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ARTICLE INFO ABSTRACT

In atopic diseases, the epithelium releases cytokines and chemokines that initiate skin inflammation. Atopic
dermatitis (AD) is characterized by a disrupted epidermal barrier and is triggered or exacerbated by environ-
mental stimuli such as house dust mite (HDM) allergens. The proinflammatory cytokine interleukin 33 (IL-33)
plays an important role in the pathogenesis of AD, but how IL-33 production in keratinocytes is elicited by HDM
is unknown. To that end, here we stimulated monolayer-cultured human keratinocytes and human living skin
equivalents with Dermatophagoides pteronyssinus HDM extract to investigate its effects on IL-33 production from
keratinocytes. The HDM extract induced intracellular expression of IL-33 and modulated its processing and
maturation, triggering rapid IL-33 release from keratinocytes. Group 1 HDM allergen but not group 2 HDM
allergen elicited IL-33 production. An ATP assay of keratinocyte culture supernatants revealed an acute and
transient accumulation of extracellular ATP immediately after the HDM extract stimulation. Using the broad-
spectrum P2 antagonist suramin, the specific purinergic receptor P2Y2 (P2RY2) antagonist AR-C118925XX, and
P2RY2-specific siRNA, we discovered that the HDM extract-induced IL-33 expression was mainly dependent on
extracellular ATP/P2Y2 signaling mediated by transactivation of epidermal growth factor receptor, followed by
activation of the ERK kinase signaling pathway. Moreover, HDM extract-induced release of 25-kDa IL-33 from
the keratinocytes depended on an extracellular ATP/P2 signaling-mediated intracellular Ca*>* increase. Our
study demonstrates the new mechanism controlling the induction and maturation of keratinocyte-produced IL-
33 by HDM allergens, an innate immune process that might play a role in AD development or severity.
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1. Introduction chromatin-associated nuclear factor constitutively expressed in the

nuclei of endothelial and epithelial cells [3]. IL-33, stored in the nucleus

Atopic dermatitis (AD) is a chronic inflammatory skin disorder af-
fecting an increasing number of patients [1]. Genetic signals related to
skin barrier disruption, environmental allergens, and microbial colo-
nization are integrated and transmitted to diverse immune cells, which
initiate and maintain skin inflammation [1]. In addition to classical Th2
cytokines, tissue-derived pro-Th2 cytokines, such as TSLP, IL-25, and
IL-33, play active roles in the development of AD [2].

IL-33 belongs to the IL-1 family and was first described as a

as an alarmin, is rapidly secreted following cell damage and tissue in-
jury [4,5]. IL-33 can also be released from healthy cells by extracellular
ATP, or be cleaved by various proteases [3,5]. Extracellular IL-33 acts
as a pro-Th2 allergic cytokine and stimulates the innate and acquired
immune responses by binding to the membrane-bound IL-33-specific
receptor ST2 [3,6]. Collective data suggest a vital role for IL-33 in the
development and exacerbation of atopic diseases [7-9]. IL-33 is con-
stitutively expressed in epidermal keratinocytes of the skin and is
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significantly upregulated in inflamed skin samples from patients with
AD [9]. Serum IL-33 levels are also elevated in patients with AD, and
correlated with disease severity [9,10]. It has been demonstrated that
IL-33 produced by epidermal keratinocytes activates ST2™" cells (e.g.,
type 2 innate lymphoid cells, Th2 lymphocytes, mast cells, and baso-
phils), leading to the secretion of Th2 cytokines and eosinophil accu-
mulation in skin [6]. Some skin inflammation-related cytokines, such as
IFN-y, TNF-a, and IL-17A, upregulate IL-33 expression in keratinocytes
[11-13]. Nevertheless, the mechanism underpinning the innate im-
mune regulation of IL-33 production in normal human epidermal ker-
atinocytes (NHEKs) remains unclear.

The skin barrier is disrupted in AD and epidermal keratinocytes can
be exposed to environmental stimuli, such as house dust mite (HDM)
allergens. HDM, a common indoor allergen, is a major external trig-
gering factor for AD [14]. Currently, AD treatment is mainly based on
symptomatic treatment and avoidance of irritating/allergenic factors,
of which HDM is particularly important [14,15]. The group 1 and 2
molecules are major allergens in HDMs [16]. Group 1 allergens, which
are mite cysteine proteases [17], activate NLRP3 inflammasome to
produce mature IL-1f from keratinocytes [18]; and group 2 allergens,
without proteolytic activity, could not stimulate IL-1f3 secretion but
activate IL-8 production [18], probably via binding to TLR2 and TLR4
[19]. Moreover, HDM extract contains weak serine proteases (including
group 3, group 6, and group 9 allergens), which also activate kerati-
nocytes to induce inflammatory molecules [20]. HDM allergens can
stimulate IL-33 production from airway epithelial cells, which plays a
vital role in the development of allergic airway inflammation [21,22].
In the present study, we investigated whether Dermatophagoides pter-
onyssinus (Der p) HDM extract regulate IL-33 production in NHEKs.

We present here that Der p-derived proteases (specifically, cysteine
protease Der pl) induced IL-33 expression and stimulated its rapid re-
lease from NHEKSs through eliciting acute accumulation of extracellular
ATP, thereby activating P2 receptors-mediated signal pathways.
Moreover, we show that Der p processed extracellular IL-33 to regulate
its maturation. Our study suggests that HDM allergens regulate the
innate production of IL-33 by keratinocytes, which may contribute to
the pathogenesis and exacerbation of AD.

2. Experimental procedures
2.1. Reagents, inhibitors, antagonists and antibodies

The reagents, inhibitors and antagonists used in this study were
listed in Table S1. The primary antibodies used for Western blotting and
immunofluorescence were listed in Table S2.

2.2. Human subject and keratinocyte culture

This study was conducted according to the principles of the
Declaration of Helsinki, and all procedures involving human partici-
pants received prior approval from the Ethics Committee at Ehime
University School of Medicine, Japan. All participants consented to the
study. The human skin samples were obtained after plastic surgery. The
skin samples were cut into 3- to 5-mm pieces and incubated with
250 U/ml dispase overnight at 4 °C. After separation of the epidermis
from the dermis, the epidermal sheets were incubated in a 0.25%
trypsin solution for 10 min at 37 °C and teased with forceps. NHEKs
were collected by centrifugation and were further cultured in MCDB153
medium that was supplemented with insulin (0.02 uM), hydrocortisone
(0.5 uM), ethanolamine (0.1 mM), phosphoethanolamine (0.1 mM),
bovine hypothalamic extract (50 ug/ml), and Ca2%* (0.07 mM).

NHEKs that had been passaged four times were treated with Der p or
Der pl with or without inhibitors or antagonists suspended in serum-
free medium. HDM extract Der p was obtained from LSL (Tokyo,
Japan). Before being used in experiments, the solution of Der p was
purified using Pierce High-Capacity Endotoxin Removal Resin (Thermo
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Scientific, Yokohama, Japan), according the protocol provided; and no
LPS pollution in Der p has been verified in our previous report [18]. The
protease activity of Der p was evaluated using Protease Activity Assay
Kit (Abcam, Japan) and presented in Fig. S1. To block the proteolytic
activity of allergens, Der p was incubated with E-64 or ABESF at 37 °C
for 15 min or heated at 65 °C for 30 min, as described previously [18].

2.3. Preparation and stimulation of living skin equivalent (LSE)

To prepare the LSE [23], NHEKs and fibroblasts were isolated from
neonatal skin samples from plastic surgery and then cultured. A col-
lagen gel containing the fibroblasts was prepared, and the keratinocytes
were seeded onto the concave surface of the contracted gel. When the
keratinocytes reached confluence, the LSE was raised to the air-liquid
interface, and cornification medium was added. LSE was treated with
Der p or heat-treated Der p after air-lifting for 7 days as described
previously [24]. Total RNA extracted from the LSE epidermis were
subjected to real-time RT-PCR, and concentrated culture medium and
protein extracted from the LSE epidermis were subjected to Western
blotting.

2.4. RNA preparation and real-time RT-PCR

The probes specific for GAPDH, IL-33, TACE, HB-EGF, TGF-a, IL-8,
CCL2, TLR1, TLR2, TLR6 and IL-25 were obtained from Thermo Fisher.
Total RNA was isolated and subjected to real-time RT-PCR, and gene
expression was analyzed, as described previously [25].

2.5. Protein isolation and Western blotting

Following stimulation, cell extracts and culture supernatants were
collected, and supernatants were concentrated using Amicon Ultra-0.5
Centrifugal Filter Devices (Merck Millipore, Ireland). To detect in-
tracellular and extracellular protein levels, cell lysates and concentrated
supernatants were separated by SDS/PAGE and transferred to poly-
vinylidene difluoride membranes. Analyses were performed using a
Vistra ECF Kit (Amersham Biosciences, Arlington Heights, IL, USA) and
then membranes were scanned using a Fluorolmager (Molecular
Dynamics, Sunnyvale, CA, USA).

