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Fungal allergens are associated with the development of
asthma, and some have been characterized as proteases. Here,
we established an animal model of allergic airway inflammation
in response to continuous exposure to proteolytically active Pen
c 13, a major allergen secreted by Penicillium citrinum. In
functional analyses, Pen c¢ 13 exposure led to increased airway
hyperresponsiveness, significant inflammatory cell infiltration,
mucus overproduction, and collagen deposition in the lung, dra-
matically elevated serum levels of total IgE and Pen c 13-specific
IgE and IgG1, and increased production of the Th2 cytokines
IL-4, IL-5, and IL-13 by splenocytes stimulated in vitro with Pen
c 13. To examine the mechanisms involved in the regulation of
allergenicity by Pen c 13, we performed two-dimensional fluo-
rescence difference gel electrophoresis analysis combined with
nano-LC-MS/MS, followed by bioinformatics analysis to iden-
tify potential targets that associated with allergic inflammation,
which suggested that galectin-3 and laminin might be involved
in novel pathogenic mechanisms. Finally, we focused on junc-
tional proteins between cells, because, in addition to opening of
the epithelial barrier by environmental proteases possibly being
the initial step in the development of asthma, these proteins are
also associated with actin rearrangement. Taken together, our
findings indicate that Pen c 13 exposure causes junctional struc-
ture alterations and actin cytoskeletal rearrangements, result-
ing in increased permeability and airway structural changes.
These effects probably change the lung microenvironment and
foster the development of allergic sensitization.

The prevalence of asthma has been steadily increasing
around the world (1, 2). Asthma is a chronic respiratory disease
characterized by airway hyperresponsiveness (AHR)? to aller-
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gens, together with eosinophilic inflammation, airway edema,
mucus hypersecretion, airway remodeling, and airflow obstruc-
tion. In addition, a characteristic feature of allergic inflamma-
tion is the predominance of Th2 lymphocytes, and the cyto-
kines they produce (e.g. IL-4, IL-5, and IL-13) play a pivotal role
in recruiting effector inflammatory cells (mast cells, eosino-
phils, and lymphocytes) to the airway and in the production of
IgE (3).

Airway remodeling in asthma refers to structural changes in
the airways due to repeated cycles of airway injury and repair,
causing abnormal deposition of extracellular matrix compo-
nents, goblet cell hyperplasia, subepithelial fibrosis, and airway
smooth muscle hyperplasia and hypertrophy (4, 5). Adherens
junctions (AJs) and tight junctions (T]s) play a critical role in
cell-cell adhesion and, although they are made up of different
proteins, have similar specialized transmembrane proteins,
which form an intact paracellular space, and intracellular scaf-
folding protein linked to the actin cytoskeleton. When protease
allergens are inhaled, the protective barrier may be destroyed,
potentially allowing access of atmospheric components and
pathogens to the circulation and probably involving the reor-
ganization of the actin cytoskeleton, causing airway remodeling
(6-9).

Previous studies have shown that numerous allergens from
various organisms, including the house dust mite, cockroach,
Penicillium sp., and Aspergillus sp., have protease activity. The
crude allergen extracts, which contain several components, are
rich in proteases that have been shown to be major allergens.
These are involved in the pathogenesis of allergic diseases
through (i) the release of proinflammatory cytokines by the
activation of protease-activated receptors (PARs), which are
widely expressed on cells in blood vessels, connective tissue,
leukocytes, epithelium, and many airway cells; (ii) the cleavage
of CD23 from activated B cells and of CD25 from T cells to favor
the development of Th2-type responses; (iii) the degradation of
junctional proteins, thus increasing the permeability of the lung
epithelium and leading to morphologic changes and cell des-
quamation in the lung epithelium; and (iv) the induction of an
imbalance between proteases and antiproteases (10 —14). Many
proteases have been shown to be important mediators of
inflammation in a murine model of asthma and in lung injury

ase; TJ, tight junction; n- and d-Pen ¢ 13, native and denatured Pen c 13,
respectively.
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(15-17). The cysteine and serine protease allergens from the
dust mite have been examined for their ability to stimulate
allergic immune responses in animal models (18, 19), the cock-
roach serine protease Per a 10 induces allergic airway inflam-
mation in a mouse model (20), and an alkaline serine protease
from Aspergillus sp. has synergistic effects on the immune
response induced by a major Aspergillus fumigatus allergen,
Asp f2,in mice (21). However, the connection between proteo-
lytic allergens and the development of hypersensitivity reac-
tions requires more investigation to understand the molecular
mechanisms involved in allergic diseases.

In the present study, we focused our attention on Pen ¢ 13, an
immunodominant human allergen secreted by Penicillium cit-
rinum identified as a 33-kDa alkaline serine protease (22),
which we previously showed induces proinflammatory cyto-
kine release in airway epithelial cells ix vitro through PAR-1 and
PAR-2 activation and increase in intracellular calcium levels
(23). To investigate the effects of Pen ¢ 13 in augmenting aller-
gic airway inflammation in a murine model, BALB/c mice were
exposed to active Pen ¢ 13 or PBS for 10 consecutive days, and
their immunological responses were assessed. Furthermore,
we combined 2-D DIGE technology and nano-LC-MS/MS
analyses to profile changes in protein expression in lungs
from PBS-treated and native Pen ¢ 13 (n-Pen ¢ 13)-sensitized
mice. Our studies demonstrated the possible pathogenic
mechanisms by which Pen ¢ 13 might directly contribute to
asthma susceptibility in naive subjects and increased severity
in affected asthmatics.

EXPERIMENTAL PROCEDURES

Materials—Female BALB/c mice age 6—8 weeks were ob-
tained from the Animal Center of the National Taiwan Univer-
sity College of Medicine and allowed to acclimatize to their new
surroundings for a week prior to experimentation. Animal care
and handling conformed to the Guide for the Care and Use of
Laboratory Animals (75).

Cell Culture—The NCI-H441 cell line, derived from a human
lung epithelial adenocarcinoma, was obtained from the Amer-
ican Type Culture Collection (ATCC HTB-174) and was grown
in DMEM supplemented with 10% FBS (both from Invitrogen)
and 100 units/ml penicillin/streptomycin at 37 °C in a humidi-
fied chamber in 5% CO.,,.

