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Abstract The Gram-negative bacterium Helicobacter pylori is predominantly
known for its tight association with peptic ulcer disease and gastric cancer devel-
opment. However, recent epidemiological and experimental evidence suggests that
chronic infection with H. pylori may at the same time be beneficial to the host by
conferring protection against gastroesophageal diseases, asthma, other allergic
disease manifestations and inflammatory bowel diseases (IBD). In this chapter, we
summarize the epidemiological data that are available to date to support or refute a
possible inverse correlation of H. pylori infection with various extragastric diseases.
We further examine and discuss the experimental evidence, generated mostly in
mouse models of allergic diseases and IBD, showing that these disorders fail to
develop in the presence of H. pylori. The proposed mechanisms of the protective
effects of H. pylori, which appear to involve the induction of regulatory T-cells
(Tregs) with highly suppressive activity, are presented and explained.
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1 H. pylori in Gastric and Extragastric Health and Disease

Helicobacter pylori is a highly successful pathobiont of humans that infects roughly
50% of the world population. Since its discovery in the early 1980s (Marshall and
Warren 1984), H. pylori has been linked to a variety of gastric and extragastric
disease manifestations (Salama et al. 2013; Pritchard and Crabtree 2006; Cover and
Blaser 2009). H. pylori resides exclusively in the human stomach, where it colo-
nizes the mucus layer overlying the gastric mucosa; minor populations adhere to
gastric epithelial cells and colonize the glands of both the antrum and the corpus of
the stomach (Salama et al. 2013). H. pylori causes histologically evident gastritis
(Marshall and Warren 1984), which remains asymptomatic in the majority of
infected individuals (Cover and Blaser 2009). Chronic H. pylori infection can result
in gastric and duodenal ulcers and is the single most important risk factor for the
development of gastric adenocarcinoma and gastric B-cell lymphoma, the so-called
mucosa-associated lymphoid tissue (MALT) lymphoma (Herrera and Parsonnet
2009; Parsonnet et al. 1991, 1997, 1994; Parsonnet and Isaacson 2004; Cover and
Blaser 2009). Bacterial virulence factors, host genetic predisposition and environ-
mental factors such as lifestyle and diet have all been linked to an individual
carrier’s risk of developing disease (Pritchard and Crabtree 2006; Cover and Blaser
2009). H. pylori strains expressing virulence factors such as the cytotoxin-
associated gene A (CagA) and the cag pathogenicity island (PAI) as well as toxic
versions of the vacuolating cytotoxin (VacA) are more tightly associated with
peptic ulcer disease and gastric cancer than Cag/VacA-negative strains (Cover and
Blaser 2009; Pritchard and Crabtree 2006; Backert and Blaser 2016). More
recently, the asymptomatic carrier state versus clinically evident disease has been
attributed to H. pylori-specific T-cell responses: carriers with peptic ulcer disease
are more likely to launch T-helper 1 (Th1)- and Th17-biased responses to H. pylori,
whereas asymptomatic carriers exhibit regulatory T-cell (Treg)-predominant
responses (Robinson et al. 2008). Similarly, asymptomatic children are more likely
to generate Treg-dominated anti-Helicobacter responses than (symptomatic) adults
(Harris et al. 2008; Serrano et al. 2013). The differential responses of young versus
adult, experimentally infected mice, mirror the observations made in humans and
have been linked to the development of Treg-mediated peripheral immune tolerance
(Arnold et al. 2011c). As a consequence, neonatally infected mice are largely
protected against the characteristic Th1- and Th17-driven gastric immunopathology
that virulent strains elicit in mice and that is reminiscent of the gastric preneoplastic
pathology of a minority of infected humans (Arnold et al. 2011c). A large body of
evidence now suggests that H. pylori has both pathogenic and strong
immunomodulatory properties, with the latter potentially conferring beneficial
effects to the human host. Although the H. pylori field has been driven mostly by
the quest to understand the pathogenic traits of H. pylori and especially its
pro-carcinogenic activities, investigating the immunomodulatory and other pro-
tective properties of H. pylori may be equally worthwhile. H. pylori is an ancient
member of the human gastric microbiota and has co-evolved with humans for at
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least 60,000 years (Linz et al. 2007). Most humans are colonized with the same
strain for life in an asymptomatic fashion. The intimate co-existence between
H. pylori and its human host provides a context in which host and bacteria may
benefit from one another.

