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thymic stromal lymphopoietin-related allergic inflammatory
mechanism in an oxazolone-induced atopic dermatitis murine
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Abstract Congenitally or early impaired skin barrier as
the first event starting the ‘atopic march’ in atopic der-
matitis (AD) patients can increase allergen penetration that
results in sensitization, even in the airways, followed by
asthma and allergic rhinitis. Thymic stromal lymphopoietin
(TSLP) is a cytokine existing in high levels in AD skin and
is considered as a novel therapeutic target for atopic dis-
ease. We generated oxazolone (Ox)-induced AD-like (Ox-
AD) hairless mice and divided them into four groups ac-
cording to the therapeutic challenges: topical glucocorti-
coid, pimecrolimus, emollient, and control (acetone-only
treated). We assessed the functional studies of skin barrier,
epidermal expressions of differentiation markers, IL-1a,
TNF-0, proteinase-activated receptor-2 (PAR-2), TSLP
and antimicrobial peptides (AMP), and serum IgE in each
group. Topical glucocorticoid or pimecrolimus treatment
improved AD-like skin lesions and barrier functions, and
restored the epidermal expression of differentiation mark-
ers, IL-1a, TNF-o, PAR-2, and TSLP, in Ox-AD mice. The
improvement was relatively better with the glucocorticoid
than pimecrolimus. Epidermal AMP expression was re-
stored by topical glucocorticoid, but not pimecrolimus. Our
result showed that topical glucocorticoid or pimecrolimus
improved the AD-like skin lesions and barrier impairment
by suppressing TSLP-related allergic inflammation.
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Introduction

Atopic dermatitis (AD) is a chronic relapsing inflammatory
skin disease characterized by extreme pruritus, which is
considered as the first stage of the atopic march [39]. A
recent hypothesis showed that the first event starting the
atopic march is an impairment of the epidermal barrier,
which increases skin permeation by allergens [3, 37]. Al-
lergen penetration increases sensitization, even in the air-
ways, which contributes to asthma. Thymic stromal
lymphopoietin (TSLP) is an epithelial cell-derived IL-7-
like cytokine expressed in the skin, gut, lung, and thymus
that plays an important role in shaping the allergic in-
flammatory immune response, as well as in the patho-
genesis of AD and asthma [28]. High expression of TSLP
was observed in epidermal keratinocytes from acute and
chronic AD skin lesions and it triggers dendritic cell-me-
diated allergic inflammation [38]. Recently, Demebhri et al.
[8] reported that TSLP overexpression by epidermal ker-
atinocytes is a systemic driver of bronchial hyper-respon-
siveness in asthma and suggested that early treatment of
primary skin barrier defects and selective inhibition of
systemic TSLP expression may be key factors in blocking
asthma development in AD patients. After allergen expo-
sure, the proteases presenting in the allergen complex ac-
tivate the protease-activated receptor (PAR)-2, which in
turn induces TSLP expression [43]. TSLP converts human
epidermal Langerhans cells into antigen-presenting cells
that induce pro-allergic T cells [11]. TSLP may also act to
recruit IL-4 producing basophils to draining lymph nodes
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that act cooperatively with dendritic cells (DCs) to prime
Th2 cytokine responses [43]. Therefore, increased levels of
PAR-2 and TSLP are crucial for predicting allergic Th2
inflammation. In addition, the appropriate inhibition of
TSLP expression could be a novel therapeutic method for
atopic dermatitis.

Topical glucocorticoids have long been widely used to
effectively treat acute flares of AD. Recently, topical cal-
cineurin inhibitors (TCIs) such as pimecrolimus and
tacrolimus have been widely used for maintenance therapy
of AD [12]. However, many AD patients, their parents, and
even their physicians do not apply appropriate amounts of
topical glucocorticoids, even in acute flares of AD, because
of ‘steroid phobia’ [18]. In addition, many physicians do
not have confidence in TCIs as a maintenance therapy of
AD.

Herein, we investigated the use of topical glucocorti-
coids and pimecrolimus to suppress allergic inflammatory
pathomechanism related to TSLP, a key cytokine in atopic
dermatitis, using oxazolone (Ox)-induced AD-like (Ox-
AD) mice as an animal model with high epidermal TSLP
expression.

