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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 M 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 M 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 M PAR1-AP. (B) Time course of 
uninfected mice treated or not with 50 M 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 M) 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 M (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 M 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 M PAR1-AP or control peptide in the presence or absence of PLG. (C) Noninfected (NI) or infected (INF) cells were 
stimulated with 40 M 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 M 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 M 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 M 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 respons-

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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es, independent of PLG and virus, that may exacerbate inflamma-
tion and injury. Because PAR1 couples coagulation to inflamma-
tion (14, 15) and coagulation to fibrinolysis (30), further studies 
are needed to investigate the overall impact of hemostasis dysregu-
lation 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 M 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 l of a solution containing different doses of virus in 
the presence or absence of 50 M PAR1-AP, 50 M control peptide, and/or 
50 M SCH79797. 500 M 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 M, 
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 M PAR1-AP or control peptide or for 1 hour with 5 M SCH79797. 
Cells were then infected with H1N1 (MOI 0.001) in MEM supplemented 
with 0.5 M 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 M PAR1-AP and infected with IAV (MOI 0.5) for 16 hours in the pres-
ence or absence of 0.5 M 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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Abstract

Detrimental inflammation of the lungs is a hallmark of severe influenza virus infections. Endothelial cells are the source of
cytokine amplification, although mechanisms underlying this process are unknown. Here, using combined pharmacological
and gene-deletion approaches, we show that plasminogen controls lung inflammation and pathogenesis of infections with
influenza A/PR/8/34, highly pathogenic H5N1 and 2009 pandemic H1N1 viruses. Reduction of virus replication was not
responsible for the observed effect. However, pharmacological depletion of fibrinogen, the main target of plasminogen
reversed disease resistance of plasminogen-deficient mice or mice treated with an inhibitor of plasminogen-mediated
fibrinolysis. Therefore, plasminogen contributes to the deleterious inflammation of the lungs and local fibrin clot formation
may be implicated in host defense against influenza virus infections. Our studies suggest that the hemostatic system might
be explored for novel treatments against influenza.
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Introduction

Influenza A viruses (IAV) are an important cause of outbreaks of

respiratory tract infections and are responsible for significant

morbidity and mortality in the human population [1]. Upon

infection with IAV, innate and adaptive immune responses are

induced that restrict viral replication and that afford protection

against infection with these viruses. However, excessive inflam-

mation, particularly in the lower respiratory tract, may result in

alveolar damage limiting respiratory capacity and deteriorate the

clinical outcome of IAV infections [2,3]. Dys-regulation of

cytokine production in the lungs is thus often associated with a

fatal outcome of IAV [4]. The sites of virus replication in the

respiratory tract represent complex microenvironments, in which

extracellular proteases are present abundantly [5,6]. Some of these

proteases can play a role in innate immune responses since they

are important mediators of inflammatory processes [7] and

influence virus replication [8,9]. To date, however, the elucidation

of host proteases contributing to pathogenesis of IAV infections in

vivo has been hampered by the lack of experimental models.

One of the proteases of interest is plasmin, which is a serine

protease involved in fibrinolysis, the biological process of dissolving

fibrin polymers into soluble fragments. Plasmin is generated

through cleavage of the proenzyme plasminogen, produced in the

liver and present in the blood. Specific binding and conversion of

plasminogen into plasmin by IAV may afford the virus an

alternative protease for cleavage of its hemagglutinin molecule

[10,11]. This is an essential step in the virus replication cycle and

this may contribute to the pathogenesis of IAV infection [12,13].

In addition, plasminogen/plasmin plays a central role in

fibrinolysis-mediated inflammation [14] and there is evidence of

fibrinolysis activation during IAV infections [15]. Thus, plasmin-

ogen could contribute to the pathogenesis of IAV infections by

promoting virus replication or by inducing a fibrinolysis-depen-

dent harmful inflammatory response in the respiratory tract. At

present it is unknown whether one or both of these two

mechanisms of plasminogen activity contribute to pathogenesis

of IAV infections in vivo. In the present study we address this

research question and using plasminogen-deficient mice (PLG-

KO) and pharmacological approaches the role of plasminogen

during IAV infections was investigated.

Our findings show that plasminogen plays an important role in

lung inflammation upon IAV infections, mainly through fibrino-

lysis. Therefore, targeting host factors, such as the fibrinolytic

molecule plasminogen may be of interest for the development of

new therapeutics against IAV infections.
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Results

Plasminogen promotes IAV pathogenesis
To explore the role of plasminogen in IAV pathogenesis, we

investigated the consequence of plasminogen-deficiency. Plasmin-

ogen +/2 mice were intercrossed to generate wild-type (WT) and

plasminogen2/2 (PLG-KO) mice, which were infected with IAV

A/PR/8/34 (H1N1; 50,000 or 500 PFU) and weight loss and

survival rates were monitored. As shown in Figure 1A, compared

to WT mice, PLG-KO mice were significantly more resistant to

IAV-induced weight loss and death. In PLG-KO mice substantial

protection was also observed against infection with 2009 pandemic

virus A/Netherlands/602/09 (30,000 PFU, Figure 1B) and highly

pathogenic H5N1 virus A/chicken/Ivory-Coast/1787/2006 (10

EID50 H5N1, Figure 1C). Of note, the latter was not adapted to

replicate in mammals, which could explain the delay in weight loss

observed upon infection, as also observed by others [16]. Thus, we

concluded that without plasminogen, pathogenesis of IAV

infections was dampened and mortality reduced in a subtype-

independent manner.

Protection conferred by PLG-deficiency is independent
on virus replication
To gain further insight into the role of plasminogen in virus

replication, A549 cells were infected with IAV in the absence or

presence of plasminogen. Interestingly, plasminogen supported the

replication of IAV A/PR/8/34 but not that of A/Netherlands/

602/09 (Figure 2A). In contrast, trypsin supported replication of

both viruses while no replication was observed in absence of

proteases. Since plasminogen promotes IAV replication through

HA cleavage [11], plasminogen-mediated HA cleavage of both

viruses was compared (Figure 2B). In absence of proteases (2),

HA0 precursor protein was detected in A549 cells infected with

either virus. In presence of plasminogen (PLG), an additional

band, corresponding to HA2 [11] was detected at 25 kDa in A/

PR/8/34, but not in A/Netherlands/602/09 infected cells. In

presence of trypsin (Try), HA2 was detected in cells infected with

either virus. Similar levels of tubulin were detected, which was

included as control cellular protein. Thus, plasminogen promotes

cleavage of HA of IAV A/PR/8/34 but not that of A/

Netherlands/602/09, which correlated with differences in repli-

cative capacity of these viruses in presence of plasminogen.

On day 2 post-inoculation with IAV A/PR/8/34, mean lung

virus titer of PLG-KO mice was significantly lower than that of

WT mice (Figure 2C). This difference was not observed for IAV

A/Netherlands/602/09. For both viruses, and at the other days

post-infection, no significant differences in lung virus titers were

observed between PLG-KO and WT mice. Thus, in vivo,

plasminogen promoted early virus replication of IAV A/PR/8/

34 but not of A/Netherlands/602/09. Since the absence of

plasminogen protected mice against both viruses, the deleterious

effect of plasminogen was most likely independent of virus

replication in the lungs.

Pulmonary injury and virus dissemination
To assess possible other contributions of plasminogen to the

pathogenesis of IAV infections, inflammation of the lungs and viral

dissemination were examined after infection of mice with IAV A/

PR/8/34 or A/Netherlands/602/09. At day 3 post-infection,

extensive alveolar damage and marked cellular infiltrates were

observed in lungs of WT mice in contrast to those of PLG-KO

mice (HE) after A/PR/8/34 virus infection (Figure 3A, left panel).

This difference was also observed upon infection with A/

Netherlands/602/09 virus, at day 5 (Figure 3A, right panel) but

not at day 3 post-inoculation (data not shown). For all conditions,

in WT and PLG-KO mice, similar numbers of IAV-infected cells

were detected by immunohistochemistry (IHC). Also, no lesions

were observed in Mock-infected mice (data not shown). Thus,

plasminogen-deficiency protected mice against inflammation

induced by A/PR/8/34 and A/Netherlands/602/09 viruses,

showing that plasminogen plays a deleterious role in lung

inflammation, independent of virus replication in the lungs.

To investigate the difference in pulmonary inflammation

between PLG-KO and WT mice, cytokine levels in the

bronchoalveolar lavages (BALs) were assessed by ELISA

(Figure 3B) or a luminex-based cytokine detection assays

(Figure 4A) at various time point post-infection. Upon inoculation

of A/PR/8/34 virus, both in PLG-KO and WT mice, BAL

cytokine levels increased 2 and 5 days post-inoculation. However,

in BAL of PLG-KO mice cytokine levels were considerably and

significantly lower than in those of WT littermates (see scale

differences for Figure 4A), which correlated with reduced IAV-

induced lung inflammation in absence of plasminogen. Upon A/

Netherlands/602/09 virus infection, release of cytokines in the

BAL was also significantly higher in WT mice compared to PLG-

KO mice at day 5 but not at day 2 post-inoculation (Figure 3B,

right panel). Thus in concordance with the histological analysis,

plasminogen promoted lung inflammation of IAV A/PR/8/34

and A/Netherlands/602/09 viruses, showing that the effect is

most likely independent of virus replication in the lungs.

Furthermore, in PLG-KO mice the virus failed to disseminate to

extra pulmonary organs unlike in WT mice, upon intranasal

infection with A/PR/8/34 virus (500 PFU) (Figure 4B). Especially

high virus titers were detected in the liver, the source of

plasminogen. Collectively, these results suggest that plasminogen

plays an important role in promoting the inflammatory response

and virus dissemination to extra-pulmonary organs during IAV-

infection.

Fibrinolysis and IAV pathogenesis
Since degradation of fibrin is one of the main functions of

plasminogen/plasmin, we hypothesized that the host fibrinolytic

system plays a role in the pathogenesis of IAV infection. First, we

investigated whether IAV infection induced fibrinolysis. To this

end, mice were inoculated with IAV A/PR/8/34 and at various

time points post-inoculation, the level of fibrinolysis markers in

BALs was assessed by ELISA (Figure 5A). Plasminogen and active

plasmin levels were barely detectable in the BAL of uninfected

mice but their levels significantly increased during the course of

infection. Levels of fibrinogen also significantly increased at day 4

post-infection and then dropped at days 5 and 6, suggesting a

recruitment of fibrinogen to the lungs and a rapid consumption of

Author Summary

Influenza viruses, including H5N1 bird influenza viruses
continue to form a major threat for public health. Available
antiviral drugs for the treatment of influenza are effective
to a limited extent and the emergence of resistant viruses
may further undermine their use. The symptoms associat-
ed with influenza are caused by replication of the virus in
the respiratory tract and the host immune response. Here,
we report that a molecule of the fibrinolytic system,
plasminogen, contributes to inflammation caused by
influenza. Inhibiting the action of plasminogen protected
mice from severe influenza infections, including those
caused by H5N1 and H1N1 pandemic 2009 viruses and
may be a promising novel strategy to treat influenza.
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Figure 1. Plasminogen contributes to influenza pathogenesis. Survival and weight loss of PLG-KO (triangles) and WT (squares) mice infected
with (A) IAV A/PR/8/34 (50,000 PFU; n = 11–21 or 500 PFU; n = 23–24), (B) A/Netherlands/602/09 (30,000 PFU; n = 7) or (C) A/chicken/Ivory-Coast/
1787/2006 (10 EID50; n = 12). The proportion of survival was determined based on euthanasia criteria. Animals that lost 20% of their body weight
were considered to have reached humane endpoints and were sacrificed according to the study protocol. It is of note that upon WT mice infection
with A/chicken/Ivory-Coast/1787/2006, all infected mice lost weight but died before reaching220% of their body weight, in contrast to PLG-KO mice,
which explains the difference in mortality but not in weight loss. Weight loss data represent weight average 6 s.e.m of the above indicated number
of mice. n =mice per group.
doi:10.1371/journal.ppat.1003229.g001
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the molecule and fibrinolysis. Finally, levels of FDP and D-dimers,

degradation products of fibrinolysis, significantly increased upon

infection, reaching 45 and 13 ng/ml respectively on day 6 post-

inoculation. Similar results were also obtained upon infection with

influenza virus A/Netherlands/602/09 (Figure 5A). As expected,

in the BAL of infected PLG-KO mice, used as negative control,

Figure 2. The deleterious role of plasminogen is independent on virus replication. (A) Virus replication of IAV A/PR/8/34 and A/
Netherlands/602/09 after inoculation of A549 cells in presence or absence (triangle) of plasminogen (square) or trypsin (circle). Data represent mean
6 s.e.m of three independent experiments. (B) Western blot analysis of A/PR/8/34 and A/Netherlands/602/09 HA cleavage after infection of A549 cells
in presence or absence of plasminogen (PLG) or trypsin (Try). Membranes were probed with anti-HA and anti-tubulin antibodies. kDa (apparent
molecular weight). NI stands for uninfected. (C) Infectious A/PR/8/34 (n = 3–5) and A/Netherlands/602/09 (n = 3) lung virus titers at the indicated time
points post-inoculation of WT (black bars) or PLG-KO mice (white bars). Data represent mean 6 s.e.m of 3–5 individual mice per group. n =mice per
group and per time-point.
doi:10.1371/journal.ppat.1003229.g002
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fibrinolysis markers were barely detectable. Thus, IAV infection

induced fibrinolysis. These results were confirmed by Western blot

analysis using an antibody directed against the mouse Aa chain of

fibrinogen (Figure 5B), which recognizes purified mouse fibrinogen

at a molecular weight of 66 kDa (data not shown). Compared to

uninfected mice (2), fibrinogen was readily detectable 2–6 days

post-inoculation in the lungs of infected mice. In the tissues, no

marked fibrinogen consumption was detected but during the

course of IAV infection, additional smaller bands corresponding to

FDP were observed in mouse lungs. These findings confirmed that

fibrinolysis took place during IAV infections in vivo.

To simulate the depletion of fibrin (and therefore fibrinolysis),

mice were treated with the snake venom Ancrod, a thrombin-like

protease that cleaves the Aa chain of fibrinogen, enhancing its

degradation and severely reducing its plasma levels (Figure 5C).

Treatment with Ancrod significantly increased IAV-induced

weight loss and mortality compared to vehicle-treated mice, but

had no effect on uninfected control mice (Figure 6A). This

increased mortality was also associated with an increase in

inflammation of the lungs, as detected by elevated cytokine levels

in the BAL (Figure 6B, WT). Of particular interest, the level of

interferon-gamma was barely detectable in untreated mice but

severely increased upon ancrod treatment. Thus, degradation of

fibrin(ogen) contributed to inflammation and increased pathoge-

nicity of IAV infection.

Plasminogen promotes IAV pathogenesis through
fibrinolysis
Next, we investigated whether Ancrod treatment could reverse

the protective effect of plasminogen-deficiency in terms of

inflammation and mortality rate. Again, PLG-KO mice were

protected from lung inflammation (p,0,05, between WT versus

PLG-KO), as judged from cytokine responses (Figure 6B) and

from IAV-induced mortality (Figure 6C). Interestingly, Ancrod-

treatment reversed the protection observed in the absence of

plasminogen and cytokine responses and mortality rates were

similar to those of Ancrod treated WT mice (Figure 6B and C,

p.0.05, between WT-treated and PLG-KO-treated ancrod).

Ancrod had no effect in uninfected mice (Figure S1). Thus,

fibrinolysis contributes to inflammation and pathogenesis of IAV

infections, which is mediated by plasminogen.

To further confirm if the deleterious role of plasminogen is

caused by fibrinolysis, we tested the outcome of infection of mice

after treatment with Ancrod and/or 6-aminohexanoic acid (6-

AHA). Indeed, 6-AHA is a lysine analogue that binds to the lysine

binding sites of plasminogen, inhibiting plasminogen-binding to

fibrin(ogen) and plasmin-mediated fibrinolysis [17]. First, 6-AHA

treated mice inoculated with 5,000 or 500 PFU of A/PR/8/34

were significantly more resistant to infection than untreated mice

(Figure 7A) and this protection correlated with reduced inflam-

mation in 6-AHA treated animals (Figure S2). Also, lung virus

titers were significantly lower in 6-AHA-treated mice compared to

untreated mice, at day 2 but not at days 3 or 5 post-infection

(Figure 7B). Thus, inhibition of plasminogen fibrinolytic activity

protected mice from developing pneumonitis and severe disease.

Furthermore, Ancrod-treatment of 6-AHA treated mice over-rode

the protective effect of 6-AHA, again resulting in IAV-induced

mortality (Figure 7A, lower panel). Administration of Ancrod and/

or 6-AHA had no effect in uninfected mice (Figure S3). Thus, the

protective effect of 6-AHA was reversed by Ancrod-mediated

fibrinogen degradation, demonstrating that plasminogen contrib-

uted to pathogenesis of IAV infection through fibrinolysis

activation.

6-AHA protects against influenza
Preventing deleterious inflammation after IAV infection could

be a promising new strategy to treat IAV infections. Therefore, we

investigated whether blocking the fibrinbolytic activity of plasmin-

ogen by 6-AHA administration at a later time point post-

inoculation was still protective. WT mice were inoculated with

IAV A/PR/8/34 and treated or not with 6-AHA, two days later.

