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Epithelial cells atmucosal surfacesare integral componentsof innate
and adaptive immunity. IL-25 is reportedly produced by epithelial
cells and likely plays vital roles in regulating type-2 immune
responses. However, little is known regarding the mechanisms that
control production and extracellular releases of IL-25. We hypothe-
sized that proteases from the multiple allergens may induce IL-25
production inairwayepithelial cells. In this study,wefoundthat IL-25
is constitutively produced and detectable in cytoplasm of resting
normal human bronchial epithelial (NHBE) cells. When exposed to
airborne allergens such as house dust mite (HDM), stored IL-25 was
released rapidly to the extracellular space. IL-25 release was not
accompanied by cell death, suggesting involvement of active secre-
tory mechanism(s). HDM also enhanced IL-25 mRNA transcription,
which was dependent on their protease activities. Furthermore,
activation of NHBE cells with authentic proteases, such as trypsin
and papain, or with a peptide agonist for protease-activated recep-
tor 2 was sufficient to enhance IL-25 mRNA transcription and
protein. Protease-driven increase in mRNA transcription and
allergen-driven extracellular release of IL-25 protein was also ob-
served in primary nasal epithelial cells from healthy individuals.
These findings suggest that IL-25 production by airway epithelial
cells is regulated by the transcription and protein release levels
and that allergen proteases likely play pivotal roles in both biological
processes.
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In addition to being a physical barrier between the airway and
the immune system, epithelial cells are now thought to play vital
roles in innate and adaptive immune responses (1). Epithelial
cells produce chemokines and cytokines that recruit and
enhance survival of dendritic cells and interact directly with
dendritic cells through membrane-associated chemokines (2–4).
Epithelial cells also express soluble and cell-surface molecules
that regulate recruitment, differentiation, proliferation, and
function of T and B cells (2, 5). In particular, newly discovered
epithelial-derived cytokines, such as thymic stromal lympho-
poietin, IL-25, and IL-33, may play key roles in the development
and regulation of T helper 2 (Th2) cytokine-dependent immune
responses (6).

There is increasing evidence to suggest the roles for IL-25 in the
type-2 immune response and in the pathogenesis of asthma and
allergic diseases. IL-25 (also known as IL-17E) is a member of
a family of six structurally related but functionally distinct proteins.
IL-17A and IL-17F appear to play important roles in neutrophilic
inflammation and autoimmunity. In contrast, IL-25 is exceptional
in promoting eosinophilic inflammation and a type-2 immune re-
sponse (7). This has been well demonstrated in mouse models:
exogenous administration of IL-25 (8, 9) or transgenic expression
(10, 11) induces Th2-type inflammation. IL-25 is increased in an-
imal bronchial challenge models (12), and its inhibition reduces
the associated Th2-type inflammation (13, 14). Thus, IL-25
appears to be sufficient for the development of Th2-type airway
inflammation. However, little is known regarding the factors that
control the production of IL-25. In vitro, airway epithelial cells
(AECs) express IL-25 mRNA when they are activated by the
allergens Aspergillus oryzae and ragweed (13–15).

The Th2-type immune response is typically associated with
immunity to multicellular helminthes (16). These multicellular
organisms secrete proteases (17), and the innate immune system
appears to have evolved to recognize the Toll-like receptor
(TLR) ligands and proteases produced by them (18). Certain
allergens are also proteases (e.g., Amb a from ragweed pollen;
Bla g from cockroach; Asp f 5, f 6, and f 11 from Aspergillus;
and Der p 1, p 3, p 9 from house dust mite [HDM]) (1). The
protease activities produced by HDM, Aspergillus, or ragweed
promoted a Th2 response (19, 20). HDM proteases can activate
protease-activated receptors (PARs), leading to allergic inflam-
mation (21–23). Recently, a prototypic cysteine protease, pa-
pain, promoted Th2-type sensitization to bystander antigens
after it was administered subcutaneously into mice (24).