Purification of Native and His-tagged Recombinant Pen ¢ 13—
Because n-Pen c 13 is heat-labile, we used a recombinant Pen c
13, which is structurally misfolded and lacks enzymatic activity
but is thermally stable and retains linear allergenic epitopes
(denatured Pen ¢ 13 (d-Pen c 13)). The two forms were purified
as described previously (22). Briefly, n-Pen ¢ 13 was purified
from the culture broth of P.citrinum by a combination of
anion-exchange (HiTrap DEAE-Sepharose Fast Flow) and cat-
ion-exchange (HiTrap SP-Sepharose Fast Flow) chromatogra-
phy. To produce recombinant Pen c 13, cDNA encoding
mature Pen c¢ 13 was obtained from the P. citrinum cDNA
library by PCR amplification, and the amplified fragment was
ligated into the expression vector, pQE 30 (Qiagen,
Chatsworth, CA) to generate a construct coding for the N-ter-
minally fused His,-tagged protein (plasmid PQE-30/Pen c 13),
which was used to transform expressing Escherichia coli M15
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cells (Qiagen). The His-tagged recombinant Pen c¢ 13 was
bound to a Ni**-chelate affinity column, and then endotoxin
was removed by washing the resin in a centrifuge tube with
binding buffer (20 mm Tris-HCI, pH 7.9, 0.5 M NaCl, 8 M urea,
and 5 mM imidazole) containing 1% Triton X-114 (Sigma). The
resin was loaded into a column and washed with binding buffer
containing 0.1% Triton X-114 before elution of the recombi-
nant protein with elution buffer (20 mm Tris-HCI, pH 7.9, 0.5 M
NaCl, 8 M urea, and 60 mm imidazole) (24). The purified recom-
binant protein was denatured by heat at 95 °C and called d-Pen
¢ 13. Protein concentrations were measured using the 2-D
Quant kit (GE Healthcare).

Intratracheal Inoculation—Female BALB/c mice (n = 34)
aged 6—8 weeks were divided into four experimental groups,
the n-Pen c 13-sensitized group, the d-Pen c 13-sensitized
group, the PBS-treated group (# = 10 in each group), and naive
animals (n = 4). The animal was anesthetized with an intraper-
itoneal injection of sodium pentobarbital (SCI Pharmtech
(Taoyuan, Taiwan); 10 mg/ml solution, 0.005 ml/g body
weight) and placed in dorsal recumbence on an inclined board
with its mouth kept open by hooking the upper incisors onto a
wire frame and the tongue extended to one side using forceps.
Intratracheal administration of n-Pen ¢ 13 or d-Pen ¢ 13 resus-
pended at a concentration of 25 pug/ml in pyrogen-free PBS was
performed using a number 23 steel gavage tube and a 1.0-ml
microsyringe. The gavage tube was directed into the proximal
trachea, and 40 ul of n-Pen ¢ 13, d-Pen c 13, or PBS was dropped
on the back of the tongue using the microsyringe, allowing the
inoculum to be inhaled into the lungs by normal breathing. This
method for intratracheal inoculation of mice was found to work
well in preliminary tests using trypan blue dye and to allow the
aspirated material to spread over the whole lung but not the
esophagus or stomach. All mice were inoculated on 10 consec-
utive days, followed by 72 h of rest.

Measurement of AHR—AHR was assessed as described pre-
viously (25) by measuring changes in airway resistance (RL, cm
H,O/ml/s) after a challenge with aerosolized methacholine
using the FlexiVent system (SCIREQ, Montreal, Canada). On
day 12, mice were weighed and anesthetized with an injection of
chloralose (100 mg/kg, intraperitoneal; Sigma) and urethane
(500 mg/kg, intraperitoneal; Sigma). A tracheostomy was per-
formed, and a cannula was inserted into the Y-adaptor of a
ventilator. After initiating mechanical ventilation, the mouse
was paralyzed with a pancuronium bromide (1 mg/kg, intraper-
itoneal; Sigma) and subjected to a deep lung inflation (slow
inflation to a pressure of 30 cm H,O held for 3 s) before the
plethysmograph was sealed for the rest of the experiment. Mice
were ventilated at a tidal volume of 10 ml/kg, a respiratory rate
of 150 breaths/min, and an inspiratory/expiratory ratio of 3:2.
Positive end-expiratory pressure was maintained between 2
and 3 cm H,O. Doubling doses of methacholine chloride
(Sigma) were inhaled (0.75-24 mg/ml), and resistance was
measured.

Bronchoalveolar Lavage Fluid Cytology—At 72 h after the last
challenge, blood samples were taken (see below), and then the
mice were killed and the lungs were immediately lavaged three
times via the tracheal cannula with 1 ml of Hanks’ balanced salt
solution (HBSS), free of ionized calcium and magnesium
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(Sigma), and the bronchoalveolar lavage fluid samples were
pooled and stored on ice. Total cell numbers were determined
by counting in a hemocytometer, and viability was assessed by
trypan blue exclusion. Cytospin preparations of 100—150 ul of
bronchoalveolar lavage fluid were made by centrifugation onto
glass slides (Shandon Cytospin: 200 rpm, 15 min) and stained
with Liu’s stain for different cell counts. A minimum of 200 cells
were counted and classified as eosinophils, lymphocytes, or
neutrophils based on standard morphological criteria.

Measurement of Antibody Levels in Serum—At 72 h after the
last challenge, the mice were bled from the retro-orbital venous
plexus, and serum samples were prepared and stored at —80 °C.
The serum samples were initially titrated to determine the opti-
mal dilution (1:50) for testing for antibodies. Total IgE in serum
was measured in a sandwich ELISA using a monoclonal anti-
mouse IgE antibody (clone R35-72, Pharmingen) as the capture
antibody and a second biotinylated monoclonal anti-mouse IgE
antibody (clone R35-118, Pharmingen) as the detection anti-
body according to the manufacturer’s instructions by compar-
ison with a standard curve for a purified mouse IgE standard
(clone C38-2, Pharmingen) included on each microtiter plate.
To measure levels of Pen c 13-specific IgE, IgG1, and IgG2a,
serum samples were added to ELISA plates coated with a 10
pg/ml solution of d-Pen ¢ 13, and then, after overnight incuba-
tion at 4 °C, the plates were washed and incubated with biotin-
ylated rat monoclonal antibody against mouse IgE (R35-118),
IgG1 (A85-1), or [gG2a (R19-15) (2 wg/ml; Pharmingen) in 1%
BSA in PBS (PBSB) for 1 h at room temperature, followed by
washes with 0.05% Tween 20 in PBS and incubation with
streptavidin-HRP conjugate (1:5000 dilution in PBSB) (Sigma)
for 30 min at room temperature. The plates were washed and
developed with the TMB microwell peroxidase substrate sys-
tem, and the absorbance was measured at 450 nm.

Spleen Cell Culture and Cytokine Analyses—To measure
cytokine levels in splenocyte culture supernatants, the spleen
was harvested and crushed into a single cell suspension, and red
blood cells were lysed with ACK lysis buffer (0.15 m NH,CI, 10
mMm KHCO,, 0.1 mMm Na,EDTA, pH 7.2), and then the cells were
washed with HBSS and resuspended in RPMI 1640 medium
(Invitrogen) containing 10% FBS, 100 units/ml penicillin/strep-
tomycin, and 2 mM L-glutamine at a concentration of 5 X 10°
cells/ml and cultured in medium alone or medium supple-
mented with d-Pen c 13. After 48 h of culture, supernatants
were collected, and IL-4, IL-5, IL-13, and IFN-y were measured
by ELISA according to the manufacturer’s recommended pro-
tocols (R&D Systems, Minneapolis, MN).

