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Abstract

Staphylococcus aureus (SA) colonization and infection is common,
and may promote allergic or inflammatory airway diseases, such
as asthma, cystic fibrosis, and chronic rhinosinusitis by interacting
with airway epithelial cells. Airway epithelial cells not only comprise
a physical barrier, but also play key roles in immune, inflammatory,
repair, and remodeling responses upon encounters with pathogens.
To elucidate the impact of SA on epithelial-mediated remodeling
of allergic airways, we tested the hypothesis that SA can enhance
the remodeling process. Normal human bronchial epithelial (NHBE)
cells were stimulated with heat-killed SA (HKSA) or transforming
growth factor (TGF) a. Cell extracts were collected to measure
mRNA (real-time RT-PCR) and signaling molecules (Western blot);
supernatants were collected to measure protein (ELISA) after
24 hours of stimulation. Epidermal growth factor receptor (EGFR)
signaling inhibition experiments were performed using a specific
EGFR kinase inhibitor (AG1478) and TGF-a was blocked with an
anti–TGF-a antibody. HKSA induced both mRNA and protein
for TGF-a and matrix metalloproteinase (MMP) 1 fromNHBE cells
by a Toll-like receptor 2–dependent mechanism. Recombinant
human TGF-a also induced mRNA and protein for MMP-1 from
NHBE cells; anti–TGF-a antibody inhibited HKSA-induced
MMP-1, suggesting that endogenous TGF-amediates the MMP-1

induction by HKSA. HKSA-induced MMP-1 expression was
suppressed when a specific EGFR kinase inhibitor was added,
suggesting that EGFR signaling was mediating the HKSA-induced
MMP-1 release. Exposure or colonization by SA in the airway may
enhance the remodeling of tissue through a TGF-a–dependent
induction of MMP-1 expression, and may thereby promote
remodeling in airway diseases in which SA is implicated, such as
asthma and chronic rhinosinusitis.
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Clinical Relevance

Exposure or colonization by Staphylococcus aureus in the
airway may enhance the remodeling of tissue through
a transforming growth factor-a–dependent induction
of matrix metalloproteinase 1 expression and may,
thereby, promote remodeling in airway diseases in which
Staphylococcus aureus is implicated, such as asthma and
chronic rhinosinusitis.

Allergic asthma affects roughly 300 million
people worldwide (1). It is a chronic
inflammatory disease of the airways

characterized by infiltration of
inflammatory cells, such as eosinophils, as
well as T helper (Th) type 2 and Th17

lymphocytes. Structural cells, such as
epithelial cells, fibroblasts, and smooth
muscle cells, play a role in initiating or
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exacerbating the disease after encounters
with aeroallergens and exacerbation
triggers, including inhaled pathogens, such
as viruses and bacteria. Epithelial cells
are at the mucosal interface, and express
multiple Toll-like receptors (TLRs), such
as TLR2, -3, and -4, to recognize products
of inhaled pathogens (2). Upon TLR
activation, epithelial cells generate
significant quantities of proinflammatory
cytokines, chemokines, and growth factors
to coordinate the host response to danger
signals (3). Among TLRs, TLR2 recognizes
bacterial lipoproteins, peptidoglycan,
lipoteichoic acid, and zymosan from fungi,
and bacteria (4). TLR2 ligands have been
shown to promote Th2 responses (5) and
aggravate experimental asthma (6). In
addition, TLR2 participates in the immune
response to Mycoplasma pneumonia (7),
Chlamydophila pneumonia (8), and
Staphylococcus aureus (SA) (9), and it
has been shown that these TLR2 ligand–
expressing pathogens are associated with
acute exacerbations of asthma (10).
Expression of TLR2 was shown to be
up-regulated in asthmatic epithelial cells and
in nasal epithelial cells from patients with
chronic rhinosinusitis (CRS) (11–13).

