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IL-22-induced antimicrobial peptides are key
determinants of mucosal vaccine-induced
protection against H. pylori in mice

M Moyatl, H Bouzourene?, W Ouyang3 , J Tovanna®, J-C Renauld® and D Velin'

Despite the recent description of the mucosal vaccine-induced reduction of Helicobacter pylori natural infection in a phase
3 clinical trial, the absence of immune correlates of protection slows the final development of the vaccine. In this study, we
evaluated the role of interleukin (IL)-22 in mucosal vaccine-induced protection. Gastric IL-22 levels were increased in mice
intranasally immunized with urease + cholera toxin and challenged with H. felis, as compared with controls. Flow
cytometry analysis showed thata peak of CD4 " IL-22 " IL-17 * Tcellsinfiltrating the gastric mucosa occurred inimmunized
mice in contrast to control mice. The inhibition of the IL-22 biological activity prevented the vaccine-induced reduction of
H. pylori infection. Remarkably, anti-microbial peptides (AMPs) extracted from the stomachs of vaccinated mice, but not
from the stomachs of non-immunized or immunized mice, injected with anti-IL-22 antibodies efficiently killed H. pylori
in vitro. Finally, H. pylori infection in vaccinated RegllI-deficient mice was not reduced as efficiently as in wild-type mice.
These results demonstrate that IL-22 has a critical role in vaccine-induced protection, by promoting the expression
of AMPs, such as RegllIp, capable of killing Helicobacter. Therefore, it can be concluded that urease-specific memory

Th17/Th22 cells could constitute immune correlates of vaccine protection in humans.

INTRODUCTION

The Gram-negative bacterium Helicobacter pyloriinfects half of
the world’s population. Although most infected individuals
develop asymptomatic chronic active gastritis, H. pylori
infection may also cause complications such as gastroduodenal
ulcers and increases the risk of developing gastric malignan-
cies." Vaccine is an attractive approach to controlling H. pylori
infections worldwide. Recently, Zeng and colleagues® provided
evidence that oral administration of H. pylori urease B subunit
fused to Escherichia coli heat-labile toxin B subunit significantly
reduced the acquisition of natural H. pylori infection in
children. Although this study provides the proof of concept for
vaccine-induced mucosal protection against H. pylori infection,
much work remains to be done to increase the level of
protection and to clearly define immunological correlates of
protection. Indeed, whereas the vaccine protected more than
70% of recipients from infections in the first year of vaccination,

the levels of protection were less than 56% in the second and
third years after vaccination.>> Moreover, although several
preclinical studies clearly demonstrated that the Helicobacter-
specific CD4 ™ T-cell response is key in vaccine protection,*”
no CD4 ™ T-cell responses were evaluated in this clinical trial to
clearly identify immune correlates of protection.” Running new
clinical trials without defined immunological correlates of
protection is extremely risky. Our aim in this study was to gain a
better understanding of the urease-specific CD4 " T-cell
response leading to vaccine-induced protection in mice to
identify potential immune correlates of vaccine protection.
Recently, the production of interleukin (IL)-17 by Th17 cells
has been identified as a player in vaccine-induced H. pylori
clearance in some circumstances®” but not in others.® IL-17 is
known to be linked to neutrophil recruitment and activation
through the induction of granulocyte colony-stimulating factor
and IL-8” mediating resistance against extracellular microbial
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infections.®” In mice, Th17 cells are a major source of IL-22.° By
eliciting various innate defensive mechanisms from epithelial
cells, IL-22 is essential for host defense against extracellular
pathogens, such as bacteria and yeast, at mucosal surfaces.’ The
functions of IL-22 during host defense against extracellular
pathogens can be categorized within three major areas. First, by
promoting epithelial proliferation, IL-22 helps to maintain and
restore the integrity of the epithelial barrier function during the
invasion of pathogens.” Second, IL-22—in part synergistically
with other cytokines, such as IL-17 or tumor necrosis
factor-o—induces the expression of antimicrobial peptides
(AMPs) involved in host defense in the skin, the airways, and
the intestine.” For example, IL-22 induces the expression of
S100A7, S100A8, SI00A9, B-defensin-2, and B-defensin-3 in
the skin.” IL-22 also promotes the release of regenerating islet-
derived protein IIIB (ReglIIB) and Regllly from intestinal
epithelial cells during Citrobacter rodentium infection in the
colon.'? Lastly, IL-22 promotes the production of inflammatory
mediators, such as IL-6, granulocyte colony-stimulating factor,
IL-1B, serum amyloid A, and lipopolysaccharide-binding
protein.” For instance, IL-22 is essential for the release of
chemokines such as CXCL1, CXCL5, and CXCL9, as well as IL-
6 and granulocyte colony-stimulating factor from airway
epithelial cells during Klebsiella pneumoniae infection.'
Considering the functions of IL-22 in the control of mucosal
infections and the role of Th17 cells, a major source of IL-22, in
the vaccine-induced reduction of Helicobacter infection, we set
out to investigate the role of IL-22 in the reduction of
Helicobacter infection following immunization.

