
PAR1 contributes to influenza A virus pathogenicity in mice

Khaled Khoufache, … , Stephan Ludwig, Béatrice Riteau

J Clin Invest. 2013;123(1):206-214. https://doi.org/10.1172/JCI61667.

 

Influenza causes substantial morbidity and mortality, and highly pathogenic and drug-resistant strains are likely to emerge
in the future. Protease-activated receptor 1 (PAR1) is a thrombin-activated receptor that contributes to inflammatory
responses at mucosal surfaces. The role of PAR1 in pathogenesis of virus infections is unknown. Here, we demonstrate
that PAR1 contributed to the deleterious inflammatory response after influenza virus infection in mice. Activating PAR1 by
administering the agonist TFLLR-NH2 decreased survival and increased lung inflammation after influenza infection.
Importantly, both administration of a PAR1 antagonist and PAR1 deficiency protected mice from infection with influenza A
viruses (IAVs). Treatment with the PAR1 agonist did not alter survival of mice deficient in plasminogen (PLG), which
suggests that PLG permits and/or interacts with a PAR1 function in this model. PAR1 antagonists are in human trials for
other indications. Our findings suggest that PAR1 antagonism might be explored as a treatment for influenza, including
that caused by highly pathogenic H5N1 and oseltamivir-resistant H1N1 viruses.

Research Article Inflammation

Find the latest version:

https://jci.me/61667/pdf

http://www.jci.org
http://www.jci.org/123/1?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI61667
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/27?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/61667/pdf
https://jci.me/61667/pdf?utm_content=qrcode


Research article

206	 The Journal of Clinical Investigation      http://www.jci.org      Volume 123      Number 1      January 2013

PAR1 contributes to influenza A virus 
pathogenicity in mice

Khaled Khoufache,1,2 Fatma Berri,1 Wolfgang Nacken,3 Annette B. Vogel,4,5 Marie Delenne,1  
Eric Camerer,6,7 Shaun R. Coughlin,8 Peter Carmeliet,9,10 Bruno Lina,1 Guus F. Rimmelzwaan,11 

Oliver Planz,4 Stephan Ludwig,3 and Béatrice Riteau1,2

1Virologie et Pathologie Humaine, EA 4610, Université Lyon1, Faculté de Médecine RTH Laennec, Lyon, France. 2INRA Tours, Nouzilly, France.  
3Institute of Molecular Virology, ZMBE, Westfälische-Wilhelms-University, Münster, Germany. 4Friedrich-Loeffler-Institute, Institute of Immunology,  
University Hospital, Tuebingen, Germany. 5Institute of Immunology, Friedrich-Loeffler-Institut, Greifswald-Insel Riems, Germany. 6INSERM U970,  
Paris Cardiovascular Centre, Paris, France. 7Université Paris-Descartes, Paris, France. 8Cardiovascular Research Institute, UCSF, San Francisco,  

California, USA. 9Laboratory of Angiogenesis and Neurovascular link, Vesalius Research Center, VIB, Leuven, Belgium.  
10Laboratory of Angiogenesis and Neurovascular link, Vesalius Research Center, KU Leuven, Leuven, Belgium.  

11Department of Virology, Erasmus Medical Center, Rotterdam, the Netherlands.

Influenza causes substantial morbidity and mortality, and highly pathogenic and drug-resistant strains are 
likely to emerge in the future. Protease-activated receptor 1 (PAR1) is a thrombin-activated receptor that con-
tributes to inflammatory responses at mucosal surfaces. The role of PAR1 in pathogenesis of virus infections is 
unknown. Here, we demonstrate that PAR1 contributed to the deleterious inflammatory response after influ-
enza virus infection in mice. Activating PAR1 by administering the agonist TFLLR-NH2 decreased survival and 
increased lung inflammation after influenza infection. Importantly, both administration of a PAR1 antago-
nist and PAR1 deficiency protected mice from infection with influenza A viruses (IAVs). Treatment with the 
PAR1 agonist did not alter survival of mice deficient in plasminogen (PLG), which suggests that PLG permits 
and/or interacts with a PAR1 function in this model. PAR1 antagonists are in human trials for other indica-
tions. Our findings suggest that PAR1 antagonism might be explored as a treatment for influenza, including 
that caused by highly pathogenic H5N1 and oseltamivir-resistant H1N1 viruses.

Introduction
Influenza is an ineradicable contagious disease that occurs in sea-
sonal epidemics and sporadic pandemic outbreaks that pose sig-
nificant morbidity and mortality for humans and animals (1–3). 
The continuous sporadic infections of humans with highly patho-
genic avian influenza viruses of the H5N1 subtype and the recent 
pandemic caused by swine-origin H1N1 viruses highlight the 
permanent threat caused by these viruses (4–6). The pathogenesis 
of influenza A virus (IAV) infection is not fully understood, but 
involves both viral traits and the host immune response (3). Full 
understanding of the host response may aid in the development of 
intervention strategies that target these host factors.

