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The morphological features of chronic obstructive pulmonary dis-
ease in man include emphysema and chronic bronchitis associated
with mucus hypersecretion. These alterations can be induced in mice
by a single intratracheal instillation of N-formyl-L-methionyl-L-
leucyl-L-phenylalanine (fMLP), a chemoattractant and degranulat-
ing agent for neutrophils. The mechanisms underlying excessive
mucus production and, in particular, goblet cell hyperplasia/meta-
plasia in chronic obstructive pulmonary disease remain poorly
understood. The proteinase-activated receptors (PARs) are widely
recognized for their modulatory properties during inflammation. In
this study, we examined whether PAR-1 contributes to inflammation
and lung damage induced by fMLP by comparing the response of
PAR-1–deficient (PAR-12/2) mice with that of wild-type (WT) mice.
Mice were killed at various time points after fMLP instillation
(200 mg/50 ml). WT mice developed emphysema and goblet cell
metaplasia. The onset of pulmonary lesions was preceded by an
increase in thrombin immunoreactivity in bronchial airways and
alveolar tissue. This was followed by a decrease in PAR-1 immuno-
reactivity, and by an increase in IL-13 immunostaining on the luminal
surface of airway epithelial cells. In PAR-12/2 mice, fMLP adminis-
tration induced similar responses in terms of inflammation and
emphysema, but these mice were protected from the development
of goblet cell metaplasia. The involvement of PAR-1 in airway
epithelial cell transdifferentiation was confirmed by demonstrating
that intratracheal instillation of the selective PAR-1 agonist (TFLLR)
induced goblet cell metaplasia in the airways of WT mice only. These
data suggest that emphysema and goblet cell metaplasia occur
independently, and that PAR-1 signaling through IL-13 stimulation
may play an important role in inducing goblet cell metaplasia.
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Chronic obstructive pulmonary disease (COPD) is a major and
increasing global health problem. Morphological features of
COPD include emphysema (airspace enlargement due to de-
struction of the lung parenchyma) and chronic bronchitis
associated with mucus hypersecretion. A central pathogenetic
role in COPD has been attributed to the inflammatory response

that is present throughout the airways and parenchyma, and
which participates in the progression and exacerbation of this
disease (1). Neutrophils and macrophages release mediators
that contribute to inflammation and overwhelm lung defenses
(2, 3). These mediators can injure the alveolar walls by acti-
vating program(s) for lung destruction (emphysema), and/or
can remodel the airways by inducing goblet cell metaplasia (3).
Although the mechanisms of hypersecretion are not fully under-
stood, increased mucus secretion is currently attributed to hy-
pertrophy and hyperplasia of bronchial submucosal glands and
goblet cell hyperplasia/metaplasia in the airway epithelium (4).
In the bronchial epithelium, the reduction of ciliated cells in
favor of goblet cells may further contribute to the impaired
mucociliary transport responsible for airway obstruction. Un-
fortunately, the inflammatory pathway(s) and the mediators in-
volved in the pathogenesis of COPD have not yet been clearly
defined (5), although both epidermal growth factor receptor
(EGFR) activation and IL-13 signaling have been highlighted as
potential key pathways involved in the development of goblet
cell hyperplasia and metaplasia. In particular, by using a model
of Sendai virus infection and analysis of patients with asthma,
Tyner and coworkers (6) recently demonstrated that goblet cell
metaplasia derives from ciliated cell transdifferentiation, and
requires two signals. The first signal activates EGFR, which
leads to inhibition of ciliated cell apoptosis and cell survival; the
second signal is mediated by IL-13 acting via its receptor to
promote ciliated cell transdifferentiation into mucus-producing
goblet cells. It also appears that other epithelial cells, such as
Clara cells, can differentiate into goblet cells through the same
pathway (6).

At present, the contribution of the coagulation cascade to
the development of COPD remains unclear, but plasma levels
of procoagulant and fibrinolytic markers are elevated in patients
with COPD (7). The presence of microthrombi within the
vasculature of patients with COPD further suggests that COPD
is associated with a procoagulant state.

Thrombin, a trypsin-like serine protease, plays a central role
in blood coagulation, and also mediates a number of biological
responses that may play important roles in inflammatory and
tissue repair responses (8). Most of the cellular effects of
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thrombin are mediated by a unique family of ubiquitously
expressed cell surface receptors, termed proteinase-activated
receptors (PARs). To date, four PARs have been characterized,
of which three (PAR-1, -3, and -4) are activated by thrombin. In
addition, PAR-1 can also be activated by other coagulation and
noncoagulation proteinases, including coagulation factor Xa
(9), matrix metalloproteinase-1 (10), and neutrophil elastase
(NE) (11). However, the physiological relevance of these
activators in vivo remains to be established, and the role of
PAR-1 in COPD is currently unknown.