In this study we investigated the mechanisms of IL-25 pro-
duction by AECs by using natural allergens and authentic pro-
teases. The mRNA transcription and extracellular release of
IL-25 protein did not correlate when AECs were exposed to var-
ious allergen extracts and TLR ligands. Indeed, IL-25 protein
was constitutively produced by AECs, and it was released quickly
to extracellular milieu when the cells were exposed to HDM.
Furthermore, HDM and prototypic proteases enhanced IL-25
mRNA transcription by the mechanisms dependent on PAR-2.
These finding suggest that IL-25 production by AECs is regulated
by the distinct processes involving mRNA transcription and pro-
tein release and that allergen proteases likely play important roles
in both events. IL-25may serve as an epithelial danger signal that
is mobilized rapidly in response to airborne proteases.
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CLINICAL RELEVANCE

A better understanding of the protease-activated receptor
pathways and their relationships with IL-25 immunobiology
may allow us to develop novel therapeutic and preventive
strategies for allergic airway diseases.
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MATERIALS AND METHODS

Detailed methods are available in the online supplement.

Reagents

Pam3CysSerLys4 (Pam3CSK4, San Diego, CA) and polyinosinic-
polycytidylic acid [poly(I:C)] were from InvivoGen. ATP peroxidate
oxidized sodium salt, Pepstatin A, trypsin from bovine pancreas, Actino-
mycin D, trans-epoxysuccinyl-L-leucylamide (4-guanidino) butane (E-64),
4-amidinophenylmethanesulfonyl fluoride (APMSF), and nonidet P-40
(NP-40, La Jolla, CA) were from Sigma-Aldrich (St. Louis, MO).
Papain and suramin were from Carica papaya from Calbiochem
(Charlottesville, VA). Recombinant Der p1 and Der p2 were from In-
door Biotechnologies. The PAR-1 agonist peptide TFLLRN-NH2 and
the PAR-2 agonist peptide SLIGKV-NH2 were from AnaSpec (Fremont,
CA). Antihuman IL-25 was from Millipore (Billerica, MA). Anti-human
TLR2 was from eBioscience (San Diego, CA). Small interfering RNA
(siRNA) for PAR-1, PAR-2, TLR2, TLR4 and a control siRNA were
obtained from Invitrogen (Grand Island, NY). Crude allergen from
Alternaria Alternata (Alternaria), Candida albicans (Candida), ori-
ental cockroach (cockroach), HDM, and short ragweed (ragweed)
were purchased from Greer Laboratories (Lenoir, NC).

Cell Culture, Treatment, and Transfection

Normal human bronchial epithelial (NHBE) cells were obtained from
Lonza (Walkersville, MD) and were then transfected with the cata-
lytic component of telomerase, the human catalytic subunit of the

telomerase reverse transcriptase gene, which was kindly provided by
Professor H. Kita (Mayo Clinic, Rochester, MN). Cell culture superna-
tants and cell lysates were collected and used for IL-25 protein ELISA
and IL-25 mRNA real-time RT-PCR (see below). To transfect NHBE
cells, Lipofectamine 2000 reagent (Invitrogen) was used and performed
following the manufacturer’s instructions. Reproducibility of certain
observations was examined in primary human nasal epithelial cells
(PNECs). Inferior turbinates were harvested from patients without al-
lergy or infection during septoplasty. All of the patients gave written
informed consent, and the study was approved by the Institutional
Review Board of Shiga University of Medical Science.

RNA Isolation and Real-Time RT-PCR

Total RNA was purified with PureLink RNA Mini Kit (Invitrogen).
cDNAs were synthesized from 1 mg of purified RNA samples using
a Tanscriptor High Fidelity cDNA Synthesis Kit (Roche, Basel, Swit-
zerland). Amplification and detection of specific products were per-
formed using the The LightCycler 480 Real-Time PCR System
(Roche). Transcription was normalized to the glyceraldehyde 3-phos-
phate dehydrogenase transcription in each sample and expressed as
relative expression compared with the parallel NHBE cells cultured
in the absence of stimuli.

Cytokine Production and Release by NHBE Cells

Cell-free supernatants were collected and analyzed for IL-8, IL-33
(R&D Systems, Minneapolis, MN), or IL-25 (Uscn Life Science Inc.,
Wuhan, China) by ELISA following the procedure recommended by

Figure 1. IL-25 mRNA transcription and extracellular protein release from airway epithelial cells. (A–C) Normal human bronchial epithelial (NHBE)
cells were incubated with medium alone (control), ragweed (100 mg/ml), cockroach (400 mg/ml), Alternaria (400 mg/ml), Candida (400 mg/ml),

house dust mite (HDM) (100 mg/ml), Pam3CSK4 (2 mg/ml), poly(I:C) (10 mg/ml), or LPS (1 mg/ml) for 4 hours (for mRNA) or 8 hours (for protein).

