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IL-25 enhances allergic airway inflammation
by amplifying a T42 cell-dependent

pathway in mice
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Background: A novel IL-17 family cytokine, IL-25, has been
reported to induce IL-4, IL-5, and IL-13 production from
undefined non-T/non-B cells and then induce Ty2-type
immune responses. However, the roles of IL-25 in inducing
allergic airway inflammation remain unknown.

Objective: We sought to determine whether IL-25 is involved
in causing allergic airway inflammation.

Methods: We examined the expression of IL-25 mRNA in

the lungs of sensitized mice on antigen inhalation. We also
examined the effect of IL-25 neutralization by soluble IL-25
receptor on antigen-induced airway inflammation. We then
generated IL-25 transgenic mice that express IL-25 specifically
in the lung under the control of the Clara cells-10-kd protein
promoter and investigated the effect of enforced IL-25
expression on antigen-induced airway inflammation.

Results: IL-25 mRNA was expressed in the lungs of

sensitized mice on antigen inhalation, and the neutralization

of IL-25 by soluble IL-25 receptor decreased antigen-induced
eosinophil and CD4" T-cell recruitment into the airways.

The enforced expression of IL-25 in the lung itself failed to induce
allergic airway inflammation, whereas the expression of IL-25
significantly enhanced antigen-induced Ty2 cytokine production,
eosinophil and CD4" T cell recruitment, and goblet cell
hyperplasia in the airways. Moreover, IL-25-induced
enhancement of allergic airway inflammation was inhibited by
the depletion of CD4" T cells or by the absence of signal
transducer and activator of transcription 6.
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Conclusion: IL-25 enhances antigen-induced allergic airway
inflammation by amplifying a Ty2 cell-dependent pathway.
Clinical implications: IL-25 might be involved in the
enhancement, prolongation, or both of Ty2 cell-mediated
allergic diseases, such as asthma. (J Allergy Clin Immunol
EEEN;EEN:EEE-EEN,)
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Allergic airway inflammation is a pathognomonic
feature of asthma that is characterized by intense eosin-
ophil and CD4" T-cell infiltrates in the airways, mucus
hypersecretion, airway remodeling, and airway hyperre-
activity."™ It is well known that antigen-induced allergic
airway inflammation is mediated by Ty2 cells and their
cytokines, IL-4, IL-5, and IL-13."* It has been shown
that IL-5 mediates antigen-induced eosinophil recruitment
into the airways of sensitized mice.”® It has also been
shown that IL-13 is a key cytokine that induces goblet
cell hyperplasia, airway remodeling, and airway
hyperreactivity.”*

IL-25 is a recently cloned, Ty2 cell-derived cytokine
that is structurally related to IL-17° and is produced by ac-
tivated Ty;2 cells’ and mast cells.'” The biologic activities
of IL-25 are markedly different from those described for
IL-17 and other IL-17 family cytokines.”''"!*> Systemic
administration of IL-25 protein’ or the systemic expres-
sion of IL-25 by transgene'' induces the production of
IL-4, IL-5, and IL-13 from undefined non-T/non-B cells
and the resultant Ty2-type immune responses, including
increased serum IgE levels, blood eosinophilia, and path-
ologic changes in the lung and other tissues.”'' In con-
trast, other IL-17 family cytokines induce the production
of IL-1B and TNF-a and neutrophilia.'"'*'3 In addition,
it has been shown that IL-25-responding non-T/non-B
cells are lineage-negative accessory cells expressing class
II MHC molecules,”"" although the exact cell types have
not yet been identified. These findings suggest that IL-25
might be involved in causing allergic inflammation. How-
ever, the regulatory roles of IL-25 in inducing allergic air-
way inflammation remain unknown.
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Abbreviations used
BALF: Bronchoalveolar lavage fluid
CC10: Clara cells—10-kd protein
IL-25R: IL-25 receptor
OVA: Ovalbumin
PBST: PBS containing 0.05% Tween 20
sIL-25R: Soluble IL-25 receptor
Stat6: Signal transducer and activator of transcription 6
TARC: Thymus and activation-regulated chemokine
WT: Wild-type

Therefore in this study we determined whether IL-25
is involved in causing allergic airway inflammation. We
found that IL-25 mRNA was expressed in the lungs of
antigen-sensitized and antigen-inhaled mice and that
neutralization of endogenously produced IL-25 by soluble
IL-25 receptor decreased antigen-induced eosinophil and
CD4™" T-cell recruitment into the airways. The enforced
expression of IL-25 in the lung itself failed to induce al-
lergic airway inflammation in Clara cells—10-kd pro-
tein (CC10) IL-25 mice that express IL-25 specifically in
the lung, whereas the expression of IL-25 significantly
enhanced antigen-induced Ty2 cytokine production and
eosinophil and CD4" T-cell recruitment in the airways.
Moreover, IL-25—induced enhancement of antigen-induced
eosinophil recruitment into the airways was inhibited by
the depletion of CD4" T cells or by the absence of signal
transducer and activator of transcription 6 (Stat6). Our
results indicate that IL-25 plays an important role in en-
hancing antigen-induced allergic airway inflammation
by amplifying a Ty2 cell-dependent pathway, but IL-25
itself does not significantly induce allergic inflammation.

