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ABSTRACT

Children with acute respiratory syncytial virus (RSV) infection often develop sequelae of persistent airway inflammation and
wheezing. Pulmonary C fibers (PCFs) are involved in the generation of airway inflammation and resistance; however, their role
in persistent airway diseases after RSV is unexplored. Here, we elucidated the pathogenesis of PCF activation in RSV-induced
persistent airway disorders. PCF-degenerated and intact mice were used in the current study. Airway inflammation and airway
resistance were evaluated. MMP408 and FSLLRY-NH2 were the selective antagonists for MMP-12 and PAR2, respectively, to in-
vestigate the roles of MMP-12 and PAR2 in PCFs mediating airway diseases. As a result, PCF degeneration significantly reduced
the following responses to RSV infection: augmenting of inflammatory cells, especially macrophages, and infiltrating of inflam-
matory cells in lung tissues; specific airway resistance (sRaw) response to methacholine; and upregulation of MMP-12 and PAR2
expression. Moreover, the inhibition of MMP-12 reduced the total number of cells and macrophages in bronchiolar lavage fluid
(BALF), as well infiltrating inflammatory cells, and decreased the sRaw response to methacholine. In addition, PAR2 was up-
regulated especially at the later stage of RSV infection. Downregulation of PAR2 ameliorated airway inflammation and resis-
tance following RSV infection and suppressed the level of MMP-12. In all, the results suggest that PCF involvement in long-term
airway inflammation and airway hyperresponsiveness occurred at least partially via modulating MMP-12, and the activation of
PAR2 might be related to PCF-modulated MMP-12 production. Our initial findings indicated that the inhibition of PCF activity
would be targeted therapeutically for virus infection-induced long-term airway disorders.

IMPORTANCE

The current study is critical to understanding that PCFs are involved in long-term airway inflammation and airway resistance
after RSV infection through mediating MMP-12 production via PAR2, indicating that the inhibition of PCF activity can be tar-
geted therapeutically for virus infection-induced long-term airway disorders.

Respiratory syncytial virus (RSV) remains the leading cause of
viral bronchiolitis and pneumonia in infants and young chil-

dren throughout the world. Among the 1% to 3% of infants hos-
pitalized with RSV bronchiolitis, up to 90% of children have ex-
perience 2 or more wheezing episodes, and almost 50% will be
given a diagnosis of asthma by the age of 6 years (1, 2). Several
studies, including epidemiology studies and animal model stud-
ies, have shown that RSV persistence in the lung of the host after
RSV infection was related to long-term airway hyperresponsive-
ness (AHR) and inflammation (3–5). However, the mechanisms
of these sequelae are poorly understood.

We have reported that enhanced NGF (nerve growth factor)
was partially involved in long-term airway inflammation and
AHR after RSV infection (6), suggesting that neurogenic factors
participate in long-term airway diseases. Elevated NGF during
inflammation enhanced C fiber density and activity. Pulmonary C
fibers (PCFs) are activated by various exogenous chemical sub-
stances and endogenous ligands and result in cough, dyspnea,
mucus secretion, and bronchoconstriction (7, 8). Capsaicin-stim-
ulating mucosal sensory fibers during the acute stage after RSV
infection exerted important immunomodulatory effects by at-
tracting selected lymphocyte subpopulations from the local bron-
chiolar lavage fluid (BALF), as well as monocytes, to the infected

airways (9). Substance P (SP)-immunoreactive fibers increased
during persistent RSV infection (10), indicating that persistent
RSV infection induces persistent innervating fiber activation in
the airways. Thus, we speculated that PCF activation was associ-
ated with long-term airway disorders in the later stage of RSV
infection.

Matrix metalloproteinase 12 (MMP-12) is reported to contrib-
ute to acute airway inflammation and AHR in nude mice (11).
Our pilot study had shown a persistently elevated MMP-12 level
beyond the acute phase of RSV infection. Xu et al. found that
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cigarette smoke (CS) stimulated PCFs to release SP, promoting
MMP-12-producing alveolar macrophages and causing COPD
(chronic obstructive pulmonary disease) (12, 13). Thus, the per-
sistence of elevated MMP-12 may be related to PCFs and involved
in long-term airway disorders after RSV infection.

