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IL-22 attenuates IL-25 production by lung epithelial cells and
inhibits antigen-induced eosinophilic airway inflammation
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Background: IL-22 functions as both a proinflammatory
cytokine and an anti-inflammatory cytokine in various
inflammations, depending on the cellular and cytokine milieu.
However, the roles of IL-22 in the regulation of allergic airway
inflammation are still largely unknown.

Objective: We sought to determine whether IL-22 is involved in
the regulation of allergic airway inflammation.

Methods: We examined IL-22 production and its cellular source
at the site of antigen-induced airway inflammation in mice. We
also examined the effect of IL-22 neutralization, as well as IL-22
administration, on antigen-induced airway inflammation. We
finally examined the effect of IL-22 on IL-25 production from a
lung epithelial cell line (MLE-15 cells).

Results: Antigen inhalation induced IL-22 production in the
airways of sensitized mice. CD4™ T cells, but not other
lymphocytes or innate cells, infiltrating in the airways produced
IL-22, and one third of IL-22—-producing CD4* T cells also
produced IL-17A. The neutralization of IL-22 by anti-1L-22
antibody enhanced antigen-induced IL-13 production,
eosinophil recruitment, and goblet cell hyperplasia in the
airways. On the other hand, intranasal administration of
recombinant IL-22 attenuated antigen-induced eosinophil
recruitment into the airways. Moreover, anti-IL-22 antibody
enhanced antigen-induced IL-25 production in the airways, and
anti-IL-25 antibody reversed the enhancing effect of anti-IL-22
antibody on antigen-induced eosinophil recruitment into the
airways. Finally, IL-22 inhibited IL-13—-mediated enhancement
of IL-25 expression in IL-13- or LPS-stimulated MLE-15 cells.
Conclusion: IL-22 attenuates antigen-induced airway
inflammation, possibly by inhibiting IL-25 production by lung
epithelial cells. (J Allergy Clin Immunol 2011 ;uu8:uun-EEN,)
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Asthma is chronic airway inflammation characterized by
eosinophil infiltration, mucus hypersecretion, and airway hyper-
responsiveness (AHR) to a variety of stimuli.' These character-
istics are mainly mediated by antigen-specific Ty2 cells and their
cytokines, including IL-4, IL-5, and IL-13." In addition, a num-
ber of studies have revealed that the airways of patients with
severe asthma exhibit neutrophil infiltration accompanied by
IL-17A production.4'(’ Moreover, we and others have shown
that Ty17 cells induce neutrophilic airway inflammation in part
through the production of IL-17A.”® More recently, IL-22, one
of the T17 cell-derived cytokines,9 has been detected in the air-
ways in a murine model of asthma.'*!!

IL-22 is a member of the IL-10 cytokine family with multiple
functions in various inflammatory diseases.''* The fact that
IL-22 markedly increases the expression of antimicrobially acting
proteins in various epithelia suggests a role for this cytokine in in-
nate immune defense.'>'? Although previous studies have dem-
onstrated that IL-22 is mainly produced by Tyl and Tyl7
cells,”'>!3 recent studies have shown that skin-homing
CCR10™ T cells also produce IL-22 without IL-17A production
and that these IL-22-producing CD4" T cells (Ty22 cells)
show a stable and distinct phenotype from Tyl, Ty2, and Tyl7
cells.'*'® In addition, it has been demonstrated that a population
of natural killer (NK) cells, CD11c™ myeloid cells, and lymphoid
tissue inducer (LTi)-like cells produce IL-22.5-17-19

IL-22 mediates its effects through a heterodimeric transmem-
brane receptor complex composed of IL-22 receptor 1 (IL-22R1)
and IL-10 receptor 2 (IL-10R2) and subsequent JAK-signal
transducer and activator of transcription (STAT) signaling path-
ways, including Jak1, Tyk2, and STAT3.'>'® IL-10R2 has been
shown to function as a receptor component not only of IL-22
but also of IL-10, IL-26, IL-28, and IL-29 and to be ubiquitously
expressed in a variety of cells.'>!**° On the other hand, it has
been shown that IL-22R1 is a receptor component of IL-22,
IL-20, and IL-24, and its expression is restricted to nonimmune
cells, such as epithelial cells in the intestine and lung and kerati-
nocytes in the skin.'>'*2%2! Indeed, it has been reported that nei-
ther resting nor activated immune cells, including T cells, B cells,
NK cells, macrophages, and dendritic cells, express IL-22R1.%
These findings suggest that IL-22 acts on nonimmune cells in
the skin, intestine, and lung.

Importantly, recent studies have shown that IL-22 exhibits both
proinflammatory and anti-inflammatory properties.'>** The
proinflammatory properties of IL-22 have been supported by
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Abbreviations used
AHR: Airway hyperresponsiveness
BALF: Bronchoalveolar lavage fluid
BMDC: Bone marrow—derived dendritic cell
IL-10R2: IL-10 receptor 2
IL-22R1: IL-22 receptor 1
LTi: Lymphoid tissue inducer
NK: Natural killer
OVA: Ovalbumin
PAS: Periodic acid-Schiff
gPCR: Quantitative real-time PCR
SOCS3: Suppressor of cytokine signaling 3
STAT: Signal transducer and activator of transcription
TARC: Thymus and activation-regulated chemokine
TSLP: Thymic stromal lymphopoietin

the finding that IL-22—deficient mice exhibited decreased acan-
thosis and reduced neutrophil infiltration in the inflamed skin after
repeated treatments with IL-23.° In addition, it has been shown
that IL-22—producing T cells are involved in the pathogenesis
of inflammatory skin diseases through an IL-22— and TNF-a—de-
pendent manner.”®> On the other hand, IL-22 production by
NKp46 ™ NK cells has been shown to be involved in mucosal de-
fense mechanisms.?* The beneficial properties of IL-22 are fur-
ther underscored by the findings that IL-22 is involved in
protection against bacterial pneumonia,?’ acute liver injury,
and murine models of inflammatory bowel disease.’®?” These
findings suggest that the functions of IL-22 are influenced by
the cellular and cytokine milieu.

