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Mite serine protease activates protease-activated receptor-2 and
induces cytokine release in human keratinocytes

Background: House dust mites produce serine and cysteine proteases. Mite-
derived proteases have been suggested to be involved in the pathogenesis of
allergies; however, whether mite-derived serine protease activity can stimulate
keratinocytes remains unknown.

Methods: We examined the activation of primary human keratinocytes by serine
protease-rich extract of whole mite culture and compared with that by
recombinant group 1 allergens (rDer f 1 and rDer p 1), which exclusively exhibit
cysteine protease activity.

Results: Protease activity of whole mite culture extract (WCE), rDer f 1 and rDer
p 1 induced the release of IL-8 and granulocyte-macrophage colony-stimulating
factor. Protease activity of WCEs induced a significant upregulation of their
mRNA expression but rDer f 1 had much less effect. Protease activity of the
WCE stimulated intracellular Ca>" mobilization but rDer f 1 and rDer p 1 did
not. The mobilization induced by agonists for the human protease-activated
receptor (PAR)-2, an agonist peptide or trypsin, was diminished by pre-incu-
bation of keratinocytes with WCE. rDer f 1 inefficiently cleaved a synthetic
N-terminal peptide of PAR-2 at different sites from trypsin, but the resultant
peptides did not stimulate the release of interleukin-8.

Conclusions: The results suggest that mite-derived serine protease activity may
contribute to the pathogenesis of atopic dermatitis by activating keratinocytes
via PAR-2 activation but cysteine protease activity of Der f 1 and Der p 1 acts
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House dust mites belonging to two species, Dermatophago-
ides farinae and Dermatophagoides pteronyssinus, are
major sources of allergens associated with allergic diseases
such as asthma, rhinitis and atopic dermatitis. More than
20 groups of house dust mite-derived proteins have been
identified as allergens, which have IgE reactivity in allergic
patients (1). Among them, group 1 and group 2 allergens
are major allergens based on the frequency of patients
sensitized, amount of specific IgE, and content in mite
extract. At least four of the 20 groups are proteases. Group

Abbreviations: AEBSF, 4-(2-aminoethyl) benzenesulfonyl fluoride
hydrochloride; AP, agonist peptide; GM-CSF, granulocyte-macro-
phage colony-stimulating factor; PAR, protease-activated receptor;
rDer f 1, recombinant Der f 1-N53Q; rDer f 1-C35S, a mutant rDer
f 1 with no protease activity; rDer p 1, recombinant Der p 1-N52Q;
RP, reversed peptide; WCE, whole mite culture extract of Derma-
tophagoides farinae.

1 allergens belong to the papain-like cysteine protease
family, and group 3, 6 and 9 allergens are serine proteases.

Molecules produced by allergen-producing organisms
have been suggested to be involved in the pathogenesis of
allergic diseases through sensitization and/or exacerba-
tion via IgE-independent mechanisms (2-6). Cysteine
protease activity of the group 1 allergens, Der f 1 and Der
p 1, reduces the barrier functions of tissue barriers,
cleaves and/or interacts with various molecules including
cell-surface molecules and endogenous protease inhibi-
tors, modulates the functions of various cells, and induces
Th2-skewed sensitization (2, 3, 7-11). Mite-derived serine
proteases also have biological activities including the
ability to disrupt tight junctions, stimulate airway and
ocular conjunctival epithelial cells, cleave an endogenous
protease inhibitor, and so on (12-15).

The skin epidermis and airway epithelium are located
at the interface between the body and environment and
have critical roles in the response to various stimuli
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during the sensitization and effecter phases in allergic
diseases (16, 17). House dust mite allergens are important
factors in atopic dermatitis, as well as asthma, rhinitis,
and allergic conjunctivitis, and are present on the surface
of human skin (18, 19). Recently, we have reported the
release of interleukin (IL)-8 and granulocyte-macrophage
colony-stimulating factor (GM-CSF) from keratinocytes
stimulated with recombinant mite group 1 allergens,
which show cysteine protease activity alone, and its
inhibition by cystatin A, a skin-derived protease inhibitor
(20, 21); however, whether mite-derived serine protease
activity can stimulate keratinocytes remains unknown.
Only one report (22) has investigated whether D. pter-
onyssinus mite extract stimulates keratinocytes and it
described that this extract did not stimulate the expres-
sion of IL-8 and GM-CSF in keratinocytes. Here, we
examined the activation of keratinocytes stimulated with
a whole mite culture extract (WCE) of D. farinae
with significant serine protease activity and compared
with that by recombinant mite group 1 allergens, which
exclusively exhibit cysteine protease activity.

