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Abstract
Background: Even in subjects who are not sensitized to 
house dust mite (HDM), allergic symptoms can be aggravat-
ed by exposure to dust, suggesting that innate immune re-
sponses may be involved in these processes. Since eosino-
phils express pattern recognition receptors, HDM may di-
rectly upregulate eosinophil functions through these re- 
ceptors. The objective of this study was to examine whether 
Dermatophagoides farinae (Df), a representative HDM, or Der 
f 1, a major allergen of Df, modifies the effector functions of 
eosinophils. Methods: Eosinophils isolated from the blood 
of healthy donors or allergic patients were stimulated with 
Df extract or Der f 1, and their adhesion to recombinant hu-
man intercellular adhesion molecule (ICAM)-1 was mea-
sured using eosinophil peroxidase assays. Generation of the 
eosinophil superoxide anion (O2

–) was examined based on 
the superoxide dismutase-inhibitable reduction of cyto-
chrome C. Eosinophil-derived neurotoxin (EDN) concentra-
tions in cell media were measured by ELISA as a marker of 
degranulation. Results: Df extract or Der f 1 directly induced 

eosinophil adhesion to ICAM-1, O2
– generation, and EDN re-

lease. Anti-αM- or anti-β2-integrin antibodies or protease-
activated receptor (PAR)-2 antagonists suppressed the eo-
sinophil adhesion, O2

– generation, and EDN release induced 
by Df extract or Der f 1. Eosinophils from allergic patients 
showed higher adhesion to ICAM-1 than those from healthy 
donors. Conclusions: These findings suggested that Df ex-
tract and Der f 1 directly activate eosinophil functions 
through αMβ2-integrin and PAR-2. Eosinophil activation by 
HDM may play roles in the aggravation of allergic symptoms, 
not only in HDM-sensitized patients, but also in nonsensi-
tized patients. © 2019 S. Karger AG, Basel

Introduction

Bronchial asthma is characterized by airway inflam-
mation, reversible airway obstruction, and airway hyper-
responsiveness [1]. Although a variety of cells are in-
volved in the process of airway inflammation of asthma, 
eosinophils play important roles in its pathophysiology 
through the release of a variety of inflammatory media-
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tors including their specific granule proteins, cysteinyl 
leukotrienes, reactive oxygen species, and cytokines [2, 
3].

The house dust mite (HDM) is a significant cause of al-
lergic disease such as bronchial asthma or allergic rhinitis 
[4]. Dermatophagoides farinae (Df)/Dermatophagoides 
pteronyssinus (Dp) is an important HDM, and Der f 1/Der 
p 1 is a major allergen of Df/Dp [4–6]. HDM plays an im-
portant role in the development of allergic sensitization and 
disease [7–9]. For example, high exposure to HDM increas-
es the possibility of HDM sensitization [7, 8]. Furthermore, 
in the case of sensitized patients, allergen exposure induces 
allergic symptoms through degranulation of mast cells or 
basophils by immunoglobulin (Ig) E cross-linking and sub-
sequent T-cell activation. However, clinically, it has been 
found that HDM or pollen exposure induces allergic symp-
toms even in nonsensitized subjects [10, 11]. Although the 
mechanism of action of this phenomenon has not been ful-
ly clarified, one possibility is that innate immune responses 
may be involved in the development of allergic inflamma-
tion in a nonspecific manner.

Eosinophils express pattern recognition receptors 
such as Toll-like receptors (TLRs) and protease-activated 
receptors (PARs) [4, 12]. PARs are receptors that are ac-
tivated by proteolytic cleavage of their extracellular N ter-
minus by a protease. PAR-2 is a PAR that has been asso-
ciated with inflammatory response to infection and mi-
crobial proteases [4]. As HDM has protease activity, 
several reports have suggested the involvement of PAR-2 
in the HDM-induced immune response [4, 13–20]. How-
ever, the effect of HDM on eosinophil functions and its 
mechanism of action have not been fully elucidated.

In this study, we investigated whether Df extract or 
Der f 1 could directly modify eosinophilic functions. We 
found that Df extract and Der f 1 induced eosinophil ad-
hesion, superoxide anion (O2

–) generation and degranu-
lation. These effects were mediated by the αMβ2-integrin 
and partly by PAR-2. Therefore, direct eosinophil activa-
tion by HDM may play roles in the induction or aggrava-
tion of allergic symptoms.