Lung Histology—After the lavage was collected, the lungs
were immediately removed and washed with PBS until all blood
was removed. The left lung was fixed in 10% formalin and
embedded in OCT (tissue freezing medium). Tissue sections (5
pm) were stained with H&E, periodic acid-Schiff (PAS), and
Masson’s trichrome. H&E staining was used for morphological
comparison of airway epithelial damage and allergic inflamma-
tory cell infiltration. Mucus hypersecretion of goblet cells was
visualized by PAS staining, and collagen deposition was
assessed by Masson’s trichrome staining.

Hydroxyproline Assay—Total lung collagen levels were
determined using a previously described assay (26). Briefly, a
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left lobe of each lung tissue was hydrolyzed with 6 N HCI (10
ul/mg tissue) for 16 h at 120 °C. After brief cooling at room
temperature, the lost volume by evaporation was replenished
by water. The samples were centrifuged at 8000 X g for 10 min
at room temperature, and supernatant was transferred to a
fresh microcentrifuge tube. An equal volume of 6 N NaOH was
added, and the solution was adjusted to pH 6 —8 using litmus
paper. Aliquots of neutralized samples and standard hydroxy-
proline were oxidized with a buffered chloramine-T reagent.
The chromophore was developed with the addition of Ehrlich’s
reagent and was incubated for 35 min in the dark at 60 °C.
Absorbance of each sample was read at 540 nm using a spectro-
photometer and was plotted against the concentration of stan-
dard hydroxyproline.

Protein Extraction—For protein extraction, the right lung
was stored at —80 °C until use. It was then placed in a clean
mortar containing liquid nitrogen and finely ground, and then 1
ml of lysis buffer (30 mm Tris, 2 M thiourea, 7 M urea, 4%
CHAPS, adjusted to pH 8.8 at 4 °C with HCI) was added, and the
sample was mixed thoroughly and then sonicated for 30 min at
4°C and centrifuged at 20,000 X g for 20 min at 4 °C. Then
proteins in the supernatant were precipitated using the 2-D
Clean-Up Kit (GE Healthcare) and resuspended in lysis buffer,
with pH adjustment to 8.5 at 4 °C. Protein concentration was
measured using the 2-D Quant kit (GE Healthcare).

2-D DIGE—The lung lysates were labeled according to the
manufacturer’s instructions (GE Healthcare). Briefly, 50 ug of
lysate was mixed with 400 pmol of CyDye™ (Cy2, Cy3, and
Cy5; GE Healthcare) by vortexing, and the mixture was incu-
bated on ice in the dark for 30 min. The lung lysates from n-Pen
¢ 13-sensitized and PBS-treated mice were labeled with Cy3
and Cy5, respectively, mixed with Cy2-labeled internal pooled
standard, and run in the same gel. Analysis was repeated with
reciprocal labeling, and each labeling was repeated two times.
The internal pooled standard sample was prepared by pooling
50 ng of protein from each of the eight lung lysates. The labeling
reaction was stopped by the addition of 1 ul of 10 mm L-lysine
solution (Sigma), and the sample was left on ice for 10 min. The
combined proteins from a Cy3-labeled lysate, a Cy5-labeled
lysate, and the Cy2-labeled pool (150 pg/gel) were mixed and
denatured in 2-D sample buffer (8 M urea, 2% CHAPS, 2%
immobilized pH gradient (IPG) 3—10 buffer, 60 mm DTT), and
then the samples were actively rehydrated into 24-cm pH 3-10
immobilized pH gradient strips (Immobiline™ DryStrip, GE
Healthcare) for 16 h at 20 °C in a strip holder for first dimension
isoelectric focusing, which was performed on an Ettan IPGphor
II horizontal electrophoresis system (GE Healthcare). The elec-
trophoresis conditions were 500 V for 4 h, 1000 V for 2 h, 8000
V for 10 h, and 8000 V up to 40,000 V-h. After focusing, the IPG
strips were equilibrated for 15 min with gentle shaking in 10 ml
of 50 mm Tris-HCI (pH 8.8), 6 M urea, 50% (w/v) glycerol, 2%
(w/v) SDS, and 0.01% (w/v) bromphenol blue, and then second
dimension electrophoresis was performed on a 12.5% SDS-
polyacrylamide gel in an Ettan Daltsix electrophoresis system
(GE Healthcare) at 2 watts/gel for 2 h and then at 17 watts/gel
until the bromphenol blue front reached the end of the gel. For
preparative gels for MS analysis, 300 ug of internal pooled
standard proteins was used, and the gel was silver-stained
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according to the manufacturer’s instructions (GE Healthcare).
Cy2-, Cy3-, and Cy5-labeled images were acquired using a
Typhoon 9400™ scanner (GE Healthcare). Intragel spot detec-
tion and intergel matching were carried out using, respectively,
the Differential In-gel Analysis (DIA) module and Biological
Variation Analysis (BVA) module of the DeCyder software (GE
Healthcare). After manual inspection of this automatic match-
ing, protein spots differentially expressed between n-Pen c
13-sensitized and PBS-treated mice were identified by Stu-
dent’s t test (p < 0.05).

In-gel Digestion and Protein Identification by Nano-LC-
MS/MS—Proteins of interest were manually excised from a sil-
ver-stained preparative gel and destained with a 1:1 solution of
30 mM potassium ferricyanide and 100 mMm sodium thiosulfate
to remove silver staining and then dried in a SpeedVac concen-
trator. The protein was digested overnight at 37 °C with
sequencing grade trypsin (Promega, Madison, WI) in 25 mMm
ammonium bicarbonate, pH 7.8. The resulting peptides were
extracted sequentially with 50 wl of 1% TFA and 0.1% TFA, 60%
acetonitrile, and the combined extracts were lyophilized and
analyzed using a QSTAR™ XL mass spectrometer (Applied
Biosystems) coupled to an UltiMate™ nano-LC system
(Dionex/LC Packings, Amsterdam, Netherlands). Peak lists of
MS/MS spectra were created using the mascot.dll script version
1.6b13 in the Analyst QS program version 1.1 (Applied Biosys-
tems) and uploaded to the Mascot MS/MS Ions Search pro-
gram (Mascot version 2.2) on the Matrix Science public Web
site, and protein identification was performed against the
National Center for Biotechnology Information non-redun-
dant (NCBInr) data base (NCBInr_20090627 (9,184,702
sequences; 3,146,847,487 residues)) with the taxonomy limited
to Mus musculus (house mouse) (143,340 sequences). The data
base searches were performed with the following variable mod-
ifications: cysteine carbamidomethylation and methionine oxi-
dation with 0.3 Da precursor ion mass tolerance and 0.5 Da
mass tolerance for fragment ions. Enzyme specificity for tryptic
digests was selected to semitrypsin with two missed cleavages.
MH,?* and MH,** were selected as the precursor peptide
charge states in the search. Ions scores greater than 41 indicate
identity or extensive homology (p < 0.05); the individual score
for the MS/MS spectrum of each peptide was more than 20.