PAR-1 is highly expressed by a number of cell types present
in the lung, including smooth muscle cells, fibroblasts, endothe-
lial cells, epithelial cells, and macrophages (12). PAR-1 activa-
tion has been shown to be both proinflammatory and profibrotic
via the release of a host of secondary mediators. The central
role for PAR-1 in the injured lung was recently demonstrated in
experiments showing that PAR-1 knockout mice are protected
from lung inflammation and lung collagen accumulation in the
bleomycin model of pulmonary fibrosis (13).

Cigarette smoke (CS) is the main causative factor of COPD
in humans. Chronic exposure to CS in sensitive mice reproduces
some important changes (i.e., emphysema and goblet cell
metaplasia), which characterize COPD in humans. These al-
terations can also be induced in mice by a single intratracheal
instillation of the neutrophil chemoattractant and degranulating
agent, N-formyl-L-methionyl-L-leucyl-L-phenylalanine (fMLP)
(14, 15). The focus of the current study was to examine the
contribution of PAR-1 to fMLP-induced pulmonary alterations
by comparing the response obtained in PAR-12/2 and wild-type
(WT) mice.

MATERIALS AND METHODS

Animals

WT and PAR-12/2 mice were bred at University College London. All
animal studies were approved by the University College London
Biological Services Ethical Review Committee and licensed under the
Animals (Scientific Procedures) Act 1986, Home Office, London, United
Kingdom. Mice were anesthetized with inhaled halothane (3%) in
a stream of oxygen (2 L/min) before intratracheal instillation. Mice
were housed in specific pathogen-free conditions, and all procedures
were performed on male mice between 8 and 12 weeks of age. The gen-
eration and backcrossing of PAR-12/2 mice for 10 generations (.97%)
onto the C57BL/6 background has been described previously (16, 17).

fMLP Model

Experiments were performed with three groups of eight animals for
each strain (WT and PAR-12/2). The first group received a single
intratracheal instillation of 200 mg fMLP in 50 ml saline solution. The
second group was instilled intratracheally with the same volume of
saline. A third group was left untreated. At different time points (1, 3,
7, 14, and 21 d), mice from all groups were terminally anesthetized by
an intraperitoneal injection of 100 ml of pentobarbitone sodium
(200 mg/ml; Sanofi Aventis, Guildford, UK).

PAR-1 Agonist Instillation

To assess the direct involvement of PAR-1 signaling in the develop-
ment of goblet cell metaplasia, four groups of C57BL/6 mice (n 5 10)
were given the selective PAR-1 agonist, TFLLR-amide (TFLLR-NH2;
Bachem, Bubendorf, Switzerland), at three different doses (100 mM,
1 mM, and 5 mM, in 50 ml saline solution), or vehicle alone, by intra-
tracheal instillation. The specificity of this agonist in this model was
assessed by examining the effect of TFLLR-NH2 at 5 mM in PAR-12/2

mice (n 5 5). Mice were terminally anesthetized at either 7 or 14 days
(n 5 5/group/time point) by an intraperitoneal injection of 100 ml of
pentobarbitone sodium (200 mg/ml; Sanofi Aventis). The lungs were
excised and processed for histological and immunohistochemical
analysis.

Bronchoalveolar Lavage and Cytology

To differentiate and quantify inflammatory cell recruitment to the
lungs, five animals of each genotype were killed at 1 day after fMLP
instillation. The trachea was isolated and then cannulated with
a 20-gauge blunt needle. With the aid of a peristaltic pump (P-1;
Pharmacia, Uppsala, Sweden), the lungs were lavaged three times with
0.6 ml normal saline. The average fluid recovery was greater than 95%.
Total cell counts were performed using a hemocytometer. Differential
counts of 300 cells were performed on slides stained with Diff-Quick
(Dade Behring AG, Düdingen, Switzerland).

Lung Histology and Mean Linear Intercept Assessment

The lungs from the different groups of mice were fixed intratracheally
with buffered formalin (5%) at a constant pressure of 20 cm H2O for at
least 4 hours. All lungs were then dehydrated, cleared in toluene, and
embedded in paraffin wax. Two 7-mm latero-sagittal sections of each
lung were cut, dewaxed, and stained with hematoxylin and eosin or
periodic acid-Schiff (PAS), according to standard histological pro-
tocols. Because there are no goblet cells in the murine bronchi (19),
a mouse was considered to have developed goblet cell metaplasia when
at least one or more middle-sized bronchi/lung showed positive PAS
staining.

