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DC-derived IL-18 drives Treg differentiation,
murine Helicobacter pylori—specific immune
tolerance, and asthma protection
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Persistent colonization with the gastric bacterial pathogen Helicobacter pylori causes gastritis and predisposes
infected individuals to gastric cancer. Conversely, it is also linked to protection from allergic, chronic inflam-
matory, and autoimmune diseases. We demonstrate here that H. pylori inhibits LPS-induced maturation of
DCs and reprograms DCs toward a tolerance-promoting phenotype. Our results showed that DCs exposed to
H. pylori in vitro or in vivo failed to induce T cell effector functions. Instead, they efficiently induced expression
of the forkhead transcription factor FoxP3, the master regulator of Tregs, in naive T cells. Depletion of DCs
in mice infected with H. pylori during the neonatal period was sufficient to break H. pylori-specific tolerance.
DC depletion resulted in improved control of the infection but also aggravated T cell-driven immunopathol-
ogy. Consistent with the mouse data, DCs infiltrating the gastric mucosa of human H. pylori carriers exhib-
ited a semimature DC-SIGN*HLA-DR"CD80'°CD86'" phenotype. Mechanistically, the tolerogenic activity of
H. pylori-experienced DCs was shown to require IL-18 in vitro and in vivo; DC-derived IL-18 acted directly on
T cells to drive their conversion to Tregs. CD4*CD25* Tregs from infected wild-type mice but not Il187/~ or
I118r1~/~ mice prevented airway inflammation and hyperresponsiveness in an experimental model of asthma.
Taken together, our results indicate that tolerogenic reprogramming of DCs ensures the persistence of H. pylori

and protects against allergic asthma in a process that requires IL-18.

Introduction

DCs are predominantly known for their function as potent induc-
ers of adaptive immunity. However, there is now increasing evi-
dence that certain populations of poorly immunogenic DCs initi-
ate and maintain immunological tolerance through induction of
anergy, deletion of autoreactive T cells, and the instruction and
differentiation of Tregs (1). Under steady-state conditions, tissue-
resident immature DCs express low levels of MHC class II (MHCII),
costimulatory molecules, and proinflammatory cytokines but may
transform to fully mature DCs upon antigen uptake, accompa-
nied by the concomitant sensing of pathogen-associated molecu-
lar patterns (PAMPs) or of “danger” signals released by tissues in
distress (2). Such PAMPs or danger-associated molecular patterns
(DAMPs) are detected by membrane-bound TLRs or cytoplas-
mic Nod-like receptors (NLRs) (3, 4) and induce the expression
of MHCII, CD40, CD80, and CD86 as well as a number of proin-
flammatory and T cell-activating cytokines, including IL-1f3, IL-6,
and IL-12 (2). Immature DCs that have taken up antigen, but
have not simultaneously been exposed to TLR or NLR ligands, are
thought to acquire a semimature state, characterized by high levels
of MHCII but low or no expression of costimulatory molecules or
proinflammatory cytokines; such semimature CD11c"MHCIIMC
D80'°CD86!° DCs are believed to exhibit tolerogenic (as opposed
to stimulatory or immunogenic) properties (1). Tolerogenic DCs
function by converting naive T cells into FoxP3* Tregs with sup-
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pressive activity; Treg induction is achieved through antigen pre-
sentation in the absence of costimulatory signals or cytokines,
either alone or in combination with the production of soluble and
membrane-bound tolerogenic factors, such as IL-10, TGF-, reti-
noic acid, and programmed death ligands (1, 5).

Persistent infection with the gram-negative gastric bacterial
pathogen Helicobacter pylori results in chronic gastritis (6) and
predisposes carriers to a high risk of developing gastric and duo-
denal ulcers, gastric cancer, and gastric mucosa-associated lym-
phoid tissue lymphoma (7-9). We and others have shown previ-
ously that MHClII-restricted T cells are required for the control
of this extracellular pathogen under conditions of experimental
infection in naive mice (10) and for the development of vaccine-
induced protective immunity (11, 12). Th1-polarized, pathogenic
CD4" T cells further represent the driving force behind the infec-
tion-associated gastric preneoplastic immunopathology that
manifests histologically as atrophic gastritis, epithelial hyperpla-
sia, and intestinal metaplasia in infected rodents and in a subset of
chronically infected humans (10, 13-15). Consequently, targeting
T cells pharmacologically prevents and even reverses the gastric
immunopathology associated with chronic Helicobacter infection
(16, 17). Interestingly, the outcome of the Helicobacter/host interac-
tion varies dramatically depending on the age at the time of infec-
tion. Whereas mice infected as fully immunocompetent adults
develop preneoplastic lesions within 2 to 4 months of infection
with virulent Helicobacter strains, mice infected during the neo-
natal period are protected against gastric immunopathology due
to their development of immune tolerance to the pathogen (18).
Volume 122

Number3  March 2012



The depletion of Tregs breaks neonatally acquired tolerance and
results in a dramatic reduction of bacterial loads and the devel-
opment of Thl-associated immunopathology (18). Tregs induced
during neonatal infection are further both required and sufficient
to mediate the H. pylori-induced, but antigen-independent, cross-
protection against allergic asthma that is evident in human carri-
ers of H. pylori (19-22) and in experimentally infected mice (23).
In an ovalbumin sensitization/challenge model of allergic asth-
ma, neonatally infected mice were completely protected against
the clinical and histopathological features of asthma, i.e., airway
hyperresponsiveness, tissue inflammation, and bronchoalveolar
eosinophilia (23). Depletion of Tregs abrogated protection, and
the adoptive transfer of Tregs was sufficient to transfer protec-
tion against ovalbumin-induced asthma from neonatally infected
donors to naive recipients (23).

Here we show that H. pylori possesses the ability to profoundly
impact the DC maturation process and to convert immature DCs
to tolerogenic DCs in vitro and in vivo. H. pylori-tolerized DCs
are incapable of activating effector functions in naive T cells but
become very efficient inducers of FoxP3* Tregs. DC depletion
breaks neonatally induced, H. pylori-specific tolerance. We further
show that large numbers of semimature DCs are detectable in the
chronically infected gastric mucosa of human H. pylori carriers and
that the tolerogenic properties of H. pylori-experienced DCs require
the secretion of IL-18 and its direct action on naive T cells. Taken
together, our results suggest that H. pylori skews the host’s immune
response toward tolerance over immunity through its direct effects
on DCs and that the H. pylori/DC interaction forms the mecha-
nistic basis for bacterial persistence and for the protection against
asthma that is a hallmark of H. pylori-infected individuals.