METHODS

Generation of CC10 IL-25 mice

Expression vector for IL-25 (BCMGS Flag-IL-25) was described
previously.'® The DNA fragment coding IL-25 was subcloned into
the Ndel/Bgl site of transgenic construct pCC10-SV40 (a kind gift
from Dr R. Flavell, Yale University School of Medicine)'” to gener-
ate pCC10-IL-25-SV40. Transgenic mice (CC10 IL-25 mice) were
generated by using standard procedures with pCC10-IL-25-SV40.
CC10IL-25 mice were genotyped by means of PCR and backcrossed
to BALB/c mice (Charles River Laboratories, Atsugi, Japan) for 7
generations. In some experiments CC10 IL-25 mice were crossed
with Stat6 ™'~ mice'® to obtain CC10 IL-25 Stat6™/~ mice. All mice
were housed in microisolator cages under pathogen-free conditions,
and all experiments were performed according to the guidelines of
Chiba University.

Antigen-induced allergic inflammation
in the airways

Mice (age 7-8 weeks) were immunized intraperitoneally with 4 g
of ovalbumin (OVA) in 4 mg of aluminum hydroxide. Two weeks
after the immunization, the sensitized mice were twice administered
aerosolized OVA (50 mg/mL) dissolved in 0.9% saline through a
DeVilbiss 646 nebulizer (DeVilbiss Corp, Somerset, Pa) for 20
minutes at a 48-hour interval. As a control, 0.9% saline alone was
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administered through the nebulizer. Where indicated, mice were
injected intraperitoneally with anti-CD4 antibody (clone GKI1.5,
1 mg/mouse; BD PharMingen, San Diego, Calif) or isotype-matched
control antibody (BD PharMingen) at 24 hours before the first OVA
inhalation. Forty-eight hours after the last inhalation, a sagittal block
of the left lung was excised, fixed in 10% buffered formalin, and
embedded in paraffin. Lung sections (3-wm thick) were stained with
hematoxylin and eosin and periodic acid—Schiff according to stan-
dard protocols. The number of goblet cells was counted on periodic
acid—Schiff-stained lung sections, as described elsewhere.'® The
number of eosinophils and CD4* T cells recovered in the bronchoal-
veolar lavage fluid (BALF) was evaluated as described previously.zo

Cytokine levels in BALF

The amounts of IL-4, IL-5, IL-13, and IFN-y in the BALF were
determined by using an enzyme immunoassay, as described previ-
ously.”° The detection limits of these assays were 15 pg/mL for IL-4
and IL-5, 50 pg/mL for IFN-y, and 30 pg/mL for IL-13.

ELISA for IL-25

ELISA plates were coated with monoclonal anti-mouse IL-25
antibody (50 mg/mL; R&D Systems, Minneapolis, Minn) for 16
hours at 4°C, washed 3 times with PBS containing 0.05% Tween 20
(PBST), and blocked with PBS containing 10% FCS (blocking
buffer). After washing with PBST, samples were added to the wells
and incubated for 90 minutes at room temperature. As a standard,
serial dilutions of recombinant mouse IL-25 (R&D Systems) were
used. After washing, biotinylated anti-mouse IL-25 antibody (300
ng/mL in blocking buffer, R&D Systems) was added to each well
and incubated at room temperature for 2 hours. Wells were washed
with PBST, incubated with avidin—horseradish peroxidase, and then
developed with substrate solution according to the manufacturer’s
instructions (BD PharMingen). The detection limit of this assay was
300 pg/mL IL-25.

RT-PCR

Total cellular RNA was prepared from various tissues, and RT-
PCR analysis for IL-25 was performed as described previously.'®
Primer pairs for Muc5AC and thymus and activation-regulated
chemokine (TARC) were described previously.'®?! The following
primers were used for eotaxin: sense primer, CAACAGATGCACC-
CTGAAAGTC; antisense primer, TCCCTCAGAGCACGTCTTAGG.
RT-PCR for B-actin was performed to control the sample-to-sample
variation in RNA isolation and integrity, RNA input, and reverse tran-
scription. All PCR amplifications were performed at least 3 times
with multiple sets of experimental RNAs.