Protease-activated receptors (PARs) are G protein-coupled re-
ceptors containing four PARs, and they play an important role in
hemostasis, thrombosis, and inflammation (14). PAR1 or PAR2
activation enhanced the production of inflammatory mediators
and cytokines and participated in chronic airway diseases, such as
asthma, COPD, and IPF (idiopathic pulmonary fibrosis) (15). Vi-
rus infection also activated PAR1 and PAR2 to mediate innate
immune, airway inflammation, and lung function (16–18). We
have found that PAR2, but not PAR1, was obviously upregulated
in the later stage of RSV infection in our preliminary data. More-
over, it was reported that the ablation of sensory neurons mark-
edly decreased the PAR2-mediated airway constriction and virtu-
ally abolished PAR2-mediated pulmonary inflammation and
edema (19). Therefore, in this study, the activation of PAR2 might
be associated with PCFs modulating MMP-12 production, con-
tributing to the development of long-term airway diseases.

To demonstrate our hypothesis in this study, we developed the
following examination. (i) We examined airway disorders in PCF-
degenerated mice and intact mice with RSV infection. (ii) We
provided evidence for the overexpression of MMP-12 in the later
stage of RSV infection, which was modulated by PCFs, and its
involvement in long-term airway disorders. (iii) We further im-
plied that PAR2 activation participated in PCFs modulating
MMP-12 production. Thus, PCFs modulated MMP-12 produc-
tion in persistent airway inflammation and AHR after RSV infec-
tion partially via PAR2 action.

MATERIALS AND METHODS
Ethics statement. All experiments involving animals were in accordance
with the Guide for the Care and Use of Laboratory Animals (20) and were
approved by the Institutional Animal Care and Use Committee (IACUC),
which is accredited by the Association for Assessment and Accreditation
of Laboratory Animal Care International (FY14-006).

Virus preparation. RSV strain A2 (VR-1540; ATCC) was propagated
in HEp-2 cells (ATCC) with Dulbecco’s modified Eagle’s medium
(DMEM; GIBCO, CA) plus 5% fetal bovine serum (FBS; GIBCO), and the
viral titer was determined by plaque assay.

Animals and treatment. (i) Female BALB/c mice at 6 to 8 weeks of age
were purchased from Charles River Laboratories, Inc. (Wilmington, MA),
and housed in an animal biosafety level 2 (ABSL2) facility at Lovelace
Respiratory Research Institute. The mice were infected intranasally (i.n.)
with 100 �l of 1.8 � 107 PFU/ml RSV. Mock-infected mice were treated
with 100 �l of mock viral stocks under 2 to 5% isoflurane anesthesia. (ii)
Mice were given capsaicin (50 mg/kg of body weight, subcutaneously) or
vehicle alone (1:1:8, vol/vol/vol, ethanol-Tween 80-saline) at postnatal
day 2 as previously described (21, 22). Adult animals (6 to 8 weeks after
capsaicin pretreatment) then were instilled with RSV or received mock
treatment as described above. (iii) MMP408, a selective antagonist of
MMP-12, was given intragastrically to intact mice as previously described
(23) from day 14 to day 20 after RSV infection. (iv) To investigate the role
of PAR2 in MMP-12 production induced by RSV, leading to airway in-
flammation and AHR, the PAR2 antagonist FSLLRY-NH2 (500 �M per
mouse; Tocris, Unite Kingdom) was administered intranasally each day
from day 14 to day 20.

Cell counts in BALF. Mice were euthanized with Euthasol (150 mg/kg
intraperitoneally), and we collected BALF to perform cell counts as pre-
viously described (24).

