inflammation. Human studies looking at single nucleotide polymorphism of cytokines, 

like IL-1β, IL-10 and TNF-α have clearly demonstrated how genotypes that result in high 

levels of IL-1β and TNF-α, but low IL-10 expression may confer a 50-fold higher risk in 

developing gastric cancer.  

The outcome of Helicobacter infection clearly relies on the immune response and 

genetic background, however the coinfection of the host with other pathogens should not 

be ignored as this may result in modulation of the adaptive immunity. In studying this, we 

took advantage of the Balb/C mice that are known to be protected against Helicobacter 

induced inflammation by mounting a strong Th2 polarization. We were able to switch 

their adaptive immunity to Th1 by coinfected them with a T. gondii infection (a well 

known Th1 infection in mice). The dual infected mice developed severe gastritis, parietal 

cell loss and metaplastic changes. These experiments have clearly shown how unrelated 

pathogens may interact and result in different clinical outcomes of the infected host. 

A strong immune response that results in severe inflammation will also cause a 

cascade of apoptotic changes in the mucosa. A strict balance between proliferation and 

apoptosis is needed, as its disruption may result in uncontrolled proliferation, 

transformation and metaplasia. The Fas Ag pathway is the leading cause of apoptosis in 

the Helicobacter-induced inflammation. One mechanism for escaping Fas mediating 

apoptosis is upregulation of MHCII receptor. Fas Ag and MHCII receptor interaction 

inhibits Fas mediated apoptosis by an impairment of the Fas Ag receptor aggregation 

when stimulated by Fas ligand. Because H. pylori infection is associated with an 

upregulation of the MHCII levels on gastric epithelial cells, this indeed may be one 

mechanism by which cells escape apoptosis.  



The link between chronic inflammation and cancer is well known since the past 

century. Helicobacter infection is a prime example how a chronic inflammatory state is 

causing uncontrolled cell proliferation that results in cancer. The cell biology of “cancer” 

is regarded not as an accumulation of cells that divide without any control, but rather as an 

organ formed of cancer stem cells, tumor stromal support cells, myofibroblasts and 

endothelial cells, which function as a group. The properties of the cancer stem cells are to 

self-renew and differentiate into tumor cells thus maintaining the tumor grow, 

emphasizing that a striking similarity exists between cancer stem cells and tissue stem 

cells. 

We looked into what role would BMDCs play in chronic inflammation that causes 

cancer. Using the mouse model of Helicobacter induced adenocarcinoma we discovered 

that gastric cancer originates from a mesenchymal stem cell coming from bone marrow. 

We believe that chronic inflammation, in our case of the stomach, sets up the perfect stage 

for bone marrow stem cells to migrate to the stomach where they are exposed to 

inflammatory stimuli and transform into cancer stem cells. One of the mechanism by 

which the MSC migrate to the inflammation site is the CXCR4/SDF-1 axis.  

Our work sheds new light on Helicobacter induced gastric cancer pathogenesis. I 

hope that our findings will promote the development of new therapies in the fight against 

this deadly disease.  
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1. Gastric cancer: classification and epidemiology. 

 

Gastric adenocarcinoma is the second most common cause of cancer-related 

mortality worldwide and the 14th overall cause of death (1). There are widespread 

geographical differences in gastric cancer rates with the highest rates seen in Japan, China 

and South America, and much lower rates in Western Europe and the United States (1). 

The single most common cause of gastric cancer is infection with Helicobacter pylori: one 

of the most common chronic bacterial infections in man (2). This bacterium colonizes 

over half of the world’s population. Infection is usually acquired in childhood and in the 

absence of antibiotic therapy persists for the life of the host (3).  

H. pylori is a member of a large family of related bacteria that colonize the 

mammalian stomach, and is causally linked to chronic gastritis, peptic ulceration, gastric 

atrophy, gastric adenocarcinoma and rarely non-Hodgkin lymphoma of the stomach (4). In 

the United States, the rate of H. pylori acquisition is less than 1% per year, with 10–15% 

of children less than 12 years of age and 50–60% of people greater than 60 years of age 

infected (5).  

The gastric environment is relatively inhospitable to bacteria and other pathogens. 

As a result of harsh pH conditions, the presence of digestive enzymes and constant 

contractions with sweeping motility designed to clear the gastric contents at regular 

intervals, the stomach is a relatively sterile organ. Indeed, H. pylori is the only known 

bacteria that can persistently colonize the normal stomach, and essentially sets up a 

monoculture within the gastric mucosa.  

Although most infected patients will develop a chronic active gastritis, the 
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majorities are asymptomatic. Though the risk varies with age, geographical location and 

ethnicity, overall 15–20% of infected patients will develop gastric or duodenal ulcer 

disease and less than 1% will develop gastric adenocarcinoma (4, 6). Unfortunately, 

symptoms and disease are poorly correlated, and many cases of gastric cancer are detected 

late in disease progression, when the disease is incurable.  

The pattern of gastritis has been shown to correlate strongly with the risk of 

gastric adenocarcinoma. Patients who develop antral-predominant gastritis (the most 

common manifestation) are at a higher risk of developing duodenal ulcers, while those 

that develop corpus-predominant gastritis and multifocal atrophic gastritis are at a higher 

risk of developing gastric ulcers, and of progressing to intestinal metaplasia, dysplasia and 

adenocarcinoma (7). Noncardia gastric cancers (Lauren classification) are divided into 

two histological distinct variants termed intestinal-type adenocarcinoma and diffuse-type 

adenocarcinoma (8). Intestinal-type gastric adenocarcinoma forms gland-like structures 

and primarily involves the distal stomach (9). The development of the intestinal type of 

gastric carcinoma appears to progress through a stepwise transition from normal mucosa 

through atrophic gastritis, atrophy, and intestinal metaplasia. It is in the setting of atrophy 

and metaplasia that dysplasia arises, which may progress to adenocarcinoma (10), though 

the point of transition from a “premalignant” to “malignant” lesion has not been 

identified. Intestinal-type adenocarcinoma has a predilection for the elderly of lower 

socioeconomic status and has a male-to-female ratio of 2:1.  

In contrast, the histology of diffuse type of gastric cancer is one of individual 

neoplastic cells infiltrating the gastric mucosa, without forming glandular structures. 

There is no association with atrophy or intestinal metaplasia, and there is no stepwise 
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progression as seen in intestinal-type cancer (11). The diffuse type of gastric cancer 

presents at a younger age, affects men and women equally and there is a stronger genetic 

component. 

 

2. Helicobacter infection in the initiation and promotion of gastric cancer. 

 

H. pylori has been classified by the World Health Organization (WHO) as a class 

1 carcinogen, although the precise mechanism by which this bacterium causes gastric 

cancer is not clear (12). The evidence supporting a role for H. pylori causing gastric 

cancer is very strong. Epidemiological studies link Helicobacter colonization with 

noncardia gastric cancer (13, 14), with the decline in H. pylori infection in industrialized 

counties in the last century correlating closely with decreased morbidity and mortality 

from gastric adenocarcinoma (15, 16). Case controlled studies have established a positive 

link between seropositivity and gastric adenocarcinoma; with a 2.1- to 16.7- fold increase 

risk when compared to seronegative patients (14, 17).  

More recently, the presence of past or present Helicobacter infection has been 

confirmed in the majority (up to 80%) of gastric cancer patients, demonstrating 

conclusively that Helicobacter infection is associated with the majority of gastric cancer 

cases (18, 19). The precise manner in which infection causes cancer is not known; 

however, the present thinking is that cancer arises through the combination of infection 

with a virulent organism, a permissive environment and a genetically susceptible host. 

Candidates for cancer induction include direct H. pylori bacterial factors, components of 

the host immune response, dietary cofactors including high salt and decreased ascorbate, 
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gastrin hormonal levels, and decreased acid secretion with bacterial overgrowth. Indeed, 

all these factors may interact to alter host cell signaling, derange apoptotic and 

proliferative signaling, and promote the acquisition and maintenance of genetic mutations 

leading to neoplasia. 

 

2.1. H. pylori bacterial factors. 

 

H. pylori is well adapted to the gastric environment, withstanding low pH to gain 

entry to its preferred niche, the mucus layer of the stomach. Once there, the bacterium 

evades local and systemic immune responses that are ineffective at eliminating the 

organism. In the absence of antibiotic therapy, colonization persists for the life of the 

host. The H. pylori genome has 1.65 million base pairs and codes for approximately 1500 

genes (20). Of these, only 2/3 of the genes have been assigned biological roles. The 

function of the remaining 1/3 of the genome remains obscure. A modified signature 

tagged mutagenesis approach, used to detect the genes essential for colonization and 

survival of H. pylori identified 47 genes, including several previously known factors such 

as urease and motilin, thereby validating this method (2). Bacterial factors, which 

contribute to carcinogenesis, include those that enable the bacteria to effectively colonize 

the gastric mucosa, incite a more aggressive host immune response and direct virulence 

factors of the organism. 

 

2.2. Motility. 

Motility toward epithelial cells of the stomach is a vital feature of H. pylori 
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survival tactics. This function is assured by several factors including spiraling movement 

designed to navigate the thick gastric mucus and through efficient modifications of the 

extracellular matrix and mucus layer thus decreasing viscosity and allowing bacterial 

penetration. The complex flagella filament is composed of two flagellin subspecies, the 

more abundant flaA protein, which comprises the majority of the filament, and a second 

slightly larger protein, flaB, which appears to be exclusively located proximal to the hook 

within the assembled filament (21) (Fig. 1.1A). Both are essential for flagella integrity 

and function to quickly propel the bacterium from the hostile gastric lumen, to the 

protected niche of mucus overlying the gastric mucosal cells. Once safely out of the 

lumen, the bacterium modifies the local environment to allow unhampered movement 

over the surface of epithelial cells. A gene coding for a putative collagenase (HP0169) 

enzyme has been described (2). This enzyme is actively transported to the bacterial cell 

surface where it may remain, or is secreted into the extracellular space and functions to 

digest collagen, allowing freer bacterial movement. Collagen types III and I are important 

components of the extracellular matrix of the gastric epithelium. Secretion by gastric 

cells is induced in areas of ulceration and gastritis where it functions to promote healing. 

Through digestion of collagen, collagenase secreted by H. pylori may be responsible for 

delay of ulcer healing and chronic ulcers. Additionally, components of the mucosal 

immune response, such as IgA antibodies, may be degraded by bacterial collagenase 

further contributing to disease by Helicobacter or other transient organisms within the GI 

(gastrointestinal) tract (2) (Fig. 1.1A). 
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FIGURE 1.1 H. PYLORI BACTERIAL VIRULENCE FACTORS.
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FIGURE 1.1 H. PYLORI BACTERIAL VIRULENCE FACTORS.  

(A) Helicobacter gains access to the epithelial cell surface through a combination of 

spiral motility provided by powerful flagella composed of subunits flagellin A and B 

(FlaA and FlaB), and secretion of a collagenase (Hp 0169) which acts to decrease 

viscosity and allow bacterial movement over the mucosal cell surface. Collagenases 

degrade other host molecules such as immunoglobulin A (IgA) favoring bacterial – host 

cell attachment. (B) Once in contact with the mucosal surface, bacteria can adhere to the 

epithelial cells via an adhesin (BabA) - Lewis B blood group antigen. Urease, produced 

by the bacterium, converts urea to CO2 and NH3, buffering the mucus niche creating a 

neutral pH habitat directly over the cell surface. (C) Using a type IV secretory system, 

Helicobacter proteins and DNA are introduced into host cells. Once inside, CagA 

(cytotoxin-associated gene A) can be phosphorylated by host proteins. Phosphorylated 

CagA, in turn, dephosphorylates host proteins, altering cytoskeletal structure and 

interfering with cell signaling. VacA (vacuolating cytotoxin A) within the cell leads to T-

lymphocyte inactivation through G1/S cell cycle arrest and targets the nuclear factor of 

activated T-cells (NFAT) signaling pathway to hinder cytokine signaling. 
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2.3. Adhesion factors. 

Adhesins are a large family of 32 related outer membrane proteins (Hop proteins) 

that assures adhesion of the bacteria to the epithelial layer. One of the best-characterized 

adhesin is babA, encoded by the strain specific gene babA2, a member of a highly 

conserved family of outer membrane proteins. babA binds to the fucosylated Lewis B 

blood group antigen on gastric epithelial cells and forms a scaffold apparatus that allows 

bacterial proteins to enter host epithelial cells. Bacterial strains which posses the babA2 

gene adhere more tightly to epithelial cells and promote a more aggressive phenotype, 

and are associated with a higher incidence of gastric adenocarcinoma. Transgenic mice 

carrying the Lewis B blood group antigen challenged with babA+ H. pylori strains are 

more likely to develop severe gastritis, atrophy and antiparietal cell antibodies than the 

same mice challenged with wild-type strains of bacteria (22), via increased bacterial 

adherence to mucosal cells. On the other hand, there are some H. pylori strains that 

produce low levels of babA and have a low binding activity to the gastric mucosa; 

however these strains some times may have a higher likelihood to cause gastric 

inflammation and atrophy. The underlying reason is unclear and needs further 

investigations (23) (Fig. 1.1B). 

 

2.4. Urease. 

 

Urease is produced by all strains of H. pylori and functions to hydrolyze urea into 

CO2 and NH3. NH3 effectively buffers the acid environment immediately surrounding 

the bacterium permitting survival in the acid environment of the stomach. Urease enzyme 

9



 

activity is tightly controlled by a pH-gated urea channel (ureI), which is open at low pH 

and closed at neutral pH conditions (24), allowing the bacterium a precise level of control 

over its pH environment (Fig. 1.1B). 

 

2.5. The cag (cytotoxin-associated gene) pathogenicity island. 

 

The most important feature, which distinguishes strains of H. pylori is the 

presence or absence of the cag island. The Cag pathogenicity island is approximately 40 

kb, and contains 31 genes. The terminal gene of this island, cagA, is often times used as a 

marker for the entire cag locus. Several genes within the island have homology to genes 

that encode a type IV secretory system. Once the bacteria adhere to the gastric epithelial 

cell, the type IV secretion system functions to export bacterial DNA and/or proteins into 

the host cell cytoplasm. In vitro experiments suggest that once in the cytoplasm, cagA 

undergoes kinase-mediated phosphorylation. Phosphorylated cagA in turn 

dephosphorylates host cell proteins, activating intracellular signaling pathways. 

Alterations in host cell proteins lead to actin-cytoskeleton reorganization and 

morphological changes described in cultured cells as the "hummingbird phenotype”.  

To further study this phenomenon in vivo, Ohnishi et al. generated a wild type 

cagA and a phosphorylation resistant cagA transgenic mouse. The transgenic mouse with 

wild type cagA developed impressive gastric and small intestine adenocarcinoma. 

However, the phosphorylation resistant cagA transgenic mice did not develop these 

pathological findings. This is one of the first evidences of cagA being a bacterial 

oncoprotein acting in mammals (25). Compared to cagA- strains, cagA+ strains are 

10



 

associated with more severe inflammation, higher degrees of atrophic changes and a 

greater chance of progressing to gastric adenocarcinoma (13, 26-31). Other genes within 

the pathogenicity island are felt to be important for disease (cagE or picB, cagG, cagH, 

cagI, cagL, cagM), as they appear to be required for in vitro epithelial cell cytokine 

release (32-34), though there does not appear to be as great an effect on immune cell 

cytokine activation. These findings may explain the attenuated inflammatory response 

and lower cancer risk with cagA- strains in vivo (28, 35-37) (Fig. 1.1C).  

All strains of H. pylori carry the vacA (vacuolating cytotoxin A) gene, which 

codes for a vacuolating toxin, with expression varying depending on allelic variation. 

Approximately 50% of H. pylori strains express the vacuolating cytotoxin A (vacA 

protein). Although vacA and cagA map to different loci within the H. pylori genome, they 

commonly are found together. The vacuolating toxin, composed of identical 87 kDa 

monomers assembled into a flower-shaped oligomer, alters intracellular vesicular 

trafficking in eukaryotic cells, leading to formation of large vacuoles (38). When 

administered orally to mice, vacA alone is able to induce gastric epithelial erosions, 

resembling erosions found in Helicobacter-infected humans (39).  

It is proposed that VacA binds protein tyrosine phosphatase receptor type Z 

(Ptprz), increases the tyrosine phosphorylation of the G-protein-coupled receptor kinase 

interactor 1 (git1, a Ptprz substrate), inducing mucosal damage. In support of this, the 

endogenous ligand of Ptprz, pleiotropin, induces gastritis in wild-type mice. Ptprz-/- mice 

do not develop vacA-induced mucosal damage, even though vacA successfully 

incorporates into gastric epithelial cells (40). The challenge of Ptprz-/- mice with “full” 

H. pylori was lacking in this study, which would have confirmed the physiological 
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significance of these findings. In addition to effects on gastric epithelial cells, vacA 

cytotoxin acts to inhibit T lymphocyte activation through induction of a G1/S cell cycle 

arrest, impedes transcription of IL-2 and downregulates IL-2R-alpha through targeting 

the nuclear factor of activated T cells (NFAT) signaling pathway (41) at the level of 

calcineurin (42). Additionally, vacA has been shown to activate MKK3/6 (MAP 

(Mitogen-Activated Protein) Kinase Kinase), p38, and a rac-specific nucleotide exchange 

factor (vav) by presumed interaction with an as of yet unknown receptor (40). This 

aberrant activation of rac stimulates actin polymerization, altering cellular architecture 

and interfering with the formation of the immunological synapse between antigen-

presenting cells (APCs) and T cells (43) (Fig. 1.1C). These effects impair T lymphocyte 

activation and perpetuate an ineffective immune response, permitting chronic 

colonization of the stomach.  

Other bacterial virulence factors, such as cagE, may play a role in the modulation 

of apoptosis and the host inflammatory response thereby contributing to disease 

manifestations. Indeed, “virulent strains” (cagA+, cagE+ and vacA+) appear to be more 

potent inducers of pro-inflammatory mediators than “nonvirulent strains” (cagA-, cagE- 

and vacA-) possibly explaining the higher association of cag+ strains with gastric cancer 

(4). 

H. pylori neutrophil-activating protein (HP-NAP) is another major virulence 

factor, which was initially described as promoter of neutrophil adhesion to the endothelial 

cells and it is known to stimulate the production of oxygen radicals by neutrophils (44). 

Amedei et al. have found HP-NAP to be a TLR2 (Toll-like receptor) agonist, which by 

stimulating the neutrophils increase their expression of IL-12. Furthermore, when HP-
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NAP stimulates the monocytes it will induce their production of IL-23, and differentiate 

them towards a mature dendritic cell. A T–cell that is undergoing a specific antigen 

challenge has the propensity to polarize towards a Th-1 phenotype, when stimulated with 

HP-NAP in vitro and in vivo (45).  

  

3. Host immune response - an overview. 

 

Evidence to date clearly shows the most important cofactor in the induction of 

Helicobacter-related disease is the host immune response. Indeed, chronic inflammation 

has been linked to a number of gastrointestinal cancers including chronic viral hepatitis 

and hepatocellular carcinoma; Barrett’s adenocarcinoma of the esophagus arising in the 

setting of chronic reflux disease; and colonic adenocarcinoma arising in the setting of 

chronic inflammatory bowel disease, thus setting the stage for the investigation of 

chronic inflammation in the pathogenesis of gastric adenocarcinoma. How the bacterium 

initiates an immune response is not precisely known and likely involves multiple factors. 

Despite the unclear initiating events, it is certain that chronic inflammation is necessary 

for the progression through atrophy to gastric cancer. I will begin by defining what we 

know about the initial events in immune recognition of the bacterium, and outline how 

the polarity and strength of the adaptive response impacts disease outcomes. 

 

3.1 The innate immune response to H. pylori in initial bacterial recognition. 

 

Initiation of the innate immune response to H. pylori is just beginning to be 
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unraveled. Recent work supports a role for pattern recognition receptors (Toll-like 

receptors or TLRs) in the initial response to Helicobacter colonization, though there is 

not yet a consensus as to which receptor within this group is most important, or which 

cell type expressing the receptor plays the central role in antigen recognition (Fig. 1.2)  

Helicobacter produces a very weak LPS (lipopolysaccharide): up to 10,000- fold 

less active than LPS of other gram-negative bacteria, such as Echerichia coli (46, 47). 

We know that LPS from gram-negative bacteria, such as E. coli, predominantly stimulate 

innate immunity through TLR4 (48). Data regarding H. pylori LPS are contradictory, 

with reports of activation of both TLR4 (49) and TLR2 (50) in gastric epithelial cells. 

These contradictions may be explained by differences in bacterial strain, different 

bacterial concentrations used or trace contaminants in the LPS preparations such as 

peptidoglycan or lipopeptides, both which signal via TLR2 receptor. While the cell type 

responsible for initiation of the immune response has not been identified, it is possible 

that the gastric immune cells themselves act as the first line of recognition. Gastric 

epithelial cells reportedly express TLR4, 5 and 9 on their surface (49). In addition to LPS 

acting locally, it may gain access to the blood stream to be detected by peripheral blood 

monocytes (51).  

Whole Helicobacter bacteria (H. pylori, H. hepaticus and H. felis) activate 

immune response by TLR2, not TLR4 (52), suggesting various components of the 

bacterium (i.e. LPS, proteins, flagella) may activate various members of the TLR family. 

Indeed, expression of human TLR2 has been shown to be sufficient to confer 

responsiveness to intact Helicobacter bacteria, whereas TLR4 was not. Macrophages 

from both wild-type and TLR4-deficient mice produce a robust cytokine secretion 
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FIGURE 1.2 INNATE IMMUNITY IN HELICOBACTER INFECTION.

peptidoglycan

NOD1

IFN type1

15



FIGURE 1.2 INNATE IMMUNITY IN HELICOBACTER INFECTION.  

Multiple members of the family of Toll-like receptors (TLR) have been implicated in 

innate recognition of Helicobacter species. LPS (lipopolysaccharide) may activate the 

immune response through TLR2 and/or TLR4. Whole bacteria appear to be recognized 

by TLR2 exclusively. TLR5 may recognize bacterial flagella. Bacterial DNA containing 

CpG islands (high frequency CpG sites in DNA) may be recognized by intracellular 

TLR9. Helicobacter peptidoglycans may bind the intracytoplasmic NOD1 (nucleotide-

binding oligomerization domain) and activate interferon type 1 pathway. 
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response (IL-6 and MCP1 (Monocyte chemotactic protein-1)) when stimulated with 

intact Helicobacter bacteria, while macrophages from TLR2-deficient mice were 

profoundly unresponsive to intact bacteria, failing to secretion cytokines even at high 

(100:1) bacteria-to-macrophage ratios. Because the quantity and strength of bacterial LPS 

is so weak, the involvement of TLR4 in clinical disease is unclear; in vitro and in vivo 

studies suggest that TLR2 may be the dominant innate immune receptor for recognition 

of gastrointestinal Helicobacter species (52). TLR5 recognizes flagellin proteins; 

however, a role for TLR5 in Helicobacter recognition is not clear. Gastric mucosal cells 

in culture express low but detectable amounts of TLR5 (53). TLR9 recognizes CpG 

(cytosine-phosphate-guanosine) molecules and distinguishes bacterial DNA from 

vertebrate DNA (54), inducing a very potent systemic Th1 response as a result (Fig. 1.2). 

CpG oligodinucleotides (ODNs) may be phagocytosed by antigen-presenting cells 

(APCs) or injected directly into the cytoplasm using the bacterial type IV secretory 

system. Interaction between TLR9 and CpG molecules intracellular recruits the MyD88 

(myeloid differentiation primary response gene 88) adapter protein and triggers a strong 

Th1 immune response (55).  

TLR signaling is required only for Th1 type of adaptive immunity, not for the 

development of Th2 type lymphocyte subsets. Th2 cells are most likely activated by 

another distinctive (but presently unknown) pathway. In the absence of induced IL-12 

production by dendritic cells, a Th2 response appears to the “default” pathway (56).  

 H. pylori peptidoglycan also activates the intracellular cytoplasmic nucleotide-

binding oligomerization domain (NOD) 1 in gastric epithelial cells promoting a Th1 

response (57). NOD domains are linked to a leucine-rich repeat domain at the C-terminus 
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and to a caspase-recruitment domain (CARD) at the N-terminus.  NOD1 and its family 

member, NOD2 recognize peptidoglycans of the bacterial cell wall. NOD1 is expressed 

in APCs and most of the gastrointestinal epithelial cell proving their role as a defense 

mechanism in the gastrointestinal tract (Watanabe T. 2010 in press). It is known that 

NOD1 activation induces a potent IL-8 secretion in the epithelial cells of the stomach 

(58).  

Recently, Watanabe et al. have demonstrated clearly that NOD1 activation by 

Helicobacter is using its type IV secretion system.  This stimulates IP-10 secretion, 

which attracts Th1 cells to the infected mucosa, resulting in epithelial cells and incoming 

Th1 cells to produce IFN-γ in large amounts that will enhance the magnitude of the 

inflammatory response (Watanabe T. 2010 in press) (Fig. 1.2). 

 

3.2 Adaptive immunity to Helicobacter infection. 

 

Genetic manipulation of immune cell constituents has been used to evaluate the 

role of the inflammatory response in the pathogenesis of gastric cancer. For example, 

infection in recombinase activating gene (RAG)-deficient mice, severe combined 

immunodeficiency (SCID), and T cell deficient mice fail to produce tissue damage or 

recreate the metaplasia–dysplasia–carcinoma sequence (59, 60). In contrast, infection in 

B cell deficient mice (which retain a normal T cell response) is indistinguishable from 

infection in the wild type mice, stressing a crucial role for CD4 T lymphocytes in 

orchestrating disease (62). In order to understand what it is about the CD4 T lymphocyte 
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that is related to disease, Th1/Th2 patterns were evaluated between susceptible and 

resistant strains. A susceptible strain (such as the C57BL/6 mice) is able to mount a 

strong immune response (Th1) which results in mucosal disease (61, 62), while a 

resistant strain (such as the Balb/C mice) develops an infection, but responds with a 

polarized Th2 response and appear protected from mucosal damage despite maintaining 

bacterial colonization (61). Interestingly, strains such as the C3H, which have a mixed 

Th1/Th2 cytokine profile, develop a mild mucosal disease. Although the composite 

immune picture most likely determines how disease is manifest, there may be a role for 

individual cytokines in both the predisposition to and protection from disease. 

More recently, Shi et al. have described elegantly how H. pylori infection 

promotes the secretion of IL-17, which results in the development of a Th17 immune 

response. Th17 will modulate the Th1 polarization in response to H. pylori, helping in 

bacterial colonization and resulting in gastric mucosal inflammation (63). 

Several studies have examined the role of individual cytokines in disease 

progression. For example, the IFN-γ knockout mouse is protected from Helicobacter-

induced atrophy (61, 62), while IFN-γ infusion into the infected C57BL/6 mouse 

accelerates disease progression (64). In contrast, the IL-10 knockout develops severe 

atrophic gastritis (61, 62), possibly due to the inability to modulate the immune response. 

While these studies provide useful information, one must be cautious in interpreting the 

data. The effect of over- or underexpressing a single cytokine has widespread impact on 

other signaling pathways, and effects may be secondary and not due to direct action of 

the cytokine that has been manipulated. To further address this issue, others and we have 
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manipulated the immune response within wild-type strains. For example, infection with 

the intestinal helminth, Heligmosomoides polygyrus, skews the immune response toward 

Th2 polarization and protects the C57BL/6 host from Helicobacter induced atrophy and 

preneoplasia (65). Conversely, our group published how induction of a Th1 response in 

the Balb/C induces atrophy, metaplasia and dysplasia (66) and converts this formerly 

resistant strain to a susceptible host (CHAPTER IV).  

In humans, the designation of an immune response as Th1 or Th2 is somewhat 

artificial and simplistic as the adaptive response in humans can more accurately be 

described as falling somewhere on a continuum between these two extremes. 

The first cytokine studied in detail in humans was interleukin-1β, a pro-

inflammatory cytokine shown to induce gastrin release, inhibit acid secretion, and 

promote apoptosis. Studies by El-Omar looking at single nucleotide polymorphisms 

(SNPs) within the IL-1β gene suggested that high-expressing IL-1β genotypes increase 

the risk of developing both atrophy and gastric cancer secondary to Helicobacter 

infection (67). A combination of IL-1β, TNF-α (tumor necrosis factor alpha) and IL-10 

SNPs, which potentially result in a phenotype of elevated IL-1β and TNF-α; and 

decreased IL-10 has been shown to confer a 50-fold increased risk of gastric cancer (68, 

69). More recently, Erzin et al. analyzed a cohort of 93 H. pylori positive Turkish patients 

in tandem with their host genetic factors and established that bacterial factor babA2 is the 

most important predictor of a malignant outcome of an H. pylori infection, but the 

presence of the IL-1β-31T/T genotype is as a protective factor against it (70). There is 

also a synergistic effect between IL-10-592A/A and IL-8-251A/A in regards to 
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developing gastric cancer, after an analysis of a cohort of 1187 Korean patients (71).  

 Recent evidence describes the role of other cytokines in the H. pylori 

pathogenesis. For example, following an H. pylori infection, gastric epithelial cells will 

produce IL-18, a potent Th-1 cytokine. Patients infected with Helicobacter pylori who 

have a high IL-18 expression genotype (IL-18-607C/C and IL-18-137G/G) will develop a 

more severe gastritis (72).   

 

4. Inflammation, stem cells and carcinoma development. 

  

Helicobacter pylori has gone from an unknown organism ”contaminating” 

pathology slides to the celebrity of the past century. Once passed over, it is now 

recognized as the leading cause of gastric cancer worldwide, largely through its effects on 

the host immune response. Thus Helicobacter has become an important tool for the study 

of inflammation-induced cancers, and has provided for us a glimpse into the turmoil of 

chronically infected tissues. Over the last several years there has been a resurgence of 

interest in the association of inflammation and cancer. While inflammation was initially 

felt to be a beneficial response, we now recognize that in many situations inflammation 

may in fact drive malignancy.  

The concept of a cancer stem cell, or a cancer-initiating cell has regained attention 

in recent years. What years ago started as a theory, is now supported by solid 

experimental data derived from multiple models and multiple cancer types.   It is believed 

that all tumors contain a subset of cells (termed the cancer stem cell or cancer initiating 

cell) responsible for the growth, differentiation, invasion and metastasis of the tumor.  
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The exact proportion of these cells within the tumor itself is controversial and likely 

varies widely.  The surface marker profile and gene expression pattern of these cells is 

beginning to be delineated, and while there is seemingly a different signature for each 

tumor type evaluated, there are also significant similarities, suggesting a common origin 

may exist for these cells.   Now that we recognize a cancer stem cell as the soul of a 

tumor- responsible for it’s very existence- we must address the next question- from where 

does this cancer stem cell originate?  Throughout the history of cancer research, virtually 

every cell type has at one time or another been considered as a candidate for the cancer-

initiating cell.  Our recent thinking however assigns this task to a cell with inherent 

progenitor or stem cell function. I will discuss the history of the cancer stem cell 

hypothesis, and present the arguments and data to support a role for a bone marrow 

derived cell as an additional candidate cell type to the more widely held peripheral stem 

cell candidate. 

The traditional model of cancer development suggests that genetic instability and/or 

environmental factors affect the differentiated cells of the tissue, inducing mutations that 

will lead to carcinogenesis. The tumor cell progresses through preneoplastic into a 

neoplastic stage that may, at later times, metastasize (73, 74).  The majority of cancer 

research in the last century has focused on tumor cell properties, with less attention 

dedicated to understanding what type of cells are affected by these mutations, leaving the 

question – what is the source of the cancer stem cell- unanswered.   

In order to understand where cancer stem cells come from, we must first 

understand the potential sources for this cell, and the growth properties inherent of each 

of these cell types. 
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Most tissues in the mammalian body have a population of adult stem cells or 

progenitor stem cells.  Tissue specific stem cells have two main properties: the ability of 

self-renewal and the ability to differentiate into all cell types of the tissue of origin. Adult 

stem cells are believed to be capable of an unlimited number of cell divisions.  During 

cell division, the stem cell is thought to divide asymmetrically, producing an identical 

daughter stem cell, which remains relatively quiescent, and a transit-amplifying cell. The 

transit-amplifying (TA) cell is highly proliferative and gives rise to various differentiated 

mature cell types specific to the tissue they reside in.  These unique biological properties 

of the adult stem cell allows it to supply the tissues indefinitely with mature differentiated 

cells, ensuring homeostatic control in the face of continuous turnover, such as occurs in 

the gut, skin, blood etc., yet delegating the actual work of proliferation to a more 

“transient” cell (TA) (75). The majority of DNA damage is acquired during cell 

replication, putting a replicating cell population at risk for malignant transformation.  

This burst of proliferative activity in a cell with a finite life span may ensure cell 

proliferation while maintaining the safe guard of TA elimination prior to accumulating 

genetic damage. In most tissues the true stem cells are rare and relatively quiescent, 

making them less likely to accumulate genetic damage, but also making them difficult to 

prospectively identify and study. While the progenitor cell is considered a strong 

candidate in becoming the first cancer stem cell, it remains unclear if this is still valid 

when its population is completely exhausted in a severe inflammation case. 

The other potential source of stem cells is the bone marrow. Within the bone marrow, 

there are at least two populations of stem cells, hematopoietic and mesenchymal stem 

cells (known as bone marrow derived cells, BMDCs).  The hematopoietic stem cell is 
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responsible for producing all the formed elements of the blood.  The mesenchymal stem 

cell was originally recognized as essential for the production of stromal support cells 

necessary for hematopoiesis, and later recognized as having tri-lineage potential, with the 

ability to differentiate to bone, cartilage and fat.  The mesenchymal stem cell has been 

shown to possess the plasticity to differentiate down most all cell lineages in the body 

and participate in tissue restoration and healing as epithelial cells as well as stromal cells. 

Under normal physiologic conditions, multiple types of epithelial cells are shown to be 

derived from bone marrow cells, including epithelium of the lung, gastrointestinal tract 

and skin (76, 77). These data strongly support the existence of a single pluripotent stem 

cell rather than multiple committed progenitor cells as the cell of origin. Thus, bone 

marrow is an excellent candidate for a continuous resource of stem cells.  

Taking advantage of the chronic infection of C57BL/6 mice with Helicobacter as a 

model of chronic inflammation and carcinogenesis, we will examine if BMDCs have any 

role in promoting gastric malignancy (CHAPTER VI).  

 

5. Alterations in gastric mucosal signaling: regulation of apoptotic and proliferative 

pathways. 

 

The host response to infection induces multiple changes within the gastric mucosa 

leading to the formation of adenocarcinoma. The balance between apoptosis (Fig. 1.3) 

and proliferation (Fig. 1.4) is severely altered and the cellular composition distorted as 

parietal and chief cells are depleted and metaplastic lineages emerge. These changes are 

likely due to effects of Th1 type cytokines, which act at several levels including induction 
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FIGURE 1.3 APOPTOTIC PATHWAYS IN HELICOBACTER INFECTION.
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FIGURE 1.3 APOPTOTIC PATHWAYS IN HELICOBACTER INFECTION. 

Several pathways for initiation of apoptosis, and of apoptosis control are active during 

Helicobacter infection. Fas Ag on the mucosal cell surface, and FasL on invading 

immune cells are upregulated by inflammatory cytokines. The Fas Ag pathway may be 

inhibited by major histocompatibility class II (MHCII) expression, which impairs Fas Ag 

receptor aggregation and DISC (death-inducing signaling complex) formation, via nitric 

oxide (NO) -induced nitrosylation of caspases, and through p38 and kinase 

Ras/MEK/ERK (mitogen-activated protein kinase /extracellular signal–regulated kinases) 

inhibition of apoptosis downstream of the Fas receptor. Helicobacter may bind to MHCII 

directly and induce apoptosis. VacA may directly induce cytochrome c release from 

mitochondria, inducing apoptosis. 
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FIGURE 1.4. PROLIFERATION PATHWAYS IN HELICOBACTER INFECTION. 
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FIGURE 1.4 PROLIFERATION PATHWAYS IN HELICOBACTER INFECTION.  

Infection with Helicobacter organisms can induce host cell proliferation through several 

pathways, including Fas-mediated proliferation through MEK/ERK (mitogen-activated 

protein kinase /extracellular signal–regulated kinases) activation of NFκB (nuclear factor 

κ-light-chain-enhancer of activated B cells); activation of the MAPK/ERK pathway 

separate from Fas signaling, through the effects of the hormone gastrin, or via the 

arachidonic acid pathway. 
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of hypochlorhydria and atrophy (68), direct cytokine signaling, or secondary effects 

through modulation of other growth promoting signaling cascades. H. pylori in humans 

has been associated with both an increase and a decrease in apoptosis, dependent upon 

the population studied (78, 79). Increase in proliferation is seen in all cases of mucosal 

damage due to infection. Apoptosis and proliferation are intimately associated, and 

regulations of these pathways are more effectively discussed together. Apoptosis is a 

physiological safeguard against perpetuating acquired DNA damage. While increased 

apoptosis in the setting of Helicobacter infection may contribute to ulcer formation and 

cell lineage depletion, inhibition of apoptosis may lead to transformation of cells leading 

to gastric adenocarcinoma. Mouse models of infection combined with human and rat cell 

culture systems have provided a great deal of insight into the interactions of the 

bacterium with various host cell proliferative and apoptotic pathways and have allowed 

detailed study of individual signaling cascades not possible in human systems. 

The Fas Ag pathway of apoptosis is recognized as a leading cause of tissue 

destruction during Helicobacter infection. More recently, however, a role for Fas Ag 

signaling in proliferation has been recognized (80, 81). H. pylori can both directly and 

indirectly (through cytokine production) induce Fas Ag and Fas ligand expression (78, 

82-84). In transformed cell lines, H. pylori can directly induce and activate the Fas 

pathway (83). In nontransformed cell cultures, direct bacterial contact does not appear 

sufficient for induction and activation, but requires components of the immune response. 

Our laboratory has shown that IL-1β, TNF-α and IFN-γ are produced during infection 

increase surface Fas Ag expression on gastric mucosal cells resulting in increased 
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proliferation at low receptor abundance, and increased susceptibility to Fas L-induced 

apoptosis at high receptor abundance (80, 85).  

In the wild-type C57BL/6 mouse model, levels of Fas-mediated apoptosis 

increase early in infection in a nonrandom fashion, with parietal and chief cells 

preferentially affected (81, 85). Subsequently, proliferation is increased and homeostasis 

is maintained at the cost of increased cell turnover. As infection persists and metaplastic 

and dysplastic populations arise, cells become resistant to Fas-mediated apoptosis (86, 

87) and may use the Fas pathway instead for proliferative signaling (80). Nitric oxide, 

while usually discussed in the context of DNA damage and mutagenesis, can directly 

influence mitochondrial pathways of apoptosis (88), and potentially plays a role in 

multiple levels of cell signal transduction during infection. Additionally, bacterial factors 

may directly induce apoptosis. VacA has been reported to insert directly into the 

membrane of mitochondria, inducing cytochrome c release and apoptosis (89) (Fig. 1.3). 

This is described in more details in CHAPTER III. 

 

6. Cell cycle regulation. 

 

Several bacterial factors have been directly implicated in altering apoptotic and 

proliferative signaling. For instance, Helicobacter infection alters expression of the cell 

cycle regulatory protein p27, which appears to confer an apoptosis- resistant phenotype to 

cells in culture and alters the cellular response to chemotherapeutic agents (90-92). 
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7. Cell - cell cross talk and signal disruption. 

