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Epidermal barrier abnormality due to filaggrin deficiency is an important predisposing factor in the
development of atopic dermatitis (AD). In addition, the expression of thymic stromal lymphopoietin
(TSLP) in keratinocytes (KCs), induced by barrier disruption, can promote type 2 helper T-cell polariza-
tion. Protease activity, including protease-activated receptor-2 (PAR-2), is also known to be involved in
epidermal barrier function in AD. However, to our knowledge, the relationship between protease activity
and filaggrin deficiency from the perspective of AD has not been elucidated. Flaky tail (Flg'") mice, known
to have a mutation in the filaggrin gene, were used to assess the role of protease in KCs in the steady state
and the mite-induced AD-Llike skin inflammation model. In the steady state, the expression and activity
levels of endogenous proteases, kallikreins 5, 7, and 14, in the skin and TSLP were higher in Flg than in
control mice. In addition, activation of PAR-2 by its agonist induced the production of TSLP in KCs of Flg't
mice, which was abrogated by a newly developed PAR-2 antagonist. Application of the PAR-2 antagonist
improved symptoms and basophil accumulation in Flg’ mice treated with mite extracts. These results
suggest that possibly through the PAR-2 activation in KCs, filaggrin deficiency induces TSLP production
and basophil accumulation, which play important roles in the establishment of AD. (Am J Pathol 2013,
M : 1-11; http://dx.doi.org/10.1016/j.ajpath.2012.11.039)

Q3 A recently discovered link between the incidence of atopic

dermatitis (AD) and loss-of-function mutations in the gene
encoding filaggrin (FLG) has demonstrated that skin barrier
dysfunction is a critical driving force in the initiation and
exacerbation of AD." In addition to serving as a physical
barrier between the environment and the body, keratinocytes
(KCs) are thought to play a vital role in both innate and
adaptive immune responses.” Stimulated KCs can trigger
and modify the activation and differentiation of dendritic
cells, B cells, and T cells through the production of cyto-
kines, such as thymic stromal lymphopoietin (TSLP) and
IL-33, which induce type 2 helper T-cell (Th2)—polarized
immune responses in patients with AD.?

The critical association between the abnormal barrier and
Th2 polarization in AD may, in part, be explained by the
expression of TSLP.*® TSLP is mainly produced by

Copyright © 2013 American Society for Investigative Pathology.
Published by Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ajpath.2012.11.039

epithelial cells, including KCs, and is highly expressed in the
epidermis of patients with AD.%” In addition, keratinocyte-
specific overexpression of TSLP leads to the development
of a spontaneous Th2-type skin inflammation in mice® and
accumulation of basophils in the skin.” Recently, it has been
shown that patients with Netherton syndrome, in which
affected individuals experience a significant predisposition
for AD, exhibit an elevated level of TSLP in their skin.'? In
patients with Netherton syndrome, the lack of the protease
inhibitor, lymphoepithelial kazal—type—related inhibitor,

Supported, in part, by a Ministry of Education, Culture, Sports, Science,
and Technology grant, a Ministry of Health, Labor, and Welfare of Japan
grant, and the Ministry of Knowledge Economy and Korea Institute for
Advancement of Technology through the Research and Development for
Regional Industry.
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results in the up-regulation of epidermal protease kallikreins
(KLKSs), which, in turn, activates protease-activated receptor
2 (PAR-2) on KCs, causing overexpression of TSLP in the
skin. Activated PAR-2 has also induced the expression of
TSLP by airway epithelial cells."’

The protease activity in particular allergens, such as papain,
has been shown to be required for the induction of Th2 and
IgE responses.'>'? It has been reported that papain directly
activated basophils and recruited them to the lymph nodes
during primary immune responses.'*'> Despite the fact that
basophils represent <0.5% of circulating leukocytes, recent
studies have unveiled their potent immunostimulatory func-
tions (ie, their induction of Th2 immunity) by secreting key
Th2-inducing cytokines, such as IL-4, and by functioning as
professional antigen-presenting cells.'®!” Although it has
been reported that basophils are often recruited to the affected
tissues in allergic disorders, including AD,"®'? it is important
to clarify the role of the accumulation of basophils to the skin
in AD or filaggrin-deficient conditions. Thus far, our under-
standing of the accumulation of basophils to the skin is limited
because basophils cannot be stained in routinely processed
histological tissue specimens in human skin and because of
the few appropriate available animal models for allergy.'”

We have recently shown that an allergen from the house
dust mite [Dermatophagoides pteronyssinus (Dp)] is a potent
inducer of AD-like skin lesions in Flaky tail (Flgﬁ) mice,
which carry a frameshift mutation in the filaggrin gene and
a ma mutation.”® Because Dp possesses strong protease
activity, it is intriguing to investigate the relevance of the
activation of protease receptors, especially PAR-2, under
filaggrin-deficient conditions. It has been suggested that
PAR-2 activation may play a role in the development of AD,
based on its production of several inflammatory-related AD
cytokines,?"** its direct proinflammatory role in allergic
contact dermatitis,>> and its association with delayed
epidermal permeability recovery.>* However, the mecha-
nisms underlying these protease-mediated Th2 skin responses
are not fully understood, especially under filaggrin-deficient
conditions.

Herein, we found that F lgf " mice possessed increased
endogenous protease (KLKs 5, 7, and 14) activity, TSLP
expression, and basophil accumulation in the skin. In
addition, TSLP production by KCs was induced by expo-
sure to a PAR-2 agonist and suppressed by a PAR-2
antagonist. Moreover, stimulation of PAR-2 with Dp
induced prominent basophil accumulation to the skin. These
findings demonstrate that protease activity in the skin is
a critical modulating factor of the development of AD.

Materials and Methods
Mice

C57BL/6J (B6) female mice were purchased from SLC
(Shizuoka, Japan). Flaky tail (STOCK a/a ma ft/ma ft/J)
mice, which carry double-homozygous flaky tail (ff) and

matted (ma) mutations, were outcrossed onto B6 at Jackson
Laboratory (Bar Harbor, ME).> TSLP receptor (TSLPR)—
deficient mice (B6 background) were generated by Dr. Steven

Ziegler”® and kindly provided. All experimental procedures Q4

were approved by the Institutional Animal Care and Use
Committee of Kyoto University Graduate School of Medicine
(Kyoto, Japan).