Morphometric assessment consisted of the determination of the
average interalveolar distance (mean linear intercept [Lm]) (18). For
each pair of lungs, 40 histological fields were evaluated both vertically
and horizontally. Examination of this number of fields meant that
practically the entire lung area of each section was evaluated.

Immunohistochemistry

Lung tissue sections (5 mm) were mounted on glass slides before
dewaxing in xylene and rehydrating through an ethanol gradient,
according to standard histological procedures, and stained for PAR-1
or thrombin by an immunoperoxidase method. For antigen retrieval,
the sections were heated by microwaving for 20 minutes in 0.01 M
citrate buffer (pH 6.0) and allowed to slowly cool to room temperature.
The sections were pretreated with 3% hydrogen peroxide (Sigma-
Aldrich, Milan, Italy) to inhibit endogenous peroxidase activity. All
sections were incubated with 3% BSA for 30 minutes at room
temperature to block nonspecific antibody binding. They were then
incubated overnight at 48C with the primary antibodies, anti–thrombin
receptor (PAR-1) rabbit polyclonal antibody (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) diluted 1:50; anti-thrombin goat polyclonal
(Santa Cruz Biotechnology) diluted 1:50, anti–IL-13 goat polyclonal
antibody (R&D Systems Inc., Minneapolis, MN) diluted 1:20, anti-
EGFR rabbit polyclonal antibody (Abcam, Cambridge, UK) diluted
1:100, or anti–phosphorylated EGFR (pEGFR) rabbit polyclonal
(Abcam) diluted 1:100. All sections were rinsed and incubated with
sheep anti-rabbit IgG or anti-goat IgG for 30 minutes at room
temperature. For PAR-1 and thrombin detection, after incubation
with the appropriate biotin-conjugated secondary antibody, and, sub-
sequently, with streptavidin/peroxidase solution, color development
was performed using 3, 39-diaminobenzidine tetrahydrochloride (DAB;
Vector Laboratories, Burlingame, CA) as a chromogen. For IL-13,
EGFR, and pEGFR detection, tissue sections were incubated with the
appropriate secondary antibody (Sigma-Aldrich) for 30 minutes at
room temperature. The staining was revealed by adding peroxidase–
antiperoxidase complex (Sigma-Aldrich) prepared from rabbit or goat
serum. Detection was accomplished by incubation in freshly dissolved
DAB in 0.03% H2O2 in 50 mM Tris/HCl (pH 7.6). For MUC5AC
detection, tissue sections were incubated overnight at 48C with
mouse monoclonal antibodies to MUC5Ac (1:25) (Thermo Scientific,
Waltham, MA). The M.O.M. immunodetection kit (Vector Laboratories)
was used for MUC5AC immunodetection. The Vector M.O.M. immu-
nodetection kit is designed specifically to localize mouse primary
monoclonal and polyclonal antibodies on mouse tissues by using a novel
blocking agent and reducing undesired background staining. Immu-
nostaining was revealed by using the M.O.M. detection kit with DAB
substrate.

Specificity of the signal obtained was confirmed by showing that no
positive staining was detectable when the primary antibody was
substituted with an equivalent concentration of nonimmune polyclonal
IgG, or when it was omitted altogether.
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Quantification of Goblet Cell Metaplasia

The total number of cells, as well as the percentage of PAS- or
MUC5AC-positive cells, was determined. Lung tissue sections from five
C57BL/6 mice belonging to groups treated with fMLP, 1 mM TFLLR-
amide, or saline solution at 14 days were (immuno)stained for PAS or
MUC5AC. The number of cells in airways that demonstrated PAS or
MUC5AC staining was determined by examining eight intrapulmonary
airways per section, and counting at least 3,000 cells/section. Data were
reported both as the number of positive cells per millimeter of basement
membrane, and as the percentage of positive cells per total cells.