The prevalence of H. pylori infection has decreased dramatically in the twentieth
century from >50 to *10% (Blaser and Falkow 2009) and parallels that of other
infectious diseases (Bach 2002). As a consequence, gastric cancer rates and the
associated mortality have declined steadily in countries from which H. pylori has
disappeared (Forman 2005). In the same time frame, the incidence of immuno-
logical disorders such as autoimmune diseases (e.g., multiple sclerosis and type I
diabetes), inflammatory bowel diseases (IBDs), asthma and other allergies has
strongly increased (Bach 2002; Eder et al. 2006). Esophageal diseases such as
gastro-esophageal reflux diseases (GERD), Barrett’s esophagus and esophageal
carcinoma are also increasingly common in Western societies from which H. pylori
is disappearing (Pohl and Welch 2005). Whether the inverse trend of H. pylori
prevalence and the prevalence of extragastric diseases is merely coincidental, or
causally linked, has lately been the focus of increasingly sophisticated epidemio-
logical and, to some extent, experimental research. This chapter aims to discuss the
epidemiological and experimental evidence for (and against) a direct causal link
between H. pylori and a variety of these extragastric diseases; we will begin by
discussing the link to esophageal diseases, followed by dedicated sections on
H. pylori and IBDs and allergies, respectively. Populations from various geo-
graphical areas of the world and from various age groups will be discussed sepa-
rately wherever possible or necessary.

2 Esophageal Diseases and H. pylori

In the 1990s, several interventional trials implied that curing H. pylori infection in
patients with duodenal ulcers might provoke reflux esophagitis (Labenz et al. 1997).
Although many studies have since addressed the topic, the beneficial role ofH. pylori
in GERD and the serious sequelae Barrett’s esophagus (BE) and esophageal ade-
nocarcinoma (EA) remains controversially discussed and requires further clinical and
experimental confirmation. Overall, most but by far not all clinical, epidemiological
and experimental literature supports a positive and preventive role for H. pylori in
esophageal diseases. The term GERD on the one hand refers to several related
disorders that include BE and EA, but is on the other hand also thought to be the
clinical starting point of a pathogenic sequence that can result in BE and EA (Fig. 1a)
(Shaheen and Ransohoff 2002). GERD is characterized by esophageal acid exposure
that is caused by the reflux of gastric contents and the failure of the esophagus to clear
by means of peristaltic contractions. The severity of the disease depends strongly on
the pH of the refluxed gastric juice (Collen et al. 1994; Gardner et al. 2004). BE is
characterized by the replacement of the stratified squamous epithelium with a
metaplastic columnar epithelium and is most likely caused by chronic GERD. The
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characteristic secretion of bicarbonate and mucus by Barrett’s epithelium is believed
to represent a protective adaptation against continued gastric acid exposure. Chronic
acid exposure and the resulting inflammation appear to drive the sustained prolif-
eration of BE cells, thus promoting the development of EA (Lao-Sirieix et al. 2008).
The prevalence of BE is approximately 1–2% in patients subjected to endoscopy for
any indication. This percentage increases up to 5–15% in patients with GERD
symptoms. Strikingly, even though EA is a rare malignancy, the risk of EA among
patients with BE is assumed to be 30- to 125-fold higher than that of the general
population (Runge et al. 2015). Moreover, the prevalence of EA has increased dra-
matically in recent decades (Brown et al. 2008).

Several epidemiological studies and meta-analyses have addressed a possible
inverse correlation of H. pylori infection with the incidence of a broad range of
non-malignant GERDs. In a first meta-analysis of European studies published in
2003, Raghunath et al. showed that H. pylori infection is significantly inversely
linked to GERD as defined as abnormal esophageal pH or erosive esophagitis
(Raghunath et al. 2003). However, significance was lost after removal of a single
dominant outlier study, thereby challenging the reliability of the analysis
(Kandulski and Malfertheiner 2014). Similarly, Nordenstedt et al. (2007) found that
there was no negative association of GERD symptoms with H. pylori infection
except in patients with reduced pepsinogen levels and gastric atrophy (Nordenstedt
et al. 2007). In 2013, Rubenstein et al. confirmed the lack of association of GERD
symptoms with H. pylori infection, irrespective of the CagA status of the colonizing
strains. In contrast, this analysis found an inverse correlation of H. pylori with
erosive esophagitis, especially in patients harboring CagA-positive strains
(Rubenstein et al. 2014). This evidence was further supported by Korean and
Japanese studies in which H. pylori could be negatively linked with the risk and
severity of erosive esophagitis (Chung et al. 2011; Minatsuki et al. 2013).
Numerous studies and meta-analyses have indicated a negative correlation of
H. pylori infection with BE and EA. In a systemic review in 2007, Rokkas et al.
(2007) found a lower prevalence of H. pylori in patients with either BE or EA,
which was more significant for infections with CagA-positive strains (Rokkas et al.
2007). In 2012, Fischbach et al. arrived at a similar conclusion when investigating
four methodologically comparable studies, and also documented a decreased risk of
EA predominantly in patients infected with CagA-positive H. pylori strains
(Fischbach et al. 2012). A similar result was obtained in a recent US-based

