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Jan H. von der Thüsen,§‡‡ and C. Arnold Spek*
From the Center for Experimental and Molecular Medicine,*

and the Departments of Pulmonology,‡ and Pathology,§

Academic Medical Center, Amsterdam, The Netherlands; the

Department of Cell Biology,† University of Groningen, Groningen,

The Netherlands; the Division of Biopharmaceutics The Leiden

Amsterdam Center for Drug Research,¶ Leiden University,

Gorlaeus Laboratories, Leiden, The Netherlands; the Departments

of Pulmonology,� Pathology,** and Gastroenterology and

Hepatology,†† Erasmus MC-University Medical Center Rotterdam,

Rotterdam, The Netherlands; and the Department of Histopathology,‡‡

Royal Brompton Hospital, London, United Kingdom

Idiopathic pulmonary fibrosis constitutes the most
devastating form of fibrotic lung disorders and re-
mains refractory to current therapies. The coagula-
tion cascade is frequently activated during pulmonary
fibrosis, but this observation has so far resisted a
mechanistic explanation. Recent data suggest that
protease-activated receptor (PAR)-2, a receptor acti-
vated by (among others) coagulation factor (F)Xa,
plays a key role in fibrotic disease; consequently, we
assessed the role of PAR-2 in the development of
pulmonary fibrosis in this study. We show that PAR-2
is up-regulated in the lungs of patients with idiopathic
pulmonary fibrosis and that bronchoalveolar lavage
fluid from these patients displays increased proco-
agulant activity that triggers fibroblast survival. Using
a bleomycin model of pulmonary fibrosis, we show
that bleomycin induces PAR-2 expression, as well as
both myofibroblast differentiation and collagen synthe-
sis. In PAR-2�/� mice, both the extent and severity of

fibrotic lesions are reduced, whereas myofibroblast dif-
ferentiation is diminished and collagen expression is
decreased. Moreover, fibrin deposition in the lungs of
fibrotic PAR-2�/� mice is reduced compared with
wild-type mice due to differential tissue factor ex-
pression in response to bleomycin. Taken together ,
these results suggest an important role for PAR-2 in
the development of pulmonary fibrosis , and the
inhibition of the PAR-2-coagulation axis may pro-
vide a novel therapeutic approach to treat this dev-
astating disease. (Am J Pathol 2010, 177:2753–2764; DOI:

10.2353/ajpath.2010.091107)

Idiopathic pulmonary fibrosis (IPF) constitutes the most
devastating form of fibrotic idiopathic interstitial pneumo-
nias.1,2 It generally evolves toward a destructive and
irreversible fibrosis, responsible for respiratory failure.
The median survival is 2 to 5 years.3,4 Although substan-
tial efforts led to considerable improvement in diagnosing
the diseases and predicting the outcome, fibrotic lung
diseases remain generally refractory to current available
pharmacological therapies.4,5 Interestingly, coagulation
cascade activation is frequently observed in lungs of
patients with fibrotic lung diseases. Enhanced expres-
sion of tissue factor (TF) and intra-alveolar fibrin deposi-
tion were demonstrated in lung biopsy specimens from
patients with pulmonary fibrosis.6–9 Procoagulant activity
was demonstrated in bronchoalveolar lavage fluid (BALF)
of patients with various forms of pulmonary fibrosis. More-
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over, local procoagulant activity was demonstrated in
patients with acute lung injury.6,8–10 The mechanistic link
between coagulation activation and pulmonary fibrosis,
however, remains elusive. Recent data suggest that pro-
tease-activated receptor 2 (PAR-2), a cellular receptor
activated by (among others) coagulation factor (F)Xa, is
an important player in fibrotic disease. PAR-2 triggers
fibroproliferative responses in vitro11–13 and is highly ex-
pressed in fibrotic disorders.12 This study explores the
role of blood coagulation factor driven PAR-2 activation in
pulmonary fibrosis. We show that PAR-2 is up-regulated
in the lung of IPF patients and that BALF of these patients
displays increased procoagulant activity and enhances
fibroblast survival. Using a mouse model of bleomycin-
induced lung fibrosis, we show that PAR-2 deficiency is
protective. Moreover, BALF of bleomycin-treated PAR-2
deficient mice less effectively induced fibroblast survival
compared to BALF of wild-type treated mice; and bleo-
mycin induced less coagulation activation in PAR-2 defi-
cient mice. Taken together, PAR-2 seems to contribute to
the progression of pulmonary fibrosis, and inhibition of
the PAR-2-coagulation axis may be clinically relevant.

Materials and Methods

Patients

Eight patients with biopsy-proven IPF (mean age 67 � 6
yrs) were included in this study; IPF was defined accord-
ing to international guidelines (American Thoracic Soci-
ety/European Respiratory Society14). Pathology speci-
mens were judged according to the criteria described by
Katzenstein and Myers.1 In the IPF patients, bronchoal-
veolar lavage was performed as part of the routine work-
up; the procedure of bronchoalveolar lavage was previ-
ously described.15 BALF from nine healthy volunteers
(mean age 32 � 8 yrs) who had participated in a previ-
ously reported study15 served as controls. From five pa-
tients, enough BALF was available to study in vitro stim-
ulation of human lung fibroblast. Control BALF was
obtained from healthy volunteers. The study was ap-
proved by the Institutional Scientific and Ethics commit-
tees. Written informed consent was obtained from all
subjects.

Assays

The levels of thrombin-antithrombin and that of soluble TF
were measured in the BALF of IPF patients and controls
using specific commercially available enzyme-linked im-
munosorbent assays (thrombin–antithrombin complex:
Behringwerke AG, Marburg, Germany; soluble TF: Amer-
ican Diagnostics, Greenwich, CT) following the manufac-
turer’s instructions.