As shown in Figure 7C, treatment with 6-AHA improved the

outcome of infection and prevented mortality. 6-AHA treatment

also protected mice from infection with A/Netherlands/602/09

and highly pathogenic H5N1 viruses (Figure 7C, lower panels).

Thus, blocking plasminogen-mediated fibrinolysis protected mice

against infections with various and highly pathogenic IAVs.

Discussion

The present study showed for the first time that fibrinolysis plays

a central role in the inflammatory response and the pathogenesis

Figure 3. Plasminogen-deficiency prevents severe inflamma-
tion. (A) Histopathological analysis of lungs from infected WT and PLG-
KO mice inoculated with A/PR/8/34 virus (day 3 post-infection) or A/
Netherlands/602/09 virus (day 5 post-infection). Thin sections of lungs
obtained from infected and uninfected WT and PLG-KO mice (as
indicated) were stained with hematoxilin end eosin (HE) to evaluate
histopathological changes. Note the marked infiltration of inflammatory
cells in the lungs of infected WT mice, which was largely absent in the
lungs of PLG-KO mice. The results shown are representative for two-
three mice for both groups. Immunohistochemistry (IHC) using a
monoclonal antibody for the influenza A virus nucleoprotein was used
to detect virus-infected cells. Cells positive for the presence of viral
antigen stained red. (B) Cytokine levels in BAL were assessed by ELISA
on the indicated days post inoculation of WT (black bars) and PLG-KO
mice (white bars) with IAV A/PR/8/34 or A/Netherlands/602/09. Data
represent mean 6 s.e.m. of 3–6 mice per group.
doi:10.1371/journal.ppat.1003229.g003
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Figure 4. Plasminogen-deficiency prevents severe inflammation and virus dissemination. (A) Cytokine levels in BAL were assessed by 23-
multiplex Luminex kit (uninfected, white bars; infected, black bars) on the indicated days post inoculation of WT (top panel) and PLG-KO mice
(bottom panel) with IAV A/PR/8/34. The levels of IL-2, IL-3, IL-4, IL-5, IL-9, IL-12(p70), IL-13, IL-17 and eotaxin were below the detection limit (not
shown). Data represent mean 6 s.e.m. of 2 individual mice per group from one experiment and is representative of 2 individual experiments (total
n = 3–6 mice per group). (B) A/PR/8/34 virus titers in the indicated organs of WT (closed symbols) and PLG-KO mice (open symbols) was assessed 2
and 5 days post-inoculation.
doi:10.1371/journal.ppat.1003229.g004
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Figure 5. Fibrinolysis is induced following severe influenza infections. (A) Levels of Plasminogen, Active Plasmin, FDP, D-dimer and
Fibrinogen, were determined by ELISA in the BAL of A/PR/8/34 infected or uninfected (2) C57BL/6 mice after the indicated days post-inoculation.
Markers were also evaluated in the BAL of WT or PLG-KO mice infected with A/Netherlands/602/09 virus. Data represent mean 6 s.e.m of n = 3–6
mice per group. (B) Western blot analysis for the detection of fibrinogen and FDP in the lungs of IAV-infected mice on the indicated days post
inoculation (representative of n = 3). kDa: apparent molecular weight. n =mice per group. (C) Presence of fibrinogen was assessed in the blood of
mice treated or not with Ancrod by ELISA (left panel) or Western blot analysis (right panel). The results represent the mean values 6 s.e.m from 3
individual animals per group for the ELISA. The western blot analysis is representative for results of 3 mice per group.
doi:10.1371/journal.ppat.1003229.g005
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Figure 6. Effect of Ancrod treatment on inflammation and IAV pathogenesis. (A) Survival and weight loss of mice treated with Ancrod
(open symbols, n = 11) or not (closed symbols, n = 11) after infection with IAV A/PR/8/34 (squares) or uninfected mice (diamonds, n = 5). Weight loss
data represent weight average 6 s.e.m of the above indicated number of mice. (B) Cytokines levels in the BAL were measured by ELISA after A/PR/8/
34 infection of WT and PLG-KO (KO) mice treated with Ancrod (white bars) or not (black bars). Data represent mean 6 s.e.m. of n = 4 mice per group.
(C) Survival rate (left panels) and weight loss (right panels) of WT (squares) and PLG-KO (triangles) mice treated with Ancrod (open symbols) or not
(closed symbols) after intranasal inoculation with IAV A/PR/8/34 (n = 8–10 mice per group). Weight loss data represent weight average 6 s.e.m of the
above indicated number of mice.
doi:10.1371/journal.ppat.1003229.g006
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of IAV infections. Consistently, evidence is accumulating that the

fibrinolytic molecule plasminogen and plasmin are critical host

factors for immune cell infiltration and cytokine production upon

injury [18–20]. The absence of plasminogen blunts inflammation

in response to several inflammatory stimuli and suppresses

development of lesions [21–23]. In our study, absence of

plasminogen also considerably reduced the extent of lung

inflammation upon IAV infection. Since severe inflammation

contributes to the pathogenicity of IAV infections of humans [2,4],

most likely the proinflammatory properties of plasminogen play a

role in the pathogenesis of these infections. IAV have the capacity

to bind plasminogen and convert it into its active form plasmin

through viral or cellular proteins like annexin-2 [11,12]. However,

the extent of plasminogen activation is strain-dependent [11],

which may explain differences in pathogenicity of IAV strains.

Mechanistically, the mode of action of plasminogen-driven lung

inflammation was through fibrinolysis. Indeed, degradation of

fibrinogen by Ancrod treatment increased pathogenicity of IAV

infection and compensated the protective effect in PLG-KO mice

or in mice in which plasminogen fibrinolytic activity was blocked

by 6-AHA treatment. Consistently, Keller et al showed an

activation of the fibrinolytic system during non-pathogenic IAV

infection in mice [15]. Remarkably, in humans increased

production of D-dimer, a marker of fibrinolysis was found to be

a risk factor for fatal outcome of H5N1 and pandemic H1N1 virus

infections [24,25]. Furthermore, IAV infections have been

associated with bleeding medical disorders [26,27]. Thus, as for

bacteria [28], the dysregulation of hemostasis by virus infections

may cause serious complications. Consistent with our results, it

was recently demonstrated that endothelial cells are central

orchestrators of cytokine amplification during IAV infections

[29]. Interestingly, plasminogen-dependent inflammation appears

early after infection with influenza virus A/PR/8/34, of which

virus replication is promoted by plasminogen. In contrast,

Figure 7. Effect of 6-aminohexanoic acid and/or Ancrod treatment on the course of IAV infection. Survival and weight loss of IAV
inoculated C57BL/6 mice treated with 6-AHA (circle) or not (squares). (A) Mice were inoculated with IAV A/PR8/34 (5,000 PFU, n = 28 or 500 PFU;
n = 11) in presence (open symbols) or absence (closed symbols) of Ancrod. 6-AHA treatment was initiated on the day of inoculation. (B) Infectious A/
PR/8/34 lung virus titers in 6-AHA treated or untreated mice. Data represent mean 6 s.e.m of 3 individual mice per group. (C) Mice were inoculated
with IAV A/PR/8/34 (n = 10), A/Netherlands/602/09 (n = 16) or A/chicken/Ivory-Coast/1787/2006 (n = 10) as indicated. 6-AHA treatment was initiated
two days post-inoculation. n = per group. Weight loss data represent weight average 6 s.e.m of the above indicated number of mice.
doi:10.1371/journal.ppat.1003229.g007
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replication of influenza virus A/Netherlands/602/09 is indepen-

dent of plasminogen and control of plasminogen activity has a

delayed impact on inflammation and disease. Thus, the capability

of plasminogen to cleave HA and promote virus replication may

also contribute to lung inflammation for some IAV strains.

Possibly, a sustained high degree of inflammation is deleterious for

the host.

Collectively, we propose a model (Figure 8) in which

plasminogen-mediated fibrinolysis increases FDP production and

vascular permeability allowing increase recruitment of inflamma-

tory cells at the site of infection. As a positive feedback loop,

plasminogen mediated virus replication may also further contrib-

ute to lung inflammation. Fibrinolysis may also allow systemic

haematogenous spread of virus. Consistently, we and others

detected IAV replication in extrapulmonary organs in plasmino-

gen-competent mice [30]. Since plasminogen is omnipresent in the

blood, it may provide certain IAV an alternative mechanism of

HA cleavage in extra-pulmonary organs [10,11]. For example, the

plasminogen-binding property of the neuraminidase of A/WSN/

33 strain is a determinant of its neurotropism and pathogenicity in

mice [12,13]. Interestingly, particular high virus titers were found

in the liver, which is the primary source of plasminogen. This may

explain why IAV can replicate in hepatocarcinoma liver HEPG-2

cells in the absence of exogenous proteases (Figure S4). Whether

plasminogen-dependent IAV replication contributes to damage of

the liver or other extra-pulmonary organs, as observed in Reye’s

syndrome or other postinfluenza complications [31] requires

further investigation. Interestingly, differences in virus replication

were not at the basis of plasminogen-dependent differences in

pathogenesis of IAV infection although it also can contribute to

exacerbation of inflammation. Indeed, A/Netherland/602/09

virus replication in the lungs was not affected by plasminogen

deficiency, while infected PLG-KO mice were protected from

infection. This is consistent with a recent report showing that

presence of critical residues in HA, necessary for cleavage by

plasmin is strain-dependent [32]. In addition, the HA of A/

chicken/Ivory-Coast/1787/2006 contains a polybasic site, which

is cleaved by furin-type proteases. This suggests that plasminogen

plays a minor role in replication of this virus, while plasminogen

deficiency still protected from infection with this virus. Alternative

proteases may thus play a more dominant role in HA cleavage and

virus replication in vivo than plasminogen [33–36].

For the clinical management of influenza patients, a limited

number of antiviral drugs are available. The use of these currently

available drugs is compromised by the emergence of virus strains

that developed resistance to these drugs. Therefore, intervention

strategies that aim at preventing deleterious inflammatory

responses after IAV infection are of interest and do not suffer

from resistance to antiviral drugs. Specifically, blocking protease

activity may be an efficient way to achieve this, as previously

suggested [37–39]. Our results are consistent with these studies but

differ in term of mechanism of action. Indeed, our results suggest a

more predominant role for proteases in lung hemostasis compared

to virus replication and HA cleavage.

In summary, our findings reveal a previously unrecognized role

for fibrinolysis and plasminogen in the pathogenesis of IAV

infections. Thus, targeting plasminogen, its conversion into

plasmin or regulating fibrinolysis may be a venue for the

development of novel intervention strategies for the treatment of

severe IAV infections.

Figure 8. Schematic overview of the proposed model for Plasminogen-mediated influenza virus pathogenesis. During IAV infection,
plasminogen is converted into plasmin. On the one hand, plasmin cleaves and activates the viral hemagglutinin, promoting IAV replication for some
influenza strains. On the other hand, plasmin promotes inflammation via fibrinolysis and increases permeability.
doi:10.1371/journal.ppat.1003229.g008
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Materials and Methods

Ethics statement
Experiments were performed according to recommendations of

the ‘‘National Commission of Animal Experiment (CNEA)’’ and

the ‘‘National Committee on the Ethic Reflexion of Animal

Experiments (CNREEA)’’. The protocol was approved by the

committee of animal experiments of the University Claude

Bernard Lyon I (Permit number: BH2008-13). All animal

experiments were also carried out under the authority of license

issued by ‘‘la direction des services Vétérinaires’’ (accreditation

number 78–114). All efforts were made to minimize suffering.

Reagent
Viruses, cells, and reagents used, were: IAV A/Netherlands/

602/09 [40], A/chicken/Ivory-Coast/1787/2006 [41], A/PR/8/

34 (American Type Culture Collection, ATCC), A549 cells

(ATCC), Madin-Darby Canine Kidney cells (MDCK, ATCC),

trypsin (Becton Dickinson), plasminogen and 6-AHA (Sigma),

Ancrod (NIBSC), 23-Plex Mouse Cytokine Assay (Bio-Rad),

ELISA kits for mouse -IL-6, -KC, -–RANTES, -IFN-a -IFN-

c(R&D Systems), -plasminogen (Mybiosource), -active plasmin

(Kordia), -D-dimer, -fibrinogen and -FDP (Genway), antibodies

anti-HA (Santa Cruz), anti-tubulin (Sigma), anti-NP (ATCC), anti-

fibrinogen (Genway).

In vitro experiments and proteins detection
Blood fibrinogen and lung proteins were extracted as described

[42,43] and proteins were analyzed by western blot [44]. A549

experiments were performed as described previously [11].

Mice
Mice with a disrupted PLG gene (PLG-KO) and their WT

littermates were bred as described previously [45]. Briefly, PLG

heterozygous mice (C57BL/6 and 25% 129Sv) were crossed and

WT and PLG-KO mice offspring were genotyped by polymerase

chain reaction, which was performed, as previously described [46]

using primers amplifying the WT PLG gene (59ACTGCTGCC-

CACTGTTTGGAG 39 and 59 GATAACCTTGTAGAATT-

CAGGTC39) or the inactivated PLG gene (59ATGAACTGCAG-

GACGAGGCAG39 and 59 GCGAACAGTTCGGCTGGCGC

39). Most of the experiments were performed using 5–6 weeks old

mice. Also, males and females were used in the experiments.

Groups between WT and PLG KO mice were homogenized for

these different parameters. Except when PLG-WT and PLG-KO

mice were used, experiments were performed with six-week-old

C57BL/6 female mice (Charles River Laboratories).

Mice infection and treatment
Mice were anesthetized with ketamine (42,5 mg/kg) and inocu-

lated by the intranasal route with the indicated IAV in a volume of

25 ml. Upon inoculation, survival rates and loss of body weight was

scored daily, as previously described [47]. For weight loss curves, the

last measured value was carried forward until the end of the

observation period. Alternatively, mice were sacrificed at various pre-

fixed time points post-inoculation to perform bronchoalveolar lavages

(BAL) or to sample organs. Virus titers in organs were determined by

classical plaque assay using MDCK cells [47]. ELISA and luminex

assays were performed according to the instructions of the

manufacturer and virus titers were assessed as described [48]. Lungs

histology and immunohistochemistry were performed as described

[49]. Treatment with 6-AHA was injected intraperitoneally (30 mg

per mouse in 200 ml of physiological serum) every 6 hours for 4 days.

Ancrod was injected (1.75 unit per mouse) intraperitoneally two days

before infection for 7 days at 10 hours intervals.

Statistical analysis
Kaplan-Meier test was used for statistical analysis of survival

rates and Mann–Whitney’s test was used for lung virus titers and

ELISA results, p values,0.05, were considered statistically

significant. Two-tails analysis was performed. The number (n) of

animals per experimental group is mentioned in the figure legends.

Experiments were stratified in terms of weight, gender and age of

the mice.

Supporting Information

Figure S1 Effect of Ancrod treatment on uninfected
mice. Survival and weight loss of uninfected PLG-KO mice

treated with Ancrod (open triangle, n = 3).

(TIF)

Figure S2 Effect of 6-AHA on cytokine levels in the BAL.
Cytokine levels in the BAL of IAV-infected C57BL/6 mice,

treated or not (upper panel) with 6-AHA (lower panel) was

evaluated by multiplex assay four days post-inoculation. Only

detectable levels are shown. n = 3 mice per group. Please note the

difference in scale of y-axis between treated and untreated

animals.

(TIF)

Figure S3 Effect of Ancrod treatment and/or 6-AHA
treatment on uninfected mice. Survival and weight loss of

uninfected C57BL/6 mice treated with Ancrod and 6-AHA (open

circles, n = 5) or 6-AHA only (closed circles, n = 5).

(TIF)

Figure S4 IAV replication kinetics in HEPG-2 cells.
Replication kinetics of IAV A/PR/8/34 and A/Udorn/72 in

absence of proteases was assessed after inoculating HEPG-2 cells

at a MOI of 0.001.

(TIF)
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Annexin V Incorporated into Influenza Virus Particles Inhibits
Gamma Interferon Signaling and Promotes Viral Replication
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ABSTRACT

During the budding process, influenza A viruses (IAVs) incorporate multiple host cell membrane proteins. However, for most of
them, their significance in viral morphogenesis and infectivity remains unknown. We demonstrate here that the expression of
annexin V (A5) is upregulated at the cell surface upon IAV infection and that a substantial proportion of the protein is present in
lipid rafts, the site of virus budding. Western blotting and immunogold analysis of highly purified IAV particles showed the
presence of A5 in the virion. Significantly, gamma interferon (IFN-�)-induced Stat phosphorylation and IFN-�-induced 10-kDa
protein (IP-10) production in macrophage-derived THP-1 cells was inhibited by purified IAV particles. Disruption of the IFN-�
signaling pathway was A5 dependent since downregulation of its expression or its blockage reversed the inhibition and resulted
in decreased viral replication in vitro. The functional significance of these results was also observed in vivo. Thus, IAVs can sub-
vert the IFN-� antiviral immune response by incorporating A5 into their envelope during the budding process.