Materials and methods
Materials

Female hairless mice (hr/hr) aged 6-8 weeks were pur-
chased from Orient Bio Inc. (Seongnam, Korea). 4-ethox-
ymethylene-2-phenyl-2-oxazolin-5-one (oxazolone),
acetone and a rabbit anti-mouse antibody against TSLP
were purchased from Sigma (St. Louis, MO, USA). Affi-
nity-purified, rabbit anti-mouse antibody against PAR-2
was purchased from Alomone Labs (Jerusalem, Israel).
Affinity-purified, rabbit anti-mouse antibodies against
loricrin, involucrin, and filaggrin were purchased from
Abcam (Cambridge, UK). Affinity-purified, rabbit anti-
mouse antibody against CRTH2/DP2 was from Cayman
Chemical (Ann Arbor, MI, USA). Serum levels of IgE
were measured using a mouse IgE ELISA kit (Koma
Biotech, Seoul, Korea). Reverse transcriptase was pur-
chased from Promega (Madison, WI, USA) and a real-time
PCR kit from Qiagen (Hilden, Germany). Primers were
designed based on retrieved GeneBank sequences using
Primer 3 software (http://frodo.wi.mit.edu/cgi-bin/primer3/
primer3.cgi/, Massachusetts Institute of Technology,
Cambridge, MA, USA). Topical pimecrolimus (Elidel®
cream) was purchased from Novartis Korea©, while topi-
cal methylprednisolone aceponate (Advantan® cream)
(mid-potency) was purchased from Invida Korea©, and
emollient (Cetaphil® cream) from Galderma©. We used
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the emollient to compensate the humectant and occlusive
effects of steroid or pimecrolimus cream.

Experimental protocols and functional studies
of the skin barrier state

All animal procedures were approved by the Yonsei
University Wonju Campus Institutional Animal Care and
Use Committee (IACUC) and performed in accordance
with their guidelines. Mice were divided into four groups.
An AD-like animal model was established as in previous
reports by repeated Ox challenges to hairless mice [24, 29].
Briefly, three groups of animals (each n = 6) were sensi-
tized by a single topical treatment with 10 uL of 5 % Ox,
while the control group was treated with acetone only.
After a 1-week sensitization period, Ox-treated groups
were treated topically with 60 pL. of 0.1 % Ox on their
backs once a day for 7 days. The control group was con-
tinued with acetone-only treatment.

After 7 days of challenge, each group of Ox-AD mice
was treated with methylprednisolone aceponate cream
(0.2 g; Ox-glucocorticoid group), pimecrolimus cream
(0.2 g; Ox-pimecrolimus group), and emollient cream
(0.2 g; Ox-emollient group) twice a day for 10 days.
During this period, Ox treatments were continued on each
group every other day. At 24 h after the final Ox challenge
and each treatment, the gross findings, basal TEWL, and
SC hydration were evaluated in all mice. Basal TEWL was
measured using a Tewameter TM 210 (Courage and Kha-
zaka, Cologne, Germany), and SC hydration was measured
using a Corneometer CM 825 (Courage and Khazaka). The
environmental conditions of the measurement room ranged
between 22 £ 2 °C with a relative humidity between 40
and 45 %. All skin samples were biopsied immediately
after this functional study.

Tissue preparation and immunohistochemical stains

For immunohistochemical staining, we used the methods
described in our previous report [19]. Briefly, 5 pm
paraffin sections were deparaffinized and rehydrated se-
quentially with 100, 95, 70, and 50 % ethanol for 5 min.
Samples were blocked with peroxidases (Thermo Scien-
tific, Fremont, CA, USA) and serum solution (DAKO,
Carpinteria, CA, USA). Subsequently, samples were in-
cubated with primary antibodies for the epidermal differ-
entiation marker proteins, AMPs, CRTH2, PAR-2, and
TSLP overnight at 4 °C. After three washes, the sections
were incubated with a horseradish peroxidase (HRP)-con-
jugated secondary antibody for 1 h. Staining was detected
with an UltraVision Plus Detection System from Thermo
Scientific using 3,3’-diaminobenzidine tetrahydrochloride
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as a substrate. Results were examined under a light
microscope.

Counting dermal eosinophils in H&E-stained slides

The density of eosinophils was assessed in the area of
200 x 200 pm on H&E-stained sections and counted in
more than ten fields in the dermis of each sample. Then, the
relative densities of each treated group were expressed
based on the control group.