Histopathology staining. The lung tissue was fixed in 10% (vol/vol)
neutral buffered formalin for 24 h, embedded in paraffin, and cut into
4-�m-thick sections. Paraffin sections were dewaxed in xylene twice and
rehydrated first in absolute ethanol once and then once each in 95% eth-
anol, 90% ethanol, 80% ethanol, and 70% ethanol. Hematoxylin and
eosin (H&E) staining was processed as described previously (24). For
immunofluorescence staining, sections were blocked in blocking buffer
(3% bovine serum albumin [BSA], 0.2% Triton X-100 in phosphate-buff-
ered saline [PBS]) for 1 h. Polyclonal rabbit anti-MMP-12 and monoclo-
nal mouse anti-PAR2 primary antibody (Santa Cruz, CA) were used at a
1:100 dilution. Incubation was performed at 4°C overnight in blocking
buffer. Secondary Alexa Fluor 594-labeled goat anti-rabbit antibody and
donkey anti-mouse antibody (Invitrogen) were used at a 1:200 dilution.
Incubation was performed at room temperature for 1 h. Coverslips were
mounted on stained sections with antifade reagent containing 4=,6-di-
amidino-2-phenylindole (DAPI) (Invitrogen).

Airway resistance detection. Specific airway resistance (sRaw) in the
conscious mice was assessed by two-chamber whole-body plethysmogra-
phy (Buxco Electronics, Inc., Wilmington, NC) according to a previously
reported method. Double-flow plethysmography is a noninvasive tech-
nology that calculates sRaw by analyzing breathing patterns at nasal and
thoracic airflows (25). For the determination of sRaw in mice, inhalations
of saline and methacholine were administered. Aerosols were delivered
into the nasal cavity for 1 min in a dose-response manner: 0 (saline),
3.125, 6.25, 12.5, 25, and 50 mg of methacholine per milliliter. The reli-
ability and reproducibility of measurements made using noninvasive
double-flow plethysmography were increased by ensuring that all mea-
surements were made in an air-conditioned environment controlled for
temperature (22 to 23°C) and humidity (50 to 60%).

qPCR analysis. Quantitative PCR (qPCR) was performed on an ABI
PRISM 7900 HT system (Applied Biosystems, Foster City, CA). The total
RNA was extracted from lung tissues using TRIzol reagents (Invitrogen,
CA), and cDNA was generated with a PrimeScript RT reagent kit
(TaKaRa, Japan). The expression of MMP-12 and PAR2 genes was de-
tected using TaqMan real-time PCR assays from Life Technologies
(MMP-12, Mm00500554_m1; PAR2, Mm00433160_m1). The endoge-
nous control gene (�-actin, Mm00607939_s1) also was monitored for
each assay. All qPCR results are represented as relative quantification
(RQ).

Western blot analysis. Total protein extracts from lung tissues were
obtained using M2 buffer (20 mM Tris-HCl, pH 7.6, 0.5% NP-40, 250
mM NaCl, 3 mM EDTA, 2 mM dithiothreitol [DTT], 0.5 mM phenyl-
methylsulfonyl fluoride, 20 mM �-glycerophosphate, 1 mM sodium van-
adate, and 1 �g/ml leupeptin), and protein concentrations were deter-
mined using the bicinchoninic acid (BCA) assay reagent (BioTeke)
according to the manufacturer’s protocol. Respective lung protein ex-
tracts containing equal quantities of protein were separated on an 8%
SDS-PAGE and then transferred onto polyvinylidene difluoride (PVDF)
membranes (Millipore, Billerica, MA). Membranes were probed with pri-
mary antibodies against MMP-12 (1:500; rabbit; Santa Cruz, CA), PAR2
(1:1,000; mouse; Santa Cruz, CA), or �-actin (1:3,000; rabbit; Sigma-
Aldrich, St. Louis, MO). Alkaline phosphatase-conjugated goat anti-rab-
bit secondary antibody (1:5,000; Santa Cruz, CA) and goat anti-mouse
antibody (1:5,000; Santa Cruz, CA) were used to detect the presence of the
respective protein bands. Signals were quantified using Quantity One
software (Bio-Rad, Hercules, CA) and normalized relative to �-actin.

