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Abstract

Helicobacter pylori (H. pylori) has co-evolved with hu-
mans to be transmitted from person to person and to
colonize the stomach persistently. A well-choreographed
equilibrium between the bacterial effectors and host
responses permits microbial persistence and health of
the host, but confers a risk for serious diseases includ-
ing gastric cancer. During its long coexistence with
humans, H. pylori has developed complex strategies to
limit the degree and extent of gastric mucosal damage
and inflammation, as well as immune effector activity.
The present editorial thus aims to introduce and com-
ment on major advances in the rapidly developing area
of H. pylorifhuman gastric mucosa interaction (and its
pathological sequelae), which is the result of millennia
of co-evolution of, and thus of reciprocal knowledge
between, the pathogen and its human host.

© 2011 Baishideng. All rights reserved.
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INTRODUCTION

Helicobacter pylori (H. pylori) is a Gram-negative microaero-
philic, spiral bacterium that specifically colonizes the gas-
tric mucosa, and it is the most common bacterial infection
wotldwide. Typically acquired during childhood, the infec-
tion can persist in the gastric ecosystem throughout the
life span of the host, if untreated"’. Colonization of the
stomach by H. pylori causes chronic gastritis that, during
the decades that follow initial infection, can remain silent,
due to the dynamic equilibrium between the bacterium
and its human host, or evolve into mote severe diseases,
such as atrophic gastritis, peptic ulcer, lymphoma of the
mucosa-associated lymphoid tissue or gastric adenocar-
cinoma”. Gastric cancer, despite its declining incidence
rate, remains the fourth most common cancer, the second
leading cause of cancer-related death, and the 14th most
common cause of death overall wotldwide, which kills >
700000 people each year™. Early stages of the disease
are often clinically silent, with patients having advanced
stage discase at the time of diagnosis, and reported 5-year
survival rates are approximately 20%. H. pylori infec-
tion is the strongest known risk factor for gastrointestinal
malignancies that arise within the stomach, and epidemio-
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logical studies have determined that the attributable risk
for gastric cancer conferred by H. pylori is approximately
75%"°. While H. pylori infection increases the risk of
developing both types of gastric cancer (i.e. diffuse and
intestinal), chronic inflammation is not a prerequisite for
development of diffuse-type cancer, thus suggesting that
different mechanisms underlie the ability of H. pylori to
induce gastric malignancies. Also, it is likely that H. pylori
influences early stages in gastric carcinogenesis, as sug-
gested by the demonstration that eradication of the infec-
tion significantly decreases the incidence of gastric cancer
only in patients without premalignant lesions at the time
of diagnosism.

Development of gastric adenocarcinoma occurs in <
1% of H. pylori-infected subjects[gl. Also, incidences of
gastric carcinoma in H. pylori-infected individuals may vary
dramatically among different geographical areas”. This
might be accounted for by H. pylori strain diversity within
different geographical areas and/or within different indi-
viduals"”, and further suggests that factors other than the
bacterium may be involved in the carcinogenic process.

Evidence increasingly indicates that H. pylori-related
gastric carcinogenesis is likely to be the result of a well-
choreographed interaction between the pathogen and
host, which is in turn, dependent on strain-specific bacte-
rial factors, host genotypic traits and permissive environ-
mental factors.

The present editorial thus aims to introduce and com-
ment on major advances in the rapidly developing area of
H. pylori/human gastric mucosa interaction (and its patho-
logical sequelae), which is the result of millennia of co-
evolution of, and thus of reciprocal knowledge between,
the pathogen and its human host.

HOST FACTORS

The basic process that mediates H. pylori-induced damage
is gastritis with its associated humoral and cell-mediated
immune mechanisms. The outcome of H. pylori infection
depends on the severity and the anatomical distribution
of the gastritis induced by the bacterium. Individuals with
corpus-predominant gastritis (so-called “gastric cancer
phenotype”), which accounts for almost 1% of infected
subjects, are more likely to develop hypochlorhydria,
gastric atrophy, and eventually, gastric cancer; those with
antrum-predominant gastritis (so-called “duodenal ulcer
phenotype”), which accounts for up to 15% of infected
subjects, have excessive acid secretion and are more likely
to develop duodenal ulcer. Finally, subjects with mild,
mixed antrum and corpus gastritis (so-called “benign
gastritis phenotype”), which accounts for up to 85% of
infected subjects, have almost normal acid secretion and,
generally, no serious disease. These clinical outcomes
seem to be mutually exclusive, and are largely influenced
by a genetically regulated inflammatory response of the
host gastric mucosa to the infection™,

A combination of polymorphisms in the host inter-
leukin-1 (IL7) gene cluster (i.e. in the IL.7B gene, which
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encodes IL-1f, a pro-inflammatory cytokine and a power-
ful inhibitor of gastric secretion, and in IL.7RIN, which
encodes IL-1ra, the naturally occurring receptor antago-
nist of IL-1), and in the genes that encode tumor necrosis
factor (TNF)-a, and IL-10, which result in elevated levels
of IL-13 and TNF-a and in low levels of IL-10 (which
inhibits production of pro-inflammatory cytokines), con-
fer a 27-fold increased risk of developing gastric cancer .
Also, it has recently been demonstrated that polymor-
phisms in the promoter of IL-§ gene, which enhance the
transcriptional activity in response to IL-13 or TNF-q,
are associated with increased risk of gastric cancer in pa-
tients with H. pylori infection ", This chemokine belongs
to the CXC family and is a potent chemoattractant for
neutrophils and lymphocytes, and has effects on cell pro-
liferation, migration and tumor angiogenesis.

H. pylori infection is first handled by receptors of the
innate immune response, and it is therefore conceivable
that functionally relevant polymorphisms in genes of this
arm of the immune system could affect the magnitude
and subsequent direction of the host’s response against
the infection. In particular, toll-like receptor (TLR)4 is a
member of a family of pattern recognition receptors that
activate pro-inflammatory signaling pathways in response
to microbes or pathogen-associated molecular patternsm.
TLR4 transduces signals that promote transcription of
genes that are involved in immune activation, including
nuclear factor (NF)-kB and mitogen-activated protein
(MAP) kinase pathways“s]. A functional polymorphism
at position +896 in exon 4 of the TLR4 gene has been
demonstrated"”, which renders carriers hyporesponsive
to lipopolysaccharide challenge by disrupting transport of
TLR4 to the cell membrane, or impairing ligand binding
or protein interactions''”. The defective signaling through
TLR4 leads to an exaggerated inflammatory response with
severe tissue destruction that causes gastric atrophy and
severe hypochlorhydria. Two independent case-control
studies have demonstrated that TI.LR4+896G carriers have
an almost eightfold increase in OR for hypochlorhydria
and gastric atrophy, and a 2.5-fold increase for gastric can-
cer!',

It is likely that subjects with an overall pro-inflamma-
tory genetic makeup based on a combination of markers
from the adaptive and innate immune systems, respond to
H. pylori infection by creating an environment within the
stomach that is chronically inflamed and with markedly
reduced acidity. These environmental conditions favor the
growth of other bacteria within the gastric milieu, which
leads to sustained inflammation and decreased levels of
vitamin C in gastric juice. This facilitates the formation
of mutagenic N-nitroso compounds and reactive oxygen
species (ROS)'", which ultimately leads to increased
oxidative/genotoxic stress. Moreovet, the profound inhi-
bition of acid secretion that is associated with these pro-
inflammatory genotypes favors a shift from an antrum-
predominant to corpus-predominant gastritis with the
onset of gastric atrophy and intestinal metaplasia (i.e.
precancerous lesions).
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H. PYLORI-INDUCED CELL SIGNALING IN
GASTRIC CARCINOGENESIS

The host response to H. pylori infection may contribute to
gastric carcinogenesis by promotion of a chronic inflam-
matory response that contributes to mucosal cell damage,
or by interference with the mechanisms of proliferation
anS(/ 1([))]r survival that regulate epithelial cell homeosta-
ST

H. pylori proteins and induced responses play a major
role in the increased disease risk associated with the infec-
tion, but they are not absolute determinants of gastric
carcinogenesis. The chronic inflammation that develops in
response to this otganism greatly contributes to transfor-
mation. In this respect, bone-marrow-derived cells (BM-
DCs) have been demonstrated to home to and engraft the
inflamed gastric mucosa of mice infected with Helicobacter
Jfelis. This phenomenon takes place within foci in which
tissue injury induces excessive apoptosis and overwhelms
the population of endogenous tissue stem cells"”, Subse-
quently, BMDCs in the inflamed gastric environment de-
generate into adenocarcinoma, thus suggesting that gastric
adenocatrcinoma originates from BMDCs.