Airway tissue from patients with severe
asthma undergoes tissue remodeling,
including increased collagen deposition,
hyperplasia of smooth muscle and
submucosal glands, and fibrosis, among
other important histological findings (14).
Even with adequate treatment, airway tissue
remodeling was found in patients with
chronic asthma, and is accompanied by
decline of lung function (15). At the
molecular level, an imbalance between
matrix metalloproteinases (MMPs) and
tissue inhibitors of metalloproteinases
(TIMPs) was one of the key findings in
advanced remodeling tissue of patients
with asthma (16). Among 25 subtypes of
MMPs, MMP-1, -2, -9, and -10 were all
found to be elevated in patients with
asthma compared with normal subjects
(17–20), and elevations of MMP-1 and -9
correlated with asthma severity (15, 21). In
a mouse model of allergic inflammation, a
broad-spectrum MMP inhibitor produced
a decrease in inflammatory cells in
bronchoalveolar lavage fluids (22) and lung
parenchyma (23), and also decreased
airway hyperresponsiveness (24). Cells
producing MMPs in the lung were
identified as epithelial cells (25), fibroblasts
(26), and monocytes (27).

Recent reports indicate that bacterial
colonization is present in the upper and
lower airway mucosa of patients with
asthma (28, 29). Associations between
bacterial colonization of neonatal airway
and subsequent development of asthma
(30), evidence of bronchial infection by
intracellular bacteria (31), and efficacy of
benefit of long-term macrolide therapy
in patients with asthma (32) all provide
evidence implicating a connection between
bacterial colonization and asthma
development. Among the genetically
isolated bacterial colonies, SA was found in
the lower airways, suggesting the existence
of SA in both upper and lower airways (33).
Because bronchial epithelial cells express
TLRs, we speculated that products of SA
may chronically activate TLR2 on epithelial
cells in patients colonized by this
bacterium. Epithelial TLR2 activation
would be expected to activate inflammatory,
immune, and perhaps remodeling
responses, worsening asthma status.

The mechanisms by which SA-induced
TLR activation could contribute to airway
remodeling are largely unknown. We
therefore focused on the possible influence
of SA on epithelial expression of genes
known to be involved in the airway
remodeling response resulting from
activation of epithelial TLR.

Materials and Methods

Reagents
Heat-killed SA (HKSA) was purchased from
Invitrogen (Carlsbad, CA) and transforming
growth factor (TGF)-a was purchased
from R&D Systems (Minneapolis, MN).
Dexamethasone (DEX), cycloheximide
(CHX), AG1478, a specific epidermal
growth factor (EGF) receptor (EGFR)
kinase inhibitor, and DMSO were
purchased from Sigma-Aldrich (St. Louis,
MO). The small interfering RNA (siRNA)
against TLR2 and the no-effect control were
from Santa Cruz Biotechnology (Santa
Cruz, CA), and HiPerFect transfection
reagent was from Qiagen (Valencia, CA).
Anti–TGF-a antibody and rabbit isotype
control were purchased from Abcam
(Cambridge, MA).

Cell Culture, Treatments, and
Transfection
Primary normal human bronchial epithelial
(NHBE; Lonza, Walkersville, MD) cells,

from at least three different donors, were
plated in 12-well culture plates and either
grown in submerged or in air–liquid
interface conditions, as previously
described (34). NHBE cells were deprived
of hydrocortisone and growth factors from
the media for 24 hours before stimulation.
NHBE cells were treated with HKSA (5 3
108 particles/ml) and TGF-a (100 ng/ml)
for up to 24 hours. For knockdown studies,
NHBE cells were transfected with siRNA
(10 nM) against nonspecific control or
TLR2 at 50% confluence using HiPerFect
transfection reagent (Qiagen). For
inhibition studies, cells were treated with
DEX (100 nM), CHX (1 or 10 mg/ml),
or AG1478 (100 nM) 1 hour before the
stimulation. DEX was kept in a stock of
0.1 M in DMSO, so an appropriate
dilution of DMSO was used as a control.
Anti–TGF-a or rabbit isotype control
antibody (5 mg/ml) was applied 1 hour
before stimulation.

Real-Time RT-PCR
Total RNA was isolated from the cells
using NucleoSpin RNA II Isolation Kit
(Macherey-Nagel, Bethlehem, PA) and
cDNA was synthesized from RNA using
SuperScriptII reverse transcriptase
(Invitrogen). Real-time RT-PCR was
performed with the TaqMan method using
an Applied Biosystems 7,500 sequence
detection system (Life Technologies, Grand
Island, NY) as described previously (34).
The levels of expression of mRNA were
normalized to the housekeeping gene,
b-actin, and results were analyzed by
quantifying the absolute amount of
mRNA. The primers and probe sets for
detection of TGF-a, epiregulin (EREG),
amphiregulin (AREG), EGF, neuregulin
(NRG) -1, TLR2, MMP-1, -2, -9, and -10,
and TIMP-1 were purchased from Life
Technologies.