Reagents

The following primary antibodies were used in this analysis:
rabbit anti-KLK7 (Santa Cruz Biotechnology, Santa Cruz,
CA), goat anti-KLK14 (Santa Cruz Biotechnology), rab-
bit anti—PAR-2 (Santa Cruz Biotechnology), goat—anti-
TSLP (R&D Systems, Minneapolis, MN), rat anti-monocyte
chemotactic protein (MCP)-8 (TUGS; BioLegend, San

Diego, CA), rat anti-FceRI (MAR-1; eBioscience), rat anti- Q5

ckit (2B8; eBioscience), rat anti-CD69 (H1.2F3; eBio-
science), and rat anti-CD200R3 (Bal03; Hycult Biotech,
Uden, The Netherlands). Alexa Fluor 488 donkey anti-rabbit
and anti-goat IgG antibody (Invitrogen, Carlsbad, CA) and
biotinylated donkey anti-rat IgG antibody (Vector Labora-
tories, Burlingame, CA) were purchased. The protease ac-
tivity was measured using an EnzChek Protease Assay Kit
(Molecular Probes, Eugene, OR). Mouse PAR-2 agonist
SLIGRL-NH2?"?* was purchased from Peptron (Seoul,
South Korea). A newly generated PAR-2 antagonist, NPS-
1577, was provided by NeoPharm pharmacy (Daejeon,
South Korea). Its antagonistic activity was confirmed by
an intracellular calcium influx assay, as described later

(Supplemental Figure S1). No antagonistic effect on PAR-1 Q6

by NPS-1577 was observed (data not shown).

Intracellular Calcium Mobilization Assay

An intracellular calcium mobilization assay was performed
with an FLIPR Calcium 4 Assay Kit (Molecular Devices,
Sunnyvale, CA), according to the manufacturer’s proto-
cols, with slight modification. Briefly, HCT-15, a PAR-
2—overexpressing cell line, was seeded in a black 96-well
plate (4 x 10* cells per well) and incubated for 24 hours.
Then, loading dye buffer was added and incubated at 37°C
for 1 hour. PAR-2 antagonist was added at several doses,
5 minutes before the addition of 25 pmol/L of the PAR-2
agonist, and then fluorescent signal was measured using
FlexStation II (Molecular Devices) 7 minutes later.

Amino Acid Analysis, Skin Surface pH, and TEWL

Samples of stratum corneum were collected by tape strip-
ping with adhesive tape (CT-24; Nichiban, Tokyo, Japan),
performed five times on a 5 x 5-cm” area of mouse dorsal
skin. Free amino acids were analyzed on an L-8800 amino
acid analyzer (Hitachi, Tokyo, Japan) by discontinuous
gradient elution with L-8500 PF-Kit buffer (Hitachi).
Amino acids post-labeled with ninhydrin were detected by
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measuring the absorbance at 440 and 570 nm. Skin surface pH
was measured with a pH meter, D51 (Horiba, Kyoto, Japan).
To evaluate inside-to-outside barrier function, transepidermal
water loss (TEWL) was measured with a Vapo Scan tewa-
meter (Asahi Biomed, Tokyo, Japan) at 24°C and 46% rela-
tive humidity.

Cell Line and Primary Culture of KCs

Mouse KC cell line, PAM 212,%° was seeded in 24-well
plates (5 x 10* cells per well) and grown in HuMedia
KG2 medium (Kurabo, Osaka, Japan) until 80% confluence,
then incubated for an additional 24 hours without hydro-
cortisone for starvation. After 8 hours of incubation with
a PAR-2 agonist or antagonist, cells were collected and used
for analysis. For KC primary culture, whole dorsal skin of
newborn mice was incubated with 5 mg/mL dispase II
(Sanko-Junyaku Co, Tokyo, Japan) at 4°C overnight to
separate the epidermis and dermis. Epidermal sheets were
then cut into pieces and incubated in a nonenzymatic cell
dissociation solution (Sigma-Aldrich, Tokyo, Japan) to
obtain a single-cell suspension. Cells were seeded in 96-well
plates (8 x 10* cells per well) and grown in HuMedia KG2
medium.

Epicutaneous Sensitization with Ovalbumin

Mice were anesthetized with diethyl ether (Nacalai Tesque,
Kyoto, Japan) and then shaved with an electric razor
(THRIVE Co Ltd, Osaka, Japan). A single dorsal skin site
on each mouse was tape stripped at least five times with
adhesive cellophane tape (Nichiban, Tokyo, Japan). A total
of 10 pL of 10 mg/mL ovalbumin (OVA; Hyglos GmbH,
Regensburg, Germany) in PBS was applied on the dorsal
skin site and covered with transparent film (Suprasorb F;
Lohmann & Rauscher, Miami, FL). Each mouse had a total
of five 3-day exposures to the OVA, separated by 4-day
intervals. Skin sections were obtained after the last OVA
application.

Bone Marrow—Derived Basophils and Chemotaxis Assay

Mouse bone marrow cells were cultured with 20% fetal calf
serum and 10 ng/mL IL-3 in complete RPMI 1640 medium
[consisting of RPMI 1640 medium (Invitrogen, Carlsbad, CA)
containing 10% heat-inactivated fetal calf serum, 5 x 10> mol/
L 2-mercaptoethanol, 2 mmol/L L-glutamine, 25 mmol/L N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid, 1 mmol/L
nonessential amino acids, 1 mmol/L sodium pyruvate, 100
U/mL penicillin, and 100 pg/mL streptomycin] for approxi-
mately 7 to 10 days to obtain bone marrow—derived basophils
(BMBs). FceRItc-kit CD200R3" cells were considered as
BMBs. For the chemotaxis assay, 1 X 10° BMBs were trans-
ferred into the upper chamber of a transwell containing 5-um
pore filters (BD Biosciences, Franklin Lakes, NJ). Recombi-
nant mMCP-1 (Wako, Osaka, Japan) was added to the lower

The American Journal of Pathology m ajp.amjpathol.org

chamber and incubated for 2.5 hours at 37°C. The FceRI™
c-kit " CD200R3™" cells that migrated to the lower chambers
were counted by flow cytometry. The migration index was
calculated as a percentage of input: number of cells in each
lower chamber/total number of cells placed in the corre-
sponding upper chamber.

For the basophil activation assay, BMBs were cultured
in a 96-well-plate in complete RPMI 1640 medium plus
3 ng/mL IL-3 for 24 hours. BMBs were stimulated with
10 ng/mL Dp preactivated with 5 mmol/L L-cysteine HCI,
pH 7, for 15 minutes at 37°C to regenerate protease
activity,”! in the presence or absence of 150 pmol/L PAR-2
antagonist. Cells were collected and analyzed by flow
cytometry to observed basophil activation marker CD69.