 

Parietal cell loss is temporally associated with atrophy, mucous cell metaplasia 

and initiation of dysplastic changes (93), suggesting a cause and effect relationship. In 

addition to production of acid, the parietal cell regulates key differentiation decisions in 

the fundic oxyntic glands with ablation of parietal cells associated with the appearance 

and expansion of undifferentiated cell types. Deregulated proliferation of poorly 

differentiated precursor cells is often associated with the appearance of a mucus neck cell 

lineage expressing trefoil factor 2 (TFF2) or spasmolytic polypeptide (SP). TFF2 is felt to 

have a physiological role in cytoprotection and maintenance of mucosal integrity and 

repair (94, 95), because it is usually expressed at the edges of healing ulcers, with 

downregulation of expression once restitution and healing are complete. Continued 

expression, as is seen in mucous cell metaplasia, is associated with dysplasia and 

progression to cancer; however, causality has not been shown. Another effect of parietal 

cell loss is hypochlorhydria, hypergastrinemia, and bacterial overgrowth, which may 

contribute independently to tissue damage and abnormal cell signaling. 

 

8. Summary. 

 

H. pylori remains one of the most common chronic bacterial infections in the 

world. Fifteen to twenty percent of infected patients will develop gastric or duodenal 

ulcer disease and up to 1% will develop gastric adenocarcinoma (30). Unfortunately, 

symptoms and disease are poorly correlated and many cases of gastric cancer are detected 
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late in disease progression, when they are incurable. Evidence to date clearly stresses that 

a vital factor in the induction of Helicobacter-related disease is the host immune 

response. Bacterial factors most responsible for initiating and continuing the immune 

response continue to be evaluated. Our understanding of the bacterial interactions with 

components of the innate immune response continues to evolve. Additionally, we are 

expanding our understanding regarding the components of the adaptive immune response 

responsible for disease initiation and progression. A multitude of host and environmental 

factors, including interaction with other infectious agents and dietary factors, affect the 

immune response to Helicobacter organisms and may impact disease presentation over 

the life of the host. The presence of sophisticated analytical tools such as human and 

mouse genome sequence data, mouse models of infection and gastric cancer and the 

complete genome and evolving functional analysis of the H. pylori genome will prove 

extremely valuable as we address still unanswered questions on the pathogenesis of H. 

pylori induced gastric cancer. 
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CHAPTER II. MATERIALS AND METHODS 
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1. Mice. 

 

The University of Massachusetts Institutional Animal Care and Use Committee 

approved all animal work. Six- to 8-week-old male C57BL/6 mice which were viral 

antibody (Ab) free, parasite free, and bacterial pathogen free, inclusive of Helicobacter 

species, were purchased from Jackson Laboratories (Bar Harbor, ME) and housed in 

microisolator cages, fed standard chow, and allowed free access to water.  

T-bet (Th1-specific T box transcription factor) KO (knockout) mice in a C57BL/6 

background were certified free of H. felis, Helicobacter hepaticus, and Helicobacter bilis, 

were purchased from The Jackson Laboratory and crossed with C57BL/6 mice and 

heterozygous mice mated to produce T-bet KO and C57BL/6 wild type littermates as 

controls. Male and female mice were genotyped according to company protocol before 

initiation of any experiments and again at euthanasia. An equal number of male and 

female mice were used for each study.  

 

2. Helicobacter and Toxoplasma infections. 

 

Helicobacter felis (strain 49179 from the American Type Culture Collection, 

Manassas, VA) and Helicobacter pylori Sydney strain (a kind gift from Timothy Wang 

MD) were grown on Trypticase soy agar with 5% sheep blood under microaerophilic 

conditions at 37° for 4 days. Bacteria were harvested and the number of CFU (colony 

forming units) determined as previously described (85). Mice were restrained by hand 
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and gavaged with Helicobacter felis or H. pylori (1 X 107 CFU suspended in 400 µl total 

volume) via a 20-gauge feeding tube (Popper and Sons, New Hyde Park, N.Y.) three 

times at 2-day intervals. 

The 76K strain of T. gondii was maintained by continuous oral passage of cysts in 

female C57L/J mice. After 2 months of infection, mice were euthanized, brains removed, 

and cysts counted. To induce T. gondii infection, 100 T. gondii cysts suspended in 250 µl 

PBS were given by oral gavage. For the effects of chronic Helicobacter infection, mice 

were infected with H. felis 20 wk before infection with T. gondii. For acute Helicobacter 

infection, mice were first infected with T. gondii, and on days 5, 7, and 9 post infection 

(to coincide with the maximum IFN-γ levels induced by T. gondii), mice were infected 

with H. felis. Control mice were infected with T. gondii alone, H. felis alone, or mock 

infected with vehicle alone. Mice were euthanized before predetermined time points if 

they became moribund or showed evidence of severe dehydration or distress. 

 

3. Bone marrow transplantation. 

 

Bone marrow was isolated from the femurs and tibias of 6-8 week old 

C57BL/6JGtrosa26 (ROSA26) or C57BL/6-TgN [ACTbEGFP] (Green Fluorescent 

Protein) mice. Total bone marrow was washed, triturated using a 20-gauge needle and 

passed through a 40µm nylon mesh cell strainer (Becton Dickson, Franklin Lakes, NJ) to 

produce a single cell suspension in PBS. Recipient C57BL/6J mice were irradiated with 

900 rads from a cesium 137-gamma cell irradiator, reconstituted with 3 x 106 donor 
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marrow cells via a single tail vein injection, and used for experiments after 4 weeks of 

recovery. The overall level of engraftment was 60-80% as assessed by analysis of beta-

galactosidase or GFP in peripheral leukocytes. Non-transplanted C57BL/6 mice and 

C57BL/6 transplanted with C57BL/6 marrow from liter mates served as controls for all 

injury models. C57BL/6 mice transplanted with marrow from ROSA26 or GFP 

transgenic mice without further intervention served as controls for baseline engraftment. 

All mice received a single 1 mg/kg BrdU intraperitoneal injection prior to euthanasia. 

 

4. Acute stomach alcohol injury. 

 

Mice were gavaged with a dose of 200µl of 50% ethanol in normal saline (NaCl 

0.9%, pH 7.2), as per Andrade et al. (96). Each mouse was given one dose a day for four 

successive days, then sacrificed at day 5. This corresponds to a dose of 5gm of alcohol/kg 

of mouse weight. Each mouse weighed 30gm. 

 

5. Bone marrow culture. 

 

Total marrow was collected as described above into PBS containing 

penicillin/streptomycin 1% and 5% fetal calf serum. Red Blood Cells were lysed. Bone 

marrow was depleted of differentiated cells using an antibody cocktail of TER, 

YW25.12.7, MAC-1, GR-1, LYT-2, L3T4, B220 and separated using Dynal™ magnetic 

bead. Depleted bone marrow was stained with Rhodamine and Hoechst dye and a lineage 
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depleted, Rhodamine dull, Hoechst dull (lin-RhodullHodull) population isolated as the HSC 

population (76) using the Cytomation MoFlo (Dakocytomation, Carpenteria CA). 

Culturing whole marrow in complete medium isolated mesenchymal stem cells (DMEM, 

FBS 10%, L-glutamine 1%, penicillin/streptomycin 1%, sodium pyruvate 1%, and 

nonessential amino acids 1%) for 3 days, discarding non-adherent cells, and retaining 

adherent cells as MSC (mesenchymal stem cells). HSC or MSC (2000 cells) were plated 

into the upper well of a 0.4µm pore 6.5 mm Transwell culture dish with polycarbonate 

membrane (Corning Costar Corporation, Cambridge MA). The bottom dish contained 

either complete medium or complete medium containing gastric mucosa (see above). 

Cells were cultured at 37°, 5% CO2 for 24 or 48 hours.  

 

6. RT-PCR of bone marrow cells. 

 

RNA was isolated using RNeasy Protect Mini kit, and reverse transcribed using 

equivalent amounts of RNA using Omniscript Reverse Transcriptase and PCR with 

HotStarTaq Master Mix kit as per manufacturers instructions (Qiagen, Valencia, CA, 

USA). Primer sequences were as follows: Keratin19 (KRT1-19) 189bp, Annealing temp 

59°C, forward primer 5′- CCGCGGTGGAAGTTTTAGTGG-3′, reverse primer 5′-

GGTCCGGGTCCCTGCTTCTGGTA-3′. CD45 277bp, annealing temperature 51°C, 

forward primer 5′-GCACAC CAAAAGAAAAGGCTAATA-3′, reverse primer; 5′-

GGAATCCCCAAATCTGTCTGC-3′. GAPDH 210bp, Annealing temperature 57°C, 

forward primer 5’GACATCAAGAAGGTGGTGAAGC-3′, reverse primer 5′-

GTCCACCACCCTGTTGCTGTAG-3′. TFF2 annealing temperature 58°, forward primer 
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5′-CTGGTAGAGGGCGAGAAA-3′, reverse primer 5′- AGAAACACCAGGGCACTT-

3′ all for 45 cycles and product resolved on a 2% agarose gel with ethidium bromide. 

 

7. Culture and characterization of culture adapted Mesenchymal stem cells 

(MSC). 

 

Total marrow was isolated as described above. Once confluent, cells were cultured 

with DMEM/20% FCS. At each passage, cultures were split as follows: one plate was 

held in culture at confluence for detection of foci, one plate was split into the next 

passage culture, and the remainder of the plates was frozen. Surface expression of CD44 

and CD45 (BD PharMingen) was assessed by fluorescence-activated cell sorting (FACS) 

analysis. Assessment of lineage specific markers, cytokeratin, vimentin, desmin, CD34, 

CD31, S100, and smooth muscle actin (SMA)(BD PharMingen), was determined by 

immunohistochemistry or reverse transcription-PCR (RT-PCR). Selected MSCs were 

stably transfected with the plasmid pDS-Red-monomer-hyg-C1, red fluorescent protein 

(RFP) expression was verified by RT-PCR and FACS, and single-cell clones were 

isolated.  

 

8. Mesenchymal stem cells injection in mice. 

 

106 RFP labeled MSC were injected in mice by a single tail vein injection on day 3 

after the 3rd dose of alcohol was given. Prior to injection, the cells were washed in PBS, 

38



 

strained through a 40µm strainer and suspended in 500µl of PBS.  

 

9. Necropsy and histology. 

 

Mice were euthanized, the stomach removed, opened longitudinally along the greater 

curvature, and gently washed with PBS (phosphate buffered saline). Strips of gastric 

tissue along the lesser curvature from the squamocolumnar junction through the pylorus 

were taken, fixed in 10% neutral buffered formalin for 4 h, processed by standard 

methods, embedded in paraffin, cut into 5-µm sections, stained with H&E, and examined 

for inflammation and architectural distortion.  

Sections were scored in a blinded fashion as follows: Inflammation 0: Normal; 1: 

Small multifocal leukocyte accumulations in mucosa; 2: Coalescing mucosal 

inflammation; early submucosal extension; 3: Coalescing mucosal inflammation with 

prominent multifocal submucosal extension ± follicle formation; 4: Severe diffuse 

inflammation of mucosa, submucosa, with or without deeper layers. Hyperplasia 0: 

Normal; 1: one and one-half times normal thickness; 2: two times normal thickness with 

mitotic figures one-third way up to surface; 3: three times normal thickness with mitotic 

figures half way up to surface; 4: four times normal thickness or greater with mitotic 

figures greater than half way up to the surface. Parietal cell loss and mucous cell 

hypertrophy and metaplasia 0: no substantial alterations; 1: <5% alteration; 2: 25–50% 

alteration; 3: 50–75% alteration; 4: >75% alteration. 

For enumeration of parietal cells, five high-power fields in each H&E 
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(hematoxylin & eosin) - stained section were examined; beginning at the junction 

between the forestomach and fundus, with two well-oriented gastric glands counted per 

field for a total of 10 glands per mouse (97) and reported as the average number of 

parietal cells per gland ± 1 SD. 

 

10.  Preparation of tissue for immunohistochemistry. 

 

Mice were euthanized by CO2 inhalation; gastric tissue was removed, washed, 

sectioned as described above and fixed in 10% neutral-buffered formalin, 100% ethanol, 

or Prefer (Anatech, Ltd., Battle Creek, MI), followed by standard histological processing. 

Sections were stained using routine H&E. For immunohistochemistry, sections were 

deparafinized and hydrated. Permeabilixation with PBST (0.2% Tween) was done at 

room temperature for 10 min, followed by antigen retrival with urea (1M) at 100°C in 

microwave. Next, H2O2 quench (H2O2-3% in methanol) for 20 min at room 

temperature. After a three times wash with PBST (phosphate buffered saline Tween), 

avidin/biotin block was applied (Vector Laboratories, Burlingame, CA). Serum blocking 

applied for 1 h at room temperature with 5% solution of the host of secondary antibody. 

Primary antibody was applied overnight at 4°C in prior determined concentrations. The 

next day, after a quick wash the secondary antibody was applied at room temperature for 

1 hour. If the secondary antibody was biotinilated, an ABC mixture was applied as per 

manufacturer’s instructions (Vector Laboratories, Burlingame, CA), followed by DAB 

developing. Sections were labeled using antibodies directed against BrdU (Zymed, San 
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Francisco, CA), bacterial betagalactosidase (Promega, Madison, WI), GFP (Abcam, 

Cambridge, UK), RFP (Rockland, Gilbertsville, PA).  

For immunostaining using mouse antibodies on mouse tissue the ARK kit (DAKO, 

Carpinetera, CA) was employed. For dual fluorescence immunohistochemistry, cell 

phenotype markers were indirectly labeled with streptavidin-fluorescein using antibodies 

directed towards pan-cytokeratin (AE1/AE3; DAKO) or CD45 (leukocyte common 

antigen, Ly-5, BD Biosciences, San Diego, CA) followed by a biotin block and serial 

application of anti-beta-galactosidase antibody labeled indirectly with streptavidin-Cy3. 

Sections were mounted with anti-fade Vectashield with DAPI (Vector Laboratories, 

Burlingame, CA), fields viewed and captured with the Zeiss Axiopath system 

(Thornwood, NY), and serial 3-color images were overlaid using Photoshop 6.0 (Adobe 

Systems, San Jose, CA). 

 

11. Direct fluorescence on stomach frozen sections. 

 

Tissue was first fixed in 4% paraformaldehyde for 4h at room temperature, then 

embedded in OTC compound (SAKURA, Torrance, USA) and immediately frozen. 5µm 

frozen sections were then cut, fixed in methanol/acetic acid (3:1 ration) for 10 min. After 

a quick air dry the slides were mounted with DAPI solution and examined for 

fluorescence under a microscope.  
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12. Co-localization of Y-chromosome and cytokeratin in paraffin tissue sections. 

 

Collected 5µm paraffin tissue section were coated on slides, and then dried overnight 

at 37°C. Slides were the dewaxed in xylene and rehydrated in graded alcohols to water. 

After incubating the slides in sodium thiocyanate (1M) for 10 min at 80°C, they were 

washed in water and digested in pepsin solution (50 mg in 100 ml of NaCl at pH of 1.5 of 

HCl) at 37°C for 10 min. It was followed by a glycine solution (2 mg/ml) treatment at 

room temperature for 5 min to neutralize the pepsin effect. Slides were then fixed in 4% 

paraformaldehyde for 2 min at room temperature. After washing in PBS three times of 15 

min each, the tissue was dehydrated in graded alcohols, then air dry. The slides were then 

aged at 65°C for 1 hour. After the StarFishTM Y chromosome-FITC conjugated probes 

(purchased from Cambio, UK) were applied on the slides, they were denatured for 10 min 

at 65°C, then incubated at 37°C for overnight. The next day, slides were washed and 

exposed to the FITC amplification kit as per manufacturer’s protocol (Cambio, UK). For 

cytokeratin detection, tissue was then exposed to anti-pankeratin PE conjugated antibody 

(clone C11, Abcam, Cambridge) at a concentration of 1/50 for 20 min at 37°C. After a 

quick wash, slides were mounted with DAPI (4',6-diamidino-2-phenylindole) antifade 

and cover slips applied; then immediately viewed with a fluorescent microscope 

(Olympus, Japan). 
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13. Determination of enzyme (X-gal) activity. 

 

After intracardiac perfusion (4% paraformaldehyde, 2% glutaraldehyde in 0.1 M 

Sorensen’s phosphate buffer (pH 7.4) with 2 mM MgCl2 and 5 mM EGTA), stomachs 

were removed, opened along the greater curvature, washed, and linear longitudinal 

sections from the squamocolumnar junction through the pylorus collected. Tissue was 

embedded in OCT compound (SAKURA Torrance USA), snap frozen, and sectioned on 

a cryostat for enzyme histochemistry. Frozen sections (10µm) were washed in Sorensen’s 

buffer containing 0.01 % sodium deoxycholate and 0.02 % Nonidet P-40 and incubated 

for 4 hours at 37°C in a 0.1 % X-gal solution (4 % 4-chloro-5-bromo-3- indolyl-D 

galactopyranoside (X-gal) dissolved in dimethylformamide, 5 mM K3Fe (CN) 6.5 mM 

K4Fe(CN)6.6H2O in 0.1 M Sorensen’s phosphate buffer) and counterstained with nuclear 

fast red. Additional sections had nuclear fast red omitted, and cells were instead labeled 

using antibodies directed against TFF2 (a kind gift from N. A. Wright). 

 

14. Laser capture microdissection of beta-galactosidase positive glands. 

 

Frozen sections were prepared and stained with X-gal as outlined above. Individual 

gastric cells within positive glands, individual lymphocytes within an area of submucosal 

infiltrate or negative glands (control) were captured using the Laser Capture Microscope 

PixCell II, (Arcturus Engineering Inc., Mountain View, CA, U.S.A). Twenty to 30 cells 

were captured for each area of interest. DNA was extracted using the PicoPure DNA 

extraction kit (Arcturus Engineering Inc., Mountain View, CA, USA) and GAPDH (210 
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bp) (2) or 140 bp of the LacZ/NEO fusion gene sequence amplified as follows: Annealing 

temperature 56°, forward primer 5′-CGGGCTGCAGCCAATATGGGATCG- 3′, reverse 

primer 5′-GCCGGAACACGGCGGCATCAGAGC-3′ Using HotStarTaq Master Mix 

(Qiagen, Valencia, CA, USA). Primer sequence for LacZ/NEO was a kind gift from D.K. 

Kotton. 

 

15. Mouse gastric mucosal cell culture. 

 

The entire stomach was removed from C57BL/6 mice, opened along the greater 

curvature and washed extensively in sterile PBS, 20% FCS (fetal calf serum), 

supplemented with penicillin/streptomycin and amphothericin. The fundic mucosa was 

scraped free from the serosa using a sterile scalpel, minced, manually disaggregated using 

a pipette, and the cell suspension equally divided into the bottom wells of the 

Transwell™ culture plate. Medium was changed after 24 hours to remove dead cells. 

 

16. Single stomach cell preparation for FACS analysis and FISH (fluorescent in situ 

hybridization). 

 

Stomachs were removed, opened and extensively washed. A small longitudinal 

section from the squamocolumnar junction through the antrum was processed as outlined 

above with standard H&E, anti-beta galactosidase or cytokeratin IHC. The fundic mucosa 

was gently scraped free from the serosa, minced and digested for 2 hours in 1mM EDTA, 

2% BSA and 0.1% pronase in PBS at 37° and filtered through a 40 µm nylon mesh 
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strainer. For determination of DNA content, cells were fixed in 70% ethanol for 48 hours, 

stained with PI, and DNA content determined by FACS. For X and Y chromosome 

determination, single cell preparations from stomachs of sex-mismatched, GFP marrow 

transplanted mice were prepared as detailed above. Cells were washed twice in PBS on 

ice, resuspended in 0.5 ml of staining buffer (2% FBS, 0.01% sodium azide in PBS) and 

stained with anti-CD45-PE Ab (BD Pharmingen) according to manufacturer protocol. 

FACS sorted cells, which were GFP+ and CD45-, GFP+ and CD45+, GFP- and CD45+ 

and GFP- and CD45- were collected. An aliquot of each was prepared and analyzed for 

DNA content as described above and analyzed using FloJo software. For cytokeratin 

immunocytochemistry, an aliquot of cells were spun onto slides (Thermo Shandon) at a 

speed of 500 rpm for 5 minutes at a density of 5,000 cells per slide, fixed in 4% 

paraformaldehyde pH of 7.4 for 1 hour and incubated with the primary Ab for AE1/AE2 

keratin complex (DAKO Corporation, Carpinteria, CA) at a dilution of 1/50 using the 

Animal Research kit (DAKO corporation, Carpinteria, CA) followed by incubation with 

diaminobenzidine/hydrogen peroxidase as chromogen-substrate and counterstained with 

hematoxylin. X- and Y-chromosomes were detected using the Dual Color Detection kit 

(ID Labs) according to the manufacturer’s protocol (DAPI for nuclear staining, FITC for 

Y chromosomes and Texas Red for X chromosomes) and immediately viewed with a 

fluorescent microscope (Olympus, Japan). 

 

17. Cytokeratin staining of stomach single cells after FACS sorting. 

 

Fluorescence-activated cell sorter (FACS)-sorted cells were spun onto slides (Thermo 
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Shandon, Pittsburgh, PA) at a speed of 500 rpm for 5 min at a density of 5,000 cells per 

slide, fixed in 4% paraformaldehyde, pH 7.4, for 1 h, and incubated with the primary Ab 

for AE1/AE2 keratin complex (DAKO Corporation, Carpinteria, CA) at a dilution of 1/50 

using the Animal Research kit (DAKO Corporation, Carpinteria, CA), followed by 

incubation with diaminobenzidine/hydrogen peroxidase as a chromogen substrate and 

counterstaining with hematoxylin. 

 

18. Serum IFN-γ determination in mice. 

 

Blood was collected before euthanasia and immediately spun; aliquots of serum 

frozen at -80°C. IFN-γ ELISA detection kit (Pierce Endogen, Rockford, IL) was used 

according to manufacture’s protocol. Samples were run in duplicate, compared with a 

standard curve generated with known values, and reported as the mean ±SD for each 

group.  

 

19. ELISA for IgG1 and IgG2a Abs against H. felis. 

 

The 96-well plates were coated overnight at 4°C with 100 µl of a 10 µg/ml H. felis 

protein in carbonate buffer (pH 9.6) as previously described (65). The blocked washed 

plates were incubated for 1.5 h at room temperature with diluted serum samples in 

triplicate. Biotinylated monoclonal secondary Abs produced by clones G1-6.5 and R19-

15 (BD Pharmingen, San Diego, CA) for detecting mouse IgG1 and IgG2a, respectively, 
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were used. Incubation with streptavidin peroxidase (Sigma-Aldrich, St. Louis, MO) was 

followed by ABTS substrate (Kirkegaard & Perry Laboratories, Gaithersburg, MD) for 

color development. Absorbance at wavelength 405 nm was recorded on an ELISA plate 

reader (DynatechMR7000; Dynatech Laboratories, Chantilly, VA) and reported at a 

sample dilution of 1/100. 

 

20. ELISA for anti-T. gondii IgG-total, and IgG1 and IgG2a isotypes. 

 

Sera from mice were tested for T. gondii-specific IgG and IgG subtypes as previously 

described (98). Briefly, 96 microwell plates were coated with T. gondii tachyzoites (5 X 

104 parasites per well), dried overnight then blocked with PBS-BSA 4% at 37°C for 1 h. 

Serial dilutions of the sera (1/200 to 1/512,000 for total IgG and 1/1000 to 1/1,024,000 

for isotype analysis) were incubated for 1 h at 37°C followed by incubation with anti-

mouse IgG conjugated to alkaline phosphatase (1/1000 dilution; Sigma- Aldrich) or anti-

mouse IgG1 or IgG2a conjugated with HRP (1/8000 dilution; Southern Biotechnology 

Associates, Birmingham, AL) for 1 h at 37°C and detected by p-nitrophenyl phosphate or 

tetramethylbenzidine substrate (Sigma-Aldrich), respectively. OD was measured at 450 

nm with an ELISA plate reader (Bio-Rad, Hercules, CA). The Ab titer for each sample 

was calculated as described by (99) and expressed as the reciprocal of the highest dilution 

for which the absorbance was 2.5 times greater than the absorbance of control sera at the 

same dilution. Results are given as the means of log2 titer ± SD. 
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21. Quantitative analysis of H. felis colonization. 

 

A 2 mm X 2 mm piece of gastric mucosa taken at the fundus/antral border was snap 

frozen at the time of necropsy. All samples were processed together as follows: DNA was 

extracted using High Pure PCR Template Preparation kit (Roche Molecular 

Biochemicals, Indianapolis, IN) according to manufacture’s protocol. The 2 µl of 

extracted DNA was used for RealTime PCR (SmartCycler; Cepheid, Sunnyvale, CA) 

using QuantiTect SYBR Green PCR kit (Qiagen, Valencia, CA). Standards were made by 

sequential 10-fold dilutions of purified H. felis DNA producing a range from 500,000 to 5 

copies per reaction. This is based on the premise that 2 Fg of H. felis chromosomal DNA 

is equivalent to 1 copy of the H. felis genome. Each sample was analyzed in triplicate. 

Primers sequences for a 225 fragment of the flaB gene were as follows: 5’-TTCG 

ATTGGTCCTACAGGCTCAGA-3’ and 5’TTCTTGTTGATGACATTGACCA 

ACGCA- 3’. Annealing temperature was 55°C. 

 

22. Quantification of splenic T. gondii tachyzoite DNA. 

 

One-half of each spleen was snap frozen at the time of necropsy and all samples 

processed together. A 5 µl of genomic DNA was used for Real- Time PCR (SmartCycler; 

Cepheid) using QuantiTect SYBR Green PCR kit (Qiagen) according to manufacturers 
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directions. Results were analyzed using relative quantification with 2-
ΔΔ

CT method (100) 

using GAPDH as the internal control. Primers amplifying a 183 bp fragment of the T. 

gondii B1 gene were as follows: 5’-CATTCTTGTGCTGCCTCCTCTCAT-3’, 5’- 

AGCGGCAGCGTCTCTTCCTCTTT-3’, annealing temperature at 57°C. The other half 

of the spleen was fixed in 10% buffered formalin and processed as previously described. 

T. gondii tachyzoites were enumerated in spleen sections stained with H&E. 

 

23. Spleen cell assays. 

 

Spleen cells were isolated using Lymphocyte Separation Medium-M (Cellgro). For 

anti-CD3 stimulation, High Protein binding plates (Corning) were coated with anti-CD3 

Ab at 400 ng/ml. Spleen cells were plated at 1 X 106 per well together with anti-CD28 at 

100 ng/ml (BD Pharmingen) and incubated for 18 h. Cytokine levels were measured in 

culture supernatants by ELISA. Statistical analysis was performed using Student’s t test 

(JMP Software). For FACS analysis, spleen cells were harvested and RBCs were lysed 

with Tris-ammonium chloride. Cells were incubated with allophycocyanin- or PE-labeled 

Abs specific for FasL, CD3, CD4, CD8, CD11b, CD19, and CD69 (BD Pharmingen) and 

analyzed using a FACS scan analyzer (BD Biosciences). 

 

24. RT-PCR of stomach sorted cells. 

 

Populations (MHCII+ Fas Ag+ CD45-, MHCII+ Fas Ag- CD45-, and mouse stomach) 
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were subjected to reverse transcription-PCR (RT-PCR) for the following genes: Fas Ag, 

MHCII, TFF2, gastric intrinsic factor (GIF), hydrogen potassium ATPase (HK ATPase), 

MUC5, MUC6, and 18S rRNA. RNA was isolated using the RNeasy kit (QIAGEN, 

Valencia, CA), purified, and DNase treated using a DNA-free RNA kit (Zymo Research, 

Orange, CA). Reverse transcription was done with the Omniscript RT kit (QIAGEN, 

Valencia, CA) using the manufacturer’s protocol. PCR was done with the HotStarTag 

Master Mix kit (QIAGEN, Valencia, CA) using the manufacturer’s protocol, and the 

PCR products were run on an agarose gel (2%). RT-PCR was carried out in a 

programmed thermal Eppendorf Mastercycler (Eppendorf AG, Hamburg, Germany) 

using primer sequences and conditions listed in Table 1. 
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Table 1. Mouse primers. 
 

Primer name Primer sequences 
(Forward and Reverse) 

Product 
size (bp) 

 

Annealing 
Temp (°C) 
 

Fas Ag AAGGGAAGGAGTACATGGACAAGA 
GAGGCGCAGCGAACACAG 

184 55 

MHC class II GACATTGGCCAGTACACATTTGAA  
TTGGGGAACACAGTCGCTTGAG 

230 55 

TFF2 GCTTCCCGGGCATCACCAG 
AAACACCAGGGCACTTCAAA 

229 56 

GIF TTGCCCAAATTCTCCCTTCCTT 
CCCCTCTCAGCTGGTTGTTTATGG 

171 55 

HK ATPase CCCCCAATGGCACCTTCAGTCTCC 
TTCGTAGGGGTCATGGGGGTTGTT 

182 59 

MUC5 ACGGGGATGGCCACTTTGTTACCT 
TCTCCGCTTGGCCCTTGCTCTAC 

253 59 

MUC6 ACTGGCCAGCCTGTCCGAAACT 
GGGGCCATAAACCATACCATTGAG 

255 60 

18S rRNA AAAATAGCCTTCGCCATCACTG  
GGCTGTACTTCCCATCCTTCAC 

217 56 

IFN-γ CATGGCTGTTTCTGGCTGTTACTG 
GTTGCTGATGGCCTGATTGTCTTT  

226 54.5 

IL-12 CTGCCTGCCCCCACAGAAGA 
GCGCAGAGTCTCGCCATTATG  

208 57 

IL-1β CAGGATGAGGACATGAGCACC 
CTCTGCAGACTCAAACTCCAC 

446 60 

IL-4 ATCGGCATTTTGAACGAGGTCA 
CATCGAAAAGCCCGAAAGAGTCT 

221 56 

IL-10 CCTAGAGCTGCGGACTGCCTTCA 
CAGCCGCATCCTGAGGGTCTTC 

247 58 

GAPDH GACATCAAGAAGGTGGTGAAGC 
GTCCACCACCCTGTTGCT GTAG 

210 57 

IL-5 GGCTTCCTGTCCCTACTCATAAAA 
AGCCTTCCATTGCCCACTCT 

252 55 

IL-13 ATGGCGCTCTGGGTGACTGC 
ATTTTGGTATCGGGGAGGCTGGAG 

326 60.1 

CXCR4 GACCGCCTTTACCCCGATAGC 
ACCCCCAAAAGGATGAAGGAGTC 

248 57.9 

β actin CCTAAGGCCAACCGTGAAAAGATG 
GTCCCGGCCAGCCAGGTCCAG 

219 59.7 

SDF-1 GAGAGCCACATCGCCAGAGC 
GGATCCACTTTAATTTCGGGTCAA 

123 60 
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25. Real-time PCR for gastric mucosal cytokines. 

 

Total RNA was extracted from the fundus of the stomach using RNAeasy kit 

(Qiagen). A 5 µg of total RNA was DNase treated using RNase-Free DNase set (Qiagen) 

and reverse transcribed using OmniScript RT kit (Qiagen). A total of 2 µl of cDNA was 

used for RealTime PCR (SmartCycler; Cepheid) using QuantiTect SYBR Green PCR kit 

(Qiagen) and results analyzed using Relative Quantification with the 2-
ΔΔ

CT method (100). 

GAPDH or β-actin was used as the internal control. Primers were designed using 

DNASTAR software (Madison, WI). Primer sequences are listed in Table 1. 

 

26. Cell culture of RGM1 cells. 

 

Rat gastric mucosal cells (RGM-1 cell line; RIKEN cell bank, Tsukuba Science City, 

Japan) were cultured in Dulbecco’s modified Eagle medium with 20% fetal bovine 

serum, 1% L-glutamine, and 1% penicillin-streptomycin (Invitrogen, Grand Island, NY) 

at 37°C (with 5% CO2) and grown to 50 to 70% confluence. Cell lines were cultured as 

described above with 100ng/ml rat gamma interferon (IFN-γ) (PeproTech, Rocky Hill, 

NJ) for 48 h, with 0.5 µg/ml cytochalasin D (CytoD) (Calbiochem, San Diego, CA) for 

18 h, and/or with 12.5, 25, or 50 ng/ml human recombinant Fas L for times ranging from 

30 min to 48 h (50% lethal dose = 50 ng/ml; Alexis Corporation, San Diego, CA). The 

parent cell line and cell lines expressing Fas Ag with or without MHCII were exposed to 

cytochalasin D prior to exposure to Fas L. The dose used in this study (0.5 µg/ml) 
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inhibits actin polymerization without being cytotoxic, as assessed by analytical cytology 

analysis (101). 

 

27. Characterization of RGM-1 cells. 

 

Total RNA was extracted from RGM1 and MHCII-Fas Ag cells and rat stomach (as a 

positive control) by using TRIzol (Invitrogen, Life Technologies, Carlsbad, CA) 

according to the manufacturer’s directions. Two micrograms of RNA was purified, 

DNase treated, and reverse transcribed as previously described. Primer sequences for rat 

TFF2, GIF, TFF2, HK ATPase β subunit, MUC, MUC1, MUC5, MUC6, and 18S rRNA 

are given in Table 2.  
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Table 2. Rat primers. 
 
Primer name Primer sequences 

(Forward and Reverse) 
Product 
size (bp) 

 

Annealing 
Temp (°C) 
 

TFF2 CTGGCGGAAGGCGAGAAAC 
ATGCCCGGGTATCCACAAT 

230 57 

GIF ATTGCCCAGATTCTCCCTTCCT 
CCCCCTCAGCTGGTTGTGTTTATG 

171 55 

HK ATPase TCACGGCGGACATGCTACAGAAT 
TCCGGGGCTTTTGGGGGTCATC 

174 58 

MUC CACCCCCATCTCCACCACCATTAC 
AGCCCCTCTGAGACATTACACTG 

240 56 

MUC1 CCAGTGCCGCCGAAAGAGC 
CAGCCGGGTTGGTGTAAGAGA 

191 58 

MUC5 CCAAGGGCCTCCACCAACAC 
TCCAGGCCTGAGCACACACC 

201 57 

MUC6 ACACCTGTGGGCCCCTCCTACTTG 
ACTGTGGGCCTTGTGGGTGTTGAC 

209 59 

18S rRNA TCCCCGAGAAGTTTCAGCACATCC 
CTTCCCATCCTTCACGTCCTTCTG 

269 59 

MHC class II TCCCTGCGGCGGCTTGAG 
TCTGACGCTTGTGACGGATGAAAA 

406 60 

Ii (invariant chain) CCCGATGCGCATGGCTACTCC 
CCCGCGGCTCTTGGTGTGA 

487 60 

CIITA (major 
histocompatibility 
class II 
transactivator) 

TGCCCACGAAACACAGGAACC 
GACGGGGCCCAATGCAAACTCTA 

466 60 

GAPDH TCTTCACCACCATGGAGAA 
ACTGTGGTCATGAGTCCTT 

231 60 
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Periodic acid-Schiff (PAS) staining was performed on cytospun cells by using a PAS 

staining system from Sigma (St. Louis, MO) according to the manufacturer’s protocol. 

Alcian blue staining was performed using alcian blue solution (alcian blue 8GX [Sigma, 

St. Louis, MO] at 1 g in 100ml 3% acetic acid, pH 2.5) for 30 min, followed by a tap 

water wash for 2 min and counterstaining with Nuclear Fast Red (DAKO, Carpinteria, 

CA) for 5 min. Slides were dehydrated and mounted with Permount (Fisher Scientific, 

Fair Lawn, NJ). 

 

28. RGM-1 cells as a model for MHCII signaling in gastric mucosa. 

 

Total RNA was extracted from RGM1 cells exposed to 100 ng/ml rat IFN-γ 

(PeproTech, Rocky Hill, NJ) or control medium and was reverse transcribed and 

analyzed as previously described, using primers for MHCII RT1B-beta chain, MHCII 

transactivator (CIITA), and GAPDH (glyceraldehyde-3-phosphate dehydrogenase). 

Control reactions were done without the addition of reverse transcriptase. 

 

29. Fas Ag- and MHCII - expressing clones. 

 

RGM-1 cells expressing high levels of surface Fas Ag, MHCII complex alone, both 

Fas Ag and MHCII complex, or empty vector were made as follows. Total RNA was 

isolated from mouse thymus and reverse transcribed, and specific sequences were 

amplified using the following primers: I-A alpha sense, 5’-
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CTAGCTAGCACCATGCCGCGCAGCAGAGCT-3’; I-A alpha antisense, 5’-

CCGGAATTCTCATAAAGGCCCTGGGTGTC-3’; I-A beta sense, 5’-

TGCTCTAGAACCATGGCTCTGCAGATCCCCA- 3’; and I-A beta antisense, 5’-

ATAAGAATGCGGCCGCTCACTGCAGGAGCCCTG-3’. After sequencing 

(University of Massachusetts Nucleic Acid Facility; ABI Prism model 377 version 3.4.1, 

ABI200), the 771-bp MHCII   αchain was inserted into the NheI/EcoRI site of multiple 

cloning site A and the 791-bp MHCII β chain was inserted into the XbaI/NotI site of 

multiple cloning site B of the pIRES cloning vector (Clontech, Palo Alto, CA), and stable 

clones were selected in neomycin. The 1-kb Fas Ag fragment was cloned using the sense 

primer 5’-GAAGATCTGCAGACATGCTGTGGATCTGGGCTGTC-3’ and antisense 

primer 5’-CTCGAATTCTCACTCCAGACATTGTCCTTCATTTTC- 3’, sequenced, and 

inserted into the BglII/EcoRI site of pMSCV-puro (BD Clontech), and stable clones were 

selected in puromycin. Membrane surface receptor expression was confirmed by FACS 

analysis (anti-CD95-FITC or MHCII [I-Akα-FITC and I-Akβ-PE]; PharMingen, San 

Diego, CA). Expression of MHCII and Fas Ag was analyzed as a percentage of positive 

cells over background staining. Before these studies, expression of Fas Ag or MHCII on 

CD45- depleted, H. felis-infected (4 to 8 weeks) mouse gastric mucosa was determined 

by FACS, and populations were classified as high- or low-expressing populations based 

on surface receptor abundance. The average receptor expression level in the high-

abundance population was quantitated relative to GAPDH and 18S rRNA. We then chose 

our high-Fas-Ag-expressing cell lines and our dual Fas Ag/MHCII cell lines based on the 

numbers derived from these studies. A cell line was considered a high expressor if it 
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expressed 1.5 to 2.0 times the average level of Fas Ag, or of Fas Ag and MHCII, of the 

mouse gastric mucosal cells. Three to five representative clones of each group were used 

to confirm experiments. 

 

30. RGM1 cell growth assays. 

 

For proliferation, 1 X 104 cells per well were incubated in 96-well plates with or 

without 12.5 ng/ml Fas L for 24 h. The plates were harvested and [3H] thymidine 

incorporation measured as counts per minute. For apoptosis assessment, 1 X 104 cells 

were seeded into each well of a six-well plate and incubated with or without Fas L at 25 

ng/ml for 4 h. Cells were visualized, stained with annexin V and propidium iodide by 

using an annexin V-FITC kit (Oncogene, Boston, MA) according to the manufacturer’s 

protocol, and analyzed via flow cytometry. Cells that were annexin V positive and PI 

(propidium iodine) negative or annexin V positive and PI positive were determined to be 

apoptotic. Experiments were repeated three times. 