It is generally accepted that H. pylori infection results
in a Thl-dominant response and that gastric inflamma-
tion largely depends on Th1 cell response with increased
production of IL-1f, TNF-o and IL-8, but not II.-4 and
IL-10%"""* " A novel subset of effector T cells, identi-
fied by sectetion of 1L-17, has been defined as Th17 cells,
which ate distinct from Th1 and Th2 cells in their differ-
entiation and function”. TNF-¢ and I1.-6 from activated
macrophages/dendritic cells (DCs) ate required for Th17
cell differentiation, whereas 11.-12 and interferon-y pro-
mote Th1 cell development, and 11-4 primes Th2 cell dif-
ferentiation. Recently, it has been suggested that H. pylori
infection mainly leads to a specific Th17/Thl immune
response that plays a major role in H. pylori infection,
which promotes mucosal inflammation and contributes
to bacterial colonization™. In fact, H. pylori burden and
inflammation are both reduced when 1L-17 activity is
blocked i vivo or 11.-17"" mice are used””. The dynam-
ics of Th cell immune tesponses to H. pylori suggest that
Th17 cell responses are induced eatlier than Th1 cell re-
sponses, thus implying that Th17 and Th1 cells promote
inflammation at different stages. It is likely that the Th17/
11-17 pathway modulates Th1 cell responses, and Th17
and Th1 cells may act synergistically to induce gastritis
during H. pylori infection, by triggering the recruitment
of inflammatory cells, including Th1 cells, into the gasttic
mucosa through the induction of chemokines. Also, the
activated Th17/Th1 pathway may destroy gastric tissue
by inducing matrix metalloproteinase (MMP) production,
which favors subsequent pathogen dissemination and
persistent infection. This might have implications also for
the catcinogenic process associated with H. pylori infec-
tion. In fact, Th17 cells have been reported to contribute
to gastric cancer pathogenesis™!

A concomitant helminthic infection that triggers a

(49

Boishidengs  WIG | www.wjgnet.com

Ricci V et al. H. pylorifhuman gastric mucosa interaction

Th2 cell response may blunt the Th17/Th1 cell responses
associated with H. pylori infection, thus limiting the patho-
logical consequences of H. pylori gastric colonization; in
particular, gastric atrophy. This might partially explain why
in African countries, where the prevalence of H. pylori
infection acquired during childhood is close to 80%, the
prevalence of gastric cancer is very low and accounts for
< 2% of all malignant tumors™,

Variation in the ability of H. pylori strains to trigger
the production of chemokines from gastric epithelium
depends on the presence of a functional type IV secre-
tion system (TFSS), which is encoded by the cag patho-
genicity island (PAI). Although the cag PAI facilitates the
translocation of CagA, the effect of this bacterial protein
on cytokine synthesis is controversial; the majority of
reports show no effect of CagA on cytokine synthesis,
thus suggesting that other effectors are involved in the
epithelial cytokine and chemokine response to H. pylori
infection" . Indeed, it has been shown that induction
of pro-inflammatory responses in epithelial cells infected
by H. pylori is mediated by the host protein CARD4 (also
known as Nod1), an intracellular pathogen-recognition
molecule, and that the effect is dependent on the delivery
of peptidoglycan to host cells by the TESS?". Consistent
with involvement of CARD4 in host defense, Card4-de-
ficient mice are more susceptible to infection by H. pylori
strains that contain the azg PAI than are wild-type mice™.
However, two studies have demonstrated that CagA di-
rectly induces I1.-8 release from gastric mucosal cells™*’.

Although H. pylori elicits innate and acquired immune
responses, the host is unable to eliminate the organ-
ism from the gastric mucosa, and chronic infection is
BN, Pylori antigenic variation (i.e.
modification of bacterial antigenic determinants due to
mutation or intragenomic homologous recombination)
and mimicry of host antigens (i.e. bacterial expression
of antigens similar to those expressed by the host)"™, as

well as induction of apoptosis by H. pylori in DC precut-
[20]

the usual outcome

sor monocytes
bacteria in gastric epithelial progenitor cells™, might be
crucial for evasion of the immune response. Also, it has
recently been demonstrated that H. pylori evades TLR5
innate immunity™. In fact H. pylori, although being a
flagellated organism, does not release flagellin, and re-
combinant H. pylori flagellin is much less active than Sa/-
monella typhimurinm flagellin in activating TLR5-mediated
IL-8 secretion™.

Although it fails to eliminate the organism, the inflam-
matory response induced by H. pylori increases cellular
damage. Activation of the TNF receptor by TNF-a re-
sults in the induction of apoptosis and mucosal cell dam-

and the intracellular persistence of the

age. Increased apoptosis through direct or cytochrome-
c-mediated activation of caspases is also contributed
to by CD95/FAS and VacA. Recently, we have shown
that H. pylori infection upregulated 1L.-21 levels in gastric
epithelial cells 7z vitro, as well as in the gastric mucosa of
H. pylori-infected humans®, 1L.-21 overexpression is
associated with increased production of MMP-2 and
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MMP-9, through an NF-kB-dependent mechanism. In-
creased MMP-2 and MMP-9 levels might contribute to
chronic gastric damage and inflammation by degrading
extracellular matrix proteins and by favoring the recruit-
ment of circulating cells into inflamed tissue” .

Other ways in which pro-apoptotic pathways are induced
during H. pylori infection include superoxide production
by infiltrating neutrophils, elevated nitric oxide production
by inducible nitric oxide synthase (INOS), which is over-
expressed in infected gastric mucosa”™*" and generation
of ROS by bacterial secretion of y-glutamyltranspeptidase
(y-GT) in the presence of glutathione (GSH) and transfer-
rin, as a source of iron"". In fact, it has been shown that
y-GT is important for H. pylori-mediated apoptosis of
AGS (a cell line derived from a human gastric adenocarci-
noma) gastric epithelial cells™. Tt is also interesting to note
that inflammatory stimuli that activate cytokine receptors
and p38 (a stress-activated MAPK) can induce apoptosis.
Conversely, activation of cytokine receptors and p38 might
also inhibit apoptosis through NF-xB and c-Jun activa-
tion'™.

Inhibition or induction of apoptosis could both be
relevant to H. pylori-related carcinogenesis. Induction of
apoptosis might favor the development of atrophic gastri-
tis and gastric gland recruitment of bone-marrow-derived
precursor cells that might ultimately develop into intraepi-
thelial cancer!®. Inhibition of apoptosis, on the other
hand, represents the loss of a physiological safeguard
against perpetuating the acquisition of DNA damage that

can lead to the malignant transformation of cells™*!,

Proliferative response

Several signal transduction pathways are activated dur-
ing the proliferative response of gastric epithelial cells to
H. pylori-induced cell damage[z’ﬂ. The compensatory
hyperproliferative response of gastric epithelial cells
during H. pylori infection might be sustained by hyper-
gastrinemia, increased expression of epidermal growth
factor (EGF)-related peptides, and activation of the EGF
receptor (EGFR) signal transduction pathway in gastric
epithelial cells®*** 1n addition, translocation of CagA
into gastric epithelial cells induces a growth-factor-like-re-
sponse through activation of the Ras-MAPK pathway[%].
Finally, it has been shown that H. pylori upregulates the
expression of cyclooxygenase (COX)-2, the inducible iso-
form of the enzyme that is responsible for prostaglandin
production, in human gastric epithelial cells iz vitro and in
human gastric mucosa 7 vivd™™,

EGFR-related pathway is upregulated in a number of
malignancies and is an important target for treatment of
several neoplasms of the gastrointestinal tract. H. pylori
has been shown to upregulate amphiregulin and HB-EGE,
members of the EGFR ligands family, and to activate
EGFR in MKN 28 cells™". Subsequently, it has been dem-
onstrated that EGFR transactivation by H. pylori is medi-
ated through metalloproteinase-dependent cleavage of
HB-EGE. The required metalloproteinases are likely to be
members of a disintegrin and metalloproteinase (ADAM)

(4 9
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family. In particular ADAM17 is the ideal candidate en-
zyme for the regulation pathway'”.