2.6. Transfection of keratinocytes with siRNA

The ON-TARGETplus SMART pool of hPAR-2 siRNA (F2RL1-1 and
F2RL1-6) and hTLR2 siRNA, Silencer® pre-designed siRNA for human
P2Y2, Stealth siRNA for human IL-33 and human TACE, and relative
negative control siRNAs were obtained from Thermo Fisher Scientific
K.K. Each set of siRNAs were transfected into NHEKs according to the
manufacturer's instructions and as described previously [11].

2.7. Enzyme-linked immunosorbent assay (ELISA)

Cell culture supernatants and Der p-added medium were respec-
tively collected and stored at —20 °C. The levels of HB-EGF, TGF-a, IL-8
and IL-33 were quantified using commercially available ELISA kits (R&
D Systems), according to the manufacturer's procedures.

2.8. Measurement of extracellular ATP

Keratinocytes were pretreated with or without ARL67156 for
30 min and then treated with Der p, heat-inactivated Der p, Der pl or
Der p2 for a period of <20 min. Supernatant ATP was measured with
an ATP Determination Kit (BioAssay Systems, Hayward, CA) according
to the manufacturer's instructions.
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Fig. 1. Der p induces IL-33 expression in keratinocytes. NHEKs were treated with Der p (100 pug/ml) for the times specified, or were treated with different doses of
Der p for 15 h, then (A) IL-33 mRNA levels were measured using real-time RT-PCR, (B) IL-33 protein were analyzed by Western blotting of cell extracts. (C) NHEKs
were incubated with Der p, heated-Der p, or E-64-treated or ABESF-treated Der p for 12 h, and IL-33 mRNA was measured. (D) LSE were respectively treated with
buffer, Der p and heated Der p for 24 h, then total RNA and protein were extracted from the LSE epidermis. The levels of IL-33 mRNA and IL-33 protein were
measured. (E) NHEKs were treated with Der p for the times specified, and the phosphorylation of ERK was examined by Western blotting. (F) Keratinocytes were
pretreated with U0126 for 30 min and then stimulated with Der p for 12 h, IL-33 mRNA expression were detected. (F) Keratinocytes were pretreated with U0126 for
30 min and then stimulated with Der p for 4 h. The phospho-ERK levels were evaluated. Relative mRNA levels are expressed as means + standard SDs (n = 3). (* and

*p < 0.05).

2.9. Immunofluorescence

Keratinocytes or LSE sections were fixed with 4% paraformaldehyde
and incubated overnight at 4 °C with anti-EGFR or anti-IL-33.
Subsequently, they were treated with an Alexa Fluor 488-conjugated
secondary antibody (Thermo Fisher) and DAPI (Invitrogen), as de-
scribed previously [18]. The images were photographed using a BZ-
X710 All-in-One Fluorescence Microscope (Keyence, Osaka, Japan).
Control staining with IgG isotype controls or without primary anti-
bodies yielded no positive signal.

2.10. Lactate dehydrogenase (LDH) cytotoxicity assay

Keratinocytes were stimulated with Der p or 1% NP-40 (positive
control). Supernatant LDH activity was measured using an LDH Assay
Kit (Kyokuto, Tokyo, Japan), according to the manufacturer's instruc-
tions.

2.11. Cell counting Kit-8 (CCK-8) assay

To investigate the effect of HDM extract on cell viability, kerati-
nocytes were treated with Der p for the indicated times and then in-
cubated with CCK-8 solution (DOJINDO, Tokyo, Japan) for 2 h. The cell
viability were measured and evaluated according to the manufacturer's
instructions.

2.12. Measurement of intracellular calcium concentration ( [CPT D)

To detect [Ca®"1i, keratinocytes were loaded with 1 pM fura 2-AM
for 1 h at 37 °C, prior to stimulation with Der p. The assay was per-
formed as described previously [26]. In some cases, the cells were
pretreated with inhibitors prior to Der p stimulation.

2.13. IL-33 cleavage assay with Der p

Subconfluent keratinocytes were scraped with tips and then the
supernatants were immediately collected and centrifuged (in some
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Fig. 2. Der p stimulates IL-33 expression via extracellular ATP. (A) NHEKs were pretreated with ARL67156 (ARL, 100 pM) or buffer for 30 min and then treated with
Der p or heat-treated Der p for the indicated times, and ATP levels were measured in the supernatant with an ATP assay. (B) NHEKs were pretreated with apyrase (0,
20, 40, 80 unit/ml) or ARL67156 (ARL; 0, 10, 30, 100 uM) for 30 min and then stimulated with Der p for 12 h, and IL-33 mRNA were detected by real-time RT-PCR.
(C) NHEKs were pretreated with different concentrations of suramin for 30 min and then stimulated with Der p or ATP-y-s. IL-33 mRNA levels were measured. (D)
NHEKs were respectively pretreated with specific antagonists for P2Y11 (NF157, 10 pM), P2Y2 (AR-C118925XX (AR-C), 10 uM), P1Y1 (MRs2179 (MRs), 10 pM) and
P2X7 (AZ10606120 (AZ), 10 uM) for 30 min and then were stimulated with Der p or ATP-y-s for 12 h, and IL-33 mRNA levels were measured. (E) NHEKs were
transfected with control siRNA or P2Y2 siRNA for 48 h, and the expression of P2Y2 protein and mRNA was detected. (F) NHEKs were transfected with siRNA for 48 h
and then stimulated with Der p for 12 h, and IL-33 mRNA was detected. Relative mRNA levels are expressed as means + SDs (n = 3), and ATP levels are expressed as

means = SDs (n = 5). (* and * p < 0.05).

experiment, the supernatants from thapsigargin or Der p-treated cul-
tures were collected and centrifuged). The cleavage assay of super-
natant IL-33 were performed as described previously [5] with minor
modulation. The supernatants were incubated with buffer, Der p or
heated Der p at 37 °C for 30 min (in some cases, they were incubated
with buffer or Der p at 37 °C for 10 min). The cleavage products were
concentrated and analyzed by SDS/PAGE to detect the cleavage of ex-
tracellular IL-33.

2.14. Analysis of TACE (TNF-a-converting enzyme) activity

Keratinocytes were treated with Der p as described above, in the
presence of a fluorogenic TACE substrate (Calbiochem; 10 uM), for the
indicated times. Media was collected, and TACE activity was analyzed
using a fluorescence plate reader. P2 antagonist suramin was added into
cultures 30 min prior to stimulation with Der p.

2.15. Statistical analysis

For each data point, a minimum of three replicates were performed,
and each replicate yielded similar results. Data from representative
experiments are shown in the figures. Relative mRNA expression, ATP,
protease activity, TACE activity, [Ca*1i increase, LDH levels and re-
lative cell viability were expressed as the mean = standard deviations
(SDs) (n = 3). Statistical significance was determined using Student's t-
tests. A p value < 0.05 (indicated as “ p < 0.05 or *p < 0.05 in the
figure legends) was considered statistically significant.

3. Results
3.1. Der p-derived proteases induce IL-33 expression in NHEKs

We first investigated whether HDM allergens regulate IL-33 ex-
pression in cultured NHEKs. Der p effectively induced IL-33 mRNA
expression from 3 h, with an approximately four-fold peak effect after
15 h (Fig. 1A). Fig. 1B illustrates the significant upregulation of IL-33
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protein (30-kDa) by Der p after 15 h of stimulation, depending on its
concentration. The proteolytic activity of HDM allergens often con-
tributes to their inflammatory function [18]. We found that heat
treatment of Der p, which inactivates its proteolytic activity (Fig. S1)
[27], almost blocked its induction of IL-33 mRNA (Fig. 1C). Pretreat-
ment with cysteine protease inhibitor E-64, which significantly de-
creased Der p protease activity (Fig. S1), inhibited IL-33 induction in a
dose-dependent manner; and pretreatment with the serine protease
inhibitor AEBSF (at a concentration of > 60 puM), which slightly de-
creased Der p protease activity (Fig. S1), also partially suppressed Der
p-induced IL-33 mRNA (Fig. 1C). We next performed an ex vivo ex-
periment to test the role of Der p in skin and found that Der p, but not
heat-treated Der p, induced IL-33 expression in the epidermis of LSE, a
3D skin substitute (Fig. 1D). Thus, Der p-derived proteases are required
for IL-33 induction in NHEKs. The activation of ERK, p38, and JAK/
STATSs contributed to the transcriptional induction of keratinocyte IL-33
[11,12]. After the addition of Der p, the induction of ERK phosphor-
ylation was detected as early as 10 min, which lasted to 24 h and
reached a peak at 4 h (Fig. 1E). However, we observed no apparent
phosphorylation of p38, STATs or IkBa by Der p (data not shown).
Thus, HDM allergens activate mainly the ERK signaling pathway in
NHEKSs. Pretreatment of cells with U0126, a specific MEK/ERK in-
hibitor, suppressed IL-33 expression in a dose-dependent manner, and
20 uM U0126 not only abolished Der p-induced IL-33 mRNA but also
significantly decreased basic IL-33 mRNA (Fig. 1F), consistent with the
blocking of ERK activation in both Der p-treated and Der p-untreated
cells (Fig. 1G). Therefore, HDM allergens-derived proteases stimulate
IL-33 expression in keratinocytes by activating the MEK/ERK signaling
pathway.