ELISA
Levels of MMP-1 and TGF-a in the
supernatants of cultured cells were
determined with commercially available
ELISA kits following the manufacturer’s
instructions (R&D Systems).

Western Blot
After stimulation, cells were washed
with cold PBS and lysed using M-PER
(Thermo Fisher Scientific, Waltham, MA)
supplemented with protease and
phosphatase inhibitor cocktail (Sigma-
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Aldrich). Cell lysates were centrifuged at
14,000 3 g for 5 minutes. Clarified
supernatants were analyzed for total
protein using BCA assay (Thermo Fisher
Scientific). Protein concentration–matched
lysates were used for Western blot analysis.
We then subjected whole-cell extracts to
4–12% Bis-Tris gradient gel electrophoresis
(Life Technologies) with 3-(N-morpholino)
propansulfonic acid SDS running buffer
(130 V for 2 h). The gel was transferred to
a polyvinylidene difluoride membrane
(Millipore, Billerica, MA) using a semidry
transfer method (20 V for 1 h). The blots
were blocked with blocking buffer
(Rockland Immunochemicals, Gilbertsville,
PA) for 1 hour. After blocking, blots were
washed in TBST (50 mM Tris, 0.15M
NaCl, and 0.05% Tween 20) and
incubated with diluted (1:1,000:10,000)
primary antibodies overnight. Blots were
washed in TBST and incubated with
secondary antibody for 1 hour. After
washing off secondary antibodies with
TBST, blots were exposed in an Odyssey
Scanner (LI-COR Biosciences, Lincoln,
NE). Densitometry was employed to
analyze the intensity of the bands. Blots
were stripped using stripping buffer (LI-
COR Biosciences) and analyzed again
with different primary antibodies.
Primary antibody against actin was
purchased from MP Biomedicals (Solon,
OH) and others were from Cell
Signaling Technology (Danvers, MA).

Statistical Analysis
All data are presented as the mean (6
SEM), unless otherwise mentioned. Data
were normally distributed, differences
between groups were analyzed using the
paired Student’s t test, and a P value less than
0.05 was considered to be statistically
significant. All statistical analyses were
performed using GraphPad Prism
5.0 (GraphPad Software, La Jolla, CA)
software.

Results

HKSA Induced Epithelial Expression
of MMPs and EGFR Ligands in
a TLR2-Dependent Manner
NHBE cells were incubated with HKSA for
3–24 hours, cell lysates were collected to
assess expression of mRNA by RT-PCR,
and supernatants were collected for protein
assay by ELISA. HKSA induced expression

of mRNA for MMP-1 (20.1-fold), MMP-9
(13.5-fold), and MMP-10 (17.0-fold) (n = 3,
P , 0.01, compared with media-only
control), and did not induce MMP-2 or
TIMP-1 (Figure 1A). Consistent with
RT-PCR data, MMP-1 protein was also
detected by ELISA when cells were
stimulated with HKSA (Figures 1G and 1I).
Because MMP-1 was the most highly
induced among the MMPs that we
evaluated, we further focused on the
mechanism of MMP-1 expression. From
the dose–response curve (Figure 1B), we
selected 5 3 108 particles/ml as a working
concentration to stimulate the epithelial
cells in subsequent experiments. From the
time course curve (Figure 1C), the 24-hour
time point showed a strong induction and
was therefore selected for further studies.
The addition of the protein synthesis
inhibitor, CHX, inhibited the induction of
MMP-1 mRNA by HKSA, indicating that
MMP-1 gene transcription may require
expression of intermediate proteins to be
induced by HKSA (Figure 1D). Because
HKSA is known to activate TLR2, we tested
the influence of knockdown of TLR2. Data
in Figure 1E show that siRNA against TLR2
down-regulated TLR2 and inhibited the
expression of HKSA-induced MMP-1 at
both the mRNA and protein level (Figures
1E–1G). HKSA induction of MMP-1
mRNA and protein was inhibited by the
glucocorticoid DEX (Figures 1H and 1I)
(75.1 and 78.9% reduction, respectively,
compared with HKSA-stimulated cells;
n = 3; P , 0.01).