H. pylori-induced upregulation of COX-2 and EGF-
related peptide expression in human gastric epithelial cells
depends on the bacterial production of 'y—GTBS]. Activa-
tion of phosphatidylinositol-3’-kinase (PI3K)-dependent
and/or p38-dependent pathways is responsible for
H. pylori y-GT-induced upregulation of COX-2 and EGF-
related peptide expression in gastric mucosal cells”™
However, another study has demonstrated that upregula-
tion of HB-EGF by H. pylori in human gastric epithelial
cells is dependent on MAP kinase kinase activation, thus
suggesting that EGF-related peptide expression might be
regulated by different signal transduction pathwaysm]. In
keeping with this, it has been demonstrated that COX-2
expression in gastric epithelial cells is also regulated by
extracellular signal-regulated kinase (ERK)/MAPK acti-
vation'*,

The upregulation of growth factor and COX-2 ex-
pression might increase the mitogenic activity of H. pylori-
infected gastric mucosa, and protect cells from H. pylori-
induced cell damage, which might therefore be regarded
as early events in the development of H. pylori-associated
gastric carcinogenesisp’ﬁ]. Upregulation of COX-2 and
INOS expression might also contribute to the high levels
of oxidative DNA damage seen during H. pylori infec-
tion, and this could increase the mutation rate in infected
hyperproliferative gastric mucosa™’. More recently,
blockade of EGFR activation by HB-EGF neutralizing
antibody or by abrogating ADAM17 expression, has been
shown to protect gastric epithelial cells from H. pylori-
induced apoptosis. The anti-apoptotic effect of EGFR
activation seems to depend on PI3K-dependent activation
of the anti-apoptotic factor Akt, increased expression of
the anti-apoptotic factor Bcl-2, and decreased expression
of the pro-apoptotic factor Bax. Because EGFR activa-
tion is linked to increased proliferation, reduced apoptosis,
disruption of cell polarity and enhancement of cell migra-
tion, transactivation of EGER by H. pylori might represent
an attractive target for studying early events that may
precede transformation. Also, the EGFR-related pathway
might be regarded as a molecular target for treatment of

[46]

gastric cancer . However, surveys of human gastric can-

cer specimens for evidence of overexpression or muta-
tions of EGFR have found both events to be rare!”’.

The activation of a pathway mediated by EGFR,
MAPK and COX-2 is also responsible for the induction
of vascular endothelial growth factor (VEGF) expression
in H. pylori-infected gastric epithelial cells™. This effect is
specifically related to the VacA toxin of H. pylor/*™, and is
assoclated with a significant increase in blood vessel for-
mation, suggesting that neoangiogenesis might contribute
to tumor growth in H. pylori-related gastric carcinogen-
esis™. H. Pylori infection also promotes gastric epithelial
cell invasion by inducing the production of MMP-7
through MAPK activation”, and MMP-9 and VEGF ex-
pression through an NF-kB- and COX-2-mediated path-
way[5o].
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Another host effector that is aberrantly activated dut-
ing H. pylori-induced gastric carcinogenesis is -catenin, a
ubiquitously expressed molecule that regulates the expres-
sion of several genes, including c-7ye, the cyclin D genes,
MMP7 and PTGS2 (which encodes COX-2)P", Mem-
brane-bound B-catenin is a component of adherens junc-
tions that link cadherin receptors to the actin cytoskeleton.
Cytoplasmic -catenin is a downstream component of the
Wnt signal transduction pathway. In the absence of Wnt
ligand, the inhibitory complex composed of axin, adeno-
matous polyposis coli (APC) and glycogen synthase kinase
3B (GSK3p) induces the degradation of B-catenin, and
maintains low steady-state levels of free B-catenin in the
cytoplasm or nucleus. After binding of Wnt to its receptor
Frizzled, Dishevelled is activated, thus preventing GSK3[3
from phosphorylating 3-catenin. This allows [3-catenin to
translocate to the nucleus and activate the transcription of
target genes that are involved in carcinogenesis. Increased
[-catenin expression or APC mutations are present in

5
P2 Moreover, an

up to 50% of gastric adenocarcinomas
oncogenic H. pylori strain can induce nuclear translocation
of B-catenin and activation of the LEF/TCF transctip-
tion factor that regulates the expression of [-catenin-
responsive genesm. [-catenin activation is dependent on
the translocation of CagA into host epithelial cells, which
reinforces the evidence that mg/f H. pylori strains induce
stronger activation of the signal transduction pathways
that regulate the proliferation, invasion and survival of
gastric epithelial cells”!! Recently, activation of PI3K and
Akt has been shown to induce phosphorylation and inac-
tivation of GSK3f3, which permits (3-catenin to accumu-
late in the cytosol and nucleus”. Sustained induction of
PI3K/Akt signaling in response to H. pylori infection with
subsequent -catenin activation has been demonstrated
to be due to the interaction of CagA with Met, the hepa-
tocyte growth factor receptor, vz CRPIA (for conserved
repeat responsible for phosphorylation-independent
activity), a conserved motif in the C-terminal region of
CagAm. Also, EGFR transactivation by H. pylori leads to
activation of PI3K/Akt signaling, which ultimately leads
to B-catenin activation!™".

H. pylori has co-evolved with humans to be transmit-
ted from person to person and to colonize the stomach
persistently. A well-choreographed equilibrium between
the bacterial effectors and host responses permits micro-
bial persistence and health of the host, but confers a risk
for serious diseases including gastric cancer. During its
long coexistence with humans, H. pylori has evolved com-
plex strategies to limit the degree and extent of gastric
mucosal damage and inflammation, as well as of immune
effector activity. Severe disease, associated with bacterial
colonization, might reflect loss of this control”. In this
respect, we have recently demonstrated that Hp(2-20), a
cationic a-helical peptide that has been isolated from the
N-terminal region of the H. pylori ribosomal protein, 1.1,
by interacting with formyl peptide receptors (FPRs), stim-
ulates migration and proliferation of gastric epithelial cells

L. . S s
in vitro and accelerates gastric mucosal healing iz vivd™.
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This raises the intriguing possibility that H. py/ori, through
the production of Hp(2-20) and its interaction with FPRs
is also able to modulate the capacity of gastric mucosa to
maintain or recover its integrity.

H. PYLORI INVASIVENESS AND
INTERACTIONS WITH NON-EPITHELIAL
CELLS: /N VIVO VERITAS

H. pylori 1s commonly considered an essentially extracel-
lular, non-invasive bacterium. In an infection, 80%-90%
of the bacteria freely swim into the mucus layer of the
stomach, while the residual 10%-20% are in intimate con-
tact with surface epithelial cells™*
prominent immune-inflammatory response is invariably
mounted in the underlying lamina propria. An intact
epithelium should form a structural barrier that prevents
direct contact between the bacterium on the luminal
side and reactive inflammatory cells on the stromal side.

. As a consequence, a

Therefore, to explain how a strong mucosal and systemic
reaction may be elicited, H. pylori-induced functional
changes in the epithelium have been considered, such as a
bacterial activation of the accessory immune competence
inherent in the gastric epithelium, which in turn may
modulate underlying stroma cells. Among pertinent epi-
thelial changes so far documented are de novo ot increased
expression of pro-inflammatory cytokines, proteases
(like cathepsins E, B, I, S and D) known to be involved
in antigen processing, or HLA-DR and co-stimulatory
molecules like B7-1 and B7-2 that are involved in antigen
presentationm. However, a few early light and electron
microscopy studies have suggested the presence of
H. pylori cells inside the gastric mucosa, cither in epithelial
cells and intraepithelial intercellular spaces, or in the un-
derlying lamina propriamsg]. Nevertheless, the scientific
community has exhibited a widespread reluctance to ac-
cept this published evidence. By contrast, a lot of i vitro
studies have been carried out to investigate epithelial cell
invasion by H. pylori, as well as roles and molecular mech-
anisms of direct interactions between H. pylori or H. pylori
products/virulence factors and immune cells such as T or
B lymphocytes, DCs, macrophages, monocytes, and mast
cells®” However, despite this interest, the importance
of these in vitro studies has been questioned because of
a lack of convincing evidence that H. pylori actually in-
vades the gastric mucosa and interacts with non-epithelial
cells, thus it is highly questionable whether any of these
observations have clinical relevance™. In this respect, Lu
et al™ have strongly stressed the fact that iz vitro studies
are in theory designed to allow deeply detailed molecular
study of in vivo events, whereas it is easy but meaning-
less to generate 7z vitro data irrespective of whether the
experiment has an 7 vivo correlation. Similarly, other lead-
ing investigators[m’(’zl have undetlined the problem that 7z-
vitro-derived findings and considerations may make sense
in terms of cell biology, but it remains to be established
how and to what extent they apply to the 7 vivo situation,
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Figure 1 Helicobacter pylori penetration in
human gastric epithelium in vivo. Three Helico-
bacter pylori (H. pylori) organisms (enlarged in a;
16800 x) lying in the deep intercellular intraepithe-
lial space, just above the basal membrane. Note
also luminal bacteria (top) overlying an apparently
preserved tight junction, dilation of the underlying
intercellular space, filled with lateral membrane
plications, and an intraepithelial granulocyte (middle
right, 6300 x). Reprinted from Necchi et af", with
permission from Elsevier.

which is now needed to be investigated in detail and in
quantitative terms. Thus, only i vivo veritas!