Immunoblotting Analysis—To validate the 2-D DIGE and
bioinformatics results, lung tissue lysates were prepared from
n-Pen ¢ 13-sensitized and PBS-treated mice, and then the pro-
teins (30 ug of protein/lane) were separated by 12.5% SDS-
PAGE and transferred to PVDF membranes (Millipore, Bed-
ford, MA). The membranes were blocked with blocking buffer
(20 mm Tris-HCI, pH 7.5, 150 mm NaCl, and 5% skim milk) for
1 h at room temperature with gentle shaking and then were
washed with TNT buffer (20 mm Tris-HCI, pH 7.5, 150 mm
NaCl, and 0.05% Tween 20) and incubated overnight at 4 °C
with rabbit antibodies against Grp94 (glucose-regulated pro-
tein 94) (diluted 1:250), Grp78 (diluted 1:1000), moesin (diluted
1:500), or CFL1 (cofilin-1) (diluted 1:500) (all from Bioworld
Technology) or mouse anti-CORO1A (coronin actin-binding
protein 1A) antibodies (diluted 1:200) or goat anti-CAPZA1
(F-actin capping protein subunit «-1) antibodies (diluted 1:100)
(both from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA))
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(all dilutions in TNT buffer containing 1% skim milk). The
membranes were then incubated for 1 h at room temperature
with HRP-conjugated anti-mouse IgG antibody (BD Biosci-
ences Pharmingen), anti-rabbit IgG antibody (Jackson Immu-
noResearch Laboratories, Inc., West Grove, PA), or anti-goat
IgG antibody (Sigma) diluted 1:2000 in TNT buffer containing
1% skim milk. Bound antibodies were visualized using ECL
reagents (PerkinElmer Life Sciences). 3-Actin was used as an
internal control of protein loading. The relative amounts of
protein expression were analyzed using ImageQuant™ TL
software (GE Healthcare) and normalized to the amounts of
B-actin. To analyze the effect of n-Pen c 13 on junctional pro-
teins, the lung lysates were subjected to immunoblot analysis
using rabbit antibodies against occludin (diluted 1:2000), ZO-1
(diluted 1:3000), or E-cadherin (diluted 1:1000) (all from
Zymed Laboratories Inc.. San Francisco, CA) and HRP-conju-
gated anti-rabbit IgG antibody (1:2000, Jackson ImmunoRe-
search Laboratories, Inc.). For a detailed description of immu-
noblot analysis, please see above.

In Vitro Assay—To further evaluate the effect of n-Pen ¢ 13
on airway epithelium cells, NCI-H441 cells (3-5 X 10° cells)
were grown on 6-well plates and cultured for 5-7 days until
confluence and then were incubated for the indicated time with
n-Pen ¢ 13 (30 nm). Whole-cell extracts were prepared by wash-
ing the cells twice with PBS containing a protease inhibitor
mixture (Calbiochem). Sample buffer (50 mm Tris-HCI, pH 6.8,
4% SDS, 12% glycerol, 2% B-mercaptoethanol, and a trace of
bromphenol blue) was added to the cells, and the lysates were
scraped into a microcentrifuge tube and boiled for 10 min at
95 °C. After SDS-PAGE, the proteins were subjected to immu-
noblot analysis as above using antibodies against occludin,
Z0O-1, and E-cadherin.

Immunocytochemistry—For immunocytochemical studies,
NCI-H441 cells (5 X 10* cells/cm®) were grown on 24-well
plates on glass coverslips coated with collagen. After attaining
confluence, the cells were incubated in serum-free DMEM with
either vehicle (PBS) or n-Pen ¢ 13 (30 nm) for 0.5 h. All subse-
quent procedures were performed at room temperature. The
cells were fixed in 4% paraformaldehyde in PBS for 15 min,
washed with PBS, and permeabilized by incubation with 0.1%
Triton X-100 in PBS for 15 min. They were then incubated with
PBSB for 30 min and incubated for 1 h with a 1:50 dilution of
rabbit antibodies against occludin, ZO-1, or E-cadherin
(Zymed Laboratories Inc.. San Francisco, CA) in PBSB, washed,
and incubated for 1 h with a 1:100 dilution of Alexa Fluor-488-
conjugated goat anti-rabbit IgG antibodies in PBSB. Following
a final wash, the cells were mounted with mounting medium
and examined using a Leica TCS SP2 confocal laser-scanning
microscope.

Transepithelial Electrical Resistance (TEER) Measurements—
NCI-H441 cells (5 X 10* cells/cm®) were grown in a 24-well
Transwell until confluence before use in the TEER study. The
NCI-H441 cell monolayers were equilibrated in prewarmed
HBSS at 37 °C before the experiment, and then the HBSS on the
apical side was replaced with prewarmed HBSS containing 10
nM n-Pen ¢ 13, and the resistance across the cell monolayer was
measured at the indicated times to determine the extent to
which tight junctions were opened.
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Data Analysis—The data for AHR, serum samples, spleno-
cyte culture supernatants, and hydroxyproline level were ana-
lyzed by one-way ANOVA, followed by the Newman-Keuls
multiple comparison test. Western blotting and TEER mea-
surement results were analyzed using the paired Student’s ¢ test.
p < 0.05 was considered statistically significant. Values for all
measurements were expressed as the mean * S.E.

