Chapter 12
Helicobacter pylori and the Host Immune
Response

Anne Miiller and Mara L. Hartung

Abstract Helicobacter pylori is an ancient companion of humans and has
coevolved with the human race at least since its migration out of Africa. Conse-
quently, it is well adapted to its exclusive niche, the mucosal surface of the human
stomach, and has developed elaborate strategies to evade or suppress immunity and
establish persistent infection. This chapter will discuss the most recent findings
regarding innate immune recognition of H. pylori and the mechanisms that allow
the bacteria to avoid detection and subsequent killing by antimicrobial peptides and
other first-line defense mechanisms. Additional topics focus on the differences in
adaptive immune responses that may explain the broad spectrum of disease out-
comes in H. pylori-infected individuals, which range from a completely asymp-
tomatic carrier state to often fatal gastric cancer development. The immune cell
compartments driving H. pylori infection-associated immunopathology are
discussed along with their main effector mechanisms. Additionally, several strate-
gies employed by H. pylori to block the clonal expansion of specific effector T cells,
and to preferentially induce the differentiation of regulatory T cells, are introduced
in light of their putative role in establishing and maintaining persistent infection. A
final topic deals with the consequences of H. pylori-specific immunomodulation for
the risk of the carrier to develop immune-related disorders such as chronic inflam-
matory diseases of the lower bowel and certain allergic disease manifestations. A
potential protective effect of H. pylori on such immune disorders is discussed with
regard to the latest epidemiological findings in humans as well as experimental
studies in animal models.
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12.1 Introduction

Helicobacter pylori exclusively infects the human gastric mucosa, where it colo-
nizes the mucus and binds to gastric epithelial pit cells (Salama et al. 2013). The
mucus layer and gastric epithelial cell monolayer of the stomach mucosa thus form
the first host defense barrier against H. pylori. The host/H. pylori interaction at the
mucosal surface of the stomach is characterized by a fine balance of both pro- and
anti-inflammatory responses, which, in ~80 % of carriers, permits persistent infec-
tion while at the same time preventing clinically overt disease. H. pylori expresses
pathogen-associated molecular patterns (PAMPs) that evade detection by the host
innate immune system yet retain their biological function as structural components
of the bacterial cell wall and motility apparatus. Other evolutionary adaptations
allow the bacteria to suppress anti-Helicobacter immunity by directly interfering
with effector T cell activation, proliferation, and function and by indirectly
blocking T cells via the induction of highly suppressive regulatory T cells. The
development of peptic ulcer disease and gastric premalignant and malignant lesions
is now widely viewed to be the consequence of a misbalance in effector and
regulatory T cell responses to the infection that arises due to a specific genetic or
lifestyle predisposition of the host or a mismatch between the genetic makeup of
host and pathogen. The preferential induction of regulatory over effector T cells,
which is a hallmark of persistent (asymptomatic) H. pylori infection, exerts not only
local but also systemic effects that remain poorly understood. One of the conse-
quences of the systemic immunomodulation by H. pylori is the relative protection
of the infected fraction of the population from allergic and chronic inflammatory
diseases such as allergen-induced asthma, hay fever, ectopic dermatitis, inflamma-
tory bowel diseases, and celiac disease, all of which are immune-related disorders.
The purpose of the following chapters is the detailed discussion of the elaborate
molecular adaptations of H. pylori that allow it to evade and manipulate host
immune responses and to thereby establish persistent infection. The local and
systemic consequences of this host/pathogen interaction are also discussed.

12.2 Innate Immune Responses to H. pylori

As mentioned above, the gastric epithelial cell monolayer of the stomach mucosa
forms the first innate immune defense barrier against H. pylori and therefore has
been studied in great detail. The direct interaction of H. pylori with epithelial cells
results in the assembly of the type IV secretion system (T4SS) pilus (for more
details, see Chap. 4) and the subsequent exposure to virulence factors encoded on
the Cag pathogenicity island (cagPAl); among these, the Cagl/integrin a5f1
interaction has proven to be directly responsible for the activation of NF-xB and
production of the neutrophil chemoattractant interleukin-8 (IL-8) (Gorrell
et al. 2012; Jimenez-Soto et al. 2009; Kwok et al. 2007; Shaffer et al. 2011). In
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line with the well-known pro-inflammatory/immunostimulatory activity of the
H. pylori T4SS, mutants lacking this activity colonize mice and gerbils at higher
levels than the corresponding wild-type strains because they are controlled less
efficiently; cagPAI mutants further cause significantly less preneoplastic immuno-
pathology in rodent models (Arnold et al. 2011b; Rieder et al. 2005). In human
carriers, cagPAl-positive strains (often identified serologically by their expression
of the cagPAl-encoded CagA protein) are clearly associated with more severe
disease and higher gastric cancer risk than cagPAI/CagA-negative strains (Blaser
et al. 1995; Huang et al. 2003). Several studies suggest that in humans, the
expression of cagPAI proteins appears to confer a colonization advantage through
the downregulation of antimicrobial peptides: for example, it has been demon-
strated that H. pylori reduces the expression of human f-defensin 1 in a T4SS- and
NF-xB-dependent manner, with colonization and gastric B-defensin 1 levels being
inversely correlated in H. pylori carriers (Patel et al. 2013). Another human
antimicrobial peptide, p-defensin 3, which is known to be highly active against
H. pylori, is initially induced by the infection in vitro in an epidermal growth factor
receptor (EGFR)- and mitogen-activated protein (MAP) kinase-dependent manner
but is then stably shut down through CagA-mediated activation of the Src homol-
ogy domain containing protein tyrosine phosphatase 2 (SHP2) and down-
modulation of the EGFR signaling pathway (Bauer et al. 2012a). The
downregulation of p-defensin 3 protein could indeed be confirmed in the gastric
mucosa of H. pylori-infected subjects (Bauer et al. 2012b). In line with the critical
role of the cagPAl-encoded T4SS in pro-inflammatory and immune escape mech-
anisms, its expression and function have been shown to be fine-tuned by DNA
rearrangements at direct repeats in the coding sequence of the CagY protein, an
essential component of the T4SS, which is subject to immune-driven selective
pressure in both mice and nonhuman primates (Barrozo et al. 2013).

