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The Gram-negative bacterium Helico-
bacter pylori is both a normal con-

stituent of the human gastric microbiota
as well as a pathogen tightly associated
with severe gastric disorders. The ability
of H. pylori to activate the inflammasome
and caspase-1 in antigen-presenting and
other cells, and the resulting processing
and release of caspase-1-dependent cyto-
kines, impacts both the immunomodula-
tory and pathogenic activities of H.
pylori. This article summarizes recent
insights by us and others on the bacterial
and host prerequisites of inflammasome
activation. H. pylori predominantly acti-
vates the NLRP3 inflammasome through
a process that requires TLR2-dependent
licensing. We identified the urease
enzyme, a colonization determinant
known to be required for acid adaptation,
as critically required for activation of the
TLR2/NLRP3/caspase-1 axis. The phe-
notypes of urease mutants, as well as
mouse strains defective for TLR2 or
NLRP3, are discussed with respect to
their ability to support persistent coloni-
zation, immune tolerance and immunity
to H. pylori.

H. pylori has pathogenic as well as
immunomodulatory properties

Twomajor trends have dominated pub-
lic health in developed countries since the
second half of the 20th century. The inci-
dence of infectious diseases has declined
sharply in that time frame, whereas immu-
nological disorders such as multiple sclero-
sis (MS), inflammatory bowel disease
(IBD), allergies, and type I diabetes have
become much more common over the

same time period.1 The incidence of infec-
tions with the gastric bacterial pathogen
Helicobacter pylori has followed those of
other infectious diseases, with childhood
acquisition rates dropping in the US and
other developed countries from >50% to
10% between the beginning and the end of
the 20th century.2 In line with the known
carcinogenic properties of H. pylori infec-
tion,3 a beneficial effect of this trend has
been the steady decline in gastric cancer
rates and gastric cancer-associated mortal-
ity in countries from which H. pylori has
largely disappeared.4 The loss of H. pylori
in developed countries has been paralleled
by an increase in esophageal diseases such
as esophagitis, Barrett’s esophagus and
esophageal cancer, with the latter having
increased in incidence by over 6 fold in the
years from 1975 to 2000 alone;5 however,
a potential causal link between these
2 trends remains to be proven. Epidemio-
logical studies have further shown an
inverse association of H. pylori infection
with asthma and other allergies with
respiratory tract manifestations, which was
particularly strong in children and adoles-
cents and in individuals with early onset
allergies and asthma.6-10 The chronic
inflammatory skin disease atopic dermati-
tis/eczema has also been inversely linked
to H. pylori infection in studies including
over 3000 German school children and
almost 2000 Japanese university stu-
dents.11,12 Similarly, according to several
meta-analyses, H. pylori infection is
inversely associated with IBD. 13,14 Only
27% of IBD patients had evidence of
infection with H. pylori compared to
41% of patients in the control group.13
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Epidemiological studies conducted in
Japan and the UK have concluded that
H. pylori may further be protective in
multiple sclerosis (MS).15,16

Following up on the various observa-
tional studies in human populations, we
and others have begun to examine a possi-
ble protective effect of experimental H.
pylori infection in animal models of allergic
asthma, IBD and MS. 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 air-
way hyper-responsiveness, broncho-alveo-
lar eosinophilia, lung inflammation and
goblet cell metaplasia that are hallmarks of
asthma in humans and mice.17 The protec-
tive effects are particularly pronounced in
animals that have been experimentally
infected early in life,17 i.e. at an age when
humans typically contract the infection
from their mothers. 18 Asthma protection
conferred by H. pylori is abolished by anti-
biotic eradication therapy prior to allergen
challenge, and depends critically on regula-
tory T-cells (Tregs).17 The systemic deple-
tion of Tregs abrogates asthma protection,
and conversely, pure populations of
CD4CCD25CTregs are sufficient to trans-
fer protection from neonatally infected
donors to naive recipients.17 These results
are in line with our earlier demonstration
that neonatal infection withH. pylori indu-
ces Treg-mediated immune tolerance to
the bacteria.19 In addition to the beneficial
effects on allergen-induced asthma, we and
others have shown that H. pylori protects
against chronic intestinal inflammation in
models of IBD;20-22 a recent study has
reported protection against experimental
autoimmune encephalomyelitis (EAE), a
mouse model of MS.16

