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General introduction

   1General Introduction
Idiopathic pulmonary fibrosis (IPF) is the most frequent diffuse fibrosing lung 
disease with unknown cause of pulmonary fibrogenesis1,2. It was first described as 
“chronic pneumonitis” in the late 19th century based on a vague clinical charac-
terization of inflammatory exudation and fibrosis of the lung. Although several 
similar cases were documented during the following decades, there was no clear 
and definite classification of this rare pulmonary disease for many years. In 
1944, a more detailed description of the clinical and pathological features of a 
disease referred as “acute diffuse interstitial fibrosis” was provided, which helped 
greatly on identification of further cases of IPF. Due to the increasing recogni-
tion of IPF, the understanding of the pathogenesis of IPF has greatly improved 
in the past decades. However, it did not remarkably prolong the survival of IPF 
patients3. Possible targets for novel therapeutic interventions for IPF are thus 
eagerly awaited for. In this thesis, pharmacological inhibition of blood coagula-
tion factor receptors for the treatment of pulmonary fibrosis is evaluated and 
based on the obtained results the underlying mechanisms by which the receptors 
may influence pulmonary fibrosis were studied.  

Idiopathic pulmonary fibrosis 
The understanding of processes underlying lung repair after injury are impor-
tant to appreciate the development of pulmonary disease. The architecture and 
physiology of the lung is complex as evident from the fact that more than forty 
cell types are involved in the development and repair of the lung4. Of these cell 
types, lung epithelial cells are key components as they form the structural barrier 
between the capillaries and the alveoli. Type I alveolar epithelial cells (AECI) are 
the most abundant pulmonary epithelial cells with attenuated cytoplasm and 
minimal thickness, facilitating gas exchange such as oxygen and carbon dioxide. 
Type II AECs (AEC II), which take up around 10% of the alveolar surface area, 
are normally responsible for the production and secretion of surfactant but can 
also act as facultative progenitors as they are capable of replacing themselves 
and differentiating into AECI after injury4. Under pathologic conditions AEC 
II cells are activated and promote fibroblast accumulate in injured areas where 
they differentiate into myofibroblasts that secrete collagen and other extracellular 
matrix (ECM) proteins.
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IPF is a lethal disease, characterized by (myo)fibroblast proliferation and exces-
sive ECM formation leading to destruction of the lung architecture2,5. The lungs 
of IPF patients become stiff and lose their ability for gas exchange and patients 
usually suffer from progressively worsening cough and dyspnea caused by 
decreasing lung compliance6. The prognosis of IPF is devastating with a median 
survival of 3 years after diagnosis and a mortality rate that exceeds many types 
of cancer7. IPF occurs in middle-aged and older adults with an age range from 
55–752. The prevalence of IPF rises in the world population and deaths attrib-
uted to IPF still continues to increase in the 21st century. There are approxi-
mately 14,000 persons diagnosed with IPF each year in the U.S and >5000 
new cases to be expected in the U.K8,9. Although the etiology of IPF remains 
elusive, several genetic and environmental risk factors predispose patients to IPF. 
For example, mutations in the TERT or TERC genes are causal genetic defects 
in over 15% of pulmonary fibrosis families10. Other than genetic mutations, 
smoking, viral or bacterial infections, exposure to therapeutic or environmental 
toxins are also risk factors for IPF11-13.

Although considerable effort has been made to develop pharmacologic therapies 
for IPF in order to meet the urgent needs of patients, the progress in patient care 
is modest. IPF was originally considered a chronic inflammatory response caused 
by lung injury3,14 and IPF patients were consequently treated with anti-inflam-
matory agents like prednisone or with cytotoxic agents such as azathioprine15,16. 
Although these agents may help to improve symptoms and give patients pain 
relief to some extent, they have shown little clinical efficacy in IPF15. The failure 
of anti-inflammatory therapy in diminishing IPF progression or delaying death 
boosted research for alternative antifibrotic therapies. Currently, more than 20 
agents have been tested in clinical trials for the treatment of IPF only a few 
have completed phase 3 clinical trials17. Of the four completed phase 3 trials, 
the ones with Bosentan and Ambrisentan were negative as the primary end-
points (delaying worsening of respiratory function and/or death) were not met, 
whereas the trails analyzing pirfenidone and nintedanib showed effective antifi-
brotic effects of these drugs in IPF patients. Both of these latter drugs were offi-
cially approved in 2014 by the U.S. Food and Drug Administration (FDA) for 
the treatment of IPF18. Indeed, both pirfenidone and nintedanib treatment slow 
down the decline of lung function and reduce disease progression in patients 
with IPF19,20. However, these drugs are associated with side effects and do not 
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   1stop nor reverse disease progression. Therefore, lung transplantation is still the 
most effective treatment for IPF, not only prolonging patient survival but also 
enhancing the quality of live. Importantly however, not all patients can undergo 
lung transplantation due to strict requirements for patients’ health condition and 
limited supply of donor lungs. Novel therapeutic targets and strategies are thus 
still eagerly awaited for throughout the world and such targets will only become 
available due to a comprehensive and integrated understanding of the pathogen-
esis of IPF.

General mechanisms underlying IPF
As already touched upon, IPF was originally thought to be the result of chronic 
inflammation in response to lung injury with unknown cause. However, a 
growing body of evidence obtained in the past years shows that inflammation is 
not a vital event in the pathogenesis of IPF21. As mentioned above, anti-inflam-
matory therapies generally present a disappointing outcome in patients with IPF, 
which is in line with the recent notion that inflammation is hardly observed 
in histopathological samples of advanced IPF22. In addition, clinical analysis of 
inflammatory markers did not correlate with disease severity in IPF patients21. 
Furthermore, animal studies show that epithelial injury caused by repeated irri-
tations of the lung is sufficient to induce pulmonary fibrosis in the absence of 
inflammatory responses23. 

More recent hypotheses suggest that the pathogenesis of IPF is independent of 
inflammation. Instead, it is proposed that wound repair signaling pathways trig-
gered by repeated alveolar epithelial injury in some way become dysregulated 
and aberrant, leading to progressive and irreversible fibrosis over time3,5,24. In the 
early stages after lung tissue damage, the coagulation cascade is activated thereby 
triggering platelet activation and the subsequent local secretion of soluble media-
tors resulting in increased vascular permeability and further damage to the base-
ment membrane25,26. Concurrently, injured epithelial or endothelial cells produce 
and release excessive inflammatory mediators, inducing the subsequent entry 
of leucocytes through the disrupted basement membrane (Figure 1). Recruited 
leucocytes such as macrophages, secrete profibrotic cytokines (e.g. TGF-β, IL-13 
and IL-1)27,28 and they contribute to a series of events leading to myofibroblast 
accumulation. Myofibroblasts are highlighted as the main effector cell in fibrosis 
as they are the major source of ECM components, like collagen and fibronectin. 
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Profibrotic cytokines together with other growth factors such as platelet-derived 
growth factor (PDGF) induce resident lung fibroblasts to proliferate, migrate 
and differentiate into myofibroblasts. Myofibroblasts may also be derived 
from either fibrocytes from the bone marrow that are attracted by CXCL12 
to the injured site2,5,29, or epithelial cells via epithelial–mesenchymal transition 
(EMT)24,30. Finally, in the tissue remodeling phase, provisional ECM formation 
promotes wound healing and restores tissue structure. Fibrosis develops when 
wound repair processes keeps going on because of repeated injury or when any 
part of the process fails to function normally, changing the provisional ECM 
formation at the site of tissue injury into a permanent scar. Thus, the initiation 
and maintenance of fibrosis is a very complex process that involves many effector 
cells and mediators and identifying the critical contributors may provide new 
insight into treatment of IPF.   

Figure 1. A general mechanism of the pathogenesis of pulmonary fibrosis. 1: After injury, epithelial 
cells release inflammatory mediators and activates the coagulation cascade, followed by leucocyte influx 
from capillaries into the alveolus through disrupted basement membrane. 2: Recruited leukocytes secrete 
profibrotic mediators leading to myofibroblasts accumulation by inducing resident lung fibroblasts and 
fibrocytes to differentiate into myofibroblasts and/or triggering epithelial cells to undergo EMT process. 
3: Fibrosis is formed when tissue repair pathways are dysregulated, which leads to fibroblasts/myofibro-
blasts foci formation and excessive ECM components release.
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Coagulation and protease-activated receptors (PARs) 
The coagulation cascade is responsible for fibrin formation at sites of damaged 
blood vessels thereby  preventing blood loss. Coagulation is initiated instantly 
upon tissue injury and the coagulation pathway is triggered by the exposure of 
tissue factor (TF) to plasma Factor VII (FVIIa), facilitating the formation of the 
TF-FVIIa complex. This complex, either directly or via the intrinsic FIX/FVIII 
pathway, catalyzes the activation of factor X (FX) to FXa, which together with 
factor V (FVa) converts pro-thrombin to thrombin. Minute amounts of thrombin 
subsequently amplify the pathway via activation of  FVIII and IX, generating more 
FXa and thrombin. Finally, thrombin turns soluble fibrinogen into insoluble fibrin 
strands, leading to a blood clot31. Once formed, thrombin also induces a negative 
feed-back loop to prevent excessive coagulation. After binding to thrombomod-
ulin, thrombin activates protein C (PC), which in turn inactivates factors Va and 
VIIIa thereby preventing further thrombin formation (Figure 2). 

Figure 2. Schematic representation of the coagulation cascade. TF-FVIIa complex formation initiates  
coagulation through intrinsic and extrinsic pathways, leading to thrombin production and fibrin formation. 
Coagulation can either be amplified by thrombin via an amplification loop (dashed black lines) or down 
regulated by active protein C (APC) through inactivation of FVa and FVIIIa (dashed red lines).
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Interestingly, coagulation proteinases also contribute to a striking range of patho-
physiological functions independent of fibrin formation. The cellular effects of 
coagulation factors are mediated by protease-activated receptors (PARs), which 
are seven-transmembrane G protein-coupled receptors. As opposed to classical 
GPCRs that are activated by ligand binding, PARs are irreversibly activated by 
proteolytic cleavage. Protease binding to PARs and subsequent cleavage of the 
extracellular N-terminus reveals a novel tethered ligand that folds back over the 
receptor to trigger their transmembrane signaling to intracellular G proteins32. 
To date, there are four known members of the PAR family of which  PAR-1 was 
the first to be discovered in the early 1990s33. After intensive studies centered 
on revealing how thrombin influences cellular responses, PAR-1 was originally 
identified on human platelets and termed “the cloned thrombin receptor” by 
Coughlin and co-workers. The second member of PAR family (i.e. PAR-2) was 
identified in 1994 by Nystedt34, who cloned a mouse genomic DNA sequence 
encoding a protein that shares the identical structure and activation mechanism 
with PAR-1 but has a different tethered ligand pharmacology from PAR-1. Later 
on, PAR-3 and PAR-4, the other two thrombin receptors, were also identified by 
the same group which discovered PAR-135,36. All four PARs can be activated by 
individual coagulation factors but they have their distinct N-terminal cleavage 
sites and tethered ligand sequences which trigger different functional responses. 
Thrombin is a major activator of PAR-1, PAR-3, and PAR-4, whereas PAR-1 
can also be activated by FXa and APC. As for PAR-2, it is the target of both 
FXa and the TF-FVIIa complex (Figure 2). In addition to direct interactions 
with receptors, thrombin is also capable of trans-activating PAR-2 by generating 
the tethered ligand of PAR-1, which in turn binds to adjacent PAR-237-38. Apart 
from proteinases, synthetic agonist peptides designed according to the sequence 
of the cleaved N-terminus can activate PARs in the absence of proteases-induced 
cleavage (SFLLRN for PAR-1, SLIGKV for PAR-2 and GYPGKF for PAR-4). 
PAR-3, however, cannot be activated by synthetic peptides and it appears that 
PAR-3 may act as a cofactor to enhance the affinity of PAR-4 for thrombin-
mediated activation or PAR-3 may form heterodimers with PAR-1 to signal 
together, rather than signaling by itself39,40.

Although blood coagulation factors are the archetypal proteases activating PARs, 
it is now well established that multiple other proteases can activate individual 
PARs with different affinity and triggering specific responses via biased agonist 
signaling. Besides thrombin, PAR-1 can for instance be activated by matrix 
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   1metalloproteinases, kallikreins and Granzymes. PAR-2 may also be activated by 
trypsin, and trypsin-like peptidases such as mast cell tryptase or matriptase. 

Coagulation and PARs in the pathogenesis of IPF
Fibrin deposition is a key histological feature of IPF and coagulation activation 
in response to tissue injury is increasingly recognized to be a critical contributor 
in the pathogenesis of fibrotic lung disorders41. Indeed, patients with IPF are 
more likely to have a hypercoagulable state and prothrombotic mutations are 
overrepresented in IPF patients as compared to the general population. In line, 
increased thrombin activity is considered as one of the characteristic features of 
pulmonary fibrosis42,43. Gene expression and protein levels of coagulation factors, 
such as TF, FVII, FXa and thrombin, are increased in patients with progres-
sive IPF43-47 and individual coagulation factors exert pro-fibrotic cellular effects 
through PARs. Thrombin, as the best-known profibrotic coagulation factor, acti-
vates PAR-1 leading to myofibroblast accumulation through activating resident 
lung fibroblasts, promoting epithelial-mesenchymal transition of lung epithe-
lial cells and/or by inducing differentiation of fibrocytes48-50. Thrombin is also 
a potent inducer of several profibrotic cytokines, including TGF-β, connective 
tissue growth factor and PDGF51,52. Moreover, FXa induces pro-fibrotic effects 
of fibroblasts via PAR-2, resulting in the secretion of cytokines like monocyte 
chemoattractant protein (MCP)-1, interleukin (IL)-6 and TGF-β53. Addition-
ally, FXa induces myofibroblast differentiation and TGF-β activation in a PAR-1 
dependent manner45. More recently, FVIIa was shown to stimulate proliferation 
and ECM production of human lung fibroblasts via PAR-2 and these prolif-
erative effects of FVIIa were considerably potentiated in the presence of TF, 
suggesting that the PAR-2/TF/FVIIa axis may contribute to the progression 
of IPF46. Furthermore, FXIIa, a coagulation factor from the intrinsic pathway, 
strongly stimulates migration of  human lung fibroblasts (HLF) derived from 
IPF patients. More interestingly, HLF from IPF patients exhibit an enhanced 
FXIIa-binding capacity, suggesting FXIIa contributes to fibrogenesis54. The 
potential importance of coagulation factors in IPF is further underscored by the 
fact that inhibiting coagulation limits pulmonary fibrosis in preclinical experi-
mental animal models45,55.

In contrast to the pro-coagulant coagulation factors, the endogenous anticoagu-
lant activated protein C (APC) exhibits a protective effect in lung injury. Endog-
enous APC inhibits infection-induced coagulation activation56 and APC over-
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expression modifies neutrophil recruitment during experimental pneumococcal 
pneumonia57. In addition, APC administration attenuates the expression of 
inflammatory mediators in acute lung injury induced by hyperoxia and protects 
mice against sepsis58,59. Interestingly, decreased protein C activation is actually 
associated with the severity of IPF at diagnosis60 and APC treatment is proposed 
to protect mice from bleomycin-induced lung fibrosis61.

Anticoagulant treatment in IPF
Due to the fact that the coagulation cascade seems to be instrumental for the 
etiology in IPF and anticoagulants have proven efficacious in lung fibrosis models, 
inhibition of the coagulation cascade may be a good strategy for the treatment of 
IPF. This hypothesis was first addressed in a trial with 56 IPF patients62. In this 
study, patients received prednisolone alone or prednisolone in combination with 
anticoagulant therapy62. The anticoagulants included oral warfarin (an anticoagu-
lant that inhibits the vitamin K–dependent synthesis of thrombin, FVII, FIX, FX 
and protein C63) in an outpatient setting and low-molecular-weight heparin for 
rehospitalized patients with severely progressive respiratory failure. Anticoagulant 
therapy showed a beneficial effect on survival in patients with IPF. However, the IPF 
population in this study was criticized not to be representative, because all patients 
were nonsmokers while IPF is strongly associated with smoking. In addition, it 
may contain a misclassification bias, which may have resulted in an overestimated 
efficacy of the anticoagulant therapy64. Later on, heparin inhalation was tested in 
20 IPF patients for safety only in an open-label exploratory pilot study. The treat-
ment appeared to be safe and well tolerated in IPF patients, however, whether it will 
improve any disease related symptoms still needs to be investigsted65. Recently, a 
placebo-controlled trial of warfarin was performed including 145 IPF patients66. In 
contrast to the aforementioned study62, warfarin did not show a benefit in patients 
with progressive IPF. Instead, it  increased the risk of mortality and hospitaliza-
tion, which was not caused by major and/or minor bleeding complications. This 
finding was later supported by a retrospective cohort study, showing that warfarin 
deteriorated respiratory status and decreased survival of IPF patients67. Although 
coagulation factors seem to play center roles in the pathogenesis of IPF, general 
inhibition of the coagulation cascade may not be an ideal approach to combat IPF. 
It may be better to target individual coagulation factors and/or their specific recep-
tors modifying fibrotic disease.
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   1Targeting PARs in fibrotic diseases 
PAR-1 and PAR-2 are recently highlighted as potential targets for therapeutic 
interventions in treating several fibrotic disorders. Activated PARs mediate a 
number of pathophysiological pathways involved in inflammatory and fibrotic 
diseases of different organs throughout the body, including brain, lung, heart, 
liver, kidney and gastrointestinal tract. For example, PAR-1 receptor gene poly-
morphisms significantly influence the progression of liver fibrosis and the expres-
sion of PAR-1 is elevated during acute and chronic human liver injury68-69, whereas 
PAR-2 activation leads to increased TGF-β production and induces a profibro-
genic phenotype in human hepatic stellate cells70. Moreover, PAR-2 regulates 
PAR-1-driven hyperplasia in response to arterial injury and overexpression of 
PAR-2 in mice induces cardiac fibrosis, inflammation and heart failure71,72. In the 
context of brain diseases, PAR-1 mediates neurotoxicity induced by Granzyme 
B released from T cells during neuro-inflammatory disorders, whereas upregula-
tion of PAR-2 has been observed during neuro-inflammation in the brain tissue 
from patients with HIV-1-associated dementia73,74. During renal fibrotic disor-
ders, PAR-1 activation by plasmin(ogen) triggers the induction of EMT, while 
PAR-2 deficiency reduces unilateral ureteral obstruction-induced renal tubular 
injury and fibrosis75,76. Furthermore, both PAR-1 and PAR-2 modulate radia-
tion-induced intestinal fibrosis77,78. Next to vital organs in the body, PAR-1 and 
PAR-2 also mediate pro-inflammatory and pro-fibrotic cellular events in impor-
tant tissues, such as the skin and the joint79-80.  

With respect to lung injury and pulmonary fibrosis, accumulating evidence 
suggests that both PAR-1 and PAR-2 induce pro-inflammatory and pro-fibrotic 
processes that aggravate disease progression. PAR-1 and PAR-2 are both widely 
expressed on many different pulmonary cell types like (among others) fibro-
blasts, macrophages, epithelial and endothelial cells. PAR-1 activation enhances 
inflammation in the pulmonary epithelium, by mediating macrophage/mono-
cyte recruitment, excessive cytokine release and endothelial barrier disrup-
tion81-82. PAR-1 also promotes profibrotic effects by facilitating TGF-β activation, 
inducing the differentiation of fibroblasts into myofibroblasts and stimulating 
ECM synthesis55,83. In addition, PAR-1 seems to synergize with PAR-3 to mediate 
epithelial-mesenchymal transition of alveolar epithelial cells84. The importance 
of these in vitro findings is emphasized by the fact that genetic ablation of PAR-1 
limits bleomycin-induced acute lung inflammation and fibrosis, as evident from 
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reduced total collagen levels in the lung in combination with decreased levels of 
proinflammatory and profibrotic mediators, such as TGF-β, IL-6 and MCP-1. 
More clinically relevant, PAR-1 expression is increased within fibroproliferative 
and inflammatory foci in IPF patients85. 

Similar to PAR-1, PAR-2 also plays a crucial role in promoting pulmonary 
inflammatory and fibrotic responses. PAR-2 activation leads to endothelial 
barrier dysfunction and vascular permeability during acute lung injury86. Acti-
vated PAR-2 also enhances inflammatory signaling in airway epithelial cells by 
increasing cytokine production, such as IL-8, and PAR-2 deficiency reduces 
allergic lung inflammation in mice87,88. Moreover, PAR-2 triggers fibroprolif-
erative responses such as proliferation, migration, differentiation into myofibro-
blasts and release of profibrogenic cytokines (e.g.TGF-β) in human and murine 
fibroblasts (Figure 3). The absence of PAR-2 affords protection from bleomycin-
induced pulmonary fibrosis, as evident from a reduction in the extent and 

Figure 3. Schematic representation of pro-fibrotic effects of PARs in fibroblasts. After activation by 
proteases, PARs induce profibrotic cytokines (e.g. TGF-β) release and activation. PARs also contribute to 
fibroblast migration, proliferation and ECM production. 
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severity of fibrotic lesions and diminished collagen expression89. Further, PAR-2 
mRNA and protein levels are elevated in lungs of IPF patients as compared 
to healthy donor lungs and the increased PAR-2 expression is associated with 
hyperplastic alveolar type II cells and fibroblasts/myofibroblasts46. Noteworthy, 
unlike PAR-1, which expression is already relatively high in normal lung fibro-
blasts, PAR-2 expression is low in quiescent lung fibroblasts but may consider-
ably increase under inflammatory and fibrotic conditions90. 

It is thus tempting to speculate that inhibition of PARs may be a promising 
therapeutic option in the treatment of IPF. In recent years, pharmacological inhi-
bition of PAR-1 or PAR-2 has proven efficacious in different inflammatory and 
fibrotic preclinical models (Table 1). PAR-1 inhibition with SCH79797 protects 
mice from ischemia-reperfusion induced heart, kidney and intestine injury91-94, 
as well as surgically induced brain injury95. Blocking PAR-1 with pepducin-based 
inhibitors at early time points of cecal ligation and puncture (CLP)-induced 
sepsis significantly prolonged survival38. Furthermore, PAR-1 inhibition with 
RWJ-56110 limits experimental liver fibrosis, as evident from reduced collagen 
production in the liver96. Compared to PAR-1, pharmacological inhibition of 
PAR-2 is more widely applied in inflammatory models. Targeting PAR-2 amelio-
rated pathological changes in inflammatory colon and joint diseases97-99. More-
over, PAR-2 inhibition attenuated the severity of experimental biliary pancrea-
titis and blocked PAR2-mediated inflammatory signaling pathways in atopic 
dermatitis100-101. Additionally, PAR-2 inhibition by FSLLRY-NH2 reduced the 
number of fully muscularized vessels and reversed established pulmonary hyper-
tension in a hypoxia mouse model102.

Overall, given the critical role of PARs  in mediating pro-inflammatory and 
pro-fibrotic responses on different cell types, pharmacological PAR-1 and PAR-2 
inhibition may benefit a broad range of (PAR-dependent) disorders,  like among 
others IPF.
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   1Aim and outline of this thesis
This thesis aims to explore the efficacy of pharmacologically targeting PAR-1 
and PAR-2 in experimental lung fibrosis and intents to obtain more insight on 
the pathogenesis of pulmonary fibrosis. We show that specific pepducin-based 
inhibitors of PAR-1 (Chapter 2) and PAR-2 (Chapter 3) are able to limit 
lung fibrosis when administered before and after induction of fibrosis by bleo-
mycin instillation. After showing that both PAR-1 and PAR-2 inhibition limits 
pulmonary fibrosis, we hypothesized that the simultaneous inhibition of PAR-1 
and PAR-2 would be superior to targeting either receptor alone in pulmonary 
fibrosis. However, the experiments described in Chapter 4 refute this hypoth-
esis  and instead show that the pro-fibrotic effects induced by PAR-1 require 
the presence of PAR-2. Next, we sought to provide mechanistic explanations 
for observations obtained in chapter 2 and we identified novel mechanisms by 
which PAR-1 stimulation on different cell types can contribute to pulmonary 
fibrosis  (Chapter 5). Finally, in Chapter 6 we study the role of the endogenous 
anticoagulant factor APC in bleomycin-induced pulmonary fibrosis. We end the 
thesis with Chapter 7, a summary and general discussion chapter providing the 
overall conclusions  and profound implications derived from this thesis.
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ABSTRACT
Background 
Idiopathic pulmonary fibrosis is the most devastating fibrotic diffuse parenchymal lung 
disease which remains refractory to pharmacological therapies. Therefore, novel treat-
ments are urgently required. Protease-activated receptor (PAR)-1 is a G protein-coupled 
receptor that mediates critical signaling pathways in pathology and physiology. Bleo-
mycin-induced lung fibrosis has been shown to be diminished in PAR-1 deficient mice. 
The purpose of this study is to investigate whether pharmacological PAR-1 inhibition is 
a potential therapeutic option to combat pulmonary fibrosis. 