JFig. 1 Esophageal diseases and Helicobacter pylori. a Pathogenic sequence of GERD to BE to
EA. GERD patients are more prone to develop BE due to increased esophageal acid exposure. BE
patients in turn are characterized by an inflamed esophageal, fast-dividing columnar tissue, which
subsequently may shift to EA. b In an inflamed H. pylori-infected stomach, acid production by
parietal cells is likely inhibited by bacterial LPS and the virulence/persistence factor VacA. Gastric
atrophy resulting from chronic inflammation further decreases acid levels and eventually results in
achlorhydria. Consequently, the lower pH is believed to relieve gastric esophageal reflux
symptoms and disease progression. This phenomenon is predominantly associated with CagA-
positive H. pylori strains
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case–control study (Rubenstein et al. 2014). In addition, Fischbach and co-workers
recently confirmed a negative association of H. pylori with the risk of BE, which
was particularly evident in participants with likely low gastric acidity due to corpus
atrophy or anti-secretory drug use (Fischbach et al. 2014). The association of
H. pylori infection with a decreased risk of BE and EA thus is rather consistent, but
seems to generally be more pronounced in Eastern compared to Western countries
(Thrift et al. 2012; Xie et al. 2013a, b). In a recent meta-analysis, Nie et al. (2014)
speculated that CagA-positive strains might even have opposing associations with
another esophageal malignancy, esophageal squamous cell carcinoma (ESCC) in
Asian and non-Asian populations; however, these authors also found that
CagA-positive H. pylori strains were associated with a decreased risk of EA in all
populations, irrespective of geographical location (Nie et al. 2014). Numerous
studies have addressed whether H. pylori eradication promotes the development of
GERD or associated diseases. Several studies have reported an aggravation of
symptoms of GERD or BE after eradication of the bacterium (Ahmed and Sechi
2005; Carroll et al. 2004; Tanaka et al. 2004; Fallone et al. 2000; Haruma 2004).
Some literature even suggests that successful eradication serves as the starting point
of GERD in certain cases (Nakajima and Hattori 2003; Sakata and Fujimoto 2005).
This was particularly evident in Asian populations (Xie et al. 2013b; Cremonini
et al. 2003). A recent study conducted in Japan reported that healthy asymptomatic
H. pylori-infected individuals have a lower prevalence of reflux esophagitis than
those subjected to eradication therapy (Minatsuki et al. 2013). Additionally, a study
from Taiwan reported increased morbidity associated with reflux esophagitis upon
eradication (Lee et al. 2013). On the other hand, two studies have failed to detect an
effect of eradication therapy on the subsequent development of GERD, BE or
similar (Saad et al. 2012; Laine and Sugg 2002). Vaira et al. (2003) even found an
amelioration of GERD symptoms after H. pylori eradication. Two other
meta-analyses similarly concluded that eradication does not influence the incidence
of reflux symptoms or esophagitis (Qian et al. 2011; Yaghoobi et al. 2010). Possible
explanations for the discrepancies have raised issues of ethnic differences and the
reasons for why eradication therapy was prescribed in the first place (Iijima et al.
2015).

Little definitive mechanistic data are available to explain putative protective or
detrimental effects of H. pylori on GERD, BE or EA. On the one hand, H. pylori
has been implicated in raising gastric acid secretion by promoting the destruction of
somatostatin-secreting D-cells in antrum-predominant gastritis, resulting in
increased parietal cell mass, hyperchlorhydria and an aggravation of GERD
symptoms (Kamada et al. 1998). On the other hand, pangastritis, which is mostly
associated with CagA and VacAs1 bearing strains, results in the destruction of
acid-secreting parietal cells, causing hypo- or achlorhydria due to gastric atrophy
and an amelioration of GERD-associated symptoms (Ghoshal and Chourasia 2010).
VacA is believed to directly disrupt the apical membrane–cytoskeletal interaction in
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parietal cells and thereby lower acid secretion (Wang et al. 2008). Bacterial
lipopolysaccharides may also dampen esophageal acid exposure through the
prostaglandin system and by inhibition of the enzymatic function of the H/K
ATPase (Tsuji et al. 1992; Helmer et al. 2004). In a recent publication, Gall et al.
reported in a BE cohort that infection with the bacterium was associated with a
decreased incidence of genomic instability which predicts progression to EA. The
authors also detected H. pylori at esophageal sites, which raise the possibility that
the bacterium directly impacts the survival and proliferation of esophageal epithelial
cells (Gall et al. 2015). When investigating the role of H. pylori in BE and EA
formation in a rat model, Liu et al. (2011) found that the bacteria reduce BE severity
when the infection site is restricted to the stomach, but promote an increase in
inflammation and incidence of BE and EA when colonizing the esophagus (Liu
et al. 2011).