IMPORTANCE

Many enveloped viruses, including influenza A viruses, bud from the plasma membrane of their host cells and incorporate cellu-
lar surface proteins into viral particles. However, for the vast majority of these proteins, only the observation of their incorpora-
tion has been reported. We demonstrate here that the host protein annexin V is specifically incorporated into influenza virus
particles during the budding process. Importantly, we showed that packaged annexin V counteracted the antiviral activity of
gamma interferon in vitro and in vivo. Thus, these results showed that annexin V incorporated in the viral envelope of influenza
viruses allow viral escape from immune surveillance. Understanding the role of host incorporated protein into virions may re-
veal how enveloped RNA viruses hijack the host cell machinery for their own purposes.

Influenza is an ineradicable contagious disease that constitutes a
major public health problem, occurring as a seasonal epidemic

of variable impact or sporadic pandemic outbreaks (1, 2). The
etiological agents of the disease, the single-stranded RNA influ-
enza viruses, are classified into three types (A, B, and C), of which
influenza A virus (IAV) is clinically themost important. Annually,
IAV causes 3 to 5 million clinical infections and 200,000 to
500,000 fatal cases (3). Thus, these viruses are of great concern to
human health and impose a considerable socioeconomic burden.
Important factors in the pathogenesis of influenza include the
efficient replication of the virus in the respiratory tract and the
host immune response, traits that are dependent on each other
(4–6). While the immune response aims to control the spread of
the virus, IAV has developed strategies for subverting host de-
fenses, thereby facilitating their spread (7–10). Further knowledge
into how IAV escapes the host immunosurveillance is critical for
the design of new treatments that are able to control the disease.

Similarly to other enveloped viruses, IAV exits the host cell by
budding from a cellular membrane (11, 12). Thereby, particles
released from infected cells can incorporate many host cellular
proteins during the assembly and budding steps of morphogene-
sis. Earlier study identified 36 host-encoded proteins in purified
IAV particles in addition to viral virion components (13). Among
them, the annexin family of proteins that bind to negatively
charged phospholipids is well represented (13, 14). However, the
functional significance of host protein incorporation has not been
determined yet, except for the role of annexin II, which promotes
viral replication when incorporated into a virus particle (14, 15).

One protein of interest is annexin V (A5), which has recently been
found to play a role in the regulation of the immune response (16,
17). We address here the specific incorporation of A5 into IAV
particles and its functional relevance in viral replication.

We found that the host protein A5 was incorporated into IAV
particles and inhibited gamma interferon (IFN-�)-induced sig-
naling and antiviral activity both in vitro and in vivo. Collectively,
these results show that incorporation of A5 into IAV virions sup-
ports influenza virus escape from immunosurveillance.

MATERIALS AND METHODS

Viruses and reagents. IAV A/PR/8/34 (H1N1) was a gift from G. F.
Rimmelzwaan (Erasmus University, Rotterdam, Netherlands), and
A/WSN/33 (H1N1) and A/Udorn/72 (H3N2) IAV were a gift from N.
Naffakh (Pasteur Institute, Paris, France). The following reagents were
used in the study: small interfering RNA (siRNA) targeting A5 (Santa
Cruz Biotechnology), recombinant mouse IFN-� (Sigma-Aldrich), re-
combinant human IFN-� and IFN-� (R&D Systems), trypsin (Becton
Dickinson), an enzyme-linked immunosorbent assay (ELISA) kit for
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IFN-�-induced 10-kDa protein (IP-10) and interleukin-1� (IL-1�; R&D
Systems), cholera toxin B subunit (Sigma-Aldrich, France), monoclonal
anti-tubulin (Sigma), polyclonal anti-A5 (Santa Cruz Biotechnology),
monoclonal anti-M2 (Santa Cruz Biotechnology),monoclonal anti-hem-
agglutinin (anti-HA; Santa Cruz Biotechnology), polyclonal anti-ERK
(Cell Signaling Technology, Saint Quentin, France), monoclonal anti-
Stat1 (Santa Cruz Biotechnology), and polyclonal anti-p-Stat1 (R&D Sys-
tems) antibodies. Rabbit polyclonal anti-A/PR/8/34 virus cross-reacting
with A/WSN/33 virus proteins (referred to as polyclonal anti-influenza)
was a gift fromG. F. Rimmelzwaan (Erasmus University). Phorbol myris-
tate acetate (PMA; Sigma) was used for human monocytic cell line
(THP-1) differentiation.

Cell culture and raft isolation.Thehumanmonocytic THP-1, human
alveolar A549, human epithelial kidney 293T, HeLa, and Madin-Darby
canine kidney (MDCK) cell lines used in the present study were obtained
from theAmericanTypeCultureCollection.MDCKcells were cultured in
Eagle minimal essential medium (EMEM; Lonza, France) supplemented
with 5% fetal bovine serum (FBS; Lonza), 2 mM L-glutamine, and 100
international units (IU)/ml penicillin-streptomycin (PS). A549 and 293T
cells were grown in Dulbecco modified Eagle medium (DMEM; Lonza)
supplemented with 10% FBS, 2 mM L-glutamine, and 100 IU/ml PS.
THP-1 cells were cultured in RPMI (Lonza) supplemented with 10%FBS,
2mM L-glutamine, 100 IU/ml PS, 5ml of pyruvate sodium, 5ml of amino
acids, and �-mercaptoethanol. Raft isolations were performed as previ-
ously described (18).

Virus production, titration, and purification. MDCK cells were
seeded at 13 � 106 cells per 175-cm2 tissue culture flask and then incu-
bated at 37°C overnight. The next day, based on previous evaluations, cell
confluence was evaluated at 20 � 106 cells per 175 cm2, and the cells were
infected with IAV at a multiplicity of infection (MOI) of 10�3 in EMEM
containing 1 �g of trypsin/ml. At 2 days postinfection, the supernatant
was harvested and then clarified using low-speed centrifugation, and the
virus particles were titrated as previously described (19). Briefly, MDCK
cells were infectedwith IAV for 1 h at 37°C. After viral adsorption, the cells
were overlaid with medium containing 2% agarose and 1 �g of trypsin/
ml, followed by incubation for 3 days at 37°C. Viral plaques were then
visualized using bromophenol blue staining. To purify the virus particles,
the supernatants were clarified and concentrated 100-fold by ultracentrif-
ugation at 60,000 � g for 105 min at 4°C. Concentrated viruses were then
purified by centrifugation for 2 h at 80,000 � g at 4°C in a 20 to 60%
sucrose density gradient. The virus particles were then separated into two
different tubes for pretreatment with 20 �g of either blocking anti-A5
antibody (referred to as “AV-V”) or isotype control antibody (referred to
as “V”)/ml for 1 h at 4°C. Viruses were thenwashed by ultracentrifugation
at 31,000 � g for 2 h and suspended in medium. Infectious virus titers
were then evaluated in both virus preparations and used for experiments.
AV-V or V particles were then used in the experiments.

Identification and quantification of cell surface proteins by SILAC
(stable isotope labeling by amino acids in cell culture)-based mass spec-
trometric (MS) analysis. A549 cells were grown in stable isotope-labeled
DMEM(SILAC-DMEM,PAA) supplementedwith 10%dialyzed FBS (In-
vitrogen), 2 mM L-glutamine, and antibiotics at 37°C with 5% CO2. Cells
were either cultivated in SILAC medium containing light (R0K0: R �
12C6,

14N4; K � 12C6,
14N2) or heavy (R10K8: R � 13C6,

15N4; K � 13C6,
15N2) arginine and lysine for at least six cell doublings prior to infection. A
total of 4� 107 heavy-labeled cells (R10K8) were infected with IAVA/PR/
8/34 (H1N1) at anMOI of 5, while the same number of light-labeled cells
(R0K0) served as a mock control. At 16 h postinfection (hpi) cells were
washed with phosphate-buffered saline (PBS) and incubated with 1
mg/ml Sulfo-NHS-SS-Biotin (Thermo Fisher Scientific)/PBS for 40 min
at 4°C, followed by quenching with 10 mM glycine-PBS buffer. After
biotinylation of cell surface proteins, the cell extract of each population
(heavy or light) was prepared in 1ml of lysis buffer (50mMTris-HCl [pH
8], 150mMNaCl, 1%Nonidet P-40, 2mMNa3VO4, 1mMPefabloc) and
cleared by centrifugation. The protein concentration of each lysate was

determined by a BCA protein assay (Thermo Fisher Scientific), and the
lysates were mixed at a 1:1 heavy/light ratio, followed by selection of bio-
tinylated proteins on a streptavidin-agarose resin (Thermo Fisher Scien-
tific) at 4°C for 16 h. The beads were washed once with 50 mM Tris-HCl
(pH 7.4)–150 mM NaCl–5 mM EDTA, twice with 50 mM Tris-HCl (pH
7.4)–500 mMNaCl–5 mMEDTA, three times with 20 mMTris-HCl (pH
7.4)–500 mM NaCl, and once with 10 mM Tris-HCl (pH 7.4). The pre-
cipitated proteins were eluted in 4� sodiumdodecyl sulfate (SDS) sample
buffer–20%�-mercaptoethanol for 30min at 37°C. Affinity-purified pro-
teins were reduced and alkylated by the addition of 10 mM dithiothreitol
(2 min, 95°C) and 50 mM iodacetamid (30 min, 22°C, in the dark), re-
spectively. Proteins were separated by SDS–12.5% PAGE, and the gel lane
was cut into six slices, which were then subjected to in-gel tryptic digest
using a trypsin profile IGD kit (Sigma). The resulting peptides were sep-
arated using a C18 capillary analytical column (10 cm [inner diameter, 75
�m];ThermoFisher Scientific)with a linear gradient over 95min (solvent
A � 1% FA, 99% H2O and solvent B � 80% ACN, 1% FA) at a constant
flow rate of 300 nl/min using an Easy Nano liquid chromatography II
system coupled to an LTQ Orbitrap discovery XL (Thermo Fisher Scien-
tific). Eluting peptides were ionized by electrospray ionization at 1.4 kV
and a capillary temperature of 200°C. Mass spectra (m/z range, 300 to
2000)weremeasuredwith a resolution ofM/	M� 30,000 atm/z 400. The
top five precursor peptide ions were fragmented by collision-induced dis-
sociation (normalized collision energy, 35%; activation Q, 0.250, activa-
tion time, 30 ms) with a dynamic exclusion time of 30 s. The data were
acquired using Xcalibur software. Raw data files were evaluated using
Proteome Discoverer (PD) software (version 1.4; Thermo Fisher Scien-
tific). Proteins were identified by searching against the UniProt/Swiss-
Prot Human and Influenza A/PR/8/34 database (89,454 entries) using
SEQUEST algorithm and the following search parameters: carbamidom-
ethylation of cysteine (
57.021) as a fixed modification, oxidation of
histidine, methionine, and tryptophan (
15.995); phosphorylation of
serine, threonine, and tyrosine (
79.966) and appropriate SILAC labels
as variable modifications; tryptic digestion with a maximum of two
missed cleavages; a peptide precursor mass tolerance of 10 ppm; and a
fragment mass tolerance of 0.8 Da. The decoy database search option was
enabled and all peptides were filteredwith amaximum false discovery rate
(FDR) of 1%. Protein quantification was performed with at least two
unique and labeled peptides per protein and a mass precision of 4 ppm.
The relative abundance of a protein at cell surface was derived from its
heavy/light (H/L) ratio in the differently labeled cell populations. Quan-
tification values outside the range from 0.01 to 100 were recorded as 0.01
(ratio � 0.01) and 100 (ratio � 100). Proteins were grouped by PD an-
notation software tool and selected according to the gene ontology cellular
component (GOCC) categories “membrane,” “cell surface,” or “extracel-
lular” (20). AnH/L ratio of�2 for a given proteinwas considered to signal
increased surface abundance.

Depletion of A5 from virions by siRNA-mediated knockdown. Spe-
cific siRNA targeting A5 was used to knock down protein expression in
293T cells. These cells were chosen because of their high transfection
efficiency. Nontargeted siRNA was used as a control. According to the
manufacturer’s instructions, 293T cells (60 to 80% confluence, i.e., 2 �

105 cells per 10 cm2) were transfected with siRNA targeting A5 (1 �g/2 �

105 cells) or control-siRNA, diluted in transfection reagent (confidential
lipidic composition from Santa Cruz). AT 24 h posttransfection, DMEM
containing 20% fetal calf serum, PS (200 IU/ml), and L-glutamine (4mM)
was added to the cells, followed by incubation at 37°C for additional 48 h.
At this step,Western blot analysis was performed to verify the transfection
efficiency (data not shown). Alternatively, cells were infected with IAV
(MOI � 1), and supernatants containing the virus particles were har-
vested at 16 hpi. The virus titers were evaluated by plaque assay and used
in experiments. Similar ratios of the different viral proteins in both prep-
arations and reduced expression of packaged A5 in the virions released in
the supernatant of A5-specific siRNA-treated cells (referred to as A5
siRNA v) compared to control viruses (referred to as Ctl siRNA v) were
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confirmed by loading 20 �l of the corresponding supernatants on a gel,
followed by Western blot analysis. Of note, the downregulation of A5 by
siRNAs had no effect on the release of infectious particles (data not
shown).

Flow cytometry, immunocytochemistry, and Western blot analysis.
A549 or MDCK cells either were left uninfected or were infected with
A/PR8/34, A/Udorn/72, or A/WSN/33 (MOI of 1 or 10) for 24 h, and the
expression of A5 was assessed by using flow cytometry analysis or cyto-
chemistry, as previously described (8, 21). For the kinetic experiments,
A549 cells were infected with IAV A/WSN/33 (MOI of 10�2) in the pres-
ence of trypsin (0.5 �g/ml), and A5 expression was assessed by flow cy-
tometry at 6, 24, and 48 hpi. For experiments assessing virus attachment to
the cells, differentiated THP-1 cells were incubatedwith the indicated IAV
(MOI of 1) for 5 min at 37°C or for 30 min at 4°C; the cells were then
washed, and virus binding to the cells was analyzed by flow cytometry
using anti-HA antibody. For internalization experiments, differentiated-
THP1 cells were first incubatedwith “Ctl siRNAv” or “A5 siRNAv” at 4°C
for 30 min. The cells were then shifted to 37°C for 1 h to allow virus
internalization. Back at 4°C, the cells were then fixed and permeabilized or
not to assess the percentage of internalized versus cell surface bound vi-
ruses by flow cytometry using anti-HA antibody. For intracytoplasmic
staining, the cells were fixed with 0.5% paraformaldehyde for 10 min and
permeabilized 10 min with 0.1% Triton X-100 at 4°C (22). For the West-
ern blot analysis, purified virions or cells were lysed in ice-cold lysis buffer
(1% Triton X-100, 100 mM Tris-HCl [pH 7.4], 1.5 M NaCl, and 5 mM
EDTA in the presence of a complete proteinase inhibitor mixture), and
the proteins were analyzed as previously described (19).

Stat activation experiments. THP-1 cells were incubated with PMA
for 48 h at 37°C (differentiated THP-1 cells). After differentiation into
macrophages, the cells were incubated with or without AV-V or V (strain
A/WSN/33) or A5 siRNAv orCtl siRNAv for 5min, 1 h, or 16 h and either
left unstimulated or stimulated with human IFN-� or IFN-� (1,000 IU)
for 5 min at 37°C. Alternatively, HeLa cells were used in the experiments.
The cells were then lysed for 45 min on ice, and proteins from the lysate
were analyzed byWestern blotting. For the dose-response analysis, differ-
entiated THP-1 cells were stimulated for 5 min with the indicated dose of
IFN-�, and the cells were lysed before Western blot analysis.

IP-10 and IL-1� production experiments. Differentiated THP-1 cells
were preincubated with or without AV-V or V (strain A/WSN/33) or A5
siRNA v or Ctl siRNA v at an MOI of 1 for 5 min at 37°C. The cells were
then either left unstimulated or stimulated with 1,000 IU of IFN-� or
IFN-� for 3 h or 24 h at 37°C. Subsequently, supernatants were harvested,
and IP-10 or IL-1� production was quantified by ELISA.

Immunogold analysis. Immunogold labeling of A5was performed on
gradient-purified virus particles by the flotation of grids on drops of re-
active media. To prevent nonspecific binding, the grids were coated with
1% bovine serum albumin (BSA) in 50mMTris-HCl (pH 7.4) for 10min
at room temperature. Thereafter, the gridswere incubated for 4 h at 4°C in
a wet chamber with a polyclonal antibody raised against A5 (dilution
1/50) in 1% BSA–50 mM Tris–HCl (pH 7.4). The grids were successively
washed once in 50 mM Tris–HCl at pH 7.4 and pH 8.2 at room temper-
ature and then incubated inawet chamber for45minat roomtemperature in
1% BSA–50 mM Tris–HCl (pH 8.2) for 10 min at room temperature. The
grids were labeled with a goat anti-rabbit gold-conjugated IgG (10 nM;
Tebu Bio) diluted 1:80 in 1% BSA–50 mM Tris–HCl (pH 8.2) and then
successively washed once in 50 mM Tris-HCl (pH 8.2) and 50 mM Tris-
HCl (pH7.4) at room temperature and once in filtered distilledwater. The
gridswith the suspensionwere then labeledwith 2%phosphotungstic acid
for 2min and observed on a transmission electronmicroscope (1400 JEM;
JEOL, Tokyo, Japan), equipped with a Gatan camera (Orius 600) and
digital micrograph software.