Whereas cagPAl-induced responses are best characterized and understood in
gastric epithelial cells, most non-PAl-mediated interactions of H. pylori with the
host have been studied in cells of the innate immune system. Innate immune
recognition of H. pylori is unique in that it predominantly results in anti- rather
than pro-inflammatory responses; several pathogen-associated molecular patterns
(PAMPs) of H. pylori have further evolved to specifically avoid excessive inflam-
mation (Fig. 12.1). The lipopolysaccharide (LPS) constituent of the bacterial outer
membrane, which in enteropathogenic bacteria has strong immunostimulatory
properties and readily activates inflammatory signaling via toll-like receptor
4 (TLR4), has evolved in H. pylori to avoid TLR4 recognition (Cullen
et al. 2012; Moran et al. 1997). The relative bio-inactivity of H. pylori LPS has
been attributed to its tetra-acylation (whereas E. coli LPS is hexa-acylated) (Moran
et al. 1997) and to the removal of phosphate groups from the 1’ and 4 positions of
the lipid A backbone, which generates LPS that has less negative charge, escapes
detection by TLR4, and resists binding by antimicrobial peptides (Cullen
et al. 2012). Mutants lacking the phosphatases required for lipid A modification
consequently fail to colonize mice (Cullen et al. 2012). A similarly elaborate
mechanism of immune evasion has been reported for H. pylori flagellin, which is
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Fig. 12.1 H. pylori subverts and evades innate immune recognition. H. pylori produces several
PAMPs that have evolved to evade detection by pro-inflammatory TLRs. Examples include
H. pylori’s tetra-acylated LPS, which is bioinactive due to specific lipid A modifications that
prevent detection by TLR4. H. pylori flagella cannot be detected by TLRS due to mutations in the
TLRS binding site of flagellin. H. pylori DNA, enriched for the immunoregulatory sequence
TTTAGGG, as well as an as yet uncharacterized PAMP (and possibly H. pylori LPS) are detected
by TLRs 9 and 2, respectively; these TLRs preferentially activate anti-inflammatory signaling
pathways and IL-10 expression. 5" triphosphorylated RNA is detected by the cytosolic receptor
RIG-I, which activates the transcription factors IRF3 and IRF7 to induce type I IFN expression; H.
pylori RNA is likely also detected by TLR8 in endosomes. H. pylori’s fucosylated DC-SIGN
ligands suppress activation of the signaling pathways downstream of DC-SIGN and activate anti-
inflammatory genes. Note that not all depicted pattern recognition receptors are necessarily
expressed by the same cell type; a generic cell is shown here for simplicity. DD, death domain;
TIR, toll/interleukin-1 receptor domain; CARD, caspase activation and recruitment domain;
MyD88, myeloid differentiation primary response gene 88; DC-SIGN, DC-specific intercellular
adhesion molecule-3-grabbing non-integrin; SRC, steroid receptor coactivator

mutated in exactly those N-terminal positions that mediate binding to TLRS in
Salmonella enterica flagellin (Andersen-Nissen et al. 2005; Gewirtz et al. 2004).
Additional interactions of H. pylori PAMPs with host innate immune receptors
include the detection of H. pylori DNA by the endosomally localized TLR9 (Otani
et al. 2012) and the binding of an as yet unidentified ligand to TLR2 (Fig. 12.1). The
interactions via TLRY9 and TLR2 result in predominantly anti-inflammatory
responses. Lipofection of dendritic cells (DCs) with H. pylori DNA activates
TLRY (Rad et al. 2009), with documented anti-inflammatory consequences in the
first months of infection in a mouse model (Otani et al. 2012). The putative
immunoregulatory properties of H. pylori DNA have in fact even been exploited
successfully for therapeutic purposes: oral administration of purified DNA
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alleviates experimentally induced inflammatory bowel disease in mice (Luther
et al. 2011), a finding that has been attributed to the unique immunoregulatory
sequence 5'TTTAGGG that is overrepresented in the H. pylori genome (Owyang
et al. 2012). The predominant TLR activated by H. pylori is TLR2, which drives an
anti-inflammatory signature characterized by high expression levels of the regula-
tory cytokine interleukin-10 (IL-10) in DCs (Rad et al. 2009) (Fig. 12.1). Whereas
the H. pylori ligand for TLR2 remains unknown, it is clear from various studies
conducted in vitro and in vivo that TLR2 signaling counteracts H. pylori clearance
and promotes immune tolerance (Sayi et al. 2011; Sun et al. 2013). TLR2-deficient
mice control H. pylori and related Helicobacter species efficiently develop more
severe and accelerated immunopathology (Sayi et al. 2011; Sun et al. 2013). TLR2
proficiency of B cells and DCs is required for the differentiation of regulatory T
cells, the H. pylori-induced production of IL-10 and other tolerogenic responses
in vitro and in vivo, and likely accounts for the phenotype of TLR2™~ mice (Rad
et al. 2009; Sayi et al. 2011; Sun et al. 2013). In addition to the mentioned PAMPs
and their receptors, H. pylori RNA has also been shown to mediate innate immune
recognition. 5'-triphosphorylated RNA of H. pylori is sensed by the endosomal
TLRS, as well as the cytoplasmic retinoic acid-inducible gene (RIG)-like helicase
receptor RIG-I, the latter leading to the production of type I interferons (IFNs) (Rad
et al. 2009). Whether this pathway of innate immune detection contributes to
H. pylori control or pathogenesis is currently not known.

