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Transgenic mice expressing the mouse interleukin 33 (IL-33) gene
driven by a keratin 14 promoter were generated. The skin-selec-
tive expression of the IL-33 gene was enhanced, and intense immu-
nofluorescence for IL-33 was evident in the nuclei of the epidermis.
Spontaneous itchy dermatitis developed in those mice at 6-8 wk of
age in specific pathogen-free conditions. In the lesional skin, the
epidermis was thickened and the eosinophils were infiltrated with
increased expression of the eosinophil peroxidase and major basic
protein genes. Mast cells were also abundant there, and blood
histamine and total IgE levels were high. Those phenotypes closely
resemble the features of atopic dermatitis. In peripheral blood and
lesional skin, IL-5, IL-13, regulated upon activation, normally T-
expressed, and presumably secreted (RANTES)/CCL5, and Eotaxin
1/CCL11 were increased, whereas TNF-a, IFN-y, and thymic stromal
lymphopoietin (TSLP) were unaltered. Furthermore, the proportion
of group 2 innate lymphoid cells (ILC2s), which produce IL-5, were
significantly increased in the lesional skin, peripheral blood, and
regional lymph nodes. The dermatitis with eosinophil infiltration
was improved by the administration of an anti-IL-5 antibody. These
results suggest that the expression of IL-33 in the skin activates an
immune response involving ILC2 and that this process might play
a crucial role in the pathogenesis of allergic inflammation that is
characteristic of atopic dermatitis.

Atopy | natural helper cells | nuocytes

L-33 is a member of the IL-1 family of cytokines and is a ligand

for IL-1 receptor-like-1 or ST2 (1). In contrast with other
members of that family, IL-1 and IL-18, which are activated in
inflammasomes by caspase 1, IL-33 is produced in an active full-
length form and is stored in the nucleus. In response to external
insults or various types of cellular damage, IL-33 is released from
cells and binds to ST2 on Th2 cells and on various types of innate
immune cells including basophils, mast cells, eosinophils, and
natural helper cells (2) or nuocytes (3), currently termed group 2
innate lymphoid cells (ILC2s) (4), which induces and activates
those cells. IL-33 has been suggested to be involved in the
pathogenesis of various allergic disorders such as asthma (5),
allergic rhinitis (6), allergic conjunctivitis (7), and even rheu-
matoid arthritis (8) and inflammatory bowel diseases (9).

Atopic dermatitis (AD) is one of the major allergic disorders
with a wide prevalence. Indeed, the morbidity of AD reaches 20—
30% in developed countries (10). AD is characteristic of chronic
dermatitis with severe, long-lasting itching, which often com-
promises the quality of life of patients and thereby influences
social and economic activities. Clinically, eosinophils and mast
cells accumulate in the lesional skin of patients with AD, often
with an elevation of histamine and total IgE levels in peripheral
blood (11). The association of AD with a polymorphism of the
ST2 gene suggests that immune regulation via the IL-33-ST2
system may be pivotal as a genetic background of AD (12).
Recently, the upregulation of IL-33 in the epidermis and the
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infiltration of ST2-positive cells in the dermis of the lesional skin
of patients with AD have been reported (13, 14). In contrast, an
increase in IL-33 has also been shown in the epidermis of
patients with psoriasis, which is mediated mainly by Thl and
Th17 cells (14-16). However, it is still unclear how IL-33 con-
tributes to those inflammatory conditions involving skin in as-
sociation with ILC2s, which produce massive amounts of Th2
cytokines in response to IL-33 (4).

In this study, we established transgenic mice with a skin-specific
overexpression of IL-33. Interestingly, spontaneous dermatitis
developed with the activation of ILC2s in those mice under
specific pathogen-free (SPF) conditions, and the characteristics
of those mice closely resemble atopic dermatitis.