Recently, it has been shown that IL-22 is detected at the site of
allergic airway inflammation.'®'" In addition, Zhao et al*® have
reported that serum levels of IL-22 are higher in patients with se-
vere asthma than those seen in patients with mild asthma and
healthy control subjects. Moreover, it has been reported that IL-
22 inhibits inflammatory responses in a murine model of asthma
by modulating the function of dendritic cells.'® Furthermore, Bes-
nard et al*® have recently shown that IL-22 is required for the sen-
sitization phase of allergic inflammation but exerts inhibitory
functions in the effector phase. However, the mechanisms by
which IL-22 regulates allergic airway inflammation remain
largely unknown.

In this study we sought to determine whether IL-22 regulates
allergic airway inflammation in a murine model of asthma and, if
s0, to determine the mechanism by which this occurs. We found
that IL-22 was produced by CD4™ T cells infiltrating the airways
on antigen challenge, that the neutralization of IL-22 by anti—
IL-22 antibody in the effector phase enhanced antigen-induced
eosinophil recruitment in the airways, and that intranasal admin-
istration of recombinant IL-22 inhibited antigen-induced eosino-
phil recruitment in the airways. We also found that anti—IL-22
antibody enhanced antigen-induced IL-25 production in the air-
ways, which is known to enhance Ty2-type immune responses
in the airways,30'32 and indeed, coinjection of anti—IL-25 anti-
body reversed the enhancing effect of anti—IL-22 antibody on
antigen-induced eosinophil recruitment into the airways. Finally,
we found that IL-22 inhibited IL-13-mediated enhancement of
IL-25 expression in an IL-13- or LPS-stimulated lung epithelial
cell line (MLE-15 cells). Our results suggest that IL-22 attenuates
antigen-induced airway inflammation in part by inhibiting the ex-
pression of IL-25 in lung epithelial cells.
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METHODS
Mice

BALB/c mice (Charles River Laboratories, Atsugi, Japan) were housed in
microisolator cages under pathogen-free conditions. The Chiba University
Animal Care and Use Committee approved the animal procedures used in this
study.

Reagents

Polyclonal anti-IL-22 antibody and anti-IL-25 (IL-17E) antibody were
obtained from R&D Systems (Minneapolis, Minn) and BioLegend (San Diego,
Calif), respectively. The anti-IL-22 mAb (clone MH22B2) was described
previously.*® Recombinant cytokines were purchased from PeproTech (Rocky
Hill, NJ). A murine lung epithelial cell line (MLE-15 cell) was a kind gift from
Dr Jeffrey Whitsett (University of Cincinnati).** See the Methods section in
this article’s Online Repository at www.jacionline.org for further details.

Antigen-induced allergic inflammation in the
airways

BALB/c mice (aged 6-8 weeks) were immunized intraperitoneally with
ovalbumin (OVA) and challenged once with inhaled OVA, as described
previously (see the Methods section in this article’s Online Repository for
further details).>> For the analysis of goblet cell hyperplasia and AHR,
OVA-sensitized mice were challenged with inhaled OVA 3 times at a 48-
hour interval.” Where indicated, mice were injected intraperitoneally with
anti—IL-22 antibody (20 wg per mouse), anti—IL-25 antibody (20 g per
mouse), or control antibody (BD Biosciences, San Diego, Calif) at 24 hours
before the inhaled OVA challenge. In other experiments recombinant IL-22
(0.1 pg per mouse) or saline (as a control) was administered intranasally twice
at 48 and 2 hours before the inhaled OVA challenge, respectively. The numbers
of eosinophils, neutrophils, lymphocytes, and CD4 * T cells recovered in bron-
choalveolar lavage fluid (BALF) were evaluated at 48 hours after OVA inha-
lation, as described previously.’

Cytokine assay

The amounts of IL-5, IL-13, IL-22, IL-25, IL-33, IFN-y, and thymic
stromal lymphopoietin (TSLP) in BALF were determined by mean of ELISA,
according to the manufactures’ instructions (see the Methods section in this
article’s Online Repository for further details).

Measurement of airway responsiveness

Airway responsiveness to aerosolized acetylcholine was assessed by using
a computer-controlled small animal ventilator system (flexiVent; SCIREQ,
Inc, Montreal, Quebec, Canada), as described elsewhere.>¢

Cytokine production and chemokine receptors of

CD4™ T cells

CD4" T cells were isolated from BALF cells, inguinal lymph node cells,
or lung homogenates by means of magnetic cell sorting.” For intracellular
cytokine analysis, CD4" T cells were stimulated with phorbol 12-myristate
13-acetate (20 ng/mL; Calbiochem, San Diego, Calif) plus ionomycin
(1 pg/mL, Calbiochem) at 37°C for 4 hours in the presence of brefeldin
A (10 pmol/L, BD Bioscience). Cytokine profiles (IFN-y, IL-4, IL-17A, and
IL-22) and the expression of chemokine receptors (CCR3, CCRS, CCR6, and
CCR10) of CD4" T cells were evaluated by means of flow cytometry (see
the Methods section in this article’s Online Repository for further details).

Histologic and immunohistologic analysis

The number of goblet cells was counted on periodic acid—Schiff (PAS)—
stained lung sections, as described elsewhere.>' Immunostaining of cryosec-
tions was performed as described previously (see the Methods section in
this article’s Online Repository for further details).*’
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Culture of MLE-15 cells

A murine lung epithelial cell line (MLE-15 cells) was grown in HITES
medium, as described previously.** MLE-15 cells were stimulated with IL-1B
(20 ng/mL) or LPS (100 ng/mL), IL-13 (20 ng/mL), or both in the presence or
absence of IL-22 (20 ng/mL) in HITES medium for 6 hours.

Quantitative real-time PCR analysis

Quantitative real-time PCR (qPCR) was performed with a standard
protocol on an ABI PRISM 7300 instrument (Applied Biosystems, Foster
City, Calif; see the Methods section in this article’s Online Repository for fur-
ther details).

Western blotting

Western blotting was performed as described previously®® by using anti-
STAT3 antibody, anti—-phospho-STAT3 antibody, and anti—phospho-STAT6
antibody (Cell Signaling Technology, Boston, Mass).