Western Blot Analysis

Frozen lungs were pulverized using a pestle and mortar and kept frozen
with liquid nitrogen. Equal amounts of powder from different animals
were resuspended in 1 ml Triton lysis buffer supplemented with
a protease inhibitor cocktail (Complete Mini; Roche Diagnostics,
Sussex, UK) in polypropylene tubes. Extracts were incubated for
30 minutes on ice and centrifuged at 12,000 3 g for 10 minutes at
48C, and the supernatants recovered. The protein concentration of the
resulting total extracts was determined according to the Bradford
method (DC Protein Assay; Bio-Rad Laboratories, Hercules, CA).
Equal amounts (50 mg/lane) of protein lysate were separated by 10%
SDS-PAGE (after reduction with mercaptoethanol), and transferred
onto nitrocellulose membranes. The membranes were blocked in Tris-
buffered saline containing 5% BSA and milk for 3 hours at room
temperature, then incubated with primary anti-thrombin goat poly-
clonal (Santa Cruz Biotechnology), diluted 1:100, overnight at 48C. The
membranes were washed with 0.05% Tween 20 in Tris-buffered saline,
and incubated with a secondary antibody linked to horseradish
peroxidase (1:50,000) (Sigma) for 1 hour. After three additional
washes, the membranes were incubated in the Bio-Rad amplification
reagent (BAR Western blot Amplification Module; Bio-Rad Labora-
tories) for 10 minutes, washed, incubated in streptavidin–horseradish
peroxidase, and washed again before being incubated in the Opti-
4CN substrate (Opti-4CN Substrate Kit; Bio-Rad Laboratories),
according to the manufacturer’s recommendations, and exposed to
X-ray film.

Statistical Analysis

For each parameter, either measured or calculated, the values for
individual animals were averaged and the SD was calculated. The
significance of the differences between groups was calculated using
one-way ANOVA (F-test). A P value of less than 0.05 was considered
significant.

RESULTS

The early response to fMLP in C57BL/6 mice is characterized by
marked neutrophil influx into the alveolar space (Figure 1A),
which is followed by the development of widespread emphysema
by 21 days (Figure 1B). At 24 hours after fMLP administration,
there is an approximately 100-fold increase in bronchoalveolar
lavage fluid neutrophils (saline control, 0.11 6 0.03 3 105 versus
fMLP treated, 10.61 6 1.2 3 105 cells/ml). Twenty-one days after
fMLP instillation, lungs from WT C57BL/6 mice showed diffuse
areas of air space enlargement, with destruction of alveolar
septae and a resultant increase in the Lm of 47.1 (62.0) mm
from baseline values of 35.9 (60.5) mm (saline control) (P ,

0.05). These features were previously observed in C57BL/6 mice
under similar experimental conditions (14, 15).

The changes in neutrophil number in BALF (saline control,
0.12 6 0.04 3 105 versus fMLP treated, 11.44 6 1.3 3 105 cells/ml),
and lung morphology of PAR-12/2 mice, at 24 hours (Figure 1D)
and at 21 days (Figure 1E) after fMLP instillation were similar to
those observed for C57BL/6 WT mice. The Lm values for saline
and fMLP-treated PAR-12/2 mice were 34.1 (60.6) mm and 48.5
(62.1) mm, respectively (P , 0.05).

There were no differences in gross lung histological appear-
ance by hematoxylin and eosin between saline-instilled WT and
PAR-12/2 mice (Figures 1C and 1F). Of interest, fMLP treat-
ment of C57BL/6 mice induces the development of goblet cell
metaplasia, within the epithelium of large (Figure 2A) and
middle-sized bronchi (Figure 2B), which can be readily appreci-
ated after PAS staining of sections. Some areas of goblet cell
metaplasia can be observed as early as 3 days after fMLP
instillation (Figure 2C). To the best of our knowledge, this is
the first report of goblet cell metaplasia after fMLP instillation
into the mouse lung.

Although fMLP treatment of PAR-12/2 mice induced
emphysema to a similar extent to that observed in WT mice,
striking differences were found in terms of the development of
goblet cell metaplasia. The goblet cell metaplasia that charac-
terizes the bronchial and bronchiolar epithelial changes in WT
mice was not observed in PAR-12/2 mice after fMLP challenge
(Figures 2D and 2E). For comparison, epithelium from middle-
and large-sized bronchi of an untreated PAR-12/2 mouse are
reported in Figures 2F and 2G, respectively. No differences in

Figure 1. N-formyl-L-methionyl-L-leucyl-

L-phenylalanine (fMLP) instillation in-

duces neutrophil infiltration and airspace
enlargement in wild-type (WT) and

PAR-1–deficient (PAR-12/2) mice. Histo-

logical sections from lungs of C57BL/6
and PAR-12/2 mice at 24 hours and

21 days after fMLP instillation are com-

pared with their respective saline-instilled

control mice. Representative hematoxylin
and eosin (H&E) lung sections of C57BL/6

(A) and PAR-12/2 mice (D) show consis-

tent neutrophil infiltration into alveolar

spaces 24 hours after fMLP instillation.
Representative sections of lungs from

C57 BL/6 (B) and PAR-12/2 (E ) mice

21 days after fMLP instillation are charac-

terized by diffuse areas of air space en-
largement with destruction of alveolar

septa. No differences in lung histological

appearance are found between saline-
instilled WT and PAR-12/2 mice (C and

F ). H&E stain; scale bar, 170 mm.
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morphological appearance of airway epithelia were found
between control PAR-12/2 and WT mice.