Methods
Pulmonary fibrosis was induced by intranasal instillation of bleomycin into wild-type 
mice with or without a specific PAR-1 antagonist (i.e. P1pal-12, a pepducin that blocks 
the PAR-1/G-protein interaction). Fibrosis was assessed by hydroxyproline analysis, 
immunohistochemistry, q-PCR and western blot for fibrotic markers expression.

Results
We first show that P1pal-12 effectively inhibits PAR-1 induced pro-fibrotic responses in 
fibroblasts. Next, we show that once daily treatment with 0.5, 2.5 or 10 mg/kg P1pal-12 
reduced the severity and extent of fibrotic lesions in a dose-dependent manner. These 
findings correlated with significant decreases in fibronectin, collagen and α-SMA expres-
sion on both the mRNA and protein level in treated mice. To further establish the poten-
tial clinical applicability of PAR-1 inhibition, we analyzed fibrosis in mice treated with 
P1pal-12 1 or 7 days after bleomycin instillation. Interestingly, when administered 7 days 
after the induction of fibrosis, P1pal-12 was as effective in limiting the development of 
pulmonary fibrosis as when administration was started before bleomycin instillation. 

Conclusions
Overall, targeting PAR-1 may be a promising treatment for pulmonary fibrosis.
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INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is the most frequent diffuse fibrosing lung disease 
of unknown etiology.1,2 The prognosis of IPF is devastating with a 20-30% survival rate 
at 3-5 years after diagnosis and a mortality rate that exceeds many types of cancer. Since 
treatment approaches for IPF are limited, considerable effort has been made to reveal 
the underlying mechanisms allowing novel treatments to prolong survival.2 The molec-
ular mechanisms underlying the pathogenesis of IPF are far from understood. However, 
current paradigms postulate that the development of fibrosis involves repeated epithelial 
cell injury leading to aberrant wound healing responses. Consistently, a hallmark of IPF 
is the presence of fibroblastic foci with differentiated fibroblasts which show myofibro-
blast phenotypes and secrete extracellular matrix (ECM) proteins that form depositions 
which subsequently establish fibrotic lesions.1-3

Protease activated receptors (PARs) are seven transmembrane domain receptors that 
belong to the family of G-protein-coupled receptors (GPCRs).4 In contrast to other 
GPCRs, PAR-1 activation involves proteolytic cleavage of the receptor by serine 
proteases. PAR-1 was originally identified on human platelets and its best-known 
agonist is thrombin,5 although other ligands like FXa and certain matrix metallopro-
teinases have been described.6,7 Proteolytic activation of PAR-1 reveals a tethered ligand 
with a new N-terminus. Once irreversibly activated, PAR-1 initiates the recruitment of 
Gα-subunits, Gq, Gi and G12/13. Together with Gβγ they trigger several downstream sign-
aling events, which contribute to a striking range of pathophysiological functions.5,8-9 In 
addition to proteinases, PAR-1 can be activated by synthetic agonist peptides, which are 
designed according to the sequence of the cleaved N-terminus.

Accumulating evidence indicates that PAR-1 induces multiple processes that may 
promote pulmonary fibrosis. PAR-1 modulates mitogenesis and angiogenesis, alters lung 
vascular permeability, stimulates fibroblasts migration, proliferation, ECM synthesis, 
and enhances inflammation in the pulmonary epithelium.10-13 In line, PAR-1 deficient 
mice are protected from bleomycin-induced acute lung inflammation and pulmonary 
fibrosis.14 The attenuated fibrotic response in PAR-1 deficient mice was associated with 
a reduction in the total collagen content in the lung and with decreased levels of proin-
flammatory and profibrotic mediators like interleukin (IL)-6 and monocyte chemoat-
tractant protein-1 (MCP-1). Furthermore, PAR-1 expression is highly increased within 
fibroproliferative and inflammatory foci in fibrotic human lung. Overall, PAR-1 may 
thus have a critical contribution in promoting pulmonary fibrosis and PAR-1 may be a 
promising target to combat the development and progression of IPF. 
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In recent years, several PAR-1 antagonists have been designed; among which pepducins 
seem to be most promising. P1pal-12 is a cell-penetrating pepducin derived from the 
third intracellular loop of PAR-1. Once inserted into the plasma membrane it is deliv-
ered to the PAR-1 intracellular surface, thereby interfering with the receptor/G-proteins 
interaction.15 P1pal-12 was initially described to inhibit PAR-1-driven calcium fluxes 
and platelet aggregation.16,17 In addition, P1pal-l2 has been shown to block PAR-1-medi-
ated ERK activation in vitro.18 More importantly, PAR-1 specific pepducins also showed 
promising in vivo effects. Indeed, treatment with a PAR-1 specific pepducin significantly 
attenuated the growth of mice xenograft breast tumors,19 whereas the same pepducin 
provided remarkable inhibition of lung tumor growth in nude mice.20 P1pal-12 thus 
seems a promising PAR-1 inhibitor for preclinical experiments.

Here, we hypothesized that targeting PAR-1 with P1pal-12 may limit the development 
and progression of pulmonary fibrosis and tested this hypothesis using a well-established 
murine model of bleomycin-induced pulmonary fibrosis.

MATERIALS AND METHODS
Cells and reagents
Mouse embryonic NIH3T3 fibroblasts (ATCC, Manassas, VA; CRL-1658) were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% 
fetal calf serum (FCS). Cells were grown at 37°C in an atmosphere of 5% CO2. Unless 
indicated otherwise, cells were washed twice with PBS and serum-starved for 4 hours 
before stimulation. Thrombin was from Sigma (St-Louis, MO), whereas PAR-1 agonist 
peptide (PAR-1-AP; H-SFLLRN-NH2) and P1pal-12 (palmitate-RCLSSSAVANRS-
NH2) were from GL Biochem Ltd (Shanghai, China). 

Western Blot
Western blots were performed essentially as described before.21 For details, see the 
supplementary method section.

Wound Scratch assay
Scratch assays were performed essentially as described before.21 For details, see the 
supplementary method section.
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Animal Model of Pulmonary Fibrosis
Ten-week-old wild-type C57Bl/6 mice were purchased from Charles River (Someren, 
Netherlands). All procedures were performed in accordance with the Institutional Stand-
ards for Humane Care and Use of Laboratory Animals. Experiments were approved by 
the Animal Care and Use Committee of the Academic Medical Center Amsterdam.

Bleomycin (Sigma, St-Louis) was administered intranasally (1 mg/kg) under anes-
thesia. In the dose finding experiment, animals were instilled with 0.5, 2.5 or 10 mg/kg  
P1pal-12 30 minutes before bleomycin administration and subsequently once daily 
until the end of the experiment. In the delayed treatment experiment, mice were treated 
once daily with 2.5 mg/kg P1pal-12 starting one or seven-days after bleomycin instil-
lation. In both experiments, 6% DMSO in saline was administered as solvent control. 
Mice were sacrificed 14 days after bleomycin instillation, after which one lung was taken 
for histology and one was homogenized.

Cytokine/Chemokine Assays
TGF-β1 was measured with the Mouse TGF-beta 1 DuoSet kit (R&D systems, UK). 
IL-6 and MCP-1 were measured using the BD Cytometric Bead Array Mouse Inflam-
mation Kit (BD, NJ, USA) following the manufacturer’s instructions. Detection limits 
were 2.5 pg/ml for IL-6 and 20 pg/ml for MCP-1. 

Hydroxyproline Assay
Right lungs were homogenized after which samples were processed for hydroxyproline 
content analysis using the hydroxyproline assay kit (Sigma, Netherlands) as per the 
manufacturer’s instructions. For details, see the supplementary method section.

(Immuno)Histological Analysis
Histological examination and Ashcroft score were performed as described before.22 
Smooth muscle actin (α-SMA) staining was graded in a blinded fashion on a scale from 
0 to 3 as described before.23 Pictures of collagen staining were taken to cover the entirety 
of all sections. Color intensity of stained areas was analyzed semi-quantitatively with 
ImageJ and expressed as percentage of the surface area essentially as described before.24,25 
For details, see the supplementary method section.

Quantitative PCR
mRNA expression levels were quantified by real-time PCR as indicated in the supple-
mentary method section.
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Statistics
Statistical analyses were conducted using GraphPad Prism (GraphPad software, San 
Diego).  Comparisons between conditions were analyzed using two tailed unpaired 
t-tests for normally distributed data, otherwise Mann-Whitney analysis was performed. 
P<0.05 was considered significant.

RESULTS
P1pal-12 inhibits PAR-1-mediated signaling pathways in fibroblasts
Several studies have shown that PAR-1 activation leads, among others, to extracellular 
regulated kinase (ERK) phosphorylation, which is an important signaling pathway 
regulating fibroblast proliferation and migration.26 Pepducins have been shown to 
efficiently inhibit PAR-1-driven ERK phosphorylation in cancer cells.20 Importantly 
however, pepducins may act in a cell type dependent manner.27 Therefore, we assessed 
whether P1pal-12 also inhibits PAR-1-driven ERK activation in fibroblasts. As shown 
in Figure 1A, treatment of fibroblasts with 100 μM PAR-1-AP resulted in ERK1/2 
phosphorylation. This PAR-1-AP-induced ERK phosphorylation was completely inhib-
ited in 10 μM P1pal-12-pretreated cells. P1pal-12 thus effectively antagonizes PAR-
1-mediated signaling in murine fibroblasts. 

P1pal-12 inhibits PAR-1-dependent fibroblast differentiation, proliferation 
and migration
PAR-1 activation on fibroblasts has been demonstrated to induce several profibrotic 
processes like fibroblast migration, proliferation and differentiation.6,28 Consequently, 
we assessed whether P1pal-12 also antagonizes these PAR-1-driven fibroproliferative 
responses. As shown in Figure 1B, both PAR-1-AP (100 μM) and thrombin (1 U/ml) 
induced fibroblast differentiation and ECM synthesis as evident from increased α-SMA 
(hallmark of fibroblast differentiation) and collagen expression. This increased α-SMA and 
collagen expression was clearly down-regulated by the treatment with 10 μM P1pal-12. 
Importantly, TGFβ-induced collagen production is independent from P1pal-12 treatment 
(Supplementary Figure 1). Furthermore, we observed that PAR-1 stimulation induced 
fibroblast migration/proliferation in wound scratch assays, as evident from significantly 
smaller wound sizes (70-80%). Again, P1pal-12 treatment inhibited PAR-1-AP-induced 
wound closure (Figure 1C-D). Overall these in vitro experiments show that P1pal-12 
effectively blocks PAR-1-induced profibrotic effects of fibroblasts.
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Figure 1. P1pal-12 inhibits PAR-1 induced pro-fibrotic responses in fibroblasts. (A) Western blot 
analysis of ERK phosphorylation in NIH3T3 cells after stimulation with 100 μM PAR-1-AP in the absence 
or presence of P1pal-12 (10 μM). P1pal-12 was added 30 minutes before PAR-1-AP stimulation. Total 
ERK served as loading control. (B) Western blot analysis of α-SMA and collagen expression in NIH3T3 
cells 24 hours after stimulation with thrombin (1 U/ml) or 100 μM PAR-1-AP in the absence or presence 
of P1pal-12 (10 μM). P1pal-12 was added 30 minutes before thrombin or PAR-1-AP stimulation. β-actin 
served as a loading control. (C) Wound size of NIH3T3 fibroblast monolayers after treatment with either 
DMSO (control) or PAR-1-AP (100 μM) for 18 hours in the presence or absence of P1pal-12. Cells were 
pre-incubated with 10 μM P1pal-12 for 30 min as indicated. Shown are photographs of representative 
microscopic fields. (D) Quantification of the results depicted in (C) as described in the Materials and 
Methods section. Data are expressed as mean±SEM (n=6). *** P<0.001.
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P1pal-12 dose-dependently limits the development of pulmonary fibrosis in a 
murine bleomycin model 
We next examined whether P1pal-12 limits fibrosis in a murine model of bleomycin-
induced pulmonary fibrosis. To this end, mice were intranasally instilled with different 
concentrations of P1pal-12, after which the extent and severity of fibrosis was deter-
mined. As shown in Figure 2A-B, bleomycin instillation induced extensive patchy 
fibrotic foci accompanied by a marked accumulation of inflammatory cells and increased 
deposition of ECM. Low dose P1pal-12 treatment (0.5 mg/kg, Figure 2C) marginally 
reduced bleomycin-induced fibrosis (about 10%) whereas intermediate (2.5 mg/kg) and 
high (10 mg/kg) P1pal-12 doses significantly reduced the severity of regional interstitial 
fibrosis (approximately 25% and 20%) and diminished the destruction of alveolar units 
(compare figures 2D-E with 2B). Quantification of the bleomycin-induced histological 
changes using the Ashcroft score shows that P1pal-12 treatment results in less severe 
fibrotic lesions (Figure 2F).

It is well recognized that accumulation of α-SMA and ECM proteins (like collagen and 
fibronectin) can lead to organ-destructive remodeling,29 which also occur in fibrotic 
foci and are considered as hallmarks of IPF. To substantiate that P1pal-12 limits experi-
mental fibrosis, we next analyzed α-SMA expression immunohistochemically. Dramatic 
α-SMA expression was seen in focal fibrotic lesions after bleomycin instillation (compare 
Figure 2G and H). Low dose P1pal-12 treatment did marginally reduce α-SMA expres-
sion, whereas intermediate P1pal-12 doses significantly reduced (about 40%) α-SMA 
levels (Figure 2I-J). Noteworthy, although the 10 mg/kg P1pal-12 dose also strongly 
reduced α-SMA levels; it did not reach statistical significance (Figure 2K-L).

To confirm the inhibitory effect of P1pal-12 on bleomycin-induced fibrosis, we analyzed 
collagen accumulation in the lung. Collagen levels in lung homogenates largely increased 
after bleomycin instillation. As shown in Figure 3A-B, 2.5 and 10 mg/kg P1pal-12 
administration considerably reduced collagen deposition in the lungs. In contrast, mice 
treated with 0.5 mg/kg P1pal-12 showed similar collagen deposition as mice not treated 
with P1pal-12. In line, Masson-trichrome and collagen stainings showed high collagen 
levels in bleomycin instilled mice, which were significantly reduced in mice treated with 
2.5 or 10 mg/kg P1pal-12 (Figure 3C-D). Finally, we confirmed these observations by 
analyzing hydroxyproline content in right lung homogenates. As shown in Figure 3E, 
collagen level (calculated according to the hydroxyproline content) increased almost 3 
fold in bleomycin treated mice compared with solvent controls. Importantly, collagen 
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Figure 2. P1pal-12 treatment affords protection against bleomycin-induced pulmonary fibrosis. 
(A-E, ×100) Representative H&E stained lung tissue sections obtained 14 days after saline (A) or bleo-
mycin instillation in mice treated with 0 mg/kg (B), 0.5 mg/kg (C), 2.5 mg/kg (D), or 10 mg/kg P1pal-12 
(E). (F) Quantification of pulmonary fibrosis using the Ashcroft score in control mice and mice treated 
with P1pal-12. Data are expressed as mean±SEM (n=8 per group). (G-K, ×100) Representative pictures 
of α-SMA deposition in lung tissue sections obtained 14 days after saline (G) or bleomycin instillation 
of untreated (H) mice and mice treated with 0.5 mg/kg (I), 2.5 mg/kg (J) or 10 mg/kg (K) P1pal-12. (L) 
Quantification of α-SMA deposition as depicted in panels G-K. Data are expressed as mean±SEM (n=8 
per group). * P<0.05. Dashed lines in the quantification figure represent solvent-treated controls.
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levels decreased 24.9±7.8%, 36.4±4.5% and 29.7±3.5% after treatment with 0.5, 2.5 
and 10 mg/kg P1pal-12 respectively.

Next, we analyzed mRNA expression levels of α-SMA, collagen and fibronectin in the 
lungs. All these genes were highly expressed in response to bleomycin treatment and 
high as well as intermediate doses of P1pal-12 treatment strongly reduced their expres-
sion (Figure 4A-C). Low dose P1pal-12 treatment did not inhibit bleomycin-induced 
profibrotic gene expression. 

Figure 3. P1pal-12 treatment attenuates bleomycin-induced collagen deposition. (A) Western blot 
analysis of collagen expression in lung homogenates obtained 14 days after saline or bleomycin instil-
lation in mice treated with different doses of P1pal-12. GAPDH served as a loading control. Shown are 
three representative samples per condition from a group of 8. (B) Densitometric quantification of the 
results depicted in (A). Data are expressed as mean±SEM (n=8 per group; * P<0.05). (C) Representative 
pictures of Masson-trichrome (×100) and collagen stained lung sections (×200) obtained 14 days after 
saline or bleomycin instillation in mice treated with 0-10mg/kg P1pal-12. (D) Quantification of collagen 
immunostaining (semi-quantitative image analysis). (E) Collagen content in lung homogenates obtained 
14 days after saline or bleomycin instillation in mice treated with different doses of P1pal-12. Dashed lines 
in the quantification figure represent solvent-treated controls.
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Finally, we assessed TGF-β1 levels in lung homogenates as TGF-β1 is one of the most 
typical profibrotic mediators and is frequently over -expressed in fibrotic diseases.30 
TGF-β1 levels increased in bleomycin-instilled untreated mice (two-fold increase, 
Figure 4D) compared with saline treated mice. The 2.5 mg/kg dose of P1pal-12 attenu-
ated the TGF-β1 increase by about 50%. IL-6 and MCP-1 levels were also increased 
in bleomycin-instilled mice and again treatment with 2.5 mg/kg P1pal-12 significantly 
attenuated these increases by 65±3% and 36±3% respectively. Treatment with 10 mg/
kg P1pal-12 also led to a decrease in these cytokine levels, although it failed to reach 
statistical significance (Figure 4E-F).
 
Overall, P1pal-12 limits bleomycin-induced pulmonary fibrosis, and the most signifi-
cant effects were reached at the dose of 2.5 mg/kg. Therefore, we selected this interme-
diate dose for our subsequent studies.

Figure 4. P1pal-12 treatment reduces bleomycin-induced pro-fibrotic gene expression and cytokine 
increases. Expression of α-SMA (A), collagen (B) and fibronectin (C) mRNA levels in lung homogen-
ates obtained 14 days after saline or bleomycin instillation in mice treated with 0-10mg/kg P1pal-12 was 
assessed by real-time RT-PCR. Data are expressed relative to the amount of input RNA. TGF-β1 (D), IL-6 
(E) and MCP-1 (F) levels in lung homogenates obtained 14 days after saline or bleomycin instillation in 
mice treated with 0-10 mg/kg P1pal-12. Data are expressed as mean±SEM (n=8 per group). * P<0.05, ** 
P<0.01. Dashed lines represent solvent-treated controls.
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Delayed treatment with P1pal-12 effectively limits pulmonary fibrosis 
progression in a murine bleomycin model of pulmonary fibrosis
After having established that long-term treatment with p1pal-12 effectively limits 
pulmonary fibrosis, we next investigated whether delayed treatment starting after the 
initiation of fibrosis would still limit pulmonary fibrosis. Daily P1pal-12 (2.5mg/kg) 
administration was started either 1 (inflammatory phase) or 7 (fibrotic phase) days after 
bleomycin instillation. As shown in Figure 5A-C, lungs from mice not treated with 
P1pal-12 again showed severe fibrotic lesions induced by bleomycin treatment (more
than fourfold increase compared with saline control). Interestingly, delayed P1pal-12 
treatment reduced bleomycin-induced lung damage as evident from lower Ashcroft 
scores. However, scores of the one-day delayed-treatment group did not reach  

Figure 5. Delayed P1pal-12 treatment effectively attenuates bleomycin-induced pulmonary fibrosis. 
(A-C) Representative H&E stained lung tissue sections obtained 14 days after bleomycin instillation in 
untreated mice (A) and mice treated with 2.5 mg/kg P1pal-12 from day 1 (B) or day 7 (C) after bleomycin 
instillation. (D) Quantification of pulmonary fibrosis using the Ashcroft score in untreated mice and mice 
treated with P1pal-12. Data are expressed as mean±SEM (n=8 per group). (E-G) Representative pictures 
of α-SMA deposition in lung tissue sections obtained 14 days after bleomycin instillation of untreated (E) 
mice and mice treated with 2.5 mg/kg P1pal-12 from day 1 (F) or day 7 (G) after bleomycin instillation. (H) 
Quantification of α-SMA deposition as depicted in panels E-G. Data are expressed as mean±SEM (n=8 per 
group). * P<0.05. Dashed line in the quantification figure represents solvent-treated controls.
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Figure 6. Delayed P1pal-12 treatment attenuates bleomycin-induced collagen deposition and 
reduces gene expression of fibrotic markers. (A) Western blot analysis of collagen expression in 
lung homogenates obtained 14 days after bleomycin instillation in untreated mice and mice treated with 
2.5 mg/kg P1pal-12 from day 1 or day 7 after bleomycin instillation. GAPDH served as a loading control. 
Shown are three representative samples per condition from a group of 8. (B) Quantification of the results 
depicted in (A). (C) Representative pictures of Masson-trichrome (×100) and collagen stained lung tissue 
sections (×200) obtained 14 days after bleomycin instillation in untreated mice and mice treated with 
2.5 mg/kg P1pal-12 from day 1 or day 7 after bleomycin instillation. (D) Quantification of collagen immu-
nostaining (semi-quantitative image analysis). (E) Collagen content in lung homogenates obtained 14 
days after saline or bleomycin instillation in mice treated with different doses of P1pal-12. Expression of 
α-SMA (F), collagen (G) and fibronectin (H) mRNA levels in lung homogenates obtained 14 days after 
bleomycin instillation in untreated mice and mice treated with 2.5 mg/kg P1pal-12 from day 1 or day 7 
post-bleomycin instillation as assessed by real-time RT-PCR. Data are expressed relative to the amount 
of input RNA. Data are expressed as mean±SEM (n=8 per group; * P<0.05, ** P<0.01, *** P<0.001). 
Dashed lines in the quantification figures represent solvent-treated controls.
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statistical significance (Figure 5D). Consistently, α-SMA expression levels were increased 
in bleomycin instilled lungs and these levels were significantly reduced in the 1- and 
7-day delayed treatment groups by 27±3.8% and 32±8.0% respectively (Figure 5E-H). 

Next, we determined pulmonary collagen levels and both 1- and 7-days delayed P1pal-12 
treatment clearly reduced the expression of collagen (Figure 6A-B). However, again, the 
effect of 1-day delayed treatment did not reach statistical significance. The decrease 
in collagen deposition by delayed P1pal-12 treatment was confirmed using collagen 
immunohistochemistry analysis and Masson-trichrome staining (Figure 6C-D). In line, 
collagen content of bleomycin instilled lungs increased by more than 4 fold compared 
to saline control and this increase was attenuated by 34.5±3.8% and 40.7±3.7% in the  
1- and 7-day delayed treatment groups (Figure 6E). Moreover, the decreases of α-SMA 
and collagen expression after delayed-treatment were confirmed on the mRNA level 
(Figure 6F-H), whereas fibronectin mRNA levels were also reduced after delayed treat-
ment as compared to P1pal-12 untreated controls (Figure 6H). 

Overall, delayed treatment with P1pal-12 effectively limits the progression of bleomycin-
induced pulmonary fibrosis. It is noteworthy however, that P1pal-12 treatment starting 
7 days after bleomycin instillation seems to be more effective compared to one-day 
delayed-treatment.

