Original Paper

International Archives of

Allergy...
Immunology

Int Arch Allergy Immunol 2008;146:27-35
DOI: 10.1159/000112500

Received: June 5, 2007
Accepted after revision: September 5, 2007
Published online: December 14, 2007

Upregulation of the Release of Granulocyte-
Macrophage Colony-Stimulating Factor from
Keratinocytes Stimulated with Cysteine Protease
Activity of Recombinant Major Mite Allergens,

Derf1andDerp 1

Takasuke Ogawa®® Toshiro Takai® Takeshi Kato? Yuko Kikuchi® P
Francois Niyonsaba® Shigaku lkeda® Ko Okumura®¢ Hideoki Ogawa? °

2Atopy (Allergy) Research Center, and Departments of ?Dermatology and {iImmunology, Juntendo University

School of Medicine, Tokyo, Japan

Key Words

Keratinocytes - Cystatin A - Granulocyte-macrophage
colony-stimulating factor - Recombinant allergens - House
dust mite - Derf 1 - Der p 1 - Cysteine protease

Abstract

Background: Although exposure to mite allergens is an im-
portant risk factor for the production of IgE and is associated
with various allergic diseases, there has been uncertainty as
to the route of exposure by which sensitization occurs. Cys-
tatin A is a skin-derived dominant inhibitor against proteo-
lytic activity of major mite allergens, Der f 1 and Der p 1, and
blocks the upregulation of IL-8 release from human keratino-
cytes stimulated with the allergens. We analyzed whether
the stimulation of keratinocytes with the allergens upregu-
lates the release of granulocyte-macrophage colony-stimu-
lating factor (GM-CSF), which has many actions relevant to
allergicdiseasesincluding atopic dermatitis, and if so, wheth-
er cystatin A can block this process. Methods: Normal hu-
man keratinocytes and the human keratinocyte cell line Ha-
CaT were stimulated with recombinant group 1 allergens in
the absence or presence of cystatin A. Results: Stimulation
with the recombinant allergens upregulated the release of

GM-CSF from normal human keratinocytes in a culture with
high calcium concentration and HaCaT cells, which could be
inhibited by the addition of cystatin A. The allergens exhibit-
ing proteolytic activity did not digest cystatin A. Proteolytic
activity of recombinant Der f 1 was partially regenerated af-
ter incubation with keratinocytes even without preactiva-
tion by L-cysteine. Conclusion: Proteolytic activity of recom-
binant Der f 1 and Der p 1 upregulates GM-CSF and IL-8
release from keratinocytes in vitro, suggesting possible con-
tributions to sensitization through the skin and the perpetu-
ation of atopic dermatitis, as well as a homeostatic role for
cystatin A against inflammation of the skin.

Copyright © 2007 S. Karger AG, Basel

Introduction

Exposure to house dust mite allergens is an important
risk factor for the production of IgE and is associated with
allergic diseases such as asthma, rhinitis and atopic der-
matitis (AD) [1-3]. House dust mite group 1 allergens,
Der f 1 from Dermatophagoides farinae and Der p 1 from
Dermatophagoides pteronyssinus, are major allergens be-
longing to the papain-like cysteine protease family [4].
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Their proteolytic activity has been suggested to be in-
volved in the pathogenesis of allergies by facilitating the
passage of their own and other allergens across the epi-
thelium and skin [5-7], cleaving and/or interacting with
cell surface molecules and intrinsic protease inhibitors
and modulating the functions of various cells [8-15]. The
cysteine protease activity is inactivated by oxidation of
the catalytic thiol group of mite group 1 allergens during
storage or purification but can be regenerated by treat-
ment with reducing reagents such as dithiothreitol (DTT),
L-cysteine, glutathione and others. Although Herbert et
al. [5] speculated that Der p 1 could be activated by reduc-
tion with glutathione present in airway tissue on the basis
of their in vitro results, where and how cysteine protease
activity of the mite group 1 allergens can be activated in
vivo is unclear.

Using a yeast expression system, we succeeded in the
preparation of recombinant forms of Der p 1 (rDer pl)
and Der f 1 (rDer f 1), which are similar to their natural
counterparts in allergenicity and show a similar substrate
specificity for cysteine protease activity to the natural
types [16-19]. They show cysteine but no serine protease
activity, which was often reported to be detected in natu-
ral types purified from mite culture extract possibly due
to contamination of mite-derived serine proteases [18].
Recombinant forms without yeast-derived hyperglyco-
sylation exhibit similar molecular sizes and secondary
structures to their natural types [17, 19]. Like the natural
Der p 1, they also cleave human CD23, CD25 and «;-an-
titrypsin and elicit IgE production in mice [11, 20, 21],
and the stimulation of human keratinocytes upregulates
the release of IL-8 [15]. The proteolytic activity of rDer f
1 with yeast-derived hyperglycosylation caused a reduc-
tion in the barrier function of the skin in nude mice [7].