Epidermal Protease Activity

The proteolytic activity was examined by in situ zymography
and casein gel zymography. For in situ zymography, skin
biopsy specimens were obtained and frozen sections (5 pm
thick) were rinsed with washing solution (1% Tween 20 in
deionized water) and incubated at 37°C for 1 hour with 100 uLL
of BODIPY-Fl-casein containing digestion buffer (10 pg/mL;

Molecular Probes, CA). The sections were rinsed with Q9
washing solution and observed under a BZ-9000 BIOREVO o

(Keyence, Osaka, Japan). For casein gel zymography, mouse
epidermis was crushed in 1 mol/L acetic acid solution. After
overnight extraction at 4°C, soluble proteins were resuspend in
PBS and 5 ng was loaded onto casein copolymerized acryl-
amide gels (15% acrylamide and 0.05% a-casein; Sigma-
Aldrich) for electrophoresis. Gels were washed with 2.5%
Triton X-100 for 1 hour and then incubated for 24 hours at
37°C in reaction buffer containing 59 mmol/L Tris (pH 8.0).
Gels were stained with 1% Coomassie Brilliant Blue for 30
minutes. Areas of caseinolytic activity appeared as clear zones
against a dark blue background.

Clinical Observations and Histological Characteristics

The clinical severity of skin lesions was scored according to
the macroscopic diagnostic criteria.”® Briefly, the total clin-
ical score for skin lesions was designated as the sum of
individual scores, graded as O (none), 1 (mild), 2 (moderate),
and 3 (severe), for the symptoms of pruritus, erythema,
edema, erosion, and scaling. The presence of pruritus was
determined through clinical observation for >2 minutes. For
the histological analysis, the dorsal skin was stained with
H&E. The histological findings were evaluated as previously
reported.*” In brief, samples were scored for the severity and
character of the inflammatory response using a subjective
grading scale. Responses were graded as follows: 0, no
response; 1, minimal response; 2, mild response; 3, moderate
response; and 4, marked response. The total histological score
was calculated as the sum of the scores concerning inflam-
mation, neutrophils, mononuclear cells, edema, and epithelial
hyperplasia. The number of basophils was calculated as the
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magnification, x40).

Quantitative Real-Time PCR and ELISA

mRNA was isolated using TRIzol (Invitrogen, Tokyo,
Japan), per the manufacturer’s protocol, and subjected to
quantitative real-time PCR analysis, using the housekeeping
gene GAPDH as an internal control.* All data are presented
as fold change against each control (mean of non-stimulated
cells or control mice). For the enzyme-linked immunosorbent
assay (ELISA), skin samples were chopped and homoge-
nized using a Polytron RT-3000 instrument (Kinematica AG,
Bohemia, NY) in cell lysis buffer (Epitomics, Burlingame,
CA). The protein concentration was quantified using a Bio-
Rad Protein assay (Bio-Rad, Marnes-la-Coquette, France).
The concentrations of TSLP protein were measured using
a TSLP DuoSet Kit (R&D Systems).

Dermatitis Model

To induce murine AD-like skin lesions, 40 mg of 0.5% Dp
(Biostir, Kobe, Japan) in white petrolatum was topically
applied to the ears and upper back three times a week for
7 weeks.? Petrolatum without Dp was used as a control.
Alternatively, mice were treated with 0.5% Dp and 1%
PAR-2 antagonist in petrolatum. Dp body product (1 g)
contained 1.78 mg total protein with 2.47 ng of Dp protein
(Der pl).

Statistical Analysis

Unless otherwise indicated, data were presented as the
means £ SD. P values were calculated according to the two-
tailed Student’s #-test. P < 0.05 were considered to indicate
significant difference between the indicated groups.

Results

Elevation of Skin Surface pH Accompanies with Low
Histidine Level in Flg’ Mice

In the stratum corneum, filaggrin is proteolytically degraded
into a pool of free amino acids, including histidine and
glutamine, which are further converted to urocanic acid and
pyrrolidine carboxylic acid, respectively. These metabolites
are thought to play a key role in maintaining the acidic pH
of the stratum corneum.>'? It is already known that the skin
surface pH is higher in patients with AD than in healthy
controls.*>* In addition, filaggrin concentrations in the
stratum corneum are significantly lower in FLG mutation
carriers than in healthy donors.**?

Given this information, we evaluated the skin surface pH
and the amino acid content of FIg" mice. We found that skin
surface pH in FIg" mice was similar to that of control mice
during the neonatal period when mice did not exhibit any

clinical dermatitis, but increased with age and with the
development of clinical dermatitis (eg, scaling and erythema)
(Figure 1A). These data suggest a parallel correlation between
skin inflammatory status and the surface pH. Histidine
content, meanwhile, decreased in F' lgf " mice, although gluta-
mine content in FIg" mice was similar to that in control mice

[F1]

(Figure 1B), suggesting that a low histidine level might be @12

involved, at least in part, in the elevation of skin surface pH
under filaggrin-deficient conditions.

Enhanced Expression of Endogenous Proteases in Flg'*
Mice

The elevation of skin surface pH induces the activation of
KLK family proteases in the epidermis.’*>’ KLKs 5, 7, and,
14 have been reported to be present in catalytically active
forms in the skin of patients with AD %3 Thus, we
measured the expression levels and activity of these KLKs
in the skin of adult FIg" mice. The mRNA expression levels
of KLKs 5, 7, and 14 were all elevated in Fi lgﬁ mice
compared with controls (Figure 2A). Consistent with this,
immunohistochemical (IHC) analysis demonstrated an
enhanced expression of KLKs 7 and 14 in the epidermis of
FIg" mice. In addition, a proteolytic activity assay, casein
gel zymography, revealed that KLKS activity was signifi-
cantly increased in Flg" mice (Figure 2A). To evaluate total
protease activity in the skin, we performed in situ zymog-
raphy and found enhanced activity in FIg" mice (Figure 2B).
These data strongly indicate increased activity of endoge-
nous proteases in FIg" mice in the steady state.

A *

[OB6
5.8 mFgft
5.44
T
[oN
5.0
4.6
1wk 7 wks
B Histidine e Glutamine
S * S
5 1.6 T
8 T ©2,0- T
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2 2
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S 0 g o
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© B  Flglt B6 Fig't
Figure 1  Skin surface pH and amino acid content of Flg™ mice in the