The immunomodulatory effects of H.
pylori require IL-18 signaling

Interestingly, the suppressive activity of
Tregs in the asthma model depends
critically on interleukin-18.23 In the
absence of IL-18 signaling, neonatal toler-
ance to the infection cannot be established;
CD4CCD25C T-cells derived from IL-
18¡/¡ or IL-18R¡/¡ donors are not pro-
tective against asthma.23 Additional experi-
ments have revealed that IL-18 is
produced by dendritic cells (DCs) upon

exposure to H. pylori infection.23 The lack
of IL-18 production by DCs appears to be
responsible for the failure of IL-18¡/¡ or
IL-18R¡/¡ mice to develop H. pylori-spe-
cific tolerance. IL-18 proficiency is
required both in DCs derived from bone
marrow and DCs isolated immunomag-
netically from mesenteric lymph nodes for
the conversion of naive CD4C T-cells into
CD25CFoxP3C Tregs and IL-18R signal-
ing in T-cell is critical for their differentia-
tion into FoxP3C Tregs.23 In line with
these observations, FoxP3C Treg numbers
in the MLNs of both infected IL-18¡/¡

and IL-18R¡/¡ mice are significantly
lower than those of infected wild type
mice.23 The other caspase-1-dependent
cytokine, IL-1b, exerts entirely different
functions in the H. pylori/host interaction,
and in many ways opposes the activity of
IL-18.24 IL-1 receptor-deficient mice fail
to control Helicobacter and are colonized
as heavily as T-cell-deficient mice; Th1
and Th17 responses are not generated in
the absence of IL-1 signaling, and as a con-
sequence, the mice are protected against
infection-associated immunopathology.24

Furthermore, IL-1b levels are elevated in
the gastric mucosa of symptomatic H.
pylori-infected individuals25 and polymor-
phisms associated with increased steady
state levels of IL-1b predispose carriers to
gastric cancer.26 Indeed, the stomach-spe-
cific expression of human IL-1b is suffi-
cient to induce gastric inflammation and
gastric cancer in transgenic mice.27 Based
on the described findings on the impact of
caspase-1-dependent IL-18 and IL-1b on
the outcome of the H. pylori/host interac-
tion, we hypothesized that H. pylori must
possess inflammasome ligands that trigger
caspase-1 activation in gastric lamina prop-
ria DCs or other antigen-presenting cells
sampling the gastric lumen. In this adden-
dum, we summarize our results showing
that H. pylori activates the TLR2/NLRP3/
caspase-1 axis to promote cytokine proc-
essing and secretion, which in turn is
required for Treg generation, persistence
and protection against allergic disease.28

