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Allergenic serine proteases are important in the pathogenesis of asthma. One of these, Pen c 13, is the immunodominant allergen
produced by Penicillium citrinum. Many serine proteases induce cytokine expression, but whether Pen c 13 does so in human
respiratory epithelial cells is not known. In this study, we investigated whether Pen c 13 caused IL-8 release and activated
protease-activated receptors (PARs) in airway epithelial cells. In airway-derived A549 cells and normal human airway epithelial
cells, Pen c 13 induced IL-8 release in a dose-dependent manner. Pen c 13 also increased IL-8 release in a time-dependent manner
in A549 cells. Pen c 13 cleaved PAR-1 and PAR-2 at their activation sites. Treatment with Pen c 13 induced intracellular Ca2�

mobilization and desensitized the cells to the action of other proteases and PAR-1 and PAR-2 agonists. Moreover, Pen c 13-
mediated IL-8 release was significantly decreased in Ca2�-free medium and was abolished by the protease inhibitors, PMSF and
4-(2-aminoethyl) benzenesulfonyl fluoride. Blocking Abs against the cleavage sites of PAR-1 and PAR-2, but not of PAR-4,
inhibited Pen c 13-induced IL-8 production, as did inhibition of phospholipase C. Pen c 13 induced IL-8 expression via activation
of ERK 1/2, and not of p38 and JNK. In addition, treatment of A549 cells or normal human airway epithelial cells with Pen c 13
increased phosphorylation of ERK 1/2 by a Ca2�-dependent pathway. These finding show that Pen c 13 induces IL-8 release in
airway epithelial cells and that this is dependent on PAR-1 and PAR-2 activation and intracellular calcium. The Journal of
Immunology, 2007, 178: 5237–5244.

M any aeroallergens have been shown to possess pro-
teolytic activity; this is the case for house dust mite
(Dermatophagoides pteronyssinus), which contains

the serine proteases, Der p 3 and Der p 9, and the cysteine
protease, Der p 1 (1–3), cockroach extracts (4 – 6), and house
fungal extracts (Alternaria alternata, Cladosporium herbarum,
and Aspergillus fumigatus) (7–9). Allergens with protease ac-
tivities may be involved in the pathogenesis of asthma by pro-
teolytic attack and direct activation of epithelial cells.

House dust mite cysteine and serine proteolytic allergens induce
the release of proinflammatory cytokines from epithelial cells
(1–3, 10). Proteases from A. alternata, C. herbarum, and A. fu-
migatus induce the production of IL-8 and IL-6 by A549 cells and
cause cell detachment (8, 9). Furthermore, an extract of German
cockroach (Blattella germanica) contains proteolytic activity that
causes an increase in TNF-�-induced IL-8 expression in human
bronchial epithelial cells (4). The effects of these aeroallergen pro-

teases, acting via protease-activated receptors (PARs),3 have been
implicated in the regulation of the release of proinflammatory cy-
tokines, such as eotaxin, GM-CSF, IL-6, and IL-8, by epithelial
cells in a nonallergic inflammatory response (1–10). PARs appear
to play a proinflammatory role by activating proinflammatory cy-
tokines (11, 12). A variety of proinflammatory cytokines are re-
leased from the airway epithelium, all of which have the potential
to contribute to respiratory diseases, such as asthma, bronchiecta-
sis, and chronic obstructive pulmonary diseases (13, 14).

PARs belong to a subfamily of G protein-coupled receptors, and
four members, PAR-1, PAR-2, PAR-3, and PAR-4, have been de-
scribed. PARs are activated by proteolytic cleavage of a specific
site in their extracellular domain, followed by the binding of the
tethered ligand domain of the PAR to its activation site (15, 16).
These receptors can also be activated by the binding of synthetic
peptides corresponding to the tethered ligand domain. Among the
known proteases, thrombin activates PAR-1, PAR-3, and PAR-4,
whereas trypsin activates PAR-2 and PAR-4 (15, 16). The acti-
vated PARs couple to the G protein-signaling cascades that in-
crease phospholipase C levels, which, in turn, leads to increased
intracellular Ca2� levels (17, 18).