Results

Development of Spontaneous Itchy Dermatitis in Transgenic Mice
with Skin-Specific Expression of IL-33. To elucidate the role of
IL-33 in cutaneous inflammation, we developed transgenic mice
with skin-specific expression of IL-33. A transgene driven by the
human keratin 14 promoter was constructed (Fig. 14) to generate
transgenic mice expressing the full-coding sequence of mouse IL-
33 cDNA. The integration of the transgene was confirmed in ge-
nomic DNA from12 of 122 pups born from foster mothers. The
increased expression of the IL-33 gene was confirmed in ear RNA
from 6 transgenic mice. Skin lesions spontaneously developed in
2 mice, and transgenic mouse lines were established from those
2 mice. Variations in phenotypes were minimal in the offspring
from one mouse line termed hK14mIL33tg. Male heterozygous
hK14mIL33tg mice were crossed with female wild-type C57BL/6
mice to generate littermates, which were used for experiments.
Immunofluorescence using an anti-IL-33 antibody was examined
in the ears of the transgenic and wild-type mice. In the skin, IL-
33 was localized in the nuclei of the epidermis, and the intensity
of staining for IL-33 was higher in hK14mIL33tg mice than in
wild-type mice (Fig. 1B). The expression of the IL-33 gene was
compared in various organs of those mice, using quantitative
real-time PCR. A marked induction of 1/33 expression was found
in the skin of hK14mIL33tg mice compared with the other tis-
sues of those mice (Fig. 1C). hK14mIL33tg mice were born and
grew normally up to 5 wk, but all mice spontaneously developed
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Fig. 1. Spontaneous development of AD-like skin lesions in hK14mIL33tg mice. (A) Schematic structure of the transgene DNA. An active full-length form of

mouse IL-33 cDNA was placed downstream of the human keratin 14 promoter to drive the keratinocyte-specific expression of IL-33. The transgene construct
also contained a rabbit f-globin intron sequence and a keratin 14 polyadenylation signal for the stable processing of transcripts. (B) Immunofluorescence of
IL-33 in the epidermis of wild-type (WT) and hK14mIL33tg (Tg) ear skins. Intense staining of IL-33 was evident in nuclei of the epidermis in hK14mIL33tg
mice. (Scale bar, 50 um.) Data are representative of three independent experiments. (C) The skin-selective expression of the IL-33 gene in hK14mIL33tg mice.
Total RNAs from various organs of mice were used as templates for quantitative real-time PCR. Each bar shows the expression of the IL-33 gene in
hK14mIL33tg mice relative to wild-type mice. Data are representative of two independent experiments. (D) Incidence of spontaneous dermatitis that
develops in hK14mIL33tg mice. Skin lesions spontaneously developed between 6 and 8 wk of age and remained thereafter in all hK14mIL33tg mice. Wild-
type mice (WT; n = 7) and hK14mIL33tg mice (Tg; n = 4). P < 0.001 by the two-tailed log-rank test. () Cutaneous manifestations of hK14mIL33tg mice. Skin
lesions, such as erythemas with exudations, erosions, crusts, scales, and/or hair loss, were found at the periorbital and perinasal regions of the face, ears,
neck, hands, feet, and tail. Representative photographs taken from three 24-28-wk-old mice are shown. Similar skin lesions were observed in three in-

dependent experiments.

dermatitis between 6 and 8 wk under SPF conditions (Fig. 1D).
The eruptions were erythemas with erosions, exudations, and
scales and/or crusts on the face, mainly around the eyes and
nose, ears, neck, hands, feet, and tail, which are easily subject to
friction and damage (Fig. 1E). Periorbital skins from wild-type
and hK14mIL33tg mice were used for histological and immu-
nological analyses unless otherwise indicated. hK14mIL33tg
mice showed severe scratching behavior, possibly resulting from
itching of the eruptions (Movie S1).

Induction of Eosinophils in hK14mIL33tg Mice. The histology of the
dermatitis was examined by H&E staining. In the lesional skin of
hK14mlII 33tg mice, the thickening of the epidermis and the
infiltration of inflammatory cells including eosinophils were ev-
ident compared with the normal skin of wild-type mice (Fig. 24).
The proportion of CCR3*Siglec-F* eosinophils in the skin and
peripheral blood was examined by flow cytometry (Fig. 2 B-E).
Eosinophils infiltrating the lesional skin were about 7.4 times
more abundant than in normal wild-type mouse skin (Fig. 2C).
Eosinophils in blood were also increased about 4.5 times more in
hK14mIL33tg mice than in wild-type mice (Fig. 2 D and E). In
contrast, the proportions of Gr-1"CD11b* neutrophils, DX5*
IgE* basophils, and CD3* or B220* lymphocytes were not
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different in peripheral blood between hK14mIL33tg and wild-
type mice (Fig. 2D). According to the infiltration of eosinophils,
the expression of the genes for eosinophil peroxidase (Epx) and
major basic protein (Prg2) was significantly higher in the lesional
skin of hK14mIL33tg mice than in the normal skin of wild-type
mice (Fig. 2F).