Indeed, recently there has been a re-emerging inter-
est for zn vive investigations of H. pylori/human gastric
mucosa interaction. By microscopy and molecular in-
vestigations, Semino-Mora e# al”" have demonstrated
the presence of intracellular and interstitial H. pylori in
preneoplastic as well as in neoplastic lesions of human
gastric mucosa, with persistent intracellular expression of
H. pylori virulence genes. These findings may substantially
expand current concepts on the role of the bacterium in
gastric carcinogenesis.

In a transmission electron microscopy study, Necchi
et al’” have unequivocally detected H. pylori in intraepi-
thelial, intercellular and stromal sites of the majority of
human gastric biopsies, and have shown bacteria on their
luminal side (Figures 1 and 2). In keeping with i» vitro
demonstration that H. pylori can functionally disrupt tight
junctions, possibly through intraepithelial delivery of
CagA[M], CagA has been found to accumulate over and
around tight junctions of colonized gastric epithelium,
as well as ultrastructural alterations of the tight junctions
that cover intercellular spaces that have been penetrated
by H. pylori cells®”. These in vivo findings support the hy-
pothesis that functional and structural alterations of the
tight junctions may open the way to bacterial penetration
into deep intercellular spaces, up to the underlying lamina
propria. Consistent transepithelial penetration of H. pylori
into infected gastric mucosa may help understand how the
colonized mucosa invariably mounts a prominent local
immune-inflammatory response, as well as a systemic im-
mune reaction and, under special genetic conditions, even
extra-gastric autoimmune pathology. In fact, direct con-
tact (including intracellular penetration in some cases) be-
tween H. pylori or its remnants and immune-inflammatory
stroma cells has been observed””.

The morphological and cytochemical detection of
H. pylori (often well preserved, VacA- and CagA-storing,
and apparently vital) inside intact epithelial cells of hu-
man gastric mucosa (Figure 2) has confirmed the in-
tracellular pathogenic potential of the bacterium. This
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Figure 2 Intracellular Helicobacter
pylori in human gastric epithelium
in vivo. A well-preserved Helico-
bacter pylori (H. pylori) organism in
a cytoplasmic vacuole, enlarged in
a (55200 x; 15 nm gold particles) to
show immunoreactivity with anti-VacA
antibody. Note two H. pylori in a lumi-
nal cleft (top left, 13500 x). Reprinted
from Necchi et a®”, with permission
from Elsevier.

L

observation confirms and extends previous # vitro obset-
vations that H. pylori exhibits an invasion frequency simi-
lar to that of Yersnia and greater than that of .S'/yz;ge//alﬁj;
both bona fide invasive pathogens. This is also in keeping
with the expression of Nodl, a known intraepithelial
pathogen-recognition molecule, by H. pylori-colonized
epithelial cells””) as well as with the predominantly Th1
type of immune response that is elicited. In addition,
confirmation of the intracellular occurrence of H. pylori
is crucial when choosing appropriate antibiotics for bac-
terial eradication, as well as when monitoring their in vivo
effectiveness after completion of treatment.

Of high interest is the presence of H. pylori in intes-
tinal metaplasia (IM). Indeed, this finding substantially
extends the possible interaction between H. pylori and IM
in gastric catcinogenesis, from an eatly preneoplastic step
that corresponds to epithelial progenitorsm and IM gen-
esis, to the whole process of its progression to neoplasia.
Indeed, it supports a persistent zz vivo activity of several
H. pylori-activated molecular mechanisms of gastric
carcinogenesis such as CagA-mediated intracellular dis-
ruption of growth regulationl%’“], inflammation-elicited
NF-kB transcription factor activation'®”, and silencing
of DNA mismatch repair genes[(’sl. The demonstration
by Necchi ez al’” of H. pylori occurrence in dysplastic as
well as in neoplastic growths, in agreement with that of
Semino-Mora ez a/””, further substantiates and extends the
H. pylori contribution to gastric catcinogenesis, and may
explain some beneficial effects of bacterial eradication on
IM-related cancer risk, as well as on cancer recurrence’’

Another 7 vivo study™ has recently shown that, in
human superficial-foveolar gastric epithelium and its
metaplastic or dysplastic foci, H. pylori products/viru-
lence factors (sometimes coupled with bacterial bodies or
remnants) accumulate in a discrete cytoplasmic structure
that is characterized by 13-nm-thick cylindrical particles
of regular punctate-linear substructure. This structure
resembles the proteasome complex in size and struc-
ture, while being different from VacA-induced vacuoles,
phagosomes, aggresomes or related bodies. Inside this
novel cell compartment, named PaCS (for particle-rich
cytoplasmic structure), co-localization of VacA, CagA,
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urease and outer membrane proteins (OMPs) with NOD1
receptor, ubiquitin-activating enzyme E1, polyubiqui-
tinated proteins, proteasome components and potentially
oncogenic proteins like SHP2 and ERKs has been dem-
! These findings suggest that PaCS is a novel,
proteasome-enriched structure arising in ribosome-rich

onstrated

cytoplasm at sites of H. pylori product accumulation. As a
site of selective concentration of bacterial virulence fac-
tors, the ubiquitin-proteasome system and interactive pro-
teins, PaCS is likely to modulate immune-inflammatory
and proliferative responses of the gastric epithelium of
potential pathological relevance; also taking the mounting
evidence for a role of the ubiquitin-proteasome system in
cancer otigin or progression”’.

A hotly debated question waiting for a definitive an-
swer is whether human gastric DCs are able to send cell
processes that cross the epithelium, reach the lumen and
directly contact and engulf H. pylori, as shown to occur
for DC-mediated pathogen-sensing at the intestinal level.
The dendritic, epithelial, granulocytic or macrophagic
nature of the cell that first interacts with the bacterium
seems to be important, given the different type and cel-
lular distribution of microbial product receptors shown
by different immunocompetent cells, and the different
chemokines and interleukins that they release when ac-
tivated” ™, In fact, DCs have been found to respond
differently when interacting directly with bacteria rather
than secondarily to epithelium-bacteria contact, with
IL-12 secretion and Th1 response preferentially activated
only in the former case”.

By ultrastructural immunocytochemistry on endo-
scopic biopsy samples, clear-cut iz vivo evidence has been
providedml of direct DC contact with H. pylori in the
human gastric mucosa (Figure 3), which greatly extends
the relevance of previous iz vitro studies cartried out on
purified DCs. DCs have been shown to be present inside
supetficial-foveolar epithelium of H. pylori-infected (but
not H. pylori-free) human gastric mucosa, and to send
cytoplasmic extensions to the lumen, to which bacteria
preferentially adhere (Figure 3). In addition, intraepi-
thelial DCs are found to accumulate bacterial products
like VacA, urease and OMPs in their cytoplasm. The
importance of intraepithelial, lumen-contacting DCs
lies in the well-known crucial role of these cells as sen-
sors of pathogens, and as the first line of antibacterial
immune defense of both innate and adaptive typem. In
fact, DCs have been shown to act as main processing
and presenting cells of internalized antigens, and major
regulators of cells involved in the mucosal inflamma-
tory response. Depending on their mode of activation,
they may sectete pro-inflammatory or anti-inflammatory
cytokines and chemokines that dictate the composition
of the cellular infiltrate, in addition to activating NK and
T cells with either Th1 or Th2 effector and T regulatory
cell responsesmj. Thus, the direct interaction of DCs with
H. pylori during active gastritis may be of key relevance.
Also worth noting is the finding of a close adherence of
DCs to surrounding epithelial cells along all or most of
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their confronting membranes, with involvement of lateral
folds and formation of focal interdigitating complexes. It
has been speculated that this pattern, possibly related to
the capacity of immature DCs to produce tight and ad-
herens junction proteins, may be finalized to preserve the
barrier function of the epitheliumm.