 

31. Caspase 8 activity assay. 

 

Cells (1 X 106) were stimulated for 1 h with Fas L at 25 ng/ml. Stimulated and control 

cells were collected and analyzed using a Caspase-8 Fluorometric Activity Assay kit 

(Oncogene, Boston, MA) according to the manufacturer’s directions. Caspase 8 activity 

was measured using a fluorescent plate reader (Perkin-Elmer Life Sciences, Boston, MA) 

at an excitation wavelength of 400 nm and an emission wavelength of 510 nm. 
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Comparisons were made in relative fluorescence units. Experiments were repeated three 

times. 

 

32. DISC immunoprecipitation and analysis. 

 

Cells were grown to 70 to 80% confluence and then stimulated with human 

recombinant FLAG-tagged-Fas L (Alexis Biochemicals) (50 ng/ml) or control vehicle for 

30 min. Cells were harvested, washed in cold buffer, pelleted, and lysed in ice-cold lysis 

buffer (30 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% NP-40, 1 mM 

phenylmethylsulfonyl fluoride) with 2 µg/ml small peptide inhibitors (pepstatin, 

chymostatin, antipain, and leupeptin; Sigma, St. Louis, Missouri) for 30 min. Control 

cells had FLAG-tagged Fas ligand added after lysis. Cell debris was pelleted by 

centrifugation for 10 min at 13,000 X g. FLAG-Fas L-CD95-DISC complexes were 

immunoprecipitated with an affinity column and anti-FLAG M1 affinity gel (Sigma, St. 

Louis, MO) according to the manufacture’s protocol. The multimeric status of Fas 

Ag/CD95 was determined by fractionating immunoprecipitated complexes under non 

reducing conditions on a 4 to 20% gradient gel (Gradipore Ltd., French Forest, Australia) 

at 4°C. Proteins were transferred to a polyvinylidene difluoride membrane (Amersham 

Biosciences Corp, Piscataway, NJ) and blocked overnight in 5% nonfat dry milk in 0.1% 

Tris-buffered saline–Tween 20. Anti-CD95 mouse monoclonal Ab at a 1:2,000 dilution 

(BD PharMingen, San Diego, CA) was used as the primary Ab, and donkey anti-mouse 

horseradish peroxidase-conjugated Ab (Santa Cruz Biotechnology Inc., Santa Cruz, CA) 
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at a 1:3,000 dilution was used as the secondary Ab. To verify components of DISCs, 

aliquots were run on reducing gels and blotted using anti-Fas Ag monoclonal antibody at 

a 1:2,000 dilution (BD PharMingen, San Diego, CA) and rabbit anti-mouse caspase 8 

polyclonal antibody at a 1:1,000 dilution (BD PharMingen, San Diego, CA), which 

detects both noncleaved (inactive) and cleaved forms of caspase 8. Detection was done 

using the ECL Plus System kit (Amersham Biosciences Corp., Piscataway, NJ) according 

to the manufacturer’s directions. 

 

33. CXCR4 knock down in mesenchymal stem cells. 

 

shCXCR4-GFP construct (clones 1, 2, 3) was purchased from GeneCopoeia 

(Rockville, MD). The cells were transfected with this constructs using a letiviral system. 

293FT cells were used for virus production using Virapower (Invitrogen, Carlsbad, CA) 

as per manufacture’s instruction manual, under collaboration with Dr. John Mordes.  

Cells were infected with clones 1, 2 and 3 in succession, using 50µl of viral culture per 

well of a 6 well plate at a 70% cell confluence. The infection efficiency was checked by 

GFP fluorescence.  

 

34. cAMP (cyclic adenosine monophosphate) ELISA assay. 

 

50,000 cells per well were seeded in a 96 well plate, precoated with anti-cAMP 

antibodies, purchased from Applied Biosystems (Bedford, MA). After letting the cells to 
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grow in culture overnight, they were stimulated with SDF-1 at 100ng/ml concentration 

for 10 min at 37°C. Cell media was then aspirated and the cells were lysed in a buffer 

provided in the kit. The remaining protocol was followed as per manufacturer’s 

instructions. The results were read by a plate luminometer at an emission of 470nm 

(Perkin-Elmer, Waltham, MA). The results were plotted against the standards, provided 

in the kit. 

 

35. Transwell cell migration assay. 

 

Transwell plates with an 8µm pore size inserts were purchased from Corning (Lowell, 

MA). Mesenchymal cells were seeded in the well insert at a 10,000-cells/100µl of 0.1% 

fetal calf serum concentration media. After a 6-hour incubation, the bottom well media 

was changed to new media with or without 100ng/ml of SDF-1 and incubated for 

overnight. The next day, the inserts and the media were discarded. The cells that migrated 

through the Transwell were fixed with methanol/acetic acid (3:1 ratio) for 10 min, and 

then stained with Giemsa solution (1/20 concentration) for 10 min. After a wash with 

PBS, the plate was air-dried and the cells were counted under a microscope. The results 

of migrated cells were plotted as a ratio of its nonstimulated control group (given a value 

of 1).  
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36. Western blotting on cultured cell lines. 

 

Cells were grown at 80% confluence overnight, seeded in equal numbers. Cells were 

then lysed by adding 1xSDS sample buffer (500µl per a 100mm plate). Sonication was 

done for 10-15 seconds to shear DNA and reduce sample viscosity. After a 5 min heating 

done at 100°C, cell lysates were centrifuged for min and the supernatant was loaded on a 

SDS-PAGE gel. Transfer was done on PFDF (Biorad, Hercules, CA) membrane for 65 

min at 110 volts. Blocking was done with 5% nonfat milk at room temperature for 1 hour. 

Primary antibody at appropriate concentrations (CXCR4 – 1/250 (Abcam, UK); β-actin 

HRP conjugated, 1/1000 (Santa Cruz, CA)) was incubated overnight at 4°C. The next 

day, secondary antibody was incubated for 1 hour at room temperature. Detection was 

done using SuperSignal (Pierce Endogen, Rockford, IL). 

 

37. Statistical analysis. 

 

Survival after T. gondii/H. felis infection is shown using the Kaplan-Meier curve. 

Data for serum IFN-γ, T. gondii gene expression, tachyzoite quantitation, and H. felis 

copy number are reported as the mean ± 1 SD. Results for T. gondii Ab response are 

given as the mean of log2 titer ±SD. H. felis IgG1 and IgG2a are reported as a mean ± 1 

SE and compared using the Student t test. A value of p < 0.05 was considered statistically 

significant for differences between groups. Pathology data are compared using the Mann-

Whitney analysis of nonparametric data and considered significant at a value of p < 0.05. 
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Statistical analysis of real-time RT-PCR was done using REST 2009 software (Technical 

University Munich, Germany).  
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CHAPTER III. MAJOR HISTOCOMPATIBILITY COMPLEX CLASS II 

INHIBITS FAS ANTIGEN-MEDIATED GASTRIC MUCOSAL CELL 

APOPTOSIS THROUGH ACTIN-DEPENDENT INHIBITION OF RECEPTOR 

AGGREGATION 
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Introduction 

 

Escape from normal apoptotic control is thought to be essential for the 

development of cancer. During Helicobacter pylori infection, the leading cause of gastric 

cancer, activation of the Fas antigen (Fas Ag) apoptotic pathway is responsible for early 

atrophy and tissue loss. As disease progresses, metaplastic and dysplastic glands arise, 

which express Fas Ag, but are resistant to apoptosis and are believed to be the precursor 

cells for adenocarcinoma. The C57BL/6 mouse model of Helicobacter infection is a 

powerful tool with which to study the initiation and progression of gastric cancer. 

Infection in the C57BL/6 mouse recapitulates human disease, progressing from atrophy 

and metaplasia through dysplasia to intraepithelial neoplasia with invasion through the 

muscularis mucosae (102). Using this mouse model to understand the mechanism(s) by 

which gastric mucosal cells acquires a transformed phenotype is critical to our efforts to 

prevent and treat gastric cancer. Initiation of cancer requires that cells escape from normal 

apoptotic controls (103). The extension of cell viability through inhibition of apoptosis is 

a hallmark of human tumors and appears necessary for cells to acquire a transformed 

phenotype (103). While inhibition of apoptosis per se is not carcinogenic, failure to 

remove genetically damaged cells which otherwise would have been eliminated allows 

unchecked accumulation of potentially transforming mutations. Helicobacter has been 

shown to induce apoptosis both directly and indirectly in gastric mucosal cells (104-111). 

One apoptotic pathway is the Fas antigen (Fas Ag) signal cascade. Under normal, 

noninflamed conditions, Fas Ag is expressed at minimal levels throughout the gastric 

mucosa (112). However, with Helicobacter infection there is a marked upregulation of 
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mucosal Fas Ag receptor expression (81, 84), and an increase in Fas Ag expression in both 

mouse experimental systems and in vitro tissue culture systems results in an increase in 

apoptotic signaling (80, 83-85). Fas signaling is crucial for gastric mucosal alterations 

under inflammatory conditions (81, 83, 113-115). As the time of infection increases, a 

subset of cells within the gastric mucosa appear which are resistant to Fas mediated 

apoptosis as evidenced by continued survival in the face of persistent Fas Ag expression 

and available ligand. The Fas Ag-expressing population of cells increases as architectural 

alterations progress through metaplasia to dysplasia to cancer (87, 112). The mechanism 

of Fas-apoptosis resistance is not known, but has been suggested to include expression of 

FAP-1 (Fas associated phosphatase-1), an inhibitor of Fas-mediated apoptosis (86) and 

FLIP (FLICE inhibitory protein), a dominant- negative caspase 8 (87). In general, Fas-

mediated cell death is controlled by an abundance of independent mechanisms allowing 

cells to integrate a variety of intracellular and extracellular signals to respond in a highly 

flexible manner towards Fas stimulation. Regulation of the Fas pathway in gastric cells is 

complex and, at present, incompletely defined.  

Fas Ag is a cell surface receptor. When Fas ligand (Fas L) binds to Fas Ag, 

receptors aggregate and recruit adaptor proteins, forming the death-inducing signaling 

complex (DISC) (consisting of Fas L, Fas Ag, FADD (Fas-Associated protein with Death 

Domain) and FLICE [procaspase 8]). Once the DISC is formed, a caspase cascade is 

activated directly (type I signaling) or activated using a mitochondrial amplification loop 

(type II signaling). Both pathways converge at the level of caspase 3, resulting in 

apoptosis. There are multiple levels at which this cascade can be regulated, including 

regulation by parallel signaling pathways and receptor-receptor interactions.  
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Major histocompatibility complex class II (MHCII) molecules are heterodimeric 

cell surface glycoproteins whose expression is critical for the development of CD4 T 

cells and the ability to mount an adaptive immune response. These molecules are 

expressed on professional antigen-presenting cells, such as B cells, macrophages, and 

dendritic cells, which function in the uptake, processing, and presentation of antigen to 

CD4 T cells. In addition, these molecules are constitutively expressed on epithelial cells 

of the thymus, macrophages, Langerhans cells of the skin (116), and Kupffer cells in the 

liver (117). Under permissive conditions, MHCII expression can be induced in a variety 

of cell types, including cells of the gastrointestinal tract (104, 118).  

During Helicobacter infection, gastric mucosal cells upregulate surface MHCII 

expression and costimulatory molecules (119-121) and have the ability to weakly present 

antigens (119, 122). Additionally, there is evidence that Helicobacter pylori may bind the 

gastric cell via the MHCII complex and regulate apoptotic responses (120). We show that 

during Helicobacter infection there is a small but distinct population of gastric mucosal 

cells, which coexpress Fas Ag and MHCII, setting up a scenario where these receptors 

may interact, akin to what we see in immune cells. Our examination of cells in culture 

demonstrates that MHCII prevents Fas receptor aggregation at the level of the actin 

cytoskeleton and renders Fas-expressing gastric mucosal cells resistant to Fas L-mediated 

apoptosis. These findings support that MHCII coexpression may be one of the 

mechanisms by which gastric mucosal cells escape Fas-mediated apoptosis. 
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Results 

 

1. RGM-1 cells resemble immature gastric mucus cells. 

 

Metaplastic and dysplastic cells express both MHCII and Fas Ag and are Fas 

apoptosis resistant. In order to test the interaction of these two receptors in vitro, we used 

a cell line derived from mucus cells that resembles cells early in the metaplasia-dysplasia 

sequence. RGM-1 cells are cytokeratin positive but do not express lineage-specific 

markers such as GIF (expressed in chief cells), hydrogen potassium ATPase (expressed 

in parietal cells), MUC5 or MUC6 (expressed in neck and surface epithelial cells), or 

TFF2 (expressed in metaplastic cells) (Fig. 3.1A) and do not stain with alcian blue, pH 

2.5 (indicative of intestinal type mucin) (data not shown). RGM-1 cells are weakly PAS 

positive (Fig. 3.1B to G), indicating glycogen stores. 

 

2. A population of gastric mucosal cells expresses both Fas Ag and MHCII receptors 

under conditions of inflammation. 

 

During Helicobacter infection and inflammation, Fas Ag (81, 83, 85, 113-115) 

and MHCII (119-121, 123) expression on the gastric mucosal cell surface is increased. 

Representative histological sections from sham-infected (Fig. 3.2A), H. felis-infected 

(Fig. 3.2B), and H. pylori-infected (Fig. 3.2C) mice at 6 months show preserved normal 

architecture in the sham-infected mouse, with a paucity of inflammatory cells and no 

metaplasia or dysplasia (Fig. 3.2A). At 6 months (Fig. 3.2B and C), the chronically 
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FIGURE 3.1 RGM-1 CELLS RESEMBLE IMMATURE MUCUS CELLS.
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FIGURE 3.1 RGM-1 CELLS RESEMBLE IMMATURE MUCUS CELLS.  

(A) RT-PCR for a panel of gastric mucosa-expressed genes in RGM-1 and RGM-1 

MHCII/Fas Ag cell lines. Total rat stomach was used as a positive control (top row). 

RGM-1 cells without reverse transcriptase were used as a negative control (bottom row). 

RGM1 and RGM-1 MHCII/Fas Ag cells do not express any of the gastric mucosa genes 

showing that they are immature cells. (B and C) PAS-hematoxylin staining of primary 

hepatocyte culture is positive (purple staining of cytoplasm) (positive control) (B) and 

primary lymphocyte culture is negative for PAS staining (negative control) (C). (D and 

E) Hematoxylin staining of RGM-1 (D) and MHCII/Fas Ag (E) cells. (F and G) PAS - 

hematoxylin staining of RGM-1 (F) and MHCII/Fas Ag (G) cells. Both cell lines are 

positive for PAS staining (arrows). 
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FIGURE 3.2 HISTOLOGICAL CHANGES DUE TO HELICOBACTER INFECTION.

70



FIGURE 3.2 HISTOLOGICAL CHANGES DUE TO HELICOBACTER 

INFECTION.  

Six- to eight-week-old male C57BL/6 mice were infected with control medium (sham 

infected), H. felis, or H. pylori and euthanatized at 6 months. The gastric mucosa of 

sham-infected mice (A) had normal architecture, with preservation of parietal cells and a 

paucity of inflammatory cells. The gastric mucosa of mice infected with H. felis (B) or H. 

pylori (C) had antralization of glands (thin arrow), loss of parietal cells, and chronic 

inflammatory infiltrate in the submucosa (thick arrows) and above the muscularis 

mucosa, between glands. Hematoxylin and eosin staining was used; magnification, X40. 
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infected mice have developed moderate submucosal plasma-lymphocytic infiltrates, with 

lymphocytes invading the mucosal layer and intercalating between glandular units. There 

is a decrease in the number of parietal and chief cells, antralization of glands and early 

metaplasia. There was no evidence of dysplasia at this early time point. The findings 

were similar for both the H. felis- and H. pylori-infected groups; however, the range of 

mucosal alterations was broader with H. pylori infection. H. felis infection, which showed 

less mouse-to-mouse variation, was used for the remainder of the experiments. To 

determine both the percentage of cells expressing Fas Ag and MHCII and whether 

expression occurred within the same gastric mucosal cell, we examined single-cell 

preparations of the gastric mucosa that had been depleted of immune cells (CD45+) by 

FACS. Under control conditions, MHCII is expressed on a small minority of gastric 

mucosal cells, and only 0.12% of cells coexpressed Fas Ag and MHCII. In contrast, mice 

infected with Helicobacter felis expressed both MHCII and Fas Ag on the surface of 

greater than 6% of the gastric mucosal cells isolated (representative data from one 

experiment are shown in Fig. 3.3A). Cytokeratin staining confirmed that these dual-

receptor-expressing cells were epithelial cells (Fig. 3.3B and C). We further determined 

the nature of these dual-receptor expressing cells. We analyzed whole gastric mucosa 

(containing all gastric cell lineages and inflammatory cells) and two populations of 

CD45-negative gastric cells, a double-positive population expressing both Fas Ag and 

MHCII and a double negative population that expressed neither Fas Ag nor MHCII, for 

the expression of lineage specific markers. Fas Ag and MHCII are coexpressed on cells 

expressing a wide range of lineage markers, suggesting that this double-receptor-

expressing population is a heterogeneous mixture of parietal, chief, mucous, and 
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FIGURE 3.3 FAS AG AND MHCII ARE COEXPRESSED ON GASTRIC EPITHELIAL
CELLS DURING HELICOBACTER INFECTION.
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FIGURE 3.3 FAS AG AND MHCII ARE COEXPRESSED ON GASTRIC 

EPITHELIAL CELLS DURING HELICOBACTER INFECTION.  

(A) Single-cell preparations from control or H. felis-infected mice were stained with anti-

CD45-Cy5 conjugated, anti-Fas Ag-PE conjugated, and anti-MHCII-FITC conjugated 

antibodies and FACS (fluorescent acquisition cell sorting) sorted into CD45 (-) 

populations expressing Fas Ag, MHCII, or Fas Ag/MHCII. Results of one representative 

experiment are shown. The experiment was performed three times with similar results. 

Cells from mice infected with H. pylori gave a similar pattern of expression, and results 

are not shown. (B and C) Cytokeratin staining of CD45(-)MHCII/Fas Ag(+) (B) and 

CD45(+) (C) populations confirms that the CD45 (-) MHCII/Fas Ag(+) are of an 

epithelial nature. (D) RT-PCR for expression of a panel of lineage specific genes. The 

CD45(-) population was sorted into MHCII/Fas Ag-expressing (top row) and non-

MHCII/Fas Ag-expressing cells (second row) populations. cDNA prepared from total 

mouse stomach was used for controls. Third row, positive control; fourth row, without 

reverse transcriptase, negative control. 
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metaplastic cells (Fig. 3.3D).  

 

3. Gastric mucosal cells express MHCII in response to IFN-γ. 

 

In order to study MHCII/Fas Ag signal interactions, we turned to a tissue culture 

system. Rat gastric mucosal (RGM-1) cells in culture do not express MHCII or 

costimulatory molecules under normal culture conditions (Fig. 3.4A, lane 1). Upon 

exposure to IFN-γ, MHCII, invariant chain (Ii) and CIITA expression are markedly 

increased at both the mRNA (Fig. 3.4A, lane 2) and protein (Fig. 3.4B) levels. Control 

experiments were done without reverse transcriptase enzyme to exclude genomic DNA 

sequence amplification (Fig. 3.4A, lanes 3 and 4). RGM-1 cells cultured with IFN-γ for 

24 to 72 h elongate and develop an increased number of cytoplasmic projections (Fig. 

3.4C and D). RGM-1 cells express surface Fas Ag after exposure to the inflammatory 

cytokines IL-1β, TNF-α, and IFN-γ (85), similar to what is seen in vivo, further 

supporting the use of this cell line as a model for MHCII/Fas interaction in gastric 

mucosal cells. 

 

4. Gastric cell lines expressing MHCII have altered morphology and growth 

characteristics. 

 

In order to address potential interactions between MHCII and Fas Ag in gastric 

mucosal cells, while avoiding potentially confounding effects of exogenous IFN-γ, we 
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FIGURE 3.4 IFN-GAMMA REGULATES MHCII EXPRESSION IN GASTRIC 
MUCOSAL CELLS.
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FIGURE 3.4 IFN-γ  REGULATES MHCII EXPRESSION IN GASTRIC 

MUCOSAL CELLS. 

Rat gastric mucosal cells (RGM-1) were cultured in the absence or presence of 100 ng/ml 

rat IFN-γ for 24 to 72 h. (A) RT-PCR for MHCII, Ii (invariant chain), and CIITA (class II 

major histocompatibility complex transactivator) expression after 24 h in culture. 

GAPDH and S18 ribosomal message were used to standardize the blots. (B) Surface 

MHCII expression was confirmed by FACS analysis. (C) Cells grown for 72 h in control 

medium have a compact hexagonal shape (arrows). (D) Cells grown with 100 ng/ml IFN-

γ for 72 h are elongated with stellate projections (arrows). 
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established cell lines stably expressing the MHCII complex and the Fas Ag receptor. 

FACS analysis confirmed surface expression of both the MHCII alpha and beta chains 

(Fig. 3.5A and B) and Fas Ag (Fig. 3.5C). Clones, which expressed high physiological 

levels (see Materials and Methods) of both receptors were chosen for further study. In 

culture, RGM-1 cells have a hexagonal shape and rarely show cell projections (Fig. 

3.5C). RGM-1 cells transfected with empty vector or those expressing high levels of Fas 

Ag alone did not differ in size, shape, or growth characteristics from the control cell line 

(data not shown). Interestingly, cell lines expressing MHCII alone or MHCII/Fas Ag 

(Fig. 3.5D) had a flattened, fusiform, spindle-shaped phenotype with long cytoplasmic 

“hummingbird” projections and were phenotypically indistinguishable from RGM-1 cells 

exposed to IFN-γ (Fig. 3.5D). There was no increase in spontaneous apoptosis or cell 

death in any of the cell lines. 

 

5. Gastric mucosal cells expressing MHCII are resistant to Fas-mediated cell 

signaling. 

 

In culture, RGM-1 cells express negligible Fas Ag surface receptor; have a low 

level of spontaneous apoptosis, and have a very small increase in apoptosis in response to 

Fas L (Fig. 3.6A and B). RGM-1 cells expressing MHCII on the cell surface also have a 

low baseline level of apoptosis, which is not increased, with the addition of Fas L (Fig. 

3.6C and D). In sharp contrast, RGM-1 cells expressing abundant Fas Ag on the cell 

surface rapidly undergo apoptosis in response to the addition of 25.0 ng/ml Fas L, with 
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FIGURE 3.5 MORPHOLOGICAL ALTERATIONS OF GASTRIC MUCOSAL CELLS 
EXPRESSING BOTH MHCII AND FAS AG.
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FIGURE 3.5 MORPHOLOGICAL ALTERATIONS OF GASTRIC MUCOSAL 

CELLS EXPRESSING BOTH MHCII AND FAS AG.  

RGM-1 cells were transfected with appropriate expression vectors. (A to C) Expression 

of alpha chain (A), beta chain (B), and Fas Ag (C) surface receptors was confirmed by 

FACS analysis. (D) Cellular morphology after 72 h in culture. Arrows show long stellate 

projections. 
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FIGURE 3.6 GASTRIC MUCOSAL CELLS EXPRESSING MHCII AND FAS AG ARE 
RESISTANT TO FAS L INDUCED APOPTOSIS. 
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FIGURE 3.6. GASTRIC MUCOSAL CELLS EXPRESSING MHCII AND FAS AG 

ARE RESISTANT TO FAS L INDUCED APOPTOSIS.  

Cells were exposed to control medium or medium containing 25 ng/ml Fas L for 4 h. (A 

and B) RGM-1 cells have a low basal level of apoptosis and do not undergo 

morphological changes of apoptosis when exposed to ligand. (C and D) Cells expressing 

MHCII do not undergo apoptosis under control conditions or upon exposure to Fas L. (E 

and F) Cells expressing Fas Ag do not undergo spontaneous apoptosis but show 

rounding, detachment, and blebbing (arrows) upon addition of ligand. (G and H) Cells 

with a higher level of Fas Ag expression as than in panels (E) and (F) but also expressing 

MHCII do not undergo spontaneous apoptosis and do not increase apoptosis in response 

to ligand. (I) Levels of apoptosis were quantitated using annexin V staining in cell lines 

with or without 25 ng/ml Fas ligand for 4 h as indicated. (J) Cells were grown under the 

same culture conditions as for panel (I) for 1 h, and caspase 8 activity was measured 

using the Caspase-8 Fluorometric Activity Assay kit. All experiments were repeated three 

times. Results in panels (I) and (J) are averages from three experiments ±1 standard 

deviation. 
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38% ± 5% of cells being apoptotic at 4 h (Fig. 3.6E and F) and greater than 98% being 

apoptotic at 24 h (data not shown). Strikingly, cells expressing both MHCII and Fas Ag 

are completely resistant to Fas L-induced apoptosis (Fig. 3.6G and H). Dual-receptor- 

expressing cells did not undergo apoptosis in response to 25.0 ng/ml Fas L for 4 or 24 h 

(Fig. 3.6G and H; summarized in 3.6I) and showed no increase in caspase 8 activity (Fig. 

3.6J), suggesting that the block to signaling was upstream of caspase activation. Gastric 

mucosal cells can use the Fas Ag pathway for proliferative signaling at low receptor 

stimulation (due to low receptor abundance or low ligand level) (80, 85) and for both 

proliferative and apoptotic signaling at high receptor stimulation (80, 85, 124). We next 

tested whether Fas proliferative signaling was intact in cells, which coexpress MHCII and 

Fas Ag. Consistent with our previous reports, RGM-1 cells expressing low-abundance 

Fas receptor exposed to low-level Fas L (6.25 or 12.5 ng/ml) significantly increased 

proliferation (p <0.01) compared with cells exposed to control culture conditions. Cells 

expressing both MHCII and high levels of surface Fas Ag had no growth response to 

ligand. Dual-receptor-ex-pressing cells had very low baseline levels of proliferation as 

measured by [3H] thymidine incorporation, which did not change with the addition of 

6.25 to 25 ng/ml Fas L (Fig. 3.7), suggesting that all Fas-mediated growth signaling was 

interrupted in these cells. 

 

6. MHCII inhibits Fas signaling by preventing receptor aggregation. 

 

In order to determine the mechanism of Fas resistance, we first determined the 
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FIGURE 3.7 MHCII COEXPRESSION INHIBITS FAS-MEDIATED PROLIFERATIVE
SIGNALING.

FasL FasL FasL

*

*

84



FIGURE 3.7 MHCII COEXPRESSION INHIBITS FAS-MEDIATED 

PROLIFERATIVE SIGNALING.  

RGM-1 cells expressing MHCII and Fas Ag or Fas Ag alone were cultured for 24 h in 

control medium or medium containing 6.25 to 25 ng/ml Fas ligand (as indicated), and 

proliferation was measured by [3H] Thymidine incorporation. Experiments were repeated 

three times, and results represent the averages ±1 standard deviation. 
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point within the pathway where regulation likely occurred. Caspase 8 is not activated in 

dual-receptor-expressing cells; therefore, MHCII interferes with Fas signaling at or above 

the level of caspase 8 activation (Fig. 3.6J). Levels of the inhibitor FLIP were unchanged 

between cell lines (data not shown). Because of the alteration in cell morphology with 

MHCII, we addressed whether receptor aggregation was impaired. FLAG-tagged Fas L 

was used to immunoprecipitate DISCs (Fas L, Fas Ag, FADD, and FLICE) from Fas Ag 

expressing and Fas Ag/MHCII-expressing cell lines. After the addition of ligand to Fas 

Ag-expressing cells (Fig. 3.8A, lane 3), only signal-competent 250-kDa multimeric 

complexes were isolated (Fig. 3.8A, top gel). These bands were confirmed to be specific 

for DISCs by running an aliquot on a denaturing gel and blotting with Fas Ag (Fig. 3.8A, 

middle gel), which produced only a single 48-kDa band for each sample, or caspase 8 

(Fig. 3.8A, bottom gel). Strikingly, in cells expressing both Fas Ag and MHCII, a 

significant portion of receptors remained as 75-kDa monomeric complexes and failed to 

aggregate (Fig. 3.8A, lane 1); this failure to aggregate could not be overcome with either 

longer incubation times or higher levels of ligand (data not shown). Scant uncleaved 

caspase 8 (50 to 55 kDa) was recovered from these DISCs (Fig. 3.8A, third gel, lane 1). 

Inhibition of actin polymerization by CytoD completely restored receptor clustering, as 

only aggregated receptor complexes were recovered (Fig. 3.6A, lane 2). In addition, 

abundant caspase 8 was recovered in these DISCs and existed as both uncleaved (50- to 

55-kDa) and active (41- to 43-kDa) forms, comparable to that which was detected in Fas 

Ag-only expressing cells (lane 3). In the presence of CytoD, MHCII/Fas Ag-expressing 

cells lost their stellate cytoplasmic projections and assumed a more hexagonal shape, 

similar to wild-type control cells (data not shown). With the addition of ligand, caspase 8 
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FIGURE 3.8 MHCII INHIBITS FAS AG SIGNALING THROUGH AN ACTIN-
DEPENDENT INHIBITION OF RECEPTOR AGGREGATION.
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FIGURE 3.8 MHCII INHIBITS FAS AG SIGNALING THROUGH AN ACTIN-

DEPENDENT INHIBITION OF RECEPTOR AGGREGATION.  

(A) Cells were cultured with FLAG-tagged Fas L at 25 ng/ml for 15 min. DISCs were 

isolated from MHCII/Fas Ag-expressing cells (lane 1), MHCII/Fas Ag-expressing cells 

grown in the presence of cytochalasin D at 0.5 µg/ml to inhibit actin polymerization (lane 

2), or Fas Ag-expressing cells (lane 3). Proteins were run on a nonreducing gel and 

blotted with anti-Fas Ag antibody. Monomeric complexes are seen at 75 kDa, and 

aggregated complexes are seen at 250 kDa. Bands were confirmed to be specific for Fas 

aggregates by running an aliquot of the sample on a reducing gel and blotting for Fas Ag 

(middle gel) or caspase 8 (bottom gel). (B) Cell lines were grown in the presence or 

absence of Fas L at 25 ng/ml for 1 h as indicated, and caspase 8 activity was measured 

and is presented as relative fluorescent units. Bars represent averages from three 

experiments ±1standard deviations. (C) Control cells (empty vector) (top panel), Fas Ag-

expressing cells (middle panel), and MHCII/Fas Ag-expressing cells (bottom panel) were 

grown in the presence or absence of cytochalasin D, with or without Fas L at 25 ng/ml, 

for 4 h as indicated, and apoptosis was measured by annexin V staining. Each bar 

represents the average from three experiments ±1 standard deviation. 
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activation was restored to the same level as seen in cells expressing Fas Ag only (Fig. 

3.8B), and the addition of CytoD restored the Fas L-induced apoptotic response (Fig. 

3.8C) while not inducing an increase in spontaneous death in the absence of ligand. 

CytoD had no effect on the basal level or Fas L-mediated apoptosis in the parent RGM-1 

cell line or in cells expressing high levels of Fas Ag alone (Fig. 3.8C). 

 

Summary 

 

Dysregulation in the balance between proliferation and apoptosis is felt to 

underlie the development of cancer; it is not that inhibition of apoptosis per se is 

carcinogenic, but rather that inhibition of apoptosis in cells which otherwise would have 

been eliminated increases the likelihood of accumulating harmful genetic defects, leading 

to a proliferative advantage and the emergence of neoplastic clones (103, 125). In the 

setting of normal inflammation, that is, inflammation associated with acute injury and 

wound healing, environmental alteration due to chemokines and cytokines is a self-

limited event (125). With chronic inflammation, such as is seen with Helicobacter 

infection, there is constant exposure of the mucosa to cytokines and chemokines, leading 

to dysregulation of growth (19, 59, 60). Growth programs for repair and proliferation are 

activated, and apoptotic programs may be bypassed in an attempt to restore mucosal 

integrity. This sedition of the normal cell death and repair programs results in abnormal 

DNA replication and proliferation, pushing cells to acquire mutations (125). Because 

Fas-mediated apoptosis is a central feature of cell loss in Helicobacter infection (12, 19, 

59, 60, 62, 81, 85, 113, 115, 119, 120, 123, 126-129), alterations in the regulation of this 
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pathway have great potential for contributing to the malignant process. Here we show 

that one mechanism of apoptosis escape in the inflamed stomach is through the 

acquisition of MHCII expression and its subsequent interaction with Fas Ag signaling 

cascade. Fas Ag signaling is well recognized as a mediator of gastric mucosal apoptosis 

and plays a central role in Helicobacter induced mucosal injury (81, 83, 114, 115, 127, 

128). In the face of inflammation, Fas Ag is highly expressed in numerous cell types 

within the gastric mucosa, including invading inflammatory cells and gastric epithelial 

cells, with the highest expression seen in chief and parietal cell compartments (114). 

Certainly, surface Fas Ag appears to be necessary for parietal cell loss and atrophy (113, 

114), which are early and progressive events in Helicobacter disease (81), culminating in 

gastric mucosal atrophy. In the setting of atrophy, there is peripheral stem cell failure and 

an influx of bone marrow-derived stem cells in an apparent reparative effort (123). These 

marrow-derived cells engraft and differentiate toward an incomplete gastric cell 

phenotype, forming the basis of metaplastic and dysplastic glands. While most cells 

expressing high receptor abundance (specifically parietal and chief cells) undergo 

apoptosis early in infection (59, 114), these metaplastic and dysplastic cell appear to be 

resistant to apoptotic signaling (86, 87). This phenotype of apoptosis resistance in the 

setting of high receptor abundance suggests that a mechanism other than receptor number 

is used to regulate susceptibility to Fas signaling events in these cells and may involve 

several points of regulation along the Fas signaling cascade. While much is known about 

Fas signaling in immune cells, much less is known about signaling regulation in other 

cell types. In general, Fas-mediated cell signaling events are controlled by an abundance 

of independent mechanisms, including but not limited to factors which alter the 
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expression level and location of Fas Ag, availability of ligand, assembly and function of 

the DISC, and regulation of caspase activation and function. Integration of a wide variety 

of extracellular and intracellular events in the context of cell type specificity confers a 

high degree of flexibility to Fas L/Fas Ag signaling outcomes. We have previously shown 

that one level of regulation of the Fas pathway within the gastric mucosa is through 

modulation of receptor number. High levels of IL-1β, TNF- α, and IFN-γ, found in the 

infected gastric mucosa, regulate surface Fas Ag expression (85) and are associated with 

more severe diseases states (59, 60, 62), due in part to increased Fas signaling. 

Interestingly, this same environment that increases Fas Ag expression (most notably, 

elevated IFN-γ levels) regulates MHCII expression in gastric mucosal cells, albeit with 

different levels of protein expressed in different cell types. This differential expression of 

Fas Ag and MHCII within the gastric mucosa creates the potential for receptor interaction 

and variable signaling outcomes. MHCII is expressed in metaplastic and dysplastic tissue 

(unpublished observation) as well as in carcinoma (119, 130, 131), making a scenario of 

MHCII/Fas Ag receptor interaction plausible. As is true with other aspects of Fas 

signaling, the interaction between the MHCII complex and the Fas Ag pathway is cell 

type specific and appears to be unique to each situation studied. For example, in 

lymphoid cells, MHCII expression paradoxically increases Fas-mediated signaling in B-

lymphocytes, where MHCII expression is a cofactor in B-cell-mediated apoptosis 

through the production of “second messengers” (132) the identities of which are 

incompletely defined (133). Quite the opposite, MHCII ligation via interaction with T 

cells confers rapid Fas resistance in B cells (134) and in T cells, where CD4 and MHCII 
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interactions are required for survival of resting CD4 cells; coexpression offers resistance 

against Fas-mediated apoptosis (135, 136). Immature dendritic cells, which express 

moderate levels of Fas surface receptor and low levels of or absent MHCII, are highly 

sensitive to Fas-mediated apoptosis. As these cells mature and express high levels of 

MHCII, they become fully resistant to Fas apoptotic signaling (136), while maintaining 

sensitivity to MHCII-induced apoptosis.  

H. pylori induced chronic inflammation may promote mechanisms to protect 

against Fas induced apoptosis. MHCII is upregulated on the surface of gastric epithelial 

cells when stimulated with IFN-γ in vitro or on the gastric cells in vivo. Indeed, we found 

a population of gastric cells that coexpress both, MHCII and Fas Ag. MHCII expression 

is inducing actin-dependent cytoskeletal changes that impair Fas Ag receptor aggregation 

and therefore, resistance to apoptosis.  
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CHAPTER IV. COINFECTION MODULATES INFLAMMATORY RESPONSES 

AND CLINICAL OUTCOME OF HELICOBACTER FELIS AND TOXOPLASMA 

GONDII INFECTIONS 
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Introduction 

 

Chronic infections are the cause of considerable morbidity and mortality. Unlike 

acute infections, in which the “one microbe-one disease” concept can be applied, disease 

caused by chronic infectious organisms more likely represent interactions between the 

infecting organism(s) and a multitude of host and environmental factors including 

interaction with other infectious agents. Using a mouse model of infection we examined 

the interaction between Helicobacter felis and Toxoplasma gondii: two ubiquitous 

organisms that cause a spectrum of clinical disease. The host immune response is not able 

to eliminate H. pylori, and infection persists for the life of the host, setting up a situation 

whereby the gastric mucosa, which is normally devoid of inflammatory cells, becomes 

chronically inflamed(137). Cytokines present within the gastric mucosa are thought to 

determine the type and severity of damage. Neither a Th1 nor Th2 response eliminates 

the bacterium, however the two responses are associated with very different outcomes in 

terms of gastric mucosal disease.  

A Th1 cytokine pattern is associated with parietal cell loss, atrophy, metaplasia, 

dysplasia, and progression to adenocarcinoma, whereas a Th2 pattern is associated with a 

relative lack of architectural alterations and cell loss, and there is no progression of 

disease (64, 138-140). Although host genetics certainly play a role in determining the 

direction and vigor of the immune response, infections with other organisms that 

augment or suppress the Th1 response may potentially exacerbate or reduce disease 

severity, respectively. The “African enigma” (high rates of infection and low gastric 

cancer rates) has been explained in part by modification of the immune response by 
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concurrent helminthic infection (65), which affects a “switch” in Th1/Th2 polarity and 

confers a degree of protection. In contrast to the protective effects of helminthic 

infection, we reasoned that chronic infections that evoke a predominant Th1 response 

(such as T. gondii) would modulate the immune response to accelerate Helicobacter 

disease.  

Toxoplasmosis is caused by the obligate intracellular protozoan parasite T. gondii. 

Infection is common in children and young adults and infection rates range from 10% to 

over 90% dependent upon many factors including climate, dietary habits, and animal 

exposure. T. gondii induces a strong IFN-γ response that limits the growth of parasites in 

peripheral tissues, and directs the transformation of parasites from the tachyzoite stage 

into dormant cysts. Dormant cysts are kept quiescent in chronic latent infection by a 

continued immune response (141). Impairment of this specific cell mediated response, as 

seen in immunocompromised patients, leads to a more aggressive acute infection or in the 

case of latent infection, reactivation of dormant cysts and reemergence of acute disease 

(142). In the absence of overt immunosuppression, it is not clear what factors if any 

influence the outcome of acute or chronic T. gondii infection. Although population based 

studies are sparse, there appears to be a positive correlation between T. gondii Ab 

production and gastric cancer (143-146), suggesting that T. gondii infection may 

influence the clinical outcome of Helicobacter infection.  

This study was initiated to examine the interaction between T. gondii and H. felis 

infection using the BALB/c mouse, a strain resistant to disease caused by both organisms. 