Induction of Mast Cells, Histamine, IgE, and Itching in hK14mIL33tg
Mice. Severe scratching behavior in mice is suggestive of the ac-
tivation of mast cells. When the skin sections were examined by
toluidine blue staining, mast cells were abundant in the lesional
dermis of hK14mIL.33tg mice (Fig. 34), and degranulating mast
cells were also observed. Flow cytometry of the lesional skin
revealed that the proportion of c-kit"IgE" mast cells is signifi-
cantly increased compared with the normal skin of wild-type
mice (Fig. 3 B and C). The concentration of plasma histamine
was 1.46 pM in hK14mIL33tg mice (Fig. 3D), which was much
higher than 0.18 uM in wild-type mice, possibly because of the
activation of mast cells. Total IgE in serum was 386 ng/mL in
hK14mIL33tg mice (Fig. 3E), which was more than 20 times
higher than the 15 ng/mL seen in wild-type mice. Scratching
behavior observed over the course of 20 min was significantly
longer in hK14mIL33tg mice than in wild-type mice (Fig. 3F).
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Fig. 2. Dermatitis with eosinophil infiltrates and eosinophilia in hK14miIL33tg

mice. (A) H&E staining of wild-type (WT) and hK14mlL33tg (Tg) mouse skin. The
infiltration of eosinophils was evident in the dermis of hK14miIL33tg lesional
skin. Panels are representative of three mice and three independent experi-
ments. (Scale bars, 200 pm; inset, 50 um.) (B and D) Flow cytometry of
B220~CD3~CD45™ skin cells (B) or CD45* peripheral blood cells (D) from wild-
type (WT) and hK14mlIL33tg (Tg) mice. The numbers indicate the proportion
of cells in each quadrant. Data are representative of four mice and two in-
dependent experiments. (C and E) The proportions of eosinophils de-
termined by flow cytometry of B220"CD3°CD45* skin cells (C) or CD45*
peripheral blood cells (E). Eosinophils were markedly increased in the
lesional skin and in the peripheral blood of hK14miL33tg mice. Data are
expressed as means + SEM (n = 4) *P < 0.05 (Student t test). (F) The expression of
genes for eosinophil peroxidase (Epx) and eosinophil granule major basic protein
(Prg2) in the skins of wild-type (WT) and hK14mIL33tg (Tg) mice. Epx and Prg
were significantly increased in the lesional skin of hK14mIL33tg mice. Data are
expressed as means + SEM (n = 5) *P < 0.05 (Student t test).

Scratching time in hK14mIL33tg mice could be shortened by an
i.p. administration of 2 mg diphenhydramine hydrochloride, an
H;-receptor antagonist (Fig. 3G).
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Th2 Cytokines and Chemokines Induced in hK14miL33tg Mice. Eosi-
nophils are induced and activated by Th2 cytokines such as IL-5
and IL-13 and by chemokines such as regulated upon activation,
normally T-expressed, and presumably secreted (RANTES)/
CCL5 and Eotaxin 1/CCL11, which are ligands for CCR3 ex-
pressed in eosinophils (17). Therefore, cytokines and chemokines
in the serum and skin were examined by protein array analysis
(Fig. 4). The concentration of IL-5 was much higher in the serum
and lesional skin from hK14mII.33tg mice than in the serum and
skin from wild-type mice. RANTES/CCLS and Eotaxin 1/CCL11
were also significantly increased in the lesional skin. These results
strongly suggest that those cytokines and chemokines are impor-
tant for cutaneous inflammation with eosinophil infiltration and
eosinophilia in hK14mIL33tg mice. In contrast, Thl cytokines
such as TNF-a and IFN-y were unaltered in hK14mIL33tg mice.
IL-18, thymic stromal lymphopoietin (TSLP), and IL-25, epithe-
lial cell-derived proinflammatory cytokines other than IL-33, were
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Fig. 3. Dermatitis with abundant mast cells, high levels of blood histamine
and total IgE, and itching in hK14mIL33tg mice. (A) Toluidine blue staining of
wild-type (WT) and hK14mIL33tg (Tg) skins. Toluidine blue-positive mast cells
(arrowheads) were abundant in the lesional skin of hK14mIL33tg mice. Panels
are representative of three mice and two independent experiments. (Scale
bars, 50 pm.) (B and C) Flow cytometry of skin cells from wild-type (WT) and
from hK14mIL33tg (Tg) mice. (B) Numbers indicate the proportion of c-kit*
IgE* mast cells. (C) The proportions of mast cells in flow cytometry of
B220°CD3°CD45" skin cells. Mast cells were significantly increased in the
lesional skin of hK14mIL33tg mice. Data are expressed as means + SEM (n = 4)
*P < 0.05 (Student t test). (D and E) Plasma histamine (D) and serum total IgE
levels (E) in wild-type (WT) and hK14miIL33tg (Tg) mice. Histamine and total
IgE concentrations in the blood were significantly increased in hK14mIL33tg
mice. Data are expressed as means + SEM (n = 4) *P < 0.05 (Student t test). (F)
Itching in wild-type (WT) and hK14mlIL33tg (Tg) mice. Itching was evaluated
by total time of skin-scratching behavior during an observation period of 20
min. Data are expressed as means + SEM (seconds per minute; n = 3). *P <
0.05 (Student t test). The time for skin-scratching behavior was significantly
elongated in hK14mlIL33tg mice. (G) Itching of hK14mIL33tg mice before and
after the administration of diphenhydramine hydrochloride. The Hq-receptor
antagonist improved itching in hK14mIL33tg mice. Data are expressed as
means + SEM (seconds per minute) (n = 3). *P < 0.05 (paired t test).
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Fig. 4. Serum and cutaneous cytokine and chemokine profiles in wild-type and hK14mIL33tg mice. The concentrations of cytokines and chemokines in the
serum and skin of wild-type (WT) and hK14mIL33tg (Tg) mice were measured as described in the Materials and Methods. IL-5, IL-13, RANTES/CCL5, and Eotaxin
1/CCL11 were increased, whereas TNF-o, IFN-y, and TSLP were unaltered in both the serum and the lesional skin of hK14miIL33tg mice. The minimum de-
tectable concentrations of IL-4, IL-33, IL-18, TSLP, and IL-25 are 2.1, 0.2, 31.8, 6.3, and 9.0 pg/mL, respectively. Data are expressed as means + SEM (n =6). *P <