Total RNA isolation and cDNA synthesis

To separate the epidermis, the subcutaneous fat was re-
moved from a skin sample using a scalpel, and the skin
sample was incubated in 10 mM ethylenediaminete-
traacetic acid (EDTA) in phosphate-buffered saline (PBS)
at 37 °C for 30 min.

Total RNA was isolated from the epidermis samples
using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and
then resuspended in RNase-free water. RNA concentra-
tions were quantified using a UV/visible spectrophotometer
(Amersham Biosciences, Piscataway, NJ, USA). Aliquots
(1 pg) of total RNA were reverse transcribed using
Moloney murine leukemia virus reverse transcriptase
(MML-V RTase; Promega, Madison, WI, USA) with 1X
RT buffer, 2 mM dNTP(Promega, Madison, WI, USA),
0.2 pM Oligo-dT primer (Bioneer Inc., Daegeon, Korea),

and MML-V RTase (2.5 units/pL) in a 20 pL reaction
volume, as described in our previous report [19].

Quantitative real-time reverse transcriptase-
polymerase chain reaction

Quantitative real-time reverse transcriptase-polymerase
chain reaction (qRT-PCR) was performed to analyze
mRNA expression of filaggrin, loricrin, involucrin, IL-1a,
TNF-o, PAR-2, TSLP, CRAMP, and mBD-3 using a Ro-
tor-Gene™ 3000 (Corbett Life Science, NSW, Australia)
and a Quantitect SYBR green PCR kit master mix (Qiagen,
Hilden, Germany), 10 pM primer, and 1 pL. of template
cDNA in a 10 pL reaction volume, as described in our
previous report [19]. Primers were designed based on
GeneBank sequences using Primer 3 software (http://frodo.
wi.mit.edu/cgi-bin/primer3/primer3.cgi, Massachusetts In-
stitute of Technology, Cambridge, MA, USA) (Table 1).
Samples were amplified at 95 °C for 15 min, followed by
45 cycles of 95 °C for 15 s and 60 °C for 1 min. qRT-PCR
data were analyzed as the C; values of the target gene and a
GAPDH housekeeping gene (Bioneer Inc., Daegeon,
Korea). AC, values were determined by subtracting the C,
of the target gene from that of the housekeeping gene.
AAC, values were determined by subtracting the AC, val-
ues of Ox group samples from the respective control group.
The resulting relative values were determined using the
equation 27AAC

Table 1 Real-time RT-PCR

A Target gene Direction Sequence (5" — 3')
primer sequences
GAPDH Forward primer TGCGACTTCAACAGCAACTC
Reverse primer ATGTAGGCCATGAGGTCCAC

mBD3 Forward primer GGCTTCAGTCATGAGGATCCATTACC
Reverse primer TGCACCGATTCCAGCATCTGCC
CRAMP Forward primer TGAGCCCCAAGGGGACGAGG
Reverse primer GCCGGGTTCAGGGTGACTGC
TSLP Forward primer CGACAGCATGGTTCTTCTCA
Reverse primer CGATTTGCTCGAACTTAGCC
PAR-2 Forward primer TCTCTGCACCAATCACAAGC
Reverse primer CTTAGCCTTCTTGCCAGGTG
Filaggrin Forward primer AGACTGGGAGGCAAGCTACA
Reverse primer CCTGCCTCCTTCAGAGTCAC
Involucrin Forward primer CAAGAGCCACAAATGCAAGA
Reverse prime GGAGTTTTCTGCTGCTGACC
Loricrin Forward primer CTCATCTTCCCTGGTGCTTC
Reverse primer CAGCTAGAGCCTCCTCCAGA
TNF-a Forward primer AGCCCCCAGTCTGTATCCTT
Reverse primer CTCCCTTTGCAGAACTCAGG
IL-1o Forward primer CCCGTCCTTAAAGCTGTCTG

Reverse primer

AATTGGAATCCAGGGGAAAC
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ELISA for serum IgE

The serum levels of IgE were determined as in our previous
report [22]. Whole blood samples were centrifuged at
5000 rpm for 5 min at room temperature (RT). The sample
and standard solutions were added to plates pre-coated with
an antibody specific to IgE and incubated for 1 h at RT.
Then, a mouse IgE detection antibody conjugated to HRP
was added to each well and incubated for 1 h at RT. Next, a
color development solution with TMB substrate was added
to each well and allowed to incubate for 20 min. A sulfuric
acid solution was added to each well to stop the reaction.
The enzyme—substrate reaction was measured using a mi-
crotiter plate reader (BioTek Instruments, Inc., Winooski,
VT, USA), and the plate was read at 450 + 2 nm. After
triplicate measurements, the concentration of IgE sample
was compared with the OD of the standard curve. Student’s
t test was used to analyze the results, with p < 0.05 con-
sidered to be statistically significant.