Recently, it was shown that proteases can induce proinflamma-
tory cytokine release by epithelial cells via PARs in allergic re-
spiratory diseases (19–21). The house dust mite serine protease
allergens, Der p 3 and Der p 9, cleave and activate PAR-2 ex-
pressed by lung epithelium cells (3). IL-6, IL-8, and PGE2 are
released from the human respiratory epithelium following agonist
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stimulation of PAR-2 and/or PAR-1 (22). PAR-2-mediated acti-
vation of airway epithelial cells induces the release of GM-CSF,
which promotes eosinophil survival and activation (23). These re-
ports show that endogenous or exogenous proteases and PAR ag-
onist peptides can stimulate proinflammatory cytokine release by
airway epithelial cells via PARs. There is in vivo evidence that
PAR-2 is significantly up-regulated in bronchial epithelium from
asthmatic subjects (24). Furthermore, PAR-2 mediates eosinophil
infiltration and hyperreactivity in allergic inflammation of the air-
way (25). PAR-2-deficient mice exhibit a reduction in tissue
edema and inflammatory cell infiltrate in an animal model of con-
tact dermatitis (26).

We have previously cloned and purified an immunodominant
allergen, Pen c 13, from Penicillium citrinum and, using a tradi-
tional caseinolytic analysis, characterized it as a serine protease
and shown that it contains the conserved catalytic triad motif of
serine proteases (27). In the present study, we showed that Pen c
13 induces proinflammatory cytokine release by human airway
epithelial cells (HAECs) and activates PARs through the Ca2�-
signaling pathway.

Materials and Methods
Materials

The PAR-1 agonist peptide (SFLLRN), PAR-2 agonist peptide (SLIGKV),
PAR-2 reverse peptide (PAR-2 RP; VKGILS), PAR-1 activation site pep-
tide 35–46 (35NATLDPRSFLLR46), and PAR-2 activation site peptide
32–45 (32SSKGRSLIGKVDGT45) were synthesized by Openbiosystems
and purified by reversed HPLC. Abs against amino acids 42–55 of human
PAR-1 (ATAP2), amino acids 37–50 of human PAR-2 (SAM11), all forms
of ERK 1/2, or phosphorylated ERK 1/2 were obtained from Santa Cruz
Biotechnology. Thrombin was from Pharmacia. Trypsin, PMSF, 4-(2-ami-
noethyl) benzenesulfonyl fluoride (AEBSF), and nonenzymatic cell disso-
ciation solution (CDS) were purchased from Sigma-Aldrich. The phospho-
lipase C inhibitor U73122, the control compound U73343, the p38 MAPK
inhibitor SB203580, the JNK inhibitor SP6001125, and the ERK 1/2 kinase
inhibitor U0126 were obtained from Calbiochem-Novabiochem.

Purification of Pen c 13 from P. citrinum

Pen c 13 was purified to homogeneity from P. citrinum culture medium as
described previously (27). Briefly, Pen c 13 was isolated by a combination of
anion-exchange (HiTrap DEAE-Sepharose Fast Flow; 0.7 � 2.5 cm) and cat-
ion-exchange (HiTrap CM-Sepharose Fast Flow; 0.7 � 2.5 cm) chromatog-
raphy. It was shown to be pure by sequencing of the 15 N-terminal amino
acids, SDS gel electrophoresis, and liquid chromatography/tandem mass spec-
trometry (MS) analysis of the tryptic peptides. Its serine protease activity was
measured using the azocasein assay as in our previous study (27).

Cell culture

The A549 airway-derived epithelial cell line, purchased from the American
Type Culture Collection, was grown in DMEM medium supplemented
with 10% FBS (both from Invitrogen Life Technologies) and 100 U/ml
penicillin-streptomycin at 37°C in a humidified chamber in 5% CO2. The
cells were passaged using CDS to detach the cells from the culture plates
according to the manufacturer’s instructions. For the experiments, the cells
were seeded in 10-cm diameter culture plates and grown to 80% conflu-
ence, corresponding to �2 � 106 cells per plate, then collected using CDS,
and washed in PBS.

The modified air-liquid interface culture of normal HAECs (NHAECs)
has been described in detail previously (28). Human bronchus, obtained
from surgical lobectomy for lung cancer, was rinsed several times with
Leibovitz’s L-15 medium containing penicillin (100 U/ml), streptomycin
(100 �g/ml), and amphotericin B (0.25 �g/ml; Invitrogen Life Technolo-
gies). The tissue was cut into 1- to 2-mm2 pieces, and three to four pieces
of tissue were planted with the epithelium side facing down on 6-well
culture inserts (BD Labware) with a membrane growth area of 4.2 cm2