Tagman PCR analysis

Expression of IL-25 mRNA was determined by means of real-time
quantitative Tagman PCR with a standard protocol on an ABI PRISM
7000 instrument (Applied Biosystems, Foster City, Calif). PCR
primers and a fluorogenic probe were described previously.'® The
levels of IL-25 were normalized to the levels of GADPH mRNA
(Applied Biosystems).

Preparation of soluble IL-25 receptor

DNA fragment coding the extracellular domain of murine IL-25
receptor (IL-25R; a kind gift from Dr J. D. Shaughnessy, University
of Arkansas for Medical Sciences)?* was fused to the fragment cod-
ing an Fc portion of human IgG1 by means of PCR, as described
previously,”® and then cloned into expression vector pCDNA3
(pCDNA3 soluble IL-25R [sIL-25R]). The construction was con-
firmed by means of DNA sequencing. CHO cells that stably express
PCDNA3 sIL-25R (sIL-25R CHO cells) were obtained by using a
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FIG 1. IL-25 mRNA is expressed in the lungs of sensitized mice on antigen inhalation. A, BALB/c mice were
immunized with or without OVA in aluminum hydroxide, and 2 weeks after the immunization, mice were chal-
lenged twice with inhaled OVA or saline at a 48-hour interval. Twenty-four hours after the last OVA inhalation,
total RNA was prepared from the lung tissues, and RT-PCR for IL-25 mRNA, as well as 3-actin mRNA (as a con-
trol), was performed. Shown are representative data from 5 independent experiments. B, Total RNA was pre-
pared from lung tissues of OVA-sensitized BALB/c mice at the indicated time after the last OVA or saline
inhalation. Real-time PCR analysis for IL-25 mRNA, as well as GADPH (as a control) mRNA, was performed.
The levels of IL-25 mRNA are normalized to the levels of GADPH mRNA and then expressed as a fold increase
to the baseline level (without the inhalation). Data are presented as means = SD from 5 experiments.

standard protocol with FuGENE®G transfection reagent (Roche Diag-
nostics, Indianapolis, Ind), and sIL-25R CHO cells were cultured in
CELLine AD1000 (INTEGRA Biosciences AG, Chur, Switzerland)
to obtain the concentrated sIL-25R in culture supernatants. The super-
natants of SIL-25R CHO cells were collected, and sIL-25R was puri-
fied by using a HiTrap protein G HP column (Amersham Biosciences,
Piscataway, NJ).

Measurement of neutralizing activity
of sIL-25R on IL-25

X63 cells that stably express BCMGS Flag—IL-25 were generated
(X63 IL-25 cells), and the supernatants of X63 IL-25 cells were used
as a source of IL-25."® The supernatants of empty vector (BCMGS
neo)-transfected X63 cells or those of IL-3—producing X63 cells
(X63 IL-3 cells)** were used as negative and positive controls, re-
spectively. The neutralizing activity of sIL-25R against IL-25 was
evaluated by measuring the effect of sIL-25R on IL-25—induced pro-
liferation of Ba/F3 IL-25R—-MPL cells, which stably express a fusion
protein of an extracellular domain of IL-25R and a transmembrane
and cytoplasmic domain of MPL.'® Proliferation of Ba/F3 IL-25R—
MPL cells was measured by using CellTiter-Glo reagent, according
to the manufacturer’s instructions (Promega, Madison, Wis).

Effect of slL-25R on antigen-induced
airway inflammation

BALB/c mice were immunized intraperitoneally with OVA-alum
and then challenged with inhaled OVA twice at 14 and 16 days after
immunization. Where indicated, the sensitized mice were injected
intraperitoneally with purified sIL-25R (100, 300, or 900 mg) or
human IgG1 (900 mg; Chemicon Inc, Temecula, Calif) at 8 hours
before each OV A inhalation. The number of eosinophils and CD4" T
cells recovered in the BALF, the levels of cytokines in the BALF, and
the number of goblet cells in the airways were evaluated at 48 hours
after the last OVA inhalation.

Data analysis

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

RESULTS

IL-25 mRNA is expressed in the lung of
sensitized mice on antigen inhalation

To determine whether a novel Ty2 cytokine, IL-25, is
involved in the regulation of allergic airway inflammation,
we first examined the expression of IL-25 mRNA in the
lungs of sensitized mice on antigen inhalation. BALB/c
mice were immunized intraperitoneally with OVA-alum,
and 2 weeks later, they were challenged twice with inhaled
OVA at a 48-hour interval. We found that IL-25 mRNA
was expressed in the lung at 24 hours after the last inhala-
tion (Fig 1, A). In the absence of immunization with OVA
or inhaled OVA challenge, no IL-25 mRNA was detected
in the lung tissues (Fig 1, A). The induction of IL-25
mRNA by means of antigen inhalation was confirmed
by using Tagman PCR analysis, and the peak of the ex-
pression was at 8 hours after the inhaled OVA challenge
(Fig 1, B).