0.05 (Student t test). ND, not detected.

also examined. However, the increase in IL-18 in the lesional skin
was small, and in contrast with other AD mouse models (18),
serum levels of IL-18 were not different between wild-type and
hK14mII.33tg mice. No significant increase in TSLP or IL-25 was
observed in hK14mIL33tg mice.

Induction of ILC2s in hK14mIL33tg Mice. The marked increase of
IL-5 and IL-13 in hK14mIL33tg mice prompted us to examine
ILC2s because those cells massively produce those cytokines in
response to 1L-33 (4). Flow cytometry revealed that Lin~ST2"
Sca-1" ILC2s were increased in the skin lesions, peripheral
blood, and regional lymph nodes from hK14mIL33tg mice in
comparison with wild-type mice (Fig. 54). Furthermore, lymph
node cells from hK14mIL.33tg mice were subjected to in-
tracellular staining for IL-5 and IL-13 and were examined by flow
cytometry to identify cells producing those cytokines. Cells
expressing IL-5 and IL-13 matched the Lin~ST2* Sca-1* ILC2s
(Fig. 5 B and C). However, ILC2s producing IL-5 or IL-13 were
not found in lymph node cells from wild-type mice. These results
show that IL-33 contributes to the activation of ILC2s, which
induce eosinophils through the production of IL-5 and IL-13.

The Effect of a Neutralizing IL-5 Antibody on Dermatitis with
Eosinophil Infiltrates of hK14miIL33tg Mice. Whether the induction
of eosinophils in hK14mIL33tg mice is dependent on IL-5 was
examined using a neutralizing anti-IL-5 antibody. When 20 pg of
that anti-IL-5 antibody was administered to hK14mIL33tg mice
every 2 d for 2 wk, the peripheral blood eosinophil count was
significantly decreased (Fig. 6 A and B). Moreover, the derma-
titis with thickened epidermis became milder, and inflammatory
infiltrates including eosinophils were improved by the treatment
(Fig. 6C). The increased expression of the Prg2 gene was also
reduced (Fig. 6D), whereas expression of the IL-33 gene was not
altered by the neutralization of IL-5. Therefore, the induction of
eosinophils in the lesional skin and the peripheral blood may be
mediated via IL-5, increased in hK14mIL33tg mice.