(pore size 0.4 �m) coated with type IV collagen (50 �g/cm2). Two milli-
liters of medium containing antibiotics and amphotericin B, human epi-
dermoid growth factor (1 ng/ml), insulin (2.5 �g/ml), transferrin (2.5 �g/
ml), hydrocortisone (1 �g/ml), glutamine (2 mM), and 0.1% FBS in a 1:1
(v/v) mixture of RPMI 1640 medium and medium 199 (Invitrogen Life
Technologies) was added to the basal chamber, and 100 �l was added to
the insert. The culture medium in the basal chamber was changed every
48–72 h, but no medium was added to the insert. The cells were grown on
a porous membrane on which they formed a continuous epithelial sheet
with the basal aspect exposed to the medium and the apical surface exposed
to air. The cells became confluent after 7–10 days of incubation and the

FIGURE 1. Purity of the Pen c 13
used and the effect of Pen c 13 on IL-8
secretion by A549 cells and NHAECs.
A, Purified Pen c 13 analyzed by SDS-
PAGE and Coomassie blue staining.
Lane 1, Molecular mass markers; lane
2, Pen c 13. B, A549 cells were incu-
bated for 24 h with the indicated con-
centrations of Pen c 13, then IL-8 levels
in the culture supernatants were mea-
sured by ELISA. �, p � 0.005 com-
pared with the control. C, A549 cells
were cultured with (F) or without (E)
Pen c 13 (4 nM) for the indicated time,
then the supernatants were assayed
for IL-8 by ELISA. �, p � 0.05 and
��, p � 0.005 compared with the con-
trol. D, NHAECs were incubated for
18 h with the indicated concentrations
of Pen c 13, then the supernatants were
assayed for IL-8. �, p � 0.05 compared
with the control. The results shown are
the mean � SD for three different
experiments.
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tissue fragments were then transferred to fresh inserts to stimulate new
growth of epithelial cells.

Measurement of IL-8 secretion

A549 cells were seeded in 24-well tissue-culture plates at 5 � 104 cells/
well and cultured in DMEM with 10% FBS until 80% confluent. The
culture medium was changed to serum-free DMEM and the cells cultured
overnight, then incubated for 24 h with various concentrations of Pen c 13
(1, 2, 4, or 8 nM) or with 4 nM Pen c 13 for various times (0, 3, 6, 12, 18,
or 24 h) and the supernatants collected and stored at 80°C until assayed.
NHAECs (1 � 105 cells/ml; 100 �l) were seeded in 24-well culture inserts
and grown in culture medium (500 �l per basal chamber). At confluence,
Pen c 13 was added to the insert at various concentrations (0.25, 0.5, 1, or
2 nM) for 18 h, then the supernatants were collected and stored at 80°C
until assayed. The concentrations of IL-8 in the culture supernatants were
measured using ELISA kits (Endogen) according to the manufacturer’s
instructions.

Cleavage of human PAR-1 and PAR-2 by Pen c 13

The PAR-1 or PAR-2 activation site peptide (2 �M) was incubated for 30
min at 37°C with 40 nM Pen c 13 in PBS, then the digest was separated by
reversed-phase HPLC on a Beckman ODS column (4.6 � 250 mm; Beck-
man) using a 60-min linear gradient of acetonitrile (0–48% for the PAR-1
digestion and 0–24% for the PAR-2 digestion) in 0.06% TFA at a flow rate
of 1 ml/min and each peak was analyzed by MALDI-TOF MS as described
previously (3). As controls, the peptides were incubated under the same
experimental conditions with 1 U/ml thrombin, which cleaves PAR-1 at the
activation site, or with 40 nM trypsin, which cleaves PAR-2 at the
activation site.

RT-PCR analysis

A549 cells were collected after incubation for 3 h with 4 nM Pen c 13 in
serum-free DMEM and mRNAs were isolated using a QuickPrep Micro
mRNA Purification kit (Amersham Biosciences) according to the manu-
facturer’s instructions. Reverse transcription reactions were performed ac-
cording to the instruction manual for the SuperScript First-Strand Synthesis
System (Invitrogen Life Technologies). The respective sense and antisense
primers used for PCR were: PAR-1, 5�-TGTGAACTGATCATGTTTAT
G-3� and 5�-TTCGTAAGATAAGAGATATGT-3� (PCR product, 708 bp);
PAR-2, 5�-AGAAGCCTTATTGGTAAGGTT-3� and 5�-AACATCATG
ACAGGTCGTGAT-3� (PCR product, 582 bp); human GAPDH, 5�-GTC
TTCACCAACCATGGAGGCT-3� and 5�-CATGCCAGTGAGCTTCCCG
TTCA-3� (PCR product, 392 bp). PCR amplification was performed using
35 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 2 min, followed
by a final extension at 72°C for 15 min. As a loading control, a parallel
PCR was conducted using the GAPDH primer pair.