Neutralization of IL-25 by sIL-25R inhibits
antigen-induced eosinophil and CD4* T-cell
recruitment into the airways

We next examined the effect of IL-25 neutralization on
antigen-induced eosinophil and CD4 " T-cell recruitment
into the airways. Because no neutralizing antibody against
IL-25 or IL-25R is available, we neutralized the bioactiv-
ity of IL-25 by using a fusion protein of the extracellular
domain of IL-25R and an Fc portion of human IgG1
(sIL-25R). We first estimated the neutralizing activity of
sIL-25R against IL-25 by using a system in which the bio-
activity of IL-25 was evaluated on the basis of the prolif-
eration of BA/F3 IL-25R—-MPL cells that stably express a
fusion protein of an extracellular domain of IL-25R and a
transmembrane and cytoplasmic domain of thrombopoie-
tin receptor MPL. 16 11.-25 induced proliferation of BA/F3
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FIG 2. Neutralization of IL-25 by sIL-25R inhibits antigen-induced eosinophil and CD4" T-cell recruitment into
the airways. A, Ba/F3 IL-25R-MPL cells that stably express IL-256R-MPL fusion protein were cultured with X63-
IL-25 or X63-IL-3 conditioning medium (10% vol/vol). Where indicated, sIL-25R (1 or 10 pg/mL) and human
19G1 (hlgGT; 10 pg/mL [as a control]) were added to the culture. Forty-eight hours later, the proliferation of
Ba/F3 IL-25R-MPL cells was evaluated by using CellTiter-Glo reagent. The proliferation is expressed as a rel-
ative light unit (RLU). Data are presented as means = SD from 4 independent experiments. Significantly dif-
ferent from the mean value of control response: *P < .01. **P < .001. B, BALB/c mice were immunized with
OVA-alum and then challenged with inhaled OVA. slIL-25R (100, 300, or 900 pg per mouse) or human IgG1
(900 mg per mouse) was injected intraperitoneally twice at 8 hours before each OVA inhalation. The number
of eosinophils in BALF was evaluated at 48 hours after the last OVA inhalation. Data are presented as means +
SD for 8 mice in each group. *P < .05. C, OVA-sensitized BALB/c mice were challenged twice with inhaled OVA
or saline. sIL-25R (900 p.g per mouse) or human IgG1 (900 g per mouse) was injected intraperitoneally twice
at 8 hours before each OVA inhalation. The number of CD4" T cells and the levels of IL-5 and IL-13 in the BALF
and the number of goblet cells in the airway were evaluated at 48 hours after the last OVA inhalation. Data are
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presented as means = SD for 6 mice in each group. *P < .05.

IL-25R-MPL cells (Fig 2, A) but not of parent BA/F3 cells
(data not shown), whereas IL-3 induced proliferation of
BA/F3 IL-25R-MPL cells (Fig 2, A) and parent BA/F3
cells (data not shown). The addition of sIL-25R inhibited
IL-25—induced proliferation of BA/F3 IL-25R-MPL cells
in a dose-dependent manner (Fig 2, A). As expected, sIL-
25R did not inhibit IL-3—induced proliferation of BA/F3
IL-25R-MPL cells (Fig 2, A). These results suggest that
sIL-25R is able to neutralize the bioactivity of IL-25.
We therefore examined the effect of sIL-25R on
antigen-induced airway inflammation in sensitized mice.
OV A-sensitized mice were injected intraperitoneally with
sIL-25R or human IgG1 and then challenged with inhaled
OVA. The administration of sIL-25R significantly in-
hibited antigen-induced eosinophil recruitment into the
airways in a dose-dependent manner (n = 8 mice in each
group, P < .05; Fig 2, B). The administration of sIL-25R
also significantly inhibited antigen-induced CD4" T-cell

recruitment into the airways (n = 6, P < .05; Fig 2, C).
Moreover, sIL-25R inhibited antigen-induced IL-5 and
IL-13 production and goblet cell hyperplasia in the air-
ways (n = 6, P < .05; Fig 2, C). IL-4 was undetectable
in the BALF in both antigen-inhaled control IgG1-treated
mice and sIL-25R-treated mice (data not shown). These
results suggest that endogenously produced IL-25 is in-
volved in Ty2-type responses in the airways on antigen
inhalation.