Discussion

In this study, we demonstrated that the skin-specific expression
of IL-33 causes AD-like cutaneous manifestations with the

4 0of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1307321110

induction of eosinophils in transgenic mice under SPF con-
ditions. The contribution of IL.-33 to the pathogenesis of cutaneous
inflammation had not been fully elucidated, although the intra-
dermal injection of mouse recombinant IL-33 has been shown to
elicit a scleroderma-like reaction with an increase in dermal colla-
gen fibers (19) or a psoriasis-like dermatitis with a thickened epi-
dermis (16). However, the phenotype of hK14mIL33tg mice was
inconsistent with those pathologic changes. The itchy long-
standing dermatitis with infiltrations of eosinophils and mast cells
and high serum IgE levels in hK14mIL33tg mice are more com-
patible with AD.

Several animal models for AD have been established (20), but
none of those were produced to look for the upregulation of IL-
33 in the epidermis. In contrast, the expression pattern of IL-33
in the epidermis of hK14mIL33tg mice (Fig. 1B) closely resem-
bles the expression pattern of IL-33 in AD (13). In hK14mIL33tg
mice, the dermatitis develops in skin areas in which coat hairs are
sparse and are vulnerable to external stimuli (Fig. 1E). This suggests
that the Koebner phenomenon (in which eruptions are induced by
stimuli to the skin) is reproduced in the transgenic mice.

The dermatitis that develops in hK14mIL.33tg mice is ac-
companied by an abundant infiltration of eosinophils (Fig. 2).
In contrast, transgenic mice expressing caspase 1 or an active
form of IL-18 in the epidermis show neutrophil predominance
in the skin (21). Eosinophil infiltrates are usually observed in
AD (22), and therefore hK14mIL33tg transgenic mice may
resemble AD in that respect. We have previously reported
that IL-33 stimulates the production of IL-4 by eosinophils
(7). As shown in Fig. 2, eosinophils infiltrating in the skin were
more evident in hK14mIL33tg mice than in wild-type mice.
Because group 2 ILCs hardly produce IL-4, we speculate that
eosinophils in the skin might produce IL-4 in response to IL-
33 in Kh14mIL33tg mice.

The induction of mast cells (Fig. 3 A-C) and the increases in
blood histamine (Fig. 3D) and total IgE levels (Fig. 3E) observed
in hK14mIL33tg mice have been documented in other AD
model mice (20). Those findings in hK14mIL33tg mice are
consistent with reports that IL-33 is involved in the increased
numbers of mast cells in the skin (16) and the induction of serum
IgE (1). However, the mechanism for increase in serum IgE is

Imai et al.


www.pnas.org/cgi/doi/10.1073/pnas.1307321110

A WT Tg
M T 0.01 0.12
Skin e R
® 102 108 10% 91
* 0.00 0.01
Peripheral | = =
Blood ® ®
® 102 108 10* ® 108 104
N 0.00 0.12
Lymph _ «
de -
noade 82l
T100 10! 102 108 10% 03 10t
ST2 >
g . 9
o o *
INP o k%) : *
" i ©
2 : g
= - o 2
> > —
; 104 . =|' 1
ﬂ:— {':o- IC 0
5 = I WT Tg
([0 2ar, ) o
. y & 4
91 10* ® 0 *
% ® E 3
- +
T“e E 0 2
—_ o -
5 . 41
b IC
=Y o £ 0
S ; 3 7 WT Tg
T100 10! 102 108 10t
ST2 >

Fig. 5. Induction of Lin7ST2* Sca-1" ILC2s in hK14mIL33tg mice. (A) Flow
cytometry of cells from the skin, peripheral blood, and lymph nodes of wild-
type (WT) of hK14mIL33tg (Tg) mice. Cells were gated on the Lin~ fraction.
The numbers indicate the proportion of Lin"ST2*Sca-1* ILC2s in flow
cytometry of FSC'®SSC'°% cells (lymphocyte gate). Skins were sampled from
periorbital and perinasal regions and ears. Data are representative of three
mice and two independent experiments. Lin~ST2* ILC2s were induced in the
lesional skin, peripheral blood, and lymph nodes of hK14mIL33tg (Tg) mice.
Note that Sca-1*ST2~ cells are not lymphocytes but are CD45 skin cells. (B)
Production of IL-5 and IL-13 in Lin"ST2* cells from lymph nodes of wild-type
(WT) and hK14miIL33tg (Tg) mice. Cells were gated on the Lin™ fraction. The
numbers indicate the proportion of ST2*IL-5* or ST2*IL-13" cells. Data are
representative of three mice and three independent experiments. (C) The
proportions of Lin~ST2*IL-5% or Lin~ST2*IL-13* cells in flow cytometry of
Lin~ cells from lymph nodes of wild-type (WT) and hK14miIL33tg (Tg) mice.
Data are expressed as means + SEM (n = 3) *P < 0.05 (Student t test).
Lin™ST2" ILC2s producing IL-5 and IL-13 were markedly induced in
hK14mIL33tg mice.