Cystatin A, which is also called ‘stefin A’, is a skin-de-
rived dominant inhibitor against the cysteine protease
activity of Der p 1 and Der f 1 and blocks the upregula-
tion of IL-8 release from keratinocytes stimulated with
rDer p 1 and rDer f 1 [15]. Very recently, a significant as-
sociation of a cystatin A genotype with AD has been re-
ported [22]. Thus, a system including activation and sup-
pression of keratinocyte response against mite cysteine
proteases exists in the skin. Analysis of interactions be-
tween environmental and genetic factors such as those
between protease allergens and their endogenous inhibi-
tors is important to elucidate the pathogenesis of allergic
diseases and to prevent their development [23-25].

In airway epithelial cells, cysteine protease activity
of Der p 1 has been reported to upregulate the release
of granulocyte-macrophage colony-stimulating factor
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(GM-CSF) along with IL-8 [12]. GM-CSF has many ac-
tions relevant to allergic inflammation including AD [26,
27]. In this study, we analyzed whether the stimulation of
keratinocytes with the proteolytic activity of rDer f 1 and
rDer p 1 upregulates the release of GM-CSF, and if so,
whether cystatin A can block this process.

Materials and Methods

Der f 1, Der p 1 and Cystatin A

rDer f1and rDer p 1 without yeast-derived hyperglycosylation
(Der f 1-N53Q and Der p 1-N52Q) were prepared as described
previously [17, 19, 28]. Recombinant human cystatin A was pur-
chased from R&D Systems (Minneapolis, Minn., USA). Human
sweat-derived cystatin A was purified as described [15].

Stimulation of Keratinocytes

Normal human keratinocytes (Cascade Biologics, Portland,
Oreg., USA) were cultured in HuMedia-KG2 (0.15 mM CaCl,) or
EpiLife-KG2 (0.06 mM CaCl,; Kurabo Industries, Osaka, Japan)
supplemented with 0.1 ng/ml epidermal growth factor, 10 ug/ml
insulin, 0.5 wg/ml hydrocortisone, 50 pg/ml gentamycin, 50 ng/
ml amphotericin B, and 0.4% vol/vol bovine brain pituitary ex-
tract. Cells of the human keratinocyte cell line HaCaT were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma, St.
Louis, Mo., USA) supplemented with 10% FCS and antibiotics.
They were stimulated with rDer f 1, rDer p 1 and an agonist pep-
tide of the human protease-activated receptor 2 (PAR-2; Bachem,
Bubendorf, Switzerland) in basal media without the supplements,
as previously described [15]. The cells were incubated for 24 or
48 h, and the supernatants were collected and subjected to ELISA
to measure released cytokines including GM-CSF and IL-8 using
kits (DuoSet; R&D Systems).

Proteolytic Activity

Proteolytic activity was measured as described previously [18],
with some modifications, as indicated in the figure legends. Time
courses of digestion of a fluorogenic substrate, butyloxycarbonyl-
GIn-Ala-Arg-MCA (Peptide Institute, Osaka, Japan), were moni-
tored.

SDS-PAGE Analysis

The recombinant group 1 allergens were activated with L-cys-
teine as described previously [20]. Activated rDer f 1 and rDer
p 1 at 400 nM were added to 100 nM human sweat cystatin A or
200 nM human oy-antitrypsin as a positive control in reaction
buffer composed of 50 mM sodium phosphate buffer (pH 7.0) con-
taining 1 mM EDTA. Unactivated rDer f 1 and rDer p 1 were used
as controls. After incubation for 2 h at 37°C, the samples were
subjected to SDS-PAGE.

Statistical Analysis

Group data were statistically analyzed with Prism version 4.0
(GraphPad, San Diego, Calif., USA). The unpaired Student’s t test
(two-tailed) or the Tukey post hoc test followed by a one-way
ANOVA was used to evaluate the significance of differences. A
p value <0.05 was regarded as statistically significant.
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Results

Release of IL-8 from Keratinocytes Stimulated with

rDer f 1

The dose and time dependency of the release of IL-8
from keratinocytes stimulated with activated rDer f 1 was
analyzed (fig. 1). Cysteine protease activity of rDer f 1 was
regenerated by pretreatment with L-cysteine. The release
from HaCaT cells and primary cultured normal human
keratinocytes was upregulated by 100 nM of rDer f 1 in
the supernatants collected at 24 and 48 h after stimula-
tion. The concentration of IL-8 released was higher at 48
than at 24 h.