steady state. A Skin surface pH of neonatal and adult Flg™t mice compared with
controls (B6 mice) of 1- and 7-week-old mice (n = 4 per group). B: Histidine
(left panel) and glutamine (right panel) ratio (%) to total amino acid of
stratum corneum collected by tape stripping (n = 3 per group). *P < 0.05.
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It has been reported that an unregulated activity of KLKs in
the skin of patients with Netherton syndrome results in PAR-2
activation and induces overexpression of TSLP.'? Therefore,
we next investigated the expression of PAR-2 and TSLP in
FIg" mice. In the epidermis of FIg" mice, PAR-2 expression
was enhanced both in the steady state and after the application
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Figure 2  Enhanced KLK and TSLP expression
levels and basophil accumulation in Flg™ mice. A:
KLK5 mRNA and enzymatic activity in the mouse
skin was evaluated by casein gel zymography (top
panel). Whole skin of adult mice was collected, and
KLK7 (middle panel) and KLK14 (bottom panel)
were measured and detected by mRNA and immu-
nofluorescence (green). B: Enhanced epidermal
proteolytic activity in Flg’t mice, as observed by in
situ zymography. C: Increased TSLP mRNA (left
panel) and protein (right panel) levels from whole
skin of Flg™t mice (n > 4). mRNA data are presented
as fold increase against control mice (B6). D:
Basophil accumulation was detected as mMCP-
8—positive cells (arrowheads) in the dermis part of
the Flgt skin, and average numbers were counted.
Scale bar = 100 pum (A and B). *P < 0.05.
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of mite extract (Supplemental Figure S2A). The PAR-2
expression level in KCs from Flg" mice was enhanced
by the PAR-2 agonist, which was not seen in KCs of control
B6 mice (Supplemental Figure S2B). In addition, Flg"
mice exhibited elevated TSLP mRNA and protein levels
(Figure 2C) in accord with basophil accumulation in the skin
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(Figure 2D). To investigate if TSLP is responsible for basophil
accumulation, we performed an OV A-induced epicutaneous
sensitization model in TSLP receptor—deficient (TSLPR™™)
mice and control B6 mice. On the epicutaneous application of
OVA, TSLPR™’~ mice showed much less basophil accumu-
lation in the skin compared with control mice (Supplemental
Figure S3), suggesting an essential role of TSLP in promote
basophil accumulation, as previously reported.” Taken
together, these data indicate that an elevation of skin surface
pH under filaggrin-deficient conditions induced the acti-
vation of KLLKs, which, in turn, acted on PAR-2 in KCs and
induced TSLP to accumulate basophils in the skin.

PAR-2 Activation Induces TSLP in Mouse KCs in Vitro

We next aimed to elucidate whether PAR-2 activation
directly induced TSLP production using the mouse KC cell
line, PAM 212. We cultured PAM212 in the presence of
PAR-2 agonist and found that TSLP expression was up-

642 [F3|regulated (Figure 3A). Moreover, this up-regulation was
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completely diminished by the addition of a PAR-2 antago-
nist. To assess this effect under filaggrin-deficient conditions,
we prepared KC primary culture from the neonatal skin of
Flg" and B6 mice. Interestingly, TSLP expression levels in
FIg" mice were higher in both mRNA and protein levels,
even in the absence of the PAR-2 agonist (Figure 3B),
compared with those in control mice. By using Flg" KCs, we
observed that the induction of TSLP by the PAR-2 agonist
was inhibited by the PAR-2 antagonist at both mRNA and
protein levels (Figure 3C). In addition, the PAR-2 antagonist
itself down-regulated the PAR-2 mRNA level in KCs of B6
mice (Supplemental Figure S4). Taken together, these data
suggest that TSLP is induced in KCs by the activation of
PAR-2, and that this induction is enhanced under filaggrin-
deficient conditions.

Inhibition of Mite-Induced AD-Like Skin Lesions by the
PAR-2 Antagonist

We next investigated whether the PAR-2 pathway is
involved in the development of the mite-induced dermatitis
model. We recently reported that cutaneous applications of
mite extract, Dp, induced AD-like skin lesions in Fig" mice,
but not in control mice.?’ We induced dermatitis in Flg" mice
by the application of 0.5% Dp ointment in the presence or
absence of the PAR-2 antagonist. Treatment with Dp oint-
ment induced prominent skin inflammation, which was

[F4]inhibited by the presence of PAR-2 antagonist (Figure 4A).

In addition, acanthosis, elongation of rete ridges, and dense
lymphocyte and neutrophil infiltrations in the dermis after Dp
application were attenuated by treatment with the PAR-2

677 [T1] antagonist (Figure 4B and Table 1). Consistently, histolog-
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ical scores of Flg skin after Dp exposure were decreased by
the addition of the PAR-2 antagonist treatment (Figure 4C).
These results suggest that Dp, which has protease activity,
activates PAR-2 and induces AD-like skin inflammation.
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Figure 3  PAR-2 agonist induced TSLP production and was abrogated by

PAR-2 antagonist in KCs. A: Mouse KC cells, PAM 212, were incubated with
the 100 pmol/L PAR-2 agonist (PAR-2 ago) and 150 pmol/L PAR-2
antagonist (PAR-2 antago) for 8 hours. B: KC primary cultures from
neonatal skin of Flg’® and control mice were stimulated with 100 pmol/L
PAR-2 agonist (C) and from Flg’t mice with 150 pmol/L PAR-2 antagonist
(12 and 3 hours of incubation for protein and mRNA levels, respectively).
*P < 0.05 (n = 3). Data represent the means & SD from a single exper-
iment of three independent experiments. mRNA data presented as fold
increase against non-treated control.

We evaluated barrier function by measuring TEWL and
skin surface pH in each group. Dp treatment significantly
increased TEWL and skin surface pH, both of which were
decreased by PAR-2 antagonist treatment (Figure 4, D and E).
Thus, the PAR-2 antagonist treatment improved barrier
function, which may result in improvement of the clinical
manifestations of mite-induced dermatitis.

We next investigated whether the expression of TSLP was
modulated by PAR-2 using the mite-induced AD-like skin
inflammation model in Flg" mice. Although TSLP produc-
tion was marginally increased by the application of mite
ointment, TSLP expression was attenuated by the application
of the PAR-2 antagonist (Figure 5, A and B). B6 mice, on the
other hand, exhibited no expression of TSLP, with or without
the application of Dp (Supplemental Figure S5).

Basophil Accumulation in Dp-Induced Skin
Inflammation

Because basophils have been reported to be recruited by
protease antigens,'**° we investigated whether basophils
accumulated in this mite-induced AD model. Intriguingly,
we observed an increase in basophil numbers resulting from
the application of mite extracts. This accumulation of
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basophils was attenuated by treatment with the PAR-2
antagonist (Figure 5, C and D). The accumulation of ba-
sophils was accompanied by increased expression in the
skin of MCP-1 (alias, chemoattractant of human basophils
that is released by KCs) (Figure S5E). We also found that
murine BMBs themselves expressed PAR-2 (Figure 5F),
suggesting that protease might act on basophils directly. In
addition, mMCP-1 recombinant induced murine BMB
migration in a dose-dependent manner (Figure 5G). More-
over, we found that stimulation of Dp in BMBs induced the
expression level of CD69 (an activation marker of baso-
phils), which was abrogated by the PAR-2 antagonist
(Supplemental Figure S6), suggesting a prominent role of
basophils in the lesional skin.