In addition to the described immune escape and immunomodulatory mecha-
nisms involving TLRs, H. pylori has further evolved to bind the C-type lectin
receptor DC-specific intercellular adhesion molecule-3-grabbing non-integrin
(DC-SIGN); however, in contrast to other pathogens expressing (mannosylated)
DC-SIGN ligands, the fucosylated DC-SIGN ligands of H. pylori fail to activate the
signaling cascade downstream of this receptor and instead dissociate the respective
signaling complexes to suppress pro-inflammatory signaling (Gringhuis
et al. 2009). Anti-inflammatory consequences have also been reported of the
H. pylori-induced activation of the inflammasome. It is now clear that H. pylori
activates caspase-1 and induces the proteolytic processing of caspase-1-dependent
cytokines in an NLRP3- and ASC-dependent manner (Hitzler et al. 2012b; Kim
et al. 2013). Mature IL-1p and IL-18 are produced and secreted by DCs that have
been exposed to H. pylori (Hitzler et al. 2012b; Kim et al. 2013); transcriptional
activation of pro-IL-1p appears to depend on the cagPAI (Kim et al. 2013), whereas
pro-IL-18 is known to be constitutively expressed. Interestingly, the two caspase-1-
dependent cytokines fulfill opposing roles in the context of H. pylori control and
pathogenesis. Whereas IL-1f is absolutely required for the differentiation and
function of Thl and Th17 cells and thus for the control of experimental infection
as well as for the development of gastritis and preneoplastic immunopathology
(Hitzler et al. 2012b; Kim et al. 2013), IL-18 is dispensible for immunity to
H. pylori (Hitzler et al. 2012b). The phenotypes of IL-1R and IL-1f-deficient
mouse strains are nicely in line with observations in humans, where promoter
polymorphisms in the IL-1f gene leading to increased steady-state production of
the cytokine predispose to an increased gastric cancer risk (El-Omar et al. 2000).
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Quite to the contrary, mice lacking IL-18 or its receptor control Helicobacter
infections more efficiently because they fail to generate FoxP3-positive regulatory
T cells (Tregs) and to develop immune tolerance to the infection and, as a conse-
quence, exhibit overly active Th17 cells (Hitzler et al. 2012b; Oertli et al. 2012).
The defect in Treg differentiation of IL-18/IL-18R-deficient mice has been attrib-
uted to the failure of IL-18/~ DCs to induce Treg differentiation (Oertli
et al. 2012). The differential properties of caspase-1-dependent cytokines in
H. pylori control and immunopathology are reminiscent of the functions of both
cytokines in the lower GI tract, especially in models of experimentally induced
colitis, which are driven in large part by IL-1f (Coccia et al. 2012) and restricted by
IL-18 (Zaki et al. 2010).

Collectively, the data generated in recent years on the various innate immune
responses to (and their manipulation by) H. pylori suggest that the bacterium
effectively prevents its clearance and promotes its persistence by both evading
innate immune detection and subsequent killing and by skewing innate immune
responses toward anti-inflammatory and regulatory signals. The postulated
>60,000 years of coexistence of H. pylori with its human host have provided the
selective pressure necessary to drive these evolutionary processes; the remarkable
genetic variability, high mutation rate, and natural competence of H. pylori provide
the genetic setting facilitating its host adaptation.

12.3 Anti-Helicobacter Adaptive Inmune Responses Differ
in Symptomatic and Asymptomatic Carriers

Whereas approximately one-half of humanity is infected with H. pylori, only a
fraction of human carriers will develop H. pylori-related gastric or duodenal
disease. The remaining ~80 % of the infected population remain asymptomatic
for life and in fact may never know that they are colonized. Host genetic traits (see
Chap. 14 on host gene polymorphisms and their effects on disease outcome) and the
specific virulence factors expressed by the infecting H. pylori strain (see Chaps. 3,
4, 5, 6, and 7) have been discussed as critical modulators influencing disease
outcome. One important predictor and driver of disease that has emerged in recent
years from studies conducted in human carriers as well as in mouse models is the
severity and polarization of gastric H. pylori-specific T helper cell responses
(Arnold et al. 2011b; Harris et al. 2008; Robinson et al. 2008). Individuals with
peptic ulcer disease (PUD) have a threefold higher anti-H. pylori Th1l response and
sixfold higher Th2 response than asymptomatic carriers (Robinson et al. 2008). The
PUD patients at the same time exhibited a twofold lower Treg response than
asymptomatic carriers and significantly reduced IL-10 and transforming growth
factor (TGF)-f levels in the gastric mucosa; the authors concluded from this
imbalance that an inadequate Treg response was associated with and possibly
responsible for the development of H. pylori-associated disease (Robinson
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et al. 2008). Another study with a similar objective and approach compared the anti-
H. pylori responses of children and adults and also found an inverse correlation
between the degree of gastritis and the numbers of gastric Tregs and production of
Treg-derived cytokines (Harris et al. 2008). These two seminal studies have con-
firmed and extended previous work showing that Tregs home to and accumulate in
the gastric mucosa of infected but not uninfected individuals, where they suppress
H. pylori-specific memory T cell responses (Lundgren et al. 2003, 2005a, b). Taken
together, the observational studies in humans imply that asymptomatic (healthy)
carriers predominantly launch Treg responses to H. pylori infection, which effec-
tively control immunopathology and promote persistent infection, whereas symp-
tomatic carriers presenting with disease exhibit T-effector-dominated responses
(Fig. 12.2). The studies in humans are corroborated by experimental studies in
mice, where Treg depletion improves infection control by deregulating Th1l and
Th17 responses and at the same time promotes the development of chronic
infection-associated gastritis, atrophy, and intestinal metaplasia (Arnold
et al. 2011b; Hitzler et al. 2011). Treg-derived IL-10 and TGF-p are each critical
for preventing T-effector cell-driven immunopathology (Arnold et al. 2011b),
suggesting that the expression levels of these cytokines in the gastric mucosa are
excellent indicators of disease outcome. Interestingly, the lack or neutralization of
IL-10 signaling is sufficient to clear H. pylori and to induce strong T cell-dependent
immunopathology (Ismail et al. 2003; Sayi et al. 2011).