As mentioned above, PAR-1 is highly expressed by a number
of cell types present in the lung, including smooth muscle cells,
fibroblasts, endothelial cells, epithelial cells, and macrophages
(12, 20). Immunohistochemical staining for PAR-1 revealed that
this receptor is expressed throughout the lung and airways of
C57BL/6 saline-instilled mice (Figures 3A–3C), as previously
described (13). In contrast, 1 day after fMLP instillation, immu-
noreactivity associated with alveolar structures and the bronchial

epithelium was markedly reduced (Figures 3D–3F). A return to
baseline levels of PAR-1 immunoreactivity can be appreciated
within 7 days of fMLP instillation (Figures 3G and 3H).

At Day 1, a time point at which we find the highest reduction
in PAR-1 immunoreactivity, we were able to detect thrombin
immunoreactivity in pulmonary structures and lung homoge-
nates in fMLP-instilled mice, which was predominately associ-
ated with alveolar exudates (Figure 4C) and the surface of
bronchial and bronchiolar epithelium (Figure 4D). For com-
parison, immunostaining of thrombin on alveolar structures
(Figure 4A) and bronchial epithelium (Figure 4B) from an
untreated WT mouse is reported. The presence of active
thrombin is also appreciable by Western blot analysis of lung
homogenates from C57BL/6 mice at 1 and 3 days after fMLP
instillation (Figure 4E). Taken together these data suggest
a possible role for thrombin in the activation of PAR-1 under
these experimental conditions.

Figure 2. PAR-12/2 mice are protected
from fMLP-induced goblet cell metapla-

sia. Goblet cell metaplasia (arrowheads) is

appreciable in epithelium of large- (A)
and middle-sized bronchi (B) of WT

C57BL/6 mice 21 days after fMLP in-

stillation. Areas of goblet cell metaplasia

are found in some C57BL/6 mice as early
as 3 days after fMLP treatment (C).

Bronchial sections of airway epithelium

from PAR-12/2 mice at 21 days after

fMLP instillation are reported in D and
E. As in saline control mice (F and G), no

periodic acid-Schiff (PAS)–positive cells

are present in these sections. PAS stain;
scale bar, 150 mm.

Figure 3. PAR-1 immunoreactivity decreases after fMLP instillation.
Immunohistochemical localization of PAR-1 is shown on alveolar and

bronchiolar epithelial cells (A), on the epithelium of middle- (B) and

large-size (C) bronchi, and on endothelial cells within blood vessels (B

and C) from a control C57BL/6 mouse. In these sections, PAR-1 is
consistently expressed throughout the lung parenchyma and airways.

In contrast, PAR-1 immunoreactivity associated with the parenchyma

(D) and airway epithelium (E and F) is dramatically decreased on Day 1

after fMLP instillation. An almost complete recovery in PAR-1 immu-
noreactivity is observed throughout the pulmonary structures at 7 days

after fMLP instillation (G and H). Scale bar, 100 mm.

Figure 4. Thrombin immunoreactivity is increased after fMLP expo-
sure. Immunohistochemical localization of thrombin in lung sections

from control (A and B) and fMLP-instilled (C and D) C57BL/6 mice.

Only minimal immunoreactivity is observed within the capillary vessels

(A) and around the bronchial structures (B). At 1 day after instillation of
fMLP, there is increased staining for thrombin in alveolar exudates (C)

and on bronchial epithelial cell surfaces (D). Scale bar, 75 mm. (E)

Representative Western blot analysis of thrombin in lung homogenates

from C57BL/6 mice at 0, 1, and 3 days after fMLP instillation. Active
thrombin is appreciable in lung homogenates at 1 and 3 days after

fMLP instillation.
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Intratracheal instillation of WT mice with the selective PAR-1
agonist, TFLLR, at three different concentrations (100 mM, 1 mM,
and 5 mM) was found to induce goblet cell metaplasia of airway
epithelial cells present in middle-sized (Figure 5B) and large
bronchi (Figure 5D) at both time points and all concentrations of
the agonist examined. In contrast, TFLLR did not induce emphy-
sema/airspace enlargement, even at the highest concentration. The
specificity of this agonist in this model was confirmed by demon-
strating that TFLLR-NH2 (5 mM) had no effect in PAR-12/2 mice
(n 5 5; data not shown). These data suggest that direct PAR-1
signaling in the airways is sufficient to lead to the development of
goblet cell metaplasia, but not airspace enlargement.