Animals

Ten-week-old wild-type C57Bl/6 mice were purchased
from Charles River (Someren, the Netherlands). PAR-2
deficient (PAR-2�/�) C57Bl/6 mice were originally pro-

vided by Jackson Laboratories (Maine) and bred at the
animal care facility of the Academic Medical Center. All
mice were maintained according to institutional guide-
lines. Animal procedures were carried out in compliance
with the Institutional Standards for Humane Care and Use
of Laboratory Animals. The Animal Care and Use Com-
mittee of the Academic Medical Center (Amsterdam, the
Netherlands) approved all experiments. In each experi-
mental group, eight mice were used. For baseline char-
acteristics, four mice per genotype were used.

Experimental Model of Pulmonary Fibrosis

Bleomycin sulfate (1 mg/kg body weight in 45 �l of saline
as described in16; Sigma, St-Louis, MO) was adminis-
trated by a single intratracheal injection under anesthe-
sia. Control animals received an intratracheal saline
injection. Mice were sacrificed 7 and 14 days after
bleomycin instillation.

BALF

Bronchoalveolar lavage was performed by instilling four
times 0.3 ml aliquots of saline by a 22-gauge Abbocath-T
catheter into the trachea via a midline incision.17

Total Cell Number and Differential Cell Count

Total BALF cell numbers were assessed with a Burker-
Turk hemocytometer (Emergo, Landsmeer, The Nether-
lands). Briefly, cells were pelleted by centrifugation, then
resuspended in PBS and counted according to the man-
ufacturer’s recommendations. Differential BALF cell
counts were performed by cytospins prepared by centri-
fuging 100 �l of BALF suspensions containing 200,000
cells/ml. Slides were air dried and stained with Giemsa.
Cells were identified as macrophages/monocytes, neu-
trophils, or lymphocytes, and data were expressed in
absolute numbers.

Histopathological Assessment of Pulmonary
Fibrosis

The right lung of each animal was excised 7 or 14 days
after bleomycin or saline treatment. Following fixation,
entire mouse lungs were embedded in paraffin. Four-
micron thick sections were stained with H&E, Masson’s
trichrome, and Sirius red, according to routine proce-
dures. In H&E-stained lung sections, three systems were
used to assess fibrosis (see Table 118,19). For each scor-
ing, observers blinded to the treatment group and geno-
type examined between 4 and 16 fields in all lung lobes
(depending on the size and the homogeneity of the his-
tological changes) using light microscopy (�200 magni-
fication). Fields were examined to cover each entire lobe
and were discarded if nonrepresentative areas such as
airway lumen occupied �50% of the field of view. The
mean score for each lobe was expressed as the average
of scores determined in each field. The first scoring sys-
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tem was used to determine the extent of the fibrotic
lesions. For each field, the surface of fibrosis was rated
as a percentage of the total surface of the field, and the
mean percentage (average of percentages determined
in each field) reflected the percentage fibrotic area for the
lung. Second, the severity of the lesions was determined
by using the Ashcroft scoring system18 (see Table
118,19). The severity of the fibrotic changes in each lung
section was assessed as a mean score of severity from
observed microscopic fields. An average of 15 fields
within each lung section were observed at a magnifica-
tion of �200 in each successive field, and each field was
assessed individually for the severity of fibrotic changes
and allotted a score from 0 (normal) to 8 (total fibrosis)
using a predetermined scale of severity (numerical fi-
brotic scale). After examination of the whole section, the
mean of the scores from all fields was taken as the fibrotic
score. To prevent observer bias, all histological speci-
mens were randomly numbered and interpreted in a
blinded fashion. Finally, to determine a mean histological
score taking in account both the severity and the extent of
the fibrotic lesions, a mean score ranging from 0 to 4 to
reflect 0%�100% mean fibrotic percentage was as-
sessed for each section, and multiplied by the mean
Ashcroft score.

Cytokine/Chemokine Assays

Interleukin-6, monocyte chemotactic protein-1, interferon,
and tumor necrosis factor were measured using the BD
Cytometric Bead Array Mouse Inflammation Kit (Becton
Dickinson, Lincoln Park, NJ) following the manufacturer’s
instructions. Detection limits were 10 pg/ml.

Immunohistochemistry

For immunohistochemistry, 4-�m (murine) or 5-�m (hu-
man) sections were first deparaffinized and rehydrated.
Endogenous peroxidase activity was quenched with
0.3% H2O2 in methanol, and for PAR-1 and PAR-2 stain-
ing heat-induced epitope retrieval antigen retrieval was
performed using 10 mmol/L citrate buffer [pH 6.0, for 20
minutes. at 98°C in a pretreatment module (Thermo/Lab-

vision, Fremont, CA)]. PAR-1 and PAR-2 stainings were
performed with 1:150 anti-PAR-1 H111 (48 hours at 4°C)
or 1:200 anti-PAR-2 SAM11 (24 hours at 4°C) antibody
(Santa Cruz Biotechnology, Santa Cruz, CA). Smooth
muscle actin (aSMA) was visualized using anti-aSMA-1
clone 1A4 (1:500, 1 hour at room temperature, Sigma-
Aldrich, St. Louis, MO). A two- or three-step horserad-
ish peroxidase-conjugated polymer detection system
(ImmunoLogic, Duiven, The Netherlands) was applied
for visualization, using appropriate secondary antibod-
ies and diaminobenzidine staining. Slides were photo-
graphed on a Zeiss Axioskop (Zeiss, Jena, Germany)
with a Sony DXC950P CCD camera (Sony, Tokyo, Ja-
pan). Fibrin and Ly-6 stainings were performed as
described previously.20 Fibrin staining was graded in a
blinded fashion on a 0 to 3 scale in which 0 indicates a
lung section with no staining, whereas 1 indicates
weak staining, 2 indicates median staining, and 3 in-
dicates intense staining. The number of neutrophils as
assessed by LY-6 was scored on 10 microscopic fields
at a magnification of �40.