Generation of CC10 IL-25 mice that express
IL-25 specifically in the lung

To address the mechanisms underlying IL-25-medi-
ated allergic airway inflammation, we generated CC10
IL-25 mice that express murine IL-25 specifically in the
lung under the control of rat CC10 promoter. We obtained
5 lines of CC10 IL-25 mice, and all of the offspring
expressed IL-25 mRNA in the lung but not in the liver
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FIG 3. Antigen-induced eosinophil and CD4" T-cell recruitment and T2 cytokine production in the airways are
enhanced in CC10 IL-25 mice. A, Total RNA was prepared from lung or liver tissues of CC10 IL-25 mice (trans-
genic line 1 [Tg1]and transgenic line 2 [Tg2]) and WT littermates (WT7and WT2). RT-PCR for IL-25 mRNA, as
well as B-actin mRNA (as a control), was performed. Shown are representative data from 5 independent ex-
periments. Similar results were obtained in lines 3, 4, and 5 of CC10 IL-25 mice (data not shown). B, CC10 IL-25
mice (transgenic line 1 [Tg7] and transgenic line 2 [TgZ2]) and littermate WT mice were subjected to broncho-
alveolar lavage, and the amounts of IL-25 in the BALF were determined by means of ELISA. Data are presented
as means * SD for 5 mice in each group. ND, Not detectable. C and D, CC10 IL-25 mice (transgenic line 1) and
littermate WT mice were immunized with OVA-alum, and 14 days and 16 days after the immunization, mice
were challenged with inhalation of OVA or saline (as a control). Forty-eight hours after the last inhalation,
the numbers of total cells, eosinophils, and CD4" T cells (Fig 3, C), as well as the levels of IL-4, IL-5, and
IL-13 (Fig 3, D), in the BALF were evaluated. Data are presented as means = SD for 6 to 10 mice in each group.

*P < .05, **P <.01.

(Fig 3, A, and data not shown). In addition, the secretion of
IL-25 protein into the BALF was confirmed in CC10
IL-25 mice by means of immunoassay (n = 5; Fig 3, B),
whereas IL-25 was undetectable in the sera of CC10
IL-25 mice. CC10 IL-25 mice were fertile and did not
show any gross phenotypic abnormalities, including lungs
under specific pathogen-free housing conditions (data not
shown). In addition, no apparent abnormalities were found
in cell populations in the thymus, spleen, and peripheral
blood in CC10 IL-25 mice (data not shown). Because
the expression levels of IL-25 mRNA in the lung were

similar among 5 lines of CC10 IL-25 mice, we used trans-
genic line 1 in the following experiments.

Lung-specific expression of IL-25 enhances
antigen-induced eosinophil and CD4* T-cell
recruitment into the airways

We next investigated the effect of enforced expression
of IL-25 in the airways on antigen-induced eosinophil and
CD4" T-cell recruitment into the airways. CC10 IL-25
mice and littermate wild-type (WT) mice were immunized
with OVA-alum and then challenged twice with inhaled
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FIG 4. Antigen-induced goblet cell hyperplasia and chemokine
production in the airways are enhanced in CC10 IL-25 mice. A,
OVA-sensitized CC10 IL-25 mice (transgenic line 1) and littermate
WT mice were challenged twice with OVA or saline inhalation.
Forty-eight hours after the last OVA or saline inhalation, the num-
ber of goblet cells was evaluated on periodic acid-Schiff-stained
sections of the lung. Data are presented as means = SD for 8
mice in each group. *P < .01. B and C, OVA-sensitized CC10 IL-25
mice and WT mice were challenged with inhaled OVA or saline. To-
tal RNA was prepared from lung tissues, and RT-PCR for Muc5ac
and B-actin mRNA (as a control; Fig 4, B), as well as RT-PCR for
TARC, eotaxin, and B-actin mRNA (Fig 4, C), was performed.
Shown are representative data from 5 independent experiments.

OVA or saline. With inhaled saline challenge, no signifi-
cant inflammatory cell infiltration was observed in the air-
ways in WT mice and even in CC10 IL-25 mice (Fig 3, C).
The inhaled OVA challenge induced eosinophil recruit-
ment into the airways in WT mice and in CC10 IL-25
mice, but the antigen-induced eosinophil recruitment
into the airways was significantly more enhanced in CC10
IL-25 mice than that in WT mice (CC10 IL-25 mice:
1245 = 16.0 X 10* vs WT mice: 32.0 * 7.7 X 10%
n = 10 mice in each group, P < .01; Fig 3, C). Anti-
gen-induced lymphocyte recruitment into the airways was
also significantly enhanced in CC10 IL-25 mice com-
pared with that seen in WT mice (CC10 IL-25 mice: 56.4
* 18.3 X 10* vs WT mice: 35.7 = 13.3 X 10% n = 10
mice in each group, P < .05). FACS analysis of cells in
the BALF revealed that the majority of lymphocytes in
the BALF were CD4™ T cells, and consequently, the num-
ber of CD4™ T cells was increased by 94% in CC10 IL-25
mice (n = 6, P < .05; Fig 3, C). Histologic analysis
showed that inflammatory cell infiltration in the lung
was also significantly enhanced in CC10 IL-25 mice com-
pared with that in WT mice at 48 hours after OVA inhala-
tion (data not shown). Even at 96 hours after the inhaled
OVA challenge, the number of eosinophils and CD4"
T cells in the BALF was also significantly increased
in CC10 IL-25 mice than in WT mice (data not shown).
In contrast, the number of neutrophils and macrophages
in the BALF of CC10 IL-25 mice was similar to that in
WT mice (data not shown). In addition, no significant
difference was observed in the levels of OVA-specific
IgE between CC10 IL-25 mice and WT mice (data not
shown).
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Antigen-induced T2 cytokine production in
the airways is enhanced in CC10 IL-25 mice