Both innate and adaptive components of the immune system are 
activated shortly after virus infection, which provides an efficient 
line of defense against IAV (7). However, excessive inflammation 
may also result in lung damage that limits respiratory capacity and 
may account for IAV pathogenesis in humans (1, 8, 9). Recruit-
ment of inflammatory cells to inflamed sites is controlled by a 
number of cellular components, including proteases (10). These 
proteases not only cleave extracellular substrates, but also medi-
ate signal transduction in part via protease-activated receptors 
(PARs) (11–14). PAR1, which links local protease activity to cellu-
lar responses involved in thrombosis, inflammation, and cytopro-
tection (15, 16), shows increased expression in the airways of IAV-
infected mice (17). The role of PAR1 in the context of IAV infection 

has not been studied. We report evidence that PAR1 signaling con-
tributed to the deleterious inflammation that followed influenza 
virus infection in mice in a manner dependent on plasminogen 
(PLG). While administration of a PAR1 agonist to mice increased 
severity of IAV infection, PAR1 deficiency protected mice from 
fatal outcome. Administration of the PAR1 antagonist SCH79797 
(18) to mice decreased inflammation and improved survival after 
infection with multiple IAV strains, including a highly pathogenic 
avian H5N1 strain and 2009 pandemic H1N1 virus. Importantly, 
administration of SCH79797 improved survival in mice even when 
administered 48 or 72 hours after inoculation. PAR1 antagonists 
are currently in clinical trials for potential use as antithrombotic 
drugs (19–22). Because an intervention strategy aimed at a host 
cellular protein would be effective against virus strains that devel-
op resistance to existing antiviral drugs, PAR1 antagonists might 
be explored for the treatment of IAV in additional preclinical mod-
els and, if appropriate, in humans.

Results
PAR1 contributes to the pathogenesis of IAV infection. To investigate 
the role of PAR1 in the pathogenesis of IAV infection, WT mice 
were inoculated with 50 or 500 PFU of H1N1 strain A/PR/8/34 
(referred to herein as H1N1) and either left untreated or stimulated  
with 50 μM of the PAR1 agonist TFLLR-NH2 (referred to herein as 
PAR1-activating peptide; PAR1-AP). Mice treated with PAR1-AP 
displayed enhanced weight loss and higher mortality rates after 
infection compared with untreated control mice, differences that 
were statistically significant at both doses (Figure 1A). In contrast, 
treatment of uninfected mice with PAR1-AP did not affect survival 
or body weight of mice (Figure 1B), which indicates that the effect 
of PAR1-AP on survival and weight loss requires IAV infection. 
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Moreover, treatment with a control peptide did not impair survival 
or increase weight loss in IAV-infected mice (Figure 1C), militating 
against nonspecific effects of peptide administration. Thus, PAR1 
activation led to increased pathogenicity of IAV infection.

To further explore the role of PAR1 in IAV pathogenesis, we 
investigated the consequence of PAR1 deficiency. Par1+/– mice were 
intercrossed to generate WT and Par1–/– mice, which were infected 
with 100 PFU H1N1, and weight loss and survival rates were mon-
itored. Compared with WT littermates, Par1–/– mice were more 
resistant to IAV infection (Figure 1D). Thus, PAR1 contributed to 
death and weight loss caused by IAV infection.

PAR1-AP increases cytokine release and neutrophil recruitment in the 
lungs of infected mice. Because PAR1 can trigger cytokine production 
in endothelial and other cell types (14), we next investigated the 
effects of PAR1-AP in the inflammatory response induced by IAV 
infection. Mice infected with 50 PFU H1N1 were treated or not 
with 50 μM PAR1-AP, and bronchoalveolar lavages (BALs) were 
collected to assess the presence of cytokines and polymorpho-

nuclear neutrophils (PMNs) in the lungs at different time points 
after inoculation. IAV infection resulted in increased levels of all 
cytokines tested (RANTES, IL-6, and KC) in a time course–depen-
dent manner, and PAR1-AP treatment augmented this response 
(Figure 2A). Similar results were obtained when the effect of PAR1 
was compared with that of a control peptide (Supplemental Fig-
ure 1; supplemental material available online with this article; 
doi:10.1172/JCI61667DS1), confirming PAR1-AP specificity. 
PAR1-AP treatment also increased the occurrence of BAL PMNs 
24 and 48 hours after infection, but had little effect in uninfected 
mice (Figure 2B). By 72 hours after infection, the PMN content of 
BAL in PAR1-AP–treated and control mice was not different. These 
results suggest that PAR1 activation can increase IAV-induced pro-
duction of cytokines and increase early recruitment of neutrophils 
in the lungs of infected mice.