ELISA analysis. The levels of MMP-12 in BALF were determined with
a commercial enzyme-linked immunosorbent assay (ELISA) kit accord-
ing to the manufacturer’s instructions. ELISA kits used for the measure-
ment of MMP-12 were purchased from Boster Immunoleader (Pleasan-
ton, CA).

Statistical analysis. GraphPad Prism 6.0 software was used for data
analysis. The results are expressed as the means � standard errors of the
means (SEM). Statistical significance was assessed by one- or two-way
analysis of variance (ANOVA). One-way ANOVA was used to analyze the
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significant differences between three or more groups. Two-way ANOVA
was used to analyze significant differences between two variables. If an
overall test was significant, Tukey’s test was utilized for specific compari-
sons between individual groups. Differences were considered significant
at P � 0.05.

RESULTS
Degenerated PCFs ameliorated long-term airway inflammation
and AHR after RSV infection. To determine the effect of PCFs on
long-term airway inflammation and AHR after RSV infection, we
examined PCF-degenerated mice by using capsaicin treatment. We
determined the number of total cells (lymphocytes, macrophages,
and neutrophils) and types in BALF after RSV infection (Fig. 1A), and
the data showed that the total number of cells and macrophages was
significantly decreased in PCF-degenerated mice infected with RSV
compared to those of intact mice infected with RSV (P � 0.001).
Lymphocytes also were reduced in PCF-degenerated mice with RSV
infection, but the level still was significantly increased compared to
that of PCF-degenerated mice that received mock treatment (P �
0.001). Compared to the levels for RSV-infected intact mice, few in-
filtrating inflammatory cells were found at the peribronchial and

perivascular locations of lung tissues in the PCF-degenerated mice
with RSV infection (Fig. 1B). The value of sRaw after aerosolizing
different concentrations of methacholine was significantly decreased
in PCF-degenerated mice infected with RSV compared to that of
intact mice infected with RSV (Fig. 1C).

PCFs modulated MMP-12 production in the later stage of
RSV infection. We first determined the level of MMP-12 after
RSV infection. As illustrated in Fig. 2, RSV infection dramatically
enhanced MMP-12 gene and protein expression in lung tissues in
the later stage of RSV infection, with a peak level on day 21 after
virus infection, and increased the level of MMP-12 in BALF com-
pared to that of mock-treated mice (P � 0.001). In order to deter-
mine the role of MMP-12 in long-term airway inflammation and
AHR, MMP408, a selective antagonist of MMP-12, was adminis-
tered. MMP408 administration reduced the total number of cells,
macrophages, and lymphocytes in BALF and also decreased the
infiltrating inflammatory cells around the bronchioles, as shown
in Fig. 3A and B. MMP-408 treatment decreased sRaw after using
an aerosolizing concentration of 6.25 mg/ml to 50 mg/ml metha-
choline on day 21 following RSV infection (P � 0.001) (Fig. 3C).

FIG 1 Degenerated PCFs reduced number of cells counted in BALF and infiltrating inflammatory cells at peribronchial and perivascular regions and ameliorated
airway resistance after RSV infection. (A) By day 21 of virus infection, the total number of cells, macrophages, and lymphocytes was reduced in PCF-degenerated
mice infected with RSV (KPCF-RSV) compared to that of intact mice infected with RSV (RSV). (B) Inflammatory cells infiltrating around the bronchioles were
decreased in PCF-degenerated mice with RSV infection (magnification, �200). (a) Control; (b) RSV; (c) KPCF control; (d) KPCF-RSV. (C) Degenerated PCFs
depressed airway responses to aerosol methacholine according to double-chamber plethysmography. Results are representative of two independent experiments,
with a total of 5 to 7 mice/group, and all data are presented as means � SEM. P � 0.01 (**) and P � 0.001 (***) compared to the control group; P � 0.01 (##)
and P � 0.001 (###) compared to the RSV group; P � 0.05 (^) and P � 0.001 (^^^) compared to the KPCF control group. Tc, total cells; Mac, macrophages;
Lym, lymphocytes; Neu, neutrophils.