Release of GM-CSF and IL-8 from Keratinocytes

Stimulated with rDer p 1 and rDer f 1 and Its

Inhibition by Cystatin A

Recombinant cystatin A dose-dependently inhibited
the protease activity of rDer p 1 and rDer {1 (fig. 2a). Ha-
CaT cells released more GM-CSF and IL-8 on stimulation
with activated rDer p 1 and rDer f 1 at 100 nM after 48 h
than unstimulated cells, and the addition of an equimo-
lar amount of cystatin A blocked this process (fig. 2b). At
alow calcium concentration, the release of IL-8 from nor-
mal human keratinocytes was upregulated on stimula-
tion with rDer p 1 and rDer f 1 at 100 or 200 nM at 48 h,
inhibited by the addition of cystatin A in an equimolar
amount, while the release of GM-CSF was not upregu-
lated (fig. 2¢). At a high calcium concentration, release of
both GM-CSF and IL-8 from normal human keratino-
cytes was upregulated, blocked by the addition of cystatin
A (fig. 2d). The release of GM-CSF upregulated by the
stimulation with rDer p 1 and rDer f 1 was greater in nor-
mal human keratinocytes than in HaCaT cells (fig. 2b, d,
left panels). The values of GM-CSF and IL-8 on stimula-
tion with an agonist peptide of PAR-2 as a positive control
were not affected by the addition of cystatin A, indicating
the blocking effect by cystatin A to be specific to the pro-
teolytic activity of rDer p 1 and rDer f 1.

Cystatin A Was Not Digested by the Proteolytic

Activity of rDer p 1 and rDer f 1

The stability of cystatin A on exposure to the proteo-
lytic activity of rDer p 1 and rDer f 1 was evaluated by
SDS-PAGE. Sweat-derived cystatin A was stable even
though it interacted with active rDer p 1 or rDer f 1
(fig. 3). Under the same conditions in the presence of L-
cysteine, they cleaved «;-antitrypsin, as reported previ-
ously [20].

Der f 1 and Der p 1 Upregulate GM-CSF
Release from Keratinocytes
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Fig. 1. Dose and time dependency of IL-8 release from keratino-
cytes stimulated with rDer f 1. a Human keratinocyte cell line
HaCaT. b Primary cultured normal human keratinocytes (KC).
Cysteine protease activity of rDer f 1 was activated with L-cysteine
prior to stimulation of the cells. Basal media of DMEM and Hu-
Media-KG2 were used for the stimulation of HaCaT and normal
human keratinocytes, respectively. The culture supernatants col-
lected 24 or 48 h after the beginning of the stimulation were as-
sayed. Each point corresponds to the value for each well. Results
for 3 wells are shown. Bars indicate means. * p <0.05, ** p < 0.01
and *** p < 0.001 compared with the control (medium) by un-
paired t test (two-tailed).

rDer f 1 with or without Pretreatment with L-Cysteine

Upregulated the Release of IL-8 and GM-CSF

Whether regeneration of cysteine protease activity by
pretreatment with L-cysteine prior to the stimulation of
keratinocytes is essential to the upregulation of the re-
lease of the proinflammatory cytokines was analyzed.
With or without the pretreatment with L-cysteine, rDer f
1 upregulated the release of IL-8 (fig. 4) and GM-CSF
(fig. 5¢) from normal human keratinocytes.
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Fig. 3. Cystatin A was not digested by rDer p 1 and rDer f 1. The
allergens were incubated in a buffer with or without L-cysteine
prior to the reaction. Bands for rDer p 1, rDer f 1 and sweat-de-
rived cystatin A are indicated by arrows. The gel after SDS-PAGE
under nonreducing conditions was stained with silver (Silver
Stain IT kit; Wako, Osaka, Japan).

Proteolytic Activity of rDer f 1 in Culture Media before

and after Incubation with Keratinocytes

Just after dilution in the basal media, unactivated rDer
f 1 showed almost no proteolytic activity, and rDer f 1 ac-
tivated with L-cysteine showed lower activity compared
with rDer f 1, which was kept active by DTT during the
protease assay (fig. 5a).