3.2. Der p triggers acute extracellular accumulation of ATP from NHEKs in
response to IL-33 induction by activating P2 receptors (particularly the
P2Y2 receptor)

ATP is an energy source within cells, but it functions as an en-
dogenous danger signal in the extracellular environment. Endogenous
ATP released from dsRNA-activated bronchial smooth muscle cells [28]
and from HMGB1-activated nasal polyp epithelial cells [29] can acti-
vate IL-33 transcription. In the cultures of NHEKs, the extracellular
levels of ATP increased immediately after the addition of Der p (not
heated-Der p), peaked within 5 min, and returned to near-baseline le-
vels 20 min after stimulation (Fig. 2A). The Der p-mediated acute ex-
tracellular accumulation of ATP was significantly augmented by
ARL67156 (an ecto-ATPase inhibitor) (Fig. 2A). Although mite aller-
gens release ATP from bronchial epithelial cells [30], this is first report
that Der p releases ATP from NHEKs. To examine whether extracellular
ATP contributes to IL-33 expression, we reinforced the ATP effect by
applying ARL67156 and depleted the ATP effect by exogenously ad-
ministering an ectonucleotidase apyrase. ARL67156 increased while
apyrase significantly decreased Der p-induced IL-33 mRNA in NHEKSs in
a dose-dependent manner (Fig. 2B). Thus, Der p-induced IL-33 ex-
pression was dependent on the acute accumulation of extracellular
ATP.

P2 purinergic receptors are subtyped into ionotropic P2X1-7 re-
ceptors and G-protein coupled P2Y1-14 receptors (GPCRs) [31], most of
which are functionally expressed in primary human keratinocytes [32].
Adenosine 5-[y-thio] triphosphate (ATP-y-S) is a relatively stable ATP
analog that is commonly used for studies on the effects of ATP binding
to P2 receptors. ATP-y-S significantly increased IL-33 mRNA (Fig. 2C),
suggesting that extracellular ATP/P2 signaling can activate IL-33 ex-
pression in keratinocytes. To investigate the involvement of P2 re-
ceptors in Der p-induce IL-33 expression, keratinocytes were pretreated
with suramin, a broad-spectrum P2 antagonist that suppresses ATP
binding to P2 receptors in keratinocytes [32,33]. Suramin decreased
ATP-y-S- and Der p-induced IL-33 mRNA in a dose-dependent manner
(Fig. 2C). Thus, Der p induces IL-33 expression in NHEKs through
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extracellular ATP/P2 signaling. To clarify which P2 receptors are in-
dispensable for IL-33 expression, several P2Y or P2X receptor antago-
nists were respectively added to the cultures. As shown in Fig. 2D, AR-
C118925XX (a specific P2Y2 receptor antagonist) completely blocked
both Der p and ATP-y-S induction of IL-33. NF157 (a potent P2Y11
receptor antagonist) also exhibited a partial inhibitory effect on both;
and AZ10606120 (a potent P2X7 receptor antagonist) suppressed IL-33
expression induced by Der p, but not that induced by ATP-y-S; however,
MRS2179 (a specific P2Y1 receptor antagonist) did not reduce IL-33
expression. To characterize the involvement of P2Y2 further, transfec-
tion with P2Y2 siRNA, which knocks down P2Y2 expression in NHEKSs
(Fig. 2E), nearly blocked Der p-induced IL-33 mRNA (Fig. 2F). Thus,
extracellular ATP-mediated activation of P2Y2 receptor is essential for
Der p-induced IL-33 expression in NHEKSs.

3.3. Der p stimulates transactivation of the epidermal growth factor receptor
(EGFR) through extracellular ATP/P2Y2 signaling to induce IL-33
expression in NHEKs

Among the metabotropic GCPRs, the P2Y2 receptor is specifically
coupled to the Gg/1; protein in epithelial cells to promote phospholi-
pase C (PLC)-dependent [Ca®* ]i mobilization as well as trigger tyrosine
kinase receptor EGFR-dependent signal activation through ligand-de-
pendent (triple membrane passing signaling pathway [TMP]) or ligand-
independent pathways [34,35]. In keratinocytes, Der p stimulated the
phosphorylation of EGFR-tyr1068 in dose-dependent manner, with a
peak effect at 4 h (Fig. 3A). Pretreatment with P2 antagonist suramin or
transfection with P2Y2 siRNA suppressed Der p-induced EGFR activa-
tion and the followed ERK activation, a signal pathway at the down-
stream of EGFR (Fig. 3B). Pretreatment with AG1478, a specific EGFR
inhibitor, abrogated the phosphorylation of both EGFR and ERK in
NHEKs (Fig. 3C). Moreover, AG1478 suppressed Der p-induced IL-33
mRNA expression in a dose-dependent manner (Fig. 3D). Therefore,
extracellular ATP/P2Y2 signaling-dependent EGFR/ERK activation is
responsible for Der p induction of IL-33.

Next, we performed an immunofluorescence assay to evaluate the
internalization of EGFR, which occurs after a well-established response
to an EGFR ligand [35]. As shown in Fig. 3E, the EGFR was internalized
after a 4-h Der p treatment and was punctate in the cytoplasm, which
was similar to the pattern observed in HB-EGF-treated keratinocytes.
The puncta detected in Der p-treated cells disappeared when the cul-
tures were pretreated with suramin (Fig. 3E), suggesting that ATP sig-
naling is required for Der p-induced EGFR internalization. Internaliza-
tion of the EGFR indicates TMP-dependent EGFR transactivation [34], a
process that includes activation of matrix metalloproteinases (MMPs)
followed by ectodomain cleavage and release of the EGFR ligand, which
binds to EGFR and induces cell signaling. To verify the involvement of
MMP-dependent substrate shedding, batimastat (a broad-spectrum
MMP inhibitor) and anti-EGFR (a neutralizing EGFR antibody that
prevents binding to EGFR and inhibits EGFR activation [36]) were se-
parately added to the cultures. Both batimastat and anti-EGFR sig-
nificantly inhibited the Der p-triggered phosphorylation of EGFR and
ERK (Fig. 3F) and decreased Der p-induced IL-33 mRNA (Fig. 3G). Thus,
TMP-mediated EGFR transactivation is responsible for Der p induction
of IL-33. MMP-mediated HB-EGF shedding is involved in P2Y2-medi-
ated EGFR transactivation in melittin-treated keratinocytes [37]. Der p
stimulated the rapid secretion of HB-EGF (but not TGF-a) before EGFR
activation, which depended on the activation of MMPs by ATP signaling
(Fig. S2). Therefore, Der p stimulated MMP-mediated HB-EGF shedding
in keratinocytes. CMR197 is a nontoxic diphtheria toxin mutant that
specifically prevents the binding of soluble HB-EGF to EGFR [38].
CMR197 not only suppressed Der p-triggered phosphorylation of EGFR
and ERK (Fig. 3F) but also inhibited Der p-induced IL-33 mRNA
(Fig. 3G), suggesting that HB-EGF is an EGFR ligand that is shed by
MMPs in Der p-treated NHEKs and is involved in IL-33 expression.
Overall, HDM allergens-induced IL-33 expression in keratinocytes is
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Fig. 3. Der p induces IL-33 expression via extracellular ATP/P2Y2 signaling-dependent EGFR transactivation. (A) NHEKs were stimulated with Der p for the indicated
times, and the phosphorylation of EGFR was examined by Western blotting. (B) NHEKs were pretreated with suramin for 30 min or transfected with siRNA for 48 h,
then stimulated with Der p for 4 h. The phosphorylation of EGFR and ERK was examined. (C) NHEKs were pretreated with the EGFR inhibitor AG1478 (3 uM) for
30 min and then treated with Der p for 4 h. The phosphorylation of EGFR and ERK was evaluated. (D) NHEKs were pretreated with AG1478 for 30 min and then
treated with Der p for 14 h. IL-33 mRNA levels were measured. (E) NHEKs were or were not exposed to suramin for 30 min and then treated with Der p (for 4 h) or
HB-EGF (for 1 h). The cells were fixed and the intracellular distribution of EGFR was assessed by immunofluorescence. NHEKs pretreated with the MMP inhibitors
batimastat (10 pM), CMR197 (7 pg/ml), anti-EGFR (2 pg/ml) or control were treated with Der p for 4 h (for protein) or for 12 h (for RNA), then the phosphorylation
of EGFR and ERK (F) and the expression of IL-33 mRNA (G) were detected. (H) NHEKs were pretreated with inhibitors, or transfected with siRNA, and then
stimulated with Der p for 20 h. IL-33 protein levels in NHEKs were evaluated by Western blotting of cell extract. Relative mRNA levels are expressed as means + SDs

(n=3).(*and * p < 0.05; cr: control; Ba: batimastat).

dependent on the serial activation of extracellular ATP/P2Y2 signaling,
TMP-mediated EGFR transactivation, and the MEK-ERK signal pathway.
This mechanism was furtherly confirmed by the results of IL-33 protein
(Fig. 3H).