Goblet cell metaplasia in response to fMLP and TFLLR
instillation was also assessed by MUC5AC immunostaining.
There was good agreement between the data obtained with
PAS and MUC5AC staining in that MUC5AC immunoreactiv-
ity was similarly confined to cells present along the airway walls
in TFLLR- and fMLP-instilled mice at 7 and 14 days (Figures
5E and 5F). MUC5AC and PAS staining was absent in the lungs
of saline-treated control animals. Quantitation of PAS- or
MUC5AC-positive cells revealed that around 10% of all airway
cells in TFLLR- and fMLP-instilled mice were positive for these
goblet cell markers at 14 days after treatment, and, further, that
the extent of goblet cell metaplasia was similar for fMLP and
TFLLR-instilled mice (Figure 5G). The numbers of PAS- or
MUC5AC-positive cells per millimeter basement membrane in

the two treatment groups are similarly comparable: 25.5 (67.1)
(PAS) and 21.8 (66.1) (MUC5AC) for fMLP-instilled mice
versus 24.6 (65.7) (PAS) and 21.1 (64.9) (MUC5AC) for
TFLLR-instilled mice.

Immunohistochemical analysis of IL-13 in mice after intra-
tracheal fMLP revealed that IL-13 was present in the airway
epithelium from 1 day onward (Figure 6B), and was predom-
inantly associated with the luminal surface of ciliated cells in
middle-sized and large bronchi in WT mice. The airway epi-
thelium demonstrated some positive cytoplasmic staining, as did
occasional macrophages, suggesting that these cells may repre-
sent a potential cellular source of IL-13 in this model. A similar
positive reaction was also observed for WT mice at 7 and 14
days after TFLLR instillation. IL-13 was not detected in saline
control groups (Figures 6A and 6C) or fMLP-treated PAR-12/2

mice (Figure 6D).
Immunohistochemical evaluation for EGFR of lung sec-

tions from saline control and fMLP-treated groups (WT and
PAR-12/2) taken at the various time points revealed no
changes in EGFR expression (Figures 7A, 7B, 7D, and 7E) or
activation (Figure 7C), as detected by immunostaining for
pEGFR between groups. However, pEGFR staining was occa-
sionally found in a very small number of cells in mice challenged
with fMLP at 7 days (Figure 7F). Taken together, these data
suggest that there is no overlap between EGFR and IL-13
signaling events after fMLP instillation. Similarly, no changes in

Figure 5. PAR-1 activation in-

duces goblet cell metaplasia in

WT mice. PAS staining (A–D) of
sections demonstrates that goblet

cell metaplasia (arrowheads) is ap-

preciable within the epithelium of
middle- (B) and large-sized (D)

bronchi of WT C57BL/6 mice

14 days after fMLP instillation. Mid-

dle-sized and large bronchial sec-
tions of airway epithelium from

a saline control WT mouse at

14 days after treatment are

reported in A and C. No PAS-posi-
tive cells are present in these sec-

tions. MUC5AC immunostaining

(E and F) of sections confirms gob-
let cell metaplasia in fMLP- (E)

and TFLLR-instilled (F) mice. Scale

bar, 150 mm. (G) Quantitation of

MUC5AC- and PAS-positive cells
in airways from fMLP- and TFLLR-

instilled mice at 14 days after

treatment. Data are expressed as

a percentage of PAS- or MUC5AC-
positive airway epithelial cells.

Each bar represents the mean 6

SD (n 5 8 intrapulmonary airway
sections).
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EGFR expression or activation were detected after TFLLR
instillation (data not shown).