Discussion
In our current study, we detected an elevation of skin sur-

face pH in adult Flg" mice, accompanied by increased
endogenous protease activity, TSLP expression, and basophil
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Figure 4  Inhibition of mite-induced dermatitis by
the PAR-2 antagonist in Flg mice. A: Clinical skin
severity scores. B: H&E staining of the dorsal skin.
Scale bar = 100 pum. C: Total histological scores for
each treatment group compared with vehicle group.
TEWL (D) and skin surface pH (E) after the last appli-
cation. *P < 0.05 (n = 3). Data represent the means +
SD from a single experiment of three independent
experiments. Line with triangle points, vehicle; line
with square points, mite; line with diamond points,
mite + PAR-2 antagonist.
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_ 524
+ Mite: = +
PAR-2 antago: - -

++

accumulation. TSLP was highly produced when KCs of Flg"
mice were being exposed to a PAR-2 agonist, and was
inhibited by a PAR-2 antagonist, suggesting that PAR-2 is at
least partly responsible for the induction of TSLP production
by KCs. We also found that mite extract, which possesses
protease activity and induces skin inflammation in Flg" mice,
also attracted basophil accumulation in skin lesions. Both

Table 1  Dermis Phenotypes after DpApplication and on Treat-
ment with the PAR-2 Antagonist

Mite + PAR-2
Phenotype Vehicle Mite antagonist
Inflammation 1.25 £ 0.50 3.25 £+ 0.50* 1.75 £ 0.50
Neutrophils 0.50 + 0.50 2.00 4+ 0.80* 1.00 + 0.00
Mononuclear cells 1.50 & 0.50 3.50 £ 0.50* 2.00 £ 0.80
Edema 1.50 £ 0.50 3.50 £ 0.50* 2.50 4 0.50*
Epithelial 1.75 £ 0.50 3.75 £ 0.50* 2.75 4+ 0.50*
hyperplasia
Data are given as means + SD.
*P.
7
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skin inflammation and basophil accumulation can be atten-
uated by PAR-2 antagonist application. A similar response
can be observed in the basophil chemokine, MCP-1, in skin
lesions.

The roles of TSLP in the development of AD have been
addressed previously.*"** Other reports have shown that
bacteria-derived flagellin via Toll-like receptor 5, Toll-like
receptor 2—Toll-like receptor 6 heterodimer in Staphylo-
coccus aureus membranes, including diacylated lipopeptide,**
viral double-stranded RNA, and a Th2 cytokine milieu,**
tape stripping of the skin,*> and KLK5 through the PAR-2
pathway'® can initiate the production of TSLP. Nevertheless,
the role of PAR-2 in the development of AD, specifically
regarding KCs, TSLP, and basophils, has not been addressed.
Herein, we demonstrated that the enhancement of protease
activity under filaggrin-deficient conditions induces produc-
tion of TSLP and basophil accumulation in the skin and that
PAR-2 induces TSLP. Therefore, the PAR-2 pathway is
involved in and is at least partly responsible for a Th2-skewed
skin condition similar to AD.

We and others recently reported that Fig" mice with f
and ma mutations spontaneously developed AD-like skin
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Figure 5
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Mite+PAR-2 antagonist D

MFI of PAR-2 (x102)

lesions.”****7 By using these mice, we investigated the
biological function of filaggrin in skin homeostasis. We
demonstrated that, although skin surface pH is comparable
between F lgf * and control mice in the neonatal period, adult
Flg" mice showed a higher pH than control mice. This
observation is different from the results of a previous report
that demonstrated similar skin surface pH regardless of
filaggrin deficiency.*® A possible explanation for this
discrepancy is that the elevation of skin surface pH is
derived from the occurrence of skin inflammation, which
was not observed in the previous article.*® Taken together,
our findings show that filaggrin deficiency itself may have
a minor effect on the regulation of skin surface pH, although
it is likely to cause skin inflammation, which results in the
elevation of skin surface pH.

An increase in skin surface pH alone activates the KLK
family of serine proteases.”®>’ At least eight KLKs are
expressed in the skin,49 among which KLKs 5, 7, 8, and 14
have been reported to be involved in the development of
AD.*® Excessive activity of these KLKs has been reported to
impair the skin barrier by causing premature breakdown of
corneodesmosomes and increased corneocyte desquamation
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Enhanced TSLP expression and basophil accumulation of mite-induced skin lesions in g™t mice. A: An IHC study of dorsal skin for anti-TSLP antibody

(Ab; green). B: TSLP protein levels in the skin were measured by ELISA. C and D: Basophils were detected as mMCP-8—positive cells (arrowheads) in the dermis
of the skin (C), and average numbers were counted (D). E: mMCP-1 mRNA level of the mouse dorsal skin. Presented as fold increase against non-treated control
(n = 3). Data represent the means + SD from a single experiment of three independent experiments. F: Murine bone marrow—derived basophils (FceRI™ c-kit™
(D200R3"—positive cells) expressed PAR-2, as shown by histogram (left panel) and mean fluorescence intensity (MFI) level (right panel), analyzed by flow
cytometry. G: Basophils migrated toward recombinant mMCP-1 in a dose-dependent manner in a chemotaxis assay (n > 4). Data represent the means =+ SD from
a single experiment of two independent experiments. Scale bar = 100 um (A and C). Max, maximum.
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in patients with AD 370 Herein, we have observed an
increased expression of KLKs 5, 7, and 14, and enhanced
protease activity in the skin of FIg" mice. The activation of
these KLKs then induces the activation of PAR-2>" and of
Th2-mediated allergic inflammation molecules (eg, TSLP)."!
Stronger evidence is seen in Netherton syndrome, in which
unregulated KLKS5 induces TSLP through the PAR-2
pathway.'® Our data support the hypothesis that TSLP
is produced through the KLK—PAR-2 pathway, because
TSLP is induced from filaggrin-deficient KCs in a PAR-
2—dependent manner. We still do not know its underlying
mechanism on how PAR-2 stimulates TSLP expression;
however, it was reported that a synergy between NF-kB and
STATG6 induces TSLP in response to double-stranded RNA
and IL-4°? and stimulation of KLK5 in human keratinocytes,
with either PAR-2 siRNA or an NF-kB inhibitor, lead to
down-regulation of TSLP.'® Thus, a KLK—PAR-2—NF-
kB—TSLP pathway may be an essential mechanism in the
development of the Th2-polarized skin inflammation that is
observed in patients with AD.

As we previously showed, the topical application of Dp in
FIg" mice induces skin lesions that are clinically and
histologically similar to those seen in AD.? In this study,
we demonstrated that induction of TSLP in KCs by the
PAR-2 agonist was higher than that by Dp. This discrepancy
might derive from different protease activity; PAR-2
agonists have only serine protease activity, whereas Dp
has cysteine and serine protease activities in combination.
Nevertheless, we showed that the application of a PAR-2
antagonist inhibited the development of Dp-induced
dermatitis in Flgf' mice, and abolished TSLP expression in
KCs. These findings suggest that Dp-induced skin inflam-
mation was caused, at least in part, by the activation of
PAR-2 in KCs.