3.4. Der p-derived proteases stimulate rapid release of stored IL-33 from
NHEKs

Circulating IL-33 levels are elevated in patients with AD [10]. We
next investigated whether Der p induced IL-33 secretion from kerati-
nocytes. No extracellular release of IL-33 was detected from cytokine-
treated keratinocytes, regardless of their upregulation of intracellular
IL-33 (Fig. S3); however, immunoblotting of the supernatant showed
the rapid release of IL-33 from NHEKSs after Der p stimulation (Fig. 4A).
Ten minutes after Der-p administration, 25-kDa IL-33 was detected in
the supernatant and then gradually increased, reaching a peak at 2-4 h,
(much earlier than that of IL-33 induction (Fig. 1)); however, it was

nearly undetectable after 24 h (Fig. 4A, upper). In parallel with the
rapid increase in extracellular IL-33 (25-kDa), intracellular 30-kDa IL-
33 (full-length) decreased gradually and intracellular ~25-kDa IL-33
was barely detectable during the early phase (30 min-2 h) after Der p
stimulation (Fig. 4A, lower), suggesting that Der p triggers rapid ex-
tracellular translocation of stored IL-33. IL-33 siRNA transfection and
IL-33 immunostaining further confirmed the rapid release of stored IL-
33. Transfection with IL-33 siRNA knocked down its intracellular ex-
pression in NHEKs and significantly suppressed the extracellular release
of IL-33 from Der p-treated cells (Figs. 4B and S4A). Consistent with a
previous report [39], IL-33 was strongly detected in the nuclei of resting
cells, but became weaker or disappeared after Der p stimulation
(Fig. 4C). We next evaluated the requirement of proteolytic activity for
Der p-triggered IL-33 release and found that heat-treated Der p hardly
released IL-33 from NHEKs (Figs. 4D and S4B), and pretreatment of Der
p with either E-64 or ABESF reduced extracellular IL-33 (Fig. 4D).
Moreover, we also confirmed the role of HDM-derived proteases in IL-
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33 release from 3D skin, as the detection of extracellular IL-33 by im-
munoblotting (Fig. 4E) and intracellular IL-33 by immunostaining
(Fig. 4F), where Der p, but not heat-treated Der p, mediated IL-33 rapid
release. Thus, in addition to upregulation of IL-33, Der p-derived pro-
teases stimulated its rapid release from NHEKs.

3.5. ATP/P2 signaling-mediated [Ca®" Ji increase is essential for Der p-
stimulated rapid release of IL-33 from NHEKs

Although various events upstream of IL-33 expression in keratino-
cytes have been reported [11,12], the mechanism responsible for IL-33
secretion from NHEKSs is unknown. IL-33 is constitutively expressed in
the nucleus and commonly released into the extracellular space as a
nuclear alarmin after cell damage [5]. However, no cell damage was
detected in Der p-treated NHEKSs, as assessed by the detection of cell
toxicity and cell viability (Fig. S5). Alternaria allergens can trigger the
release of IL-33 from healthy bronchial epithelia via extracellular ATP/
P2Y2 activation-driven [Ca?™]i mobilization [40]. The extracellular IL-
33 was detected in cultures treated with thapsigargin (an inhibitor of
CaZ™* pump proteins, which can mobilize [Ca%2™]i in various cells)
(Fig. 5A), suggesting that [Ca®* ]i mobilization can trigger IL-33 release

from keratinocytes. To explore the mechanism responsible for Der p-
mediated IL-33 release, we measured [Ca2™]i levels by loading Fura-2
AM into NHEKs. A rapid increase of [Ca®"1i was detected after the
stimulation with Der p (not heated-Der p), which was inhibited by
BAPTA-AM (an intracellular Ca®?" chelator) (Figs. 5B and S6A); this
indicated that HDM-derived proteases trigger [Ca®™ i mobilization in
NHEKs. Moreover, pretreatment of cultures with the PLC inhibitor
U73122 increased basic [Ca? " i but blocked any increase in response to
Der p (Figs. 5C and S6B). Therefore, HDM extract stimulated the rapid
[Ca®*1i mobilization in NHEKs via PLC activation. We noticed that the
[Ca®*]i increase caused by Der p lasted for several minutes, which was
not the results of cytolysis (Fig. S5), but probably due to the influx of
extracellular calcium [41]. Because this phenomenon disappeared in
the cells cultured in a medium without calcium ions (Fig. S6C). The Der
p-induced [Ca®*]i increase was augmented by ARL67156, but nearly
blocked by pretreating cells with apyrase or suramin (Figs. 5D and
S6D). Therefore, Der p induces [Ca?*]i increase by activating ATP/P2
signaling. Pretreatment with suramin or BAPTA-AM significantly in-
hibited Der p-mediated IL-33 release from keratinocytes (Fig. 5E),
however, the addition of ARL67156 to Der p-treated cultures, which
increased the levels of extracellular ATP (Fig. 2A) and augmented
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Fig. 5. Extracellular ATP/P2 signaling-mediated increase in [Ca®" ]i in Der p-activated keratinocytes is responsible for IL-33 release. (A) NHEKs were treated with
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After Fura-2 loading, NHEKs were pretreated with or without U73122 for 15 min and then stimulated with Der p. [Ca®* ]i mobilization was respectively detected; and
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[Ca?']i concentrations (Fig. 5D), caused an additional extracellular
release of IL-33 (Fig. 5F). Thus, HDM allergens stimulate the rapid re-
lease of stored IL-33 from keratinocytes via an extracellular ATP/P2
signaling-mediated [Ca%™ i increase.

Despite the roles of extracellular ATP and [Ca®*]i in IL-33 secre-
tion, suramin and BAPTA-AM failed to completely inhibit extracellular
IL-33, suggesting that other mechanisms may be involved in HDM-
mediated rapid release of epidermal IL-33.

3.6. Der p1 but not Der p2 induces IL-33 expression and stimulates IL-33
release from NHEKs by activating extracellular ATP/P2 signaling

Next, we investigated the roles of Der pl and Der p2 in the pro-
duction of IL-33 by NHEKs. Both Der pl and Der p2 induced IL-8 ex-
pression; however, Der p1, but not Der p2, upregulated IL-33 expression
and stimulated its rapid release (Fig. 6A), suggesting specific roles of
mite cysteine proteases in the production of keratinocyte IL-33. We

further explored the mechanism involved in Der pl-mediated IL-33
production. Der p1 (but not Der p2) stimulated the acute accumulation
of extracellular ATP (Fig. 6B). Der pl stimulated the activation of
EGFR/ERK pathway, and blocking EGFR/ERK activation using the
specific inhibitors AG1478 and U0126 notably suppressed IL-33 in-
duction (Fig. 6C, D). Moreover, pretreatment with apyrase or suramin,
or knockdown of P2Y2 expression, significantly inhibited the activation
of EGFR/ERK and decreased the expression of IL-33 induced by Der pl
(Fig. 6C, D). Thus, Der pl induces IL-33 expression in NHEKs via ex-
tracellular ATP/P2Y2 signaling-mediated EGFR/ERK activation, similar
to Der p. Der pl also triggered an increase in [Ca®* ]i, depending on its
dose (Fig. S7A) and entirely on its cysteine protease activity (Figs. 6E
and S7B). Cysteine protease inhibitor E-64 inhibited the function of Der
p1 to release IL-33 from NHEKSs (Fig. 6F, upper). And pretreatment with
BAPTA-AM or suramin prevented the increase of [Ca*]i triggered by
Der pl (Figs. 6E and S7B) and inhibited the release of IL-33 from ac-
tivated cells (Fig. 6F, lower). Thus, HDM allergen Der p1, but not Der
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Fig. 6. Der p1 stimulates IL-33 expression and induce its release via extracellular ATP-mediated signal pathways. (A) NHEKs were treated with buffer, Der p1 (10 ug/
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p2, stimulates the production of IL-33 from NHEKs by activating ATP
signaling.

In addition to Der p1 and Der p2, Der p serine proteases (DPSP) also
produce inflammatory molecules from keratinocytes. We detected a
significant induction of IL-8, a slight upregulation of IL-33, and a
negligible extracellular IL-33 in DPSP-treated cultures (Fig. S8), which
were not comparable to the effects of Der pl. However, DPSP sy-
nergistically augmented the effects of Der pl on IL-33 release (Fig.
S8B), which may account for the considerable role of serine proteases in
Der p-triggered IL-33 release (Fig. 4D). Further studies are required to
determine how DPSP regulates IL-33 production from keratinocytes.