DISCUSSION

Airway remodeling with goblet cell metaplasia, submucosal
gland hyperplasia, and mucus hypersecretion are common
features of several inflammatory airways diseases, including
chronic bronchitis, cystic fibrosis, and asthma (21–23). Mucus
hypersecretion as a result of goblet cell hyperplasia causes
airway mucus plugging, especially in the peripheral airways,
where numerous large secreting goblet cells can more easily
cause obstruction (24). The mechanisms underlying excessive
mucus production and, in particular, goblet cell hyperplasia/
metaplasia in COPD remain poorly understood and highly

debated. However, because mucus cell metaplasia in airway
diseases is associated with significant airway inflammation, it is
generally held that inflammatory cells and their secreted
mediators play a central role. A number of stimuli and putative
mediators in the induction of goblet cell metaplasia have been
considered. These include CS exposure (25), NE (26), IL-1 (27),
IL-4 (28), IL-6/IL-17 (29), IL-9 (30), TNF-a (31), LPS (32),
uridine 59-triphosphate (33), as well as IL-13 and EGFR
signaling (6).

The main findings of the present study are both the
differences and similarities between the C57BL/6 WT and
PAR-12/2 mice in response to fMLP instillation. Mice of both
experimental groups develop patchy emphysema after fMLP
challenge. However, unlike WT mice, PAR-12/2 mice are
completely resistant to developing goblet cell metaplasia. These
data suggest that emphysema and secretory cell metaplasia in
airway epithelium occur independently, and that PAR-1 signal-
ing may play an important role in inducing goblet cell meta-
plasia in this model. We believe it is unlikely that the lack of
goblet cell metaplasia in PAR-12/2 is due to a difference in the
extent of the inflammatory response that follows fMLP in-
stillation, because inflammation, characterized by marked neu-
trophil infiltration and the development of emphysema, are
similar in WT and PAR12/2 mice. The involvement of PAR-1
signaling in the development of goblet cell metaplasia was
confirmed in additional experiments performed with the specific
PAR-1 agonist, TFLLR-NH2. Intratracheal instillation of this
agonist in WT mice lead to goblet cell metaplasia but did not
induce the development of emphysematous lesions.

The development of goblet cell metaplasia in WT mice
challenged with fMLP or TFLLR-NH2 was preceded by an
increase in IL-13 immunoreactivity without evidence of altered
EGFR expression or activation. The presence of IL-13 on the
luminal surface of airway epithelial cells, mainly on ciliated
cells, is consistent with the proposal that IL-13 may be re-
sponsible for promoting the transdifferentiation of ciliated cells
to goblet cells downstream of PAR-1 activation in this model.
These data are further consistent with a recent report of virus-
induced goblet cell metaplasia, where IL-13 on its own was
found to be the major mediator responsible for promoting the
transdifferentiation of ciliated cells to goblet cells (6). More-
over, this suggestion would also be in agreement with studies of
airway epithelial cells, where IL-13 was capable of stimulating
goblet cell metaplasia despite EGFR blockade (34). In terms of
the cellular source of IL-13 in our model, careful evaluation of

Figure 6. IL-13 immunoreactivity increases after fMLP exposure. IL-13

immunoreactivity was consistently associated with the airway epithe-

lium of WT mice after fMLP treatment from Day 1 onwards. IL-13

immunoreactivity is associated with the luminal surface of epithelial
cells within the bronchi (B) of WT mice on Day 1 after fMLP instillation

(arrowheads). IL-13 immunoreactivity is absent in airway epithelium of

PAR-12/2 mice at Day 1 after fMLP instillation (D). (A and C) The airway

epithelium for saline control WT and PAR-12/2 mice. IL-13 was
undetectable in these sections. Scale bar, 150 mm.

Figure 7. Epidermal growth factor receptor (EGFR)

and phosphorylated EGFR (pEGFR) immunoreactiv-
ity is unchanged by fMLP exposure. (A, B, D, and E)

Representative sections immunostained for EGFR

from an untreated WT mouse (A), a WT mouse at
Day 1 after fMLP instillation (B), an untreated

PAR-12/2 mouse (D), and a PAR-12/2 mouse at

Day 1 after fMLP instillation. EGFR staining was

similar for all groups of mice at all time points
examined. Scale bar, 150 mm. (C) A representative

section immunostained for activated EGFR (pEGFR)

for WT mice on Day 7 after fMLP treatment. pEGFR

immunostaining was similar for all groups of mice at
all time points examined. However, positive pEGFR

nuclear staining was occasionally found in a very

small number of cells in mice belonging to the
various experimental groups on Day 7 after fMLP

challenge. (F) pEGFR nuclear staining (arrowheads)