Preparation of bone marrow-derived dendritic cells

Bone marrow—derived dendritic cells (BMDCs) were prepared as described
previously (see the Methods section in this article’s Online Repository for fur-
ther details).>

Data analysis

Data are summarized as means = SDs. The statistical analysis of the results
was performed by using the unpaired ¢ test. P values of less than .05 were con-
sidered significant.

RESULTS
Lung-infiltrating CD4" T cells produce IL-22 in a
murine model of asthma

To determine whether IL-22 is involved in the regulation of
antigen-induced airway inflammation, we first examined the
expression of IL-22 at the site of allergic airway inflammation.
Consistent with recent reports, 10.29 Jevels of IL-22 were increased
in the BALF of OVA-sensitized mice at 48 hours after OVA inha-
lation (n = 5 mice in each group, P <.05; Fig 1, A). Even in the
absence of OVA inhalation (saline inhalation), IL-22 was detected
at low levels in BALF (Fig 1, A). The induction of IL-22 expres-
sion in the lungs of OVA-sensitized mice by OVA inhalation was
confirmed at mRNA levels by means of qPCR analysis (data not
shown).

CD4" T cells in BALF were isolated from OVA-sensitized
mice at 48 hours after OVA inhalation, stimulated with phorbol
12-myristate 13-acetate plus ionomycin, and analyzed by means
of intracellular cytokine staining to identify the cellular source
of IL-22 expressed at the site of allergic airway inflammation.
As shown in Fig 1, B, 1.6% = 0.5% of CD4*CD3™ T cells in
BALF were positive for intracellular IL-22 staining, whereas
only 0.2% * 0.3% of CD4" T cells from inguinal lymph nodes
in the same mice were positive for intracellular IL-22 staining
(means * SDs,n = 4, P <.05; Fig 1, B). Among IL-22—producing
CD4" T cells in BALF, 33.2% = 8.5% of cells were also positive
for IL-17A staining, whereas few IL-22—producing CD4 " T cells
were positive for IFN-y or IL-4 staining (Fig 1, C). Further anal-
ysis revealed that 21.6% * 6.3% of IL-22—producing CD4" T
cells expressed CCR6, a representative chemokine receptor
expressed on Ty17 cells and LTi cells (Fig 1, D). In contrast,
IL-22—producing CD4™ T cells did not express CCR10 (Fig 1,
D), which has been shown to be expressed on skin-homing
IL-22—producing T cells in human subjects.m‘16 Moreover,
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IL-22—-producing CD4™ T cells lacked the expression of CCR5
and CCR3 and representative chemokine receptors expressed
on Tyl cells and Ty2 cells, respectively.

Previous studies have shown that not only CD4 * T cells but also
alveolar macrophages from patients with inflammatory lung dis-
ease and a population of NK cells in secondary lymphoid tissues
produce IL-22.***! To confirm IL-22 production by CD4 " T cells,
we performed immunostaining on BALF cells recovered from
OVA-sensitized, OVA-inhaled mice. Although the frequency of
cells showing a positive signal for anti—IL-22 staining was less
than 1% of cells in BALF, approximately 80% of signals with
anti—-TL-22 staining were colocalized with CD4" cells (Fig 1,
E). In addition, IL-22 mRNA was detected in CD4" cells but
notin CD8 " cells, B220™ cells, DX5" cells, or CD11c™ cells re-
covered from the lung of OVA-sensitized, OVA-inhaled mice (see
Fig El in this article’s Online Repository at www.jacionline.org).
Moreover, IL-22 mRNA was not detected in CD4"CD3e ™ cells in
the lung (see Fig E1), suggesting that LTi-like cells are not respon-
sible for [L.-22 production in this asthma model. These results sug-
gest that CD4™ T cells, including Ty17 cells, are a major source
for IL-22 in patients with allergic airway inflammation.

Anti-IL-22 antibody enhances antigen-induced
eosinophil recruitment into the airways and AHR

To address the role of IL-22 in antigen-induced airway
inflammation, we next examined the effects of IL-22 neutraliza-
tion on the development of antigen-induced airway inflammation.
Anti-IL-22 polyclonal antibody (20 wng per mouse), which
neutralizes the activity of IL-22,*? or control antibody was in-
jected intraperitoneally into OVA-sensitized mice, and 24 hours
later, the mice were challenged with OVA inhalation. As shown
in Fig 2, A, anti—IL-22 antibody significantly enhanced antigen-
induced eosinophil and CD4™ T-cell recruitment into the airways
(n = 10 mice in each group, P <.05). Similarly, anti—IL-22 mAb
(clone MH22B2), which exhibits IL-22-neutralizing capacity
equivalent to polyclonal anti—IL.-22 antibody, enhanced antigen-
induced eosinophil and CD4 ™ T-cell recruitment into the airways
(data not shown). In addition, anti—IL-22 antibody significantly
enhanced the levels of [L-13 in BALF (n = 10 mice in each group,
P <.05; Fig 2, B). On the other hand, IL-5 levels in BALF in anti—
IL-22 antibody-treated mice were similar to those seen in control
antibody-treated mice (Fig 2, B). The expression of IL-23 p19 and
IL-12/1L-23 p40 mRNA in the lungs in anti—IL-22 antibody—trea-
ted mice was also similar to that seen in control antibody-treated
mice (data not shown).