Virus replication in the lungs. We then investigated whether the effect 
of PAR1 activation on the outcome of IAV infection in mice corre-
lates with an increase of virus production in the lungs. To this end, 

Figure 1
Effect of PAR1 activation and PAR1 deficiency on 
IAV pathogenicity. (A) Time course of IAV-induced 
pathogenesis and death in mice in response to 
PAR1 stimulation. Mice were inoculated intrana-
sally with H1N1 (50 PFU, n = 22 per group; 500 
PFU, n = 18 per group) and treated with either 
vehicle or 50 μM PAR1-AP. (B) Time course of 
uninfected mice treated or not with 50 μM PAR1-
AP (n = 13 per group). (C) Mice were infected with 
50 PFU H1N1 and treated with control peptide or 
vehicle (n = 10 per group). Results are average 
percent survival or weight loss from 3 indepen-
dent experiments. (D) Survival and weight loss 
of Par1–/– mice and WT littermates after infection 
with 100 PFU H1N1 (n = 12 per group). Results 
are average percent survival or weight loss from 
2 experiments. P < 0.05, PAR1-AP vs. untreated 
or Par1–/– vs. WT, Kaplan-Meier test.
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infectious virus titers were determined in lungs collected from mice 
treated with PAR1-AP (50 μM) or control peptide at different time 
points after inoculation. At 24 and 48 hours after inoculation, virtu-
ally no virus replication was detected (101 was the detection limit of 
the assay), but lung virus titers significantly increased after PAR1-
AP treatment (Figure 2C). No significant differences were observed  
3 and 5 days after infection. These data suggest that PAR1 activa-
tion promotes an early increase in virus production in mouse lungs.

The effect of PAR1 activation on virus production, weight loss, and sur-
vival after IAV infection is PLG dependent. To decipher the mechanism 
by which PAR1 accelerated virus production in vivo, we performed 
in vitro experiments to assess the effect of PAR1 activation on virus 
replication in alveolar epithelial A549 cells. PAR1-AP triggered 
ERK phosphorylation in these cells, with a maximal effect at about 
40 μM (Figure 3A); this concentration was used in all subsequent 
in vitro experiments. Because proteolytic cleavage of HA is essen-
tial for IAV infectivity, and PLG promotes IAV replication through 
HA cleavage (23, 24), we examined the effect of adding PLG — 
alone or in combination with PAR1-AP — on virus production. 
As expected, viral production was barely detectable in untreated 
A549 cultures, but was markedly increased by the addition of PLG 
(Figure 3B). Importantly, addition of PAR1-AP augmented this 
effect 8 and 24 hours after infection. The effect of PAR1-AP was 
not seen when trypsin was used as an alternative protease for IAV 
replication (data not shown), and PAR1 signaling did not affect 
virus entry into cells (Supplemental Figure 2). However, inclu-
sion of PAR1-AP appeared to increase PLG-dependent cleavage of 
HA. Thus, we next infected A549 cells (MOI 0.5) in the presence 
or absence of PLG, with or without PAR1-AP, and evaluated HA 
cleavage by Western blot analysis 16 hours after infection. In the 
absence of PLG, similar amounts of uncleaved HA (HA0) accumu-
lated in infected cells, and PAR1-AP was without effect (Figure 3C). 
In the presence of PLG, in addition to HA0, a 25-kDa band corre-
sponding to HA2 was observed. Importantly, in PAR1-AP–treated 
cultures, the intensity of HA2 increased and HA0 decreased relative 
to that in control cultures. Thus, viral HA was cleaved in a PLG-
dependent manner that was enhanced by PAR1-AP and correlated 
with increased viral production.

PLG is an important mediator of lung inflammation (25, 26) and 
is known to influence IAV virulence (27, 28). Importantly, PLG bind-
ing to cells and activation may be controlled by PAR1 signaling (29, 
30). In combination with the findings outlined above, these observa-
tions prompted us to investigate whether the effect of PAR1 signal-
ing on the pathogenicity of IAV infection also depends on PLG in 
vivo. We therefore inoculated Plg–/– mice with 50 PFU H1N1 with 
or without PAR1-AP treatment. In contrast to WT mice, treatment 
of Plg–/– mice with PAR1-AP did not increase mortality rates, weight 
loss, or virus titers in lungs after IAV infection (Figure 3, D and E).

Histopathological examination showed that treatment with 
PAR1-AP increased cellular infiltrates in lungs from infected WT 
mice, but not Plg–/– mice (Supplemental Figure 3). These results 
suggest that PAR1 activation increased early virus production, 
inflammation, and pathogenicity of IAV infection in a PLG-
dependent fashion. Notably, when this low 50-PFU dose was used, 
virtually no virus replication was detected in the lungs of WT or 
Plg–/– mice at the indicated time points after inoculation (Figure 
3E). Additionally, leukocyte infiltration in IAV-infected WT or Plg–/– 
mice was barely detectable (Supplemental Figure 3). However, when 
a higher virus dose was used for inoculation, leukocyte infiltration 
and lung virus titers of Plg–/– mice were substantially lower than 
those of WT mice (F. Berri, unpublished observations), which sug-
gests that PLG promotes IAV replication and inflammation. While 
the finding that PAR1-AP increased PLG-dependent cleavage of HA 
in vitro suggests that PAR1 signaling might promote viral replica-
tion by enhancing PLG/plasmin function, our data do not exclude 
a PAR1-independent permissive role for PLG or PLG-independent 
roles for PAR1 activation in IAV infection and pathogenesis.