Carriers with clinically overt
disease (10-20%) Asymptomatic carriers (>80%)

Gastric mucosa
H. pylori
A Dg

in mouse model: adult exposure in mouse model: neonatal exposure

Fig. 12.2 Symptomatic and asymptomatic carriers differ in terms of their anti-H. pylori T cell
responses. Observational studies comparing the T cell responses of peptic ulcer disease patients
and asymptomatic carriers (Robinson et al. 2008) and children vs. adults with relatively mild and
severe gastritis, respectively (Harris et al. 2008), have revealed that Treg/T-effector cell ratios
correlate with disease outcome. Asymptomatic carriers predominantly generate Treg responses to
the infection, which suppress Th1 and Th17 cells through the production of soluble cytokines IL-
10 and TGF-f and other immunosuppressive mechanisms. This scenario is modeled in C57BL/6
mice neonatally infected with H. pylori (Arnold et al. 2011b) In contrast, the gastric mucosa of
symptomatic carriers is infiltrated by Th17 and Thl cells and exposed to high levels of the
signature cytokines IFN-y, TNF-a, and IL-17, which drive chronic gastritis and promote disease
progression toward chronic atrophic gastritis and hyperplasia, intestinal metaplasia, ulcers, and
gastric cancer. Infection of adult C57BL/6 mice mirrors the scenario found in symptomatic
carriers. H. pylori colonization levels are generally higher in asymptomatic vs. symptomatic
carriers and directly proportional to gastric mucosal Treg numbers
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H. pylori is typically acquired during early childhood, with the mother serving as
the main source of infection in populations with low prevalence (Weyermann
et al. 2009). The infection is generally contracted within the first 2 years of life
(Rothenbacher et al. 2000), i.e., at a time when the immune system is immature and
predisposed to develop immune tolerance rather than immunity to foreign dietary
and environmental antigens and the newly acquired microbiota (Arnold et al. 2005).
Animal models that take into account and aim to reflect the age at the time of
H. pylori acquisition have revealed that exposure to H. pylori during the neonatal
period leads to the development of Treg-mediated immune tolerance to H. pylori
(Arnold et al. 2011b). Although anti-H. pylori effector T cell responses are gener-
ated normally by the neonatally infected murine host, these are under the tight
control of Tregs (Fig. 12.2). Neonatally infected animals are protected against
infection-induced gastric immunopathology, not just in the weeks and months
following experimental infection but apparently for life (Arnold et al. 2011b).
The hallmarks of the neonatal infection model are reminiscent of the Treg-
predominant responses of infected children (Harris et al. 2008); it is interesting to
note in this context that children not only suffer less frequently from the conse-
quences of gastric colonization with H. pylori but also appear to benefit more in
terms of their reduced allergy risk (see below). Understanding the relative role of
T-effector vs. Treg responses in the balance of H. pylori clearance and immunopa-
thology is of immediate practical relevance in H. pylori vaccinology, as protective
immunity can only be achieved by vaccination strategies aimed at overcoming
immune counter-regulation (Becher et al. 2010; Hitzler et al. 2011) and should
ideally be sterilizing (see Chap. 24 on vaccine development against H. pylori).

12.4 Gastric Preneoplastic Immunopathology Is Driven by
T Helper Cell Responses and T Cell-Derived
Cytokines

It is now well accepted due to work conducted in experimental infection and
vaccine-induced protection models that the host control of H. pylori colonization
depends on CD4* effector T cells, but not on B cells or antibodies (Akhiani
et al. 2002, 2004a, b; Ermak et al. 1998; Hitzler et al. 2011; Sayi et al. 2009;
Velin et al. 2005, 2009; Velin and Michetti 2010). Human volunteer infections
confirm that strong T cell responses and H. pylori clearance are tightly correlated
and possibly causally associated (Aebischer et al. 2008). Out of a total of 58 vol-
unteers who were challenged with live H. pylori in a seminal study published in
2008, 13 managed to clear the infection as judged by urea breath test; eight of these
had been vaccinated against H. pylori using the Salmonella typhimurium vaccine
strain Ty21a expressing H. pylori urease and five had cleared the challenge infec-
tion spontaneously (Aebischer et al. 2008). H. pylori-specific T helper cells were
detected in 9 of the 13 volunteers who cleared the infection successfully, but only in
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6 of 45 who did not. While the study disappointingly provided little evidence for
vaccination-induced protective immunity, it did show convincingly that anti-
H. pylori T cell responses correlate well with clearance (Aebischer et al. 2008).

It is evident from studies using T cell-deficient mouse strains that CD4" TCRo/B*
T cells are required for the control of H. pylori as well as for the induction of
immunopathology: mice specifically lacking CD4* TCRo/B* T cells either due to a
deletion of the major histocompatibility complex (MHC) II or to lack of the TCR
f—chain fail to control experimental infections (in vaccinated as well as naive
mice) and are at the same time protected against infection-associated immunopa-
thology (Hitzler et al. 2011, 2012a; Akhiani et al. 2002; Ermak et al. 1998). It has
been postulated that the CD4* T helper cell subsets and signature cytokines that
contribute to infection control in experimental models at the same time promote the
immunopathology that is a hallmark of immunocompetent hosts and that manifests
histologically as chronic (atrophic) gastritis (Hitzler et al. 2012a; Horvath
et al. 2012; Sayi et al. 2009; Shi et al. 2010; Stoicov et al. 2009). Considerable
early evidence suggests that Th1-polarized T cells are critical mediators of H. pylori
control and immunopathology. Thl cells and their signature cytokine IFN-y have
been implicated in vaccine-induced protective immunity and in infection-
associated gastritis: mice lacking the p40 subunit of the Thl-polarizing cytokine
IL-12 or the receptor for the Th1 signature cytokine IFN-y fail to control H. pylori
upon challenge infection and IFN-yR ™/~ mice further fail to develop gastritis
(Akhiani et al. 2002). Similarly, mice lacking Th1 cells due to the genetic ablation
of the lineage-defining transcription factor T-bet are protected from gastric atrophy
and the development of gastric cancer later in life (Stoicov et al. 2009). The
adoptive transfer of wild-type but not IFN-y-deficient CD4™ T cells controls the
infection and induces preneoplastic pathology in H. pylori-infected T cell-deficient
recipients (Sayi et al. 2009). In hindsight, some of the early work must be
interpreted with caution: for example, it is now clear that the p40 subunit of
IL-12 is shared by the related cytokine IL-23, which is generally accepted to
drive Th17 but not Thl responses (Cua et al. 2003). Consequently, p40~'~ mice
lack Th17 as well as Th1 cells (Cua et al. 2003). More recent studies have addressed
the relative contribution of Th1 and Th17 cells to infection control; neither p197/ -
nor p35~/~ mice — lacking the specific subunits of IL-23 and IL-12, i.e., deficient
for either Th17 or Thl cells — were protected upon vaccination with the gold
standard cholera toxin adjuvant whole cell extract vaccine (Hitzler et al. 2011);
the contribution of Th17 cells to H. pylori control was also confirmed by other
investigators (Horvath et al. 2012). In addition to their role in H. pylori control,
Th17 cells also contribute to infection-induced immunopathology, as assessed in
mice lacking the IL-23-specific pl9 subunit (Hitzler et al. 2012a; Horvath
et al. 2012) Whether the best-studied Th17 signature cytokine IL-17 mediates the
effects of Th17 cells remains controversial; neutralizing antibodies to IL-17 pre-
vents H. pylori control and immunopathology in vaccination models (Velin
et al. 2009) but have been reported to promote colonization in non-vaccinated,
experimentally infected mice (Shi et al. 2010). In line with the known reciprocal
negative regulation of Th1 and Th17 subsets, this effect has been attributed by some
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investigators to higher Thl cytokine expression in the absence of IL-17 signaling
(Otani et al. 2009). In summary, the work of many groups has documented beyond
doubt that the control of H. pylori and the resulting infection-induced gastric
immunopathology preceding the development of gastric cancer are inseparably
linked, at least in mouse models, and mediated by both Th1l and Th17 subsets of
T cells. Public health strategies aimed at reducing gastric cancer risk by eradicating
H. pylori in high-risk individuals or populations thus might benefit from combining
antibiotic treatment with T cell-targeting immunomodulatory therapies to acceler-
ate mucosal healing and improve treatment outcome also in individuals with
preexisting atrophy and metaplasia that do not currently benefit sufficiently from
eradication therapy alone (Rokkas et al. 2007; Wong et al. 2004).