Material and Methods

Preparation of Eosinophils and Df
Eosinophils were isolated from peripheral blood collected from 

nonallergic healthy volunteers with a peripheral blood differential 
eosinophil count of < 5%. Healthy volunteers were defined as sub-
jects with no history of allergic disease such as asthma or rhinitis 
and no symptoms such as coughing or sneezing associated with 
allergic disease. We measured allergen-specific IgE antibodies 
(Abs), and no subject had specific IgE Abs to environmental aller-

gens such as HDM (Df/Dp), molds, or Japanese cedar pollen. In 
selected experiments, we collected eosinophils from allergic sub-
jects who have perennial or seasonal allergic rhinitis without tak-
ing any medication. We confirmed that all allergic subjects had 
serum IgE Abs specific for either HDM (Df/Dp) or Japanese cedar 
pollen. The numbers of males and females were comparable among 
the donors. This study was approval by the Ethical Committee of 
Saitama Medical University, and written informed consent was 
obtained before collection of each blood sample. Eosinophils were 
isolated by the combination of Percoll density gradient centrifuga-
tion and negative selection using anti-CD16 Ab-coated magnetic 
beads (Miltenyi Biotec, Auburn, CA, USA), as previously de-
scribed [21–26]. Over 98% of the cells were eosinophils, as deter-
mined by morphological criteria using May-Grünwald-Giemsa 
staining. Eosinophil viability was > 99%, as determined by Trypan 
blue dye exclusion. Eosinophils were resuspended in Hanks’ bal-
anced salt solution (HBSS) supplemented with gelatin to a final 
concentration of 0.1% (HBSS/gel).

Df was collected and a dried extract prepared as described pre-
viously [27]. Concentrations of Der f 1 and Der f 2 were 4.8 μg/mg 
extract and 4.0 μg/mg extract, respectively [27]. We measured li-
popolysaccharide (LPS) concentrations of Df extract by using an 
endotoxin-specific chromogenic Limulus test (Endospecy test, 
Seikagaku Corporation, Tokyo, Japan) in this study and found that 
the LPS concentration of Df extract at 1,000 ng/mL was 10.7 ± 0.9 
pg/mL (n = 8). We confirmed that LPS at 10–1,000 pg/mL did not 
activate eosinophil functions including adhesion or O2

– genera-
tion (data not shown). Der f 1, purified from mite culture by affin-
ity chromatography, was obtained from Indoor Biotechnologies 
Inc. (Charlottesville, VA, USA).

Eosinophil Adhesion
The effect of Df extract or Der f 1 on eosinophil adhesion to 

recombinant human (rh) intercellular adhesion molecule (ICAM)-
1-coated plates was assessed based on the residual eosinophil per-
oxidase activity of adherent eosinophils, as previously described 
[21–26]. Briefly, eosinophils (100 μL of 1 × 105 cells/mL in HBSS/
gel) from nonallergic volunteers or allergic subjects were incubat-
ed in the presence or absence of Df extract (10–1,000 ng/mL) or 
Der f 1 (10–1,000 pg/mL) in rh-ICAM-1-coated plates (10 μg/mL; 
R&D Systems, Minneapolis, MN, USA) at 37  ° C for 20 min. Cor-
responding control wells were coated with HBSS/gel. The plates 
were washed with HBSS and 100 μL of HBSS/gel was then added 
to the wells. Standards that were comprised of 100 μL of serially 
diluted cell suspensions (1 × 103, 3 × 103, 1 × 104, 3 × 104, and 1 × 
105 cells/mL) were added to the empty wells. The eosinophil per-
oxidase  substrate (1 mM o-phenylenediamine, 1 mM H2O2, and 
0.1% Triton X-100 in Tris buffer, pH 8.0) was then added to all 
wells, and the plates were incubated for 30 min at room tempera-
ture. The reaction was stopped by adding 20 μL of 4 M H2SO4, and 
absorbance was measured at 490 nm. In some experiments, sus-
pended eosinophils were preincubated with mouse IgG1 (3 μg/mL; 
clone MOPC-21; Becton Dickinson, Franklin Lakes, NJ, USA), 
anti-αM integrin monoclonal (m) Ab (3 μg/mL; clone 2LPM19c; 
Pierce, Rockford, IL, USA), anti-β2-integrin mAb (3 μg/mL; clone 
L130; Becton Dickinson), a cysteine protease inhibitor (100 μM; 
E64, Sigma-Aldrich, St. Louis, MO, USA), a serine protease in-
hibitor (100 μM; AEBSF, Sigma-Aldrich), or a PAR-2 antagonist 
(10 μM FSLLRY-NH2 [28–30], R&D Systems, or 10 μM ENMD-
1068 [31–33], Enzo Life Sciences, Farmingdale, NY, USA) for 15 
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min before addition to the wells. Each experiment was performed 
in quadruplicate using eosinophils from a single donor, and the 
percentage eosinophil adhesion was determined from mean values 
that were calculated from log dose response curves. Eosinophil vi-
ability after incubation was > 98%, as determined by Trypan blue 
dye exclusion.