Results

H. pyloriinfection prevents DC maturation in a contact-dependent manner.
To assess the effects of H. pylori infection on DC maturation, we
generated immature bone marrow-derived DCs (BM-DCs) and
treated the cells with E. coli LPS to induce their maturation, either
in the absence or presence of H. pylori. Flow cytometric analysis of
CD80, CD86, and CD40 expression revealed that LPS treatment
efficiently induced DC maturation, which was strongly inhibited
by the presence of live H. pylori (Figure 1, A and B). The infection
alone had no effect on the maturation state of DCs (Figure 1, A
and B). The expression of DC maturation markers was paralleled
by secretion of IL-12 and IL-6 upon LPS treatment, which was also
inhibited by H. pylori (Figure 1C). Expression of the antiinflam-
matory cytokine IL-10 was inversely correlated with the other
cytokines; its expression was increased by the infection but was
not elevated in the LPS-treated samples (Figure 1C). The inhibi-
tion of DC maturation did not depend on the presence of a func-
tional cytotoxin-associated gene (Cag) pathogenicity island-encod-
ed type IV secretion system, as an H. pylori mutant deficient for
an essential component of the system, CagE, was as efficient as
wild-type bacteria in preventing LPS-induced DC maturation,
as assessed by staining for CD80 (Figure 1D) and by ELISA for
IL-12p40 (Figure 1E). In contrast, direct contact between wild-type
bacteria and the cells was required for this effect, as a transwell
filter that prevented attachment of the bacteria also impaired the
inhibition of LPS-induced DC maturation (Figure 1, F and G).
The observed consequences of H. pylori infection were not due to
cytotoxic effects of the bacteria on cultured DCs and were at least
partially phenocopied by treatment with H. pylori extract (Supple-
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mental Figure 1, A-C; supplemental material available online with
this article; doi:10.1172/JCI61029DS1). We further alternatively
used the TLR2 and TLRY ligands PAM3Cys and CpG to induce
DC maturation; H. pylori infection also efficiently prevented CD80
expression and IL-12 secretion induced by these stimuli (Figure 1,
H and I, and data not shown). Interestingly, we could not attri-
bute the effects of H. pylori on DCs to the C-type lectin receptor
DC-specific ICAM3-grabbing nonintegrin (DC-SIGN), which was
previously demonstrated to mediate immune escape by H. pylori
(24). DCs transgenically expressing human DC-SIGN (hDC-SIGN)
under the control of the ¢d11c promoter did not differ from wild-
type DCs, with respect to the inhibitory effects of H. pylori on LPS-
induced DC maturation; mice expressing hDC-SIGN (25) further
did not differ from wild-type littermates in terms of H. pylori colo-
nization levels (Supplemental Figure 1, D-F). Taken together, the
results indicate that H. pylori has evolved a mechanism of impair-
ing DC function in a manner that depends on direct contact but is
independent of the type IV secretion system.

H. pylori exposure generates tolerogenic DCs with the ability to convert
naive T cells to FoxP3* Tregs in a contact- and TGF-B—dependent manner.
One of the inherent characteristics of semimature DCs is their
ability to convert naive T cells into FoxP3* Tregs with suppressive
activity. To assess whether the exposure to H. pylori induces such
tolerogenic DCs, we compared the ability of untreated and H. pylori-
infected BM-DCs to convert naive T cells to FoxP3* Tregs
(Figure 2A).Inline with their semimature phenotype (MHCIIMCD80'
CD86'°CD40'"; Figure 1, A and B; data not shown for MHCII),
BM-DCs that had been infected with H. pylori induced FoxP3*
Tregs significantly more efficiently than naive BM-DCs, when
cultured in the presence of anti-CD3 cross-linking antibody and
TGF- (Figure 2, A and B). Similarly, H. pylori-infected BM-DCs
loaded with ovalbumin were better able than their naive counter-
parts to trigger the conversion of ovalbumin-specific (OTII) T cells
to FoxP3* Tregs (Figure 2, C and D). Direct contact between the
infected BM-DCs and T cells was required for their efficient con-
version to FoxP3* Tregs, as the separation of both cell populations
by a transwell filter abrogated the effect (Figure 2E). Interestingly,
DCsisolated from the bone marrow of gene-targeted mice lacking
MyD88 or TLR2, an important pattern recognition receptor for
H. pylori (26, 27), were as capable of Treg conversion upon H. pylori
exposure as wild-type BM-DCs (Figure 2F). We next immunomag-
netically purified CD11c* DCs from the mesenteric lymph nodes
(MLNs) of C57BL/6 mice to more than 80% purity and infected
them with live H. pylori prior to coculture with naive T cells. Infect-
ed MLN-derived DCs (MLN-DCs) were significantly more potent
inducers of FoxP3 expression in T cells than naive MLN-DCs in the
presence of anti-CD3 cross-linking antibody (Figure 2, G and H)
or upon ovalbumin-specific stimulation of OTII T cells (Figure 2,
Iand]J), indicating that the tolerizing effects of H. pylori exposure
are common to both BM-DC and MLN-DC populations.

H. pylori—experienced DCs are incapable of activating T cell effector
responses. To examine whether the exposure of DCs to H. pylori not
only renders them tolerogenic, but at the same time impairs their
ability to activate T cell effector functions and to induce Th1 dif-
ferentiation, we cocultured H. pylori-infected BM-DCs with naive
OTII T cells under conditions of anti-CD3 cross-linking or oval-
bumin-specific priming. Infected BM-DCs were significantly less
able than naive BM-DCs to induce IFN-y expression and secre-
tion in T cells activated by CD3 cross-linking or ovalbumin prim-
ing, as determined by intracellular cytokine staining and ELISA
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Figure 1

The TLR ligand-induced maturation of DCs is impaired by H. pylori infection. (A—C) BM-DCs were infected with H. pylori (Hp) strain PMSS1
at a MOI of 50 and/or treated with 0.5 ug/ml E. coli LPS for 16 hours prior to (A and B) the flow cytometric analysis of CD80, CD86, and CD40
expression and (C) the quantification of IL-12p40, IL-6, and IL-10 secretion by ELISA. Representative FACS plots are shown for CD80 in A, and
the average MFI of CD80, CD86, and CD40 expression of all CD11c* cells is shown in B. (D and E) BM-DCs were infected with H. pylori strain
PMSSH1 or its isogenic mutant, PMSS1ACagE (AE), and/or treated with LPS for 16 hours and (D) assessed for CD80 expression and (E) IL-12p40
secretion. (F and G) BM-DCs were infected with H. pylori strain PMSS1 and/or treated with LPS for 16 hours and (F) assessed for CD80 expres-
sion and (G) IL-12p40 secretion; bacteria were separated from the cells by a transwell (tw) filter where indicated. (H and I) BM-DCs were infected
with H. pylori strain PMSS1 and/or treated with 0.5 ug/ml LPS or 5 ug/ml Pam3Cys (Pam) for 16 hours and assessed for (H) CD80 expression
and () IL-12p40 secretion. Data are representative of (D-I) at least 3 and (A—C) up to 8 independent experiments and are represented as
mean + SEM of triplicate cultures. P values were calculated using Student’s t test.