Flow cytometry

Flow cytometry was performed using a FACScan cytometer (BD Bio-
sciences). A549 cells were incubated for 18 h at 37°C with or without 4 nM
Pen c 13 in serum-free DMEM, collected by treatment with nonenzymatic
CDS, and washed with PBS (pH 7.4). They were then blocked for 1 h at
4°C with PBS containing 0.1% (w/v) BSA, incubated for 2 h at 4°C with
anti-PAR-1 mAb or anti-PAR-2 mAb and for 1 h at 4°C with FITC-con-
jugated goat anti-mouse IgG Ab (Molecular Probes), then were separated
using a flow cytometer. Displacement of the fluorescent peak to the right
showed binding of Ab to PAR-1 or PAR-2 on the cell surface.

Calcium mobilization assay

A549 cells (4 � 105 cells) were plated on cover slides in 25-mm plates and
intracellular calcium levels measured as described previously (29). In brief,
the cells were loaded for 1 h at room temperature with 2 �M fura-2 AM
(Molecular Probes) in PBS, then a small group of cells (5–10 cells for each
experiment) was excited alternately at 340 and 380 nm and emission mea-
sured at 510 nm. The cells were exposed to the various test substances after
establishing the baseline. In experiments involving the desensitization of
PARs, cells loaded with fura-2 AM were first exposed to either Pen c 13
or other proteases or PAR agonists, then exposed to the second stimulus
after the calcium flux had returned to baseline. The ratio of the fluorescence
at the two excitation wavelengths, which is proportional to the intracellular
Ca2� concentration, was calculated.

Western blot analysis

A549 cells (2 � 106 cells) were incubated with 4 nM Pen c 13 for various
times in serum-free DMEM or with 4 nM Pen c 13 for 15 min in serum-free

DMEM or Ca2�-free medium (118 mM NaCl, 5.0 mM KCl, 1.0 mM
MgCl2, 10 mM glucose, and 20 mM HEPES (pH 7.4)), collected, and lysed
with 0.5 ml of lysis buffer (0.6% Nonidet P40, 0.9% (w/v) NaCl, 0.1%
(w/v) SDS, 1 mM EDTA, 10 mM Tris-HCl (pH 7.5)), followed by cen-
trifugation at 18,000 � g for 15 min at 4°C to remove cell debris. NHAECs
(7 � 105 cells/ml; 200 �l) were seeded in 6-well culture inserts and grown
in culture medium (1 ml). At confluence, 1 nM Pen c 13 was added to the
insert for various times, then the cells were collected, and lysed with lysis
buffer, followed by centrifugation to remove cell debris. Total cellular pro-
teins were analyzed by SDS-PAGE and Western blotting using Abs against
phospho-ERK 1/2 or total ERK 1/2, followed by HRP-coupled second Ab
(Jackson ImmunoResearch Laboratories). Bound Ab was detected using
ECL reagent (Amersham Biosciences).

Inhibition experiments

To inhibit its serine protease activity, 4 nM Pen c 13 was preincubated for
20 min at 37°C with 0.1 mM PMSF or 10 mM AEBSF before being added
to A549 cells for 24 h. To test the effect of blocking the active site of
PAR-1 or PAR-2, A549 cells were pretreated for 2 h at 37°C with 1 �g/ml
anti-PAR-1 mAb and/or anti-PAR-2 mAb, anti-PAR-4 mAb, or normal
mouse IgG, then were incubated for 24 h with 4 nM Pen c 13; NHAECs
were pretreated identically, then incubated with 1 nM Pen c 13 for 18 h. To
test the effect of inhibiting phospholipase C activation, A549 cells were
pretreated for 1 h at 37°C with the phospholipase C inhibitor U73122 or the