Granulocytes have also been seen to contact and
heavily phagocytose luminal H. pylori, while macrophages
remain confined to basal epithelium, although taking up
bacteria and bacterial productsm. The inhibitory role of
VacA on phagolysosome formation and acidification with
resulting persistence of engulfed H. pylori has been out-
lined™; this may well allow macrophages and DCs to re-
tain and translocate vital H. pylori to gastric lymph nodes,
from which they have been cultivated”. The substantial
restriction of intraepithelial DCs to active, granulocyte-
rich gastritis seems of interest, especially considering
the dominant role of granulocytes in eatly, first-contact
H. pylori gastritis. Although no direct morphological in-
teractions have been observed between DCs and granu-
locytes, both have shown coexistence in the same mucosa
and direct interaction with H. pylori, resulting in phagocy-
tosis and intracellular accumulation of bacterial virulence
factors””. DC intracellular accumulation of H. pylori viru-
lence factors like VacA, urease or OMPs, as documented
in this paper, may also be of relevance for DC function
and integrity; either as a source of antigenic material
promoting the immune response or of cytotoxic damage.
Indeed, signs of cellular damage have been observed in
several intraepithelial DCs, including focal mitochondrial
swelling, cytoplasmic edema and vacuolation and forma-
tion of autophagic vacuoles. These findings raise the
issue of a possible impairment of DC function by accu-
mulated bacterial toxins, which may reduce the effective-
ness of the immune response and favor persistence of
bacterial infection. Thus, this complex 7z vivo interaction
of DCs, granulocytes and macrophages with H. pylori and
H. pylori-infected epithelium is likely to have an important
role in the origin, type specification, and outcome of the
innate and adaptive immune responses.

VacA TOXIN AND ITS FUNCTIONAL
INTERACTION WITH CagA: THE ART
OF PRESSING THE BRAKE AND GAS
PEDALS AT ONCE

VacA, the “vacuolating cytotoxin”, and CagA, the product
of the cytotoxin-associated gene A4, are virulence factors
playing a pivotal role in H. pylori-induced pathogenesis.
While VacA is defined as an A-B toxin (even though no
enzymatic activity has been so far identified for any of its
domain), CagA is usually defined as an effector protein: a
bacterial protein delivered into host cells by a specialized
bacterial machine so as to modulate a variety of cellular
functions. Indeed, CagA is supposed to be directly inject-
ed into host cells by a TFSS. Many excellent reviews have
been recently published on these two H. pylori virulence
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Figure 3 Intraepithelial dendritic cells in Helicobacter pylori-positive human gastric biopsies with active inflammation. A (5000 x): Luminal ending of a den-
dritic cell (DC) process abutting on a collection of Helicobacter pylori (H. pylori); enlarged in a1 (16 000 x) to show envelopment of a bacterium by caliceal veils (right);
note in a2 (28000 x; detail of a1), close adherence of a clubbed process (bottom left) to another bacterium showing VacA immunoreactivity of outer membrane and
flagella (upper right); B (3000 x): Intraepithelial DC with a narrow luminal process directly contacting bacteria; note close membrane adhesion to surrounding epithelial
cells, focal interruption of the basal lamina (arrow), and outer membrane protein (OMP) immunoreactivity of cytoplasmic vacuoles (b1, 32000 x) and a multivesicular
late endosome/lysosome body (b2, 22000 x); C (8000 x): DC with clear cytoplasm, close adherence to surrounding epithelial cells, numerous mitochondria, sparse
ribosomes and small rough endoplasmic reticulum (RER) cisternae; cytoplasmic vesicles and membranous remnants of an intracellular bacterium, enlarged in ¢ (42000
x), show VacA immunoreactivity; D (2000 x): Nucleated DC with abundant supranuclear mitochondria, no secretory granules, small tubular RER cisternae (enlarged
ind1, 18000 x), several cytoplasmic vesicles, scattered vacuoles (v), and close adhesion to epithelial cells. On the left, two DC processes (arrows) are contacting the
basal membrane (arrowheads). Several cross or longitudinal sections of partly swollen cell processes are observed in the lamina propria; the largest of which (enlarged
in d2, 12000 x) shows ultrastructural homology with DC cytoplasm, including scattered, small RER cisternae and vesicles; the precise cells of origin of such lamina
propria processes could not be assessed. BV: Blood vessel; fg: Foveolar granules; E (2000 x): Base of foveolar epithelium showing an immature monocytoid cell (DC
precursor?) with kidney-shaped nucleus, scattered ribosomes, a few juxtanuclear lysosomes, and no vesicles or granules; note a caliceal process embracing a mast
cell (enlarged in e1, 15000 x; scroll bodies, arrow), a clubbed process adhering to H. pylori (enlarged in €2, 55000 x), a lymphoid cell (Ly) crossing the epithelium
basal membrane and another intercellular bacterium (arrow). Reprinted from Necchi et af™®, with permission from John Wiley.

80 . . . . . . .
factors”™, thus, we do not intend to discuss the well- internalization and trafficking in the host cells, and finally,
known characteristics of these proteins in detail. Here, on the apparent paradox of why H. pylori simultaneously
we focus on the most recent experimental data that shed produces two different virulence factors counteracting the

new light on their structure/actvity relationships, on their effect of each other on host cells.
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Figure 4 Structure-function relationships in the VacA toxin. A: VacA is an
88-kDa protein that can be cleaved into two subunits designated p33 (red and
light blue) and p55 (light green and dark green). The cleavage between the sub-
unit occurs in a flexible loop between residues 311 and 312. The two subunits
are probably attached by non-covalent bonds between the p33 carboxy termi-
nus and the N-p55 terminus. The amino-terminal part of p33 consists of 32 hy-
drophobic amino-acid stretch that is involved in the recognition of mitochondria

o

(red) (MAS) (where the “s” toxin subtype site is located) followed by the p33
“core” subunit that forms, upon entry into the lipid membrane and oligomeriza-
tion, an anionic channel (PF) (light blue). The toxin nicking site is located in the
flexible loop domain. The amino-terminal part of p55 contains the cell receptor
domain (about 110 amino acids) (RB; light green) followed by the type Va auto-
transporter domain (AT; dark green) that is involved in the secretion of the toxin
by the bacterium (where the “m” toxin subtype site is located); B and C: VacA
binds as a monomer to its cell surface receptor sphingomyelin (S) with low af-
finity, then the p33 core progressively is embedded (light blue curve arrow) in
the lipid membrane bilayers, at the level of lipid rafts [containing saturated lipid
such as sphingomyelin and cholesterol (Ch)] and forms an anionic channel (AP)
by oligomerization of p33. This multiplies by 6 the number of toxin cell receptors
associated with the oligomerized VacA, thus increasing greatly the toxin affinity
for the target cells.

VacA toxin

VacA has three well-confirmed cell activities, namely:
cell vacuolation, apoptosis, and CD4" T-lymphocyte ac-
tivation and proliferation” ™", This toxin was discovered
as a secreted protein of H. pylori (at that time known as
Campylobacter pylori) that induces a massive cytoplasmic
vacuolation 7z vitrd™. About 55% of isolates of H. pylors
are able to induce that cytopathic effect™. VacA was
shown later to form anionic channels into artificial lipid
membranes, as well as cell membranes'”. VacA chan-
nel drives first an hyperacidification of late endocytic
compartments by inducing, via the transport of anions
into the lumen of these organelles, overactivity of the
V-ATPase. Accumulation, by protonation, of weak bases
such as ammonia (produced by H. pylori urease activity)
into these compartments creates an osmotic imbalance
that results in their swelling*",

Deep-etch electron microscopy of VacA prepara-
tions has revealed that the toxin forms regular oligomers
with either six- or sevenfold radial symmetry””. Oligo-
merization of the toxin molecules creates a cavity in the
center of the oligomer and mimics the structure of a
pore-forming toxin (Figure 4) such as the oo hemolysin
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of Staphylococcus anrens™. In its mature state, VacA is a
88-kDa protein that can be cleaved into two subunits
(Figure 4). According to their molecular mass, the N-ter-
minal subunit is denominated “p33”, whereas “p55” is
the C-terminal one (Figure 4). The N terminus of the
mature p33 toxin subunit consists of a stretch of 32
uncharged hydrophobic amino acids (found in the VacA
sl subtypew’gm). The presence of additional residues to
p33 (found in the s2 subtype), ablation deletions within
the hydrophobic residues, or specific point mutations of
amino acids in this stretch inhibit the vacuolating activ-
ity of VacA. From these results, it has been concluded
that VacA channel formation involves the N-terminal 32
amino acids of p33[77’80’84’85]. Other observations have led
to the hypothesis that, in addition to the p33 N-terminal
part and p33 itself*”, a toxin domain localized in about
the first 110 residues of the p55 is also required for the
proper oligomerization of the toxin, for channel for-
mation. This is supported by the fact that the minimal
intracellular active domain of VacA contains the full p33
domain and about 110 residues of the N-terminal part
of p55"**7. In these experiments, the p33 toxin subunit,
produced alone within cells, does not induce vacuola-
tion™*",