Coinfection with H. felis significantly blunted the IFN-γ response to T. gondii, allowing 
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considerable tachyzoite replication, tissue damage, and increased mortality. Additionally, 

long-term coinfection leads to a prominent H. felis-specific Th1 response, blunting of the 

H. felis specific Th2 response and significant gastric mucosal damage. Collectively, these 

findings point to a dynamic interaction between immune responses to seemingly 

unrelated organisms with significant impact on disease outcomes. 

 

Results 

 

1. BALB/c mice infected with H. felis had higher mortality when challenged with 

T. gondii. 

 

The BALB/c strain of mice is easily infected with both T. gondii and H. felis, but 

it is considered a resistant host, as it does not develop clinical disease with either 

organism (147, 148). Control mice and mice infected with H. felis alone did not differ in 

weight, activity, or general well being at any time point of the experiment and there were 

no mortalities among mice within these groups. Only one mouse infected with T. gondii 

alone (n = 20) died on day 11; the remainder did not develop distress or evident disease. 

In sharp contrast, mice coinfected with H. felis and T. gondii became acutely ill as early 

as day 3 after T. gondii infection. Mice with established H. felis infection (n  = 20) 20 wk 

before T. gondii infection developed signs of dehydration, bloody stool, huddling, and 

decreased activity with 50% of the mice dying between day 7 and day 15. Of those that 

survived, recovery was evident by day 17, after which all remained well and without 

distress for the duration of the experiment. To assess the effects of acute H. felis 
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infection, mice were infected with T. gondii first, and on days 5, 7, and 9 (the time of 

peak IFN-γ response to T. gondii) were infected with H. felis. Mortality in this group was 

less than in the chronically infected group, but substantially higher than T. gondii alone, 

with 25% mortality occurring between day 7 and day 11 (Fig. 4.1A). These mice 

appeared clinically similar to the T. gondii and chronically infected H. felis mice, 

although less severely affected, with dehydration, decreased activity, and huddling. There 

was complete recovery of survivors by day 17. 

 

2. Concomitant H. felis infection causes a blunted IFN-γ response to T. gondii and 

higher parasite loads. 

 

Host susceptibility to T. gondii infection is determined by the vigor of the immune 

response. Too strong an IFN-γ response induces a septic shock-like picture whereas an 

inadequate response allows tachyzoite replication and widespread tissue damage. 

BALB/c mice normally respond with modest IFN-γ induction; adequate to control 

tachyzoite replication yet low enough to avoid systemic complications. Control mice and 

those infected with H. felis alone did not have detectable peripheral IFN-γ levels (Fig. 

4.1B). With T. gondii infection alone, peripheral blood IFN-γ levels peaked between days 

3 and 11 and steadily declined thereafter to below the level of detection by 4 wk. Mice 

that were coinfected with H. felis and T. gondii had significantly lower IFN-γ levels when 

compared with mice infected with T. gondii alone and IFN-γ was most pronounced in 

mice that had a chronic H. felis infection at the time of T. gondii challenge. In the 
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FIGURE 4.1 CONCURRENT HELICOBACTER INFECTION BLUNTS THE IMMUNE 
RESPONSE TO T. GONDII AND INCREASES T. GONDII RELATED MORTALITY.
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FIGURE 4.1 CONCURRENT HELICOBACTER INFECTION BLUNTS THE 

IMMUNE RESPONSE TO T. GONDII INFECTION AND INCREASES T. GONDII 

RELATED MORTALITY.  

(A) Kaplan-Meier survival curves after T. gondii challenge in mice infected with H. felis 

or sham infected. Twenty mice in each group were followed for 20 wk after T. gondii 

infection. The experiment was repeated a second time (with 10 mice each) with similar 

results. Control ( ), H. felis ( ), T. gondii ( ), T. gondii + acute H. felis ( ) 

infection, T. gondii +chronic H. felis ( ) infection. (B) In a second cohort of mice, 

serum IFN-γ levels were determined by ELISA at 3, 11, and 15 days post T. gondii 

infection (n=5 for each group). Data from control mice and H. felis-infected mice were 

below the level of detection and data from these groups combined. After day 15, serum 

IFN-γ was below the level of detection in all groups. Results are reported as the mean ±1 

SD. The experiment was repeated a second time with similar results. 
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surviving mice, IFN-γ levels steadily declined becoming undetectable after 4 wk and 

remained undetectable for the duration of the study in all groups. We next evaluated 

whether lower IFN-γ levels were associated with higher parasite replication, by 

examining the spleen parasite load in mice days 3 or 11 after infection. Control mice and 

mice infected with H. felis alone had undetectable T. gondii B1 gene expression, and no 

visible tachyzoites on H&E stained sections (Fig. 4.2A–C). Mice infected with T. gondii 

alone had moderate B1 gene expression in the spleen and occasional tachyzoites visible 

on histological section (Fig. 4.2, A, B, and D). In sharp contrast, mice that were 

chronically infected with H. felis before T. gondii challenge had a 3-fold increase in T. 

gondii B1 gene expression (Fig. 4.2A) and grossly visible tachyzoites in splenic tissue 

(Fig. 4.2E) accompanied by areas of infarction and necrosis.  

The small bowel of control mice and of mice infected with H. felis alone was 

unremarkable. Examination of the distal small bowel of T. gondii infected mice was 

grossly similar to control mice, with the exception of occasional prominent elevations on 

the serosal surface consistent with enlarged lymphoid aggregates. Gross examination of 

the luminal surface was within normal limits. Microscopically there was mild to 

moderate collections of acute inflammatory cells within the lamina propria of the ileum, 

preservation of architecture, and no visible tachyzoites (Fig. 4.2F). In sharp contrast, the 

small bowel of dual-infected mice had areas of gross necrosis, hemorrhage, and edema. 

Necropsy on those that were moribund or had died showed evidence of bowel perforation 

with peritonitis evidenced by free fluid in the peritoneal cavity, adherence of bowel loops 

to each other, and free fecal matter in the peritoneal cavity. Microscopically, there was 
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FIGURE 4.2 MICE WITH CONCURRENT H. FELIS INFECTION HAVE HIGHER 
PARASITE LOADS AND TISSUE DAMAGE WITH T. GONDII INFECTION.
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FIGURE 4.3 T. GONDII INFECTION ALTERS THE H. FELIS-SPECIFIC 

ANTIBODY RESPONSE. 

Serum levels of H. felis-specific IgG1 and IgG2a were measured by ELISA at 7 wk (A), 

20 or 40 wk (B) post-H. felis infection (n =10 for each group). Error bars represent 1 

SEM, * p =0.0012, **p =0.031, ***p =0.04. 
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marked inflammation of the lamina propria, villus blunting, and architectural distortion. 

Visible tachyzoites were seen proliferating within cystic lesions (Fig. 4.2, G and H). At 

20 wk of T. gondii infection, the total T. gondii-specific serum IgG Ab response was 

significantly higher in those mice that had an established H. felis immune response before 

T. gondii challenge compared with those mice infected with T. gondii alone (Fig. 4.2I), 

however there were no differences in the ratio of IgG1 to IgG2a when subgroup analysis 

was performed (Fig. 4.2, J and K). 

 

3. T. gondii infection induces an H. felis–specific IgG2a/IgG1 isotype switch. 

 

H. felis infection altered the acute response to T. gondii by blunting the IFN-γ 

response and allowing uncontrolled parasite replication. We next addressed the impact of 

T. gondii infection on the H. felis-specific response, with the prediction that high levels of 

IFN-γ generated by T. gondii infection would induce a prominent and sustained bias 

toward a local gastric H felis-induced Th1 cytokine profile. We measured H. felis-specific 

IgG2a and IgG1 Abs at an early time point of infection (7 wk) and times representing 

chronic infection (after 20 wk coinfection) in mice that were infected with H. felis and T. 

gondii at the same time and in mice who had established H. felis infection at the time of 

T. gondii exposure. There was a significant increase in H. felis-specific IgG2a levels 

(p<0.0012), and a concomitant decrease in IgG1 Ab when T. gondii infection was present 

compared with the findings in H. felis infection alone. Ab were not detected in control 

mice, nor in mice infected with T. gondii alone (Fig. 4.3A). This response was 
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FIGURE 4.3 T. GONDII INFECTION ALTERS THE H. FELIS-SPECIFIC ANTIBODY  
RESPONSE.
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FIGURE 4.3 T. GONDII INFECTION ALTERS THE H. FELIS-SPECIFIC 

ANTIBODY RESPONSE. 

Serum levels of H. felis-specific IgG1 and IgG2a were measured by ELISA at 7 wk (A), 

20 or 40 wk (B) post-H. felis infection (n =10 for each group). Error bars represent 1 

SEM, * p =0.0012, **p =0.031, ***p =0.04. 
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maintained for the duration of the experiment, with significant increases in anti-H. felis 

IgG2a levels maintained in the concurrently infected group ( p<0.031). Significantly, 

mice that had an established H. felis infection before T. gondii challenge, substantially 

increased production of IgG2a Ab (p<0.04), while maintaining the trend toward 

decreased IgG1 Ab production (Fig. 4.3B). 

 

4. T. gondii infection increases H. felis gastritis and mucosal damage. 

 

Mice infected with H. felis for 20 wk had mild corpus gastritis confined to the 

lesser curvature at the squamocolumnar junction, but were otherwise normal. The 

inflammation was characterized by a chronic inflammatory cell infiltrate composed 

mostly of lymphocytes appearing singly, or occasionally in small aggregates at the base 

of glands in the submucosa. There were no architectural alterations in the gastric mucosa, 

with preservation of gland structure, normal mucosal thickness and normal parietal cell 

mass (Fig. 4.4A). Mice infected with T. gondii alone for 20 wk had no alterations in the 

gastric mucosa. Specifically, there was little inflammation, preservation of mucosal 

thickness and no change in parietal or chief cell number (Fig. 4.4B). In contrast, mice 

infected with H. felis and T. gondii together had severe gastritis extending throughout the 

mucosa most severe in the corpus, but present in the antrum as well. Inflammation was 

characterized by a chronic inflammatory cell infiltrate composed mostly of lymphocytes 

extending throughout the thickness of the mucosa and forming discrete nodules in both 

the mucosal and submucosal areas. Some lymphoid aggregates were massive, distorting 

the overlying mucosa (Fig. 4.4C) and were grossly visible at the time of necropsy. 
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FIGURE 4.4 T. GONDII INFECTION ALTERS THE GASTRIC MUCOSAL RESPONSE 
TO HELICOBACTER INFECTION.

A B

C D

H. felis T. gondii

H. felis + T. gondii H. felis + T. gondii

E

*

*

* *

*p<0.003
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FIGURE 4.4 T. GONDII INFECTION ALTERS THE GASTRIC MUCOSAL 

RESPONSE TO HELICOBACTER INFECTION.  

All sections are representative of findings at 20 wk. (A) H. felis infection in the BALB/c 

(group 2) mouse does not cause mucosal damage. Architecture is preserved, with 

occasional lymphocytes noted in the deep mucosa. (B) T. gondii infection alone does not 

cause gastric mucosal damage. The gastric mucosa of T. gondii-infected mice did not 

differ from control mice. (C) T. gondii infection concurrent with H. felis infection results 

in massive lymphocytic infiltrates in both the submucosa (arrow) and within the mucosa. 

Architectural distortion is prominent with loss of parietal and chief cells, antralization of 

glands and mucous cell metaplasia. Antralization and parietal cell loss is shown at higher 

power in (D). (E) Lesions were scored as outlined in Materials and Methods for 10 mice 

in each group. Number of symbols equals the number of mice achieving that score. 

Scores were compared using a two-tailed Mann-Whitney analysis of nonparametric data 

and p values are shown at top of each column. Magnification, X20 (A and B), X10 (C), 

and X40 (D). *p<0.003 – statistically significant. 
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Infection with both H. felis and T. gondii was associated with considerable diffuse 

glandular epithelial atrophy, with extensive replacement of parietal cells and moderate 

antralization of the glands within the corpus (Fig. 4.4D). Lesion scores are presented in 

Fig. 4.4E. 

 

5. Dual infection alters level of H. felis colonization. 

 

H. felis infection was confirmed by serum Ab determination, histological 

detection of organism, and by DNA quantification in all mice experimentally infected. 

Organisms were not detected in those mice not specifically infected. H. felis colonization 

was highest in those mice infected with H. felis alone, compared with those mice 

coinfected with T. gondii (Fig. 4.5A). These findings are consistent with published 

reports of higher bacterial loads associated with Th2 responses and lower bacterial loads 

associated with a Th1 immune response (4). 

 

6. Gastric mucosal cytokine levels are altered in mice coinfected with T gondii 

compared with those infected with H. felis alone. 

 

In both human and mouse infection studies, the local cytokine environment 

predicts disease outcomes (201), with high IL-1β and low IL-10 predictive of severe 

disease in humans, and the combination of high IFN-γ levels and low IL-10 permissive 

for severe mucosal damage (61, 64, 149) in various mouse models. We therefore 
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FIGURE 4.5  CONCURRENT T. GONDII INFECTION SHIFTS THE LOCAL GASTRIC 
MUCOSAL CYTOKINE RESPONSE TO H. FELIS FROM A TH2 PROFILE TO A 
TH1 PROFILE.

A

B
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FIGURE 4.5 CONCURRENT T. GONDII INFECTION SHIFTS THE LOCAL 

GASTRIC MUCOSAL CYTOKINE RESPONSE TO H. FELIS FROM A TH2 

PROFILE TO A TH1 PROFILE.  

(A) Quantitative PCR for H. felis infection reported as number of bacteria (as a function 

of gene copy number) per microgram of total gastric tissue. Error bars represent 1 SD 

(n=10 for each group). (B) Quantitative PCR of IFN-γ, IL-12, IL-1β, IL-4, and IL-10 in 

the gastric fundic mucosa of H. felis-infected (7 and 20 wk infection time points 

combined) and H. felis/T. gondii-infected (7 and 20 wk of H. felis infection combined) 

mice. Results in the dual-infected mice (Helicobacter/T. gondii each 7 wk, 

Helicobacter/T. gondii each 20 wk, and Helicobacter 20 wk/T. gondii 7 wk) were 

indistinguishable from each other; therefore data from acute and chronic Helicobacter 

infection were combined. Each sample was run in triplicate, values differed by <1%, and 

an average for each mouse was used in calculation. Results are mean values +1SD 

(n=10). Experiment was performed two times with similar results. 
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evaluated the gastric mucosal cytokine production using real-time PCR for IFN-γ, IL-12, 

IL-1β, IL-4, and IL-10. Proinflammatory cytokine expression in the gastric mucosa of 

BALB/c mice infected with H. felis alone did not differ from levels found in control mice 

(20 wk time point, n =10 for all groups). In sharp contrast, BALB/c mice infected with H. 

felis alone had markedly elevated IL-10 and IL-4 levels (Fig. 4.5B). These findings are 

consistent with the BALB/c phenotype as a Helicobacter resistant host. In sharp contrast, 

mice coinfected with T. gondii and H. felis had significant elevations in IFN-γ (5-fold), 

IL-12 (4-fold), and IL-1β (2-fold) compared with H. felis alone regardless of whether the 

mouse was infected with H. felis before, or after the time of T. gondii infection. IL-4 

expression (3-fold decrease) and IL-10 expression (5-fold decrease) were blunted relative 

to the robust response seen in the H. felis-infected mice (Fig. 4.5B). 

 

Summary 

 

Disease manifestations of chronic infections depend on a multitude of interacting 

factors specific to the host, the infecting organism and the environment. In most cases, a 

level of balance is reached whereby a continued immune response, while not able to fully 

eliminate an organism, keeps infection in check. The organism may then go undetected 

until reactivation of infection with suppression of this specific immune response (as 

occurs with Toxoplasmosis) or in some cases a chronic smoldering infection persists 

(such as is seen with H. pylori), which may show periodic flares of activity, or 

continually progress to debilitating disease. In the case of Helicobacter infection, clinical 
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outcomes differ widely, with some patients infected but without obvious disease 

manifestations, whereas others develop severe manifestations such as gastroduodenal 

ulceration and gastric adenocarcinoma. The range in disease manifestations has not been 

fully explained by differences in bacterial factors or host genetics, but may be explained 

by interactions with other infectious agents modulating the organism-specific immune 

response. We infected mice with both T. gondii and H. felis and show the interplay 

between immune responses was not unilateral, but rather the immune response and 

clinical outcome to both organisms was affected. This immune modulation was durable 

resulting in both short-term morbidity and mortality due to T. gondii as well as severe 

chronic mucosal disease secondary to H. felis. 

The CD4 T cells within the adaptive immune response can be divided into two 

functional groups, Th1 and Th2 cells, based on the types of cytokines they produce and 

the immune responses they coordinate. Th1 cells produce IFN-γ, IL-2, and IL-12 and 

coordinate the cell-mediated immune response. Th2 cells predominantly produce IL-4, 

IL-5, and IL-10, and induce B cell activation. The direction of maturation of a naive T 

cell depends upon both the stimulus and the environment in which it is stimulated. High 

levels of IFN-γ at the time of T cell activation will promote a Th1 phenotype, and high 

levels of IL-4 will favor a Th2 phenotype. Although individual T cells can be thought of 

as Th1 or Th2 cells, assigning such a designation to the composite immune response is 

more complicated, and it should be viewed more correctly as falling on a continuum 

between the two responses, with the degree of polarization dependent on a variety of 

factors including properties of the infecting organism, host genetics, and environmental 
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conditions. As such, there is the potential for manipulation by factors that nudge the 

response toward one or the other pole, with the possible effect of altering the disease 

outcome. Looking at mouse models of infection, the C57BL/6 mouse responds to H. felis 

with a Th1 immune response associated with considerable mucosal inflammation, 

atrophy of the fundic mucosa with loss of parietal and chief cells (59, 61, 62, 65, 81, 93), 

and the appearance of metaplastic changes progressing to dysplasia. The immune 

response and premalignant changes closely parallel the events preceding development of 

gastric adenocarcinoma in humans, making the mouse a powerful model in which to 

study helicobacter infection.  

In contrast to this susceptible mouse model, the BALB/c strain of mice develops a 

Th2 immune response to H. felis infection, minimal gastritis, and virtually no histological 

alterations despite dense colonization with bacteria (139). These two mouse strains 

represent the extreme poles of immune response to infection, providing models within 

which to determine the impact of modifiers on the immune response to Helicobacter and 

their subsequent effects on disease initiation and progression. To support the notion of 

coinfectious agents altering the outcome of disease, it has been shown that concurrent 

helminthic infection skews the Helicobacter specific immune response of the C57BL/6 

mouse toward a Th2 profile and protects against short-term disease (65). It is therefore 

conceivable that infectious or environmental influences may augment a Th1 response in a 

similar fashion, thereby promoting disease in an otherwise resistant host. The vast 

majority of individuals do not develop clinical disease with Helicobacter infection, 

suggesting a situation in which a few may be “pushed” toward disease rather than the 

majority protected from disease. Therefore, perhaps more compelling than protection, are 
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situations that may increase disease severity. T. gondii infection is very common, with 

evidence of Ab production in every population studied, albeit at varying levels. Infection 

with T. gondii universally induces a strong Th1 response. We reasoned that if high levels 

of IFN-γ were present at the time the host was mounting an immune response to H. felis, 

the H. felis-specific response would shift toward a Th1 cytokine profile.  

We further reasoned that a Th1 cytokine profile in an otherwise “resistant” host 

would be associated with mucosal damage. Indeed, T. gondii infection at the time of 

Helicobacter infection effectively converts a resistant host to a susceptible host. 

Cytokines within the gastric mucosa show a dramatically altered pattern, with gastric 

IFN-γ levels comparable to those seen in the infected C57BL/6 mouse and a marked 

diminution in IL-10 levels. Both IFN-γ (64, 149) and IL-10 (61, 68) are pivotal in the 

gastric mucosal disease process secondary to Helicobacter and are felt to be essential 

factors in disease susceptibility in the mouse model as well as in human disease. Mice 

that were infected with both T. gondii and H. felis had a substantial increase in mucosal 

inflammation with mucosal hyperplasia, parietal and chief cell loss and mucous cell 

metaplasia, very similar to what is seen in the susceptible C57BL/6 mouse and in 

humans. It is interesting to note that although the mucosal changes were similar to those 

found in the infected C57BL/6, they were not identical and took longer to develop, 

suggesting differences between strains in addition to the immune response. For example, 

the marked antralization seen in the BALB/c (Fig. 4D) is not typically seen in the 

C57BL/6 model, but it is seen in human H. pylori infection (150). In humans, 

antralization is associated with increased proliferation; reduction in Bax expression and 
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Bcl-2 overexpression implying that antralization may be an important histological marker 

for cancer risk (151, 152). This shift from a Th2- to a Th1-specific H. felis response is not 

confined to the gastric mucosal compartment, but is systemic. IgG subclass analysis is 

consistent with a sustained shift toward a Th1 response in all dual-infected groups. 

Perhaps most important is that mice with an established polarized H. felis response were 

equally susceptible to immune modulation by T. gondii, and the switch in Th1/Th2 

polarization was at least as great, if not greater than that seen with acute H. felis infection, 

suggesting there is an enormous window whereby factors may influence the outcome of 

chronic infections. T. gondii is a chronic infection and likely exerts continual pressure 

toward the H. felis Th1 response, which allows the response to be sustained. This raises 

the question of how other organisms may interact with the immune response to 

Helicobacter. The natural history of symptomatic Helicobacter infection in humans is 

one of active ulcers interspersed with various periods of remission. The trigger for this 

waxing and waning of disease is not known. 

Although we have not evaluated the effects of short-term infectious agents on 

Helicobacter immune response, it is tempting to speculate that acute infectious agents 

may exasperate H. pylori disease by nonsustained shifts in the immune response leading 

to disease “flares” that would theoretically abate as the acute infectious agent causing 

them was cleared. Alternatively, more sustained shifts in immune response may lead to 

more sustained changes such as metaplasia, dysplasia, and cancer. Without eradication 

therapy, Helicobacter infection exists for the life of the host, allowing the Helicobacter-

specific chronic inflammatory response to influence other infectious disease processes. 
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Helicobacter infection significantly blunted the IFN-γ response to T. gondii and increased 

morbidity and mortality from T. gondii acutely. Although the effects of Helicobacter 

infection on the immune response to other organisms was not tested in this study, our 

findings suggest that the chronic immune response to Helicobacter may impact the host 

response to other infectious agents, implying an impact on both acute and chronic disease 

processes during the lifetime of the infected host. 
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CHAPTER V. T-BET KNOCKOUT PREVENTS HELICOBACTER FELIS-

INDUCED GASTRIC CANCER 
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Introduction 

 

The link between chronic inflammation and cancer has been long recognized. 

Paradoxically, not all patients with chronic inflammation will develop cancer. Therefore, 

identifying immune response differences that predispose to cancer is paramount in 

identifying at-risk populations, and these differences may serve as therapeutic targets. 

Helicobacter infection causes chronic gastritis in all infected patients, although not all 

patients will develop clinical disease. Many infected patients will progress to gastric 

atrophy and mucous cell and intestinal metaplasia, while a smaller number of patients 

will develop dysplasia and <1% will develop gastric cancer. The incidence of gastric 

cancer ranges widely between countries (1, 153-155). Research into the mechanism by 

which H. pylori causes gastric disease has focused on three main areas: bacterial, 

environmental, and host genetic factors. The main body of research suggests that more 

virulent strains of bacteria and environmental factors that are associated with gastric 

cancer function via modulation or augmentation of inflammation within the gastric 

mucosa.  

Host genetic factors in turn dictate the intensity and the composition of the 

inflammatory response such that infected individuals with cytokine polymorphisms 

favoring a stronger proinflammatory response with elevated levels of TNF-α, IL1-β, and 

low IL-10 are more likely to develop more severe disease (67, 68). Studies using mouse 

models have been instrumental in defining the role of inflammation in Helicobacter 

disease progression and have clarified significantly the role of the adaptive immune 
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response to mucosal damage. Mouse models allow controlled infection studies in 

genetically identical mice under restricted, regulated conditions. Different mouse strains 

have distinct immune responses to the bacterium (59, 61) and are very useful for studying 

various clinical manifestations of Helicobacter infection. H. felis infection in a 

genetically susceptible mouse strain, such as C57BL/6J, results in an acute inflammatory 

infiltrate into the gastric mucosa, which progresses to a chronic inflammatory response 

over several weeks (93, 102). During this time, parietal and chief cells are lost at least in 

part through Fas Ag/Fas L signaling (85). Once parietal cells are lost, the normal gastric 

gland architecture is replaced by a metaplastic mucous cell lineage followed by atrophy 

and intestinal metaplasia. By 15 months of H. felis infection, gastric adenocarcinoma 

develops in most mice (102). This pattern of mucosal alterations closely resembles the 

pattern and evolution of human gastric carcinoma (156).  

We have shown how H. felis infection in a mouse strain that is resistant to 

Helicobacter-induced gastric adenocarcinoma, such as the BALB/c, produces a very 

different mucosal immune response (61, 157) Mice become colonized by bacteria easily 

and often support higher bacterial loads than the C57BL/6J mice. Inflammation is 

initially submucosal with sparse intramucosal infiltrates, as is seen with infection in the 

C57BL/6J mouse; however, as H. felis infection progresses, lymphoid nodules are 

prominent and few mice may develop MALT (Mucosa-Associated Lymphoid Tissue) 

lymphoma. Strikingly, parietal and chief cells are largely preserved and atrophy does not 

develop. While the H. felis-infected BALB/c is a useful model of MALT lymphoma, it 

does not develop gastric adenocarcinoma. The major factor linked to the different 

outcomes of infection between a susceptible and resistant host is the immune response to 
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H. felis. Th1 cytokines are associated with gastric adenocarcinoma, and a Th2 response is 

associated with relative resistance to gastric adenocarcinoma (59, 61). C57BL/6 mice 

tend to Th1 responses, while BALB/c mice usually polarize to Th2 responses. However, 

in addition to opposing immune response polarity, these two mouse strains are 

genetically different, and it is not clear how other genetic differences contribute to 

disease manifestations. 

Data from our laboratory as well as from those of others strongly supports that a 

vigorous Th1 response is required for disease to occur. IFN-γ infusions via osmotic pump 

into C57BL/6 mice for up to 4 wk is sufficient to induce inflammation with parietal cell 

loss and mucous cell and intestinal metaplasia, even in the absence of Helicobacter 

infection (64). With Helicobacter present, mucosal damage is greatly accelerated (64). 

Conversely, dampening a Th1 response greatly attenuates disease in the C57BL/6 mouse; 

however, it does not completely prevent mucosal damage (65). It is tempting to conclude 

that blocking the Th1 response in the C57BL/6 model is responsible for disease 

protection. However, the model used employed a helminthic infection to switch the 

immune response to Helicobacter infection, and direct effects of the helminth or the 

immune response to the helminth above and beyond the Th1/Th2 switch were not 

addressed. We have done similar immune manipulations in the BALB/c mice and have 

shown that overriding the usual Th2 response and forcing a Th1 cytokine pattern can alter 

disease progression, resulting in mucosal damage reminiscent of (but not identical to) 

damage in the C57BL/6 model (157) and CHAPTER IV. Taken together, these data 

suggest that manipulations within the C57BL/6 and the BALB/c model greatly alter 
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inherent disease susceptibility, with a Th1 response necessary for disease progression. 

T-bet is a member of the T-box family of transcription factors, and it appears to 

regulate the commitment of Th cells to the Th1 lineage (158). It does so in part by 

transactivation of IFN-γ. Additionally, IFN-γ production is markedly impaired in NK 

cells from these mice. Strikingly, however, T-bet is not involved in controlling IFN-γ 

production in cytotoxic CD8+ T cells. The T-bet knockout (KO) mouse offers a model 

where Th1 responses can be directly assessed with minimal alterations of other immune 

functions, and without the effects of global cytokine deficiency seen in other transgenic 

models.  

Therefore, to definitively address the role of Th1 immune response in 

Helicobacter-induced disease, T-bet KO mice in the C57BL/6 background or their wild-

type littermates were infected with H. felis and followed for up to 15 mo for disease 

progression. Both groups maintained H. felis infection throughout the study. Analysis of 

mucosal cytokine patterns and H. felis-specific IgG subclass analysis confirmed a blunted 

Th1 response in the T-bet KO mice. Wild type mice progressed through tissue alterations 

of metaplasia, atrophy, and dysplasia to carcinoma, while the T-bet KO mice maintained 

parietal and chief cell populations and mucosal integrity and failed to develop 

adenocarcinoma. Our data clearly establish a link between IL1-β and TNF-α in the 

pathogenesis of Helicobacter-induced gastric adenocarcinoma. Parallel cytokine patterns 

in susceptible human populations suggest that differences in T-bet regulation may 

underlie susceptibility to gastric cancer in human populations.  
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Results 

 

1. Loss of T-bet does not alter the gastric mucosa in uninfected adult mice. 

 

We examined both male and female mice, five of each gender for each time point. 

Stomachs of uninfected (sham infected) mice were examined at 4 or 15 months after 

initiating the experiment (6–17 months of age). Stomachs of uninfected WT (wild type) 

and T-bet KO mice were grossly indistinguishable and were of similar weight. Gastric 

mucosal pH ranged from 1.0 to 2.0 and did not differ between the groups. Microscopic 

analysis did not reveal any differences in architecture between the two strains (Fig. 5.1A–

D) or any differences between genders. The mucosa was of similar thickness with a 

paucity of intramucosal and submucosal inflammatory cells. Numbers of parietal cells 

and their distribution within the fundus were similar between groups (WT, 16±1; T-bet, 

15±2 parietal cells/gland). A substantial portion of epithelial cell loss and parietal cell 

apoptosis that occurs during Helicobacter infection has been attributed to Fas Ag/FasL 

signaling (81, 84). Fas Ag is normally expressed at very low levels in gastric mucosal 

cells, and expression is preferentially up regulated in the parietal and chief cells in the 

presence of proinflammatory cytokines IL1-β and TNF-α (85). Invading inflammatory 

cells express both FasL and Fas Ag when activated, and FasL is necessary for Fas-

mediated apoptosis of gastric mucosal cells (89). Therefore, to begin our characterization 

of the T-bet KO mice, we characterized the baseline Fas Ag and FasL expression pattern 
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FIGURE 5.1  HISTOLOGY OF UNINFECTED WILDTYPE AND T-BET KNOCKOUT 
MICE ARE SIMILAR.
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FIGURE 5.1 HISTOLOGY OF UNINFECTED WILDTYPE AND T-BET 

KNOCKOUT MICE ARE SIMILAR. 

H&E staining of WT C57BL/6 mouse (A, X4; B, X40) and T-bet KO mouse (C, X4; D, 

X40). Parietal cells (arrows) are large cells with pale pink cytoplasm and centrally 

located nuclei. Chief cells stain deeper purple and are seen at the gland base. Architecture 

is unchanged between the WT and T-bet KO mouse. Bar, 600 µm. Fas Ag 

immunohistochemistry in (E) WT mouse and (F) T-bet KO mouse. Arrow, positive 

staining inflammatory cells in connective tissue. 
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within the gastric mucosa and inflammatory cell population. At baseline, in the absence 

of infection, Fas Ag is not detectable in gastric mucosal cells of either the WT or the T-

bet KO mice (Fig. 5.1, E and F). FasL was not detectable within the mucosa or 

submucosa of either strain (data not shown). Rare inflammatory cells were occasionally 

positive for Fas Ag (Fig. 5.1E, arrow). 

 

2. T-bet deficiency protects C57BL/6 mice from parietal cell loss by suppressing Th1 

immune response. 

 

At 4 mo of infection WT mice (n=10; 5 male, 5 female) have substantial 

submucosal (Fig. 5.2A, arrow) and intramucosal inflammatory infiltrates with near 

complete loss of parietal cells (Fig. 5.2B, arrow shows one remaining parietal cell in this 

field) and widespread mucous cell hyperplasia (Fig. 5.2C). The gastric mucosal pH 

ranged from 3 to 7 in the infected WT mice. Like the WT, T-bet KO mice (n=10; 5 male, 

5 female) developed widespread inflammatory infiltrates in both the mucosa and 

submucosa; however, unlike the WT, many T-bet KO mice had large lymphoid 

aggregates (Fig. 5.2D, arrows). The mucosal height did not differ between WT-infected 

and T-bet KO-infected mice (Fig. 5.2, A and D, bars). Remarkably, despite substantial 

inflammation, both male and female T-bet mice maintained their parietal cell population 

(Fig. 5.2, E and F, arrows) even in areas directly infiltrated with inflammatory cells (Fig. 

5.2F), and they maintained a gastric mucosal pH of 1–2. Studies from our laboratory and 

others reveal that Fas Ag-mediated apoptosis is responsible for the parietal cell dropout 

seen with Helicobacter infection (81, 84).  
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FIGURE 5.2 MUCOSAL SPARING IN T-BET KNOCKOUT MICE INFECTED 
WITH HELICOBACTER FELIS.

NUMBER OF PARIETAL 
CELLS PER GLAND
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FIGURE 5.2 MUCOSAL SPARING IN T-BET KNOCKOUT MICE INFECTED 

WITH HELICOBACTER FELIS.  

H&E staining of the fundic mucosa. Wild type (WT) mouse infected for 4 mo: (A) X4, 

arrow head depicts submucosal inflammation; (B) X40, arrow shows one rare remaining 

parietal amid markedly distorted gland architecture; (C) X40, submucosal and mucosal 

inflammation, mucous metaplasia, and antralization of the glands. T-bet KO infected 

mouse for 4 mo: (D) X4, large intramucosal and submucosal inflammatory infiltrates and 

lymphoid aggregates (arrow head); (E) preservation of architecture with numerous 

parietal cells (arrows) in areas with intramucosal inflammation; and (F) submucosal 

inflammation. Fas Ag immunohistochemistry of the fundic mucosa at 8 wk of infection in 

(G) WT mouse and (H) T-bet KO mouse. Bar, 600 µm.  
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Therefore, we next determined the regulation Fas Ag expression in the mucosa 

with infection. Examination of a 2-months time point of infection, when parietal cells are 

present, revealed intense staining for Fas Ag throughout the parietal and chief cell 

population of the WT mice (Fig. 5.2G), but not in the T-bet KO mice (Fig. 5.2H). Few 

remaining parietal cells could be identified in the WT infected mouse at 4 months. Those 

present expressed surface Fas Ag by immunohistochemistry (data not shown), consistent 

with our previous reports of Fas Ag/FasL signaling playing a role in parietal cell loss 

during infection. FasL expression in inflammatory cells within the gastric mucosa did not 

differ between the WT and T-bet KO mice (data not shown). 

 

3. WT and T-bet KO mice maintain similar levels of H. felis bacterial colonization but 

have markedly different immunological responses to bacteria. 

 

We next examined H. felis bacterial colonization to determine whether differences 

in infection could account for the disparate mucosal damage seen. Uninfected mice did 

not have evidence of infection verifying their status as Helicobacter-free controls. 

Infected WT and T-bet mice had similar levels of bacteria detected by PCR, which were 

not statistically different (Fig. 5.3A; p>0.05). Despite similar bacterial loads, the immune 

response differed substantially with infected T-bet KO mice producing virtually no 

Helicobacter-specific IgG2c, resulting in a markedly blunted IgG2C/IgG1 ratio compared 

with WT mice, which had developed anti-Helicobacter IgG2c Ab (Fig. 5.3B, and C). We 

did not detect any differences in isotypic responses between male and female mice in 

either group, and therefore we combined the data for analysis. The gastric mucosa is 
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FIGURE 5.3 ALTERED IMMUNE RESPONSE IN T-BET KNOCKOUT MICE 

INFECTED WITH HELICOBACTER FELIS. 

(A) Bacterial load in WT (  ) and T-bet KO (  ) mice  and their infected counterparts 

WT + H. felis (  ) and T-bet KO + H. felis (  ) reported as the relative gene expression 

of H. felis FlaB, calculated using the 2-
ΔΔ

Ct method and reported as a ratio of fold increase 

in gene expression over the control value mouse β-actin gene, with uninfected mice set as 

a value of 1.  (B) Serum anti-H. felis antibodies assay. IgG2C/IgG1 ratio in infected T-bet 

KO (  ) and WT ( ) mice. (C) IgG subclass analysis. 
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normally devoid of inflammatory cells. Any inflammatory cells within the gastric mucosa 

must come from circulating sources. We therefore analyzed Fas Ag and FasL expression 

on splenocytes from WT and T-bet KO mice. With activation, T-bet mice had a slight 

increase in Fas Ag expression (Fig. 5.4A) and similar FasL expression relative to WT 

mice (Fig. 5.4B). As predicted, T-bet mice compared with WT mice had a marked 

blunting of IFN-γ, with both a decrease in the number of cells positive for IFN-γ and the 

amount of IFN-γ secreted despite similar levels of activation (measured by CD69 

expression) (Fig. 5.4, C-E) and similar ratios of CD4 T cells (Fig. 5.4F).  

The cytokine milieu of the infected gastric mucosa is an amalgamation of 

cytokines from innate, adaptive, and mucosal responses. To assess the total cytokine 

environment, gastric mucosal strips from the squamocolumnar junction through the 

antrum at the lesser curvature were assayed by RT-PCR for select cytokines. The most 

dramatic differences between WT and T-bet KO mice were see in TNF-α, IL-1β, IL-12, 

and IL-13 expression, where the T-bet KO had markedly reduced levels, and in IL-10, 

where the T-bet KO mice had significantly increased levels relative to the WT mice. 

While IFN-γ was significantly decreased in the infected Tbet KO mice relative to the WT 

mice, substantial amounts of IFN-γ were still present (Fig. 5.5 A and B). IL-4 and IL-5 

levels were low in both the WT and T-bet KO mice and were not altered with infection. 

 

4. T-bet KO is protective against gastric cancer. 

 

We next evaluated the long-term effects of infection in the WT and T-bet KO 
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FIGURE 5.4 CHARACTERISTICS OF SPLENOCYTES FROM WILD TYPE AND 
T-BET KNOCKOUT MICE.
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FIGURE 5.4 CHARACTERISTICS OF SPLENOCYTES FROM WILD TYPE 

AND T-BET KNOCKOUT MICE.  

CD4+ cells were activated with anti-CD3 and anti-CD28 as indicated and assayed for (A) 

Fas Ag, (B) FasL, (C) IFN-γ expression, and (D) the activation marker CD69. (E) IFN-γ 

production was measured at 5 and 24 h of activation with anti-CD3 and anti-CD28 in 

culture. (F) The percentage of CD4+ cells did not differ between the WT and T-bet KO 

mice. 
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FIGURE 5.5 GASTRIC MUCOSAL CYTOKINE MILIEU IN WILD TYPE AND 
T-BET KNOCKOUT MICE.
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B
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FIGURE 5.5 GASTRIC MUCOSAL CYTOKINE MILIEU IN WILD TYPE AND 

T-BET KNOCKOUT MICE.  

At 4 months after H. felis infection, gastric mucosa was assayed for cytokine expression 

as indicated and reported as fold increase over the lowest reported value in control mice. 

* p < 0.001; ** p < 0.02. 
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mice. H. felis bacteria were detected by PCR in all mice, confirming that long-term 

infection was maintained in both genotypes.  

Inflammatory infiltrates were present in both groups, but they differed markedly, 

with WT mice maintaining intramucosal and submucosal diffuse infiltrates, and T-bet 

KO mice persisting with prominent lymphoid aggregates in the mucosa and submucosa. 

