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1. Introduction

For most of the 20th century, the human stomach has been considered an environment that
is inhospitable for the growth of any bacteria. But the first isolation of a curved, microaero‐
philic, gram-negative bacterium, H. pylori by Marshall and Warren in 1982 is responsible for
provoking a rupture in contemporary popular medical doctrines, thereby enforcing changes
in global conceptions of gastroduodenal disorders. H. pylori is of growing concern today be‐
cause of its crucial role in the pathogenesis of chronic gastritis, peptic ulcer diseases and in
the multi-step carcinogenic processess of gastric cancer, a fourth most common cancer
worldwide while the second cause of cancer related deaths. Epidemiologically, more than
50% of the world population is infected by this bacterium and develops persistent inflam‐
mation in their stomachs, which lasts for decades unless treated with antibiotics. About
60-95% of peptic ulcer diseases are thought to be idiopathic and H. pylori is one of the causa‐
tive agents of nearly all of these cases in adults. About 15% of infected individuals become
symptomatic for peptic ulcer (duodenal or gastric) as a long-term consequence of infection.
The apparent paradox suggests that the mere presence of H. pylori in the stomach is insuffi‐
cient to cause gastric disease, rather requiring additional conditions. Beside bacterial genet‐
ics, host genetic factors, hygiene, microbiome, medication, food habits along with life-style
might be additional reasons for H. pylori-induced pathogenecity.

Progression of gastric inflammation by long term association of H. pylori  in stomach can
broadly be viewed in two ways. The first being the antigenic stimulation of H. pylori and
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the  second  one  is  the  host  immune  response  to  microbe  that  is  necessary  for  bacterial
clearance yet causing injury to the host. Besides, H. pylori must bear an arsenal of specif‐
ic  virulence  factor  such  as  the  cytotoxin-associated  gene-pathogenicity  island  (cag-PAI),
vacuolating associated cytotoxin gene A (vacA),  outer membrane protein A (oipA), blood
group antigen binding adhesin (babA), lipases and lipopolysaccharides (LPS) be potential‐
ly toxigenic to initiate the process of inflammation in the host gastric tissues. These anti‐
gens  can  interact  with  specific  host  proteins,  initiating  a  cascade  of  signaling  processes
which  ultimately  affect  many  abnormalities  like  loss-of-function  of  tumour  suppressor
genes, gain-of-function of oncogenes, dysregulation of miRNAs and several defects in cy‐
toskeleton and cell-cell junctions.

On the other hand, the host immune response is characterized by the cardinal signs of in‐
flammation. Both innate and adaptive immune systems are activated by inhabiting H. pylori.
The principal mechanism of innate immunity includes complement activation, phagocytosis
and the inflammatory response. The adaptive immune response is guided mainly by T cells
including T regulatory cells (Tregs), T helper (TH1) cells and more recently reported TH17
cells and their corresponding cytokines. H. pylori has evolved with unique features to evade
immune response. It also exhibits multiple strategies to reside within the host yet escaping
host immune response (refer Box 1). Thus, it remains a mystery as to why some infected pa‐
tients are susceptible to disease manifestation compared to others who remain asymptomat‐
ic throughout their lives in spite of infection.

∙ Acidic milieu: Gastric niche is acidic, while H. pylori grow normally at neutral pH but fails to grow at pH below 4. To

overcome this problem, the bacteria secrete urease, which breaks urea into water and ammonia. This property has

been successfully exploited for disease diagnosis known as urea breath test.

∙ Non-Adherence: For successful colonization, the bacterium has to successfully adhere to the gastric wall, but the

peristaltic movements of the stomach provide a hostile barrier. However, H. pylori possess spiral shaped polar flagella,

which permit proficient hydrodynamic movement within gastric mucous. About 20% bacterial population adheres to

gastric epithelial cells but majority remains within mucous layer. H. pylori express several outer membrane proteins

(OMPs) which bind to their receptors on gastric epithelial cells. For example, BabA is an adhesion molecule that binds

to the fucosylated Lewis b receptor, SabA binds to sialyl LewisX receptor and OipA not only adhere onto gastric

epithelial cells but also triggers β-catenin activation and secretion of proinflammatory cytokines.

∙ Host Immune Response: Activation of host immune system results in inflammation. Interestingly, this gram-negative

bacterium has evolved with anergic lipopolysaccharide (LPS) and flagelin due to its modification of lipid a component

that has about 103 times less endotoxin activity in comparison to LPS of other gram-negative bacteria. Moreover, H.

pylori can acquire molecular mimicry by taking cholesterol from its host into its own membrane. Furthermore, Tregs

upregulation following infection may suppress antibacterial immune response.

Box 1. Barriers overcome by H. pylori for colonization and infection in host.

It is known from several studies that MMP, a family of zinc-dependent endopeptidases that
selectively degrade or remodel most of ECM components and other structural molecules are
intimately associated to different diseases including gastric ulcer and cancer. At present,
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both in vivo and in vitro studies have established the activation of several MMPs during H.
pylori association. However, very few studies have been made till date dissecting the signifi‐
cant role of TH cell subsets and MMPs during the progression of H. pylori related gastric in‐
flammation. In this review, we aim at to highlight the influence of TH cells on modulation of
MMPs activity during H. pylori induced gastric inflammation that further open up new ave‐
nues both in research and clinical perspectives in future. Since the present scenario failed to
generate much hope on H. pylori vaccination we will emphasise on how H. pylori behave
within gastric niche and how do they trigger inflammation?

2. Gastric inflammation: An overview

Persistent association of microaerophilic, gram-negative enteric bacteria results in chronic
gastric inflammation which in turn leads to gastric cancer. Accumulating evidences suggest
that H. pylori-induced inflammation is initiated both by host and bacterial factors. In addi‐
tion, environmental factors also play potent role in disease progression. However, the actual
pathogenesis behind chronic inflammation is not well understood. H. pylori enter inside
stomach via fecal-oral route mainly by contaminated food and water (Klein et al., 1991, Hop‐
kins et al., 1993). The most probable mode of transmission is via direct contact with the in‐
fected patient within the family or a common source of contaminated water or food of a
locality (Hopkins et al., 1993) (Nurgalieva et al., 2002).

Gastric inflammation is accompanied by induction of oxidative stress by reactive oxygen
species (ROS), inducible nitric oxide synthase (iNOS) and subsequent secretion of proin‐
flammatory  cytokines  like  interleukin  (IL)-1β,  IL-6  and  tumor  necrosis  factor  (TNF)-α
(Yamaoka et  al.,  1996).  Gastric  epithelial  cells  also secrete  IL-8 (Jung et  al.,  1997)  which
attracts the polymorphonuclear (PMN) cells.  Local inflammation is also associated to re‐
duced prostaglandin synthesis  and increased infiltration of  mast  cells,  neutrophils,  mac‐
rophages  and  H.  pylori  specific  IgA  and  IgG  antibodies  (Warren,  2000).  The  dendritic
cells (DCs), which are present in the epithelial layer, present the antigens with their Toll-
like  receptors  (TLRs)  to  naïve  T  cells  and  thereby  initiate  humoral  immune  response.
Moreover, H. pylori infection stimulates iNOS and other enzymes including myeloperoxi‐
dases,  NADPH oxidases,  eosinophil  peroxidases.  These  enzymes  trigger  ROS and  reac‐
tive  nitrogen  species  (RNS)  production,  which  induce  DNA  damage  (Wang  et  al.,
2005).Therefore,  H. pylori-mediated inflammation is  complex and no single factor can be
targeted  for  successful  clinical  therapy.  For  example  the  study  on  mast  cell-deficient
KitlSl/KitlSl-d  mice  reported that  mast  cells  also  contribute  to  neutrophil  recruitment  and
inflammatory response due to H. pylori  infection thereby contributing a part  though are
not essential for vaccine-induced immunity (Ding et al., 2009).

Over-secretion of pro-inflammatory cytokines and growth factors promote neovascularisa‐
tion, which cause invasion and metastasis. Vascular endothelial growth factor (VEGF), the
main mediator of angiogenesis is reported to be over-expressed in 54% of severe gastric can‐
cer patients with lymph node and liver metastasis (Saukkonen et al., 2003). Along with
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VEGF, other pro-angiogenic factors like IL-6, IL-8 and iNOS are also upregulated in tumor
cells. IL-8 promotes angiogenesis in gastric tumor by interacting with its receptors CXCR1
and CXCR2, present on surface of endothelial cells. Over expression of iNOS has been ob‐
served in both primary tumors as well as lymph node metastases compared to normal mu‐
cosa (Wang et al., 2005). Excess nitric oxide increases the activity of VEGF thereby
promoting blood flow, vascular permeability and endothelial cell proliferation and migra‐
tion (Wang et al., 2005). Other than stimulating angiogenesis, iNOS promotes gastric carci‐
noma through various ways including inhibiting DNA repair enzymes, inducing oxidative
DNA damage, oncogene expression and apoptosis deregulation (Ohshima et al., 2003). The
niche of H. pylori colonization is also a determinant factor for the severity of the disease. For
example; chronic corpus-predominant gastritis leads to mainly gastric adenocarcinoma, in
contrast antrum-predominant gastritis may promote duodenal ulceration. Also patients
with H. pylori infection in the distal part (antrum) of the stomach may develop duodenal ul‐
cer but are somewhat protective from gastric cancer. Thus, duodenal ulcer may have a pro‐
tective role from development of gastric adenocarcinoma (Saukkonen et al., 2003).

In cancer tissues, there is very less information available regarding the association between a
specific factor and methylation of a gene. Aberrant DNA methylation is frequently associated
with different human cancers. DNA methylation is involved with change in gene expression
pattern, which can be confirmed by measuring the mRNA levels of the corresponding genes.
Nakajima et al, in human gastric cancer cell lines showed that DNA methylation pattern due to
H. pylori infection was conserved in the promoter region of 48 genes. Interestingly, this methyl‐
ation pattern remained in gastric cancer patients; who were previously infected with H. pylori
but later eradicated (Nakajima et al., 2009). Similarly from Mongolian gerbils (Niwa et al., 2010)
10 CpG islands showed specific methylation pattern after H. pylori infection, which sustained
the inflammatory response of the host towards H. pylori infection rather than H. pylori itself.
Therefore with reduction of inflammation, there was reduction in DNA methylations, even as
H. pylori load remained unchanged. So, long term H. pylori infection induces chronic inflamma‐
tion, the later maintain epigenetic changes inside host’s genome.

From evolutionary view point, the successful adaptability of H. pylori within the host can be
attributed to their versatile genetic diversity, which has specifically evolved for a habitat,
population or geographical locations. The virulence of H. pylori depends on what specific
antigens they possess. Interestingly, nature selected both Cag A+ (high virulence) as well as
CagA- (less virulent) bacteria during the course of evolution. Possibly, high-virulence im‐
plies successful host attack; while less-virulence implies their innovative masking strategy
from host’s immune response. So, diversity seems to help bacteria to keep the host alive
even with infection, in turn preserving them. Therefore, one of the most intriguing aspects
of H. pylori is its genetic diversity, the biological significance of which is enigmatic (Covacci
and Rappuoli, 1998, Logan and Berg, 1996). The bacteria colonize the gastric mucus layer
and persist livelong in close vicinity with epithelial cells. Though bacterial colonization de‐
pends on their secreting system, which they use as molecular syringes to inject their virulent
component into the host (Kamada et al., 2012), yet competition also play crucial role for H.
pylori colonization inside the gut and hence, the gut microbiota is often referred to as the for‐
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gotten organ (Sperandio, 2012). The human gastrointestinal tract hosts bacterial cells as
many as 10 times more than total number of cells of human body (Hooper and Gordon,
2001). These bacteria compete with pathogens like H. pylori for food source. Therefore,
changes in microenvironments like high salt-intake, change in life-style or food-habits give
stress on normal gut microbiota and helping H. pylori to proliferate and induce infection.

3. Genetics of H. pylori and gastropathy

H. pylori are a highly heterogeneous bacterial species, both genotypically and phenotypical‐
ly, and are highly adapted for survival in the gastric niche. The genomic diversity of H. pylo‐
ri parallels that of its host species, consistent with colonization of the earliest humans and
co-migration out of east Africa at least 60,000 years ago (Censini et al., 1996). H. pylori colo‐
nize the stomach for almost the entire lifetime of the host. H. pylori colonization of the gas‐
tric mucosa typically occurs in early childhood and may persist for decades or for life,
unless eradicated by antimicrobial treatment.

The clinical outcome of H. pylori infection is determined by multiple factors, including host
genetic predisposition (especially certain cytokine polymorphisms (Amieva and El–Omar,
2008), H. pylori strain heterogeneity and environmental factors such as dietary salt intake
(Fox et al., 1999, Beevers et al., 2004, Hwang et al., 1994). H. pylori heterogeneity and the as‐
sociation with H. pylori virulence factors have been intensively investigated over the past
two decades (Covacci et al., 1993, Atherton et al., 1995, Argent et al., 2004). One possible
problem that has complicated the identification of definite disease-specific H. pylori viru‐
lence factors is the considerable geographic diversity in the prevalence of H. pylori virulence
factors. The major H. pylori candidate virulence factors include cagA, vacA, babA and dupA.

cagA was the first reported gene that varies in H. pylori strains and considered as a marker for
the presence of cag-PAI, which include a number of other genes associated with increased viru‐
lence (Broutet et al., 2001). The gene that encodes CagA is part of a ~40 kb horizontally acquired
DNA segment in the H. pylori genome known as cag-PAI (Censini et al., 1996). The cag-PAI also
contain genes encoding a type IV secretion system, to ensure efficient translocation of the Ca‐
gA protein into the host epithelium.The CagA also disrupts the tight junctions and causes loss
of apical-basolateral polarity in epithelial cells (Amieva et al., 2003).

The extent of biological activity of CagA is directly associated with the number of phosphoryla‐
tion sites or the number of EPIYA motifs present at the C-terminal region of CagA (Higashi et
al., 2002b, Azuma, 2004, Azuma et al., 2004). Thus, molecular weight of the CagA protein varies
from 128 kDa -148 kDa and the cagA gene shows extensive length polymorphism at the 3’ end.
Several attempts were made to type the distinct CagA proteins and the cagA genes on the basis
of its length polymorphism at the C-terminal and 3' ends, respectively (Argent et al., 2005,
Dong et al., 2002, Owen et al., 2003). Mutational analyses revealed that the first two EPIYA mo‐
tifs (Y1 and Y2 positions) have little, if any, biological function while the other motifs are re‐
sponsible for the CagA phosphorylation and CagA-SHP-2 complex formation (Higashi et al.,
2002a). Moreover, the amino acid sequences, which are repeated among the third, fourth and
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fifth EPIYA motifs differ among strains isolated from west and east Asia. Accordingly, CagA
was typed as Western-CagA-specific sequences (WSS) and East Asian-CagA-specific sequen‐
ces (ESS) and this difference may account for differences in disease outcome between the two
geographical regions. Recent study suggested that EPIYA motifs as well as the spacer sequence
units were present as distinct insertions and deletions, which possibly have arisen from exten‐
sive recombination events (Chattopadhyay et al., 2012). Moreover, several new CagA types
have been identified, a new typing system has been proposed. It is hypothesized that a cagA
gene encoding higher number EPIYA motifs may perhaps have arisen from cagA genes that en‐
code lesser EPIYA motifs by acquisition of DNA segments through recombination events ( refer
figure 1a). Chattopadhyay et al also described that carrying a particular type of CagA is not the
only determinant for the disease outcome especially in the developing countries like India,
where multiple infections with different CagA primary structures are possible. Recent study
regarding the multiple infections and microdiversity among the colonies from individual pa‐
tient in Indian population suggested that most of the patients have acquired H. pylori due to re‐
peated exposure to this pathogen with different genetic make-up, which may increase the
possibility of super infections(Patra et al., 2012). Genetic exchanges between these unrelated H.
pylori strains may support certain H. pylori variant to grow better in a given host than the paren‐
tal strain and thereby increasing the possibility for the severity of the infection (Patra et al.,
2012) (refer figure 1). Additional isolates of the sequenced H. pylori strain J99 from its human
source patient after a 6-year interval was analyzed in another study (Israel et al., 2001). Patterns
of genetic diversity were distinct among the additional J99 isolates, both when compared with
each other and to the original prototype isolate. Their results indicated that within an apparent‐
ly homogeneous population remarkable genetic differences existed among single-colony iso‐
lates of H. pylori. Direct evidence that H. pylori has the capacity to lose and possibly acquire
exogenous DNA is consistent with a model of continuous microevolution within its cognate
host (Israel et al., 2001).