(Figure 3, A and B). T cell expansion, as assessed by [3H] thymi-
dine incorporation, was impaired as well (Figure 3C). To con-
firm these results with MLN-DCs, immunomagnetically isolated
CD11c" DCs from the MLNs of naive mice were infected ex vivo
and cocultured with OTII-transgenic T cells under conditions of
CD3 cross-linking or ovalbumin-specific priming. As observed
with the BM-DCs, infected MLN-DCs were significantly less
capable of inducing IFN-y production upon CD3 cross-linking or
ovalbumin-specific priming than uninfected MLN-DCs (Figure 3,
D-F). The combined results suggest that H. pylori-experienced
DCs are better inducers of Tregs, but worse inducers of effector T
cells, than naive DCs without prior exposure to the bacteria.
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H. pylori—experienced DCs fail to induce asthma in a DC-mediated oval-
bumin sensitization and challenge model. We and others have shown
recently that infection with H. pylori protects against allergic asth-
ma in humans (19-22) and in mouse models of the disease (23). A
hallmark of infected mice protected against asthma was their pul-
monary infiltration with immature, CD11c¢* MHCII' DCs, which
were much less abundant in asthmatic mice (23). To determine
whether exposure to H. pylori indeed generates DCs that are unable
to promote asthma, we established a model in which 1 intrana-
sal dose of ovalbumin-loaded DCs was used to sensitize mice to
ovalbumin, followed by challenge with aerosolized ovalbumin
2 weeks later. Uninfected, ovalbumin-loaded DCs were compared
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Figure 2

H. pylori—experienced DCs induce FoxP3 expression in naive T cells. (A and B) BM-DCs were infected with H. pylori PMSS1 (MOI 50); after 16 hours,
bacteria were killed with antibiotics. DCs were cocultured with immunomagnetically isolated, splenic CD4+CD25- T cells for 3 days in the pres-
ence of rTGF-p, rlL-2, and anti-CD3e mAb prior to flow cytometric analysis of CD4, CD25, and FoxP3 expression. (A) Representative plots of
the CD4+ gate, (B) along with mean + SEM of triplicate cocultures. T cells cultured in the absence of DCs served as controls (ctrls). (C and D)
BM-DCs were treated as described in A and B and were additionally loaded with 20 ug/ml ovalbumin prior to coculturing with CD4+CD25- OTII
T cells in the presence of rTGF-f and rIL-2. (C) Representative CD25 and FoxP3 plots of the CD4+ gate, (D) along with mean + SEM of triplicates.
(E) BM-DCs and T cells were treated as described in A, except that both populations were separated by a transwell filter where indicated. (F)
Wild-type, Myd88--, and Tir2-- BM-DCs were treated as described in A and B. The mean + SEM of the CD25+FoxP3+ fraction of the CD4+ gate
of triplicate cocultures is shown in E and F. (G and H) Immunomagnetically isolated, MLN-derived CD11c* DCs were treated and cocultured
with T cells as described in A and B. (I and J) MLN-derived CD11c* DCs were treated and cocultured with OTII T cells as described in C and D.
(G and I) Representative FACS plots are shown, (H and J) along with mean + SEM of triplicate cocultures. Numbers indicate the percentage of
FoxP3+CD25+ cells. Data are representative of at least 3 and up to 8 experiments.

with H. pylori-infected, ovalbumin-loaded DCs, which had been  inflammation and extensive goblet cell metaplasia (Figure 4, C-E).
subjected to antibiotic therapy to kill the bacteria prior to intrana- ~ They further showed high levels of bronchoalveolar infiltration,
sal administration. Additional control groups received DCs that  as assessed by quantification of total cells in the bronchoalveo-
had not been pulsed with antigen. Mice that had received ovalbu-  lar lavage fluid (BALF) (Figure 4F). Whereas the BALF from non-
min-loaded DCs developed characteristic airway hyperresponsive-  asthmatic mice predominantly contained alveolar macrophages,
ness, as assessed upon methacholine inhalation (Figure 4, Aand  the fraction of macrophages decreased in the BALF of asthmatic
B), and exhibited high levels of peribronchiolar and perivascular  recipients of ovalbumin-loaded DCs (Figure 4G). The predomi-
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Figure 3

H. pylori infection impairs the ability of DCs to activate T cell effector functions. (A—C) BM-DCs were infected as described in Figure 2, A and B,
and/or loaded with 20 ug/ml ovalbumin prior to coculturing with immunomagnetically isolated, splenic OTIl CD4+CD25- T cells for 3 days in
the presence of rlL-2. Anti-CD3¢ mAb was added where indicated. (A) IFN-y—producing CD4+ T cells were quantified by intracellular cytokine
staining, and (B) IFN-y secretion into the supernatant was measured by ELISA. (C) Proliferation of parallel cocultures was determined by
[3H] thymidine incorporation. T cells cultured without DCs served as controls (-). (D—F) Immunomagnetically isolated, MLN-derived CD11c*
DCs were infected and/or loaded with 20 ug/ml ovalbumin prior to coculturing with CD4+CD25- T cells in the presence of rlL-2 and anti-CD3e
mAb. (D) Representative FACS plots demonstrating intracellular IFN-y are shown, (E) along with mean + SEM of triplicate cocultures and (F)
IFN-y secretion into the supernatant as determined by ELISA. Numbers indicate the percentage of IFN-y+ cells of the CD4+ gate. All data are

representative of at least 3 independent experiments.

nant populations of infiltrating cells in asthmatic mice were lym-
phocytes, neutrophils, and eosinophils (Figure 4, H-J). None of the
described symptoms of asthma were elicited by ovalbumin-loaded
DCs that had previously been exposed to H. pylori or by DCs not
loaded with allergen (Figure 4). In conclusion, the ovalbumin/DC-
induced asthma model confirms the inability of infected DCs to
prime antigen-specific effector T cell responses.

Neonatally induced H. pylori—specific immune tolerance requires DCs.
Hypothesizing that H. pylori infection of mice should generate
tolerogenic rather than immunogenic DCs in light of our in vitro
findings, we infected mice with H. pylori PMSS1, a virulent patient
isolate that harbors a functional Cag pathogenicity island, estab-
lishes persistent infection in mice, and induces the full range of
gastric inflammation and preneoplastic pathology that character-
izes the H. pylori-infected gastric mucosa of susceptible, chroni-
cally infected patients (18). In addition to mice infected at 6 weeks
of age (i.e., as adults), we included mice that had been infected with
H. pylori PMSS1 during the neonatal period (i.e., at 7 days of age).
Neonatally infected mice develop tolerance rather than immunity
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to H. pylori infection (18); the neonatal infection model is therefore
of particular interest in the context of elucidating the tolerogenic
properties of H. pylori-infected DCs. As the MLNs represent 1 out
of 2 documented sites of H. pylori-specific T cell priming along-
side the Peyer’s patches (16, 17, 28, 29), we immunomagnetically
isolated MLN-DCs from individual mice from uninfected, neona-
tally infected, and adult-infected groups and compared them with
respect to their ability to induce FoxP3 expression in naive T cells.
MLN-DCs from infected mice were significantly more capable
of inducing FoxP3 expression in T cells than those isolated from
uninfected controls (Figure 5, A and B). The tolerogenic, FoxP3-
inducing properties were particularly evident in DCs from neona-
tally infected, tolerant mice (Figure 5, A and B), which are colonized
more densely than their adult-infected counterparts (Figure SC)
due to their lack of CD4* T cell infiltration into the gastric muco-
sa (Figure 5D) and their failure to generate Th1 responses to the
infection (18). Indeed, DCs from neonatally infected mice were less
capable of inducing Th1 effector responses in naive T cells than
DCs from mice infected as adults (Figure SE), underscoring the
Volume 122
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Figure 4