In addition to its vacuolating activity, VacA exhibits
apoptotic activitylgs’goj. Importantly, these studies have
revealed that the p33 VacA subunit is targeted to mi-
tochondria and only is required for apoptosislSSJ, and
that a toxin mutant without vacuolating activity is non-
apoptoticm]. Collectively, these data indicate that VacA
induces, through the p33 subunit alone, apoptosis by act-
ing on mitochondria, and most likely involves the toxin
channel activity. Recently, it has been demonstrated that
p33 oligomerizes without the need of p55 and forms
an anionic channel with characteristics identical to that
of the whole VacA molecule”". Furthermore, ablation
of the 32 N-terminal residues of p33 does not alter the
pore-forming activity of the VacA subunit, but impairs
the mitochondrial targeting activity of p33m. Altogether,
these new data indicate that the portion of p33 without
its first 32 N-terminal residues (that we call the “core
p33”) oligomerizes and contains all the channel activity
of VacA. Domariska ¢f a/’" have clarified the following,
formerly puzzling, observations: (1) that a mutant toxin
with a major deletion in the p33 N-terminal hydrophobic
amino acids (VacA delta 6-27), albeit inhibiting the vacu-
olation process, nonetheless induces anionic channels in
artificial bilayers, even though exhibiting a longer delay
of formation than the wild-type toxin®’; and (2) that a
single deletion (8 49-57) in the p33 core domain inhibits
the oligomerization of the toxin and the vacuolation'”.
Indeed, in the light of the study of Domanska ez al”™,
these observations are well explained by the role of the
p33 core without the N-terminal hydrophobic amino-acid
stretch in forming the toxin channel by oligomerization.

As depicted in Figure 4, the structure-activity of
VacA would thus be the following: starting from the N
terminus, the 32-amino-acid stretch consists of a mem-
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brane/mitochondrial targeting motif (which however
does not participate in the toxin channel formation)”".
Then, the p33 channel core forms the channel activity, ei-
ther in endosomal membranes or in the inner mitochon-
drial membrane (IMM) Pl At the end of the P33 subunit,
there is the loop domain (58 residues) in which the toxin-
nicking site is located (between residues 311 and 312). We
speculate that a peptide motif just after the nicking site
(i.e. residing in the 110 residues of the N-terminal part of
P55 subunit) is implicated in the recognition of the toxin
cell receptor. This is at odds with the current view that
the toxin receptor domain is located in the so-called mid-
region (m1/m2; i.e. residues 470-662) of p55[77’8m. How to
reconcile the recent data of Domanska e /" with previ-
ous results indicating that the intracellular minimum poz-
tion of the VacA molecule active in the cytosol requires,
in addition to p33, the 110 N-terminal residues of p55
(3486871 Taking in account that
the p33 toxin subunit oligomerizes alone and supports all
the pore-forming ability of VacAP", why does expression
of this toxin subunit alone into cells not lead to cell vacu-
olation™? We speculate that the different intracellularly
expressed (by cDNA transfection) toxin domains might
induce their vacuolating activities not after intracellular

for VacA oligomerization

synthesis, but rather only after leaking out of the produc-
ing cells, followed by endocytosis »iz the VacA cognate
receptor. This would point to the 110 residues present at
the N-terminal part of p55 as containing the VacA cell
receptor motif (Figure 4). This position would indeed be
ideally suited to recognize a cell surface molecule close to
the lipid bilayers (Figure 4). The 3D structure of the p55
VacA subunit has been recently resolved” and shows
that a large part of this toxin subunit has the classical
fold of autotransporter structures of the bacterial Va se-
cretion system (by which the toxin is transported), which
is mostly implicated in the bacterial secretion of VacA.
This is supported by previous experiments showing that
several deletions in the p55 subunit abolish the produc-
tion of VacA by the bacterium™. Gangwer ef al” have
proposed that a conserved pocket, located in the m1/m2
regions of p55, is the receptor domain of VacA, which
becomes fully accessible to the cell receptor when the
toxin is assembled in either a single- or double-layered
oligomeric structure. However, it is well known that it is
necessary to disrupt the oligomeric structure of VacA (by
acidic or alkaline treatments) to render it able to bind to
its cell receptor. Furthermore, the mutant toxin & 49-57,
which does not form oligomeric structures, does not
require to be acid-activated to bind the VacA cell recep-
tor””. This demonstrates that the toxin receptor domain
is probably not fully accessible in the VacA oligomeric
form. More recently, Gonzalez-Rivera ez a”" have shown
that a mixture of purified p33 and p55 does not form
oligomeric structures in aqueous solvent, but only mono-
meric structutres, whereas, upon addition of a detergent
that mimicks a lipid membrane environment, there is
formation of oligomeric structures. This result suggests
that the hydrophobic environment induces the oligomer-
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1zation, most likely by the p33-dependent formation of
the channel. Importantly, it has also been shown that the
p33 subunit markedly increases the cell binding of p55[94].
Thus, VacA as a monomer first binds one cell receptor
with low affinity, while upon oligomerization, bound to
six receptors, it exhibit a very high affinity (Figure 4).

An important breakthrough, seminal for the identi-
fication of the VacA receptor, has been the finding that
the toxin requires the integrity of lipid rafts and glyco-
sylphosphatidylinositol-anchored proteins (GPI-APs)
for its full vacuolating activity, which suggests that VacA
follows the GPI-AP pathway of endocytosis by a lipid
raft-dependent, clathrin-independent pathway”; later de-
scribed in detail by Sabharanjak ez 2/ The first vacuolar
organelles collecting the incoming GPI-APs involve new
intracellular compartments that have been named GPI-
AP-enriched early endosomal compartments (GEECs),
which differ from classical early endosomes"”. This en-
docytic pathway, which also requires the small Rho GT-
Pase Cdc42™ | is currently named the GEEC endocytic
pathwaym’%], and has been confirmed to be exploited by
VacA for its internalization” " (Figure 5). Tt was later
shown that the GEEC pathway requires the presence, in
the cell plasma membrane, of the unsaturated lipid sphin-
gomyelin, and that the length of the sphingomyelin acyl
chain determines its endocytic intracellular trafﬁckjng“m].
This prompted an investigation that has demonstrated
the role of sphingomyelin as the VacA cell receptor“o‘ﬂ.
Accordingly, it has been demonstrated that the length of
the sphingomyelin acyl chain also determines the VacA
intracellular trafﬁcking[ma. Normal cells contain in their
lipid membrane a high proportion of long acyl chain
sphingomyelin (C18), and VacA bound to this lipid fol-
lows the GEEC pathway[mz]. In contrast, when cells are
artificially enriched in short-acyl-chain sphingomyelin
(C2), the toxin does not follow the GEEC pathway but
is recycled back to the plasma membrane in a Cdc42-
independent fashion""”.

Upon VacA treatment, transformed human CD4"
T lymphocytes (Jurkat cells) block their constitutive
production of IL-2""". Tt is well established that, in T
lymphocytes, the nuclear factor NFAT, upon processing
by the calcium-activated calcineurin protease, activates
the transcription of the IL.-2 gene. Massive entry of
calcium, through the voltage-dependent Ca”" release-
activated Ca>" (CRAC) channels, is required to activate
calcineurin. However, 2 VacA mutant without vacuolat-
ing activity has no effect on NFAT inhibition in Jurkat
cells"”, Possibly, inhibition of NFAT by VacA is due
to the electric depolarization of the lymphocytic plasma
membrane, induced by the toxin anionic channel, which
inhibits CRAC channels. Human primary T' lymphocytes
are, however, not sensitive to the deactivation of NFAT
induced by VacA"", Treatment of primary human T
lymphocytes by phorbol myristate acetate, which induces
their migratory activity, together with the expression of
the CD18 B-integrin at their surface, restores the VacA-
induced inhibition of NFAT"". Furthermore, the direct
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Figure 5 Endocytosis and intracellular trafficking of VacA. Monomeric
VacA may bind sphingomyelin on small rafts. Then, by formation of membrane
extensions by actin polymerization via Rac activation, VacA is clustered in
macrorafts where the p33 subunit oligomerizes and forms a channel that enters
the membrane lipid bilayers. By a Cdc42-dependent process, VacA bound to
sphingomelin associated to lipid rafts is transferred into cell membrane invagi-
nations (tubules?), which are then pinched out from the membrane, with the
help of F-actin filament, which leading to the formation of the glycosylphospha-
tidylinositol-anchored protein-enriched early endosomal compartment (GEEC)
compartment that contains VacA. The toxin is then transferred to Rab5-positive
early endosomes (EEs). In EEs, VacA is selectively addressed to EE tubular
extensions that are formed by an F-actin process. These tubular extensions are
pinched out from the EEs and form highly motile vacuoles that are propelled
by F-actin comets. These motile vesicles then fuse with mitochondria (M) or
late endosomes (LEs), where VacA induces apoptosis or vacuolation. The pro-
apoptotic channels Bax and Bak may be brought to mitochondria by binding on
VacA-containing motile vacuoles. Some VacA molecules may be recycled (R)
back to the plasma membrane where the channel activity of the toxin, by alter-
ing the electric transmembrane potential, inhibits the voltage-dependent Ca**
release-activated Ca* (CRAC) channel. This blocks entry of calcium that acti-
vates the calcineurin protease, which is required for processing of the nuclear
factor (NFAT), and therefore inhibits the transcription of the interleukin 2 (IL-2)
gene in Jurkat T-lymphocytes. Ligands entering the coated-pit pathway (CP)
are directed, by the endosomal sorting complex required for transport (ESCRT)
complex, towards internal vesicles of EEs and form the multivesicular body
multivesicular body (MVB). MVBs are directed to lysosomes, by being propelled
along microtubules, where the contents of EE internal vesicles are transferred
and degraded.