No mice developed MALT lymphoma. WT mice progressed through stages of 

metaplasia, dysplasia, and carcinoma in situ as previously documented (159) over a 

course of 15 months (Fig. 5.6, A and B). The gastric pH of the infected WT mice ranged 

from 4 to 7. T-bet KO mice maintained parietal cell populations and gastric pH of 2 or 

lower in all mice evaluated. They maintained architectural integrity, with only occasional 

metaplastic glands noted. Infected T-bet KO mice did not develop dysplasia or carcinoma 

in situ up to 15 mo of observed infection (Fig. 5.6, C and D; and summarized in Fig. 

5.6E). 

 

Summary 

 

Our WT and T-bet KO mouse models of Helicobacter infection recapitulate the 

cytokine environment seen in patients who are susceptible to the carcinogenic effects of 

Helicobacter infection (WT) and are apparently resistant to the carcinogenic effects of 

Helicobacter infection (T-bet KO). The striking aspect of this model is the composite 

mucosal cytokine milieu, contributed to by gastric mucosal cells, macrophages, CD8+T 

lymphocytes, and other resident cells. Together, these cells produce a cytokine 
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FIGURE 5.6 INFECTED WILD TYPE MICE DEVELOP GASTROINTESTINAL 
INTRAEPITHELIAL NEOPLASIA (GIN) AT 15 MONTHS, WHILE T-BET 
KNOCKOUT MICE ARE PROTECTED. 
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FIGURE 5.6 INFECTED WILD TYPE MICE DEVELOP GASTROINTESTINAL 

INTRAEPITHELIAL NEOPLASIA (GIN) AT 15 MONTHS, WHILE T-BET 

KNOCKOUT MICE ARE PROTECTED.  

Wild type mice and T-bet KO mice were infected with H. felis for 15 months.  (A) WT 

mice have persistent inflammation, glandular distortion with marked corpus metaplasia, 

parietal cell and chief cell loss, and GIN (X4). Gastric glands are seen herniating into the 

underlying tissue (arrow heads). (B) Severe gland distortion with branching, piling up of 

cells, marked cellular and nuclear atypia with nuclear stratification, and altered nuclear-

to-cytoplasmic ratio (X40). (C) T-bet KO mice have persistent inflammation 

(arrowheads) with sparing of parietal (arrows) and chief cell populations (X4); better seen 

in D (X60) of the boxed area in C. (E) Gastric injury scores are shown below the 

histology images. * p <0.02. 
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environment that is difficult to predict based on the functions of T-bet alone. IFN-γ, while 

lower in the T-bet KO model, was still present at substantial levels within the mucosa, 

which was a surprising result.  

IFN-γ has been associated with parietal cell loss and mucous cell metaplasia in 

vivo (64, 160), but it is not significantly associated with Fas Ag regulation in vitro (85). 

Since Fas Ag mediated loss of parietal cells precedes metaplasia in the C57BL/6 model, 

this implies that IFN-γ may not be acting directly in vivo, and reinterpretation of these 

models may be needed. We suggest that TNF-α and IL-1β, which do directly regulate 

Fas Ag, are responsible for Fas Ag up-regulation and parietal cell loss in WT but not T-

bet KO mice. IL-4 and IL-5 production are inhibited by T-bet through both an INF-γ-

dependent and -independent mechanism (158, 161, 162) and one might expect increased 

levels of these two cytokines without T-bet; however, the composite mucosal 

environment does not reflect this, as neither cytokine was present at significant levels. 

Additionally, IL-13, which can be down-regulated by T-bet, independent of its effect on 

Th1/Th2 switch (163) would be expected to increase in the T-bet KO mouse; however, a 

significant paradoxical decrease in IL-13 was seen.  

Perhaps the most striking aspect of the gastric mucosal cytokine environment is 

the dramatic reduction of TNF-α and IL-1β levels in the face of architectural 

preservation. These two cytokines to date have shown the strongest and most consistent 

correlation with human H. pylori-induced gastric cancer risk, as well as risk for 

developing premalignant architectural changes (67, 68). Our working hypothesis is that 

the T-bet mediated immune response to Helicobacter results in elevated gastric mucosal 
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levels of IL-1β and TNF-α. IL-1β and TNF-α in turn mediate regulation and expression 

of cell surface Fas Ag and subsequent apoptosis of chief and parietal cells (81, 84, 85). 

Parietal cell loss is associated with decreased gastric acid secretion, which in turn may 

result in bacterial overgrowth of bowel flora in the stomach (164), although not all 

studies have confirmed this bacterial overgrowth (165). If present, bacterial overgrowth 

can further contribute to the antigenic stimulation within the stomach. Fas Ag - mediated 

signaling plays a central role in the development of gastric cancer through several 

mechanisms. Architectural changes result in cell-cell signaling defects (64, 156, 160), 

which are linked to altered differentiation and deregulated proliferation of gastric cells 

(220). Additionally, the chronic inflammatory environment favors the emergence of 

apoptotic resistant cell lineages (80, 87, 166-169).  

Fas Ag signaling in apoptotic resistant metaplastic and dysplastic gastric cells is 

diverted toward proliferative signaling via activation of Erk1/2-dependent pathways (91), 

thus allowing Fas Ag to act as a tumor promoter. T-bet orchestrates this complex immune 

environment. Knockout of this one critical immune regulator dramatically impacts all the 

pertinent signaling pathways associated with gastric cancer, suggesting that functional 

differences in T-bet activity may underlie human susceptibility to gastric cancer. 

In previously reported studies (170), T-bet KO mice infected with H. pylori did 

not develop gastric inflammation during the 24 wk of study, and they failed to develop 

any mucosal alterations, while transfer of CD4+ T-bet KO splenocytes into infected SCID 

recipients produced significant mucosal damage, similar to transfer of CD4+ WT 

splenocytes (59). H. pylori induces a less robust infection in mice than does H. felis, and 
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it may account for the minimal inflammation noted in the WT mice and the lack of 

inflammation in the infected T-bet KO mice. SCID mice lack functional B and T cells. 

Transfer of T-bet KO CD4+ cells would replete only a subset of immune cells in the 

SCID model, which likely accounts for the differences in overall immune response and 

mucosal damage between these studies and our results, reported herein. 

Many of the severe outcomes of infectious diseases are a direct result of excessive 

or polarized immune activation. In the case of some pathogens, such as H. pylori, it is the 

immune reaction rather than the pathogen itself that is responsible for the majority of the 

disease process. In other situations such as inflammatory bowel disease, the inciting 

pathogen is not known but is postulated to be normal commensal bacteria that are 

eliciting an abnormal immune response. It is the immune response that leads to 

ulceration, fibrosis, and predisposition to cancer.  

More work has been done examining immune regulation within the small 

intestine and colon than has been done with the stomach, and therefore drawing from this 

knowledge may prove useful to advance our understanding of events in the stomach. 

Within the colon, T-bet has been identified as a master regulator of mucosal 

inflammation, and indeed our understanding of the role for T-bet in the colon has 

provided some understanding of perplexing inflammatory conditions. Inflammation 

within the intestine is normally tightly regulated; however, in a collection of diseases 

termed inflammatory bowel disease, this regulation is faulty and a chronic inflammatory 

state is perpetuated. While we think that inflammation is in response to luminal trigger, 

possibly bacterial, viral, or auto-antigens, the exact trigger has not been determined and is 

likely not the same in all patients. Animal models of disease have been instrumental in 
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deciphering the alterations in mucosal immunity and have demonstrated that T-bet 

activity is pivotal in regulating Th1 predominant Crohn’s disease and Th2 predominant 

ulcerative colitis, where it acts to determine the balance of mucosal cytokines (171). 

These mouse models are very interesting because the mechanism of dysregulation of T-

bet (up-regulation or down-regulation of activity) leads to vastly different cytokine 

environments and mucosal damage patterns.  

Despite the substantial cytokine differences and mucosal outcomes in the mouse 

model, the point of alteration is identical in both models of inflammatory bowel disease 

offering a potential clinically relevant target for correction of disease. Inflammatory 

diseases of the stomach share similarities with inflammatory diseases of the small 

intestine and colon. Infection with H. pylori is associated with a mild asymptomatic 

gastritis in most patients. Approximately 20% of those infected will develop 

gastroduodenal ulcer disease while significantly fewer (0.01–3%) will develop gastric 

adenocarcinoma (154, 155), and even fewer will develop MALT lymphoma. Similar to 

inflammatory bowel disease caused by opposite immune response in humans, gastric 

cancer secondary to H. pylori infection is associated with opposite immune responses; 

adenocarcinoma is linked to Th1 cytokines, and MALT lymphoma is linked to Th2 

cytokines in people. The widely varying prevalence of gastric adenocarcinoma between 

patient populations has been attributed to differences in bacterial strains, dietary and 

environmental cofactors (172), and genetic differences dictating the intensity of the Th1 

cytokine response (67, 68). To date, these genetic differences in cytokine response have 

been investigated at the level of individual cytokine regulation. Work in mouse models 

using a variety of techniques including infection in Th1 predominant (C57BL/6) and Th2 
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predominant (BALB/c) strains, manipulation of immune responses through concurrent 

infections, and use of various cytokine knockout and transgenic models fully support a 

dependence on a Th1 immune response for adenocarcinoma; however, the dominant 

cytokine responsible is not clear. Manipulation of individual cytokines such as IFN-γ (64, 

160) and IL-1β (173) creates artificial immune environments that result in mucosal 

damage and share several features of clinical disease, but lack others, suggesting that 

there are pieces of the puzzle that we still need to fit in place.  

In a Chinese population study, Schistosoma japonicum infection concurrent with 

H. pylori infection is associated with alterations in IgG responses to H. pylori along with 

less gastric atrophy, suggesting that coinfection alters the immune response of the host to 

a more favorable outcome (174). Additionally, several African populations have 

paradoxically low gastric cancer rates despite high infection rates with virulent strains of 

H. pylori. Because of these findings, animal studies have been designed in an attempt to 

recapitulate the coinfection status of human populations. For example, when the 

C57BL/6 susceptible strain of mice were infected with both a helminth and Helicobacter, 

the specific Helicobacter immune response was skewed toward a Th2 response, and mice 

were seemingly protected from mucosal damage (65). This effect was not sustained, 

suggesting that continual ongoing infection with Th2 skewing organisms or an inherent 

propensity to respond to Helicobacter infection with a blunted Th1 response would be 

needed for long-term effects. Also, in our laboratory we attempted to coerce the BALB/c 

mouse toward a Th1 response with concurrent Toxoplasma gondii infection resulted in a 

similar, but not identical, pattern of mucosal injury when compared with the C57BL/6 
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mouse (66) and CHAPTER III. These studies have raised the question of whether other 

genetic factors are at play, or if results are related to an incomplete recreation of the 

cytokine pattern using these artificial experimental models.  

The search in humans for a genetic basis of disease has led to some startling and 

profound findings, which served as the impetus for this study. Population-based studies 

assessed genetic polymorphisms in cytokine genes in populations at risk for gastric 

cancer. Polymorphisms resulting in higher levels of the proinflammatory cytokines IL-1β 

or TNF-α and lower levels of the antiinflammatory IL-10 were strongly associated with a 

dramatic increase in H. pylori-related noncardia gastric cancer (67, 68). There was an 

additive effect seen with multiple polymorphisms, conveying the highest risk to patients 

with the most proinflammatory profile. The original landmark studies by El-Omar and 

colleagues (77,78) analyzed Caucasian populations. Attempts to reproduce these findings 

in other populations have met with mixed results (175). Although disappointing, this is 

not at all surprising given the genetic diversity of patients and the varied genetic 

mechanisms available to modulate the host immune response. The conflicting results in 

non-Caucasian populations should be viewed as a challenge to broaden our search for 

additional regulators of the immune response important for gastric inflammatory disease 

outcome. Our findings strongly support a central role for T-bet regulation of the immune 

response associated with gastric cancer risk, and differences in T-bet regulation among 

patients may account for a portion of this risk. 
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CHAPTER VI. CXCR4/SDF-1 MEDIATED HOMING OF MESENCHYMAL 

STEM CELLS TO THE INJURED GASTRIC MUCOSA 
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Introduction 

 

The link between infection, chronic inflammation, and cancer has long been 

recognized (176), a prime example being infection with Helicobacter pylori and gastric 

cancer (93, 97). Chronic gastric inflammation, which develops as a consequence of H. 

pylori, leads over time to repetitive injury and repair resulting in hyperproliferation, an 

increased rate of mitotic error, and progression to adenocarcinoma. The same 

inflammatory environment that favors the development of cancer has also been linked to 

homing and engraftment in peripheral tissue by bone marrow derived cells (BMDCs).  

In the last decade, there are at least 22 publications, which confirm how a bone 

marrow derived stem cell is responsible not only for marrow reconstitution, but also for 

nonhematopoietic tissue homing, engraftment and differentiation (76, 77, 177-194). But 

which cells from bone marrow are able to differentiate across embryonic lineages? 

BMDCs plasticity experiments were done with whole bone marrow, hematopoietic stem 

cells (HSC) or mesenchymal stem cells (MSC), or all of the above in combinations. The 

analysis of the plasticity mechanisms found that differentiation was a more common 

phenomenon then cellular fusion, even though the cell fusion was not analyzed in all 

mentioned above publications.  

Finally, how do these cells get there? Most of the models where plasticity was 

analyzed employed a form of injury or inflammation of peripheral tissue (toxins, 

radiation, infections, organ resection, etc.), which made the case for secreted factors, like 

SDF-1 (stromal derived factor 1) and SCF (stem cell factor) to have a role in homing, 
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since bone marrow derived cells reside at a distant site from the periphery. This may 

occur where tissue injury induces excessive apoptosis that overwhelms or compromises 

the supply of endogenous tissue stem cells (195). Evidence suggests that BMDCs use 

CXCR4/SDF-1 axis for cell trafficking (196, 197). Various tissues respond to cellular 

damage such as irradiation, hypoxia, chronic inflammation or toxic agents by increasing 

their secretion of SDF-1 (198-200). The known receptor for SDF-1 is CXCR4. 

CXCR4, a G-protein-coupled seven span trans-membrane receptor, is expressed 

on the surface of many stem cells. CXCR4 is responsible for regulating trafficking of 

normal hematopoietic stem cells and their mobilization and homing to the bone marrow 

(197, 201, 202). Furthermore, it is thought that CXCR4/SDF-1 is used during 

embryogenesis for appropriate cell migration (203). It is well known that hematopoietic 

stem cells (HSC) depend upon an SDF-1 gradient to home back to the marrow cavity for 

circulation. Indeed, agents used to mobilize bone marrow cells for transplant purposes 

propose do so by disrupting the CXCR4/SDF-1 axis (204, 205). In a similar manner, 

successful engraftment of the bone marrow transplant relies heavily on an intact 

CXCR4/SDF-1 signaling axis. Inflammatory tissues produce elevated levels of SDF-1, 

which act as the lure for CXCR4-expressing marrow cells to home to these sites (127). 

CXCR4 signaling occurs by dissociation of the Gβγ subunit from the GTP bound Gα. Gα 

will inhibit the adenylate cyclase function, therefore resulting in a reduction of cyclic 

AMP (cAMP) levels (206, 207) when stimulated by SDF-1. 

Similar to their non-malignant stem cell counterparts, many cancer cells express 

CXCR4. Like the hematopoietic stem cells, it is believed that cancer stem cells use the 
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CXCR4 receptor to mobilize, invade and metastasize (205), further supporting the notion 

that cancer stem cells derive from a tissue stem cell source and utilize inflammatory 

environments for growth and movement. If we look closely at the function of the CXCR4 

receptor on normal or malignant cells, we see that it is multi-factorial and modulated by 

several components of the inflammatory environment.  

Although the mechanism and extent of subsequent BMDCs differentiation is not 

established (208), it is clear that engrafting cells rely on external environmental cues for 

the orderly inactivation of growth programs and progression of appropriate differentiation 

(76, 77, 209). However, there is little information on the long-term consequences of 

recruiting pluripotent cells to areas of chronic inflammation where signals for cell growth 

and differentiation may be altered.  

To investigate the role of BMDCs in the metaplasia/dysplasia/carcinoma 

progression associated with inflammation, we employed models of short-term 

inflammation and chronic inflammation in the C57BL/6 mouse model. We postulate that 

CXCR4/SDF-1 axis might be the key mechanism for recruiting the MSC into a chronic 

inflammation zone, like Helicobacter induced mucosal damage of the stomach.  

To determine the role of BMDCs in acute inflammation, we used an acute alcohol 

model. This is clinically relevant and it is easily reproduced in a mouse model. Topical 

experimental instillation of alcohol into stomach by gavaging induces local damage and 

inflammation in the first 30 minutes after application. Ethanol directly and dose-

dependently impairs the mucosal barrier, induces the release of inflammatory cytokines 

and vasoactive substances; these lead to ischemia and mucosal damage (210).  
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Results 

 

1. Engraftment of Rosa26 marrow-derived cells into the mouse stomach after H. felis 

infection. 

To investigate if BMDCs will engraft into the mouse stomach during an 

Helicobacter infection we used lethally eradiated C57BL/6 mice, which were 

transplanted with bone marrow from C57BL/6JGtrosa26 (ROSA26) transgenic mice, 

expressing a nonmammalian beta-galactosidase enzyme or from control wild-type 

littermates. Engraftment of ROSA26 marrow-derived cells was tracked with X-

galactosidase (Xgal) staining.  

X-gal staining (blue) was not detected in negative control mice: wild-type 

noninfected mice (Fig. 6.1A) or wild-type infected mice (Fig. 6.1C). Uninfected ROSA26 

transplanted mice did not demonstrate any BMDCs engraftment into gastric glands (Fig. 

6.1B). Although acute (3 weeks) H. felis infection of ROSA 26 mice was associated with 

intense bone marrow–derived inflammation, it did not produce major architectural 

destruction and was not sufficient stimulus for stomach repopulation with BMDCs. In 

this model, gastric mucosal apoptosis increases at 6 to 8 weeks after inoculation (93) and, 

consistent with this, β-galactosidase–positive (blue-staining) glands appeared after this 

peak of apoptosis. Looking into the long-term consequences of inflammation, these cells 

were initially detected at 20 weeks of infection, but their numbers increased dramatically 

with the length of time of infection, such that 90% of the gastric mucosa at the 
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FIGURE 6.1 ENGRAFTMENT OF ROSA26 MARROW-DERIVED CELLS INTO THE 
MOUSE STOMACH  AFTER H. FELIS INFECTION.

uninfected

H. felis, 30 weeks

uninfected

H. felis, 30 weeks

H. felis infected mice

TFF2 TFF2+X-gal staining

X-gal staining BrdU+X-gal staining
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FIGURE 6.1 ENGRAFTMENT OF ROSA26 MARROW-DERIVED CELLS INTO 

THE MOUSE STOMACH AFTER H. FELIS INFECTION.  

(A and C) Xgal staining (blue) of C57BL/6 mouse transplanted with wild-type marrow 

and (A) mock infected or (C) infected with H. felis for 30 weeks. (B and D) C57BL/6 

mouse transplanted with ROSA26 marrow and (B) mock infected or (D) infected with H. 

felis for 30 weeks. (E) Wild-type mouse with chronic H. felis infection shows TFF2 (red) 

staining and is X-gal negative (blue). (F) In the infected ROSA26 transplanted mouse, 

BMDCs are positive for both beta-galactosidase (blue) and TFF2 (red). (G) Dysplastic 

glands in the infected ROSA26 mouse express abundant beta-galactosidase activity. (H) 

Mitotic activity in BMD epithelial cells demonstrated by coexpression of cytoplasmic 

beta-galactosidase activity (short arrows; blue) and chromosomal BrdU incorporation 

(long arrows; brown). 10-mm frozen sections. Magnification: [(A) to (G)], 60X; (H), 

100X. 
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squamocolumnar junction was replaced with cells derived from donor marrow at 52 

weeks after infection (Fig. 6.1D).  

With a chronic Helicobacter infection, a second proliferative zone forms deeper 

within the gastric mucosa, giving rise to metaplasia (146). This zone is designated SPEM 

(spasmolytic expressing metaplasia) because it expresses the trefoil factor 2 (TFF2), also 

known as spasmolytic polypeptide (211, 212). In chronically infected wild-type mice, 

TFF2 (red staining) is prominent in deep antral and fundic glands (Fig. 6.1E). In mice 

transplanted with ROSA26 marrow and infected with H. felis, TFF2 expression is seen 

within blue β-galactosidase–positive BMDCs (Fig. 6.1F). Histological alterations were 

similar in infected WT and ROSA26-transplanted mice, with both showing equivalent 

metaplasia and dysplasia. Of the few parietal cells or chief cells that persisted in the 

infected stomach, none were beta-galactosidase positive, which indicates that under these 

experimental conditions of H. felis infection, marrow cells do not differentiate toward the 

parietal or chief cell phenotype. Epithelial dysplasia increased in severity over time, and 

by one year after inoculation resulted in carcinoma or high-grade gastrointestinal 

intraepithelial neoplasia (GIN) (213). In the mouse model of Helicobacter mediated 

gastric cancer, dysplasia is considered a direct precursor of gastric adenocarcinoma and is 

found both at the squamocolumnar junction and at the antral-pyloric junction (214, 215). 

In this H. felis model, the majority of dysplastic glands stained blue with X-gal (Fig. 

6.1G), and many BMDCs within the epithelium, were bromodeoxyuridine (BrdU) 

positive (Fig. 6.1H), which demonstrates active proliferation as occurs in neoplasia.  

 

153



 

 

2. β-Galactosidase immunohistochemistry (IHC) and immunofluorescence (IF) of 

stomachs from C57BL/6 mice transplanted with Rosa26 marrow and infected with H. 

felis.  

 

To further confirm the presence of β-galactosidase, we used 

immunohistochemistry (IHC) for bacterial β-galactosidase. Gastric tissue from wild-type 

mice did not stain for β-galactosidase (Fig. 6.2, A and C), whereas all observed 

intraepithelial neoplasia in the 52- week infected mice were β-galactosidase positive (Fig. 

6.2, B and D; brown intracellular staining), which proves that these cells arose from 

donor marrow and strongly suggests an inherent vulnerability of this population to 

malignant progression. Bone marrow–derived GIN displayed features consistent with this 

histological diagnosis (213), including elongation and branching, crowding and distortion 

of gland structures, presence of hyperchromatic nuclei, pronounced cellular and nuclear 

atypia, and loss of polarity.  

To further test if the β-galactosidase positive cells are indeed epithelial cells, but 

not donor bone-marrow derived lymphocytes a double-label immunofluorescence 

staining revealed that the β-galactosidase–positive cells (red) within deep gastric glands 

were also pan-cytokeratin positive (green; merged seen as yellow) (Fig. 6.2F and fig. 

6.3D). CD45 expression (red; 6.3 J and N) was specifically restricted to donor derived 

infiltrating leukocytes (red; fig. 6.3K; merged yellow; 6.3L). These studies confirmed 

that the marrow-derived cells had differentiated to a gastric epithelial phenotype, ruling 
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FIGURE 6.2 BETA-GALACTOSIDASE IMMUNOHISTOCHEMISTRY (IHC) OF 
STOMACHS FROM C57BL/6 MICE TRANSPLANTED WITH ROSA26 MARROW.
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FIGURE 6.2 BETA-GALACTOSIDASE IMMUNOHISTOCHEMISTRY (IHC) OF 

STOMACHS FROM C57BL/6 MICE TRANSPLANTED WITH ROSA26 

MARROW. 

(A and C) Mock-infected mice do not demonstrate any BMDC engraftment, as evidenced 

by lack of beta-galactosidase staining. (B and D) H. felis – infected mice have substantial 

architectural distortion and betagalactosidase – positive (brown) GIN. Fluorescence IHC 

for cytokeratin (green) and betagalactosidase (red). (E) Glands within GIN from an 

infected mouse transplanted with wildtype marrow do not express betagalactosidase. (F) 

Glands within GIN from an infected mouse transplanted with ROSA26 marrow 

demonstrate beta-galactosidase expression (red), colocalized with cytokeratin (green) to 

form yellow, confirming epithelial differentiation of integrated BMDC. Occasional 

mononuclear leukocytes are betagalactosidase positive (red) and cytokeratin negative. 

Scale bars, 400 mm [(A) and (B)], 160 mm [(C) and (D)], 40 mm [(E) and (F)]. 
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FIGURE 6.3 IDENTIFICATION OF MARROW DERIVED CELLS IN THE GASTRIC 
MUCOSA USING IMMUNOFLUORESCENCE (IF).
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FIGURE 6.3 IDENTIFICATION OF MARROW DERIVED CELLS IN THE 

GASTRIC MUCOSA USING IMMUNOFLUORESCENSE (IF). 

Mice transplanted with ROSA26 (A-D and I-L) or WT (E-H and M-P) marrow were 

infected with Helicobacter felis for 52 weeks. Nuclear morphology is similar (DAPI 

staining, first panel-blue) in all groups. Gastric mucosal cells stain for cytokeratin 

(second panel- green) in both the ROSA26 (B) and the WT (F) transplanted mouse. Beta-

galactosidase expression (third panel- red) within gastric gland units is only seen in the 

mouse transplanted with ROSA26 (C) and not WT (G) marrow. In the merged panels 

(last column) the mouse transplanted with ROSA26 marrow (D) demonstrates 

colocalization of beta-galactosidase (red) with cytokeratin (green) producing yellow 

while (H). WT mice do not co-localize signals. Infiltrating inflammatory cells are CD45 

positive (green) in mice transplanted with ROSA26 (J) or WT (N) marrow. 

Betagalactosidase (red) is only expressed in ROSA26 (K) derived leukocytes, and is not 

found in WT (O) transplanted mice. Merged CD45 (green) and beta-galactosidase (red) 

are seen as yellow (L) in the ROSA transplant mice, and this merged signal is absent in 

WT mice (P). 
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out the unlikely possibility that the observed staining pattern was due to lymphocytes 

(CD45+) intercalating into the gland structure.  

 

3. Engrafted BMDCs contain the LacZ/Neo fusion gene. 

 

Although these analyses directly showed β-galactosidase enzyme activity (X-gal 

staining) and protein abundance (IHC), we further evaluated BMDCs within the 

epithelium for the lacZ/Neo fusion gene specific to donor cells from the ROSA26 mouse. 

Laser capture microdissection was used to capture and isolate entire X-gal–positive 

glands from chronically H. felis–infected ROSA26 and wild-type transplanted mice (Fig. 

6.4, A and B). This was followed by a polymerase chain reaction (PCR) with specific 

lacZ/Neo fusion gene primers, followed by sequence analysis verified these cells to be of 

donor origin (Fig. 6.4C, lanes 1, 2 and 4). Water control of the PCR reaction was 

negative (Fig. 6.4C, lane 5).  

 

4. Gastric mucosal cells sorted and analyzed by flow cytometry. 

 

As a further additional test to prove for bone marrow origin of the gastric 

epithelial cells, we used a completely independent model of labeled bone marrow 

reconstitution. Female C57BL/6 mice were lethally irradiated, transplanted with bone 

marrow from male transgenic mice expressing chicken β-actin-EGFP (enhanced green 

fluorescent protein), and then infected with H. felis for 15 to 16 months. Dispersed gastric 
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FIGURE 6.4. ENGRAFTED BMDC CONTAIN THE LACZ/NEO FUSION GENE.
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FIGURE 6.4 ENGRAFTED BMDC CONTAIN THE LACZ/NEO FUSION GENE. 

Laser capture microdissection was used to isolate beta-galactosidase positive gastric 

glands (A- boxes 1 and 2) or beta-galactosidase positive infiltrating leukocytes (A-box 4) 

from a mouse transplanted with ROSA26 marrow. As a negative control, we used a 

captured gastric gland from a mouse transplanted with WT marrow (B- box 3). (C) PCR 

for the LacZ/Neo fusion gene and GAPDH show that the LacZ/Neo expression is specific 

to engrafted cells. The numbers correspond to the boxes in panels (A) and (B). Lane 5 is 

a water control. 
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mucosal cells from these mice were sorted by flow cytometry (Fig. 6.5A) into 

GFP+/CD45+ (P4) – donor derived leukocytes, GFP+/CD45– (P5) – donor derived 

epithelial cells, and GFP–/CD45– (P6) populations – host derived epithelial cells, 

subsequently stained for pan-cytokeratin, and also analyzed by fluorescent in situ 

hybridization (FISH) for X and Y chromosomes. The CD45– populations were 

consistently positive for pan-cytokeratin (Fig. 6.5, D and F), which indicates their 

epithelial nature, whereas CD45+ cells were negative for this marker (Fig. 6.5B) – 

indicating their nonepithelial lineage. GFP–/CD45– cells contained two X chromosomes 

(Fig. 6.5G), which confirms them to be of host origin, whereas all GFP+ cells were 

consistently positive for both X and Y chromosomes by FISH (Fig. 6.5, C and E), which 

demonstrates that they are of donor bone marrow origin.  

 

5. Tumor cells are GFP positive, Y chromosome positive and coexpress cytokeratin.  

 

Analysis of tissue sections from the female mice transplanted with bone marrow 

from male transgenic mice expressing chicken β-actin-EGFP (Fig. 6.6) demonstrated that 

tumor cells were GFP positive (brown stain) (Fig. 6.6B and C) and Y chromosome 

positive (green signal) and expressed cytokeratin (red signal) (Fig. 6.6E and F). FISH for 

Y chromosome is negative in the female-to-female transplant animal (cytokeratin; red) 

(Fig. 6.6D). These studies, using two independent markers (GFP and Y chromosome), in 

addition to the β-galactosidase marker, confirmed that in Helicobacter-infected mice, 

bone marrow– derived cells could give rise to gastric epithelial cancer.  
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FIGURE 6.5 GASTRIC MUCOSAL CELLS SORTED AND ANALYZED BY FLOW 
CYTOMETRY.
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FIGURE 6.5 GASTRIC MUCOSAL CELLS SORTED AND ANALYZED BY 

FLOW CYTOMETRY (FACS). 

(A) FACS sorting of gastric mucosal cells from long-term H. felis – infected female mice 

transplanted with male GFP+ bone marrow. Three populations were sorted and 

characterized further. (B) The population sorted, as GFP+/CD45+ (P4) does not stain for 

cytokeratin (hematoxylin counterstained). (C) X (red) and Y (green) FISH confirms that 

the GFP+/CD45+ (P4) population is made up of donor-derived leukocytes. (D) The 

population sorted as GFP+/CD45– (P5) is made up of donor derived engrafted gastric 

mucosal cells that stain for cytokeratin (brown) and (E) contain both X and Y-

chromosomes by FISH. (F) GFP–/CD45– cells (P6) are cytokeratin positive and (G) 

contain two X chromosomes, confirming that they are host-derived gastric epithelial 

cells. 
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FIGURE 6.6 TUMOR CELLS ARE GFP POSITIVE, Y CHROMOSOME POSITIVE 
AND EXPRESSED CYTOKERATIN.
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FIGURE 6.6 TUMOR CELLS ARE GFP POSITIVE, Y CHROMOSOME 

POSITIVE AND EXPRESSED CYTOKERATIN. 

(A) Female wild-type mouse transplanted with female wild-type marrow does not stain 

for GFP by IHC. (B and C) Female mouse transplanted with male GFP marrow shows 

positive IHC staining for GFP (brown staining) in tumor cells. (D) FISH for Y 

chromosome (green) is negative in the female-to-female transplant (cytokeratin; red). (E 

and F) Tumors from male-to-female transplants show numerous Y-chromosomes (green) 

within the nuclei (black) of cytokeratin-positive (red) cells. 
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6. BMDCs did not fuse with gastric epithelium after engraftment. 

 

Cell-to-cell fusion, where an engrafting cell merges with a preexisting 

differentiated target cell, is another way towards multilineage plasticity. The resulting 

tetraploid cell could be one nucleated (if nuclear fusion occurred) or binucleated, if it did 

not. However, a reductive division may then follow, which could result in a mixed 

nucleus-cytoplasm combination. 

Using three methods, we next addressed whether fusion occurred between 

BMDCs and the gastric epithelium. First, we examined histological sections containing 

bone marrow–derived epithelial cells and found that cells contained only a single 

nucleus; no binucleate cells were seen. Second, we used fluorescence activated cell 

sorting (FACS) of propidium iodide–stained cells to determine DNA content in wild-type 

tissues, early infection prior to engraftment, and BMDCs carcinoma, and did not 

demonstrate any difference between these groups (Fig. 6.7). Third, in female mice 

transplanted with male GFP transgenic marrow, we evaluated 10,000 GFP+/CD45– 

pancytokeratin+ FACS-sorted gastric cells, using FISH, and showed a single X and a 

single Y chromosome in all cells examined (Fig. 6.5E). These studies strongly suggest 

that stable fusion did not occur. In our initial reconstitution studies, whole bone marrow 

was used to minimize cell manipulation, which can alter growth potential and behavior of 

stem cells (77, 208).  
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FIGURE 6.7 FURTHER EVIDENCE THAT STABLE FUSION IS NOT THE MECHANISM 
BY WHICH BMDC DIFFERENTIATE TO GASTRIC MUCOSAL CELLS, METAPLASIA, 
DYSPLASIA OR EARLY CANCER.

IMMUNOHISTOCHEMISTRY FOR X-GAL (BROWN)
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FIGURE 6.7 FURTHER EVIDENCE THAT STABLE FUSION IS NOT THE 

MECHANISM, BY WHICH BMDC DIFFERENTIATES TO GASTRIC 

MUCOSAL CELLS, METAPLASIA, DYSPLASIA OR EARLY CANCER. 

(A) DNA content and gastric mucosal histology from a one-year-old male WT mouse 

without Helicobacter infection (B) WT transplanted with ROSA26 marrow and infected 

for 12 weeks or (C) 52 weeks. Single cell preparations were prepared from the gastric 

mucosa and analyzed by FACS for DNA content. The number of >2N cells was not 

different between groups. Histology confirms the presence of a single nucleus in each 

mucosal cell. In long term infected mice (C) GIN is seen in the H&E section, with the 

majority of mucosa at the squamocolumnar junction along the lesser curvature replaced 

by BMDC (brown staining- IHC for beta-galactosidase, bottom panel). Only single nuclei 

are seen in these BMD-gastric epithelial cells. 
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7. Mesenchymal stem cells, but not the hematopoietic stem cells, acquired a gastric 

mucosal phenotype when exposed to primary epithelial cell cultures. 

 

To identify the population of cells within the bone marrow responsible for gastric 

mucosal engraftment, we cultured hematopoietic stem cells (HSC) (lineage depleted, 

RhodullHodull) or adherent mesenchymal stem cell (MSC) populations in Transwell culture 

plates in contact with the soluble components of control medium or culture medium from 

primary gastric epithelial cell cultures. Neither HSC nor MSC populations expressed 

epithelial markers (TFF2 or KRT1-19 – keratin 1-19) at the time of isolation or after 

culture with control medium. MSC cultures, but not HSC cultures, showed a marked up-

regulation of both KRT1-19 and TFF2 at 24 and 48 hours when exposed to the soluble 

components of gastric epithelial tissue, which demonstrates that MSC (but not HSC) 

acquired a gastric mucosal cell–gene expression pattern without cell-to-cell contact or 

fusion (Fig. 6.8).  

 

8. Acute alcohol and H. felis induced inflammation promote a significant upregulation 

of stromal derived factor 1 (SDF-1) in the stomach. 

 

Next, we wanted to test if the components of the CXCR4/SDF-1 axis have a role 

to play in the stem cell mobilization towards an inflamed stomach mucosa. To do this we 

performed real time RT-PCR analysis on whole gastric mucosa from H. felis–infected 

C57BL/6 mice (6 and 12 months after infection), which showed a substantial up-
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FIGURE 6.8 THE GASTRIC MUCOSA PROMOTES DIFFERENTIATION OF 
MESENCHYMAL STEM CELLS TOWARD AN EPITHELIAL CELL PHENOTYPE.
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FIGURE 6.8 THE GASTRIC MUCOSA PROMOTES DIFFERENTIATION OF 

MESENCHYMAL STEM CELLS (MSC) TOWARD AN EPITHELIAL CELL 

PHENOTYPE. 

Hematopoietic stem cells (HSC) or MSC were cultured in control medium or with the 

soluble components of a primary gastric mucosal cell culture followed by RT-PCR after 

48-hours. Lane 1: Negative water control. Lane 2: Positive control- RNA isolated from 

the gastric mucosa from an infected male mouse KRT1-19 (epithelial cell cytokeratin), 

CD45 (from infiltrating leukocytes), and TFF2 (metaplastic cell lineage marker) are all 

expressed. Lane 3: Mesenchymal stem cells cultured in the presence of gastric mucosa do 

not express CD45 but do express both KRT1-19 and TFF2. MSC do not express these 

epithelial cell markers under control conditions (lane 4). Lane 5- Lineage depleted 

Rhodull, Hodull (HSC) cells express CD45, but do not express KRT1-19 or TFF2 when 

exposed to gastric mucosal environment or with control medium (lane 6). Loading 

quantity was standardized with GAPDH. 
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regulation of SDF-1 and CXCR4 compared with uninfected age-matched controls (Fig 

6.9A and B). Immunohistochemistry performed on the stomach tissue confirms the 

presence of CXCR4 on the dysplastic epithelial glands in an infected animal (Fig 6.9 C 

and D). Recent evidence suggests that SDF-1/CXC4 axis plays an important role not only 

in mobilization of the bone marrow cells, but also in tumor cell growth, mobilization and 

metastasis (216-219).  

We were also able to confirm the upregulation of these two factors in an acute 

inflammation model using ethanol. Acute alcohol injury in mice induces up to 9 fold 

SDF-1 upregulation in the stomach (Fig. 6.10A) and a severe inflammation score (2.5) 

for epithelial lesion changes, after giving mice 3 doses of alcohol (Fig. 6.10B and D). 

Histological analysis shows diffuse mucosal ulceration and severe lymphocytic 

infiltration in the stomach, which looked hemorrhagic on gross examination. Therefore, 

the acute alcohol injury model could be used to study the homing properties of the 

BMDCs. 

 

9. Red fluorescent protein (RFP) positive mesenchymal stem cells (MSC) home in the 

stomach and differentiate into gastric epithelial cells. 

 

Our laboratory had developed several culture adapted mesenchymal stem cell 

lines from a male C57BL/6J mouse by continuous propagation of its total bone marrow in 

tissue culture (220). With each passage, cells that were attached to the plate and became 

confluent were analyzed for their ability to form foci or grow in soft agar, proving if they 

underwent transformation. FACS analysis of our MSC showed that they were CD44 
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FIGURE 6.9 SDF-1 AND CXCR4 UPREGULATION IN THE STOMACH AFTER 
HELICOBACTER INFECTION.
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FIGURE 6.9 SDF-1 AND CXCR4 UPREGULATION IN THE STOMACH AFTER 

HELICOBACTER INFECTION.  

Gene expression is determined using real-time RT-PCR on total RNA from the stomachs 

of mice. Gene expression is represented in folds increase of gene expression over control 

group (1 fold), using β-actin as an internal control. (A) SDF-1 (B) CXCR4 

Immunohistochemistry for CXCR4; (C) control mouse; (D) gastric mucosa of a mouse 

infected with H. felis for 6 months (arrow points a positive (brown) stained cell). 

Magnification, 60x. Counterstaining with hematoxylin. 
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control mouse; 40x alcohol, 96 hours; 40x

FIGURE 6.10 ACUTE ALCOHOL INJURY CAUSES SEVERE INFLAMMATION AND 
SDF-1 UPREGULATION IN THE STOMACH
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FIGURE 6.10 ACUTE ALCOHOL INJURY CAUSES SEVERE 

INFLAMMATION AND SDF-1 UPREGULATION IN THE STOMACH.  