Histologic analysis revealed that increased eosinophil counts in
BALF in anti—IL-22 antibody—treated mice were associated with
enhanced peribronchial and perivascular inflammatory cell infil-
tration, which consists of lymphocytes, eosinophils, and some
neutrophils, compared with that seen in control mice (Fig 3, A).
PAS staining of lung sections revealed that goblet cell hyperplasia
was also enhanced in anti—IL-22 antibody—treated mice (n = 5,
P <.05; Fig 3, A). To determine whether IL-22 is involved in
antigen-induced AHR, we examined the effects of anti—IL-22
antibody on airway responsiveness to acetylcholine in OVA-
sensitized mice after OVA inhalation. Consistent with the
enhanced eosinophil recruitment and IL-13 production in anti—
IL-22 antibody—treated mice (Fig 2), airway responsiveness to
acetylcholine was significantly enhanced in anti-IL-22 anti-
body-treated mice (n = 10, P < .05; Fig 3, B). These results
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FIG 1. Lung-infiltrating CD4™ T cells produce IL-22 in allergic airway inflammation. OVA-sensitized BALB/c
mice were challenged with inhaled OVA or saline (control). IL-22 levels and CD4" T-cell numbers in BALF
were then analyzed at 48 hours after OVA inhalation. A, IL-22 levels are increased in the lungs of sensitized
mice on antigen inhalation. The amounts of IL-22 in BALF were determined by means of ELISA. Data are
presented as means + SDs for 5 mice in each group. *P < .05. B, IL-22-producing CD4" T-cell numbers
are increased in allergic airway inflammation. CD4" T cells in BALF or inguinal lymph nodes (control)
were collected by means of magnetic cell sorting and analyzed for the expression of CD4 and intracellular
IL-22. Representative CD4 versus IL-22 staining of cells from BALF and inguinal lymph nodes (LN) and
means = SDs of the percentage of IL-22" cells among CD4" T cells are shown (n = 4 each). *P < .05. C,
CD4™" T cells in BALF were analyzed for intracellular IL-22 together with IFN-y, IL-4, and IL-17. D, CD4™ T cells
in BALF were analyzed for intracellular IL-22 together with CCR5, CCR3, CCR6, and CCR10. E, Cells in BALF
were stained with anti-CD4 antibody and anti-IL-22 antibody. Representative photomicrographs from 4
mice are shown.
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FIG 2. Anti-IL-22 antibody enhances antigen-induced eosinophil and CD4" T-cell recruitment into the air-
ways. OVA-sensitized BALB/c mice were injected intraperitoneally with polyclonal anti-IL-22 antibody (20
g per mouse) or control antibody. Twenty-four hours later, the mice were challenged with inhaled OVA
or saline. A, Numbers of lymphocytes, eosinophils, neutrophils, and CD4" T cells in BALF were evaluated
at 48 hours after OVA inhalation. Data are presented as means = SDs for 10 mice in each group. *P < .05.
B, Levels of IL-5, IL-13, and IFN-y in BALF were evaluated by means of ELISA at 48 hours after OVA inhala-
tion. Data are presented as means + SDs for 10 mice in each group. ND, Not determined. *P < .05.

indicate that endogenously produced IL-22 inhibits the develop-
ment of antigen-induced eosinophil and CD4 " T-cell recruitment
into the airways, goblet cell hyperplasia, and AHR.

Recombinant IL-22 inhibits antigen-induced
eosinophil recruitment into the airways

We next examined the effect of IL-22 on the development of
antigen-induced airway inflammation. Recombinant IL.-22 (0.1
pg per mouse) or saline was administrated to OVA-sensitized
mice intranasally at 48 hours and 2 hours before OVA inhalation,
and airway inflammation was evaluated at 48 hours after OVA
inhalation. As shown in Fig 4, A, the intranasal administration of
IL-22 inhibited antigen-induced recruitment of eosinophils and
CD4™ T cells but not that of neutrophils into the airways.
Although the difference did not reach statistical significance, in-
tranasal administration of IL-22 also tended to inhibit antigen-
induced IL-5 and IL-13 production in the airways (Fig 4, B)
and airway responsiveness to acetylcholine (see Fig E2 in this ar-
ticle’s Online Repository at www.jacionline.org). These results
further indicate the inhibitory effects of IL-22 on the development
of antigen-induced airway inflammation.

We also examined the effect of IL-22 on the resolution phase of
allergic airway inflammation. In this experiment OVA-sensitized
mice were challenged with OVA inhalation 3 times at a 48-hour
interval, and IL-22 or saline was administered intranasally to the
mice 3 times at 24, 48, and 72 hours after the last OVA inhalation.
IL-22-treated mice exhibited significantly low numbers of
eosinophils and lymphocytes and low levels of IL-13 in BALF
(see Fig E3 in this article’s Online Repository at www.jacionline.

org). These results suggest that [L-22 is able to accelerate the res-
olution of allergic airway inflammation in mice.

Lung epithelial cells express functional IL-22
receptors

To address the mechanisms by which IL-22 attenuates antigen-
induced airway inflammation, we searched possible IL-22—
responding cells in patients with allergic airway inflammation.
The functional IL-22 receptor is a heterodimer of IL-22R1 and
IL-10R2,'>" and previous studies have shown that IL-10R2 is
ubiquitously expressed in various cells but that the expression
of IL-22R 1 is restricted to nonimmune cells.'*'**° We first exam-
ined the expression of IL-22R1 in the lung by means of immunos-
taining with anti—IL-22R1 antibody. The expression of IL-22R1
was restricted to the luminal side of the epithelial cells in the
lung (Fig 5, A). We also examined the expression of IL-22R1
and IL-10R2 mRNA in several cell types by means of qPCR anal-
ysis. IL-10R2 was expressed at moderate levels in CD4™ T cells,
CD8™ T cells, and alveolar macrophages in the BALF and a lung
epithelial cell line (MLE-15 cell), which shows the characteristics
of the distal bronchiolar and alveolar epithelium,34 and at high
levels in BMDCs (Fig 5, B). In contrast, IL-22R1 was expressed
in MLE-15 cells but not in CD4™" T cells, CD8" T cells, or alve-
olar macrophages in BALF or BMDCs (Fig 5, B).