3.7. Der p mediates the processing and maturation of extracellular IL-33

Alternaria stimulated full-length IL-33 release from airway epithelia
[40], whereas Der p induced 25-kDa IL-33 release from NHEKs, sug-
gesting IL-33 cleavage occurs in Der p-treated cultures. Because in-
tracellular IL-33 is mainly observed as a 30-kDa band (full-length IL-33)
in both stable and active NHEKs (Fig. 4A), and the IL-33 isoforms

released from thapsigargin-treated NHEKs were larger than 25-kDa
(Fig. 5A). We hypothesized that in Der p-treated cultures, [Ca®*]i
mobilization stimulated extracellular IL-33 (> 25-kDa), which was
then immediately cleaved into a 25-kDa band by extracellular pro-
teases. To test this theory, we performed an IL-33 cleavage assay by
treating the supernatants collected from thapsigargin-treated cultures
with Der p, and found that Der p cleaved the thapsigargin-induced
extracellular IL-33 bands (> 25-kDa) into 25-kDa fragments (Fig. 7A).
To further clarify the role of Der p in IL-33 processing, the extracellular
IL-33 released from damaged cells was treated with Der p. We detected
the 30-kDa band, together with a relatively weak ~25-kDa band in the
supernatants of necrotic keratinocytes (a pattern similar to that of in-
tracellular IL-33) (Fig. 7B). Treating the supernatants with Der p for 10
or 30 min cleaved extracellular IL-33, generating more 25-kDa and less
30-kDa IL-33 (Fig. 7C), suggesting that Der p processes full-length IL-33
secreted from damaged NHEKs into 25-kDa fragments in extracellular
space. However, this processing disappeared when the supernatants
were treated with protease-inactive Der p (heated-Der p) (Fig. 7D). Our
data suggest that Der p-derived proteases process extracellular IL-33,
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Fig. 7. Der p-derived proteases process IL-33 in the extracellular space, generating active 25-kDa fragments. (A) NHEKs were treated with buffer, thapsigargin (TG,
10 uM) or Der p together with TG for 2 h and then the supernatant were collected. To perform the cleavage assay, the supernatant collected from thapsigargin-treated
cultures were incubated with or without Der p before concentration. These concentrated supernatants and cell extracts were subjected to Western blotting to detect
the IL-33 protein. (B) NHEKs were or were not scraped, and the supernatants and cell extracts were collected and subjected to Western blotting to detect the IL-33
protein. (C) To perform the cleavage assay, the supernatants collected from scraped NHEKs were treated with or without Der p for 10 or 30 min; they were then
concentrated and subjected to Western blotting to detect the IL-33 protein. (D) The supernatants collected from scraped NHEKs were incubated with buffer, Der p or
heated Der p for 30 min to perform the IL-33 cleavage assay. The mixture was concentrated and subjected to Western blotting to detect the IL-33 protein. NHEKs were
pretreated with different doses of rhST2 then stimulated with Der p (for 8 h) or with rhIL-33 (for 6 h). The mRNA expression of CCL2 (E) and IL-33 (F) were detected.
Relative mRNA levels are expressed as means + SDs (n = 3). (* and * p < 0.05; SN: supernatant; CE: cell extract).

producing 25-kDa IL-33.

Through heterotrimeric binding to ST2 and IL-1RAcp, IL-33 exerts
an influence over innate and adaptive type-2 immune responses.
Mature IL-33 can activate epidermal keratinocytes to produce cytokines
[42,43] and interfere with differentiation [44]. To evaluate the bioac-
tivity of HDM-elicited extracellular 25-kDa IL-33 from NHEKs, we
treated cultures with recombinant human ST2/IL-33R (rhST2), which
functions as a soluble decoy receptor that blocks the ability of IL-33 to
signal through transmembrane ST2. Der p, as well as recombinant
human IL-33, induced CCL2 mRNA expression in keratinocytes, and the
addition of rhST2 significantly inhibited the effects of both Der p and
IL-33 in a dose-dependent manner, with complete blockage in 300 ng/
ml rhST2-treated cultures (Fig. 7E). These data indicate that Der p-
elicited extracellular IL-33 can signal into keratinocytes to induce CCL2
expression. Epithelial IL-33 stimulates its own expression in airway
epithelium by binding to IL-33R [45]. However, IL-33 auto-induction
does not occur in NHEKs, because recombinant human IL-33 failed to
induce IL-33 (Fig. 7F); and epidermal IL-33 released from Der p-treated
NHEKSs is not responsible for the subsequent IL-33 induction, as se-
questering extracellular IL-33 showed no effect on IL-33 mRNA
(Fig. 7F). Thus, HDM allergens not only stimulate IL-33 release but also
regulate its maturation as extracellular proteases. This is the first report
to demonstrate the role of HDM proteases in the secretion and
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processing of keratinocyte IL-33.

4. Discussion

IL-33 is a novel pro-allergic cytokine that promotes Th2-type im-
mune responses and plays an important role during development and
exacerbation of AD [7,8]. Skin barrier dysfunction of AD patients allows
HDM allergens to easily penetrate through the epidermis to directly act
on keratinocytes, stimulating the production of inflammatory mole-
cules, including IL-33. A previous report has shown that Der p exposure
increases the levels of IL-33 mRNA in the skin of patients with AD or in
filaggrin-deficient mice [46]. We show here that Der p not only mediate
IL-33 production from monolayer-cultured NHEKs but also regulate IL-
33 expression and elicit its rapid release from LSE, suggesting exposure
to HDM allergens could stimulate the innate production of keratinocyte
IL-33 in vivo. The molecular mechanisms underlying HDM allergens-
induced IL-33 production of keratinocytes are summarized in Fig. 8. Der
p stimulation triggers acute extracellular accumulation of ATP, which
binds to P2 receptors to signal into cells. The extracellular ATP/P2
signaling not only activates TMPs-dependent EGFR transactivation to
induce IL-33 expression, a step involving MMPs-mediated ligand
shedding; but also promotes PLC-dependent [Ca?*]i mobilization to
impel the release of stored IL-33. Our finding provided the knowledge
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Fig. 8. Summary of the molecular mechanisms involved in HDM allergens-induced IL-33 synthesis and release in NHEKs. After Der p stimulation, keratinocytes
rapidly release large amounts of extracellular ATP (1). Through an interaction with P2Y receptors (2), extracellular ATP induces the activation of MMPs (3) followed
by the shedding of EGFR ligands (such as HB-EGF) (4). These ligands bind to EGFR, resulting in EGFR transactivation (5). Activated EGFR in turn activates the
downstream MEK/ERK signaling pathway (6), which induces IL-33 expression (7) in Der p-treated keratinocytes. In addition, Der p-mediated the activation of
extracellular ATP/P2 signaling rapidly mobilizes [Ca%™1i (8). And the rapid and sustained [Ca2™]i increase impels extracellular release of the stored IL-33 from
activated keratinocytes (9). Extracellular IL-33 released from NHEKs is rapidly cleaved into 25-kDa forms (10).

about the innate production of epidermal IL-33 by environmental al-
lergens, which may contribute to the initiation and exacerbation of AD.

The group 1 and 2 molecules are major allergens in HDMs [16]. We
found that cysteine protease Der pl but not Der p2 play a vital role in
the production of IL-33 from keratinocytes. Der pl-elicited IL-33 release
from NHEKs occurs much earlier than the activation of NLRP3 in-
flammasome, suggesting inflammasome activation mediate the secre-
tion of IL-1 family members IL-1a, IL-1[3 and IL-18 from keratinocytes
[18] but not that of IL-33. Jang et al. have reported that Der p induces
the production of both IL-33 and IL-25 in HaCaT cells and in mouse
primary keratinocytes through increasing TLR1/6 expression thereby
activating TLR1/6 signaling-mediated NF-kB signal pathway [47].
However, Der p did not increase the expression of IL-25 and TLR1/6
(Fig. S9A) and failed to activate NF-xB [18] in NHEKs. The distinct
reactions responsive to Der p might be due to the difference of kerati-
nocytes used. We found the upregulation of TLR2 by Der p (Fig. S9A),
however, which is not required for IL-33 production (Fig. S9B). More-
over, Der p-mediated PAR2 activation in keratinocyte is responsive for
IL-8 transactivation but not involved in IL-33 upregulation (Fig. S10).
Thus, HDM proteases stimulate IL-33 production from NHEKs via a
novo signal pathway.