In vitro replication. To test the susceptibility of differentiated THP-1
cells to IAV infection, cells were infected with A/WSN/33 virus (MOI of
1), and infectious virus titers were determined at the indicated time point
postinfection by plaque assay titration. To determine the role of packaged

A5 in the antiviral activity mediated by IFN-�, differentiated THP-1 cells
were incubated with either AV-V or V (strain A/WSN/33) or A5 siRNA v
or Ctl siRNA v (MOI of 1) for 5 min at 37°C. The cells were then washed,
and 1 ml of RPMI medium without serum, containing or not 1,000 IU of
rIFN-�, was added to cells, followed by incubation for 24 h at 37°C. In-
fectious virus titers were then evaluated by plaque assay in the supernatant
of the cells.

Mice. C57BL/6Mice were infected intranasally with IAV (500 PFU) in
a volume of 25 �l as previously described (23, 24). Once all of the mice
were infected, the animals were still anesthetized, and they were then
administered intranasally with vehicle ormouse recombinant IFN-� (8 �

104 IU/25 �l). Mice were sacrificed at 2 days postinfection to sample the
lungs. Virus titers in lung homogenates were then determined by plaque
assay as described above. Animal experiments were performed according
to recommendations of the National Commission of Animal Experiment
(CNEA) and the National Committee on the Ethic Reflection of Animal
Experiments (CNREEA). Experiments were approved by the Animal Eth-
ics Committee (permit BH2008-13; Lyon University) and carried out un-
der the license accreditation 78-114.

Statistical analysis. The Mann-Whitney test was used for statistical
analysis. The results were considered statistically significant at a P value of
�0.05 (*). All bars in the figures represent themean values the standard
deviations (SD) from the indicated number of experiments.

RESULTS

An MS-based approach detects increased annexin V levels on
the surfaces of IAV-infected cells. First, changes in cell surface
protein composition after IAVvirus infectionwere investigated by
using SILAC-basedMS analysis. Proteins accessible at the cell sur-
face to amine-reactive thiol-cleavable biotin ester were compared
in mock-treated (light amino acids) and influenza A/PR/8/34 vi-
rus-infected A549 cells (heavy amino acid) at 16 hpi. Cell lysates
were prepared, mixed, and subjected to affinity selection using
streptavidin-agarose. Subsequently, proteins were eluted from the
matrix and identified by MS analysis. Alterations in cell surface
protein expression due to IAV infection correspond to changes in
heavy/light (H/L) ratio (Table 1). As expected, the viral surface
proteins HA, NA, and M2 were detected exclusively in infected
cells. Table 1 also depicts cellular surface and membrane proteins
with the most prominent increases in response to virus infection,
including A5, as well as four other proteins (annexin 2, ezrin,
annexin 1, and alpha-enolase) that were previously also detected
as the cell surface increased or in purified influenza virions (13–
15, 25).

Annexin V upregulation at the cell surface upon IAV infec-
tion is independent on the strain and the cell type. In our further
analysis we focused on the role of A5. As shown in Fig. 1A, fluo-
rescence-activated cell sorting analysis confirmed increased cell
surface expression of A5 after the infection of epithelial A549 cells
with A/PR/8/34 (H1N1), A/Udorn/72 (H3N2), or A/WSN/33
(H1N1) viruses. Upregulation of A5 was independent of the cell
type, since similar results were also observed after IAV infection of
MDCK cells (Fig. 1B). The viral protein M2 was included as a
positive control and was only detected after virus infection. Rela-
tive to theM2 protein, cells infectedwith A/WSN/33 virus showed
the strongest A5 upregulation in terms of median fluorescence
intensity for both cell types, suggesting that A5 upregulation at the
cell surface differs between IAV strains. To confirm these results,
A549 cells were infected with IAV, and A5 expression was visual-
ized using immunofluorescence confocalmicroscopy (Fig. 2A). In
the IAV-infected cells, A5 expression was mainly observed at the
plasma membrane, while in uninfected cells A5 was mainly pres-
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ent in the cytoplasm. As controls, the infected but not uninfected
cells displayed detectable HA proteins. Also, nuclei were stained
with DAPI, and the merged images are shown (Fig. 2A). We then
further investigated whether total A5 expression or simply its lo-

calization was affected by the infection. A549 cells were left unin-
fected or infected with influenza A/WSN/33 virus, and total A5
expression was assessed by flow cytometry analysis on permeabil-
ized cells (Fig. 2B, left panel). The results indicated that total A5

TABLE 1 Upregulated cell surface proteins upon IAV infection compared to noninfected cells identified by LC-MS/MSa

Protein
(accession no.) Description Score

Coverage
(%)

H/L
ratio

H/L
count

H/L variability
(%)

P60903 Protein S100-A10 (S100-A10) 31.21 36.08 5.319 6 4.9
Q9BQE5 Apolipoprotein L2 (APOL2) 8.89 13.06 4.747 3 17.5
P07355 Annexin A2 (ANXA2) 534.01 69.62 4.352 84 12.2
P08758 Annexin A5 (ANXA5) 10.30 11.25 4.072 3 24.9
Q9HCC0 Methylcrotonoyl-CoA carboxylase beta chain, mitochondrial (MCCC2) 17.35 18.29 2.940 8 12.6
E7EQR4b Ezrin (EZR) 5.77 6.14 2.872 3 33.6
O95994 Anterior gradient protein 2 homolog (AGR2) 9.26 24.57 2.743 4 11.1
O00220 Tumor necrosis factor receptor superfamily member 10A (TNFRSF10A) 50.86 19.02 2.716 10 7.3
P30510b HLA class I histocompatibility antigen, Cw-14 alpha chain (HLA-C) 262.98 39.88 2.595 9 5.0
P04083 Annexin A1 (ANXA1) 65.75 46.82 2.444 17 12.6
O60218 Aldo-keto reductase family 1 member B10 (AKR1B10) 91.28 60.76 2.406 21 9.8
P06733 Alpha-enolase (ENO1) 29.77 21.89 2.310 6 10.0
P06821 Matrix protein 2 {influenza A virus[(A/Puerto Rico/8/34(H1N1)]}) 176.41 39.18 100.000 7 0.0
P03452 Hemagglutinin {influenza A virus [A/Puerto Rico/8/34(H1N1)]} 87.22 46.83 100.000 31 0.0
P03468 Neuraminidase {influenza A virus [A/Puerto Rico/8/34(H1N1)]} 38.28 19.38 100.000 13 0.0
a A549 cells were infected with A/PR/8/34 virus at an MOI of 5 and, at 16 h postinoculation, upregulated cell surface proteins were identified by liquid chromatography-tandem MS
(LC-MS/MS). Heavy/light (H/L) ratios of cellular proteins are organized from the potential strongest change in cell surface abundance to minor changes upon IAV infection. The
accession numbers, descriptions, and total scores for the cellular and three viral proteins are shown. The total score is the sum of the scores of the individual peptides that identified
the protein. “Coverage” indicates the percentage of the protein sequence covered by the identified peptides. The H/L count indicates the number of peptide ratios that were actually
used to calculate a particular protein ratio, whereas H/L variability indicates the variability of these peptide ratios from the particular H/L protein ratio.
b Uniprot accession number.

FIG 1 The host cellular protein A5 is upregulated at the cell surface after IAV infection. A549 (A) or MDCK (B) cells were either left uninfected or infected with
A/PR/8/34,A/Udorn/72,orA/WSN/33viruses (MOIof10).At24hpi,flowcytometryanalysiswasperformedwithananti-A5antibody(closedhistograms)oran isotype
control (open histograms). The viral proteinM2 was used as a positive control for viral infection. The results are representative of two independent experiments.
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protein levels were similar in infected compared to uninfected
cells. Inmarked contrast, cytometry analysis performed onunper-
meabilized cells, which only revealed cell surface protein, con-
firmed a specific increase of A5 at the cell surface upon IAV infec-
tion. These results are highlighted in the right panel of Fig. 2B by
the quantification of the mean fluorescence intensity (MFI) of A5
labeling. Altogether, these results indicated that IAV infection in-
duced A5 translocation to the cell surface, without affecting total
cellular A5 levels.

Cell surface expression of annexin V is dependent on viral
replication. Although we observed that upon IAV infection all
strains increased A5 expression at the cell surface, the levels of A5
translocation differed between IAV strains. Thus, possibly, cell
surface A5 translocation was dependent on the rate of IAV repli-
cation, which could differ between IAV strains. To test this hy-
pothesis, we investigated whether A5 localization at the cell mem-
brane would increase in a replication-dependent manner. A549

cells were thus infected with IAV A/WSN/33 at a lowMOI (10�2)
in the presence of trypsin. Cell surface expression of A5 was then
assessed by flow cytometry experiments at 6, 24, and 48 hpi (Fig.
3A). The results showed that, in marked contrast to noninfected
cells (NI), upon infection (INF) A5 was translocated at the cell
surface in a time course-dependent manner, showing that trans-
location of A5 to the cell surface increases withmultiple rounds of
replication. In these experiments, M2 expression was assessed as a
positive control for IAV infection. Thus, translocation of A5 to the
cell surface is dependent on viral replication.

A substantial proportion of annexin V is present in lipid
rafts. Due to the functional importance of lipid rafts in IAV infec-
tion and budding, we then investigated the association between
A5 and these domains. Clustered rafts were thus floated by sucrose
density gradient centrifugation, which by definition isolates deter-
gent-resistant membrane (DRM or lipid raft) domains, and gra-
dient fractions were analyzed by Western blotting (Fig. 3B).

FIG 2 The host cellular protein A5 is translocated to the cell surface. (A) A549 cells were either left uninfected or infected with IAV A/WSN/33 virus (MOI of 1).
At 24 hpi, cellular A5 or viral HA proteins were visualized by immunofluorescence microscopy, using anti-A5 and anti-HA specific antibodies, respectively. The
nuclei were stained with DAPI (4=,6=-diamidino-2-phenylindole), and the merged images are shown (original magnification, �189). The results are represen-
tative of two independent experiments. Please note the presence of A5 labeling in the cytoplasm in uninfected cells, which is largely absent in the infected ones
(arrows) but rather detected at the plasmamembrane (stars). (B) A549 cells were either left uninfected or infected with A/WSN/33 virus (MOI of 10). At 24 hpi,
flow cytometry analysis was performed using an anti-A5 antibody (closed histograms) or an isotype control (open histograms). Labeling of A5 was performed
either on unpermeabilized cells, showing cell surface A5 proteins, or on permeabilized cells, showing total A5 proteins (left panel). Quantification of the mean
fluorescence intensity of A5 expression  the SD from five independent experiments is shown on the right panel. *, P � 0.05 (NI versus WSN).
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ERK1/2 was present in the detergent-soluble fractions (Fig. 3B,
lanes 7 to 10), while the ganglioside GM1, a resident raft compo-
nent, detected by cholera toxin B subunit, was present in theDRM
fractions (Fig. 3B, lanes 3 and 4). Only infected cells displayed
detectable viral HA and M2 proteins. HA protein (HA0 or HA2)
was found almost exclusively in association with the DRM, while
M2 protein was predominantly associated with the soluble mem-
brane fraction. More importantly, A5 was indifferently found in
the soluble membrane fraction and with the DRM in uninfected
cells or infected cells. Therefore, a substantial proportion of A5 is
present in lipid rafts, although influenza virus infection did not
alter its localization.

Annexin V is incorporated into virus particles. IAVs bud
from lipid rafts, and a substantial proportion of A5 is located in
these domains. Thus, we investigated whether A5 could be pack-
aged into virions when released from the infected cell. To investi-
gate this point, IAVA/PR/8/34, A/Udorn/72, andA/WSN/33were
purified from culture supernatants of infected MDCK cells, and
the resulting purified virions were probed by Western blotting

with anti-A5, anti-M2, and anti-ERK antibodies (Fig. 4A).MDCK
cells were used because of their high susceptibility to infection
with various IAV strains, allowing us to obtain a sufficient amount
of virus particles in the supernatant for subsequent purification.
The results showed the presence of A5 in all purified virions, in
addition to the viral proteinM2. In contrast, the cytoplasmic pro-
tein extracellular signal-regulated kinase (ERK) was not detected
in the virions but was present in the lysates of uninfected or A/PR/
8/34 virus-infectedMDCK cells, excluding a nonspecific incorpo-
ration of cellular proteins into virus particles. It is of note that
higher quantities of purified A/PR/8/34 and A/Udorn/72 particles
were loaded onto the gel to detect A5 within these virions. Most
likely, the level of A5 incorporation into virus particles is strain
dependent. To confirm that A5 was not a copurified contaminant
of cellular origin, electron microscopic immunogold labeling was
performed on purified virions with anti-A5 and secondary gold
antibodies, followed by negative staining. Immunogold staining
confirmed that A5 was indeed associated with the A/PR/8/34,
A/Udorn/72, and A/WSN/33 IAV strains (Fig. 4B). Altogether,

FIG 3 Kinetic of cell surface expression of A5 after IAV infection and its expression in DRM fractions. (A) Time course experiment of cell surface expression of
A5 upon infection of A549 cells with A/WSN/33 virus (MOI of 10�2 in the presence of trypsin). Expression of the viral M2 protein was used as a positive control
of viral infection. (B) A549 cells were either left uninfected or infected with A/WSN/33 virus (MOI of 10) for 16 h. Cells were then lysed, and the DRM domains
were isolated by sucrose gradient ultracentrifugation. After centrifugation, 1-ml fractions were collected from the top of the tube and characterized by Western
blot analysis (fractions 1 to 10). Blots were probed with anti-ERK antibody (ERK), cholera toxin B subunit (GM1), and anti-HA (HA0-HA2), anti-M2 (M2), and
anti-A5 (A5) antibodies. Fractions 3 to 5 correspond to the DRMs, whereas the soluble fractions correspond to fractions 7 to 10. The results are representative
of two independent experiments.

Berri et al.

11220 jvi.asm.org Journal of Virology

 o
n
 S

e
p
te

m
b
e
r 8

, 2
0
1
4
 b

y
 IN

IS
T

-C
N

R
S

 B
ib

lio
V

ie
h
ttp

://jv
i.a

s
m

.o
rg

/
D

o
w

n
lo

a
d
e
d
 fro

m
 



these data demonstrated that the cellular protein A5 is incorpo-
rated into IAV particles.

Packaged A5 inhibits IFN-� receptor signaling. A5 associates
with the IFN-� receptor and downregulates its signaling (16). We
therefore investigated whether A5 incorporated into IAV particles
(A/WSN/33 strain) could modulate the IFN-� response in differ-
entiated THP-1 macrophages, which express the IFN-� receptor
at the cell surface (data not shown). Although productive infec-
tion of IAV by macrophages is a matter of debate (26–28), we
found that differentiatedTHP-1macrophageswere highly suscep-
tible to IAV infection (Fig. 5A). First, stimulation of these cells
with recombinant IFN-� activated the Jak/Stat pathway in a dose-
dependent manner, as demonstrated by increased Stat1 phos-
phorylation byWestern blot analysis (Fig. 5B). Themaximal effect
was observed at around 1,000 IU of IFN-�, which was the concen-
tration used in subsequent experiments. When differentiated
THP-1 cells were preincubated with purified A/WSN/33 virions
(V), Stat1 phosphorylation triggered by IFN-�was strongly inhib-
ited (Fig. 5C). Thus, purified virions inhibited IFN-�-induced
Stat1 phosphorylation. This effect was not observed when A5 on
purified virions was masked with a specific neutralizing antibody
(AV-V), showing that inhibition of stat phosphorylation was A5
dependent. In the absence of IFN-�, purified virions had no effect

on Stat phosphorylation. Thus, we concluded that A5 incorpo-
rated into virus particles inhibits IFN-�-induced signaling.

SignaltransductionviatheJak/StatpathwayinitiatedbyIFN-�recep-
tors leads to the release of C-X-Cmotif chemokine 10 (CXCL10), also
known as IP-10 (29). Therefore, to confirm that A5 blocked IFN-�
receptor signaling, we next investigated whether packaged A5 could
also interfere with IFN-�-induced IP-10 production. As expected,
IFN-� triggered IP-10 production in differentiated THP-1 cells (Fig.
5D). Cells preincubated with purified A/WSN/33 virus particles in-
hibited this response. However, such an inhibition was not observed
in the presence of purified A/WSN/33 viruses, in which packaged A5
was masked with a specific antibody. In the absence of IFN-�, IP-10
release was barely detectable. Importantly, flow cytometry experi-
ments showed comparable attachment of the cells by the two viruses,
V versus AV-V, as revealed by similar HA staining in both groups
(Fig. 5E, leftpanel).QuantificationofMFI labelingofHAis shownon
therightpanel (Fig. 5E).Also,bothviruspreparationsdisplayed iden-
tical infectivity (Fig. 5F). Thus, we concluded that A5 incorporated
into virus particles inhibits IFN-�-induced stat activation and IP-10
release.