RESULTS

Exposure of Mice to Intratracheal Pen c 13 Induces Pulmo-
nary Allergic Responses—To investigate the effects of Pen c 13
protease in a murine model of induced allergic pulmonary
inflammation, BALB/c mice were intratracheally inoculated
with 1 ug of n-Pen c 13, d-Pen c 13, or PBS for 10 consecutive
days (days 0-9) and were sacrificed 72 h after the last challenge
(day 12) (Fig. 1A). There was no significant difference in body
weight gain or loss between the groups throughout the period
of intratracheal administration (supplemental Fig. S1). We fur-
ther evaluated changes in airway resistance in response to
increasing doses of methacholine. As seen in Fig. 1B, compared
with d-Pen ¢ 13-sensitized, PBS-treated, or naive mice, the
n-Pen c 13-sensitized mice showed significantly greater AHR at
the highest dose (25 mg/ml) of methacholine (p < 0.05). In
addition, significant numbers of leukocytes were increased in
the BAL fluid (p < 0.001), of which 7.3-10% were eosinophils
(Fig. 1C). A significant increase in levels of total IgE, Pen c
13-specific IgE, and Th2-associated Pen ¢ 13-specific IgG1 was
seen in the sera from the n-Pen c 13-sensitized mice compared
with naive or control animals (p < 0.001), but there was no
significant difference in Th1-associated Pen c 13-specific IgG2a
levels (Fig. 1D). To investigate the pattern of Th2-associated
cytokines responses in this model, the d-Pen c 13-elicited secre-
tion of cytokines in splenocyte cultures was determined as
shown in Fig. 2A. The background level was measured in wells
containing splenocytes in medium only. The increased levels of
cytokine secretion were obtained by subtracting the back-
ground. The results are shown in Fig. 2B; a significant increase
in the level of the Th2-associated cytokines IL-4, IL-5, and
IL-13 was produced by splenocytes isolated from n-Pen c
13-sensitized mice compared with those from d-Pen c 13-sen-
sitized mice or PBS-treated mice after in vitro stimulation with
d-Pen ¢ 13 (p < 0.05). However, there was no significant differ-
ence in Pen ¢ 13-induced production of the Thl-associated
cytokine IFN-vy between the n-Pen c¢ 13-sensitized, d-Pen ¢
13-sensitized, and PBS-treated groups. In addition, we have
also characterized this model regarding the levels of the gene
expression of various Th2 cytokines, Th2 chemokines, and pro-
inflammatory mediators in the lung to provide more informa-
tion on the immunological aspect of n-Pen ¢ 13-induced lung
allergic inflammation. The n-Pen ¢ 13 challenge caused a
marked increase in the mRNA levels for the Th2 cytokines
(IL-4, IL-5, and IL-13), Th2 chemokines (CCL17 and CCL22),
and proinflammatory mediators (TNF-« and IL-10) (supple-
mental Fig. S2). These results suggest that the active protease
Pen c 13 is a potent inducer of Th2 and IgE responses.

Histological Evaluation of Lung Pathology—Histopathologic
evaluation of the lavaged lung tissues of mice repeatedly chal-
lenged with n-Pen c 13 revealed extensive inflammatory infil-
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trates in both the peribronchiolar and perivascular connective
tissues compared with d-Pen c 13- or PBS-challenged mice (Fig.
3, A-H). In addition, the PAS staining of the lung sections
revealed markedly goblet cell hyperplasia and mucus hyperse-
cretion in the bronchi of n-Pen c 13-sensitized mice but not
d-Pen c 13-sensitized or PBS-treated mice (Fig. 3, /-L). Because
peribronchial collagen deposition is one of the cardinal struc-
tural alterations associated with remodeling in asthma, lung
tissue sections from four groups were stained with Masson
trichrome to determine the relative amount and distribution of
collagen deposition within the lung. The n-Pen c 13-sensitized
mice showed a marked increase in collagen deposition com-
pared with control mice (Fig. 3, M—P). Consistent with this
morphometric analysis, the content of lung hydroxyproline in
the n-Pen ¢ 13-sensitized (p < 0.001) mice was markedly ele-
vated compared with naive or control mice (Fig. 3Q). Overall,
these findings suggest that n-Pen c 13 can promote inflamma-
tory cell infiltration, mucus overproduction, and collagen de-
position leading to airway morphological changes.

2-D DIGE Analysis of Lung Tissues from PBS-treated or n-Pen
¢ 13-sensitized Mice—To explore the inflammatory mechanism
induced by n-Pen c 13, its downstream regulatory effectors
were analyzed. Using 2-D DIGE, we examined protein expres-
sion in tissue lysates of PBS-treated and n-Pen c 13-sensitized
mice using a pH range of 3-10 and 12.5% SDS gels. The
arrangement of samples on the four gels used is shown in sup-
plemental Table 2, including the switching of samples between
Cy3 and Cy5 to avoid dye labeling bias arising from the distinct
fluorescence features of gels at different wavelengths. Fig. 44
shows representative images of a 2-D DIGE gel containing two
test samples, one labeled with Cy3 (total protein in n-Pen c
13-sensitized tissue lysates) and the other with Cy5 (total pro-
tein in PBS-treated tissue lysates), and an internal standard pool
labeled with Cy2 (combined total protein from all of the lungs of
the four pairs of mice). The data were analyzed automatically
using DeCyder image analysis software without user interfer-
ence, and 4536 protein spots were detected on the master gel
(gel 1). The other three gels were then matched to the master
two-dimensional fluorescence map to detect protein spots
showing consistent differences across all of the gels. Gel 2 con-
tained 4524 spots and 3007 matches; gel 3 contained 3851 spots
and 2695 matches; and gel 4 contained 3957 spots and 2487
matches. Statistical analysis using DeCyder software to apply a
confidence level to each difference resulted in 45 significant
reproducible spots induced by n-Pen ¢ 13 (p < 0.05, >1.2-fold
change). The location of these 45 protein spots on a represen-
tative gel is shown in Fig. 4B. The expression of 19 spots was
decreased, and that of 26 spots was increased by n-Pen ¢ 13
sensitization.

Identification of the Differentially Expressed Proteins—To
identify the proteins, each gel was silver-stained, and then the
protein spots of interest were excised manually, digested in-gel
with trypsin, and identified by nano-LC-MS/MS spectrometry,
followed by a Mascot data base search. Thirty-nine different
proteins were identified from the 45 spots that showed a signif-
icant difference in expression levels between the PBS-treated
and n-Pen c 13-sensitized mouse groups (supplemental Table
3). The ontology analysis of the identified proteins indicated the
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FIGURE 1. Functional analyses of the ability of Pen c 13 to facilitate allergic sensitization and airway inflammation. A, schematic representation of the mouse
model forinducing allergic inflammation by consecutive intratracheal administration of allergen. B, effect of n-Pen c 13 on methacholine-induced airway resistance in
mice. AHR against aerosolized methacholine was determined by evaluation of percentage changes from the base-line level of airway resistance (n = 6-9/group). t,
significant difference from control (naive, PBS,and d-Pen ¢ 13), p < 0.05. , total cell count (left) and differential cell count (right) in the bronchoalveolar lavage. D, serum
levels of total IgE (top left), specific IgE (top right), specific IgG1 (bottom left), and specific lgG2a (bottom right). Sera were collected from naive mice (untreated) and mice
intratracheally treated with PBS, d-Pen c 13, or n-Pen ¢ 13.n = 4-10/group, p < 0.001 compared with naive (¥), PBS-treated (**), or d-Pen ¢ 13-sensitized mice (**¥),
respectively. The data are expressed as the mean = S.E. Differences between experimental groups were assessed by one-way analysis of variance followed by the
Newman-Keuls multiple comparison test. The levels of the specific IgE, IgG1, and IlgG2a were expressed as ELISA unit (E.U.). The E.U. is calculated as the absorbance of
sample subtracted by the blank (A, e — Abiank) divided by the absorbance of positive control subtracted by the blank (A, osiive — Apiank)-
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FIGURE 2. Th2-associated cytokine production after in vitro stimulation of splenocytes with d-Pen ¢ 13. A, production of IL-4, IL-5, IL-13, and IFN-y by
splenocytes after in vitro stimulation with d-Pen ¢ 13 or medium alone. n = 4-11/group; data are expressed as means * S.E. B, the increased levels of cytokine
secretion were determined by subtracting background activity of cells incubated with medium only without antigen. The data are expressed as the mean *
S.E. (error bars). p < 0.05 compared with PBS-treated (*) or d-Pen c 13-sensitized mice (**), respectively. Statistical analysis was performed using one-way

analysis of variance followed by the Newman-Keuls multiple comparison test.