FIG 2 RSV infection upregulated levels of MMP-12. MMP-12 gene and protein expression and the concentration of MMP-12 in BALF were determined by
qPCR, Western blotting, and ELISA, respectively, at early and later stages of RSV infection. (A) MMP-12 gene expression; (B) MMP-12 protein expression; (C)
level of MMP-12 in BALF. Results are representative of two independent experiments, with a total of 5 to 7 mice/group, and all data are presented as means �
SEM. P � 0.05 (*), P � 0.01 (**), and P � 0.001 (***) compared to mock treatment.
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Furthermore, we detected MMP-12 expression in lung tissues
and the level in BALF in PCF-degenerated mice infected with RSV
to investigate if PCFs modulated MMP-12 to contribute to airway
disorders. Compared to that of intact mice infected with RSV,
MMP-12 protein expression around the bronchioles was down-
regulated in PCF-degenerated mice infected with RSV (Fig. 4A).
The levels of MMP-12 in BALF also were reduced in PCF-degen-
erated mice infected with RSV (P � 0.01) (Fig. 4B).

PAR2 activation was involved in PCFs modulating MMP-12.
Levels of PAR1 gene and protein expression in lung tissues of mice
infected with RSV were not dramatically altered (data not shown).

However, the level of PAR2 gene was increased by 3-fold com-
pared to the level for the control group on day 21, and the level
gradually decreased from day 30 (Fig. 5A). Interestingly, PAR2
protein was upregulated during the acute stage and later stages
after RSV infection, and this upregulation persisted for at least 30
days (Fig. 5A). In order to determine the effect of PAR2 on persis-
tent airway inflammation and AHR, a PAR2 selective antagonist
was used. PAR2 antagonist administration decreased total cells
counts and the numbers of lymphocytes and macrophages in
BALF (Fig. 5B); a few infiltrating cells were found around the
bronchioles (Fig. 5C). Moreover, PAR2 antagonist administration

FIG 3 MMP408 administration reduced number of cells in BALF and inflammatory cells infiltrating around bronchioles and attenuated airway resistance
induced by RSV infection. MMP408 was given after RSV infection (iMMP12-RSV) to inhibit MMP-12 expression, reducing the total number of cells, macro-
phages, and lymphocytes (A) and inflammatory cells (B) infiltrating around the bronchioles induced by RSV infection (magnification, �200). (a) Control; (b)
RSV; (c) iMMP12-RSV. (C) MMP408 administration attenuated AHR induced by RSV infection. Results are representative of two independent experiments,
with a total of 5 to 7 mice/group, and all data are presented as means � SEM. P � 0.05 (*), P � 0.01 (**), and P � 0.001 (***) compared to the control group;
P � 0.05 (#) and P � 0.001 (###) compared to the RSV group. Tc, total cells; Mac, macrophages; Lym, lymphocytes; Neu, neutrophils.

FIG 4 Degenerated PCFs suppressed MMP-12 production induced by RSV infection. MMP-12 expression around the bronchioles was suppressed in PCF-
degenerated mice infected with RSV (KPCF-RSV) compared to that of intact mice infected with RSV (RSV) (magnification, �100) and reduced the level of
MMP-12 in BALF. (a) Control; (b) RSV; (c) KPCF control; (d) KPCF-RSV. (B) Level of MMP-12 in BALF. Results are representative of two independent
experiments, with a total of 5 to 8 mice/group, and all data are presented as means � SEM. **, P � 0.01 compared to the control; ##, P � 0.01 compared to the
RSVd21 group; ^^, P � 0.01 compared to the KPCF control group.
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decreased the airway response to methacholine at 25 mg/ml to 50
mg/ml (Fig. 5D). These results implied that the activation of PAR2
at least in part contributed to persistent airway inflammation and
AHR after RSV infection.

To determine whether PAR2 activation could participate in
PCF modulation of MMP-12 production, we detected PAR2 ex-
pression in PCF-degenerated mice infected with RSV. Compared
to RSV-infected intact mice, PAR2 protein expression in lung tis-
sues was significantly downregulated, as determined by Western
blotting (Fig. 6A) and immunofluorescence (Fig. 6B). In addition,

MMP-12 protein expression in lung tissues was suppressed
(Fig. 7A), and the level of MMP-12 in BALF decreased after PAR2
antagonist treatment (P � 0.01) (Fig. 7B).