H. pylori-experienced DCs fail to induce asthma-like symptoms in an adoptive transfer model of DC-driven airway hyperresponsiveness. BM-DCs
were infected and treated as described in Figure 2, A and B, and/or loaded with either 20 ug/ml ovalbumin (OVA-DC + Hp [either infected or
not infected with H. pylori]) or PBS only (PBS-DC + Hp). 1 x 106 BM-DCs per mouse were administered intranasally for the purpose of oval-
bumin-specific sensitization; all mice were challenged 2 weeks later with aerosolized ovalbumin and assessed for the development of airway
hyperresponsiveness and tissue inflammation. (A and B) Airway hyperresponsiveness, (A) as assessed by challenge with increasing doses of
methacholine and (B) the highest dose of 100 mg/ml, respectively. (C—E) Tissue inflammation and goblet cell metaplasia, as assessed on H&E-
and PAS-stained tissue sections. Representative micrographs are shown in D. Original magnification, x100 (H&E); x400 (PAS). Inflammation
and PAS scores are shown in C and E. (F) Total cells contained in 1 ml BALF. Percentages of (G) macrophages, (H) lymphocytes, () neutrophils,
and (J) eosinophils in 1 ml BALF, as determined by differential staining. In the scatter plots shown in C, E, and F—J, each data point represents
an individual mouse. Data are representative of 3 independent experiments. Horizontal lines represent the median.
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Figure 5

H. pylori-exposed DCs exhibit tolerogenic properties and are required for tolerance in vivo. (A—E) C57BL/6 mice were infected with H. pylori
at 7 days (iN) or 6 weeks (iA) of age. Upon sacrifice, CD11c* MLN-DCs were immunomagnetically isolated; cocultured for 3 days with splenic
CD4+CD25- T cells, rTGF-B, rlL-2, and anti-CD3t mAb; and subjected to flow cytometric analysis of CD4, CD25, and FoxP3 expression. (A)
CD25 and FoxP3 staining of the CD4+ gate is shown for representative donors and (B) quantified for all donors. Numbers indicate the percent-
age of FoxP3+CD25+ cells. (C) H. pylori colonization of mice analyzed in B. (D) CD4+ T cell infiltration into the gastric mucosa of mice shown in
B and C. (E) DCs prepared, as described in A, were cultured with CD4+*CD25- T cells, rlL-2, and anti-CD3¢ mAb and subjected to intracellular
IFN-y staining. Each symbol represents an individual donor, and data are pooled from 2 experiments in B-E. (F-L) cd77¢c-DTR tg mice and their
wild-type littermates were infected at 1 week of age with H. pylori strain PMSS1 or remained uninfected. (F) All mice received diphtheria toxin
during the final 2 weeks of the experiment and were sacrificed 8 weeks after infection. (G) Gastric H. pylori colonization. (H and I) Gastric CD45*
leukocyte and CD4+ T cell infiltration. (J) Intracellular IFN-y expression by gastric CD4+ T cells. (K and L) Gastric histopathology, as assessed on
Giemsa-stained sections. Representative micrographs are shown in L. Original magnification, x100 (top); x200 (bottom). Inflammation scores
are shown in K. Data in F-L are pooled from 3 experiments. Horizontal lines indicate the medians.
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Human gastric DCs exhibit a semimature phenotype in infected patients. (A and B) Antral biopsies were collected from healthy uninfected and H. pylori—
infected individuals, and expression of DC-SIGN was determined by immunohistochemical staining. (A) Representative stainings are shown
(original magnification, x100; x400 [inset]), (B) along with frequencies of DC-SIGN+ DCs, expressed as percentage of stained area in the gastric
mucosa. Each symbol indicates an individual donor; horizontal lines represent medians. (C) Gastric DCs in lamina propria single cell preparations
from uninfected and H. pylori—infected patients undergoing gastrectomy were identified by flow cytometry as HLA-DRNDC-SIGN* cells. Lower dot
plots show staining with an isotype control for the DC-SIGN antibody. The percentages indicate cell frequencies among total live (7AAD-) cells. (D)
Flow cytometric analysis of the immunophenotype of gastric HLA-DRNMDC-SIGN* DCs. The solid line in histograms shows staining with the indi-
cated antibody, and the dotted line shows staining with isotype controls. Data are shown for 3 uninfected and 3 H. pylori—infected individuals.

mutual exclusion of tolerogenic and immunogenic properties in
a given DC population. To obtain functional evidence that DCs
are required for the development and maintenance of neonatally
acquired immunological tolerance to H. pylori infection, we infect-
ed mice that transgenically express the diphtheria toxin receptor
under the control of the CD11c promoter (cd11¢-DTR tg mice) at
1 week of age. At 6 weeks after infection, the cd11¢-DTR tg mice
as well as their nontransgenic, infected littermates and respective
uninfected controls of both genotypes received 3 weekly doses of
diphtheria toxin for 2 weeks (Figure SF), resulting in the depletion
of approximately 40%-50% of DCs in the gastric mucosa, MLNS,
and spleen (Supplemental Figure 2 and data not shown). DC-deplet-
ed mice were colonized at significantly lower levels (Figure 5G)
and exhibited higher levels of leukocyte and CD4* T cell infiltra-
tion into the gastric mucosa than their DC-replete, infected lit-
termates and uninfected controls (Figure 5, H and I). A higher
proportion of CD4" gastric mucosal T cells expressed IFN-y
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in the DC-depleted, infected mice than in the other 3 groups
(Figure 5J). The infiltration of leukocytes into the gastric mucosa
of DC-depleted, infected mice was histologically evident as mild
to moderate gastritis, a feature that is never observed in neona-
tally infected, fully tolerant mice at such early time points after
infection (Figure 5, K and L). In summary, the depletion of CD11c*
DCs in the ¢d11¢-DTR tg model reveals that the maintenance of
H. pylori-specific immunological tolerance requires DCs, a finding
that may be explained by the predominantly tolerogenic properties
of H. pylori-experienced DCs in vitro and in vivo.

DCs infiltrating the gastric mucosa of H. pylori-infected patients express
HLA-DR but lack costimulatory molecules. To examine the recruitment
and localization of DCs to the gastric mucosa of H. pylori-infected
individuals, we examined antral biopsies collected at endoscopy
from H. pylori-infected and uninfected volunteers. Cryosections
from antral biopsies were immunostained for DC-SIGN, a marker
for human DCs (30). The large majority of DC-SIGN* DCs were
Volume 122 March 2012

Number 3 1089
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Figure 7

Treg induction by tolerogenic DCs requires IL-18. (A) Wild-type BM-DCs were infected with H. pylori PMSS1 (MOI 50), and IL-18 secretion was
assessed by ELISA. (B and C) Wild-type and //78--BM-DCs were infected as described in A, and cocultured at a 1:2 ratio with immunomagnetically
isolated, splenic OTII CD4+CD25- T cells for 3 days in the presence of rTGF-f, rlL-2, and anti-CD3¢ mAb prior to the flow cytometric analysis of
CD4, CD25, and FoxP3 expression. (B) Representative FACS plots of the CD4+ gate are shown, (C) along with mean + SEM of triplicate cocultures.
(D—G) C57BL/6 and BL/6./118-- mice were infected at 7 days (iN) of age with 1 orogastric dose of H. pylori or remained uninfected. Upon sac-
rifice after 4 weeks after infection, CD11c* DCs were immunomagnetically isolated from single cell MLN suspensions of individual mice and
cocultured for 3 days with splenic CD4+CD25- T cells at a 1:2 ratio in the presence of rIL-2 and anti-CD3¢ mAb and (D and E) with or (F and G)
without rTGF-B. (D and E) Cocultures were subjected to flow cytometric analysis of CD4, CD25, and FoxP3 expression (representative mice
are shown in E, and the quantification of all mice is shown in D) or (F and G) CD4 and IFN-y or IL-17 expression. Data shown are representa-
tive of at least 3 independent (A—C) in vitro and (D-G) in vivo experiments. Horizontal lines represent the median. (B and E) Numbers indicate
the percentage of FoxP3+CD25+ cells.
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Treg differentiation and the development of H. pylori-specific tolerance requires IL-18 signaling in vivo. (A)
Single cell MLN preparations from individual C57BL/6, BL/6.//18--, and BL/6.//18r1-- mice neonatally infected
with H. pylori were subjected to flow cytometric analysis of CD4, CD25, and FoxP3 expression and compared
with respective uninfected controls. Each data point represents an individual mouse; horizontal lines indicate
medians. (B) Wild-type BM-DCs were infected with H. pylori PMSS1 (MOI 50) and cocultured at a 1:2 ratio
with wild-type or //18r1-- CD4+CD25- T cells for 3 days in the presence of rTGF-B, rIL-2, and anti-CD3¢ mAb
prior to analysis of CD4, CD25 and FoxP3 expression. Mean + SEM of triplicate cocultures are shown. (C—F)
Wild-type C57BL/6 and BL/6.//18r1-- mice were neonatally infected with H. pylori and sacrificed 4 weeks
after infection. (C) Gastric H. pylori colonization. (D and E) Gastric mucosal CD45* leukocyte and CD4+ T cell
infiltration. (F) IFN-y expression by stomach-infiltrating CD4+ T cells, as determined by intracellular cytokine