Results

Topical glucocorticoid or pimecrolimus treatment
improved AD-like skin lesions and epidermal
permeability barrier function in Ox-AD mice

We evaluated the effect of topical glucocorticoid or
pimecrolimus treatment on AD-like skin lesions and ab-
normal epidermal permeability barrier induced by re-
peated Ox treatments. As Ox treatments on hairless mice
skin proceeded, their gross appearances showed AD-like
lesions of erythema, edema, lichenification, and scale
compared with the normal appearance of the acetone-only
treated group (control group). Basal TEWL was sig-
nificantly increased and SC hydration was significantly
decreased according to the number of challenges (data not
shown). Topical glucocorticoid, pimecrolimus, or emol-
lient were applied to AD mice twice a day (each group
n = 6) concurrently with Ox challenges every other day
for 10 days.

Topical glucocorticoid (Ox-glucocorticoid) or pime-
crolimus (Ox-pimecrolimus) treatment improved Ox-AD
skin lesions compared with emollient (Ox-emollient)
(Fig. 1a). Topical glucocorticoid (Ox-glucocorticoid) or
pimecrolimus (Ox-pimecrolimus) decreased basal TEWL
(Fig. 1b) and increased SC hydration (Fig. 1¢) in AD-like
skin lesions compared with emollient (Ox-emollient). In
addition, glucocorticoid treatment showed a superior effect
on the basal epidermal permeability barrier state compared
with pimecrolimus (P < 0.05) (Fig. 1b, c).
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Topical glucocorticoid or pimecrolimus restored
the epidermal differentiation of AD-like skin

Ox-AD skin (Ox-emollient) showed a marked decrease in
epidermal differentiation compared with the control
group, which was presented by decreased expression of
proteins and mRNAs of epidermal differentiation markers
such as filaggrin, loricrin, and involucrin (Fig. 2a, b).
Topical glucocorticoid (Ox-glucocorticoid) markedly re-
stored the expression of these epidermal differentiation
marker proteins and mRNAs, especially of loricrin and
involucrin significantly on real-time RT-PCR (P < 0.05)
(Fig. 2b). Topical pimecrolimus (Ox-pimecrolimus) also
improved the expression of protein and mRNA of the
epidermal differentiation markers in AD-like skin com-
pared with emollient (Ox-emollient) (Fig. 2a, b), espe-
cially of involucrin on real-time RT-PCR (P < 0.05)
(Fig. 2b).

Topical glucocorticoid or pimecrolimus treatment
suppressed the elevated epidermal expressions of IL-
1o, TNF-a, PAR-2, and TSLP in AD-like skin

Immunohistochemical stains showed that the proteins of
IL-1a, TNF-0, PAR-2, and TSLP were overexpressed in
the epidermis of Ox-AD skin compared with control
(Fig. 3a). Moreover, qRT-PCR showed that their mRNAs
were overexpressed in the epidermis of Ox-AD skin
compared with control (Fig. 3b). In AD-like skin treated
with topical glucocorticoid (Ox-glucocorticoid) or pime-
crolimus (Ox-pimecrolimus), the epidermal expressions of
IL-1a, TNF-a, PAR-2, and TSLP were significantly de-
creased compared with AD-like skin treated with emollient
only (Ox-emollient) in immunohistochemical stains and
mRNA quantitation(P < 0.05) (Fig. 3a, b).