We next examined cytokine levels in the BALF of
OVA-sensitized CC10 IL-25 mice and WT mice with or
without the inhaled OVA challenge. IL-4 and IL-5 levels
in the BALF were significantly increased in CC10 IL-25
mice at 48 hours after the inhaled OVA challenge com-
pared with those in WT mice (n = 6; P < .05 and P < .01,
respectively; Fig 3, D). IL-13 levels were also increased in
the BALF in CC10 IL-25 mice compared with those in
WT mice (n = 6, P < .01; Fig 3, D). On the other hand,
a representative Tyl cytokine, IFN-y, was undetectable
in the BALF of CC10 IL-25 mice and WT mice (data
not shown). With inhaled saline challenge, no cytokine
production was observed in CC10 IL-25 mice and WT
mice (n = 6; Fig 3, D). As expected, without OVA sensi-
tization, the inhaled OV A did not significantly induce cy-
tokine production in CC10 IL-25 mice and WT mice (data
not shown). These results indicate that the enforced ex-
pression of IL-25 in the airways enhances Ty2 cytokine
production on antigen inhalation, suggesting that the en-
hanced antigen-induced eosinophil recruitment in CC10
IL-25 mice results in part from the enhanced Ty2 cytokine
production in the airways.

Antigen-induced mucus secretion and
chemokine production in the airways are
enhanced in CC10 IL-25 mice

Because the levels of IL-13, a key cytokine that induces
goblet cell hyperplasia,7‘g in the airways were increased in
antigen-sensitized, antigen-inhaled CC10 IL-25 mice (Fig
3, D), we next compared the number of epithelial goblet
cells in OVA-sensitized CC10 IL-25 mice and WT mice
after the inhaled OVA challenge. As shown in Fig 4, A,
antigen-induced epithelial goblet cell hyperplasia was sig-
nificantly increased in CC10 IL-25 mice compared with
that in WT mice (n = 8 mice each, P < .01). In addition,
antigen-induced mRNA induction of Muc5ac, one of the
mucin genes that are mainly produced by goblet cells in
response to IL-13,25 was increased in CC10 IL-25 mice
(Fig 4, B). Taken together, these results suggest that IL-
25 enhances antigen-induced goblet cell hyperplasia and
mucus production in the airways.

Given that Ty2 cytokines are also involved in the ex-
pression of a number of chemokines,26 we next examined
the expression of chemokines in the lungs of antigen-sen-
sitized, antigen-inhaled CC10 IL-25 mice. The expression
of TARC, as well as eotaxin, was significantly enhanced in
the lungs of CC10 IL-25 mice (Fig 4, C). These results
suggest that the increased chemokine expression might
also be involved in the enhanced antigen-induced allergic
airway inflammation in CC10 IL-25 mice.

CD4" T cells are required for the enhanced
eosinophil recruitment into the airways
in CC10 IL-25 mice

To determine whether IL-25-induced enhancement of
allergic airway inflammation is mediated by CD4 " T cells,
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FIG 5. CD4" T cells are required for the enhanced eosinophil recruitment into the airways in CC10 IL-25 mice.
OVA-sensitized CC10 IL-25 mice and WT mice were challenged twice with inhaled OVA. Where indicated,
mice were injected intraperitoneally with anti-CD4 antibody (1 mg) or control antibody (1 mg) at 24 hours before
the first OVA inhalation. The number of total cells, eosinophils, and CD4 " T cells in the BALF was evaluated at 48
hours after the last inhalation. Data are presented as means + SD for 6 mice in each group. *P< .01, **P<.001.
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FIG 6. Stat6 is required for the enhanced eosinophil recruitment into the airways in CC10 IL-25 mice. CC10 IL-
25 Stat6é '~ mice, CC10 IL-25 Stat6*/* mice, Stat6 /~ mice, and Stat6*/* mice were immunized with OVA-alum
and then challenged twice with inhaled OVA. The number of total cells, eosinophils, and CD4" T cells in the
BALF was evaluated at 48 hours after the last inhalation. Data are presented as means = SD for 4 mice in each

group. ¥*P < .01, **P < .001.