Culture supernatants recovered 36 h after the begin-
ning of the stimulation of normal keratinocytes showed
proteolytic activity (fig. 5b, upper panel), although the ac-
tivity was lower (1/100 or less) compared with those kept
active by DTT during the protease assay (fig. 5b, lower
panel). The activity was similar between unactivated rDer
f1and rDer f1 activated with L-cysteine prior to the stim-
ulation (fig. 5b, upper panel) and was eliminated by addi-
tion of fresh cystatin A in the protease assay (unpublished
data). Keratinocytes were detached from the bottom of
the culture plate at 400 nM of rDer f 1 with or without
pretreatment with L-cysteine but not at 100 nM (unpub-
lished data). Addition of cystatin A to the stimulation kept
the proteolytic activity inactive (fig. 5b, upper panel, cys-
tatin A+), even in the presence of DTT during the protease
assay (fig.5b, lower panel, cystatin A+), and inhibited the
upregulation of GM-CSF release (fig. 5¢, cystatin A+).

Der f 1 and Der p 1 Upregulate GM-CSF
Release from Keratinocytes
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Fig. 4. rDer f 1 with or without preactivation with L-cysteine up-
regulated IL-8 release from primary cultured normal human ke-
ratinocytes. rDer f 1 were activated with L-cysteine (+) or unacti-
vated (-) prior to stimulation of the cells. Basal medium of Hu-
Media-KG2 wasused for the stimulation. The culture supernatants
collected 24 h after the beginning of the stimulation were assayed.
Final concentrations of rDer f 1 were indicated. Each point cor-
responds to the value for each well. Results for 3 or 4 wells are
shown. Bars indicate means. * p<0.01 and ** p<0.001 compared
with the negative control by the Tukey post hoc test followed by
one-way ANOVA. n.s. = Not significantly different (p > 0.05) be-
tween groups stimulated with rDer f 1 with and without pretreat-
ment with L-cysteine compared by unpaired t test (two-tailed).

Discussion

Although exposure to mite allergens is an important
risk factor for the production of IgE and is associated with
various allergic diseases, there has been uncertainty as to
the route of exposure by which sensitization occurs. We
demonstrated that stimulation of keratinocytes with the
proteolytic activity of rDer f 1 and rDer p 1 upregulates
the release of GM-CSF along with IL-8 (fig. 1, 2, 4, 5c¢),
and cystatin A, which is the skin-derived dominant and
stable inhibitor against the proteolytic activity of the al-
lergens (fig. 2a, 3, 5b), can block this process (fig. 2, 5¢).
rDer f 1 with or without pretreatment with L-cysteine up-
regulated the release of proinflammatory cytokines
(fig. 4, 5¢), and cysteine protease activity of unactivated
rDer f 1 was partially regenerated after incubation with
keratinocytes (fig. 5b). These results suggest the impor-
tance of the proteolytic activity of mite group 1 allergens
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in sensitization through the skin, a homeostatic role for
cystatin A, and that the catalytic thiol group of the cyste-
ine protease allergens, which was oxidized during storage
or purification, could be regenerated by interaction with
the cells or components in the culture supernatant.
GM-CSF has many actions relevant to allergic diseas-
es such as AD. A recent hypothesis is that lesional up-
regulation of GM-CSF contributes to the maintenance of
the chronic inflammatory process in AD primarily by
enhancing the antigen-processing capacity of Langer-
hans and dendritic cells [26]. We have reported that the
proteolytic activity of rDer f 1 with yeast-derived hyper-
glycosylation causes a reduction in barrier function of the
skin in nude mice [7]. Taken together, the cysteine prote-
ase activity of the mite group 1 allergens might be in-
volved in sensitization through the skin by reducing the
barrier function of the skin and providing a portal of en-
try for allergens and irritants, and by subsequently stim-
ulating keratinocytes to upregulate the release of GM-