DISCUSSION
IPF is the end result of a heterogeneous group of disorders with a devastating prog-
nosis and very few therapeutic options.1 Interestingly, PAR-1 has been proven to play 
an important role in mediating pro-inflammatory and pro-fibrotic effects in vitro, 
and preclinical experimental animal data showed that PAR-1 drives the progression of 
pulmonary fibrosis as mice that lack PAR-1 were protected against bleomycin-induced 
pulmonary fibrosis.14 In this study, we assessed whether treatment with a PAR-1 inhib-
itor limits experimental pulmonary fibrosis, and we show that pharmacological inhibi-
tion of PAR-1 with P1pal-12 indeed effectively limits pulmonary fibrosis in the murine 
bleomycin model. More specifically, we first show that P1pal-12 effectively blocks 
PAR-1 pro-fibrotic effects in fibroblasts. Pre-incubation with P1pal-12 before PAR-
1-AP or thrombin stimulation blocked ERK activation, diminished α-SMA expression 
and reduced proliferation/migration. Importantly, we were able to confirm these data 
in in vivo experiments by showing that bleomycin-induced fibrosis was significantly 
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attenuated in mice treated with both 2.5 and 10 mg/kg P1pal-12 administered once 
daily. Both histological hallmarks of fibrosis and pro-fibrotic protein and gene expres-
sion were significantly reduced after P1pal-12 treatment. Interestingly, finally we show 
that P1pal-12 still effectively limits pulmonary fibrosis when administration started 7 
days after the induction of fibrosis by bleomycin instillation. 

Interestingly, the observed effects of P1pal-12 are comparable to those observed in 
PAR-1 deficient animals, which confirms the efficacy of P1pal-12. In both PAR-1 defi-
cient mice14 and P1pal-12 treated mice, the severity of the fibrotic lesions was reduced 
by around 1 point in the Ashcroft score as compared to untreated control mice. More-
over, collagen accumulation in the lung was reduced by around 55% in PAR-1 deficient 
mice, whereas P1pal-12 treatment reduced collagen deposition by approximately 40%. 
Finally, MCP-1 and TGF-β1 levels were increased in response to bleomycin instillation 
and these increases were diminished by 35% and 50% in PAR-1 deficient mice14 and 
by 36% and 50% in P1pal-12 treated animals for MCP-1 and TGF-β1 respectively. 
Overall, P1pal-12 treatment thus efficiently blocks PAR-1 driven pulmonary fibrosis. 

Obviously, the fact that P1pal12 limits pulmonary fibrosis as efficiently as PAR-1 defi-
ciency is scientifically interesting. However, more clinically relevant is the observation 
that when P1pal-12 treatment was started 7 days after the induction of fibrosis, it still 
significantly reduced fibrosis. The reductions in Ashcroft score, collagen deposition 
and profibrotic gene expression were similar to those observed in mice in which treat-
ment was started before the induction of fibrosis. Inhibition of PAR-1 may thus be a 
promising therapeutic strategy for treating fibrosis, although future clinical studies are 
required to confirm this notion.

Two interesting findings of our study are that 2.5 mg/kg P1pal-12 seemed more effec-
tive in reducing fibrosis than the 10 mg/kg dose, and that initiation of treatment 7 days 
after bleomycin instillation was more effective than when treatment was started one day 
after the induction of fibrosis. Although we do not have a conclusive explanation for 
these surprising findings, it is tempting to speculate that the different dose- and time-
dependent effects are related to the dual role of PAR-1 in inflammation and fibrosis. 
In pulmonary fibrosis, PAR-1 is mainly considered to trigger inflammatory responses; 
however recent data suggest that PAR-1 also exerts anti-inflammatory functions.31 
Therefore, the extent and/or timing of PAR-1 inhibition may influence the balance of 
its anti-inflammatory and pro-inflammatory properties. Alternatively, the slight differ-
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ences observed may merely reflect the variability/inaccuracy associated with the analysis 
rather than any definable biological phenomenon.

When interpreting our data, several issues should be taken into consideration. First, 
although the bleomycin model is the best available model to study pulmonary fibrosis, it 
does not completely mimic the progression of fibrosis in IPF patients. For example, the 
spontaneous resolution of fibrosis in this model fails to represent the irreversibility seen in 
IPF patients. In addition, fibrosis develops fast in the bleomycin model, whereas it actu-
ally takes years to progress in patients.32 Second, we expressed our mRNA data as relative 
to the amount of input RNA as opposed to the more frequently used normalization of 
gene expression against housekeeping genes. We opted for this approach because it is 
well-known that expression of commonly used housekeeping genes is highly dependent 
on the experimental conditions33-34 and the use of total cellular RNA has been proposed 
as the best alternative for data normalization.35 In agreement, we analyzed several 
different “housekeeping genes” (Supplementary Figure 2 for glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), Hypoxanthine–Guanine Phosphoribosyltransferase (HPRT) and 
18S rRNA) and observed considerable variability between the different “house-keeping” 
genes. Importantly however, mRNA levels as expressed relative to the amount of input 
RNA do correspond with the histological scores and hydroxyproline analysis. Finally, 
we did observe a significant difference in IL-6 levels between untreated mice and mice 
receiving 2.5 mg/kg once daily. Such a difference in IL-6 was not shown in PAR-1 defi-
cient animals. Most likely this is explained by the different time point at which IL-6 was 
measured (6 and 14 days after bleomycin instillation for PAR-1 deficient and P1pal-12 
treated mice respectively), although we cannot exclude small differences due to genetic 
PAR-1 deficiency versus pharmacological PAR-1 inhibition.

In conclusion, P1pal-12 significantly blocks PAR-1-induced pro-fibrotic effects in vitro 
and inhibits bleomycin-induced pulmonary fibrosis in mice. Thus, targeting PAR-1 may 
be clinically relevant and may meet the urgent medical need for treating patients with 
pulmonary fibrosis. 

Lin Proefschrift 150626.indd   46 1-7-2015   8:35:27



47

Targeting PAR-1 in pulmonary fibrosis

   2

REFERENCES 
  1. King TE Jr., Pardo A, Selman M. Idiopathic pulmonary fibrosis. Lancet 2011;378:1949-1961.

  2. du Bois RM. Strategies for treating idiopathic pulmonary fibrosis. Nat Rev Drug Discov 2010;9:129-140. 

  3. Raghu G, Weycker D, Edelsberg J et al. Incidence and prevalence of idiopathic pulmonary fibrosis.  Am J 
Respir Crit Care Med 2006;174:810–816.

  4. Ramachandran R. Developing PAR1 antagonists: minding the endothelial gap. Discov Med 2012;13:425-431.

  5. Coughlin SR. Thrombin signalling and protease-activated receptors. Nature 2000;407:258-264.

  6. Scotton CJ, Krupiczojc MA, Königshoff M et al. Increased local expression of coagulation factor X contrib-
utes to the fibrotic response in human and murine lung injury. J Clin Invest 2009;119:2550-2563. 

  7. Koukos G, Sevigny L, Zhang P et al. Serine and metalloprotease signaling through PAR1 in arterial throm-
bosis and vascular injury. IUBMB Life 2011;63:412-418. 

  8. Ramachandran R, Noorbakhsh F, Defea K et al. Targeting proteinase-activated receptors: therapeutic poten-
tial and challenges. Nat Rev Drug Discov 2012;11:69-86.

  9. Soh UJ, Dores MR, Chen B et al. Signal transduction by protease-activated receptors. Br J Pharmacol 
2010;160:191-203.

10. Howell DC, Laurent GJ, Chambers RC. Role of thrombin and its major cellular receptor, protease-activated 
receptor-1, in pulmonary fibrosis. Biochem Soc Trans 2002;30:211-216.

11. Bogatkevich GS, Tourkina E, Silver RM et al. Thrombin differentiates normal lung fibroblasts to a myofibro-
blast phenotype via the proteolytically activated receptor-1 and a protein kinaseC-dependent pathway. J Biol 
Chem 2001;276:45184-45192.

12. Tressel SL, Kaneider NC, Kasuda S et al. A matrix metalloprotease-PAR1 system regulates vascular integrity, 
systemic inflammation and death in sepsis. EMBO Mol Med 2011;3:370-384. 

13. Kaneider NC, Leger AJ, Agarwal A et al. ‘Role reversal’ for the receptor PAR1 in sepsis-induced vascular 
damage. Nat Immunol 2007;8:1303-1312.

14. Howell DC, Johns RH, Lasky JA et al. Absence of Proteinase-Activated Receptor-1 Signaling Affords Protec-
tion from Bleomycin-Induced Lung Inflammation and Fibrosis. Am J Pathol 2005;166:1353-1365.

15. O’Callaghan K, Kuliopulos A, Covic L. Turning receptors on and off with intracellular pepducins: new 
insights into G-protein-coupled receptor drug development.  J Biol Chem 2012;287:12787-12796.

16. Covic L, Misra M, Badar J et al. Pepducin-based intervention of thrombin-receptor signaling and systemic 
platelet activation. Nat Med 2002;8:1161-1165. 

17. Covic L, Gresser AL, Talavera J et al. Activation and inhibition of G protein-coupled receptors by cell-pene-
trating membrane tethered peptides. Proc Natl Acad Sci U S A 2002;99:643-648.

18. Zhang G, Kernan KA, Collins SJ et al. Plasmin(ogen) promotes renal interstitial fibrosis by promoting 
epithelial-to-mesenchymal transition: role of plasmin-activated signals. J Am Soc Nephrol 2007;18:846-859.

19. Yang E, Boire A, Agarwal A et al. Blockade of PAR1 signaling with cell-penetrating pepducins inhibits 
Akt-survival pathways in breast cancer cells and suppresses tumor survival and metastasis. Cancer Res 
2009;69:6223-6231.

20. Cisowski J, O’Callaghan K, Kuliopulos A et al. Targeting protease-activated receptor-1 with cell-penetrating 
pepducins in lung cancer. Am J Pathol  2011;179:513-523.

21. Borensztajn K, Stiekema J, Nijmeijer S et al. Factor Xa stimulates proinflammatory and profibrotic responses 
in fibroblasts via protease-activated receptor-2 activation. Am J Pathol 2008; 172: 309-320. 

Lin Proefschrift 150626.indd   47 1-7-2015   8:35:27



48

CHAPTER 2

22. Ashcroft T, Simpson JM, Timbrell V. Simple method of estimating severity of pulmonary fibrosis on a numer-
ical scale. J Clin Pathol 1988; 41: 467-470.

23. Borensztajn K, Bresser P, van der Loos  C et al. Protease-Activated Receptor-2 Induces Myofibroblast 
Differentiation and Tissue Factor Up-Regulation during Bleomycin-Induced Lung Injury. Am J Pathol 
2010;177:2753-2764.

24. Englert JM, Hanford LE, Kaminski N et al. A role for the receptor for advanced glycation end products in 
idiopathic pulmonary fibrosis. Am J Pathol 2008;172:583-91.

25. Duitman J, Schouten M, Groot AP et al. CCAAT/enhancer-binding protein δ facilitates bacterial dissemina-
tion during pneumococcal pneumonia in a platelet-activating factor receptor-dependent manner. Proc Natl 
Acad Sci U S A 2012; 109:9113-8

26. Remillard CV, Yuan JX. PGE2 and PAR-1 in pulmonary fibrosis: a case of biting the hand that feeds you? Am 
J Physiol Lung Cell Mol Physiol 2005;288;L789-792.

27. Kubo S, Ishiki T, Doe I et al. Distinct activity of peptide mimetic intracellular ligands (pepducins) for 
proteinase-activated receptor-1 in multiple cells/tissues. Ann N Y Acad Sci 2006;1091:445-459.

28. Chambers RC. Role of coagulation cascade proteases in lung repair and fibrosis. Eur Respir J Suppl 2003;44:33s-35s.

29. Tomasek JJ, Gabbiani G, Hinz B et al. Myofibroblasts and mechano-regulation of connective tissue remodel-
ling. Nat Rev Mol Cell Biol 2002;3:349-363.

30. Akhurst RJ, Hata A. Targeting the TGFβ signalling pathway in disease. Nat Rev Drug Discov. 2012; 11: 
790-811.

31. Esmon CT. Protein C anticoagulant system—anti-inflammatory effects. Semin Immunopathol 2012;34:127-132.

32. Degryse AL, Lawson WE. Progress toward improving animal models for idiopathic pulmonary fibrosis. Am J 
Med Sci 2011;341: 444-449.

33. Chambers RC. Gene expression profiling: good housekeeping and a clean message. Thorax 2002;57:754-6.

34. Goidin D, Mamessier A, Staquet MJ et al. Ribosomal 18S RNA prevails over glyceraldehyde-3-phosphate 
dehydrogenase and beta-actin genes as internal standard for quantitative comparison of mRNA levels in 
invasive and noninvasive human melanoma cell subpopulations. Anal Biochem 2001;295:17-21.

35. Bustin SA. Absolute quantification of mRNA using real-time reverse transcription polymerase chain reaction 
assays. J Mol Endocrinol 2000;25:169–93.

Lin Proefschrift 150626.indd   48 1-7-2015   8:35:27



49

Targeting PAR-1 in pulmonary fibrosis

   2

Supplementary figures

Supplementary methods
Western Blot In brief, cells or lung homogenates were lysed in Laemmli lysis buffer and 
the lysates were incubated for 5 minutes at 95°C. Afterwards, protein samples were sepa-
rated by 10% SDS gel electrophoresis and transferred to a PVDF membrane (Millipore, 
Billerica, MA). Membranes were blocked for 1 hour in 4% milk in TBST and incubated 
overnight with monoclonal antibodies against α-smooth muscle actin (a-SMA), β-actin, 
GAPDH, collagen (all Santa Cruz, CA), phospho-ERK1/2 or total ERK1/2 (both Cell 
Signaling, Leiden) at 4°C. All secondary antibodies were horseradish peroxidase (HRP)-
conjugated from DakoCytomation (Glostrup, Denmark) and diluted according to the 
manufacturer’s instructions. Blots were imaged using Lumilight plus ECL substrate from 
Roche (Almere, The Netherlands) on an ImageQuant LAS 4000 biomolecular imager from 
GE Healthcare (Buckinghamshire, U.K). For quantification, densitometry was performed 

Supplementary figure 1. TGFbeta induced collagen production is independent from P1pal-12 treat-
ment. Western blot analysis of collagen expression by NIH3T3 cells stimulated with TGFbeta in the pres-
ence and absence of P1pal-12. Tubulin was used as loading control.

Supplementary figure 2. Expression of GAPDH, HPRT and 18S rRNA mRNA levels in lung homogen-
ates obtained 14 days after bleomycin instillation in untreated mice and mice treated with 2.5 mg/kg 
P1pal-12 from day 1 or day 7 post-bleomycin instillation as assessed by real-time RT-PCR.
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with ImageJ (NIH, Maryland, U.S) using the histogram function in a selected area of 
mean gray value for each band. Values for the protein of interest were corrected for those 
of β-actin or GAPDH.

Wound scratch assays Cells were seeded in six-well plates in DMEM supplemented 
with 10% FCS. After the cells formed a confluent monolayer, a scratch was created in 
the center of the monolayer by a sterile p200 pipette tip. Next, medium was removed 
and cells were washed with serum-free medium to remove floating debris. The cells were 
subsequently incubated for 18 hours with serum-free medium (negative control), serum-
free medium supplemented with 100 μM PAR-1-AP, or serum-free medium containing 
100 μM PAR-1-AP and 10 μM P1pal-12. When indicated, cells were pre-incubated 
with 10 μM P1pal-12 for 30 minutes before scratching. The ability of cells to close the 
wound was assessed by comparing the 0- and 18-hour phase-contrast micrographs of 6 
marked points along the wounded area. The percentage of non-recovered wound area 
was calculated by dividing the non-recovered area after 18 hours by the initial area at 0 
hour as previously described.

Hydroxyproline Assay Right lungs were homogenized in saline (100 mg lung in 900 
μl saline) and stored at -20°C. Next, hydroxyproline content was analysed using the 
hydroxyproline assay kit (Sigma, Netherlands) as per the manufacturer’s instructions. 
In detail, 40 μl homogenate was added to 60 μl water after which 100 μl 12N HCL 
was added, Samples were hydrolyzed at 120°C for 3 hours after which 20 μL of the 
hydrolyzed samples were transferred to a 96 well plate. Subsequently, the plate (also 
containing a hydroxyproline standard curve) was incubated at 60°C till all fluid was 
evaporated (approximately 2 hours) after which the chloramine T/Oxidation buffer 
mixture was added. After 5 minute incubation on a shaker at room temperature, 100 
μL of the Diluted DMAB Reagent was added and the samples were incubated for 90 
minutes at 60 °C. Finally, the absorbance was measured at 560 nm and hydroproline 
content was calculated according to the standard curve. Right lung collagen content was 
calculated by multiplying the hydroxyproline values with a factor 7.4 (because collagen 
contains on average 13.5% hydroxyproline1). Finally, right lung collagen levels were 
multiplied by a factor 2 to obtain total lung collagen content.2

Histological Analysis Briefly, the excised lung was fixed in formalin, embedded in 
paraffin and 4-μm-thick slides were subsequently deparaffinized, rehydrated and washed 
in deionized water. Slides were stained with hematoxylin and eosin (H&E) and Masson’s 
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trichrome according to routine procedures. In H&E staining, severity of fibrosis was 
assessed according to the Ashcroft scoring system using a 200× magnification. Two inde-
pendent observers were blinded to the treatment group and an average of 10 fields of 
each lung section were selected and scored. The average Ashcroft score was calculated by 
averaging the individual field scores. 

Immunohistochemistry Four-μm sections were first deparaffinized and rehydrated. 
Endogenous peroxidase activity was quenched with 0.3% H2O2 in methanol. Smooth 
muscle actin (α-SMA) and collagen  staining were performed with an anti-α-smooth 
muscle actin antibody (1:1000, 24 hour at 4°C, Santa Cruz, CA) or anti-collagen-І anti-
bodies (1:800, overnight at 4°C, GeneTex, CA). A horseradish peroxidase-conjugated 
polymer detection system (ImmunoLogic, Duiven, the Netherlands) was applied for 
visualization, using an appropriate secondary antibody and diaminobenzidine (DAB) 
staining. Slides were photographed with a microscope equipped with a digital camera 
(Leica CTR500).

qPCR Total RNA was isolated from lung homogenates with TriPure (Roche, Almere, 
Netherlands) following the manufacturer’s recommendations. q-PCR was performed 
with SYBR Green PCR master Kit (Roche) using the following primers: α-SMA: 
forward 5’- TCCCTGGAGAAGAGCTACGAACT-3’ and reverse 5’-GATGCC-
CGCTGACTCCAT-3’; collagen 1A1: forward 5’-ACCTAAGGGTACCGCTGGA-3’ 
and reverse 5’-TCCAGCTTCTCCATCTTTGC-3’; Fibronectin forward 5’-CCATG-
TAGGAGAACAGTGGCA-3’ and reverse 5’-GAAGCACTCAATGGGGCA-3’. The 
results were calculated as Efficiency-Cp. 

Reference
  1. Neuman RE, Logan MA. The determination of hydroxyproline. J Biol Chem. 1950;184:299–306.

  2. Kliment CR, Englert JM, Crum LP, Oury TD. A novel method for accurate collagen and biochemical assess-
ment of pulmonary tissue utilizing one animal. Int J Clin Exp Pathol. 2011;4:349-55. 
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ABSTRACT
Background
Idiopathic pulmonary fibrosis is the most devastating diffuse fibrosing lung disease 
which remains refractory to therapy. Protease activated receptor (PAR)-2 is an impor-
tant mediator of fibrosis and PAR-2 deficiency limits bleomycin-induced pulmonary 
fibrosis. Here, we addressed whether PAR-2 deficiency persistently reduces bleomycin-
induced pulmonary fibrosis or merely delays disease progression and whether pharma-
cological PAR-2 inhibition limits experimental pulmonary fibrosis. 

Methods
Bleomycin was instilled intranasally into wild-type or PAR-2 deficient mice in the pres-
ence/absence of a specific PAR-2 antagonist. Fibrosis was assessed by hydroxyproline 
analysis, immunohistochemistry and western blot for fibrotic markers expression.

Results
Pulmonary fibrosis was consistently reduced in PAR-2 deficient mice throughout the 
fibrotic phase as evident from reduced Ashcroft scores (29%) and hydroxyproline levels 
(26%) at day 28. Moreover, P2pal-18S inhibited PAR-2-induced pro-fibrotic responses 
in both murine and primary human pulmonary fibroblasts (p<0.05). Treatment with 
P2pal-18S reduced the severity and extent of fibrotic lesions in lungs of bleomycin-
treated wild-type but did not further reduce fibrosis in PAR-2 deficient mice. Importantly, 
P2pal-18S treatment starting even 7 days after the onset of fibrosis still as effectively 
limits pulmonary fibrosis as when treatment was started together with bleomycin instil-
lation (p<0.05). 

Conclusions
Overall, PAR-2 contributes to the progression of pulmonary fibrosis and targeting 
PAR-2 may be a promising therapeutic strategy for treating pulmonary fibrosis.
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INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is lethal diffuse fibrosing lung disease with a 
5-year mortality rate greater than 50%, which exceeds many types of cancers1-3. IPF 
comprises a group of conditions characterized by interstitial fibroblast proliferation, 
alveolar destruction and excessive extracellular matrix (ECM) synthesis and accumula-
tion4. Studies exploring the mechanisms that are crucially involved in the development 
of IPF identified several possible targets for therapeutic interventions. Among those, 
protease-activated receptors (PARs) are key candidates, as these receptors mediate the 
cellular effects of coagulation factors and play central roles in influencing inflammatory 
and fibrotic responses5-7. 

PARs are seven-transmembrane G protein-coupled receptors which are activated by 
proteolytic cleavage by serine proteases8. PAR-2 is one of four members of the PAR 
family that is widely expressed in many different cell types like (among others) fibroblasts 
and epithelial cells9. Proteases such as trypsin, factor (F)VIIa, FXa, mast cell tryptase or 
matriptase cleave the N-terminal extracellular domain of PAR-2, thereby revealing a 
novel tethered ligand that binds to PAR-2 and activates its transmembrane signaling to 
intracellular G proteins10-12. Importantly, activated PAR-2 mediates a number of patho-
physiological pathways involved in acute/chronic inflammatory and fibrotic diseases of 
the joints, skin, brain, lung and gastrointestinal tract 10,12-15. 

With respect to lung injury and pulmonary fibrosis, there is increasing evidence that 
PAR-2 is a critical contributor in the pathogenesis of IPF. Increased PAR-2 expression 
has been detected in the lungs of patients with IPF and a recent study proposed that 
the PAR-2/TF/FVIIa axis may contribute to the development and/or progression of 
IPF16. This study indeed provided in vitro evidence that FVIIa exerts pro-fibrotic effects 
in human fibroblasts by specifically activating PAR-2. In line, the prototypical PAR-2 
agonist tryptase stimulates the growth of human lung fibroblasts and potentiate extra-
cellular matrix production in a PAR-2-dependent manner17. Moreover, PAR-2 expres-
sion significantly correlates with the extent of honeycombing18 and PAR-2 activation 
has been shown to be highly relevant to the progression of pulmonary fibrosis in an 
experimental animal model of bleomycin-induced injury. Indeed, genetic ablation of 
PAR-2 in mice affords protection from pulmonary fibrosis, as evident from a reduc-
tion in the extent and severity of fibrotic lesions and diminished collagen expression19. 
In addition, treatment of pulmonary fibrosis bearing rats with diallylsulfide results in 
amelioration of collagen production and alveolar epithelial cell apoptosis through the 
involvement of PAR-220. 
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Notwithstanding the overwhelming amount of data supporting an important role 
of PAR-2 in pulmonary fibrosis, some controversy has also emerged over the topic. 
Indeed, using a similar model of bleomycin-induced pulmonary fibrosis as in the study 
mentioned above, edema and hydroxyproline levels were not different between wild 
type and PAR-2 deficient mice in a study by Su and colleagues21. Also, a recent study 
showed that protein and mRNA expression levels of PAR-2 in IPF patients were not 
different from controls22, and it has been claimed that it is doubtful whether blocking 
PAR-2 would serve as an effective treatment strategy for IPF23. It is thus fair to state that, 
despite intriguing data supporting a role for PAR-2 in pulmonary fibrosis, its potential 
clinical relevance remains controversial.

In the present study, we addressed the controversy by first assessing whether PAR-2 defi-
ciency limits bleomycin-induced pulmonary fibrosis or merely delays disease progres-
sion. We reaffirmed the importance of PAR-2 and subsequently evaluated the efficacy of 
pharmacological PAR-2 inhibition in pulmonary fibrosis.

MATERIALS AND METHODS
Cells and Reagents
Mouse embryonic NIH3T3 fibroblasts (American Type Culture Collection, Manassas, 
VA; CRL-1658) and primary human lung fibroblast (derived from pulmonary control 
and IPF patient explants as described in24; provided by INSERM U1152) were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal calf 
serum (FCS). Cells were grown at 37°C in an atmosphere of 5% CO2. Unless indi-
cated otherwise, cells were washed twice with PBS and serum-starved for 4 hours before 
stimulation. Human platelets were donated by a healthy volunteer and isolated as 
described before25. Thrombin and trypsin were from Sigma (St-Louis, MO), whereas 
P2pal-18S (PAR-2 inhibitor26; palmitate-RSSAMDENSEKKRKSAIK-NH2) was from 
GL Biochem Ltd (Shanghai, China). 