12.5 H. pylori Suppresses Effector T Cell Responses
to Achieve Persistent Infection

Given the critical role of effector T cells (Thl and Th17 subsets) in controlling
H. pylori, it is not surprising that the bacteria have evolved elaborate mechanisms of
suppressing human T cell activity, proliferation, and clonal expansion. One key
virulence factor/persistence determinant with T cell inhibitory properties is the
vacuolating cytotoxin VacA. VacA was initially identified due to its ability to
induce massive vacuolation in primary gastric epithelial cells and certain gastric
epithelial cell lines (Smoot et al. 1996; Harris et al. 1996) and to its association with
peptic ulcer disease (Atherton et al. 1995) (see Chap. 5 on VacA). It is also known
to induce apoptosis in gastric epithelial cells (Cover et al. 2003), presumably via
insertion into mitochondrial membranes followed by cytochrome C release
(Domanska et al. 2010). Its vacuolating and pro-apoptotic activity requires a stretch
of N-terminally encoded hydrophobic amino acids, which allow VacA to form
hexameric pores in artificial lipid bilayers as well as in endosomal, lysosomal, and
mitochondrial membranes of epithelial cells and phagocytes (McClain et al. 2001;
Czajkowsky et al. 1999). VacA is expressed by all H. pylori isolates in the form of
either the m1 or m2 allele, which differ in expression levels, vacuolating activity,
and association with disease (Atherton et al. 1999). Mouse studies have demon-
strated that VacA is not only a virulence but also a colonization factor, as mutants
lacking VacA are rapidly outcompeted by the wild type in mixed infections
(Salama et al. 2001) and colonized at significantly lower levels in single infections
(Oertli et al. 2013). In addition to its vacuolating and pro-apoptotic effects on
epithelial cells and in line with its critical role in colonization, VacA has been
shown to inhibit the activation and proliferation of T and of B cells (Fig. 12.3)
(Torres et al. 2007; Boncristiano et al. 2003; Gebert et al. 2003; Sundrud
et al. 2004). In human primary T cells, activation upon TCR engagement is blocked
at the level of the Ca**/calmodulin-dependent phosphatase calcineurin and the
nuclear translocation of the transcription factor nuclear factor of activated T cells
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Fig. 12.3 H. pylori impairs T cell-mediated immunity through the production and secretion of
VacA and GGT. All strains of H. pylori express the secreted virulence factors VacA and GGT to
directly inhibit T cell activation, proliferation, and effector functions. Hexameric VacA binds to
the B2 integrin subunit of the heterodimeric transmembrane receptor LFA-1; the receptor complex
is internalized upon protein kinase C-mediated serine/threonine phosphorylation of the 32 integrin
cytoplasmic tail. Cytoplasmic VacA prevents nuclear translocation of NFAT by inhibiting its
dephosphorylation by the Ca2*/calmodulin-dependent phosphatase calcineurin and thereby blocks
IL-2 production and subsequent T cell activation and proliferation. GGT arrests T cells in the G1
phase of the cell cycle and thus prevents their proliferation. Note that the direct effects of VacA on
T cells appear to be human specific. LFA-1, lymphocyte function-associated antigen-1; NFAT,
nuclear factor of activated T cells; GGT, y-glutamyl transpeptidase; CnA, B, calcineurin A and B
subunits; CaM, calmodulin