Western Blot

Pulverized lung tissues were lysed in Laemmli lysis
buffer, incubated for 5 minutes at 95°C, and whole cell
lysates were separated by 10% SDS-polyacrylamide gel
electrophoresis. After electrophoresis, proteins were
transferred to an immobilon-P polyvinylidene difluoride
membrane (Millipore, Billerica, MA). Membranes were
incubated overnight at 4°C with primary antibodies
against �-actin, �-actin, collagen, PAR-2 (SAM11) (all
Santa Cruz, CA), total p42/44 mitogen-activated protein
kinase, and epidermal growth factor receptor (Cell Sig-
naling Technology, Beverly, MA). All secondary antibod-
ies were horseradish peroxidase-conjugated from Dako-
Cytomation (Glostrup, Denmark). Blots were imaged
using Lumilight Plus ECL substrate from Roche (Basel,
Switzerland) on a GeneGnome imager (Syngene, Cam-
bridge, UK). For quantification, densitometry was per-
formed using a GeneTools software (Syngene, Cam-
bridge, UK). Briefly, raw volumes corresponding to the
histogram function of the band corresponding to the pro-

Table 1. Criteria for Histologic Fibrosis Score of Lung

Score Description

Fibrosis (Ashcroft score, according
to Ashcroft et al18)

0 Normal lung
1 Minimal fibrous thickening of alveolar or bronchiolar walls
2 Moderate thickening of walls without obvious damage to

lung architecture3
4 Increased fibrosis with definite damage to lung structure

and formation of fibrous band or small fibrous masses5
6 Severe distortion of structure and large fibrotic areas,

“honeycombing”7
8 Total fibrous obliteration of the field

Percent involvement 0 0–10% of the section
1 10–25% of section
2 25–50% of section
3 50–75% of section
4 75–100% of section

Adapted from Theiss et al.19
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tein of interest were corrected for those of the loading
control (�-actin or epidermal growth factor receptor as
indicated). Data are expressed as mean � SEM of West-
ern blots which were repeated three times.

Cell Culture

Murine myoblasts C2C12 (CRL-1772), human non-small
cell lung cancer cells A549 (CCL-185) and human lung
fibroblasts MRC-5 (CCL-171) were purchased from
American Type Culture Collection (ATCC), Rockville, MD.
Primary murine lung fibroblasts were isolated from wild-
type and PAR-2�/� mouse lungs as described in.21

Cells were maintained in Dulbecco’s modified Eagle’s
medium or RPMI (A549 cells) supplemented with 10%
fetal calf serum and passed according to routine proce-
dures. Unless stated otherwise, cells were washed twice
with PBS, serum-starved for 4 hours and subsequently
stimulated as described.

Epithelial Permeability Assays

A549 cells were used for this assay, as these pulmonary
type-II epithelial cell line derived from an individual with
alveolar cell carcinoma retained many of the character-
istics of normal type-II epithelial cells, such as surfactant
production, cytoplasmic multilamellar inclusion bodies,
and cuboidal appearance.22 The permeability of A549
monolayers was analyzed in a dual chamber system by
measuring the flux of Evans blue-labeled bovine serum
albumin (respectively, Sigma, St. Louis, MO, and Calbio-
chem) across the monolayer as detailed in.23 Briefly,
A549 cells were plated on Transwell polycarbonate mem-
branes of 0.4-�m pore size (Corning Inc., Corning, NY)
and grown to confluence. Subsequently, cells were
serum-starved overnight prior stimulation with 100
�mol/L PAR-2 agonist peptide (Anaspec, CA) or PBS
as a control. Samples (10 �l) were taken from the lower
chamber at the indicated time points and after 10-fold
dilution Evans Blue-bovine serum albumin concentra-
tions were measured at 620 nm using a plate reader
spectrophotometer.

Viability Assay

Cells were seeded in 96-well plates in 100 �l of the
indicated murine (C2C12 cells, wild-type and PAR-
2�/� fibroblasts) or human (MRC-5 cells) BALFs to
determine their properties on cell viability. Cell viability
was determined at the indicated intervals using a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT)
assay, as described before.13 Tick anticoagulant pep-
tide (TAP) and hirudin (Calbiochem, San Diego, CA)
were used at a concentration of 200 nmol/L (TAP) and
100 nmol/L (hirudin).

Statistical Analysis

Statistical analyses were conducted using GraphPad
Prism version 3.00 (GraphPad Software, San Diego, CA).

The levels in control (saline-treated) animals were set at
100%. Data are expressed as mean � SEM. Compari-
sons between two groups were analyzed using two tailed
unpaired t-tests when the data where demonstrated to be
normally distributed, otherwise Mann-Whitney analysis
was performed. P values of �0.05 were considered to
indicate a statistically significant difference between two
groups.

Results

To confirm and expand previous data on the pro-coagu-
lant activity in BALF of IPF patients, we measured throm-
bin-anti-thrombin complex levels, which are a hallmark of
the activation of the coagulation cascade, in the BALF of
eight IPF patients. As shown in Figure 1A, BALF throm-
bin-anti-thrombin complex was increased 55% in IPF pa-
tients when compared with healthy volunteers (n � 9)
referred to as controls. Furthermore, BALF levels of sol-
uble TF were significantly increased by about 50% in IPF
patients compared to controls (Figure 1B).

To determine whether coagulation cascade activation
in IPF patients was an epiphenomenon, or may play a role
in the ongoing progression of fibrosis, we next assessed
the functional consequences of human lung fibroblast
stimulation with BALF with respect to cell survival. In-
deed, both thrombin and FXa have been shown to have a