unknown. We have found that IL-33 induces the activation of
mast cells in vitro (6), but the phenotype of hK14mIL33tg mice
suggests mast cells could also be highly activated in vivo by IL-33.
Administration of an antihistamine diphenhydramine hydro-
chloride relieves the itching behavior of the mice (Fig. 3G),

Imai et al.

which implies that mast cells are responsible for the itching as-
sociated with dermatitis in hK14mIL33tg mice.

The infiltration of eosinophils in dermatitis may be a result of
the increased levels of IL-5, IL-13, RANTES/CCLS, and Eotaxin
1/CCL11 in the serum or lesional skin of hK14mIL33tg mice
(Fig. 4). Notably, the marked increase in IL-5 seems to be
characteristic of the transgenic mice, because it was not found in
wild-type mice. Serum levels of IL-33 are not increased in
hK14mIL33tg mice or in patients with AD (23). IL-33 in the
serum might remain low in skin allergies, although it is high in
patients with allergic rhinitis (24).

Interestingly, we demonstrated that ILC2s are increased in the
skin with dermatitis, in peripheral blood, and in lymph nodes
(Fig. 54), and furthermore, that ILC2s are IL-5-producing in
hK14mIL33tg mice (Fig. 5B). A recent study has shown that a
population of group 2 ILCs is enriched in the lesional skin of
patients with AD (25). However, group 2 ILCs have been
reported at least to be IL-33-independent, and it is unknown
whether those ILC2s correspond to mouse ILC2s increased in
hK14mlL33tg mice. The present study provides evidence that
ILC2s are involved in the pathophysiology of IL-33-induced
cutaneous inflammation, although the induction of ILC2s in
response to IL-33 has been shown in other pathogenic con-
ditions, such as influenza virus (26), helminthic infection (3, 27),
and chronic rhinosinusitis (28).

Because a neutralizing antibody for IL-5 abolishes eosinophils
in vivo (Fig. 6C), the induction of eosinophils is possibly de-
pendent on IL-5 in hK14mIL.33tg mice. The expression of the
IL-5 gene is enhanced (29), and eosinophil infiltrates have been
observed in the lesional skin of patients with AD, regardless of
blood eosinophilia (22). The efficacy of anti-IL-5 for treating AD
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Fig. 6. IL-5-dependent induction of eosinophils in hK14mIL33tg mice. A
neutralizing monoclonal anti-IL-5 antibody or a control IgG1 antibody (20 pg
per mouse) was administered intraperitoneally to hK14miL33tg mice every
2 d for 2 wk. (A) Flow cytometry of CCR3*Siglec-F* eosinophils in peripheral
blood cells of hK14mIL33tg mice. The numbers indicate the proportion of
CCR3%*Siglec-F* eosinophils. Data are representative of four mice. (B) The
proportions of eosinophils in flow cytometry of CD45* cells from peripheral
blood cells. Data are expressed as means + SEM (n = 4). *P < 0.05 (Student t
test). Eosinophilia in hK14mlIL33tg mice was significantly improved by the
anti-IL-5 antibody. (C) H&E staining of the lesional skin of hK14miL33tg
mice. Data are representative of four mice. (Scale bars, 50 pm.) Dermatitis
with eosinophil infiltrates was resolved by the anti-IL-5 antibody. (D) The
expression of the IL-33 and Prg2 genes in the lesional skin of hK14mIL33tg
mice. Data are expressed as means + SEM (n = 4). *P < 0.05 (Student t test).
The expression of //33 was unchanged, whereas that of Prg2 was significantly
suppressed by the anti-IL-5 antibody.
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was expected, but a clinical trial of an anti-human IL-5 antibody
(mepolizumab) resulted in only a modest improvement of the
disease that was not considered successful (30). That result has
been assumed to be a result of the low dose of mepolizumab
used, which reduced blood eosinophil levels only to 70% (30).
However, mepolizumab has been proven to be effective for se-
vere asthma afterward (31), and this report revives interest in the
biologic targeting of IL-5. Psoriasis is also an intractable skin
disorder, but effective regimens using biologics have now been
established to dramatically improve the quality of life of patients
with psoriasis. In contrast, useful biologics have not been avail-
able for treating patients with AD (32), and further inves-
tigations are necessary to explore immunological processes
involving IL-33 and ILC2s as novel targets for the therapy of AD.