RESULTS
IL-22 secreting CD4 " T cells infiltrate the gastric mucosa
during vaccine-induced protection
In order to determine whether IL-22 has a role in vaccine-
induced protection, we first evaluated whether the expression of
IL-22 is increased in the stomach mucosa of immunized mice
on days 4 and 5 post infection. Indeed, on days 4 and 5 post
infection, vaccinated mice demonstrated a clear decrease of
H. felis colonization in their stomach mucosa (Figure 1a).'> As
compared with control mice, high IL-22 mRNA expression was
measured in the stomach mucosa of immunized mice on days 4
and 5 post infection (Figure 1b, left panel). On day 5 post
infection, IL-22 protein levels increased significantly in the
stomach mucosa of immunized mice (Figure 1b, right panel).
In order to determine whether the upregulation of IL-22
expression levels modulates the antimicrobial defenses of the
stomach mucosa, we measured the mRNA expression levels of
several IL-22-induced genes. We observed that, on day 5 post
infection, CXCL2, S100A9, and RegIIIf mRNA expressions
were upregulated in the stomach mucosa of immunized
mice as compared with control mice (Figure 1c). The
immunohistochemical staining of RegIIIf in the stomach
mucosa confirmed that gastric epithelial cells of immunized
mice upregulated AMPs as compared with control mice on day
5 post infection (Figure 1d). Remarkably, the increase of
ReglIlIB mRNA expression correlated with the decrease of
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bacterial load (Figure 1e). Unfortunately, we did not obtain the
same correlation with immunohistochemical staining. Indeed,
although we could detect H. felis and RegIIIf on the same tissue
section (data not shown), it was not possible to correlate the
intensity of ReglIIf staining with the absence or presence of H.
felis within each gland of every mouse. This absence of clear
correlation between ReglIIf staining and H. felis infection is
probably linked to the limits of immunohistochemical
techniques and/or to the kinetic/sensitivity of RegIIIP-
induced bacterial killing and/or to the biology of H. felis
infection. Collectively, these results show that during the
vaccine-induced protection, IL-22 is produced and associated
with the upregulation of AMP expression by the stomach
epithelial cells.

We sought to determine whether the CD4 " T-cell popula-
tion infiltrating the gastric mucosa during vaccine-induced
reduction of H. pylori infection®'* was the source of IL-22. To
this end, we isolated gastric lymphoid cells and evaluated the
production of IL-22 in the CD4 " T-cell population by flow
cytometry. Figure 1f (upper panels) and Figure 1g show that
on day 5 post bacterial challenge, there was an increased
proportion of gastric CD4 * T cells in immunized animals that
produced IL-22 as compared with controls (2.06 + 0.60% and
0.79£0.26%, P<0.01, respectively). Time course analysis
revealed that gastric CD4 " IL-22 " T cells could be detected in
immunized mice on day 3, peaking at day 5 (Supplementary
Figure S1A online). On day 10, the CD4 " IL-22 " T cells were
still present in high numbers in immunized mice, whereas in
control mice, the CD4TIL-22" T cells were at the limits of
detection (Supplementary Figure S1).

IL-22 is produced by a wide variety of cells belonging to the
adaptive or the innate immune system.” As we previously
demonstrated that during vaccine-induced reduction of
H. pylori infection, Th17 cells infiltrate the stomach mucosa
and have a role in the reduction of H. pylori infection,”” we first
checked whether IL-22 is produced by Th17. We observed that
on day 5 post bacterial challenge, a large proportion of
CD4 "IL-22 " T cells produced IL-17 (Figure 1f (lower panels)
and Figure 1g). It has to be noted that a small but detectable
number of CD4 "IL-227 T cells do not produce IL-17, these
cells might be either Th22, Thl, and/or immature and/or
exhausted Th17 (Figure 1f (lower panels)). Time course
studies revealed that gastric CD4 " IL-17"1L-22" T cells
could already be detected in immunized mice on day 3
(Supplementary Figure S1B).

In addition, we did not detect any significant IL-22
production by gastric CD45+CD3 ~CD4~ CD5 ~ or CD45 "
CD3 CD4 " CD5 " cells inimmunized or control mice on day
5 post infection (Supplementary Figure S1C). These results
suggest that cells of the innate immune system do not
significantly contribute to the IL-22 production during the
vaccine-induced protection. Lastly, in order to confirm that the
IL-22 is produced by Helicobacter-specific CD4 " T cells, we
isolated stomach lymphoid cells on day 5 post infection and
stimulated these cells with urease (the vaccine antigen).
Figure 1h shows that only immune cells isolated from the
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stomach mucosa of immunized and infected mice stimulated
with urease produced IL-22.

Collectively, these results show that a gastric infiltration of
Helicobacter-specific CD4 " IL-22" T cells (mainly of Th17
origin) develops as a result of immunization and challenge. The
temporal association of the infiltration of the gastric mucosa by
IL-227CD4™ T cells with the reduction of H. felis infection
implicates IL-22 in the elimination of the bacteria from the
stomachs of immunized mice.