FIGURE 2. Analysis of the Pen c 13-induced cleavage products of
PAR-1 and PAR-2 peptides. The sequences of the human PAR-1 (A) and
PAR-2 (B) peptides used are indicated above the panels; the numbers refer
to the position of the residues in the receptor sequence. The peptide (2 �M)
was incubated for 30 min at 37°C with Pen c 13 (40 nM), thrombin (1
U/ml), or trypsin (40 nM) and the products separated by reversed-phase
HPLC, then each peak was analyzed by MS. AU, Absorbance units. In A,
P1 is the uncleaved PAR-1 peptide, P2 NATLDPR, and P3 SFLLR. In B,
P1 is uncleaved PAR-2 peptide and P2 SLIGKVDGT. The results shown
are representative of those for three different experiments.
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control compound U73343 (both 1 �M), then incubated for 24 h with 4 nM
Pen c 13. To remove intracellular calcium, A549 cells were incubated for
1 h in Ca2�-free medium, changing the medium three times, before incu-
bation for 24 h with or without various concentrations of Pen c 13 in
Ca2�-free medium containing 0.1% FBS. To test the effect of inhibiting
MAPK activation, A549 cells were pretreated for 1 h at 37°C with the ERK
1/2 kinase inhibitor U0126, (25 �M), the p38 MAPK inhibitor SB203580,
(25 �M), or the JNK inhibitor SP6001125, (25 �M), then incubated for
24 h with 4 nM Pen c 13. IL-8 release into the culture medium was mea-
sured using ELISA kits (Endogen) and the degree of inhibition of Pen c 13
was calculated.

Data analysis

Results are presented as the mean � SD for at least three independent
experiments. One-way ANOVA, followed by Bonferroni’s multiple range
test, was used to determine the statistical significance of differences be-
tween means. Values of p � 0.05 were considered statistically significant.

Results
Pen c 13 induces IL-8 secretion by human airway-derived A549
cells and NHAECs

Pen c 13 was purified to homogeneity from P. citrinum culture
medium by sequential ion exchange chromatography (Fig. 1A).
The protease activity of the purified Pen c 13 was assayed using
azocasein as substrate and determined to be 11.5 U/�g under the
assay conditions, similar to that of trypsin (14.4 U/�g). To exam-
ine whether Pen c 13 induced IL-8 release in epithelial cells, A549
cells were incubated for 24 h with various concentrations of Pen c
13 and for various times with 4 nM Pen c 13, then IL-8 release into
the culture medium was measured. As shown in Fig. 1, B and C,
a dose- and time-dependent increase in IL-8 secretion was seen.
Using an incubation period of 24 h, induction of IL-8 release was
seen at concentrations of Pen c 13 as low as 1 nM and was
maximal at 4 nM (Fig. 1B). Using 4 nM Pen c 13, IL-8 secretion
increased with time, showing a significant difference at 6 h and
increasing to a plateau at 18 h (Fig. 1C). When NHAECs were incu-
bated for 18 h with 0.25–2 nM Pen c 13 and IL-8 levels in the medium
measured, a dose-dependent increase in IL-8 release was again seen
(Fig. 1D). In addition, levels of mRNAs for IL-1�, IL-8, IL-6, and
GM-CSF were increased in A549 cells incubated for 3 h with 4 nM
Pen c 13 (data not shown).

Pen c 13 cleavage sites on human PAR-1 and PAR-2

To examine the cleavage of human PAR peptides, peptides corre-
sponding to the region around the cleavage site of the human
PAR-1 or PAR-2 were incubated for 30 min at 37°C with 40 nM
Pen c 13 or with 1 U/ml thrombin or 40 nM trypsin, acting, re-
spectively, as positive controls for PAR-1 or PAR-2 cleavage. The
resulting fragments were separated by HPLC and identified by MS.

As shown in Fig. 2A, the PAR-1 peptide was cleaved at the
R41-S42 site by Pen c 13 or thrombin. The two peptide fragments
were identified as NATLDPR and SFLLR, and the measured mo-
lecular masses (786.5 and 635.7 for Pen c 13; 786.5 and 635.4 for
thrombin) were in good agreement with the calculated values of
786.9 and 635.8. The PAR-2 peptide was cleaved at the R36-S37

site by Pen c 13 or trypsin (Fig. 2B) and the major peptide frag-
ment was identified as SLIGKVDGT. The measured molecular
mass (889.4 for Pen c 13; 889.5 for trypsin) was in good agreement
with the calculated value of 890.2. However, the fragment SSKGR
was not detected, probably because it was further cleaved to SSK

FIGURE 3. Effect of Pen c 13 on the expression of PAR-1 and
PAR-2 in A549 cells. A, Cells were incubated for 3 h with or without
Pen c 13 (4 nM), then total mRNA was extracted, reverse-transcribed,
and amplified with specific primers for PAR-1, PAR-2, or GAPDH. B,
Cells were incubated for 18 h with (solid lines) or without (dotted lines)
Pen c 13 (4 nM), then PAR-1 and PAR-2 expression was analyzed by
flow cytometry. The results shown are representative of those for three
different experiments.