staining. Horizontal lines represent the median.

found scattered in the lamina propria of both uninfected and
H. pylori-infected individuals (Figure 6A), and some DCs were
positioned just underneath the epithelium. The frequency of DC-
SIGN* DCs was significantly higher in H. pylori-infected individuals
compared with that in their uninfected counterparts (Figure 6B).
To immunophenotypically characterize the DC-SIGN* DCs in the
gastric mucosa of H. pylori-infected patients, we obtained gastric
tissue from a set of 8 patients undergoing gastrectomy at Sahl-
grenska University Hospital (of which 4 were H. pylori infected and
4 were uninfected). Lamina propria single cell suspensions were
prepared, and DCs were identified by flow cytometry among live
cells (7AAD") based on their expression of high levels of HLA-DR
together with DC-SIGN (Figure 6C). The HLA-DRMDC-SIGN*
DCs expressed the DC marker CD11c (data not shown) but no or
only little CD80, CD83, or CD86 (Figure 6D). Furthermore, there
were no consistent differences in DC phenotype when comparing
H. pylori-infected and uninfected patients (Figure 6D). In sum-
mary, the results suggest that human gastric DCs, despite being
actively recruited in large numbers to the H. pylori-infected muco-
sa, fail to upregulate activation markers and thus appear to retain
a semimature phenotype. This observation may explain the ability
of H. pylori to persist in the human gastric mucosa.

DCrintrinsic IL-18 expression is required for the conversion of naive T cells
to FoxP3* Tregs in vitro. As part of our ongoing efforts to character-
ize the molecular players contributing to H. pylori-associated gastric
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then compared the efficiency of
FoxP3 induction by H. pylori-
infected wild-type and 11187/~
BM-DCs under conditions of
anti-CD3 cross-linking and
ovalbumin-specific priming. As
demonstrated above (Figure 2),
wild-type BM-DCs that had
been infected with H. pylori
induced FoxP3 expression in
cocultured naive OTII T cells
more efficiently than control
BM-DCs, independent of whether the T cells were activated by anti-
CD3 cross-linking (Figure 7, B and C) or ovalbumin (Supplemental
Figure 3, C and D). Interestingly, infected I/187~ BM-DCs exhibited
a clear defect in FoxP3 induction under both coculture conditions
(Figure 7, B and C, and Supplemental Figure 3, C and D). In line
with a reported role for IL-18 in Th1 differentiation in vitro, both
uninfected and infected I/187~ DCs failed to induce IFN-y expres-
sion in cocultured naive T cells (Supplemental Figure 4, A-D). We
next sought to assess a possible role for mature IL-18 in generating
tolerogenic DCs in the course of neonatal infection with H. pylori in
vivo. As demonstrated above (Figure 5), immunomagnetically iso-
lated MLN-DCs from neonatally infected wild-type mice were sig-
nificantly better inducers of FoxP3 expression than MLN-DCs from
naive mice (Figure 7, D and E). In contrast, MLN-DCs from infected
11187~ mice did not induce FoxP3 expression in T cells any more
efficiently than MLN-DCs from naive I/18~~ mice (Figure 7, D and
E). Interestingly, whereas Treg differentiation induced by MLN-DCs
was thus severely impaired due to the lack of DC-intrinsic IL-18
production (Figure 7, D and E), DCs from infected I/18~~ mice were
equally good as wild-type DCs at inducing Th1 differentiation in
this system (Figure 7F) and significantly better at inducing Th17 dif-
ferentiation than wild-type DCs (Figure 7G). The combined results
show that IL-18 production is induced in DCs upon infection with
H. pylori and suggest a key role for DC-derived IL-18 in skewing T
cell differentiation away from Th17 and toward Treg responses.
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Figure 9

IL-18 signaling is required for the differentiation of functional Tregs in vivo. Wild-type C57BL/6 mice were sensitized with 2 i.p. doses of alum-
adjuvanted ovalbumin prior to challenge with aerosolized ovalbumin 2 weeks after the last sensitization. Four groups of sensitized recipients
received 250,000 immunomagnetically isolated CD4+CD25* T cells isolated from the pooled MLNSs of uninfected or neonatally infected wild-type
C57BL/6 or BL/6./118-- donors (4—6 per group) 1 day before the first challenge. Negative controls were challenged without prior sensitization.
(A and B) Airway hyperresponsiveness, (A) as assessed by challenge with increasing doses of methacholine and (B) the highest dose of 50 mg/ml,
respectively. (C—E) Tissue inflammation and goblet cell metaplasia, as assessed on H&E- and PAS-stained tissue sections. Representative
micrographs are shown in E. Original magnification, x100 (H&E); x400 (PAS). Inflammation and PAS scores are shown in C and D, respectively.
(F) Total cells contained in 1 ml BALF. (G) Eosinophils in 1 ml BALF. Horizontal lines indicate medians. s/c, sensitized/challenged.

IL-18 signaling is required for Treg differentiation and H. pylori-specific
tolerance in vivo. Hypothesizing based on the above results that Treg
numbers should consequently differ between the MLNs of wild-
type and 11187~ mice, we quantified the proportion of FoxP3*CD25*
cells in the MLN CD4" T cell population of neonatally infected
wild-type and Il187~ mice in comparison with that of uninfect-
ed controls of both genetic backgrounds. Whereas the infection

1092 The Journal of Clinical Investigation

hetp://www.jci.org

induced an increase in MLN Tregs in wild-type mice, this was not
observed in I/187/~ animals, resulting in significantly lower Treg
numbers in infected I/187~ animals compared with infected wild-
type animals (Figure 8A). Interestingly, the same clear trend was
observed in mice lacking the IL-18 receptor (IL-18R; Figure 8A),
which also exhibited significantly lower Treg counts upon neona-
tal infection than wild-type mice. Hypothesizing that DC-derived
Volume 122
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IL-18 acts directly on T cells to facilitate their conversion to
FoxP3*CD25" Tregs, we compared naive wild-type and I/18717/~ T
cells, with respect to their ability to upregulate FoxP3 upon cocul-
ture with H. pylori-experienced BM-DCs. Indeed, 118717/~ T cells
showed a strongly reduced ability to upregulate FoxP3, indicat-
ing that IL-18 signaling in T cells is required for efficient Treg
conversion in vitro (Figure 8B). We next examined the ability of
118717/~ mice to develop tolerance to H. pylori as a consequence
of experimental infection during the neonatal period. Neonatally
infected 1118717~ mice exhibited significantly lower colonization
levels than wild-type mice infected at the same age (Figure 8C),
which was accompanied by higher gastric leukocyte and T cell
infiltration (Figure 8, D and E) and stronger gastric production
of IFN-y and IL-17, as determined by intracellular cytokine stain-
ingand/or qPCR (Figure 8F and Supplemental Figure 5). We con-
clude from these results that T cell-intrinsic IL-18 signaling is
essential for Treg differentiation in vitro and in vivo and is also
required for the generation of Treg-mediated, neonatally acquired
tolerance to H. pylori infection.