Eosinophil O2
– Generation

Eosinophil O2
– generation was measured in 96-well ELISA 

plates as previously described based on the superoxide dismutase 
(SOD)-inhibitable reduction of cytochrome C [22–24]. We ini-
tially added SOD (0.2 mg/mL in HBSS/gel; 20 μL) to SOD control 
wells and then HBSS/gel to all wells of rh-ICAM-1-coated plates 
(10 μg/mL) to bring the final volume to 100 μL. The eosinophil 
density was adjusted to 1.25 × 106 cells/mL of HBSS/gel mixed in 
a 4: 1 ratio with cytochrome C (12 mg/mL of HBSS/gel), and 100 
μL of eosinophil suspension was then added to all wells. Immedi-
ately after adding Df extract (100 or 1,000 ng/mL) or Der f 1 (100 
or 1,000 pg/mL) to the eosinophils, the absorbance of the cell sus-
pensions in the wells was measured at 550 nm in an Immuno-Mini 
(NJ-2300; Japan Intermed Co., Tokyo, Japan), followed by repeat-
ed measurements over the next 240 min. In some experiments, 
suspended eosinophils were preincubated with 3 μg/mL of mouse 
IgG1, anti-αM-integrin mAb, anti-β2-integrin mAb, or 10 μM of a 
PAR-2 antagonist (FSLLRY-NH2 or ENMD-1068) for 15 min  
before addition to the wells. Each reaction was evaluated in dupli-
cate against the control reaction in wells containing 20 μg/mL of  
SOD. The results were adjusted for a 1-mL reaction volume, and  
O2

– generation was calculated at an extinction coefficient of  
21.1 mM–1cm–1, as nanomoles of cytochrome C reduced per 1.0 × 
106 cells/mL minus the SOD control. The maximum value ob-
served over the incubation time was determined for evaluation of 
the effects of various factors on eosinophil O2

– generation. Cell vi-
ability, as determined by Trypan blue exclusion at the end of each 
experiment, remained at 95% after a 240-min incubation.

Eosinophil Degranulation
Eosinophils (1 × 106 cells/mL) in 96-well plates were incubated 

for the 240 min that were required for measurement of O2
– gen-

eration and were then immediately centrifuged (1,500 rpm) at 4  ° C 
for 10 min. Recovered cell-free supernatants were measured for 
eosinophil-derived neurotoxin (EDN), as described previously 
[22–24]. Concentrations of EDN were quantified using ELISA kits 
(Medical and Biological Laboratory Co. Ltd., Nagoya, Japan).

Statistical Analysis
Values are expressed as means ± SEM. Results were compared 

using a one-way analysis of variance followed by the Tukey-Kram-
er test when differences were significant, or a paired t test for anal-
ysis of the differences between two groups. Values of p < 0.05 were 
considered statistically significant.

Results

Effect of Df Extract or Der f 1 on Eosinophil Adhesion
We initially examined whether Df extract directly 

modifies eosinophil adhesiveness. We found that Df ex-

tract (100 or 1,000 ng/mL) significantly enhanced the ad-
hesiveness of eosinophils to plastic plates compared with 
controls (data not shown), suggesting that Df extract 
modifies the adhesive interactions of eosinophils. To fur-
ther confirm this hypothesis, we investigated the effect of 
Df extract on eosinophil adhesion to a recombinant adhe-
sion molecule. Eosinophils were stimulated with Df ex-
tract (10–1,000 ng/mL) in the presence of immobilized 
rh-ICAM-1, and eosinophil adhesion was then evaluated. 
Under these conditions, Df extract at a concentration of 
1,000 ng/mL significantly enhanced adhesion to ICAM-1, 
compared with the control (spontaneous, 4.5 ± 0.5%; Df 
extract (1,000 ng/mL), 8.5 ± 0.6%; p < 0.05; Fig. 1a). Next, 
we examined whether Der f 1, a major allergen of Df, can 
modify eosinophil adhesion. Der f 1 at a concentration of 
100 or 1,000 pg/mL enhanced eosinophil adhesion to 
ICAM-1 compared with control (spontaneous, 2.3 ± 
0.4%; Der f 1 (100 pg/mL), 6.9 ± 1.1%; p < 0.05; Der f 1 
(1,000 pg/mL), 9.3 ± 0.7%; p < 0.01; Fig. 1b). When we 
compared the adhesion of eosinophils from allergic pa-
tients with that from healthy volunteers, adhesion in-
duced by Df extract or Der f 1 in allergic patients was 
higher than that in healthy volunteers (Fig. 1c, d; p < 0.05 
for both allergens).