(A) IL-25 mRNA expression was analyzed. (B and C) The IL-8 and IL-25 protein levels in the cell-free supernatants were analyzed by ELISA. *P , 0.05

and **P , 0.01 compared with medium alone (n ¼ 5).
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the manufacturers. Total cellular IL-25 was subjected to five freeze/
thaw cycles, or cells were treated with 0.5% NP-40. The sensitivity
limits of the IL-8, IL-25, and IL-33 assays were 31.2, 7.8 and 23.4 pg/
ml, respectively.

Detection of IL-25 by Immunohistochemistry

and Confocal Microscopy

NHBE cells were cultured on Lab-Tek 2 chamber slides (Fisher,
Rochester, NY). The slides were fixed and permeabilized by Cytofix/
Cytoperm reagents (BD Pharmingen, San Diego, CA).

Cell Viability Assays

Viability of NHBE cells was examined with the Live/Dead Cellular
Viability/Cytotoxicity kit (Invitrogen), which uses calcein acetoxymethyl
and ethidium homodimer-1 dyes to detect active esterase and compro-
mised membrane integrity, respectively.

Statistical Analysis

All data are reported as the mean 6 SEM from the indicated number
of samples. Two-sided differences between two samples were ana-
lyzed with the Mann-Whitney U test. Values of P , 0.05 were con-
sidered significant.

RESULTS

IL-25 mRNA Transcription and Extracellular Protein Release

by AECs Is Induced by Various Allergens and TLR Agonists

IL-25 is implicated in type-2 immune responses and in the
pathogenesis of allergic diseases. To investigate the mecha-
nisms of IL-25 production by AECs, we investigated the effects
of environmental allergens and TLR ligands on IL-25 produc-
tion. NHBE cells were exposed in vitro to the natural aller-
gens, including ragweed, cockroach, Alternaria, Candida, and
HDM, as well as to Pam3CSK4 (TLR2 ligand), poly(I:C)
(TLR3 ligand), and LPS (TLR4 ligand). The levels of IL-25
transcription within the cells and IL-25 protein in the cell-free

supernatants were analyzed at 4 and 8 hours, respectively.
IL-25 mRNA was constitutively expressed and significantly up-
regulated by stimulation with ragweed, cockroach, Alternaria,
Candida, HDM, Pam3CSK4, or poly(I:C) as compared with
medium alone (Figure 1A). Particularly, HDM and Pam3CSK4
potently enhanced IL-25 mRNA as compared with other
allergens. LPS did not show any significant effects. When
the levels of IL-25 protein in the cell-free supernatants
were analyzed, significant increase in extracellular IL-25 was
observed with various allergens and with Pam3CSK4 and poly
(I:C) (Figure 1B); the amounts of IL-25 protein were roughly
comparable among all the allergens tested. LPS did not show
any significant effects on the IL-25 protein levels, and when
the NHBE cells was incubated with the natural allergens or
TLR ligands at 2 hours, IL-33 protein in supernatants was
significantly detected by stimulation with various allergens
except for Candida (see Figure E1 in the online supplement).
In contrast, IL-8 protein in the supernatants was strongly in-
duced by poly(I:C) and by cockroach and Alternaria (Figure
1C). Thus, IL-25 mRNA transcription and extracellular re-
lease of IL-25 protein may not necessarily correlate and the
distinctive mechanisms may operate for production of IL-25
and IL-8 proteins.

IL-25 Protein Is Detectable in Resting AECs

Based on the information above, we sought to investigate the
mechanisms involved in the extracellular release of IL-25 pro-
tein and mRNA transcription. In a previous study, we found
that an IL-1–family cytokine, IL-33, is constitutively produced
and stored in nuclei of NHBE cells. Extracts of certain aller-
gens, but not LPS, stimulated extracellular release of this
stored IL-33 (25). Therefore, we suspected that IL-25 might
be regulated similarly to IL-33. By staining NHBE cells
with anti–IL-25 antibody and 49-6-diamidino-2-phenylindole,
IL-25 protein was clearly detected in the cytoplasm of resting
NHBE cells (Figure 2A). By ELISA, IL-25 protein was de-
tectable in cell lysates of resting NHBE cells treated with