Induction of MMP-1 by HKSA Was
Dependent on TGF-a Activation of the
EGFR Pathway
The experiments with CHX, and also the
time-dependency experiments, suggested
that an intermediate may be produced
that is responsible for activating MMP-1
expression. Because EGFR ligands are
known to induce MMP-1 expression (35),
we screened HKSA-activated cells and
found, among the family including TGF-a,
EREG, AREG, EGF, and NRG1, that
TGF-a was strongly induced (6.8-fold) by
HKSA, whereas EREG and AREG were
modestly, but significantly, induced
(3.9- and 3.2-fold, respectively) (Figure 2A).
HKSA-induced TGF-a protein was
blocked by siRNA against TLR2 (Figure 2B).
Pretreatment with DEX inhibited the
induction of TGF-a by HKSA (Figures 2C
and 2D). To test if fully differentiated

airway epithelial cells express TGF-a,
air–liquid interface–cultured NHBE cells
were stimulated with HKSA. HKSA
induced both TGF-a mRNA and TGF-a
protein, and the protein was mainly
detected in the supernatants from the apical
side of cultured cells (Figures 2E and 2F),
whereas MMP-1 protein was detected
mainly in the supernatants from the
basolateral side of the cultured cells
(Figure 2H). We next evaluated whether
TGF-a can induce the expression of
MMP-1 mRNA, and found a clear
concentration-dependent response
(Figure 2I); we chose 100 ng/ml as
a concentration to use in further
experiments.

Induction of MMP-1 by HKSA Was
Dependent on TGF-a Activation of the
EGFR Pathway
To test whether HKSA activates MMP-1
release by inducing TGF-a that, in turn,
activates the EGFR, we stimulated cells with
HKSA in the presence of AG1478, an
EGFR-specific inhibitor, or a specific
antibody against TGF-a before stimulation
with either HKSA or TGF-a (Figure 3).
As expected, using TGF-a as the stimulus,
AG1478 and the antibody inhibited the
induction of MMP-1 mRNA (81.6 and
67.1% reduction, respectively, compared
with TGF-a–stimulated cells without
inhibitor; n = 3; P , 0.01; Figure 3A).
Importantly, AG1478 and anti–TGF-a
antibody inhibited the HKSA-induced
MMP-1 mRNA from NHBE cells
(92.4 and 85.0% reduction, respectively,
compared with HKSA-stimulated cells;
n = 3; P , 0.01; Figure 3C), suggesting
that TGF-a and EGFR signaling are
involved in the response. A similar
pattern of inhibition was obtained when
we evaluated MMP-1 protein expression
(Figures 3B and 3D).

HKSA Induced Early Activation of
NF-kB and Delayed Activation
of EGFR and Extracellular
Signal–Regulated Kinase 1/2
Our results so far indicate that HKSA
activates TGF-a release via TLR2 activation
and then TGF-a, working through the
EGFR, induces MMP-1 expression. TLR2
and EGFR stimulation typically involves
the activation of NF-kB and extracellular
signal–regulated kinase (ERK) 1/2,
respectively. We next evaluated the state
of activation of NF-kB and ERK proteins.
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Figure 1. Submerged normal human bronchial epithelial (NHBE) cells were treated with heat-killed Staphylococcus aureus (HKSA; 5 3 108

particles/ml, except dose dependency) for 24 hours. Cell lysates were collected to assess expression of (A) matrix metalloproteinase (MMP) -1,
-2, -9, and -10 and tissue inhibitors of metalloproteinase (TIMP) -1 mRNA by real-time RT-PCR. (B) The concentration dependency and (C)
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HKSA stimulation led to activation of
NF-kB (p65) as early as 30 minutes after
stimulation. Activation of EGFR and
downstream ERK1/2 were observed as early
as 2 hours after stimulation with HKSA
(Figure 4), whereas activation of EGFR
and ERK1/2 were observed more rapidly
when the NHBE cells were stimulated
with TGF-a (see Figure E2A in the
online supplement). In addition, an
EGFR inhibitor, AG1478, blocked the
activation of EGFR by HKSA (Figure E1).
This type of delay in ERK activation after
HKSA stimulation would be expected if
the production of TGF-a was required to
occur first.