Soon after H. pylori’s discovery, it was reported that a protein in H. pylori broth culture fil‐
trates could cause the formation of large intracellular vacuoles in cultured mammalian cells
(Leunk et al., 1988). The H. pylori protein responsible for this effect (designated VacA) is en‐
coded by a chromosomal gene known as vacA. The vacA gene encodes a precursor protein of
140 kDa (Cover et al., 1994, Telford et al., 1994, Lupetti et al., 1996). Proteolytic processing of
the protoxin during secretion yields the mature toxin (∼90 kDa). Secreted VacA can be fur‐
ther processed into an N-terminal fragment of 33 kDa (p33) and a C-terminal fragment of 55
kDa (p55), but cleavage does not seem to be necessary for VacA activity. Although the p33
domain exhibits pore-forming activity necessary for vacuole formation (McClain and Cover,
2003), and the p55 domain is responsible for target cell binding (Reyrat et al., 1999), Several
families of vacA alleles can be distinguished on the basis of diversity near the 5′ terminus of
vacA (which is known as the s-region s1a-c and s2), the intermediate region (i1, i2) and in the
mid-region of the gene (known as the m-region m1, m2) (Atherton et al., 1995, Rhead et al.,
2007). Most strains with s1/m1 genotype and some of the s1/m2 express the cytotoxin while
strains with s2/m2 genotype do not express a toxic VacA (Cover and Blanke, 2005). Studies
have shown that VacA contributes to H. pylori colonization, persistence and disease outcome
in vivo. H. pylori strains that contain vacA alleles of the s1 type are associated with an in‐

Current Topics in Gastritis - 2012118



creased risk for development of peptic ulcer disease and gastric cancer compared with
strains containing vacA alleles of the s2 type (Atherton et al., 1995, Van Doorn et al., 1999,
van Doorn et al., 1998, Figueiredo et al., 2002). However, east Asian strains are almost uni‐
versally s1/m1 and are not associated with any specific clinical outcome (Ito et al., 1997, Ito
et al., 1998).

Figure 1. Schematic representation of generation of genetic diversity in cagA gene involving EPIYA motifs (Ys):
(a) genetic diversity arise within a cagA gene from another cagA gene that encode lesser EPIYA motifs by acquisition
of DNA segments through homologous recombination events or (b) genetic variation within a cagA gene may also
result from crossing over within any particular EPIYA motif (for example Y3 as shown in the figure). In all the events,
crossing over can also happen involving DNA strands I and IV, as mentioned above and therefore can generate more
genetic variation within cagA gene. It is to be noted that DNA 1 and 2 are genetically different. The rationale behind
making the two strands of a DNA dissimilar due to acquision of new mutations is highlighted.

Approximately 4% of the H. pylori genome encodes a diverse repertoire of outer membrane
proteins (OMPs), the largest of which is the 21-gene Hop family. Several of the Hop proteins
have been identified as adhesins, the best studied of which is BabA (Ilver et al., 1998, Guruge et
al., 1998). It is an adherence factor expressed in a subgroup of H. pylori strains and binds to difu‐
cosylated Lewis b (Leb) blood group antigens found on gastric epithelial cells. The babA gene
was cloned initially from strain CCUG17875, which contains a silent babA1 gene and an ex‐
pressed babA2 gene. The sequence of these two genes differs only by presence of a 10bp dele‐
tion in the signal peptide sequence of babA1 that eliminates its translational initiation codon
(Prinz et al., 2001). Initial studies indicated that H. pylori babA2+ strains are associated with an
increased risk of peptic ulcers and distal gastric adenocarcinoma, whereas babA2− strains are
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more often associated with uncomplicated forms of gastritis (Gerhard et al., 1999, Prinz et al.,
2001). babA2-genopositive H. pylori usually coexists with other disease-related H. pylori viru‐
lence-factor genes, such as vacA s1 and cagA. Tripositive strains, which have cagA+, vacA s1, ba‐
bA2+in a single H. pylori species, further increase the risk of developing gastroduodenal ulcers
and distal gastric cancer(Prinz et al., 2001, Gerhard et al., 1999).

Recent studies have proposed the possibility of using genetic markers in the plasticity zone
as indicators of pathogenicity for H. pylori infection, in spite of a lack of credible knowledge
regarding the functions of the putatively encoded proteins in this cluster. It seems that these
determinants may play a key role in determining the virulence capacity of H. pylori strains
either directly or by encoding factors that may lead to varying clinical outcomes. The associ‐
ation between some of the ORFs in the plasticity zone and various disease categories has
been previously reported. For instance, Occhialini et al. (Occhialini et al., 2000) found that
two single ORFs (jhp0940 and jhp0947) were more prevalent in strains isolated from patients
with gastric adenocarcinoma in Costa Rica. However, Santos et al. (2003) (Santos et al., 2003)
showed the association between jhp0947 and duodenal ulcer (DU) as well as gastric cancer
in Brazilian patients. This was once more confirmed for jhp0947 and jhp0949 genes in DU pa‐
tients from the Netherlands (de Jonge et al., 2004).

Recently, a novel duodenal ulcer promoting gene (dupA) was described, which consists of
two ORFs jhp0917 and jhp0918 and form one continuous gene by the insertion of a base T or
C after the position 1385 of the jhp0917 in the 3' region (Lu et al., 2005). This gene (homo‐
logues to virB4) is located in the plasticity region and is associated with increased risk of DU
and protective against gastric atrophy, intestinal metaplasia and gastric carcinoma in Japan
and Korea (Lu et al., 2005). However, the role of dupA as a virulence marker is still contro‐
versial. Some researchers have supported the interpretations of Lu et al. (2005) (Lu et al.,
2005) but others did not find any association. Hussein et al. (2008) (Hussein et al., 2008) have
reported that dupA gene is associated with peptic ulcer but they did not find any negative
association with gastric cancer in Iraqi population. In Chinese and north Indian populations
significant association of dupA with DU was established (Arachchi et al., 2007). In contrast,
Argent et al. (2007)(Argent et al., 2007) showed no association of dupA gene with DU in pop‐
ulation from Belgium, South Africa, China and the United States. Meta-analysis based study
by Shiota et al. (2010) (Shiota et al., 2010) has shown that the presence of dupA gene was sig‐
nificantly associated with DU. Another systematic review confirmed that dupA was associat‐
ed with gastro duodenal diseases (Hussein, 2010). Study in southeast Indian population
demonstrated that dupA gene was 6.5 times more prevalent in duodenal ulcer patients than
non-ulcer patients (Alam et al., 2012). Infection with the dupA-positive H. pylori increased
the risk for DU overall and this evidence was significant in Indian study (Alam et al., 2012).
The discrepancy of dupA association with diseases outcome could be related to the limita‐
tion of PCR techniques for detecting the intact dupA gene or may be a consequence of the
genetic diversity of H. pylori, which is at a level as yet unseen among other bacterial patho‐
gens (Covacci and Rappuoli, 1998, Logan and Berg, 1996, Blaser 1998).
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4. Immunobiology of host and H. pylori interaction in both in vivo and in
vitro

Through evolution, H. pylori have gradually developed highly sophisticated adaptation for
successful colonization and better adaptation inside the host’s microenvironment. Interest‐
ingly, humans too show some tricky adaptation to check H. pylori colonization inside the
stomach. The in vitro studies documented (Linden et al., 2009) that human gastric cell-sur‐
face mucin MUC1, a large glycoprotein, prevents the adhesion of the bacterium with the epi‐
thelial layer. H. pylori usually bind to MUC1 through their cell surface receptor BabA and
SabA adhesion proteins, but the human gastric cells shed these MUC1 glycoproteins by
MUC1 sheddases ADAM17 and MMP-14. Similarly, in murine model too, MUC1 prevents
H. pylori colonization (McGuckin et al., 2007).

After entering the gastric milieu, most of the bacteria remain in the gastric mucosa and only
about 10% H. pylori bind with the gastric epithelial cells (Oh et al., 2005, Semino-Mora et al.,
2003). So it becomes difficult to eradicate the bacteria with antibiotics. H. pylori adhere via Ba‐
bA (Ilver et al., 1998) with histo-blood group antigen Leb expressed over gastric epithelial cell
surface. The other protein that significantly contribute stable adherence of H. pylori is sialic
acid-binding adhesion protein (SabA) which bind to LewisX (Mahdavi et al., 2002), a glyco‐
sphingolipid that is significantly expressed during gastric dysplasia (Hansson et al., 1993).

The genetic study in relation to the virulence factor has been extensively studied in relation
to cagA and vacA (Peek and Crabtree, 2006). CagA positive H. pylori strains impart higher
risk for gastric cancer (GC) than infection of strains that devoid of cagPAI (Parsonnet et al.,
1997, Enroth et al., 2000). After stable adherence, H. pylori with its type IV secreting system
translocate CagA into the gastric epithelial cells (Segal et al., 1999). Once inside, Cag A is
differentiately phosphorylated at its specific tyrosine residues in their EPIYA (Glu-Pro-Ile-
Tyr-Ala) motifs located at the C-terminal region of the protein (Higashi et al., 2002a). This
phosphorylation is carried out by host’s Src and Abl family kinases (Selbach et al., 2002,
Poppe et al., 2007). A variety of tyrosine phosphorylation motifs results in difference in viru‐
lence and consequently host infection(Higashi et al., 2002a).This overall difference in phos‐
phorylation of the tyrosine motifs may be the reason for diversity of GC incidence in the
global scenario (refer figure 1). Phosphorylated CagA can interact with several other host
proteins and ultimately targets specific proteins including oncoprotein, tumor suppressing
protein, junction proteins, cell cycle regulators and several other transcription factors. These
collectively affect the cell’s normal physiology and propel the cells toward carcinoma. The
phosphorylated CagA protein binds to SH2 domain of tyrosine phosphatase and increases
its phosphatase activity (Higashi et al., 2002b, Hatakeyama, 2004). SHP-2 is an important
component involved in intracellular signaling during development and haematopoiesis
whose gain-of-function lead to lymphoid and myeloid malignancy (Tartaglia and Gelb,
2005). Due to the intrinsic membrane tethering property of CagA the CagA-SHP-2 complex
localizes to the plasma membrane of the host epithelium (Higashi et al., 2002b), leading to
deregulation of the SHP-2. This event is necessary and sufficient to change the gastric epi‐
thelium to a transformed epithelium, which is characterized by altered cellular proliferation,
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migration and elongated cell morphology known as hummingbird phenotype (Higashi et
al., 2002b, Yamazaki et al., 2003). So, transgenic expression of CagA also manifest gastroin‐
testinal as well as hematopoietic abnormalities (Ohnishi et al., 2008). H. pylori having a func‐
tional cag PAI also stimulate cultured gastric epithelial cells to secrete the pro-inflammatory
cytokine or chemokine IL-8 (Crabtree et al., 1995). CagA binds to SHP-2 and induces ‘hum‐
ming bird phenotype’ in AGS cell line involving extracellular signal-regulated kinase (Erk),
mitogen-activated protein (MAP) kinase pathway and dephosphorylating focal adhesion
kinase (FAK) (Tartaglia and Gelb, 2005) (Higashi et al., 2004). Cag A also interacts with Crk
and thereby promotes loss of adhesion in gastric epithelial cells (Suzuki et al., 2005). In addi‐
tion, Cag A also interacts with other factors including c-Met and Grb2 (Churin et al., 2003,
Mimuro et al., 2002). In addition to the above components, H. pylori also secrete nucleotide-
binding oligomerization domain-1 (NOD1), a specific peptidoglycan of gram-negative bacte‐
ria (Viala et al., 2004), a potent molecule involved in stimulating the host innate immune
response (Fox and Wang, 2007).

The other virulence factor in H. pylori is VacA. The intra-luminal environment of VacA-in‐
duced vacuoles is acidic, and the vacuoles are endocytically active (Cover et al., 1991, Papini
et al., 1994). A current model to explain the mechanism by which VacA induces vacuole for‐
mation proposes that VacA binds to the plasma membrane of cells, is internalized by cells,
forms anion-selective channels in endosomal membranes and alters the permeability of
these compartments. Within 10 minutes of addition of VacA to a human gastric adenocarci‐
noma cell line (AZ-521), two classes of mitogen-activated protein kinases (p38 and ERK1/2)
and the activating transcription factor 2 (ATF2) signalling pathway are activated (Nakayama
et al., 2004). Within 30–60 minutes of the binding of VacA to BHK-21 cells expressing recep‐
tor protein tyrosine phosphatase β (RPTPβ, also known as Ptprz), tyrosine phosphorylation
of G-protein-coupled receptor kinase interactor (Git1) can be detected (Fujikawa et al., 2003).
In another model system, binding of of VacA to a mast cell line (RBL-2H3) cells results in a
rapid change in cytosolic calcium concentrations (de Bernard et al., 2005). VacA is also re‐
ported to induce pro-inflammatory effects. It stimulates the production of TNF-α and IL-6
by mast cells and induces chemotaxis and degranulation of these cells (de Bernard et al.,
2005). Moreover, VacA treatment stimulates expression of cyclooxygenase-2, a proinflam‐
matory enzyme, in neutrophils and macrophages (Boncristiano et al., 2003). Thus, the effects
of VacA on immune cells are complex and are characterized by both immnostimulatory and
immnosuppressive actions.

5. Role of T cells in H. pylori infection

Very limited information is available on how the host immune system; particularly the
adaptive immune system is modulated by H. pylori infection to promote gastric diseases.
Chronic inflammation associated to H. pylori infection is known to promote gastric cancer in
some individuals (Suerbaum and Michetti, 2002, El-Serag and Rudolph, 2007). In contrast to
earlier notion that T cells generate antitumor responses, as supported by the fact that Rag-/-

mice and mice with mutated interferon signaling promote more tumor development, recent
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advances establish new insights into T cells particularly TH17 response in aggravating gas‐
tric cancer due to H. pylori colonization (Erdman et al., 2003, Dunn et al., 2006).

Bacterial chemotaxis is their inherent property by which it can migrate from a harsh envi‐
ronment towards more favorable environment. Genetically modified H. pylori (Che-) cannot
respond to environmental stimulus although they retain power of locomotion. In animal
models, they manifest marginal colonization abnormalities and relatively less inflammation
severity. Interestingly, Che- H. pylori fail to colonize epithelial cells and gastric glands vigo‐
rously. This support the fact that chemotaxis helps the bacteria to successfully cross the thick
mucus layer with their unipolar flagella and adhere to gastric epithelial cells which are resi‐
dent of antigen presenting cells (APCs); thus promoting antigen presentation to naïve T cells
(Rolig et al., 2011). In the process, epithelial cells also secrete chemokines for recruiting
APCs like DCs. DCs with their Toll-like receptors recognize specific antigens of the bacteria;
and in turn presents those antigenic peptide fragments to T cells to promote class switching
and differentiation in TH1 subsets, T regs or more recently classified TH17 cells (refer figure
2). Specific cytokines secreted by these cells regulate host immune response leading towards
chronic inflammation.