These findings were further confirmed by an approach using
siRNA, allowing us to obtain viruses with reduced A5 levels (re-
ferred to as A5 siRNA v) compared to control viruses (referred to

FIG 4 Cellular A5 protein is incorporated into IAV particles. (A) A/PR/8/34, A/Udorn/72, and A/WSN/33 viruses, produced on MDCK cells, were purified by
sucrose ultracentrifugation and analyzed byWestern blotting with anti-A5, anti-M2, and anti-ERK antibodies. Aliquots of total proteins fromMDCK cells either
left uninfected or infected for 16 h with A/PR/8/34 strain were used as controls. The molecular mass is indicated in kilodaltons. (B) Electron microscopic
immunogold labeling was performed on purified virions using A5-specific antibodies or isotype control. Scale bar, 50 nm. The results presented in both panels
are representative of three independent experiments.
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as Ctl siRNA v) (Fig. 6A). Both virus preparations displayed iden-
tical infectivity (Fig. 6B) and similar ratios of the different virus
proteins, as shownbyWestern blot analysis with a polyclonal anti-
influenza virus antibody (Fig. 6C). When differentiated THP-1
cells were preincubated for 5 min with Ctl siRNA v, Stat phos-
phorylation triggered by IFN-� was again inhibited. In marked

contrast, no effect was observed in the presence of A5 siRNA v
(Fig. 6D). Similar results were obtained in HeLa cells, suggesting
that the inhibitory effect of virion-associated A5 was independent
of the cell type (Fig. 6E). Packaged A5 also interfered with IFN-�-
induced IP-10 production at 3 h poststimulation, but this effect
was lost after 24 h (Fig. 6F). In contrast, no effect of packaged A5

FIG 5 Packaged A5 inhibits IFN-� receptor signaling. (A) Macrophage-differentiated THP-1 cells were infected with A/WSN/33 virus (MOI of 1), and virus
titers were determined in the supernatants of the cells at the indicated time points postinoculation. (B)Macrophage-differentiated THP-1 cells were treated with
different doses of human rIFN-� for 5 min at 37°C. The cells were lysed, and Stat phosphorylation was analyzed by Western blotting with an anti-phospho Stat
antibody (p-Stat). Tubulin was used as a control for loading. (C and D) Differentiated THP-1 cells were incubated for 5 min with purified A/WSN/33 particles
(MOI of 1), which were either pretreated (AV-V) or not pretreated (V) with an anti-A5 antibody. The cells were then either left unstimulated or stimulated with
IFN-� (1,000 IU). (C) After 5min, the cells were lysed, and Stat phosphorylationwas analyzed byWestern blotting. (D) Alternatively, IP-10 release was evaluated
in the supernatant at 3 h poststimulation by classical ELISA. *, P � 0.05 (between “�” versus “V” and “V” versus “AV-V”). The results in panels A to D are
representative of at least two independent experiments. (E) Differentiated THP-1 cells were incubated for 5 min with purified A/WSN/33 particles (MOI of 1),
which were either pretreated (AV-V) or not pretreated (V) with an anti-A5 antibody. The cells were then analyzed for virus binding by flow cytometry with an
anti-HA antibody (left panel). The MFI for HA staining was obtained from three replicates (right panel). (F) Infectious titers of V and AV-V preparations.
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was observed upon IL-1� release (Fig. 6F). Comparable attach-
ment of the cells by the two viruses, A5 siRNA v versus Ctl siRNA
v, was confirmed by flow cytometry experiments (Fig. 7A) after
binding assays for 5 min at 37°C or 1 h at 4°C. Indeed, quantifica-
tion of the MFI showed similar A5 labeling (Fig. 7B). Also, after
internalization assays for 30 min at 37°C, cell surface-bound vi-
ruses decreased, and both viruses showed similar internalization
within the cells (Fig. 7C, left panel). Quantification of the MFI of

cell surface versus the total (cell surface and internalized) viruses is
shown in Fig. 7D. More importantly, inhibition mediated by
packagedA5 on IFN-� receptor signalingwas specific, and such an
effect was not detected in the presence of IFN-� (Fig. 7E and F).
Altogether, these observations strengthen the previous findings
showing that A5 incorporated into virus particles specifically
blocks intracellular signaling mediated by IFN-�.

Virus replication in vitro. IFN-� mediates a cellular antiviral

FIG 6 Packaged A5 inhibits IFN-� receptor signaling. (A) Western blot analysis of virions produced from 293T cells transfected with nontargeted siRNA (Ctl
siRNA v) or specific siRNA targeting A5 (A5 siRNA v), using an anti-A5 antibody. Anti-HA antibody was used as a positive control for virus detection. (B)
Infectious titers of Ctl siRNAv andA5 siRNAvpreparations. (C)Western blot analysis of control siRNAv andA5 siRNAv, using a polyclonal anti-influenza virus
antibody. (D to F) Differentiated THP-1 cells (D) or HeLa cells (E) were incubated for 5 min with Ctl siRNA v or A5 siRNA v (MOI of 1). Cells were then either
left unstimulated or stimulated with IFN-� (, IU). After 5min, the cells were lysed, and Stat phosphorylation was analyzed byWestern blotting. (F) Alternatively,
IP-10 release was evaluated in the supernatant at 3 or 24 h poststimulation by classical ELISA. *, P � 0.05 (between “�” versus “Ctl siRNA v” and “Ctl siRNA v”
versus “A5 siRNA v”). The results are representative of at least two independent experiments.
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state that prevents further viral spread (30). Since packaged A5
inhibits IFN-� receptor signaling, we then investigated whether it
could also block the antiviral activity of IFN-� and promote viral
replication. To address this point, viral growth was evaluated in
the supernatant of differentiated THP-1 cells infected with IAV
particles (Fig. 8). In the presence of IFN-� treatment, masking A5

with a specific antibody on A/WSN/33 virus particles inhibited
viral replication in differentiated THP-1 cells. Also, A5 siRNA v
replicated less efficiently than Ctl siRNA v in the presence of
IFN-�. Altogether, these results showed that A5 incorporated into
IAV particles triggers an intracellular process leading to increased
virus production in the presence of IFN-�.

FIG 7 Packaged A5 does not inhibit IFN-� receptor signaling. (A) Differentiated THP-1 cells were incubated with Ctl siRNA v or A5 siRNA v (MOI of 1) for 5
min at 37°C or for 30min at 4°C. (B) The cells were then analyzed for virus binding by flow cytometry with an anti-HA antibody, and theMFI of HA staining was
obtained from three triplicates. (C) Alternatively, cells were incubated with the virus for 30 min at 4°C and with a shift to 37°C to allow virus internalization.
Labeling of HA was performed either on unpermeabilized cells, showing cell surface-bound viruses (left panel), or on permeabilized cells, showing total viruses,
including the cell surface and internalized ones (right panel). (D) The MFI of HA staining was obtained from three triplicates. (E and F) Differentiated THP-1
cells were incubated for 5 min with Ctl siRNA v or A5 siRNA v (MOI of 1). The cells were then either left unstimulated or stimulated with IFN-� (1,000 IU) or
IFN-� (1,000 IU). (E) After 5min, the cells were lysed, and Stat1 phosphorylationwas analyzed byWestern blotting. (F) Alternatively, IP-10 release was evaluated
in the supernatant at 3 h poststimulation by classical ELISA. *, P � 0.05 (between “�” versus “Ctl siRNA v” and “Ctl siRNA v” versus “A5 siRNA v”). The results
are representative of two independent experiments (B and C).
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Virus replication in vivo. Next, we investigated whether pack-
aged A5 could also promote viral replication by subverting the
IFN-� response in vivo. First, infectious virus titers were deter-
mined in lungs collected from infectedmice treated with different
concentrations of rIFN-�. On day 2 postinoculationwith IAV, the
mean lung virus titers in mice treated with IFN-� was lower than
that of untreated mice, and this effect was dose dependent. A sig-
nificant inhibition at 8 � 104 IU of rIFN-� per mouse was ob-
served (Fig. 9A). Thus, in vivo, the administration of rIFN-� in-
hibits virus production in mouse lungs. Next, mice were infected
with a high dose of purified IAV particles that were preincubated
with or without anti-A5 neutralizing antibodies. At 2 days postin-
fection, the lung virus titers were evaluated.When purified virions
(V) were used for infection, IFN-� treatment inhibited the mean
lung virus titers obtained compared to untreated mice. However,
this inhibition was much greater when purified virions in which
A5 was blocked were used to infect the mice (Fig. 9B). No differ-
ence was observed in lung virus titers obtained frommice infected
with V or AV-V in the absence of rIFN-� treatment. Thus, we

concluded that A5 incorporated into IAV particles increases lung
viral replication in the presence of IFN-� in vivo.

DISCUSSION

Previous works have shown that virus infection can alter the con-
tingent of proteins exposed at the surface of the host cell (31). It is
interesting that 5 of the 12 proteins with the strongest increase in
surface abundance in influenza virus-infected cells have been pre-
viously detected in purified IAV virions. Therefore, it is tempting
to speculate that their augmented display at the cell surface is not
merely an incidental event but may be rather stimulated by the
infection to support virus propagation. In the present study, we
have demonstrated that incorporation of the host cellular protein
A5 into IAV particles provided the virus with a means to inhibit
IFN-� signaling and increase its replication in vitro and in vivo.
The in vitro data showed increased A5 cell surface expression after
IAV infection. Cellular programmed cell death is activated by IAV
and, during such event, phosphatidylserine becomes exposed to
the cell surface (32). A5 has a strong affinity for phosphatidylser-

FIG 8 Packaged A5 inhibits the antiviral activity mediated by IFN-� in vitro. PMA-differentiated THP-1 macrophages were infected with purified A/WSN/33
particles, in which A5 was previously masked (AV-V) or not masked (V) with anti-A5 antibody (A), or the supernatant of A/WSN/33-infected 293T cells, in
which expression of A5 was downregulated by siRNA (A5 siRNAv) or not downregulated (Ctl siRNAv) (B). All viruses were used at anMOI of 1. The cells were
either left in the presence or in the absence of rIFN-�. Infectious virus titers were then evaluated in the supernatant of the cells at 24 hpi. The results represent
mean virus titers  the SD from three independent experiments. *, P � 0.05 (between “V” versus “AV-V” and “Ctl siRNA v” versus “A5 siRNA v”). The results
are representative of three independent experiments.

FIG 9 Packaged A5 inhibits the antiviral activity mediated by IFN-� in vivo. (A) Mice were infected with purified A/PR/8/34 virus (500 PFU) and treated with
the indicated quantities of mouse rIFN-� by intranasal administration. At 2 days postinfection, virus titers were evaluated in the lungs by classical plaque assay.
(B)Mice (n � 5 per group)were treatedwith 8� 104 IU of rIFN-� and infectedwith purifiedA/PR/8/34 viruses, inwhichA5was previously blockedwith anti-A5
antibody (AV-V) or not blocked (V). At 2 days postinfection, lung virus titers were evaluated by plaque assay. *, P � 0.05 (between “V” and “AV-V”). The results
are representative of two independent experiments.
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ine (33), making it a useful probe for the detection of apoptotic
cells (34). Thus, most likely, cellular A5 is translocated from the
cytoplasm to the cell surface through phosphatidylserine binding
andflip-flop transmembrane translocation of lipids (35). Interest-
ingly, a substantial proportion of A5 was located in cholesterol-
rich membrane domains, referred to as lipid rafts. HA was en-
riched in these domains, whereas M2 and the host ERK molecule
were rather excluded, which is in line with other reports (36). It
has been demonstrated that these domains are the platforms for
IAV assembly and budding (36, 37). Since the viral envelope of
IAV is derived from the host cell plasmamembrane, it is likely that
enveloped viruses incorporate proteins enriched in lipid rafts
from the host cell. Accordingly, wewere able to detect A5 in highly
purified IAV preparations by Western blot analysis, as well as by
immunogold labeling, indicating that cellular contaminants are
probably not responsible for the detection of A5. Consistently,
alongwith annexin 2, A5 has also been detected bymatrix-assisted
laser desorption ionization–time of flight analysis of purified IAV
particles previously (data not shown; 14). These results are in ac-
cordance with results obtained by others and show that A5 is one
of the 36 host proteins incorporated into influenza virus particles
(13). Interestingly, A5 is also associated with other enveloped vi-
ruses, such as human cytomegaloviruses (38), human immuno-
deficiency viruses (39), herpes simplex viruses (40), vaccinia vi-
ruses (41), and porcine reproductive and respiratory syndrome
viruses (42). Thus, the acquisition of A5 from the host cell mem-
brane during the budding process is not specific to IAV. However,
to our knowledge, the present study is the first to show a func-
tional role for packaged A5 in the context of viral infection. In-
deed, our results showed that A5-associated with IAV inhibited
IFN-� receptor signaling and allowed for an increase in viral rep-
lication, in vitro, using differentiated THP-1 macrophages and
HeLa cells. These resultswere not observed in epithelial A549 cells,
which surprisingly did not express the IFN-� receptor at the cell
surface (data not shown). Interestingly, however, we were able to
confirm the role of packaged A5 on virus replication in vivo after
48 h of IFN-� administration in mice, a period during which its
biological activity remains stable (43).

In our study, the role of packaged A5 was detected when the
virus was preincubated for 5 min but not 1 or 16 h before IFN-�
treatment (data not shown). Preincubation for 5 min most likely
corresponds to virus binding to the cells, whereas after 1 h the
virusmay be internalized and after 16 h the virusmay have under-
gone replication. Thus, virus binding to the cells, but not endocy-
tosis or replication, was required for inhibition of IFN-� receptor
signaling. These results are consistent with a previous report
which showed that A5 associates with the IFN-� receptor and
negatively regulates IFN-� signaling (16).

IFN-� plays an important role in recovery from IAV infection
by helping to clear the virus (44–46). Thus, the incorporation of
A5 into IAV particles provides the virus a way to escape from host
immune IFN-� responses and therefore is an opportunity for the
virus to become more infectious. In line with this hypothesis, it
has been shown that IAV abrogates the IFN-� response to evade its
antiviral activity (47). Thus, as previously suggested, strategies
attempting to restore IFN-� function may be of interest for ther-
apeutic effects against IAV pathogenesis in humans (46).

We found that downregulation of A5 expression in 293T cells
or in A549 epithelial cells had no effect on viral replication (data
not shown), showing that A5 has no role in the viral replication

cycle, at least in our conditions. These results differ from a previ-
ous study, which suggested that A5 could serve as a second recep-
tor for viral entry (48). The precise physiological role of A5 re-
mains to be determined. However, it has been proposed that A5
inhibits blood coagulation by competing for phosphatidylserine
binding sites with prothrombin (49–51). Recently, we found that
the thrombin protease-activated receptor 1 (PAR1) and hemosta-
sis deregulation play a pivotal role in the inflammation and cyto-
kine storm induced during severe virus infections (5, 23, 24, 52).
Thus, themodulating function of A5 during IAV could go beyond
IFN-�. Possibly, by modulating hemostasis, A5 expression may
also play a role in the inflammation and cytokine storm that occur
during severe cases of influenza.

Altogether, this report suggests that specific incorporation of
A5 into virus particles is a strategy adopted by IAV for subverting
host defenses, thereby facilitating viral spread. The differential
capacity of IAV to upregulate A5 at the surfaces of infected cells
and to incorporate A5 during the budding process may be an
additional factor for differences in the virulence of IAV.
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Introduction

Influenza is one of the most important causes of respiratory 
tract infection and is responsible for widespread morbid-
ity and mortality every winter in moderate climate zones 
[1, 2]. Worldwide, influenza epidemics result in about 
200,000–500,000 deaths each year. In addition to the epi-
demic outbreaks, a virus of animal origin (usually avian) 
can also be transmitted to humans and cause a pandemic, 
which can range from mild (200,000 deaths) to unusual but 
severe impacts in the population (40 million deaths for the 
Spanish 1918 pandemic). Thus, influenza is of great con-
cern for human health.

The etiological agents of the disease, the enveloped 
single-stranded negative-sense RNA influenza viruses, are 
classified into three types (A, B, and C), of which influenza 
A virus (IAV) is clinically the most important [2–4]. IAV 
particles possess two viral surface glycoproteins, hemag-
glutinin (HA, organized in trimers) and neuraminidase 
(NA, organized in tetramers) and one matrix-2 protein 
(M2, organized in tetramers) (Fig. 1). Inside the virion, 
eight segments of negative-sense RNA are independently 
encapsidated by the viral nucleoprotein (NP) and a poly-
merase complex (PB2, PB1, PA), forming the ribonucleo-
protein (RNP) complexes. The RNPs are surrounded by a 
layer of the matrix protein, M1, which line the envelope. 
In the initial phase of IAV infection, the homotrimer of HA 
binds to sialic acid on the surface of the host cell, allow-
ing the endocytosis of the virus [4] (Fig. 2). In the endo-
some, under external acidic pH, the tetrameric channel of 
M2 proteins conducts protons into the virion, resulting in 
the dissociation of M1 from the RNP. Fusion of the viral 
and endosome membranes is mediated by the cleaved HA, 
which exposes its fusion peptide under acid pH. The vRNPs 
are then released from the endosome and transported to 
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the nucleus, where replication occurs. The newly synthe-
sized viral RNAs are produced through a complementary 
positive stranded intermediate RNA (cRNA), which repre-
sents a full-length copy of the vRNA. In the nucleus, the 
polymerase also allows the transcription of the genome 
into mRNA, which is then transported back to the cyto-
plasm and translated into viral proteins. Each RNA seg-
ment (S) encodes one or two proteins. Proteins NP, PB1, 
PB2, and PA re-enter the nucleus to form the RNP com-
plex with vRNA. M1 and NEP also re-enter the nucleus 
and their binding to the vRNPs allows their export to the 
cytoplasm. Instead, HA, NA, and M2 are transported to the 
plasma membrane via the reticulum/Golgi route. RNPs bud 
from the plasma membrane, which expresses the viral HA, 
NA, and M2 viral proteins to form the newly synthesized 
IAV virions [4] (Fig. 2). The glycoprotein content of viral 
proteins on the surface of IAV varies between IAV strains 
and is dependent on the viral genomic composition of the 
virus particles [5]. Also, because the envelope is derived 
from the plasma membrane of the host cell, host cellular 
proteins such as annexins are also incorporated into the 
virions [6, 7]. The neuraminidase plays an important role 
in the last steps of the budding, as it prevents direct re-asso-
ciation of the viral HA with sialic acid of the host cells, so 
IAV particles can be released [4]. The HA and NA of IAV 
exhibit a high sequence variability and based on their anti-
genic differences, IAV are divided into subtypes. To date, 
17 HA and ten NA subtypes have been described for IAV 
[3]. While the bird is the reservoir of all IAV subtypes, only 
H1, H2, H3, and N1, N2 subtypes have caused infections 
in humans. Currently, only IAV of the H1N1 and H3N2 

strains have established sustained human-to-human trans-
mission. It is noteworthy that in addition to the epidemic 
outbreaks, a virus of animal origin (usually avian) can also 
be transmitted to humans and could cause a pandemic if 
the virus becomes transmissible from human to human. 
To date, recurrent human infections with IAV of the H5N1 
virus subtype and more recently with the newly emerged 
H7N9 virus has highlighted the important threat caused by 
influenza [8–10].