Calcium Assay
Calcium signaling responses were analyzed using the Fluo-4 Direct™ Calcium Assay Kit 
(Invitrogen, Carlsbad, CA) following the manufacturer’s instructions. Cells were pre-
incubated with or without 10 μM P2pal-18S and then challenged with PAR-1 agonist. 
Ca2+ flux was monitored for the indicated time points on a Bio-Tek HT Multi-Detec-
tion Microplate Reader (Winooski, United States).
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Western Blot
Western blots were performed essentially as described before19. In brief, cells were lysed 
in Laemmli lysis buffer and the lysates were incubated for 5 minutes at 95°C. After-
wards, protein samples were separated by 10% SDS gel electrophoresis and transferred 
to a PVDF membrane (Millipore, Billerica, MA). Membranes were blocked for 1 hour 
in 4% milk in TBST and incubated overnight with monoclonal antibodies against 
α-smooth muscle actin (a-SMA), GAPDH or collagen (all Santa Cruz, CA) at 4°C. All 
secondary antibodies were horseradish peroxidase (HRP)-conjugated from DakoCyto-
mation (Glostrup, Denmark) and diluted according to the manufacturer’s instructions. 
Blots were imaged using Lumilight plus ECL substrate from Roche (Almere, The Neth-
erlands) on an ImageQuant LAS 4000 biomolecular imager from GE Healthcare (Buck-
inghamshire, U.K). For quantification, densitometry was performed using ImageJ.

Animal Model of Pulmonary Fibrosis
Wild type C57Bl/6 mice were purchased from Charles River (Someren, Netherlands). 
PAR-2 deficient (PAR-2-/-) C57Bl/6 mice were originally provided by Jackson Labo-
ratories (Maine) and bred at the animal care facility of the Academic Medical Center. 
All procedures were performed on ten-week-old mice in accordance with the Institu-
tional Standards for Humane Care and Use of Laboratory Animals. Experiments were 
approved by the Animal Care and Use Committee of the Academic Medical Center 
(Amsterdam, Netherlands).

Bleomycin (Sigma, St-Louis, MO) was administered by intranasal instillation (1 mg/
kg body weight in 45 μl saline) under anesthesia. In the PAR-2 pepducin dose finding 
experiment, animals were intranasally instilled with 2.5 or 10 mg/kg P2pal-18S half an 
hour before bleomycin administration and subsequently once daily until the end of the 
experiment. In the delayed treatment experiment, mice were treated once daily with 2.5 
mg/kg pepducin starting one, three or seven-day after bleomycin instillation. In both 
experiments, 6% DMSO in saline was administered as a solvent control. Unless stated 
otherwise, mice were sacrificed 14 days after bleomycin instillation after which one lung 
was taken for histological analysis and one was homogenized.

Bronchoalveolar Lavage (BALF)
At 14 days after bleomycin instillation, the lungs were lavaged three times with 0.3 ml of 
saline by a 22-gauge Abbocath-Tcatheter into the trachea via a midline incision before 
animals were sacrificed. The BALF was centrifuged, and the supernatant was frozen at 
−70°C until use.
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TGF- β ELISA
TGF-β1 was measured with the Mouse TGF-beta 1 DuoSet kit (R&D systems, UK) as 
per the manufacturer’s instructions. 

Hydroxyproline Assay
Hydroxyproline analysis was performed by the hydroxyproline assay kit as per the manu-
facturer’s instructions (Sigma, Netherlands) and as described before27. 

Histological Analysis
Histological examination was performed essentially as described before19. Briefly, the 
excised lung was fixed in formalin, embedded in paraffin and 4-μm-thick slides were 
subsequently deparaffinized, rehydrated and washed in deionized water. Slides were 
stained with hematoxylin and eosin (H&E) according to routine procedures. In H&E 
staining, the severity of fibrosis was assessed according to the Ashcroft scoring system28 
using a 100× magnification. Two independent observers were blinded to the treatment 
group and an average of 10 fields of each lung section was selected and scored. The 
average Ashcroft score was calculated by averaging the individual field scores. 

Statistics
Statistical analyses were conducted using GraphPad Prism version 5.00, (GraphPad 
software, San Diego, CA, USA). Data were expressed as means ± SEM. Comparisons 
between two conditions were analyzed using two tailed unpaired t-tests when the data 
where normally distributed, otherwise Mann-Whitney analysis was performed. P values 
of less than 0.05 were considered significant.

RESULTS
PAR-2 deficiency attenuates bleomycin-induced pulmonary fibrosis
Although PAR-2 deficiency has been shown to afford protection from bleomycin-
induced lung injury before, those studies used day 14 as the endpoint which may just 
point to a delay of the onset of fibrosis19,29. To determine whether PAR-2 deficiency 
indeed limits bleomycin-induced pulmonary fibrosis or just delays progression, we 
compared lungs from wild type and PAR-2 deficient mice at day 28 and 48 after the 
instillation of bleomycin. As shown in Figure 1A, bleomycin-induced inflammatory and 
fibrotic processes culminate in severe pulmonary fibrosis at day 28 in wild type mice. In 
contrast, lung tissue sections from PAR-2 deficient mice at day 28 showed significantly 
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reduced interstitial fibrosis, with diminished ECM deposition and less destruction of 
alveolar units (Figure 1B). Both wild type and PAR-2 deficient mice showed some 
degree of resolution by day 48 (Figure 1C and D). Quantification of the bleomycin-
induced histological changes in wild type and PAR-2 deficient mice using the Ashcroft 
score shows that PAR-2 deficient mice develop less severe fibrotic lesions at day 28 as 
compared to wild type mice (Figure 1E and F). These observations are also supported by 
hydroxyproline levels, depicting collagen deposition is significantly reduced in PAR-2 
deficient lungs at day 28 (Figure 1G and H). Overall, these results show that PAR-2 
deficiency indeed provides protection against bleomycin-induced pulmonary fibrosis 
throughout the fibrotic stage and does not merely delay disease onset.

P2pal-18S effectively inhibits PAR-2 mediated pro-fibrotic  
responses in fibroblasts
Next, we determined the specificity of the observed effects in PAR-2 deficient mice by 
assessing whether pharmacological PAR-2 inhibition by P2pal-18S would reduce lung 
fibrosis as well. Before assessing the in vivo effect of P2pal-18S, we first determined 
its specificity for blocking PAR-2 dependent fibrotic responses in vitro. Although the 
specificity of P2pal-18S has been tested previously26, we here use human platelets (not 
expressing PAR-2) to confirm that P2pal-18S only targets PAR-2 and does not interact 
with other PARs. As shown in Figure 2A, PAR-1 activation by thrombin induced Ca2+ 
influxes that peaked within 1 minute after stimulation, whereas pretreatment with 10 
μM P2pal-18S did not interfere with this reaction. We next assessed whether P2pal-
18S inhibits PAR-2 driven pro-fibrotic responses in fibroblasts. We show that trypsin 
induced fibroblast differentiation, as evident from increased α-SMA expression and 
collagen production compared to vehicle treated cells. Trypsin-induced α-SMA and 
collagen expression were clearly down-regulated by the treatment with 10 μM P2pal-
18S (Figure 2B). 

Bleomycin administration is known to increase PAR-2 agonist expression in BALF 
which may lead to fibroblast differentiation or ECM synthesis19,30. We next thus assessed 
the inhibitory effect of P2pal-18S against BALF induced pro-fibrotic effects on murine 
fibroblasts. NIH3T3 cells seeded in BALF of wild type mice treated with bleomycin 
showed increased expression of α-SMA and collagen as compared to cells seeded in 
BALF derived from saline-treated mice, while preincubation with P2pal-18S partially 
decreased this effect (Figure 2C). Finally, we determined whether P2pal-18S also limits 
PAR-2 induced fibrotic responses on primary human lung fibroblasts. We stimulated 
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fibroblasts isolated from nonfibrotic controls and IPF patients with trypsin in the 
absence or presence of P2pal-18S. IPF-derived fibroblasts exhibited high α-SMA and 
collagen expression persistently (Figure 2D and E showing three independent fibroblast 
isolations) while control fibroblasts only showed increased α-SMA and collagen expres-
sion after treated with trypsin. The expression of α-SMA and collagen were reduced by 
P2pal-18S in both control and IPF fibroblasts (Figure 2F and G). Overall these in vitro 
data show that P2pal-18S effectively antagonizes PAR-2-mediated profibrotic effects in 
both murine and human fibroblasts.

P2pal-18S limits the development of pulmonary fibrosis in the bleomycin model
After having shown that P2pal-18S inhibits PAR-2-induced fibroproliferative responses 
in fibroblasts, we set out to examine whether P2pal-18S would effectively limit fibrosis 
in the bleomycin model. To this end, mice were intranasally instilled with different 
concentrations of P2pal-18S, after which the extent and severity of fibrosis was deter-
mined at day 14. As shown in Figure 3A, bleomycin instillation resulted in extensive 
fibrotic foci accompanied by increased deposition of ECM. Both 2.5 mg/kg and 10 

Figure 1. PAR-2 deficiency limits bleomycin-induced pulmonary fibrosis. Representative H&E 
stained lung tissue sections obtained 28 (A-B) or 48 (C-D) days after bleomycin instillation in WT (A,C) 
and PAR-2-/- mice (B,D). (E-F) Quantification of pulmonary fibrosis 28 (E) and 48 (F) days after bleo-
mycin instillation using the Ashcroft score. Data are expressed as mean ± SEM (n=8 per group). (G-H) 
Collagen content in lung homogenates obtained 28 (G) or 48 (H) days after bleomycin instillation. Data 
are expressed as mean ± SEM (n=8 per group). * P<0.05.
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mg/kg P2pal-18S treatment significantly reduced the severity of regional interstitial 
fibrosis (compare Figures 3B and C with 3A). Quantification of the bleomycin-induced 
histopathological changes in the different groups using the Ashcroft score shows that 
P2pal-18S treatment results in less severe fibrotic lesions (Figure 3D). We also analyzed 
total collagen accumulation in the lung and, as shown in figure 3E, bleomycin-induced 

Figure 2. P2pal-18S inhibits PAR-2 induced pro-fibrotic responses. (A) Intracellular Ca2+ fluxes in 
NIH3T3 cells after stimulation with  PBS (circles), 0.1% DMSO (squares) or 1 U/ml thrombin in the 
absence (down-pointing triangles) or presence (up-pointing triangles) of P2pal-18S (10 μM). Ca2+ fluxes 
are expressed as arbitrary units of fluorescent intensity after background correction. (B) Western blot 
analysis of α-SMA and collagen expression in NIH3T3 cells stimulated with 10 nM trypsin in the absence 
or presence of P2pal-18S (10 μM). P2pal-18S was added 30 minutes before trypsin stimulation. GAPDH 
served as loading control. (C) Western blot analysis of α-SMA and collagen expression in NIH3T3 cells 
24 hours after stimulation with BALF from saline or bleomycin treated WT mice. GAPDH served as a 
loading control. (D) Western blot analysis of α-SMA and collagen expression in 3 human control fibroblast 
cell lines stimulated with 10 nM trypsin in the absence or presence of P2pal-18S (10 μM). GAPDH served 
as loading control. (E) Western blot analysis of α-SMA and collagen expression in 3 IPF fibroblast cell 
lines stimulated with 10 nM trypsin in the absence or presence of P2pal-18S (10 μM). GAPDH served 
as loading control.  (F-G) Quantification of α-SMA and collagen expression in control and IPF derived 
fibroblasts. (†P<0.05 and ††P<0.01 for trypsin stimulation, *P<0.05 and **P<0.01 for P2pal-18S effects.)
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collagen levels were attenuated by P2pal-18S treatment, although the 10 mg/kg dose did 
not reach statistical significance.

We next assessed TGF-β1 levels in lung homogenates as TGF-β1 is a key profibrotic 
cytokine and its gene and protein expression levels are known to be increased by bleo-
mycin31. As shown in Figure 3F, TGF-β1 levels increased in bleomycin-instilled mice, 
while the 2.5 mg/kg dose of P2pal-18S significantly attenuated the TGF-β1 increase by 
about 50%. The 10 mg/kg dose of P2pal-18S also reduced TGF-β1 level but this reduc-
tion again did not reach statistical significance. 

Delayed treatment with P2pal-18S effectively limits pulmonary fibrosis 
progression in the bleomycin model 
After having established that long-term treatment with P2pal-18S effectively limits 
bleomycin-induced pulmonary fibrosis, we assessed whether therapeutic modes of 

Figure 3. P2pal-18S treatment attenuates bleomycin-induced pulmonary fibrosis. (A-C) Repre-
sentative H&E stained lung tissue sections obtained 14 days after bleomycin instillation in saline treated 
mice (A) and mice treated with 2.5 mg/kg (B) or 10 mg/kg P2pal-18S (C). (D) Quantification of pulmonary 
fibrosis in control and P2pal-18S treated mice using the Ashcroft score. Data are expressed as mean 
± SEM (n=8 per group). Total collagen content (E) and TGF-β1 levels (F) in lung homogenates of the 
different groups of mice obtained 14 days after saline or bleomycin instillation. Data are expressed as 
mean ± SEM (n=8 per group; * P<0.05; **P<0.01).
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administration would still be effective. P2pal18 treatment (2.5 mg/kg) was started 
either 1, 3 (preventive treatment; concurrent with the inflammatory phase) or 7 (thera-
peutic treatment; upon the establishment of lung fibrosis) days after bleomycin instil-
lation and continued once daily till the end of the experiment. As shown in Figure 
4A-C, histological analysis of lung slides from bleomycin-instilled mice not treated 
with P2pal-18S again showed severe fibrotic lesions (about 5 fold increase compared to 
lungs of non-bleomycin-instilled controls). Treatment with P2pal-18S in the preven-
tive mode strongly inhibited bleomycin-induced pulmonary fibrosis, as evident from 
lower Ashcroft scores (Figure 4G) and reduced collagen accumulation (Figure 4H).  

Figure 4. Delayed P2pal-18S treatment effectively attenuates bleomycin-induced pulmonary 
fibrosis. (A-F) Representative H&E stained lung tissue sections obtained 14 days after bleomycin instil-
lation in wild type control treated mice (A), wild type mice treated with 2.5 mg/kg P2pal-18S from day 1 
(B), day 3 (C)  or day 7 (D)  after bleomycin instillation, PAR-2-/- control treated mice (E) and PAR-2-/- 
mice treated with 2.5 mg/kg P2pal-18S (F). (G) Quantification of pulmonary fibrosis in delayed P2pal-18S 
treated wild type mice using the Ashcroft score. (H) Total collagen content in lung homogenates from the 
different groups of WT mice obtained 14 days after saline or bleomycin instillation. (I) Quantification of 
pulmonary fibrosis in PAR-2-/- mice treated with or without P2pal-18S using the Ashcroft score (Note that 
the wild type untreated controls are the same as depicted in panel G, as the experiments were performed 
at the same time.) (J) Total collagen content in lung homogenates from PAR-2-/- mice and PAR-2-/- mice 
treated with P2pal-18S obtained 14 days after bleomycin instillation. The wild type controls are the same 
as depicted in panel H. Data are expressed as mean ± SEM (n=8 per group; * P<0.05**P<0.01).
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Interestingly, similar findings were obtained when P2pal-18S was administered in the 
therapeutic mode (compare Figure 4A and D). Indeed, P2pal-18S treatment starting on 
day 7 reduced the bleomycin-induced increase in Ashcroft score (although not statisti-
cally significant) and collagen deposition (Figure 4G and H). 

To corroborate the specificity of P2pal-18S in an in vivo setting, we analyzed the effect 
of P2pal-18S treatment (2.5 mg/kg) in bleomycin-treated PAR-2 deficient mice. As 
shown in figure 4E and F, PAR-2 deficient mice developed less fibrosis as compared to 
wild type mice. More importantly, P2pal-18S treatment did not further reduce fibrosis 
and collagen deposition in the PAR-2 deficient mice (Figure 4I and J), suggesting that 
P2pal-18S limits pulmonary fibrosis by specifically targeting PAR-2. 

DISCUSSION
IPF is a progressive lung disorders for which very few therapeutic options are available1,3. 
It is often suggested as an uncontrolled wound healing response, in which multiple 
effectors are tightly involved. PAR-2, as a critical receptor that orchestrates a diverse 
range of signaling pathways, plays an important role in mediating pro-fibrotic effects 
in fibroblasts and in preclinical experimental animal models7,19,32-34, although there is 
still some controversy regarding the role of PAR-2 in pulmonary fibrosis. In the present 
study, we aimed to address the controversy and provide several lines of evidence to 
support the crucial role of PAR-2 in the progression of pulmonary fibrosis. 

Bleomycin-induced pulmonary fibrosis is stably formed at around day 14, which is 
consequently frequently used as endpoint in literature19,27,35. However, the fibrotic stage 
induced by bleomycin peaks at around 3–4 weeks and the reduction in fibrosis observed 
in PAR-2 deficient mice at day 1419,29 may thus only indicate a delay in the onset of 
fibrosis instead of reduced progression. To address this concern, we increased the follow-
up time, and show that the severity of fibrosis as well as collagen accumulation are still 
significantly reduced in PAR-2 deficient mice compared with wild type mice 28 days 
after bleomycin instillation. Furthermore, both wild type and PAR-2 deficient mice 
enter the resolution phase of fibrosis by day 48, indicating the peak of fibrosis has passed. 
By using different endpoints of the murine bleomycin model, we provide evidence that 
PAR-2 deficiency provides persistent protection along the development of pulmonary 
fibrosis, suggesting PAR-2 is indeed an interesting target for therapeutic intervention. 
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P2pal-18S is a cell-penetrating lipopeptide “pepducin” antagonist of PAR-2 that effi-
ciently blocks PAR-2-dependent inflammatory responses in mouse models26. We 
confirm and extent these findings by showing that P2pal-18S effectively blocks PAR-2 
driven pro-fibrotic responses in vitro. Indeed, pre-incubation of murine fibroblasts 
with P2pal-18S blocks trypsin-induced ERK phosphorylation, reduces proliferation 
and migration29 and diminishes α-SMA and collagen expression (Figure 2). Moreover, 
P2pal-18S significantly inhibits collagen expression not only in control fibroblasts but 
also in IPF-derived human fibroblasts. IPF-derived human fibroblasts actually exhibit 
a more differentiated and fibrotic myofibroblast phenotype, as evident from elevated 
basal expression levels of both α-SMA and collagen, which may explain the reduced 
responsive to the trypsin stimulation as compared to control fibroblasts. As opposed to 
complete inhibition of trypsin-induced signaling, P2pal-18S did only partly block ECM 
deposition induced by BALF from bleomycin-treated wild type mice. This suggests that 
BALF partially exerts pro-fibrotic effects through PAR-2 activation but that BALF also 
contains additional pro-fibrotic components. Overall, these data show that P2pal-18S 
efficiently block PAR-2-dependent fibrotic responses in vitro.

In line with a potential therapeutic role of PAR-2 in pulmonary fibrosis, we show that 
P2pal-18S limits bleomycin-induced pulmonary fibrosis even when administered at the 
fibrotic phase. Treatments during the first seven days after bleomycin administration are 
generally considered “preventive” whereas treatments starting at day 7 are considered 
“therapeutic”36. After showing that once daily P2pal-18S treatment (2.5mg/kg) during 
the 14 days of the experiment significantly limited bleomycin-induced pulmonary 
fibrosis, we next showed that administration of P2pal-18S also effectively decreases the 
histological grade of pulmonary fibrosis and collagen contents in both a preventive (1 
and 3 days delayed treatment) and therapeutic (7 days delayed treatment) mode. Impor-
tantly, the protective effect afforded by PAR-2 deficiency against bleomycin-induced 
pulmonary fibrosis was nearly identical to that observed in wild type mice treated with 
P2pal-18S. In PAR-2 deficient mice as well as in P2pal-18S treated mice, the severity 
of the fibrotic lesions assessed by the Ashcroft score was decreased by around 1 point. 
In line, quantitative measurement of collagen deposition in the lungs reduced by about 
34% in PAR-2 deficient mice and 29% in P2pal-18S treated mice. Interestingly, the 
anti-fibrotic effect of P2pal-18S was lost in PAR-2-/- mice, demonstrating that P2pal-
18S is highly specific for PAR-2 in vivo. This is in accordance with a previous study26 
showing that P2pal-18S significantly reduces mouse paw edema and inflammation in 
wild type but not PAR-2 deficient mice. Moreover, our in vitro data show that P2pal-
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18S does not interfere with thrombin-induced calcium fluxes in human platelets. As 
platelets respond to thrombin through PAR-1 and/or PAR-437, these data indicate that 
P2pal-18S does not have cross-reactivity with other PARs. Together, our data indicate 
that P2pal-18S provides effective and specific pharmacologic inhibition of PAR-2 in 
an animal model of pulmonary fibrosis and that inhibition of PAR-2 may thus be a 
promising therapeutic strategy for treating pulmonary fibrosis, although future clinical 
studies are needed to confirm this notion.

It is noteworthy that, similarly as observed for targeting PAR-1 in pulmonary fibrosis27, 
P2pal-18S at a dose of 2.5 mg/kg seemed to be more effective in reducing fibrosis than 
at a high dose of 10 mg/kg. Although we do not have a definite explanation for this 
finding, it is tempting to speculate that the phenomenon may be due to the fact that 
PAR-2, again similarly to PAR-1, acts both as a pro- and anti-inflammatory receptor in 
the respiratory system. In cultured human epithelial cells, activation of PAR-2 causes 
release of pro-inflammatory cytokines such as interleukin (IL)-838. PAR-2 stimula-
tion is also required for serralysin to activate the critical transcription factors for host 
inflammatory responses39. On the other hand, PAR-2 activation enhances LPS-induced 
expression of the anti-inflammatory cytokines while suppressing gene expression of 
pro-inflammatory cytokines40 and PAR2-TLR signaling integration drives “customized” 
inflammatory responses41. Therefore, the extent of PAR-2 inhibition may affect the 
balance of its pro- and anti-inflammatory properties. Alternatively, the slight differences 
observed between the 2.5 and 10 mg doses may simply be attributed to the variability 
within the analysis rather than any definable biological phenomenon.

Pharmacological PAR-2 inhibition may not just benefit pulmonary fibrosis due to the 
fact that PAR-2 influences a large range of pathophysiological pathways and indeed 
PAR-2 deficiency affords protection to, amongst others, renal fibrosis34, heart failure42 
and pulmonary hypertension43. In line, PAR-2 inhibition reduced, again amongst 
others, pulmonary hypertension, acute biliary pancreatitis, and osteoarthritis44-45. It is 
thus tempting to speculate that P2pal-18S may have an impact on a large plethora of 
other (PAR-2 dependent) disorders although this tantalizing hypothesis needs to be 
addressed experimentally.

In summary, our data endorse the importance of PAR-2 in mediating pro-fibrotic effects 
and identify the PAR-2 antagonist P2pal-18S as an effective inhibitor of bleomycin-
induced pulmonary fibrosis. Thus, targeting PAR-2 signaling with P2pal-18S may offer 
a novel therapeutic option for patients with pulmonary fibrosis. 
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ABSTRACT
Background 
Idiopathic pulmonary fibrosis is the most devastating diffuse fibrosing lung disease of 
unknown etiology. Compelling evidence suggests that both protease-activated receptor 
(PAR)-1 and PAR-2 participate in the development of pulmonary fibrosis. Previous 
studies have shown that bleomycin-induced lung fibrosis is diminished in both PAR-1 
and PAR-2 deficient mice. We thus hypothesized that combined inactivation of PAR-1 
and PAR-2 would be more effective in blocking pulmonary fibrosis.

Methods 
Human and murine fibroblasts were stimulated with PAR-1 and PAR-2 agonists in 
the absence or presence of specific PAR-1 or PAR-2 antagonists after which fibrotic 
markers like collagen and smooth muscle actin were analyzed by Western blot. Pulmo-
nary fibrosis was induced by intranasal instillation of bleomycin into wild type and 
PAR-2 deficient mice with or without a specific PAR-1 antagonist (P1pal-12). Fibrosis 
was assessed by hydroxyproline quantification and (immuno)histochemical analysis.