CD4*CD25* T cells isolated from neonatally infected wild-type mice
but not 11187/~ or 1118r17/~ mice suppress allergen-induced asthma. Given
the requirement for DC-derived IL-18 in Treg differentiation in
vitro and in vivo, we hypothesized that CD4*CD25" T cells immu-
nomagnetically isolated from the MLNs of neonatally infected
11187/~ or I118r17~ mice should lack suppressive activity in a murine
model of experimentally induced allergic airway disease. Hav-
ing shown earlier that neonatal infection of wild-type mice with
H. pylori generates Tregs with highly suppressive activity in the
asthma model (23), we compared immunomagnetically isolated
CD4*CD25* T cells from neonatally infected wild-type, 1l187-, or
1118717/~ animals, with respect to their ability to inhibit experimen-
tally induced asthma (Figure 9 and Supplemental Figure 6). Mice
were sensitized i.p. with alum-adjuvanted ovalbumin and subse-
quently challenged by 3 consecutive daily exposures to aerosol-
ized ovalbumin. Groups of mice were intravenously administered
CD4*CD25* T cells isolated from either neonatally infected wild-
type, 11187, or 1118717/~ animals or from age-matched uninfected
controls of each genotype 1 day prior to the first challenge. All
mice were examined with respect to clinical and histopathological
parameters of asthma development 2 days after the last challenge.
Sensitized, challenged mice exhibited increased airway resistance
compared with nonsensitized controls, as assessed by methacho-
line challenge, which could be prevented by CD4*CD25* T cells
from infected wild-type animals but not infected I/187~ animals
(Figure 9, A and B) or 1/18717/~ animals (Supplemental Figure 6,
A and B). CD4'CD25" T cells from uninfected control groups did
not prevent allergen-induced airway resistance (Figure 9, A and B).
Similarly, the lung inflammation and PAS* goblet cell metapla-
sia that are hallmarks of asthma in this model were prevented by
CD4*CD25" T cells from infected wild-type mice but not infected
11187, 1118r17/~, or uninfected mice (Figure 9, C-E, and Supplemen-
tal Figure 6, C and D). A quantitative analysis of allergen-induced
bronchoalveolar inflammation and eosinophilia confirmed these
findings (Figure 9, F and G, and Supplemental Figure 6, E and
F). Interestingly, quantitative RT-PCR analysis of IL-10 expres-
sion performed on freshly purified CD4*CD25" T cells revealed
that T cells isolated from infected wild-type mice, but not infected
11187~ mice, expressed copious amounts of IL-10 compared with
CD4'CD25" T cells from the corresponding uninfected donors
(Supplemental Figure 6, G and H), implying that this cytokine
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may be key in asthma protection by H. pylori-induced Tregs. Over-
all, the results suggest that Treg differentiation and function is
severely impaired under conditions of IL-18 or IL-18R deficiency,
underscoring the importance of this cytokine in Treg biology.

Discussion
H. pylori infection is acquired during early childhood and typically
persists for life (31). Chronic infection with H. pylori causes gastri-
tis and predisposes to gastric cancer but has also been associated
epidemiologically with protection against asthma (19, 20, 22), mul-
tiple sclerosis (32), and inflammatory bowel disease (33). The ben-
eficial effects of the infection are particularly evident in the pedi-
atric population, with respect to both asthma and colitis incidence
(21, 34). Experimental infection with H. pylori during the neonatal
period recapitulates the protective effects against asthma in mouse
models of the disease (23). We show here that the exposure of DCs
to H. pylori had profound effects on the properties of these cells
in vitro and in vivo. H. pylori-experienced BM-DCs or MLN-DCs
lose their ability to mature into fully immunogenic, stimulatory
antigen-presenting cells and to activate effector functions in naive
T cells. Instead, H. pylori exposure triggers tolerogenic properties
in DCs, which become efficient inducers of Tregs in vitro and sup-
press H. pylori clearance and the associated immunopathology
in vivo. Our results explain why the systemic depletion of DCs
improves the immunological control of H. pylori in naive mice and
enhances vaccine-induced protective immunity in immunized
mice (12). Our BM-DC results suggest that direct contact between
the bacteria and DCs is required for the observed effects, whereas
a functional Cag pathogenicity island-encoded type IV secretion
system is dispensable. Semimature DCs with high expression of
HLA-DR but low expression of CD80, CD83, and CD86 constitute
the predominant DC population in the stomachs of chronically
infected humans; this finding is particularly intriguing, as DCs
are actively recruited to the infected gastric mucosa but obviously
fail to mature and, presumably, to acquire immunogenic/stimula-
tory properties. Our findings are reminiscent of a recent study by
Robinson et al., who found that patients with peptic ulcer disease
exhibited stronger Th1 and Th2 responses to H. pylori than asymp-
tomatic carriers, whereas the latter group predominantly mounted
Treg responses to the infection (35). IL-10-expressing Tregs were
particularly abundant in the gastric mucosa of the asymptomatic
carriers compared with patients with peptic ulcer disease; interest-
ingly, mucosal IL-10 levels were directly correlated with bacterial
densities, with asymptomatic carriers showing high IL-10 expres-
sion and receiving the highest colonization scores and patients
with peptic ulcer disease showing low IL-10 expression and receiv-
ing comparatively low colonization scores (35). This interesting
association argues that strong gastric Treg responses (perhaps
induced by tolerogenic DCs) ensure persistent infection on the
one hand and prevent severe immunopathology on the other.
Several previous reports have highlighted the fact that H. pylori
possesses few, if any, PAMPs that might activate innate immune
responses by binding to surface exposed, endosomal, or cytoplas-
mic pattern recognition receptors (27, 36, 37). H. pylori flagellin
is a poor ligand of TLRS5 (36), and the bacterium’s LPS consists
predominantly of the biologically inactive tetra-acylated lipid A
variety (38). Whereas TLR2 ligands clearly exist in H. pylori and
related Helicobacter species (26, 27), the net effects of TLR2 ligation
are antiinflammatory rather than proinflammatory (27). We show
here that the DC-derived cytokine IL-18 plays a crucial role in the
Volume 122 March 2012 1093
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tolerogenic activity of H. pylori-experienced DCs in vitro and in
vivo. In contrast to wild-type cells, BM-DCs derived from /187~
mice failed to induce FoxP3 expression in naive T cells upon expo-
sure to H. pylori; more importantly, I/187~ MLN-DCs from neo-
natally infected mice exhibited the same defect in Treg induction
relative to their wild-type counterparts. DC-derived IL-18 appears
to act directly on T cells and to promote their conversion to Tregs:
IL-18R-deficient T cells failed to upregulate FoxP3 upon coculture
with tolerogenic DCs, and both IL-18- and IL-18R-deficient mice
exhibited strongly decreased overall Treg numbers in the drain-
ing MLNs. Furthermore, CD4*CD25" MLN T cells isolated from
both gene-targeted strains are less capable of suppressing allergic
airway disease in an allergen-induced sensitization and challenge
model. All available data thus suggest that IL-18 contributes to
H. pylori persistence and fine-tunes the balance between infection
control on the one hand and excessive immunopathological T cell
responses on the other. The results are confirmed in vivo by our
observation that /18717~ mice failed to develop immune tolerance
to neonatal infection with H. pylori. Our data are in line with 2
recent studies demonstrating a protective role for IL-18, produced
upon activation of the NLRP3 inflammasome, in DSS-induced
colitis (39, 40). In this model, lack of expression of NLRP3, cas-
pase-1, and ASC in intestinal epithelial cells rendered mice hyper-
susceptible to DSS-induced colitis (39, 40).