H. pylori activates the NLRP3
inflammasome in a TLR2-dependent
manner

We initially asked which pattern recog-
nition receptors might contribute to

inflammasome activation by H. pylori in
(bone marrow-derived, BM) DCs. We
compared the ability of BM-DCs from
various knock-out mouse strains to acti-
vate caspase-1 and to process and secrete
IL-1b and IL-18. NLRP3 and the adaptor
protein ASC, but not the Nod-like recep-
tors NLRC4 or NLRP6, or the cyto-
plasmic DNA sensor AIM2, turned out to
be absolutely required for these processes
(Fig. 1). Our results were well in line with
other publications that had also identified
the NLRP3 inflammasome as the predom-
inant type of inflammasome to become
activated upon H. pylori exposure of
murine DCs.29,30 We then turned our
attention to TLRs and their contribution
to inflammasome activation; quite unex-
pectedly, TLR2 proficiency was found to
be a clear prerequisite of NLRP3 inflam-
masome activation, as TLR2¡/¡ DCs
failed to activate caspase-1 and secrete cas-
pase-1-dependent cytokines. In contrast,
all other examined TLRs (TLR4,5,9) and
the IL-1 receptor were dispensable for
NLRP3 inflammasome activation. Further
work revealed that H. pylori-induced
TLR2 signaling led to the transcriptional
activation of NLRP3, which in both
bone-marrow-derived and splenic DCs is
a rate-limiting step for H. pylori-induced
inflammasome activation (Fig. 1).
NLRP3 expression was dependent on NF-
kB, as an inhibitor of NF-kB nuclear
translocation blocked both NLRP3 tran-
scriptional activation and caspase-1-
dependent cytokine processing and secre-
tion. We also examined a putative role for
a recently identified non-canonical inflam-
masome activation pathway involving
TRIF, IRF3/7, and type I IFN production
and signaling as well as caspase-11,31 but
found this pathway to be dispensable for
H. pylori–induced caspase-1 activation
and cytokine production. Having thus
uncovered a critical contribution of
NLRP3 and TLR2 to H. pylori-specific
inflammasome activation, we experimen-
tally infected the respective knockout
strains with a virulent isolate of H. pylori
that readily recapitulates important fea-
tures of human H. pylori-associated gastric
disorders.19 Interestingly, H. pylori infec-
tion of both TLR2¡/¡ and NLRP3¡/¡

mice phenocopied the effects of caspase-1
or IL-18 gene deletion,24 i.e., these mice

www.tandfonline.com 383Gut Microbes



were able to control the bacteria
more efficiently and exhibited
more pronounced Th1 (and
Th17, data not shown) responses
upon infection. In contrast,
FoxP3C Treg frequencies in the
stomach-draining mesenteric
lymph nodes were lower in
TLR2¡/¡ mice, presumably due
to their inability to produce bioac-
tive IL-18. Indeed, a defect in any
of the factors of the TLR2/
NLRP3/caspase-1/IL-18 axis pro-
duces a phenotype that is reminis-
cent of Treg or DC depletion,
which leads to better infection
control and more pronounced
chronic inflammation and immu-
nopathology.19,23,32 Although we
weren’t able to attribute the
NLRP3 and TLR2 phenotypes to
DCs due to the lack of available
floxed alleles, the fact that DCs
are required for immune tolerance
rather than immunity to H.
pylori23,32 makes it seem likely
that inflammasome activation in
DCs and the DC-intrinsic pro-
duction of IL-18 contribute criti-
cally to Treg conversion and the
tolerogenic phenotype of infected
mice.

H. pylori LPS and urease prime IL-1b
and NLRP3 expression

Having identified the TLR2/NLRP3/
IL-18 axis as an important modulator of
the H. pylori/host interaction, we next
asked which H. pylori factors drive inflam-
masome activation. As the Cag pathoge-
nicity island and certain well-known H.
pylori immunomodulators (e.g. the g-glu-
tamyl-transpeptidase and the vacuolating
cytotoxin A33) could be ruled out as con-
tributing significantly to H. pylori-induced
caspase-1 activation and IL-1b secretion,
we performed a genome-wide screen for
mutants lacking the ability to induce IL-
1b secretion by BM-DCs. We opted for
an ELISA-based readout because it
allowed us to screen thousands of mutants
at reasonable cost. IL-1b secretion was
assayed because we had determined earlier
that the processing and secretion of this
cytokine by BM-DCs is entirely depen-
dent on caspase-124 (and on NLRP3, see