Materials and methods
WCE

The WCE, which can induce atopic dermatitis in NC/Nga mice, was
prepared from a whole culture of D. farinae, as previously described
(23), as follows. Mites were cultured for 2 months. Phosphate-
buffered saline (PBS) was added to the whole culture and gently
rotated for 30 min. After centrifugation, the supernatant was
filtered for sterilization, and stored at —80°C prior to use. The
protein concentration was determined by the Bradford procedure
with a protein assay kit with bovine IgG as the standard (Bio-rad,
Richmond, CA, USA).

Recombinant mite group 1 allergens

Mature forms of Der f 1-N53Q (rDer f 1), Der f 1-N53Q (rDer p 1)
(24), and rDer f 1-C35S, a mutant rDer f 1 without protease activity
(25), were used. They have no yeast-derived hyperglycosylation and
have molecular weights identical to natural allergens. A precursor
form of rDer f 1-C35S was prepared by site-directed mutagenesis
and converted to its mature form. The mature rDer f 1-C35S was
purified with column chromatography and yeast-derived protease
activity was removed.

Protease activity

Protease activity was measured as previously described (26). Time
courses of the digestion of two fluorogenic substrates, butyloxy-
carbonyl-Gln-Ala-Arg-MCA (Boc-QAR-MCA) and butyloxycar-
bonyl-Gln-Gly-Arg-MCA (Boc-QGR-MCA) (Peptide Institute,
Osaka, Japan), were monitored.

Synthetic peptides

An agonist peptide (AP) for the human protease-activated
receptor (PAR)-2 (PAR-2 AP; SLIGKV-NH,) and a peptide

with the reversed sequence of the PAR-2 AP [PAR-2
reversed peptide (RP); VKGILS-NH,] were purchased from
Bachem (Bubendorf, Switzerland). The other peptides were
synthesized by a peptide synthesizer and purified with reverse-
phase high-performance liquid chromatography (HPLC).

Culture and stimulation of keratinocytes

Primary human keratinocytes from infant foreskins (Cascade
Biologics, Portland, OR, USA) at the third or second passage and
a human keratinocyte cell line, HaCaT, were cultured and stimu-
lated as previously described (20), briefly as follows. Keratinocytes
grown to 80% confluency were cultured in basal medium without
supplements or fetal calf serum (FCS), HuMedia (Kurabo, Osaka,
Japan) for primary human keratinocytes or Dulbecco’s modified
Eagle’s medium (Sigma, St Louis, MO, USA) for HaCaT, for
12-24 h before stimulation, and then washed and incubated
with the stimulants. The WCE, rDer p 1, and rDer f 1 were pre-
incubated with 5 mM L-cysteine at neutral pH to regenerate
cysteine protease activity and diluted in the basal medium. In some
experiments, the stimulants were pretreated with 0.125 mM E-64
(Peptide Institute, Osaka, Japan) and/or 2.5 mM 4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride (AEBSF) (Sigma) and
diluted. Final concentrations of E-64 and AEBSF were 1.25 and
25 uM, respectively.

ELISA and real-time PCR

Concentrations of IL-8 and GM-CSF in the culture supernatants
of keratinocytes were measured with ELISA kits (DuoSet; R&D
Systems, Minneapolis, MN, USA). Total RNA was extracted from
keratinocytes using STAT-60 reagent (Tel-Test, Friendswood, TX,
USA). First-strand cDNA was synthesized and RNA comple-
mentary to the cDNA was removed by treatment with RNase H.
Real-time quantitative PCR was performed with the TagMan
method using an ABI 7500 (Applied Biosystems, Piscataway, NJ,
USA).