Various host physiological and genetic determinants but also environmental and
dietary factors have been implicated in playing a critical role in shaping the out-
come of GERD diseases in the context of H. pylori infections (summarized in
Fig. 1b) (Chourasia and Ghoshal 2008; Ghoshal and Chourasia 2010). Moreover,
the difference in responsiveness between Eastern and Western countries has been
explained by the fact that H. pylori infection does not lead to a significant change in
gastric acid secretion in Europeans and Americans, whereas a strong decrease is
observed in Asians (Iijima et al. 2015). However, the cellular and molecular
mechanisms behind this finding remain to be elucidated.

In summary, epidemiological studies have repeatedly described a negative
association between H. pylori infection and erosive esophagitis, BE and EA, but not
between H. pylori and GERD symptoms. Infection with CagA-positive strains in
particular appears to protect the distal esophagus by causing fundic gland atrophy
and impairing gastric acid secretion. Although several early reports have suggested
the development of erosive esophagitis after H. pylori eradication, more recent
studies have failed to corroborate an important clinical impact on GERD of
H. pylori eradication. As in many other disorders, the patient’s ethnic, genetic,
physiological and pathological background as well as dietary habits appears to play
a crucial role in shaping disease risk.

3 Inflammatory Bowel Diseases and H. pylori

Inflammatory bowel diseases (IBDs) are chronic relapsing disorders of increasing
incidence that affect the gastrointestinal tract. The two main forms of IBD, Crohn’s
disease and ulcerative colitis, are both characterized by intestinal inflammation and
epithelial injury, but differ in terms of their clinical and histopathological features,
suggesting that they represent independent clinical entities. In Crohn’s disease,
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inflammation is discontinuous and can affect any part of the gastrointestinal tract
and all layers of the bowel wall. The transmural nature of inflammation accounts for
the serious complications associated with Crohn’s disease such as fibrostenosis,
abscesses and fistula formation. In contrast, ulcerative colitis is confined to the
superficial layer of the mucosa and expands continuously from the rectum, with
progressive inflammation and ulceration of the distal colon in more advanced
forms. Histological features of IBD further include disruption of the intestinal
epithelium with goblet cell depletion, decreased mucus production and hyperplasia
(Xavier and Podolsky 2007). The precise etiology of IBD is unclear, but appears to
involve a complex combination of host genetic, microbial and environmental fac-
tors. Chronic inflammation arises from an abnormal immune response against the
microorganisms of the intestinal flora in genetically susceptible individuals and
results in the breakdown of intestinal homeostasis (Maloy and Powrie 2011). Both
dysregulated innate and adaptive immune pathways contribute to the chronic
inflammatory response in patients with IBD (Geremia et al. 2014). Interestingly,
both ulcerative colitis and Crohn’s disease patients have altered microbial com-
munities, with reduced diversity in major phyla such as Firmicutes (including
Clostridium) and Bacteroidetes (including Bacteroides fragilis), and increased
numbers of adherent-invasive strains of the Enterobacteriaceae. These observations
suggest a direct link between the presence of specific bacterial products and the
maintenance of major anti-inflammatory pathways in the gut. Changes in the human
microbiota composition arising from modern hygienic practices and diet have been
proposed to account for the increasing incidence of IBD in Western societies
(Baumgart et al. 2011). However, whether the dysbiosis observed in IBD patients
represents a primary predisposing factor or results from the combination of other
deficiencies is still unclear.

An inverse correlation between H. pylori infection and IBD in its various
manifestations has long been suspected by gastroenterologists. The initial sporadic
observations by clinicians were examined more systematically in a series of epi-
demiological studies initiated in the mid-1990s; of the roughly 10 studies published
between 1994 and 2004, the vast majority found a lower seroprevalence of
H. pylori infection in patients with IBDs relative to an age-matched control pop-
ulation. Crohn’s disease and ulcerative colitis patients were both less likely to be
seropositive for H. pylori than healthy controls; Crohn’s disease patients had an
even lower prevalence of H. pylori infection than ulcerative colitis patients
(el-Omar et al. 1994; Halme et al. 1996; Parente et al. 1997). Later studies in which
active H. pylori infection was detected by urea breath test rather than serum IgG or
IgA also unequivocally confirmed a lower prevalence of H. pylori in IBD patients
(Pearce et al. 2000; Pronai et al. 2004; Piodi et al. 2003). All early studies were
conducted on European populations, in which IBDs are much more common than
in other geographical areas of the world; however, several more recent studies have
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since confirmed the same trends in Asian and American populations (Wu et al.
2015; Sonnenberg and Genta 2016; Jin et al. 2013). A recent study of pediatric IBD
patients confirmed the trend seen in adults, i.e., children with newly diagnosed
Crohn’s disease or ulcerative colitis were significantly less likely to harbor H. pylori
than non-IBD controls from the same general population (Roka et al. 2014). Several
of the more recent studies have used multivariate logistic regression analyses to
adjust for gender, ethnicity, age, income, ZIP code and other measures of socioe-
conomic status, but found the trends to hold true irrespective of these parameters
(Sonnenberg and Genta 2016, 2012; Castano-Rodriguez et al. 2015). Moreover,
studies that include very large numbers of subjects such as one analysis of the
surgical pathology files of 65,515 patients (1061 IBD patients and 64,451 controls)
confirm the low prevalence of H. pylori infection among patients with IBD
(Sonnenberg and Genta 2012).