in a representative section for PAR-12/2 mice on Day

7 after fMLP treatment. Scale bar, 150 mm.
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IL-13 immunohistochemistry sections revealed that the airway
epithelium and occasional macrophages demonstrated cytoplas-
mic staining after fMLP challenge. Although this does not allow
us to definitively conclude that these cell types represent a cellular
source for IL-13 in this model, these cells have been reported to
be capable of producing IL-13 in vitro (35). Of interest, we also
have recent data that IL-13 mRNA levels In PAR12/2 mice are
also attenuated in the bleomycin model of lung injury and fibrosis,
suggesting that PAR-1 signaling also plays a role in regulating the
induction of this cytokine in other lung injury models (A. Naldini,
R. J. Johns, and R. C. C., unpublished data). To the best of our
knowledge, these are the first in vivo reports that there may be
cross-talk between PAR-1 and IL-13 signaling pathways. The
nature of this cross-talk merits further consideration, and may be
relevant in a number of settings characterized by excessive
coagulation signaling, abnormal repair, and goblet cell metaplasia.

The potential contribution of PAR-1 to pathological pro-
cesses in a number of disease settings is increasingly recognized,
and several coagulation and noncoagulation proteinases have
been implicated in the activation of this receptor, including
thrombin, factor Xa, trypsin, plasmin, and matrix metallopro-
teinase-1 (8). Thrombin inhibition (36) and PAR-12/2 rodent
studies (13) suggest that PAR-1 is the main receptor by which
thrombin exerts its pluripotent proinflammatory and profibrotic
effects after lung injury in the context of fibrotic lung disease.
To the best of our knowledge, this is the first report demon-
strating the involvement of PAR-1 in the induction of goblet
cell metaplasia.

After irreversible proteolytic activation, PAR-1 is rapidly
internalized, sorted to lysosomes, and degraded. Internalization
and lysosomal sorting of activated PAR-1 is critical for termi-
nation of receptor signaling. After agonist exposure, the ex-
pression of PAR-1 is markedly reduced for several hours (37)
until cell responsiveness is re-established by the mobilization of
preformed receptors from intracellular pools, and eventually,
the de novo synthesis of PAR-1 receptors (38, 39). The transient
decrease in PAR-1 immunoreactivity observed at 1 day after
fMLP instillation is consistent with the activation and sub-
sequent internalization of this receptor. This may then lead to
the induction and release of numerous PAR-1–inducible medi-
ators, including, possibly, IL-13.

After fMLP instillation, the lung response of C57BL/6 mice is
characterized by neutrophil influx with the release of NE (14, 15).
This mouse strain also develops patchy emphysema and goblet
cell metaplasia after chronic exposure to CS (40, 41). These
changes are preceded by an increase in PAR-1 mRNA levels, so
that PAR-1 may also contribute to emphysema and goblet cell
metaplasia after chronic CS exposure (G.L., unpublished data).

In terms of the proteinase responsible for PAR-1 activation
in this model, we propose that it is likely that prothrombin
leaking into the alveolar space from the vascular compartment,
and which is then locally activated to thrombin, is the most
likely proteinase involved. Thrombin is generally considered
a major physiological and primary activator of PAR-1, with
a low EC50 of 50 pM, whereas other PAR-1 activators (FXa,
trypsin, granzyme A, etc.) are generally considered ‘‘secondary
activating proteinases,’’ which activate PAR-1 at high concen-
trations (reviewed in Refs. 8 and 12). It is, however, worth
pointing out that NE has also been shown to cleave PAR-1 at
both activating (11) and nonactivating sites (42). Furthermore,
inflammatory cells and their secreted mediators have been
shown to play a central role in several respiratory diseases
(e.g., asthma, COPD, cystic fibrosis) (5, 43). These diseases are
all characterized by goblet cell metaplasia, and NE is currently
considered a major inducer of secretory cell metaplasia via
EGFR activation (44) in these conditions. However, whether

this proteinase is able to activate PARs in vivo remains to be
established (37, 45–47). Moreover, immunohistochemical stud-
ies to determine the localization of thrombin in our model
revealed that, after fMLP administration, there is a consistent
positive reaction for thrombin associated with the lung paren-
chyma and the bronchial epithelium. A quite different locali-
zation for NE was observed by us in a previous study performed
under identical experimental conditions (14, 15), where elastase
could not be detected on the bronchial epithelial cell surface.
We therefore propose that thrombin is likely to be the main
activator of PAR-1 in this model.

In conclusion, our data show, for the first time, that fMLP
instillation induces goblet cell metaplasia, and that PAR-1
signaling plays a key role in experimentally induced goblet cell
metaplasia. This appears to be mediated via the local expression
of IL-13 without altered EGFR activation. We propose that
strategies aimed at blocking PAR-1 may open new avenues for
the treatment of mucus hypersecretion in a variety of respira-
tory conditions.
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