PAR1 antagonist protects against H1N1 and H3N2 infection. We next 
investigated whether pharmacological inhibition of PAR1 signal-
ing alters the course of IAV infection. The pharmacology of PARs 
is not well developed, and inhibitors capable of blocking PAR1 
function in mouse models have not been well characterized with 
respect to off-target effects. Nonetheless, SCH79797 has been used 
to probe PAR1 function in rodent models (31–33); thus, encour-
aged by the protection against IAV seen in Par1–/– mice, we exam-
ined the effects of this compound on the course of IAV infection. 

Figure 2
PAR1-AP increases inflammation and virus 
replication during 50 PFU H1N1 infection in 
mice. (A) Cytokines in the BAL of infected 
mice treated or not with PAR1-AP were mea-
sured by ELISA 24, 48, and 72 hours after 
inoculation. Data are mean ± SD from 5–11 
individual animals per group from 3 experi-
ments. (B) Relative PMN numbers in BAL 
from infected mice treated or not with PAR1-
AP. PMN percentage was determined by 
May-Grünwald–Giemsa staining 24, 48, or 72 
hours after inoculation. Results are mean ± SD  
from 4–5 individual mice per group from 2 
individual experiments. Noninfected mice 
were used as control (n = 2–4 per group). (C) 
H1N1 virus titers in the lungs at the indicated 
times after infection of mice treated or not with 
50 μM PAR1-AP. Data are average ± SD from 
3–5 individual animals per group. *P < 0.05, 
treated vs. untreated, Mann-Whitney test.
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SCH79797 inhibited PAR1-AP–induced ERK activation in mouse 
NIH3T3 cells (Figure 4A), which suggests that it is capable of 
blocking signaling by the mouse homolog of PAR1. SCH79797 
treatment prevented decreased survival and increased weight loss 
associated with administration of PAR1-AP to IAV-infected mice 
(Figure 4B). More strikingly, when mice were infected with lethal 
doses of H1N1 (500 and 5,000 PFU), SCH79797 treatment pro-
tected mice from weight loss and death: 47% and 16% survival, 
respectively, was observed in untreated control mice, whereas 
84%–94% of SCH79797-treated mice survived the infections (Fig-
ure 4C). Moreover, when SCH79797 was administered beginning 
2 or 3 days after infection, mice were also significantly protected 
from H1N1 and from H3N2 strain A/Hong-Kong/68 (referred to 
herein as H3N2; Figure 4, D and E). Treatment of uninfected mice 
with SCH79797 did not affect their survival rates or body weight 
(Supplemental Figure 4), which suggests that PAR1 antagonists 
do not cause side effects. Thus, SCH79797 treatment protected 
mice from IAV infection, consistent with the notion that PAR1 
contributes to IAV pathogenesis in this model.

Inflammation and virus replication are attenuated by SCH79797. 
Since PAR1 activation promoted inflammation in the lungs dur-
ing IAV infection, we determined whether blockade of PAR1 sig-
naling would result in reduced IAV-induced inflammation in vivo. 
Mice were infected with 500 PFU H1N1 and treated or not with 
SCH79797, and BAL was collected at different times after inocu-

lation. SCH79797 treatment significantly reduced the levels of 
RANTES, IL-6, and KC in BAL 24, 48, and 72 hours after inocula-
tion, as measured by ELISA (Figure 5A). 5 days after inoculation, 
cytokine levels were still high in the BAL from untreated mice, 
but barely detectable in the BAL from SCH79797-treated mice 
(Supplemental Figure 5). SCH79797 treatment also significantly 
decreased PMN frequency in the BAL of infected mice: 24 and 48 
hours after inoculation, PMNs were hardly detectable in the BAL 
of SCH79797-treated mice, whereas they represented 10% of cells in 
BAL from untreated mice (Figure 5B). Accordingly, histopathologi-
cal examination revealed a reduction of cell infiltration in the lungs 
of infected mice treated with SCH79797 (Supplemental Figure 6).