Several meta-analyses have been conducted on the topic in recent years.
A meta-analysis of ten studies involving 1299 Asian IBD patients and 1817 con-
trols showed infection rates of 24.9% in IBD patients relative to 48.3% in the
controls, with a resulting pooled risk ratio of 0.48 for H. pylori infection in IBD
patients (Wu et al. 2015). Other meta-analyses have reached similar conclusions:
For example, a meta-analysis of 23 studies conducted in 2010 (5903 subjects in
total) found that overall, 27.1% of IBD patients had evidence of infection with
H. pylori compared to 40.9% of patients in the control group (relative risk of 0.64).
A more recent meta-analysis of 33 eligible studies that included 4400 IBD patients
and 4763 controls (the vast majority being non-Asian) found that 26.5% of IBD
patients were H. pylori-positive, compared to 44.7% of individuals in the control
group (risk ratio of 0.62) (Rokkas et al. 2015). In the most comprehensive
meta-analysis to date, with data from 40 studies, Crohn’s disease and ulcerative
colitis patients were evaluated together as well as separately (Castano-Rodriguez
et al. 2015). The entire study population included 6130 patients with IBD and
74,659 non-IBD controls. The overall calculated risk ratio for H. pylori infection
was 0.43; stratification by patient age revealed an even lower risk ratio for pediatric
populations (0.24 relative to 0.45 in adults). Crohn’s disease patients had a lower
risk ratio than ulcerative colitis patients (0.38 relative to 0.53), and Eastern
populations had a lower risk ratio than Western populations (0.35 relative to
0.46) (Castano-Rodriguez et al. 2015). The same meta-analysis found a positive
association between infection with enterohepatic Helicobacter species and
Campylobacter species and IBD, suggesting that closely related bacteria can have
vastly different effects on this disease group (Castano-Rodriguez et al. 2015). All
meta-analyses and almost all original articles covering the topic thus consistently
find a strong negative association between H. pylori colonization and IBD.
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3.1 H. pylori and Host Factors Determine Protection
Against IBDs

Several pieces of experimental evidence are now available to support a direct
contribution of H. pylori to protection against the chronic intestinal inflammation
that is the main histopathological hallmark of IBD. Several complementary models
have been used to investigate protection against IBD by live H. pylori and purified
components of the bacteria. For example, Higgins et al. (2010) examined the effects
of H. pylori infection on Salmonella typhimurium-induced chronic colitis, a
model for Crohn’s disease. H. pylori co-infection suppressed the Th17 response to
S. typhimurium in the mouse cecum and reduced the histopathological symptoms
associated with this model (Higgins et al. 2010). The beneficial effects could be
linked to IL-10 production in the mesenteric lymph nodes (MLNs) of the co-infected
animals (Higgins et al. 2010) and to H. pylori DNA, which contains a high ratio of
immunoregulatory to immunostimulatory sequences, especially relative to other
Gram-negative bacteria such as Escherichia coli (Luther et al. 2011). Oral admin-
istration of H. pylori DNA was sufficient to protect against the histopathological
symptoms of dextran sodium sulfate (DSS)-induced colitis in acute and chronic
models of the disease (Luther et al. 2011). Further work identified a specific
immunoregulatory sequence, 5’-TTTAGGG, as being unique to H. pylori genomes
and particularly active in suppressing DCs (Owyang et al. 2012). Work by the same
group and others has revealed a role for TLR2 signaling in the suppression of DC
activation, the induction of Treg-biased T-helper cell responses and protection
against IBD (Sun et al. 2013; Koch et al. 2015). H. pylori expresses TLR2 ligands
that dominate the bacteria’s interaction with DCs, and other innate and adaptive
immune cell compartments, including B-cells (Rad et al. 2009; Sun et al. 2013; Sayi
et al. 2011; Koch et al. 2015). TLR2 signaling thus presumably drives a tolerogenic
response in DCs that directs Treg-biased responses to H. pylori antigens and sup-
presses T-effector responses to the bacteria (Koch et al. 2015). The host benefits
from this regulatory response due to protection from gastric immunopathology even
in the face of high-level colonization (Koch et al. 2015). Interestingly, responses to
unrelated (bystander) T-cell antigens are suppressed as well, including allergen-
specific and maybe autoantigen-specific immune responses (Koch et al. 2015; Oertli
et al. 2012; Arnold et al. 2011a). This finding has been used to explain why
H. pylori-infected individuals are less likely to develop allergic disease manifesta-
tions (Blaser et al. 2008; Chen and Blaser 2007, 2008; Reibman et al. 2008), celiac
disease (Lebwohl et al. 2013) and possibly autoimmune diseases (Cook et al. 2015)
(as well as IBD), as discussed below.