expression of CD18 into primary human T lymphocytes
renders them able to respond to VacA". It has there-
fore been concluded that CD18 is the receptor for VacA
in immune cells"”". This result is puzzling because, for all
the different toxins studied so far, the cell binding activ-
ity always depends on a unique molecule (or a family of
closely related molecules). However, a few observations
do not support the role of CD18 as the sole VacA recep-
tor in immune cells. Indeed, it has been demonstrated
that, although human primary lymphocytes do not deac-
tivate the nuclear factor NFAT, they respond perfectly to
VacA by blocking their induced proliferation (i.e. block-
age of their cell cycle) due to a mitochondria-induced
depletion of ATP""%) "This fact cleatly indicates that
VacA binds and penetrates into primary lymphocytes
without needing CD18 (probably using the sphingomy-
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elin receptor). The fact that VacA, entering »iz sphingo-
myelin in primary T cells, does not inactivate NFAT can
be explained by the possibility that the toxin channel is
probably not recycled back (or only weakly recycled) to
the plasma membrane, and therefore, is unable to block
calcium cell entry through CRAC channel inhibition. We
speculate that CD18 may not be a real receptor for VacA,
but rather activates a signaling pathway (perhaps via the
direct activation of CD18 by VacA, because association
of VacA with CD18 has been reported™”™) that modifies
the intracellular trafficking of the toxin. For instance,
stimulation of the migratory activity of T lymphocytes
by CD18 signaling might activate Cdc42 boosting of the
entry of VacA™, and increasing its recycling to the cell
surface. It has recently been reported that the GEEC
pathway is pivotal during cell migration™. Another pos-
sibility would be that CD18-driven signaling drastically
changes the lipid membrane content of long-acyl-chain
sphingomyelin molecules toward short ones forcing the
toxin to recycle back to the plasma membrane as recently
described""”.

How is VacA transferred from early endosomes to
mitochondtia and/or late endosomes to induce apoptosis
and vacuolation? It is well known that ligands or mem-
brane receptors taken up and routed for degradation into
lysosomes are endocytosed by the clathrin-dependent
pathway and targeted to the luminal vesicles of endo-
some-forming multivesicular bodies (MVBs) by the en-
dosomal sorting complex required for transport (ESCRT)
complex""” (Figure 5). Propelled along microtubules,
MVBs then move to lysosomes where the content of
MVB internal vesicles is selectively delivered for degrada-
tion. Several lines of evidences indicate that MVBs and
lysosomes are not the cell compartments that undergo
vacuolation by VacA activity: (1) no internal vesicles are
observed by electron microscopy in VacA-induced vacu-
oles and the enlarged compartment does not have the
structure of lysosomes”™""; (2) the vacuolated compart-
ment contains markers of both late endosomes and ly-
sosomes' ' J; and (3) disruption of microtubules does not
block VacA-induced vacuolation ", Thus, the organelles
that are vacuolated by VacA are likely post-lysosomal
compartments that are required to recycle the membrane
of MVBs from lysosomes. VacA is probably transferred
directly to that compartment by an F-actin-dependent
mechanism of endosome motility!"""!. Indeed, upon entry
of VacA into eatly endosomes via the GEEC pathway,
VacA-containing early endosomes exhibit F-actin comet
tails associated with their cytosolic membrane surface,
and are rapidly moving in the cytosol". Inhibition of
these F-actin structures blocks the VacA transfer into the
late endosomal compartment and vacuole genesis'", but
also VacA-induced apoptosis and the localization of tox-
in molecules in mitochondria'¥. These findings suggest
that VacA is addressed to late endosomes and mitochon-
dria by the same mechanism that relies on F-actin-driven
vesicular motility. F-actin structures have recently been
shown to take place at the level of the eatly endosomal
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surface to induce budding of tubular structures followed
by their cleavage to yield vesicles that retain F-actin
tails" ™!, Tt is thus tempting to speculate that VacA might
be first transferred from GEECs to the eatly endosomal
limiting membrane, then into these tubular extensions,
and finally into the membrane of the ensuing F-actin
motile vesicles (Figure 5). These vesicles are then brought
to late endosomes and/or mitochondria vzz stochastic fu-
sion events by F-actin-driven vesicular motility (Figure 5).
In this model, the transfer of VacA (or only of its p33
subunit) from the donor membrane to the recipient
membrane (late endosomes or mitochondria) would be
achieved by the membrane/mitochondrial N-terminal 32
residues of p33”" that may stick out of the membrane
(Figure 4). This would explain why point mutations, or
deletion or modification of the length of this amino-acid
stretch might modulate the vacuolating process without
altering the pore-forming capacity of the toxin"". Im-
portantly, according to this model, the toxin would never
be released free in the cytosol™, which differs from the
enzymatic subunits of canonical A-B toxin. By remaining
associated with lipid membranes, out of reach of deg-
radative processes, the VacA channel would keep its full
activity for a long time, as observed several years ago[m].

Inside mitochondria, the p33 subunit (or the full
VacA molecule) induces, probably by the rupture of
IMM integrityw”, the release of cytochrome ¢ (cyt ¢)
and induction of apoptosislssl. However, pro-apoptotic
channels must be activated or transferred into the outer
membrane of mitochondria to ensure the release into
the cytosol of cyt ¢, which, by activation of the Apafl
molecule, induces the stimulation of the caspase cascade
that results in cell death. Accordingly, the pro-apoptotic
channels Bax and Bak have been shown to be activated
during VacA-induced apoptosismé’“ﬂ, and VacA is un-
able to induce apoptosis in Bax- and Bak-deficient mouse
embryonic fibroblasts!"'". It has been recently proposed
that Bax and Bak might be directly recruited from the
cytosol by endosomes containing functional VacA chan-
nels in their membranes, which allows their juxtaposition
with mitochondtia"'”. This would be an ingenious way to
combine the transfer of VacA channels to the IMM (and
thereby the release of cyt ¢ in the mitochondrial inter-
membrane space) and the leakage of cyt ¢in the cytosol.

Thus VacA is probably not really a multifunctional
toxin, as previously defined””. The diversity of VacA ac-
tivities observed may be simply explained by the channel
formed by the p33 subunit that is addressed to different
cell membranes by the intracellular trafficking of the
toxin, which may be different in different cell types or
during cell differentiation (Figure 5).