Effects of Anti-Integrin mAbs on Eosinophil Adhesion 
Enhanced by Df Extract or Der f 1
To identify the eosinophil integrin(s) involved in Df 

extract- or Der f 1-induced eosinophil adhesion to ICAM-
1, we incubated eosinophils with anti-αM-integrin mAb, 
anti-β2-integrin mAb, or an isotype-matched control 
mouse IgG1 for 15 min and then evaluated eosinophil 
adhesion. Eosinophil adhesion that was enhanced by Df 
extract (1,000 ng/mL) was inhibited by anti-αM-integrin 
mAb or anti-β2-integrin mAb (Fig. 2a). Anti-α4-integrin 
mAb did not modify the Df extract-enhanced eosinophil 
adhesion (data not shown). Furthermore, eosinophil ad-
hesion enhanced by Der f 1 (100 pg/mL) was also inhib-
ited by anti-αM-integrin mAb or anti-β2-integrin mAb 
(Fig.  2b). Neither anti-αM-integrin mAb nor anti-β2-
integrin mAb modified spontaneous eosinophil adhesion 
(Fig. 2a, b).

Effect of Cysteine Protease Inhibitor, Serine Protease 
Inhibitor, or PAR-2 Antagonists on Eosinophil 
Adhesion Enhanced by Df Extract or Der f 1
We then examined the effect of cysteine protease in-

hibitor or serine protease inhibitor on Df extract- or Der 
f 1-induced eosinophil adhesion. Eosinophils were incu-
bated with a cysteine protease inhibitor (E64) or serine 
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protease inhibitor (AEBSF) for 15 min, and then the ad-
hesion was evaluated. The serine protease inhibitor, but 
not the cysteine protease inhibitor, suppressed Df extract-
induced eosinophil adhesion (Fig.  3a, c). On the other 
hand, both cysteine protease inhibitor and serine prote-
ase inhibitor suppressed Der f 1-induced eosinophil ad-
hesion (Fig. 3b, d). Combination of cysteine and serine 
protease inhibitors completely suppressed Df extract- or 
Der f 1-induced eosinophil adhesion (Fig. 3e, f), suggest-
ing that Df or Der f 1 induces eosinophil adhesion by pro-
tease. These findings suggested that Df extract induces 
eosinophil adhesion mainly through serine protease, 
whereas Der f 1 activates eosinophils through both cyste-
ine and serine protease.

We next examined whether PAR-2 is involved in Df 
extract- or Der f 1-induced eosinophil adhesion to ICAM-
1. PAR-2 antagonists (FSLLRY-NH2 or ENMD-1068) in-
hibited the eosinophil adhesion that was enhanced by  
Df extract (Fig.  3g). Furthermore, PAR-2 antagonists 
(FSLLRY-NH2 or ENMD-1068) also inhibited the eosin-
ophil adhesion that was enhanced by Der f 1 (Fig. 3h). 
These findings suggested that Df extract or Der f 1 could 
upregulate eosinophil adhesion via PAR-2.

Effect of Df Extract or Der f 1 on Eosinophil O2
– 

Generation
We next examined whether Df extract or Der f 1 mod-

ifies O2
– generation of eosinophils. Df extract at a concen-

tration of 1,000 ng/mL significantly activated eosinophil 
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Fig. 1. Effect of Df extract and Der f 1 on eosinophil adhesion. a Df 
extract significantly augments eosinophil adhesion to rh-ICAM-
1-coated plates. Eosinophils (100 μL of 1 × 105 cells/mL in HBSS/
gel) obtained from healthy donors were incubated with Df extract 
(10–1,000 ng/mL) or positive control IL-5 (100 pM) in rh-ICAM-
1-coated plates. The adhesiveness of the eosinophils was then as-
sessed by assay of residual eosinophil peroxidase activity. Data are 
shown as means ± SEM of 4 experiments using cells from different 
donors. b Der f 1 augments eosinophil adhesion to rh-ICAM-