Intracellular Ca?* mobilization

Keratinocytes were detached from culture plates by Cell Dissocia-
tion Solution (CDS; Sigma), a nonproteolytic cell dissociation
solution, after being washed with PBS. To facilitate detachment,
bovine o-chymotrypsin (1 pM; Sigma) (27) was added to CDS-
treated keratinocytes for 5 min at room temperature. Detached cells
were washed twice with an assay buffer (PBS containing 0.2% bovine
serum albumin (BSA), 0.1% glucose and 30 uM CaCl,), resus-
pended to a concentration of 2 x 10° cells/ml, and diluted with an
equal volume of 4 mM Fura-2 AM. After incubation with Fura-2
AM for 1 h at 37°C, free Fura-2 AM was removed by washing cells
three times and the cells were resuspended in the assay buffer at a
concentration of 0.5-1 x 10° cells/ml for stimulation. The suspen-
sion of the loaded cells was transferred to quartz cuvettes with a
small magnetic stirrer and placed in a Hitachi F-4500 spectrofluo-
rometer (Hitachi, Tokyo, Japan) at 37°C. Fura-2 fluorescence was
measured at 340 nm and 380 nm (excitation) and 510 nm (emission).
The WCE was passed through a NAP-5 column (GE Healthcare,
Buckinghamshire, UK) for buffer exchange to PBS before use. The
buffer-exchanged WCE, rDer p 1, and rDer f 1 were pre-incubated
with 5 mM L-cysteine. In some experiments, the stimulants were
pretreated with E-64 and/or AEBSF. After establishing a stable
baseline, each of the enzymes or peptide was added to the loaded
cells in the cuvettes.
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Peptide cleavage analysis

A peptide corresponding to residues 32-45 in the human PAR-2
sequence (200 pM) was synthesized by a peptide synthesizer and
purified. The peptide was incubated with rDer f 1 (50 nM) and
trypsin (5 nM) as a control, which is known to cleave PAR-2 at the
activating site, in PBS at 37°C for 30, 60, 120 and 240 min. A 5 mM
rDer f 1 was pre-activated with 5 mM L-cysteine and added to the
reaction (1/100 dilution). The peak fractions were subjected to
N-terminal sequencing and mass spectrometry to determine the
sequences of peptides generated.

Results
Protease activity of WCE, rDer f 1, and rDer p 1

We analyzed the protease activity of WCE and recombi-
nant mite group 1 allergens, rDer f 1 and rDer p 1, by
conducting assays using synthetic fluorogenic substrates
and protease inhibitors (Fig. 1). Boc-QAR-MCA and
Boc-QGR-MCA are typical substrates suitable for
measuring mite-derived cysteine and serine protease
activities, respectively (26). The inhibitors, E-64 and
AEBSF, are irreversible class-specific inhibitors for
cysteine and serine proteases, respectively.

Treatment of WCE with L-cysteine resulted in a small
increase in the cleavage of Boc-QAR-MCA, E-64 inhib-
ited the increase (approximately 20% inhibition), and
AEBSF exhibited approximately 80% inhibition of the
cleavage overall (Fig. 1A, upper panel). Cleavage of
Boc-QGR-MCA by WCE was not affected by treatment
with L-cysteine, and AEBSF, but not E-64, inhibited it
almost completely (Fig. 1B, upper panel). Without
treatment with L-cysteine, rDer f 1 and rDer p 1 showed
almost no activity against the two substrates (Fig. 1,
middle and lower panels). When their catalytic thiol
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Figure 1. Protease activity of whole mite culture extract (WCE),
rDer f 1, and rDer p 1. Substrates were Boc-QAR-MCA (A) and
Boc-QGR-MCA (B). Fluorescence intensity relative to that of
rDer f 1 activated with L-cysteine for Boc-QAR-MCA is shown.
Data are representative of two independent experiments.
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residue was regenerated by treatment with L-cysteine,
they showed efficient cleavage of Boc-QAR-MCA
(Fig. 1A, middle and lower panels) but relatively ineffi-
cient cleavage of Boc-QGR-MCA (Fig. 1B, middle and
lower panels), and E-64, but not AEBSF, inhibited the
cleavage completely (Fig. 1, middle and lower four
panels). Thus, WCE exhibited mainly serine protease
activity and minor cysteine protease activity, while rDer
1 and rDer p 1 exhibited cysteine protease activity alone.