Figure 2. IL-25 is stored in airway epithelial cells and released by cell necrosis. (A) NHBE cells were cultured, fixed, permeabilized, and stained with

control IgG (upper panels) or rabbit antihuman IL-25 (lower panels) followed by FITC-conjugated goat antirabbit IgG. After mounting and staining
with the nuclear staining dye 49-6-diamidino-2-phenylindole (DAPI), cells were visualized under confocal microscopy. The left panels show FITC

images with control IgG or anti–IL-25, the middle panels show nuclear staining with DAPI, and the right panels show overlays of the left and

middle panels. Results are representative of four independent experiments. Scale bars: 40 mm. (B) NHBE cells were treated with five freeze/thaw
cycles or 1% nonidet P-40 (NP-40). Cell-free supernatants were analyzed for their IL-25 protein levels. *P , 0.05 compared with medium

alone (n ¼ 5).
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freeze-thaw cycles or with the detergent NP-40 (Figure 2B).
IL-8 protein was not detectable in the lysates of resting
NHBE cells (data not shown).

IL-25 Is Actively and Rapidly Released without Apparent

Cellular Injury

We examined whether this preformed IL-25 is released extracel-
lularly by AECs. Because HDM potently stimulated mRNA
transcription and extracellular protein release of IL-25 (Figure 1),
we used HDM for the remainder of the experiments. When
NHBE cells were exposed to HDM (100 mg/ml), IL-25 was
rapidly released extracellular at 2 hours and was produced time
dependently for up to 24 hours after stimulation (Figure 3A). In
addition, when the cells were exposed to HDM, IL-25 protein
was detected predominantly in the cytoplasm (Figure 3B). En-
dogenous ATP and engagement of purinergic receptors plays
a pivotal role in IL-33 release by NHBE cells (25). Extracellular
release of IL-25 protein was also partially but significantly inhibited
by global antagonists for purinergic receptors, including oxidized
ATP and suramin (Figure 3C). To investigate the source of IL-25,
whether it is preformed or newly synthesized, NHBE cells were

pretreated with actinomycin D for 30 minutes and stimulated with
HDM for 2 hours. The levels of extracellular IL-25 were signifi-
cantly inhibited by actinomycin D, but extracellular IL-25 was not
abolished (Figure 3D), suggesting involvement of preformed and
newly synthesized pools.

Extracellular release of “alarmins” or damage-associated
molecular patterns such as IL-33 and HMGB-1 is generally
mediated by necrotic cell death (26, 27). To address whether
cellular injury is responsible for extracellular release of IL-25
induced by HDM, we performed dose–response experiments
followed by measurement of extracellular IL-25 and analyses
of membrane integrity by EthD-1, a membrane-impermeable
nucleic acid dye. NHBE cells were incubated with various con-
centrations of HDM for 24 hours. HDM increased extracellular
IL-25 in a concentration-dependent manner up to 400 mg/ml
(Figure 4A). In contrast, no differences were observed in the
membrane permeability between the cells incubated with me-
dium alone or those incubated with 200 mg/ml or less HDM (Figure
4B). Dead cells were significantly increased by incubation with
400 mg/ml HDM. Approximately 90% of NHBE cells were alive
with HDM up to 200 mg/ml, as judged by conversion of calcein
acetoxymethyl to fluorescent calcein (Figure 4B). Altogether, these

Figure 3. IL-25 is rapidly released without transcription. (A) NHBE cells were incubated with medium alone (control) or HDM (100 mg/ml) for up to

24 hours. (B) NHBE cells were stimulated with medium (upper panels) or HDM (lower panels) for 8 hours. Cells were stained and analyzed in Figure 2.
The left panels show FITC images with anti–IL-25, the middle panels show nuclear staining with DAPI, and the right panels show overlays of the left

and middle panels. Scale bars: 40 mm. (C) After pretreatment with organic anion-transporting polypeptide (oATP) (100 mM), Suramin (300 mM), or

medium alone for 30 minutes at 378C, NHBE cells were incubated with HDM (100 mg/ml) for 2 hours. P , 0.05 compared after HDM exposure
without oATP or Suramin (n ¼ 5). (D) After pretreatment with or without Actinomycin D (1 mg/ml) for 30 minutes, NHBE cells were incubated with

medium or HDM (100 mg/ml) for 2 hours. Cell-free supernatants were analyzed for their IL-25 protein levels (n ¼ 5).
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findings suggest that IL-25 is released extracellularly without appar-
ent cellular injury or by necrosis, depending on the doses of stimuli.