Figure 2. Maturation of DC and formation of T cell subsets following exogeneous stimuli: Maturation of dendrit‐
ic cell (DC) occurs under the influence of different pathogen-associated molecular patterns and specific host cyto‐
kines.Various physiological and environmental factors also trigger DC for successful antigen presentation. Upon
maturation, DC expresses MHC II and co-stimulatory molecules including cytokines and growth factors which enhance
antigen presentation, naïve T cells activation followed by differentiation into TH1, TH2, TH17 and regulatory T cell
(Treg). Each T cell subtypes has its own signature cytokines which perform effector functions as well as maintain bal‐
ance among various other T cell subtypes.
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The mechanism underlying differentiation of T cell has been intensively investigated: Stat1
and Stat4 signaling drive TH1 response; Stat6 signaling promotes TH2 whereas Stat3 signal‐
ing drives TH17 responses. IL-2 drives TH1 responses and results in (interferon) IFNγ pro‐
duction; that may have carcinogenic effect. However, role of TH2 and TH17 are not well
known (Dunn et al., 2006) until recent reports suggest that TH17 may play a pivotal role in
H. pylori-mediated gastric cancer (Rolig et al., 2011). In addition, nuclear transcription fac‐
tors, NF-κB are normally activated during H. pylori infection. This is not unusual since con‐
ditional knock-out mice have shown that NF-κB not only signals epithelial cells to undergo
transformation but also myeloid cells which are source of inflammation (Greten et al., 2004,
Karin and Greten, 2005). NF-κB in turn promotes IL-6 expression and contribute to carcino‐
genesis (Naugler and Karin, 2008). Key features that appear to be IL-6 specific are triggering
proliferative, pro-angiogenic and anti-apoptotic genes including Stat3 (Yu and Jove, 2004).
Under Stat3 signaling, the role of TH17 in case of an enteric bacteria like H. pylori become
significant. Recent studies have focused on the post-transcriptional modification within na‐
ive T cells that are ultimately primed by APCs for proliferation and differentiation into ef‐
fecter T cell subtypes. Posttranscriptional regulation rather repressions of target genes may
be responsible for development of T cell subtypes. On this account miRNA has received
much attention in various diseases including cancer. miR-155 is expressed in variety of im‐
mune cell type’s namely DCs, macrophages, TH1 and TH17 cells. In myeloid cells, miR-155
is induced by TLR and TNFα that in turn activate AP-1 and NF-κB transcription factors
(Oertli et al., 2011). miR-155-/- mice show TH2 bias development, signifying miR-155 mediat‐
ed TH1 response. miRNA is also reported to be involved in TH17 differentiation (O'Connell
et al., 2010). It was demonstrated that miR-155-/- mice were incapable of spontaneously ar‐
resting H. pylori load, lacked vaccine-induced protective immunity and failed to induce in‐
fection-associated preneoplastic pathology (Oertli et al., 2011).

The role of Tregs in modulating host immune response during H. pylori infection has been
speculated for quite a sometime. Tregs are a subset of T cells that suppresses the host im‐
mune response and are associated with cancer and parasite infection. These specialized T
cells express markers like CD4, CD25, and FoxP3. Tregs increase the tolerance towards self-
antigens and at the same time facilitates the growth of tumors through immunosupression.
Once differentiated Tregs proliferate and maintain their population through autocrine sig‐
naling pathway and starts secreting immunosuppressive cytokines like IL-10 and TGFβ (Joe‐
tham et al., 2007). Reports indicate that reduction of Tregs can actually stimulate the
immune response against other microbial infections (Belkaid et al., 2002). In recent years, the
observation shows that the rate of Treg infiltration in human stomach is proportionate to the
degree of inflammation and H. pylori density. Interestingly, this study also concluded that
Treg infiltration parallels the increased expression of programmed cell death 1(PD-1), a neg‐
ative regulatory molecule belonging to CD28/B7 family (Wu et al., 2001).

It has been hypothesized that better hygiene in Europe and America has inversely proportional
with the rise of asthma, due to lack of early exposure to microbial antigens. Arnold et al report‐
ed that prior infection with H. pylori in neonatal mice increases the number of long lived Treg
cells in the airways and thereby checks the development of asthma. In support, the experi‐
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ments were performed to sensitized mice with ovalbumin to generate primary T cell response,
following feeding virulent H. pylori to both neonatal and adult mice prior to application of aer‐
osolized allergic antigens. This showed H. pylori infected neonatal mice have reduced airway
hypersensitivity and less number of immune cells in bronchoalveolar lavage in compared to
the control; even to adult mice infected with H. pylori (Papatriantafyllou, 2011).

H. pylori induced gastric inflammation relates to both TH1 and TH2 mediated phenomena.
H. pylori infection was looked out as predominantly TH1 mediated inflammatory pathway.
But recent reports show deviation from the earlier notion. Kido et al (2010) demonstrated
that in humans, an epithelial derived cytokine, thymic stromal lymphopoitein (TSLP), indu‐
ces DC-mediated TH2 inflammatory response and thereby triggering B cell activation in H.
pylori-induced gastritis. H. pylori infection results in mixed T cell response. Several studies
established the upregulation of TH1 (Bimczok et al., 2011), TH2 (Kido et al., 2010), Treg
(Mitchell et al., 2012), TH17 (Shi et al., 2010) subtypes suggesting seems a host immunomo‐
dulatory balance for inflammation. TH17 followed by TH1 (Shi et al., 2010) upregulation
may promote acute inflammation via IL-17 and gelatinase activity (refer figure 3). The above
inflammatory condition is counter balanced by Treg’s IL-10 to promote chronic infection by
partial immunosuppression. Thus, TH17 plays a significant role to develop inflammation
due to H. pylori infection, though better understanding of how TH17 is activated during post
infection along with its exact role during infection remains open for further investigation.
However, post infection when inflammation begin the order of T cell subset activation may
be first through TH17, TH1 lymphocytes (Shi et al., 2010) and finely counterbalanced by im‐
munosuppressive Treg activation. Thus, the frequency of tumor-infiltrated Th17 cells de‐
creases in advanced disease human patients. In contrast, tumor-infiltrated Treg increases
compared with early disease human patients. Therefore, maintenance of fine tune balance
between Treg and TH17 seems crucial (Kao et al., 2010, Maruyama et al., 2010).

6. Tracking the matrix metalloproteinases during infection

Proteinase are a class of enzymes capable of hydrolysing peptide bonds. These biocatalysts
are largely classified into two major groups: exopeptidases and endopeptidases, depending
on the site of cleaving a peptide bond either proximal or distal to the amino or carboxy ter‐
mini of the substrate respectively. They are further subdivided into serine proteases, threo‐
nine proteases, cysteine proteases, aspartate proteases, metalloproteases, glutamic acid
proteases based on their catalytic properties (Hartley, 1960). Source of proteases are mainly
restricted to stomach, pancreas and small intestine; where they are utilized for digestion of
protein. Matrix metalloproteinases (MMPs) are Zn-requiring endopeptidases, the essential
player for ECM remodeling of tissues. The function of MMPs are tightly regulated at several
levels by via different mechanisms including synthesis in zymogen, localization in cellular
compartments like granules or lysosomes, inhibition by protease inhibitors and inactivation
in response to change in pH and/or temperature. However, virulent bacteria colonizing the
gut sometime secrete proteases that can directly activate host MMPs, thereby increasing
their biochemical efficiency to degrade host’s ECM (Löwer et al., 2008). Therefore, disba‐
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lance of proteases and/or protease inhibitors play decisive role in chronic inflammation and
cancer (Wex et al., 2004). In this chapter we will limit our discussion to MMPs as their role in
gastric inflammation as well as in gastric cancer is just relevant (Knapinska and Fields).
MMPs comprise more than 29 different proteases that differ in the expression profile, sub‐
strate specificity, subcellular localisation and functional implications (Birkedal-Hansen et al.,
1993). Among them, gelatinases, (MMP-2 and MMP-9) and stromelysin-1 (MMP-3) collec‐
tively cleave gelatins (types I and V), collagens (type IV, V, VII, IX and X), elastin, fibronec‐
tin, laminin and proteoglycan core proteins. The activities of MMPs are regulated by the
endogenous tissue inhibitors of metalloproteinases (TIMPs), while cytokines, growth fac‐
tors, tumour promoters and transcription factors including nuclear factor NF-κB and activa‐
tor protein AP-1 modulate their gene expressions. The balance between MMPs and TIMPs is
a critical factor for diverse cellular functions including cellular proliferation, migration, ad‐
hesion and apoptosis (Somerville et al., 2003). Based on the important role of certain mem‐
bers of MMPs in cancer, including gastric cancer, they have been studied to a large extent in
chronic gastritis and premalignant lesions in the stomach (Pender and MacDonald, 2004,
Schuppan and Hahn, 2000).

To explore the role of host proteinases during H. pylori infection, in vivo models are essential.
Although, a majority of H. pylori strains do not colonize mouse, the few that do have sub‐
stantially contributed in understanding the pathogenic mechanism of this bacterium and
helped largely in the development of therapeutic strategies against it (Kundu et al., 2011).
Because of the ease with which gelatinases MMP-2 and -9 can be assayed in a zymography,
host MMP-9 and MMP-2 activities were reported to be first up regulated in H. pylori infected
gastric mucosa (Kundu et al., 2006, Mori et al., 2003, Kubben et al., 2007). However, reports
regarding the expression of TIMP-1 and TIMP-2 in course of H. pylori infection are not
straightforward. Several studies have reported unchanged or even increased expression of
both TIMP-1 and TIMP-2 (Cheng et al. 2012) while a few others claimed decreased expres‐
sion of TIMP-1 in course of H. pylori infection and augmentation of TIMP-1 expression fol‐
lowing a course of H. pylori eradication therapy (Kundu et al., 2006, Kundu et al., 2011).
Reports of other studies soon followed and workers identified several other MMPs includ‐
ing MMP-3, MMP-7, MMP-1, MMP-13 and MT1- MMP as target genes in H. pylori infection
(Schuppan and Hahn, 2000). While ascribing functionality to these enzymes, localization of
MMP-9 expression was observed in the macrophages infiltrating the gastric mucosa that eli‐
cited the inflammatory response in the host through activation of cytokine networks (Kundu
et al., 2011). A correlation was observed between the expression of MMP-7 and bacterial vir‐
ulence factor CagA and functionally the MMP-7 upregulation was shown to be involved in
the degradation of insulin-like growth factor binding protein-5, leading to higher insulin-
like growth factor-II levels that explained epithelial hyper proliferation and stromal expan‐
sion in H. pylori-infected subjects (Steele et al., 2007). An increasing pool of evidence
suggested the increased expressions of several pro-inflammatory cytokines and in H. pylori-
associated gastro duodenal disorders. Among them, TNF-α and IL-1β are essentially in‐
volved in the activation of NF-κB in gastric epithelial cells (Münzenmaier et al., 1997), which
in turn induces several inflammatory genes including IL-8, iNOS and several MMPs (Wro‐
blewski et al., 2003). Reports suggested that IL-1β was a key mediator for the induction of
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MMP- 1 and -3 in gastric adenocarcinoma (AGS) cells (Wallasch et al., 2002), whereas
MMP-9 induction was regulated via the NF-κB pathway(Kundu et al., 2011). Using the
ADAM-17 deficient mice, it was shown that this protease is essential for the H.pylori-de‐
pendent activation of epithelial growth factor receptor (EGFR) and downstream pathways
including ERK 1/2 and MMP-7 production(Lee et al., 2003). In addition to the epigenetic
dysregulation of MMPs in H. pylori infection, several gene polymorphisms in MMP-1, 3, 7
and 9 have been identified to be associated with ulcer disease or gastric cancer (Matsumura
et al., 2005, Zhang et al., 2004, Alakus et al., 2010, Dey et al., 2012).

Another way of exploring host-pathogen interaction is to co-culture the parasite and the
host cell that it infects. In this regard AGS cell lines co-cultured with H. pylori provide a
good model to intensely investigate the function of bacterial as well as host secreted MMPs.
The functions of bacterial MMPs are currently the focus of investigation. A typical H. pylori
bacterium has around 1500-1600 genes in its genome, out of which at least 20 are proteases.
Notably, a 200 KD zinc-dependent endopeptidase was isolated from H. pylori and found to
be localized on the bacterial outer membrane and like other MMPs it was also secreted into
the conditioned medium. H. pylori also co-cultured with AGS cells also expressed MMP-3
like enzyme and TIMP-3 like protein. Moreover, expression of bacterial MMPs and TIMPs
suggested the involvement of bacterial type IV secretory system which might transfer Cag A
protein into gastric epithelial cells allowing H. pylori to modulate host MMP and TIMP mo‐
bilization which could trigger the onset of H. pylori mediated insult in the host (Windle and
Kelleher, 1997, Göõz et al., 2001, Sokolova et al., 2012, Oliveira et al., 2006).

7. Th-17 governs matrix metalloproteases: A pertinent query in clinical
therapy

Upon H. pylori infection different T cell subtypes in the host having specific surface marker,
cytokine profile and transcription factor, arise from CD4+ T cells (Reiner, 2007).The path‐
ways involved in tissue damage during gastritis or gastric adenocarcinoma are complex.
However, disruption of tissue architecture is deeply associated with a class of proteases
namely MMPs. MMPs are capable of cleaving almost all ECM proteins and connective tis‐
sues (Nagase and Woessner, 1999). It has been observed earlier that H. pylori-induced gastric
ulcer and gastrointestinal diseases are associated with regulation in MMP expression profile
and activity profile involved in gastric tissue (Saarialho-Kere et al., 1996, Pender and Mac‐
Donald, 2004, Hellmig et al., 2006). The major source of MMP in stomach is gastric epithelial
cells (Pillinger et al., 2005, Mori et al., 2003). Several studies were mainly focused on report‐
ing the basic changes occurring on MMPs during infection and the cell signaling cascade as‐
sociated with it. At the same time, significant reports were published from the
immunological perspective upon H. pylori infection on the host. However, the story may not
complete if we don’t connect the two ends of the stick. On a broader view, there are accumu‐
lating evidences that T cell secreted cytokines primarily regulate MMP secretion from the
gastric epithelial cells (MacDonald et al., 1999),though in vitro studies support H. pylori can
alone stimulate gastric epithelial cell lines to secrete MMPs (Crawford et al., 2003, Bebb et
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al.), which are collectively responsible for disrupting tissue architecture. The general view is
that once H. pylori antigen is taken up and presented by antigen presenting cells (APCs) to
naïve T cell, the later start to differentiate into specific effecter T cell subsets. These special‐
ized subtypes of T cells start secreting specific cytokines, which ultimately activate gastric
epithelial cells to produce specific MMPs.

Figure 3. Schematic view of Helicobacter pylori infection and MMPs induction involving both cellular and hu‐
moral components. Cellular response: During infection H. pylori injects CagA with their type IV Secretion System
(TSSIV) into the gastric epithelial cells. CagA phosphorylation occurs by host’s Src/Abl kinases and phosphorylated Ca‐
gA activates a series of signaling molecules including inflammatory cytokines, ROS, MMPs leading to aberrant cellular
function. Humoral response: H. pylori prime the host immune system by various lymphocyte subsets through dendrit‐
ic cells (DC)-mediated antigen presentation to naïve T cell. Under the influence of specific cytokines and foreign anti‐
gens the naïve T cells start class switching and differentiate into effector T subtypes via signature transcription factors.
TH17 and TH1 promote while Treg arrests inflammatory response by secreting immunosuppressive cytokines; thereby
maintaining H. pylori load inside gastric mucosa. TH17 stimulates MMPs through IL-17 and IL-21.