Figure 1. Coagulation cascade activation in the BALF of patients with IPF
triggers a mitogenic response. Thrombin-antithrombin complex (A) and
soluble TF (sTF) (B) levels in BALF of either patients with IPF or healthy
volunteers (controls). Results are presented as scatter dot plots correspond-
ing to the values found for each subject. The horizontal line represents the
median for each group. ***P � 0.0005. C: Survival of human lung fibroblasts
induced by 24-hour incubation with BALF from IPF patients (n � 5) or
healthy volunteers (controls; n � 7), in the presence or absence of the FXa
inhibitor TAP or the thrombin inhibitor hirudin. Data are from two indepen-
dent experiments and are expressed as mean � SEM of percentage of
survival induced by BALF of healthy volunteers (control). *P � 0.05, com-
paring survival induced by IPF BALF versus control BALF, and **P � 0.05,
comparing survival induced by IPF BALF versus IPF�TAP BALF, or IPF BALF
versus IPF � Hirudin BALF. There were no significant differences between
IPF � TAP BALF or IPF � Hirudin BALF and control BALF.
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proliferative effect on fibroblasts.6,13,16,24 As shown in
Figure 1C, BALF of IPF patients enhanced fibroblast sur-
vival by 40% as compared to BALF of controls. Strikingly,
this increased viability induced by the BALF of IPF pa-
tients was significantly reduced by the FXa inhibitor TAP
(to 21%), and by the thrombin inhibitor hirudin (to 8%).
Incubation of fibroblasts with TAP or hirudin in the ab-
sence of BALF did not affect cell survival (data not
shown).

Lung biopsies of IPF patients showed characteristics
of usual interstitial pneumonia, such as the abundant
presence of characteristic fibroblast foci. Immunohisto-
chemical staining of lung biopsies from these IPF patients
showed prominent PAR-2 expression, especially on
smooth muscle cells, but also on epithelial cells overlying
a fibroblast focus, and in (myo)fibroblasts of these foci
(Figure 2, A and B). In contrast, only sparse staining of
alveolar type II cells was observed in the nonfibrotic part
of the lung of these patients (Figure 2C). There was no
detectable signal for similar sections stained with an
isotype-specific control antibody (Figure 2, D and E). To
assess the specificity of the PAR-2 antibody, we com-
pared PAR-2 and PAR-1 expression and cellular localiza-
tion in IPF biopsies. As shown in Supplemental Figure S1
(at http://ajp.amjpathol.org/), fibrotic tissue primarily
seemed to show PAR-1 overexpression in epithelial cells
in inflamed areas (rather than in epithelial cells overlying
fibroblastic foci (Supplemental Figure S1, A and B, at
http://ajp.amjpathol.org/) and on macrophages, while in
the non fibrotic parts of the lungs, PAR-1 was mainly
expressed by type II pneumocytes (Supplemental Figure
S1C at http://ajp.amjpathol.org/). Overall, these data sug-
gest that PAR-2 might specifically contribute to the de-
velopment of pulmonary fibrosis in IPF, support a role for
the coagulation system in this, and prompted us to inves-

tigate the role of PAR-2 in a murine model of bleomycin-
induced pulmonary injury.

Bleomycin treatment of wild-type mice elicited alveolar
wall thickening due to inflammation and fibrosis, eventu-
ally culminating in tissue remodeling and ‘honeycomb’
changes akin to those observed in usual interstitial pneu-
monia patients (Figure 3A). These changes were not
observed in the saline-treated animals (Figure 3B). In
line, Masson’s trichrome staining demonstrates patchy,
well-demarcated areas of fibrosis with significant colla-
gen deposition in the wild-type mice (Figure 3, D and G),
together with strong �-actin expression (Figure 3J). In
contrast, Masson’s trichrome staining displays delicate
interalveolar septa without significant presence of colla-
gen in saline treated animals (Figure 3, E and H). Addi-
tionally, we assessed PAR-2 expression in wild-type mice
treated with bleomycin to determine whether PAR-2 ex-
pression was up-regulated as observed in the biopsies of
the IPF patients. Indeed, pathological features were ac-
companied by significantly increased PAR-2 levels in
lung homogenates of bleomycin treated mice as com-
pared to saline treated mice (Figure 3I). Immunohisto-
chemical staining showed that bleomycin induced
PAR-2 expression in type 2 pneumocytes, but also in
reactive epithelial cells at the advancing edge of fibrosis,
mononuclear cells and spindle-shaped cells in areas of
fibrosis [possibly (myo)fibroblasts] (Figure 3, C and F). In
contrast, PAR-2 only stains strongly positive in type 2
pneumocytes of saline treated animals (Figure 3C). In
line, bleomycin treatment of PAR-2�/� mice resulted in
significantly reduced histological changes (as deter-
mined by a histological score adapted from Theiss et al.,
2005,19 which takes in account not only the severity of the
lesions (which are routinely assessed by the Ashcroft
score,18 but also the extent of these fibrotic lesions) as

Figure 2. Expression of PAR-2 in lung biopsies of
patients with IPF. Immunohistochemical PAR-2
staining of fibrotic regions of the lung of patients
with IPF (A and B) showing enhanced PAR-2 ex-
pression in smooth muscle cells (Asterisk in A,
�100), epithelial cells overlying a fibroblast focus
(A, inset and B, �400), and in (myo)fibroblasts of
this focus (B, arrows). In non-fibrotic parts of the
lung (C, �200), only sparse PAR-2 expression was
observed in type II alveolar cells (arrows). D and
E represent isotype control staining.
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compared to wild-type animals (Figure 4, A and B). More
specifically, PAR-2 deficiency reduced the area of inter-
stitial fibrotic lesions by 69% and 45%, 7 and 14 days
after bleomycin treatment, respectively (Supplemental
Figure S2A at http://ajp.amjpathol.org/). Moreover, as de-
termined by the Ashcroft scoring system, PAR-2 defi-
ciency reduced the severity of the lesions induced by
bleomycin exposure (Supplemental Figure S2B at http://
ajp.amjpathol.org/; from 3.7 � 0.4 and 4.8 � 0.3 to 2 � 0.2
and 3.5 � 0.1 in wild-type and PAR-2�/� mice, 7 and 14
days after bleomycin treatment, respectively). Combining
these data in a mean histological score calculated using
the criteria indicated in Table 1, we showed that PAR-2

deficiency reduced pulmonary fibrosis, by about 66% and
50%, after 7 and 14 days, respectively (Figure 4C). Note-
worthy, the difference between PAR-2 deficient and wild-
type mice was slightly, but consistently, reduced after 14
days of treatment compared to 7 days treatment, empha-
sizing that pulmonary fibrosis is complex and involves many
pathways of which PAR-2 appears an important one.