Protease Activities in HDM Enhance IL-25 mRNA Transcription

by AECs

Because HDM-mediated extracellular release of IL-25 is par-
tially inhibited by actinomycin D, we hypothesized that HDM
and its protease activities regulates IL-25 mRNA transcription.
We first examined the effects of heat treatment on the HDM-
induced mRNA transcription. HDM (100 mg/ml) treated at
378C for 30 minutes significantly enhanced expression of IL-25
mRNA (Figure 5A). Heat treatment (30 min at 56 or 808C)
significantly inhibited the activity of the HDM to increase
IL-25 mRNA. Second, we directly examined whether protease
activities in the HDM is involved in the increased IL-25
mRNA expression by using protease inhibitors. The HDM was
preincubated with an aspartate protease inhibitor (Pepstatin A),
a serine protease inhibitor (APMSF), a cysteine protease inhib-
itor (E-64), or their combination before being added to NHBE
cells. APMSF and E-64 significantly inhibited IL-25 mRNA and
protein expression induced by HDM (Figure 5B; Figure E2). A
combination of E-64 and APMSF showed inhibition slightly
larger than E-64 or APMSF alone. In contrast, pretreatment of
Pam3CSK4 with AMPSF or E-64 showed no effects on the IL-25
mRNA expression (data not shown). Third, to examine the

cellular receptor(s) involved in the NHBE response to HDM,
we used a gene knock-down approach. NHBE cells were trans-
fected with siRNAs specific for PAR-1, PAR-2, TLR2, or TLR4
or a control siRNA. Transfection with these specific siRNAs, but
not the control siRNA, significantly suppressed the target mRNA
expression by greater than 80% (Figure 5C). These knock-down
NHBE cells were then stimulated with HDM or Pam3CSK4. The
HDM-induced IL-25 mRNA expression was significantly inhibited
in the PAR-2 siRNA knock-down cells (Figure 5D). In contrast,
HDM-induced IL-25 mRNA expression was not affected in the
PAR-1, TLR2, or TLR4 siRNA knock-down cells (Figures 5E and
5F). Pam3CSK4-induced IL-25 mRNA expression was signifi-
cantly inhibited in the TLR2 siRNA knock-down cells but not in
the PAR-2 siRNA knock-down cells (Figures 5E and 5F). More-
over, IL-25 protein staining of the PAR-2 siRNA knock-down cells
did not change in comparison with the resting NHBE cells (data not
shown) and was not obviously affected in the exposure of HDM
(Figure E3). Altogether, these findings suggest that serine and cyste-
ine protease activities in HDM, which interact with epithelial cell
PAR-2, are likely involved to enhance transcription of IL-25 mRNA.

Activation of PAR-2 Is Sufficient to Increase IL-25 mRNA

and Protein Expression

HDMpossess endogenous proteases, including cysteine protease
(Der p1) and serine proteases (Der p3, -6, and -9). Dep p2 is not

Figure 4. IL-25 is released without apparent cellular injury. (A) NHBE cells were incubated with medium alone (control) or HDM (50–400 mg/ml) for

8 hours. IL-25 protein levels in the cell-free supernatants were analyzed by ELISA. *P , 0.05 and **P , 0.01 compared with medium alone (n ¼ 5).
(B) NHBE cells were incubated with medium (left panel), 100 mg/ml HDM (middle panel), or 400 mg/ml HDM (right panel) for 24 hours and then

incubated with calcein acetoxymethyl (AM) and ethidium homodimer-1 (EthD-1) for 30 minutes. The upper panels show the fluorescence images

using confocal microscopy. The lower panels show intact (calcein AM positive and EthD-1 negative) and damaged (EthD-1 positive) cells in five

randomly selected fields that were counted and are expressed as the percentage of intact or damaged cells per total cell number. Error bars represents
the mean 6 the SEM of three independent experiments. *P , 0.05 and **P , 0.01 compared with medium alone. Scale bars: 100 mm.
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Figure 5. Protease activities in HDM enhance IL-25 mRNA transcription by airway epithelial cells. (A) HDM were heated at 37, 56, or 808C for