We further examined whether IL-22 transduced its signal in
MLE-15 cells and found that IL-22, as well as IL-6, phosphor-
ylated STAT3, a major signal transducer of IL-22,** in MLE-15
cells (Fig 5, C). IL-22 also induced the expression of suppressor
of cytokine signaling 3 (SOCS3), one of the target genes of


http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org

6 TAKAHASHI ET AL

PAS (x100)

anti-IL-22

40 u
g
= 30
2
8 20
3
< 10
cn
0
OVA - + - +
control anti-1L-22
B
(cmH,Os/ml
8 1 *
3
g anti-TL-22
=1
o0
g control
A

0 3 6 12 25 50
Acetylcholine (mg/ml)

FIG 3. Anti-IL-22 antibody enhances antigen-induced goblet cell hyperpla-
sia and AHR. OVA-sensitized BALB/c mice were injected intraperitoneally
with polyclonal anti-IL-22 antibody or control antibody. Twenty-four hours
later, the mice were challenged with inhaled OVA 3 times at a 48-hour
interval. A, Histologic analysis of the lung was performed with hematoxylin
and eosin (HE) and PAS staining at 48 hours after the final OVA inhalation.
Representative photomicrographs of lung sections and the number of gob-
let cells in the airways are shown. Data are presented as means + SDs for 5
mice in each group. *P<.05. B, Airway resistance to acetylcholine was mea-
sured at 24 hours after the final OVA inhalation by using the flexiVent sys-
tem, as described in the Methods section. Data are presented as means +
SDs for 10 mice in each group. *P < .05.

STAT3 signaling, in MLE-15 cells (see Fig E4 in this article’s On-
line Repository at www.jacionline.org), indicating that MLE-15
cells express functional IL-22 receptor complexes and signaling
molecules. Although it is still possible that other cell types could
respond to IL-22, these results suggest that the inhibitory effects
of IL-22 on the development of antigen-induced allergic airway
inflammation seem to be mediated by lung epithelial cells.

Anti-IL-22 antibody enhances antigen-induced IL-25
production in the airways

To further address the mechanisms of IL-22—mediated inhibi-
tion of antigen-induced airway inflammation, we examined the
expression levels of chemokines in the lungs of OVA-sensitized
mice after OVA or saline inhalation with or without IL-22
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neutralization. However, the expression levels of eotaxin-1 and
thymus and activation-regulated chemokine (TARC) in lung
tissue, which seem to play important roles in allergic airway
inflammation,***> were not significantly enhanced in mice trea-
ted with anti-IL-22 antibody (Fig 6, A).

We then examined levels of epithelial cell-derived cytokines
that promote Ty2-type immune responses, such as TSLP, IL-25,
and IL-33,***7 in BALF of OVA-sensitized mice after OVA or sa-
line inhalation with or without IL-22 neutralization. Importantly,
the levels of IL-25 in BALF were significantly enhanced in mice
treated with anti—IL-22 antibody (n = 5, P <.05; Fig 6, B). In con-
trast, the levels of TLSP and IL-33 were very low, even after OVA
inhalation, and anti—IL-22 antibody did not significantly affect the
levels of TLSP and IL-33 (Fig 6, B).

IL-22 inhibits IL-25 expression in MLE-15 cells

We also examined the effect of IL-22 on the expression of IL-
25 in MLE-15 cells at mRNA levels. As shown in Fig 6, C, both
IL-1( and LPS induced the expression of IL-25 in MLE-15 cells.
IL-13 itself did not induce the expression of IL-25 but enhanced
the expression of IL-25 in IL-13- or LPS-stimulated MLE-15
cells (Fig 6, C). Importantly, although IL-22 did not significantly
inhibit IL-1B3- or LPS-induced expression of IL-25 in MLE-15
cells, IL-22 inhibited IL-13-mediated enhancement of IL-25 ex-
pression in IL-1B3— or LPS-stimulated MLE-15 cells (Fig 6, C).
On the other hand, although a previous report has shown that
IL-17A reverses the protective effects of [L-22 on lung epithelial
cells,*® IL-17A did not significantly affect the inhibitory effect of
IL-22 on the expression of IL-25 in MLE-15 cells (data not
shown).

Anti-IL-25 antibody suppresses anti-IL-22
antibody-mediated enhancement of antigen-
induced eosinophil recruitment into the airways

To determine whether IL-25 is involved in the enhancement of
allergic airway inflammation in anti-IL-22 antibody—treated
mice, we finally examined the effect of anti—IL-25 antibody on
antigen-induced airway inflammation with or without adminis-
tration of anti—IL-22 antibody. As shown in Fig 7, administration
of anti—IL-25 antibody (20 g per mouse) suppressed anti—1L.-22
antibody-mediated enhancement of antigen-induced eosinophil
and lymphocyte recruitment into the airways (n = 5, P <.05). Fur-
thermore, although the difference did not reach significance, anti—
IL-25 antibody tended to decrease anti—IL-22 antibody—mediated
enhancement of IL-13 production in the airways (see Fig ES in
this article’s Online Repository at www.jacionline.org). Taken
together, these results suggest that IL-22 attenuates the develop-
ment of antigen-induced allergic inflammation by inhibiting IL-
25 production from lung epithelial cells in the Ty2 environment.

DISCUSSION

In this study we show that IL-22 is produced by CD4 ™ T cells in
the effector phase of allergic airway inflammation and attenuates
Ty2 cell-mediated airway inflammation, possibly by inhibiting
IL-25 production from lung epithelial cells.

We show that CD4™ T cells are major IL-22—producing cells at
the site of allergic airway inflammation (Fig 1). Consistent with
previous studies showing that IL-22 is detected in lungs on
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FIG 4. Intranasal administration of IL-22 attenuates

antigen-induced eosinophil recruitment into the

airways. Recombinant IL-22 (0.1 wg per mouse) or saline was administrated intranasally to OVA-
sensitized BALB/c mice twice at 48 hours and 2 hours before the inhaled OVA challenge. Mice were
challenged with OVA or saline inhalation, and at 48 hours after inhalation, numbers of lymphocytes,
eosinophils, neutrophils, and CD4" T cells (A) and levels of IL-5, IL-13, and IFN-y (B) in BALF were evaluated.
Data are presented as means + SDs for 4 mice in each group. ND, Not determined. *P < .05.

antigen challenge,'®'"** we found that CD4" T cells recovered
from the airways of sensitized mice after antigen inhalation pro-
duced IL-22 on stimulation (Fig 1, B). In addition, we found that
although the frequency of cells expressing IL-22 was very low in
the airways, approximately 80% of signals with anti—IL-22 stain-
ing were colocalized with CD4™" cells (Fig 1, E). On the other
hand, although previous reports have shown that NK,'’2%%!
CDl1l1c” myeloid,40 and LTi-like cells'® produce I[L-22, we found
that DX5%,CD11c™, or CD4"CD3e ™ cells in the lung did not ex-
press IL-22 in allergic airway inflammation (see Fig E1). Taken
together, these results suggest that CD4™ T cells are a major
source for IL-22 in patients with allergic airway inflammation.