relevance and diversity of molecular functions, including cyto-
skeleton and related proteins (28%), protein folding (8%), oxi-
doreduction (20%), immune response (5%), cellular metabo-
lism (18%), and others (21%), which may provide clues for
understanding the molecular pathogenesis of lung disease (Fig.
4C).

Validation of the Protein Results by Western Blotting—Bioin-
formatics analysis and a literature review for Pen ¢ 13-regulated
proteins identified in the present study showed that many of
these proteins were involved in actin cytoskeleton signaling. To
verify the 2-D DIGE results, we performed an immunoblotting
analysis on six selected protein targets (Grp94, Grp78, moesin,
CORO1A, CAPZA1L, and CFL1) that have been suggested to be
involved in actin cytoskeletal rearrangements. As shown in Fig.
54, these results were consistent with the 2-D DIGE results.
Five of the six proteins (Grp94, Grp78, CORO1A, CAPZA1,
and CFL1) were up-regulated in lung tissues from n-Pen c
13-sensitized mice, whereas one protein, moesin, was down-
regulated. We also performed immunoblotting analysis on two
additional proteins (galectin-3 and laminin-vy1) identified by
bioinformatics analysis (see supplemental material) but not by
our proteomics experiments. Fig. 5B shows that galectin-3
expression in the lung was increased, whereas laminin-y1
expression was decreased by n-Pen c 13. These data suggest
that the allergic protease Pen ¢ 13 might induce actin polymer-
ization and cytoskeletal remodeling, thus allowing cells to
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migrate, which is closely linked to cellular and structural
changes within the airway.

Evaluation of Intercellular Barrier Disruption by n-Pen ¢ 13—
In order to understand the effects of proteolytic activity on
epithelial function in models of n-Pen ¢ 13-induced allergic
airway inflammation, we examined lung tissue extracts from
PBS-treated and n-Pen c 13-sensitized mice by Western blot-
ting to ascertain whether loss of junctional proteins was caused
by n-Pen ¢ 13 and found that T] proteins (occludin and ZO-1)
and an AJ protein (E-cadherin) were markedly degraded in
n-Pen c 13-sensitized mice (Fig. 6A). The effect of n-Pen c 13 on
pulmonary epithelial barrier integrity in vivo was mimicked
using an in vitro NCI-H441 cell model. Fig. 6B shows that n-Pen
¢ 13 treatment of NCI-H441 cells resulted in time-dependent
cleavage of occludin and E-cadherin into two major immuno-
reactive products. In addition, although ZO-1 is a cytoplasmic
protein, it was also markedly reduced in the n-Pen c 13-treated
cells, suggesting that ZO-1 may serve as a link between the
transmembrane protein and the actin cytoskeleton, which is
indirectly disrupted by n-Pen c 13. Similar results were
obtained by immunofluorescence staining and confocal
microscopy (Fig. 6C), which showed that n-Pen ¢ 13 treatment
of NCI-H441 cells resulted in less intense staining and some
areas of discontinuous staining compared with the control,
implying that disruption of T] integrity had occurred. In addi-

JOURNAL OF BIOLOGICAL CHEMISTRY 26673


http://www.jbc.org/cgi/content/full/M110.193987/DC1

Lung Proteome Alteration Induced by Protease Pen c 13

H&E

Hydroxyproline (19/left lobe)

e

-

Rttt e e e
'a"n"u e " e

L)
Naive PBS d-Penc13 n-Penc13

FIGURE 3. Histological evidence of induced inflammatory cell recruitment, mucus hypersecretion, and collagen deposition. Histopathologic analysis of
a lung from a naive mouse (A, B, I, and M) or a PBS-treated (C, D, J, and N), d-Pen c 13-sensitized (E, F, K, and O), or n-Pen c 13-sensitized (G, H, L, and P) mouse is
shown. Lung sections were stained with H&E staining (magnification: X 100 (left) and X400 (right)) for assessment of inflammatory changes, with PAS staining
(magnification: X 200) for visualization of mucus-secreting cells in the intrapulmonary conducting airways (purple-red staining), and with Masson’s trichrome
staining (magnification: X200) for showing collagen deposition (blue staining). The results shown are representative of those from at least four experiments.
Q, the left lobe of the mice was harvested and assayed for hydroxyproline analysis. Values are expressed as the means = S.E. (error bars) (n = 6) for each group.
p < 0.001 compared with naive (¥), PBS-treated (**), or d-Pen c 13-sensitized mice (***), respectively. Differences between experimental groups were assessed
by one-way analysis of variance followed by the Newman-Keuls multiple comparison test.
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FIGURE 4. 2-D DIGE analysis of lung proteome alterations in a mouse model. A, overlaid two-dimensional gel images of tissue lysates from n-Pen ¢
13-sensitized mice labeled with Cy3 (green), PBS-treated mice labeled with Cy5 (red), protein spot patterns. B, representative two-dimensional electrophoresis
profiles of lung samples using the pooled standard proteins showing altered expression after n-Pen c 13 treatment and the spots identified by nano-LC-MS/MS
spectrometry, which are numbered and shown in supplemental Table 3. C, classification of identified proteins based on their functional annotations using gene
ontology of the UniProt Knowledgebase and Rat Genome Database (available on the World Wide Web).

tion, permeability measurements by TEER were performed to  TEER of 100 ohms cm?, and the TEER decreased in a time-de-
determine whether the effects of n-Pen ¢ 13 on junctional pro- pendent manner following n-Pen ¢ 13 treatment compared
teins were associated with a diminished epithelial barrier. As  with treatment with vehicle. These results suggest that break-
shown in Fig. 6D, confluent NCI-H441 cells exhibited a mean down of AJ/T] proteins and increased permeability are associ-
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FIGURE 5. Protein validation by Western blotting. A, confirmation for selected proteins that were identified as differentially expressed by 2-D DIGE. B,
confirmation of the two proteins, laminin y-1 and galectin-3, hypothetically identified by bioinformatics analysis. Left panels, representative immunoblots of
lung lysates obtained from n-Pen c 13-sensitized mice (+) and PBS-treated mice (—). B-Actin was used as the loading control. Right panels, quantitative analysis
of results of four Western blots performed using ImageQuant™ TL software. The data are shown as the mean = S.E. (error bars).

ated with loss of pulmonary epithelium integrity in n-Pen c
13-sensitized mice.