(NFAT) (Boncristiano et al. 2003; Gebert et al. 2003). VacA activity on T cells
requires the same N-terminal hydrophobic region that also mediates vacuolization
(Sundrud et al. 2004) and binding to a surface receptor, the B2 integrin (CD18)
(Sewald et al. 2008), which associates with CD11a/aL to form the heterodimeric
lymphocyte function-associated antigen-1 (LFA-1) receptor (Fig. 12.3). VacA is
taken up as LFAL1 is recycled in a PKC-mediated, phosphorylation-dependent
manner (Sewald et al. 2010). It seems that CD18 must be directly phosphorylated
by either PKCn or PKCC in its cytoplasmic tail to initiate VacA endocytosis and
inhibition of NFAT target gene transactivation (Fig. 12.3) (Sewald et al. 2010).
Murine T cells are resistant to VacA because they do not express the receptor
(Sewald et al. 2008; Algood et al. 2007); rather, it appears that VacA promotes
persistence in mice through a mechanism involving its interaction with DCs (see
below) (Oertli et al. 2013). In humans, VacA’s inhibitory activity on T cells likely
prevents the clonal expansion of H. pylori-specific, antigen-activated T cells,
thereby interfering effectively with a critical branch of adaptive immune defense
against this infection.
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In addition to VacA, all strains of H. pylori produce and secrete a second
immunomodulatory molecule known to interfere with T cell proliferation, the
gamma-glutamyl transpeptidase (GGT). GGT has enzymatic activity and catalyzes
the transfer of the y-glutamyl moiety of glutamine or glutathione to amino acids,
allowing H. pylori to convert glutamine and glutathione into glutamate, which can
be taken up and incorporated into the TCA cycle. H. pylori mutants lacking GGT
fail to colonize mice (Chevalier et al. 1999; Oertli et al. 2013), and this phenotype
has been linked to the ability of GGT to prevent T cell proliferation (Gerhard
et al. 2005; Schmees et al. 2007) (Fig. 12.3). Other parameters of T cell activation
(NFAT translocation, cytokine production) are not affected by GGT; its inhibitory
effect on proliferation could be linked to cell cycle arrest in the G1 phase and to the
enzymatic activity of GGT (Gerhard et al. 2005; Schmees et al. 2007). Similar to
VacA, GGT also exerts strong immunomodulatory effects on DCs, which acquire
tolerogenic activity upon exposure to GGT-proficient H. pylori or the recombinant
protein (discussed in more detail below) (Oertli et al. 2013). The inclusion of both
VacA and GGT in experimental H. pylori vaccines (Malfertheiner et al. 2008)
indicates that the neutralization of H. pylori’s immunomodulatory properties is
widely seen as a promising intervention strategy. Further details on GGT function
can be obtained in Chaps. 6 and 7.

12.6 H. pylori Promotes Tolerogenic DC Functions
and Induces Regulatory T Cells

DCs were long known mostly for their essential role in immunity to intracellular
and extracellular pathogens, to which they contribute through their unique ability to
prime naive T cells to differentiate, to proliferate, and to acquire effector functions
such as cytotoxicity and cytokine production. It has become clear in recent years,
however, that DCs are also critically involved in the development of immune
tolerance to autoantigens, allergens, and harmless antigens of the commensal
human microflora (Maldonado and von Andrian 2010; Yogev et al. 2012). A
major pathway driving DC-mediated immune tolerance to self-, dietary, or envi-
ronmental antigens involves the thymus-independent, “peripheral” induction of
highly suppressive, “inducible” Tregs, which, like their thymus-derived “natural”
counterparts, typically express the lineage-defining transcription factor FoxP3, the
surface marker CD25, and an array of secreted and surface-exposed regulatory
molecules that may include IL-10, TGF-p, CTLA-4, PD1, GITR, and others. Tregs
efficiently block effector T cell responses by direct and indirect mechanisms, and
their prolonged dysregulation results in severe and often fatal autoimmunity
(Bollrath and Powrie 2013; Harrison and Powrie 2013). Persistent pathogens,
such as Mycobacterium tuberculosis and certain helminths, have evolved to selec-
tively recruit or activate Tregs to or in their preferred niche to promote chronicity
(McBride et al. 2013; Ottenhoff 2012; Maizels and Smith 2011). The same is true
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for H. pylori, which preferentially induces Tregs (Robinson et al. 2008) and relies
on Treg-mediated immunosuppression to promote persistent infection (Arnold
et al. 2011b) (also see above). Although difficult to study meaningfully in humans,
the process of Treg induction and DC/Treg-mediated immune tolerance and sup-
pression has received substantial attention lately and several key mechanisms have
been elucidated. Multiple studies have shown in vitro and in vivo that H. pylori
specifically targets DCs to promote their tolerogenic (i.e., Treg-inducing) properties
and to at the same time subvert their immunogenic functions. Cultured murine and
human DCs that have been exposed to and have phagocytosed live H. pylori fail to
prime Th17 and Th1 responses and instead preferentially induce FoxP3 expression
and suppressive activity in cocultured naive T cells (Kao et al. 2010; Kim
et al. 2011; Oertli et al. 2012) (Fig. 12.4). This tolerogenic activity has been
attributed to the failure of H. pylori-exposed DCs to mature, i.e., to express high
levels of MHCII and co-stimulatory markers such as CD80, CD86, and CD40, as
well as T helper cell-differentiating and T helper cell-activating cytokines such as
IL-12 or IL-23 (Kaebisch et al. 2013; Oertli et al. 2012) (Fig. 12.4). This is true even
in the presence of strong maturation signals delivered via TLR-4 or TLR-9 engage-
ment, e.g., by E. coli LPS or CpG oligonucleotides (Oertli et al. 2012). The semi-
mature DCs that result from H. pylori exposure are characterized by high expres-
sion of MHCII yet virtually no or low expression of co-stimulatory markers;
similarly, these DCs fail to produce IL-12, IL-6, and TNF-a and instead secrete
large amounts of the anti-inflammatory cytokine IL-10 (Oertli et al. 2012)
(Fig. 12.4). Semi-mature and immature DCs have been implicated in Treg induction
and tolerogenic immune responses (Maldonado and von Andrian 2010); indeed,
H. pylori-exposed, semi-mature DCs are excellent inducers of Treg differentiation
in vitro and in vivo (Kao et al. 2010; Oertli et al. 2012), and their forced maturation
by LPS treatment is sufficient to break tolerance in vivo (Oertli et al. 2012).
Consistent with the experimental results, the gastric mucosa of H. pylori-infected
human carriers is populated by semi-mature DCs lacking co-stimulatory markers
(Oertli et al. 2012). The H. pylori virulence and persistence factors required for the
bacteria’s tolerogenic activity on DCs are under intense investigation, whereas two
secreted factors, the vacuolating cytotoxin VacA and the y-glutamyl transpeptidase
GGT, have been implicated in the inhibition of murine DC maturation and
tolerogenic reprogramming (Kim et al. 2011; QOertli et al. 2012); the T4SS of
H. pylori seems to be equally or more important in human DCs (Kaebisch
et al. 2013).