1-coated plates. Eosinophils from healthy donors were incubated 
with Der f 1 (10–1,000 pg/mL) or IL-5 (100 pM), and then eosino-
phil adhesion to ICAM-1 was measured (n = 5). c, d Effect of al-
lergy on Df extract- or Der f 1-induced eosinophil adhesion. Eo-
sinophils collected from healthy volunteers or allergic subjects 
were incubated with Df extract (1,000 ng/mL) (c) or Der f 1 (100 
pg/mL) (d), and eosinophil adhesion to ICAM-1 was measured  
(n = 7). Spon, spontaneous adhesion.
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O2
– generation in wells coated with ICAM-1 compared 

with controls (spontaneous, 0.1 ± 0.0 nmol/106 cells; Df 
extract (1,000 ng/mL), 0.9 ± 0.2 nmol/106 cells; p < 0.05; 
Fig. 4a). Furthermore, Der f 1 at a concentration of 100 or 
1,000 pg/mL significantly activated eosinophil O2

– gen-
eration compared with controls (spontaneous, 0.4 ± 0.1 
nmol/106 cells; Der f 1 (100 pg/mL), 1.7 ± 0.3 nmol/106 
cells; p < 0.05; Der f 1 (1,000 pg/mL), 2.1 ± 0.3 nmol/106 
cells; p < 0.01; Fig.  4b). Eosinophil O2

– generation in-
duced by Df extract or Der f 1 was blocked by anti-αM-
integrin mAb or anti-β2-integrin mAb (Fig. 4c, d). Fur-
thermore, eosinophil O2

− generation induced by Df ex-
tract or Der f 1 was partially suppressed by PAR-2 
antagonists (Fig.  4e, f). Neither anti-integrin mAb nor 
PAR-2 antagonists modified spontaneous O2

– generation 
by eosinophils.

Effect of Df Extract or Der f 1 on EDN Release
Finally, we examined the effect of Df extract or Der f 1 

on the degranulation of eosinophils. Compared to con-
trol, Df extract at a concentration of 100 or 1,000 ng/mL 
induced significantly higher EDN release (control, 17.2 ± 
1.9 ng/mL/106 cells; Df extract (100 ng/mL), 51.8 ± 3.5 ng/
mL/106 cells; p < 0.05; Df extract (1,000 ng/mL), 85.9 ± 
11.0 ng/mL/106 cells; p < 0.01; Fig. 5a). Der f 1 at a con-
centration of 100 or 1,000 pg/mL also induced higher 
EDN release compared to control (control, 17.2 ± 1.9 ng/
mL/106 cells; Der f 1 (100 pg/mL), 49.8 ± 2.8 ng/mL/106 
cells; p < 0.05; Der f 1 (1,000 pg/mL), 71.0 ± 3.6 ng/mL/106 

cells; p < 0.01; Fig.  5b). Anti-αM-integrin or anti-β2-
integrin mAb suppressed the EDN release induced by Df 
extract or Der f 1 (Fig. 5c, d). Furthermore, PAR-2 an-
tagonists partially suppressed EDN release induced by Df 
extract or Der f 1 (Fig. 5e, f).

Discussion

In this study, we found that Df extract and Der f 1 in-
duce eosinophil adhesion, O2

– generation and degranula-
tion. Anti-αM-integrin mAb or anti-β2-integrin mAb 
suppressed the induction of eosinophil adhesion, O2

– 
generation, or EDN release, suggesting that the effect of 
Df extract or Der f 1 involves eosinophil αMβ2-integrin. 
The effect of Der f 1 on EDN release from eosinophils was 
consistent with the results of a previous study by Miike 
and Kita [34]. Furthermore, PAR-2 antagonists partially 
inhibited eosinophil activation by Df extract or Der f 1. 
These findings suggested that Df extract or Der f 1 acti-
vated eosinophilic functions by the αMβ2-integrin and 
partly via PAR-2. Therefore, direct eosinophil activation 
by Df may play roles in the induction or aggravation of 
allergic symptoms.

Df extract and Der f 1 significantly induced eosinophil 
adhesion, even in healthy donors without Df-specific IgE 
(Fig. 1a, b). These findings were consistent with clinical 
observations that allergens such as HDM or pollen induce 
allergic symptoms in nonsensitized patients [10, 11]. 
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However, the mechanism of such an action has not been 
fully clarified. Local IgE response may be involved in the 
worsened symptoms in the cases without specific IgE in 
serum [35, 36]. On the other hand, some reports suggest-
ed that HDM may activate eosinophil functions [37, 38]. 
Nonspecific activation through pattern recognition re-
ceptors such as TLRs or PARs may play roles in this pro-
cess.