IL-22 deficiency precludes vaccine-induced protection
In order to determine whether IL-22 has a role in the reduction
of bacterial load, we blocked the biological activity of IL-22 in
vaccinated mice. In comparison with vaccinated mice injected
with control antibodies, vaccinated mice injected with anti-IL-
22 monoclonal antibodies'® still had high levels of H. felis
infection on day 5 post infection (Figure 2a). Similarly,
vaccinated mice injected with anti-IL-22 antibodies still had
high levels of H. pylori infection on days 7 (Figure 2b, left and
middle panels showing two independent experiments) and 10
post infection (Figure 2¢). Of note, the injection of anti-IL-22
antibodies to control mice did not increase H. felis or H. pylori
infection (Figure 2a, b (left and middle panels) and Figure 2c).
In order to validate this experiment, we vaccinated and infected
IL-22-deficient mice. In a first step, we measured serum
antibody responses in wild-type (WT) and IL-22-deficient mice
and found that both groups of mice were able to mount an
antibody response against urease (Supplementary Figure
S2A). In addition, splenocytes of both groups of mice
proliferated at similar levels when exposed to urease
(Supplementary Figure S2B). Taken together, these results
suggest that the immunization protocol was efficient at
promoting urease-specific CD4 " T-cell responses in both
strains of mice. However, following immunization, although
WT mice reduced H. felis and H. pylori infections,
IL-22-deficient mice still had high levels of H. felis and
H. pylori infections at the time they were killed (Figure 2a, b
(right panel)).

Collectively, these data demonstrate that IL-22 has a role in
vaccine-induced protection.

IL-22 therapy decreases Helicobacter infection

As IL-22 deficiency precludes vaccine-induced reduction of
H. pylori infection, we tested whether IL-22 injection can
promote the reduction of Helicobacter infection in non-
immunized mice. To this end, we injected the IL-22Fc fusion
protein to chronically infected mice. The fusion of IL-22 to the
Fc fragment of immunoglobulins can dramatically increase the
half life of the molecule in vivo and therefore potentialize the
therapeutic effect of IL-22.'* Moreover, the injection of IL-22Fc
fusion protein has already been shown to confer protection to
mice inoculated with the gut pathogen C. rodentium.'* Three
weeks after infection with H. felis or H. pylori, 50 pg of IL-22Fc
fusion protein was injected on days 0 and 3 and the mice were
killed on day 5. As a control, infected mice received vehicle
(phosphate-buffered saline). Remarkably, mice injected with
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IL-22Fc fusion protein were less infected than control mice
(Figure 2d, e).

The reduction of Helicobacterinfection is not dependent on
the pro-inflammatory properties of IL-22

Because IL-22 is associated with chronic inflammatory diseases
like psoriasis,” we evaluated whether the pro-inflammatory
properties of IL-22 have a role in the vaccine or IL-22Fc-
induced reduction of H. felis infection. Figure 3a shows that the
injection of anti-IL-22 antibodies did not decrease the levels of
inflammatory cytokines/chemokines produced within the
stomach mucosa of vaccinated mice on day 5 post bacterial
infection. In addition, the injection of anti-IL-22 antibodies did
not decrease infiltration of gastric inflammatory cells in
vaccinated WT mice on day 5 post H. felis infection
(Figure 3b, c). Moreover, vaccinated IL-22-deficient mice
on day 5 post H. felis infection demonstrated gastric
inflammatory cells infiltration similar to that of their WT
counterparts (Figure 3c and Supplementary Figure S2C
(upper panels)). In line with these observations, the injection of
IL-22Fc fusion protein to chronically H. felis-infected mice did
not promote the infiltration of inflammatory cells or increase
inflammatory markers within the stomach mucosa (Figure 3c,
Supplementary Figure S2C (lower panels) and Figure 3d).
Collectively, these data show that the pro-inflammatory
properties of IL-22 are dispensable for the reduction of
H. felis infection.

IL-22-induced antimicrobial peptides have a critical role in
the reduction of Helicobacter infection

It has been shown that IL-22 induces the expression of AMPs
involved in host defense in the skin, the airways, and the
intestine.” Similarly, we observed an upregulation of AMPs in
the stomach mucosa of vaccinated mice associated with
reduced H. felis infection (Figure 1c-e and Supplementary
Figure S3A). We detected an increase in the expression of
ReglIIP, S100A9, and Regllly, whose expressions have been
reported to be dependent on the biological activity of IL-22."
Indeed, vaccinated and infected WT mice injected with
neutralizing anti-IL-22 antibodies or IL-22-deficient mice
demonstrated a clear decrease of RegIIIf, SI00A9, and ReglIly
expression in the stomach mucosa as compared with vaccinated
WT mice (Figure 4a, b (left pictures)). In addition, the injection
of IL-22Fc fusion protein promoted the expression of ReglIIf,
S100A9, and ReglIly in the stomach mucosa as compared with
vehicle-injected mice (Figure 4a, b (middle and right
pictures)).