(A) SDF-1 expression was determined using real-time RT-PCR on total RNA from the 

stomachs of mice. Control mice did not receive an alcohol dose. Alcohol (5 gm/kg) was 

given once at 24h, 48 h, 72h and 96h respectively. Expression is represented in folds 

increase of gene expression over control group (1 fold). *p<0.001. (B) Mucosa injury 

scoring in the stomach at the same time points as in (A), based on analysis of 

inflammation, epithelial lesion changes and mucosa thickness (edema). *p<0.05. (C) 

Normal histology of a control mouse. (D) Histology of mouse stomach exposed to 

alcohol for 96 hours. Magnification, 40X. N=5. 
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positive and CD45 negative, as known in literature. After 12 months of culture we were 

able to isolate a MSC colony that had a fibroblast - like phenotype, which was not 

different from the fresh cultured MSC. When our MSC were tested for lineage-specific 

markers, like cytokeratin, desmin, CD31, S100, etc., the results showed that they are not 

committed to any lineage differentiation. In order to be able to keep track of these cells in 

vivo, they were stably transfected with RFP and GFP constructs. When injected 

subcutaneously into mice, our RFP positive MSC were able to grow into subcutaneous 

tumors that had a natural appearance of fibrosarcoma. Moreover, our cells were able to 

transdifferentiate into fat, bone, cartilage, epithelial and endothelial cell lineages of the 

host mouse, after receiving a subcutaneous injection with cells, proving their functional 

plasticity was preserved. By injecting these cells subcutaneously we are mimicking a 

continuous influx of MSC into the host. An intravenous injection of these cells results in 

a low frequency engraftment of the skin, GI tract, mesentery and genitourinary tract 

(220).  

We have used these cells to study the homing of MSC into the stomach in a 

setting of chronic inflammation induced by Helicobacter infection. Our MSC are useful 

for this purpose because they resemble freshly cultured MSC, are not committed to 

differentiated lineages and preserved their plasticity in vivo.   

RFP labeled MSC (MSC-RFP+) were injected subcutaneously into mice infected 

with H. felis for four months. The transdifferentiation of MSC into epithelial gastric cells 

occurred along with differentiation into submucosal non-epithelial cells, which was 

evaluated by direct fluorescence for RFP on frozen section (Fig. 6.11D and H), FISH for 

Y chromosome (green) costained with immunofluorescence for cytokeratin (red) (Fig. 
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FIGURE 6.11. RED FLUORESCENT POSITIVE (RFP) POSITIVE MESENCHYMAL 
STEM CELLS (MSC) HOME AND DIFFERENTIATE INTO GASTRIC EPITHELIAL 
CELLS.
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FIGURE 6.11 RED FLUORESCENT PROTEIN (RFP) POSITIVE 

MESENCHYMAL STEM CELLS (MSC) HOME IN THE STOMACH AND 

DIFFERENTIATE INTO GASTRIC EPITHELIAL CELLS. 

Immunohistochemistry for RFP on stomach tissue. (A) Mouse infected with H. felis for 6 

months, but not injected with MSC; (B) Infected with H. felis for 6 months that was 

injected with RFP positive MSC. Positive RFP immunohistochemistry staining is seen on 

stomach tissue (brown color). Counterstaining was done with hematoxylin.  

Direct fluorescence on stomach tissue. (C) Negative for RFP of a mouse infected with H. 

felis for 6 months, but was not injected with MSC. (D) Positive for RFP on a mouse 

infected with H. felis for 6 months, which was injected with MSC. Counterstaining done 

with DAPI, cell nuclei are stained with blue.  

FISH for Y chromosome. (E) Male mouse stomach. Y chromosome is stained in green, 

seen in most of the glandular cells. (F) Female mouse stomach is negative control for Y. 

Y chromosome staining is not seen in any of the in any of the glandular cells. Nuclei 

stained with DAPI in blue and cytokeratin stained in red. (G) Female mouse stomach 

infected with H. felis for 6 months and injected with MSC (male). Arrows point to Y 

positive cells in the glandular structures of the stomach. (H) Female mouse stomach 

infected with H. felis for 6 months and injected with MSC. Arrows point to Y positive 

cells in the submucosa of the stomach. These cells are not epithelial in origin, therefore 

negative for cytokeratin (red). Magnification, A and B (40X); C, D, E, F, G, H (60X).  
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6.11G and H) and immunohistochemistry for RFP on paraffin sections (Fig 6.11B). 

Control infected mice that did not receive injected cells were negative for RFP by 

immunohistochemistry (Fig 6.11A) and Y chromosome (Fig 6.11F). These results prove 

the ability of the MSC to home and transdifferentiate into stomach mucosal cells of both, 

epithelial and nonepithelial lineages. 

 

10. MSC express a functional CXCR4, which is knocked down after their transfection 

with short hairpin CXCR4 constructs. 

 

In order to assess the role of the SDF-1/CXCR4 axis in the pathogenesis of 

Helicobacter induced disease we knocked expression of CXCR4 down, by transfecting 

our MSC-RFP+ cells with short hairpin RNA for CXCR4 or its scramble control. Total of 

three different RNAi clones were used and, transfection efficiency was assessed using 

GFP fluorescence, which they encode.  

FACS analysis of the MSC-RFP+ shows that they express CXCR4 (Fig. 6.12G, 

blue histogram), also conformed by western blotting (Fig. 6.12H, lane 1).  

MSC-RFP+ cells were transfected with shScramble construct (control vector, 

named shScramble cells) or sequentially with shCXCR4 clone 1, 2, and 3 (called from 

here on shCXCR4 cells) constructs. Fluorescent microscopy of live cells confirmed that 

both cells lines were efficiently transfected with GFP and preserved their RFP positivity 

in vitro (Fig. 6.12B, C, E and F). Western blot analysis of the same cell lines, shows the 

strongest CXCR4 down regulation of the MSC transfected with all three clones of 

shCXCR4 (Fig. 6.12G, last lane).  
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FIGURE 6.12 MSC EXPRESS A FUNCTIONAL CXCR4, WHICH IS KNOCKED DOWN 
AFTER THEIR TRANSFECTION WITH SHORT HAIRPIN CXCR4 CONSTRUCTS. 
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FIGURE 6.12 MSC EXPRESS A FUNCTIONAL CXCR4, WHICH IS KNOCKED 

DOWN AFTER THEIR TRANSFECTION WITH SHORT HAIRPIN CXCR4 

CONSTRUCTS. 

(A) shScramble MSC viewed under light microscopy, they are RFP positive (B) and 

acquired a GFP signal (C) after their cotransfection with the shScramble plasmid. (D) 

shCXCR4 MSC cells viewed under light microscopy, without any morphological 

changes observed, they preserved their RFP positivity (E) and gained a GFP signal (F) 

after a cotransfection with three different clones of shCXCR4. (G) WB for CXCR4 on 

total protein extracts from shScramble cells, MSC transfected with shCXCR4 clone1, 

shCXCR4 clone 1 and 2, and shCXCR4 clone1 and 2 and 3. β-actin was used as a 

loading control for each sample. Magnification, 20X.  
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11. SDF-1 stimulated MSC reduce their cAMP levels and promote their migration in a 

Transwell system. 

 

SDF-1 stimulation of CXCR4 results in activation of Gi protein, which will inhibit 

the adenylate cyclase function, therefore resulting in a reduction of cyclic AMP (cAMP) 

levels in the cell. Stimulation of MSC-shScramble cells resulted in downregulation of 

cAMP by almost 50%, which was statistically significant (p<0.00006) (Fig 6.13A). On 

the other hand, the knock down CXCR4 cell line had a statistically insignificant change 

in cAMP levels (p<0.23), which confirms its inability to trigger CXCR4 signaling (Fig. 

6.13A). 

Measuring MSC migration through a Transwell system towards a SDF-1 gradient 

in vitro further tested CXCR4 functionality. An overnight stimulation of MSC-

shScramble cells with 100ng/ml of SDF-1 resulted in a 200% increase in migration 

through the membrane when compared to migration of nonstimulated cells, which occurs 

by gravity (Fig. 6.13B and C). When shCXCR4 cells were stimulated in the same 

conditions, there were no changes in migration conforming a nonfunctional CXCR4 

receptor (Fig. 6.13B and C). Therefore, CXCR4 knockdown MSC (shCXCR4 cells) 

could be used as a “loss of function” model for addressing gastric mucosal homing. 

 

12. MSC homing in acute gastric inflammation is dependent on CXCR4 activity 

 

In order to study homing of MSC to the gastric mucosa, we employed an acute 

injury model which allowed us to precisely time the injection of circulating cells with the 
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FIGURE 6.13 shCXCR4 EFFECTIVELY BLOCKS CXCR4-SDF-1 MEDIATED
cAMP REDUCTION AND PREEVENTS CELL MIGRATION. 
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FIGURE 6.13 shCXCR4 EFFECTIVELY BLOCKS CXCR4-SDF-1 MEDIATED 

cAMP REDUCTION AND PREVENTS CELL MIGRATION  

shCXCR4 or shScramble MSC were stimulated with 100ng/ml of SDF-1 for 10 min and 

cAMP was measured by ELISA. 

 (A) shScramble cells down regulated cAMP by almost 50%, which was statistically 

significant; (* p<0.00006). shCXCR4 cells decreased cAMP concentration by less then 

30%, but failed to reach a statistical significance. (p<0.23). shCXCR4 or shScramble 

MSC were stimulated with 100ng/ml of SDF-1 for 12 hours and migrated cells were 

counted by Giemsa staining on the bottom of the plate.  

(B) shScramble cells were able to migrate by almost 200% of its nonstimulated control. 

(* p<0.05). shCXCR4 failed to migrate under the same conditions. (p>0.05). (C) 

shScramble and shCXCR4 cells counted on the bottom of the plate. Magnification 20X. 

All experiments repeated 3 times. 
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availability of adequate SDF-1 levels. Mice were given ethanol at a dose of 5mg/kg of 

mouse body weight by oral gavage every 24h 4 times. The control group was given PBS 

of the same volume (200 µl). Because SDF-1 levels peaked at 72 hours after the first 

injection (Fig. 6.10B and D), we chose to give intravenously via a tail vein 1 million of 

either shScramble or shCXCR4 cells at 6 hours before the 3rd dose of ethanol. Animals 

were sacrificed 12h after the cells were injected. Cells with a functional CXCR4 

(shScramble cells) were recovered in the gastric mucosa using PCR for RFP (alcohol 

group - 5.6 folds (p<0.05) and no alcohol group - 4.3 folds (p<0.05), while the cells with 

a nonfunctional CXCR4 (shCXCR4 cells) failed to produce a positive PCR. Control 

mice, with or without alcohol administration, did not have any RFP expression (Fig. 

6.14A).  

Gastric mucosa was also evaluated by direct fluorescence microscopy for RFP.  

The results supported the findings in the RFP PCR experiment. That is, mice that were 

injected with shScramble cells had RFP positive cells in the gastric mucosa, while 

shCXCR4 injected cells were not found by direct fluorescence in the mice stomach (Fig. 

6.14B, C, D and E). We did not look into the phenotype of the homed MSC in the 

stomach, since more then 12 hours are needed for these cells to differentiate into 

epithelial lineages. 
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FIGURE 6.14 MSC REQUIRE A FUNCTIONAL CXCR4 RECEPTOR FOR HOMING
IN THE GASTRIC MUCOSA.
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FIGURE 6.14 MSC REQUIRE A FUNCTIONAL CXCR4 RECEPTOR FOR 

HOMING IN THE GASTRIC MUCOSA.  

Real time PCR for RFP on total stomach DNA: (A) Positive signal was detected in the 

shScramble groups, with or without alcohol. (*p<0.05) and (**p>0.05). N=3-5 animals 

per group. Statistical analysis was done using a nonparametric analysis (Mann-Whitney 

test). Direct fluorescence for RFP: (B) Positive cells (red) in the stomach mucosa of mice 

injected with shScramble cells and alcohol. (C) Positive cells (red) in the stomach 

mucosa of mice injected with shScramble cells, without alcohol. (D) and (C) no RFP 

cells detected.  
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Summary 

 

The ability of BMDCs to differentiate into different embryonic lineages 

(ectoderm, mesoderm and endoderm) is supported by an overwhelming amount of 

publications (76, 77, 177-194). The inflammation of peripheral tissue, where the adult 

stem cells reside, causes an overexpression of inflammatory mediators (chemokines, 

cytokines) resulting in failure of the adult stem cell population. It is believed that the 

bone marrow’s role is to repopulate the adult tissues with new progenitors, thus 

mediating a repair and a reconstruction process. It is unclear what would happen to the 

stem cell fate when exposed continuously to a chronic inflammatory environment.  

The theory of cancer stem cells implies that many tumors rise from a stem cell, 

which is able to differentiate into all cell types of the tumor and self-renew, just like a 

tissue stem cell. Because cancer is considered to be a disease of unregulated self-renewal, 

the understanding of stem cell self-renewal may facilitate our understanding of cancer 

cell proliferation. Cancer stem cells along with the normal stem cells share self-renewal 

ability; one may extrapolate that cancer stem cells and normal stem cells use the same 

pathways and regulation mechanisms to control cell division. Indeed, the Notch and Wnt 

signaling pathways regulate normal stem cell self-renewal, and are also implicated in 

carcinogenesis. 

Here, I use H. pylori infection to explore the interaction of the inflammatory 

environment within the gastric tissue with a stem cell, emphasizing on how the gastric 
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stem cell responds to inflammation. We believe that in response to chronic Helicobacter 

infection MSC can home to and engraft into the gastric mucosa, contributing over time to 

metaplasia, dysplasia, and cancer. We now recognize that a peripherally located stem cell 

(rather than a terminally differentiated cell) is the target of transformation; this may be 

the cancer stem cell or tumor-initiating cell that is responsible for cancer growth.  

CXCR4/SDF-1 axis is an important tool used by MSC for homing. MSC not only 

express CXCR4, but also respond with migration and internal signaling when stimulated 

by SDF-1. Here, we showed how a functional CXCR4 is necessary for homing of MSC 

into the gastric mucosa, while the loss of function does not result in homing.  

Next, we are going to test if homing is a CXCR4 dependent process in the setting 

of chronic Helicobacter infection using ore mouse model. We are going to infect mice 

with H. felis and inject them with shScramble or shCXCR4 cells, and then analyze their 

stomachs at different time points (2, 4, 6, 12 months) for engraftment and differentiation 

of MSC into epithelial cancer cells of the stomach. Based on our preliminary conclusions 

drawn from the homing experiment with alcohol-induced inflammation, we hypothesis 

that CXCR4-SDF-1 axis is indeed necessary for MSC to initiate the gastric 

adenocarcinoma in our mouse model of disease.  

The concept that epithelial cancers can arise from BMDCs greatly alters our 

overall understanding of cancer initiation and progression and has broad implications for 

the development of anticancer therapies. The focus of anticancer cure, based on our 

findings, has to focus also on treating chronic inflammation, eliminate the causes of 

chronic inflammation and preventing a normal stem cell become a cancer stem cell.  
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The host immune response plays a critical role in determining disease 

manifestations of chronic infections. Inadequate immune response may fail to control 

infection, although in other cases the specific immune response may be the cause of 

tissue damage and disease. More than one organism infects the majority of patients with 

chronic infections, yet the interaction between multiple active infections is not known, 

nor is the impact on disease outcome clear. Using the BALB/c strain of mice, we showed 

that Toxoplasma gondii infection in a host infected with Helicobacter felis alters the 

natural outcome of T. gondii infection, allowing uncontrolled tachyzoite replication and 

severe organ damage. In addition, infection with T. gondii alters the specific H. felis 

immune response, converting a previously resistant host to a susceptible phenotype. 

Dual-infected mice had developed a skewed immune response towards a Th1 phenotype. 

These changes were associated with severe gastric mucosal inflammation, parietal cell 

loss, atrophy, and metaplastic cell changes. These data demonstrate the profound 

interactions between the immune response to unrelated organisms, and suggest these 

types of interactions may impact clinical disease.  

The interaction between different microbes in the same host has an important 

implication for the human pathology. The prime example is the HIV (human 

immunodeficiency virus) infection and other viruses, like Hepatitis C or B, Epstein Bar 

virus (EBV), cytomegalovirus virus (CMV), and human T-cell lymphotropic virus. It is 

well known that coinfection with hepatitis C virus (HCV) and HIV is associated with 

increased HCV replication and a more rapid progression to severe liver disease, including 

the development of cirrhosis and hepatocellular carcinoma (221). Coinfection of HIV and 

EBV leads to a higher risk of developing lymphoma in humans. The coinfection of 
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helminthes and viruses has a great deal of importance as well. Furze et al. have described 

how the coinfection with Trichinella spiralis ameliorates the clinical picture of influenza 

virus (222); on the other hand ascaridosis protects against cerebral and blood-stage 

malaria (223, 224). It is very important to be aware of all coinfections that affect the 

human body as this may lead to improved clinical outcomes when treating against one 

pathogen. 

To further elucidate the role of Th1 cytokines and their regulation in Helicobacter 

induced inflammation, we used C57BL/6 mice to identify T-bet as a central regulator of 

the cytokine environment during infection. Despite sustained infection, T-bet KO mice 

responded with a blunted Th1 response associated with preservation of parietal and chief 

cells and protection from the development of gastric cancer. Unexpectedly, T-bet KO 

mice develop a gastric environment that would not be expected based on the phenotype 

of T-bet KO CD4 cells alone, but also to NK cells, that produce a non T-bet dependent 

IFNγ. Activity of T-bet modulates the expression of the key gastric mucosal cytokines 

(IFNγ, TNF-α and IL-1β) associated with gastric cancer and may be a target for therapy 

to restore immune balance clinically in patients at risk for gastric cancer. Studying the 

presence of single nucleotide polymorphisms (SNP) (225) in the human T-bet gene may 

provide additional clues in determining how host genetics influences the disease 

outcome. 

There is evidence that Fas signaling may have a role in proliferation, and in some 

cases function as an oncogene (80). Because gastric mucosal cells acquire many 

characteristics of immune cells during Helicobacter infection, including cytokine 
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production (226) and the capacity to present antigens (227), we addressed whether cells 

within the infected gastric epithelium possess MHCII/Fas Ag interactions similar to those 

found in lymphocytes and/or dendritic cells. We showed that MHCII molecules inhibit 

Fas-mediated signaling in gastric mucosal cells through inhibition of receptor aggregation 

and prevention of downstream caspase activation by an actin cytoskeleton-dependent 

mechanism. Under conditions of self-limited inflammation, MHCII expression by gastric 

mucosal cells may be beneficial. Indeed, presentation of antigens by gastric mucosal cells 

and binding of Helicobacter organisms directly to the MHCII complex (120, 123) have 

been reported and potentially play a role in coordinating the local immune response to 

infection. However, the immune response is ineffective, and failure to eliminate the 

organism results in a continued inflammatory state. Under these conditions, MHCII 

expression may become detrimental. The inhibition of apoptosis due to MHCII 

involvement may be one mechanism by which abnormal clones of cells avoid apoptosis 

and may help explain the progression of the metaplastic cell lineage to adenocarcinoma. 

Retrospective studies suggest that differences in patient susceptibility to gastric cancer 

may be linked to the MHC locus [for example, expression of the MHC DQA1*0102 

allele is associated with a decreased risk of intestinal-type gastric adenocarcinoma (228)], 

offering the exciting possibility of further identifying the genetic compositions of patients 

most at risk for gastric cancer and offering targeted intervention based on these signaling 

alterations. 

While it is widely accepted that the cancer stem cell derives from a peripheral 

tissue stem cell pool, there is accumulating evidence from mouse and human studies that 

mobilized pluripotent stem cells originating in the bone marrow may seed distant sites of 
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injury and act as the cancer stem cell (127, 220, 229-233), and may contribute to tumor 

stroma as fibroblasts, myofibroblasts and endothelial cells (234-238), and provide crucial 

signals to the tumor stem cells. The pressing questions therefore remain. What is it about 

the inflammatory environment that encourages the malignant growth of peripheral organ 

stem cells? What are the environmental factors, which call in circulating pluripotent stem 

cells, allowing them to become established within injured tissue? 

 Within the bone marrow are at least two populations of stem cells, hematopoietic 

and mesenchymal stem cells.  The hematopoietic stem cell is responsible for producing 

all the formed elements of the blood.  The mesenchymal stem cell was originally 

recognized as essential for the production of stromal support cells necessary for 

hematopoiesis, and later recognized as having tri-lineage potential, with the ability to 

differentiate to bone, cartilage and fat.  More recently the mesenchymal stem cell has 

been shown to possess the plasticity to differentiate down most all cell lineages in the 

body and participate in tissue restoration and healing as epithelial cells as well as stromal 

cells.  Under normal physiologic conditions, multiple types of epithelial cells have been 

shown to be derived from bone marrow cells including epithelium of the lung, 

gastrointestinal tract and skin (76). Single bone marrow derived stem cells have been 

shown experimentally to expand within the host and transdifferentiate into diverse 

epithelial lineages.  These data strongly support the existence of a single pluripotent stem 

cell rather than multiple committed progenitor cells as the cell of origin (173).  

Within the gastrointestinal tract, isolated BM-derived epithelial cells in the gastric 

pits of the stomach, the small intestinal villi, the colonic crypt, and rarely in the 

esophagus appear as single differentiated epithelial cells, and do not appear to engraft 
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into the stem cell niche.  These cells can be recovered months after transplantation so it 

appears that either the cells are long lived, or engraftment is an ongoing process. Their 

role within the peripheral tissue is not clear.   Human studies, which take advantage of 

patients receiving gender-mismatched organs/marrow, also demonstrate this phenomenon 

on BMDCs residing in the peripheral tissues as tissue specific cells.  In these studies, 

BMDCs have been found in increased numbers within the inflamed epithelium, and the 

level of engraftment correlates to some degree with the level of graft verses host disease 

present (239, 240). 

 To evaluate BMDCs activity in an inflammatory model, we used the well-

described H. felis/C57BL/6 mouse model of gastric inflammation and injury (97, 102). 

The C57BL/6 model of Helicobacter felis induced gastric cancer is ideal to address this 

question because C57BL/6 mice do not develop gastric cancer under control conditions, 

but they reliably develop cancer with Helicobacter felis infection (127, 174). The process 

and pathological changes within the stomach recapitulate human disease, where gastric 

cancer in the absence of Helicobacter infection is unusual, while longstanding infection 

carries a significant (up to 1-3%) risk of gastric cancer (17) making this a very useful 

animal model. For these studies, C57BL/6 mice transplanted with marked bone marrow 

were infected with Helicobacter felis, and evaluated at various time points for the 

presence of BMDCs within the gastric mucosa. Engraftment of BMDCs and of culture 

adapted MSC within the mucosa, and differentiation to an epithelial cell phenotype first 

becomes evident at about 20 weeks of infection, corresponding with the appearance of 

metaplastic cell lineages. As time progresses, the number of BMDCs-glands increases 

dramatically suggesting both an expansion of resident BMDCs through proliferation, 
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and/or the recruitment of additional cells (127). Based on these studies, we believe long-

standing inflammation and inflammatory mediated damage is required for BMDCs 

engraftment within the gastric epithelium. Long standing inflammation and tissue 

remodeling is associated with premalignant and malignant conditions, further suggesting 

to us that this environment may be driving the transformation of the BMDCs within 

inflamed sites.  

In addition to epithelial cells within the tumor, BMDCs also comprise a subset of 

cells within the tumor stroma and within seemingly uninvolved epithelium and 

subepithelial spaces adjacent to the tumors. Adipocytes, fibroblast, endothelial cells and 

myofibroblasts derived from bone marrow precursors can be found in areas adjacent to 

dysplasia and neoplasia.   

For as many questions these studies answer, there are more that are raised, and 

remain to be answered. The data from the H. felis induced gastric cancer model implies 

that BMDCs are recruited to the inflamed tissue and there, transform. We do not yet 

know if BMDCs in the tissue regain access to the circulation setting up a scenario where 

environmental influences at one site could affect the BMDCs, which then could grow at a 

different site. If this were the case, it could be imagined that BMDCs that carry mutations 

could home to and engraft into peripheral tissues possibly resulting in malignancy in a 

shorter time frame, or with a more aggressive phenotype (Fig 7.1). Additional work in the 

animal model is needed to address these points.  

 The next dilemma that our hypothesis is facing is, what are mechanisms by which 

the BMDCs are able to mobilize and attach at the “inflammatory niche”? It is known 

from literature that CXCR4/SDF-1 axis is one of the most important tools used by 
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MSC-CXCR4+ cells enter the 
circulation and engraft in 
peripheral tissues within the 
stem cell niche

Not long lived.
Unclear significance as
a terminally differentiated
cell

Exposure to abnormal tissue environment such
as Helicobacter infection leads to epigenetic and 
genetic alterations, activation of signaling pathways 
necessary for self renewal and transformation

Mutated MSC-CXCR4+  
cell may enter the peripheral 
tissue.  Transformation 
of these cells may be more 
rapid and cells may acquire a
more aggressive phenotype invasion

FIGURE 7.1 THE PROPOSED MODEL OF GASTRIC CANCER DERIVED FROM
CXCR4 POSITIVE MESENCHYMAL STEM CELLS. 
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FIGURE 7.1 THE PROPOSED MODEL OF GASSTRIC CANCER DERIVED 

FROM CXCR4 POSITIVE MESENCHYMAL STEM CELLS.  

Mesenchymal stem cells from bone marrow, which are positive for CXCR4, enter the 

circulation and engraft in the inflamed peripheral tissue that secret SDF1 within the stem 

cell niche. If inflammation is not chronic and short lived, these cells will aid with the 

local repair by transdifferentiation into a terminally differentiated stomach mucosa cell. If 

the inflammation perpetuates and becomes chronic, either an already mutated MSC or a 

locally mutated stem cell acquires a mutagenic phenotype, giving rise to neoplasia. The 

later process is also dependent on the CXCR4/SDF-1 axis.  
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mesenchymal stem cells to navigate through to a targeted destination, like an 

inflammatory site. MSC express CXCR4 physiologically, allowing them to migrate in 

vivo and in vitro. Using an acute alcohol injury model in mice we were able to conform 

that a functional CXCR4 receptor is necessary for homing of MSC into the gastric 

mucosa. The “CXCR4 loss of function” model was not tested in our Helicobacter model 

of inflammation, but we expect that homing, followed by engraftment of MSC in the 

stomach would be at least diminished. While the CXCR4/SDF-1 axis seems to be an 

important part of the homing process, it may not be the only tool that is used by the stem 

cells.  

Recently, more molecules that facilitate the mobilization of MSC were described. 

A role for galanin in mesenchymal stem cells migration, probably through activation of 

the GalR2 (galanin receptor-2) receptor, was described by Louridas et. al (241). MSC 

express both, galanin and its receptors; they are able to mobilize in response to galanin in 

vitro using a “wound assay” and in vivo, by homing in the bone marrow of a galanin 

transgenic mouse.  

Zisa et al. have described how intramuscular VEGF is inducing recruitment of 

stem cells into the heart and skeletal muscle hence reducing the cardiomyopathy in a 

hamster model of heart failure (242). Their results show that VEGF was able to recruit 

also CXCR4 positive progenitors along with c-kit positive cells. There may be a 

correlation between the VEGF and CXCR4-SDF-1 axis in homing of MSC?  

Hoxa3 is a transcription factor that is known to promote angiogenesis during 

tissue repair and accelerates cutaneous healing in vivo. Mace et al. group have 
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demonstrated how a skin wound that overexpresses Hoxa3 attracts more bone marrow 

derived cells and improves the rate of healing in mice (243).  

Matrix metalloproteinase one (MMP1) and its cognate receptor PAR1 were 

studied by Ho et al. and determined that MMP1/PAR1 axis is an important mean for 

MSC mobilization towards a glioma tumor microenvironment in vivo and in vitro (244). 

Their model resembles our model of gastric cancer environment attracting in stem cells 

for repair. 

The field of cancer biology has undergone significant shifts in recent years, with a 

focus on identifying and understanding the cancer stem cell.  The evolving picture is one 

of a rare group of cells within a tumor with a surface marker profile and gene expression 

pattern unique to its role as a stem cell. A body of work suggests that the cancer stem cell 

may arise from the bone marrow; however, more work is needed to determine if this 

notion can be extrapolated to other models of cancer.  In addition the importance of 

BMDCs in human cancer needs to be clarified. Characterizing and developing markers 

for the BMDCs subpopulations that can contribute to solid tumors is of major importance 

to facilitate early detection in patients and to develop targeted therapies aimed at the 

cancer stem cell.  It seems likely that some solid tumors may be derived from resident 

tissue stem cells rather than circulating BMDCs, with the environment, genetic make up 

of the host and other factors dictating the cell that undergoes transformation.  It is 

extremely important for these two paradigms to be understood- in their similarities, as 

well as their differences. The possible role of cell fusion by BMDCs has yet to be fully 

elucidated and research in this area will likely provide novel and exciting insights into the 

complexity of the relationship of the BMDCs and peripheral tissues. Additionally, the 
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concept of an aberrant stem cell niche and its role in contributing to cancer development 

from BMDCs will need further clarification. Prevention and/or reversibility of 

preneoplastic lesions (for example by eradication of H. pylori) are clearly worth 

addressing further in the Helicobacter mouse model and can be considered in the context 

of the biology of stem cell differentiation.    

Finally, the precise relationship of chronic inflammation to BMDCs needs further 

investigation. One suspects that future studies will reveal the involvement of many cell 

types and specific factors – including cytokines, chemokines, hypoxia and oxidative 

stress – in the mobilization, recruitment, engraftment, and progression of stem cells 

toward cancer. Understanding these mechanisms offers the exciting hope of new 

approaches to cancer treatment. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

203



 

 
 
 
 

CHAPTER VIII. REFERENCES 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

204



1. PARKIN DM, LAARA E, MUIR CS. ESTIMATES OF THE WORLDWIDE 

FREQUENCY OF 16 MAJOR CANCERS IN 1980. INTERNATIONAL JOURNAL OF 

CANCER. 1988;41:184-97. 

2. KAVERMANN H, BURNS BP, ANGERMULLER K, ODENBREIT S, 

FISCHER W, MELCHERS K, ET AL. IDENTIFICATION AND 

CHARACTERIZATION OF HELICOBACTER PYLORI GENES ESSENTIAL FOR 

GASTRIC COLONIZATION. JOURNAL OF EXPERIMENTAL MEDICINE. 

2003;197:813-22. 

3. EVERHART JE. RECENT DEVELOPMENTS IN THE EPIDEMIOLOGY OF 

HELICOBACTER PYLORI. GASTROENTEROLOGY CLINICS OF NORTH 

AMERICA. 2000;29:559. 

4. PEEK RM, BLASER MJ. HELICOBACTER PYLORI AND 

GASTROINTESTINAL TRACT ADENOCARCINOMAS. NATURE REVIEWS 

CANCER. 2002;2:28-37. 

5. ERNST PB, GOLD BD. THE DISEASE SPECTRUM OF HELICOBACTER 

PYLORI: THE IMMUNOPATHOGENESIS OF GASTRODUODENAL ULCER AND 

GASTRIC CANCER. ANNUAL REVIEW OF MICROBIOLOGY. 2000;54:615-40. 

6. SUERBAUM S, MICHETTI P. MEDICAL PROGRESS: HELICOBACTER 

PYLORI INFECTION. NEW ENGLAND JOURNAL OF MEDICINE. 2002;347:1175-

86. 

7. DIXON MF. PROSPECTS FOR INTERVENTION IN GASTRIC 

CARCINOGENESIS: REVERSIBILITY OF GASTRIC ATROPHY AND 

INTESTINAL METAPLASIA. GUT. 2001;49:2-4. 

205



8. LAUREN P. 2 HISTOLOGICAL MAIN TYPES OF GASTRIC CARCINOMA - 

DIFFUSE AND SO-CALLED INTESTINAL-TYPE CARCINOMA - AN ATTEMPT 

AT A HISTO-CLINICAL CLASSIFICATION. ACTA PATHOLOGICA ET 

MICROBIOLOGICA SCANDINAVICA. 1965;64:31. 

9. FUCHS CS, MAYER RJ. MEDICAL PROGRESS - GASTRIC-CARCINOMA. 

NEW ENGLAND JOURNAL OF MEDICINE. 1995;333:32-41. 

10. CORREA P. HUMAN GASTRIC CARCINOGENESIS - A MULTISTEP AND 

MULTIFACTORIAL PROCESS - 1ST AMERICAN-CANCER-SOCIETY AWARD 

LECTURE ON CANCER-EPIDEMIOLOGY AND PREVENTION. CANCER 

RESEARCH. 1992;52:6735-40. 

11. SIPPONEN P, MARSHALL BJ. GASTRITIS AND GASTRIC CANCER - 

WESTERN COUNTRIES. GASTROENTEROLOGY CLINICS OF NORTH 

AMERICA. 2000;29:579. 

12. SCHISTOSOMES, LIVER FLUKES AND HELICOBACTER PYLORI. IARC 

WORKING GROUP ON THE EVALUATION OF CARCINOGENIC RISKS TO 

HUMANS. LYON, 7-14 JUNE 1994. IARC MONOGR EVAL CARCINOG RISKS 

HUM. 1994;61:1-241. 

13. BLASER MJ, PEREZPEREZ GI, KLEANTHOUS H, COVER TL, PEEK RM, 

CHYOU PH, ET AL. INFECTION WITH HELICOBACTER-PYLORI STRAINS 

POSSESSING CAGA IS ASSOCIATED WITH AN INCREASED RISK OF 

DEVELOPING ADENOCARCINOMA OF THE STOMACH. CANCER RESEARCH. 

1995;55:2111-5. 

206



14. PARSONNET J, FRIEDMAN GD, VANDERSTEEN DP, CHANG Y, 

VOGELMAN JH, ORENTREICH N, ET AL. HELICOBACTER-PYLORI INFECTION 

AND THE RISK OF GASTRIC-CARCINOMA. NEW ENGLAND JOURNAL OF 

MEDICINE. 1991;325:1127-31. 

15. PARSONNET J. THE INCIDENCE OF HELICOBACTER-PYLORI 

INFECTION. ALIMENTARY PHARMACOLOGY & THERAPEUTICS. 1995;9:45-51. 

16. HOWSON CP, HIYAMA T, WYNDER EL. THE DECLINE IN GASTRIC-

CANCER - EPIDEMIOLOGY OF AN UNPLANNED TRIUMPH. EPIDEMIOLOGIC 

REVIEWS. 1986;8:1-27. 

17. NOMURA A, STEMMERMANN GN, CHYOU PH, KATO I, PEREZPEREZ 

GI, BLASER MJ. HELICOBACTER-PYLORI INFECTION AND GASTRIC-

CARCINOMA AMONG JAPANESE-AMERICANS IN HAWAII. NEW ENGLAND 

JOURNAL OF MEDICINE. 1991;325:1132-6. 

18. EKSTROM AM, HELD M, HANSSON L, ENGSTRAND L, NYREN O. 

HELICOBACTER PYLORI IN GASTRIC CANCER ESTABLISHED BY CAGA 

IMMUNOBLOT AS A MARKER OF PAST INFECTION. GASTROENTEROLOGY. 

2001;121:784-91. 

19. UEMURA N, OKAMOTO S, YAMAMOTO S, MATSUMURA N, 

YAMAGUCHI S, YAMAKIDO M, ET AL. HELICOBACTER PYLORI INFECTION 

AND THE DEVELOPMENT OF GASTRIC CANCER. NEW ENGLAND JOURNAL 

OF MEDICINE. 2001;345:784-9. 

207



20. TOMB JF, WHITE O, KERLAVAGE AR, CLAYTON RA, SUTTON GG, 

FLEISCHMANN RD, ET AL. THE COMPLETE GENOME SEQUENCE OF THE 

GASTRIC PATHOGEN HELICOBACTER PYLORI. NATURE. 1997;388:539-47. 

21. KOSTRZYNSKA M, BETTS JD, AUSTIN JW, TRUST TJ. IDENTIFICATION, 

CHARACTERIZATION, AND SPATIAL LOCALIZATION OF 2 FLAGELLIN 

SPECIES IN HELICOBACTER-PYLORI FLAGELLA. JOURNAL OF 

BACTERIOLOGY. 1991;173:937-46. 

22. GURUGE JL, FALK PG, LORENZ RG, DANS M, WIRTH HP, BLASER MJ, 

ET AL. EPITHELIAL ATTACHMENT ALTERS THE OUTCOME OF 

HELICOBACTER PYLORI INFECTION. PROCEEDINGS OF THE NATIONAL 

ACADEMY OF SCIENCES OF THE UNITED STATES OF AMERICA. 1998;95:3925-

30. 

23. YAMAOKA Y. ROLES OF HELICOBACTER PYLORI BABA IN 

GASTRODUODENAL PATHOGENESIS. WORLD JOURNAL OF 

GASTROENTEROLOGY. 2008;14:4265-72. 

24. WEEKS DL, ESKANDARI S, SCOTT DR, SACHS G. A H+-GATED UREA 

CHANNEL: THE LINK BETWEEN HELICOBACTER PYLORI UREASE AND 

GASTRIC COLONIZATION. SCIENCE. 2000;287:482-5. 

25. OHNISHI N, YUASA H, TANAKA S, SAWA H, MIURA M, MATSUI A, ET 

AL. TRANSGENIC EXPRESSION OF HELICOBACTER PYLORI CAGA INDUCES 

GASTROINTESTINAL AND HEMATOPOIETIC NEOPLASMS IN MOUSE. 

PROCEEDINGS OF THE NATIONAL ACADEMY OF SCIENCES OF THE UNITED 

STATES OF AMERICA. 2008;105:1003-8. 

208



26. COVER TL, DOOLEY CP, BLASER MJ. CHARACTERIZATION OF AND 

HUMAN SEROLOGIC RESPONSE TO PROTEINS IN HELICOBACTER-PYLORI 

BROTH CULTURE SUPERNATANTS WITH VACUOLIZING CYTOTOXIN 

ACTIVITY. INFECTION AND IMMUNITY. 1990;58:603-10. 

27. CRABTREE JE, WYATT JI, SOBALA GM, MILLER G, TOMPKINS DS, 

PRIMROSE JN, ET AL. SYSTEMIC AND MUCOSAL HUMORAL RESPONSES TO 

HELICOBACTER-PYLORI IN GASTRIC-CANCER. GUT. 1993;34:1339-43. 

28. PEEK RM, MILLER GG, THAM KT, PEREZPEREZ GI, ZHAO XM, 

ATHERTON JC, ET AL. HEIGHTENED INFLAMMATORY RESPONSE AND 

CYTOKINE EXPRESSION IN VIVO TO CAGA(+) HELICOBACTER PYLORI 

STRAINS. LABORATORY INVESTIGATION. 1995;73:760-70. 

29. PARSONNET J, FRIEDMAN GD, ORENTREICH N, VOGELMAN H. RISK 

FOR GASTRIC CANCER IN PEOPLE WITH CAGA POSITIVE OR CAGA 

NEGATIVE HELICOBACTER PYLORI INFECTION. GUT. 1997;40:297-301. 

30. KUIPERS EJ, UYTERLINDE AM, PENA AS, ROOSENDAAL R, PALS G, 

NELIS GF, ET AL. LONG-TERM SEQUELAE OF HELICOBACTER-PYLORI 

GASTRITIS. LANCET. 1995;345:1525-8. 

31. CRABTREE JE, TAYLOR JD, WYATT JI, HEATLEY RV, SHALLCROSS 

TM, TOMPKINS DS, ET AL. MUCOSAL IGA RECOGNITION OF 

HELICOBACTER-PYLORI 120-KDA PROTEIN, PEPTIC-ULCERATION, AND 

GASTRIC PATHOLOGY. LANCET. 1991;338:332-5. 