Several studies have attempted to functionally address the contribution of
(tolerogenic) DCs to immune tolerance and to H. pylori-specific immunity in
experimental models (Kao et al. 2010). Interestingly, the depletion of CD11c*
DCs in a genetic model taking advantage of the CD11c-driven expression of the
diphtheria toxin receptor improves clearance of H. pylori upon challenge infection
of vaccinated mice (Hitzler et al. 2011). Whereas prior vaccination with H. pylori
extract in conjunction with either the gold standard cholera toxin adjuvant or a
novel mycobacteria-derived adjuvant (CAFO1) slashed H. pylori burdens by two
orders of magnitude, this reduction could be further improved by another one to two
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Fig. 12.4 The maturation status of dendritic cells (DCs) directs T helper cell differentiation.
Immature DCs with high phagocytic activity follow chemokine gradients to sites of microbial
colonization, where they actively sample antigen, which is then processed and presented in the
context of MHC class II molecules on the cell surface. (a) Simultaneous stimulation of phagocytic
DCs by recognition of PAMPs via cytosolic or membrane-bound pattern recognition receptors
promotes DC maturation, which results in upregulation of maturation markers and co-stimulatory
molecules (CD40, CD80, CD86) on the cell surface, as well as the production of T cell-
differentiating and T cell-activating, as well as other pro-inflammatory cytokines (IL-12, IL-23,
TNF-a, IL-6). Three signals (antigen recognition via the T cell receptor, co-stimulatory signals,
and soluble cytokine signals) are required for the differentiation of naive T cells into Th1 or Th17
cells, with high levels of IL-12 driving Th1 and high levels of IL-23 driving Th17 differentiation.
Both subsets are required for H. pylori control. (b) H. pylori exposure generates semi-mature DCs
with high MHC class II expression but no or little co-stimulation and low levels of Th1/Th17 cell-
differentiating cytokines, resulting in Treg differentiation and immunosuppression. An additional
marker of semi-mature, tolerogenic DCs is their expression and secretion of IL-10

orders of magnitude by the depletion of DCs (Hitzler et al. 2011). Similar effects
were obtained in experimental H. pylori infection models not involving prior
immunization (Hitzler et al. 2011; Oertli et al. 2012). In both settings, the depletion
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of DCs not only reduced bacterial burdens but also boosted all relevant correlates of
(vaccine-induced) protective immunity, such as the recruitment of memory T cells,
mast cells, and neutrophils to the gastric mucosa, the priming of H. pylori-specific
Th1 and Th17 cells in the draining mesenteric lymph nodes, and the local produc-
tion of protective cytokines including IFN-y and IL-17 (Hitzler et al. 2011; Oertli
et al. 2012). The results suggest that DCs are dispensible for immunity to H. pylori
and instead are an essential element of immunoregulation, preventing control of the
infection. Similar observations have been made in models of autoimmunity, in
which the depletion of DCs invariably aggravates rather than improves disease
severity (Yogev et al. 2012). A model of adoptive bone marrow-derived DC
transfer into H. pylori-infected mice also showed that the transfer of DCs that had
been exposed to H. pylori ex vivo, but not of naive DCs, efficiently induced Treg
differentiation in vivo (Kao et al. 2010). Tregs induced in vivo upon Hp-DC transfer
in turn suppressed anti-H. pylori-specific Th17 responses and their depletion or the
depletion of IL-10 and/or TGF-p, promoted H. pylori clearance (Kao et al. 2010).
All available in vivo data thus suggest that H. pylori effectively directs DCs to
acquire tolerogenic properties, which drive Treg differentiation and anti-
inflammatory cytokine production, suppress T-effector cell functions, and promote
persistent infection (Fig. 12.4).

12.7 H. pylori Protects Against Allergic and Chronic
Inflammatory Diseases Through the Induction
of Treg-Mediated Immune Tolerance

Public health in developed countries has been dominated by two major trends since
the second half of the twentieth century. The incidence of infectious diseases has
declined sharply in that time frame, whereas immunological disorders such as
multiple sclerosis (MS), inflammatory bowel disease (IBD), allergic asthma and
other allergic diseases, and type I diabetes have dramatically increased in incidence
over the same time period (Bach 2002). The incidence of infections with H. pylori
has paralleled those of other infectious agents, with childhood acquisition rates
dropping in the USA from >50 to 10 % between the beginning and the end of the
twentieth century (Blaser and Falkow 2009). In line with the carcinogenic proper-
ties of H. pylori infection (Parsonnet et al. 1991), a beneficial effect of this trend has
been the steady decline in gastric cancer rates and associated mortality in countries
from which H. pylori has disappeared (Forman 2005). The downsides (some
confirmed, some debated) of the loss of H. pylori in developed countries are
(a) the increase in esophageal diseases such as esophagitis, Barrett’s esophagus,
and esophageal cancer with the latter having increased in incidence by over sixfold
in the years from 1975 to 2000 alone (Pohl and Welch 2005) and (b) the increase in
asthma and allergies (Eder et al. 2006). Numerous epidemiological studies have
shown an inverse association of H. pylori infection with asthma and other allergies
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with respiratory tract manifestations, which was particularly strong in children and
adolescents and in individuals with early onset allergies and asthma (Amberbir
et al. 2011; Blaser et al. 2008; Chen and Blaser 2007, 2008; Reibman et al. 2008).
Meta-analyses examining 14 and 19 published studies on the topic have confirmed
the general trend (Wang et al. 2013; Zhou et al. 2013). The chronic inflammatory
skin disease atopic dermatitis/eczema has also been inversely linked to H. pylori
infection in studies including over 3000 German schoolchildren and almost 2000
Japanese university students (Herbarth et al. 2007; Shiotani et al. 2008). This trend
was recently confirmed in a longitudinal study conducted on over 1000 Ethiopian
children (Amberbir et al. 2014). Similarly, H. pylori infection seems to confer
protection against IBD, as suggested by a recent meta-analysis of 23 articles
examining such a possible link (Luther et al. 2011). Only 27 % of IBD patients
had evidence of infection with H. pylori compared to 41 % of patients in the control
group (Luther et al. 2011). A large epidemiological survey conducted on 136,000
patients in the USA found a decreased risk of celiac disease in individuals infected
with H. pylori (Lebwohl et al. 2013).