Discussion

In the present study, we have demonstrated
that HKSA activates molecular events
associated with remodeling of airway tissue,
including induction of MMP-1 and other
MMPs. This response occurred in both
submerged and fully differentiated primary
airway epithelial cells, suggesting that it may
be relevant to surface exposure of airway
epithelium in vivo, where differentiated
cells form tight junctions and possess
mucociliary defense mechanisms.
Mechanistically, our results suggest that
HKSA directly induced epithelial release of
TGF-a on the apical surface, and that the
TGF-a subsequently induced MMP-1 on
the basolateral surface by activating EGFR
signaling. Live SA-stimulated NHBE cells
also induced both MMP-1 and TGF-a
mRNA (20.8- and 8.3-fold, respectively;
n = 3; P , 0.01; data not shown), but the
live SA–induced MMP-1 mRNA was much
more variable than HKSA-induced MMP-1
mRNA from NHBE cells. We assume that
growth rate of the live SA may significantly
differ from well to well while stimulating
the NHBE cells. HKSA induction of TGF-a
was mediated by activation of TLR2,

based upon knockdown experiments using
siRNA targeting TLR2. HKSA-induced
MMP-1 was significantly inhibited by
pretreatment with anti–TGF-a antibody,
suggesting that TGF-a is an essential
intermediary inducer of the response.
Furthermore, a specific EGFR kinase
inhibitor also inhibited the response,
suggesting that TGF-a may be functioning
through a traditional receptor kinase
mechanism. The glucocorticoid, DEX, also
inhibited HKSA-induced TGF-a and
MMP-1, suggesting that the ability of
glucocorticoids to reverse or prevent some
types of airway remodeling may reflect
a disturbance of this epithelial component
of the response.

Recent reports have suggested that
colonization with bacteria, including SA, is
found in both upper and lower airways of
patients with asthma, as assessed by specific
bacterial 13S-rRNA screening (28, 29). In
addition to SA, investigators have detected
approximately 100 bacterial taxa present
in patients with asthma, raising the
speculation that recognition of colonizing
bacteria by pattern recognition receptors,
such as TLRs, may play a role in epithelial
activation, a key event in the pathogenesis
of allergic asthma. Within this line of
evidence, Zhang and colleagues (36)
reported that bacterial colonization
increased airway wall thickness. In the
upper airway, colonization of SA has been
detected at a higher rate among patients
with CRS with nasal polyps and
aspirin-sensitive respiratory disorders (37).
Collectively, these studies suggest that
SA could play a role in remodeling of
allergic disease in both upper and lower
respiratory airways, and our current study
implicates activation of epithelium by SA
as an event that enhances the remodeling
process.

TLR2 has been shown to be particularly
involved in signal transduction of cellular
responses to gram-positive bacteria,

lipoproteins, and mycobacterial wall
constituents (38). Expression of TLR2 was
reported to be highly elevated in patients
with asthma compared with control
subjects (11). In atopic dermatitis, the skin
of patients is frequently colonized by SA
and other TLR2-activating bacteria,
associated with Th2-biased immune
activation (39). Moreover, SA colonization
and infections are believed to precipitate
atopic dermatitis flares in which antibiotic
therapies are often effective. From our
results, SA failed to induce MMP-1 when
TLR2 was knocked down by siRNA on
airway epithelial cells, suggesting that TLR2
was the main pathogen recognition
receptor in the signaling pathway for
SA-induced MMP-1 (Figure 2). In a mouse
model, several groups have shown that
SA-derived proteins were recognized by
TLR2 and that MMP-1 was induced by
TLR2 activation (40, 41). Taken together,
our results suggest that colonization by
SA could initiate a remodeling process
by activating TLR2 expressed on airway
epithelial cells to induce MMPs that
mediate elements of tissue matrix
remodeling.