DISCUSSION

Pen c 13, a major allergen secreted from P. citrinum, has been
identified as an alkaline serine protease (22). We developed an
animal model of allergic airway inflammation in response to
continuous exposure to Pen ¢ 13. Our results showed that
n-Pen c 13 can induce cellular and immunologic responses in
BALB/c mice. These include increased numbers of infiltrating
cells, specifically eosinophils, increased production of Th2
cytokines IL-4, IL-5, and IL-13 by splenocytes from n-Pen ¢
13-sensitized mice after in vitro antigen-specific activation and
significantly elevated serum levels of total IgE, Pen c 13-specific
IgE, and the anti-Pen ¢ 13 [gG1/IgG2a antibody ratio, leading to
structural changes in the airways. Conversely, administration of
d-Pen c 13, which lacks proteolytic activity, did not result in
allergic airway inflammation and structural alterations.

In this study, we used a proteomic approach to compare the
lung protein profile in n-Pen ¢ 13-sensitized and PBS-treated
mice. A total of 39 differentially expressed proteins were iden-
tified, and their potential biological connections with develop-
ment of allergic airway inflammation were explored by bioin-
formatics analysis (supplemental Table 4 and Fig. S3). The
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canonical pathways identified were (i) acute phase response
and leukocyte extravasation signaling; (ii) NRF2 (NF-E2-re-
lated factor 2)-mediated oxidative stress response; (iii) actin
cytoskeleton, integrin, and focal adhesion kinase signaling; and
(iv) tight junction signaling.

Acute Phase Response and Leukocyte Extravasation Signaling—
During acute lung injury, the lung releases acute-phase pro-
teins, such as pentraxin 3, causing leukocyte recruitment out of
blood vessels into the airways, which contributes to the severity
of asthma (27).

NRF2-mediated Oxidative Stress Response—Protease-in-
duced inflammation in the respiratory tract may be associated
with abnormal iron metabolism characterized by impaired iron
release from tissues. However, excess iron is potentially harm-
ful because it can catalyze the formation of toxic reactive oxy-
gen species. The observed increase in ferritin (spot 17in Fig. 4B)
is probably responsible for the diversion of labile iron into fer-
ritin stores and reduction of reactive oxygen species accumula-
tion (28, 29). This suggests that the lung has a particularly effi-
cient antioxidant system to protect it from damage by reactive
oxygen species (30). Moreover, levels of superoxide dismutase
(spot 19) and peroxiredoxin 1 (spot 22) were also increased in
our proteomic data. Recent studies have revealed that both play

JOURNAL OF BIOLOGICAL CHEMISTRY 26675


http://www.jbc.org/cgi/content/full/M110.193987/DC1

Lung Proteome Alteration Induced by Protease Pen c 13

A B

n-Penc 13 n-Pen c 13 n-Penc 13 n-Pen c 13 n-Pen c 13 n-Penc13
(kDa) = (kDa) =3 1% (kDa) = Incubation Time (hr) Incubation Time (hr) Incubation Time (hr)
(kDa) 0 05 1.0 20 (kDa) 0 05 1.0 20 (kba) 0 05 1.0 20
97 — -—— 170 |
66— = — 97 —| 130+ | 2|
o7 - — 100 -| 1704 '.ﬂ!"‘. 120
45— L 6= — 70 - 1304 130 -
66 - - R - - —— —
45 — 55 -
45 - 100 - 100 -
3 G- 40 i &
70 -|
- s 31— 35-
b T—— El s
31- 25 55
Z0-1
a»aes | At 7204 | @=em | p-Actin Occludin
Occludin E-cadherin EI
B-Actin
C ontrol (vehicle ) n-Pen c 13 treated D E-cadherin
200
180 —e— control ( vehicle) k % *«
' —O—10nM n-Penc 13
£ 160
o ]
Anti-occludin Ab staining X ]
. » 140 H
control ( vehicle ) n-Pen c 13 treated = ]
== K= ]
S 120 A
@ o ]
o ]
s 1004
c ]
[l ]
O 80
o ]
o ]
Anti-ZO-1 Ab staining [0 60 4
£ ]
control ( vehicle ) n-Pen c 13 treated -03
p © 40+
o ]
20 4
0 ] T T T T T T

Anti-E-cadherin Ab staining

15 20 25 30

Time (hour)

FIGURE 6. Disruption of junctional proteins by Pen c 13 increases epithelial paracellular permeability. A, immunoblots of junctional proteins from the
lung tissues of PBS-treated or n-Pen c 13-sensitized mice. The results shown are representative of those from four separate experiments. B, immunoblots of
junctional proteins from NCI-H441 cell monolayers under control conditions and after treatment for 0.5, 1, or 2 h with n-Pen ¢ 13 (30 nm). The results shown are
representative of those from at least four separate experiments. C, representative photomicrographs obtained by confocal microscopy after immunofluores-
cence staining for occludin, ZO-1, and E-cadherin in NCI-H441 cells exposed to PBS or n-Pen ¢ 13 (30 nm) for 0.5 h. The results shown are representative of those
from at least four separate experiments. Bar, 25 um. D, time course of the decrease in the TEER of NCI-H441 cell monolayers after applying n-Pen ¢ 13 (10 nm).
Values are expressed as the means = S.E. (error bars) (n = 3) for each measurement time point. p < 0.05 versus control.

a critical role in protecting the lungs against oxidative damage
and are involved in the development of asthma (31, 32).

Actin Cytoskeleton, Integrin, and Focal Adhesion Kinase
Signaling—Actin cytoskeletal signaling participates in many
fundamental processes, including the regulation of cell
shape, migration, and adhesion. Moreover, the actin cyto-
skeleton also plays a critical role in the activation of T cells
(33, 34). In this study, we identified several proteins catego-
rized as involved in actin cytoskeleton organization or
related proteins, including F-actin capping protein (spot 4 in
Fig. 4B), coronin (spot 6), macrophage capping protein (spot
11), CFL1 (spot 21), vinculin (spot 24), Arp2/3 complex (spot
43), and moesin (spot 45) (35-39). These proteins may be
potential novel therapeutic targets, particularly in prevent-
ing tissue remodeling by proteases.