WCE, rDer f 1, and rDer p 1 induced release of IL-8 and GM-CSF

WCE (10 pg/ml), rDer f 1 (100 nM) and trypsin (5 and
50 nM) promoted the release of IL-8 (Figs 2 and 3A,
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Figure 2. Release of interleukin (IL)-8 (A) and granulocyte-
macrophage colony-stimulating factor (GM-CSF) (B) from
primary human keratinocytes stimulated with WCE and rDer f
1. Culture supernatants were recovered at 48 h. PAR-2 AP:
agonist peptide of PAR-2. PAR-2 RP: peptide with the reversed
sequence of PAR-2 AP. The data represent the mean + SD for
three wells of culture plates. The significance of the differences
was determined with one-way aANovA and Tukey’s post hoc test.
A value of *P < 0.05 compared with the control (Medium) was
regarded as significant. Data are representative of more than
three independent experiments.
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Figure 3. Time course of release (A) and mRNA levels (B) of IL-8 and GM-CSF in primary human keratinocytes stimulated with
WCE and rDer f 1. In (B), the mRNA level was normalized to the gene expression of glyceraldehyde-3-phosphate dehydrogenase and
changes in gene expression were indicated as fold increases relative to the mean of untreated control wells (Medium) 3 h after the
beginning of stimulation. The data represent the mean = SD for three wells of culture plates. The significance of differences was
determined with one-way ANOvVA and Tukey’s post hoc test. A value of P < 0.05 was regarded as significant. Data are representative of
more than three independent experiments. *P < 0.05 compared with the control (Medium) and the sample with inhibitors among the

three groups at each incubation time. #P < 0.05 compared with the control (Medium) among the six groups.

upper panels) and GM-CSF (Figs 2 and 3A, lower
panels) from primary human keratinocytes. The final
concentrations of L-cysteine were less than 50 pM.
L-cysteine at these concentrations did not affect the
release of IL-8 and GM-CSF (data not shown).

WCE more significantly upregulated the mRNA expressions of IL-8
and GM-CSF than rDer f 1

The expressions of IL-8 and GM-CSF at the transcrip-
tional level were evaluated by real-time quantitative PCR
(Fig. 3B). The WCE and trypsin significantly upregulated
the mRNA expression of IL-8 (Fig. 3B, upper panel) and
GM-CSF (Fig. 3B, lower panel), with a peak at 3 h. In
contrast, rDer f 1 had much less effect on mRNA
expression than WCE and trypsin (Fig. 3B).

Protease activity of WCE, rDer f 1, and rDer p 1 induced release of
IL-8 and GM-CSF

Primary human normal keratinocytes were stimulated in
original basal medium, HuMedia, containing 0.15 mM
CaCl, (Figs 2, 3 and 4A) or calcium-added basal medium
containing 1.35 mM CaCl, (Fig. 4B).

Upregulation of the release of IL-8 and GM-CSF
was inhibited by AEBSF for WCE and trypsin and by
E-64 for rDer f 1 and rDer p 1 (Figs 3A and 4A,B),
and rDer f 1-C35S, a mutant rDer f 1 without protease
activity, exhibited no effect (Fig. 4A,B, left panels).
PAR-2 AP, but not PAR-2 RP, upregulated the
release in the absence or presence of E-64 or AEBSF
(Figs 2 and 4A,B, right panels). In primary keratino-
cytes, IL-8 release in response to mite proteases was

© 2009 John Wiley & Sons A/S Allergy 2009
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Figure 4. Effect of class-specific protease inhibitors on the release of IL-8 from primary human keratinocytes (A and B) and a
human keratinocyte cell line, HaCaT, (C) stimulated with WCE, rDer f 1, and rDer p 1. Culture supernatants were recovered at
48 h. rDer f 1-C35S: a mutant rDer f 1 without protease activity. PAR-2 AP: agonist peptide of PAR-2. PAR-2 RP: peptide with
the reversed sequence of PAR-2 AP. The data represent the mean = SD for three wells of culture plates. The significance of
differences was determined with one-way ANova and Tukey’s post hoc test. A value of *P < 0.05 compared with the control
(Medium) was regarded as significant. Data are representative of more than three independent experiments. Primary KC: primary

human keratinocytes.

higher in keratinocytes stimulated in medium contain-
ing higher Ca®" concentration (Fig. 4B), which induces
differentiation, than in medium containing lower Ca®"
concentration (Fig. 4A). Protease inhibitors inhibited
the upregulation of the mRNA expression of IL-8
(Fig. 3B, upper panel) and GM-CSF (Fig. 3B, lower
panel) by WCE and trypsin. IL-8 release was also
dependent on the serine protease activity of WCE
and the cysteine protease activity of rDer f 1 and rDer

© 2009 John Wiley & Sons A/S Allergy 2009

p 1 in the human keratinocyte cell line, HaCaT

(Fig. 4C).