Activation of TLR2 by HKSA resulted
in induction of the expression of TGF-a,
EREG, and AREG mRNA among the EGFR
ligand family, and also activated EGFR
signaling, suggesting that one of these
ligands was involved in an autocrine
activation event (Figures 1 and 2).
Puddicombe and colleagues (42) have
shown that airway epithelial cells expressed
EGFR, and that expression was much
greater in asthmatic epithelium than in cells
derived from normal subjects. They have
also shown that areas of epithelial damage
exhibited a strong EGFR immunoreactivity,
and suggested that EGFR activation
plays an important role in the epithelial
damage/repair process in asthma (42).
However, it is unlikely that epithelial
damage was the only reason for increased

Figure 1. (Continued). time course of expression of HKSA-induced MMP-1 mRNA were analyzed by RT-PCR. (D) Cycloheximide (CHX; 1
or 10 mg/ml) was applied 1 hour before HKSA stimulation for 24 hours, and expression of MMP-1 mRNA was analyzed by RT-PCR. NHBE
cells were transfected with 10 nM small interfering RNA (siRNA) against nonspecific control RNA or Toll-like receptor (TLR) 2. (E) Knockdown
efficiency of TLR2 was analyzed by RT-PCR. After transfection with siRNA against control RNA or TLR2, cells were incubated with HKSA for
24 hours, cell lysates were collected to assess (F) MMP-1 mRNA by RT-PCR, and supernatants were collected to assess the expression of
(G) MMP-1 protein by ELISA. NHBE cells were pretreated with dexamethasone (DEX; 100 nM) 1 hour before HKSA stimulation. Cell lysates
were collected to assess expression of (H) MMP-1 mRNA by RT-PCR, and supernatants were collected for (I) MMP-1 protein detection by ELISA.
Data represent mean 6 SEM of three independent experiments in three donors. *P , 0.01 by t test when compared with media only or
dimethyl sulfoxide (DMSO) control; #P , 0.01 by t test when compared with HKSA-stimulated cells; NS, not significant by t test when
compared with media-only control or HKSA-stimulated cells.
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interface culture system. Cells were treated with HKSA, and cell lysates were collected to analyze (E) TGF-a and (G) MMP-1 mRNA by RT-PCR, and (F) TGF-a and
(H) MMP-1 protein in the basolateral and apical supernatants by ELISA. (I) The concentration response curve of TGF-a–induced MMP-1 mRNA at 24 hours was
analyzed by RT-PCR. Data represent mean6 SEM of three independent experiments. *P, 0.01 by t test when compared with media-only control; #P, 0.01 by t
test when compared with HKSA- and DMSO-stimulated cells or no siRNA or control siRNA transfected cells; NS, not significant.
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EGFR expression in asthmatic epithelium,
because EGFR staining was also increased
in morphologically intact epithelial cells
(42, 43). In addition to ligand-dependent
activation, the EGFR system has a ligand-
independent mechanism that has been
reported, in which transactivation of EGFR
by activated G protein–coupled receptors
occurs in the absence of soluble EGFR
ligands (43). Although Evdonin and
colleagues (44) showed that transactivation
of EGFR by TLR2 and TLR4 was mediated
by heat shock protein 70, our current
neutralization experiments suggested that
the EGFR activation observed was not
independent of ligand, but rather was
primarily due to HKSA induction of EGFR
ligands, TGF-a in particular. Autocrine or
paracrine activation of EGFR by secreted
EGFR ligands has also been reported when
airway epithelial cells were stimulated
with virus, Aspergillus fumigatus, cigarette

smoke extract, and bacterial components
(45–48). Although the mechanism of the
EGFR activation in our studies mainly
involved EGFR ligands, transactivation
could still be present in our model, because
the inhibitory effect of neutralization of
TGF-a on the response was incomplete,
whereas EGFR inhibition by AG1478 was
almost complete. In addition, these results
suggest that EREG and AREG may
cooperatively activate EGFR with TGF-a.
Further study will be needed to determine
the role, if any, of transactivation and the
role of other EGFR ligands in the epithelial
response to HKSA. Because multiple TLR
ligands, such as TLR2 and -3, induced
expression of EGFR ligands (49), we
speculate that EGFR ligand–dependent
EGFR pathway activation may be a
consistent phenomenon in pathogen
recognition receptor–activated epithelial
cells.

EGFR ligands are found to be highly
expressed in various chronic airway
disorders, such as chronic obstructive
pulmonary disease and asthma, as a
consequence of the need for repair of
damaged epithelium (42, 50, 51). Among the
EGFR ligand family that we tested (TGF-a,
EREG, AREG, EGF, and NRG1), HKSA
was most effective in inducing mRNA of
TGF-a. As regards the secondary induction
of MMP-1 by EGFR family members, in
addition to TGF-a, EREG also induced
MMP-1 mRNA, and EREG enhanced the
expression of TGF-a–induced MMP-1
from NHBE cells (data not shown).
Therefore, it is possible, or even likely,
that induced EGFR ligands cooperatively
activate the EGFR signaling to induce
MMP-1 in our model system. Although
TGF-a appears to play a central role, it is
clear that more experimentation will be
necessary to address the role of other
family members.