30 minutes. NHBE cells were incubated with preheated HDM for 4 hours. IL-25 mRNA expression is expressed as a ratio to the cells incubated with

medium only. The results were P, 0.05 and P, 0.01 compared with HDM heated at 378C (n ¼ 5). (B) Before incubation with NHBE cells, HDMwas

pretreated along with their protease inhibitors (Pepstain A, APMSF, and E-64, respectively) at 378C for 30 minutes. IL-25 mRNA was analyzed at
4 hours. *P, 0.05 and **P, 0.01 compared with no protease inhibitors (n ¼ 5). (C) NHBE cells were transfected with small interfering RNA (siRNA)

against protease-activated receptor (PAR)-1, PAR-2, Toll-like receptor (TLR)2, TLR4, or control siRNA for 48 hours. Expression of the mRNA of the

target molecules was examined by real-time RT-PCR. Data are expressed as a ratio to the mock-transfected cells without siRNA, which were used as
100%. **P , 0.01 compared with control cells without siRNA (n ¼ 5). (D–F) Transfected NHBE cells were stimulated with HDM or Pam3CSK4 for

4 hours. IL-25 mRNA expression was expressed as a ratio to the cells incubated without siRNA. *P , 0.05 compared with no siRNA (n ¼ 5).
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a protease, but it has structural homology with the lipid-
recognition protein MD-2 and activates TLR4 (28). We found
that recombinant Der p1 and natural Der p1, but not Der p2,
induce the expression of IL-25 mRNA and protein (Figures 6A
and 6B). To investigate whether increases in IL-25 mRNA and
protein expression stimulated with HDM is unique to HDM
protease(s) or can be induced by proteases in common, we
exposed NHBE cells to the prototypic proteases trypsin and

papain. Trypsin (a serine protease) and papain (a cysteine pro-
tease) are used to model the exogenous proteases naturally
found in various airborne allergens (e.g., mites, fungi, and cock-
roaches) (29, 30). After incubation with trypsin or papain, mRNA
and protein for IL-25 were up-regulated in NHBE cells (Figures
6C and 6D). We next examined whether the stimulatory effects of
these proteases are due to their protease activities. When trypsin
was pretreated with APMSF or papain was pretreated with E-64,

Figure 6. Activation of PAR-2 is sufficient to increase IL-25 mRNA expression. (A and B) NHBE cells were incubated with 10 mg/ml Der p1 or

10 mg/ml Der p2 for 4 hours (for mRNA) or 8 hours (for protein) (n ¼ 5). (C and D) NHBE cells were incubated with PAR-1–activating TFLLRN-NH2

peptide (PAR-1 AP) (100 mM) or PAR-2–activating SLIGKV-NH2 peptide (PAR-2 AP) (100 mM) for 4 hours (for mRNA) or 8 hours (for protein) (n ¼ 5).

(E and F) NHBE cells were incubated with trypsin (10 nM) or papain (10 mM) for 4 hours (for mRNA) or 8 hours (for protein) (n ¼ 5). IL-25 mRNA

was analyzed by real-time RT-PCR. The IL-25 transcription was normalized to the glyceraldehyde 3-phosphate dehydrogenase transcription in each

sample and expressed as a ratio to the NHBE cells cultured in the absence of proteases. The IL-25 protein levels in the supernatants were analyzed by
ELISA. *P , 0.05 compared with medium alone.
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the IL-25 mRNA expression was inhibited, suggesting that the
stimulatory effects of these proteases are mediated by protease-
specific activities (Figure E4). Trypsin cleaves the extracellular
N-terminus of PAR-2 molecules between the R36 and S37 residues
to expose a tethered “neo-ligand” (i.e., S37LIGKV-) that binds intra-
molecularly to PAR-2 and triggers receptor activation (31). We
found that a synthetic peptide, SLIGKV-NH2 (denoted PAR-2
AP), that corresponds to the sequence of the tethered “neo-
ligand” but not to the PAR-1–activating peptide TFLLRN-NH2,
stimulates IL-25 mRNA and protein expression by NHBE
cells (Figures 6E and 6F). These results demonstrate that the stim-
ulation of serine or cysteine proteases may mediate IL-25 secretion
by PAR-2. Finally, to examine the physiological significance of
these observations, we examined the reproducibility of certain
findings in PNECs. Incubation of PNECs with trypsin, papain, or
the PAR-2 AP SLIGKV-NH2 significantly increased IL-25 mRNA
expression, whereas the PAR-1 AP TFLLRN-NH2 did not show
significant effects (Figure 7A). Furthermore, ragweed, cockroach,
Alternaria, HDM, Pam3CSK4, and poly(I:C) significantly en-
hanced extracellular release of IL-25 protein (Figure 7B).