We also show that Ty17 cells could produce IL-22 in allergic
airway inflammation (Fig 1, C). Among CD4" T-cell subsets,
Tyl and Ty17 cells have been shown to be potent IL-22—produc-
ing cells.>'>!3 In addition, recent studies have shown that skin-
homing CCR10" IL-22—producing T cells (Ty22 cells) show a
stable and distinct phenotype from Tyl, Ty2, and Tyl7 cells
and play a role in chronic inflammatory skin disease in human
subjects.m’m’23 In a murine model of asthma we found that one
third of IL-22-producing CD4™ T cells in the airways were
also positive for intracellular IL-17A staining (Fig 1, C) and
that approximately 20% of IL-22—producing CD4™ T cells
expressed CCR6 (Fig 1, D), suggesting that part of lung-
infiltrating Ty 17 cells have a potential to produce IL-22 on stim-
ulation. In contrast, IL-22—producing CD4" T cells did not
express IFN-vy (Fig 1, C), CCRS, or CCR10 (Fig 1, D), suggesting
that Tyl cells and Ty22 cells are not responsible for IL-22 pro-
duction in patients with allergic airway inflammation.

We show that IL-22 inhibits allergic airway inflammation in the
effector phase. We found that intranasal administration of 1L.-22
attenuated antigen-induced eosinophil and CD4™ T-cell recruit-
ment into the airways (Fig 4). We also found that the neutraliza-
tion of IL-22 in the effector phase enhanced antigen-induced
eosinophil and CD4" T-cell recruitment and IL-13 production
in the airways (Fig 2) and AHR (Fig 3), which is consistent
with the results of recent studies.'®*” These results indicate that
endogenously produced IL-22 inhibits antigen-induced allergic
inflammation in the effector phase. Importantly, we also found
that the administration of IL-22 accelerated the resolution of
antigen-induced eosinophilic inflammation in the airways (see
Fig E3), suggesting that inhaled IL-22 might have the therapeutic
potential for asthma.

Regarding the mechanisms by which IL-22 inhibits allergic
airway inflammation, it has been shown that the alteration of
dendritic cell function by IL-22 is responsible for the inhibition of
allergic inflammation. 19 On the other hand, consistent with a pre-
vious report,”’ we found that IL-22R 1 was expressed on lung ep-
ithelial cells (Fig 5, A and B) but not on immune cells, including
BMDCs (Fig 5, B). We also found that IL-22 phosphorylated
STAT3 in a lung epithelial cell line (MLE-15 cells; Fig 5, C)
but not in BMDCs (data not shown), suggesting that dendritic
cells might not be a direct target of IL-22 in allergic airway
inflammation.

Importantly, we found that anti-IL-22 antibody enhanced
antigen-induced production of IL-25, an epithelial cell-derived
cytokine that enhances Ty2-type immune responses,’® 447 in
the airways (Fig 6, B). In addition, we found that IL-22 inhibited
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FIG 5. Lung epithelial cells express functional IL-22 receptors. A, Lung sec-
tions of OVA-sensitized, OVA-inhaled BALB/c mice were stained with anti—
IL-22R1 antibody and anti-type 1 collagen antibody. The nuclei were coun-
terstained with TO-PRO-3 iodide. Representative photomicrographs from 3
independent experiments are shown. B, CD4" T cells, CD8" T cells, and al-
veolar macrophages (AM) were purified from BALF at 48 hours after OVA
inhalation. BMDCs were prepared as described in the Methods section.
cDNA was prepared from CD4™" T cells, CD8™ T cells, alveolar macrophages,
BMDCs, and MLE-15 cells, and expression levels of IL-10R2, and IL-22R1
mRNA were analyzed by means of qPCR analysis. Shown are representa-
tive data of 4 independent experiments. C, MLE-15 cells were stimulated
with indicated cytokines (20 ng/mL) for 15 minutes, and cell lysates were
subjected to immunoblotting with anti-phospho-STAT3 (pSTAT3) anti-
body, anti-phospho-STAT6 (pSTAT6) antibody, or anti-STAT3 antibody.
Shown are representative data of 3 independent experiments.

IL-13-mediated enhancement of IL-25 expression in IL-13— or
LPS-stimulated MLE-15 cells (Fig 6, C). Moreover, we found
that IL-22 induced SOCS3, which could inhibit IL-13 signaling,49
in MLE-15 cells (see Fig E4). Furthermore, we found that anti—
IL-25 antibody suppressed anti-IL-22 antibody-mediated en-
hancement of antigen-induced eosinophil recruitment into the
airways (Fig 7). Therefore it is suggested that IL-22 attenuates
Ty2 cell-mediated airway inflammation by inhibiting IL-25 pro-
duction from lung epithelial cells.

Our results indicate that Ty17 cells play both promotional and
inhibitory roles in the induction of allergic airway inflammation.
We show here that part of Ty;17 cells produce IL-22 in the airways
and that IL-22 attenuates allergic airway inflammation (Figs 1 and
4 and see Fig E3). On the other hand, we have previously shown
that by using adoptive transfer experiments, Ty;17 cells enhance
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FIG 6. Anti-IL-22 antibody enhances antigen-induced IL-25 production in
the airways. A and B, OVA-sensitized BALB/c mice were injected intraperi-
toneally with anti-IL-22 antibody or control antibody. Twenty-four hours
later, the mice were challenged with inhaled OVA or saline. Fig 6, A, Expres-
sion of eotaxin-1 and TARC mRNA in the lung tissue was evaluated at 48
hours after OVA inhalation determined by mean of qPCR analysis. Data
are presented as means + SDs for 5 mice in each group. Fig 6, B, Levels
of TSLP, IL-25, and IL-33 in BALF were evaluated by means of ELISA at 48
hours after OVA inhalation. Data are presented as means * SDs for 5
mice in each group. ND, Not determined. *P < .05. C, MLE-15 cells were
stimulated with IL-18 (20 ng/mL), LPS (100 ng/mL), and/or IL-13 (20 ng/
mL) in the presence or absence of IL-22 (20 ng/mL) for 6 hours. The expres-
sion of IL-256 mRNA was evaluated by means of gPCR. Data shown are rep-
resentative of 4 independent experiments.