Finally, a reduction in lung virus titers was observed 24 and 48 
hours after 500 PFU H1N1 inoculation compared with untreated 
controls (Figure 5C). At day 3 after inoculation, lung virus titers were 
similar in SCH79797-treated and untreated mice (approximately 
104 PFU/ml), which suggests that SCH79797 delayed, but did not 
prevent, virus production. Lung virus titers dropped to less than 102 
PFU/ml at days 5 and 7 in both SCH79797-treated and control mice 
(Figure 5C). The observation that SCH79797 suppressed markers of 
inflammation, but not viral titers, at day 3 suggests that inhibition 
of PAR1 signaling may inhibit inflammation and early virus replica-
tion by at least partially independent mechanisms.

SCH79797 protects against highly pathogenic H1N1v and H5N1 infec-
tion. To test whether inhibition of PAR1 signaling by SCH79797 

Figure 3
Effect of PLG and PLG deficiency on IAV production and PAR1-AP effects. (A) ERK phosphorylation after stimulation of A549 cells with the 
indicated PAR1-AP concentrations. Anti–phospho-Erk and anti-Erk antibodies were used. (B) Infectious virus titers in the supernatant of infected 
cells after stimulation with 40 μM PAR1-AP or control peptide in the presence or absence of PLG. (C) Noninfected (NI) or infected (INF) cells were 
stimulated with 40 μM PAR1-AP or control peptide in the presence or absence of PLG. After cell lysis, proteins were analyzed by Western blot for 
HA cleavage. (D) Time course of IAV-induced pathogenesis in Plg–/– and WT littermates after treatment or not with PAR1-AP (n = 9–10 mice per 
group from 2 experiments). (E) Virus titers 48 hours after infection (50 PFU) in lungs of WT or Plg–/– mice stimulated or not with 50 μM PAR1-AP. 
Data are average ± SD from 5 individual animals per group from 2 experiments. *P < 0.05, treated vs. untreated, Kaplan-Meier test (D), Mann 
Whitney test (B and E).
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also affects infection with other IAV strains, mice were infected 
with a highly pathogenic H5N1 strain or a pandemic H1N1v 
strain that had acquired oseltamivir resistance during treatment 
of a severe infection (see Methods and ref. 34), then treated or 
not with SCH79797. After lethal infection with 5,000 PFU H5N1 
and 500 PFU H1N1v, 60% and 100% of untreated control mice 
died, respectively, whereas almost full protection was observed in 
SCH79797-treated animals of both inoculation groups (P < 0.05; 
Figure 6, A and B). In addition to mortality and body weight, the 
onset of clinical signs was also inhibited when H5N1-infected 
mice were treated with SCH79797 compared with untreated 
mice (data not shown). Mouse mortality was monitored until day 
21 after inoculation, and sustained survival was observed after 
SCH79797 treatment (data not shown), which indicated that 
SCH79797 protection was durable. Thus, inhibition of PAR1 sig-

naling protected mice against infection with various IAVs, includ-
ing highly pathogenic strains.

Discussion
Our present findings support an important role for PAR1 in 
mouse models of IAV infection. Studies with PAR1-AP indicated 
that PAR1 activation increased inflammation, early virus produc-
tion, weight loss, and mortality after infection (Figures 1 and 2), 
and studies using Par1–/– mice indicated that PAR1 contributed 
to the pathogenesis of IAV infection (Figure 1). The observation 
that SCH79797, a drug that inhibits PAR1 signaling, decreased 
inflammation, early virus production, weight loss, and mortality 
after infection was in accord with the PAR1-AP and Par1–/– results. 
Moreover, the observation that SCH79797 decreased mortal-
ity after infection with multiple IAV strains (H1N1, H3N2, and 

Figure 4
PAR1 antagonist protects mice against infection with H1N1 and H3N2. (A) Treatment of NIH3T3 cells with SCH79797 blocked ERK activation by 
10 μM PAR1-AP. (B) SCH79797 treatment prevented PAR1-AP–induced mouse mortality in a dose-dependent manner. (C) IAV-induced patho-
genesis in infected mice treated or not with SCH79797. Mice were inoculated with 500 PFU (n = 17–19 per group) or 5,000 PFU (n = 14 per group) 
H1N1 and treated or not with 50 μM SCH79797 on days 0–2 after infection. (D) SCH79797 treatment on days 2–4 after infection with 5,000 PFU 
H1N1 (n = 12 per group) or 100 PFU H3N2 (n = 7 per group). (E) SCH79797 treatment on days 3–5 after infection with 5,000 PFU H1N1 (n = 7 
per group) or 100 PFU H3N2 (n = 7 per group). *P < 0.05, treated vs. control, Kaplan-Meier test.
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H5N1), and was effective even when dosing was initiated at day 3  
after inoculation, suggests that PAR1 inhibition should be 
explored in additional preclinical studies and, if appropriate, in 
humans as a possible treatment for influenza.