Intriguingly, we also found that a significant number of
basophils accumulated to the skin lesions induced by mite
ointment. Basophils are known to play an important role in
the development of immune disorders, such as allergies, by
producing Th2-promoting cytokines (eg, IL-4),'” and their
antigen-presenting function is critical to induce antigen-
specific Th2 immunity.'® Some antigens, including papain,
exhibit protease activity and induce basophil activation and
accumulation; nevertheless, it remains unclear how protease
activity induces the accumulation of basophils. Herein, we
demonstrated that PAR-2 antagonist treatment attenuated
basophil accumulation in a mite ointment—induced derma-
titis model, and that the MCP-1 production was abrogated
by the PAR-2 antagonist treatment. Although we do not
have evidence that PAR-2 directly acts on KCs to induce
MCP-1 for basophil accumulation, our findings suggest that
the protease activity of a certain antigen induces MCP-1 to
attract basophils, which then initiate Th2-skewing skin
inflammation, as seen in AD through the PAR-2 pathway.

FIg" mice express a double mutation of ft and ma;
therefore, we cannot eliminate the possibility that some of
the observations could have been influenced by the

The American Journal of Pathology m ajp.amjpathol.org

concurrent ma mutation. Nevertheless, another group suc-
ceeded in removing the ma early in the course of back-
crossing with B6 mice, and showed enhanced immune
responses to hapten and protein antigens (OVA) in mice
with an ft but not an ma mutation.>> Furthermore, AD is
a complex genetic disease that arises from gene-gene and
gene-environment interactions, and we believe that the
findings in our mouse model can still be beneficial and
reveal important findings for the understanding of AD.

In summary, we have shown that the activation of PAR-2
is a key event in the development of Th2-skewing skin
inflammation via TSLP production in KCs and basophil
accumulation. Because this pathway is more prominent
under filaggrin-deficient conditions, the blockage of PAR-2
activation should be a possible therapeutic target for AD.

Acknowledgments

We thank Hiromi Doi, Kiiko Kumagai, and Kaori Tomari
for technical assistance.

Supplemental Data

Supplemental material for this article can be found at
http://dx.doi.org/10.1016/j.ajpath.2012.11.039.

References

1. Palmer CN, Irvine AD, Terron-Kwiatkowski A, Zhao Y, Liao H,
Lee SP, Goudie DR, Sandilands A, Campbell LE, Smith FJ,
O’Regan GM, Watson RM, Cecil JE, Bale SJ, Compton JG,
DiGiovanna JJ, Fleckman P, Lewis-Jones S, Arseculeratne G,
Sergeant A, Munro CS, El Houate B, McElreavey K, Halkjaer LB,
Bisgaard H, Mukhopadhyay S, McLean WH: Common loss-of-function
variants of the epidermal barrier protein filaggrin are a major predis-
posing factor for atopic dermatitis. Nat Genet 2006, 38:441—446

2. Hammad H, Lambrecht BN: Dendritic cells and epithelial cells: linking
innate and adaptive immunity in asthma. Nat Rev Immunol 2008, 8:
193—-204

3. Schleimer RP, Kato A, Kern R, Kuperman D, Avila PC: Epithelium: at
the interface of innate and adaptive immune responses. J Allergy Clin
Immunol 2007, 120:1279—1284

4. Ebner S, Nguyen VA, Forstner M, Wang YH, Wolfram D, Liu YJ,
Romani N: Thymic stromal lymphopoietin converts human epidermal
Langerhans cells into antigen-presenting cells that induce proallergic T
cells. J Allergy Clin Immunol 2007, 119:982—990

5. Nakajima S, Igyartd6 BZ, Honda T, Egawa G, Otsuka A, Hara-
Chikuma M, Watanabe N, Ziegler SF, Tomura M, Inaba K, Miyachi Y,
Kaplan DH, Kabashima K: Langerhans cells are critical in epicuta-
neous sensitization with protein antigen via thymic stromal lympho-
poietin receptor signaling. J Allergy Clin Immunol 2012, 129:
1048—1055.e6

6. Ziegler SF: The role of thymic stromal lymphopoietin (TSLP) in
allergic disorders. Curr Opin Immunol 2010, 22:795—799

7. Soumelis V, Reche PA, Kanzler H, Yuan W, Edward G, Homey B,
Gilliet M, Ho S, Antonenko S, Lauerma A, Smith K, Gorman D,
Zurawski S, Abrams J, Menon S, McClanahan T, de Waal-Malefyt Rd
R, Bazan F, Kastelein RA, Liu YJ: Human epithelial cells trigger
dendritic cell mediated allergic inflammation by producing TSLP. Nat
Immunol 2002, 3:673—680

FLA 5.1.0 DTD m AJPA1195_proof m 17 January 2013 m 7:38 pm W EO: AJP12_0463

Q14

1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116


http://dx.doi.org/10.1016/j.ajpath.2012.11.039
http://ajp.amjpathol.org

1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178

Sagita Moniaga et al

20.

21.

22.

23.

24.

10

Yoo J, Omori M, Gyarmati D, Zhou B, Aye T, Brewer A,
Comeau MR, Campbell DJ, Ziegler SF: Spontaneous atopic dermatitis
in mice expressing an inducible thymic stromal lymphopoietin trans-
gene specifically in the skin. J Exp Med 2005, 202:541—549
Siracusa MC, Saenz SA, Hill DA, Kim BS, Headley MB, Doering TA,
Wherry EJ, Jessup HK, Siegel LA, Kambayashi T, Dudek EC,
Kubo M, Cianferoni A, Spergel JM, Ziegler SF, Comeau MR, Artis D:
TSLP promotes interleukin-3-independent basophil haematopoiesis
and type 2 inflammation. Nature 2011, 477:229—233

Briot A, Deraison C, Lacroix M, Bonnart C, Robin A, Besson C,
Dubus P, Hovnanian A: Kallikrein 5 induces atopic dermatitis-like
lesions through PAR2-mediated thymic stromal lymphopoietin
expression in Netherton syndrome. J Exp Med 2009, 206:1135—1147

. Kouzaki H, O’Grady SM, Lawrence CB, Kita H: Proteases induce

production of thymic stromal lymphopoietin by airway epithelial
cells through protease-activated receptor-2. J Immunol 2009, 183:
1427—1434

Kheradmand F, Kiss A, Xu J, Lee SH, Kolattukudy PE, Corry DB:
A protease-activated pathway underlying Th cell type 2 activation and
allergic lung disease. J Immunol 2002, 169:5904—5911

Gough L, Schulz O, Sewell HF, Shakib F: The cysteine protease
activity of the major dust mite allergen Der p 1 selectively enhances the
immunoglobulin E antibody response. J Exp Med 1999, 190:
1897—1902

Sokol CL, Chu NQ, Yu S, Nish SA, Laufer TM, Medzhitov R:
Basophils function as antigen-presenting cells for an allergen-induced
T helper type 2 response. Nat Immunol 2009, 10:713—720