above). We took advantage of a transpo-
son library that had been used previously
to characterize the essential genes of H.
pylori for survival in vitro34 and for the
colonization of the murine stomach.35 We
applied a rather stringent cut-off (>75%
reduction in IL-1b secretion relative to
BM-DCs infected with the parental wild
type strain on the same 96 well plate).
Only mutants that could be validated in a
second round of screening were subjected
to sequencing of transposon-flanking
regions to identify the transposon inser-
tion site. The screen was saturated, i.e. no
new insertion sites could be identified,
after approximately 2000 individual
clones had been assessed. The 64 identi-
fied transposon mutants could be mapped
to 32 different gene loci and grouped into
distinct classes with defects in LPS synthe-
sis, restriction/modification and chemo-
taxis; a fourth predominant group had
insertions in the urease gene cluster.
Mechanistic follow up studies were

conducted on mutants that lack LPS syn-
thesis genes, as well as mutants with
defects in urease production, because
genes in these categories were recurrently
identified in the screen (at least 3 and up
to 5 times). Many of the transposon
mutant phenotypes could be confirmed
by gene-specific, isogenic deletion mutants
in various strain backgrounds. To address
the functional contribution of LPS to IL-
1b secretion, we constructed a gene-spe-
cific deletion mutant in the gene
HPG27_146, which encodes LPS 1,2-gly-
cosyltransferase; as shown previously,36

mutants lacking this enzyme produce LPS
without an O-chain and without Lewis
antigen. We were able to attribute the
defect of the LPS mutants in inducing IL-
1b secretion to their deficiency in trigger-
ing the transcriptional activation of pro-
IL-1b (Fig. 1). Further analyses with puri-
fied wild type LPS confirmed previous
studies showing that H. pylori LPS is com-
paratively bio-inactive (i.e., 1000 times

Figure 1. Schematic of H. pylori-induced inflammasome activation, cytokine processing and downstream
effects. H. pylori LPS and the urease B subunit (UreB) promote NLRP3 inflammasome and caspase-1 activation
as well as IL-1b and IL-18 processing and secretion. H. pylori LPS activates IL-1b expression via TLR4, MyD88
and NF-kB (indicated by red arrows), whereas UreB signals via TLR2, MyD88 and NF-kB to activate NLRP3
transcription (green arrows). The assembly of NLRP3, ASC and pro-caspase-1 is triggered through an as yet
unknown mechanism, leading to caspase-1 activation and to the processing of pro-IL-1b and pro-IL-18. The
mature cytokines are released, bind to their receptors on naive T-cells and promote Th1 differentiation and
H. pylori control in the case of IL-1b, and Treg differentiation, immune tolerance and persistence in the case
of IL-18. The pro-form of IL-18 is constitutively expressed in DCs.
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more is needed to trigger a response simi-
lar to that of E. coli LPS);37,38 however, in
contrast to a previous study,38 we found
the LPS to signal exclusively through
TLR4 and MyD88, but not TLR2. The
transcriptional activation of pro-IL-1b
thus depends on a functional LPS/TLR4/
MyD88 axis. The second category we
chose to follow up mechanistically had
defects in urease production. The H. pylori
enzyme urease consists of 2 subunits,
UreA and UreB, and catalyzes the hydro-
lysis of urea into carbon dioxide and
ammonia. Urease is active in the bacterial
cytosol and is widely believed to serve as
the most important adaptation of H.

pylori to its acidic gastric niche. Urease
mutants generally fail to colonize mice.39

Interestingly, we found that mutants lack-
ing the entire ureA/B operon (uremutants)
were defective for caspase-1 activation as
judged by its auto-proteolytic processing
(Fig. 1); this phenotype could be rescued
by addition of recombinant UreB, but not
UreA, suggesting that a structural compo-
nent of this urease subunit rather than the
enzymatic activity of the holoenzyme is
required for inflammasome activation.
Interestingly, the biochemical comple-
mentation of the ure mutant defect with
UreB was restricted to wild type DCs, and
was not seen in TLR2¡/¡ DCs. This