Themechanisms of the anti-inflammatory
effects of glucocorticoids have been
extensively studied (52, 53). Others have
shown that the activated glucocorticoid
receptor homodimerizes and interacts
with transcription factors, such as NF-kB,
and represses the genes activated by these
transcription factors (54). In addition,
glucocorticoids exert post-transcriptional
control on gene expression by
decreasing the stability of mRNA for
inflammatory genes (55). Our
previous studies have suggested that
NF-kB is not a major target of
glucocorticoids in human airway
epithelial cells (52). The mechanisms of
the suppressive effect of glucocorticoids
on the HKSA- or TGF-a–induced
MMP-1 are not yet clear. Future studies
will be required to determine the
specific mechanism of inhibition of
HKSA-induced genes by DEX in airway
epithelial cells.

MMP-1 was found to be highly elevated
in patients with asthma, and was shown
to be induced from airway epithelial cells
by cigarette smoke extract, poly I:C, and
respiratory syncytial virus (56–58). One
of the main properties of MMP-1 is
a proteolytic ability to degrade fibrillar
collagen. In addition, MMP-1 has the
potential to alter local innate immunity by
cleaving proinflammatory chemokines,
such as CCL2, -7, and -8 and CXCL1, -8,
-12 (59). MMP-1 also plays an important
part in disrupting tight junctions and,
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Figure 3. Submerged NHBE cells were pretreated with AG1478 (100 nM) or DMSO (0.01%),
anti–TGF-a antibody (Ab) (5 mg/ml) or rabbit isotype IgG (5 mg/ml) for 1 hour before
stimulation with (A and B) TGF-a (100 ng/ml) or (C and D) HKSA (5 3 108 particles/ml).
Cell lysates were collected to assess expression of (A and C) MMP-1 mRNA by RT-PCR,
and supernatants were collected for (B and D) MMP-1 protein detection by ELISA. Data
represent mean 6 SEM of three independent experiments; *P , 0.01 by t test when compared
with media-only control; #P , 0.01 by t test when compared with HKSA- and DMSO- or isotype
IgG–stimulated cells; NS, not significant.
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thereby, altering the epithelial barrier (56).
Airway epithelial cells are the primary
airway mucosal barrier against particulate
stimuli from the environment. It is known
that asthmatic epithelial cells are defective
in barrier function, with incomplete
formation of tight junctions and, therefore,
inadequate ability to prevent tissue entry
of inhaled allergens or virulent pathogens
(60). Although none of the synthetic MMP
inhibitors has been introduced into clinical
practice yet, studies have shown positive
results both in clinical settings and in
experimental models. Currently, several
pharmaceutical companies have developed
either pan- or specific MMP inhibitors (61).
Among them, a broad-spectrum MMP
inhibitor, R94138, showed reduction of

allergic airway inflammation in mice
(62), and another broad-spectrum MMP
inhibitor, marimastat, reduced airway
hyperresponsiveness in subjects with
asthma (24). Recently, van Zele and
colleagues (63) showed that the potent
MMP inhibitor, doxycycline, reduced
polyp size in patients with CRS with nasal
polyps. From our results, SA should be
considered as a potential inducer of
MMP-1 release in the airways and as
another potential cause of barrier
disruption in asthma. In addition,
strategies targeting MMP-1, TLR2, or
EGFR signaling might be considered as
therapeutic options in patients with
asthma and CRS in whom colonization
by SA is present.

In summary, we report that HKSA
activated TLR2 and, thereby, induced
profound expression of MMP-1 in
primary airway epithelial cells. Our data
suggest that the MMP-1 expression was
dependent on autocrine production of
growth factors of the EGF family. This
study implicates colonization by SA and
other TLR2-activating organisms in
tissue remodeling, a hypothetical role
that is readily testable in preclinical
models or in human subjects affected
by allergic diseases characterized
by colonization with SA and other TLR
activators. n

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