DISCUSSION

IL-25 enhances Th2-cell immune responses by inducing Th2-cell
cytokines, such as IL-4, IL-5, and IL-13, and by promoting IgE
production and tissue eosinophilia, contributing to the host de-
fense against nematodes and allergic disorders (32). Several
allergens, such as ragweed and fungal protease, can induce IL-25
mRNA expression in lung epithelial cells (14). However, the en-
vironmental factors that control the expression of IL-25 are largely
unknown. Our study provides a series of evidence for potent
effects of allergen protease(s) to drive IL-25 mRNA in AECs.

This conclusion is based on several observations: 1) HDM
enhances IL-25 mRNA expression in NHBE; 2) HDM-mediated
IL-25 induction is highly heat labile and inhibited by protease
inhibitors or by knocking down epithelial PAR-2; 3) a HDM-
derived protease, Dep p 1, but not Der p 2, stimulated IL-25
expression; and 4) authentic proteases (trypsin and papain) and
PAR-2 agonistic peptide induced IL-25 mRNA expression in
NHBE cells and in PNECs. Many allergens relevant to human

diseases, such as fungi, mite, cockroach, and pollens, have prote-
ase activities (29); these protease activities of allergens potently
induce Th2-type immune responses in several experimental ani-
mal models (19, 20). Our results provide a mechanistic under-
standing for these protease-related observations when AECs are
exposed to environmental allergens.

Although proteases likely play important roles in regulating
IL-25 mRNA expression, IL-25 protein is constitutively ex-
pressed and stored within the cytoplasm of AECs without prior
exposure to allergens or proteases (Figure 2). IL-25 protein was
released extracellularly without apparent cellular damage or by
cellular injury depending on the concentrations of stimuli (Fig-
ure 4). Blocking of mRNA transcription suggests extracellular
IL-25 is derived from the preformed pool and from a newly
synthesized source (Figure 3). In vivo cell necrosis generally
triggers an acute inflammatory and immune response by releas-
ing damage-associated molecular patterns (26). Danger signals,
which alert epithelial cells, comprise many proteins and mole-
cules, potently contributing to an enhanced Th2-type immune re-
sponse to inhaled allergens. For example, the epithelial-derived
cytokine IL-33 is typically known as an “alarmin” because poten-
tial cytotoxic effects of allergen extracts might release stored IL-33
extracellularly (27). Our findings in this study suggest that IL-25
may also belong to the category of “alarmin” because it is pre-
formed and released by cellular damage. In addition, similarly to
IL-33 release (25), the ATP and purinergic receptor pathway may
play pivotal roles in extracellular release of IL-25 even without
cellular injury (Figure 3). Therefore, allergen exposure may cause
AECs to secrete several inflammatory cytokines, including IL-25
and IL-33, and induce a Th2-type immune response and subse-
quent development of allergic diseases. Further studies are neces-
sary to elucidate precisely the molecular mechanisms involved in
damage-dependent and -independent mechanisms for extracellular
release of these “alarmin” molecules.

HDM allergen induces asthma via TLR-4 triggering of airway
structural cells (33). A nonenzymatic mite allergen, Der p 2,
likely stimulates an innate immune response through TLR4 by
molecular mimicry of MD-2, a lipid-recognition protein (28).
Furthermore, b-glucan moieties, but not proteases, TLR2 and
TLR4 in HDM extract mediated CCL20 production by AECs