A potential mechanism by which PAR-2 activation may
impact on lung pathology would be by inducing fibroblast
differentiation into myofibroblasts. In a murine model of
kidney fibrosis,25 the expression of PAR-2 and �-SMA (a
hallmark of myofibroblast differentiation), was correlated.
In keeping with this observation, we recently showed that

Figure 3. Bleomycin induces fibrosis and PAR-2 up-regulation in the lungs of wild-type mice. Lung tissue
sections 14 days after bleomycin (A, D, F, G, and J) or saline (B, C, E, and H) administration. A and B: H&E
(�100). C and F: PAR-2 staining of type 2 pneumocytes and in reactive epithelial cells at the advancing
edge of fibrosis (arrow), mononuclear cells (Asterisk) and spindle-shaped cells in areas of fibrosis
(Double Asterisks; C, �400) and, in type II pneumocytes (arrows) of saline treated mice (F, �400). D,
E, G, and H: Masson’s trichrome staining [ �200 (D and E) and �400 (G and H); collagen in blue]. J: aSMA
staining (�100). I, top: Representative Western blot analysis of PAR-2 expression in pulverized lungs of
wild-type mice 14 days after bleomycin administration (lanes 1–4); wild-type mice treated with saline
(lanes 5 and 6); and PAR-2�/� mice 14 days after bleomycin administration (lanes 7–8). �-actin serves
as a loading control (bottom). Quantification of PAR-2 expression in wild-type mice 14 days after
bleomycin or saline treatment. *P � 0.005 for bleomycin- versus saline-treated mice.
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FXa-induced PAR-2 activation leads to �-SMA expres-
sion by fibroblasts.13 Hence, we examined the modula-
tion of pulmonary �-SMA expression in response to bleo-
mycin administration in wild-type and PAR-2�/� mice.
The expression of �-SMA was strongly enhanced by
131% in wild-type mice in response to bleomycin,
whereas �-SMA expression in PAR-2�/� mice was sim-
ilar in bleomycin and saline-treated mice (Figure 4D).
Accumulation of myofibroblasts is known to be associ-
ated with excessive extracellular matrix protein biosyn-
thesis leading to organ-destructive remodeling.26 Conse-
quently, we determined pulmonary collagen levels, as a
hallmark of fibrosis. Figure 4D shows that collagen levels
were increased by 160% in wild-type and 66% in PAR-
2�/� mice 14 days after bleomycin injection.

The prominent epithelial expression of PAR-2 prompted
us to determine whether PAR-2 activation might also con-
tribute to the progression of pulmonary fibrosis by modulat-
ing epithelial barrier function. As shown in Supplemental
Figure S3 (available at http://ajp.amjpathol.org/), PAR-2 ag-
onist peptide indeed increased epithelial barrier permeabil-
ity by about 40% after 90 minutes of incubation and 50%
after 4 hours of incubation.

PAR-2 deficiency might also protect against pulmo-
nary fibrosis by limiting the inflammatory response. To
prove or refute this hypothesis, we analyzed the inflam-
matory cell content of wild-type and PAR-2�/� BALF 7
days after bleomycin delivery, when the inflammatory
response is known to be maximal.27 The total number of
leukocytes in BALF increased about 500% in both PAR-

2�/� and wild-type mice (Figure 5A). Accordingly, mac-
rophage and neutrophil counts were all increased to a
similar extent (Figure 5, B and C), as were the lymphocyte
counts (data not shown). Consistently, we did not detect
any difference in inflammatory cell influx in the lung
(Figure 5D). Moreover, although cytokines levels were
increased by bleomycin treatment in wild-type and PAR-
2 �/� animals, there was no significant difference be-
tween the two groups of animals (data not shown). There-
fore, PAR-2-dependent modulation of the inflammatory
response seems not to be causally involved in bleomy-
cin-induced pulmonary fibrosis, which is in line with a
recent study, aiming at the role of PAR-2 in inflammation
during acute lung injury.28

Because bleomycin administration is known to induce
a procoagulant response in BALF,29 we assessed the
proliferative effect of BALF on murine fibroblasts. Indeed,
murine fibroblasts seeded in BALF of wild-type mice
treated with bleomycin showed enhanced survival of
about 220%, as compared to BALF of saline-treated mice
(Figure 6A, top panel). Strikingly, BALF of bleomycin-
treated PAR-2�/� mice also increased fibroblast survival
although to a lesser extent (by 148%). Both TAP and
hirudin diminished the effect of BALF derived from bleo-
mycin-treated mice on fibroblast survival (Figure 6A, top
panel). Again, as observed in Figure 1C with IPF patient
BALF, hirudin seemed to have a greater effect on inhibi-
tion of cell viability than TAP. However, again, there was
no statistical difference between the two groups. Inter-
estingly, BALF of bleomycin-treated wild-type mice en-

Figure 4. PAR-2 deficiency affords protection
from bleomycin-induced pulmonary fibrosis. A
and B: PAR-2 deficiency reduces the develop-
ment of pulmonary fibrosis induced by intratra-
cheal bleomycin instillation. A: In wild-type
mice, there was marked accumulation of inflam-
matory cells and collagen, while histological
changes were markedly attenuated in PAR-
2�/� mice (B). C: Histological analysis of pul-
monary fibrosis in wild-type and PAR-2�/�
mice in response to bleomycin instillation.
Shown is the mean histological score 7 and 14
days after bleomycin treatment. Wild-type mice,
n � 7; PAR-2 �/� mice, n � 8. D: PAR-2
deficiency impairs fibroblast differentiation and
reduces extracellular matrix deposition. Top:
Western blot analysis of collagen and �-SMA
expression in wild-type (lanes 1–3 and 9–10)
and PAR-2�/� mice (lanes 4–8) 14 days after
bleomycin (lanes 1–6) or saline treatment
(lanes 7–10). �-actin serves as a loading con-
trol. Bottom: Quantification of protein ex-
pression. The dotted lines represent the mean
expression of the different proteins in saline-
treated mice. Data represent the mean � SEM
(n � 5–8 mice per group). †P � 0.05 and ††P �
0.005 for bleomycin versus saline treated mice.
*P � 0.05 and **P � 0.005 for bleomycin
treated wild-type versus PAR-2�/� mice. ns,
not significant.
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hanced viability of wild-type lung fibroblasts by about
59.9% but only by 15.8% when using PAR-2 deficient
fibroblasts (Figure 6A, bottom panel). These data, which
support our findings obtained with BALF from IPF pa-
tients (Figure 1A), establish that activation of the coagu-
lation cascade appears to be causally linked with the
observed proliferative effect of BALF.