Ty2 cell-mediated allergic airway inflammation.” In relation to
these observations, it has recently been demonstrated that IL-22
is pathological in bleomycin-induced airway inflammation in
the presence of IL-17A but is tissue protective in the absence of
IL-17A.*® These findings suggest that although an overall effect
of Ty17 cells on Ty2 cell-mediated allergic airway inflammation
seems to be enhancing,” Ty17 cell-derived IL-22 might play a
role in fine tuning of allergic airway inflammation.

It is also possible that the role of IL-22 in patients with allergic
airway inflammation depends on the phase of immune responses.
Interestingly, we found that when anti—IL-22 antibody was given
to sensitized mice at 48 hours after inhaled antigen challenge,
anti—IL-22 antibody did not significantly enhance allergic airway
inflammation (data not shown), suggesting that endogenously
produced IL-22 functions as a negative regulator of allergic
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FIG 7. Anti-IL-25 antibody reverses the enhancing effect of anti-IL-22
antibody on antigen-induced airway inflammation. OVA-sensitized BALB/
¢ mice were injected intraperitoneally with anti-IL-22 antibody, anti-IL-25
antibody, or both (20 pg per mouse) at 24 hours before OVA inhalation.
Numbers of eosinophils and lymphocytes in BALF were evaluated at 48
hours after OVA inhalation. Data are presented as means = SD for 5 mice in
each group. *P < .05.

airway inflammation at the early stage but not at the late stage of
the effector phase. On the other hand, it has recently been
demonstrated that IL-22 is required for mounting allergic airway
inflammation during the sensitization phase by using IL-22
knockout mice.? Further studies with conditional IL-22 knock-
out mice and IL-22 knock-in mice seem beneficial to address
the complicated role of IL-22 in allergic airway inflammation.

In summary, we have shown that IL-22 is expressed by CD4 " T
cells at the site of allergic airway inflammation and attenuates eo-
sinophilic airway inflammation, possibly by inhibiting IL-25 pro-
duction from lung epithelial cells. Although additional studies are
required for further elucidation of molecular mechanisms, our re-
sults raise the possibility that IL-22 could be used as a novel ther-
apeutic approach for asthma.

We thank Dr J. Whitsett for MLE-15 cells. We also thank Drs F. D.
Finkelman, N. Watanabe, S-I. Kagami, K. Suzuki, K. Ikeda, and H. Takatori
for valuable discussion and Ms Nagashima and Ms Ito for animal care.

Key message

e Endogenously produced IL-22 inhibits T2 cell-mediated
allergic airway inflammation by acting on lung epithelial
cells.
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METHODS

Reagents

A murine lung epithelial cell line (MLE-15 cells, a kind gift from Dr Jeffrey
Whitsett, University of Cincinnati), which was produced from lung tumors
generated in transgenic mice expressing the viral oncogene SV40 large T
antigen under the control of a promoter region from the human surfactant
protein C gene, was grown in HITES medium, as described previously.®!
MLE-15 cells show the characteristics of the distal bronchiolar and alveolar
epithelium.*!

Antigen-induced allergic inflammation in the
airways

BALB/c mice (aged 6-8 weeks) were immunized intraperitoneally twice
with 10 pg of OVA in 4 mg of aluminum hydroxide (alum) at a 2-week
interval, and 2 weeks after the second immunization, the sensitized mice were
administered aerosolized OVA (50 mg/mL) dissolved in 0.9% saline for 20
minutes through a DeVilbiss 646 nebulizer (DeVilbiss Corp, Somerset, Pa).E2

Effect of IL-22 on antigen-induced allergic

inflammation in the resolution phase

OVA-sensitized BALB/c mice were challenged with inhaled OVA 3 times
at a 48-hour interval. Recombinant IL-22 (0.1 pg per mouse) was adminis-
tered intranasally to the mice 3 times at 24, 48, and 72 hours after the last OVA
inhalation. Numbers of eosinophils and lymphocytes and cytokine levels in
BALF were evaluated at 4 hours after the last IL-22 administration.

Cytokine assay

Amounts of IL-13, IL-22, IL-33, IFN-y, and TSLP in BALF were
determined by means of ELISA, according to the manufacturer’s instructions
(R&D Systems). Levels of IL-5 and IL-25 in BALF were determined by using
ELISA kits from BD Biosciences and BioLegend, respectively. The detection
limits of these assays were 15 pg/mL for IL-5 and TSLP; 30 pg/mL for IFN-v,
1L-22, IL-25, and IL-33; and 60 pg/mL for IL-13.

Cytokine production and chemokine receptors of

CD4™ T cells

CD4™" T cells were isolated from BALF cells, inguinal lymph node cells, or
lung homogenates by means of magnetic cell sorting, according to the
manufacturer’s instructions (Miltenyi Biotec, Auburn, Calif). For intracellular
cytokine analysis, CD4™ T cells were stimulated with phorbol 12-myristate
13-acetate (20 ng/mL, Calbiochem) plus ionomycin (1 pwg/mL, Calbiochem)
at 37°C for 4 hours in the presence of brefeldin A (10 wmol/L, BD Bioscience).
Cells were then stained with antibodies to CD4 and either CCR3 (BioLegend),
CCRS (eBioscience, San Diego, Calif), CCR6 (BioLegend), or CCR10 (eBio-
science). After surface staining, cells were fixed, permeabilized, and stained
by Alexa Fluor 488—conjugated anti-IL-22 antibody together with
allophycocyanin-conjugated anti—IFN-+y, anti—IL-4, or anti—IL-17A antibody,
as described previously.E4 Anti—IL-22 antibody (clone MH22B2) was labeled
with Monoclonal Antibody Labeling Kit (Invitrogen, Carlsbad, Calif), accord-
ing to the manufacturer’s instructions.