FIGURE 4. Effects of protease inhibitors or anti-PAR Abs on Pen c 13-induced IL-8 release by A549 cells and NHAECs. A, Pen c 13 (4 nM) was
incubated for 20 min at 37°C with or without PMSF (0.1 mM) or AEBSF (10 mM) before addition to A549 cell cultures for 24 h, then IL-8 was assayed
in the supernatants. �, p � 0.001 compared with Pen c 13 alone. B, A549 cells were preincubated for 2 h at 37°C with or without 1 �g/ml anti-PAR-1 mAb,
anti-PAR-2 mAb, or both, or normal mouse IgG, then for 24 h with 4 nM Pen c 13, after which IL-8 in the supernatant was measured. �, p � 0.05 and
��, p � 0.005 compared with Pen c 13 alone. C, NHAECs were preincubated as above, then incubated for 18 h with 1 nM Pen c 13 and the released IL-8
was measured. �, p � 0.05 and ��, p � 0.01 compared with Pen c 13 alone. The results are the mean � SD for three separate experiments.
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and GR, as observed previously with trypsin (30). These results
show that Pen c 13 has the protease activity required to activate
PAR-1 and PAR-2.

PAR-1 and PAR-2 expression is increased by Pen c 13

We next examined PAR mRNA levels in A549 cells by RT-PCR.
As shown in Fig. 3A, PAR-1 and PAR-2 mRNA levels were in-
creased in cells incubated for 3 h with 4 nM Pen c 13. Furthermore,
PAR-1 and PAR-2 protein levels on the cell surface were markedly
increased in cells incubated for 18 h with 4 nM Pen c 13 (Fig. 3B).

Effects of protease inhibitors and anti-PAR Abs on Pen c
13-induced IL-8 release by A549 cells and NHAECs

To determine whether the ability of Pen c 13 to stimulate IL-8
release was due to its protease activity, we examined the effect of
serine protease inhibitors. Pretreatment of Pen c 13 with a serine
protease inhibitor (0.1 mM PMSF or 10 mM AEBSF) almost to-
tally abolished its ability to induce IL-8 release by A549 cells (Fig.
4A), showing that the protease activity of Pen c 13 is required to
induce IL-8 release by A549 cells.

We next examined the effect of Ab against PAR-1, PAR-2, or
PAR-4 on Pen c 13-induced IL-8 release by A549 cells and
NHAECs. As shown in Fig. 4, B and C, 1 �g/ml anti-PAR-1 mAb
or anti-PAR-2 mAb clearly reduced Pen c13-induced IL-8 release

from both A549 cells and NHAECs, and an additive effect was
seen in both cases. Anti-PAR-4 Ab had no effect (data not shown).
The results show that Pen c 13 induces IL-8 release from both
A549 cells and NHAECs via activation of PAR-1 and PAR-2.

Effect of phospholipase C inhibition on Pen c 13-induced IL-8
release by A549 cells

To examine whether the induction of IL-8 release by Pen c 13 was
due to PAR activation mediated by phospholipase C, replicate cul-
tures of A549 cells were pretreated for 1 h with the phospholipase
C inhibitor U73122, or the control compound U73343, before ad-
dition of Pen c 13 for 24 h. Table I shows that inhibition of phos-
pholipase C resulted in reduced Pen c 13-induced IL-8 release.
This result shows that Pen c 13 induces IL-8 release by A549 cells
via activation of phospholipase C.

Changes in intracellular calcium levels induced by Pen c 13

To examine a possible association between intracellular calcium
levels and PAR-mediated IL-8 production, changes in free intra-
cellular calcium were monitored. As shown in Fig. 5A, 4 nM Pen
c 13 induced a rapid increase in intracellular calcium levels in
A549 cells similar to that seen using 1 U/ml thrombin, 5 �M
PAR-1 agonist peptide, 2.5 nM trypsin, or 2.5 �M PAR-2 agonist
peptide, characteristic of PAR-1 and PAR-2 activation (data not
shown) (31, 32).