Studies using in vitro system document that H. pylori infection can induce apoptosis and
stimulate release of chemokines from the infected gastric epithelial cells (Cover et al., 2003,
Yamaoka et al., 1998, Bhattacharyya et al., 2002). Interestingly, H. pylori infection in lympho‐
cyte deficient mice fails to develop gastric inflammation. However, administration of T cells
into these animals induces severe gastric ulcer, suggesting T cell mediated inflammatory re‐
sponse play the dominant role in H. pylori-mediated mucosal damage (Eaton et al., 1999, Ea‐
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ton et al., 2001, Smythies et al., 2000). H. pylori infection has a strong Th1 response which is
mediated by Th1 cytokines including IFN-γ, IL-12, and TNF-α (Ernst and Gold, 2000,
D'Elios et al., 1997, Crabtree, 1998, Monteleone et al., 1999, Pender et al., 1997).

Activated CD4+ T cells secrete IL-21, which regulates the growth and functional properties of T
cells, B cells, NK cells and DC (Leonard and Spolski, 2005). Of late, it is reported that IL-21 se‐
cretes from TH17 in Stat-3 dependent manner and in turn IL-21 can induce IL-17 production
the maintaining TH17 cell population in an autocrine manner(Wei et al., 2007). In contrast,
IL-21 is also reported as a TH2 secreted cytokine which prevents the differentiation of naive
CD4+ T cells into TH1 cells (Wurster et al., 2002). Therefore the role of IL-21 though appears
complex, yet it’s a crucial cytokine which promotes gelatinase activities during H. pylori infec‐
tion (Caruso et al., 2007). The other studies by Shi et al demonstrated that IL-17 stimulates
MMP activity (Shi et al., 2010). Thus, TH17 acting as an initiator of inflammation and MMPs
which inturn carry out the effecter function of inflammation. Though, it is yet to be understood
on the backdrop of H. pylori infection but from the above documents a strong correlation of
IL-17 and MMPs is plausible and the TH17-MMP pathway may evolve as one of the crucial one
during H. pylori-mediated gastric inflammation (refer figure 3).

8. Management of H. pylori infection and future avenues

As, much greater percentage of the world’s population are infected with H. pylori compared
to the actual number of people developing symptoms so, it may be plausible that host’s in‐
flammation due to food habits, hygiene and lifestyle contribute to bacterial susceptibility. In
view of this, host’s prior inflammatory history may be a dominant issue over virulence of H.
pylori in the development of gastric diseases. H. pylori are known to induce atrophic gastritis
and achlorhydria. The later is associated with loss of parietal cells which leads to reduced
gastric acid secretion (Fox and Wang, 2007). The rise of intragastric pH above 4.0 accelerates
the growth of a range of bacterial species in gastric juice including H. felis (Williams and
McColl, 2006). In addition to the finding of Cai X et al., that H. felis-infected wild type mice
developed antral gastric cancer, after prolonged achlorhydria along with undetectable H. py‐
lori; Ekstroma et al reported the difficulty in detecting H. pylori from patients with severe
achlorhydria (Ekstrom et al., 2001) (Cai et al., 2005), even though achlorhydric mice develop
pathophysical manifestation like gastrin-deficient ones. (Zavros et al., 2005, Zavros et al.,
2002).Therefore, H. pylori-induced atrophic gastritis and achlorhydria, though progression to
severe gastric diseases may be partly contributed by other bacteria including H. felis, remain
open for further investigation.

The study on tribal populations in India reported that biopsy samples contain strains having
cag PAI and putatively toxigenic s1 alleles of vacA, which contribute to virulence when ac‐
tive, and this is in accord with the high abundance (about 90%) of this strain type in main‐
stream Indian populations (Mukhopadhyay et al., 2000, Chattopadhyay et al., 2002, Datta et
al., 2003). This abundance is also remarkable, in light of the apparent absence of H. pylori-
associated gastrointestinal disease in these populations suggesting that H. pylori infections
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on an average are less virulent in these ethnic minorities than in mainstream Indians. Such
virulence might be due to subtle features of bacterial strains or intricacies of the human host
environment. For example, lesser virulence of the H. pylori strains themselves might be ascri‐
bed to subtle (e.g., point) mutations that affect levels of expression of virulence genes or the
potencies of their products, which do not, however, affect outcomes of diagnostic PCR tests
(Kersulyte et al., 1999, Philpott et al., 2002).

Antibiotics along with proton pump inhibitors (PPIs) known as ‘Triple therapy’ have been
used for H. pylori-infected patients by most physicians for high effectiveness and negligible
side effects However, long term ‘Triple therapy’ in H. pylori-infected patients may increase
atrophic gastritis (Kuipers et al., 1996). Omeprazole, the potent PPI used to treat reflux
esophagitis in H. pylori-infected patients, increase the proportion of atrophic gastritis com‐
pared to those patients receiving alternative treatments (Berstad et al., 1997, Eissele et al.,
1997, Klinkenberg-Knol et al., 2000). In addition, omeprazole initiates dysplasia in H. felis-
infected mice with over expressed gastrin (Takaishi et al., 2005). Therefore, the effect of long-
term PPI treatment over gastric microbiome needs further investigation. Antibiotic
treatments not only remove H. pylori but also other bacteria from gut microbiota some of
which may exacerbate disease condition. In theory, screening and treating patients for H. py‐
lori eradication by antibiotics would be economical; only if the probability of reducing gas‐
tric disorder is 30% or more (Parsonnet et al., 1996). Studies involving H. pylori eradication
by antibiotic treatment have shown reduced risk for tumor recurrence (Uemura et al., 1997),
or development of gastric cancer (Uemura et al., 2001, Wong et al., 2004) though little or no
significant improvement of gastric atrophy with H. pylori eradication has been reported
(Ruiz et al., 2001). In contrast, even increasing gastro-esophageal reflux is reported after H.
pylori eradication (Labenz et al., 1997), though other studies do not agree (Moayyedi et al.,
2001, Schwizer et al., 2001, Kuipers et al., 2004, Vaira et al., 2003). Therefore, antibiotic treat‐
ment to eradicate H. pylori in early infected patients may prevent the development of dis‐
ease; though it still remains unclear whether patients with advanced stages of the disease
can benefit from antibiotic intervention. In addition, long-term use of antibiotics kills the
beneficial bacteria thereby changing gut microbiota. The later would in turn affect host’s
metabolic and immunological functions, which may disrupt gut, liver and brain functions
(Nicholson et al., 2012). Moreover, the consequence in disease progression yet remains to be
explored in the context of modalities of H. pylori treatment. Therefore, gut microbiota influ‐
ence significantly on the host immune system and vice versa (Hooper et al., 2012).

Although, ‘Triple therapy’ is successful in individual cases, yet the recurrence of bacterial
infection especially in highly endemic countries makes vaccination as an alternative ap‐
proach to standard therapy. However, till date vaccination against H. pylori has not shown
much promise. Vaccination in various clinical trials of either preventive or therapeutic has
failed to generate successful immune response. Vaccination has been tested in many ways.
Firstly, intra-gastric immunization has been used in some studies to could efficiently stimu‐
late gastrointestinal immune response. However, this method requires large amount of anti‐
gen and adjuvant injection in gastric milieu which potentially raises other side-effects (Wu
et al., 2008). Secondly, intranasal immunization against H. pylori prove ineffective as it fails
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to stimulate immune system in stomach and intestine. Moreover, it increases the chance of
infection of olfactory bulb of brain (van Ginkel et al.). Finally, sublingual immunization
emerges as another approach, in which the vaccine or antigen do not enter the brain (Song et
al., 2008). Indeed, sublingual immunization against H. pylori strongly induces IFNγ, IL-17
along with increased expression of various integrins and chemokines facilitating the migra‐
tion of lymphocytes into stomach mucosa (Raghavan et al.).

Though large-scale research is going around the world in relation to H. pylori infection, yet
day by day the result is becoming exhaustive without a conclusive direction. The bacteria
colonize the gastric mucus layer and are continuously faced with harsh physiological condi‐
tions and a vigorous immune response. The need for adaptation to the extremely changing
micro-environment and to individual hosts (Van Vliet et al., 2002) is probably the cause of a
high degree of inter strain genetic variation observed in the H. pylori population worldwide.
(Blaser, 1994). So, identification of subpopulations at high risk of developing deleterious H-
pylori-related diseases remains a mainstream challenge for clinicians and basic researchers.
In relation to treatment, nothing absolute promising therapeutic has yet arrived in the mar‐
ket. So, the fundamental question that arises is should we treat infection or inflammation
with more priority? Since neither antibiotic treatment nor vaccine development have shown
much promise in recovery of infected patients. The approach of reducing inflammation may
arrest the development of gastric diseases. Epigenetic studies reveal that changes in the
DNA methylation pattern during infection are due to inflammation. One possibility entails
concurrent infection with particular parasites that may down regulate inflammatory re‐
sponses to infection, as has been documented in a mouse infection model (Martin et al.,
2000). Features of human host genotype might also determine resistance to pathogenic ef‐
fects of putatively virulent H. pylori strains (Ferrero and Fox, 2001, Ferrero and Jenks, 2001).
Also, inflammatory cytokines generates ROS within the cells and activate several MMPs that
further aggravate the inflammatory response leading towards disease progression. Finally,
while many studies have investigated the host genetic factors involved in gastric carcino‐
genesis (Hishida et al.), but there is an urgent need for extensive studies that will investigate
the genetic traits associated with the risk of gastric precancerous conditions. Particularly,
studies on polymorphism in the genes involved in host immunity against H. pylori infection
or the genes essential for the development/ differentiation of the gastric epithelial cells, are
the need of the time.

Abbreviations

H. pylori: Helicobacter pylori

MMP: matrix metalloproteinase

ECM: extracellular matrix

ROS: reactive oxygen species

TSSIV: type IV Secretion System

Unveiling the Intricacies of Helicobacter pylori-Induced Gastric Inflammation: T Helper Cells and ...
http://dx.doi.org/10.5772/54193

131



IL: interleukin

IFNγ: interferon gamma

DC: dendritic cell

NK cell: natural killer cell

APC: antigen presenting cell

TIMP: tissue inhibitor of metalloproteinase

EGFR: epidermal growth factor receptor

Erk: extracellular signal-regulated kinase

iNOS: inducible nitric oxide species.

NF-κB: nuclear factor kappa B

AP-1: activator protein 1

Treg: regulatory T cell

TH: T helper cell

TGF-β: transforming growth factor beta

miRNA: micro-RNA

SabA: sialic acid-binding protein

VacA: vacuolating associated cytotoxin gene

CagA: cytotoxin-associated gene A

Cag-PAI: cytotoxin-associated gene-pathogenicity island

NOD1: nucleotide-binding oligomerization domain-1

FAK: focal adhesion kinase

dupA: duodenal ulcer promoting gene

BabA: Lewis blood group antigen binding adhesin

ORF: open reading frame

VEGF: vascular endothelial growth factor

TNFα: tumor necrosis factor alpha

GC: gastric cancer

DU: duodenal ulcer

MAPK: mitogen-activated protein kinase

Current Topics in Gastritis - 2012132



Acknowledgements

The authors are indeed grateful to Prof. Siddhartha Roy, Director, CSIR-IICB, Kolkata, for
encouraging and supporting. The authors are thankful to Mr. Sayantan Jana and Mr. Som‐
nath Chatterjee for assisting in referencing and drawing figure respectively.

Author details

Avisek Banerjee**1, Asish K. Mukhopadhyay**2, Sumit Paul1, Arindam Bhattacharyya3 and
Snehasikta Swarnakar1*

*Address all correspondence to: snehasiktas@hotmail.com

1 Drug Development Diagnostics and Biotechnology Division, CSIR-Indian Institute of
Chemical Biology, Jadavpur, Kolkata, India

2 National Institute of Cholera and Enteric Diseases, Kolkata, India

3 Immunology Lab, Department of Zoology, University of Calcutta, Kolkata, India

**These authors contributed equally to this work.

References

[1] Alakus, H., Afriani, N., Warnecke-Eberz, U., Bollschweiler, E., Fetzner, U., Drebber,
U., Metzger, R., Hölscher, A. & Mönig, S. 2010. Clinical Impact of MMP and TIMP
Gene Polymorphisms in Gastric Cancer. World Journal of Surgery, 34, 2853-2859.

[2] Alam, J., Maiti, S., Ghosh, P., De, R., Chowdhury, A., Das, S., Macaden, R., Devarbha‐
vi, H., Ramamurthy, T. & Mukhopadhyay, A. K. 2012. Significant association of the
dupA gene of Helicobacter pylori with duodenal ulcer development in a South-east In‐
dian population. J Med Microbiol, 61, 1295-302.

[3] Amieva, M. R. & El–Omar, E. M. 2008. Host-Bacterial Interactions in Helicobacter pylo‐
ri Infection. Gastroenterology, 134, 306-323.

[4] Amieva, M. R., Vogelmann, R., Covacci, A., Tompkins, L. S., Nelson, W. J. & Falkow,
S. 2003. Disruption of the epithelial apical-junctional complex by Helicobacter pylori
CagA. Science, 300, 1430-4.

[5] Arachchi, H. S., Kalra, V., Lal, B., Bhatia, V., Baba, C. S., Chakravarthy, S., Rohatgi, S.,
Sarma, P. M., Mishra, V., Das, B. & Ahuja, V. 2007. Prevalence of duodenal ulcer-pro‐
moting gene (dupA) of Helicobacter pylori in patients with duodenal ulcer in North In‐
dian population. Helicobacter, 12, 591-7.

Unveiling the Intricacies of Helicobacter pylori-Induced Gastric Inflammation: T Helper Cells and ...
http://dx.doi.org/10.5772/54193

133



[6] Argent, R. H., Burette, A., Miendje Deyi, V. Y. & Atherton, J. C. 2007. The presence of
dupA in Helicobacter pylori is not significantly associated with duodenal ulceration in
Belgium, South Africa, China, or North America. Clin Infect Dis, 45, 1204-6.

[7] Argent, R. H., Kidd, M., Owen, R. J., Thomas, R. J., Limb, M. C. & Atherton, J. C.
2004. Determinants and consequences of different levels of CagA phosphorylation
for clinical isolates of Helicobacter pylori. Gastroenterology, 127, 514-23.

[8] Argent, R. H., Zhang, Y. & Atherton, J. C. 2005. Simple method for determination of
the number of Helicobacter pylori CagA variable-region EPIYA tyrosine phosphoryla‐
tion motifs by PCR. J Clin Microbiol, 43, 791-5.

[9] Atherton, J. C., Cao, P., Peek, R. M., Jr., Tummuru, M. K., Blaser, M. J. & Cover, T. L.
1995. Mosaicism in vacuolating cytotoxin alleles of Helicobacter pylori. Association of
specific vacA types with cytotoxin production and peptic ulceration. J Biol Chem, 270,
17771-7.

[10] Azuma, T. 2004. Helicobacter pylori CagA protein variation associated with gastric
cancer in Asia. J Gastroenterol, 39, 97-103.

[11] Azuma, T., Yamazaki, S., Yamakawa, A., Ohtani, M., Muramatsu, A., Suto, H., Ito, Y.,
Dojo, M., Yamazaki, Y., Kuriyama, M., Keida, Y., Higashi, H. & Hatakeyama, M.
2004. Association between diversity in the Src homology 2 domain--containing tyro‐
sine phosphatase binding site of Helicobacter pylori CagA protein and gastric atrophy
and cancer. J Infect Dis, 189, 820-7.