we next examined the effect of CD4" T-cell depletion on
antigen-induced eosinophil recruitment into the airways in
CC10 IL-25 mice. OVA-sensitized CC10 IL-25 mice or
littermate WT mice were injected intraperitoneally with
anti-CD4 antibody or control antibody 24 hours before
the first OVA inhalation and then challenged with the in-
haled OVA. Consistent with data shown in Fig 3, C, the
number of eosinophils in the BALF at 48 hours after the
inhaled OVA challenge was significantly increased in
CC10 IL-25 mice compared with WT mice when these
mice were administered with control antibody (n = 6,
P < .01, Fig 5). Importantly, the number of eosinophils
recovered in the BALF was significantly decreased by
the depletion of CD4 " T cells not only in WT mice but
also in CC10 IL-25 mice (n = 6, P < .001, Fig 5). As ex-
pected, the number of CD4™" T cells in the BALF was near
zero in mice administered anti-CD4 antibody (n = 6, Fig
5). The levels of IL-4 and IL-5 in the BALF were also sig-
nificantly inhibited in WT mice, as well as in CC10 IL-25
mice, by the depletion of CD4™" T cells (data not shown).
These results indicate that although previous studies

reported that CD4™ T cells were not required for IL-
25—induced Ty2 cytokine production and subsequent
eosinophil-rich inflammation,”'" CD4 " T cells are essen-
tial for IL-25-induced enhancement of antigen-induced
eosinophil recruitment into the airways in our experimen-
tal system.

Statb6 is required for the enhanced
eosinophil recruitment into the airways
in CC10 IL-25 mice

Finally, we examined whether Stat6 is required for IL-
25-induced enhancement of antigen-induced eosinophil
recruitment into the airways by generating CC10 IL-25
Stat6-deficient (Stat6/~) mice. CC10 IL-25 Stat6 '~
mice, CC10 IL-25 Stat6™’" mice, Stat6™/~ mice, and
Stat6™* mice were immunized with OVA-alum and
then challenged twice with inhaled OVA at a 48 hour-in-
terval. At 48 hours after the last inhalation, the number of
eosinophils and CD4™ T cells in the BALF was evaluated.
Again, the number of eosinophils and CD4* T cells recov-
ered in the BALF was significantly increased in CC10
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IL-25 Stat6™/* mice compared with that in Stat6™/" mice

(n = 4 each, P < .01, Fig 6). However, almost no eosino-
phil and CD4™ T-cell recruitment was observed in CC10
IL-25 Stat6 '~ mice and Stat6 '~ mice, even after antigen
inhalation (n = 4 each, P < .001, Fig 6), suggesting that
Stat6 is essential for IL-25—-induced enhancement of anti-
gen-induced eosinophil and CD4™ T-cell recruitment into
the airways.

DISCUSSION

In this study we demonstrate that IL-25 acts in ampli-
fying Ty2 cell-mediated allergic airway inflammation,
but IL-25 itself does not significantly induce allergic in-
flammation in vivo. We found that IL-25 was produced
at the site of allergic airway inflammation (Fig 1) and
that IL-25 actually contributed to the enhancement of al-
lergic airway inflammation, as indicated by the inhibition
of antigen-induced eosinophil and CD4 " T-cell recruit-
ment into the airways by sIL-25R (Fig 2). However, we
also found that the expression of IL-25 in the lung itself
did not significantly induce allergic airway inflammation
in CC10 IL-25 mice, whereas the expression of IL-25 in-
deed enhanced antigen-induced Ty2 cytokine produc-
tion, eosinophil and CD4 " T-cell recruitment, and goblet
cell hyperplasia in the airways (Figs 3 and 4). Finally,
we found that CD4™ T cells and Stat6 expression were
required for IL-25-induced enhancement of antigen-
induced eosinophil recruitment into the airways (Figs 5
and 6). Taken together, these results indicate that IL-25
enhances antigen-induced allergic airway inflammation
by amplifying a Ty2 cell-dependent pathway.

We show that IL-25 is produced by antigen inhalation
in the lungs of sensitized mice (Fig 1). Hurst et al'! have
reported that the expression of IL-25 mRNA is increased
during fungal and helminth infection in the lung and gut,
respectively. More recently, Letuve et al*’ have demon-
strated that IL.-25 is expressed in the airways of asthmatic
patients. Together, these findings suggest that IL-25 is
produced not only at the site of fungal or helminth infec-
tion but also at the site of allergic airway inflammation.
Regarding cell types that produce IL-25, a previous report
has demonstrated that Ty2-polarized CD4™ T cells ex-
press IL-25 mRNA on stimulation.’ In addition, we have
recently shown that mast cells produce IL-25 on FceR1-
mediated activation.'® As yet, the cell types that produce
IL-25 at the site of allergic airway inflammation remain
to be determined.