Results
We show that specific PAR-1 and/or PAR-2 activating proteases induce fibroblast 
migration, differentiation and extracellular matrix production. Interestingly however, 
combined activation of PAR-1 and PAR-2 did not show any additive effects on these 
profibrotic responses. Strikingly, PAR-2 deficiency as well as pharmacological PAR-1 
inhibition reduced bleomycin-induced pulmonary fibrosis to a similar extent. PAR-1 
inhibition in PAR-2 deficient mice did not further diminish bleomycin-induced pulmo-
nary fibrosis. Finally, we show that the PAR-1-dependent profibrotic responses are 
inhibited by the PAR-2 specific antagonist. 

Conclusions
Targeting PAR-1 and PAR-2 simultaneously is not superior to targeting either receptor 
alone in bleomycin-induced pulmonary fibrosis. We postulate that the profibrotic effects 
of PAR-1 require the presence of PAR-2. 
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INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a characteristic form of fibrosing idiopathic 
interstitial pneumonia which has a devastating prognosis1,2. The therapeutic options 
are limited and, to date, only pirfenidone has been granted orphan drug status in the 
EU for the treatment of mild to moderate IPF3. Although the understanding of IPF 
continues to evolve, the molecular mechanisms underlying the pathogenesis of IPF are 
still far from completely understood. The current paradigm postulates that the abnormal 
wound healing response to lung epithelial injury subsequently leads to pulmonary 
fibrosis4. IPF lesions are distinctively characterized by the formation and proliferation of 
fibroblast foci in the background of excessive extracellular matrix (ECM) deposition1,2,4. 
Therefore, unraveling the mechanisms by which fibroblasts replicate and secrete ECM 
proteins could be beneficial for conceiving effective therapeutic strategies5.

Protease activated receptors (PARs) belong to the superfamily of G-protein-coupled 
receptors (GPCRs)6. Unlike other GPCRs, which are activated by ligand binding, PARs 
are irreversibly activated by proteolytic cleavage7. After proteolytic activation of PARs, 
a novel tethered ligand is exposed that folds back over the receptor to trigger several 
downstream signaling pathways, contributing to a broad range of pathophysiological 
functions6-10. Although blood coagulation factors are the archetypal activating proteases 
of PARs, it is now well established that multiple proteases, such as thrombin, matrix 
metalloproteinase-1, factor (F)VII, FXa, trypsin, and tryptase, can activate individual 
PARs with different affinity and trigger specific responses via biased agonist signaling6-11. 
 
In the context of lung injury and pulmonary fibrosis, accumulating evidence suggests 
that both PAR-1 and PAR-2 induce pro-inflammatory and pro-fibrotic processes that 
aggravate disease progression. PAR-1 activation enhances inflammation in the pulmo-
nary epithelium, it induces the differentiation of fibroblasts into myofibroblasts and 
stimulates ECM synthesis12-14. Moreover, genetic ablation of PAR-115, as well as phar-
macological PAR-1 inhibition16, limit bleomycin-induced acute lung inflammation and 
fibrosis, as evident from reduced total collagen level in the lung in combination with 
decreased levels of proinflammatory and profibrotic mediators, such as transforming 
growth factor (TGF)-β, interleukin (IL)-6 and monocyte chemoattractant protein-1 
(MCP-1). Furthermore, PAR-1 expression is increased within fibroproliferative and 
inflammatory foci in IPF patients14. PAR-2 activation induces acute lung inflammation 
and also triggers fibroproliferative responses in fibroblasts, such as proliferation, migra-
tion and differentiation into myofibroblasts17-19. In line, the absence of PAR-2 affords 
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protection from bleomycin-induced pulmonary fibrosis, as evident from a reduction in 
the extent and severity of fibrotic lesions and diminished collagen expression20. PAR-2 
expression is also increased in lungs of IPF patients and its expression highly correlates 
with the extent of honeycombing20-22.

Overall, these studies highlight PAR-1 and PAR-2 as critical contributors in promoting 
pulmonary fibrosis. Importantly, in the experimental bleomycin model, pulmonary 
fibrosis is not completely abolished in mice that harbor deficiency for either PAR-1 or 
PAR-2. Therefore, in the present study, we hypothesized that the simultaneous inhi-
bition of PAR-1 and PAR-2 would be superior to targeting either receptor alone in 
pulmonary fibrosis.

MATERIALS AND METHODS
Cells and Reagents
Mouse embryonic NIH3T3 fibroblasts (American Type Culture Collection, Manassas, 
VA; CRL-1658) and human lung fibroblast (HLFs from control lungs, isolated as 
described before23) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% fetal calf serum (FCS). Cells were grown at 37°C in an atmos-
phere of 5% CO2. Unless indicated otherwise, cells were washed twice with PBS and 
serum-starved for 4 hours before stimulation. Thrombin (T7009; ≥ 1000 NIH Units/
mg) and trypsin (T0303; 13.000-20.000 BAEE Units/mg) were from Sigma (St-Louis, 
MO), whereas P1pal-12 (palmitate-RCLSSSAVANRS-NH2)24 and P2pal-18s (palmi-
tate-RSSAMDENSEKKRKSAIK-NH2)25 were from GL Biochem Ltd (Shanghai, 
China). Both pepducins, which are insoluble in water, were dissolved in DMSO 
followed by dilutions in PBS or saline leading to final DMSO concentrations of 6% for 
the in vivo experiment and 0.1% for in vitro experiments. 

Western Blot
Western blots were performed essentially as described before19. In brief, cells were lysed 
in Laemmli lysis buffer and the lysates were incubated for 5 minutes at 95°C. Afterwards, 
protein samples were separated by 10% SDS gel electrophoresis and transferred to a 
PVDF membrane (Millipore, Billerica, MA). Membranes were blocked for 1 hour in 4% 
milk in TBST and incubated overnight with monoclonal antibodies against α-smooth 
muscle actin (a-SMA), tubulin, collagen, (all Santa Cruz, CA), phospho-ERK1/2 or 
total ERK1/2 (both Cell Signaling, Leiden) at 4°C. All secondary antibodies were horse-
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radish peroxidase (HRP)-conjugated from DakoCytomation (Glostrup, Denmark) and 
diluted according to the manufacturer’s instructions. Blots were imaged using Lumilight 
plus ECL substrate from Roche (Almere, The Netherlands) on an ImageQuant LAS 
4000 biomolecular imager from GE Healthcare (Buckinghamshire, U.K). 

Wound Scratch Assay
Scratch assays were performed essentially as described before19,26. Cells were seeded 
in six-well plates in DMEM supplemented with 10% FCS. After the cells formed a 
confluent monolayer, a scratch was created in the center of the monolayer by a sterile 
p200 pipette tip. Next, medium was removed and cells were washed with serum-free 
medium to remove floating debris. The cells were subsequently incubated for 18 hours 
with serum-free medium (negative control), serum-free medium supplemented with 10 
nM thrombin/ trypsin or serum-free medium containing 10 nM thrombin / trypsin and 
10 μM PAR-1 or PAR-2 antagonist (P1pal-12/P2pal-18s). When indicated, cells were 
pre-incubated with 10 μM pepducin for 30 minutes before scratching. The ability of 
cells to close the wound was assessed by comparing the 0- and 18-hour phase-contrast 
micrographs of 6 marked points along the wounded area. The percentage of non-recov-
ered wound area was calculated by dividing the non-recovered area after 18 hours by the 
initial area at 0 hour as previously described.

Animal Model of Pulmonary Fibrosis
Wild-type C57Bl/6 mice were purchased from Charles River (Someren, Netherlands). 
PAR-2 deficient (PAR-2-/-) C57Bl/6 mice were originally provided by Jackson Labo-
ratories (Maine) and bred at the animal care facility of the Academic Medical Center. 
All procedures were performed on ten-week-old mice in accordance with the Institu-
tional Standards for Humane Care and Use of Laboratory Animals. Experiments were 
approved by the Animal Care and Use Committee of the Academic Medical Center 
(Amsterdam, Netherlands).

Bleomycin (Sigma, St-Louis) was administered by intranasal instillation (1 mg/kg body 
weight) under anesthesia. We specifically opted for intranasal instillation instead of 
intratracheal instillation as the former administration route, which is also a well-recog-
nized manner to induce pulmonary fibrosis, causes less discomfort to the mice and is 
therefore the preferred model of the Animal Welfare Committee of our institute. Bleo-
mycin was instilled in 16 wild type and 16 PAR-2 deficient mice. Per genotype, 8 mice 
were subsequently treated with P1pal-12 (dissolved in 6% DMSO) whereas the other 8 
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mice were treated with DMSO alone. The latter mice are indicated as solvent controls 
throughout the manuscript. Eight wild type mice were instilled with saline instead 
of bleomycin were used as non-fibrotic controls and are indicated as saline controls. 
P1pal-12 (PAR-1 antagonist) was administered 30 minutes before bleomycin adminis-
tration and subsequently once daily until the end of the experiment at a dose of 2.5 mg/
kg (based on previous dose finding experiments16). Since the most suitable time point 
for assessing lung fibrosis is day 14 after bleomycin challenge27, mice were sacrificed at 
this time point, after which the left lung was taken for histology and the right one was 
homogenized.

TGF- β ELISA
TGF-β1 was measured with the Mouse TGF-beta 1 DuoSet kit (R&D systems, UK) as 
suggested by the manufacturer. 

Hydroxyproline Assay
Hydroxyproline analysis was performed by the hydroxyproline assay kit as per the manu-
facturer’s instructions (Sigma, Netherlands) and as described before16. 

(Immuno)Histological Analysis
The excised lung was fixed in formalin, embedded in paraffin and 4-μm-thick slides 
were subsequently deparaffinized, rehydrated and washed in deionized water. Slides 
were stained with hematoxylin and eosin (H&E) and Masson’s trichrome according 
to routine procedures. As for the immunohistochemistry, four-μm sections were first 
deparaffinized and rehydrated. Endogenous peroxidase activity was quenched with 
0.3% H2O2 in methanol. Smooth muscle actin (α-SMA) and collagen staining were 
performed with an anti-α-smooth muscle actin antibody (1:1000, 24 hour at 4°C, Santa 
Cruz, CA) or an anti-collagen-І antibody (1:800, overnight at 4°C, GeneTex, CA). A 
horseradish peroxidase-conjugated polymer detection system (ImmunoLogic, Duiven, 
the Netherlands) was applied for visualization, using an appropriate secondary antibody 
and diaminobenzidine (DAB) staining. Slides were photographed with a microscope 
equipped with a digital camera (Leica CTR500).
Histological examination and Ashcroft score were performed as described before18. 
Smooth muscle actin (α-SMA) staining was graded in a blinded fashion on a scale from 
0 to 3 as described before20. Pictures of collagen staining were taken to cover the entirety 
of all sections. Color intensity of stained areas was analyzed semi-quantitatively with 
ImageJ and expressed as percentage of the surface area essentially as described before28. 
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Statistics
Statistical analyses were conducted using GraphPad Prism (GraphPad software, San Diego). 
Comparisons between conditions were analyzed using two tailed unpaired t-tests when the 
data were normally distributed; otherwise Mann-Whitney analysis was performed. Results 
are expressed as mean±SEM, P values < 0.05 are considered significant. 

RESULTS
PAR-1 and PAR-2 activating proteases induce profibrotic responses
PAR-1 is prototypically activated by thrombin whereas trypsin is the best characterized 
PAR-2 agonist. Compelling evidence shows that PAR stimulation of fibroblasts leads 
to the phosphorylation of extracellular signal-regulated kinase (ERK)1/2(a surrogate 
marker for PAR-1 and PAR-2 activation), cell migration, differentiation into myofi-
broblasts and ECM synthesis12-19. We previously showed that NIH3T3 cells express 
functional PAR-1 and PAR-219 and here we first validated the efficacy of thrombin 
and trypsin to induce these cellular responses. As shown in Figure 1A, both thrombin 
(10 nM) and trypsin (10 nM) induced ERK1/2 activation in murine NIH3T3 fibro-
blasts. In wound scratch assays, thrombin treatment led to wound closure in a dose 
dependent manner (Figure 1B-C), whereas only the highest concentration of trypsin 
strongly induced wound closure by about 60% compared to solvent treated cells (Figure 
1B and D). Furthermore, both thrombin and trypsin induced fibroblast differentiation 
(reflected by increased α-SMA expression) and collagen synthesis (Figure 1E). These 
data thus indicate that thrombin and trypsin both can induce pro-fibrotic responses 
in NIH3T3 fibroblasts. Based on these data, we opted to use 10 nM of thrombin and 
trypsin in our subsequent experiments. 

Simultaneous stimulation of both PAR-1 and PAR-2 does not show additive 
pro-fibrotic effects
After having established that both PAR-1 and PAR-2 promote pro-fibrotic responses 
in fibroblasts, we next assessed whether simultaneous activation of PAR-1 and PAR-2 
induces a more robust pro-fibrotic response by stimulating cells with thrombin and 
trypsin at the same time. Interestingly, as shown in Figure 2A-B, no additive effect 
could be observed on wound closure. Wound sizes were decreased by approximately 
50% in cells treated with thrombin, trypsin or a combination of thrombin and trypsin. 
Likewise, combined thrombin and trypsin treatment did not induce higher α-SMA 
and collagen expression than that observed after single PAR agonist treatment (Figure 2C). 
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Interestingly, delayed trypsin treatment (either 2, 4, 8 or 12 hours after thrombin stimu-
lation) still did not show any additive effect on thrombin-induced wound-healing and/
or fibrotic marker expression (Fig. S1A and C).

PAR-1 inhibition in PAR-2 deficient mice does not further limit pulmonary 
fibrosis in vivo
In previous experiments, we showed that blocking PAR-1 by P1pal-12 limits bleo-
mycin-induced pulmonary fibrosis in a dose-dependent manner16. Here, we applied 
the optimal P1pal-12 dose (2.5 mg/kg once daily) to treat both wild type and PAR-2 
deficient mice, and compared bleomycin-induced fibrosis with solvent control treated 
wild type and PAR-2 deficient mice. As shown in Figure 3, extensive patchy areas of 
fibrosis were formed 14 days after bleomycin instillation in solvent treated wild type 

Figure 1. Thrombin and trypsin induce signaling and profibrotic responses in NIHT3T3 fibroblasts. 
(A) Western blot analysis of ERK1/2 phosphorylation in NIH3T3 cells after stimulation with 10 nM thrombin 
(left) or with 10 nM trypsin (right). Total ERK served as loading control. (B) Wound closure of NIH3T3 fibro-
blast monolayers after treatment with PBS (control, top panel), thrombin (10 nM; middle panel) or trypsin 
(10 nM; bottom panel) for 18 hours. Shown are photographs of representative microscopic fields. Quan-
tification of wound closure induced by thrombin (C) or trypsin (D) as described in Materials and Methods. 
Data are expressed as mean±SEM (n=6). ** P<0.01, *** P<0.001. (E) Western blot analysis of α-SMA 
and collagen expression in NIH3T3 cells 24 hours after stimulation with the indicated concentrations of 
thrombin or trypsin. Tubulin served as a loading control.
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mice, accompanied by a marked accumulation of inflammatory cells and significant 
ECM deposition (Figure 3A). Both P1pal-12 treatment and PAR-2 deficiency signifi-
cantly reduced the severity of regional interstitial fibrosis as assessed by the Ashcroft 
score (reduction of approximately 22% and 27% respectively, Figure 3B-C, E). Surpris-
ingly, PAR-2 deficient mice treated with the PAR-1 antagonist P1pal-12 did not show 
a further reduction in fibrosis as that observed in solvent treated PAR-2 deficient mice 
(about 26% reduction; Figure 3D-E). 

Figure 2. Simultaneous activation of PAR-1 and PAR-2 on NIH3T3 fibroblasts does not trigger 
additive pro-fibrotic effects. (A) Wound size of NIH3T3 fibroblast monolayers after treatment with PBS 
(control), thrombin (10 nM), trypsin (10 nM) or the combination of 10 nM thrombin and 10nM trypsin for 
18 hours. Shown are photographs of representative microscopic fields. (B) Quantification of the results 
depicted in (A) as described in the Materials and Methods section. Data are expressed as mean±SEM 
(n=6), *** P<0.001. (C) Western blot analysis of α-SMA and collagen in NIH3T3 cells 24 hours after stimu-
lation with PBS (control), thrombin (10 nM), trypsin (10 nM) or combination thereof. Tubulin served as a 
loading control.
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To substantiate our findings that PAR-1 inhibition does not further decrease fibrosis in 
PAR-2 deficient mice, we next analyzed α-SMA expression immunohistochemically. A 
considerable increase in α-SMA expression was seen in focal fibrotic lesions of solvent 
treated wild type mice upon bleomycin instillation (Figure 3F). Both pharmacological 
PAR-1 inhibition and genetic PAR-2 ablation significantly attenuated bleomycin-induced 
α-SMA expression (Figure 3G-H and J). Again, PAR-1 inhibition in PAR-2 deficient mice 
was not superior to either PAR-1 inhibition or PAR-2 deficiency alone (Figure 3I-J).

We next analyzed collagen deposition in the lungs. As shown in Figure 4A-C, Masson-
trichrome and collagen I analysis showed similar reductions of collagen deposition in 

Figure 3. Pharmacological PAR-1 inhibition in PAR-2 deficient mice does not further reduce 
pulmonary fibrosis. (A-D, ×100) Representative H&E staining on lung tissue sections obtained 14 days 
after bleomycin instillation in wild type mice (A), wild type mice treated with 2.5 mg/kg P1pal-12 (B), 
PAR-2 deficient mice (C) or  PAR-2 deficient mice treated with 2.5 mg/kg P1pal-12 (D). (E) Quantification 
of pulmonary fibrosis using the Ashcroft score. (F-I, ×100) Representative pictures of α-SMA deposition 
in the lungs of wild type mice (F), wild type mice treated with 2.5 mg/kg P1pal-12 (G), PAR-2 deficient 
mice (H) or PAR-2 deficient mice treated with 2.5 mg/kg P1pal-12 (I). (J) Quantification of pulmonary 
α-SMA deposition as described in the Materials and Methods section. Mice not instilled with bleomycin 
are indicated as saline. Data are expressed as mean±SEM (n=8 per group). * P<0.05. Note that all mice 
were bleomycin-treated.
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P1pal-12 (PAR-1 antagonist) treated wild type mice, solvent control treated PAR-2 defi-
cient mice or P1pal-12 treated PAR-2 deficient mice. In line, compared with bleomycin 
instilled solvent treated wild type mice, hydroxyproline levels decreased by 41±7%, 
49±5% and 46±5% in P1pal-12 treated wild type mice, solvent control treated PAR-2 
deficient mice and P1pal-12 treated PAR-2 deficient mice respectively (Figure 4D). 

TGF-β1 is one of the most important profibrotic mediators and its expression is 
frequently associated with PAR regulation in fibrotic diseases29. We therefore assessed 
TGF-β1 levels in lung homogenates of saline or bleomycin-instilled mice. As shown in 
Figure 4E, TGF-β1 levels increased around 2-fold in solvent treated bleomycin-instilled 
wild type mice compared with saline treated controls. Again, the increase in TGF-β1 

Figure 4. PAR-1 inhibition in PAR-2 deficient mice does not attenuate collagen deposition and 
active-TGF-β production to a greater extent than single receptor targeting. Representative pictures 
(×100) of (A) Masson-trichrome and (B) collagen stained lung sections obtained 14 days after bleomycin 
instillation. (C) Quantification of collagen immunostaining in the different groups of mice (semi-quantitative 
image analysis). Hydroxyproline content (D) and TGF-β1 levels (E) in lung homogenates of the different 
groups of mice obtained 14 days after saline or bleomycin instillation. Mice not instilled with bleomycin are 
indicated as saline. Data are expressed as mean±SEM (n=8 per group). * P<0.05, ** P<0.01. 
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was attenuated in PAR-2 deficient and P1pal-12 treated wild type or PAR-2 deficient 
mice. Altogether, these data show that the combined inhibition of PAR-1 and PAR-2 
also has no additive effect in vivo.

PAR-2 is required for PAR-1-induced pro-fibrotic responses in fibroblasts
Our data so far show that combined activation of PAR-1 and PAR-2 is just as effective as 
single PAR activation on promoting fibrotic responses in fibroblasts. Moreover, simul-

Figure 5. PAR-2 is required for PAR-1-induced pro-fibrotic responses. (A) Western blot analysis of 
ERK1/2 phosphorylation in NIH3T3 cells after stimulation with trypsin (10 nM) or thrombin (10 nM), in the 
absence (-) or presence (+) of P1pal-12 (10 μM) or P2pal-18s (10 μM). P1pal-12 or P2pal-18s was added 
30 minutes before the stimulation. Total ERK served as loading control. (B) Wound size of NIH3T3 fibro-
blast monolayers after treatment with DMSO (control), trypsin (10 nM) or thrombin (10 nM) for 18 hours 
in the presence or absence of P1pal-12 or P2pal-18s. Cells were pre-incubated with 10 μM P1pal-12 
or P2pal-18s for 30 min as indicated. Shown are photographs of representative microscopic fields. (C) 
Quantification of the results depicted in (B) as described in the Materials and Methods section. Data are 
expressed as mean±SEM (n=6). *** P<0.001. (D) Western blot analysis of α-SMA and collagen expres-
sion in NIH3T3 cells 24 hours after stimulation with DMSO (control) or thrombin (10 nM), in the presence 
(+) or absence (-) of P1pal-12 (10 μM) or P2pal-18s (10 μM). Tubulin served as a loading control. 
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taneous inhibition of PAR-1 and PAR-2 was not superior to targeting either receptor 
alone in vivo, suggesting that PAR-1 and PAR-2 may actually act in concert to promote 
fibrosis. Consequently, we analyzed PAR agonist-induced pro-fibrotic responses in 
fibroblasts in the absence or presence of specific PAR-1 (P1pal-12) or PAR-2 (P2pal-
18s) inhibitors. As shown in Figure 5A, thrombin-induced ERK1/2 phosphorylation 
was largely inhibited in the presence of P1pal-12. Surprisingly however, thrombin-
induced ERK1/2 phosphorylation is also inhibited by the PAR-2 inhibitor P2pal-
18s. In contrast, trypsin-induced ERK1/2 activation is only inhibited by P2pal-18s 
but not by P1pal-12 treatment (Figure 5A). In wound scratch assays, P1pal-12 pre-
treatment blocked thrombin induced wound closure but only slightly reduced trypsin-
induced closure, whereas P2pal-18s pre-treatment completely inhibited both trypsin 
and thrombin induced wound closure (Figure 5B-C). Consistent with these results, 
thrombin induced α-SMA and collagen expression was significantly down-regulated 
in P2pal-18s-pretreated cells (Figure 5D). In addition, delayed P2-pal-18s treatment 
was less efficient as compared to pretreatment, as evident from a gradual decrease in 
preventing wound healing and fibrotic marker expression over time (Fig. S1B and D). 
These data suggest that once the signaling pathways are activated additional PAR-2 
activation is irrelevant. Overall, PAR-1-induced responses in fibroblasts are blocked by a 
PAR-2 specific antagonist, suggesting that the presence of PAR-2 is required for PAR-1 
dependent pro-fibrotic signaling.

PAR-2 is also pivotal for PAR-1 to induce pro-fibrotic effects in HLFs
Finally, we aimed to confirm our in vitro findings using primary human lung fibro-
blasts (HLFs) derived from (non-fibrotic) patients. As shown in Figure 6A, stimula-

Figure 6. PAR-2 is required for PAR-1-mediated profibrotic responses in HLFs. (A) Western blot 
analysis of ERK1/2 phosphorylation for the indicated time points in HLFs after stimulation with thrombin 
(10 nM) in the absence (-) or presence (+) of P1pal-12 (10 μM) or P2pal-18s (10 μM). P1pal-12 or P2pal-
18s was added 30 minutes before the stimulation. Total ERK served as loading control. (B) Western blot 
analysis of α-SMA and collagen expression in HLFs 24 hours after stimulation with either DMSO (control) 
or thrombin (10 nM) in the absence (-) or presence (+) of P1pal-12 (10 μM) or P2pal-18s (10 μM). Tubulin 
served as a loading control.
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tion of HLFs with thrombin induced ERK1/2 phosphorylation, which was blocked by 
pretreatment with the PAR-1 antagonist P1pal-12 but also by pretreatment with the 
PAR-2 antagonist P2pal-18s. Furthermore, thrombin-induced differentiation of HLFs 
into myofibroblasts (as assessed by a-SMA expression) and collagen production were 
also inhibited by P2pal-18s (Figure 6B), indicating that pro-fibrotic effects of PAR-1 in 
HLFs also require the presence of PAR-2.