To our knowledge, a role for PAR1 in the response to, and 
the pathogenesis of, virus infections has not been previously 
described. PAR1 activation in endothelial cells, fibroblasts, and 
other cell types triggers various responses, many of which are 
proinflammatory (e.g., chemokine and cytokine production, 
adhesion molecule display, prostaglandin production, and per-
meability increases; refs. 14, 15). In accord with our observations, 
intratracheal delivery of PAR1 agonist was not sufficient to trig-
ger inflammation in the lungs of otherwise normal mice (35), but 
did exacerbate ventilation injury–induced pulmonary edema (36). 
Additionally, Par1–/– mice are protected from ventilation injury–
induced and bleomycin-induced lung injury (36–38). Like our 
results, these observations suggest that PAR1 signaling contrib-
utes to inflammatory responses to injury in the lung, the major 
target in our IAV infection model.

PAR1 activation did not exacerbate the effects of IAV infection 
in Plg–/– mice (Figure 3). It is possible that PLG is simply playing 
a permissive role for the effect of PAR1 activation in IAV infec-
tion; that is, PLG supports infection and injury, and PAR1 acti-
vation exacerbates their effects. Interestingly, however, PAR1-AP 
did promote PLG-dependent HA cleavage in lung epithelial cul-
tures, suggestive of a possible interaction of PAR1 signaling with 
the ability of IAV to become infectious and hence replicate. These 
findings are consistent with the prior observation that PLG con-
tributes to the pathogenesis of IAV infection (27, 28). Additionally, 
PAR1 signaling may promote PLG activation to plasmin (29, 30), 
thereby providing a possible link to increased HA cleavage and IAV 

production. It is also possible that PAR1 activation contributes to 
proinflammatory functions of PLG (25, 39–41), by promoting its 
conversion to plasmin or by other mechanisms.

Additional considerations suggest that PAR1 activation’s abili-
ties to promote early virus replication and to enhance a harmful 
inflammatory response in the respiratory tract are, at least in part, 
independent of each other. When PAR1-AP was delivered 3 days 
after infection, despite similar virus replication in the lungs, treat-
ment still had a deleterious effect (data not shown). Additionally, 
based on critical residues in HA involved for cleavage by plasmin, 
it is unlikely that the replication of highly pathogenic H5N1 
and 2009 pandemic H1N1 are modulated by plasmin (42), yet 
SCH79797 treatment still decreased mortality.

As noted above, we found that in IAV-infected A549 cells, activa-
tion of PAR1 increased PLG-dependent HA cleavage, an essential 
step for virus infectivity. Indeed, only the cleaved form of HA per-
mits pH-dependent fusion of the viral envelope within the endo-
somal membranes and subsequent release of the genome into the 
cytosol and virus replication. In vivo, PAR1 also promoted virus 
replication shortly after infection. However, at 48 hours after 
infection, no difference in lung virus titers was observed between 
PAR1-AP–stimulated and unstimulated mice, which suggests that 
HA cleavage could be compensated by other proteases that are 
either recruited or activated by infection in the lungs. 

Therefore, we propose a model (Figure 7) in which PAR1 pro-
motes activation of PLG into plasmin. Subsequently, plasmin acts 
on virus replication through HA cleavage, enhancement of which 
likely enhances inflammation via pathogen-associated molecular 
patterns. Simultaneously, plasmin also acts as a proinflammatory 
mediator that accounts for the deleterious lung inflammation. 
Additionally, PAR1 triggers a variety of proinflammatory responses,  

Figure 5
PAR1 antagonist inhibits lung inflammation and virus repli-
cation. (A) Cytokines in the BAL of infected mice treated or 
not with SCH79797 were measured by ELISA 24, 48, and 
72 hours after inoculation. Data are average ± SD from 7–11 
individual animals per group, representative of 3 experi-
ments. (B) Relative PMN frequency in BAL from infected 
mice treated or not with SCH79797. PMN percentage was 
determined by May-Grünwald–Giemsa staining 24, 48, and 
72 hours after inoculation. Data are average ± SD from 3–5 
individual mice per group. Noninfected mice were used as 
control (n = 3–5 per group). Results are representative of 2 
individual experiments. (C) Virus titers in lungs of infected 
mice at the indicated times after infection with 500 PFU 
H1N1 and treatment with SCH79797. Data are average ± SD 
from 3–5 individual animals per group. *P < 0.05, treated vs. 
control, Mann-Whitney test.
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independent of PLG and virus, that may exacerbate inflammation 
and injury. Because PAR1 couples coagulation to inflammation 
(14, 15) and coagulation to fibrinolysis (30), further studies are 
needed to investigate the overall impact of hemostasis dysregula-
tion in PAR1-mediated inflammation during IAV infection.