TLR2 signaling is required for the H. pylori-induced production and secretion of
IL-10 (Sun et al. 2013; Sayi et al. 2011), a well-studied cytokine with a plethora of
anti-inflammatory and regulatory activities. It is also required for the priming of
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inflammasome activation, a critical event during the H. pylori/host interaction (Kim
et al. 2013; Koch et al. 2015). H. pylori exclusively activates the NLRP3 inflam-
masome; in contrast, other cytoplasmic innate immune sensors such as AIM2,
NLRP6 and NLRC4 do not contribute measurably to inflammasome and caspase-1
activation (Koch et al. 2015; Semper et al. 2014; Kim et al. 2013). NLRP3
inflammasome activation is preceded by a “priming” event, which allows cells to
upregulate NLRP3 transcription in a TLR2-dependent manner (Kim et al. 2013;
Koch et al. 2015). DCs lacking TLR2 are incapable of NLRP3 transcriptional
activation and caspase-1 auto-proteolysis and activation, and therefore fail to pro-
cess and secrete the caspase-1-dependent cytokines IL-1β and IL-18 (Kim et al.
2013; Koch et al. 2015). Both have critical roles in the H. pylori/host interaction,
with IL-1β driving Th1- and Th17-polarized T-cell responses and H. pylori control,
and IL-18 providing regulatory activity (Hitzler et al. 2012). The lack of mature
IL-18 in particular recapitulates the phenotypes of TLR2 deficiency and NLRP3
deficiency: mice lacking either the cytokine or its receptor control H. pylori more
efficiently due to unrestricted Th1 and Th17 responses, but suffer from severe
infection-associated immunopathology (Hitzler et al. 2012; Oertli et al. 2012). The
critical contribution of the TLR2/NLRP3/caspase-1/IL-18 signaling axis to immune
tolerance induced by H. pylori hinted at a role of this pathway also in protection
against IBD. Indeed, confirming earlier data, H. pylori protected effectively against
DSS-induced colitis not only via its DNA as shown previously (Luther et al. 2011),
but also in the context of experimental infection (Engler et al. 2015). Infection of
mice during the neonatal period, when their predisposition to develop tolerance to
foreign antigens is at its peak, alleviated DSS colitis symptoms later in life (Engler
et al. 2015). The effect of live infection could be mimicked by regular doses of
H. pylori extract, administered orally or intraperitoneally starting from the neonatal
period onwards (Engler et al. 2015). The effects of live infection and extract
treatment required NLRP3 and IL-18, and were attributed to the production of
copious amounts of mucus in NLRP3/IL-18 proficient animals (Engler et al. 2015).
Mucus production was detectable by endoscopic procedures as well as at the
transcriptional level (the main intestinal mucin is Muc2, which was strongly
upregulated upon infection or extract treatment) (Engler et al. 2015) and likely
explains the resistance to barrier destruction by DSS that is the underlying cause of
colitis in this model. Overall, there is now more and more convincing experimental
evidence supporting a protective role of H. pylori on IBD development. Combined
with the epidemiological data in humans documenting an inverse correlation of IBD
risk with H. pylori prevalence, it appears likely that direct effects (via the regulatory
activity of H. pylori DNA, NLRP3 ligands and potentially other immunomodula-
tors) of H. pylori on immune cells, mainly DCs and Tregs, account for its beneficial
effects (summarized in Fig. 2).
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4 H. pylori and Allergic Disease Manifestations