As mentioned earlier, the protection against asthma is mediated
by H. pylori-induced Tregs in experimentally infected mice: asth-
ma protection is abrogated by the systemic depletion of Tregs and
can be adoptively transferred from infected donors to uninfected
recipients via Tregs (23). An interesting characteristic of neonatally
infected mice that have been subjected to an asthma-inducing pro-
tocol is their pulmonary infiltration by highly suppressive Tregs
and by semimature DCs (23). Our finding that H. pylori-exposed
DCs are incapable of sensitizing mice to ovalbumin when admin-
istered intranasally makes it seem likely that H. pylori-mediated
asthma protection is a direct consequence of the reprogramming
of DCs in vivo. However, as DCs are not known to migrate between
the mucosal surfaces of the lung and gastrointestinal tract, it
appears likely that highly mobile Tregs are induced in the MLNs
and then migrate to the airways, in which they exert their suppres-
sive activity and protect against allergen-induced asthma. DCs and
Tregs efficiently regulate one another in a negative feedback loop,
promoting a tolerogenic, immunosuppressive environment. For
instance, Onishi et al. reported that FoxP3* Tregs form aggregates
on DCs, thereby actively downregulating their costimulatory mol-
ecules and maturation markers and impairing the ability of DCs to
activate antigen-specific, naive T cells (41). In summary, we show
here that H. pylori possesses the distinct ability to reprogram DCs
toward a tolerogenic phenotype in vitro and in vivo, a process that
ensures persistence of the bacteria in the host and may cross-pro-
tect against chronic inflammatory and autoimmune diseases. The
semimature phenotype of lamina propria DCs that is a hallmark
of the gastric mucosa of asymptomatic human H. pylori carriers
likely represents the human cellular counterpart of the murine
tolerogenic DC population.

Methods

Animal experimentation; bronchoalveolar lavage, lung, and gastric histopathol-
0gy; and assessment of H. pylori colonization. CS7BL/6 wild-type, BL/6.Tlr2-/-,
BL/6.Myd88--, OT Il TCR transgenic, and cd11¢-DTR tg mice were originally
purchased from Charles River Laboratories; BL/6.11187/~, BL/6.1118r17/-,and
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cd11¢-hDC-SIGN transgenic mice were obtained from Wolf-Dietrich Hardt
(Federal Institute of Technology, Ziirich, Switzerland), Burkhard Becher
(University of Ziirich), and Tim Sparwasser (Medical School, University of
Hannover, Hannover, Germany). All mice were bred at a University of Zurich
specific pathogen-free facility. Mice were housed in individually ventilated
cages. Mixed gender groups were infected at either 7 days or 6 weeks of age
with 1 orogastric dose of approximately 2 x 107 CFUs H. pylori PMSS1 (18).
In vivo depletion of DCs was achieved by i.p. injections of 4 ng diphtheria
toxin per g of body weight at 2-day intervals for 2 weeks. For asthma induc-
tion, mice were sensitized either by 2 i.p. injections of 20 ug ovalbumin
(Sigma-Aldrich) emulsified in 2.25 mg aluminum hydroxide (Alum Imject;
Pierce) with a 2-week interval or by intranasal delivery of 1 x 10° BM-DCs
loaded overnight (o/n) with 20 ug/ml ovalbumin (Sigma-Aldrich). Irrespec-
tive of the mode of sensitization, mice were challenged with 1% aerosolized
ovalbumin using an ultrasonic nebulizer (NE-U17; Omron) for 20 minutes
daily on days 14, 15, and 16 after (second) sensitization. Airway resistance
measurements were performed on anesthetized, intubated, and mechani-
cally ventilated mice (FlexiVent, Scireq) in response to increasing doses of
inhaled methacholine, as described previously (42). Lungs were lavaged
via the trachea with 1 ml PBS. BALF cells were counted using trypan blue
dye exclusion. Differential cell counts of lymphocytes, neutrophils, and
eosinophils were performed on cytocentrifuged preparations stained with
the Microscopy Hemacolor Set (Merck). Lungs were fixed by inflation and
immersion in 10% formalin and embedded in paraffin. Lung tissue sections
were stained with H&E and PAS and were examined on a BX40 Olympus
microscope in blinded fashion by 2 independent experimenters. Peribron-
chial inflammation was scored on a scale from 0 to 4 on 5 randomly chosen
areas per slide, as described previously (43). PAS-positive goblet cells were
quantified per 1 mm of basement membrane in the primary bronchus and
several medium-sized bronchi using Soft Imaging Systems software. Stom-
achs were retrieved and dissected longitudinally into equally sized pieces.
For the quantitative assessment of H. pylori colonization, 1 stomach sec-
tion was homogenized in Brucella broth, and serial dilutions were plated
on horse blood plates for colony counting as described previously (18). For
the quantitative assessment of gastric histopathology, Giemsa-stained par-
affin-embedded stomach sections were scored on a scale from 0 to 6 for the
parameters of chronic inflammation, atrophy, epithelial hyperplasia, and
metaplasia, as described in detail previously (10). All gastric histopathology
images were taken at x100 or x200 final magnification on a Leica Leitz DM
RB microscope equipped with a DFC 420C camera. Images were acquired
using Leica Application Suite 3.3.0 software.

Volunteers and assessment of gastritis and H. pylori colonization. Volunteers
were recruited among blood donors at Sahlgrenska University Hospital
after serologic analysis, and H. pylori infection was subsequently con-
firmed or excluded by culture on Scirrow plates. Gastric antrum biopsies
were collected from 8 H. pylori-infected volunteers (7 males and 1 female,
aged between 25-57 years) and 10 uninfected volunteers (5 males and
S females, aged between 23-62 years) by endoscopy, immediately frozen in
OCT medium, and later used for immunohistochemical staining of DCs.
In addition, 1 biopsy from each volunteer was fixed in formalin, paraffin
embedded, and examined by an experienced histopathologist for the grade
of gastritis and the presence of Helicobacter-like organisms (HLOs) using the
updated Sydney system (44). The serology, culture, and pathology results
agreed in all cases, except those for 1 individual who did not have visible
HLOs in the pathological examination but was culture and serology posi-
tive. Biopsy samples from 6 uninfected subjects were histologically normal
without inflammation or HLOs, and biopsy samples from 4 uninfected sub-
jects had mild chronic gastritis (score of 1) but no HLOs or active inflamma-
tion. In contrast, active chronic inflammation and HLOs were observed in
biopsy samples from antrum of all H. pylori-infected subjects. The H. pylori-
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infected individuals had a chronic inflammation score of 1.9 + 0.4
(mean + standard deviation), an active inflammation score of 1.4 + 0.7,
and an HLO score of 1.9 + 0.8. Atrophy and metaplasia was seen in 1 of
the H. pylori-infected subjects, and metaplasia alone was seen in 1 of the
H. pylori-infected subjects.