Our observation that a PAR1 agonist (43, 44) exacerbated the 
effects of IAV infection suggests that PAR1 activation is capable of 
promoting inflammation and tissue damage in this setting. More-
over, our observation that Par1–/– mice and SCH79797-treated mice 
were protected from IAV infection suggests that PAR1 activation 
contributes to the pathogenesis of IAV infection and that PAR1 is 
endogenously activated during IAV infection. Accordingly, the nat-
ural PAR1 activator thrombin was generated in IAV-infected lungs 
(45), and elevated levels of PAR1 were observed in the airways of 
IAV-infected mice (17). It is worth noting, however, that SCH79797 
is known to have off-target effects on cell proliferation and sur-
vival (46, 47); thus, we cannot exclude PAR1-independent effect of 
SCH79797. However, SCH79797 was capable of inhibiting PAR1 
signaling (Figure 4A and ref. 18), and the concordance of our KO 
and inhibitor studies — and the fact that their effects were opposite 
from those of PAR1-AP — suggest that the effects of SCH79797 in 
our model could be related to its ability to block PAR1 signaling.

Besides PAR1, other PARs may be involved in the pathogenesis of 
IAV infection (48–50). Identification of the exact nature and amount 
of proteases present at the site of infection, and how virus strain dif-
ferences alter the immune response and its interactions with PARs, 
may advance our understanding of the pathogenesis of IAV infection.

Current treatments for IAV infection target the viral proteins 
M2 and NA. These drugs suffer from a number of disadvantages, 
including the rapid development of resistant virus variants as a 
result of selective pressure, which highlights the need for new 
pharmacological strategies against IAV infection. Because target-
ing host proteins would not be subject to resistance, and because 
severe infections with IAV are associated with a deleterious host 
inflammatory response, drugs regulating inflammation are 
appealing as potential treatments for IAV infection (51, 52). In our 
present study, blocking PAR1 signaling almost fully protected mice 
from a highly pathogenic, oseltamivir-resistant 2009 pandemic 
H1N1v virus isolated from a severely diseased oseltamivir-treat-
ed patient (34). Additionally, inhibition of PAR1 signaling up to  
3 days after inoculation protected mice from a detrimental out-
come of infection with various IAVs, including H1N1 and H3N2 
strains. Because IAVs of the H1N1 and H3N2 subtypes are currently  
circulating in the human population, it is reasonable to assume 
that PAR1 antagonists are most likely also effective against season-
al influenza viruses. Interestingly, the PAR1 antagonist vorapaxar 
has been studied as a potential antithrombotic drug in approxi-
mately 40,000 patients over 3 years (53, 54). The most serious side 
effect, increased incidence of intracranial bleeding, occurred mainly  
in patients with a history of prior stroke. In the absence of such a 
history, the increase in the incidence of intracranial bleeding was 
less than 1 per 1,000 treatment-years. Thus, short periods of PAR1 
antagonism would appear to be relatively safe. This observation, 
in consideration with our results, suggests that PAR1 antagonism 

Figure 6
PAR1 antagonist protects mice from lethal infection with H5N1 
or H1N1v. Mice were inoculated intranasally with (A) 5,000 PFU 
H5N1 (n = 10 per group) or (B) 500 PFU H1N1v (n = 10–11 per 
group) and treated or not with 50 μM SCH79797. Results are 
expressed as percent survival or weight loss from 2 experiments. 
*P < 0.05, treated vs. control, Kaplan-Meier test.

Figure 7
Proposed model for PAR1-mediated influenza virus pathogenesis. Dur-
ing IAV infection, PAR1 is activated and increases conversion of PLG 
into plasmin. On the one hand, plasmin cleaves and activates the viral 
HA, promoting IAV replication, which contributes to inflammation. On 
the other hand, plasmin directly promotes inflammation, and PAR1 pro-
motes inflammation via mechanisms that are independent of PLG and 
virus. These likely interact with other host responses to viral infection 
to exacerbate inflammation and injury.
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Mouse infection and treatment. Mice were anesthetized and inoculated 
intranasally with 25 μl of a solution containing different doses of virus in 
the presence or absence of 50 μM PAR1-AP, 50 μM control peptide, and/or 
50 μM SCH79797. 500 μM SCH79797 was also used for blocking experi-
ments in Figure 4B. Intranasal treatments with PAR1-AP, control peptide, 
and/or SCH79797 were also repeated at days 2 and 3 after infection. Alter-
natively, mice were inoculated, and SCH79797 was administered on days 
2–4 or days 3–5 after infection. Mice were then monitored for weight loss 
and mortality. For assessing virus replication, lungs were obtained from 
scarified mice, and infectious virus titers were determined by plaque assay 
as described previously (56).

Cytokine detection by ELISA and PMN recruitment. Production of the 
cytokines RANTES, IL-6, and KC in the lungs was determined by ELISA 
(R&D Systems), using BAL from mice, as previously described (60). For 
PMN recruitment, BAL was collected in PBS (Invitrogen) supplemented with  
1 mM EDTA (Invitrogen). After cytocentrifugation, the percentage of PMNs 
was determined by counting a total of 500 cells per sample by microscopic 
examination of May-Grünwald– and Giemsa-stained cytocentrifuge slides.