We show here that Der p-induced IL-33 expression is dependent on
acute accumulation of extracellular ATP. Since nucleotides released
from cells would be diluted in the culture supernatant and rapidly
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metabolized, the ATP concentration at the surface of a neighboring cell
after Der p stimulation is likely to be substantially higher than that
detected by ATP assay of the culture supernatant. We speculate that
sufficient extracellular ATP was released to activate P2 purinergic re-
ceptors of the neighboring keratinocytes after Der p stimulation. P2Y
receptors often signal into cells through G-coupled proteins, while P2X
receptors usually act as ligand-gated cation channels, mediating the
influx and efflux of various cations. Epidermal keratinocytes function-
ally express most P2X and P2Y receptors [32], and several P2Y re-
ceptors have been showed to produce inflammatory molecules from
keratinocytes [33,48,49]. Through treating cells with various specific
P2 antagonists and knocking down P2Y2 expression in NHEKs, we have
identified that P2Y receptors are important for IL33 induction by HDM,
among which P2Y2 receptor is essential. In addition, P2X7 is also in-
volved in the upregulation of IL-33 by Der p. Compared to other P2
receptors, P2X7 has unique characteristics [50,51]. It not only partici-
pates in intracellular inflammatory signaling, but also facilitates ATP
release from cells through interaction with membrane hemichannels
[33]. Signal activation of P2X7 requires millimolar levels of extra-
cellular ATP, much higher than the detected ATP levels in the super-
natants of Der p-treated cultures. We reasonably presumed that P2X7
contribute to IL-33 induction in Der p-activated NHEKs through facil-
itating ATP release but not directly activating intracellular signaling, as
its role for the UVA-produced IL-6 in keratinocytes [33]. Thus, the



X. Dai, et al.

extracellular ATP released from Der p-activated NHEKs induces IL-33
expression through binding to P2 receptors (particularly P2Y2).

EGFR participates in cytokines-induced transcriptional activation of
IL-33 in keratinocyte [11,12]. We identified the extracellular ATP/
P2Y2 signaling-dependent EGFR/ERK activation in Der p-treated
NHEKs, which triggers IL-33 synthesis. Knockdown of P2Y2 did not
completely block Der p-induced EGFR activation and IL-33 induction
(Fig. 3). This may be due to partial expression of P2Y2 in P2Y2 siRNA-
transfected cells (Fig. 2E) and other P2Y receptors' possible contribu-
tions to EGFR activation [34] and IL-33 expression (Fig. 2D). In the
downstream of P2Y2 receptor, ligand-independent pathway can initiate
EGFR activation via Src-mediated phosphorylation of EGFR-tyr845 in
keratinocytes [52], which seems to be not responsible for the activation
of EGFR by Der p on account that no phospho-EGFR-tyr845 was de-
tected in NHEKs (data not shown). However, we detected EGFR-
tyr1068 phosphorylation and identified EGFR internalization in acti-
vated NHEKSs, suggesting the involvement of free EGFR ligands. Using a
broad-spectrum inhibitor of MMPs (batimastat) and an EGFR neu-
tralizing antibody, we further demonstrated the role of MMPs-depen-
dent shedding of EGFR ligands for Der p-induced IL-33 expression.
Among MMPs, TACE, also called ADAM17 (ADAM metallopeptidase
domain 17), is preferentially involved in the shedding of EGFR ligands
in various cells, resulting in EGFR transactivation [35,53], and has been
showed to involve various skin inflammation [37,54]. We found that
Der p rapidly stimulated ATP/P2 signaling-dependent TACE activation,
and knockdown of TACE suppressed the activation of EGF/ERK and the
induction of IL-33 caused by Der p (Fig. S11). These data suggest that
TACE is a major MMP involved in Der p-stimulated keratinocyte im-
mune response, and TACE may promote AD development by regulating
IL-33 expression. We noticed that blocking MMP activation by bamastat
did not completely prevent Der p-induced ERK activation and IL-33
induction (Fig. 3), which may be due to the partial activation of ERK
relying on an increase in [Ca®* ]i rather than EGFR activation (Fig. $12)
[55]. Elevated HB-EGF has been detected in the skin of AD patients
[56], suggesting a role of HB-EGF in the pathogenesis of AD. In Der p-
treated NHEKs, HB-EGF is at least one of the EGFR ligands that MMPs
cleaved and released, and participates in IL-33 expression. Thus, in
addition to NLRP3 [18] and PAR2 [20], nucleotide receptor P2Y2 plays
active roles in HDM-mediated keratinocyte immune response through
activating TMPs-mediated EGFR/ERK signal pathways and upregu-
lating IL-33 expression.

Circulating IL-33, which can trigger or exacerbate skin inflamma-
tion through amplifying Th2 immune response, is highly detected in AD
patients [10]. In this study, in addition to increased IL-33 expression,
we identified rapid IL-33 release from NHEKs after Der p stimulation.
By knocking down IL-33 or blocking Der p protease activity, we con-
firmed that Der p-derived proteases rapidly stimulate IL-33 release from
keratinocytes even within 10 min (Figs. S4A and B). IL-1 family
members are released through unconventional secretory mechanisms,
and IL-1f and IL-18 residue in the cytosol and are cleaved and released
in an inflammasome-dependent manner; however, IL-33 is con-
stitutively expressed in the nucleus of epithelial cells and can be re-
leased into the extracellular space after cell damage [5]. A disrupted
skin barrier and cutaneous microtrauma, both of which can lead to cell
necrosis, are believed to result in IL-33 release in patients with AD and
psoriasis [8-10]. No cell damage was detected in Der p-treated NHEKs
and in airborne Alternaria-stimulated airway epithelial cells, which re-
lease IL-33 via extracellular ATP/P2 activation-driven sustained con-
centration of [Ca®* ]i [40]. Extracellular ATP/P2 signaling-mediated IL-
33 release has been also detected in corneal epithelial cells [57] and in
astrocytes [58]. We demonstrate here that extracellular ATP/P2 sig-
naling-mediated [Ca®*]i mobilization prompts Der p-activated NHEKs
to rapidly release stored IL-33. One recent study has reported that Der
p-mediated EGFR/ERK signal activation not only induces IL-33 ex-
pression but also stimulates IL-33 release from the airway epithelia
[59]. And another group has shown that Der p stimulates IL-33
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production from HaCaT cells [47]. They both analyzed extracellular IL-
33 by ELISA, showing the extracellular release of IL-33 from Der p-
treated cells is dependent on its intracellular induction [59]. We eval-
uated the levels of extracellular IL-33 by immunoblotting of super-
natants, and found that neither the inhibition of EGFR/ERK signaling
pathway nor the blocking of MMP activation can effectively prevent the
rapid release of IL-33 caused by Der p (Fig. S4C). Although we cannot
completely exclude the involvement of certain cellular molecules or
enzymes in Der p-mediated secretion and processing of IL-33, MMPs
and MMPs-dependent activation of EGFR/ERK is not required. In this
study, we have also analyzed IL-33 release using a commercial IL-33
ELISA kit (R&D) and detected high “IL-33” not only in the supernatants
of Der p-treated cultures but also in the Der p-added medium (without
cells) (Fig. S13A), suggesting that Der p itself interferes with this re-
action. The ELISA kit detected different sizes of IL-33, but the reaction
was most sensitive to the 18-kDa form (the size of recombinant human
IL-33) and less sensitive to the 25-kDa form (Fig. S7B). Therefore, this
commercial IL-33 ELISA kit cannot be used to detect extracellular IL-33
in our system. These data suggest that HDM extract stimulate IL-33
release from different cells via specific mechanisms.

In this study, we not only detect IL-33 production from NHEKs but
also verify its processing and maturation by HDM. Several intracellular
and extracellular proteases can regulate the processing and maturation
of IL-33. Apoptotic caspases process IL-33 and produce an inactive 6.5-
kDa band [60], and calpains, which are Ca-dependent intracellular
cysteine proteases, cleave full-length IL-33 into a 20-kDa band in IFN-y/
TNF-a-stimulated keratinocytes [11]. During inflammation, several
serine proteases secreted from activated neutrophils [61] or activated
mast cells [62] have been reported to cleave IL-33 within central do-
main and generate different mature IL-33 isoforms (sized as 18-25/26-
kDa) with 10-30 fold increased bioactivity [62]. Scratching stimulated
the production of ~25-kDa IL-33, indicating that some intracellular
proteases process IL-33. Full-length IL-33 associates with chromatin
through a short chromatin-binding motif, which is easily cleaved during
cell damage and stress [62], producing a band of about ~25-kDa.
Scratching might cause the cleavage of IL-33 nuclear domain. Although
we cannot figure out or exclude their role in the processing of IL-33
caused by scraping, intracellular proteases do not appear to be involved
in the cleavage of IL-33 by HDM. Because no additional intracellular IL-
33 bands can be detected in Der p-treated keratinocytes compared to
Der p-untreated cells (Fig. 4A). To date, the identified IL-33 in-
tracellular proteases produce the bands below 20-kDa, and most are
inactive [5], whereas Der p releases bioactive 25-kDa IL-33 from ker-
atinocytes (Fig. 7E). According to one recent publication, environ-
mental allergens (including HDM serine and cysteine proteases) can
cleave recombinant human pro-IL-33 to produce mature bands that can
be detected after 5-10 min of incubation [4]. We clearly demonstrate
the processing of mite proteases on extracellular IL-33 (bigger than 25-
kDa) released from thapsigargin-activated cells and scraped cells
(Fig. 7). Ten minutes after interacting Der p with the culture super-
natants collected from scraped cells, the newly produced 25-kDa IL-33
can be detected (Fig. 7C). We also verified the proteolytic maturation of
IL-33 by HDM-derived proteases. Several environmental protease al-
lergens can induce airway allergic inflammation through proteolytic
maturation of IL-33 [5]. Using rhST2, a soluble decoy receptor that
specifically blocks the binding of free IL-33 to transmembrane ST2, we
verified the biological activity of IL-33 released from Der p-treated
NHEKSs (Fig. 7E). Confirmedly, mite proteases can cause the processing
and proteolytic maturation of epidermal IL-33.