. Tang H, Cao W, Kasturi SP, Ravindran R, Nakaya HI, Kundu K,

Murthy N, Kepler TB, Malissen B, Pulendran B: The T helper type 2
response to cysteine proteases requires dendritic cell-basophil coop-
eration via ROS-mediated signaling. Nat Immunol 2010, 11:608—617
Booki M: Basophils induce Th2 immunity: is this final answer?
Virulence 2010, 1:399—401

Karasuyama H, Obata K, Wada T, Tsujimura Y, Mukai K: Newly
appreciated roles for basophils in allergy and protective immunity.
Allergy 2011, 66:1133—1141

Schroeder JT: Basophils beyond effector cells of allergic inflammation.
Adv Immunol 2009, 101:123—161

Ito Y, Satoh T, Takayama K, Miyagishi C, Walls AF, Yokozeki H:
Basophil recruitment and activation in inflammatory skin diseases.
Allergy 2011, 66:1107—1113

Moniaga CS, Egawa G, Kawasaki H, Hara-Chikuma M, Honda T,
Tanizaki H, Nakajima S, Otsuka A, Matsuoka H, Kubo A, Sakabe J,
Tokura Y, Miyachi Y, Amagai M, Kabashima K: Flaky tail mouse
denotes human atopic dermatitis in the steady state and by topical
application with Dermatophagoides pteronyssinus extract. Am J Pathol
2010, 176:2385—2393

Kato T, Takai T, Fujimura T, Matsuoka H, Ogawa T, Murayama K,
Ishii A, Tkeda S, Okumura K, Ogawa H: Mite serine protease activates
protease-activated receptor-2 and induces cytokine release in human
keratinocytes. Allergy 2009, 64:1366—1374

Buddenkotte J, Stroh C, Engels IH, Moormann C, Shpacovitch VM,
Seeliger S, Vergnolle N, Vestweber D, Luger TA, Schulze-Osthoff K,
Steinhoff M: Agonists of proteinase-activated receptor-2 stimulate
upregulation of intercellular cell adhesion molecule-1 in primary
human keratinocytes via activation of NF-kappa B. J Invest Dermatol
2005, 124:38—45

Seeliger S, Derian CK, Vergnolle N, Bunnett NW, Nawroth R,
Schmelz M, Von Der Weid PY, Buddenkotte J, Sunderkotter C,
Metze D, Andrade-Gordon P, Harms E, Vestweber D, Luger TA,
Steinhoff M: Proinflammatory role of proteinase-activated receptor-2
in humans and mice during cutaneous inflammation in vivo. FASEB J
2003, 17:1871—1885

Jeong SK, Kim HJ, Youm JK, Ahn SK, Choi EH, Sohn MH, Kim KE,
Hong JH, Shin DM, Lee SH: Mite and cockroach allergens activate
protease-activated receptor 2 and delay epidermal permeability barrier
recovery. J Invest Dermatol 2008, 128:1930—1939

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Presland RB, Boggess D, Lewis SP, Hull C, Fleckman P, Sundberg JP:
Loss of normal profilaggrin and filaggrin in flaky tail (ft/ft) mice: an
animal model for the filaggrin-deficient skin disease ichthyosis vul-
garis. J Invest Dermatol 2000, 115:1072—1081

Carpino N, Thierfelder WE, Chang MS, Saris C, Turner SJ, Ziegler SF,
Ihle JN: Absence of an essential role for thymic stromal lymphopoietin
receptor in murine B-cell development. Mol Cell Biol 2004, 24:
2584—2592

Shimada SG, Shimada KA, Collins JG: Scratching behavior in mice
induced by the proteinase-activated receptor-2 agonist, SLIGRL-NH2.
Eur J Pharmacol 2006, 530:281—283

Kanke T, Kabeya M, Kubo S, Kondo S, Yasuoka K, Tagashira J,
Ishiwata H, Saka M, Furuyama T, Nishiyama T, Doi T, Hattori Y,
Kawabata A, Cunningham MR, Plevin R: Novel antagonists for
proteinase-activated receptor 2: inhibition of cellular and vascular
responses in vitro and in vivo. Br J Pharmacol 2009, 158:361—371
Ortel B, Chen N, Brissette J, Dotto GP, Maytin E, Hasan T: Differ-
entiation-specific increase in ALA-induced protoporphyrin IX accu-
mulation in primary mouse keratinocytes. Br J Cancer 1998, 77:
1744—1751

Nakajima S, Honda T, Sakata D, Egawa G, Tanizaki H, Otsuka A,
Moniaga CS, Watanabe T, Miyachi Y, Narumiya S, Kabashima K:
Prostaglandin 12-IP signaling promotes Thl differentiation in a mouse
model of contact hypersensitivity. J Immunol 2010, 184:5595—5603
Krien PM, Kermici M: Evidence for the existence of a self-regulated
enzymatic process within the human stratum corneum: an unex-
pected role for urocanic acid. J Invest Dermatol 2000, 115:414—420
O’Regan GM, Sandilands A, McLean WH, Irvine AD: Filaggrin in
atopic dermatitis. J Allergy Clin Immunol 2008, 122:689—693
Eberlein-Konig B, Schafer T, Huss-Marp J, Darsow U,
Mohrenschlager M, Herbert O, Abeck D, Kramer U, Behrendt H,
Ring J: Skin surface pH, stratum corneum hydration, trans-epidermal
water loss and skin roughness related to atopic eczema and skin
dryness in a population of primary school children. Acta Derm
Venereol 2000, 80:188—191

Choi SJ, Song MG, Sung WT, Lee DY, Lee JH, Lee ES, Yang IM:
Comparison of transepidermal water loss, capacitance and pH values in
the skin between intrinsic and extrinsic atopic dermatitis patients.
J Korean Med Sci 2003, 18:93—96

Kezic S, Kammeyer A, Calkoen F, Fluhr JW, Bos JD: Natural mois-
turizing factor components in the stratum corneum as biomarkers of
filaggrin genotype: evaluation of minimally invasive methods. Br
J Dermatol 2009, 161:1098—1104

Hachem JP, Crumrine D, Fluhr J, Brown BE, Feingold KR, Elias PM:
pH directly regulates epidermal permeability barrier homeostasis, and
stratum corneum integrity/cohesion. J Invest Dermatol 2003, 121:
345-353

Ovaere P, Lippens S, Vandenabeele P, Declercq W: The emerging
roles of serine protease cascades in the epidermis. Trends Biochem Sci
2009, 34:453—463

Brattsand M, Egelrud T: Purification, molecular cloning, and expres-
sion of a human stratum corneum trypsin-like serine protease with
possible function in desquamation. J Biol Chem 1999, 274:
30033—30040