PARs are 7-pass transmembrane receptors that are 
specifically activated by specific proteases and are widely 
distributed throughout the human body [4]. A serine pro-
tease cleaves the N-terminal peptide of each PAR, and the 
newly exposed N terminus interacts with residues within 
the remaining receptor, resulting in receptor activation. 
There are 4 types of PARs (type 1–4) in humans. Of these 
4 PARs, PAR-2 in particular has been involved in the de-
velopment of inflammation and allergy [4, 13–20, 39–46]. 
For example, PAR-2 activation induces the production of 
cytokines such as GM-CSF or interleukin (IL)-6 and ma-
trix metalloproteinase-9 from airway epithelial cells or 
lung fibroblasts [39–42]. Deletion of the PAR-2 gene or 
PAR-2 antagonist treatment suppressed allergen-induced 
eosinophilic airway inflammation in mouse models [18–
20, 43, 44]. Furthermore, the expression of PAR-2 on 

CD14++CD16+ peripheral blood monocytes is increased 
in severe asthmatics [45]. Recently, Aubier et al. [46] re-
ported that airway smooth muscle enlargement is associ-
ated with PAR-2/ligand overexpression in patients with 
severe asthma, suggesting that PAR-2 may play an impor-
tant role in the pathogenesis of severe asthma.

Human eosinophils also constitutively transcribe 
PAR-2 mRNA and express the PAR-2 protein [47]. As for 
the role of PAR-2 in HDM activity, group 3 (Der f 3/Der 
p 3), group 6 (Der f 6/Der p 6), and group 9 (Der f 9/Der 
p 9) allergens are components of Df or Dp and have serine 
protease activity [4–6]. Fujisawa et al. [17] reported that 
HDM induced IL-9 production from eosinophils and that 
this upregulation was suppressed by a serine protease in-
hibitor, suggesting the involvement of PAR-2. In the 
present study, Df extract-induced eosinophil adhesion 
was suppressed by the serine protease inhibitor (Fig. 3c). 
Furthermore, Df extract-induced eosinophil activation 
was suppressed by PAR-2 antagonists (Fig.  3g, 4e, and 
5e). As HDM or Df has components that have serine pro-
tease activity as described above, our results support an 
important role for serine protease and PAR-2 in the de-
velopment of HDM or Df extract-induced eosinophil ac-
tivation.

However, as Der f 1 has cysteine protease activity in 
contrast to the serine protease activity of Der p 3 or Der 
p 9 [4–6], the role of PAR-2 in the Der f 1-induced im-
mune response is still controversial. Miike and Kita [34] 
reported that the cysteine protease papain induced eo-
sinophil O2

– generation; however, this activation was in-
hibited by the cysteine protease inhibitor E64, and not by 
an anti-PAR-2 Ab. Therefore, a cysteine protease may ac-
tivate eosinophils through a PAR-2-independent mecha-
nism. On the other hand, as has been shown for other 
cells, Asokananthan et al. [13] reported that Der p 1 
(which also has cysteine protease activity) induced IL-6 
production and receptor internalization in PAR-2-trans-
fected, but not in PAR-1-transfected airway epithelial 
A549 cells. They also reported that Der p 1 pretreatment 
abolished trypsin- and PAR-2 agonist-induced Ca2+ re-
lease, but not thrombin- or PAR-1 agonist-induced Ca2+ 
release, suggesting that Der p 1 activated PAR-2 [13]. Fur-
thermore, Kouzaki et al. [48] reported that the cysteine 
protease papain induced the production of thymic stro-
mal lymphopoietin from the bronchial epithelial cells BE-
AS-2B and that this upregulation was partially blocked by 
transfection of PAR-2 small interfering RNA. In this 
study, Der f 1-induced eosinophil adhesion was sup-
pressed by both cysteine protease inhibitor and serine 
protease inhibitor (Fig. 3b, d), suggesting that Der f 1 ac-