Tight Junction Signaling—The 2-D DIGE analysis revealed
that expression of vinculin, a ubiquitously expressed actin-
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binding protein, was decreased in the n-Pen c¢ 13-sensitized
mice. This protein is believed to strengthen the mechanical
links between adhesion complexes and the actin cytoskeleton,
which are required for TJ organization. In vinculin-null cells,
apical junctional organization is impaired, and this phenotype
isrescued by re-expression of vinculin (40). In addition, a recent
study also identified vinculin as a novel regulator of E-cadherin
function and as providing dynamic regulation to reinforce the
adhesion junctions (41). These results indicate that vinculin
might be involved in the assembly of the apical junctional com-
plex in epithelia. This suggests that Pen ¢ 13 might disrupt AJ
and TJ structure and barrier function. This agrees with our
finding that AJ and TJ proteins were obviously degraded by
n-Pen ¢ 13 treatment in both in vitro and in vivo studies. We
conclude that the changes in vinculin protein levels and actin
organization are linked to disruption of cellular adhesion mol-
ecules to allow easier penetration of allergens. Furthermore,
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FIGURE 7. Schematic overview of possible signaling pathways in Pen ¢ 13 allergen-induced allergic airway inflammation. Potential mechanisms by Pen
¢ 13 might concomitantly disrupt the epithelial barrier and release IL-8. The epithelium damage might bring active Pen c 13 into contact with target cells and

influence Th2 and IgE regulation via several signaling pathways.

repeated damage and repair of epithelial cells may result in
mucous metaplasia and airway remodeling.

Previous studies have indicated that three important intrin-
sic features might render proteins allergenic; these are (i) pro-
tease activity, (ii) surface features, and (iii) glycosylation pat-
terns (12, 42—47). Several proteases from different sources,
such as P. citrinum (Pen c 13), Penicillium chrysogenum (Pen ch
13), A. fumigatus (Asp f 13), Epicoccum purpurascens (Epip 1),
Curvularia lunata (Cur 1 1), Dermatophagoides pteronyssinus
(Der p 1, Der p 3, and Der p 9), Dermatophagoides farinae (Der
f1 and Der { 3), and Periplaneta americana (Per a 10), have been
reported as important allergens with proteolytic activity (19,
48 —54). Many reports have revealed that allergic inflammation
induced by proteases may be due to activation of PARs (10, 55,
56). Our previous study showed that Pen ¢ 13 induces proin-
flammatory cytokine release in airway epithelial cells through
PARs (23). Among the known proteases, thrombin has similar
effects on lung epithelial cells (57). Furthermore, thrombin also
induces connective tissue growth factor expression in lung
fibroblasts by activating PAR1 (58). In fact, connective tissue
growth factor, apart from its regulation of wound repair and
fibrosis in the lung, mediates the expression of both matrix
metalloproteinases (MMPs) and their inhibitors (TIMPs) (59).
In addition, fibrogenesis is strongly linked to the development
of a Th2 cell response, which is characterized by an increase in
the MMP/TIMP ratio (60— 62). Interestingly, we observed that
TIMP-2 expression was significantly increased in lung tissue
after n-Pen ¢ 13 inoculation (supplemental Fig. S4). Based on
the above evidence, we hypothesized that MMPs and their
inhibitors, TIMPs, may contribute to the development of Pen c
13-induced pulmonary fibrosis.
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In the absence of d-Pen ¢ 13 stimuli, the basal levels of IL-4,
IL-5, IL-13, and IEN-vy in cultures of splenocytes from antigen-
sensitized mice were higher than in PBS-treated mice. A possi-
ble explanation for these results might be that the antigen-pre-
senting cells process antigen and migrate to drive the
splenocyte activation, but without protease activity, the antigen
is insufficient to induce the allergic response. So far, the role of
protease in antigen processing and presentation related to Th2-
type inflammation in vivo is still unclear. However, the den-
dritic cells and basophils are most probably to prime a Th2
response due to their ability to take up antigen and migrate to
draining lymph nodes to initiate adaptive immune responses.
Reports have indicated that the migration of dendritic cells and
basophils to the draining lymph node as well as the expression
of thymic stromal lymphopoietin by airway epithelial cells and
basophils are further increased under the influence of protease,
providing a powerful amplification mechanism of Th2 differen-
tiation (63— 65). Furthermore, a recent study has demonstrated
that the occurrence of protease-induced Th2 responses
requires dendritic cell-basophil cooperation via reactive oxy-
gen species-mediated signaling (66), but the specific role of Pen
¢ 13 in dendritic cells and basophils remains to be elucidated.

Among a number of candidate inflammatory mediators,
galectin-3, which belongs to a family of 3-galactoside-binding
animal lectins, has been shown to play a pivotal role in activated
cells involved in allergic airway inflammation (67— 69). Recent
studies also suggest that galectin-3 contributes to allergic
inflammation by promoting polarization toward a Th2 immune
response (70, 71). The role of galectin-3 in airway remodeling
was investigated in a murine model of chronic allergic airway
inflammation recently. This study demonstrated that galec-
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tin-3 is an important lectin that promotes airway remodeling
via airway recruitment of inflammatory cells, specifically eosin-
ophils, and the development of a Th2 phenotype as well as
increased expression of eosinophil-specific chemokines and
profibrogenic and angiogenic mediators (70). On the basis of
the dramatic increase in galectin-3 expression in n-Pen c
13-sensitized mice, we hypothesize that galectin-3 might play a
role in the development of allergic airway inflammation and
remodeling. Inhibitors of this lectin may prove useful in the
treatment of allergic disease. Another candidate inflammatory
mediator, laminin, is an abundant basement membrane glyco-
protein that participates in the maintenance of airway architec-
ture. Previous studies have shown an increased thickness in
layers expressing laminin in patients with asthma (72, 73), but
our results showed that laminin was degraded by n-Pen ¢ 13.
This suggests thickened laminin expression in the airways, pos-
sibly as a result of continual damage and recovery from airway
inflammation in asthma.

In conclusion, we have established a mouse model of allergic
airway inflammation and changes in epithelial barrier integrity
and function in response to continuous exposure to a proteo-
lytically active fungal allergen. Our data underline the impor-
tant role of the active protease Pen c 13 in driving Th2-associ-
ated inflammation in the lungs. To gain insights into the
mechanisms involved in the regulation of allergenicity, we used
a 2-D DIGE approach to identify differentially expressed pro-
teins and also adopted bioinformatics analysis software to
explore the immunological and pathological development of
asthma. Taken together, these data demonstrate that Pen ¢ 13
may contribute to tissue damage associated with allergic airway
inflammatory diseases, such as asthma (Fig. 7). Thus, we show
that prolonged inhalation of Pen ¢ 13 without adjuvant may
represent an optimal condition for developing experimental
animal models of allergic airway inflammation. In addition, our
studies may lead to the treatment of allergy using serine prote-
ase inhibitors, as suggested previously (74).
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