Following up on the various observational studies in human populations, possi-
ble protective effects of experimental H. pylori infection have been examined in
animal models of allergic asthma and IBD (Fig. 12.5). In a murine model of allergic
asthma induced by ovalbumin or house dust mite antigen sensitization and chal-
lenge, H. pylori infection conferred protection against the airway hyperrespon-
siveness, bronchoalveolar eosinophilia, lung inflammation, and goblet cell
metaplasia that are hallmarks of asthma in humans and mice (Arnold
et al. 2011a). The protective effects were evident in animals that had been exper-
imentally infected during the neonatal period (Arnold et al. 2011a), i.e., at an age
when humans typically contract the infection from their mothers (Weyermann
et al. 2009). Asthma protection conferred by H. pylori was abolished by antibiotic
eradication therapy prior to allergen challenge and depended critically on Tregs
(Fig. 12.5); the systemic depletion of Tregs abrogated asthma protection, and pure
populations of Tregs were sufficient to transfer protection from neonatally infected
donors to naive recipients (Arnold et al. 2011a). These results are in line with the
finding that neonatal infection with H. pylori induces Treg-mediated immune
tolerance to the bacteria (Arnold et al. 2011b) and that children predominantly
launch Treg responses to H. pylori infection (Harris et al. 2008). Experimental
models of colitis in mice also confirm the trends seen in human IBD patients
(Fig. 12.5); for example, H. pylori infection effectively reduced the Th17-driven
colitis induced by Salmonella typhimurium infection (Higgins et al. 2010). The
protective agent of H. pylori in colitis appears to be its DNA, which exhibits a
strongly biased ratio of immunoregulatory-to-immunostimulatory sequences and —
when administered orally — protects against the development of acute or chronic
DSS-induced colitis (Luther et al. 2011). The protective effects of H. pylori DNA
were attributed to its activity on DCs, which prevents IL-12 and type I IFN
production and generally favors anti- over pro-inflammatory responses (Luther
et al. 2011; Owyang et al. 2012). Overall, the combined results from observational
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Fig. 12.5 H. pylori exerts systemic immunomodulatory effects. H. pylori exclusively inhabits the
gastric mucosa, but has systemic immunomodulatory effects that manifest in the airways and
lower gastrointestinal tract. Tissue-resident DCs can sample H. pylori antigens in the gastric
mucosa and subsequently migrate to the stomach-draining and mesenteric lymph nodes (MLNs),
where they prime T cell (in particular Treg) responses. Alternatively, soluble antigens can be
transported via the lymph to the MLNSs for presentation by resident DC populations. MLN-derived,
H. pylori-specific Tregs enter the circulation and accumulate not only in the gastric mucosa but
also at other mucosal surfaces of the body, such as those of the airways and lower bowel.
According to current models, pathogenic effector T cell populations (allergen-specific Th17 and
Th2 cells and colitogenic Thl and Th17 cells) are suppressed by H. pylori-induced Tregs via
soluble mediators (such as IL-10) and contact-dependent mechanisms. Abbreviations used: Th1/2/
17, T helper cell subsets; Treg, regulatory T cell

studies in humans and interventional studies in mice suggest strongly that H. pylori
infection can protect against experimentally induced allergic asthma and IBD; the
protective mechanisms appear to involve Tregs and DCs, which are actively
induced and “tolerized” by H. pylori, respectively. It is likely that the protection
against allergic and chronic inflammatory diseases that is conferred by H. pylori is a
by-product of its immunomodulatory activity, which allows the bacteria to suppress
Th1 and Th17 responses and to establish and maintain persistent infection. Similar
effects have been reported for other persistent pathogens including helminths and
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Mycobacterium tuberculosis, which have been proposed to suppress allergen-
specific immune responses in asthma through the induction of Tregs or through
immune deviation (Obihara et al. 2007; Barlan et al. 2006). The potential use of
microbial products and live attenuated bacteria or parasites in the treatment of
allergies and IBD has received increasing attention lately, and some (especially
helminth-derived) compounds are in clinical development (Torres et al. 2013).
Whether H. pylori may be exploited in a similar fashion remains to be seen in the
future.

12.8 Conclusions and Outlook

Despite having received substantial attention for three decades, several aspects of
the H. pylori/host interaction remain poorly understood. Among them is the manip-
ulation of innate and adaptive immunity by H. pylori, a feature that is central to the
persistence of the bacteria and to the chronicity of H. pylori-associated diseases.
Much attention has focused on gaining a better understanding of the prerequisites of
successful vaccination aiming to prevent the primary infection (see Chap. 24),
whereas less is known about the steady-state interaction of an established
H. pylori infection with the host immune system. The asymptomatic carrier state
in particular is vastly understudied, and the genetic and lifestyle parameters affect-
ing the risk of developing H. pylori-associated gastric disease remain largely
enigmatic. Although it is now clear that gastric infection-induced lesions are
immunopathological in nature and at least in animal models can be attributed to
the detrimental effects of T helper cells and their signature cytokines on the gastric
mucosa, it appears likely that H. pylori toxins contribute to the mucosal damage.
Experimental research into the pathomechanisms active during H. pylori infections
is limited by the failure of most strains to colonize small rodents persistently and to
the differences in gastric physiology and immunology that exist between humans
and all currently used animal models (maybe with the exception of rhesus
macaques). Future avenues of research in the field of H. pylori immunobiology
will likely explore the relative contribution of direct (bacterially mediated) and
indirect (immunopathological) effects to gastric carcinogenesis and will shed more
light on the differential disease risk within and across human populations. Exciting
new insights are expected as more elaborate model systems (such as gastric
organoids, humanized mice, etc.) become available to the broader research com-
munity. Finally, future research directions will certainly take into account that
H. pylori — beside its role as a gastric pathogen — is also an ancient member of
our gastric microbiota that, together with other constituents of the microbiota of the
gastrointestinal tract, has shaped the evolution of the human mucosal immune
system.
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