Lung injury is well-known to increase vascular and
epithelial permeability, resulting in extravasation of plasma
proteins into the alveolar space, and subsequent activa-
tion of the coagulation cascade and deposition of fibrin
clots.30 To assess whether the bleomycin-induced pro-
coagulant activity in BALF correlated with fibrin deposi-
tion in the lung, we determined fibrin levels in wild-type
and PAR-2�/� mice challenged with bleomycin. As
shown in Figure 6, B and C, bleomycin induced fibrin
deposition in the lung. Interestingly, fibrin deposition
seems to be primarily located in a transition zone be-
tween the less-affected parenchyma and the abnormal
fibrotic lung, which is in line with the current hypothesis
that fibroblast foci of pulmonary fibrosis are the leading
edge of a complex reticulum that is highly interconnected
and extends from the pleura into the underlying
parenchyma.31.Fibrin levels in wild-type mice were sig-
nificantly increased, compared to PAR-2�/� mice (Fig-
ure 6D). The difference in bleomycin-induced fibrin dep-
osition between wild-type and PAR-2�/� mice might be
explained by differential expression of TF. Hence, we
determined TF levels in lung homogenates, showing that
bleomycin strongly induced TF expression in wild-type
mice, but not in PAR-2�/� mice (Figure 6E). Pulmonary

TF expression in the context of fibrosis thus seems to be
PAR-2�dependent.

Discussion

A hypercoagulable state is frequently observed in pa-
tients with acute lung injury, which is most evident from
increased procoagulant activity in BALF.9 Over recent
years, this observation led to the hypothesis that uncon-
trolled activation of the coagulation cascade following
lung injury would contribute to the development of lung
inflammation and fibrosis in acute lung injury/acute respi-
ratory distress syndrome and fibrotic lung disease.32,33 In
the present study, we provide several lines of evidence
strongly suggesting that PAR-2 is indeed important in the
pathogenesis of lung fibrosis. We show that the coagu-
lation cascade is indeed activated in the BALF of patients
with idiopathic pulmonary fibrosis, the most devastating
pulmonary fibrotic disease. Moreover, we established
that, in the fibrotic part of the lung of these patients,
PAR-2 (which can be activated by coagulation factors
VIIa and Xa) is overexpressed. In a murine model of
bleomycin-induced pulmonary fibrosis, we observed that
genetic ablation of PAR-2 was beneficial, and signifi-
cantly decreased fibroblast differentiation into myofibro-
blasts and subsequent extracellular matrix synthesis.

Our findings are in line with recent data showing that
PAR-2 is a key player in the progression of tissue fibrosis.
For instance, high expression of pulmonary PAR-2 is
observed in acute and chronic lung injury, which led the
authors to hypothesize that PAR-2 participates in inflam-
mation and fibroproliferation during lung fibrosis.34 It is
noteworthy, however, that our data (ie, similar inflamma-
tory cell influx in wild-type and PAR-2�deficient mice) do
not support a role for PAR-2 in inflammation (Figure 5). In
renal interstitial fibrosis, �-SM actin and PAR-2 expres-
sion are correlated,25 whereas PAR-2 expression is in-
creased in biopsies of patients with IgA nephropathy.35

PAR-2 expression is also increased in chronic pancreati-
tis and in severe fibrosis accompanying pancreatic can-
cer.36 Finally, both FXa and PAR-2 are overexpressed in
the kidney of rats subjected to experimental glomerulo-
nephritis. Importantly, specific FXa inhibition is beneficial
in rat model of mesangioproliferative glomerulonephritis,
in part by reducing fibrin deposition.37 We recently
showed FXa stimulated fibroblast proliferation, differenti-
ation into myofibroblast and the expression of profibrotic
proteins via PAR-2 activation.13 Next to a direct role on
fibroblast activation during pulmonary fibrosis, PAR-2 acti-
vation may well aggravate fibrosis by modulating epithelial
barrier functions. Indeed, epithelial barrier dysfunction con-
tributes to fibrosis38–40 and PAR-2 activation seems to in-
crease epithelial permeability in different organs.41–43 In the
lung, PAR-2 activation causes a rapid and transient in-
crease in permeability of airway epithelium that persists for
6 to 10 minutes. Our results support and extend these
observations by showing that longer stimulation results in a
persistent PAR-2�dependent increase in epithelial perme-
ability (Supplemental Figure S3, http://ajp.amjpathol.org/).
Finally, based on the remarkable PAR-2 expression pattern

Figure 5. PAR-2 deficiency does not change the inflammatory response to
bleomycin challenge. A: Total cell numbers and (B) macrophage and (C)
neutrophil count in BALF of wild-type and PAR-2�/� mice in response to
bleomycin instillation for 7 days. D: Neutrophil count in lung sections as
determined by Ly-6 scoring. Neutrophils were scored in 10 microscopic fields
at a magnification of �40. A–D: Data represent the mean � SEM (n � 5–7
mice per group). The dotted line represents baseline counts obtained in
saline treated mice. *P � 0.05 and **P � 0.005 for bleomycin versus saline
treated mice. ns, not significant.
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on the epithelium overlying fibroblastic foci, it is tempting to
speculate that PAR-2 might also be involved in epithelial-
to-mesenchymal transition, a process which has emerged
to be crucial in the progression of pulmonary fibrosis.44–46

Recent experiments in our laboratory support this latter
hypothesis (manuscript in preparation).