Fig. 3. Effect of cysteine protease inhibitor, serine protease inhibi-
tor, or PAR-2 antagonists on Df extract- or Der f 1-induced eo-
sinophil adhesion. a, b Df extract-induced eosinophil adhesion to 
ICAM-1 is inhibited by serine protease inhibitor, but not by cyste-
ine protease inhibitor. Eosinophils were pre-incubated with or 
without a cysteine protease inhibitor (E64, 100 μM) (a) (n = 4) or 
a serine protease inhibitor (AEBSF, 100 μM) (b) (n = 4) for 15 min 
prior to analysis of adhesion to ICAM-1 in the presence or absence 
of Df extract (1,000 ng/mL). c, d Der f 1-induced eosinophil adhe-
sion to ICAM-1 is inhibited by cysteine protease inhibitor and ser-
ine protease inhibitor. Eosinophils were pre-incubated with or 
without a cysteine protease inhibitor (E64, 100 μM) (c) (n = 4) or 
a serine protease inhibitor (AEBSF, 100 μM) (d) (n = 4) for 15 min 
prior to analysis of adhesion to ICAM-1 in the presence or absence 
of Der f 1 (100 pg/mL). e, f Effect of combination of cysteine and 
serine protease inhibitors on Df extract- or Der f 1-induced eo-
sinophil adhesion. Eosinophils were pre-incubated with a cysteine 
protease inhibitor (E64, 100 μM) and/or a serine protease inhibitor 
(AEBSF, 100 μM) for 15 min prior to analysis of adhesion to ICAM-
1 in the presence or absence of Df extract (1,000 ng/mL) (e) (n = 
4) or Der f 1 (100 pg/mL) (f) (n = 4). g, h Effect of PAR-2 antago-
nists on Df extract- or Der f 1-induced eosinophil adhesion. Eo-
sinophils were pre-incubated with or without a PAR-2 antagonist 
(FSLLRY-NH2 or ENMD-1068, 10 μM each) for 15 min prior to 
analysis of adhesion to ICAM-1 in the presence or absence of Df 
extract (1,000 ng/mL) (g) (n = 5) or Der f 1 (100 pg/mL) (h) (n = 
5). The adhesion of eosinophils observed in response to Df extract 
or Der f 1 was used as a control (100%). Spon, spontaneous adhe-
sion; –, without.
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Fig. 4. Effect of Df extract and Der f 1 on eosinophil O2
– generation. 

a, b Df extract or Der f 1 induced eosinophil O2
– generation in the 

presence of ICAM-1. Eosinophil cell density was adjusted to 1.25 
× 106 cells/mL of HBSS/gel mixed 4: 1 with cytochrome C, and the 
eosinophil suspension was then added to ICAM-1-coated 96-well 
plates. Immediately after adding Df extract (100 ng/mL or 1,000 
ng/mL) (a) or Der f 1 (100 pg/mL or 1,000 pg/mL) (b), eosinophil 
O2

– generation was measured based on the SOD-inhibitable re-
duction of cytochrome C, followed by repeated measurements 
over the next 240 min. Maximum values during the incubation 
time are shown as means ± SEM of 5 experiments using cells from 
different donors. c, d Df extract- or Der f 1-induced eosinophil 

O2
– generation is inhibited by anti-αM- or anti-β2-integrin mAb. 

Eosinophils were pre-incubated with anti-αM-integrin mAb, anti-
β2-integrin mAb, or control IgG (3 μg/mL each) for 15 min prior 
to analysis of O2

– generation of eosinophils in the presence or ab-
sence of Df extract (1,000 ng/mL) (c) (n = 5) or Der f 1 (100 pg/
mL) (d) (n = 5). e, f Effect of PAR-2 antagonists on Df extract- or 
Der f 1-induced eosinophil O2

– generation. Eosinophils were pre-
incubated with or without a PAR-2 antagonist (FSLLRY-NH2 or 
ENMD-1068, 10 μM each) for 15 min prior to analysis of O2

– gen-
eration of eosinophils in the presence or absence of Df extract 
(1,000 ng/mL) (e) (n = 5) or Der f 1 (100 pg/mL) (f) (n = 5). Spon, 
spontaneous O2

– generation; –, without.
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tivates eosinophils by both serine and cysteine protease. 
Furthermore, Der f 1-induced eosinophil activation was 
partially suppressed by PAR-2 antagonists (Fig.  3h, 4f, 
and 5f). Therefore, both PAR-2-dependent and indepen-

dent mechanisms may be involved in the Der f 1-induced 
eosinophil activation. Moreover, additional PARs such as 
PAR-3, whose mRNA is also transcribed in human eo-
sinophils [47], or a PAR-independent mechanism includ-
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Fig. 5. Effect of Df extract and Der f 1 on eosinophil EDN release. 
a, b Df extract or Der f 1 induced eosinophil EDN release. Eosino-
phils (1 × 106 cells/mL) in 96-well plates were incubated with Df 
extract (100 ng/mL or 1,000 ng/mL) (a) or Der f 1 (100 pg/mL or 
1,000 pg/mL) (b) for 240 min. The concentration of EDN in cell-
free supernatants was then quantified using ELISA. Data are 
shown as means ± SEM of 5 experiments using cells from different 
donors. c, d Df extract- or Der f 1-induced eosinophil EDN release 
was inhibited by anti-αM- or anti-β2-integrin mAb. Eosinophils 
were pre-incubated with anti-αM-integrin mAb, anti-β2-integrin 