Komatsu N, Saijoh K, Kuk C, Liu AC, Khan S, Shirasaki F,
Takehara K, Diamandis EP: Human tissue kallikrein expression in the
stratum corneum and serum of atopic dermatitis patients. Exp Dermatol
2007, 16:513—519

Sokol CL, Barton GM, Farr AG, Medzhitov R: A mechanism for the
initiation of allergen-induced T helper type 2 responses. Nat Immunol
2008, 9:310—318

He R, Oyoshi MK, Garibyan L, Kumar L, Ziegler SF, Geha RS: TSLP
acts on infiltrating effector T cells to drive allergic skin inflammation.
Proc Natl Acad Sci U S A 2008, 105:11875—11880

Demehri S, Morimoto M, Holtzman MJ, Kopan R: Skin-derived TSLP
triggers progression from epidermal-barrier defects to asthma. PLoS
Biol 2009, 7:¢1000067

ajp.amjpathol.org m The American Journal of Pathology

FLA 5.1.0 DTD m AJPA1195_proof m 17 January 2013 m 7:38 pm W EO: AJP12_0463

1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240


http://ajp.amjpathol.org

1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302

Protease Modulates TSLP and Basophils

43.

44.

45.

46.

47.

Vu AT, Baba T, Chen X, Le TA, Kinoshita H, Xie Y, Kamijo S,
Hiramatsu K, Ikeda S, Ogawa H, Okumura K, Takai T: Staphylo-
coccus aureus membrane and diacylated lipopeptide induce thymic
stromal lymphopoietin in keratinocytes through the Toll-like receptor
2-Toll-like receptor 6 pathway. J Allergy Clin Immunol 2010, 126:
985—993, 993.el-e3

Kinoshita H, Takai T, Le TA, Kamijo S, Wang XL, Ushio H, Hara M,
Kawasaki J, Vu AT, Ogawa T, Gunawan H, lkeda S, Okumura K,
Ogawa H: Cytokine milieu modulates release of thymic stromal lym-
phopoietin from human keratinocytes stimulated with double-stranded
RNA. J Allergy Clin Immunol 2009, 123:179—186

Oyoshi MK, Larson RP, Ziegler SF, Geha RS: Mechanical injury
polarizes skin dendritic cells to elicit a T(H)2 response by inducing
cutaneous thymic stromal lymphopoietin expression. J Allergy Clin
Immunol 2010, 126:976—984, 984.e1-e5

Oyoshi MK, Murphy GF, Geha RS: Filaggrin-deficient mice exhibit
TH17-dominated skin inflammation and permissiveness to epicuta-
neous sensitization with protein antigen. J Allergy Clin Immunol 2009,
124:485—493, 493.el

Moniaga CS, Kabashima K: Filaggrin in atopic dermatitis: flaky tail
mice as a novel model for developing drug targets in atopic dermatitis.
Inflamm Allergy Drug Targets 2011, 10:477—485

The American Journal of Pathology m ajp.amjpathol.org
FLA 5.1.0 DTD m AJPA1195_proof W 17 January 2013 m 7:38 pm m EO: AJP12_0463

48.

49.

50.

S1.

52.

53.

Fluhr JW, Elias PM, Man MQ, Hupe M, Selden C, Sundberg JP,
Tschachler E, Eckhart L, Mauro TM, Feingold KR: Is the filaggrin-
histidine-urocanic acid pathway essential for stratum corneum acidi-
fication? J Invest Dermatol 2010, 130:2141—2144

Komatsu N, Takata M, Otsuki N, Toyama T, Ohka R, Takehara K,
Saijoh K: Expression and localization of tissue kallikrein mRNAs in
human epidermis and appendages. J Invest Dermatol 2003, 121:542—549
Voegeli R, Rawlings AV, Breternitz M, Doppler S, Schreier T,
Fluhr JW: Increased stratum corneum serine protease activity in acute
eczematous atopic skin. Br J Dermatol 2009, 161:70—77

Stefansson K, Brattsand M, Roosterman D, Kempkes C, Bocheva G,
Steinhoff M, Egelrud T: Activation of proteinase-activated receptor-2 by
human kallikrein-related peptidases. J Invest Dermatol 2008, 128:18—25
Kato A, Favoreto S Jr, Avila PC, Schleimer RP: TLR3- and Th2
cytokine-dependent production of thymic stromal lymphopoietin in
human airway epithelial cells. J] Immunol 2007, 179:1080—1087
Fallon PG, Sasaki T, Sandilands A, Campbell LE, Saunders SP,
Mangan NE, Callanan JJ, Kawasaki H, Shiohama A, Kubo A,
Sundberg JP, Presland RB, Fleckman P, Shimizu N, Kudoh J,
Irvine AD, Amagai M, McLean WH: A homozygous frameshift
mutation in the mouse Flg gene facilitates enhanced percutaneous
allergen priming. Nat Genet 2009, 41:602—608

11

1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364


http://ajp.amjpathol.org

1365
1366 q16
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379 Q17
1380
1381
1382
1383

Supplemental Figure S1  Antagonistic activity of NPS-1577. Antagonistic activity of a PAR-2 antagonist, NS-1577, on the PAR-2 agonist—induced
intracellular calcium changes in HCT-15 cells (PAR-2 overexpressing cell line). RFU, relative fluorescence unit.

Supplemental Figure S2  Enhanced PAR-2 expression in Flg™ mice. A: Immunofluorescence of PAR-2 in Flg’ mice and control mice, with or without Dp
application. Scale bar = 100 pm. B: PAR-2 mRNA in Flg’t and control keratinocyte culture stimulated with 100 pmol/L PAR-2 agonist at the indicated
incubation period. Data are presented as fold increase against 0 hours. *P < 0.05 against 0 hours in Flg’® mice.

Supplemental Figure S3  Attenuated basophil accumulation in TSLPR™~ mice. TSLPR~ mice showed much less basophil accumulation in the skin
compared with wild-type mice after OVA application. Scale bar = 100 pum. Arrowheads, basophils. *P < 0.05. ND, not detected.

Supplemental Figure S4  Down-regulation of PAR-2 by the PAR-2 antagonist. Down-regulation of PAR-2 mRNA in keratinocytes of B6 mice by the PAR-2
antagonist. Data presented as fold increase against non-treated control. *P < 0.05.

Supplemental Figure S5  Impaired induction of TSLP in B6 mice. B6 mice showed no expression of TSLP by immunofluorescent staining, with or without
Dp application.

Supplemental Figure S6  Mite Dp enhanced activation of basophils, which was diminished by PAR-2 antagonist. Murine bone marrow—derived (FceRI*

c-kit™) were cultured for 24 hours, with or without 10 ng/mL Dp in the presence or absence of PAR-2 antagonist (PAR-2 antago). The basophil activation
marker (CD69) was analyzed by flow cytometry. MFI, mean fluorescence intensity. *P < 0.05.
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