Strikingly, our observation that PAR-2 deficiency did
not modify the inflammatory response to bleomycin injury
differs from observations on the effect of PAR-1 defi-
ciency in a similar model of pulmonary fibrosis, where
protection from pulmonary fibrosis in PAR-1�deficient
animals was associated with decreased numbers of in-
flammatory cells in the BALF and reduced cytokine pro-
duction.47 It is noteworthy that, similarly, in a murine
model of crescentic glomerulonephritis, PAR-1 defi-
ciency afforded protection from glomerulonephritis and
associated fibrosis mainly by attenuating the inflamma-
tory response, while PAR-2 deficiency protected from
renal fibrosis without affecting inflammatory responses,
such as leukocyte recruitment. Overall, these observa-
tions further emphasize the very distinct downstream re-

sponses triggered by each receptor and are in line with
the hypothesis that PAR-2 specifically elicits fibroprolif-
erative programs.48

In line with previous observations that aSMA and
PAR-2 expression is correlated in renal fibrosis,25 aSMA
levels do not increase in PAR-2�deficient animals after
bleomycin treatment. Interestingly however, PAR-2�de-
ficient mice still develop fibrosis, as evident from abnor-
mal lung histology (Figure 4). This is somehow puzzling,
as aSMA is recognized as a hallmark of fibrotic diseases
and is considered a indicator of disease severity.49 A
potential explanation might be that, although the number
of aSMA-positive myofibroblasts is similar in PAR-2�de-
ficient mice treated with bleomycin or saline, the extra-
cellular matrix producing capacity might be different.
Alternatively, other cell types (such as epithelial cells
undergoing transition into mesenchymal cells) might con-
tribute to fibrosis.50,51 Finally, the observation that com-
plete aSMA deficiency in myofibroblasts might even en-
hance fibrosis brings further complexity.52

Figure 6. PAR-2 deficiency attenuates coagulation-dependent BALF-induced fibroblast survival, pulmonary fibrin deposition, and TF expression. A (top): Survival
of murine fibroblasts induced (for 24 hours) by BALF of wild-type or PAR-2�/� mice treated for 14 days with bleomycin, in the presence or absence of TAP or
hirudin. The results are shown as mean � SEM of percentage survival induced by BALF of saline treated mice (dotted line). Bottom: Survival of murine lung
fibroblasts isolated from wild-type or PAR-2 �/� mice induced (for 24 hours) by BALF of wild-type mice treated for 14 days with bleomycin. Shown are the
mean � SEM. †P � 0.05 and ‡P � 0.005 for BALF of bleomycin versus saline treated mice. *P � 0.05 for BALF of bleomycin treated wild-type versus PAR-2�/�
mice. §P � 0.05 for BALF of bleomycin-treated mice without TAP or hirudin versus BALF of bleomycin treated mice with TAP or hirudin. ns, no significant
differences. B and C: Representative pictures of immunological staining of fibrin deposits (brown regions, arrows) in wild-type (B) and PAR-2�/� mice (C) 14
days after bleomycin instillation. D: Semiquantitative scoring of fibrin deposition in wild-type (n � 6) and PAR-2�/� (n � 7) animals 14 days after bleomycin
instillation. E, top: Western blot analysis of TF expression in wild-type (lanes 1–3) and PAR-2�/� mice (lanes 5–7) 14 days after bleomycin or saline (wild-type,
lane 8; PAR-2�/�, lane 9) treatment. Lane 4, marker. Epidermal growth factor receptor serves as a loading control. E, bottom: Quantification of TF expression
in the lung of wild-type or PAR-2�/� animals 14 days after bleomycin instillation. Shown are the mean � SEM of n � 4 mice per group. A, D, and E: The dotted
lines represent the mean expression in saline-treated mice. †P � 0.05 and ‡P � 0.005 for bleomycin versus saline treated mice. *P � 0.05 and ***P � 0.005 for
bleomycin treated wild-type versus PAR-2�/� mice. ns, non significant.
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In the present study, we also observed that fibrin dep-
osition was markedly reduced in the lungs of the PAR-
2�deficient mice, due to PAR-2�dependent modulation
of tissue factor expression. Because excessive fibrin
deposition in the lung is thought to contribute to fibrosis,9

one could argue that decreased fibrosis in PAR-2�defi-
cient mice is a direct consequence of decreased fibrin
deposition. However, two studies reported that fibrino-
gen-deficient animals are not protected against bleomy-
cin-induced pulmonary fibrosis, suggesting that fibrin
(ogen) is not essential for the development of bleomycin-
induced pulmonary fibrosis.53,54 These latter data argue
against the hypothesis that fibrin deposition in the lung is
a detrimental factor in pulmonary fibrosis.

Overall, our data point to a picture in which coagula-
tion-driven PAR-2 activation induces pulmonary fibrosis,
but is also associated with TF expression, thereby ampli-
fying the coagulant response leading to FXa generation.
At the crossroads between coagulation and signaling,
FXa in turn may exert a dual role in fibrosis (Figure 7).
First, via its procoagulant properties, it converts pro-
thrombin into thrombin, inducing profibrotic and fibropro-
liferative effects via PAR-1 activation.16,47 Second, via
direct PAR-2�dependent signaling, FXa triggers fibro-
proliferative responses like cell proliferation, extracellular
matrix protein synthesis, cytokine production (ie, trans-
forming growth factor-�, the most potent profibrotic cyto-
kine55), fibroblast migration, and differentiation into myo-
fibroblasts.13 In addition to TF-driven FXa generation,
epithelial cells can express FX zymogen, as shown in a
murine asthma model.56 FX zymogen can subsequently
be activated at the surface of macrophages present in
inflamed tissue,57 thereby providing an additional source
of pulmonary FXa. Interestingly, FXa inhibition in the
asthma model decreased lung collagen deposition.56

Further support for an important role of FXa-PAR-2 in
fibrosis is derived from a rat model of mesangioprolifera-
tive glomerulonephritis showing that both FXa and PAR-2
are overexpressed and that specific FXa inhibition is
beneficial.37 Moreover, a recent clinical study shows that
Dalteparin (a FXa inhibitor) administration improved the
survival of IPF patients.58 Because, to date, no PAR-2
antagonists are clinically available, the inhibition of FXa
might be an interesting alternative therapeutic strategy.