Topical glucocorticoid, but not pimecrolimus
restored the epidermal expression of antimicrobial
peptides in AD-like skin

AD-like skin showed a remarkable decrease in the epi-
dermal expression of antimicrobial peptides such as
CRAMP and mBD3, as demonstrated by immunohisto-
chemical staining and gRT-PCR results (Fig. 4a, b).
Topical glucocorticoid (Ox-glucocorticoid) significantly
restored the epidermal expression of mBD3 and CRAMP
compared with the emollient (Ox-emollient) (Fig. 4a, b).
However, pimecrolimus (Ox-pimecrolimus) did not sig-
nificantly increase their mRNA expressions in qRT-PCR,
although it restored the mBD3 expression in the immuno-
histochemical stain (Fig. 4a, b).
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Fig. 1 Topical glucocorticoid
or pimecrolimus treatments
improved AD-like skin lesions
and restored the function of the
epidermal permeability barrier
impaired by repeated Ox
treatments. As Ox treatments
proceeded, the gross
appearances of AD lesions
showing remarkable erythema,
edema, lichenification, and
scales became pronounced
compared with the acetone-only
treated group (Control) (a).
Topical glucocorticoid (Ox-
glucocorticoid) or pimecrolimus
treatment (Ox-pimecrolimus)
remarkably improved AD-like
skin lesions compared with
emollient only (Ox-emollient)
(a). AD mice receiving topical
glucocorticoid (Ox-
glucocorticoid) or pimecrolimus
(Ox-pimecrolimus) showed
lower basal TEWL (b) and
higher SC hydration

(¢) compared with emollient-
treated mice (Ox-emollient).
However, topical glucocorticoid
showed better improvement in
the eczema lesions and
permeability barrier functions
compared with pimecrolimus

TEWL(g/m?/h)

Ox-emollient
Basal TEWL
P=10.001 P=001 P =0.001

10+

Ox-pimecrolimus

SC hydration

P =0.001

P = 0.04

P =0.001

Ox-glucocorticoid
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A Control

Filaggrin
Loricrin
Involucrin
B Filaggrin mRNA
3.0 .
P=0.077 p-0oss 20

1.59 P=0.002

Ox-emollient

Loricrine mRNA

— P=001  1.57
P=0.084,

Ox-pimecrolimus Ox-glucocorticoid

Involucrine mRNA

P=0.006

P=0.076

Fig. 2 Topical glucocorticoid or pimecrolimus restored the epider-
mal expression of differentiation markers in the Ox-AD skin. Ox-AD
skin (Ox-emollient) showed a marked decrease in epidermal differ-
entiation compared with acetone-only treated group (control). Topical
glucocorticoid (Ox-glucocorticoid) markedly restored the expression
of epidermal differentiation markers such as filaggrin, loricrin, and

Topical glucocorticoid or pimecrolimus treatment
suppressed epidermal hyperplasia and inflammatory
cellular infiltration in AD-like skin

AD-like skin showed marked dermal inflammatory cell
infiltrations, as well as epidermal hyperplasia. In par-
ticular, the numbers of eosinophils in H&E stains and Th2
cells in CRTH2 immunohistochemical stains were in-
creased (Fig. 5a, b). After topical glucocorticoid or
pimecrolimus was applied, inflammatory cell infiltration,
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involucrin presented with immunohistochemical stain (a) and mRNA
quantitiation (b). Topical pimecrolimus (Ox-pimecrolimus) also
improved their expressions in AD-like skin compared with emollient
(Ox-emollient) (a, b) significantly of involucrin on real-time RT-PCR
(P < 0.05) (b)

including eosinophil and Th2-dominant cells, in the der-
mis significantly improved and epidermal hyperplasia
decreased (Fig. 5a, b).

Topical glucocorticoid or pimecrolimus treatments
on an AD model did not suppress serum IgE level

Serum IgE level was remarkably elevated in Ox-AD mice
compared with control mice. Topical glucocorticoid or
pimecrolimus treatment on AD mice did not suppress
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serum IgE levels. It is likely that the 10 day treatment
duration was not sufficient to affect serum IgE levels
(Fig. 5c¢).

Discussion

Recently, AD has been known as the initial disease of
atopic march [39]. TSLP overexpressed in the ker-
atinocytes of AD-affected skin can trigger a mechanism
that underlies the progression of the atopic march [13]. In
addition to the early protection of skin barrier defects in
AD-prone people, a selective inhibition of TSLP might be
a key intervention to improve the symptoms of AD or
block the progression of atopic march. Therefore, we per-
formed this study to determine whether topical glucocor-
ticoid or pimecrolimus treatment could suppress the
pathomechanism related to TSLP overexpression in AD.