Next, we examined desensitization of PAR-1 and PAR-2 by Pen
c 13 by sequentially exposing the cells to Pen c 13 and other
proteases or agonists of PAR-1 or PAR-2 or vice versa. PAR-2 RP
was used as a negative control. As shown in Fig. 5B, Pen c 13
almost completely abolished the calcium response to subsequent
thrombin exposure (compare with Fig. 5C). Similarly, desensiti-
zation to Pen c 13 was seen when cells were pretreated with throm-
bin (Fig. 5C) or PAR-1 agonist peptide (Fig. 5D). Pen c 13 also
markedly reduced the calcium response to subsequent exposure to
PAR-2 agonist peptide (Fig. 5E), while trypsin or PAR-2 agonist
peptide, but not PAR-2 RP, attenuated the calcium response to

FIGURE 5. Pen c 13 induces Ca2� mobilization and desensitizes the response to proteases or PAR agonists. A, Ca2� mobilization induced in A549 cells
by 4 nM Pen c 13. B–G, Desensitization of the response to one agent by prior treatment with another (1 U/ml thrombin, 5 �M PAR-1 agonist peptide, 2.5
nM trypsin, or 2.5 �M PAR-2 agonist peptide) at the time indicated by the arrows. H, PAR-2 RP (2.5 �M) used as the negative control for PAR-2 agonist
peptide. A549 cells loaded with fura-2 were sequentially exposed to each agent in Ca2�-free medium and intracellular calcium levels monitored by the
fluorescence changes. The results shown are representative of those for four different experiments.

Table I. Effect of phospholipase C inhibition on the IL-8-releasing
activity of Pen c 13

Inhibitor Pen c 13 (nM) IL-8 (pg/1 � 106 cells)a

Medium 0 700 � 50
Medium 4 2084 � 140
U73122 (1 �M) 4 1061 � 144b

U73343 (1 �M) 4 2051 � 183

a Values are the mean � SD for three different experiments.
b Value of p � 0.001 compared with Pen c 13 alone.
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subsequent exposure to Pen c 13 (Fig. 5, F–H). Taken together,
these results show that, like thrombin, trypsin, PAR-1 agonist pep-
tide, and PAR-2 agonist peptide, Pen c 13 causes calcium mobi-
lization through PAR-1 and PAR-2.

Effects of intracellular calcium levels and ERK 1/2
phosphorylation on Pen c 13-induced IL-8 release by
A549 cells and NHAECs

We then examined whether intracellular calcium levels were in-
volved in the Pen c 13-induced IL-8 release by A549 cells. As
shown in Fig. 6A, preincubation of the cells in Ca2�-free medium
for 24 h resulted in decreased Pen c 13-induced IL-8-release. To
determine whether MAPK activation was required for Pen c 13-
induced IL-8 release, cells were pretreated for 1 h with the ERK
1/2 kinase inhibitor U0126, the p38 MAPK inhibitor SB203580, or
the JNK inhibitor SP6001125, before exposure to Pen c 13. As
shown in Fig. 6B, only U0126 had an inhibitory effect. We next
examined the effect of Pen c 13 on ERK 1/2 activation in both
types of cells using immunoblotting and a phosphospecific Ab that
recognizes the phosphorylated active forms of ERK 1/2. As shown
in Fig. 6C, in A549 cells, Pen c 13 caused an increase in ERK 1/2
phosphorylation at 5 min, which reached a maximum at 15 min,
then declined; no increase in phosphorylation of p38 and JNK was
seen over the same period (data not shown). When A549 cells were
pretreated to fully release calcium stored in the endoplasmic re-
ticulum before addition of Pen c 13 in Ca2�-free medium for 15
min, no ERK 1/2 phosphorylation was seen (Fig. 6D). Using
NHAECs, Pen c 13 caused an increase in ERK 1/2 phosphoryla-
tion at 10 min, which then declined (Fig. 6E). These results show
that Pen c 13 induces IL-8 expression by calcium-dependent sig-
naling and that the increase in intracellular calcium levels is up-
stream of ERK 1/2 activation.

Discussion
Evidence is increasing that allergenic proteases have a direct
proinflammatory role in the respiratory tract. The production of
proinflammatory cytokines by epithelial cells may be important in
these inflammatory processes. In the present study, we demon-
strated that Pen c 13 induced IL-8 release from HAECs and that
this effect was almost completely blocked by protease inhibitors.
Extracts of dust mite and fungi have been shown to directly induce
airway inflammation, characterized by IL-8 and IL-6 expression in
the airway epithelium (7–10). Although the precise role of Pen c
13 in allergic disease is unclear, fungal proteases have been linked
to allergic asthma, and many of the Ags frequently implicated in
disease are proteases.