DISCUSSION

In this study, we have shown for the first time that degenerated
PCFs with capsaicin ameliorated long-term airway inflammation
and AHR after RSV infection. Furthermore, we found that in-
creased MMP-12 in the later stage of RSV infection was involved
in long-term airway disorders. The production of MMP-12 was

FIG 5 Activation of PAR2 was involved in long-term airway inflammation and AHR after RSV infection. PAR2 gene and protein expression in lung tissues were
determined by qPCR and Western blotting, respectively. (A) PAR2 gene and protein expression. (B) PAR2 antagonist was given after RSV infection (iPAR2-RSV)
to reduce the total number of cells, macrophages, and lymphocytes. (C) Inflammatory cells infiltrating around the bronchioles induced by RSV infection
(magnification, �200). (a) Control; (b) RSV; (c) iPAR2-RSV. (D) PAR2 antagonist administration attenuated AHR induced by RSV infection. Results are
representative of two independent experiments, with a total of 5 to 7 mice/group, and all data are presented as means � SEM. P � 0.05 (*), P � 0.01 (**), and
P � 0.001 (***) compared to mock-infected or control groups; P � 0.05 (#) and P � 0.001 (###) compared to the RSV group, and P � 0.05 (^), P � 0.01 (^^),
and P � 0.001 (^^^) compared to control groups. Tc, total cells; Mac, macrophages; Lym, lymphocytes; Neu, neutrophils.
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modulated at least in part by PCFs. In addition, PAR2 expression
was dramatically upregulated after RSV infection, which was as-
sociated with long-term airway inflammation and AHR. Levels of
PAR2 were depressed in PCF-degenerated mice infected with
RSV, and the activation of PAR2 after RSV infection was partially
involved in PCFs mediating MMP-12 production.

Li et al. found that RSV could infect sensory neurons in lungs
by a process associated with RSV G protein, implicating a mech-

anism and intervention strategy of chronic airway diseases after
acute RSV bronchiolitis (26). During persistent RSV infection, the
airway showed signs of chronic inflammation, and the level of
substance P- and CGRP-positive fibers increased (27), suggesting
a link between chronic inflammation and fibers in lungs. Sub-
stance P and CGRP are present mainly in sensory nerves, and
PCFs in the vagus nerve constitute 75 to 90% of the sensory fibers
innervating the airways and lungs. Although it is well established

FIG 6 Degenerated PCFs inhibited PAR2 expression induced by RSV infection. (A) PAR2 expression in the lung tissues was inhibited in PCF-degenerated mice
infected with RSV (KPCF-RSV) compared to that of intact mice infected with RSV (RSV). (B) PAR2 around the bronchioles was reduced in KPCF-RSV according
to immunofluorescence (magnification, �100). (a) Control; (b) RSV; (c) KPCF control; (d) KPCF-RSV. Results are representative of two independent
experiments, with a total of 5 to 7 mice/group, and all data are presented as means � SEM. ***, P � 0.001 compared to the control group; ###, P � 0.001
compared to the RSV group. 1, control; 2, RSV; 3, KPCF control; 4, KPCF-RSV.