For this study, we adopted Ox-AD murine model that we
had already used [22]. Similar to human AD, Ox-AD mice
showed Th2-dominant inflammatory infiltrates, elevated
serum IgE levels, and an impaired permeability barrier. In
addition, epidermal and blood TSLP expressions were
gradually increased according to the number of Ox chal-
lenges after sensitization, which suggested that repeated Ox
(hapten) treatment can induce Th2 inflammation via Thl.
Previous studies reported that topical glucocorticoid or
pimecrolimus application showed potent anti-inflammatory
activity on the inflamed skin of Ox-AD mice and restored
skin barrier, AMP, and epidermal differentiation [16, 30].
Our study also demonstrated again that topical glucocor-
ticoid or pimecrolimus treatment could improve AD-like
skin lesions and restore the function of the epidermal
permeability barrier and the epidermal differentiation im-
paired by repeated Ox treatments. In addition, topical
glucocorticoid or pimecrolimus application could sig-
nificantly decrease the epidermal expression of IL-1a,
TNF-a, PAR-2, and TSLP with immunohistochemical
staining and their mRNA quantities with qRT-PCR. In the
case of hydrocortisone cream, we found that it could not
suppress local skin inflammation sufficiently. We also
found that the strong-potency steroid cream induced skin
atrophy and systemic effect by cutaneous absorption.
Therefore, we used a mid-potency steroid topical methyl-
prednisolone cream in this experiment.

TSLP triggers DCs to induce Th2 inflammatory re-
sponses [42]. In addition, TSLP could enhance the effector
stage of the allergic response [17] and amplify Th2 cy-
tokines secretion in synergy with IL-1 and TNF-a [2].
Previous studies demonstrated that TSLP increases in both
of the skin specimens and the serum from acute or chronic
AD patients [17, 21]. Overexpression of TSLP in epidermal
keratinocytes is a systemic driver of bronchial hyper-

responsiveness [8], and TSLP in airway epithelial cells is
correlated with reduced lung function in asthma patients
[15]. Moreover, TSLP can be induced by exogenous
stimuli such as trauma, defects in barrier differentiation,
infection with microbes, and Toll-like receptor (TLR) li-
gation, as well as by topical application of active vitamin
D3 or low-calcemic analog treatment [25]. In particular,
the PAR-2-TSLP relationship has been emphasized in
some articles [4, 5], and PAR-2 is considered to be a parent
signal inducing the overexpression of TSLP in epithelial
cells [20]. It is known that skin barrier perturbation sti-
mulates the epidermal production of the cytokines such as
IL-1o and B, TNF-o, and GM-CSF [41], which has a role in
the regulation of proinflammatory and homeostatic pro-
cesses in the skin. Therefore, we believe that repeated Ox
treatment induced acute to chronic barrier disruption and
then increased epidermal expression of PAR-2 and TSLP,
which could drive the Th2 inflammation synergistically in
Ox-AD murine model (Fig. 6).

Previous studies about the relationship between gluco-
corticoids and TSLP reported that inhaled budesonide
could inhibit the TSLP expression in the lung tissues of
asthmatic rats [27] and that glucocorticoids inhibit TLR3
ligand-induced TSLP in keratinocytes under an atopic cy-
tokine milieu [23]. In addition, TSLP secretion of synovial
fibroblasts is negatively regulated by dexamethasone [35].
A recent study by Le et al. [24] showed that glucocorti-
coids could inhibit the dsRNA-induced release of TSLP in
an atopic cytokine milieu at much lower concentrations
than calcineurin inhibitors. This in vitro result supports our
in vivo experimental result that topical glucocorticoid in-
hibits the expression of epidermal TSLP. Our result pro-
vides further in vivo evidence that topical glucocorticoid
application could decrease the epidermal expression of
PAR-2 and TSLP and improve other skin barrier-related
markers. Topical pimecrolimus can reduce IL-1 expression
in mouse skin [19]. We confirmed that topical pime-
crolimus can suppress the epidermal expression of PAR-2
and TSLP and proinflammatory cytokines such as IL-1a
and TNF-a in Ox-AD murine model. The relationship be-
tween calcineurin inhibitors and TSLP has not been stud-
ied, except in one in vitro study [24], in which cyclosporine
did not suppress keratinocyte-derived TSLP expression
since calcineurin inhibitor is a T cell inhibitor. However,
our in vivo study showed that topical calcineurin inhibitor,
pimecrolimus, suppressed the epidermal expressions of
PAR-2 and TSLP, as both keratinocytes and T cells are
involved in AD inflammatory pathogenesis in vivo.