[12] Backert, S., Ziska, E., Brinkmann, V., Zimny-Arndt, U., Fauconnier, A., Jungblut, P.
R., Naumann, M. & Meyer, T. F. 2000. Translocation of the Helicobacter pylori CagA
protein in gastric epithelial cells by a type IV secretion apparatus. Cell Microbiol, 2,
155-64.

[13] Bebb, J. R., Letley, D. P., Thomas, R. J., Aviles, F., Collins, H. M., Watson, S. A., Hand,
N. M., Zaitoun, A. & Atherton, J. C. Helicobacter pylori upregulates matrilysin
(MMP-7) in epithelial cells in vivo and in vitro in a Cag dependent manner. Gut. 2003
Oct;52(10):1408-13.

[14] Beevers, D. G., Lip, G. Y. & Blann, A. D. 2004. Salt intake and Helicobacter pylori infec‐
tion. Journal of Hypertension, 22, 1475-1477.

[15] Belkaid, Y., Piccirillo, C. A., Mendez, S., Shevach, E. M. & Sacks, D. L. 2002.
CD4+CD25+ regulatory T cells control Leishmania major persistence and immunity.
Nature, 420, 502-7.

[16] Berstad, A. E., Hatlebakk, J. G., Maartmann-Moe, H., Berstad, A. & Brandtzaeg, P.
1997. Helicobacter pylori gastritis and epithelial cell proliferation in patients with re‐
flux oesophagitis after treatment with lansoprazole. Gut, 41, 740-7.

[17] Bhattacharyya, A., Pathak, S., Datta, S., Chattopadhyay, S., Basu, J. & Kundu, M.
2002. Mitogen-activated protein kinases and nuclear factor-kappaB regulate Helico‐
bacter pylori-mediated interleukin-8 release from macrophages. Biochem J, 368, 121-9.

Current Topics in Gastritis - 2012134



[18] Bimczok, D., Grams, J. M., Stahl, R. D., Waites, K. B., Smythies, L. E. & Smith, P. D.
2011. Stromal Regulation of Human Gastric Dendritic Cells Restricts the Th1 Re‐
sponse to Helicobacter pylori. Gastroenterology, 141, 929-938.

[19] Birkedal-Hansen, H., Moore, W. G. I., Bodden, M. K., Windsor, L. J., Birkedal-Han‐
sen, B., Decarlo, A. & Engler, J. A. 1993. Matrix Metalloproteinases: A Review. Critical
Reviews in Oral Biology & Medicine, 4, 197-250.

[20] Blaser, M. J. 1994. Helicobacter pylori phenotypes associated with peptic ulceration.
Scand J Gastroenterol Suppl, 205, 1-5.

[21] Blaser , M. J. 1998. Helicobacters are indigenous to the human stomach: duodenal ul‐
ceration is due to changes in gastric microecology in the modern era. Gut, 43,
721-727.

[22] Boncristiano, M., Paccani, S. R., Barone, S., Ulivieri, C., Patrussi, L., Ilver, D., Amedei,
A., D'elios, M. M., Telford, J. L. & Baldari, C. T. 2003. The Helicobacter pylori vacuolat‐
ing toxin inhibits T cell activation by two independent mechanisms. J Exp Med, 198,
1887-97.

[23] Broutet, N., Marais, A., Lamouliatte, H., De Mascarel, A., Samoyeau, R., Salamon, R.
& Megraud, F. 2001. cagA Status and eradication treatment outcome of anti-Helico‐
bacter pylori triple therapies in patients with nonulcer dyspepsia. J Clin Microbiol, 39,
1319-22.

[24] Cai, X., Carlson, J., Stoicov, C., Li, H., Wang, T. C. & Houghton, J. 2005. Helicobacter
felis eradication restores normal architecture and inhibits gastric cancer progression
in C57BL/6 mice. Gastroenterology, 128, 1937-52.

[25] Caruso, R., Fina, D., Peluso, I., Fantini, M. C., Tosti, C., Del Vecchio Blanco, G., Paolu‐
zi, O. A., Caprioli, F., Andrei, F., Stolfi, C., Romano, M., Ricci, V., Macdonald, T. T.,
Pallone, F. & Monteleone, G. 2007. IL-21 is highly produced in Helicobacter pylori-in‐
fected gastric mucosa and promotes gelatinases synthesis. J Immunol, 178, 5957-65.

[26] Censini, S., Lange, C., Xiang, Z., Crabtree, J. E., Ghiara, P., Borodovsky, M., Rappuoli,
R. & Covacci, A. 1996. cag, a pathogenicity island of Helicobacter pylori, encodes type
I-specific and disease-associated virulence factors. Proc Natl Acad Sci U S A, 93,
14648-53.

[27] Chattopadhyay, S., Datta, S., Chowdhury, A., Chowdhury, S., Mukhopadhyay, A. K.,
Rajendran, K., Bhattacharya, S. K., Berg, D. E. & Nair, G. B. 2002. Virulence Genes in
Helicobacter pylori Strains from West Bengal Residents with Overt H. pylori-Associ‐
ated Disease and Healthy Volunteers. Journal of Clinical Microbiology, 40, 2622-2625.

[28] Chattopadhyay, S., Patra, R., Chatterjee, R., De, R., Alam, J., Ramamurthy, T.,
Chowdhury, A., Nair, G. B., Berg, D. E. & Mukhopadhyay, A. K. 2012. Distinct repeat
motifs at the C-terminal region of CagA of Helicobacter pylori strains isolated from
diseased patients and asymptomatic individuals in West Bengal, India. Gut Pathog, 4,
4.

Unveiling the Intricacies of Helicobacter pylori-Induced Gastric Inflammation: T Helper Cells and ...
http://dx.doi.org/10.5772/54193

135



[29] Cheng, H. C., Yang, H. B., Chang, W. L., Chen, W. Y., Yeh, Y. C. & Sheu, B. S. Expres‐
sions of MMPs and TIMP-1 in gastric ulcers may differentiate H. pylori-infected from
NSAID-related ulcers. ScientificWorldJournal, 2012, 539316.

[30] Churin, Y., Al-Ghoul, L., Kepp, O., Meyer, T. F., Birchmeier, W. & Naumann, M.
2003. Helicobacter pylori CagA protein targets the c-Met receptor and enhances the
motogenic response. J Cell Biol, 161, 249-55.

[31] Covacci, A., Censini, S., Bugnoli, M., Petracca, R., Burroni, D., Macchia, G., Massone,
A., Papini, E., Xiang, Z., Figura, N. & et al. 1993. Molecular characterization of the
128-kDa immunodominant antigen of Helicobacter pylori associated with cytotoxicity
and duodenal ulcer. Proc Natl Acad Sci U S A, 90, 5791-5.

[32] Covacci, A. & Rappuoli, R. 1998. Helicobacter pylori: molecular evolution of a bacterial
quasi-species. Curr Opin Microbiol, 1, 96-102.

[33] Cover, T. L. & Blanke, S. R. 2005. Helicobacter pylori VacA, a paradigm for toxin multi‐
functionality. Nat Rev Microbiol, 3, 320-32.

[34] Cover, T. L., Krishna, U. S., Israel, D. A. & Peek, R. M., JR. 2003. Induction of gastric
epithelial cell apoptosis by Helicobacter pylori vacuolating cytotoxin. Cancer Res, 63,
951-7.

[35] Cover, T. L., Puryear, W., Perez-Perez, G. I. & Blaser, M. J. 1991. Effect of urease on
HeLa cell vacuolation induced by Helicobacter pylori cytotoxin. Infect Immun, 59,
1264-70.

[36] Cover, T. L., Tummuru, M. K., Cao, P., Thompson, S. A. & Blaser, M. J. 1994. Diver‐
gence of genetic sequences for the vacuolating cytotoxin among Helicobacter pylori
strains. J Biol Chem, 269, 10566-73.

[37] Crabtree, J. E. 1998. Role of cytokines in pathogenesis of Helicobacter pylori-induced
mucosal damage. Dig Dis Sci, 43, 46S-55S.

[38] Crabtree, J. E., Xiang, Z., Lindley, I. J., Tompkins, D. S., Rappuoli, R. & Covacci, A.
1995. Induction of interleukin-8 secretion from gastric epithelial cells by a cagA nega‐
tive isogenic mutant of Helicobacter pylori. J Clin Pathol, 48, 967-9.

[39] Crawford, H. C., Krishna, U. S., Israel, D. A., Matrisian, L. M., Washington, M. K. &
Peek, R. M., JR. 2003. Helicobacter pylori strain-selective induction of matrix metallo‐
proteinase-7 in vitro and within gastric mucosa. Gastroenterology, 125, 1125-36.

[40] Dey S, Stalin S, Gupta A, Saha D, Kesh K, Swarnakar S. Matrix metalloproteinase3
gene promoter polymorphisms and their haplotypes are associated with gastric can‐
cer risk in eastern Indian population. Mol Carcinog. 2012 Oct;51 Suppl 1:E42-53. doi:
10.1002/mc.21837. Epub 2011 Nov 28.

[41] D'elios, M. M., Manghetti, M., De Carli, M., Costa, F., Baldari, C. T., Burroni, D., Tel‐
ford, J. L., Romagnani, S. & Del Prete, G. 1997. T helper 1 effector cells specific for

Current Topics in Gastritis - 2012136



Helicobacter pylori in the gastric antrum of patients with peptic ulcer disease. J Immu‐
nol, 158, 962-7.

[42] Datta, S., Chattopadhyay, S., Balakrish Nair, G., Mukhopadhyay, A. K., Hembram, J.,
Berg, D. E., Rani Saha, D., Khan, A., Santra, A., Bhattacharya, S. K. & Chowdhury, A.
2003. Virulence Genes and Neutral DNA Markers of Helicobacter pylori Isolates from
Different Ethnic Communities of West Bengal, India. Journal of Clinical Microbiology,
41, 3737-3743.

[43] De Bernard, M., Cappon, A., Pancotto, L., Ruggiero, P., Rivera, J., Del Giudice, G. &
Montecucco, C. 2005. The Helicobacter pylori VacA cytotoxin activates RBL-2H3 cells
by inducing cytosolic calcium oscillations. Cell Microbiol, 7, 191-8.

[44] De Jonge, R., Kuipers, E. J., Langeveld, S. C., Loffeld, R. J., Stoof, J., Van Vliet, A. H. &
Kusters, J. G. 2004. The Helicobacter pylori plasticity region locus jhp0947-jhp0949 is
associated with duodenal ulcer disease and interleukin-12 production in monocyte
cells. FEMS Immunol Med Microbiol, 41, 161-7.

[45] Ding, H., Nedrud, J. G., Wershil, B., Redline, R. W., Blanchard, T. G. & Czinn, S. J.
2009. Partial protection against Helicobacter pylori in the absence of mast cells in mice.
Infect Immun, 77, 5543-50.

[46] Dong, Q., O'sullivan, M., Hall, W., Herra, C., Kean, C., O'morain, C. & Buckley, M.
2002. Identification of a new segment involved in cagA 3' region variation of Helico‐
bacter pylori. FEMS Immunol Med Microbiol, 33, 51-5.

[47] Dunn, G. P., Koebel, C. M. & Schreiber, R. D. 2006. Interferons, immunity and cancer
immunoediting. Nat Rev Immunol, 6, 836-48.

[48] Eaton, K. A., Mefford, M. & Thevenot, T. 2001. The role of T cell subsets and cyto‐
kines in the pathogenesis of Helicobacter pylori gastritis in mice. J Immunol, 166,
7456-61.

[49] Eaton, K. A., Ringler, S. R. & Danon, S. J. 1999. Murine splenocytes induce severe gas‐
tritis and delayed-type hypersensitivity and suppress bacterial colonization in Helico‐
bacter pylori-infected SCID mice. Infect Immun, 67, 4594-602.

[50] Eissele, R., Brunner, G., Simon, B., Solcia, E. & Arnold, R. 1997. Gastric mucosa dur‐
ing treatment with lansoprazole: Helicobacter pylori is a risk factor for argyrophil cell
hyperplasia. Gastroenterology, 112, 707-17.

[51] Ekstrom, A. M., Held, M., Hansson, L. E., Engstrand, L. & Nyren, O. 2001. Helicobact‐
er pylori in gastric cancer established by CagA immunoblot as a marker of past infec‐
tion. Gastroenterology, 121, 784-91.

[52] El-Serag, H. B. & Rudolph, K. L. 2007. Hepatocellular carcinoma: epidemiology and
molecular carcinogenesis. Gastroenterology, 132, 2557-76.

Unveiling the Intricacies of Helicobacter pylori-Induced Gastric Inflammation: T Helper Cells and ...
http://dx.doi.org/10.5772/54193

137



[53] Enroth, H., Kraaz, W., Engstrand, L., Nyren, O. & Rohan, T. 2000. Helicobacter pylori
strain types and risk of gastric cancer: a case-control study. Cancer Epidemiol Biomark‐
ers Prev, 9, 981-5.

[54] Erdman, S. E., Poutahidis, T., Tomczak, M., Rogers, A. B., Cormier, K., Plank, B., Hor‐
witz, B. H. & Fox, J. G. 2003. CD4+ CD25+ regulatory T lymphocytes inhibit micro‐
bially induced colon cancer in Rag2-deficient mice. Am J Pathol, 162, 691-702.

[55] Ernst, P. B. & Gold, B. D. 2000. The disease spectrum of Helicobacter pylori: the immu‐
nopathogenesis of gastroduodenal ulcer and gastric cancer. Annu Rev Microbiol, 54,
615-40.

[56] Ferrero, R. L. & Fox, J. G. 2001. In Vivo Modeling of Helicobacter-associated Gastro‐
intestinal Diseases.

[57] Ferrero, R. L. & Jenks, P. J. 2001. In Vivo Adaptation to the Host.

[58] Figueiredo, C., Machado, J. C., Pharoah, P., Seruca, R., Sousa, S., Carvalho, R., Capeli‐
nha, A. F., Quint, W., Caldas, C., Van Doorn, L. J., Carneiro, F. & Sobrinho-SimoeS,
M. 2002. Helicobacter pylori and interleukin 1 genotyping: an opportunity to identify
high-risk individuals for gastric carcinoma. J Natl Cancer Inst, 94, 1680-7.

[59] Fox, J. G., Dangler, C. A., Taylor, N. S., King, A., Koh, T. J. & Wang, T. C. 1999. High-
Salt Diet Induces Gastric Epithelial Hyperplasia and Parietal Cell Loss, and Enhances
Helicobacter pylori Colonization in C57BL/6 Mice. Cancer Research, 59, 4823-4828.

[60] Fox, J. G. & Wang, T. C. 2007. Inflammation, atrophy, and gastric cancer. J Clin Invest,
117, 60-9.

[61] Fujikawa, A., Shirasaka, D., Yamamoto, S., Ota, H., Yahiro, K., Fukada, M., Shintani,
T., Wada, A., Aoyama, N., Hirayama, T., Fukamachi, H. & Noda, M. 2003. Mice defi‐
cient in protein tyrosine phosphatase receptor type Z are resistant to gastric ulcer in‐
duction by VacA of Helicobacter pylori. Nat Genet, 33, 375-81.

[62] Gerhard, M., Lehn, N., Neumayer, N., Boren, T., Rad, R., Schepp, W., Miehlke, S.,
Classen, M. & Prinz, C. 1999. Clinical relevance of the Helicobacter pylori gene for
blood-group antigen-binding adhesin. Proc Natl Acad Sci U S A, 96, 12778-83.

[63] Göõz, M., Göõz, P. & Smolka, A. J. 2001. Epithelial and bacterial metalloproteinases
and their inhibitors in H. pylori infection of human gastric cells. American Journal of
Physiology - Gastrointestinal and Liver Physiology, 281, G823-G832.