gqPCR analysis

Total RNA was prepared with ISOGEN solution (Nippon GENE, Tokyo,
Japan), and reverse transcription was carried out with an iScript cDNA
synthesis kit (Bio-Rad Laboratories, Hercules, Calif). Expression of IL-10R2,
IL-22R1, SOCS3, eotaxin-1, TARC, IL-25, IL-23p19, and IL-12/IL-23p40 was
determined by means of qPCR with a standard protocol on an ABI PRISM7300
instruments (Applied Biosystems, Foster City, Calif) by using a SYBER green
reagent (Power SYBER Green PCR Master Mix, Applied Bioscience).
Expression of IL-22 was determined by means of quantitative Tagman PCR
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with a standard protocol on the ABI PRISM 7300 instrument. The levels of each
expression were normalized to the levels of B-actin. The sequences of PCR
primers and fluorogenic probes are as follows: IL-23 p19—forward primer,
ATCCAGTGTGAAGATGGTTGTGA; reverse primer, GCAAGCAGAAC
TGGCTGTTG; IL-12/1L-23 p40—forward primer, TGGTTTGCCATCGTT
TTGCTG; reverse primer, ACAGGTGAGGTTCACTGTTTCT; IL-10R2—
forward primer, GGACGTCTCTTCCACAGCAC; reverse primer, CTGCT
TGCTGCCTTCAGACT; IL-22R1—forward primer, GCTCGCTGCAGCAC
ACTACCAT; reverse primer, TGAGTGTGGGGTGGACCAGCAT; SOCS3—
forward primer, CCTTCAGCTCCAAAAGCCAG,; reverse primer, GCTCT
CCTGCAGCTTGCG; eotaxin-1—forward primer; TGTCTCCCTCCAC
CATGCA; reverse primer, GATCTTCTTACTGGTCATGATAAAGCA;
TARC—forward primer, TTGTGTTCGCCTGTAGTGCATA; reverse primer,
CAGGAAGTTGGTGAGCTGGTATA; IL-25—forward primer, CGGAGG
AGTGGCTGAAGTGGAG; reverse primer, ATGGGTACCTTCCTCGC
CATG; IL-22—forward primer, TCCGAGGAGTCAGTGCTAAA; reverse
primer, AGAACGTCTTCCAGGGTGAA; probe, TGAGCACCTGCTTCAT
CAGGTAGCA; B-actin—forward primer, GCTCTGGCTCCTAGCACCAT;
reverse primer, GCCACCGATCCACACAGAGT; probe, TCAAGATCAT
TGCTCCTCCTGAGCGC.

Histologic and immunohistologic analysis

Lung sections (3 wm thick) were stained with hematoxylin and eosin and
PAS according to standard protocols. The number of goblet cells was counted
on PAS-stained lung sections, as described elsewhere.”> Immunostaining of
cryosections was performed as described previously.® The following anti-
bodies were used: anti-CD4 antibody (Clone GK1.5, eBioscience), anti—IL-
22 antibody (Clone 140301, R&D Systems), anti—type 1 collagen antibody
(COSMO Bio, Tokyo, Japan), and anti—IL-22 receptor 1 antibody (Clone
496514, R&D Systems). The nuclei were counterstained with TO-PRO-3 io-
dide (Invitrogen).

Preparation of BMDCs

BMDCs were prepared as described previously.®’ In brief, a single-cell sus-
pension of bone marrow cells was obtained from 8-week-old BALB/c mice
and cultured in complete DMEM medium containing GM-CSF (50 ng/mL)
and IL-4 (20 ng/mL) for 9 days, with replacement of the medium containing
cytokines every 3 days. CD11c™ cells were purified by using an isolation kit
from Miltenyi Biotech. The purity of collected cells was determined by means
of flow cytometry, and these were routinely greater than 95% CD11c™ cells.
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FIG E1. Lung-infiltrating CD4" cells but not CD4*CD3e™ cells express IL-22
mRNA in allergic airway inflammation. OVA-sensitized BALB/c mice were
challenged with inhaled OVA. Forty-eight hours after inhalation, CD4",
CD8*, B220*, DX5", CD11c", and CD4*CD3e™ cells were isolated from
lung homogenates by means of magnetic cell sorting, and gPCR analysis
for IL-22 was performed. Representative data from 4 independent experi-
ments are shown.
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FIG E2. Intranasal administration of IL-22 tends to attenuate airway hyper-
reactivity. OVA-sensitized BALB/c mice were challenged with inhaled OVA 3
times at a 48-hour interval. Recombinant IL-22 (0.1 pg per mouse) or saline
was administrated intranasally to the mice 2 hours before each OVA
inhalation. Twenty-four hours after the last OVA inhalation, airway resis-
tance to acetylcholine was evaluated. Data are presented as means + SDs
for 4 mice in each group.
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FIG E3. Intranasal administration of IL-22 accelerates the resolution of
allergic airway inflammation. OVA-sensitized BALB/c mice were challenged
with inhaled OVA 3 times at a 48-hour interval. IL-22 (0.1 png per mouse) or
saline was administered intranasally to the mice 3 times at 24, 48, and 72
hours after the last OVA inhalation. Four hours alter the last IL-22 admin-
istration, numbers of eosinophils and lymphocytes and levels of IL-5 and
IL-13 in BALF were evaluated. Data are presented as means *= SDs (n = 5
each). *P < .05.
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FIG E4. IL-22 induces SOCS3 mRNA in MLE-15 cells. MLE-15 cells were
stimulated with IL-22 (20 ng/mL) for indicated time periods, and the
expression of SOCS3 mRNA was evaluated by means of qPCR analysis.
Data are presented as means * SDs (n = 4 in each group). *P < .05.
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FIG E5. Anti-IL-25 antibody tends to reverse the enhancing effect of anti—
IL-22 antibody on antigen-induced IL-13 production in the airways.
OVA-sensitized BALB/c mice were injected intraperitoneally with anti-
IL-22 antibody (20 png per mouse), anti-IL-25 antibody (20 n.g per mouse),
or both at 24 hours before OVA inhalation. Levels of IL-13 in BALF were
evaluated at 48 hours after OVA inhalation. Data are presented as means =
SDs (n = 5 mice per group). *P < .05.
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