Several issues should be kept in mind when interpret-
ing the data. First, we used bleomycin to induce pulmo-
nary fibrosis. This is the best characterized murine model
for pulmonary fibrosis that triggers histological hallmarks
(such as patchy parenchymal inflammation, epithelial cell
injury with reactive hyperplasia, interstitial and intra-alve-
olar fibrosis, and the presence of clusters of spindle
shaped mesenchymal cells) highly reminiscent of those
observed in IPF patients. Moreover, both bleomycin-
treated animals and IPF patients present with activated
coagulation. However, the bleomycin model also has
some limitations,59 the first of which being that bleomycin
induces fibrosis within days/weeks whereas fibrosis
progresses over years in patients. In addition, bleomycin-
induced fibrosis is reversible and starts to regress after
about 1 month, whereas fibrosis progresses irreversibly
in IPF patients. Moreover, the chosen time points to an-
alyze fibrosis might seem inappropriate at a first glance
and several studies assessed fibrosis and 21 or 28 days
after bleomycin instillation. However, time course analy-
sis of the development of inflammation and fibrosis
following bleomycin administration reported that the
“switch” between inflammation and fibrosis appears to
occur around days 7 to 9 after bleomycin administra-
tion.60,61 For instance, at day 6 already, the expression of
profibrotic markers such as transforming growth factor-�
expression peaks, and collagen deposition (although
weak) can already be observed by Masson’s trichrome
staining. We therefore decided to include a 7-day time
point. The choice of day 14 as a later time point was also
based on the above-mentioned time course studies of the
development of fibrosis after bleomycin instillation. Im-
portantly, these studies show that the most suitable time
point for assessing lung fibrosis is day 14 after bleomycin
challenge, as at this time point, the animals develop
extensive fibrosis, but have less variability in the fibrotic
response and lower mortality than at 21 days after ad-
ministration.60,61 Second, quantitative assessment of col-
lagen deposition was performed by Western blot analysis
of collagen in whole lung homogenates with subsequent
quantification of the specific signal and normalization to
the loading control as described before.62,63 We specif-
ically opted for this approach as it was previously shown
to correlate perfectly with results obtained using hy-
droxyproline or Sircoll assays.63,64 Indeed, these latter
assays are frequently used for quantitative assessment of
collagen deposition, but (as a downside) they do not
allow the analysis of additional markers (ie, PAR-2, aSMA,
etc) on the dissected lung. Consequently, one would
need to increase the number of experimental animals
used when assessing hydroxyproline. Third, a recent
paper by Su and Matthay28 suggested that PAR-2 might

Figure 7. Proposed model for the role of PAR-2 and the coagulation cascade
in pulmonary fibrosis. After activation of the coagulation cascade (1) in
response to bleomycin administration, FXa induces fibrosis via thrombin
generation and subsequent PAR-1 activation (2) or via PAR-2 dependent
signaling (3). PAR-2 activation leads to direct fibroproliferative responses,
such as fibroblast differentiation into myofibroblasts and extracellular matrix
protein synthesis (4). PAR-2 activation also leads to TF expression (5), and
subsequent reactivation of the coagulation cascade (6), ultimately leading to
the establishment of a vicious cycle.
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not be involved in pulmonary fibrosis, acute lung injury or
lung infection. This apparent contradiction is puzzling;
however, differences in the experimental set-up might
provide explanations. For instance, the group size used
in the Su and Matthay paper28 in the bleomycin studies
was unusually small (n � 3) considering the variability
when working with animal models and it significant dif-
ferences might be difficult to obtain with such a small
group size. Moreover, the authors pool the data obtained
at day 7 and 14 which may impact on the outcome.
Fourth, the histological scoring system which was used to
quantitatively assess fibrosis is arguably subject to bias,
such as sampling errors. To avoid such errors, we scored
an average of 15 fields per slide. Moreover, we confirmed
the Ashcroft data by Masson’s trichrome and Sirius red
staining, by aSMA immunohistochemical staining, by rou-
tine H&E-staining and by quantitative assessment of fi-
brotic markers (collagen and aSMA). Finally, there is a
disparity in age between the IPF patients and the healthy
controls which may impact on the proliferative effect of
the BALF (Figure 1). Although relatively little is known
about the effects of aging on the composition of BALF in
healthy individuals with a fully normal lung function an
altered inflammatory cell profile in combination with low-
grade inflammation (among others an increased proportion
of neutrophils; and higher interleukin-6 and interleukin-8
levels65,66) can be detected in individuals aged over 65
years as compared to young adults (�36 years) (reviewed
Sharma and Goodwin, 2006,67) probably due to repeated
antigenic stimuli of the lower respiratory tract.68 We show,
however, that fibroblast viability could be inhibited by the
inhibition of coagulation, which actually raises the question
whether activation of coagulation is age-dependent. Based
on previous studies10,69 it can be concluded that this ap-
pears not to be the case. Therefore, although we cannot
fully exclude a possible effect of aging on the activation of
coagulation, it is highly unlikely that the differences ob-
served are the mere consequence of aging.

In conclusion, our data show that PAR-2 may be in-
volved in the pathogenesis of pulmonary fibrosis, and
that inhibition of the PAR-2�coagulation axis may pro-
vide a novel therapeutic approach. The potential benefit
of targeting the coagulation�PAR-2 axis is probably not
restricted to pulmonary fibrosis, but might be appreci-
ated in alternative fibrotic disorders in which coagulation
cascade activation is observed.
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