In previous studies, the house dust mite allergens, Der p 1, Der
p 3, and Der p 9, were found to activate PAR-2 and stimulate the
release of the proinflammatory cytokines, GM-CSF, eotaxin, IL-6,
and IL-8, by human lung epithelial cells (2, 3). Cockroach extract
also increases IL-8 expression in human bronchial epithelial cells
via PAR-2 activation (4–6). Although the mechanism involved in
these findings is not clearly understood, the fact that PARs are
activated by various proteases led us to believe that Pen c 13 may
have the potential to activate PARs. Our study showed that Pen c
13 activated PAR-1 and PAR-2 and increased the expression of
PAR-1 and PAR-2. Our results also showed that Pen c 13 caused
an increase in PAR-1 and PAR-2 mRNA levels and cell surface
expression. These results are similar to those obtained in endothe-
lial cells and epithelial cells, in which receptor re-expression is
observed after exposure to thrombin or trypsin (32, 33). Given
these previous results and our own data, it is logical to propose
that, in A549 cells, PAR-1 and PAR-2 are expressed at the cell
surface due to synthesis upon activation of PAR-1 and PAR-2. In
the presence of neutralizing anti-PAR-1 or anti-PAR-2 Abs, but

FIGURE 6. Effects of intracellular calcium levels and ERK phosphorylation on Pen c 13-induced IL-8 release by A549 cells and NHAECs. A, A549
cells were preincubated for 1 h in Ca2�-free medium to remove intracellular calcium before incubation for 24 h with or without the indicated concentrations
of Pen c 13 in Ca2�-free medium containing 0.1% FBS, then the supernatants were assayed for IL-8. �, p � 0.001 compared with the corresponding Pen
c 13 treatment in DMEM. B, A549 cells were pretreated for 1 h with or without DMSO, U0126 (25 �M), SB203580 (25 �M), or SP6001125 (25 �M),
then incubated for 24 h without or with Pen c 13 (4 nM), then the supernatants were assayed for IL-8. �, p � 0.001 compared with Pen c 13 alone. The
results are the mean � SD for three different experiments. C–E, Western blots for phosphorylated ERK 1/2 in A549 cells (C and D) incubated (C) with
DMEM alone or with Pen c 13 (4 nM) for the indicated time or (D) with Pen c 13 (4 nM) in DMEM or Ca2�-free medium for 15 min or (E) in NHAECs
incubated with Pen c 13 (1 nM) for the indicated time. Upper panels, The immunoblot analysis for the phosphorylated forms of ERK 1/2; lower panels,
the membranes were then stripped and reprobed for total ERK 1/2.
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not anti-PAR-4 Abs, Pen c 13-induced IL-8 release by A549 cells
and NHAECs was halved and an additive effect of the two Abs was
seen. These findings show that PAR-1 and PAR-2 play a major
role in the IL-8 release in response to Pen c 13.

PAR activation is accompanied by the mobilization of cytoplas-
mic calcium from internal stores (31, 32). We previously showed
that Pen c 13 activates PAR-1 and PAR-2 through activation of
phospholipase C� via Gq/11� protein, a common pathway for G
protein-coupled receptors, and produces inositol triphosphate, fol-
lowed by Ca2� mobilization (34). We therefore investigated
whether Pen c 13 induced IL-8 release via phospholipase C acti-
vation and found that this was the case. Thrombin, trypsin, PAR-1
agonist peptide, or PAR-2 agonist peptide caused desensitization
of Ca2� mobilization to Pen c 13 treatment and vie versa, indi-
cating cross-desensitization of a calcium signal via a common
mechanism. Furthermore, we found that Pen c 13 induced IL-8
release in HAECs via intracellular calcium-regulated ERK activa-
tion. Proteases from other allergens, such as cockroach proteases
and house dust mite Der p 3, have been shown to elicit IL-8 release
by human bronchial epithelial cells via activation of PAR-2 and
ERK (5, 35) and recent observations indicate that IL-8 expres-
sion in human bronchial epithelial cells requires activation of
MAPKs (36, 37).

In conclusion, this is the first study to show that Pen c 13, an
exogenous protease allergen of a mold, induces proinflammatory
cytokine production by HAECs. The potential signaling pathway
involved in the Pen c 13-induced IL-8 release mediated by PARs
in A549 cells and NHAECs, based on results presented in this
study, is summarized in Fig. 7. These effects are dependent on the
enzyme activity of this protease, as they were abolished by serine
protease inhibitors, and an increase in intracellular calcium levels
and ERK activation play a crucial role. We propose that the pro-
tease activity of Pen c 13 activates PARs in the airway epithelial
cells of asthmatic subjects, thereby facilitating the passage of al-
lergens through the epithelium, leading to sensitization and the
initiation of an inflammatory response. Studies of this type should
provide additional pathophysiologic and therapeutic insights into

common allergic ailments, such as asthma, and PAR-1 and PAR-2
might be useful therapeutic targets in respiratory diseases.
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