In order to evaluate whether the upregulation of AMPs by the
stomach mucosa is responsible for the reduction of Helicobacter
infection, we extracted AMPs from the stomach mucosa of
vaccinated and infected mice to evaluate their potential
Helicobacter killing activities. As expected, RegIIIB was
detectable by western blot of AMPs from mice with an
increased level of IL-22 (Figure 4c). Dead bacteria were
visualized by staining with DIBAC,(3) fluorescent dye.'> AMPs
extracted from the stomach of vaccinated mice killed
H. pylori and H. felis as efficiently as the recombinant human
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B-defensin 3 (Figure 4d and Table 1). Human 3-defensin 3is  H. pylori or H. felis (Figure 4d and Table 1). Notably,
an AMP known to efficiently kill H. pylori in vitro.'® In contrast, ~ AMPs extracted from the stomachs of vaccinated and infected
AMPs extracted from control mice did not kil WT mice injected with anti-IL-22 antibodies or from IL-22-
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Figure 2 [L-22 deficiency precludes vaccine-induced reduction of H. pyloriinfection. BALB/c WT or IL-22-deficient mice were either vaccinated with
urease and CT (Vaccinated) or administered CT alone (Control). Two weeks after vaccination, mice were challenged with H. felis (a) or H. pylori
(b and ¢). Vaccinated mice were intraperitoneally injected with 200 ug of anti-IL-22-neutralizing monoclonal antibody (IgG2a) or with purified non-specific
rat IgG2a monoclonal antibody at days 1 and 3 after H. felis challenge or at days 1, 3, 5, 7, and 9 after H. pylorichallenge. Mice were killed on days 5, 7,
or 10 post infection and the stomachs were recovered for detection of Helicobacter infection either by gPCR (a) or the numeration of CFU (b and c).
IL-22Fc therapy decreases H. felisand H. pyloriinfection. Three weeks after infection with H. felis or H. pylori, 50 pg of IL-22F ¢ fusion protein (provided by
Genentech) were intraperitoneally injected on days 0 and 3 and killed on day 5. As control, infected mice received vehicle, a PBS solution. At the time the
mice were killed, the stomachs were recovered for detection of Helicobacter infection either by qPCR (d) or the numeration of CFU (e). Each dot
represents a mouse. *P<0.05, **P<0.01. CFU, colony-forming unit; CT, cholera toxin; IL, interleukin; n.s., not significant; PBS, phosphate-buffered
saline; WT, wild type.

<

Figure 1 Vaccine-induced reduction of H. felis infection is associated with high levels of IL-22 in the gastric mucosa. BALB/c WT mice were either
vaccinated with urease and CT (vaccinated) or administered CT alone as control (control). Two weeks after vaccination, mice were challenged with H.
felis. On days 4 and 5 post infection, vaccinated mice demonstrated a clear decrease of H. felis colonization in their stomach mucosa (a). On day 4 post
bacterial challenge, a large increase of IL-22 mMRNA expression was observed in the gastric mucosa of immunized mice as compared with controls (b, left
panel). This was corroborated on day 5 post bacterial challenge by increased levels of IL-22 protein in the gastric samples of vaccinated mice, as
compared with controls (b, right panel). On day 5 post bacterial challenge, increase of IL-22-dependent genes (CXCL2, S100A9, and RegllI) mRNA
expression was observed in the gastric mucosa of vaccinated mice as compared with controls (c). Detection of Reglllf3 by immunohistochemical staining
on day 5 post bacterial challenge. Stomach tissue sections of vaccinated and infected mice were first stained with sheep anti-RegllIp or an irrelevant
sheep antibody (sheep IgG) followed by biotinylated rabbit anti-sheep and avidin HRP (d). Pictures are representative of data obtained from five individual
vaccinated and infected mice. Bars: 50 um. The increase of RegllI} mRNA expression correlated with the decrease of bacterial load on day 5 post
bacterial challenge (e). Lymphoid cells infiltrating the stomach mucosa were isolated for detection of IL-22-producing CD4 * T cells (upper panels) or
IL-17- and IL-22-producing CD4 " T cells (lower panels) in CD45* CD3* cells by flow cytometry analysis (f). On day 5 post bacterial challenge, the
percentages and numbers of IL-227CD4 " T cells and IL-17 TIL-227CD4 ™ T cells (g) infiltrating the stomach of vaccinated mice were higher in
comparison with control mice. Isolated stomach mononuclear cells were stimulated with urease for 5 days in vitro. IL-22 protein concentration was
measured in the cell supernatant by ELISA. We observed that mononuclear cells from vaccinated mice stimulated with urease produced higher IL-22
levels than mononuclear cells from control mice (h). Plots are representative of at least two independent experiments (n=6-8 mice per group), each dot
represents amouse. *P<0.05, **P<0.01. CT, cholera toxin; ELISA, enzyme-linked immunosorbent assay; HRP, horseradish peroxidase; IL, interleukin;
WT, wild type.
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Figure3 The reduction of Helicobacterinfection is not dependent on pro-inflammatory properties of IL-22. BALB/c WT mice were either vaccinated with
urease and CT (Vaccinated) or administered CT alone (Control). Two weeks after vaccination, mice were injected with 200 ug of anti-IL-22-neutralizing
monoclonal antibody (rat IgG2a) or with purified non-specific rat IgG2a monoclonal antibody at days 1 and 3 after H. felis infection and killed on day 5 post
infection. At the time the mice were killed, stomach tissues were recovered to perform qPCR to assess mRNA expression of inflammatory markers (IL-18,
IL-17, IL-23p19, and CXCL2; a) and histological analysis was conducted to evaluate tissue damage (b, c). Pictures are representative of score tissue
damage of 0 (control rat IgG; anti-IL-22) and 4 (Vaccinated, rat IgG, anti-IL-22). H. felis-infected mice were injected with 50 pg of IL-22Fc fusion protein or
PBS on days 0 and 3 and killed on day 5. At the time the mice were killed, stomach tissues were recovered to perform histological analysis (¢) and gPCR
was conducted to assess mRNA expression of inflammatory markers (d). Each dot represents a mouse. *P=0.05. CT, cholera toxin; IL, interleukin; n.s.,
not significant; PBS, phosphate-buffered saline; WT, wild type.
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Figure 4 |L-22-induced antimicrobial peptides have a critical role in the reduction of Helicobacter infection. The stomach mucosa of WT or IL-22-
deficient vaccinated, control mice or chronically infected WT mice injected with rat IgG, anti-IL-22 antibodies, or recombinant IL-22Fc fusion protein were
recovered to perform gPCR to quantify mRNA expression levels of RegllI, S100A9, and Regllly (a). Stomach tissue sections of vaccinated and infected
mice injected with anti-IL-22 antibodies or mice chronically infected with H. felis were stained to detect RegllIp (b). Pictures are representative of data
obtained from five or six individual mice. Bars: 50 um. Three weeks after infection with H. felis, 50 ng of IL-22Fc fusion protein or PBS was injected on days
0 and 3 and the mice were killed on day 5. At the time the mice were killed, AMPs were extracted from the stomach and RegllIp expression detected by
western blot (c). This western blot is representative of data obtained from six individual mice. The stomach mucosa of vaccinated or control WT mice were
recovered at day 5 after H. felis infection to extract AMPs. H. felis or H. pylori were incubated with AMPs or hBD3, an AMP known to efficiently kill
Helicobacter in vitro and stained with DiBAC4(3) to discriminate intact non-fluorescent and killed fluorescent Helicobacter (d). Pictures are representative
of AMP-mediated Helicobacterkilling; pictures are representative of data obtained from five or six individual mice in at least two independent experiments
(d). Three weeks after infection with H. felis, WT or RegllIp =/~ C57BL/6 mice were injected with 50 pg of IL-22Fc fusion protein or PBS on days 0 and 3
and killed on day 5 (e). At the time the mice were killed, the stomachs were recovered for detection of H. felis infection by gPCR. Two weeks after
vaccination, WT and RegllIB-deficient mice were challenged with H. pyloriand killed on day 10 post infection. The stomachs were recovered for detection
of H. pyloriinfection by the numeration of CFU (f). Each dot represents a mouse. *P<0.05, **P<0.01, ***P<0.001. AMP, anti-microbial peptide; CT,
cholera toxin; CFU, colony forming unit; DiIBAC4(3), bis-(1,3-dibutylbarbituric acid) trimethine oxonol; hBD3, human B-defensin 3; IL, interleukin; n.s., not
significant; PBS, phosphate-buffered saline; WT, wild type.
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Table 1 IL-22-induced AMPs kill H. pylori and H. felis
AMP source
Mice Control Vacccinated  Chronically
infected