mAb, or control IgG (3 μg/mL each) for 15 min prior to analysis 
of EDN release of eosinophils in the presence or absence of Df ex-
tract (1,000 ng/mL) (c) (n = 5) or Der f 1 (100 pg/mL) (d) (n = 5). 
e, f Effect of PAR-2 antagonists on Df extract- or Der f 1-induced 
eosinophil EDN release. Eosinophils were pre-incubated with or 
without a PAR-2 antagonist (FSLLRY-NH2 or ENMD-1068, 10 
μM each) for 15 min prior to analysis of EDN release of eosinophils 
in the presence or absence of Df extract (1,000 ng/mL) (e) (n = 5) 
or Der f 1 (100 pg/mL) (f) (n = 5). Spon, spontaneous EDN release; 
–, without.
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ing TLR, may also be involved. We examined the role of 
TLR4 signaling on Df extract- or Der f 1-induced eosino-
phil adhesion in this study since HDM is contaminated 
with LPS [49], which is a ligand for TLR4 and activates 
the functions of dendritic cells and epithelial cells through 
TLR4 [50, 51]. However, anti-TLR4 mAb did not sup-
press eosinophil adhesion induced by Df extract or Der f 
1 (data not shown), which is consistent with the previous 
reports that eosinophils do not express TLR4 [52, 53].

Adhesion of eosinophils from allergic patients by Df 
extract or Der f 1 was higher than that from healthy vol-
unteers (Fig. 1c, d). However, the exact mechanisms of 
this enhanced upregulation remain unknown. In this 
study, the titer of Df-specific IgE Ab did not affect Df ex-
tract-induced eosinophil adhesion (data not shown). Fur-
thermore, Df extract also induced the adhesion of eosino-
phils from Japanese cedar pollen-sensitized patients, to a 
level similar to that from Df-sensitized patients (data not 
shown). Therefore, IgE-mediated mechanisms are un-
likely to be involved in the eosinophil activation by Df 
extract. Rather, eosinophils from allergic patients may be 
already activated in vivo and therefore may be more eas-
ily activated by stimulants than those from healthy volun-
teers.

Miike and Kita [34] reported that Der f 1 induced eo-
sinophil degranulation when cysteine was added into the 
culture, whereas Der f 1 without cysteine did not induce 
eosinophil activation. In this context, Kato et al. [15] re-
ported that Der f 1 with cysteine, but not Der f 1 alone, 
exhibited cysteine protease activity, suggesting that re-
generation of the catalytic thiol residue by L-cysteine may 
play an important role in the cysteine protease activity of 
Der f 1. Although we have not examined the effect of cys-
teine addition on Der f 1-induced eosinophil activation, 
a different origin or extraction method of this antigen and 
its catalytic thiol residue may contribute to this discrep-
ancy.

A limitation of this study is that there is little informa-
tion regarding PAR-2 antagonists (FSLLRY-NH2 or 
ENMD-1068), the cysteine protease inhibitor (E64), or 
serine protease inhibitor (AEBSF). As for the PAR-2 an-
tagonists, for example, optimal concentrations of PAR-2 
antagonists are different among different types of cells 
[28–33], and there are no data regarding the optimal con-
centrations for eosinophils. Furthermore, the selectivity 
of these antagonists has not been fully clarified. Although 
the concentrations of PAR-2 antagonists that we used in 
this study were lower than those used in other studies 
[28–33], the selectivity of these PAR-2 antagonists may 
affect the results regarding the role of PAR-2 in Der f 1-in-

duced eosinophil activation. Moreover, the only ap-
proach that we used to clarify the role of PAR-2 in the Df 
extract- or Der f 1-induced eosinophil activation was to 
test a PAR-2 antagonist. Other approaches such as trans-
fection of small interfering RNA may be useful to confirm 
the role of PAR-2.

In conclusion, Df extract and Der f 1 activate eosino-
philic function through αMβ2-integrin and PAR-2. 
Therefore, direct eosinophil activation by the HDM may 
play roles in the induction of allergic symptoms, even in 
nonsensitized patients.
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