[64] Greten, F. R., Eckmann, L., Greten, T. F., Park, J. M., Li, Z. W., Egan, L. J., Kagnoff, M.
F. & Karin, M. 2004. IKKbeta links inflammation and tumorigenesis in a mouse mod‐
el of colitis-associated cancer. Cell, 118, 285-96.

[65] Guruge, J. L., Falk, P. G., Lorenz, R. G., Dans, M., Wirth, H. P., Blaser, M. J., Berg, D.
E. & Gordon, J. I. 1998. Epithelial attachment alters the outcome of Helicobacter pylori
infection. Proc Natl Acad Sci U S A, 95, 3925-30.

Current Topics in Gastritis - 2012138



[66] Hansson, L. E., Engstrand, L., Nyren, O., Evans, D. J., Jr., Lindgren, A., Bergstrom, R.,
Andersson, B., Athlin, L., Bendtsen, O. & Tracz, P. 1993. Helicobacter pylori infection:
independent risk indicator of gastric adenocarcinoma. Gastroenterology, 105, 1098-103.

[67] Hartley, B. S. 1960. Proteolytic Enzymes. Annual Review of Biochemistry, 29, 45-72.

[68] Hatakeyama, M. 2004. Oncogenic mechanisms of the Helicobacter pylori CagA protein.
Nat Rev Cancer, 4, 688-94.

[69] Hellmig, S., Ott, S., Rosenstiel, P., Robert Folsch, U., Hampe, J. & Schreiber, S. 2006.
Genetic variants in matrix metalloproteinase genes are associated with development
of gastric ulcer in H. pylori infection. Am J Gastroenterol, 101, 29-35.

[70] Higashi, H., Nakaya, A., Tsutsumi, R., Yokoyama, K., Fujii, Y., Ishikawa, S., Higuchi,
M., Takahashi, A., Kurashima, Y., Teishikata, Y., Tanaka, S., Azuma, T. & Hatakeya‐
ma, M. 2004. Helicobacter pylori CagA induces Ras-independent morphogenetic re‐
sponse through SHP-2 recruitment and activation. J Biol Chem, 279, 17205-16.

[71] Higashi, H., Tsutsumi, R., Fujita, A., Yamazaki, S., Asaka, M., Azuma, T. & Hata‐
keyama, M. 2002a. Biological activity of the Helicobacter pylori virulence factor CagA
is determined by variation in the tyrosine phosphorylation sites. Proc Natl Acad Sci U
S A, 99, 14428-33.

[72] Higashi, H., Tsutsumi, R., Muto, S., Sugiyama, T., Azuma, T., Asaka, M. & Hatakeya‐
ma, M. 2002b. SHP-2 tyrosine phosphatase as an intracellular target of Helicobacter
pylori CagA protein. Science, 295, 683-6.

[73] Hishida, A., Matsuo, K., Goto, Y. & Hamajima, N. Genetic predisposition to Helico‐
bacter pylori-induced gastric precancerous conditions. World J Gastrointest Oncol, 2,
369-79.

[74] Hooper, L. V. & Gordon, J. I. 2001. Commensal host-bacterial relationships in the gut.
Science, 292, 1115-8.

[75] Hooper, L. V., Littman, D. R. & Macpherson, A. J. 2012. Interactions between the mi‐
crobiota and the immune system. Science, 336, 1268-73.

[76] Hopkins, R. J., Vial, P. A., Ferreccio, C., Ovalle, J., Prado, P., Sotomayor, V., Russell,
R. G., Wasserman, S. S. & Morris, J. G., JR. 1993. Seroprevalence of Helicobacter pylori
in Chile: vegetables may serve as one route of transmission. J Infect Dis, 168, 222-6.

[77] Hussein, N. R. 2010. The association of dupA and Helicobacter pylori-related gastro‐
duodenal diseases. Eur J Clin Microbiol Infect Dis, 29, 817-21.

[78] Hussein, N. R., Mohammadi, M., Talebkhan, Y., Doraghi, M., Letley, D. P., Muham‐
mad, M. K., Argent, R. H. & Atherton, J. C. 2008. Differences in virulence markers
between Helicobacter pylori strains from Iraq and those from Iran: potential impor‐
tance of regional differences in H. pylori-associated disease. J Clin Microbiol, 46,
1774-9.

Unveiling the Intricacies of Helicobacter pylori-Induced Gastric Inflammation: T Helper Cells and ...
http://dx.doi.org/10.5772/54193

139



[79] Hwang, H., Dwyer, J. & Russell, R. M. 1994. Diet, Helicobacter pylori Infection, Food
Preservation and Gastric Cancer Risk: Are There New Roles for Preventative Factors?
Nutrition Reviews, 52, 75-83.

[80] Ilver, D., Arnqvist, A., Ogren, J., Frick, I. M., Kersulyte, D., Incecik, E. T., Berg, D. E.,
Covacci, A., Engstrand, L. & Boren, T. 1998. Helicobacter pylori adhesin binding fuco‐
sylated histo-blood group antigens revealed by retagging. Science, 279, 373-7.

[81] Israel, D. A., Salama, N., Krishna, U., Rieger, U. M., Atherton, J. C., Falkow, S. &
Peek, R. M. 2001. Helicobacter pylori genetic diversity within the gastric niche of a sin‐
gle human host. Proceedings of the National Academy of Sciences, 98, 14625-14630.

[82] Ito, Y., Azuma, T., Ito, S., Miyaji, H., Hirai, M., Yamazaki, Y., Sato, F., Kato, T., Kohli,
Y. & Kuriyama, M. 1997. Analysis and typing of the vacA gene from cagA-positive
strains of Helicobacter pylori isolated in Japan. Journal of Clinical Microbiology, 35,
1710-4.

[83] Ito, Y., Azuma, T., Ito, S., Suto, H., Miyaji, H., Yamazaki, Y., Kohli, Y. & Kuriyama,
M. 1998. Full-Length Sequence Analysis of the vacA Gene from Cytotoxic and Non‐
cytotoxic Helicobacter pylori. Journal of Infectious Diseases, 178, 1391-1398.

[84] Joetham, A., Takada, K., Taube, C., Miyahara, N., Matsubara, S., Koya, T., Rha, Y.-H.,
Dakhama, A. & Gelfand, E. W. 2007. Naturally Occurring Lung CD4+CD25+ T Cell
Regulation of Airway Allergic Responses Depends on IL-10 Induction of TGF-β. The
Journal of Immunology, 178, 1433-1442.

[85] Jung, H. C., Kim, J. M., Song, I. S. & Kim, C. Y. 1997. Helicobacter pylori induces an
array of pro-inflammatory cytokines in human gastric epithelial cells: Quantification
of mRNA for interleukin-8, -1α/β, granulocyte-macrophage colony-stimulating fac‐
tor, monocyte chemoattractant protein-1 and tumour necrosis factor-α. Journal of Gas‐
troenterology and Hepatology, 12, 473-480.

[86] Kamada, N., Kim, Y. G., Sham, H. P., Vallance, B. A., Puente, J. L., Martens, E. C. &
Nunez, G. 2012. Regulated virulence controls the ability of a pathogen to compete
with the gut microbiota. Science, 336, 1325-9.

[87] Kao, J. Y., Zhang, M., Miller, M. J., Mills, J. C., Wang, B., Liu, M., Eaton, K. A., Zou,
W., Berndt, B. E., Cole, T. S., Takeuchi, T., Owyang, S. Y. & Luther, J. 2010. Helicobact‐
er pylori Immune Escape Is Mediated by Dendritic Cell–Induced Treg Skewing and
Th17 Suppression in Mice. Gastroenterology, 138, 1046-1054.

[88] Karin, M. & Greten, F. R. 2005. NF-kappaB: linking inflammation and immunity to
cancer development and progression. Nat Rev Immunol, 5, 749-59.

[89] Kersulyte, D., Chalkauskas, H. & Berg, D. E. 1999. Emergence of recombinant strains
of Helicobacter pylori during human infection. Molecular Microbiology, 31, 31-43.

[90] Kido, M., Tanaka, J., Aoki, N., Iwamoto, S., Nishiura, H., Chiba, T. & Watanabe, N.
2010. Helicobacter pylori Promotes the Production of Thymic Stromal Lymphopoietin

Current Topics in Gastritis - 2012140



by Gastric Epithelial Cells and Induces Dendritic Cell-Mediated Inflammatory Th2
Responses. Infection and Immunity, 78, 108-114.

[91] Klein, P. D., Graham, D. Y., Gaillour, A., Opekun, A. R. & Smith, E. O. 1991. Water
source as risk factor for Helicobacter pylori infection in Peruvian children. Gastrointes‐
tinal Physiology Working Group. Lancet, 337, 1503-6.

[92] Klinkenberg-Knol, E. C., Nelis, F., Dent, J., Snel, P., Mitchell, B., Prichard, P., Lloyd,
D., Havu, N., Frame, M. H., Roman, J. & Walan, A. 2000. Long-term omeprazole
treatment in resistant gastroesophageal reflux disease: efficacy, safety, and influence
on gastric mucosa. Gastroenterology, 118, 661-9.

[93] Knapinska, A. & Fields, G. B. Chemical Biology for Understanding Matrix Metallo‐
proteinase Function. Chembiochem.

[94] Kubben, F. J. G. M., Sier, C. F. M., Schram, M., Witte, T. A. M. C., Veenendaal, R. A.,
Van Duijn, W., Verheijen, J. H., Hanemaaijer, R., Lamers, C. B. H. W. & Verspaget, H.
W. 2007. Eradication of Helicobacter pylori Infection Favourably Affects Altered Gas‐
tric Mucosal MMP-9 Levels. Helicobacter, 12, 498-504.

[95] Kuipers, E. J., Lundell, L., Klinkenberg-Knol, E. C., Havu, N., Festen, H. P., Liedman,
B., Lamers, C. B., Jansen, J. B., Dalenback, J., Snel, P., Nelis, G. F. & Meuwissen, S. G.
1996. Atrophic gastritis and Helicobacter pylori infection in patients with reflux esoph‐
agitis treated with omeprazole or fundoplication. N Engl J Med, 334, 1018-22.

[96] Kuipers, E. J., Nelis, G. F., Klinkenberg-Knol, E. C., Snel, P., Goldfain, D., Kolkman, J.
J., Festen, H. P., Dent, J., Zeitoun, P., Havu, N., Lamm, M. & Walan, A. 2004. Cure of
Helicobacter pylori infection in patients with reflux oesophagitis treated with long
term omeprazole reverses gastritis without exacerbation of reflux disease: results of a
randomised controlled trial. Gut, 53, 12-20.

[97] Kundu, P., De, R., Pal, I., Mukhopadhyay, A. K., Saha, D. R. & Swarnakar, S. 2011.
Curcumin Alleviates Matrix Metalloproteinase-3 and -9 Activities during Eradication
of Helicobacter pylori Infection in Cultured Cells and Mice. PLoS ONE, 6, e16306.

[98] Kundu, P., Mukhopadhyay, A. K., Patra, R., Banerjee, A., Berg, D. E. & Swarnakar, S.
2006. Cag Pathogenicity Island-independent Up-regulation of Matrix Metalloprotei‐
nases-9 and -2 Secretion and Expression in Mice by Helicobacter pylori Infection. Jour‐
nal of Biological Chemistry, 281, 34651-34662.

[99] Labenz, J., Blum, A. L., Bayerdorffer, E., Meining, A., Stolte, M. & Borsch, G. 1997.
Curing Helicobacter pylori infection in patients with duodenal ulcer may provoke re‐
flux esophagitis. Gastroenterology, 112, 1442-7.

[100] Lee, D. C., Sunnarborg, S. W., Hinkle, C. L., Myers, T. J., Stevenson, M., Russell, W.
E., Castner, B. J., Gerhart, M. J., Paxton, R. J., Black, R. A., Chang, A. & Jackson, L. F.
2003. TACE/ADAM17 Processing of EGFR Ligands Indicates a Role as a Physiologi‐
cal Convertase. Annals of the New York Academy of Sciences, 995, 22-38.

Unveiling the Intricacies of Helicobacter pylori-Induced Gastric Inflammation: T Helper Cells and ...
http://dx.doi.org/10.5772/54193

141



[101] Leonard, W. J. & Spolski, R. 2005. Interleukin-21: a modulator of lymphoid prolifera‐
tion, apoptosis and differentiation. Nat Rev Immunol, 5, 688-98.

[102] Leunk, R. D., Johnson, P. T., David, B. C., Kraft, W. G. & Morgan, D. R. 1988. Cyto‐
toxic activity in broth-culture filtrates of Campylobacter pylori. J Med Microbiol, 26,
93-9.

[103] Linden, S. K., Sheng, Y. H., Every, A. L., Miles, K. M., Skoog, E. C., Florin, T. H., Sut‐
ton, P. & Mcguckin, M. A. 2009. MUC1 limits Helicobacter pylori infection both by
steric hindrance and by acting as a releasable decoy. PLoS Pathog, 5, e1000617.

[104] Logan, R. P. & Berg, D. E. 1996. Genetic diversity of Helicobacter pylori. Lancet, 348,
1462-3.

[105] Löwer, M., Weydig, C., Metzler, D., Reuter, A., Starzinski-Powitz, A., Wessler, S. &
Schneider, G. 2008. Prediction of Extracellular Proteases of the Human Pathogen Hel‐
icobacter pylori Reveals Proteolytic Activity of the Hp1018/19 Protein HtrA. PLoS
ONE, 3, e3510.

[106] Lu, H., Hsu, P.-I., Graham, D. Y. & Yamaoka, Y. 2005. Duodenal ulcer promoting
gene of Helicobacter pylori. Gastroenterology, 128, 833-848.

[107] Lupetti, P., Heuser, J. E., Manetti, R., Massari, P., Lanzavecchia, S., Bellon, P. L., Dal‐
lai, R., Rappuoli, R. & Telford, J. L. 1996. Oligomeric and subunit structure of the Hel‐
icobacter pylori vacuolating cytotoxin. J Cell Biol, 133, 801-7.

[108] Macdonald, T. T., Bajaj-Elliott, M. & Pender, S. L. 1999. T cells orchestrate intestinal
mucosal shape and integrity. Immunol Today, 20, 505-10.

[109] Mahdavi, J., Sonden, B., Hurtig, M., Olfat, F. O., Forsberg, L., Roche, N., Angstrom, J.,
Larsson, T., Teneberg, S., Karlsson, K. A., Altraja, S., Wadstrom, T., Kersulyte, D.,
Berg, D. E., Dubois, A., Petersson, C., Magnusson, K. E., Norberg, T., Lindh, F., Lund‐
skog, B. B., Arnqvist, A., Hammarstrom, L. & Boren, T. 2002. Helicobacter pylori SabA
adhesin in persistent infection and chronic inflammation. Science, 297, 573-8.

[110] Martin, S. L., Borrow, R., Van Der Ley, P., Dawson, M., Fox, A. J. & Cartwright, K. A.
V. 2000. Effect of sequence variation in meningococcal PorA outer membrane protein
on the effectiveness of a hexavalent PorA outer membrane vesicle vaccine. Vaccine,
18, 2476-2481.

[111] Maruyama, T., Kono, K., Mizukami, Y., Kawaguchi, Y., Mimura, K., Watanabe, M.,
Izawa, S. & Fujii, H. 2010. Distribution of Th17 cells and FoxP3(+) regulatory T cells
in tumor-infiltrating lymphocytes, tumor-draining lymph nodes and peripheral
blood lymphocytes in patients with gastric cancer. Cancer Science, 101, 1947-1954.