Treatment Rat Anti- Rat Anti- PBS IL- 0 rhBD3

IgG IL-22  IgG  IL-22 22Fc
H. pylori - — + + + - - +++ - +++
H. felis - S e e - 4+ - A+

Abbreviations: AMP, anti-microbial peptide; IL, interleukin; PBS, phosphate-buffered
saline.
(—) no fluorescent bacteria; (+ + +) all bacteria are fluorescent.

deficient mice also did not kill H. pylori or H. felis (Table 1).
Remarkably, AMPs extracted from the stomach mucosa of
chronically infected mice injected with IL-22Fc killed H. pylori
and H. felis (Table 1).

In order to investigate whether ReglIIB has a role in the
IL-22-induced reduction of H. felis infection in vivo, we injected
IL-22Fc into chronically infected RegIIIB-deficient mice.
Remarkably, RegIIIB-deficient mice did not reduce H. felis
infection as efficiently as WT mice (Figure 4e). Lastly, in order
to investigate whether RegIIIB has a role in vaccine-induced
protection, we vaccinated and challenged RegIIIB-deficient
mice. In a first step, we measured serum antibody responses
in WT and RegllIB-deficient mice and found that both
groups of mice were able to mount an antibody
response against urease (Supplementary Figure S2D). In
addition, splenocytes of both groups of mice proliferated at
similar levels when exposed to urease (Supplementary
Figure S2E). Taken together, these results suggest that
the immunization protocol was efficient at promoting
urease-specific CD4 " T-cell responses in both strains of
mice. However, following immunization, although WT mice
exhibited reduced H. pylori infection, RegIIIp-deficient mice
did not (Figure 4f).

Collectively, these data demonstrate that IL-22-induced
AMPs, among them RegllIB, produced by the stomach
mucosa kill H. pylori during a period of vaccine-induced
protection.

DISCUSSION

This study highlights the importance of IL-22 in the generation
of vaccine-induced protective immunity directed toward a gut
pathogen. In this study, we provided evidence that the CD4 "
T cells infiltrating the gastric mucosa of H. felis-challenged
vaccinated mice produce IL-22 (Figure 1f, g). These CD4 "
IL-227 T cells mainly belong to the Th17 subset because they
also produced IL-17 (Figure 1d, g). Neutralization of the IL-22
biological activity by injecting anti-IL-22 antibodies or by using
IL-22-deficient mice decreased the efficacy of the vaccine to
reduce H. felis and H. pylori infections (Figure 2). In addition,
injection of IL-22Fc fusion protein into mice chronically
infected with H. felis or H. pylori significantly decreased
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bacterial loads (Figure 2d, e). We next provided evidence that
H. felis or H. pylori were killed by AMPs extracted from the
stomach of vaccinated mice but not from control mice.
Remarkably, the H. felis or H. pylori killing activities of stomach
AMPs were dependent on IL-22. Indeed, AMPs extracted from
the stomach of vaccinated mice injected with anti-IL-22
antibodies or vaccinated IL-22-deficient mice lacked anti-H.
felis or H. pylori killing activity (Table 1). Moreover, AMPs
extracted from the stomach of chronically Helicobacter-
infected mice injected with IL-22Fc fusion protein
efficiently killed H. felis or H. pylori (Table 1). In addition,
we observed that H. pylori infection in vaccinated ReglIIP-
deficient mice was not reduced as efficiently as in WT mice
(Figure 4f). Collectively, these results show an essential role for
IL-22-dependent AMPs, such as ReglIIf, in vaccine-induced
protection.