FIG 7 Inhibition of PAR2 decreased the level of MMP-12 after RSV infection. Inhibition of PAR2 by FSLLRY-NH2 treatment decreased MMP-12
expression around the bronchioles (magnification, �100) (A) and the level of MMP-12 in BALF (B). Results are representative of two independent
experiments, with a total of 5 to 7 mice/group, and all data are presented as means � SEM. ***, P � 0.001 compared to the control group; ##, P � 0.01
compared to the RSV group; ^^, P � 0.01 compared to the control group.
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that the PCFs are involved in the generation of airway resistance
and inflammation (28–31), their role in persistent AHR after RSV
previously was unexplored. In the current study, we used PCF-
degenerated mice infected with RSV. In the current study, we
demonstrated for the first time that long-term airway inflamma-
tion and AHR were attenuated in PCF-degenerated mice infected
with RSV. Our findings indicated that PCF degeneration reduced
the total number of cells, macrophages, and lymphocytes in BALF,
but lymphocyte numbers still were increased in PCF-degenerated
mice infected with RSV compared to the level for the uninfected
group. The data imply that PCF degeneration mainly ameliorated
the inflammation of macrophages induced by RSV infection;
however, there was no obvious explanation for the mechanism of
PCFs influencing macrophages after RSV infection. Moreover,
PCF degeneration decreased airway responses to aerosolized
methacholine and attenuated long-term AHR after RSV infection,
suggesting that PCF degeneration weakens the response to irri-
tants. The results were consistent with those of other reports.
Blocking the activation of single C-fiber afferents could inhibit
cough, AHR, and, later, asthma (32–34).

We also showed that MMP-12 represented one possible candi-
date for a PCF effector, consistent with Xu and Xu (13). Elevated
levels of MMP-12 were induced by RSV infection and persisted for
at least 30 days. In addition, an increased level of MMP-12 also was
demonstrated in the nasopharyngeal airway (NPA) in infants in-
fected with RSV (data not shown). MMP-12 has been shown to
play a critical role in airway remodeling and mucus hypersecre-
tion, contributing to chronic airway diseases such as COPD and
asthma (35, 36). The inhibition of MMP-12 obviously attenuated
long-term airway inflammation and AHR, suggesting that
MMP-12 was involved in long-term airway diseases induced by
RSV infection. This result advanced our previous study and re-
ports of others, which mainly found that MMP-12 was associated
with acute airway inflammation and AHR after RSV infection (11,
37). Furthermore, the level of MMP-12 was decreased in PCF-
degenerated mice infected with RSV. The data demonstrated that
PCFs could modulate the production of MMP-12 at the later stage
of RSV infection.

How PCFs modulate MMP-12 induced by RSV infection is
unclear. PAR1, PAR2, and PAR4 are known to play important
roles in signaling. We have shown that the elevated expression of
PAR2 was induced by RSV infection, with a peak level on day 21,
and the activation of PAR2 was associated long-term airway dis-
eases. At the same time, we also found that TF (tissue factor) was
elevated in BALF of mice and NPA of children infected with RSV
(data not shown), which might be related to the upregulation of
PAR2. TF can simultaneously stimulate PAR1 and PAR2, and
Sutherland and colleagues reported that TF promoted PAR2-me-
diated HSV1 infection (38). In this study, we showed that the
increased level of MMP-12 induced by RSV infection was down-
regulated after PAR2 inhibition, which confirmed the report on
other proteases except PAR1 involving MMP-12 (39). Moreover,
PAR2 was suppressed in PCF-degenerated mice infected with
RSV. We also found that the level of MMP-12 was increased after
PAR2 agonist administration in PCF-degenerated mice infected
with RSV (data not shown). The results implied that PCF-modu-
lated MMP-12 production occurred at least in part via mediating
PAR2. The ablation of sensory neurons (by capsaicin) markedly
decreased the PAR2-mediated airway constriction and virtually
abolished PAR2-mediated pulmonary inflammation and edema

(19). In addition, Xu and Xu reported that CS stimulated PCFs to
release SP and activate NK1R, promoting MMP-12 production
(13). We also found an obvious decrease in levels of SP and NK1R
in PCF-degenerated mice infected with RSV (data not shown),
which might be further evidence of signaling for PCFs modulating
MMP-12 production. This will require further investigation.

Taking these findings together, we have shown that PCFs are
involved in long-term airway inflammation and AHR modulated
at least in part by MMP-12 production, and the activation of PAR2
might be associated with PCF-modulated MMP-12 production.
The regulation of PAR2 activation in PCFs is also an area for
further detailed investigation. Our initial findings indicated that
the inhibition of PCF activity would be targeted therapeutically
for virus infection-induced long-term airway disorders.
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