The severity and incidence of allergic asthma and other atopic diseases have
increased dramatically in developed countries over the last decades. Allergic diseases
thus follow two major trends that have dominated public health in developed
countries 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), type I diabetes, the aforementioned IBDs and
allergies have dramatically increased in incidence over the same time period (Bach
2002). Numerous epidemiological studies have addressed, and demonstrated, an
inverse association of H. pylori infection with asthma and other allergies with res-
piratory tract manifestations (Blaser et al. 2008; Chen and Blaser 2007, 2008;
Reibman et al. 2008; Amberbir et al. 2011). This inverse association was particularly
strong in children and adolescents and in individuals with early onset allergies and
asthma (Blaser et al. 2008; Chen and Blaser 2007, 2008; Reibman et al. 2008;
Amberbir et al. 2011). The chronic inflammatory skin disease atopic dermatitis/
eczema has also been inversely linked toH. pylori infection in studies including over
3000 German school children and almost 2000 Japanese university students
(Herbarth et al. 2007; Shiotani et al. 2008). Two meta-analyses have since been
conducted that have investigated a possible inverse association of H. pylori with
allergic asthma.Wang et al. (2013) retrieved 19 studies conducted up until 2012 (nine
cross-sectional studies, seven case–control studies and three prospective cohort
studies) and from these calculated a pooled OR for the association between asthma
and H. pylori infection of 0.81. A second meta-analysis—also published in 2013—
which included 14 studies involving 28,283 patients also found a significantly lower
rate of H. pylori infection in the asthmatics than in the controls (OR = 0.84,
P = 0.013) (Zhou et al. 2013). Following up on the various observational studies in
human populations, mechanistic studies in experimental models have examined a
possible protective effect of experimental H. pylori infection in animal models of
allergic asthma. In a murine model of allergic asthma induced by ovalbumin or house
dust mite antigen sensitization and challenge, H. pylori infection confers almost
complete protection against the airway hyper-responsiveness, broncho-alveolar
eosinophilia, lung inflammation and goblet cell metaplasia that are hallmarks of
asthma in humans and mice (Arnold et al. 2011a). The protective effects are

JFig. 2 H. pylori in its relationship to intestinal diseases. H. pylori exclusively inhabits the
gastric mucosa of humans. 10–20% of infected individuals will develop gastric infection-
associated diseases, such as chronic gastritis and gastric ulcers, that are driven by pathogenic
T-cells polarized to express Th1 and Th17 cytokines. The majority (greater than 80% of the
infected population) will remain asymptomatic throughout life despite harboring high levels of
H. pylori. Asymptomatic carriers mount a Treg-predominant response to the infection (upper
inset); Tregs (in yellow) suppress Th1, Th17 and Th2 responses, both locally in the gastric mucosa
and at other sites of the GI tract (shown here are the small and large intestine). H. pylori-induced
Tregs are believed to contribute to the alleviation of colitis symptoms in models of inflammatory
bowel disease (lower two insets). Treg- and DC-derived IL-10 contributes to H. pylori-specific
immunomodulation
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particularly pronounced in animals that have been experimentally 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 con-
ferred by H. pylori is abolished by antibiotic eradication therapy prior to allergen
challenge and depends critically on regulatory T-cells (Tregs, Fig. 3) (Arnold

Fig. 3 GastricH. pylori colonization protects against allergic asthma. Despite exclusively colonizing
the gastric mucosa, H. pylori has robust systemic effects on T-cell responses in other organs. The
H. pylori persistence factors γ-glutamyl-transpeptidase (GGT) and vacuolating cytotoxin (VacA)
promote chronic infection by tolerizing DCs and thereby promoting local Treg differentiation (lower
inset). H. pylori-induced Tregs and DC/Treg-derived IL-10 are required for the suppression of
allergen-specificTh2andTh17 responses in the lung (upper inset). Children andyoung adults aremore
likely than older hosts ofH. pylori to benefit from the infection in terms of their individual allergy risk
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et al. 2011a). The systemic depletion of Tregs abrogates asthma protection, and
conversely, pure populations of Tregs are sufficient to transfer protection from
neonatally infected donors to naive recipients. These results are in line with earlier
observations that neonatal infection with H. pylori induces Treg-mediated immune
tolerance to the bacteria (Arnold et al. 2011c) and that mice can be actively “toler-
ized” against H. pylori by vaccination (Arnold et al. 2011b). Interestingly, the sup-
pressive activity of Tregs in the asthma model depends on interleukin-18 proficiency
of the donor (Oertli et al. 2012), which is reminiscent of the prerequisites of pro-
tection against chronic intestinal inflammation (see above). In the absence of IL-18
signaling, neonatal tolerance to the infection cannot be established; Tregs derived
from IL-18−/− or IL-18R−/− donors are not protective against asthma (Oertli et al.
2012). Further work has shown that IL-18 is produced by DCs upon exposure to
H. pylori infection (Oertli et al. 2012). IL-18 production by DCs appears to be
required for H. pylori-specific tolerance. IL-18 proficiency is required both in DCs
derived from bone marrow and DCs isolated immunomagnetically from mesenteric
lymph nodes for the conversion of naive CD4+ T-cells into CD25+FoxP3+ Tregs
(Oertli et al. 2012). In line with these observations, FoxP3+ Treg numbers in the
MLNs of both infected IL-18−/− and IL-18R−/− mice are significantly lower than
those of infected wild-type mice (Oertli et al. 2012).