Functional relationship between VacA and CagA

The gene encoding VacA is present in all the H. pylori
strains, although only 55% express an active vacuolating
toxin. This is due to either additions or deletions of pep-
tide sequences in the toxin that probably impair the VacA
intracellular trafficking or its binding to the cell surface,
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Figure 6 Structure of CagA and signaling cross-talk between VacA and
CagA. A: CagA encompasses two fragments: the N-terminal 100-kDa fragment
may contain the cell binding domain [to phosphatidylserine (PS)?]. Cleavage of
CagA may take place just at the beginning of the first EPIYA motif, which can
be tyrosine-phosphorylated by the c-Src tyrosine kinase. The C-terminal portion
of CagA, which contains all the signaling activity of the molecule, may have
a different molecular mass (up to 45 kDa) due to the repetition of the EPIYA-
containing domain; B: CagA produced within the bacterium is transferred in
the external medium by the type IV secretion system (TFSS) machinery. Two
possibilities for CagA transfer into the target epithelial cell: (a) by binding to an
integrin (INT), the TFSS punches the cell membrane and injects CagA,; or (b)
the TFSS induces the flipping of PS on the outer cell surface. By its 100-kDa
N-terminal fragment, CagA binds PS and, upon endocytosis, which is trans-
ferred into the gastric cells. In the cytosol, the CagA signaling domain can be
tyrosine-phosphorylated (+YP) and inhibits the c-Src kinase activity that is re-
quired to allow the transfer of VacA from glycosylphosphatidylinositol-anchored
protein-enriched early endosomal compartments (GEECs) to early endosomes
(EEs). This blocks vacuolation in late endosomes (LEs) and mitochondria (M)-
dependent apoptosis induced by VacA. In an unphosphorylated (-YP) state,
CagA activates mitogen-activated protein (MAP)/extracellular signal-regulated
kinase (ERK) and nuclear factor (NF)-kB anti-apototic and pro-inflammatory
pathways, which also counteract VacA-induced apoptosis. VacA interferes with
epidermal growth factor (EGF) receptor (EGFR) activation and endocytosis,
thus impairing the signaling pathway that is triggered by this receptor. Free
EGFR ligands (EGF) are liberated from the cell-surface-bound molecules via
cleavage triggered by Helicobacter pylori (H. pylori). TJ: Tight junction.

as we have described above. It is now well-established
that the most severe gastric pathology (i.e. peptic ulcer
and gastric cancer) is restricted to H. pylori type 1 strains,
which contain in their chromosome a PAI named ¢ag PAI,
and which secrete an active vacuolating VacA toxin!".
The cag PAI encodes for the CagA protein and for the
TEFSS machinery that is implicated in the transport of
CagA out of the bacterium, and its transfer to the host
cell cytosol ™", CagA is a 135-145-kDa protein that con-
tains its full intracellular signaling activity in its 35-45-kDa
C-terminal part”™™"™ (Figure 6). Nevertheless, it is still
uncleatr how and where the ¢gg TESS recognizes and tar-
get gastric epithelial cells so as to transfer CagA into their
cytosol. Recently, two mechanisms have been proposed.
One points to the recognition and binding of the TESS
to an integrin' ™', then, through a mechanical sliding
due to bound integrins, the TFSS might punch the cell
surface and deliver CagA into the cytosol™”. One caveat
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for this mechanism is that H. pylori might deliver CagA
at the apical pole of colonized epithelial gastric cells,
whereas integrins are localized on the basolateral pole.
On the other hand, it has been proposed that the TFSS
does not punch the cell surface but induces the flipping
out of the lipid phosphatidylserine (PS) from the inner
(whete it normally resides) to the outer leaflet of the tar-
get cell membrane!". In this model, CagA, which is se-
creted constitutively by the TESS, binds to PS through a
lipid-binding peptide motif that is present in its 100-kDa
N-terminal part[m]. Following this binding step, a novel
type of endocytosis (not yet better characterized nor de-
fined) is induced that carries CagA, associated with PS,
into epithelial gastric cells"'! If this is true, CagA should
no longer be defined as an effector protein, but rather
as a new type of A-B toxin that is released only in close
proximity to the target cells.

Inside the cell, CagA may be tyrosine phosphorylated
by the p60 c-Src kinase!'. Phosphorylation occurs on the
35-45-kDa C-terminal part of CagA on specific five-ami-
no-acid motifs called EPIYA, which can be repeated sev-
eral-fold and increase the size of this fragnent[26’78]. CagA
can be split into two fragments by proteases“zz’lw. This
generates a 100-kDa N-terminal fragment and a C-terminal
35-45-kDa one that contain all the cell signaling activity of
CagA“M]. Proteolytic cleavage of CagA does not require
its tyrosine phosphorylation, and the nicking site is local-
ized just at the onset of the first EPIYA motif (Boquet
and Ricci, unpublished data). The 100-kDa N-terminal
part of CagA might be involved in the cell recognition
and transfer of the 35-45-kDa C-terminal part to the
cytosol, as suggested by recent data™"!. Therefore, CagA
would indeed behave as a typical A-B toxin.

Two main intracellular activities of CagA are now well
established. In its tyrosine phosphorylated state, CagA
may act, either directly or upon association and activation
of the tyrosine phosphatase SHP2™. to inhibit the c¢-Src
kinase and therefore to affect many regulating proteins
that depend on this enzyme, among which are those in-
volved in the actin cytoskeleton assembly/regulation*".
In its non-tyrosine-phosphorylated form (or independent
of the phosphorylation state), CagA activates the MAP/
ERK and NF-xB pathways[53’125], which induce cell prolif-
eration, inhibition of apoptosis, a typical cellular elonga-
tion called “hummingbird phenotype”®
tory responsem‘ (Figure 6).

An increasing body of evidence suggests that CagA

| and inflamma-

and VacA have several opposing cellular effects. It has
been shown that, while CagA activates the NFAT nuclear
factor, VacA inhibits it!"*". Then, it has been demonstrat-
ed that CagA decreases VacA-induced vacuolation, while
in turn, VacA reduces CagA-induced hummingbird phe-
notype formation'”". It has also been shown that VacA
can downregulate CagA effects on epithelial cells by in-
terfering with activation and endocytosis of EGFR, thus
impairing the signaling pathway triggered by this recep-
tor, and which plays a pivotal role in cell proliferation and
hummingbird phenotype formation”". Taken together,
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these findings raise the hypothesis that VacA and CagA
may downregulate the cell effects of the other, allowing
H. pylori interaction with epithelial cells, while avoiding
excessive cell damage.

We have recently shown that CagA interferes with
VacA action by two complementary mechanisms'"' Y. In
its tyrosine-phosphorylated state, CagA inhibits the c-Src
kinase and, in doing so, blocks VacA in the GEECs and
thus its delivery to eatly and late endosomes (inhibition
of the vacuolation) or mitochondria (inhibition of apop-
tosis). In its unphosphorylated state, CagA stimulates the
NF-xB pathway and, in doing so, induces anti-apoptotic
activity (mediated possibly by the anti-apoptotic factor
Bcl2) that also blocks VacA-induced apoptosis. We hy-
pothesize that, once bacteria have colonized the gastric
niche, the apoptotic action of VacA might be detrimental
for the survival of H. pylori that are adherent to the mu-
cosa, and thus the CagA counteracting action gives a ra-
tionale for the association of these two virulence factors
in the most pathogenic H. pylori strains'*!, This would be
a new, highly ingenious mechanism by which a bacterium
locally protects its ecological niche against the action of
one of its own virulence factors. However, while exerting
a beneficial role for survival and growth of the bacterium
by counteracting VacA toxin, CagA injection in the gas-
tric epithelial cells triggers pro-inflammatory and anti-
apoptotic responses that are detrimental for the human
host in the long-term, because they favor the develop-
ment of ulcer and cancer.

Because it simultaneously delivers to its host two in-
dependent virulence factors that antagonize each other,
H. pylori appears to act like a driver that presses the
brake and gas pedals at once. This apparently paradoxi-
cal behavior is now emerging as an intriguing strategy to
achieve the best fit between the bacterium and the hostile
gastric environment that represents its ecological niche.

CONCLUSION

With regard to the pathogen, illness is often inadvertent;
the result of exquisite tricks learned long ago and played
on human cells to achieve the paramount goal of the
microorganism: conservation of the speciesm’lzgl. Taken
together, all the new findings described above strongly re-
inforce the notion that H. pylori is a skilled bacterium that
has been smart enough to: (1) learn about the physiology
of its host; (2) keep this information in its genetic library;
(3) share the gene book with other organisms; (4) be “open
minded” about acquiring new knowledge and discarding
obsolete information; and, of key importance; and (5)
know how to communicate with its human host, realizing
that killing the host would oblige it to find a new one very
quickly to ensure its reproductive success™ . Pylori
makes a long and hard, but also successful, journey in the
human stomach, given that H. pylori is widespread and
has probably been part of the human biota since time im-
memorial®*", Although H. pylori seeking survival may
be sometimes achieved at the expense of the well-being
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of the stomach and the host, human physiology and im-
munology have co-evolved in the presence of persistent
gastric H. pylori colonization, and so are disrupted by
its absence!™. As emphasized by Atherton ez al™ this
imbalance of a long-lasting pathogen/host equilibrium,
caused by progressive disappearance of H. pylori from
some populations, may however result in an increased

incidence of other diseases such as reflux esophagitis and
esophageal carcinoma, as well as obesity, type 2 diabetes,
and allergic disorders.
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