DISCUSSION 
Compelling evidence suggests that aberrant wound healing caused by acute lung injury 
may play a pathophysiological role in IPF. It has been documented that many proteases 
exert pro-inflammatory and pro-fibrotic effects by proteolytically activating PAR-1 and/
or PAR-212,14,19-21. Even more importantly, preclinical experimental data show that mice 
lacking either receptor are protected against bleomycin-induced pulmonary fibrosis15,20. 
However, bleomycin-induced pulmonary fibrosis was not completely diminished by 
pharmacological inhibition of PAR-116 or genetic ablation of either PAR-1 or PAR-215,20. 
In the current study, we aimed to assess whether PAR-1 and PAR-2 synergically promote 
fibrosis progression and thus whether the simultaneous inhibition of PAR-1 and PAR-2 
would more efficiently limit pulmonary fibrosis as compared to single receptor inhibi-
tion. Strikingly, we show that, both in vitro and in vivo, the simultaneous stimulation or 
inhibition of PAR-1 and PAR-2 does not lead to additive effects. In fact, we show that 
the pro-fibrotic effects induced by PAR-1 stimulation require the presence of PAR-2. 

The most interesting finding of our current study is the fact that PAR-2 is pivotal for 
PAR-1-induced fibrotic processes. We show that pharmacological inhibition of PAR-1 
does inhibit bleomycin-induced fibrosis in wild type mice but does not further diminish 
bleomycin-induced fibrosis in PAR-2 deficient mice, as evident from similar reductions 
in Ashcroft score, α-SMA expression and hydroxyproline content in the lungs. We 
unraveled the molecular basis for these findings in vitro. We show that PAR-1 dependent 
fibroblast migration, differentiation and ECM production is abolished in the presence 
of the specific PAR-2 inhibitor P2pal-18s (Figure 5) and we further confirmed these 
findings in HLFs. Overall, these results indicate that PAR-2 modulates the activity of 
PAR-1 thereby inducing profibrotic responses.

In recent years, several studies showed that PAR-1 and PAR-2 might facilitate each 
other’s activity in different pathophysiological processes30. For instance, protective 
effects of PAR-1 during sepsis require transactivation of PAR-2 signaling pathways31, 
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while PAR-2 regulates the PAR-1 hyperplastic response to arterial injury leading to 
stenosis32. Moreover, in tumor biology it is shown that thrombin-induced melanoma cell 
migration and metastasis are dependent on both PAR-1 and PAR-2 activation33. Finally, 
mammary adenocarcinoma cells lacking PAR-2 failed to express PAI-1 in response to 
thrombin activation34, and a very recent study shows that PAR-1 and PAR-2 act as a 
functional unit in breast cancer development35. Here, we extend these observations by 
showing cooperative signaling between PAR-1 and PAR-2 in the setting of pulmonary 
fibrosis (Figure 7). 

The mechanism by which PAR-1 interacts with PAR-2 signaling in fibrosis remains 
elusive. Interestingly, several potential mechanisms have been suggested (excel-
lently reviewed in 30). First, it has been described that the thrombin-generated teth-
ered ligand of PAR-1 may transactivate PAR-236,37. However, P1pal-12 (PAR-1 
antagonist) does not prevent thrombin-induced PAR-1 cleavage. Indeed, it is a cell-
penetrating pepducin derived from the third intracellular loop of PAR-1 that - once 

Figure 7. Schematic overview of potential mechanisms by which PAR-1 and PAR-2 act in concert 
to contribute to pulmonary fibrosis. Bleomycin administration leads to the release of a PAR-1 agonist 
that subsequently activates PAR-1 on fibroblasts. This activation may subsequently lead to transactivation 
of PAR-2 or to the production of a PAR-2 agonist thereby inducing profibrotic processes like migration, 
differentiation and extracellular matrix deposition. As elaborated in the discussion section however, most 
likely the PAR-1 agonist activates PAR-1/PAR-2 heterodimers thereby inducing the profibrotic responses.
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inserted into the plasma membrane- interferes with interaction between the receptor 
and its G-proteins thereby blocking PAR-1 dependent signaling24. Consequently, 
PAR-2 transactivation by the PAR-1 tethered ligand seems not to be the main mecha-
nism in the present setting. An alternative explanation could be that PAR-1 activa-
tion induces the expression of a PAR-2 ligand that would subsequently induce 
fibrosis in a PAR-2 dependent manner. However, this explanation is not very likely 
because PAR-1 dependent ERK1/2 phosphorylation, which is also partially blocked 
by PAR-2 inhibition, occurs within minutes. It is difficult to envision that PAR-2 ligands 
are synthesized during this short time frame. Moreover, conditioned medium of 
thrombin-treated fibroblasts did not induce PAR-2 dependent fibrotic effects (data 
not shown). Finally, PAR-1 and PAR-2 may directly interact and form heterodimers 
that induce different signaling pathways compared to those induced by monomers31,38.  
In line with such a mechanism, PAR-2 expression is low in quiescent lung fibroblasts 
but may considerably increase under inflammatory and fibrotic conditions thereby 
favoring the formation of PAR-1/PAR-2 complexes. Indeed, while PAR-1 expression 
remains constant on normal and IPF-derived fibroblasts, PAR-2 expression is low in 
normal fibroblasts but undergoes a dramatic up-regulation in IPF-derived fibroblasts39. 
In line, bleomycin instillation induced PAR-2, and also PAR-1, mRNA expression levels 
increase in our experimental animals (Fig. S2). In addition, TGF-β stimulations increase 
PAR-2 levels both on the mRNA and protein level21, 40 and treatment with thrombin 
results in an upregulation of PAR-2 mRNA level (data not shown). It is tempting to 
speculate that this latter notion also explains our observation that PAR-2 inhibition 
by P2pal-18 only partially blocked thrombin-induced ERK1/2 phosphorylation. The 
rapid phosphorylation of ERK (within minutes) may still largely be induced by PAR-1 
monomers as the PAR-1/PAR-2 complexes have not yet been formed in large quanti-
ties30. Irrespective the actual mechanism, our data strongly suggest that PAR-1-induced 
fibrosis is dependent on PAR-2 signaling. 

Several issues should be kept in mind when interpreting our data. First, we used a single 
dose bleomycin model to induce pulmonary fibrosis. Although this model is some-
times criticized not to completely mimic the progression of fibrosis in IPF patients41, 
this model show typical histological patterns, like patchy parenchymal inflammation 
and interstitial fibrosis, as observed in IPF patients. A recent paper actually shows 
that bleomycin induces clinically meaningful molecular responses in the lungs of 
mice mimicking those occurring in the lungs of IPF patients (even in a quantitative 
manner)42. Interestingly, the single dose bleomycin model was shown to be as effective 
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in terms of producing a more substantial or progressive fibrotic response in the lung 
as compared to a model of repetitive bleomycin exposures42, which has been argued 
to be superior of the single dose model43. Despite the fact that there was no signifi-
cant advantage in using the repetitive bleomycin model instead of the single challenge 
model, future studies using alternative fibrosis models should obviously validate our 
findings. Second, as thrombin also activates PAR-4, one may suggest that PAR-4 could 
also be involved in thrombin-induced fibrosis both in vitro and in vivo.  However, 
PAR-4 is not expressed by human lung fibroblasts 39 and several studies show that 
PAR-4 does not show pro-fibrotic effects after its activation 44. In addition, we previ-
ously showed that PAR-4 does not modify bleomycin-induced pulmonary fibrosis45.  
The observed effects can consequently not depend on PAR-4. Moreover, PAR-1 agonist 
peptide showed similar responses as thrombin (Fig. S3) and the thrombin-induced 
responses are (almost) completely inhibited by a specific PAR-1 antagonist all suggesting 
thrombin induces fibrosis in a PAR-1 dependent and PAR-4 independent manner. 
Third, P1pal-12 (PAR-1 antagonist) treatment was started before bleomycin instilla-
tion and one could argue that delayed PAR-1 inhibition may alter our results. However, 
we previously showed that administration of P1pal-12 at different time points after 
bleomycin instillation (i.e. either after 1 or 7 days) had similar effects in limiting the 
development of pulmonary fibrosis as compared to when administration was started 
before bleomycin instillation16. Fourth, pharmacological inhibition of PAR-1 sign-
aling and genetic ablation of PAR-2 either alone or in combination did significantly 
reduce pulmonary fibrosis but did not completely prevent fibrosis. Although reducing 
fibrosis or slowing down its progression may be clinically relevant, future studies need 
to establish whether PARs are prime candidates for the treatment of pulmonary fibrosis. 
Irrespective the potential clinical relevance, we highlight a cooperative contribution of 
PAR-1 and PAR-2 to pulmonary fibrosis.

In conclusion, the simultaneous inhibition of PAR-1 and PAR-2 is not superior to targeting 
either receptor alone in limiting pulmonary fibrosis. In fact, both in vitro and in vivo, we 
show that the pro-fibrotic effects induced by PAR-1 require the presence of PAR-2.
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Supplementary figures

Supplementary figure 1: (A-B) Wound size of NIH3T3 fibroblast monolayers after treatment with PBS 
(control), thrombin (10 nM) or thrombin in combination with trypsin (10 nM; (A)) or P2pal-18s (10 µM; 
(B)) for 18 hours. Trypsin or P2pal-18s treatment was started simultaneously with thrombin treatment 
(indicated as t=0, or at different time points after thrombin stimulation (either 2, 4, 8 or 12 hours)). Data 
are expressed as mean±SEM (n=6). ** P<0.01, *** P<0.001. (C-D) Western blot analysis of α-SMA and 
collagen expression in NIH3T3 cells 24 hours after stimulation with thrombin or thrombin in combination 
with trypsin (C) or P2pal-18s (D). Tubulin served as a loading control. The timing of trypsin or P2pal-18s 
treatment is indicated in the figure.
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Supplementary figure 2: mRNA expression levels of PAR-1 and PAR-2 in lung homogenates of wildtype 
mice obtained 14 days after bleomycin or saline instillation. Data are expressed as mean±SEM (n=8).

Supplementary figure 3: (A) Quantification of wound closure of NIH3T3 fibroblast monolayers induced 
by PAR-1 agonist peptide or thrombin as described in Materials and Methods. Data are expressed as 
mean±SEM (n=6). ** P<0.01, *** P<0.001. (B) Western blot analysis of collagen and α-SMA expression 
in NIH3T3 cells 24 hours after stimulation with the indicated concentrations of thrombin or PAR-1 agonist 
peptide. Tubulin served as a loading control.

Lin Proefschrift 150626.indd   92 1-7-2015   8:35:44



Lin Proefschrift 150626.indd   93 1-7-2015   8:35:44



Lin Proefschrift 150626.indd   94 1-7-2015   8:35:44



Cong Lin1, Farhad Rezaee2, Maaike Waasdorp1, Kun Shi1, Tom van der Poll1,  
Keren Borensztajn1,3,4,† and C. Arnold Spek1,*,† 

1Center for Experimental and Molecular Medicine, Academic Medical Center, Amsterdam,  
1105 AZ, The Netherlands.

2Department of Cell Biology, University Medical Center Groningen, University of Groningen,  
The Netherlands.

3Inserm UMR1152, Medical School Xavier Bichat, 16 rue Henri Huchard, 75018, Paris, France
4Département Hospitalo-universtaire FIRE and LabEx Inflamex, Paris, France

†These authors contributed equally.

Manuscript submitted for publication.

Protease activated receptor-1 regulates  
macrophage-mediated pulmonary fibrosis

Chapter 5

Lin Proefschrift 150626.indd   95 1-7-2015   8:35:45



96

CHAPTER 5

ABSTRACT
Background
Pulmonary fibrosis is a devastating disease of unknown etiology. Protease-acti-
vated receptor-1 recently emerged as a critical component in the context of fibrotic 
lung diseases. In the present study, we aimed to address the potential importance of 
macrophages in PAR-1-driven pulmonary fibrosis.

Methods
Macrophage numbers in lungs of bleomycin-instilled mice treated or not with a specific 
PAR-1 antagonist (i.e. P1pal-12) were assessed by (immuno)histochemical analysis. 
Macrophage  migration was assessed by trans-well migration assays while PAR-1 
ligand production was addressed by qPCR. In vitro, fibroblasts were stimulated with 
macrophage-derived conditioned medium after which fibrotic marker expression and 
Smad-2 phosphorylation was analyzed by Western blot.

Main results
Macrophage numbers were significantly reduced in lungs of P1pal-12 treated animals after 
bleomycin instillation. In line with these data, PAR-1 stimulation increased monocyte/ 
macrophage recruitment in response to epithelium injury in in vitro trans-well assays. 
Moreover, macrophages induced fibroblasts migration, differentiation and the secretion of 
collage, which were inhibited in the presence of TGF-β receptor inhibitors. Interestingly, 
these profibrotic effects were partially inhibited by P1pal-12 treatment. Using shRNA 
mediated PAR-1 knock down in fibroblasts, we demonstrate that fibroblast PAR-1 
contributes to TGF-β activation and production. Finally, we show that the macrophage-
dependent induction of PAR-1 driven TGF-β activation was mediated by FXa. 

Conclusions
Our data identify novel mechanisms by which PAR-1 stimulation on different cell types 
can contribute to pulmonary fibrosis and pinpoint macrophages as key players in PAR-1 
dependent development of pulmonary fibrosis. 
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INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a devastating disease, characterized by (myo)
fibroblast proliferation and excessive extracellular matrix (ECM) formation leading to 
destruction of the lung architecture1. The current paradigm postulates that pulmonary 
fibrosis results from a chronic epithelial lesions leading to an aberrant wound healing 
response.2-3 Although knowledge of the pathogenesis of pulmonary fibrosis continues 
to evolve, therapeutics that effectively improve the clinical outcome of IPF are limited4. 
To date, only pirfenidone and nintedanib slow the decline of lung function in patients 
with IPF. However, both drugs have side effects, have no benefit on quality of life, and 
do not stop nor reverse the disease5-7. Novel treatment options for IPF are thus eagerly 
awaited for and such options will only become available due to the comprehensive 
understanding of the underlying mechanisms. 

Protease-activated receptor (PAR)-1 is a cell surface seven-transmembrane G protein-
coupled receptor that is activated by proteolytic cleavage, inducing transmembrane 
signaling to intracellular G proteins leading to a broad range of pathophysiological 
pathways8. Importantly, PAR-1 recently emerged as a critical component in the context 
of fibrotic lung disease. Indeed, PAR-1 expression is increased within fibroproliferative 
and inflammatory foci in IPF patients9. Moreover, PAR-1 activation stimulates fibro-
blast differentiation and ECM production10,11, whereas PAR-1 seem to synergize with 
PAR-3 to mediate epithelial-mesenchymal transition of alveolar epithelial cells12. In line 
with these in vitro data, PAR-1 deficiency in mice affords protection from bleomycin-
induced pulmonary fibrosis whereas pharmacological inhibition of PAR-1 also limits 
bleomycin-induced pulmonary fibrosis9,10. 

Interestingly, PAR-1 overexpression is found in alveolar macrophages from patients 
with chronic airway disease and PAR-1 expression in IPF patients is associated with 
macrophages9,13. This may be particularly important as macrophages are known to be 
key regulators in the progression of pulmonary fibrosis14-16. In this context, macrophage 
influx is an early event following lung injury and macrophages secrete large amounts of 
profibrotic cytokines like TGF-β17. TGF-β on its turn induces fibroblast proliferation 
and differentiation into myofibroblasts leading to extracellular matrix (ECM) deposi-
tion thereby promoting fibrosis16. 

In the present study, we aimed to address the potential importance of macrophages 
in PAR-1-dependent pulmonary fibrosis. We show that PAR-1 modifies macrophage 
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recruitment to the lung during pulmonary fibrosis, and we identify a potential mecha-
nism by which PAR-1 mediates macrophage induced profibrotic responses.

MATERIALS AND METHODS
Reagents
Thrombin and bleomycin were from Sigma (St-Louis, MO), the recombinant TGF-β 
was from Tebu-bio (Heerhugowaard, Netherlands), the specific FXa inhibitor antistasin 
core peptide was purchased from Bachem (Bubendorf, Switzerland), TGF-β receptor 
(TGFBR) 1 and 2 were inhibited by a combination of inhibitors SB-431542 and 
LY-2157299, which were from Axon medchem (Groningen, Netherlands) whereas 
PAR-1 inhibitor P1pal-12 (palmitate-RCLSSSAVANRS-NH2) was from GL Biochem 
Ltd (Shanghai, China).  

Cell Lines and Conditioned Medium Preparation
Murine NIH3T3 fibroblasts and RAW264.7 macrophages were cultured in DMEM 
and IMDM, respectively, supplemented with 10% fetal calf serum (FCS). Murine lung 
epithelial cells (MLE-15) were cultured in HITES medium (RPMI supplemented with 
5 μg/ml insulin, 10 μg/ml transferrin, 10 nM estradiol and 10 nM hydrocortisone). 
Cells were grown at 37°C in an atmosphere of 5% CO2. Unless indicated otherwise, 
cells were washed twice with PBS and serum-starved for 4 hours before stimulation. For 
conditioned medium preparations, cells were seeded and grown overnight under normal 
growth conditions to reach subconfluency. Next, the cells were washed with PBS and 
incubated for 24 hours in FCS free medium. Finally, the collected media were centri-
fuged, put through a 0.2 μm filter and stored at -20 oC.

Lentiviral Knockdown of PAR-1
PAR-1 knock down cells were established as described before19. Briefly, PAR-1 (clone 
TRCN0000026806) and control (clone SHC004) shRNA in the pLKO.1-puro back-
bone were purchased from Sigma-Aldrich (St. Louis, MO; MISSION shRNA library). 
Lentiviral production and subsequent cell transduction was performed using standard 
protocols18. shRNA transduced NIH3T3 cells were selected in the presence of 5 μg/ml 
puromycin for 72 h. 

Cell Viability Assays 
Cells were seeded in 96-well plates at a concentration of 5000 cells/well, after which cell 
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viability was determined using a 3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium  
(MTT) assay at 12  and 24 hours according to routine procedures.
Calcium assay - Calcium signaling responses were analyzed using the Fluo-4 Direct™ 
Calcium Assay Kit (Invitrogen, Carlsbad, CA) following the manufacturer’s instructions. 
Cells were challenged with thrombin. Ca2+ flux was monitored for the indicated time 
points on a Bio-Tek HT Multi-Detection Microplate Reader (Winooski, United States).

Wound Scratch Assay
Scratch assays were performed essentially as described before10. Briefly, fibroblasts 
were seeded in six-well plates in DMEM supplemented with 10% FCS. After the cells 
formed a confluent monolayer, a scratch was created in the center of the monolayer by a 
sterile p200 pipette tip. Next, medium was removed and cells were washed with serum-
free medium to remove floating debris. The cells were subsequently incubated for 18 
hours with serum-free medium (negative control), RAW264.7 conditioned medium or 
RAW264.7 conditioned medium containing 10 μM of each TGF-β receptor inhibitors 
or 10 μM P1pal-12. When indicated, cells were pre-incubated with 10 μM P1pal-12 
for 30 minutes before scratching. The ability of cells to close the wound was assessed by 
comparing the 0- and 18-hour phase-contrast micrographs of 6 marked points along the 
wounded area. The percentage of non-recovered wound area was calculated by dividing 
the non-recovered area after 18 hours by the initial area at 0 hour as previously described.

Western Blot
Fibroblasts were seeded in 12-well plates in DMEM supplemented with 10% FCS. Next, 
medium was removed and cells were washed with serum-free medium. After serum star-
vation for 4 hours, the cells were incubated with serum-free medium (negative control) 
or RAW264.7 conditioned medium with or without 10 μM of each TGF-β receptor 
inhibitors or 10 μM P1pal-12. When indicated, cells were pre-incubated with 10 μM 
P1pal-12 for 30 minutes. Twenty four hours later, cells were lysed in Laemmli lysis 
buffer and Western blots were performed as described before17. In brief, protein samples 
were separated by 10% SDS gel electrophoresis and transferred to a PVDF membrane 
(Millipore, Billerica, MA). Membranes were blocked for 1 hour in 4% milk in TBST 
and incubated overnight with monoclonal antibodies against α-smooth muscle actin 
(a-SMA), GAPDH (all Santa Cruz, CA), collagen (SouthernBiotech, AL) or p-SMAD2 
(Cell Signaling Technology, Boston, MA) at 4°C. All secondary antibodies were horse-
radish peroxidase (HRP)-conjugated from DakoCytomation (Glostrup, Denmark) and 
diluted according to the manufacturer’s instructions. Blots were imaged using Lumilight 
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plus ECL substrate from Roche (Almere, The Netherlands) on an ImageQuant LAS 
4000 biomolecular imager from GE Healthcare (Buckinghamshire, U.K). 

Trans-well Migration Assays 
Serum starved Raw264.7 cells (1×105 CellTrace CFSE labeled for real-time analysis or 
2×104 unlabeled for analysis by microscopy) were transferred to 8 μm pore-size Cell 
Culture inserts coated with 0.1% (w/v) collagen. The cells were incubated in serum-
free medium with or without thrombin, and the inserts were incubated at 37°C for 10 
hours in serum-free medium or MLE-15 conditioned medium as chemoattractant. For 
real time analysis, fluorescence values representing the number of cells on the bottom 
side of the insert were read on a BioTek plate reader at 485/528 nm (BioTek®, Bad Frie-
drichshall, Germany). For microscopic analysis, cells on the upper side of the transwell 
membrane were removed with a cotton swab after which the inserts were fixed and 
stained in a crystal violet solution as described before19. The membranes were subse-
quently mounted on a glass slide, and migrated cells were counted by light microscopy. 
Cells were counted in five different fields using a 200× magnification. 

Immunohistological Analysis
Four-μm sections were deparaffinized and rehydrated. Endogenous peroxidase activity 
was quenched with 0.3% H2O2 in methanol. F4/80 staining was performed using an 
anti-F4/80 antibody (1:500, 24 hour at 4°C, AbD Serotec, Kidlington, UK). A horse-
radish peroxidase-conjugated polymer detection system (ImmunoLogic, Duiven, the 
Netherlands) was applied for visualization, using an appropriate secondary antibody 
and diaminobenzidine (DAB) staining. Slides were photographed with a microscope 
equipped with a digital camera (Leica CTR500). Pictures of F4/80 stainings were taken 
to cover the entirety of all sections. Color intensity of stained areas was analyzed semi-
quantitatively with ImageJ and expressed as percentage of the surface area essentially as 
described before20. 

TGF- β ELISA 
TGF-β1 was measured with the Mouse TGF-beta 1 DuoSet kit (R&D systems, UK) as 
suggested by the manufacturer. 

Quantitative real-time PCR
Total RNA was isolated from cells with TriPure (Roche, Almere, Netherlands) following 
the manufacturer’s recommendations. q-PCR was performed with SYBR Green PCR 
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master Kit (Roche) using the following primers: 
Factor(F)II: forward 5’-GGCAACCTAGAGCGTGAGT-3’ and reverse 5’-TAGCACA-
GCGACCTTCCAGA-3’; FX: forward 5’-GACCAAATATAAAGACGGCGAC-3’ and 
reverse 5’-TCCGAACAAAGAGCTCACAGT-3’; Granzyme K: forward 5’-TGAGCC-
CATGAAGCAGACAT-3’ and reverse 5’- TGGCATTTGGTCCCATCTCT-3’; Matrix 
metalloproteinases(MMP)-1: forward 5’-TTACGGCTCATGAACTGGGT-3’ and 
reverse 5’- GTTGGCTGGATGGGATTTGG-3’; MMP-13: forward 5’-AACATC-
CATCCCGTGACCTT-3’ and reverse 5’-TTCTCAAAGTGAACCGCAGC-3’; 
Kallikrein (KLK)-1: forward 5’-CCCACAACCTGAGGATGACT-3’ and reverse 
5’-GCTTGAGGTTCACACACTGG-3’; KLK-4: forward 5’- ATCTCTCAGTG-
GCGTCAGAG-3’ and reverse 5’-CTGCCCACACTTTCCTTGTC-3’; KLK-6: 
forward 5’-TGGTGTCATTCCCCTCCAAC-3’ and reverse 5’-CCATGAACCAC-
CTTCTCCTGT-3’. GAPDH: forward 5’-CTCATGACCACAGTCCATGC-3’ and 
reverse 5’-CACATTGGGGGTAGGAACAC -3’; TBP: forward 5’-GGAGAATCATG-
GACCAGAACA-3’ and reverse 5’-GATGGGAATTCCAGGAGTCA-3’.
The qPCR data were normalized to the average of the housekeeping genes GAPDH and TBP.