[112] Matsumura, S., Oue, N., Nakayama, H., Kitadai, Y., Yoshida, K., Yamaguchi, Y., Im‐
ai, K., Nakachi, K., Matsusaki, K., Chayama, K. & Yasui, W. 2005. A single nucleotide
polymorphism in the &lt;i&gt;MMP-9&lt;/i&gt; promoter affects tumor progression
and invasive phenotype of gastric cancer. Journal of Cancer Research and Clinical Oncol‐
ogy, 131, 19-25.

Current Topics in Gastritis - 2012142



[113] Mcclain, M. S. & Cover, T. L. 2003. Expression of Helicobacter pylori vacuolating toxin
in Escherichia coli. Infect Immun, 71, 2266-71.

[114] Mcguckin, M. A., Every, A. L., Skene, C. D., Linden, S. K., Chionh, Y. T., Swierczak,
A., Mcauley, J., Harbour, S., Kaparakis, M., Ferrero, R. & Sutton, P. 2007. Muc1 mucin
limits both Helicobacter pylori colonization of the murine gastric mucosa and associat‐
ed gastritis. Gastroenterology, 133, 1210-8.

[115] Mimuro, H., Suzuki, T., Tanaka, J., Asahi, M., Haas, R. & Sasakawa, C. 2002. Grb2 is a
key mediator of Helicobacter pylori CagA protein activities. Mol Cell, 10, 745-55.

[116] Mitchell, P. J., Afzali, B., Fazekasova, H., Chen, D., Ali, N., Powell, N., Lord, G. M.,
Lechler, R. I. & Lombardi, G. 2012. Helicobacter pylori induces in vivo expansion of
human regulatory T cells through stimulating IL-1β-production by dendritic cells.
Clinical & Experimental Immunology, n/a-n/a.

[117] Moayyedi, P., Bardhan, C., Young, L., Dixon, M. F., Brown, L. & Axon, A. T. 2001.
Helicobacter pylori eradication does not exacerbate reflux symptoms in gastroesopha‐
geal reflux disease. Gastroenterology, 121, 1120-6.

[118] Monteleone, G., Macdonald, T. T., Wathen, N. C., Pallone, F. & Pender, S. L. 1999. En‐
hancing Lamina propria Th1 cell responses with interleukin 12 produces severe tis‐
sue injury. Gastroenterology, 117, 1069-77.

[119] Mori, N., Sato, H., Hayashibara, T., Senba, M., Geleziunas, R., Wada, A., Hirayama,
T. & Yamamoto, N. 2003. Helicobacter pylori induces matrix metalloproteinase-9
through activation of nuclear factor kappaB. Gastroenterology, 124, 983-92.

[120] Mukhopadhyay, A. K., Kersulyte, D., Jeong, J.-Y., Datta, S., Ito, Y., Chowdhury, A.,
Chowdhury, S., Santra, A., Bhattacharya, S. K., Azuma, T., Nair, G. B. & Berg, D. E.
2000. Distinctiveness of Genotypes of Helicobacter pylori in Calcutta, India. Journal of
Bacteriology, 182, 3219-3227.

[121] Münzenmaier, A., Lange, C., Glocker, E., Covacci, A., Moran, A., Bereswill, S.,
Baeuerle, P. A., Kist, M. & Pahl, H. L. 1997. A secreted/shed product of Helicobacter
pylori activates transcription factor nuclear factor-kappa B. The Journal of Immunology,
159, 6140-7.

[122] Nagase, H. & Woessner, J. F., JR. 1999. Matrix metalloproteinases. J Biol Chem, 274,
21491-4.

[123] Nakajima, T., Yamashita, S., Maekita, T., Niwa, T., Nakazawa, K. & Ushijima, T. 2009.
The presence of a methylation fingerprint of Helicobacter pylori infection in human
gastric mucosae. Int J Cancer, 124, 905-10.

[124] Nakayama, M., Kimura, M., Wada, A., Yahiro, K., Ogushi, K., Niidome, T., Fujikawa,
A., Shirasaka, D., Aoyama, N., Kurazono, H., Noda, M., Moss, J. & Hirayama, T.
2004. Helicobacter pylori VacA activates the p38/activating transcription factor 2-medi‐
ated signal pathway in AZ-521 cells. J Biol Chem, 279, 7024-8.

Unveiling the Intricacies of Helicobacter pylori-Induced Gastric Inflammation: T Helper Cells and ...
http://dx.doi.org/10.5772/54193

143



[125] Naugler, W. E. & Karin, M. 2008. The wolf in sheep's clothing: the role of interleu‐
kin-6 in immunity, inflammation and cancer. Trends Mol Med, 14, 109-19.

[126] Nicholson, J. K., Holmes, E., Kinross, J., Burcelin, R., Gibson, G., Jia, W. & Pettersson,
S. 2012. Host-gut microbiota metabolic interactions. Science, 336, 1262-7.

[127] Niwa, T., Tsukamoto, T., Toyoda, T., Mori, A., Tanaka, H., Maekita, T., Ichinose, M.,
Tatematsu, M. & UshijimA, T. 2010. Inflammatory processes triggered by Helicobacter
pylori infection cause aberrant DNA methylation in gastric epithelial cells. Cancer Res,
70, 1430-40.

[128] Nurgalieva, Z. Z., Malaty, H. M., Graham, D. Y., Almuchambetova, R., Machmudo‐
va, A., Kapsultanova, D., Osato, M. S., Hollinger, F. B. & Zhangabylov, A. 2002. Heli‐
cobacter pylori infection in Kazakhstan: effect of water source and household hygiene.
Am J Trop Med Hyg, 67, 201-6.

[129] O'connell, R. M., Kahn, D., Gibson, W. S. J., Round, J. L., Scholz, R. L., Chaudhuri, A.
A., Kahn, M. E., Rao, D. S. & Baltimore, D. 2010. MicroRNA-155 Promotes Autoim‐
mune Inflammation by Enhancing Inflammatory T Cell Development. Immunity, 33,
607-619.

[130] Occhialini, A., Marais, A., Alm, R., Garcia, F., Sierra, R. & Megraud, F. 2000. Distribu‐
tion of open reading frames of plasticity region of strain J99 in Helicobacter pylori
strains isolated from gastric carcinoma and gastritis patients in Costa Rica. Infect Im‐
mun, 68, 6240-9.

[131] Odenbreit, S., Puls, J., Sedlmaier, B., Gerland, E., Fischer, W. & Haas, R. 2000. Trans‐
location of Helicobacter pylori CagA into gastric epithelial cells by type IV secretion.
Science, 287, 1497-500.

[132] Oertli, M., Engler, D. B., Kohler, E., Koch, M., Meyer, T. F. & Muller, A. 2011. Micro‐
RNA-155 is essential for the T cell-mediated control of Helicobacter pylori infection
and for the induction of chronic Gastritis and Colitis. J Immunol, 187, 3578-86.

[133] Oh, J. D., Karam, S. M. & Gordon, J. I. 2005. Intracellular Helicobacter pylori in gastric
epithelial progenitors. Proc Natl Acad Sci U S A, 102, 5186-91.

[134] Ohnishi, N., Yuasa, H., Tanaka, S., Sawa, H., Miura, M., Matsui, A., Higashi, H., Mu‐
sashi, M., Iwabuchi, K., Suzuki, M., Yamada, G., Azuma, T. & Hatakeyama, M. 2008.
Transgenic expression of Helicobacter pylori CagA induces gastrointestinal and hema‐
topoietic neoplasms in mouse. Proc Natl Acad Sci U S A, 105, 1003-8.

[135] Ohshima, H., Tatemichi, M. & Sawa, T. 2003. Chemical basis of inflammation-in‐
duced carcinogenesis. Arch Biochem Biophys, 417, 3-11.

[136] Oliveira, M. J., Costa, A. C., Costa, A. M., Henriques, L., Suriano, G., Atherton, J. C.,
Machado, J. C., Carneiro, F., Seruca, R., Mareel, M., Leroy, A. & Figueiredo, C. 2006.
Helicobacter pylori Induces Gastric Epithelial Cell Invasion in a c-Met and Type IV Se‐
cretion System-dependent Manner. Journal of Biological Chemistry, 281, 34888-34896.

Current Topics in Gastritis - 2012144



[137] Owen, R. J., Sharp, S. I., Chisholm, S. A. & Rijpkema, S. 2003. Identification of cagA
tyrosine phosphorylation DNA motifs in Helicobacter pylori isolates from peptic ulcer
patients by novel PCR-restriction fragment length polymorphism and real-time fluo‐
rescence PCR assays. J Clin Microbiol, 41, 3112-8.

[138] Papatriantafyllou, M. 2011. Asthma: The secret face of H. pylori. Nat Rev Immunol, 11,
500-501.

[139] Papini, E., De Bernard, M., Milia, E., Bugnoli, M., Zerial, M., Rappuoli, R. & Monte‐
cucco, C. 1994. Cellular vacuoles induced by Helicobacter pylori originate from late en‐
dosomal compartments. Proc Natl Acad Sci U S A, 91, 9720-4.

[140] Parsonnet, J., Friedman, G. D., Orentreich, N. & Vogelman, H. 1997. Risk for gastric
cancer in people with CagA positive or CagA negative Helicobacter pylori infection.
Gut, 40, 297-301.

[141] Parsonnet, J., Harris, R. A., Hack, H. M. & Owens, D. K. 1996. Modelling cost-effec‐
tiveness of Helicobacter pylori screening to prevent gastric cancer: a mandate for clini‐
cal trials. Lancet, 348, 150-4.

[142] Patra, R., Chattopadhyay, S., De, R., Ghosh, P., Ganguly, M., Chowdhury, A., Rama‐
murthy, T., Nair, G. B. & Mukhopadhyay, A. K. 2012. Multiple Infection and Micro‐
diversity among Helicobacter pylori Isolates in a Single Host in India. PLoS ONE, 7,
e43370.

[143] Peek, R. M., Jr. & Crabtree, J. E. 2006. Helicobacter infection and gastric neoplasia. J
Pathol, 208, 233-48.

[144] Pender, S. L. & Macdonald, T. T. 2004. Matrix metalloproteinases and the gut - new
roles for old enzymes. Curr Opin Pharmacol, 4, 546-50.

[145] Pender, S. L., Tickle, S. P., Docherty, A. J., Howie, D., Wathen, N. C. & Macdonald, T.
T. 1997. A major role for matrix metalloproteinases in T cell injury in the gut. J Immu‐
nol, 158, 1582-90.

[146] Philpott, D. J., Belaid, D., Troubadour, P., Thiberge, J.-M., Tankovic, J., Labigne, A. &
Ferrero, R. L. 2002. Reduced activation of inflammatory responses in host cells by
mouse-adapted Helicobacter pylori isolates. Cellular Microbiology, 4, 285-296.

[147] Pillinger, M. H., Marjanovic, N., Kim, S. Y., Scher, J. U., Izmirly, P., Tolani, S., Dinsell,
V., Lee, Y. C., Blaser, M. J. & Abramson, S. B. 2005. Matrix metalloproteinase secre‐
tion by gastric epithelial cells is regulated by E prostaglandins and MAPKs. J Biol
Chem, 280, 9973-9.

[148] Poppe, M., Feller, S. M., Romer, G. & Wessler, S. 2007. Phosphorylation of Helicobact‐
er pylori CagA by c-Abl leads to cell motility. Oncogene, 26, 3462-72.

[149] Prinz, C., Schoniger, M., Rad, R., Becker, I., Keiditsch, E., Wagenpfeil, S., Classen, M.,
Rosch, T., Schepp, W. & GerharD, M. 2001. Key importance of the Helicobacter pylori

Unveiling the Intricacies of Helicobacter pylori-Induced Gastric Inflammation: T Helper Cells and ...
http://dx.doi.org/10.5772/54193

145



adherence factor blood group antigen binding adhesin during chronic gastric inflam‐
mation. Cancer Res, 61, 1903-9.

[150] Raghavan, S., Ostberg, A. K., Flach, C. F., Ekman, A., Blomquist, M., Czerkinsky, C.
& Holmgren, J. Sublingual immunization protects against Helicobacter pylori infection
and induces T and B cell responses in the stomach. Infect Immun, 78, 4251-60.

[151] Reiner, S. L. 2007. Development in motion: helper T cells at work. Cell, 129, 33-6.

[152] Ren, S., Higashi, H., Lu, H., Azuma, T. & Hatakeyama, M. 2006. Structural basis and
functional consequence of Helicobacter pylori CagA multimerization in cells. J Biol
Chem, 281, 32344-52.

[153] Reyrat, J. M., Lanzavecchia, S., Lupetti, P., De Bernard, M., Pagliaccia, C., Pelicic, V.,
Charrel, M., Ulivieri, C., Norais, N., Ji, X., Cabiaux, V., Papini, E., Rappuoli, R. & Tel‐
ford, J. L. 1999. 3D imaging of the 58 kDa cell binding subunit of the Helicobacter pylo‐
ri cytotoxin. J Mol Biol, 290, 459-70.

[154] Rhead, J. L., Letley, D. P., Mohammadi, M., Hussein, N., Mohagheghi, M. A., Eshagh
Hosseini, M. & Atherton, J. C. 2007. A new Helicobacter pylori vacuolating cytotoxin
determinant, the intermediate region, is associated with gastric cancer. Gastroenterolo‐
gy, 133, 926-36.

[155] Rohde, M., Puls, J., Buhrdorf, R., Fischer, W. & Haas, R. 2003. A novel sheathed sur‐
face organelle of the Helicobacter pylori cag type IV secretion system. Mol Microbiol, 49,
219-34.

[156] Rolig, A. S., Carter, J. E. & Ottemann, K. M. 2011. Bacterial chemotaxis modulates
host cell apoptosis to establish a T-helper cell, type 17 (Th17)-dominant immune re‐
sponse in Helicobacter pylori infection. Proc Natl Acad Sci U S A, 108, 19749-54.

[157] Ruiz, B., Garay, J., Correa, P., Fontham, E. T., Bravo, J. C., Bravo, L. E., Realpe, J. L. &
Mera, R. 2001. Morphometric evaluation of gastric antral atrophy: improvement after
cure of Helicobacter pylori infection. Am J Gastroenterol, 96, 3281-7.

[158] Saarialho-Kere, U. K., Vaalamo, M., Puolakkainen, P., Airola, K., Parks, W. C. & Kar‐
jalainen-Lindsberg, M. L. 1996. Enhanced expression of matrilysin, collagenase, and
stromelysin-1 in gastrointestinal ulcers. Am J Pathol, 148, 519-26.

[159] Santos, A., Queiroz, D. M. M., Ménard, A., Marais, A., Rocha, G. A., Oliveira, C. A.,
Nogueira, A. M. M. F., Uzeda, M. & Mégraud, F. 2003. New Pathogenicity Marker
Found in the Plasticity Region of the Helicobacter pylori Genome. Journal of Clinical Mi‐
crobiology, 41, 1651-1655.

[160] Saukkonen, K., Rintahaka, J., Sivula, A., Buskens, C. J., Van Rees, B. P., Rio, M. C.,
Haglund, C., Van Lanschot, J. J., Offerhaus, G. J. & Ristimaki, A. 2003. Cyclooxyge‐
nase-2 and gastric carcinogenesis. APMIS, 111, 915-25.

[161] Schuppan, D. & Hahn, E. G. 2000. MMPs in the gut: inflammation hits the matrix.
Gut, 47, 12-14.

Current Topics in Gastritis - 2012146



[162] Schwizer, W., Thumshirn, M., Dent, J., Guldenschuh, I., Menne, D., Cathomas, G. &
Fried, M. 2001. Helicobacter pylori and symptomatic relapse of gastro-oesophageal re‐
flux disease: a randomised controlled trial. Lancet, 357, 1738-42.