Upon infection with IAV, immune responses are induced 
that protect the host efficiently [1]. However, when the 
response to the infection is inappropriately regulated, a 
deterioration of the respiratory capacity and the clinical 
outcome of IAV infections can be observed (Fig. 3) [11]. 
On one hand, if the response is low, the virus can escape 
immune-surveillance and replicate within the host, leading 
to a severe infection. On the other hand, hypercytokinemia 
and excessive recruitment of innate immune cells induce 
collateral damage of the lungs and increase the immuno-
pathology of influenza. Thus, a better understanding of 
the mechanism by which inflammation is induced as well 
as how it fails or turns inappropriate for the host is neces-
sary in order to develop more efficient means of treatment 
against influenza.

The innate immune response to IAV infection

During the first days of IAV infection, viral replication, 
particularly in epithelial cells but also in monocytes, mac-
rophages, or dendritic cells, initiates a cascade of signaling 

Fig. 1  Structure of the IAV particle. The virion consists of 8 vRNP 
(ssRNA, NP, PB1, PB2, PA) surrounded by M1 proteins and an 
enveloped derived from the plasma membrane of the host cell. The 

viral HA, NA, and M2 as well as host proteins such as annexins (not 
shown) are incorporated into the enveloped
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pathways involving a myriad of innate immune sensors, 
called pattern-recognition receptors (PRRs) [12] (Fig. 4). 
Activation of these receptors results in the release of 
cytokines and chemokines, which promote a local antivi-
ral state and the recruitment of immune cells to the site of 
infection. The innate immune response includes both the 
production of secretory molecules and the recruitment of 
the cellular components of the immune system. In this par-
agraph, we will summarize our current knowledge on the 
innate immune response to influenza.

Secretory molecules and pattern-recognition receptors 
activation

Secretory molecules are key mediators of antiviral immu-
nity. Type I-IFN are the major cytokines that limit viral 
replication [13]. However, they are not sufficient for effec-
tive clearance of the virus, which evolved sophisticated 

strategies to escape immune-surveillance [13]. Thus, local 
proinflammatory cytokines are also extremely important 
for immune cell recruitment to the site of infection and to 
promote adaptive immune response [1, 14]. Each cytokine 
is produced in a cell-type-dependent manner. Thus, the 
nature of the cytokines that are present in the respiratory 
tract varies as the infection progresses. It is also dependent 
on the strain of the virus since cell susceptibility is subtype-
dependent. Although simplified, the first target of influenza 
is the epithelial cell and interleukin 6(IL-6), IL-8 and regu-
lated on activation, normal T cell expressed and secreted 
(RANTES) will be first release. Then, in addition to IL-6 
and IL-8, infected alveolar macrophages will release mac-
rophage inflammatory proteins (MIP), IL-1 and tumor 
necrosis factor-α (TNF-α) while infected dendritic cells 
will produce additional TNF-α, IL-1, IL-6, and MIP [15]. 
Each cytokine has specific major functions and thus the 
relative level of each cytokine will drive the host response 

Fig. 2  Schematic representation of the replication cycle of IAV. The 
viral HA binds to sialylated glycoprotein receptors (1) and upon bind-
ing the virus becomes endocytosed (2). From the endosome, the virus 
genome is released following a low PH-dependent fusion event medi-
ated by HA (3). The RNPs are transported to the nucleus (4) where 
the transcription (5) and replication (6) occur. The newly synthesized 
viral RNAs are produced through a complementary positive-stranded 
intermediate RNA (cRNA). The mRNA are transported to the cyto-

plasm and translated into protein (7). HA, NA, and M2 are trans-
ported to the plasma membrane through the reticulum/Golgi route 
(8) while PB1, PB2, PA, NP, NEP, and M1 re-enter the nucleus (9). 
Association of M1 and NEP with the vRNA complex (vRNA, NP, PA, 
PB1, PB2) allows the translocation of the vRNPs (10). Budding of the 
vRNP/M1/NEP from the plasma membrane expressing host proteins 
and HA, NA, and M2 form the new virions (11)
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(Fig. 4). A high level of IL-1, IL-6, or TNF-α broadly pro-
vokes the inflammatory response and causes fever. In con-
trast, a high level of IL-8 (KC in mouse) or MIP proteins 
attract and activate neutrophils, while of MCP-1 promote 
monocytes recruitment [15]. Although the cytokines have 
specific functions and are released in a cell-type-depend-
ent manner, all of them are produced/activated via a com-
mon mechanism involving the activation of PRRs (Fig. 4). 
Three PRRs detect influenza via pathogen-associated 
molecular patterns and initiate the release of secretory mol-
ecules. Those receptors are the Toll-like receptors (TLR), 
the RIG-I like receptors (RLR), and the Nod-like recep-
tors (NLR). Thus, TLRs constitute the first group of PRRs 
that sense influenza and are themselves divided into two 
groups based on their localization and type of ligand. The 
first group includes TLR 1, 2, 4, 5, and 6 that are cell sur-
face-expressed and are activated by non-nucleic acid patho-
gen components. The role of the first group in the defense 
against IAV infection was poorly investigated and remains 
controversial [16–18]. The second group includes TLR 3, 
7, 8, and 9, which are endosome-localized receptors, rec-
ognizing nucleic acids. The intracellular localization of the 

second group facilitates recognition of IAV, which enter 
host cells by endocytosis. All TLR, except TLR3 activate 
NF-κB (proinflammatory) and IRF3/7 (antiviral) through a 
common signaling adaptor MyD88. Instead, TLR3 recruits 
TRIF that can also be activated by TLR4. Upon IAV infec-
tion, TLR7 or MyD88-deficient dendritic cells are unable 
to release type-I IFN, in marked contrast to infected wild-
type or TLR9-deficient cells [19, 20]. Thus, TLR 7 and 8, 
which specifically recognize ssRNA, are the main sensors 
of the ssRNA influenza virus [12, 19–21], while TLR9 does 
not seem to play a role. In contrast, the antiviral effect of 
TLR3 (that recognizes dsRNA intermediates) and TRIF 
remain obscure [22, 23].

The RLRs constitute the second group of PRRs, which 
sense influenza. RLR are cytoplasm-based receptors that 
recognize dsRNA and comprise three members; RIG-I, 
the melanoma differentiation-associated gene 5 (MDA5), 
and the laboratory of genetics and physiology 2 (LGP2). 
RLR signal though the mitochondrial antiviral-signaling 
protein (MAVS) signalosome leading to NF-κB and IRF3 
activation. All three receptors contain a helicase domain 
while RIG-I and MDA 5 also contain a caspase recruitment 
domain, which allow them to overlap the role of inflam-
masome for IL1-β release (please see below). Upon IAV 
infection, RIG-I, which detects 5′ triphosphate RNA [24] 
and possibly containing short dsRNA structure motifs, but 
not MDA5, which recognizes stable dsRNA structures, are 
activated by IAV, while the role of LGP2 is not, so far, well 
defined. It was indeed demonstrated that RIG-I-deficiency 
but not MDA5-deficiency affects the release of IFN in 
response to IAV infection [25]. Finally, the cytosolic NLR 
receptors form the last group of PRRs that sense IAV. NLR 
are divided into subfamilies based on their difference in 
their effectors domains, leading to inflammatory response, 
autophagy, or cell death. Upon activation, NLR involved 
in inflammation assemble into platforms called inflammas-
omes to activate caspase-1 and trigger the maturation and 
secretion of IL-1 and IL-18, cytokines that play an important 
role during Flu infections [26]. Those cytokines are synthe-
sized as inactive molecules, which upon enzymatic cleavage 
by caspase-1 become active and are secreted. So far, four 
members of the NLR family have been reported to initi-
ate inflammasome multimeric protein platforms: NLRP1, 
NLRP3, NLRP6, and NLRC4. During macrophages infec-
tion by IAV, both the viral RNAs and the viral matrix 2 
protein (M2) would be required to produce mature IL1-β 
via activation of two signals (Fig. 5) [27]. Signal 1 allows 
pro-IL1 synthesis through TLR7 activation and signal 2 
activates the complex NLRP3/ASC/caspase-1 for cleav-
age of pro-IL-1 into mature IL-1 by active caspase-1. The 
complex NLRP3/ASC/caspase-1 is activated when ionic 
concentration is modified by the proton channel activity of 
the viral M2 protein. In marked contrast to macrophages, 

Fig. 3  Model of unbalanced inflammation following influenza infec-
tion. When the response to influenza infection is low or excessive, 
immunopathology of influenza develops. Strong interplay may exist 
between insufficient versus excessive inflammation. Immune escape 
from immunosurveillance (low response) may increase viral repli-
cation, which in turn induces strong release of secretory molecules 
(intensity of infection). When excessive inflammation is sustained by 
an uncontrolled host response, collateral lung damage increases IAV 
pathogeneses
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IL-1 secretion pathway is different in monocytes, where 
caspase-1 is constitutively active, and where signal 2 is 
not necessary [27]. However, the effect of NLRP3 in the 

experimental model of IAV infection remains controversial. 
It was initially reported that caspase 1 and IL1-deficient 
mice (but not NLRP3-deficient mice) are more suscepti-
ble to influenza [28]. However, another report showed that 
NLRP3 deficiency increased influenza-induced mortality 
[29]. In addition, release of IL1-β by signal 2 may be more 
complex than a simple NLRP3 activation. Indeed, a recent 
report has provided evidence that a strong interplay between 
NLR, TLR, and RLR is necessary to ensure efficient IL1-β 
release upon IAV infections, at least in epithelial cells [30].

Altogether, PPRs are the way by which the host 
responds primarily to influenza. PPRs, however, are differ-
ently expressed between cell subtypes, and cellular tropism 
of IAV differs between virus subtypes. Thus, this adds com-
plexity in the understanding of the regulation of cytokine 
production upon IAV infections. The most remarkable 
example of this complexity is that within one cell subtype, 
such as macrophages, marked differences can be observed 
as well. Resident macrophages produce fewer pro-inflam-
matory cytokines compared to blood-derived macrophages 
and the latter are also more susceptible to highly patho-
genic influenza [31]. Altogether, the combination of all 
these events likely modulates the quality and the quantity 
of the cytokine response, which will subsequently drive the 
protective versus disruptive effect of inflammation.

Fig. 4  Pattern-recognition receptors (PRRs) sensing influenza 
viruses. Three groups of PRRs (TLR, RLR, and NLR) are able to 
sense influenza viruses. TLR7/8 and TLR3, endosome-expressed 
receptors, are activated by nucleic acids upon IAV infection. RIG-I, 

expressed in the cytoplasm recognizes the 5′triphosphate genome of 
influenza. NLRP3 is activated upon modification of ionic concen-
tration mediated by the viral M2 protein of influenza. Activation of 
PRRs allows the release of both pro-inflammatory cytokines and IFN

Fig. 5  Signals required for IL1 and IL18 release in IAV-infected 
macrophages TLR7/8 senses influenza and initiates pro-IL-1β (and 
pro-IL18) synthesis (Signal 1). NLRP3 senses modification of ionic 
concentration mediated by the viral M2 protein upon IAV infection 
leading to the assembly of the complex NLRP3/ASC and caspase-1, 
which is then activated. Caspase1 activation cleaves the immature 
cytokines into mature IL1 and IL18
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The cellular components of the inflammation

As mentioned above, cytokines and chemokines that are 
released upon infection contribute to the recruitment and 
activation of immune cells, thus facilitating the antiviral 
defense against the infection. Among the cellular compo-
nents involved against influenza, three major components 
of the innate immune response stricto sensu can be men-
tioned; i.e., neutrophils, macrophages, and natural killer 
(NK) cells. First, (1) neutrophils recruited in large numbers 
to the respiratory tract upon influenza infections are impli-
cated in the protection of the host [32, 33]. Depletion of 
these cells, in IAV-infected mice, increases viral replica-
tion, pulmonary inflammation, as well as mortality of the 
mice [32, 33]. Neutrophils eliminate the virus via differ-
ent pathways, which include the phagocytosis of apoptotic 
IAV-infected cells and the degranulation and the production 
of reactive oxygen species, which assist in the clearance 
of infected cells [34, 35]. Another important additional 
weapon of neutrophils against pathogens is the release of 
neutrophil extracellular trap (NET), which arises from their 
nuclear contents into the extracellular space and are com-
posed of decondensed chromatin and antimicrobial pro-
teins. It was clearly demonstrated that NETs are formed 
upon IAV infections, although their role remains controver-
sial [36, 37]. Altogether, neutrophils are important players 
against influenza. However, excessive recruitment of neu-
trophils to the lungs is also a major contributor of severe 
IAV infections and is typically observed upon mice infec-
tion with highly pathogenic H1N1 and H5N1 viruses [37, 
38]. Their over-reaction further contributes to excessive 
lung inflammation and additional release of secretory mol-
ecules and particularly IL-1, TNF, or MIP proteins.

In addition to neutrophils, alveolar macrophages as 
well as newly recruited monocytes, which differentiate 
into macrophages, also contribute to innate immunity 
against influenza [32]. Macrophages eliminate cellu-
lar debris and apoptotic infected cells by phagocytosis. 
They also act as antigen-presenting cells and contribute 
to the induction of the adaptive immune response. Deple-
tion of these cells increases lung viral replication as well 
as pathogenesis and death upon IAV infection [32, 39]. 
However, as for neutrophils, the presence of excessive 
macrophages in the lungs is a sign of severe IAV infec-
tion, suggesting that these cells could also contribute to 
the immunopathology of influenza [38]. Finally, the third 
innate cellular component recruited to the lungs upon IAV 
infection and playing a key role in IAV immune-surveil-
lance are NK cells [40]. Upon activation, NK cells secrete 
cytokines and chemokines, and kill sensitive target cells 
by releasing the content of cytolytic granules [41, 42]. NK 
cell activation is orchestrated through a balance of inhibi-
tory receptors (KIR) versus activatory (KAR) receptors 

[43]. First, NK cells detect the loss of human-leukocyte 
antigen (HLA) at the surface of infected cells via absence 
of engagement of KIRs, an activation known as the miss-
ing self-signal. Secondly, NK cells sense infected targets 
that express ligands for activation receptors, known as 
the danger signal [44]. When positive signals tend to be 
dominant, the functional outcome is tilted in favor of NK 
responsiveness. Surprisingly, while most viruses down-
regulate the expression of HLA molecules at the surface 
of infected cells, IAV does not alter HLA expression on 
infected target cells [45] or does so only slightly [46]. 
IAV even augments NK cell inhibition through reorgani-
zation of HLA molecules into lipid rafts [45]. Thus, acti-
vation of NK during influenza is not due to a missing self-
signal. Instead, during influenza, the KARs, NKp44 and 
NKp46 (but not NKp30), are engaged by the HA of IAV, 
which leads to NK cell activation [47–49]. In vivo, mice 
deficient in NKp46 receptor are more susceptible to IAV 
infection, demonstrating the importance of NK cell func-
tion against influenza [50]. However, as for all the compo-
nents of the innate immune system, NK cells function can 
turn deleterious for the host. It was indeed demonstrated 
that NK cells can also contribute to the pathogenesis of 
IAV infection [51, 52]. Altogether, this illustrates the 
importance to consider the severity of infection regard-
ing a protective or deleterious role for any component of 
the immune response. For example, the role of other cell 
types of the immune system such as the mucosal-associ-
ated invariant T cells could be revised. Their function was 
initially shown to be restricted to bacterial infections [53] 
but their role during influenza may be crucial, depending 
on the type of infection and more importantly during IAV 
coinfection with bacteria.