Statistics
Statistical analyses were conducted using GraphPad Prism version 5.00, (GraphPad 
software, San Diego, CA, USA). Data were expressed as means ± SEM. Comparisons 
between two conditions were analyzed using two tailed unpaired t-tests when the data 
where normally distributed, otherwise Mann-Whitney analysis was performed. P values 
of less than 0.05 were considered significant.

RESULTS
PAR-1 regulates monocyte/macrophage recruitment during pulmonary fibrosis
We previously showed that pharmacological inhibition of PAR-1 by P1pal-12 reduced 
bleomycin-induced pulmonary fibrosis10. As macrophage recruitment in response to 
chemoattractant production by injured epithelial cells is a key process in fibrosis16, 
we set out to determine whether PAR-1 would modify macrophage recruitment into 
fibrotic lungs. As shown in Figure 1A, macrophages were omnipresent in lungs of wild 
type mice instilled with bleomycin as evident from large amounts of F4/80 positive cells. 
Interestingly, macrophage numbers were reduced by approximately 50% in fibrotic mice 
treated with P1pal-12 (Figure 1B, C). 
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To assess whether the reduced macrophage numbers in P1pal-12 treated mice are due to 
a direct effect of PAR-1 on macrophage migration towards injured epithelium, we next 
analysed migration of RAW264.7 macrophages in vitro. To mimic the in vivo setting, 
MLE-15 epithelial cells were exposed to bleomycin (10 μg/ml) for 48 or 72 hours after 
which the medium was used as chemoattractant for RAW264.7 cells. As shown in Figure 
2A and D, medium of bleomycin-exposed MLE-15 cells served as a chemoattractant 
for RAW264.7 cells. Interestingly, stimulation of RAW264.7 cells with thrombin did 
not have an effect on migration towards control medium, but potentiated migration 
towards bleomycin-treated MLE-15 conditioned medium (Figure 2B-D). These results 
thus indicate that macrophage recruitment into injured lungs seems (at least in part) 
PAR-1 dependent.

Macrophages induce fibrotic responses in fibroblasts via TGF-β in a PAR-1 
dependent manner
To assess whether the decreased number of macrophages in lungs of P1pal-12 treated mice 
correlate with the observed reduction in fibrosis, we subsequently analyzed macrophage-
induced profibrotic responses in fibroblasts. RAW264.7 conditioned medium induced 

Figure 1. PAR-1 inhibition reduces macrophage numbers in the lung of bleomycin treated mice. 
Representative macrophage marker F4/80 stained sections obtained 14 days after bleomycin instillation 
in wild type mice (A) and wild type mice treated with the PAR-1 inhibitor P1pal-12 (2.5 mg/kg) (B). The 
arrows indicate an example of F4/80 positive macrophages.  (C) Quantification of macrophage numbers 
in fibrotic mice treated or not with P1pal-12 (mean±SEM, n=8 per group). * P<0.05.
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Figure 2. PAR-1 regulates macrophages migration in trans-well assays. (A) Real-time migration of 
RAW264.7 cells towards MLE-15 epithelial cell conditioned medium collected after exposure to 10 μg/ml 
bleomycin 48 or 72 hours. RAW264.7 cell migration towards plain medium was used as control. (B) Real-
time migration of RAW264.7 cells towards control or MLE-15 conditioned medium (10 μg/ml bleomycin for 
72 hours) in the absence or presence of thrombin (1 U/ml). Shown is the mean ± SEM, n=3. (C) Representa-
tive pictures of RAW264.7 cells migrated through the trans-well toward plain control or MLE-15 epithelial 
cells conditioned medium (CM) stimulated with or without thrombin (1 U/ml). (D) Quantification of the data 
presented in (C) (mean ± SEM of an experiment performed three times, *P<0.05 and **P<0.01).
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fibroblast migration as evident from efficient wound closure as compared to control 
medium that did not induce wound closure (Figure 3A-B). In line, RAW264.7 condi-
tioned medium also induced fibroblast differentiation and extracellular matrix produc-
tion as evident from increased α-SMA and collagen expression levels (Figure 3C). To 
determine whether the macrophage-induced profibrotic responses of fibroblasts rely 
upon PAR-1 activation on fibroblasts, we next pre-incubated fibroblasts with P1pal-12 
before assessing the macrophage-dependent fibrotic responses. As shown in Figure 3, 

Figure 3. Macrophages-induced fibrotic responses of fibroblasts are PAR-1 dependent. (A) Wound 
size of NIH3T3 fibroblast monolayers after treatment with PBS (control) or RAW264.7 conditioned 
medium (CM) for 18 hours in the presence or absence of TGFBR inhibitors (10 μM of SB-431542 and 10 
μM of LY-2157299) or P1pal-12 (10 μM). Shown are photographs of representative microscopic fields. (B) 
Quantification of the results depicted in (A) as described in the Materials and Methods section. Data are 
expressed as mean±SEM (n=6). *** P<0.001. (C) Western blot analysis of α-SMA and collagen expres-
sion in NIH3T3 cells stimulated with RAW264.7 CM in the absence or presence of P1pal-12 (10 μM) or 
TGFBR inhibitors (10 μM of SB-431542 and 10 μM of LY-2157299). Tubulin served as loading control.
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P1pal-12 treatment significantly inhibited macrophage-induced wound closure, fibro-
blast differentiation and collagen deposition suggesting macrophages potentiate fibro-
blast-driven fibrosis in a PAR-1 dependent manner. 

Macrophages are a major source of TGF-β, a crucial pro-fibrotic cytokine which induces 
fibroblast migration, differentiation and ECM synthesis15-17. Hence, we determined 
whether TGF-β plays a dominant role in the pro-fibrotic effects of RAW264.7 condi-
tioned medium. We assessed macrophage-dependent fibroblast migration in the pres-
ence of TGF-β receptor inhibitors. As shown in Figure 3A-B, inhibition of TGF-β sign-
aling inhibited RAW264.7 conditioned medium-induced wound closure. Consistently, 
TGF-β receptor inhibition also prevented macrophage-induced fibroblast differentia-
tion (i.e. α-SMA expression) and ECM deposition (i.e. collagen production) (Figure 3). 

To corroborate these findings, we next assessed macrophage-induced SMAD2 phospho-
rylation, a direct downstream target of TGFBR activation in fibroblasts. As shown in 
Figure 4A, RAW264.7 conditioned medium clearly caused a time-dependent increase 
in SMAD2 phosphorylation in NIH3T3 cells. Notably, SMAD2 phosphorylation was 
completely blocked by TGF-β receptor inhibitors, while it was also partly blocked by 
the PAR-1 inhibitor P1pal-12, suggesting that TGF-β signaling on fibroblasts is in part 
mediated by PAR-1.

To confirm the P1pal-12 data and to elucidate the mechanism by which PAR-1 influ-
ences TGF-β signaling, we generated a stable PAR-1 knockdown fibroblast cell line. As 
shown in Figure 4B, NIH3T3 cells lentivirally transduced with PAR-1 shRNA (indi-
cated as PAR-1-/- cells) proliferated to a similar extent as NIH3T3 cells transduced with 
control shRNA (indicated as WT cells). The PAR-1-/- cells did however not respond 
to thrombin stimulation in calcium assays as opposed to WT cells confirming efficient 
knock-down (Figure 4C). As expected, WT fibroblasts showed increased SMAD2 phos-
phorylation after stimulation with RAW264.7 conditioned medium (Figure 4D). In 
line with p1pal-12 treatment, PAR-1 knock-down significantly inhibited macrophage-
induced SMAD2 phosphorylation (Figure 4D). Interestingly, however, PAR-1-/- fibro-
blasts still responded to direct TGF-β stimulation and showed similar SMAD2 levels as 
WT fibroblasts (Figure 4D). Overall these data show that PAR-1 on fibroblasts modifies 
TGF-β signaling most likely by regulating the activation of latent TGF-β. 
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Finally, we assessed whether fibroblast PAR-1 would also modify TGF-β production 
induced by macrophage-conditioned medium. As shown in Figure 4E, baseline latent 
TGF-β levels were already reduced in PAR-1-/- fibroblasts as compared to WT fibro-
blasts. Moreover, RAW264.7 conditioned medium induced TGF-β expression by WT 
cells but not by PAR-1-/- cells (TGF-β level in PAR1-/- cells stimulated with RAW264.7 
conditioned is similar to the levels in conditioned medium alone). It thus seems that 
PAR-1 expression on fibroblasts also potentiates TGF-β production.

Factor Xa as PAR-1 agonist secreted by RAW264.7 cells
The data presented above suggest a crosstalk between fibroblasts and macrophages, 
where macrophages are a source of one or several PAR-1 agonist(s) that subsequently 

Figure 4. PAR-1 mediates TGF-β activation and production. (A) Western blot analysis of SMAD2 
phosphorylation in NIH3T3 cells stimulated with RAW264.7 CM in the absence or presence of TGFBR 
inhibitors (10 μM of SB-431542 and 10 μM of LY-2157299) or P1pal-12 (10 μM). GAPDH served as 
loading control. (B) Cell viability of NIH3T3s lentivirally transduced with a control shRNA construct 
(WT fibroblasts, down-pointing triangle) or a PAR-1 shRNA construct (PAR-1-/- fibroblasts, up-pointing 
triangle) as evaluated by MTT assays (Mean+/-SEM of an experiment performed two times in octoplo). 
(C) Intracellular Ca2+ fluxes in WT fibroblasts (circle) and PAR-1-/- fibroblasts (square) after stimulation 
with 1 U/ml thrombin. Ca2+ fluxes are expressed as arbitrary units of fluorescent intensity after background 
correction. (D) Western blot analysis of SMAD2 phosphorylation in WT fibroblasts or PAR-1-/- fibroblasts 
stimulated with RAW264.7 CM or recombinant TGF-β (1 ng). GAPDH served as loading control. (E) Total 
TGF-β production of RAW264.7 cells and WT or PAR-1-/- fibroblasts stimulated without or with RAW264.7 
conditioned medium (CM) (mean ± SEM, n=6; *** P<0.001).
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stimulate fibroblasts leading to TGF-β production and activation. Hence, to identify the 
potential  PAR-1 agonist, we first analyzed mRNA expression levels of known PAR-1 
agonists in RAW264.7 cells. As shown in Figure 5A, thrombin and MMP-13 seem 
not to be expressed by RAW264.7 cells, whereas MMP-1, KLK-1, KLK-4 and KLK-6 
were expressed at relatively low levels. Granzyme K and particularly FX are expressed 
in significant amounts, and are thus likely candidates as macrophage-secreted PAR-1 
agonist. To prove or refute that FXa is the PAR-1 agonist secreted by RAW264.7 cells, 
we next determined RAW264.7 cell-induced TGF-β signaling by assessing SMAD2 
phosphorylation in fibroblasts in the absence or presence of antistasin, a direct FXa 
inhibitor. As shown in Figure 5B, RAW264.7 conditioned medium-induced SMAD2 
phosphorylation was almost completely blocked by antistasin pinpointing FX as endog-
enous PAR-1 ligand secreted by Raw264.7 cells.

Figure 5. PAR-1-induced TGF-β activation on fibroblasts is mediated by FX. (A) Thrombin (FII), 
FX, Granzyme K (GZMK), MMP1, MMP13, KLK1, KLK4 and KLK6 mRNA levels in RAW264.7 cells 
as assessed by real-time reverse transcriptase PCR. Data are expressed relative to two housekeeping 
genes, GAPDH and TBP. Shown is the mean ± SEM, n=3. (B) Western blot analysis of SMAD2 phos-
phorylation in NIH3T3 cells stimulated with RAW264.7 CM in the absence or presence of the FX inhib-
itor antistasin. GAPDH served as loading control. (C) Proposed mechanism by which macrophages 
promote lung fibrosis in a PAR-1 dependent manner. During lung injury, epithelial cells release media-
tors that potentiate PAR-1 dependent macrophage migration towards the injured site (1). The recruited 
macrophages subsequently secrete TGF-β and FX. The PAR-1 agonist (FX) than activates PAR-1 on 
fibroblasts (2) leading to TGF-β production and activation. Finally, TGF-β induces TGFBR signaling (3) on 
fibroblast thereby inducing their migration, differentiation and ECM deposition.
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DISCUSSION
There is compelling evidence that PAR-1 plays an important role in mediating pro-
fibrotic effects and pharmacological inhibition of PAR-1 affords protection from bleo-
mycin-induced pulmonary fibrosis9-11. The underlying mechanism by which PAR-1 
modulates pulmonary fibrosis is however not yet fully understood. In the current manu-
script, we identify macrophages as key players in PAR-1 driven pulmonary fibrosis. 
We show that PAR-1 on macrophage potentiates recruitment of macrophages towards 
injured lung epithelial cells. Once recruited, macrophages secrete the PAR-1 agonists 
FXa that act upon fibroblasts leading to the production and activation of latent TGF-β 
that subsequently drives fibroblast migration, differentiation into myofibroblasts and 
ECM deposition (Figure 5C).

A key finding of our study is the fact that macrophage numbers are significantly reduced 
in fibrotic lungs as a consequence of pharmacological PAR-1 inhibition. To prove or 
refute that PAR-1 directly modifies macrophage migration, we mimicked the in vivo 
setting by analyzing macrophage migration towards conditioned medium obtained 
from bleomycin-treated lung epithelial cells in trans-well assays. Interestingly, PAR-1 
activation by thrombin did not affect macrophage migration towards control medium, 
but did potentiate directed migration towards conditioned medium of injured epithelial 
cells. This suggests that PAR-1 specifically modifies chemotaxis of macrophages in the 
setting of pulmonary fibrosis. The underlying mechanism by which PAR-1 modifies 
chemotaxis remains elusive although a recent study elegantly shows that PAR-1 activa-
tion by thrombin on THP-1 cells leads to cytoskeletal remodeling and migration in a 
Gα12/Pyk2/RAC1/RhoA/Pak2-dependent signaling pathway21.

Macrophages recruited to injured lung tissue contribute to the development of fibrosis 
by secreting the profibrotic cytokine TGF-β that, once activated, targets fibroblasts14-17. 
Here we show that macrophage TGF-β induces fibroblast migration, differentiation and 
ECM deposition. Of note, macrophages-induced pro-fibrotic responses were inhibited 
by a TGF-β receptor blocking cocktail, resulting in inactivation of both TGFBRI and 
TGFBRII. Interestingly however, all macrophage conditioned medium-induced pro-
fibrotic responses were also partially inhibited by the specific PAR-1 inhibitor P1pal-12 
which may suggest that PAR-1 directly regulates TGF-β receptor signaling. However, 
the fact that TGF-β still efficiently triggered TGF-β receptor dependent Smad2 phos-
phorylation in PAR-1 knock down cells suggests that PAR-1 is not required once TGF-β 
is activated. Most likely, PAR-1 contributes to TGF-β activation on fibroblasts and 
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indeed thrombin-dependent PAR-1 cleavage leads to TGF-β activation on respiratory 
epithelial cells22. Mechanistically, PAR-1 activation seems to induce RhoA-dependent 
actin polymerization with subsequent conformational changes in the αvβ6 integrin/
latent TGF-β complex that allows the interaction between active TGF-β and its adja-
cent receptors23,24. Additionally, blocking αvβ6 integrin signaling inhibited TGF-β acti-
vation during acute lung injury, confirming the importance of this PAR-1-dependent 
TGF-β activation pathway in vivo22.

Our data show that macrophage conditioned medium contains a PAR-1 ligand leading 
to PAR-1 dependent activation of latent TGF-β. Although thrombin is the best-known 
PAR-1 agonist, several other PAR-1 agonists, like MMP-1, MMP-13, KLK-1, KLK-4, 
KLK-6, FX and Granzyme K have been described25-31. Of these potential PAR-1 agonists, 
we identified FXa as the most likely endogenous agonist secreted by macrophages (in 
line with a previous study32) based on the notion that a specific FX inhibitor blocked 
macrophage conditioned medium-induced TGF-β signaling. This is particularly inter-
esting as FX has already been implicated in the pathogenesis of pulmonary  fibrosis by 
inducing TGF-β activation in a PAR-1 and integrin-dependent manner and FXa inhibition 
limited bleomycin-induced pulmonary fibrosis31. In addition to FX, other PAR-1 agonists 
may also be able to contribute to TGF-β activation. Our data show that macrophages 
also express relatively high mRNA levels of Granzyme K, which may be also interesting as 
Granzyme K is known to induce pro-inflammatory cytokine secretion and lung fibroblast 
proliferation through PAR-125. Although all other potential PAR-1 agonists only showed 
low expression levels in RAW264.7 cells in our experiments, these proteases may obviously 
not be ruled out as key players in PAR-1 driven pulmonary fibrosis. 

Another interesting finding of our study is that PAR-1 seems also to be important for 
TGF-β secretion by fibroblasts. Although fibroblasts produce relatively low levels of latent 
TGF-β as compared to macrophages, PAR-1 knock down fibroblasts produced signifi-
cantly less latent TGF-β than PAR-1 expressing fibroblasts in unstimulated conditions, 
suggesting PAR-1 may actually be essential for fibroblasts to secrete latent TGF-β. More-
over, fibroblast stimulation by macrophages conditioned medium (containing PAR-1 
agonists as discussed above) induced secretion of latent TGF-β in wild type but not 
PAR-1 knock down fibroblasts. Our data thus confirm and extent previous findings that 
activation of PARs may indeed lead to cytokine release and TGF-β production33-34. The 
underlying mechanism by which PAR-1 induces TGF-β expression by fibroblasts and the 
potential significance of fibroblast TGF-β in pulmonary fibrosis remains to be elucidated. 
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In conclusion, the present study demonstrate novel mechanisms by which PAR-1 stimu-
lation on different cell types can contribute to the lung fibrotic process and therefore 
provided a more integrated understanding of PAR-1-mediated pathogenesis of pulmo-
nary fibrosis (Figure 5C). We pinpoint macrophages as key players in PAR-1 dependent 
lung fibrosis development and suggest that macrophages secrete FXa that subsequently 
targets fibroblasts to enhance TGF-β driven fibrotic effects.
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High endogenous activated protein C levels afford protection 
against bleomycin-induced pulmonary fibrosis
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ABSTRACT
Background 
Coagulation activation accompanied by reduced anticoagulant activity is a key 
characteristic of patients with idiopathic pulmonary fibrosis (IPF) and the conse-
quent hypercoagulability may play an important role in the pathogenesis of IPF. 
Although the importance of coagulation activation in IPF has been well studied, 
the potential relevance of diminished endogenous anticoagulant activity in IPF 
progression remains elusive. 

Aims
To assess the importance of the endogenous anticoagulant protein C pathway on 
disease progression during bleomycin-induced pulmonary fibrosis and to assess 
the underlying mechanism by which APC may modify fibrosis.

Methods
Wild-type mice and mice with high endogenous APC levels (APChigh) were intra-
nasally instilled with bleomycin. After 14 and 28 days, pulmonary fibrosis was 
assesses by hydroxyproline and histochemical analysis. Macrophage recruitment 
to lungs of bleomycin-instilled mice was assessed immunohistochemically. In 
vitro, macrophage migration was analyzed by trans-well migration assays after 
stimulation with thrombin and/or recombinant APC.

Results
14 days after bleomycin instillation, APChigh mice developed pulmonary fibrosis 
to a similar degree as wild type mice as evident from similar Ashcroft scores 
and hydroxyproline levels. Interestingly however, Aschcroft scores as well as lung 
hydroxyproline levels were significantly lower in APChigh mice than in wild type 
mice on day 28. The reduction in fibrosis in APChigh mice was accompanied by 
reduced macrophage numbers in their lungs and subsequent in vitro experiments 
show that APC inhibits thrombin-dependent macrophage migration.

Conclusion
High endogenous APC levels inhibit the progression of bleomycin-induced 
pulmonary fibrosis. We suggest that APC modifies pulmonary fibrosis by limiting 
macrophage recruitment.
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INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a specific form of fibrosing idiopathic 
interstitial pneumonia, characterized by progressive and irreversible pathological 
changes, with a median survival of 3 years.1-2 IPF comprises a group of condi-
tions characterized by the formation and proliferation of (myo)fibroblast foci 
and exaggerated extracellular matrix (ECM) accumulation.3 The current patho-
genesis paradigm suggests that pulmonary fibrogenesis results from an uncon-
trolled wound healing response that is initiated after repeated epithelium injury.4

Beyond its primary role in hemostasis, coagulation activation in response to 
tissue injury seems to be a critical contributor in the pathogenesis of fibrotic 
lung disorders.5 A hypercoagulable state is commonly observed in IPF patients 
,6,7 and coagulation factors, such as tissue factor (TF), factor (F)VII, FXa and 
thrombin, are increased in these patients. All these individual coagulation factors 
exert pro-fibrotic cellular effects through activation of the cell surface protease-
activated receptors (PARs). Indeed, FVIIa may contribute to the development 
and/or progression of IPF by activating PAR-2, whereas FXa induces pro-fibrotic 
effects via either PAR-1 or PAR-2.8-11 Thrombin, as the best-described profibrotic 
coagulation factor, activates PAR-1 leading to myofibroblast accumulation and 
subsequent fibrotic responses of lung (myo)fibroblasts, such as proliferation, 
migration and ECM synthesis (e.g. collagen).12-14 The potential importance of 
coagulation factors in IPF is underscored by the fact that inhibiting coagulation 
limits pulmonary fibrosis in preclinical experimental animal models.10,15-17 

The hypercoagulable state observed in IPF patients may not only be due to 
increased coagulation factor expression but may at least in part results from 
reduced anticoagulant activity. Indeed, the balance between pro- and antico-
agulant pathways is compromised in patients with IPF, and especially the anti-
coagulant protein C pathway seems down regulated.18 Protein C, once activated 
by the thrombin-thrombomodulin complex, prevents excessive coagulation via 
inactivation of factors Va and VIIIa.19-20 Next to inhibiting coagulation, acti-
vated protein C (APC) exhibits anti-inflammatory and vascular protective effects 
through PAR-1, the same receptor activated by thrombin.21 In the context of lung 
injury, endogenous APC inhibits infection-induced coagulation activation22 and 
APC overexpression modifies neutrophil recruitment during experimental pneu-
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mococcal pneumonia.23 Moreover, exogenous APC instillation limits bleomycin-
induced pulmonary fibrosis probably through its anti-inflammatory activity.24

Despite the clear potential importance of endogenous anticoagulant activity in 
IPF progression, previous studies mainly focussed on the importance of coagula-
tion activation whereas the relevance of disturbed anticoagulant pathways in IPF 
has not been addressed. In the present study, we consequently aimed to assess the 
significance of the endogenous anticoagulant protein C pathway in IPF. To this 
end, we subjected mice with different endogenous APC levels to the preclinical 
bleomycin induced pulmonary fibrosis model.

MATERIALS AND METHODS
Animal Model of Pulmonary Fibrosis
Wild type (WT) C57Bl/6 mice were purchased from Charles River (Someren, 
Netherlands). APChigh mice, with plasma APC levels almost forty times higher 
than in WT mice, were generated and backcrossed to a C57BL/6 genetic back-
ground as described25 and bred at the animal care facility of the Academic 
Medical Center. All procedures were performed on eight to ten-week-old mice, 
and in accordance with the Institutional Standards for Humane Care and Use 
of Laboratory Animals. Experiments were approved by the Animal Care and 
Use Committee of the Academic Medical Center (Amsterdam, Netherlands). 
Bleomycin (Sigma, St-Louis, MO) was administered by intranasal instillation (1 
mg/kg body weight) under anesthesia. Mice were sacrificed 14 or 28 days after 
bleomycin instillation, following which the left lungs were excised for histolog-
ical analysis whereas the right lungs were homogenized for hydroxyproline and 
cytokine assays.

Cells and Reagents
Murine NIH3T3 fibroblasts and RAW264.7 macrophages were cultured in 
DMEM and IMDM, respectively, supplemented with 10% fetal calf serum 
(FCS). Cells were grown at 37°C in an atmosphere of 5% CO2. Unless indicated 
otherwise, cells were washed twice with PBS and serum-starved for 4 hours before 
stimulation. Thrombin was from Sigma (St-Louis, MO), recombinant human 
activated protein C (rhAPC; Xigris) was obtained from Eli Lilly (Houten, The 
Netherlands) and recombinant mouse monocyte chemotactic protein (MCP-1) 
was from R&D systems.
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Cell Viability Assays
Cells were seeded in 96-well plates at a concentration of 5000 cells/well after 
which cell viability was determined using a 3-(4,5-dimethylthiazol- 2-yl)-2,5-di-
phenyltetrazolium  (MTT) assay at 24 hours according to routine procedures.26

Wound Scratch Assay
Scratch assays were performed essentially as described before.27 In detail, fibro-
blasts were seeded in six-well plates in DMEM supplemented with 10% FCS. 
After the cells formed a confluent monolayer, a scratch was created in the center 
of the monolayer with a sterile p200 pipette tip. Next, medium was removed 
and cells were washed with serum-free medium to remove floating debris. The 
cells were subsequently incubated for 18 hours with serum-free medium without 
(negative control) or with 10 μM thrombin or APC. The ability of cells to close 
the wound was assessed by comparing the 0- and 18-hour phase-contrast micro-
graphs of 6 marked points along the wounded area. The percentage of non-
recovered wound area was calculated by dividing the non-recovered area after 18 
hours by the initial area at 0 hour.