Protease activity of WCE, but not rDer f 1 and rDer p 1, induced the
mobilization of Ca?*

In the Ca’>" mobilization assay (Fig. 5), keratinocytes
responded to PAR-2 AP (Fig. 5A), trypsin (Fig. 5C), and
WCE (Fig. 5F), but not to PAR-2 RP (Fig. 5B), rDer f 1
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Figure 5. Intracellular Ca®>* mobilization. Detached primary
human keratinocytes were used for the assays. The response was
presented as relative fluorescence intensity at 510 nm (emission)
obtained by excitation at 340 nm to that by excitation at 380 nm.
PAR-2 AP: agonist peptide of PAR-2. PAR-2 RP: peptide with
the reversed sequence of PAR-2 AP. WCE: whole mite culture
extract. Inhibitors: combination of AEBSF and E-64. Data are
representative of more than two independent experiments.

(Fig. 5I), and rDer p 1 (Fig. 5J). On treatment with
protease inhibitors, WCE (Fig. 5G) and trypsin (Fig. 5D)
lost their activity. Prestimulation with WCE (Fig. SH) or
trypsin (Fig. 5SE) diminished the subsequent response to
PAR-2 AP. The WCE (Fig. 5K) but not rDer f | (Fig. 5I)
and rDer p 1 (Fig. 5J) diminished the subsequent
response to trypsin. The results suggest that WCE and
trypsin stimulate keratinocytes through PAR-2 and that
this keratinocyte activation is associated with the serine
protease (Fig. 5SA—H, K). The actions of rDer f 1 and
rDer p 1 on keratinocytes are not related to Ca®”"
mobilization (Fig. 51,7J).

Peptides generated with digestion of a PAR-2 N-terminal peptide
by rDer f 1 did not significantly stimulate release of IL-8

Whether rDer f 1 can cleave a synthetic peptide, which
contains the activating cleavage site of PAR-2, to generate
peptides that promote the release of IL-8 from keratino-
cytes, was examined (Fig. 6). Peptide #1 corresponding to

A Buffer (240 min) C rDerf 1 (50nM, 240 min)
#1: SSKGRSLIGKVDGT #1: SSKGRSLIGKVDGT

» /#5 #4-, SSKGRSL
~ 5. IGKVDGT

B Trypsin (5 nM, 30 min)

# #3  #2: SSKGR
/ #3: SLIGKVDGT #6: SSKGRSLIGK
#6
0 10 20 30 0 10 20 30

Elution time (min) Elution time (min)
—e— SLIGKV-NH2 (PAR-2 AP)
—o0— VKGILS-NH2 (PAR-2 RP)
40007 —+—IGKVDG-NH2 (#7)

Trypsin —»— VDGTSH-NH2 (#8) *

100% __ 3000

32 45 E

SSKGRSLIGKVDGT >
£ 2000

©

8% 2% =|'
rDer f 1 1000

(90% not cleaved)

10 100 1000
Peptide (uM)

Figure 6. Cleavage analysis of a PAR-2 N-terminal peptide by
rDer f 1. (A—C) HPLC for peptides generated by incubation of
Peptide #1 corresponding to residues 32-45 in the human PAR-
2 sequence with buffer (A), trypsin (B) or rDer f 1 (C). In (C),
the vertical scale was changed in the lower panel to visualize
small peaks in the upper panel. (D) Sites of cleavage by trypsin
and rDer f 1. (E) IL-8 release from primary human keratino-
cytes stimulated with synthetic peptides putatively exposed by
cleavage with rDer f 1. Culture supernatants were recovered at
48 h. PAR-2 AP: agonist peptide of PAR-2. PAR-2 RP: peptide
with the reversed sequence of PAR-2 AP. *P < 0.05 compared
with the negative control (PAR-2 RP) by ANOVA. The sequence
of PAR-2 AP is underlined. Data are representative of two
independent experiments.