32. SHARMA SA, TUMMURU MKR, MILLER GG, BLASER MJ. 

INTERLEUKIN-8 RESPONSE OF GASTRIC EPITHELIAL-CELL LINES TO 

209



HELICOBACTER-PYLORI STIMULATION IN-VITRO. INFECTION AND 

IMMUNITY. 1995;63:1681-7. 

33. TUMMURU MKR, SHARMA SA, BLASER MJ. HELICOBACTER PYLORI 

PICB, A HOMOLOGUE OF THE BORDETELLA PERTUSSIS TOXIN SECRETION 

PROTEIN, IS REQUIRED FOR INDUCTION OF IL-8 IN GASTRIC EPITHELIAL 

CELLS. MOLECULAR MICROBIOLOGY. 1995;18:867-76. 

34. GLOCKER E, LANGE C, COVACCI A, BERESWILL S, KIST M, PAHL HL. 

PROTEINS ENCODED BY THE CAG PATHOGENICITY ISLAND OF 

HELICOBACTER PYLORI ARE REQUIRED FOR NF-KAPPA B ACTIVATION. 

INFECTION AND IMMUNITY. 1998;66:2346-8. 

35. YAMAOKA Y, KITA M, KODAMA T, SAWAI N, IMANISHI J. 

HELICOBACTER PYLORI CAGA GENE AND EXPRESSION OF CYTOKINE 

MESSENGER RNA IN GASTRIC MUCOSA. GASTROENTEROLOGY. 

1996;110:1744-52. 

36. OGURA K, MAEDA S, NAKAO M, WATANABE T, TADA M, KYUTOKU T, 

ET AL. VIRULENCE FACTORS OF HELICOBACTER PYLORI RESPONSIBLE 

FOR GASTRIC DISEASES IN MONGOLIAN GERBIL. JOURNAL OF 

EXPERIMENTAL MEDICINE. 2000;192:1601-9. 

37. ISRAEL DA, SALAMA N, ARNOLD CN, MOSS SF, ANDO T, WIRTH HP, 

ET AL. HELICOBACTER PYLORI STRAIN-SPECIFIC DIFFERENCES IN GENETIC 

CONTENT, IDENTIFIED BY MICROARRAY, INFLUENCE HOST 

INFLAMMATORY RESPONSES. JOURNAL OF CLINICAL INVESTIGATION. 

2001;107:611-20. 

210



38. REYRAT JM, RAPPUOLI R, TELFORD JL. A STRUCTURAL OVERVIEW 

OF THE HELICOBACTER CYTOTOXIN. INTERNATIONAL JOURNAL OF 

MEDICAL MICROBIOLOGY. 2000;290:375-9. 

39. TELFORD JL, GHIARA P, DELLORCO M, COMANDUCCI M, BURRONI D, 

BUGNOLI M, ET AL. GENE STRUCTURE OF THE HELICOBACTER-PYLORI 

CYTOTOXIN AND EVIDENCE OF ITS KEY ROLE IN GASTRIC DISEASE. 

JOURNAL OF EXPERIMENTAL MEDICINE. 1994;179:1653-8. 

40. FUJIKAWA A, SHIRASAKA D, YAMAMOTO S, OTA H, YAHIRO K, 

FUKADA M, ET AL. MICE DEFICIENT IN PROTEIN TYROSINE PHOSPHATASE 

RECEPTOR TYPE Z ARE RESISTANT TO GASTRIC ULCER INDUCTION BY 

VACA OF HELICOBACTER PYLORI. NATURE GENETICS. 2003;33:375-81. 

41. GEBERT B, FISCHER W, WEISS E, HOFFMANN R, HAAS R. 

HELICOBACTER PYLORI VACUOLATING CYTOTOXIN INHIBITS T 

LYMPHOCYTE ACTIVATION. SCIENCE. 2003;301:1099-102. 

42. BONCRISTIANO M, PACCANI SR, BARONE S, ULIVIERI C, PATRUSSI L, 

ILVER D, ET AL. THE HELICOBACTER PYLORI VACUOLATING TOXIN 

INHIBITS T CELL ACTIVATION BY TWO INDEPENDENT MECHANISMS. 

JOURNAL OF EXPERIMENTAL MEDICINE. 2003;198:1887-97. 

43. VALITUTTI S, DESSING M, AKTORIES K, GALLATI H, LANZAVECCHIA 

A. SUSTAINED SIGNALING LEADING TO T-CELL ACTIVATION RESULTS 

FROM PROLONGED T-CELL RECEPTOR OCCUPANCY - ROLE OF T-CELL 

ACTIN CYTOSKELETON. JOURNAL OF EXPERIMENTAL MEDICINE. 

1995;181:577-84. 

211



44. EVANS DJ, EVANS DG, TAKEMURA T, NAKANO H, LAMPERT HC, 

GRAHAM DY, ET AL. CHARACTERIZATION OF A HELICOBACTER-PYLORI 

NEUTROPHIL-ACTIVATING PROTEIN. INFECTION AND IMMUNITY. 

1995;63:2213-20. 

45. AMEDEI A, CAPPON A, CODOLO G, CABRELLE A, POLENGHI A, 

BENAGIANO M, ET AL. THE NEUTROPHIL-ACTIVATING PROTEIN OF 

HELICOBACTER PYLORI PROMOTES TH1 IMMUNE RESPONSES. JOURNAL OF 

CLINICAL INVESTIGATION. 2006;116:1092-101. 

46. MUOTIALA A, HELANDER IM, PYHALA L, KOSUNEN TU, MORAN AP. 

LOW BIOLOGICAL-ACTIVITY OF HELICOBACTER-PYLORI 

LIPOPOLYSACCHARIDE. INFECTION AND IMMUNITY. 1992;60:1714-6. 

47. BLISS CM, GOLENBOCK DT, KEATES S, LINEVSKY JK, KELLY CP. 

HELICOBACTER PYLORI LIPOPOLYSACCHARIDE BINDS TO CD14 AND 

STIMULATES RELEASE OF INTERLEUKIN-8, EPITHELIAL NEUTROPHIL-

ACTIVATING PEPTIDE 78, AND MONOCYTE CHEMOTACTIC PROTEIN 1 BY 

HUMAN MONOCYTES. INFECTION AND IMMUNITY. 1998;66:5357-63. 

48. MARTIN M, KATZ J, VOGEL SN, MICHALEK SM. DIFFERENTIAL 

INDUCTION OF ENDOTOXIN TOLERANCE BY LIPOPOLYSACCHARIDES 

DERIVED FROM PORPHYROMONAS GINGIVALIS AND ESCHERICHIA COLI. 

JOURNAL OF IMMUNOLOGY. 2001;167:5278-85. 

49. KAWAHARA T, TESHIMA S, OKA A, SUGIYAMA T, KISHI K, ROKUTAN 

K. TYPE I HELICOBACTER PYLORI LIPOPOLYSACCHARIDE STIMULATES 

212



TOLL-LIKE RECEPTOR 4 AND ACTIVATES MITOGEN OXIDASE 1 IN GASTRIC 

PIT CELLS. INFECTION AND IMMUNITY. 2001;69:4382-9. 

50. SMITH MF, MITCHELL A, LI GL, DING S, FITZMAURICE AM, RYAN K, 

ET AL. TOLL-LIKE RECEPTOR (TLR) 2 AND TLR5, BUT NOT TLR4, ARE 

REQUIRED FOR HELICOBACTER PYLORI-INDUCED NF-KAPPA B 

ACTIVATION AND CHEMOKINE EXPRESSION BY EPITHELIAL CELLS. 

JOURNAL OF BIOLOGICAL CHEMISTRY. 2003;278:32552-60. 

51. CHEN ZT, LI SL, CAI EQ, WU WL, JIN JS, ZHU B. LPS INDUCES 

PULMONARY INTRAVASCULAR MACROPHAGES PRODUCING 

INFLAMMATORY MEDIATORS VIA ACTIVATING NF-KAPPA B. JOURNAL OF 

CELLULAR BIOCHEMISTRY. 2003;89:1206-14. 

52. MANDELL L, MORAN AP, COCCHIARELLA A, HOUGHTON J, TAYLOR 

N, FOX JG, ET AL. INTACT GRAM-NEGATIVE HELICOBACTER PYLORI, 

HELICOBACTER FELIS, AND HELICOBACTER HEPATICUS BACTERIA 

ACTIVATE INNATE IMMUNITY VIA TOLL-LIKE RECEPTOR 2 BUT NOT TOLL-

LIKE RECEPTOR 4. INFECTION AND IMMUNITY. 2004;72:6446-54. 

53. LEE SK, STACK A, KATZOWITSCH E, AIZAWA SI, SUERBAUM S, 

JOSENHANS C. HELICOBACTER PYLORI FLAGELLINS HAVE VERY LOW 

INTRINSIC ACTIVITY TO STIMULATE HUMAN GASTRIC EPITHELIAL CELLS 

VIA TLR5. MICROBES AND INFECTION. 2003;5:1345-56. 

54. KRIEG AM, YI AK, MATSON S, WALDSCHMIDT TJ, BISHOP GA, 

TEASDALE R, ET AL. CPG MOTIFS IN BACTERIAL-DNA TRIGGER DIRECT B-

CELL ACTIVATION. NATURE. 1995;374:546-9. 

213



55. LATZ E, SCHOENEMEYER A, VISINTIN A, FITZGERALD KA, MONKS 

BG, KNETTER CF, ET AL. TLR9 SIGNALS AFTER TRANSLOCATING FROM THE 

ER TO CPG DNA IN THE LYSOSOME. NATURE IMMUNOLOGY. 2004;5:190-8. 

56. SCHNARE M, BARTON GM, HOLT AC, TAKEDA K, AKIRA S, 

MEDZHITOV R. TOLL-LIKE RECEPTORS CONTROL ACTIVATION OF 

ADAPTIVE IMMUNE RESPONSES. NATURE IMMUNOLOGY. 2001;2:947-50. 

57. FRITZ JH, LE BOURHIS L, SELLGE G, MAGALHAES JG, FSIHI H, KUFER 

TA, ET AL. NOD1-MEDIATED INNATE IMMUNE RECOGNITION OF 

PEPTIDOGLYCAN CONTRIBUTES TO THE ONSET OF ADAPTIVE IMMUNITY. 

IMMUNITY. 2007;26:445-59. 

58. KIM JG, LEE SJ, KAGNOFF MF. NOD1 IS AN ESSENTIAL SIGNAL 

TRANSDUCER IN INTESTINAL EPITHELIAL CELLS INFECTED WITH 

BACTERIA THAT AVOID RECOGNITION BY TOLL-LIKE RECEPTORS. 

INFECTION AND IMMUNITY. 2004;72:1487-95. 

59. EATON KA, MEFFORD M, THEVENOT T. THE ROLE OF T CELL 

SUBSETS AND CYTOKINES IN THE PATHOGENESIS OF HELICOBACTER 

PYLORI GASTRITIS IN MICE. JOURNAL OF IMMUNOLOGY. 2001;166:7456-61. 

60. ROTH KA, KAPADIA SB, MARTIN SM, LORENZ RG. CELLULAR 

IMMUNE RESPONSES ARE ESSENTIAL FOR THE DEVELOPMENT OF 

HELICOBACTER FELIS-ASSOCIATED GASTRIC PATHOLOGY. JOURNAL OF 

IMMUNOLOGY. 1999;163:1490-7. 

61. SUTTON P, KOLESNIKOW T, DANON S, WILSON J, LEE A. DOMINANT 

NONRESPONSIVENESS TO HELICOBACTER PYLORI INFECTION IS 

214



ASSOCIATED WITH PRODUCTION OF INTERLEUKIN 10 BUT NOT GAMMA 

INTERFERON. INFECTION AND IMMUNITY. 2000;68:4802-4. 

62. SMYTHIES LE, WAITES KB, LINDSEY JR, HARRIS PR, GHIARA P, SMITH 

PD. HELICOBACTER PYLORI-INDUCED MUCOSAL INFLAMMATION IS TH1 

MEDIATED AND EXACERBATED IN IL-4, BUT NOT IFN-GAMMA, GENE-

DEFICIENT MICE. JOURNAL OF IMMUNOLOGY. 2000;165:1022-9. 

63. SHI Y, LIU XF, ZHUANG Y, ZHANG JY, LIU T, YIN ZN, ET AL. 

HELICOBACTER PYLORI-INDUCED TH17 RESPONSES MODULATE TH1 CELL 

RESPONSES, BENEFIT BACTERIAL GROWTH, AND CONTRIBUTE TO 

PATHOLOGY IN MICE. JOURNAL OF IMMUNOLOGY. 2010;184:5121-9. 

64. CUI GL, HOUGHTON J, FINKEL N, CARLSON J, WANG TC. IFN-GAMMA 

INFUSION INDUCES GASTRIC ATROPHY, METAPLASIA AND DYSPLASIA IN 

THE ABSENCE OF HELICOBACTER INFECTION - A ROLE FOR IMMUNE 

RESPONSE IN HELICOBACTER DISEASE. GASTROENTEROLOGY. ABSTRACT. 

2003;124:A19-A. 

65. FOX JG, BECK P, DANGLER CA, WHARY MT, WANG TC, SHI HN, ET AL. 

CONCURRENT ENTERIC HELMINTH INFECTION MODULATES 

INFLAMMATION AND GASTRIC IMMUNE RESPONSES AND REDUCES 

HELICOBACTER-INDUCED GASTRIC ATROPHY. NATURE MEDICINE. 

2000;6:536-42. 

66. STOICOV C, WHARY M, ROGERS AB, LEE FS, KLUCEVSEK K, LI HC, ET 

AL. COINFECTION MODULATES INFLAMMATORY RESPONSES AND 

215



CLINICAL OUTCOME OF HELICOBACTER FELIS AND TOXOPLASMA GONDII 

INFECTIONS. JOURNAL OF IMMUNOLOGY. 2004;173:3329-36. 

67. EL-OMAR EM, CARRINGTON M, CHOW WH, MCCOLL KEL, BREAM JH, 

YOUNG HA, ET AL. INTERLEUKIN-1 POLYMORPHISMS ASSOCIATED WITH 

INCREASED RISK OF GASTRIC CANCER. NATURE. 2000;404:398-402. 

68. EL-OMAR EM, RABKIN CS, GAMMON MD, VAUGHAN TL, RISCH HA, 

SCHOENBERG JB, ET AL. INCREASED RISK OF NONCARDIA GASTRIC 

CANCER ASSOCIATED WITH PROINFLAMMATORY CYTOKINE GENE 

POLYMORPHISMS. GASTROENTEROLOGY. 2003;124:1193-201. 

69. MACARTHUR M, HOLD GL, EL-OMAR EM. INFLAMMATION AND 

CANCER - II. ROLE OF CHRONIC INFLAMMATION AND CYTOKINE GENE 

POLYMORPHISMS IN THE PATHOGENESIS OF GASTROINTESTINAL 

MALIGNANCY. AMERICAN JOURNAL OF PHYSIOLOGY-GASTROINTESTINAL 

AND LIVER PHYSIOLOGY. 2004;286:G515-G20. 

70. ERZIN Y, KOKSAL V, ALTUN S, DOBRUCALI A, ASLAN M, ERDAMAR S, 

ET AL. ROLE OF HOST INTERLEUKIN 1 BETA GENE (IL-1B) AND 

INTERLEUKIN 1 RECEPTOR ANTAGONIST GENE (IL-1RN) POLYMORPHISMS 

IN CLINICAL OUTCOMES IN HELICOBACTER PYLORI-POSITIVE TURKISH 

PATIENTS WITH DYSPEPSIA. JOURNAL OF GASTROENTEROLOGY. 

2008;43:705-10. 

71. KANG JM, KIM N, LEE DH, PARK JH, LEE MK, KIM JS, ET AL. THE 

EFFECTS OF GENETIC POLYMORPHISMS OF IL-6, IL-8, AND IL-10 ON 

216



HELICOBACTER PYLORI-INDUCED GASTRODUODENAL DISEASES IN 

KOREA. JOURNAL OF CLINICAL GASTROENTEROLOGY. 2009;43:420-8. 

72. SAKAI K, KITA M, SAWAI N, SHIOMI S, SUMIDA Y, KANEMASA K, ET 

AL. LEVELS OF INTERLEUKIN-18 ARE MARKEDLY INCREASED IN 

HELICOBACTER PYLORI-INFECTED GASTRIC MUCOSA AMONG PATIENTS 

WITH SPECIFIC IL18 GENOTYPES. JOURNAL OF INFECTIOUS DISEASES. 

2008;197:1752-61. 

73. AL-HAJJ M, WICHA MS, BENITO-HERNANDEZ A, MORRISON SJ, 

CLARKE MF. PROSPECTIVE IDENTIFICATION OF TUMORIGENIC BREAST 

CANCER CELLS. PROC NATL ACAD SCI U S A. 2003;100:3983-8. 

74. CLARKE MF, DICK JE, DIRKS PB, EAVES CJ, JAMIESON CHM, JONES 

DL, ET AL. CANCER STEM CELLS--PERSPECTIVES ON CURRENT STATUS 

AND FUTURE DIRECTIONS: AACR WORKSHOP ON CANCER STEM CELLS. 

CANCER RES. 2006;66:9339-44. 

75. TAN BT, PARK CY, AILLES LE, WEISSMAN IL. THE CANCER STEM 

CELL HYPOTHESIS: A WORK IN PROGRESS. LABORATORY INVESTIGATION. 

2006;86:1203-7. 

76. KRAUSE DS, THEISE ND, COLLECTOR MI, HENEGARIU O, HWANG S, 

GARDNER R, ET AL. MULTI-ORGAN, MULTI-LINEAGE ENGRAFTMENT BY A 

SINGLE BONE MARROW-DERIVED STEM CELL. CELL. 2001;105:369-77. 

77. JIANG YH, JAHAGIRDAR BN, REINHARDT RL, SCHWARTZ RE, KEENE 

CD, ORTIZ-GONZALEZ XR, ET AL. PLURIPOTENCY OF MESENCHYMAL STEM 

CELLS DERIVED FROM ADULT MARROW. NATURE. 2002;418:41-9. 

217



78. WAGNER S, BEIL W, WESTERMANN J, LOGAN RPH, BOCK CT, 

TRAUTWEIN C, ET AL. REGULATION OF GASTRIC EPITHELIAL CELL 

GROWTH BY HELICOBACTER PYLORI: EVIDENCE FOR A MAJOR ROLE OF 

APOPTOSIS. GASTROENTEROLOGY. 1997;113:1836-47. 

79. JONES NL, SHANNON PT, CUTZ E, YEGER H, SHERMAN PM. INCREASE 

IN PROLIFERATION AND APOPTOSIS OF GASTRIC EPITHELIAL CELLS 

EARLY IN THE NATURAL HISTORY OF HELICOBACTER PYLORI INFECTION. 

AMERICAN JOURNAL OF PATHOLOGY. 1997;151:1695-703. 

80. LI HC, CAI X, FAN XL, MOQUIN B, STOICOV C, HOUGHTON J. FAS AG-

FASL COUPLING LEADS TO ERK1/2-MEDIATED PROLIFERATION OF 

GASTRIC MUCOSAL CELLS. AMERICAN JOURNAL OF PHYSIOLOGY-

GASTROINTESTINAL AND LIVER PHYSIOLOGY. 2008;294:G263-G75. 

81. HOUGHTON J, BLOCH LM, GOLDSTEIN M, VON HAGEN S, KORAH RM. 

IN VIVO DISRUPTION OF THE FAS PATHWAY ABROGATES GASTRIC 

GROWTH ALTERATIONS SECONDARY TO HELICOBACTER INFECTION. 

JOURNAL OF INFECTIOUS DISEASES. 2000;182:856-64. 

82. RUDI J, KUCK D, STRAND S, VON HERBAY A, MARIANI SM, KRAMMER 

PH, ET AL. INVOLVEMENT OF THE CD95 (APO-1/FAS) RECEPTOR AND 

LIGAND SYSTEM IN HELICOBACTER PYLORI-INDUCED GASTRIC 

EPITHELIAL APOPTOSIS. JOURNAL OF CLINICAL INVESTIGATION. 

1998;102:1506-14. 

83. JONES NL, DAY AS, JENNINGS HA, SHERMAN PM. HELICOBACTER 

PYLORI INDUCES GASTRIC EPITHELIAL CELL APOPTOSIS IN ASSOCIATION 

218



WITH INCREASED FAS RECEPTOR EXPRESSION. INFECTION AND 

IMMUNITY. 1999;67:4237-42. 

84. HOUGHTON J, KORAH RM, CONDON MR, KIM KH. APOPTOSIS IN 

HELICOBACTER PYLORI ASSOCIATED GASTRIC AND DUODENAL ULCER 

DISEASE IS MEDIATED VIA THE FAS ANTIGEN PATHWAY. DIGESTIVE 

DISEASES AND SCIENCES. 1999;44:465-78. 

85. HOUGHTON J, MACERA-BLOCH LS, HARRISON L, KIM KH, KORAH RM. 

TUMOR NECROSIS FACTOR ALPHA AND INTERLEUKIN 1 BETA UP-

REGULATE GASTRIC MUCOSAL FAS ANTIGEN EXPRESSION IN 

HELICOBACTER PYLORI INFECTION. INFECTION AND IMMUNITY. 

2000;68:1189-95. 

86. LEE SH, SHIN MS, PARK WS, KIM SY, KIM HS, LEE JH, ET AL. 

IMMUNOHISTOCHEMICAL LOCALIZATION OF FAP-1, AN INHIBITOR OF FAS-

MEDIATED APOPTOSIS, IN NORMAL AND NEOPLASTIC HUMAN TISSUES. 

APMIS. 1999;107:1101-8. 

87. LEE SH, KIM HS, KIM SY, LEE YS, PARK WS, KIM SH, ET AL. 

INCREASED EXPRESSION OF FLIP, AN INHIBITOR OF FAS-MEDIATED 

APOPTOSIS, IN STOMACH CANCER. APMIS. 2003;111:309-14. 

88. MANNICK JB, HAUSLADEN A, LIU LM, HESS DT, ZENG M, MIAO QX, ET 

AL. FAS-INDUCED CASPASE DENITROSYLATION. SCIENCE. 1999;284:651-4. 

89. GALMICHE A, RASSOW J, DOYE A, CAGNOL S, CHAMBARD JC, 

CONTAMIN S, ET AL. THE N-TERMINAL 34 KDA FRAGMENT OF 

HELICOBACTER PYLORI VACUOLATING CYTOTOXIN TARGETS 

219



MITOCHONDRIA AND INDUCES CYTOCHROME C RELEASE. EMBO 

JOURNAL. 2000;19:6361-70. 

90. EGUCHI H, HERSCHENHOUS N, KUZUSHITA N, MOSS SF. 

HELICOBACTER PYLORI INCREASES PROTEASOME-MEDIATED 

DEGRADATION OF P27(KIP1) IN GASTRIC EPITHELIAL CELLS. CANCER 

RESEARCH. 2003;63:4739-46. 

91. EGUCHI H, CARPENTIER S, KIM SS, MOSS SF. P27(KIP1) REGULATES 

THE APOPTOTIC RESPONSE OF GASTRIC EPITHELIAL CELLS TO 

HELICOBACTER PYLORI. GUT. 2004;53:797-804. 

92. MASUDA T, INOUE H, SONODA H, MINE S, YOSHIKAWA Y, 

NAKAYAMA K, ET AL. CLINICAL AND BIOLOGICAL SIGNIFICANCE OF S-

PHASE KINASE-ASSOCIATED PROTEIN 2 (SKP2) GENE EXPRESSION IN 

GASTRIC CARCINOMA: MODULATION OF MALIGNANT PHENOTYPE BY 

SKP2 OVEREXPRESSION, POSSIBLY VIA P27 PROTEOLYSIS. CANCER 

RESEARCH. 2002;62:3819-25. 

93. WANG TC, GOLDENRING JR, DANGLER C, ITO S, MUELLER A, JEON 

WK, ET AL. MICE LACKING SECRETORY PHOSPHOLIPASE A(2) SHOW 

ALTERED APOPTOSIS AND DIFFERENTIATION WITH HELICOBACTER FELIS 

INFECTION. GASTROENTEROLOGY. 1998;114:675-89. 

94. MASHIMO H, WU DC, PODOLSKY DK, FISHMAN MC. IMPAIRED 

DEFENSE OF INTESTINAL MUCOSA IN MICE LACKING INTESTINAL TREFOIL 

FACTOR. SCIENCE. 1996;274:262-5. 

220



95. FARRELL JJ, TAUPIN D, KOH TJ, CHEN D, ZHAO CM, PODOLSKY DK, 

ET AL. TFF2/SP-DEFICIENT MICE SHOW DECREASED GASTRIC 

PROLIFERATION, INCREASED ACID SECRETION, AND INCREASED 

SUSCEPTIBILITY TO NSAID INJURY. JOURNAL OF CLINICAL 

INVESTIGATION. 2002;109:193-204. 

96. ANDRADE MC, MENEZES JS, CASSALI GD, MARTINS-FILHO OA, CARA 

DC, FARIA AMC. ALCOHOL-INDUCED GASTRITIS PREVENTS ORAL 

TOLERANCE INDUCTION IN MICE. CLINICAL AND EXPERIMENTAL 

IMMUNOLOGY. 2006;146:312-22. 

97. WANG TC, DANGLER CA, CHEN D, GOLDENRING JR, KOH T, 

RAYCHOWDHURY R, ET AL. SYNERGISTIC INTERACTION BETWEEN 

HYPERGASTRINEMIA AND HELICOBACTER INFECTION IN A MOUSE MODEL 

OF GASTRIC CANCER. GASTROENTEROLOGY. 2000;118:36-47. 

98. KASPER LH. IDENTIFICATION OF STAGE-SPECIFIC ANTIGENS OF 

TOXOPLASMA-GONDII. INFECTION AND IMMUNITY. 1989;57:668-72. 

99. BONENFANT C, DIMIER-POISSON I, VELGE-ROUSSEL F, BUZONI-

GATEL D, DEL GIUDICE G, RAPPUOLI R, ET AL. INTRANASAL 

IMMUNIZATION WITH SAG1 AND NONTOXIC MUTANT HEAT-LABILE 

ENTEROTOXINS PROTECTS MICE AGAINST TOXOPLASMA GONDII. 

INFECTION AND IMMUNITY. 2001;69:1605-12. 

100. LIVAK KJ, SCHMITTGEN TD. ANALYSIS OF RELATIVE GENE 

EXPRESSION DATA USING REAL-TIME QUANTITATIVE PCR AND THE 2(T)(-

DELTA DELTA C) METHOD. METHODS. 2001;25:402-8. 

221



101. PARLATO S, GIAMMARIOLI AM, LOGOZZI M, LOZUPONE F, 

MATARRESE P, LUCIANI F, ET AL. CD95 (APO-1/FAS) LINKAGE TO THE 

ACTIN CYTOSKELETON THROUGH EZRIN IN HUMAN T LYMPHOCYTES: A 

NOVEL REGULATORY MECHANISM OF THE CD95 APOPTOTIC PATHWAY. 

EMBO JOURNAL. 2000;19:5123-34. 

102. CAI X, CARLSON J, STOICOV C, LI HC, WANG TC, HOUGHTON J. 

HELICOBACTER FELIS ERADICATION RESTORES NORMAL ARCHITECTURE 

AND INHIBITS GASTRIC CANCER PROGRESSION IN C57BL/6 MICE. 

GASTROENTEROLOGY. 2005;128:1937-52. 

103. HANAHAN D, WEINBERG RA. THE HALLMARKS OF CANCER. CELL. 

2000;100:57-70. 

104. BLAND P. MHC CLASS-II EXPRESSION BY THE GUT EPITHELIUM. 

IMMUNOLOGY TODAY. 1988;9:174-8. 

105. CHEN G, SORDILLO EM, RAMEY WG, REIDY J, HOLT PR, KRAJEWSKI S, 

ET AL. APOPTOSIS IN GASTRIC EPITHELIAL CELLS IS INDUCED BY 

HELICOBACTER PYLORI AND ACCOMPANIED BY INCREASED EXPRESSION 

OF BAK. BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS. 

1997;239:626-32. 

106. EID R, MOSS SF. HELICOBACTER PYLORI INFECTION AND THE 

DEVELOPMENT OF GASTRIC CANCER. NEW ENGLAND JOURNAL OF 

MEDICINE. 2002;346:66-. 

222



107. MOSS SF, CALAM J, AGARWAL B, WANG S, HOLT PR. INDUCTION OF 

GASTRIC EPITHELIAL APOPTOSIS BY HELICOBACTER PYLORI. GUT. 

1996;38:498-501. 

108. MOSS SF, SORDILLO EM, ABDALLA AM, MAKAROV V, HANZELY Z, 

PEREZ-PEREZ GI, ET AL. INCREASED GASTRIC EPITHELIAL CELL APOPTOSIS 

ASSOCIATED WITH COLONIZATION WITH CAGA PLUS HELICOBACTER 

PYLORI STRAINS. CANCER RESEARCH. 2001;61:1406-11. 

109. PEEK RM, MOSS SF, THAM KT, PEREZPEREZ GI, WANG SB, MILLER 

GG, ET AL. HELICOBACTER PYLORI CAGA(+) STRAINS AND DISSOCIATION 

OF GASTRIC EPITHELIAL CELL PROLIFERATION FROM APOPTOSIS. 

JOURNAL OF THE NATIONAL CANCER INSTITUTE. 1997;89:863-8. 

110. SHIRIN H, SORDILLO EM, OH SH, YAMAMOTO H, DELOHERY T, 

WEINSTEIN IB, ET AL. HELICOBACTER PYLORI INHIBITS THE G(1) TO S 

TRANSITION IN AGS GASTRIC EPITHELIAL CELLS. CANCER RESEARCH. 

1999;59:2277-81. 

111. SORDILLO EM, MOSS SR. HELICOBACTER PYLORI AND APOPTOSIS.  

BACTERIAL PATHOGENESIS, PT C. SAN DIEGO: ACADEMIC PRESS INC; 2002. 

P. 319-34. 

112. VOLLMERS HP, DAMMRICH J, HENSEL F, RIBBERT H, 

MEYERBAHLBURG A, UFKENGAUL T, ET AL. DIFFERENTIAL EXPRESSION 

OF APOPTOSIS RECEPTORS ON DIFFUSE AND INTESTINAL TYPE STOMACH 

CARCINOMA. CANCER. 1997;79:433-40. 

223



113. MARSHALL ACJ, ALDERUCCIO F, TOH BH. FAS/CD95 IS REQUIRED 

FOR GASTRIC MUCOSAL DAMAGE IN AUTOIMMUNE GASTRITIS. 

GASTROENTEROLOGY. 2002;123:780-9. 

114. NEU B, HERRMUTH H, ERNST F, VAUPEL W, REINDL W, HUTZLER P, 

ET AL. DIFFERENTIAL EXPRESSION OF CD95, BCL-2, AND BAX IN RAT 

GASTRIC CHIEF AND PARIETAL CELLS. MICROSCOPY RESEARCH AND 

TECHNIQUE. 2001;53:377-88. 

115. WANG JD, FAN XJ, LINDHOLM C, BENNETT M, O'CONNOLL J, 

SHANAHAN F, ET AL. HELICOBACTER PYLORI MODULATES 

LYMPHOEPITHELIAL CELL INTERACTIONS LEADING TO EPITHELIAL CELL 

DAMAGE THROUGH FAS/FAS LIGAND INTERACTIONS. INFECTION AND 

IMMUNITY. 2000;68:4303-11. 

116. HANAU D, SAUDRAIS C, HAEGEL-KRONENBERGER H, BOHBOT A, DE 

LA SALLE H, SALAMERO J. FATE OF MHC CLASS II MOLECULES IN HUMAN 

DENDRITIC CELLS. EUROPEAN JOURNAL OF DERMATOLOGY. 1999;9:7-12. 

117. BURGIO VL, BALLARDINI G, ARTINI M, CARATOZZOLO M, BIANCHI 

FB, LEVRERO M. EXPRESSION OF CO-STIMULATORY MOLECULES BY 

KUPFFER CELLS IN CHRONIC HEPATITIS OF HEPATITIS C VIRUS ETIOLOGY. 

HEPATOLOGY. 1998;27:1600-6. 

118. MAYRHOFER G. ABSORPTION AND PRESENTATION OF ANTIGENS BY 

EPITHELIAL-CELLS OF THE SMALL-INTESTINE - HYPOTHESES AND 

PREDICTIONS RELATING TO THE PATHOGENESIS OF CELIAC-DISEASE. 

IMMUNOLOGY AND CELL BIOLOGY. 1995;73:433-9. 

224



119. ARCHIMANDRITIS A, SOUGIOULTZIS S, FOUKAS PG, TZIVRAS M, 

DAVARIS P, MOUTSOPOULOS HM. EXPRESSION OF HLA-DR, 

COSTIMULATORY MOLECULES B7-1, B7-2, INTERCELLULAR ADHESION 

MOLECULE-1 (ICAM-1) AND FAS LIGAND (FASL) ON GASTRIC EPITHELIAL 

CELLS IN HELICOBACTER PYLORI GASTRITIS; INFLUENCE OF H-PYLORI 

ERADICATION. CLINICAL AND EXPERIMENTAL IMMUNOLOGY. 

2000;119:464-71. 

120. FAN XJ, GUNASENA H, CHENG ZJ, ESPEJO R, CROWE SE, ERNST PB, ET 

AL. HELICOBACTER PYLORI UREASE BINDS TO CLASS II MHC ON GASTRIC 

EPITHELIAL CELLS AND INDUCES THEIR APOPTOSIS. JOURNAL OF 

IMMUNOLOGY. 2000;165:1918-24. 

121. YE G, BARRERA C, FAN XJ, GOURLEY WK, CROWE SE, ERNST PB, ET 

AL. EXPRESSION OF B7-1 AND B7-2 COSTIMULATORY MOLECULES BY 

HUMAN GASTRIC EPITHELIAL CELLS - POTENTIAL ROLE IN CD4(+) T CELL 

ACTIVATION DURING HELICOBACTER PYLORI INFECTION. JOURNAL OF 

CLINICAL INVESTIGATION. 1997;99:1628-36. 

122. SUZUKI T, KATO K, OHARA S, NOGUCHI K, SEKINE H, NAGURA H, ET 

AL. LOCALIZATION OF ANTIGEN-PRESENTING CELLS IN HELICOBACTER 

PYLORI-INFECTED GASTRIC MUCOSA. PATHOLOGY INTERNATIONAL. 

2002;52:265-71. 

123. FAN XJ, CROWE SE, BEHAR S, GUNASENA H, YE G, HAEBERLE H, ET 

AL. THE EFFECT OF CLASS II MAJOR HISTOCOMPATIBILITY COMPLEX 

EXPRESSION ON ADHERENCE OF HELICOBACTER PYLORI AND INDUCTION 

225



OF APOPTOSIS IN GASTRIC EPITHELIAL CELLS: A MECHANISM FOR T 

HELPER CELL TYPE 1-MEDIATED DAMAGE. JOURNAL OF EXPERIMENTAL 

MEDICINE. 1998;187:1659-69. 

124. LI HC, STOICOV C, HOUGHTON J. HYPEROSMOLARITY SHIFTS FAS 

SIGNALING PATHWAY FROM APOPTOSIS TO PROLIFERATION BY 

ACTIVATION OF P38 IN GASTRIC MUCOSAL CELL. GASTROENTEROLOGY. 

2003;124:A460-A. 

125. COUSSENS LM, WERB Z. INFLAMMATION AND CANCER. NATURE. 

2002;420:860-7. 

126. HASUMI K, TANAKA K, SAITOH S, TAKAGI A, MIWA T, MINE T, ET AL. 

ROLES OF TUMOR NECROSIS FACTOR-ALPHA-RECEPTOR TYPE 1 AND FAS 

IN THE HELICOBACTER PYLORI-INDUCED APOPTOSIS OF GASTRIC 

EPITHELIAL CELLS. JOURNAL OF GASTROENTEROLOGY AND 

HEPATOLOGY. 2002;17:651-8. 

127. HOUGHTON J, STOICOV C, NOMURA S, ROGERS AB, CARLSON J, LI 

HC, ET AL. GASTRIC CANCER ORIGINATING FROM BONE MARROW-

DERIVED CELLS. SCIENCE. 2004;306:1568-71. 

128. ISHIHARA S, FUKUDA R, KAWASHIMA K, MORIYAMA N, SUETSUGU 

H, ISHIMURA N, ET AL. T CELL-MEDIATED CYTOTOXICITY VIA FAS/FAS 

LIGAND SIGNALING IN HELICOBACTER PYLORI-INFECTED GASTRIC 

CORPUS. HELICOBACTER. 2001;6:283-93. 

129. NEU B, RANDLKOFER P, NEUHOFER M, VOLAND P, MAYERHOFER A, 

GERHARD M, ET AL. HELICOBACTER PYLORI INDUCES APOPTOSIS OF RAT 

226



GASTRIC PARIETAL CELLS. AMERICAN JOURNAL OF PHYSIOLOGY-

GASTROINTESTINAL AND LIVER PHYSIOLOGY. 2002;283:G309-G18. 

130. BRANDTZAEG P, HALSTENSEN TS, HUITFELDT HS, KRAJCI P, KVALE 

D, SCOTT H, ET AL. EPITHELIAL EXPRESSION OF HLA, SECRETORY 

COMPONENT (POLY-IG RECEPTOR), AND ADHESION MOLECULES IN THE 

HUMAN ALIMENTARY-TRACT. ANNALS OF THE NEW YORK ACADEMY OF 

SCIENCES. 1992;664:157-79. 

131. THOMPSON JJ, HERLYN MF, ELDER DE, CLARK WH, STEPLEWSKI Z, 

KOPROWSKI H. EXPRESSION OF DR-ANTIGENS IN FRESHLY FROZEN 

HUMAN-TUMORS. HYBRIDOMA. 1982;1:161-8. 

132. TRUMAN JP, CHOQUEUX C, TSCHOPP J, VEDRENNE J, LEDEIST F, 

CHARRON D, ET AL. HLA CLASS II-MEDIATED DEATH IS INDUCED VIA 

FAS/FAS LIGAND INTERACTIONS IN HUMAN SPLENIC B LYMPHOCYTES. 

BLOOD. 1997;89:1996-2007. 

133. BLANCHETEAU V, CHARRON D, MOONEY N. HLA CLASS II SIGNALS 

SENSITIZE B LYMPHOCYTES TO APOPTOSIS VIA FAS/CD95 BY INCREASING 

FADD RECRUITMENT TO ACTIVATED FAS AND ACTIVATION OF CASPASES. 

HUMAN IMMUNOLOGY. 2002;63:375-83. 

134. MAROTO R, SHEN XL, KONIG R. REQUIREMENT FOR EFFICIENT 

INTERACTIONS BETWEEN CD4 AND MHC CLASS II MOLECULES FOR 

SURVIVAL OF RESTING CD4(+) T LYMPHOCYTES IN VIVO AND FOR 

ACTIVATION-INDUCED CELL DEATH. JOURNAL OF IMMUNOLOGY. 

1999;162:5973-80. 

227



135. CATLETT IM, XIE P, HOSTAGER BS, BISHOP GA. SIGNALING 

THROUGH MHC CLASS II MOLECULES BLOCKS CD95-INDUCED APOPTOSIS. 

JOURNAL OF IMMUNOLOGY. 2001;166:6019-24. 