In our results, epidermal AMP expression was de-
creased in AD-like skin, which is similar to AD lesional
skin [34]. Epidermal AMP expression is dependent on
inflammatory cytokines and the state of the epidermal
permeability barrier. Th2 cytokines such as IL-4 and IL-
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«Fig. 3 Topical glucocorticoid or pimecrolimus treatment suppressed
the elevation of epidermal expression of IL-1a, TNF-a, PAR-2, and
TSLP in Ox-AD skin. Immunohistochemical stains showed that IL-
la, TNF-o, PAR-2, and TSLP were overexpressed in Ox-induced
AD-like skin compared with control (a). Real-time RT-PCR also
demonstrated the overexpression of mRNA of IL-1a, TNF-o, PAR-2,
and TSLP in AD-like skin (b). In the topical glucocorticoid (Ox-
glucocorticoid) or pimecrolimus (Ox-pimecrolimus) groups, the
immunohistochemical stains (a) and mRNA levels (b) of IL-la,
TNF-o, PAR-2, and TSLP were markedly decreased compared with
AD-like skin receiving only emollient (Ox-emollient) (P < 0.05)

13 have an inhibitory effect on AMP expression [36].
Epidermal AMP expression is linked to permeability
barrier function, because cathelicidin and beta-defensin
are co-packaged along with lipids within epidermal
lamellar bodies (LBs) before their secretion and co-lo-
calized in SC intercellular lamellae after their secretion
[1]. Therefore, decreased epidermal expression of AMP
could be due to an impaired epidermal permeability

A Control Ox-emollient

barrier state and an increase in Th2 cells in Ox-AD mice.
Topical glucocorticoid or pimecrolimus treatment can
suppress overall T cells, which would account for the
reduction of the IL-4, IL-13, and IL-17 cytokines. Thus,
our result demonstrated that topical glucocorticoid treat-
ment restored epidermal permeability barrier function and
epidermal AMP expression by suppressing inflammatory
responses. In our study, topical glucocorticoid treatment
significantly restored epidermal AMP expression com-
pared with emollient. However, topical pimecrolimus
treatment did not significantly affect epidermal AMP
expression in spite of remarkable effects on the perme-
ability barrier, differentiation, and cytokine expression
compared with emollient treatment. This result might be
due to the sum of their lesser effects compared with
glucocorticoid treatment. In our experiment, topical glu-
cocorticoid or pimecrolimus treatment did not reduce
serum IgE levels. Similar to our experiments, we have
observed that many patients with severe AD have

Ox-pimecrolimus
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Fig. 4 Topical glucocorticoid, but not pimecrolimus restored the
epidermal expression of antimicrobial peptides in AD-like skin. Ox-
AD skin showed a remarkable decrease in epidermal AMPs such as
CRAMP and mBD3, as shown by immunohistochemical stains
(a) and real-time RT-PCR (b). Topical glucocorticoid (Ox-

glucocorticoid) treatment restored the epidermal expressions of
CRAMP and mBD3 compared with emollient (Ox-emollient).
However, pimecrolimus (Ox-pimecrolimus) treatment did not in-
crease their expression in real-time RT-PCR, although it restored
mBD?3 expression in the immunohistochemical stain (a, b)
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Fig. 5 Topical glucocorticoid or pimecrolimus treatment suppressed
epidermal hyperplasia and inflammatory cellular infiltration in AD-
like skin, but not serum IgE level. AD-like skin showed marked
dermal inflammatory cell infiltrations, as well as epidermal hyper-
plasia. Especially, the numbers of eosinophils in H&E stains and Th2
cells in CRTH2 immunohistochemical stains were increased (a, b).

recovered from active disease in spite of unchanged or
even increased serum IgE. It may be that IgE is not the
key mediator of AD and that IgE is produced after the
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Ox-glucocorticoid