residues 32-45 in the human PAR-2 sequence was incu-
bated with buffer alone (Fig. 6A), trypsin as a control that
is known to cleave PAR-2 at the activating site (Fig. 6B), or
rDer f 1 (Fig. 6C, upper and lower panels). Cleavage
patterns were analyzed by reverse-phase HPLC and the
sequences of the generated peptides were determined.
Trypsin (5 nM) completely cleaved the peptide at the
PAR-2 activation site within 30 min (Fig. 6B,D). On the
other hand, cleavage by rDer f 1 (50 nM) was inefficient
even at 240 min (Fig. 6C, upper and lower panels) and the
cleavage sites were different from that used by trypsin
(Fig. 6D). The efficiency of cleavage by rDer f 1 at the two
sites was estimated to be approximately 8% and 2%
(Fig. 6C, lower panel, and D). As compared with
PAR-2AP corresponding to 6 residues after the site of
cleavage by trypsin (Fig. 6D,E), two synthesized peptides
corresponding to six residues after the site of cleavage by
rDer f 1 (Fig. 6D,E, Peptide #7 and #8) exhibited no
significant capacity to stimulate the release of IL-8 from
keratinocytes (Fig. 6E).

© 2009 John Wiley & Sons A/S Allergy 2009



Discussion

Considerable cysteine protease activity of the major
group 1 allergens is detected in mite body and fecal
extracts (28, 29). In contrast, serine protease activity is
much more abundant in the fecal than body extract (30,
31). The WCE used in this study was a soluble extract of
whole culture of the house dust mite D. farinae, including
fecal pellets and body fragments, and the extraction was
performed under mild conditions with PBS. We exam-
ined the activation of keratinocytes stimulated with this
WCE having major serine protease activity and minor
cysteine protease activity and compared it with that by
recombinant group 1 allergens with cysteine protease
activity alone (Fig. 1). The concentrations of WCE
(10 pg/ml in Figs 2-4 and 50 pg/ml in Fig. 5) and the
recombinant group 1 allergens (100 nM = 2.5 pg/ml in
Figs 2-4 and 500 nM = 12.5 pg/ml in Fig. 5) used for
stimulation of keratinocytes in the present study are
considered relevant to exposure to house dust mite-
derived particles because mite fecal pellets are known to
contain the group 1 allergen at relatively high concen-
trations (10 mg/ml) (32). The serine protease activity of
WCE induced the release of IL-8, an inflammatory cell-
attracting chemokine, and GM-CSF, which has many
actions relevant to allergic diseases including dendritic-
cell activation (16) (Figs 2, 3A and 4); however, different
patterns of mRNA expression for IL-8 and GM-CSF
(Fig. 3B) and intracellular Ca®" mobilization (Fig. 5)
between WCE and recombinant group 1 allergens, and
cleavage analysis of an N-terminal peptide of PAR-2
(Fig. 6) suggested that mite serine and cysteine proteases
stimulate keratinocytes, although via different mecha-
nisms, i.e. a PAR-2-dependent mechanism and another
mechanism, respectively.

Serine proteases cleave the N-terminal peptide of each
PAR and a newly exposed N-terminus, termed a ‘tethered’
ligand, interacts with residues within the remaining
receptor, resulting in activation (33). Synthetic peptides
based on the sequence of the tethered ligand can also bind
to and activate the receptor. Among the four PARs
identified to date, PAR-2 in particular has been implicated
in the development of inflammatory reactions including
allergies. Mite serine proteases, Der p 3 and Der p 9,
activate PAR-2 in an airway epithelial cell line, A549 (13).
In the present study, mite-derived serine protease activities
within WCE activated keratinocytes to upregulate the
expression of IL-8 and GM-CSF at the protein (Figs 2, 3A
and 4) and mRNA levels (Fig. 3B) and to induce the
intracellular mobilization of Ca*>" via the PAR-2 pathway
(Fig. 5), similarly to PAR-2 agonists, PAR-2 AP and
trypsin. This is the first demonstration that mite-derived
serine protease activity activates keratinocytes and offers
the first evidence supporting the hypothesis that mite
serine proteases contribute to sensitization through the
skin and/or the pathogenesis of AD by activating kerat-
inocytes, which was not included in a previous paper (22).
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This discrepancy between our results and this paper (22)
might arise from differences in the preparation of the mite
extract, conditions of cell culture and stimulation, kerat-
inocytes used for experiments, expression levels of the
protease inhibitors, and so on.