Immunobistochemical and flow cytometric analysis of human gastric DCs.
Antrum biopsies from H. pylori-infected and uninfected volunteers were
cryosectioned into 8-um thick sections, fixed for 10 minutes in ice-cold
acetone, and endogenous peroxidase blocked with glucose-oxidase for
20 minutes. Sections were stained with mouse monoclonal antibodies to
DC-SIGN (clone DCN46, BD Biosciences) in PBS containing 5% human
and rabbit serum at room temperature for 30 minutes, followed by an
HRP-conjugated rabbit antibody to mouse immunoglobulins (DakoCyto-
mation). Isotype control antibodies were always run in parallel. The area
stained with the respective antibodies was calculated relative to the total
area of each tissue section, using Biopix image analysis software. For iso-
lation of human gastric cells, 4 H. pylori-infected patients (2 males and
2 females, aged between 64-81 years) and 4 uninfected patients (1 male
and 3 females, aged between 61-75 years) undergoing surgery for gastric
adenocarcinoma (n = 2), pancreas cancer (n = 5), or chronic pancreatitis
(n = 1) at Sahlgrenska University Hospital were also included in the study.
Tissue was collected from antrum, and, in the gastric cancer patients, tis-
sue was removed at least S cm away from the tumor. None of the patients
had undergone radiotherapy or chemotherapy prior to the operation.
H. pylori infection was determined based on serology, culture, and pathol-
ogy reports; culture and serology agreed in 6 out of the 8 cases. Two sero-
positive cases with negative culture results, presumably due to extensive
gastric atrophy and metaplasia, were deemed H. pylori positive. Antral
tissue was stripped of muscle and connective tissue and cut into 5-mm
pieces. Epithelial cells were removed by incubating the tissue for 15 min-
utes at 37°C with 2 mM EDTA and 1 mM dithiothreitol (Sigma-Aldrich)
in Hank’s balances salt solution supplemented with 2% FCS for a total of
3 times. Lamina propria leukocytes were then released by incubating the
remaining tissue for 1 hour at 37°C with 100 U/ml collagenase type VIII
(Sigma-Aldrich) and 0.1 mg/ml DNAse (Sigma-Aldrich) in RPMI 1640
containing 10% FCS. Isolated cells were stained with anti-CD80 (clone
L307.4), CD86 (2331), CD83 (HB15¢), DC-SIGN (DCN46), and HLA-DR
(L243; all from BD Biosciences), and appropriate isotype controls were
used. 7-Aminoactinomycin D (7AAD, Sigma-Aldrich) was used to exclude
dead cells. Samples were acquired on an LSR-II flow cytometer (BD Biosci-
ences) and analyzed using FlowJo software.

Preparation of murine BM-DCs and MLN-DCs and DC/T cell cocultures. For
generation of BM-DCs, bone marrow isolated from the hind legs of wild-
type, Tlr2-/-, Myd88-/-, or cd11c-hDC-SIGN transgenic donor mice was seed-
ed at 50,000 cells per well in 96-well plates in RPMI/10% FCS and 4 ng/ml
GM-CSF and cultured for 7 days. E. coli LPS (Serotype 0111:B4, Sigma-
Aldrich) and the synthetic lipopeptide Pam3Cys-SKKKK (Genaxxon) were
added at 0.5 ug/mland S ug/ml final concentration, respectively, to induce
BM-DC maturation. For the isolation of MLN-DCs, MLNSs of individual
mice were digested in 1 mg/ml collagenase (Sigma-Aldrich) for 30 minutes
at 37°C, with shaking prior to filtering through a cell strainer (40 um;
BD Biosciences) and immunomagnetic isolation of DCs using mouse-spe-
cific CD11c microbeads (Miltenyi Biotec). DC cultures were infected o/n
with wild-type H. pylori PMSS1 or an isogenic mutant lacking the cagFE gene
(ACagkE) described previously (18). Bacteria were killed with 200 U penicil-
lin/0.2 mg streptomycin/ml for 6 hours prior to the addition of T cells.
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CD4'CD25" T cells were prepared from single cell suspensions of naive
C57BL/6 spleens by immunomagnetic sorting (R&D Systems). DCs were
cocultured with CD4*CD25 T cells ata ratio of 1:2 (0.5 x 105 DCs to 1 x 10%
T cells) in RPMI containing 10% FCS, 10 ng/ml recombinant TGF-f} (rTGF-f3)
(PeproTech), 10 ng/ml recombinant IL-2 (rIL-2) (R&D Systems), and
1 ug/ml anti-CD3e (BD Bioscience). After 72 hours of coculture, the cells
were stained first for CD4 and CD25 and then, after fixation and permea-
bilization, for FoxP3 (FoxP3-APC, eBioscience). The percentage of FoxP3*
CD4" T cells was assessed by FACS. IFN-y secreted by cocultured DCs and
T cells was quantified by ELISA (R&D Systems). IL12p40 and IL-10 (both
from BD Biosciences) and IL-18 (MBL) production by DCs was assessed by
ELISA. The quantification of IL-10 production by RT-PCR is described in
the Supplemental Methods.

Preparation of murine gastric single cell suspensions and flow cytometry. One-
sixth of every stomach (antrum and corpus) and corresponding MLNs were
digested in 1 mg/ml collagenase for 30 minutes at 37°C, with shaking prior
to mechanical disruption between glass slides and filtering through a cell
strainer (40 um). Single cell suspensions were stained directly for FACS analy-
sis. The following antibodies were used: CD11c-biotin, CD4-FITC, CD4-APC,
CD86-FITC, and CD40-APC (all from BD Biosciences) as well as CD45-PB and
CD80-APC (both from BioLegend). IFN-y-PE-Cy7 (BD) and FoxP3-APC (eBio-
science) were used for intracellular staining. Prior to intracellular cytokine
staining, cells were stimulated and blocked in medium containing 2.5 ug/ml
Brefeldin A (AppliChem), 0.2 uM ionomycin (Santa Cruz Biotechnology Inc.),
and 50 ng/ml phorbol 12-myristate 13-acetate (Sigma-Aldrich) for 5 hours;
stained for extracellular markers; and fixed in 4% paraformaldehyde. Flow
cytometry was performed on a Cyan ADP 9 instrument (Beckman Coulter)
and analyzed using FlowJo software (TreeStar).

Statistics. GraphPad Prism (GraphPad Software) was used for statistical
analyses. All P values were calculated by Mann-Whitney test unless other-
wise indicated. In column bar graphs, the SEM is indicated by vertical bars.
Pvalues of less than 0.05 were considered statistically significant.

Study approval. All human studies were approved by the Regional
Research Ethics Committee of Western Sweden, and informed consent was
obtained from all participants. All animal experimentation was reviewed
and approved by the Zurich Cantonal veterinary office (63/2008 and
170/2009 to A. Miiller).
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