observation led us to examine whether the
TLR2-dependent licensing of the NLRP3
inflammasome by H. pylori requires ure-
ase. Indeed, ure mutants failed to induce
NLRP3 expression, which mechanistically
explains their defect in caspase-1 activa-
tion and IL-1b/IL-18 processing and
secretion. In summary, performing a
genome-wide transposon library screen
allowed us to identify 2 distinct, non-
redundant H. pylori factors contributing
to inflammasome activation and caspase-
1-dependent cytokine production, with
the LPS/TLR4/MyD88 axis promoting
pro-IL-1b expression and the urease/
TLR2/MyD88 axis promoting NLRP3

expression; the latter represents a
critical step in inflammasome
licensing and activation by H.
pylori, at least in the examined
DCs of bone-marrow and
splenic origin. Independent
studies on human blood-derived
DCs confirmed that both classes
of mutants also exhibit a clear
defect in inducing IL-1b secre-
tion in human cells, suggesting
that the priming of pro-IL-1b
expression and NLRP3 inflam-
masome licensing represent the
rate-limiting steps of inflamma-
some activation and cytokine
processing in humans as well as
mice.

H. pylori urease is required
for Treg induction and immune
tolerance and for the
suppression of allergen-specific
T-cell responses

Mice lacking caspase-1, or IL-
18, or its receptor all control
experimental H. pylori infections
more effectively than wild type
mice, generate more pronounced
Th1 and Th17 responses to the
infection and develop excessive
infection-induced gastric immu-
nopathology upon H. pylori
exposure.23,24 IL-18¡/¡ and IL-
18R¡/¡ animals are further also
known to exhibit defects in Treg
differentiation and function,
which explains these strains’
above-mentioned traits.23 As dis-
cussed above, NLRP3¡/¡ and

Figure 2. Systemic effects of gastric H. pylori colonization and inflammasome-dependent IL-18 production. The
pathobiont H. pylori colonizes the gastric mucosa of roughly one half of the human population. Dendritic cells
(DCs) and potentially other resident antigen-presenting cells sample H. pylori antigens and prime T-cell
responses, either locally in the gastric mucosa and/or upon their migration to the draining mesenteric lymph
nodes (MLN). DCs that have encountered urease-proficient H. pylori activate TLR2 signaling, the NLRP3 inflam-
masome and caspase-1 (lower inset), and process and secrete IL-18 (as well as IL-1b, not shown here), which
promotes Treg differentiation. H. pylori-induced Tregs are required for the local suppression of anti-H. pylori T-
effector cell responses and persistent H. pylori infection, and are also believed to migrate to the lung, where
they prevent allergen-specific immune responses (upper inset). Treg- and DC-derived IL-10 contributes to H.
pylori-specific allergy prevention in the lung.
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TLR2¡/¡ mice phenocopy the defects of
caspase-1- and IL-18 signaling-deficient
strains as they also control H. pylori infec-
tions better, and develop stronger Th1
and Th17 responses. To address whether
the H. pylori factors identified in our
screen contribute to NLRP3 inflamma-
some activation, cytokine secretion and
Treg differentiation in vivo, we deleted
the respective genes in the mouse-coloniz-
ing, highly immunogenic strain of H.
pylori described above (termed PMSS1)
that we and others have used extensively
to study immunomodulation, persistence
and gastric pathology.19 Whereas the LPS
mutant unfortunately failed to colonize
mice under any of the conditions tested
and therefore could not be analyzed in
vivo, the urease mutant in the PMSS1
background had no defect in initial colo-
nization. This result was surprising given
that urease mutants in 2 other strain back-
grounds, M6 and SS1, have either long
been known to be entirely incapable of
colonizing mice or piglets (M6)39,40 or
were found to be defective for coloniza-
tion in our current study (SS1). The dis-
crepancy among strains is especially
puzzling as PMSS1 is a derivative of SS1
and differs from its parent mainly in the
expression of a functional type IV secre-
tion system.41 Interestingly, the urease
mutant in the PMSS1 background (which
colonized adult animals at wild type levels
and neonatally infected animals at signifi-
cantly reduced levels) induced less gastric
production of IL-1b, IL-18, less active
caspase-1 and less NLRP3 expression than
the parental wild type strain as judged by
ELISA, Western blotting and qRT-PCR
of gastric mucosal extracts, thereby con-
firming the in vitro phenotype of the ure-
ase mutant. The lower bacterial counts of
the PMSS1 urease mutant in neonatally
infected mice coincided with higher Th1
and lower Treg frequencies in the mesen-
teric lymph nodes, and higher IFN-g
expression in the gastric mucosa. As all
parameters thus pointed to a defect of the
urease mutant in inducing tolerogenic
immune responses, we subjected wild type
and urease mutant-infected mice to house
dust mite allergen sensitization and chal-
lenge to induce asthma-like symptoms.
Whereas wild type-infected animals were
protected against the eosinophilia, lung