We also show that IL-25 produced by antigen inhala-
tion enhances antigen-induced allergic airway inflamma-
tion in sensitized mice (Fig 2, B and C). We found that the
administration of sIL-25R, which neutralizes the bioactiv-
ity of IL-25 (Fig 2, A), inhibited antigen-induced allergic
inflammation and goblet cell hyperplasia in the airways
(Fig 2, B and C), suggesting that endogenously produced
IL-25 is involved in antigen-induced Ty2-type immune
responses in the airways. On the other hand, although
sIL-25R tended to inhibit antigen-induced airway
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hyperreactivity, the inhibition did not reach statistical
significance in this experimental setting (unpublished ob-
servation). Further studies will be necessary to determine
the precise role of IL-25 in the regulation of airway
hyperreactivity.

We demonstrate that CD4™ T cells are required for
IL-25-induced enhancement of allergic airway inflamma-
tion. We found that the enforced expression of IL-25 in the
lung itself, in the absence of antigen challenge, failed to in-
duce Ty2 cytokine production or allergic inflammation in
the airways of sensitized mice, whereas the expression of
IL-25 significantly enhanced antigen-induced Ty2 cyto-
kine production and eosinophil and CD4 " T-cell recruit-
ment in the airways of sensitized mice (Fig 3). We also
showed that the depletion of CD4 ™" T cells abolished IL-
25—induced enhancement of antigen-induced eosinophil
recruitment into the airways of sensitized mice (Fig 5).
Furthermore, we showed that the absence of Stat6, a key
transcription factor for T2 cell development and subse-
quent Ty2 cell-mediated allergic inflammation,'*2*
similarly diminished IL-25-induced enhancement of anti-
gen-induced eosinophil and CD4 ™ T-cell recruitment into
the airways (Fig 6). These results suggest that among
CD4™" T cells, Ty2 cells are required for IL-25-induced
enhancement of allergic airway inflammation.

By contrast, previous studies have demonstrated that
the administration of a large amount of IL-25” or the sys-
temic expression of IL-25 by transgene'' itself induces
Ty2 cytokine production and inflammation with eosino-
phil infiltrates in the lung and other tissues, even in the
absence of CD4" T cells. The different requirement of
CD4" T cells for IL-25-induced allergic inflammation
between previous studies and ours could result from the
difference in the amount, tissue distribution, or both of
IL-25. We speculate that in a situation in which IL-25 is
abundant, IL.-25 can easily reach IL-25-responding non-
T cells and directly induce Ty2 cytokine production
from these cells because it has recently been shown that
IL-25 itself can expand the as-yet-undefined IL-25-
responding non-T cells that secrete T2 cytokines.29 On
the other hand, in a situation in which IL-25 is in a phys-
iologic amount, IL-25 plays a significant role in inducing
allergic inflammation in cooperation with Ty2 cells at
effector cell levels (Fig 4, C).%” Therefore it is suggested
that in a physiologic setting IL-25 needs antigen-activated
CD4™ T cells, especially Ty2 cells, to exert its enhancing
function on inducing allergic inflammation.

The mechanisms by which CD4™ T cells are required
for IL-25-induced enhancement of allergic airway inflam-
mation can be explained in several ways. It is possible that
Ty2 cell-derived cytokines might be required for the re-
cruitment of undefined IL-25-responding non-T cells
that produce Ty2 cytokines, which might not normally ex-
istin the lung, into the site of allergic airway inflammation.
It is also possible that IL-25 might induce the production
of chemokines, such as TARC, from lung resident cells,
such as epithelial cells and fibroblasts, and then might en-
hance the recruitment of Ty2 cells and subsequent Ty2
cell-mediated allergic airway inflammation. On the other
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hand, it is unlikely that IL.-25 enhances allergic inflamma-
tion through the induction of Ty2 cell differentiation be-
cause Fort et al® have shown that IL-25 does not directly
induce Ty2 cytokine production from naive and memory
T cells in vitro. We also found that using OV A-specific
DO11.10 T cells, IL-25 did not enhance antigen-specific
Ty2 cell differentiation (data not shown). Future studies
identifying IL-25-responding non-T cells that produce
Ty2 cytokines could help in the understanding of the pre-
cise role of CD4™ T cells in IL-25-induced enhancement
of allergic airway inflammation.

In summary, we have shown that IL.-25 enhances Ty2
cell-mediated allergic airway inflammation in mice, but
IL-25 itself does not significantly induce allergic inflam-
mation. Our results raise the possibility that IL-25 might
be involved in the enhancement, prolongation, or both
of Ty2 cell-mediated allergic diseases, such as asthma
and allergic rhinitis, and suggest that IL-25 could be a
possible target of these diseases.
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