In vivo, epidermal IL-33 is regulated by various inflammatory mo-
lecules associated with AD. The induction of IL-33 by cytokines failed to
stimulate its secretion, however, it could contribute to IL-33 release
caused by HDM exposure and cell damage. Similar to IL-1a, IL-33 is a
dual-function protein, displaying both nuclear effects (as a regulator of
transcription factor) and extracellular effects (as an inflammatory cy-
tokine) [11,63]. Nuclear expression of IL-33 in keratinocytes not only



X. Ddi, et al.

suppresses inflammation [11] but also promotes would healing [64] by
blocking NF-kB signal. That Th1l and Th17 increase IL-33 expression in
keratinocytes [11,12] could explain the elevated IL-33 levels in chronic
lesions of AD [9,46], which may play a negative role in the progression
of dermatitis via suppressing inflammation and promoting tissue repair.
However, upon exposure to mite allergens or mechanical injury
(scratching behavior), nuclear IL-33 could be released from epidermis
to promote the transition from Thl to Th2 inflammation by activating
ST2+ cells and to affect skin barrier homeostasis by downregulating
filaggrin expression in keratinocytes, resulting the exacerbation of AD
[9,10]. Therefore, the contribution of IL-33 to skin inflammation is
decided by a distinct microenvironment involving various cytokines
and environmental stimuli.

5. Conclusion

The defective barrier of AD skin can facilitate environmental aller-
gens to directly stimulate epidermal keratinocytes to initiate immune
responses. Our findings demonstrate that HDM allergens not only in-
duce the expression and release of pro-allergic cytokine IL-33 from
epidermal keratinocytes but also increase IL-33 activity, which may
trigger or exacerbate AD. The role of extracellular ATP/P2 signaling in
the innate production of IL-33 demonstrates that nucleotides could
contribute to skin inflammation via autocrine or paracrine signaling.
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Table S1

Names and description of reagents, inhibitorsand

antagonists

Provider

Standardized lyophilized extracts of Der p
Thapsigargin (an inhibitor of Ca?* pump proteins)
Affinity chromatography—purified natural Der p 1
recombinant allergen Der p 2

natural DPSP (Der p Serine Proteases)

ATP-y-S (arelatively stable ATP analog)

suramin (a broad-spectrum P2 antagonist)
Apyrase (a highly active AT P-diphosphohydrol ase)
ARL67156 (an ecto-AT Pase inhibitor)

ABESF (serine protease inhibitor)

E-64 (cysteine protease inhibitor)

PAR-2-AP (a PAR-2 activating peptide)

BAPTA-AM (an intracellular calcium chelator)
U73122 (a pharmacological inhibitor of PLC)

1% Nonidet P-40 ((NP-40))

NF157 (a potent P2Y 11 receptor antagonist)
MRS2179 (a specific P2Y 1 receptor antagonist)
AZ10606120 (a potent P2X7 receptor antagonist)

AR-C118925X X (a specific P2Y 2 receptor antagonist)

AG 1478 (a specific EGFR inhibitor)

Batimastat (a broad-spectrum MM P inhibitor)
CMR197 (a nontoxic diphtheria toxin mutant)
U0126 (a specific MEK/ERK inhibitor)
recombinant human HB-EGF

recombinant human IL-33

recombinant human ST2/IL-33R Fc chimera protein

anti-EGFR (GRO01, a neutralizing EGFR antibody)

LSL (Tokyo, Japan)

Wako (Tokyo, Japan)

Indoor Biotechnologies (Cardiff, United Kingdom)
Indoor Biotechnologies (Cardiff, United Kingdom)
Indoor Biotechnologies (Cardiff, United Kingdom)
Sigma-Aldrich (Saint Louis, Missouri, USA)
Sigma-Aldrich (Saint Louis, Missouri, USA)
Sigma-Aldrich (Saint Louis, Missouri, USA)
Sigma-Aldrich (Saint Louis, Missouri, USA)
Sigma-Aldrich (Saint Louis, Missouri, USA)
Sigma-Aldrich (Saint Louis, Missouri, USA)
Sigma-Aldrich (Saint Louis, Missouri, USA)

Sigma-Aldrich (Saint Louis, Missouri, USA)
Sigma-Aldrich (Saint Louis, Missouri, USA)
Sigma-Aldrich (Saint Louis, Missouri, USA)
Tocris Bioscience (Bristol, United Kingdom)
Tocris Bioscience (Bristol, United Kingdom)
Tocris Bioscience (Bristol, United Kingdom)
Tocris Bioscience (Bristol, United Kingdom)
Calbiochem (Tokyo, Japan)

Calbiochem (Tokyo, Japan)

Calbiochem (Tokyo, Japan)

R&D Systems (Minneapolis, MN, USA)
R&D Systems (Minneapolis, MN, USA)
R&D Systems (Minneapolis, MN, USA)
R&D Systems (Minneapolis, MN, USA)
R&D Systems (Minneapolis, MN, USA)

Supplementary Table 1 (Table S1). List of reagents, inhibitors and antagonists used for experiments
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Table S2

Name of antibodies Catalog Number  Provider

p44/42 MAPK (Erk1/2) #9102 cell signaling (Danvers, MA, USA)
Phospho-p44/42 MAPK (Erk1/2) #9101 cell signaling (Danvers, MA, USA)
Phospho-EGF Receptor (Tyr1068) #3777 cell signaling (Danvers, MA, USA)
Phospho-EGF Receptor (Tyr845) #6963 cell signaling (Danvers, MA, USA)

pP2Y2 SC-518019 Santa Cruz Biotechnology (Dallas, TX, USA)
EGFR SC-373746 Santa Cruz Biotechnology (Dallas, TX, USA)
B-actin SC-37778 Santa Cruz Biotechnology (Dallas, TX, USA)
IL-33 PMO033 MBL (Tokyo, Japan)

TACE SC-390859 Santa Cruz Biotechnology (Dallas, TX, USA)

Supplementary Table 2 (Table S2). List of primary antibodies used for immunoblotting and

immunostaining in experiments
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Fig. S1

200 1 ODerp(-) -

180 A B Der p (E-64) 4
160 1  ®Derp (ABESF)

140 - W Der p (heat)

relative protease activity (%)

0 10 30 100 200
Conc. of Der p (pg/ml)

Supplemental Figure 1 (Fig. S1). Der p shows cysteine and serine protease activity.

Different concentration of Der p (after purification) were prepared, pretreated with E-64 (8 ug/ml) or
ABESF (100 uM) for 15 min, or heated for 30 min; then the protease activity of Der p solution was
evaluated using Protease Activity Assay Kit. Relative protease activity of Der p solution was present as
means + SDs (n = 4). (*and * p < 0.05)
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Fig. 52
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Supplemental Figure 2 (Fig. S2). Der p stimulates MM Ps-dependent HB-EGF (not TGF-a) shedding
and release through activating ATP signaling. (A and B) Keratinocytes were pretreated with inhibitors for

1 hthen stimulated with Der p for the indicated times. The MRNA levels and the supernatant protein

levels of HB-EGF and TGF-a were respectively examined. Relative mRNA levels and protein levels are
expressed as means + SDs (n = 3). (*and * p < 0.05)
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Fig. 53
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Supplemental Figure 3 (Fig. S3). No cytokines stimulate the release of 1L-33 from keratinocytes. (A)
NHEKSs were treated with IFN-y (100 ng/ml), THF-o (100 ng/ml), IL-1f (30 ng/ml), IL-4 (100 ng/ml),
and IL-13 (100 ng/ml) (All the recombinant human cytokines were obtained from R& D) for the indicated
times, and the IL-33 mRNA levels were determined by real-time PCR. Relative mRNA levelsare
expressed as means + SDs (n = 3). (* p < 0.05) (B) NHEK s were treated with IFN-y, THF-a., IL-1p, IL-4,
IL-13 or IL-4 plus IL-13 for 12 h, and supernatants were collected. The concentrated supernatants were
loaded by SDS-PAGE together with cell extracts collected from control cells, and the levels of IL-33
protein were detected by Western blotting. (SN: supernatant; CE: cell extract)
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Fig. 54
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Supplemental Figure 4 (Fig. $4). Der p-derived proteases mediated IL-33 release, which not is
dependent on the activation of MMPs, EGFR and ERK. (A) Keratinocytes were transfected with control
or IL-33 siRNA and treated with Der p for 10 min, then the cells were scraped or not. The levels of I1L-33
protein in cell extract and cell supernatants were respectively detected. (B) Keratinocytes were treated
with Der p or heated-Der p for 10, 30, or 60 min. The supernatants were collected and IL-33 protein
levels were evaluated. (C) Keratinocytes were pretreated with inhibitor or not, then stimulated with
HB-EGF or Der p for 2 h. The supernatants were collected and I1L-33 protein levels were evaluated. (SN:

supernatant; CE: cell extract)
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Fig. S5
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Supplemental Figure 5 (Fig. Sb). Cell damage is not detected in Der p-treated NHEK S (A) NHEK s were
exposed to Der p for the indicated times, or treated with 1% NP-40 for 5 min, and the supernatant was
subjected to aLDH cytotoxicity assay. (B) NHEK s were exposed to Der p for the indicated times and
CKK-8 assay were performed to evaluated the cell viability. (n = 5; * p < 0.05)
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Fig. S6
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Supplemental Figure 6 (Fig. S6). Der p stimulates [Ca’']i increase through activating ATP/P2 signal
pathway. (A) After Fura-2 loading, NHEK s were pretreated with buffer or BAPTA-AM (20 uM) for 5
min and then stimulated with Der p or heated Der p. Mobilization of [Ca?*]i was detected by a [Ca®]i
mobilization assay. (B) After Fura-2 loading, NHEK s were pretreated with or without U73122 for 15 min
and then stimulated with Der p. [Ca?*]i mobilization in U73122-treated and U73122-untreated cells was
respectively detected. (C) Keratinocytes were cultured in MCDB (-) with or without calcium irons (Ca- or
Cat) just before Fura-2 loading. Der p or buffer were respectively applied into the cultures, and the
mobilization of [Ca®"]i was detected by a[Ca?*]i mobilization assay. (D) After Fura-2 loading, NHEK s
were pretreated with buffer, apyrase (40 unit/ml), suramin (100 uM) or ARL67156 (ARL, 100 uM) for 5
min and then stimulated with Der p. A [Ca?*]i mobilization assay was performed.
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Fig. 57
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Supplemental Figure 7 (Fig. S7). Der p1 stimulates [Ca?']i increase through activating ATP/P2 signal
pathway. (A) After Fura-2 loading, NHEK s were treated with buffer or BAPTA-AM (20 uM) and then
with different concentrations of Der p1. Mobilization of [Ca®']i was detected by a[Ca?*]i mobilization
assay. (B) After Fura-2 loading, NHEK s were pretreated with buffer, BAPTA-AM or suramin and then
stimulated with Der p1 (20 pg/ml) or E-64-treated Der p1. Mobilization of [Ca?*]i was detected by a
[Ca®]i mobilization assay. (Dpl: Der pl)
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Supplemental Figure 8 (Fig. S8). DPSP dightly induces IL-33 expression and synergistically increases
the levels of Der pl-released extracellular IL-33 from keratinocytes. (A) NHEK s were treated with buffer,
Der p1 (20 pg/ml), DPSP (10 pug/ml), or Der p1 (10 pg/ml) together with DPSP (10 pg/ml) for 12 h, and
the mRNA levelsL-33 and IL-8 were determined by real-time PCR. Relative mMRNA levels are expressed
asmeans = SDs (n = 3). (* p <0.05) (B) NHEK s were treated with buffer, Der p1 (DP1; 10 pg/ml), DPSP
(20 pg/ml), or DP1 (DPZ1; 10 pg/ml) together with DPSP (10 pg/ml) for 2 h, and supernatants were
collected. The concentrated supernatants were loaded by SDS-PAGE, and the supernatant levels of 1L-33
protein were evaluated. (SN: supernatant; CE: cell extract)
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Supplemental Figure 9 (Fig. S9). No upregulation of IL-25 and TLR1/6 was detected in Der p-treated
NHEKSs; and TLR2 signal could not stimulate the production of IL-33. (A) NHEKs were treated with Der

pfor 0, 7 or 13 h, and the expression of IL-33, IL-25, TLR1, TLR2, and TLR6 mRNA was detected by

real-time RT-PCR. (B) NHEK s were transfected with control or TLR2 siRNA for 48 h then simulated
with Der p for 12 h, and the mRNA levels of TLR2 and IL-33 were evaluated by real-time RT-PCR. The
relative mMRNA levels are expressed as means = SDs (n = 3). (* p < 0.05)

S12



Fig.s1o A 60

B 30
mIL-33
5.0 A 25
<
< 4.0 A 250
= E
E @
e 3.0 A 215
=3 m
= ©
2 20 4 “10 4
1-0 11 0.5
0.0 - 0.0 4
Derp (h): 0 1 2 4 8 16 24 ) Derp  PAR2-AP
C siRNA:(-) control F2RL1-6 F2RL1-1
PAR2
[ [oe.
D 3.0 WDerp()
35 ymDerp() W Derp (+)
= — 2.5 A
30 J Der p (+) ”
E=4 =
=25 Z20
. m
32.0 515
@
215 2
S m 1.0
T1o 2
0.5 05
0.0 + 0.0 +
-) control F2RL1-6 F2RL1-1 {-) control F2RL1-6 F2RL1-1

Supplemental Figure 10 (Fig. S10). The PAR2 signal is not required for Der p-induced IL-33 expression
in keratinocytes. (A) Der p-stimulated |L-33 increase in keratinocytes occurred much later than its
upregulation of 1L-8. NHEK s were treated with Der p for the indicated times, and the expression of IL-33
and IL-8 mRNA was detected by real-time RT-PCR of total RNA. (B) Signal activation of keratinocyte
PAR2 by PAR2 agonist upregulates | L-8 expression but not IL-33 expression. NHEK s were treated with
Der p or SLIGKIV-NH(2) (an agonist peptide of PAR2, PAR2-AP) for 12 h, and IL-33 and IL-8 mMRNA
levels were measured by real-time RT-PCR of total RNA. (C) The knockdown of PAR2 expression by
siRNA transfection. NHEK s were transfected with control or PAR2 ssiRNA (F2RL1-1 and F2RL1-6) for
24 h, and PAR2 mRNA expression was detected by RT-PCR. (D) PAR2 knockdown decreased Der p
induction of 1L-8 but not that of 1L-33. NHEKs were transfected with control or PAR2 siRNA for 48 h
and then treated with Der p for 10 h. The IL-8 and IL-33 mRNA expression levels were detected by
real-time RT-PCR. Therelative mRNA levels are expressed as means + SDs (n = 3). (* p < 0.05)
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Supplemental Figure 11 (Fig. S11). Der p activates TACE, which isrequired for activating EGFR/ERK
and inducing IL-33. (A) NHEK s were treated with Der p for the indicated times, and TACE activity was
detected by TACE activity assay of the supernatant. (B) NHEK s were pretreated with different
concentrations of suramin for 30 min and then with Der p for 2 h. TACE activity in the supernatant was
detected. NHEK s were transfected with control (cr) or TACE siRNA for 48 h. The cells were treated with
Der p for 4 h, the phosphorylation of EGFR and ERK and TACE protein levels were evaluated (C); or the
cells were treated with Der p for 12 h, the mRNA levels of TACE and IL-33 were determined by real
time-PCR (D). Relative mRNA levels are expressed as means + SDs (n = 3), and TACE activity is
expressed as means + SDs (n = 5). (and * p < 0.05).
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Supplemental Figure 12 (Fig. S12). Der p-mediated [Ca?*]i increase dightly regulates ERK activation
and IL-33 induction. (A) NHEK s were pretreated with BAPTA-AM or not, then stimulated with Der p for
4 h, the phosphorylation of EGFR and ERK was evaluated. (B) NHEK s were pretreated with buffer,
suramin or BAPTA-AM for 30 min and then with Der p for 15 h. The IL-33 mRNA levels were
determined by real time-PCR. Relative mRNA levels are expressed as means + SDs (n = 3). (and * p <

0.05)
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Fig. 513

90 -+
80 - WIL-33 mIL-8
= 70 4
£ . ¥
~ B0 *
g
P 50 A .
=%
m 30 hd
— *
20 ~
10 4 . 2
o 4

Derp(h): o 1 18 0 1 2 5 10 18
cells (-) cells (+)

cells (+) cells (-]
Derp(4h):(-) () (+) (#) () (+) BL

31KDa

2axnal . . 24KDa
20KDa

1?|<Dae‘ .

hiL-33 standard rhiL-33

Supplemental Figure 13 (Fig. S13). Human IL-33 ELISA kit could not be used in the detection of
extracellular IL-33 in our system. (A) NHEKs were incubated in serum-free medium with Der p at 37°C
for the indicated times and then the supernatant were collected, or serum-free medium applied with Der p
(without cells) were incubated at 37°C for the indicated times and then collected. They were subjected to
IL-33 ELISA and IL-8 ELISA. (n=3; * p < 0.05). (B) NHEKSs were treated with or without Der p for 4 h
and then supernatants were collected and concentrated. The IL-33 standard of human IL-33 ELISA kit
(hIL-33 standard), as well as recombinant human IL-33 (rhiL-33), together with concentrated culture
supernatants were subjected to Western bl otting for the detection of 1L-33 protein (serum-free medium
applied with or without Der p (cells (-)) were used as negative controls). (BL: Blank; SN: supernatant;
CE: cell extract))
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