Ox-pimecrolimus

Topical glucocorticoid or pimecrolimus significantly suppressed
inflammatory cell infiltration, including eosinophil and Th2-dominant
cells, in the dermis as well as epidermal hyperplasia (a, b). Serum IgE
level was remarkably elevated in Ox-induced AD mice compared
with control. Topical glucocorticoid or pimecrolimus did not suppress
serum IgE level (c)

production of IL-4 by activated Th2 cells. In addition, our
result suggests that topical treatment for 10 days is not
sufficient to affect serum IgE levels.
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Fig. 6 Mechanism of action of topical glucocorticoid and pime-
crolimus on Ox-AD skin. In this study, repeated Ox treatment
disrupted the skin barrier and then elevated skin pH. Proteases such as
serine proteases and PAR-2 were activated in chronically disrupted
skin, in which a high skin pH was maintained. Activated PAR-2 can
provoke TSLP expression, triggering Langerhans cell activation. Th2

From our results, we observed that repeated Ox treat-
ment disrupts the skin barrier and increases the skin surface
pH, which contributes to acute to chronic inflammatory
skin lesions. Proteases and PAR-2 are activated in
chronically disrupted skin, in which a high skin pH is
maintained [7]. Activated PAR-2 can provoke TSLP ex-
pression, triggering LC activation. Eventually, Th2 in-
flammation is induced and AD-like skin lesion is formed.
In addition, topical glucocorticoid or pimecrolimus could
inhibit cutaneous allergic inflammation by decreasing the
epidermal expression of IL-1o, TNF-o, PAR-2, and TSLP
significantly (Fig. 6). Although topical glucocorticoids
suppress the activity of PAR2 activators, which are pre-
dominantly mediated by the production of PGE2 [6], the
action of glucocorticoids on PAR-2 is still debatable.

Ox-AD murine skin pathology closely resembles the
immunopathology and the ultrastructural abnormalities
observed in Notch-deficient murine models of AD [9, 10,
14, 26, 33, 40]. It has been already known that striking
similarities exist between Notch-deficient AD mice and
AD patients in immunological aspects (up-regulation of
TSLP, IL-4, and IgE), the differentiation-mediated aspects
(down-regulation of terminal epidermal differentiation
markers such as filaggrin, loricirin, and involucrin), and the
barrier aspects (reduced formation of cornified lipid en-
velope and LB). These similarities contribute to a “Notch-
deficiency hypothesis of AD” [32]. Notch-deficient skin
induces a lethal systemic B-lymphoproliferative disorder
by secreting TSLP, a sentinel for epidermal integrity [9,

inflammation followed and AD-like skin lesions formed. Topical
glucocorticoid or pimecrolimus suppresses the epidermal expression
of Th2 inflammation-related cytokines such as IL-1o, TNF-a, PAR-2,
and TSLP, which contribute to blocking AD-like skin lesions such as
skin allergic reaction

10]. Notchl is a repressor of AP-1, the crucial transcription
factor activating the TSLP promoter. Moreover, both AP-1,
a target of glucocorticoid treatment, and NFAT, a target of
calcineurin inhibitor treatment, form transcription factor
complexes (AP-1/NFAT) which synergistically activate the
expression of the key Th2-cytokines such as TSLP, IL-4,
and GM-CSF in AD pathogenesis. Furthermore, the
therapeutic mode of action of glucocorticoids, calcineurin
inhibitors, and UV in AD patients has been deduced to
converge in the activation of impaired Notch signaling
[31]. Because of the above similarities among our Ox-AD
murine model, impaired Notch signaling AD model, and
AD patients, we may infer Ox treatment in our study could
down-regulate epidermal Notch receptors or impair Notch
signals. Further study about Notch impairment in Ox-in-
duced AD murine model is needed.

Due to the side effects of glucocorticoid steroids, many
patients have ‘steroid phobia’ and thus use them reluctantly
in spite of their dramatic efficacy toward AD flare. Our
results showed that glucocorticoid application can improve
the clinical manifestations of AD through improvement of
the disrupted skin barrier, and that early suppression of AD
flare by glucocorticoids can treat AD. In addition, our
in vivo study showed that topical pimecrolimus treatment
can suppress the expression of cytokines, including PAR-2
and TSLP, in AD epidermis. This suggests that therapy
with topical calcineurin inhibitors can also assist in treating
AD. From our results, we conclude that topical glucocor-
ticoid or pimecrolimus application can treat acute AD
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lesion through the inhibition of TSLP-related inflammation
in AD patients.
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