Pro-IL-18 is processed by caspase-1 to yield the mature cytokine. Several recent
publications have identified the NLRP3 inflammasome as the predominant type of
inflammasome to become activated upon H. pylori exposure of murine DCs
(Semper et al. 2014; Kim et al. 2013; Koch et al. 2015). TLR2 proficiency was
found to be a clear prerequisite of NLRP3 inflammasome activation, as TLR2−/−

DCs failed to activate caspase-1 and secrete caspase-1-dependent cytokines (Koch
et al. 2015). The available evidence thus points to a critical role of the
TLR2/NLRP3/caspase-1/IL-18 axis in H. pylori-specific immune modulation, with
TLR2 signaling leading to the transcriptional activation of NLRP3, which then
assembles with pro-caspase-1 and the adaptor protein ASC to form the functional
NLRP3 inflammasome, auto-proteolytically activate caspase-1 and process the
caspase-1-dependent cytokines IL-18 and IL-1β (Koch and Muller 2015).
Accordingly, TLR2-deficient mice are not protected against allergic asthma induced
by house dust mite allergen (Koch et al. 2015).

Several H. pylori determinants have been implicated in immune tolerance, the
differentiation and function of suppressive Tregs, and the protection against allergic
disease manifestations. In particular, the persistence factors and H. pylori
immunomodulators vacuolating cytotoxin (VacA) and γ-glutamyl-transpeptidase
(GGT) are known to be required for persistent high-level colonization on the one
hand, and protection against allergic asthma on the other hand (Fig. 3) (Oertli et al.
2013). VacA- or GGT-deficient mutants fail to colonize at wild-type levels, which
correlates with higher numbers of Th1 and Th17 cells, higher expression of IFN-γ
and IL-17 by restimulated mesenteric lymph node (MLN) single cell preparations,
and lower numbers of FoxP3+ CD25+ regulatory T-cells in MLNs (Oertli et al.
2013). VacA in particular appears to bias T helper cell responses toward Tregs,
which could be attributed to VacA’s effects on DCs. DCs that were
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immunomagnetically purified based on their CD11c expression from the MLNs of
wild-type-infected mice induced FoxP3 and CD25 expression in co-cultured naive
CD4+ T-cells ex vivo (Oertli et al. 2013). This was not observed with DCs from
uninfected animals or from mice infected with a vacA mutant (Oertli et al. 2013).
Interestingly, both GGT and VacA can be administered to mice in purified form and
confer a level of protection against allergen-induced asthma that is comparable to
the live infection (Engler et al. 2014). Administration of several doses of VacA
protects efficiently against allergen-induced asthma, especially if the protein is
provided in the neonatal tolerance window (Engler et al. 2014). This time frame
constitutes a period in both mice and humans in which immune tolerance to anti-
gens is readily established; therefore, it is perhaps not surprising that VacA acts
most potently during this time. Active tolerization against allergens using VacA
requires its interaction with DCs (Fig. 3), as mouse strains lacking IL-10 expression
in the DC compartment cannot be tolerized with VacA (Engler et al. 2014).
Administration of several doses of VacA protects efficiently against allergen-
induced asthma, especially if the protein is provided in the neonatal tolerance
window (Engler et al. 2014).

In conclusion, substantial epidemiological evidence is available to support the
idea that H. pylori is not just a pathogen, but in its function as a normal, ancient
member of the gastric microbiota may also contribute to esophageal health, pro-
tection against allergies and IBDs, and possibly against auto-immune diseases
although the evidence toward this end remains less well documented. There is hope
that the immunomodulatory properties of H. pylori can be separated from its
pathogenic properties to enable its future exploitation for therapeutic purposes in
one or more of these disease areas.

5 Concluding Remarks

Controlling the epidemic increase in allergic, chronic inflammatory and
auto-immune diseases is by many accounts one of the great public health challenges
of this century. An overly “sterile” life style, exaggerated use of antibiotics in
childhood and many other sanitary and behavioral practices common in developed
countries are known to contribute to the rise in incidence in these “immunological”
disorders (Bach 2002). The gradual disappearance of our normal, “ancestral”
microbiota has been blamed by some investigators for this trend (Blaser and Falkow
2009). Epidemiological and experimental data point to a special role of H. pylori, a
dominant component of the normal flora until half a century ago, in this context due
to its strong immunomodulatory capacity. More work is clearly required to gain a
detailed understanding of the mechanistic basis of H. pylori-specific immune tol-
erance and identify the H. pylori factors involved in immunomodulation, until it
will be possible to harness the immunomodulatory properties of H. pylori for the
purpose of H. pylori-specific tolerization against asthma and allergies, IBDs and
possibly auto-immune diseases.
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