Some preparations of natural mite group 1 allergens
contain traces of serine protease activity because of
contamination by mite serine proteases (15, 26); therefore,
recombinant mite group 1 allergens rDer f 1 and rDer p 1,
which exclusively exhibit cysteine protease activity (24,
26), are useful for accurate analysis of the pathogenicity of
their cysteine protease activity (3, 20, 21), which are
distinct from those of mite serine proteases. rDer f 1 had
much less of an effect on the mRNA expression than WCE
(Fig. 3B) and, in the Ca®" mobilization assay, rDer f 1
(Fig. 51) and rDer p 1 (Fig. 5J) did not activate keratino-
cytes and did not diminish the subsequent response of
keratinocytes to trypsin. rDer f 1 inefficiently cleaved an
N-terminal peptide of PAR-2 at different sites from the
activation-cleavage site used by trypsin (Fig. 6C, lower
panel, and D), but the 6-residue peptides beginning from
the site of cleavage by rDer f 1 (Fig. 6D,E, Peptides #7 and
#8) had no capacity to stimulate IL-8 release (Fig. 6E).
The results suggest that the cysteine protease activity of
mite group 1 allergens stimulates keratinocytes to release
IL-8 and GM-CSF, although via a different mechanism
from mite serine proteases.

Sun et al. (13) demonstrated that Der p 3 and Der p 9
cleave an N-terminal peptide of PAR-2 at the activation-
cleavage site and induce the mobilization of Ca®" via the
activation of PAR-2 in a human airway epithelial cell
line, A549, and the release of GM-CSF and eotaxin.
Recently, Adam et al. (34) demonstrated greater upreg-
ulation of IL-8 mRNA expression in A549 cells stimu-
lated with Der p 3 than Der p 1, the mobilization of
Ca’" by Der p 3 but not Der p 1 in rat PAR-2-
transfected KNRK rat kidney cells, and the cleavage of a
synthetic N-terminal peptide of rat PAR-2 at different
sites from trypsin by Der p 1. Our results in keratinocytes
or using human PAR-2 peptides are consistent with their
results in airway epithelial cells (13, 34) or using rat
PAR-2 peptides (34).

Skin barrier dysfunction is a major manifestation of
atopic dermatitis and its involvement in the pathogenesis
has been reported (35-37). Barrier disturbance by
genetically determined barrier defects (37-39), that by
detergents (40) or proteases allergens (8, 9, 12, 41), or
their combination might increase the risk of sensitization
to allergens toward IgE production and contribute to the
development and/or exacerbation of atopic dermatitis.
Mite cysteine and serine proteases degrade epithelial
tight junction proteins (8, 12) and we recently demon-
strated that cysteine protease activity of rDer f 1 with
yeast-derived hyperglycosylation caused a reduction in
the barrier function of the skin in nude mice (9). Jeong
et al. (41) have reported that cockroach and mite
extracts delay epidermal permeability barrier recovery
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when topically applied to barrier-disrupted sites on
mouse and human skin and that, at least for the
cockroach extract, its serine protease activity was
responsible for the effect. Skin barrier disruption by
genetic or environmental factors is considered to facil-
itate the interaction between keratinocytes and house
dust particles containing mite fecal pellets and body
fragments with protease activity (28-31); therefore, our
results suggest that mite serine and cysteine proteases
activate KCs to upregulate the release of IL-8, GM-CSF,
and possibly other molecules, which attract and/or
activate inflammatory cells and antigen-presenting cells,
and the possible role of mite proteases in the initiation of
sensitization through the skin and pathogenesis of atopic
dermatitis. Furthermore, mite-derived protease activity
could activate inflammatory cells, which were attracted
to the mite protease-exposed epidermis. An IgE-inde-
pendent activation of mast cells and basophils has been
reported (42). Cysteine protease activity of Der f 1 and
papain, which is homologous to mite group 1 allergens,
induces the degranulation of ecosinophils (43), and
Fujisawa et al. (44) have reported that mite extract
induced eosinophils to express IL-9 and this was
inhibited by a serine protease-specific inhibitor. Interest-
ingly, the cysteine protease activity of our recombinant
mite group 1 allergens crucially commits to the sensiti-
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