Stomach epithelial cells express IL-22 receptor, and the
increase of STAT3 phosphorylation (Supplementary Figure
83B) detected within the stomach tissue during vaccine-
induced reduction of Helicobacter infection suggests that
gastric epithelial cells are stimulated by IL-22 in vivo. The
upregulation of the IL-22-dependent ReglIIIf by gastric
epithelial cells supports this interpretation (Figure 1d). By
promoting the expression of AMPs such as ReglIIIf, ReglIly,
S1008A, and S100A9, IL-22, either produced by ILC3" or
Th17%°, has been shown to have a key role in the stomach
immune defenses directed against Candida albicans. Similarly,
in our study, we observed that IL-22-dependent AMPs have
critical roles in protecting the stomach from H. pylori infection.
In our experimental conditions, we did not observe any
production of IL-22 by ILC3 in vaccinated mice on day 5 post
bacterial infection (Supplementary Figure S1C). Similarly,
recent studies by Zhuang et al. and Shiu et al.'”*' did not find
any production of IL-22 by innate immune cells in the stomach
of mice on day 35 post H. pylori or H. felis infection. Given that
H. pylori is a noninvasive bacterium that subverts the detection
mechanisms of the innate immune system,”* it can be
postulated that IL-23-driven activation of IL-22 production
by ILC3** is minimal in the stomach mucosa of H. pylori-
infected non-vaccinated hosts. In vaccinated and infected mice,
although IL-23 is produced at high levels (Figure 3a), it might
be expected that because ILC3 are rare cells, ILC3 constitute a
very minor source of IL-22 compared with infiltrating urease-
specific CD4 ™ Th17 cells (Figure 1f, g).

Paradoxically, AMPs are already known to be induced in
gastric epithelial cells of patients chronically infected by
H. pylori*** A recent paper from the group of Wehkamp'®
showed that AMPs, such as human beta defensin (hBD1) 1 and
2 (hBD2) and elafin, are highly induced in the stomach mucosa
of H. pylori-infected individuals. However, hBD1, hBD2, and
elafin cannot kill H. pylori.'® By comparison, other AMPs, such
as human B-defensin 3 and LL37, showed strong bactericidal
activities against H. pylori'®*® but are negligibly expressed in
the gastric mucosa of infected individuals. Our study demon-
strates that vaccination or injection of IL-22Fc fusion protein
alone modulates the AMPs produced by gastric epithelial cells,
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leading to the exclusion of H. pylori from its gastric mucosal
niche. We identified ReglIIIf as one of IL-22-dependent AMPs
responsible for H. pylori killing in vivo (Figure 4e, f). However,
other AMPs like S100A9 (Figures 1c and 4a) or other factors
such as IL-22-dependent mucins*’ might also participate in the
vaccine-induced reduction of H. pylori infection in vivo. In
addition, IL-22-independent mechanisms, such as IL-17-
dependent®’ or -independent® neutrophil infiltration, parti-
cipate in the protective immune response leading to the
reduction of Helicobacter infection.” These IL-22-independent
mechanisms are probably at least in part responsible for the
reduction of the bacterial load observed in vaccinated mice
injected with anti-IL-22 antibodies (Figure 2b).

Although we observed that IL-22 led to the reduction of
H. pylori infection in vaccinated animals, Zhuang et al.'’
showed that IL-22 is detectable in chronically infected
individuals and Obonyo et al*® showed that WT C57BL/6
mice infected with H. felis highly expressed gastric IL-22 mRNA
with an apparent increase over time but without any
corresponding reduction of H. felis colonization. The absence
of IL-22-mediated H. pylori/H. felis clearance in chronic
infection might come from the lack or presence of additional
key molecules, such as IL-10, IL-17, tumor necrosis factor-o, or
IL-22BP known to modulate the anti-bacterial properties of
IL-22 and/or the presence of cells suppressing the overall
immune responses such as T-regulatory cells and/or the
myeloid-derived suppressor cells.'”**>°

The necessity to induce a Helicobacter-specific CD4 * T-cell
response associated with an inflammatory reaction is a
common theme in vaccine-induced reduction of Helicobacter
infection from the gastric mucosa. Helicobacter-specific Thl,
Th2, and/or Th17 cells are most likely activated by IL-23-
producing protease-activated receptor 2-dependent dendritic
cells®" within the Peyer’s patches’* and/or mesenteric lymph
nodes and/or directly within the stomach mucosa of vaccinated
and infected mice. Activated CD4 " T cells secrete a large set of
cytokines such as IFNy, IL-17, and tumor necrosis factor-o that
promote in some circumstances the recruitment and activation
of inflammatory cells such as neutrophils,” inflammatory
monocytes,” or mast cells,'> which participate in the
reduction of bacterial load. Conflicting results have been
published on the role of the different actors of the inflammatory
response such as mast cells,”* neutrophils,'>>> and IL-17% in
vaccine protection. These discordant observations probably
reflect the presence of redundant or compensatory mechanisms
used by the mucosal immune system to mount inflammatory
responses capable of reducing Helicobacter infection in
vaccinated and infected mice. In addition, it might also
indicate, as illustrated in our study, that the CD4 ™" T-cell
response via the secretion of factors such as IL-22 controls non-
inflammatory mechanisms having important roles in vaccine
protection.