Lung histology. At 3 days after virus inoculation and treatment, mice 
were killed, and lung tissue was harvested, fixed in 10% formaldehyde, 
and subsequently embedded in paraffin. Tissues were sectioned at 12 μM, 
and sections were examined after staining with hematoxylin and eosin for 
histopathological changes.

Statistics. Mann-Whitney test was used for statistical analysis of lung virus 
titers and cytokine ELISA results. Kaplan-Meier test was used for statistical 
analysis of survival rates. XLSTAT software was used to analyze differences 
between groups; a P value less than 0.05 was considered statistically significant.

Study approval. Experiments were performed according to recommen-
dations of the National Commission of Animal Experiment (CNEA) and 
the National Committee on the Ethic Reflexion of Animal Experiments 
(CNREEA) in compliance with European animal welfare regulation. The 
protocol was approved by the committee of animal experiments of the Uni-
versity Claude Bernard Lyon I (permit no. BH2008-13). All animal experi-
ments were also carried out under the authority of licence issued by “la 
direction des services Vétérinaires” (accreditation no. 78-114). All efforts 
were made to minimize suffering.
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should be further explored for the treatment of IAV in additional 
preclinical models and, if appropriate, human studies.

Methods
Cells, virus strain, and reagents. The NIH3T3 mouse cell line was a gift from  
D. Décimo (INSERM U758, Lyon, France). The human alveolar type II 
(A549) and MDCK cell lines used in this study were obtained from ATCC and 
grown as previously described (55). H1N1 (strain A/PR/8/34) was obtained 
from the ATCC. H3N2 (strain A/Hong-Kong/2/68) was obtained from the 
Dutch National Influenza Centre. The strain was originally obtained from 
the National Institute for Biological Standards and Control (NIBSC). The 
highly pathogenic H5N1 avian influenza virus (strain A/mallard/Bavaria/ 
1/2006; also known as MB1) and the pandemic H1N1v influenza virus 
(strain A/Nordrhein-Westfalen/173/09) were used in this study. H1N1v, 
isolated from a severe H1N1pdm09 case and obtained through the Ger-
man National Reference Centre for Influenza of the Robert Koch Insti-
tute, had acquired oseltamivir resistance during treatment (34). H5N1 was 
propagated in chicken eggs for 2 days, and the other viruses were propa-
gated in confluent MDCK cells. After 2 days, cytopathic changes were com-
plete, and culture supernatants were harvested and cleared by low-speed 
centrifugation and stored at –80°C. PAR1-AP and control peptide (TFLLR-
NH2 and FTLLR-NH2, respectively) were purchased from Bachem. The 
PAR1 antagonist (SCH79797 dihydrochloride) was purchased from Axon 
Medchem. PLG was purchased from Sigma-Aldrich, and the following 
antibodies were used: monoclonal anti-HA (C102; Santa Cruz Biotechnol-
ogy), monoclonal anti-tubulin (Sigma-Aldrich), and polyclonal anti-ERK 
and phospho-ERK (Cell Signaling Technology).

In vitro stimulation. A549 cells were preincubated for 5 minutes with  
40 μM PAR1-AP or control peptide or for 1 hour with 5 μM SCH79797. 
Cells were then infected with H1N1 (MOI 0.001) in MEM supplemented 
with 0.5 μM PLG (Sigma-Aldrich) in the presence of the drug. At the indi-
cated times after stimulation, virus titers were analyzed by classical plaque 
assays as performed previously, using MDCK cells (56).

Western blot analysis of ERK activation and HA cleavage. A549 or NIH3T3 
cells were stimulated or not with the indicated concentrations of PAR1-AP 
for 5 minutes at 37°C. Where indicated, cells were preincubated for 1 hour 
with SCH79797. Cells were then lysed, and proteins from the lysate were 
analyzed by Western blot for ERK activation, as previously described (57). 
For the HA cleavage experiments, A549 cells were stimulated or not with  
40 μM PAR1-AP and infected with IAV (MOI 0.5) for 16 hours in the pres-
ence or absence of 0.5 μM PLG. Cells were then lysed, and proteins from 
the lysate were analyzed by Western blot, as described previously (57).

Mice. Plg–/– mice (with a disrupted Plg gene) and their WT littermates (58) 
and 6-week-old C57BL/6 female mice (Charles River Laboratories) were 
used in this study. Par1–/– mice (with a disrupted Par1 gene) and their WT 
littermates were described previously (59). Heterozygous mice were crossed, 
and WT and KO offspring were used. Mouse ages ranged from 5 weeks to 
a maximum of 4 months, since the number of mice that could be obtained 
was limited. Male and female mice were used in the experiments. Groups 
of WT and KO mice were stratified for these differences in age and gender. 
Polymerase chain reaction of tail-tip genomic DNA was performed (60) for 
determination of the absence or presence of a functional Plg or Par1 gene.
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