Fig. 5. Proteolytic activity of rDer f 1 in the cell culture media be-
fore and after incubation with primary cultured normal human
keratinocytes. a Proteolytic activity of rDer f 1 in fresh basal me-
dia. The reaction was started with diluting rDer f 1 unactivated
or activated with 5 mM L-cysteine in phosphate-buffered saline
(PBS, pH 7.4) or in the basal media (HuMedia-KG2, EpiLife-KG2
and DMEM) containing a fluorogenic substrate, butyloxycarbon-
yl-Gln-Ala-Arg-MCA, with or without DTT (1/10 dilution). Time
courses of digestion of the substrate were measured on a fluorom-
eter (SpectraMAX GeminiEM; Molecular Devices, Sunnyvale,
Calif., USA). Fluorescence intensities at 60 min are shown. Final
concentrations of rDer f 1, L-cysteine, DTT and the substrate
in the protease assay were 100 nM, 0.5, 1 and 0.1 mM, respectively.
b Proteolytic activity within culture supernatants 36 h after the
beginning of the stimulation of normal keratinocytes. The cells
were stimulated with rDer f 1 unactivated or activated with L-cys-
teine in the absence or presence of recombinant cystatin A. Basal
medium of EpiLife-KG2 was used for the stimulation. The reac-
tion was started with diluting culture supernatants in PBS con-
taining the substrate with or without DTT (1/2 dilution). Fluores-
cence intensities at 60 min are shown. The vertical scale is differ-
ent between the upper and lower panels. Concentrations of rDer
f 1 in the stimulation are indicated (400 and 100 nM) and corre-
spond to 200 and 50 nM in the protease assay, respectively. The
concentration of cystatin A in the stimulation was 200 nM. Con-
centrations of DTT and the substrate in the protease assay were
1 and 0.05 mM, respectively. ¢ GM-CSF release from normal ke-
ratinocytes. The culture supernatants collected 48 h after the be-
ginning of the stimulation were assayed. Each point corresponds
to the value for each well. Results for 3 wells are shown. Bars in-
dicate means. * p < 0.05, ** p < 0.01 and *** p < 0.001 compared
with controls by the Tukey post hoc test followed by one-way
ANOVA.
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CSF and IL-8, which could contribute to the initiation
and perpetuation of cutaneous inflammation in the mi-
croenvironment. Calcium concentration, which is an im-
portant factor for differentiation of keratinocytes, seems
important in the response of keratinocytes (fig. 2¢, d);
however, the release of GM-CSF was upregulated at a low
calcium concentration in some experiments (fig. 5c and
unpublished observations), suggesting that conditions
such as cell density and stage of differentiation affect the
susceptibility of the cells to stimulation.

Where and how the cysteine protease activity of the
mite group 1 allergens can be activated in vivo is still un-
clear, although Herbert et al. [5] speculated that Der p 1
could be activated by reduction with glutathione present
in airway tissue on the basis of their in vitro results. In-
terestingly, unactivated rDer f 1 could upregulate the re-
lease of proinflammatory cytokines (fig. 4, 5¢). Its cyste-
ine protease activity was partially regenerated after incu-
bation with keratinocytes (fig. 5b) and capable to cause
cell detachment at 400 nM of rDer f 1 (unpublished data).
Cystatin A inhibited the upregulation of GM-CSF release
from keratinocytes stimulated with the unactivated rDer
f1 (fig. 5¢). These results suggest that oxidized catalytic
cysteine residue of the mite group 1 allergens could be
reduced by interaction with the cells or components in
the culture supernatant including cell-derived factors

Der f 1 and Der p 1 Upregulate GM-CSF
Release from Keratinocytes

and that cysteine protease activity regenerated after incu-
bation with the cells stimulates the keratinocytes.

Cystatin A was stable (fig. 3) even though it interacted
with active rDer p 1 or rDer f 1 (fig. 2a), which can be ex-
plained by the high-affinity binding of this inhibitor to
the cysteine protease and by the finding that the N-ter-
minal hook of cystatin family inhibitors binds to part of
the substrate-binding cleft of cysteine proteases in a sub-
strate-like manner but then turns away from the active
site, preventing proteolytic processing [29]. The stability
of cystatin A is considered to contribute to a homeostatic
role of cystatin A against skin inflammation. Indeed, the
cystatin A content is reported to have decreased in the
lesional skin of patients with AD [30], and very recently,
Vasilopoulos et al. [22] found a significant association of
a cystatin A genotype, in which mRNA of cystatin A is
unstable, with AD. Thus, a decrease in cystatin A by non-
genetic [30] or genetic factors [22] could increase the risk
of sensitization through the skin and the perpetuation of
AD. The physical barrier dysfunction is a major manifes-
tation of AD, and its involvement with the pathogenesis
hasbeen reported (fig. 6a) [25, 31, 32]. Adding to this con-
ventional concept, protease inhibitors such as cystatin A
could function as a biochemical skin barrier to prevent
the activation of keratinocytes by environmental prote-
ase allergens (fig. 6b).
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Analysis of interactions between environmental and

genetic factors such as those between protease allergens

and their inhibitors is important to elucidate the patho-
genesis of allergic diseases and to prevent their develop-
ment [23-25]. Proteolytic activity of rDer f 1 and rDer p 1
upregulates GM-CSF and IL-8 release from kerationo-
cytes in vitro, suggesting possible contributions to sensi-
tization through the skin and the perpetuation of AD, as

T.T.).

well as a homeostatic role for cystatin A against inflam-
mation of the skin. An analysis of the mechanism of stim-
ulation of keratinocytes with Der f 1 and Der p 1 should
be addressed in a future study.

—
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