In conclusion, our study reinforces the finding that IL-22-
dependent cross-talk exists at mucosal surfaces between
activated memory Th17/Th22 cells and epithelial cells to
enhance their anti-bacterial defenses.”?*>>® With respect to
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the clinical development of a future H. pylori mucosal vaccine,
our data suggest that it might be of great interest to correlate the
presence of circulation and/or stomach urease-specific memory
Th17/Th22 cells with vaccine efficacy to develop immune
correlates of vaccine protection. In addition, we identified IL-22
as a key molecule capable of reducing H. pylori infection in vivo
without inducing inflaimmatory processes. It thus can be
suggested that IL-22 might be of clinical value in conjunction
with prophylactic/therapeutic vaccines or antibiotic therapies
in order to increase H. pylori clearance efficiency in chronically
infected individuals.

METHODS

Mice. BALB/c or C57BL/6 mice (6-8-week-old) were purchased from
Harlan, Horst, The Netherlands. Female 1L-22-deficient (IL-227/ )
BALB/c mice were provided by the Ludwig Institute for Cancer
Research, (Brussels Branch, Belgium). C57BL/6 ReglIIB-deficient mice
(ReglIIB '~ were provided by the CRCM (Marseille, France). Mice
were bred under conventional, non-specific-pathogen-free conditions.
This study was approved by the Canton of Vaud Veterinary Office
(authorization no. 836.9).

Bacteria and Infection. H. pylori P49, kindly provided by Harry
Kleanthous (Acambis, Cambridge, MA), is a human clinical isolate
adapted to mice. H. pylori P49 expresses VacA but not CagA. H. pylori
P49 was grown on Helicobacter pylori-selective agar plate (Oxoid,
Basingstoke, UK) and brain heart infusion broth supplemented with
0.25% yeast extract and 10% fetal calf serum (PAA, Pasching, Austria)
under microaerophilic conditions. The H. felis strain (ATCC 49179)
was grown biphasically under microaerophilic conditions. H. pylori
P49 and H. felis infections were induced by orogastric gavage as
described previously.'?

Immunization. Mice were immunized intranasally four times at
1-week intervals with 30 ug of recombinant H. pylori urease (kindly
provided by Sanofi-Pasteur, Lyon, France) combined with 5pg of
cholera toxin (Calbiochem, Lucerne, Switzerland). Control mice were
administered only cholera toxin.

Assessment of Helicobacter colonization. H. felis colonization was
assessed by measuring the copy number of H. felis flaB gene by
quantitative PCR as described previously.® H. pylori colonization was
assessed by plating to numerate colony-forming units as described
previously.'?

Quantitative PCR. RNA extraction, reverse transcription, and PCR
amplification were performed as described previously.® The primers used
in this study were purchased from Qiagen (Valencia, CA): IL-22
(QT00128324); CXCL2 (QT00113253); ReglIIP (QT00239302); Regllly
(QT00147455); and S100A9 (Calgranulin B; QT00105252).

Histology and immunohistochemistry. For histology, stomach tis-
sues were fixed in neutral buffered 10% formalin and subsequently
embedded in paraffin. Sections of 4 pm thickness were stained with
hematoxylin and eosin. Indexes of histopathological damage were
calculated by the addition of inflammatory and atrophy grades
assessed in the antral and fundal mucosa as described previously.®
Immunohistochemistry was performed as described previously.””
Briefly, paraffin-embedded stomach tissue sections (4pm) were
decorated with anti-ReglIIf sheep antibodies (R&D Systems, Min-
neapolis, MN) followed by biotinylated rabbit anti-sheep (Abcam,
Cambridge, UK) and avidin horseradish peroxidase complex
(Vectastain ABC Kit; Vector Laboratories, Burlingame, CA). ReglIIIf +
cells were visualized using diaminobenzidine tetrahydrochloride
substrate kit for peroxidase (Vector Laboratories). Mayer’s hema-
toxylin was used as a nuclear counterstain. Endogenous peroxidase was
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quenched with 1% H,0,, and endogenous biotin was blocked with an
avidin biotin blocking kit (Vector Laboratories).

Preparation of gastric lymphoid cell suspension. The isolation of
the gastric lymphoid cells was performed as previously described."?

Anti-urease antibody response. The determination of the anti-urease
antibody titers was performed as described previously.'?