Figure 7. IL-25 mRNA transcription and extracellular protein release from primary nasal epithelial cells (PNECs). (A) PNECs were stimulated with

medium alone (control), PAR-1–activating TFLLRN-NH2 peptide (PAR-1 AP) (100 mM), PAR-2–activating SLIGKV-NH2 peptide (PAR-2 AP) (100 mM),

trypsin (10 nM), or papain (10 nM) for 4 hours. IL-25 mRNA was analyzed by real-time RT-PCR. (B) PNECs were incubated with medium alone
(control), ragweed (100 mg/ml), cockroach (400 mg/ml), Alternaria (400 mg/ml), Candida (400 mg/ml), HDM (100 mg/ml), Pam3CSK4 (2 mg/ml),

poly(I:C) (10 mg/ml), or LPS (1 mg/ml) for 8 hours. The IL-25 protein levels in the supernatants were analyzed using ELISA. *P , 0.05 and **P , 0.01

compared with cells with medium alone (n ¼ 4).
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(34). Therefore, several biologically active molecules and their
receptors may be involved in the recognition and initiation of
immune responses to HDM. In this study, we found that PAR-2
exerts a critical role when NHBE cells respond HDM and induce
IL-25 mRNA expression (Figure 5). Previously, Cho and col-
leagues (35) showed that HDM activates epithelial cells through
PAR-2. Recently, chitinase from Streptomyces griseus stimulated
the intracellular calcium response and IL-8 production in human
bronchial epithelial cells through PAR-2 (36). Thus, at mucosal
surfaces, human PAR-2 may monitor the activities of certain ex-
ogenous proteases and may play roles in regulating inflammation
and potentially healing or homeostatic processes. In mice, in vivo
airway administration of a PAR-2 agonist peptide enhanced the
Th2-type sensitization to ovalbumin, an innocuous antigen (37).
Similarly, Th2-type airway inflammation and airway hyperreactiv-
ity were attenuated in mice deficient in PAR-2 and enhanced in
mice overexpressing PAR-2 (38). In humans, patients with asthma
show increased expression of PAR-2 on their AECs (39, 40).
Therefore, further studies on the roles of PAR-2 in response to
environmental proteases and to endogenous enzymes and in the
production of epithelial-derived immunoregulatory factors, such as
IL-25 and IL-33, may provide important information about the
interactions between the airway immune system and environmen-
tal factors.

AECs have been shown to express functional TLRs, notably
TLR2, -3, -4, -5, and -6 (4, 41). Although TLRs share signal
transduction pathways for activation of the transcription factors
NF-kB and IRF-3 (42), Pam3CSK4 (a TLR2 ligand) and poly(I:
C) (a TLR3 ligand) induced IL-25 mRNA expression in NHBE
cells (Figure 1). The failure of the other TLR ligands tested,
including TLR4 ligand, to induce IL-25 expression could be
explained by low levels of receptor expression. On the other
hand, although LPS (a TLR4 ligand) did not induce IL-25
mRNA expression or extracellular protein release, LPS poten-
tially stimulated IL-8 production by NHBE cells. The specific
differences in the signal transduction pathways and/or adaptor
proteins in various TLRs may dictate the biological activities
of TLRs and downstream immunologic outcomes. Previous
reports looking at the interaction between TLR2 stimulation
and allergic response have contradictory data. TLR2 ligands
administered during the sensitization period led to enhance-
ment of Th2-mediated allergic inflammation (43, 44). Con-
versely, synthetic lipopeptides administered immediately before
airway allergen challenge inhibit Th2-type responses and IgE
production (45). Recent studies also showed that TLR2 stimu-
lation inhibits established allergic airway inflammation, an effect
mediated by an augmented Th1 response (46). In this study,
Pam3CSK4 activated expression and extracellular release of
IL-25, which is a Th2-promoting cytokine. Further studies are
required to examine the potential roles of TLR2 and their
ligands in allergic immune responses.

In conclusion, we propose a model in which perturbation of
PAR-2 on AECs by proteases from HDM and perhaps other
allergens enhances mRNA transcription and extracellular
protein secretion of IL-25. The IL-25 response to allergens
may be quick because the protein is partially preformed
and stored. IL-25 can then stimulate target cells, leading to
the subsequent development and/or exacerbation of Th2-
type inflammatory responses. The PARs may be non-TLRs
that form an interface between innate and adaptive immune
responses. A better understanding of the PAR pathways and
their relationships with IL-25 immunobiology may allow us to
develop novel therapeutic and preventive strategies for aller-
gic airway diseases.

Author disclosures are available with the text of this article at www.atsjournals.org.
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