136. MCLELLAN AD, TERBECK G, MENGLING T, STARLING GC, KIENER PA, 

GOLD R, ET AL. DIFFERENTIAL SUSCEPTIBILITY TO CD95 (APO-1/FAS) AND 

MHC CLASS II-INDUCED APOPTOSIS DURING MURINE DENDRITIC CELL 

DEVELOPMENT. CELL DEATH AND DIFFERENTIATION. 2000;7:933-8. 

137. STOICOV C, SAFFARI R, CAI X, HASYAGAR C, HOUGHTON J. 

MOLECULAR BIOLOGY OF GASTRIC CANCER: HELICOBACTER INFECTION 

AND GASTRIC ADENOCARCINOMA: BACTERIAL AND HOST FACTORS 

RESPONSIBLE FOR ALTERED GROWTH SIGNALING. GENE. 2004;341:1-17. 

138. BAMFORD KB, FAN XJ, CROWE SE, LEARY JF, GOURLEY WK, LUTHRA 

GK, ET AL. LYMPHOCYTES IN THE HUMAN GASTRIC MUCOSA DURING 

HELICOBACTER PYLORI HAVE A T HELPER CELL 1 PHENOTYPE. 

GASTROENTEROLOGY. 1998;114:482-92. 

139. MOHAMMADI M, NEDRUD J, REDLINE R, LYCKE N, CZINN SJ. MURINE 

CD4 T-CELL RESPONSE TO HELICOBACTER INFECTION: TH1 CELLS 

ENHANCE GASTRITIS AND TH2 CELLS REDUCE BACTERIAL LOAD. 

GASTROENTEROLOGY. 1997;113:1848-57. 

140. MOHAMMADI M, CZINN S, REDLINE R, NEDRUD J. HELICOBACTER-

SPECIFIC CELL-MEDIATED IMMUNE RESPONSES DISPLAY A PREDOMINANT 

TH1 PHENOTYPE AND PROMOTE A DELAYED-TYPE HYPERSENSITIVITY 

228



RESPONSE IN THE STOMACHS OF MICE. JOURNAL OF IMMUNOLOGY. 

1996;156:4729-38. 

141. FRENKEL JK. PATHO-PHYSIOLOGY OF TOXOPLASMOSIS. 

PARASITOLOGY TODAY. 1988;4:273-8. 

142. LUFT BJ, BROOKS RG, CONLEY FK, MCCABE RE, REMINGTON JS. 

TOXOPLASMIC ENCEPHALITIS IN PATIENTS WITH ACQUIRED IMMUNE-

DEFICIENCY SYNDROME. JAMA-JOURNAL OF THE AMERICAN MEDICAL 

ASSOCIATION. 1984;252:913-7. 

143. FELDMAN HA. EPIDEMIOLOGY OF TOXOPLASMA INFECTIONS. 

EPIDEMIOLOGIC REVIEWS. 1982;4:204-13. 

144. ARENE FOI. THE PREVALENCE OF TOXOPLASMOSIS AMONG 

INHABITANTS OF THE NIGER DELTA. FOLIA PARASITOLOGICA. 1986;33:311-

4. 

145. CHOI WY. DIAGNOSIS AND EPIDEMIOLOGY OF TOXOPLASMOSIS IN 

KOREA. KISAENGCHUNGHAK CHAPCHI. 1990;28 SUPPL:41-4. 

146. MOHAN TC, ABDUL JALIL H, NADARAJAH M, SNG EH. ANTI-

TOXOPLASMA ANTIBODIES IN HEALTHY ADULTS AND IN DIFFERENT 

PATIENT CATEGORIES. SMJ SINGAPORE MEDICAL JOURNAL. 1991;32:344-7. 

147. FREUND YR, ZAVERI NT, JAVITZ HS. IN VITRO INVESTIGATION OF 

HOST RESISTANCE TO TOXOPLASMA GONDII INFECTION IN MICROGLIA OF 

BALB/C AND CBA/CA MICE. INFECTION AND IMMUNITY. 2001;69:765-72. 

148. SAKAGAMI T, DIXON M, OROURKE J, HOWLETT R, ALDERUCCIO F, 

VELLA J, ET AL. ATROPHIC GASTRIC CHANGES IN BOTH HELICOBACTER 

229



FELIS AND HELICOBACTER PYLORI INFECTED MICE ARE HOST DEPENDENT 

AND SEPARATE FROM ANTRAL GASTRITIS. GUT. 1996;39:639-48. 

149. SAWAI N, KITA M, KODAMA T, TANAHASHI T, YAMAOKA Y, TAGAWA 

YI, ET AL. ROLE OF GAMMA INTERFERON IN HELICOBACTER PYLORI-

INDUCED GASTRIC INFLAMMATORY RESPONSES IN A MOUSE MODEL. 

INFECTION AND IMMUNITY. 1999;67:279-85. 

150. XIA HHX, LAM SK, WONG WM, HU WHC, LAI KC, WONG SH, ET AL. 

ANTRALIZATION AT THE EDGE OF PROXIMAL GASTRIC ULCERS: DOES 

HELICOBACTER PYLORI INFECTION PLAY A ROLE? WORLD JOURNAL OF 

GASTROENTEROLOGY. 2003;9:1265-9. 

151. XIA HHX, KALANTAR JS, TALLEY NJ, WYATT JM, ADAMS S, CHEUNG 

K, ET AL. ANTRAL-TYPE MUCOSA IN THE GASTRIC INCISURA, BODY, AND 

FUNDUS (ANTRALIZATION): A LINK BETWEEN HELICOBACTER PYLORI 

INFECTION AND INTESTINAL METAPLASIA? AMERICAN JOURNAL OF 

GASTROENTEROLOGY. 2000;95:114-21. 

152. XIA HHX, ZHANG GS, TALLEY NJ, WONG BCY, YANG Y, HENWOOD C, 

ET AL. TOPOGRAPHIC ASSOCIATION OF GASTRIC EPITHELIAL EXPRESSION 

OF KI-67, BAX, AND BCL-2 WITH ANTRALIZATION IN THE GASTRIC 

INCISURA, BODY, AND FUNDUS. AMERICAN JOURNAL OF 

GASTROENTEROLOGY. 2002;97:3023-31. 

153. LANDIS SH, MURRAY T, BOLDEN S, WINGO PA. CANCER STATISTICS, 

1999. CA-A CANCER JOURNAL FOR CLINICIANS. 1999;49:8-31. 

230



154. NEUGUT AI, HAYEK M, HOWE G. EPIDEMIOLOGY OF GASTRIC 

CANCER. SEMINARS IN ONCOLOGY. 1996;23:281-91. 

155. CHAN AOO, WONG BCY, LAM SK. GASTRIC CANCER: PAST, PRESENT 

AND FUTURE. CANADIAN JOURNAL OF GASTROENTEROLOGY. 2001;15:469-

74. 

156. CORREA P, HOUGHTON J. CARCINOGENESIS OF HELICOBACTER 

PYLORI. GASTROENTEROLOGY. 2007;133:659-72. 

157. STOICOV C, LI HC, LEE FS, ROGERS A, WHARY M, FOX JG, ET AL. 

CONCURRENT TOXOPLASMA GONDII INFECTION ALLOWS A RESISTANT 

HOST TO MOUNT AN OVERWHELMING TH1 RESPONSE TO HELICOBACTER 

INFECTION. GASTROENTEROLOGY. 2003;124:A12-A. 

158. SZABO SJ, KIM ST, COSTA GL, ZHANG XK, FATHMAN CG, GLIMCHER 

LH. A NOVEL TRANSCRIPTION FACTOR, T-BET, DIRECTS TH1 LINEAGE 

COMMITMENT. CELL. 2000;100:655-69. 

159. CAL X, STOICOV C, LI HC, HOUGHTON JM. LONG TERM 

HELICOBACTER FELIS INFECTION IN THE C57BL/6 MOUSE-NATURAL 

HISTORY AND EFFECTS OF ERADICATION THERAPY ON PROGRESSION OF 

DISEASE. GASTROENTEROLOGY. 2004;126:A181-A. 

160. KANG WQ, RATHINAVELU S, SAMUELSON LC, MERCHANT JL. 

INTERFERON GAMMA INDUCTION OF GASTRIC MUCOUS NECK CELL 

HYPERTROPHY. LABORATORY INVESTIGATION. 2005;85:702-15. 

161. VENKATARAMAN C, LEUNG S, SALVEKAR A, MANO H, SCHINDLER U. 

REPRESSION OF IL-4-INDUCED GENE EXPRESSION BY IFN-GAMMA 

231



REQUIRES STAT1 ACTIVATION. JOURNAL OF IMMUNOLOGY. 1999;162:4053-

61. 

162. DICKENSHEETS HL, VENKATARAMAN C, SCHINDLER U, DONNELLY 

RP. INTERFERONS INHIBIT ACTIVATION OF STAT6 BY INTERLEUKIN 4 IN 

HUMAN MONOCYTES BY INDUCING SOCS-1 GENE EXPRESSION. 

PROCEEDINGS OF THE NATIONAL ACADEMY OF SCIENCES OF THE UNITED 

STATES OF AMERICA. 1999;96:10800-5. 

163. ALIPRANTIS AO, WANG JS, FATHMAN JW, LEMAIRE R, DORFMAN DM, 

LAFYATIS R, ET AL. TRANSCRIPTION FACTOR T-BET REGULATES SKIN 

SCLEROSIS THROUGH ITS FUNCTION IN INNATE IMMUNITY AND VIA IL-13. 

PROCEEDINGS OF THE NATIONAL ACADEMY OF SCIENCES OF THE UNITED 

STATES OF AMERICA. 2007;104:2827-30. 

164. ZAVROS Y, RIEDER G, FERGUSON A, SAMUELSON LC, MERCHANT JL. 

GENETIC OR CHEMICAL HYPOCHLORHYDRIA IS ASSOCIATED WITH 

INFLAMMATION THAT MODULATES PARIETAL AND G-CELL POPULATIONS 

IN MICE. GASTROENTEROLOGY. 2002;122:119-33. 

165. TAN MP, KAPARAKIS M, GALIC M, PEDERSEN J, PEARSE M, WIJBURG 

OLC, ET AL. CHRONIC HELICOBACTER PYLORI INFECTION DOES NOT 

SIGNIFICANTLY ALTER THE MICROBIOTA OF THE MURINE STOMACH. 

APPLIED AND ENVIRONMENTAL MICROBIOLOGY. 2007;73:1010-3. 

166. STOICOV C, CAI X, LI HC, HOUGHTON JM. MHC II EXPRESSION ON 

GASTRIC MUCOSAL CELLS: INHIBITION OF RECEPTOR CLUSTERING AND 

232



PROTECTION FROM FAS AG SIGNALING. GASTROENTEROLOGY. 

2004;126:A149-A. 

167. LIM SC. FAS-RELATED APOPTOSIS IN GASTRIC ADENOCARCINOMA. 

ONCOLOGY REPORTS. 2003;10:57-63. 

168. OSAKI M, KASE S, KODANI I, WATANABE M, ADACHI H, ITO H. 

EXPRESSION OF FAS AND FAS LIGAND IN HUMAN GASTRIC ADENOMAS 

AND INTESTINAL-TYPE CARCINOMAS: CORRELATION WITH 

PROLIFERATION AND APOPTOSIS. GASTRIC CANCER. 2001;4:198-205. 

169. PARK WS, OH RR, KIM YS, PARK JY, LEE SH, SHIN MS, ET AL. 

SOMATIC MUTATIONS IN THE DEATH DOMAIN OF THE FAS (APO-I/CD95) 

GENE IN GASTRIC CANCER. JOURNAL OF PATHOLOGY. 2001;193:162-8. 

170. EATON KA, BENSON LH, HAEGER J, GRAY BM. ROLE OF 

TRANSCRIPTION FACTOR T-BET EXPRESSION BY CD4(+) CELLS IN 

GASTRITIS DUE TO HELICOBACTER PYLORI IN MICE. INFECTION AND 

IMMUNITY. 2006;74:4673-84. 

171. NEURATH MF, WEIGMANN B, FINOTTO S, GLICKMAN J, 

NIEUWENHUIS E, IIJIMA H, ET AL. THE TRANSCRIPTION FACTOR T-BET 

REGULATES MUCOSAL T CELL ACTIVATION IN EXPERIMENTAL COLITIS 

AND CROHN'S DISEASE. JOURNAL OF EXPERIMENTAL MEDICINE. 

2002;195:1129-43. 

172. TSUGANE S, SASAZUKI S. DIET AND THE RISK OF GASTRIC CANCER: 

REVIEW OF EPIDEMIOLOGICAL EVIDENCE. GASTRIC CANCER. 2007;10:75-83. 

233



173. TU S, BHAGAT G, CUI G, TAKAISHI S, KURT-JONES EA, RICKMAN B, ET 

AL. OVEREXPRESSION OF INTERLEUKIN-1 BETA INDUCES GASTRIC 

INFLAMMATION AND CANCER AND MOBILIZES MYELOID-DERIVED 

SUPPRESSOR CELLS IN MICE. CANCER CELL. 2008;14:408-19. 

174. DU YQ, AGNEW A, YE XP, ROBINSON PA, FORMAN D, CRABTREE JE. 

HELICOBACTER PYLORI AND SCHISTOSOMA JAPONICUM CO-INFECTION IN 

A CHINESE POPULATION: HELMINTH INFECTION ALTERS HUMORAL 

RESPONSES TO H-PYLORI AND SERUM PEPSINOGEN I/II RATIO. MICROBES 

AND INFECTION. 2006;8:52-60. 

175. CAMARGO MC, MERA R, CORREA P, PEEK RM, FONTHAM ETH, 

GOODMAN KJ, ET AL. INTERLEUKIN-1 BETA AND INTERLEUKIN-1 

RECEPTOR ANTAGONIST GENE POLYMORPHISMS AND GASTRIC CANCER: A 

META-ANALYSIS. CANCER EPIDEMIOLOGY BIOMARKERS & PREVENTION. 

2006;15:1674-87. 

176. BALKWILL F, MANTOVANI A. INFLAMMATION AND CANCER: BACK 

TO VIRCHOW? LANCET. 2001;357:539-45. 

177. HALLEUX C, SOTTILE V, GASSER JA, SEUWEN K. MULTI-LINEAGE 

POTENTIAL OF HUMAN MESENCHYMAL STEM CELLS FOLLOWING CLONAL 

EXPANSION. J MUSCULOSKELET NEURONAL INTERACT. 2001;2:71-6. 

178. GRANT MB, MAY WS, CABALLERO S, BROWN GAJ, GUTHRIE SM, 

MAMES RN, ET AL. ADULT HEMATOPOIETIC STEM CELLS PROVIDE 

FUNCTIONAL HEMANGIOBLAST ACTIVITY DURING RETINAL 

NEOVASCULARIZATION. NAT MED. 2002;8:607-12. 

234



179. MASUYA M, DRAKE CJ, FLEMING PA, REILLY CM, ZENG H, HILL WD, 

ET AL. HEMATOPOIETIC ORIGIN OF GLOMERULAR MESANGIAL CELLS. 

BLOOD. 2003;101:2215-8. 

180. KEENE CD, ORTIZ-GONZALEZ XR, JIANG Y, LARGAESPADA DA, 

VERFAILLIE CM, LOW WC. NEURAL DIFFERENTIATION AND 

INCORPORATION OF BONE MARROW-DERIVED MULTIPOTENT ADULT 

PROGENITOR CELLS AFTER SINGLE CELL TRANSPLANTATION INTO 

BLASTOCYST STAGE MOUSE EMBRYOS. CELL TRANSPLANT. 2003;12:201-13. 

181. JANG YY, COLLECTOR MI, BAYLIN SB, DIEHL AM, SHARKIS SJ. 

HEMATOPOIETIC STEM CELLS CONVERT INTO LIVER CELLS WITHIN DAYS 

WITHOUT FUSION. NATURE CELL BIOLOGY. 2004;6:532-9. 

182. HESS DC, ABE T, HILL WD, STUDDARD AM, CAROTHERS J, MASUYA 

M, ET AL. HEMATOPOIETIC ORIGIN OF MICROGLIAL AND PERIVASCULAR 

CELLS IN BRAIN. EXPERIMENTAL NEUROLOGY. 2004;186:134-44. 

183. KAWADA H, FUJITA J, KINJO K, MATSUZAKI Y, TSUMA M, MIYATAKE 

H, ET AL. NONHEMATOPOLETIC MESENCHYMAL STEM CELLS CAN BE 

MOBILIZED AND DIFFERENTIATE INTO CARDIOMYOCYTES AFTER 

MYOCARDIAL INFARCTION. BLOOD. 2004;104:3581-7. 

184. YOON YS, WECKER A, HEYD L, PARK JS, TKEBUCHAVA T, KUSANO K, 

ET AL. CLONALLY EXPANDED NOVEL MULTIPOTENT STEM CELLS FROM 

HUMAN BONE MARROW REGENERATE MYOCARDIUM AFTER 

MYOCARDIAL INFARCTION. JOURNAL OF CLINICAL INVESTIGATION. 

2005;115:326-38. 

235



185. LANGE C, BASSLER P, LIOZNOV M-V, BRUNS H, KLUTH D, ZANDER A-

R, ET AL. LIVER-SPECIFIC GENE EXPRESSION IN MESENCHYMAL STEM 

CELLS IS INDUCED BY LIVER CELLS. WORLD J GASTROENTEROL. 

2005;11:4497-504. 

186. VISCONTI RP, EBIHARA Y, LARUE AC, FLEMING PA, MCQUINN TC, 

MASUYA M, ET AL. AN IN VIVO ANALYSIS OF HEMATOPOIETIC STEM CELL 

POTENTIAL - HEMATOPOIETIC ORIGIN OF CARDIAC VALVE INTERSTITIAL 

CELLS. CIRCULATION RESEARCH. 2006;98:690-6. 

187. LANG HN, EBIHARA Y, SCHMIEDT RA, MINAMIGUCHI H, ZHOU DH, 

SMYTHE N, ET AL. CONTRIBUTION OF BONE MARROW HEMATOPOIETIC 

STEM CELLS TO ADULT MOUSE INNER EAR: MESENCHYMAL CELLS AND 

FIBROCYTES. JOURNAL OF COMPARATIVE NEUROLOGY. 2006;496:187-201. 

188. LARUE AC, MASUYA M, EBIHARA Y, FLEMING PA, VISCONTI RP, 

MINAMIGUCHI H, ET AL. HEMATOPOIETIC ORIGINS OF FIBROBLASTS: I. IN 

VIVO STUDIES OF FIBROBLASTS ASSOCIATED WITH SOLID TUMORS. 

EXPERIMENTAL HEMATOLOGY. 2006;34:208-18. 

189. EBIHARA Y, MASUYA M, LARUE AC, FLEMING PA, VISCONTI RP, 

MINAMIGUCHI H, ET AL. HEMATOPOIETIC ORIGINS OF FIBROBLASTS: II. IN 

VITRO STUDIES OF FIBROBLASTS, CFU-F, AND FIBROCYTES. 

EXPERIMENTAL HEMATOLOGY. 2006;34:219-29. 

190. DE BARI C, DELL'ACCIO F, VANLAUWE J, EYCKMANS J, KHAN YM, 

ARCHER CW, ET AL. MESENCHYMAL MULTIPOTENCY OF ADULT HUMAN 

236



PERIOSTEAL CELLS DEMONSTRATED BY SINGLE-CELL LINEAGE 

ANALYSIS. ARTHRITIS AND RHEUMATISM. 2006;54:1209-21. 

191. TROPEL P, PLATET N, PLATEL JC, NOEL D, ALBRIEUX M, BENABID AL, 

ET AL. FUNCTIONAL NEURONAL DIFFERENTIATION OF BONE MARROW-

DERIVED MESENCHYMAL STEM CELLS. STEM CELLS. 2006;24:2868-76. 

192. COGLE CR, THEISE ND, FU DT, UCAR D, LEE S, GUTHRIE SM, ET AL. 

BONE MARROW CONTRIBUTES TO EPITHELIAL CANCERS IN MICE AND 

HUMANS AS DEVELOPMENTAL MIMICRY. STEM CELLS. 2007;25:1881-7. 

193. CHAMBERLAIN J, YAMAGAMI T, COLLETTI E, THEISE ND, DESAI J, 

FRIAS A, ET AL. EFFICIENT GENERATION OF HUMAN HEPATOCYTES BY 

THE INTRAHEPATIC DELIVERY OF CLONAL HUMAN MESENCHYMAL STEM 

CELLS IN FETAL SHEEP. HEPATOLOGY. 2007;46:1935-45. 

194. SERA Y, LARUE AC, MOUSSA O, MEHROTRA M, DUNCAN JD, 

WILLIAMS CR, ET AL. HEMATOPOIETIC STEM CELL ORIGIN OF 

ADIPOCYTES. EXPERIMENTAL HEMATOLOGY. 2009;37:1108-20. 

195. ANDERSON DJ, GAGE FH, WEISSMAN IL. CAN STEM CELLS CROSS 

LINEAGE BOUNDARIES? NATURE MEDICINE. 2001;7:393-5. 

196. MA Q, JONES D, BORGHESANI PR, SEGAL RA, NAGASAWA T, 

KISHIMOTO T, ET AL. IMPAIRED B-LYMPHOPOIESIS, MYELOPOIESIS, AND 

DERAILED CEREBELLAR NEURON MIGRATION IN CXCR4- AND SDF-1-

DEFICIENT MICE. PROCEEDINGS OF THE NATIONAL ACADEMY OF 

SCIENCES OF THE UNITED STATES OF AMERICA. 1998;95:9448-53. 

237



197. MA Q, JONES D, SPRINGER TA. THE CHEMOKINE RECEPTOR CXCR4 IS 

REQUIRED FOR THE RETENTION OF B LINEAGE AND GRANULOCYTIC 

PRECURSORS WITHIN THE BONE MARROW MICROENVIRONMENT. 

IMMUNITY. 1999;10:463-71. 

198. PITUCH-NOWOROLSKA A, MAJKA M, JANOWSKA-WIECZOREK A, BAJ-

KRZYWORZEKA M, URBANOWICZ B, MALEC E, ET AL. CIRCULATING 

CXCR4-POSITIVE STEM/PROGENITOR CELLS COMPETE FOR SDF-1-POSITIVE 

NICHES IN BONE MARROW, MUSCLE AND NEURAL TISSUES: AN 

ALTERNATIVE HYPOTHESIS TO STEM CELL PLASTICITY. FOLIA 

HISTOCHEMICA ET CYTOBIOLOGICA. 2003;41:13-21. 

199. KUCIA M, RATAJCZAK J, RECA R, JANOWSKA-WIECZOREK A, 

RATAJCZAK MZ. TISSUE-SPECIFIC MUSCLE, NEURAL AND LIVER 

STEM/PROGENITOR CELLS RESIDE IN THE BONE MARROW, RESPOND TO 

AN SDF-1 GRADIENT AND ARE MOBILIZED INTO PERIPHERAL BLOOD 

DURING STRESS AND TISSUE INJURY. BLOOD CELLS MOLECULES AND 

DISEASES. 2004;32:52-7. 

200. RATAJCZAK MZ, KUCIA M, RECA R, MAJKA M, JANOWSKA-

WIECZOREK A, RATAJCZAK J. STEM CELL PLASTICITY REVISITED: CXCR4-

POSITIVE CELLS EXPRESSING MRNA FOR EARLY MUSCLE, LIVER AND 

NEURAL CELLS 'HIDE OUT' IN THE BONE MARROW. LEUKEMIA. 2004;18:29-

40. 

201. NAGASAWA T, HIROTA S, TACHIBANA K, TAKAKURA N, NISHIKAWA 

S, KITAMURA Y, ET AL. DEFECTS OF B-CELL LYMPHOPOIESIS AND BONE-

238



MARROW MYELOPOIESIS IN MICE LACKING THE CXC CHEMOKINE 

PBSF/SDF-1. NATURE. 1996;382:635-8. 

202. BAGRI A, GURNEY T, HE XP, ZOU YR, LITTMAN DR, TESSIER-

LAVIGNE M, ET AL. THE CHEMOKINE SDF1 REGULATES MIGRATION OF 

DENTATE GRANULE CELLS. DEVELOPMENT. 2002;129:4249-60. 

203. KUCIA M, RATAJCZAK J, RATAJCZAK MZ. BONE MARROW AS A 

SOURCE OF CIRCULATING CXCR4(+) TISSUE-COMMITTED STEM CELLS. 

BIOLOGY OF THE CELL. 2005;97:133-46. 

204. PETIT I, SZYPER-KRAVITZ M, NAGLER A, LAHAV M, PELED A, 

HABLER L, ET AL. G-CSF INDUCES STEM CELL MOBILIZATION BY 

DECREASING BONE MARROW SDF-1 AND UP-REGULATING CXCR4. NATURE 

IMMUNOLOGY. 2002;3:687-94. 

205. LILES WC, BROXMEYER HE, RODGER E, WOOD B, HUBEL K, COOPER 

S, ET AL. MOBILIZATION OF HEMATOPOIETIC PROGENITOR CELLS IN 

HEALTHY VOLUNTEERS BY AMD3100, A CXCR4 ANTAGONIST. BLOOD. 

2003;102:2728-30. 

206. HAMM HE. THE MANY FACES OF G PROTEIN SIGNALING. JOURNAL 

OF BIOLOGICAL CHEMISTRY. 1998;273:669-72. 

207. MURPHY PM. CHEMOKINE RECEPTORS: STRUCTURE, FUNCTION AND 

ROLE IN MICROBIAL PATHOGENESIS. CYTOKINE AND GROWTH FACTOR 

REVIEWS. 1996;7:47-64. 

208. WAGERS AJ, WEISSMAN IL. PLASTICITY OF ADULT STEM CELLS. 

CELL. 2004;116:639-48. 

239



209. LABARGE MA, BLAU HM. BIOLOGICAL PROGRESSION FROM ADULT 

BONE MARROW TO MONONUCLEATE MUSCLE STEM CELL TO 

MULTINUCLEATE MUSCLE FIBER IN RESPONSE TO INJURY. CELL. 

2002;111:589-601. 

210. FRANKE A, TEYSSEN S, SINGER MV. ALCOHOL-RELATED DISEASES 

OF THE ESOPHAGUS AND STOMACH. DIGESTIVE DISEASES. 2005;23:204-13. 

211. SCHMIDT PH, LEE JR, JOSHI V, PLAYFORD RJ, POULSOM R, WRIGHT 

NA, ET AL. IDENTIFICATION OF A METAPLASTIC CELL LINEAGE 

ASSOCIATED WITH HUMAN GASTRIC ADENOCARCINOMA. LABORATORY 

INVESTIGATION. 1999;79:639-46. 

212. GOLDENRING JR, RAY GS, COFFEY RJ, MEUNIER PC, HALEY PJ, 

BARNES TB, ET AL. REVERSIBLE DRUG-INDUCED OXYNTIC ATROPHY IN 

RATS. GASTROENTEROLOGY. 2000;118:1080-93. 

213. BOIVIN GP, WASHINGTON K, YANG K, WARD JM, PRETLOW TP, 

RUSSELL R, ET AL. PATHOLOGY OF MOUSE MODELS OF INTESTINAL 

CANCER: CONSENSUS REPORT AND RECOMMENDATIONS. 

GASTROENTEROLOGY. 2003;124:762-77. 

214. CLOUSTON AD. TIMELY TOPIC: PREMALIGNANT LESIONS 

ASSOCIATED WITH ADENOCARCINOMA OF THE UPPER 

GASTROINTESTINAL TRACT. PATHOLOGY. 2001;33:271-7. 

215. FOX JG, ROGERS AB, IHRIG M, TAYLOR NS, WHARY MT, DOCKRAY G, 

ET AL. HELICOBACTER PYLORI-ASSOCIATED GASTRIC CANCER IN INS-GAS 

MICE IS GENDER SPECIFIC. CANCER RESEARCH. 2003;63:942-50. 

240



216. YASUMOTO K, KOIZUMI K, KAWASHIMU A, SAITOH Y, ARITA Y, 

SHINOHARA K, ET AL. CXCR4 IN PERITONEAL CARCINOMATOSIS OF 

GASTRIC CARCINOMA (VOL 66, PG 2181, 2006). CANCER RESEARCH. 

2006;66:3957-. 

217. YASUMOTO K, KOIZUMI K, KAWASHIMA A, SAITOH Y, ARITA Y, 

SHINOHARA K, ET AL. ROLE OF THE CXCL12/CXCR4 AXIS IN PERITONEAL 

CARCINOMATOSIS OF GASTRIC CANCER. CANCER RESEARCH. 2006;66:2181-

7. 

218. SUTTON A, FRIAND V, BRULE-DONNEGER S, CHAIGNEAU T, ZIOL M, 

SAINTE-CATHERINE O, ET AL. STROMAL CELL-DERIVED FACTOR-

1/CHEMOKINE (C-X-C MOTIF) LIGAND 12 STIMULATES HUMAN HEPATOMA 

CELL GROWTH, MIGRATION, AND INVASION. MOLECULAR CANCER 

RESEARCH. 2007;5:21-33. 

219. ALSAYED Y, NGO H, RUNNELS J, LELEU X, SINGHA UK, PITSILLIDES 

CM, ET AL. MECHANISMS OF REGULATION OF CXCR4/SDF-1 (CXCL12)-

DEPENDENT MIGRATION AND HOMING IN MULTIPLE MYELOMA. BLOOD. 

2007;109:2708-17. 

220. LI H, FAN X, KOVI RC, JO Y, MOQUIN B, KONZ R, ET AL. 

SPONTANEOUS EXPRESSION OF EMBRYONIC FACTORS AND P53 POINT 

MUTATIONS IN AGED MESENCHYMAL STEM CELLS: A MODEL OF AGE-

RELATED TUMORIGENESIS IN MICE. CANCER RESEARCH. 2007;67:10889-98. 

241



221. ROE B, HALL WW. CELLULAR AND MOLECULAR INTERACTIONS IN 

COINFECTION WITH HEPATITIS C VIRUS AND HUMAN IMMUNODEFICIENCY 

VIRUS. EXPERT REV MOL MED. 2008;10:E30. 

222. FURZE RC, HUSSELL T, SELKIRK ME. AMELIORATION OF INFLUENZA-

INDUCED PATHOLOGY IN MICE BY COINFECTION WITH TRICHINELLA 

SPIRALIS. INFECTION AND IMMUNITY. 2006;74:1924-32. 

223. SU Z, SEGURA M, MORGAN K, LOREDO-OSTI JC, STEVENSON MM. 

IMPAIRMENT OF PROTECTIVE IMMUNITY TO BLOOD-STAGE MALARIA BY 

CONCURRENT NEMATODE INFECTION. INFECTION AND IMMUNITY. 

2005;73:3531-9. 

224. NACHER M, SINGHASIVANON P, TRAORE B, VANNAPHAN S, GAY F, 

CHINDANOND D, ET AL. HELMINTH INFECTIONS ARE ASSOCIATED WITH 

PROTECTION FROM CEREBRAL MALARIA AND INCREASED NITROGEN 

DERIVATIVES CONCENTRATIONS IN THAILAND. AMERICAN JOURNAL OF 

TROPICAL MEDICINE AND HYGIENE. 2002;66:304-9. 

225. RABY BA, HWANG ES, VAN STEEN K, TANTISIRA K, PENG S, 

LITONJUA A, ET AL. T-BET POLYMORPHISMS ARE ASSOCIATED WITH 

ASTHMA AND AIRWAY HYPERRESPONSIVENESS. AMERICAN JOURNAL OF 

RESPIRATORY AND CRITICAL CARE MEDICINE. 2006;173:64-70. 

226. MAEKAWA T, KINOSHITA Y, MATSUSHIMA Y, OKADA A, FUKUI H, 

WAKI S, ET AL. HELICOBACTER PYLORI INDUCES PROINFLAMMATORY 

CYTOKINES AND MAJOR HISTOCOMPATIBILITY COMPLEX CLASS II 

242



ANTIGEN IN MOUSE GASTRIC EPITHELIAL CELLS. JOURNAL OF 

LABORATORY AND CLINICAL MEDICINE. 1997;130:442-9. 

227. BARRERA C, ESPEJO R, REYES VE. DIFFERENTIAL GLYCOSYLATION 

OF MHC CLASS II MOLECULES ON GASTRIC EPITHELIAL CELLS: 

IMPLICATIONS IN LOCAL IMMUNE RESPONSES. HUMAN IMMUNOLOGY. 

2002;63:384-93. 

228. AZUMA T, ITO S, SATO F, YAMAZAKI Y, MIYAJI H, ITO Y, ET AL. THE 

ROLE OF THE HLA-DQA1 GENE IN RESISTANCE TO ATROPHIC GASTRITIS 

AND GASTRIC ADENOCARCINOMA INDUCED BY HELICOBACTER PYLORI 

INFECTION. CANCER. 1998;82:1013-8. 

229. BAROZZI P, LUPPI M, FACCHETTI F, MECUCCI C, ALU M, SARID R, ET 

AL. POST-TRANSPLANT KAPOSI SARCOMA ORIGINATES FROM THE 

SEEDING OF DONOR-DERIVED PROGENITORS. NATURE MEDICINE. 

2003;9:554-61. 

230. CHAKRABORTY A, LAZOVA R, DAVIES S, BACKVALL H, PONTEN F, 

BRASH D, ET AL. DONOR DNA IN A RENAL CELL CARCINOMA METASTASIS 

FROM A BONE MARROW TRANSPLANT RECIPIENT. BONE MARROW 

TRANSPLANTATION. 2004;34:183-6. 

231. ARACTINGI S, KANITAKIS J, EUVRARD S, LE DANFF C, PEGUILLET I, 

KHOSROTEHRANI K, ET AL. SKIN CARCINOMA ARISING FROM DONOR 

CELLS IN A KIDNEY TRANSPLANT RECIPIENT. CANCER RESEARCH. 

2005;65:1755-60. 

243



232. MORATH C, ROHMEISS P, SCHWENGER V, WALDHERR R, RITZ E, 

ZEIER M, ET AL. TRANSMISSION OF DONOR-DERIVED SMALL-CELL 

CARCINOMA CELLS BY A NONTUMOR-BEARING ALLOGRAFT. 

TRANSPLANTATION. 2005;80:540-2. 

233. GOLFINOPOULOSS V, PENTHEROUDAKIS G, KAMAKARI S, METAXA-

MARIATOU V, PAVLIDIS N. DONOR-DERIVED BREAST CANCER IN A BONE 

MARROW TRANSPLANTATION RECIPIENT. BREAST CANCER RESEARCH 

AND TREATMENT. 2009;113:211-3. 

234. PETERS BA, DIAZ LA, POLYAK K, MESZLER L, ROMANS K, GUINAN 

EC, ET AL. CONTRIBUTION OF BONE MARROW-DERIVED ENDOTHELIAL 

CELLS TO HUMAN TUMOR VASCULATURE. NATURE MEDICINE. 2005;11:261-

2. 

235. DOME B, TIMAR J, DOBOS J, MESZAROS L, RASO E, PAKU S, ET AL. 

IDENTIFICATION AND CLINICAL SIGNIFICANCE OF CIRCULATING 

ENDOTHELIAL PROGENITOR CELLS IN HUMAN NON-SMALL CELL LUNG 

CANCER. CANCER RESEARCH. 2006;66:7341-7. 

236. HO JWY, PANG RWC, LAU C, SUN CK, YU WC, FAN ST, ET AL. 

SIGNIFICANCE OF CIRCULATING ENDOTHELIAL PROGENITOR CELLS IN 

HEPATOCELLULAR CARCINOMA. HEPATOLOGY. 2006;44:836-43. 

237. KARNOUB AE, DASH AB, VO AP, SULLIVAN A, BROOKS MW, BELL 

GW, ET AL. MESENCHYMAL STEM CELLS WITHIN TUMOUR STROMA 

PROMOTE BREAST CANCER METASTASIS. NATURE. 2007;449:557-U4. 

244



238. KAPLAN RN, RIBA RD, ZACHAROULIS S, BRAMLEY AH, VINCENT L, 

COSTA C, ET AL. VEGFR1-POSITIVE HAEMATOPOIETIC BONE MARROW 

PROGENITORS INITIATE THE PRE-METASTATIC NICHE. NATURE. 

2005;438:820-7. 

239. MATSUMOTO T, OKAMOTO R, YAJIMA T, MORI T, OKAMOTO S, IKEDA 

Y, ET AL. INCREASE OF BONE MARROW-DERIVED SECRETORY LINEAGE 

EPITHELIAL CELLS DURING REGENERATION IN THE HUMAN INTESTINE. 

GASTROENTEROLOGY. 2005;128:1851-67. 

240. OKAMOTO R, YAJIMA T, YAMAZAKI M, KANAI T, MUKAI M, 

OKAMOTO S, ET AL. DAMAGED EPITHELIA REGENERATED BY BONE 

MARROW-DERIVED CELLS IN THE HUMAN GASTROINTESTINAL TRACT. 

NATURE MEDICINE. 2002;8:1011-7. 

241. LOURIDAS M, LETOURNEAU S, LAUTATZIS M-E, VRONTAKIS M. 

GALANIN IS HIGHLY EXPRESSED IN BONE MARROW MESENCHYMAL STEM 

CELLS AND FACILITATES MIGRATION OF CELLS BOTH IN VITRO AND IN 

VIVO. BIOCHEM BIOPHYS RES COMMUN. 2009;390:867-71. 

242. ZISA D, SHABBIR A, MASTRI M, SUZUKI G, LEE T. INTRAMUSCULAR 

VEGF REPAIRS THE FAILING HEART: ROLE OF HOST-DERIVED GROWTH 

FACTORS AND MOBILIZATION OF PROGENITOR CELLS. AMERICAN 

JOURNAL OF PHYSIOLOGY-REGULATORY INTEGRATIVE AND 

COMPARATIVE PHYSIOLOGY. 2009;297:R1503-R15. 

243. MACE KA, RESTIVO TE, RINN JL, PAQUET AC, CHANG HY, YOUNG 

DM, ET AL. HOXA3 MODULATES INJURY-INDUCED MOBILIZATION AND 

245



RECRUITMENT OF BONE MARROW-DERIVED CELLS. STEM CELLS. 

2009;27:1654-65. 

244. HO IAW, CHAN KYW, NG WH, GUO CM, HUI KM, CHEANG P, ET AL. 

MATRIX METALLOPROTEINASE 1 IS NECESSARY FOR THE MIGRATION OF 

HUMAN BONE MARROW-DERIVED MESENCHYMAL STEM CELLS TOWARD 

HUMAN GLIOMA. STEM CELLS. 2009;27:1366-75. 

 

246


	Title Page
	Approval Page
	Copyright Information
	Dedication
	Acknowledgements
	Abstract
	Abbreviations
	Table of Contents
	List of Figures
	List of Tables
	Chapter I: Introduction to Helicobacter Induced Diseases and Pathogenesis
	Chapter II: Materials and Methods
	Chapter III: Major Histocompatibility Complex Class II Inhibits FAS Antigen-Mediated Gastric Mucosal Cell Apoptosis through Actin-Dependent Inhibition of Receptor Aggregation
	Chapter IV: Coinfection Modulates Inflammatory Responses and Clinical Outcome of Helicobacter Felis and Toxoplasma Gondii Infections
	Chapter V: T-BET Knockout Prevents Helicobacter Felis-Induced Gastric Cancer
	Chapter VI: CXCR4/SDF-1 Mediated Homing of Mesenchymal Stem Cells to the Injured Gastric Mucosa
	Chapter VII: Discussion
	Chapter VIII: References