Flow cytometry. Cells were resuspended in fluorescence-activated cell
sorter buffer (1% bovine serum albumin, 5mmoll ~! EDTA in
phosphate-buffered saline) and incubated with conjugated mono-
clonal antibodies in the presence of Fc blockers (2.4G2, Becton
Dickinson (BD), San Jose, CA). Dead cells were excluded using 7-AAD
(Beckman Coulter, Brea, CA); all data acquisition was performed on a
Cytomics FC 500 (Beckman Coulter). We used the following reagents
for the staining procedures: anti-CD3-FITC, anti-CD45-Biotin, anti-
CD3-PECy5, Rat IgG1-PE, Streptavidin-PECF594 (BD), anti-CD5-
FITC, anti-IL-17A-FITC, anti-CD4-PECy7 (Biolegend, San Diego,
CA), and anti-IL-22-PE (eBioscience, San Diego, CA). For intracellular
cytokine staining, gastric lymphoid cells were first stimulated with
phorbol myristate acetate and ionomycin, then surface stained with
anti-mouse CD4, CD3, and CD45 antibodies, permeabilized, and
fixed. Cells were then co-stained for intracellular IL-17 and IL-22 as
described previously.® For the detection of intracellular IL-22 in ILC,
gastric lymphoid cells were stimulated with phorbol myristate acetate,
ionomycin, and IL-23 (10 ngml ~ '). Fluorescence-activated cell sorter
data were analyzed using FlowJo V10 (FLOWJO LLC, Ashland, OR).

AMP extraction. Cationic AMPs were extracted as described pre-
viously."” Briefly, stomachs were frozen immediately in liquid nitrogen
and were thoroughly ground using a cooled mortar and pestle. Proteins
were extracted under gentle agitation for 2h in 5% acetic acid with
addition of Complete Protease Inhibitor Cocktail (Roche, Basel,
Switzerland). The acid soluble proteins in the supernatant were
lyophilized and resuspended in 0.05% acetic acid. Cationic proteins
were extracted overnight at 4 °C with a weak cation exchange matrix
(Macro Prep CMR, Bio-Rad Laboratories, Hercules, CA). The AMP-
enriched cationic proteins were eluted with 5% acetic acid, lyophilized,
and resuspended in 0.01% acetic acid. Protein concentrations were
determined by BCA assay.

In vitro killing assay. H. pylori P49 or H. felis culture (DOggonm = 0.6)
were washed twice with phosphate-buffered saline and diluted at
4 x 10° bacteria per ml in phosphate-buffered saline. In 96-well
round-bottomed plates, we mixed 50 pl of bacterial suspension with
10 pg of stomach cationic peptides or 2 pg of human B-defensin 3
(Peprotech, London, UK). The mixture was incubated 55min at
37°C (CO, incubator). During the last 10min of incubation
bis-(1,3-dibutylbarbituric acid) trimethine oxonol (DiBAC4(3))
(Enzo Life Sciences, Lausen, Switzerland) (0.1 pgml 1) was added to
discriminate intact non-fluorescent and depolarized fluorescent
Helicobacter.

Urease-induced specific proliferation and IL-22 production. A total
of 1x10° splenocytes labeled with carboxyfluorescein-diacetate-
succinimidyl-ester’® were stimulated with purified urease
(10 pgml ') in RPMI 10% fetal calf serum in 96-well plates. After 4
days of incubation at 37°C, carboxyfluorescein-diacetate-succini-
midyl-ester dilution was measured by fluorescence-activated cell sorter
using Cytomics FC 500 (Beckman Coulter). Proliferation index was
determined using proliferation with concanavalin A (1pgml ")
(C5275-5MG, Sigma-Aldrich, St. Louis, MO) to normalize urease-
specific proliferation. Urease-induced IL-22 secretion was determined
by incubating purified urease (10pgml~"') with 1 x 10° stomach
mononuclear cells for 5 days in RPMI 10% fetal calf serum in 12-well
plates. IL-22 protein concentrations were measured in the cell
supernatant by enzyme-linked immunosorbent assay using Quan-
tikinekit (R&D Systems).
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Western blot. For each sample, total protein concentration was
measured using BCA assay. Twenty micrograms of proteins was
loaded and separated on 12% sodium dodecyl sulfate-polyacrylamide
gels. Proteins were transferred to a nitrocellulose membrane
(Pall Corporation, DF Mexico, Mexico). After a 1h blocking step at
room temperature in 3.5% bovine serum albumin, the membrane was
incubated overnight at 4 °C with primary antibodies: rabbit anti-Stat3-
P (Tyr705) (Cell Signaling Technology, Danvers, MA), mouse anti-
Actin (Sigma), or sheep anti-RegIIIf (R&D Systems). Following
washes, the membrane was incubated at room temperature with
secondary biotinylated antibodies (donkey anti-rabbit IgG (GE
Healthcare, Buckinghamshire, UK), sheep anti-mouse IgG (GE
Healthcare), or rabbit anti-sheep IgG (Abcam)) followed by strep-
tavidin-horseradish peroxidase incubation. Following washes, che-
miluminescence revelation was carried out on a Fusion-FX (Vilber
Lourmat, Eberhardzell, Germany) with WesternBright ECL mix
(Advansta Corporation, Menlo Park, CA).

Statistics. Data distribution was compared by Mann-Whitney tests
and two-way analysis of variance using GraphPad (GraphPad
Software, San Diego, CA), with P=0.05 as the limit of significance.

SUPPLEMENTARY MATERIAL is linked to the online version of the paper
at http://www.nature.com/mi
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