[163] Segal, E. D., Cha, J., Lo, J., Falkow, S. & TompkinS, L. S. 1999. Altered states: involve‐
ment of phosphorylated CagA in the induction of host cellular growth changes by
Helicobacter pylori. Proc Natl Acad Sci U S A, 96, 14559-64.

[164] Segal, E. D., Lange, C., Covacci, A., Tompkins, L. S. & Falkow, S. 1997. Induction of
host signal transduction pathways by Helicobacter pylori. Proc Natl Acad Sci U S A, 94,
7595-9.

[165] Selbach, M., Moese, S., Hauck, C. R., Meyer, T. F. & Backert, S. 2002. Src is the kinase
of the Helicobacter pylori CagA protein in vitro and in vivo. J Biol Chem, 277, 6775-8.

[166] Semino-Mora, C., Doi, S. Q., Marty, A., Simko, V., Carlstedt, I. & Dubois, A. 2003. In‐
tracellular and interstitial expression of Helicobacter pylori virulence genes in gastric
precancerous intestinal metaplasia and adenocarcinoma. J Infect Dis, 187, 1165-77.

[167] Shi, Y., Liu, X.-F., Zhuang, Y., Zhang, J.-Y., Liu, T., Yin, Z., Wu, C., Mao, X.-H., Jia, K.-
R., Wang, F.-J., Guo, H., Flavell, R. A., Zhao, Z., Liu, K.-Y., Xiao, B., Guo, Y., Zhang,
W.-J., Zhou, W.-Y., Guo, G. & Zou, Q.-M. 2010. Helicobacter pylori-Induced Th17 Re‐
sponses Modulate Th1 Cell Responses, Benefit Bacterial Growth, and Contribute to
Pathology in Mice. The Journal of Immunology, 184, 5121-5129.

[168] Shiota, S., Matsunari, O., Watada, M., Hanada, K. & Yamaoka, Y. 2010. Systematic re‐
view and meta-analysis: the relationship between the Helicobacter pylori dupA gene
and clinical outcomes. Gut Pathog, 2, 13.

[169] Smythies, L. E., Waites, K. B., Lindsey, J. R., Harris, P. R., Ghiara, P. & Smith, P. D.
2000. Helicobacter pylori-induced mucosal inflammation is Th1 mediated and exa‐
cerbated in IL-4, but not IFN-gamma, gene-deficient mice. J Immunol, 165, 1022-9.

[170] Sokolova, O., Vieth, M. & Naumann, M. 2012. Protein kinase C isozymes regulate
matrix metalloproteinase-1 expression and cell invasion in Helicobacter pylori infec‐
tion. Gut.

[171] Somerville, R., Oblander, S. & Apte, S. 2003. Matrix metalloproteinases: old dogs
with new tricks. Genome Biology, 4, 216.

[172] Song, J. H., Nguyen, H. H., Cuburu, N., Horimoto, T., Ko, S. Y., Park, S. H., Czerkin‐
sky, C. & Kweon, M. N. 2008. Sublingual vaccination with influenza virus protects
mice against lethal viral infection. Proc Natl Acad Sci U S A, 105, 1644-9.

[173] Sperandio, V. 2012. Microbiology. Virulence or competition? Science, 336, 1238-9.

[174] Steele, I. A., Dimaline, R., Pritchard, D. M., Peek, R. M., Jr., Wang, T. C., Dockray, G.
J. & Varro, A. 2007. Helicobacter and gastrin stimulate Reg1 expression in gastric epi‐
thelial cells through distinct promoter elements. Am J Physiol Gastrointest Liver Physi‐
ol, 293, G347-54.

Unveiling the Intricacies of Helicobacter pylori-Induced Gastric Inflammation: T Helper Cells and ...
http://dx.doi.org/10.5772/54193

147



[175] Stein, M., Bagnoli, F., Halenbeck, R., Rappuoli, R., Fantl, W. J. & Covacci, A. 2002. c-
Src/Lyn kinases activate Helicobacter pylori CagA through tyrosine phosphorylation of
the EPIYA motifs. Mol Microbiol, 43, 971-80.

[176] Stein, M., Rappuoli, R. & Covacci, A. 2000. Tyrosine phosphorylation of the Helico‐
bacter pylori CagA antigen after cag-driven host cell translocation. Proc Natl Acad Sci
U S A, 97, 1263-8.

[177] Suerbaum, S. & Michetti, P. 2002. Helicobacter pylori infection. N Engl J Med, 347,
1175-86.

[178] Suzuki, M., Mimuro, H., Suzuki, T., Park, M., Yamamoto, T. & Sasakawa, C. 2005. In‐
teraction of CagA with Crk plays an important role in Helicobacter pylori-induced loss
of gastric epithelial cell adhesion. J Exp Med, 202, 1235-47.

[179] Takaishi, S., Cui, G., Frederick, D. M., Carlson, J. E., Houghton, J., Varro, A., Dockray,
G. J., Ge, Z., Whary, M. T., Rogers, A. B., Fox, J. G. & Wang, T. C. 2005. Synergistic
inhibitory effects of gastrin and histamine receptor antagonists on Helicobacter-in‐
duced gastric cancer. Gastroenterology, 128, 1965-83.

[180] Tanaka, J., Suzuki, T., Mimuro, H. & Sasakawa, C. 2003. Structural definition on the
surface of Helicobacter pylori type IV secretion apparatus. Cell Microbiol, 5, 395-404.

[181] Tartaglia, M. & Gelb, B. D. 2005. Germ-line and somatic PTPN11 mutations in human
disease. Eur J Med Genet, 48, 81-96.

[182] Telford, J. L., Ghiara, P., Dell'orco, M., Comanducci, M., Burroni, D., Bugnoli, M.,
Tecce, M. F., Censini, S., Covacci, A., Xiang, Z. & et al. 1994. Gene structure of the
Helicobacter pylori cytotoxin and evidence of its key role in gastric disease. J Exp Med,
179, 1653-58.

[183] Uemura, N., Mukai, T., Okamoto, S., Yamaguchi, S., Mashiba, H., Taniyama, K., Sa‐
saki, N., Haruma, K., Sumii, K. & Kajiyama, G. 1997. Effect of Helicobacter pylori eradi‐
cation on subsequent development of cancer after endoscopic resection of early
gastric cancer. Cancer Epidemiol Biomarkers Prev, 6, 639-42.

[184] Uemura, N., Okamoto, S., Yamamoto, S., Matsumura, N., Yamaguchi, S., Yamakido,
M., Taniyama, K., Sasaki, N. & SchlempER, R. J. 2001. Helicobacter pylori infection and
the development of gastric cancer. N Engl J Med, 345, 784-9.

[185] Vaira, D., Vakil, N., Rugge, M., Gatta, L., Ricci, C., Menegatti, M., Leandro, G., Hol‐
ton, J., Russo, V. M. & MigliolI, M. 2003. Effect of Helicobacter pylori eradication on
development of dyspeptic and reflux disease in healthy asymptomatic subjects. Gut,
52, 1543-7.

[186] Van Doorn, L. J., Figueiredo, C., Megraud, F., Pena, S., Midolo, P., Queiroz, D. M.,
Carneiro, F., Vanderborght, B., Pegado, M. D., Sanna, R., De Boer, W., Schneeberger,
P. M., Correa, P., Ng, E. K., Atherton, J., Blaser, M. J. & Quint, W. G. 1999. Geograph‐
ic distribution of vacA allelic types of Helicobacter pylori. Gastroenterology, 116, 823-30.

Current Topics in Gastritis - 2012148



[187] Van Doorn, L. J., Figueiredo, C., Sanna, R., Pena, S., Midolo, P., Ng, E. K., Atherton, J.
C., Blaser, M. J. & Quint, W. G. 1998. Expanding allelic diversity of Helicobacter pylori
vacA. J Clin Microbiol, 36, 2597-603.

[188] Van Ginkel, F. W., Jackson, R. J., Yoshino, N., Hagiwara, Y., Metzger, D. J., Connell,
T. D., Vu, H. L., Martin, M., Fujihashi, K. & Mcghee, J. R. Enterotoxin-based mucosal
adjuvants alter antigen trafficking and induce inflammatory responses in the nasal
tract. Infect Immun. 2005 Oct;73(10):6892-902.

[189] Van Vliet, A. H. M., Stoof, J., Vlasblom, R., Wainwright, S. A., Hughes, N. J., Kelly, D.
J., Bereswill, S., Bijlsma, J. J. E., Hoogenboezem, T., Vandenbroucke-Grauls, C. M. J.
E., Kist, M., Kuipers, E. J. & Kusters, J. G. 2002. The Role of the Ferric Uptake Regula‐
tor (Fur) in Regulation of Helicobacter pylori Iron Uptake. Helicobacter, 7, 237-244.

[190] Viala, J., Chaput, C., Boneca, I. G., Cardona, A., Girardin, S. E., Moran, A. P., Ath‐
man, R., Memet, S., Huerre, M. R., Coyle, A. J., Distefano, P. S., Sansonetti, P. J., La‐
bigne, A., Bertin, J., Philpott, D. J. & Ferrero, R. L. 2004. Nod1 responds to
peptidoglycan delivered by the Helicobacter pylori cag pathogenicity island. Nat Im‐
munol, 5, 1166-74.

[191] Wallasch, C., Crabtree, J. E., Bevec, D., Robinson, P. A., Wagner, H. & Ullrich, A.
2002. Helicobacter pylori-stimulated EGF receptor transactivation requires metallopro‐
tease cleavage of HB-EGF. Biochemical and Biophysical Research Communications, 295,
695-701.

[192] Wang, L., Shi, G. G., Yao, J. C., Gong, W., Wei, D., Wu, T. T., Ajani, J. A., Huang, S. &
Xie, K. 2005. Expression of endothelial nitric oxide synthase correlates with the an‐
giogenic phenotype of and predicts poor prognosis in human gastric cancer. Gastric
Cancer, 8, 18-28.

[193] Warren, J. R. 2000. Gastric pathology associated with Helicobacter pylori. Gastroenterol
Clin North Am, 29, 705-51.

[194] Wei, L., Laurence, A., Elias, K. M. & O'shea, J. J. 2007. IL-21 is produced by Th17 cells
and drives IL-17 production in a STAT3-dependent manner. J Biol Chem, 282,
34605-10.

[195] Wex, T., Treiber, G., Nilius, M., Vieth, M., Roessner, A. & Malfertheiner, P. 2004. Heli‐
cobacter pylori-mediated gastritis induces local downregulation of secretory leukocyte
protease inhibitor in the antrum. Infect Immun, 72, 2383-5.

[196] Williams, C. & Mccoll, K. E. 2006. Review article: proton pump inhibitors and bacte‐
rial overgrowth. Aliment Pharmacol Ther, 23, 3-10.

[197] Windle, H. J. & Kelleher, D. 1997. Identification and characterization of a metallopro‐
tease activity from Helicobacter pylori. Infection and Immunity, 65, 3132-7.

[198] Wong, B. C., Lam, S. K., Wong, W. M., Chen, J. S., Zheng, T. T., Feng, R. E., Lai, K. C.,
Hu, W. H., Yuen, S. T., Leung, S. Y., Fong, D. Y., Ho, J. & Ching, C. K. 2004. Helico‐

Unveiling the Intricacies of Helicobacter pylori-Induced Gastric Inflammation: T Helper Cells and ...
http://dx.doi.org/10.5772/54193

149



bacter pylori eradication to prevent gastric cancer in a high-risk region of China: a
randomized controlled trial. JAMA, 291, 187-94.

[199] Wroblewski, L. E., Noble, P.-J. M., Pagliocca, A., Pritchard, D. M., Hart, C. A., Camp‐
bell, F., Dodson, A. R., Dockray, G. J. & Varro, A. 2003. Stimulation of MMP-7 (matri‐
lysin) by Helicobacter pylori in human gastric epithelial cells: role in epithelial cell
migration. Journal of Cell Science, 116, 3017-3026.

[200] Wu, C., Shi, Y., Guo, H., Zou, W. Y., Guo, G., Xie, Q. H., Mao, X. H., Tong, W. D. &
Zou, Q. M. 2008. Protection against Helicobacter pylori infection in mongolian gerbil
by intragastric or intramuscular administration of H. pylori multicomponent vaccine.
Helicobacter, 13, 191-9.

[201] Wu, Y. Y., Chen, J. H., Kao, J. T., Liu, K. C., Lai, C. H., Wang, Y. M., Hsieh, C. T.,
Tzen, J. T. & Hsu, P. N. Expression of CD25(high) regulatory T cells and PD-1 in gas‐
tric infiltrating CD4(+) T lymphocytes in patients with Helicobacter pylori infection.
Clin Vaccine Immunol, 18, 1198-201.

[202] Wurster, A. L., Rodgers, V. L., Satoskar, A. R., Whitters, M. J., Young, D. A., Collins,
M. & Grusby, M. J. 2002. Interleukin 21 is a T helper (Th) cell 2 cytokine that specifi‐
cally inhibits the differentiation of naive Th cells into interferon gamma-producing
Th1 cells. J Exp Med, 196, 969-77.

[203] Yamaoka, Y., Kita, M., Kodama, T., Sawai, N. & Imanishi, J. 1996. Helicobacter pylori
cagA gene and expression of cytokine messenger RNA in gastric mucosa. Gastroen‐
terology, 110, 1744-1752.

[204] Yamaoka, Y., Kita, M., Kodama, T., Sawai, N., Tanahashi, T., Kashima, K. & Imanishi,
J. 1998. Chemokines in the gastric mucosa in Helicobacter pylori infection. Gut, 42,
609-17.

[205] Yamazaki, S., Yamakawa, A., Ito, Y., Ohtani, M., Higashi, H., Hatakeyama, M. &
Azuma, T. 2003. The CagA protein of Helicobacter pylori is translocated into epithelial
cells and binds to SHP-2 in human gastric mucosa. J Infect Dis, 187, 334-7.

[206] Yeo, H. J., Savvides, S. N., Herr, A. B., Lanka, E. & Waksman, G. 2000. Crystal struc‐
ture of the hexameric traffic ATPase of the Helicobacter pylori type IV secretion sys‐
tem. Mol Cell, 6, 1461-72.

[207] Yu, H. & Jove, R. 2004. The STATs of cancer--new molecular targets come of age. Nat
Rev Cancer, 4, 97-105.

[208] Zavros, Y., Eaton, K. A., Kang, W., Rathinavelu, S., Katukuri, V., Kao, J. Y., Samuel‐
son, L. C. & Merchant, J. L. 2005. Chronic gastritis in the hypochlorhydric gastrin-de‐
ficient mouse progresses to adenocarcinoma. Oncogene, 24, 2354-66.

[209] Zavros, Y., Rieder, G., Ferguson, A., Samuelson, L. C. & Merchant, J. L. 2002. Genetic
or chemical hypochlorhydria is associated with inflammation that modulates parietal
and G-cell populations in mice. Gastroenterology, 122, 119-33.

Current Topics in Gastritis - 2012150



[210] Zhang, J., Jin, X., Fang, S., Li, Y., Wang, R., Guo, W., Wang, N., Wang, Y., Wen, D.,
Wei, L., Kuang, G. & Dong, Z. 2004. The functional SNP in the matrix metalloprotei‐
nase-3 promoter modifies susceptibility and lymphatic metastasis in esophageal squ‐
amous cell carcinoma but not in gastric cardiac adenocarcinoma. Carcinogenesis, 25,
2519-2524.

Unveiling the Intricacies of Helicobacter pylori-Induced Gastric Inflammation: T Helper Cells and ...
http://dx.doi.org/10.5772/54193

151