Viral escape from immunosurveillance

To evade the immune system, IAV has adopted strategies 
to efficiently replicate within the host [54]. Viral determi-
nants such as the nonstructural protein 1 (NS1) and PB1-
F2 block the antiviral IFN response and induce apoptosis 
of the recruited cellular components of the immune system, 
which enable them to react [55]. In addition, IAV upregu-
lates the expression of the powerful immunotolerant human 
leukocyte antigen-G molecule (HLA-G) [56]. We will here 
highlight our current knowledge on how IAV manipulate 
these powerful molecules to escape immune-surveillance.

Role of the NS1 viral protein

NS1 is a nonstructural viral protein that antagonizes host 
immune responses [13]. The segment 8 of influenza vRNA, 
also known as the NS gene, encodes two proteins. The 
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primary transcript generated encodes the NS1 protein. 
The second protein, NS2 (or NEP), is generated by alter-
native splicing of the primary transcript [57]. Recombi-
nant viruses unable to express NS1 are viable but induce 
robust IFN secretion and show an attenuated phenotype in 
vitro and in vivo, which demonstrates the role of NS1 in 
the virulence of IAV [58]. The major function of NS1 is to 
limit the antiviral effect of IFN via different pathways. On 
one hand, NS1 blocks signaling by IRF3 and NF-κB [59, 
60] and RIG-I activation [61, 62]. On the other hand, NS1 
blocks IFN secretion at the posttranscriptional level with 
strong inhibition of IFN mRNA synthesis and post-tran-
scriptional processing of IFN [63, 64]. In addition, NS1 is a 
key player in the manipulation of cell apoptotic machinery 
[65]. It was demonstrated that NS1 interact with tubulin, 
leading to disruption of normal cell division and apoptosis 
[66]. The length of NS1 is variable and strain-specific. In 
particular, at the C-terminus of NS1, truncations or exten-
sions were observed [3]. While NS1 predominantly local-
izes in the nucleus and cytoplasm, those modifications may 
have consequences in its localization and most likely in 
its function [67]. The fact that NS1 is a virulence factor of 
IAV makes it a good target to attenuate these viruses. Sev-
eral studies demonstrated that IAV with partial deletions in 
NS1 proteins are attenuated and do not cause disease, but 
induce a protective immune response in different species. 
These IAV variants are excellent live-attenuated influenza 
vaccine candidates, which could be of high interest in the 
future [68].

Role of PB1-F2

PB1-F2 is a proapoptotic viral protein that is expressed 
from an alternative open reading frame in the PB1 gene of 
IAV [69]. Some influenza strains do not express PB1-F2 
and thus it is not required for viral replication. Neverthe-
less, PB1-F2 has been established as an important factor of 
virulence of influenza [70, 71]. Recombinant viruses una-
ble to express PB1-F2 protein are less pathogenic in mice 
[72]. In addition, viruses with a single mutation in PB1-F2 
(N66S) are highly pathogenic in mice as a consequence of 
increased viral replication [71]. The way by which PB1-F2 
mediates increased viral replication is through inhibition of 
RIG-I-mediated type I IFN production at the level of the 
MAVS pathway [73–75]. The serine at position 66 (66S) 
in PB1-F2 further enhances IFN antagonism activity. PB1-
F2 also induces apoptosis. After phosphorylation by protein 
kinase C, PB1-F2 interacts with the inner mitochondrial 
membrane adenine nucleotide translocase 3 and the outer 
mitochondrial membrane voltage-dependent anion channel 
1, leading to permeabilization and destabilization of mito-
chondrial membrane, which results in cell death [74–76]. 
Also, another interesting characteristic of PB1-F2 is its 

contribution to the virulence of subsequent secondary bac-
terial pneumonia [77].

Role of the nonclassical host HLA-G molecule

The major histocompatibility complex molecule, HLA-
G, is a non-classical antigen, which expression is mainly 
restricted to the cytotrophoblast, during pregnancy [78]. 
Several isoforms of HLA-G have been described that 
exhibit immunotolerant properties and are key factors in 
maternal-fetal tolerance [78–80]. HLA-G inhibits the lytic 
activity of NK cells [81, 82] as well as antigen-specific 
cytotoxic T cells directed against influenza (CTL) and allo-
geneic proliferative responses [83–85]. Recently, HLA-G 
has emerged as a key molecule in the evasion of immune 
response to several pathologic situations, such as tumors 
[86–90] and bacterial and viral infections, including influ-
enza [56, 91–95]. HLA-G is upregulated at the surface of 
IAV-infected cells in a strain-dependent manner, at both 
the mRNA and protein levels [96]. These results suggest 
that the virulence of IAV may be caused by the differential 
capability of different strains to upregulate HLA-G. In line 
with this report, elevated HLA-G expression was ectopi-
cally observed in pandemic and seasonal IAV-infected 
patients [97]. HLA-G has been found to play an important 
role in several other viral infections and its expression has 
been correlated with increased severity of infection and 
poor survival of infected patients [92–95]. Given its broad 
immune-tolerant properties, by upregulating HLA-G, IAV 
may efficiently escape from immune surveillance and this 
likely contributes to IAV pathogenesis.

Uncontrolled deleterious inflammation

Resolution of inflammation is an integral component of the 
program of acute inflammation. It is absolutely required to 
protect healthy cells from tissue damage and is a prereq-
uisite for the return of tissue homeostasis. When inflam-
mation is inappropriately regulated, it becomes persistent 
and excessive. This deregulated inflammation, known as 
a “cytokine storm”, exacerbates the immunopathology of 
influenza [98]. Compared to uncomplicated patients, abnor-
mal elevated levels of cytokines and chemokines are com-
monly detected in severe influenza infections [11]. Here, 
we will discuss the possible mechanism leading to the 
uncontrolled inflammation associated with severe influenza 
infections.

Role of the viral determinants

The role of viral replication in the virulence of IAV is still 
debated. Clinical studies showed that in severe influenza 
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cases, a high level of virus replication and an excessive 
inflammatory response can be observed [11]. Whether a 
direct correlation exists between viral replication and the 
deregulated immune response remains an open question. 
An emerging idea is that a high level of virus replication 
likely contributes but is not the only culprit of excessive 
inflammation during influenza. The so-called “cytokine 
storm” would result from two components, which are (1) a 
high intensity of inflammation mediated by increased viral 
replication and PRR activation and (2) a sustained inflam-
mation that results from an improper host response. Thus, 
some viral determinants are assumed to be associated with 
increased viral replication as well as excessive inflamma-
tion. Not surprisingly, chimeric viruses expressing strong 
activity of the polymerase complex (PA, PB1, and PB2) 
replicate more efficiently and are a potent inducer of pro-
inflammatory cytokines and chemokines [99]. Also, the PA 
gene of a highly pathogenic H5N1 virus contributes to its 
virulence through increased viral replication and subse-
quent induction of an excessive innate immune response 
[100]. Another viral determinant that could impact viral 
replication and cytokine/chemokine release is the presence 
of a multibasic site in the HA of IAV [56]. After entry into 
the cell, the virus genome is released from the endosome 
following a low pH-dependent fusion event mediated by 
HA, and this fusion occurs only when HA is cleaved. The 
HA of low pathogenic strains contain a monobasic site that 
can only be cleaved by extracellular trypsin-like proteases, 
which thus represent a restricted factor for viral replica-
tion. In contrast, the HA of highly pathogenic IAV contain 
a polybasic site that is cleaved by intracellular furin-type 
proteases that are present ubiquitously, facilitating viral 
replication [101]. Indeed, the production of excessive 
proinflammatory molecules was reported for strains with 
multibasic cleavage site in HA [102].

Also, as described above, viral proteins NS1 and PB1-
F2 are also important determinants that can promote the 
deregulation of inflammation.

Role of host determinants and hemostasis deregulation

As just mentioned, virus replication is unlikely to be solely 
responsible for deregulation of innate immunity upon IAV 
infection. In particular, the crosstalk between the pathogen 
and the host is a crucial factor driving immunopathogenesis 
of IAV.

Role of PAR1 in the transition between protective 
versus deleterious inflammation

Proteases and their receptors have recently emerged as a 
contributor of immunopathogenesis during viral infections 
[56, 103, 104]. Protease-activated-receptor 1 (PAR1), a G 

protein-coupled receptor, is activated as a result of proteo-
lytic cleavage by thrombin, a protease central to the coagu-
lation process. At a high concentration of thrombin, PAR1 
plays a proinflammatory role, while at low concentration of 
thrombin, PAR1 mediates anti-inflammatory effects [105]. 
Using a mild IAV infection (observed by low levels of 
cytokine release in the broncho-alveolar lavages of infected 
WT mice), PAR1 was recently proposed to cooperate with 
TLR for IFN production [106]. Thus, according to the anti-
viral effect of TLR and IFN during IAV infections, these 
results are consistent with a potential protective effect of 
PAR1 during IAV infections (Fig. 6). The role of PAR1 in 
promoting innate immunity is platelet-independent, which 
is in favor of the presence of low concentration of throm-
bin and a moderate activation of endothelial cells [106]. 
Interestingly, and in marked contrast, we recently reported 
that during a severe lethal IAV infection, in which activa-
tion of the coagulation is likely to occur, resulting in high 
thrombin concentrations, PAR1 signaling was deleterious 
for the host [104]. Administration of PAR1 antagonists or 
PAR1 deficiency protected mice from lethal inflammation 
of the lungs. In contrast, activating PAR1 with specific 
agonists increased the cytokine storm and decreased sur-
vival. In addition, during severe infections, a cooperation 
between the activation of PAR1 and of the fibrinolytic sys-
tem appeared to promote lethal inflammation [107] (Fig. 6 
and discussed below). Similar deleterious role of PAR1 
was also during meta-pneumovirus infections [108]. Thus, 
the severity of the infection likely determines the extent of 
IAV infection (epithelial versus endothelial cells) and the 
protective versus deleterious role of PAR-1-triggered anti 
versus pro-inflammatory responses. Accordingly, endothe-
lial cells have recently emerged at the center of the uncon-
trolled inflammatory response induced by influenza [109]. 
The S1P1 receptor has a key position in the control of 
endothelial cell integrity and the routing of PAR1 towards 
anti-inflammatory versus proinflammatory responses 
[105]. At a low concentration of thrombin, PAR1 mediates 
endothelial barrier protection and anti-inflammatory effects 
through cross-activation of S1P1 receptor [105]. At a high 
concentration of thrombin, S1P1 is no longer activated and 
PAR1 signaling turns pro-inflammatory [105]. In fact, sev-
eral reports showed that administration of S1P1 receptor 
(S1P1R) agonists blunt influenza-induced cytokine storm 
in mice and protect them from mortality induced by several 
IAV strains [109–111]. Altogether, it is tempting to specu-
late that modulation of the interactions between PAR1 and 
S1P1 contributes to regulate and orchestrate inflammation 
during influenza. More complex regulations of PAR1 may 
also involve cross-activation of (1) PAR2 [112], previously 
shown to protect against influenza [113] or (2) endothelial 
protein C receptor (EPCR) [114], although its role remains 
to be fully demonstrated [115, 116].
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Role of plasminogen and hyperfibrinolysis

Plasminogen is a zymogen that is activated into its active 
form plasmin by urokinase and tissue plasminogen activa-
tors (uPA, tPA). The main function of plasmin is to break 
down blood clots by dissolving fibrin polymers into solu-
ble fragments, a process called fibrinolysis. Pericellular 
plasmin contributes to the remodeling of the extracellular 
matrix directly or indirectly via the activation of metal-
loproteases and could lead to cell anoïkis when exces-
sive [117]. The generation of plasmin activity is a tightly 
regulated process. However, since ever, pathogens have 
exploited the function of plasminogen/plasmin for their 
own benefit. Particularly, activation of plasminogen by bac-
teria increases extracellular matrix degradation and fibrinol-
ysis, a way by which the pathogen disseminates within the 
host. At the same time, this dysregulation of plasminogen 
activation and fibrinolysis has been associated with exces-
sive inflammation [118]. Not only bacteria but also viruses 
and IAV in particular have evolved several strategies to 
sequester and activate plasminogen, through viral or cellu-
lar proteins [6, 119, 120]. Neuraminidase of the IAV strain 
A/WSN/33 can bind plasminogen, conferring this strain 
with the capacity to replicate efficiently in the brain [119, 
121]. IAV can also activate plasminogen through the host 
cellular protein annexin 2 (A2), which is upregulated at the 

surface of infected cells and which is incorporated into the 
virions [6, 120]. Recently, we provided the first evidence 
that plasminogen plays a central role in influenza patho-
genesis and cytokine storm [107]. We found that plasmino-
gen-deficient mice or pharmacological inhibition of plas-
minogen activation in vivo protected mice from influenza 
infections and cytokine storm. Furthermore, pharmacologi-
cal depletion of fibrinogen, the main target of plasmin had a 
profound deleterious effect on the survival of IAV-infected 
mice and this whether or not plasminogen activation is 
triggered (WT versus plasminogen-deficient mice), sug-
gesting that fibrin is rather protective. Thus, these results 
pointed out for the first time that uncontrolled activation of 
the plasminergic system drives vascular permeability and 
excessive lung inflammation upon IAV infections. These 
results are consistent with clinical reports showing that 
fibrinolysis deregulation could be associated with fatal out-
come of IAV infections in humans [122, 123]. In addition 
to fibrinolysis, it is well known that plasmin also promotes, 
in a strain-dependent manner, the proteolytic cleavage of 
the viral hemagglutinin, an essential step for the infectivity 
of IAV [2]. In vivo, viruses where HA can be cleaved by 
plasminogen replicate more efficiently in the lungs of plas-
minogen-competent mice compared to the ones of plasmi-
nogen-deficient mice [107]. Likely, this increased plasmi-
nogen-dependent virus replication also contributes to more 

Fig. 6  Model of protective and destructive inflammation during 
influenza. Upon IAV infection (non-severe infection), epithelial cells 
are infected and release secretory molecules promoting activation of 
the host immune response. Initial immune system activation is pro-
tective and aims at the elimination of the invading pathogen. PAR1, 
expressed at the surface of epithelial cells, cooperates with PRRs for 
effective activation of innate immunity against influenza. However, if 

the infection is not controlled (severe infection), endothelial cells are 
injured (1). Hemostasis is activated (2) and deregulation of fibrinoly-
sis through hyperactivation of plasminogen/plasmin promotes exces-
sive and deleterious inflammation (3). PAR1, which is also expressed 
at the surface of the endothelium, cooperates with plasminogen and 
further exacerbates inflammation and injury



F. Berri et al.

1 3

PPR activation, which may further nourish the vicious cir-
cle of inflammation. Thus, these results point to a role for 
plasminergic and hemostasis deregulation in the control of 
the deleterious inflammation induced by influenza.

Conclusions

Influenza still causes significant morbidity and mortal-
ity associated with severe immunopathology of the lungs, 
related to excessive innate immune response. However, the 
mechanisms of such immunopathogenesis remain poorly 
understood. Based on our recent understanding, a model 
of inflammation in response to influenza can be proposed 
(Fig. 6). First, infected epithelial cells sense influenza 
and activate the innate immune response. Cytokines and 
chemokines are released and immune cells are recruited 
to the site of infection to clear the virus (protective immu-
nity). In this context and at the epithelial level, some mol-
ecules such as PAR1 cooperate with PPR for protective 
innate immunity activation. A local and limited formation 
of fibrin could also be protective by limiting the diffusion 
of the infection. If the protective barriers are overwhelmed 
by the infection, endothelial cells are injured. Endothelium 
injury can result from (1) the acute phase of inflammation 
leading to increased endothelial cell permeability or (2) a 
direct infection of endothelial cells by IAV. In these con-
ditions, protective molecules turn deleterious for the host. 
Deregulation of hemostasis, activation of PAR-1, or of the 
plasminergic system, then feed a vicious circle leading to 
malignant inflammation. This recent demonstration of the 
involvement of unbalanced hemostasis in the pathogenesis 
of influenza has to be replaced in a broader context. Indeed 
fibrinolysis plays a fundamental role in the clearance of 
blood clots and the clearance of extravascular fibrin. The 
major manifestation of plasminogen deficiency is the 
absence of fibrin resorption leading to the formation of 
pseudomembranes on inflamed mucosal surfaces in human 
[124] and impaired wound healing in mice [125]. In the 
context of sepsis, impairment of fibrin clearance is assumed 
to be pivotal in the pathogenesis of microvascular thrombo-
sis and disseminated intravascular coagulation (DIC) [126]. 
Given the dual role of fibrinolysis, which may dependent 
on the severity of the infection, our results suggest that it 
will be essential to define in the next future specific mark-
ers of non-severe versus severe IAV infections to direct 
therapeutics against influenza. During non-severe infec-
tions, one could use the current and novel antivirals against 
influenza aiming at slowing down viral growth. In contrast, 
during severe IAV infections, where the hallmark of patho-
genesis is the deleterious inflammation of the lungs, block-
ing viral replication may have no effect. Instead, targeting 
hemostasis looks to be a promising novel strategy for the 

future. Future research will aim at more precisely elucidat-
ing the immune mechanism of protection and deregula-
tion in order to design new intervention strategies against 
influenza. From our current knowledge, PAR1 antagonists, 
PAR2 agonists, plasminogen inhibitors, or S1P1 agonists 
might be explored as a new treatment for influenza. By 
maintaining the inflammatory responses in their protective 
role against viral replication, these new strategies would 
provide protection against severe IAV infections, without 
encouraging the emergence of virus resistance.
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Rationale: The hallmark of severe influenza virus infections is an excessive inflammation of 26 

the lungs. Platelets are activated during influenza but their role in influenza pathogenesis and 27 

cytokine storm is unknown. 28 

Objectives: To determine the role of platelet during influenza virus infections and propose new 29 

therapeutics against influenza. 30 

Methods:  We used targeted gene deletion approaches and pharmacological interventions to 31 

investigate the role of platelets during influenza virus infection, in mice. 32 

Measurements and Main Results: Lungs of infected mice were massively infiltrated by 33 

aggregates of activated platelets that have engulfed influenza viruses. Deficiency in the major 34 

platelet receptor glyprotein IIIa (GPIIIa) protected mice from death caused by influenza viruses. 35 