In conclusion, we propose that IL-33 from epidermal kerati-
nocytes induces ILC2s in the skin and lymph nodes and stim-
ulates the production of IL-5 from those cells to induce AD-
like dermatitis with eosinophil infiltrates. The phenotype of
hK14mII.33tg mice strongly suggests that IL-33 is crucial for the
development of AD. This transgenic mouse, in which long-last-
ing dermatitis with severe itching develops spontaneously, may
be useful for studying the pathogenesis of AD and to test the
therapeutic efficacy of drugs for AD. Further study using
hK14mIL33tg mice will help understand the mechanisms of re-
lease, activation, and regulation of IL-33 in vivo, which might
open the way to novel therapeutic drugs targeting innate immune
responses involving IL-33.
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Materials and Methods

Preparation of cell suspensions from mouse skin, used for flow cytometric
analysis, was as described previously (33). In brief, skin sheets were incubated in
40 mL RPMI 1640 containing 10% (vol/vol) FCS, 0.2% collagenase D (Roche) and
0.01% DNase | (Roche) at 37 °C for 60 min. After vigorous pipetting, cells were
isolated by gradient centrifugation on a Lymphosepar Il (IBL). Cells from mouse
skin, lymph nodes, and blood were stained with each antibody and were ex-
amined using a FACS Calibur (BD Biosciences). The classification of cells is as
follows. B220"CD3~CD45"CCR3*Siglec-F* cells, eosinophils; B220~CD3~CD45*
Gr-1*CD11b* cells, neutrophils; B220"CD3~CD45*DX5*IgE*cells, basophils;
B220~CD3~CD45*c-kit*IgE*cells, mast cells; and lineage markers (CD3, CD4,
CD8, CD19, Gr-1, IgE, NK1.1, Siglec-F)"Sca-1* ST2" cells, ILC2s. Intracellular IL-5
or IL-13 staining was as described previously (27). In brief, cells from lymph
nodes were incubated in culture medium for 6 h, and surface antigens were
stained in the presence of monensin without phorbol 12-myristate 13-acetate/
ionomycin. Cells were fixed with 4% (wt/vol) paraformaldehyde, per-
meabilized with 0.1% saponin buffer (PBS with 0.1% saponin, 1 mM Hepes,
and 0.1% BSA) and then stained with anti-IL-5, anti-IL-13, or a control rat
1gG1 antibody (BD Biosciences). Details of analyses are described in S/ Mate-
rials and Methods.
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S| Materials and Methods

Ethics Statement. All studies involving animals were designed in
accordance with the International Guiding Principles for Bio-
medical Research Involving Animals published by the Council for
the International Organization of Medical Science and were
reviewed and approved by the Animal Use and Care Committee
of the Hyogo College of Medicine and Kumamoto University.

Materials. The RIKEN Mouse FANTOM clone B230120N24 was
purchased from DNAFORM. Fluorescence-labeled antibodies
for CCR3 and Siglec-F were purchased from BD Biosciences;
B220, CD3, CD4, CD8, CD19, CD45, c-Kit, Gr-1, NK1.1, and
Sca-1 were from BioLegend; ST2 was from MD Biosciences; and
IgE (23G3) was from Southern Biotechnology Associates. The
neutralizing monoclonal anti-IL-5 antibody (TRFKS) was pre-
pared as described elsewhere (1). The rat IgG1 « isotype control
(eBRG1) was from eBioscience. Diphenhydramine hydrochlo-
ride was from Wako Pure Chemicals.

Construction of the Transgene. A K14 expression vector was con-
structed by inserting a 2-kb human keratin 14 promoter (Gen-
Bank accession no. AB091380.1), 0.6-kb rabbit-beta globin intron
2, and 0.5 kb human keratin 14 poly(A) signal DNA fragments in
tandem between EcoRI and HindIII sites of pBluescript II
phagemid (Agilent Technologies). A 0.8-kb full-coding se-
quence of mouse IL-33 variant 1 cDNA was PCR amplified from
a FANTOM clone B230120N24, using primers mIL33cinfl 5'-
GGGCGAATACGGATCATGAGACCTAGAATGAAGTAT-
TCCA-3" and mIL33cinf2 5'-GGACTCTAGAGGATCTTAG-
ATTTTCGAGAGCTTAAACATA-3'. The PCR product was
inserted into a BamHI site between rabbit-beta globin intron 2,
and human keratin 14 poly(A) signal of the expression vector
using an In-Fusion HD cloning kit (Takara Bio). The construct
was digested with Xmal, Xhol, and XmnlI to isolate a 4.0-kb
linear transgene DNA fragment.