Western Blot 
Fibroblasts were seeded in 12-well plates in DMEM supplemented with 10% 
FCS. After serum starvation for 4 hours, the cells were incubated with serum-
free medium (negative control) with or without 10 μM thrombin or APC. 
Twenty four hours later, cells were lysed in Laemmli lysis buffer and Western 
blots were performed as described before.27 In brief, protein samples were sepa-
rated by 10% SDS gel electrophoresis and transferred to a PVDF membrane 
(Millipore, Billerica, MA). Membranes were blocked for 1 hour in 4% milk in 
TBST and incubated overnight with monoclonal antibodies against α-smooth 
muscle actin (a-SMA), GAPDH (both Santa Cruz, CA) or collagen (South-
ernBiotech, AL) at 4°C. All secondary antibodies were horseradish peroxidase 
(HRP)-conjugated from DakoCytomation (Glostrup, Denmark) and diluted 
according to the manufacturer’s instructions. Blots were imaged using Lumilight 
plus ECL substrate from Roche (Almere, The Netherlands) on an ImageQuant 
LAS 4000 biomolecular imager from GE Healthcare (Buckinghamshire, U.K). 

Trans-well Migration Assays 
Serum starved 2×104 RAW264.7 cells were transferred to 8 μm pore-size Cell 
Culture inserts coated with 0.1% (w/v) collagen. The cells were incubated in 
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serum-free medium with or without thrombin/APC, and the inserts were incu-
bated at 37°C for 10 hours in serum-free medium with MCP-1 as chemoattractant. 
For microscopic analysis, cells on the upper side of the Transwell membrane were 
removed with a cotton swab after which the inserts were fixed and stained in a 
crystal violet solution as described.28 The membranes were subsequently mounted 
on a glass slide, and migrated cells were counted by light microscopy. Cells were 
counted in five different fields using a 200× magnification. 

(Immuno)histological Analysis
Four-μm sections were deparaffinized and rehydrated. Slides were stained with 
hematoxylin and eosin (H&E) according to routine procedures. In H&E stain-
ings, the severity of fibrosis was assessed according to the Ashcroft scoring system 
using a 100× magnification as described before.27 Two independent observers, 
blinded to the treatment group, scored the average Ashcroft score of 10 fields 
of each lung section as calculated by averaging the individual field scores. For 
F4/80 staining, endogenous peroxidase activity was quenched with 0.3% H2O2 
in methanol and the F4/80 antibody was incubated for 24 hours at 4°C (1:500, 
AbD Serotec, Kidlington, UK). A horseradish peroxidase-conjugated polymer 
detection system (ImmunoLogic, Duiven, the Netherlands) was applied for 
visualization, using an appropriate secondary antibody and diaminobenzidine 
(DAB) staining. Slides were photographed with a microscope equipped with a 
digital camera (Leica CTR500). Pictures of F4/80 staining were taken to cover 
the entirety of all sections. Color intensity of stained areas was analyzed semi-
quantitatively with ImageJ and expressed as percentage of the surface area essen-
tially as described.29 

ELISA
Active transforming growth factor-beta 1 (TGF-β1) was measured using a Mouse 
DuoSet kit (R&D systems, UK) as per the manufacturer’s instructions. 

Hydroxyproline Assay
Hydroxyproline analysis was performed by the hydroxyproline assay kit as per 
the manufacturer’s instructions (Sigma, Netherlands) and as described before.27

Statistics
Statistical analyses were conducted using GraphPad Prism version 5.00 (GraphPad 
software, San Diego, CA, USA). Data were expressed as means ± SEM. Compar-
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isons between two conditions were analyzed using two-tailed unpaired t-tests 
when the data where normally distributed, otherwise Mann-Whitney analysis 
was performed. P values of less than 0.05 were considered significant.

RESULTS
APC high mice are protected from bleomycin-induced pulmonary fibrosis
To study the effect of high endogenous APC levels during the progression of 
pulmonary fibrosis, APChigh and wild type mice were subjected to bleomycin-
induced fibrosis for either 14 or 28 days. As shown in Figure 1, bleomycin-
induced extensive patchy areas of fibrosis were present to a similar extent in both 
wild type and APChigh mice on day 14. During disease progression, the inflam-

Figure 1. High endogenous APC levels limit the progression of pulmonary fibrosis. (A) Representa-
tive pictures of lungs of mice 14 and 28 days after saline bleomycin instillation (100× magnification). (B) 
Quantification of pulmonary fibrosis 14 and 28 days after bleomycin instillation using the Ashcroft score. 
(C) Collagen content in lung homogenates obtained 14 or 28 days after bleomycin instillation. (D) Trans-
forming growth factor (TGF)-β1 levels in lung homogenates obtained 14 or 28 days after bleomycin instil-
lation. Data are expressed as mean ± SEM (n=8 per group, *p<0.05 and **P<0.01). 

Lin Proefschrift 150626.indd   121 1-7-2015   8:35:51



122

CHAPTER 6

matory and fibrotic effects culminated in severe pulmonary fibrosis at day 28 in 
wild type mice (Figure 1A). Interestingly however, the increase in pulmonary 
fibrosis over time was not observed in APChigh mice, and indeed Ashcroft scores 
are similar in APChigh mice at day 14 and day 28 (Figure 1B). In line with the 
Ashcroft scores, lung hydroxyproline levels did not show differences between 
APChigh and wild type mice on day 14, whereas these levels were significantly 
higher in wild type mice at 28 days after bleomycin instillation (Figure 1C). 
Similar to Ashcroft scores and hydroxyproline levels, TGF-β1 concentrations are 
relatively low in wild type and APChigh mice at day 14. During disease progres-
sion, TGF-β1 levels increase in both wild type and APChigh mice although the 
increase is clearly reduced in APChigh mice at day 28 (Figure 1D). Overall, these 
results show that high endogenous APC levels provide protection against bleo-
mycin-induced pulmonary fibrosis.

APC inhibits thrombin-induced monocyte/macrophage recruitment during 
pulmonary fibrosis
Macrophage recruitment in response to inflammatory mediators produced by 
injured epithelial cells is a key process in fibrosis.30 Moreover, we recently showed 
that thrombin-dependent PAR-1 signaling potentiates macrophage migration 
towards bleomycin-treated epithelial cells, thereby driving pulmonary fibrosis 
(manuscript submitted). Consequently, we determined macrophage numbers in 
fibrotic lungs of both wild type and APChigh mice. As shown in Figure 2A, F4/80 
positive macrophages were diffusely present in lungs of wild type mice 28 days 
after bleomycin instillation. In APChigh mice, macrophage numbers are reduced 
by around 50% as compared to wild type mice (Figure 2A-B). Interestingly, the 
reduced macrophage numbers in APChigh mice at day 28 after bleomycin-instil-
lation are not due to a direct effect of APC on macrophage migration. As shown 
in Figure 2C, RAW264.7 macrophage migration towards MCP-1 in vitro was 
not modified by APC treatment. APC did however (almost) completely prevent 
thrombin-induced RAW264.7 cell migration towards MCP-1 (Figure 2D). 
Together, the results suggest that APC inhibits thrombin-induced macrophage 
migration during pulmonary fibrosis.

APC does not interfere with thrombin-induced profibrotic effects on fibroblasts
Thrombin induces several profibrotic processes on fibroblasts, such as fibroblast 
proliferation, migration, differentiation and ECM production.13,16 Therefore we 

Lin Proefschrift 150626.indd   122 1-7-2015   8:35:51



123

High APC levels limit bleomycin-induced pulmonary fibrosis

   6

assessed whether APC may, next to reducing thrombin-dependent macrophage 
recruitment, also modify pulmonary fibrosis by inhibiting thrombin-dependent 
profibrotic responses in fibroblasts. As shown in Figure 3A-B, as opposed to 
APC treatment, thrombin stimulation increased fibroblast proliferation and 
migration. Interestingly, APC did not modify these thrombin-induced pro-
fibrotic responses. In line, APC also did not modify thrombin-induced fibroblast  

Figure 2. Effect of high endogenous APC levels on macrophage recruitment. (A) Representative 
pictures of F4/80 stained lung sections obtained 28 days after bleomycin instillation in wild type (WT) 
and APChigh mice. The arrows point to (examples of) F4/80 positive macrophages.  (B) Quantification 
of macrophage numbers in fibrotic mice. (mean±SEM, n=8 per group, * P<0.05). (C) Representative 
pictures of RAW264.7 cell migration towards MCP-1 after stimulation with thrombin in the presence or 
absence of rhAPC. The arrows indicate an example of stained macrophages. (D) Quantification of the 
data presented in C (mean ± SEM of an experiment performed three times, *P<0.05). 
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differentiation and ECM synthesis (Figure 3C). Hence, APC neither directly 
affects fibrotic responses of fibroblasts nor does it limit thrombin-induced profi-
brotic effects of fibroblasts.

DISCUSSION
Coagulation activation is a frequent phenomenon in IPF and IPF patients are 
more than four times more likely to have a hypercoagulable state than general 
population controls.5, 7, 18 The presence of a hypercoagulable state is not only asso-
ciated with disease severity at diagnosis but also adversely impacts on survival of 
IPF patients.7 At least in part, hypercoagulability in IPF patients may be due to 

Figure 3. APC does not interfere with thrombin-induced profibrotic effects on fibroblasts. (A) Cell 
viability of NIH3T3 cells treated with thrombin and/or APC as evaluated by MTT assays (Mean ± SEM 
of an experiment performed two times in octoplo, **P<0.01). (B) Quantification of the wound scratch 
assay as described in the Materials and Methods section. Data are expressed as mean ± SEM (n=6). *** 
P<0.001. (C) Western blot analysis of α-SMA and collagen expression in NIH3T3 cells stimulated with 
thrombin and/or APC. GAPDH served as loading control.
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reduced anticoagulant activity, and here we consequently addressed the impor-
tance of the endogenous protein C pathway. We show that endogenous APC 
modifies disease progression and affords protection against bleomycin-induced 
pulmonary fibrosis. 

Mice expressing high endogenous APC levels (i.e. APChigh mice) are protected 
from bleomycin-induced pulmonary fibrosis as evident from reduced Ashcroft 
scores, hydroxyproline concentrations and TGF-β1 levels at day 28 after bleo-
mycin instillation. The reduction in fibrosis in APChigh mice was accompanied by 
significantly decreased macrophage numbers in their lungs. This may be particu-
larly important as macrophage recruitment in response to lung epithelial cell 
injury is a key process in pulmonary fibrosis. Recruited macrophages produce 
profibrotic cytokines like TGF-β that activate fibroblasts, thereby potentiating 
their profibrotic responses.4, 30 

It is tempting to speculate that the reduction in pulmonary fibrosis observed at day 
28 is explained by a direct inhibitory effect of endogenous APC on macrophage 
recruitment. Indeed, APC has previously been shown to inhibit migration of 
lymphocytes toward IL-8, RANTES and MCP-131 and to limit migration and 
activation of rheumatoid arthritis monocytes via EPCR.32 Here, we show that 
APC does not directly inhibit migration of RAW264.7 macrophages towards 
MCP-1 by itself but instead blocks thrombin-induced macrophage migration. 
Most likely, APC competes for PAR-1 cleavage, thereby limiting thrombin-
dependent PAR-1 signaling and subsequent macrophage migration. Such 
competition between APC and thrombin is well-known and APC- or thrombin-
induced PAR-1 cleavage leads to distinct or even opposite downstream signaling 
events. For example, APC switches thrombin-induced PAR-1 signaling from a 
disruptive to a protective effect in human umbilical vein endothelial cells.21,33 
As opposed to modifying thrombin-induced macrophage migration, APC does 
not affect thrombin-induced pro-fibrotic responses of fibroblasts, like fibro-
blast proliferation, migration, differentiation and collagen deposition. This may 
be surprising at a first glance, but this is most likely explained by the fact that 
fibroblasts do not express EPCR, which is actually essential for APC-dependent 
PAR-1 cleavage.34, 35  
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In line with our data showing that endogenous APC limits bleomycin-induced 
pulmonary fibrosis, intratracheal administration of exogenous human APC 
reduced the progression of pulmonary fibrosis as well.24 Interestingly however, 
exogenous APC seemed more effective in reducing fibrosis at an earlier time point 
as hydroxyproline levels were already reduced 14 days after bleomycin infusion 
in case of exogenous APC administration. Although we do not have a definitive 
explanation for the increased efficacy of exogenous APC, it may well be due to 
higher initial concentrations of exogenous versus endogenous APC. Irrespective 
of the precise underlying molecular mechanisms, both studies emphasize the 
importance of the anticoagulant protein C pathway in disease progression of 
IPF and the availability of endogenous APC may thus be an important clinical 
and pharmacological parameter in patients with IPF. Consequently, preservation 
and/or restoration of endogenous APC generation might be an interesting target 
for limiting IPF progression.

In conclusion, the present study reveals that endogenous APC inhibits the 
progression of bleomycin-induced pulmonary fibrosis. We suggest that APC 
limits pulmonary fibrosis due to the inhibitory effect of APC on thrombin-
induced macrophage recruitment rather than any direct antifibrotic effect of 
APC on fibroblasts.
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SUMMARY 
Despite the high standards of modern medical care and the fast emerging anti-
fibrotic agents, mortality rates for idiopathic pulmonary fibrosis (IPF) are still 
increasing over the years. At a conservative estimate, there are approximate 0.2 
million patients suffering from IPF living in the Europe1. 

In this thesis, Chapter 1 gives an overview of IPF and introduces coagulation 
factors and their receptors, PARs, as potential contributors to fibrotic processes. 
Anticoagulant treatment in IPF is also discussed and to the overall conclusion 
of chapter 1 is that inhibition of PARs may be specific and effective thera-
peutic interventions for fibrotic disorders. We therefore set out to address this 
hypothesis and we show that pharmacological targeting of PARs with pepducin 
P1pal-12 (PAR-1 antagonist in Chapter 2) or P2pal-18S (PAR-2 antagonist in 
Chapter 3) effectively blocks PAR-1 or PAR-2 induced pro-fibrotic responses in 
fibroblasts and limits bleomycin-induced pulmonary fibrosis, even when admin-
istered 7 days after the induction of fibrosis. Importantly, in the experimental 
bleomycin model, pulmonary fibrosis is not completely abolished in mice that 
harbor deficiencies for either PAR-1 or PAR-2. Therefore, in Chapter 4, we 
studied the simultaneous inhibition of PAR-1 and PAR-2 in pulmonary fibrosis 
and we show that treatment of PAR-2 deficient mice with the PAR-1 antagonist 
P1pal-12 did not further reduce bleomycin-induced lung fibrosis as compared 
to wild type mice treated with P1pal-12 or PAR-2 deficient mice. Interestingly, 
PAR-1-induced pro-fibrotic effects in vitro are abolished in the presence of the 
specific PAR-2 inhibitor. We thus postulate that the pro-fibrotic effects induced 
by PAR-1 require the presence of PAR-2. Chapter 5 shows that PAR-1 on 
macrophages potentiate their recruitment towards injured lung epithelial cells. 
Once recruited, macrophages secrete a PAR-1 agonist, most likely FXa that acts 
upon fibroblasts leading to the production and activation of latent TGF-β which 
subsequently drives fibroblast migration, differentiation into myofibroblasts 
and ECM deposition. Finally, in Chapter 6 we addressed the importance of 
the endogenous anticoagulant system, especially APC, in the development of 
pulmonary fibrosis. We show that high endogenous APC levels reduce bleo-
mycin-induced pulmonary fibrosis and this reduction in pulmonary fibrosis may 
be explained by the inhibitory effect of endogenous APC on macrophage recruit-
ment during the fibrotic phase.
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GENERAL DISCUSSION 
With the research performed in this thesis, we sought to assess the potential clin-
ical relevance of targeting PARs in pulmonary fibrosis and to identify potential 
effectors and mechanisms which contribute to the pathogenesis of IPF. 

Most importantly, we show that pharmacological inhibition of PARs, even 
starting after the onset of fibrosis, affords protection against bleomycin-induced 
pulmonary fibrosis. As current treatment options for IPF are limited2, these 
findings may be particularly interesting for future medical interventions in IPF 
patients. Importantly, PAR-1 inhibition may be feasible on a short notice, as the 
PAR-1 inhibitor Zontivity just obtained FDA approval for antiplatelet therapy 
of patients with a previous myocardial infarction or leg ischemia3. Its application 
along with standard therapy effectively limits thrombotic cardiovascular events, 
yet Zontivity increases the rate of moderate to severe bleeding in a selection of 
patients4. Although PAR-1 inhibition thus seems an attractive strategy to pursue 
in IPF, potential bleeding complications should be taken into consideration and 
patients should be properly monitored.  

Based on the notion that PAR-1 seems to drive pulmonary fibrosis in a PAR-2 
dependent manner, it is tempting to speculate that blocking PAR-2 may be 
a better treatment strategy for IPF than using Zontivity. In addition, PAR-2 
inhibition does not interfere with platelet activation as does PAR-1 inhibition. 
Therefore, targeting PAR-2 will not cause bleeding complications and may be 
the preferred treatment option. Unfortunately, there are no PAR-2 inhibitors 
currently available for clinical intervention. 

PAR-1 is activated by coagulation factor Xa and thrombin, whereas PAR-2 is 
activated by the tissue factor-FVIIa complex and by factor Xa5. Consequently, 
anticoagulant treatment would presumably be effective in IPF as it blocks PAR-1 
and PAR-2 simultaneously. Importantly however, anticoagulant therapy in the 
setting of IPF remains a matter of debate mainly due to the lack of effect of 
warfarin in recent clinical trials6-7. Compared to anticoagulant therapy, targeting 
PARs may be a more efficient (and safe) approach for limiting fibrosis, as PARs 
are not only activated by coagulation factors. Activation of PARs by several 
other proteases can also induce profibrotic effects, at least in vitro. For example, 
Granzyme K is found to induce pro-inflammatory cytokine secretion and lung 
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fibroblast proliferation through PAR-1 whereas trypsin is well known to trigger 
fibroproliferative effects via PAR-28-9. 

Our data that PAR inhibition limits pulmonary fibrosis may not only benefit 
IPF patients but may also have clinical impact in other disorders which involve 
PARs signaling. Indeed, PARs are suggested to contribute to (among others) 
heart failure, renal, liver and skin fibrosis10-13. Whether the application of PAR 
inhibitors will benefit patients suffering from these PAR-related human disorders 
needs however to be further studied. 

The functional relevance of coagulation activation in the pathogenesis of IPF 
has received much attention, both in preclinical as well as in clinical studies. 
Surprisingly however, the endogenous anticoagulant pathways, such as APC 
pathway, received relatively little attention in IPF. In the current thesis, we 
highlight the potential importance of the endogenous anticoagulant protein C 
pathway by showing that high APC levels inhibit the progression of bleomycin-
induced pulmonary fibrosis. In line, recombinant APC administration also 
limits bleomycin-induced pulmonary fibrosis, and PC activation is suppressed 
in IPF patients14-15. Moreover, infusion of APC was recently shown to reduce 
pulmonary coagulopathy and to decrease lung injury caused by acute respiratory 
distress syndrome16, suggesting APC may also attenuate lung injury in patients 
with pulmonary fibrosis. Increasing APC levels, either by the administration of 
APC or zymogen PC, may thus be an alternative strategy for the treatment of 
IPF. Importantly, recombinant human APC (Xigris) is well known for the treat-
ment of sepsis and recombinant APC would thus be easily available for a clinical 
trial in IPF. However, the benefit-to-risk ratio of Xigris in patients with sepsis 
remained controversial for many years. Indeed, the most recent clinical trial on 
Xigris showed no evidence of benefit for treating patients with severe sepsis or 
septic shock. Consequently, Xigris was withdrawn from the worldwide market 

and is not available anymore17-18. 

In addition to pinpointing the APC pathway as a potential therapeutic strategy in 
IPF, our data showing that endogenous APC limits pulmonary fibrosis may also 
explain (at least in part) the lack of efficacy of warfarin in improving IPF related 
symptoms. Indeed, warfarin inhibits the activity of all vitamin K dependent coag-
ulation factors including APC. Warfarin would thus limit fibrosis by targeting the 
pro-coagulant factors but could potentiate fibrosis by inhibiting APC. Therefore, 
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alternative anticoagulants targeting the pro-coagulant factors without affecting 
endogenous anticoagulant pathways may have clinical potential. 

Overall, we provided several lines of evidence to support the importance of PARs 
in the pathogenesis of IPF and suggest that targeting PARs, its endogenous agonists 
or the APC pathway may be novel therapeutic approaches for treating this disease.  
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NEDERLANDSE SAMENVATTING
Ondanks de hoge standaard van de moderne medische zorg en de snelle opkomst van 
anti-fibrotische medicijnen, neemt het sterftecijfer voor mensen met idiopathische long-
fibrose ( IPF ) nog steeds toe. Met een algemene schatting zijn er ongeveer 0,2 miljoen 
patiënten in Europa die lijden aan IPF1. In dit proefschrift, geeft Hoofdstuk 1 een 
overzicht over IPF en introduceert het stollingsfactoren en hun receptoren, protease 
geactiveerde receptoren (PAR’s), als potentiële mediatoren van fibrotische processen. 
Antistollingsbehandeling in IPF wordt ook besproken en de algemene conclusie van 
hoofdstuk 1 is dat de remming van de PAR’s een specifieke en effectieve therapeutische 
interventie zou kunnen zijn voor fibrotische aandoeningen. Wij hebben er in dit proef-
schrift dan ook voor gekozen om ons te richten op deze hypothese en we laten zien dat 
de farmacologische remming van PARs met P1pal-12 ( PAR-1 antagonist in hoofd-
stuk 2) of P2pal-18S ( PAR-2 antagonist in hoofdstuk 3 ) effectief PAR-1 of PAR-2 
geïnduceerde pro-fibrotische reacties blokkeert in fibroblasten en verder bleomycine-
geïnduceerde longfibrose beperkt. Dit laatste is zelfs het geval indien de PAR remmers 
worden toegediend  7 dagen na de inductie van fibrose. Belangrijk echter, in het experi-
mentele bleomycine model wordt longfibrose niet volledig voorkomen in muizen die 
geen PAR-1 of PAR-2 tot expressie brengen. Daarom hebben we in hoofdstuk 4 de geli-
jktijdige remming van PAR-1 en PAR-2 in longfibrose bestudeert en laten we zien dat 
de behandeling van de PAR-2 deficiënte muizen met de PAR-1 antagonist P1pal-12 de 
bleomycine geïnduceerde long fibrose niet verder verminderd in vergelijking met wild 
type muizen die zijn behandeld met P1pal-12 of PAR-2 deficiënte muizen. Interessant 
genoeg worden de PAR-1-geïnduceerde pro-fibrotische effecten in vitro geremd door  
de specifieke PAR-2 inhibitor P2pal-18. We concluderen in hoofdstuk 4 daarom dat de 
pro-fibrotische effecten geïnduceerd door PAR-1 de aanwezigheid van PAR-2 vereisen. 
Hoofdstuk 5 laat zien dat PAR -1 op macrofagen hun migratie richting gewonde longe-
pitheelcellen versterkt. Eenmaal in de long aangekomen, scheiden de macrofagen een 
PAR-1 agonist, waarschijnlijk factor Xa, uit die  fibroblasten activeert wat leidt tot de 
productie en activering van latent TGF- β,  wat vervolgens fibroblasten aanzet tot tot 
differentiatie in myofibroblasten en tot de afzetting van extracellulaire matrix productie. 
Tenslotte wordt er in hoofdstuk 6 ingegaan op de betekenis van het endogene antico-
agulante systeem, voornamelijk geactiveerd proteine C (APC), in de ontwikkeling van 
longfibrose. We laten zien dat hoge endogene APC niveaus bleomycine- geïnduceerde 
longfibrose verlagen en deze vermindering in longfibrose kan worden verklaard door het 
remmende effect van endogeen APC op macrofaag migratietijdens de fibrotische fase.
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