inflammation, goblet cell metaplasia and
Th2 cytokine production that are all hall-
marks of allergic asthma in this model, the
urease mutant-infected mice developed
normal disease. Similarly, CD4CCD25C

Tregs derived from the mesenteric lymph
nodes of wild type-infected, but not
mutant-infected donors transferred pro-
tection to naive recipients, suggesting that
the protection induced by the wild type
bacteria was Treg-mediated. Indeed,
TLR2¡/¡ mice were not protected after
wild type H. pylori infection, and
CD4CCD25C Tregs derived from
TLR2¡/¡ or NLRP3¡/¡ did not confer
protection to naive recipients; moreover,
treatment with an IL-18 neutralizing anti-
body abrogated the protection conferred
by wild type bacteria. All data thus point
to a critical role of the urease/TLR2/
NLRP3/IL-18 axis in promoting tolero-
genic (Treg-driven) responses to allergens
and in suppressing allergen-specific Th2
responses and the associated pulmonary
pathology (see schematic in Fig. 2). In
conclusion, the contribution of urease to
NLRP3 inflammasome activation and
cytokine processing (especially of IL-18)
that was identified in our screen translates
into a critical function of this protein in
high-level persistent infection and immu-
nomodulation in the mammalian host
(Fig. 2). Our results suggest a role for H.
pylori urease that is independent of its role
in acid adaptation; our interpretation of
the urease mutant phenotype is in agree-
ment with previous data from gnotobiotic
piglets, in which urease was required for
colonization even if the stomach pH had
been neutralized by treatment with the
proton pump inhibitor omeprazole.40

Several questions remain to be
addressed in the future: most importantly,
it will be of special interest to examine the
putative (direct) interaction of UreB with
TLR2, the essential first step for NLRP3
expression. As TLR2 is better known for
its ability to detect lipoproteins and -pep-
tides, lipoteichoic acid, lipoarabino-
mannan and phosphatidylinositol-
anchored lipids, UreB might be among
the first of a new class of non-lipid ago-
nists to activate TLR2 signaling. In this
context, it will also be interesting to inves-
tigate the subcellular localization of the
urease enzyme. Whereas the bulk of the

enzyme is clearly cytoplasmic, periplasmic,
surface and extracellular pools have been
documented and/or proposed.42,43 As sev-
eral other pathogens, including extragas-
tric Helicobacter species and mycobacteria,
are known to produce ureases, it will be
worthwhile to address whether these
enzymes also exhibit immunomodulatory
properties in the respective hosts. Finally,
the ultimate trigger for H. pylori-driven
inflammasome assembly remains to be
identified. Although our screen has
revealed priming and licensing factors, we
failed to identify factors affecting the
aggregation of pre-formed NLRP3, ASC
and pro-caspase-1. In conclusion, more
work remains to be done to elucidate all
aspects of H. pylori-induced inflamma-
some activation and cytokine secretion,
and the various biological implications of
this highly regulated process for the out-
come (health vs. disease) of the Helico-
bacter/host interaction.
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