Generation of Transgenic Mouse Lines. The purified transgene DNA
was used for microinjection into the pronucleus of C57BL/6
mouse fertilized eggs in the Center for Animal Resources and
Development, Kumamoto University, Kumamoto, Japan. Those
eggs were then transferred to the oviducts of pseudopregnant
mice to generate transgenic mice, as described previously (2). All
mice used in this study were maintained under SPF conditions.

A PCR primer pair, msF4358 5-GGAGGGGGCAAAGTT-
TTCAGGGTG-3’' and mIL33R5046 5-TTTGCAAGGCGGGA-
CCAGGG-3, was used for routine detection of the transgene
DNA integrated in the mouse genome. Of 122 pups born from
those mice, 12 mice were positive for the transgene. Total RNA
from a piece of ear tissue from each mouse was screened for the
expression of mouse IL-33 using a TagMan probe Mm00505403_m1
(Life Technologies), and two mouse lines that overexpressed IL-33

1. Coffman RL, Seymour BW, Hudak S, Jackson J, Rennick D (1989) Antibody to
interleukin-5 inhibits helminth-induced eosinophilia in mice. Science 245(4915):
308-310.

2. Hogan B (1994) Manipulating the Mouse Embryo: A Laboratory Manual (Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY), 2nd ed.
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were established from those mice. In mouse line hK14mIL.33 tg 1
(HCM-0374), an itchy dermatitis stably developed, and this mouse
line was used for further phenotype analysis.

Tissue Staining and Immunofluorescence. Skin specimens were
sampled, fixed with 4% (wt/vol) paraformaldehyde, and em-
bedded in paraffin. Those tissues were sectioned at 4-pm thick-
ness, and deparaffinized sections were stained with H&E or
toluidine blue. Immunofluorescence for IL-33 was as described
previously (3). In brief, deparaffinized sections were heated un-
der pressure in citrate buffer (pH 6.0) for antigen retrieval and
were blocked with 1% BSA. Sections were incubated with an
affinity-purified rabbit anti-mouse IL-33 polyclonal antibody;
bound antibodies were visualized with a biotinylated goat anti-
rabbit IgG antibody (BA-1000; Vector Laboratories) and strep-
tavidin-Alexa-594 (Invitrogen). After mounting with Prolong
GOLD Antifade with DAPI (Life Technologies), fluorescence
images were recorded using a confocal laser scanning micro-
scope LSM510 META (Carl Zeiss Microlmaging).

ELISA. Skin specimens excised from mice were homogenized using
a BeadSmash homogenizer (Wakenyaku) and a Bio-Plex Cell
Lysis Kit (Bio-Rad) according to the manufacturer’s instructions.
The concentrations of cytokines and chemokines in each ho-
mogenate or serum sample were measured using a Bio-Plex
Protein Array System (Bio-Rad) and DuoSet ELISA kits (R&D
Systems). The histamine concentration in plasma was measured
using an ELISA kit (Immunotech). Serum IgE was measured as
described previously (4).

Quantitative Real-Time PCR. Total RNA of mouse skin was pre-
pared using an RNeasy Fibrous Tissue Kit (Qiagen) according to
the manufacturer’s instructions. For quantitative real-time PCR
(qQRT-PCR), a TagMan RNA-to-Ct Kit (Applied Biosystems)
and an ABI7900HT sequence detection system (Applied Bio-
systems) were used. The expression of Gapdh encoding glycer-
aldehyde-3-phosphate dehydrogenase was used as an internal
standard for qRT-PCR. The probes for gRT-PCR were obtained
from Applied Biosystems Assays-on-Demand. The product
numbers of the probes for 1133, Epx, Prg2, and Gapdh were
MmO00505403_m1, Mm00514768_m1, Mm01336479_m1, and
Mm99999915 g1, respectively. The abundance of each target
transcript relative to the internal control was assessed ac-
cording to the manufacturer’s instructions.

Assessment of Skin-Scratching Behavior. Mice were kept calm at
least for 1 h, after which their scratching behavior during 20 min
was monitored using a digital video camera. The total scratching
time in 20 min was measured, and the skin-scratching behavior is
expressed as seconds per minute.
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hK14mIL33tg mice showed severe scratching behavior.
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