In contrast, activating Protease-Activated Receptor 4 (PAR4), a receptor crucial for platelet 36 

activation exacerbated influenza-induced acute lung injury and death. Mechanistically, platelet 37 

dysfunction was at the basis of this process since this effect was abolished in mice treated with 38 

the specific anti-platelet drug eptifibatide or in mice deficient in GPIIIa. More interestingly, 39 

mice treated with anti-platelet molecules (antagonists of PAR4 or eptifibatide) were protected 40 

from severe lung injury and lethal infections induced by several influenza strains. 41 

Conclusions: The intricate relationship between hemostasis and inflammation has major 42 

consequences in influenza virus pathogenesis and anti-platelet drugs might be explored for 43 

developing universal treatments against influenza virus infections. The anti-platelet drug 44 

eptifibatide (Integrilin®), that was tested in this study is commercialized and used in humans, 45 

permitted us to expect that such anti-platelet molecules would combine efficacy and safety in 46 

humans. 47 

Key words: Lung injury, novel drugs, Flu pathogenesis, pneumonia. Words: 245 48 

49 
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Introduction 50 

Influenza is one of the most common infectious diseases in humans, occurring as sporadic 51 

pandemic and seasonal epidemic outbreaks, leading to significant fatal cases. Influenza 52 

pathogenesis is a complex process involving both viral determinants and the immune system 53 

(1-3). During severe influenza, dysregulation of cytokine production contributes to collateral 54 

damage of the lungs, possibly leading to organ failure and death (4-7). The endothelium, which 55 

lines the interior surface of blood vessels is thought to orchestrate the crescendo in cytokine 56 

accumulation, although the mechanism involved is not fully identified (8).  57 

Upon endothelial injury, platelets are recruited by inflamed endothelial cells, where they adhere 58 

and get activated (9). Simultaneously, Protease-Activated Receptor (PAR) mediates activation 59 

of platelets by thrombin. These events lead to the conformational change of the platelet 60 

glycoprotein IIb/IIIa (GPIIb/IIIa) receptor for fibrinogen that bridges platelets, leading to their 61 

aggregation and a reinforcement of their activation. Importantly, platelet activation is strongly 62 

associated with enhanced inflammatory responses. Activated platelets release potent 63 

inflammatory molecules and play a key role in leukocyte recruitment (10). Platelet activation 64 

is finely tuned but its dysfunction is pathogenic and contributes to inflammatory disorders (11-65 

13). Thus, uncontrolled platelet activation could contribute to the pathogenesis of IAV 66 

infections by fuelling a harmful inflammatory response in the respiratory tract. However, the 67 

role of platelets in the context of IAV infection has never been investigated. In the present study, 68 

using pharmacological and gene deletion approaches, we investigated the role of platelets in 69 

IAV pathogenesis, in vivo. Our findings showed that platelets feed the cytokine storm and 70 

contribute to influenza virus pathogenicity in mice. More importantly, commercially available 71 

anti-platelets drugs efficiently protected mice from IAV pathogenesis, induced by several 72 

influenza strains. Because such a strategy targeting the host rather than the virus would limit 73 

the emergence of virus resistance and would be universal, these results suggest that inhibitors 74 



3 
 

of platelet function should be explored for the development of a novel treatment of IAV 75 

infections.  76 

77 
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METHODS 78 

 79 

Cells, Viruses, Antibodies, and Reagents 80 

A549 cells and MDCK cells were purchased from ATCC. IAV A/PR/8/34 virus (H1N1), 81 

A/HK/1/68 (H3N2) and A/NL/602/2009 (H1N1) (ATCC) were gifts from GF. Rimmelzwaan 82 

(Erasmus, Rotterdam, Netherlands). Highly pathogenic avian influenza virus 83 

A/FPV/Bratislava/79 (H7N7) was from the IMV Münster, Germany. The following reagents 84 

were used: DAPI (Life Technologies), Alexa Fluo® secondary antibodies (Life Technologies), 85 

eptifibatide (Integrilin®, GlaxoSmithKline), PAR4 antagonist pepducin p4pal-10 (Polypeptide 86 

Laboratories), PAR4 agonist peptide (AYPGKF-NH2, Bachem), PAR4 control peptide 87 

(YAPGKF-NH2, Bachem); antibodies: monoclonal anti-neutrophil Ly6G (Cedarlane), 88 

polyclonal anti-platelet CD41 (Bioss), monoclonal anti-viral HA (Santa Cruz Biotechnology),  89 

monoclonal anti-IAV NP (kind gift from Dr GF. Rimmelzwaan), monoclonal anti-p-Selectin 90 

FITC-conjugated (Emfret), monoclonal anti-CD41/61 PE-conjugated (Emfret); Vectastain® 91 

ABC kit (Vector Laboratories), 3,3’-diaminobenzidine (DAB) peroxidase substrate (Vector 92 

Laboratories), ketamine/xylazine anesthesia (Virbac, Bayer HealthCare), May-Grünwald and 93 

Giemsa solutions (Merck), Hematoxylin and Eosin solutions (Diapath), ELISA kits for mouse 94 

IL-6, IL-1β, IFN-γ, MIP-2, RANTES (R&D Systems), serotonin (BlueGene), TXB2 95 

(Elabscience) and sP-selectin (Qayee-Bio). Total protein was evaluated by using the Coomassie 96 

Bradford Protein assay kit (Thermo Scientific).  97 

 98 

Mice  99 

Experiments were performed in accordance with the Guide for the Care and Use of Laboratory 100 

Animals of “la Direction des Services Vétérinaires (DSV)”, the French regulations to which 101 

our animal care and protocol adhered. icence authority was issued by the DSV and Lyon 102 
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university (accreditation 78-114). Protocols were approved by the Committee on Ethics of 103 

Animal Experiments of Lyon University (Permit BH2008-13).  104 

Balb/c, female, 7weeks old were used for H7N7 virus infections. Otherwise, 6-week-old 105 

C57BL/6 female mice (Charles River Laboratories, Arbresle, France) and GPIIIa-/- mice or 106 

wild-type littermates on a C57BL/6 background were used in this study. For the latter, 107 

heterozygous mice were crossed, and WT and KO offspring  (males and females) were used. 108 

Polymerase chain reaction of tail-tip genomic DNA was performed (14) for determination of 109 

the absence or presence of  GPIIIa gene. Infection experiments were performed as previously 110 

described (15). Mice were anesthetized with ketamine/xylazine (42.5/5 mg/kg) and inoculated 111 

intranasally with IAV. Eptifibatide was injected  intraperitoneally (10μg /200 μl per mouse) 112 

every 3 days until the end of the experiment. For PAR4 stimulation experiments, mice were 113 

anesthetized every day for 3 days. The first day, anesthetized mice were infected intranasally 114 

in the presence or absence of PAR4-AP or control peptide (100 μg/mouse). Intranasal peptide 115 

treatments were also repeated at days 2 and 3 after infection. For PAR4 antagonist treatment, 116 

pepducin p4pal-10 was given intraperitoneally (0.5 mg/kg) two days post-infection and 117 

treatments were repeated on the next two days. Upon inoculation, survival rates were followed. 118 

Alternatively, mice were sacrificed at prefixed time points to perform BAL or harvest lungs. 119 

ELISA was performed according to the manufacturer’s instructions and virus titers were 120 

assessed by plaque assay using MDCK cells as previously described (16). Lung histology and 121 

immunohistochemistry were also performed as previously (17).  122 

 123 

Electron Microscopy 124 

For ultrastructural analysis, lung tissues were cut into 1 mm3 pieces, fixed in 2% glutaraldehyde 125 

at 4°C and tissues were washed in 0.2 M cacodylate-HCl buffer containing 0.4 M saccharose 126 

and post-fixed in 0.3 M cacodylate-HCl buffer containing 2% osmium tetroxide  for 1 hour. 127 



6 
 

After dehydration in a graded alcohol series, tissue samples were impregnated with 75% Epon 128 

A/25% Epon B/1.7% DMP30 mixture. Tissue embedding was performed by polymerization at 129 

60°C for 72 hours. Ultrathin sections (approximately 70 nm thick) were made using a Reichert 130 

ultracut ultramicrotome (Leica Microsystems), mounted on 200 mesh copper grids coated with 131 

1:1,000 polylysine, stabilized for 24 hours at room temperature and contrasted with uranyl 132 

acetate/citrate. Sections were examined using a transmission electron microscope.  133 

 134 

Immungold Staining  135 

Immunogold staining was then performed, using the anti-HA antibody followed by 10 nm gold-136 

conjugated secondary antibody, as previously described (18).  137 

Evaluation of platelet and leukocyte numbers  138 

Numbers of platelets were assessed using the Vet ABCTM Hematology Analyzer (SCIL).  139 

Leukocytes and neutrophils in the BAL were determined by May-Grünwald Giemsa stained 140 

cytospin preparations, as previously performed (15). 141 

Flow Cytometry of blood platelets  142 

Blood was collected by cardiac puncture in ACD buffer. CD41-positive cells and platelet 143 

activation in whole blood were evaluated using FITC-conjugated P-selectin and PE-conjugated 144 

CD41/CD61 antibodies, as previously described (19, 20).  145 

 146 

Statistical Analysis 147 

Kaplan-Meier test was used for statistical analysis of survival rates and the Mann-Whitney test 148 

for lung virus titers and results of ELISA and total protein quantifications. Probabilities * (p) < 149 

0.05, ** (p) < 0.01 were considered statistically significant.   150 
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RESULTS 151 

 152 

Platelet recruitment to the lungs upon IAV infection 153 

Platelet recruitment to the lungs was first examined after infection of mice with a sublethal or 154 

a 50% lethal dose (LD50) of IAV A/PR/8/34. Immunohistochemistry of the lungs, using 155 

monoclonal antibodies for IAV nucleoprotein (NP) and CD41, was used to detect virus-infected 156 

cells and platelets, respectively (Figure 1A). At both doses, extensive numbers of IAV-infected 157 

cells and marked platelet infiltrates were detected in the lungs of infected mice compared to 158 

uninfected mice. To confirm these results, platelet counts in the broncho-alveolar lavages 159 

(BAL) of infected (LD50) versus uninfected mice were assessed using a blood cell counter 160 

(Figure 1B). In the BAL of infected mice, platelet levels were significantly higher than in those 161 

of uninfected mice, reaching 50*109 cells/L on day 6 post-inoculation. These results show that 162 

platelets are massively recruited to the lungs upon IAV infection.  163 

 164 

Engulfment of viral particles by platelets 165 

Next, we investigated whether platelets recruited to the lungs of IAV infected mice would 166 

engulf IAV particles. To this end, the presence of IAV particles in platelets from the BAL of 167 

infected mice was investigated, by immunofluorescence staining, using the platelet-specific 168 

anti-CD41 and viral anti-hemagglutinin (HA) antibodies. Nuclei were counterstained with 169 

DAPI. In contrast to uninfected mice (NI), upon infection (LD50), CD41-positive DAPI-170 

negative platelets, stained positively for viral HA, demonstrating that platelets engulfed IAV 171 

particles, in vivo (Figure 1C). CD41-negative/DAPI-positive cells were used as controls for 172 

antibody specificity. To confirm these results, immunogold labeling of ultrathin cryosections 173 

of lungs of uninfected or infected mice was performed using a specific anti-HA antibody. 174 

Examination of platelets clearly showed a positive and specific staining of viruses, which were 175 
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located predominantly within platelet granules (Figure 1D). Altogether, these results show that 176 

platelets recruited to the lungs take up IAV particles in the specific subcellular compartments 177 

of granules. 178 

 179 

Platelet activation and aggregation 180 

Upon injury, platelets become immobilized, activate, secrete their granule content, and 181 

aggregate. Thus we next analyzed these responses in the lungs of infected mice (sublethal or 182 

LD50). Upon activation, serotonin is released from platelet dense granules and P-selectin is 183 

rapidly translocated from the alpha granules to the plasma membrane and shed. Serotonin and 184 

soluble P-selectin (sP-selectin) levels were respectively measured in BAL and plasma of the 185 

mice by ELISA (Figure 2A). Levels of serotonin and sP-selectin were significantly higher in 186 

the fluids of infected mice. Significant differences were only observed upon infection with IAV 187 

at the LD50. Thus, upon lethal IAV infection, the presence of platelet activation markers in the 188 

BAL and plasma indicates that platelets are activated in the lung. Furthermore, exposure of P-189 

selectin at the surface of blood platelets isolated from IAV-infected mice was increased 190 

compared to those of uninfected mice (Figure 2B, left panel). The average % of P-selectin-191 

positive platelets reached 23% upon infection, versus 5% in uninfected mice (Figure 2B, right 192 

panel). Moreover, transmission electron microscopic studies showed that platelets in the lungs 193 

of influenza virus-infected mice were tightly packed, forming large extravascular aggregates 194 

with signs of shape change and degranulation (Figure 2C). In contrast, in the lungs of uninfected 195 

mice, only a few isolated platelets were detected. Together, these results show that IAV 196 

infection induce infiltration of numerous activated platelets that form large aggregates within 197 

the lung tissue.  198 

 199 

 200 
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Platelets contribute to influenza pathogenesis 201 

To explore the contribution of platelets to the severity of IAV infection, we then investigated 202 

the consequence of the deficiency of a major platelet receptor, GPIIIa. To this end, platelet 203 

GPIIIa+/- mice were intercrossed to generate wild-type (WT) and platelet GPIIIa-/- mice, which 204 

were then infected with IAV A/PR/8/34 and survival rates were monitored. As shown in Figure 205 

2D, compared to WT mice, GPIIIa-/- mice were significantly more resistant to IAV-induced 206 

death. Thus, in absence of platelet GPIIIa, the pathogenesis of IAV infection was dampened 207 

and mortality reduced, indicating that platelets contribute to the fatal outcome of severe IAV 208 

infections. 209 

 210 

PAR4 promotes pathogenesis of IAV infection in a platelet-dependent pathway 211 

In a complementary assay, we investigated the effect of promoting platelet activation. PAR4 is 212 

a major receptor for platelet activation in the mouse model. Therefore, mice were inoculated 213 

with a sublethal dose of IAV A/PR/8/34 and stimulated with 100 μg/mouse of the PAR4 agonist 214 

peptide, AYPGKF-NH2 (PAR4-AP), or the inactive control peptide, YAPGKF-NH2. As 215 

expected, treatment with PAR4-AP increased platelet activation, as observed by increased 216 

serotonin and soluble P-selectin levels in the BAL and plasma of infected mice (Figure 3A). 217 

More interestingly, upon infection, mice treated with PAR4-AP displayed significantly higher 218 

mortality rates compared with mice treated with control peptide (Figure 3B). In contrast, 219 

treatment with PAR4-AP did not affect the survival of uninfected mice. The effect was platelet 220 

dependent, as treatment of mice with eptifibatide abrogated the deleterious effect of PAR4-AP 221 

(Figure 3C), as also did the platelet GPIIIa-deficiency (Figure 3D). Thus, platelet activation 222 

potentiates IAV pathogenesis. To assess whether PAR4 activation impacted virus replication, 223 

infectious virus titers were evaluated in the lungs of infected mice treated or not with PAR4-224 

AP. No significant differences in lung virus titers were observed 3 or 6 days post-inoculation 225 
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between mice treated or not with PAR4-AP, showing that the deleterious effect of PAR4 was 226 

independent of virus replication in the lungs (Figure 3E). The contribution of PAR4 was further 227 

assessed by measuring the amounts of total protein and the cytokine levels in the BAL of 228 

infected mice treated or not with PAR4-AP. At day 6 post-infection, treatment with PAR4-AP 229 

significantly increased total proteins in the BAL (Figure 3F). Response levels of IL-6, IL-1β 230 

and MIP-2 were also enhanced, while those of interferon (IFN)-γ, RANTES and KC were 231 

unaffected (Figure 4A). At day 3 post-infection, no difference was observed. Thus, PAR4 232 

activation promoted IAV-induced inflammation of the lungs, at later time points post-infection. 233 

In agreement, staining of lung section at day 6 post-infection revealed marked cellular infiltrates 234 

of leukocytes (HE) and neutrophils (Ly6G) in the lungs of PAR4-AP-treated mice but not in 235 

controls (Figure 4B). Similar numbers of IAV-infected cells were detected by 236 

immunohistochemistry using an anti-viral NP antibody. No staining was observed in the lungs 237 

of uninfected mice, used as controls. Thus, PAR4 contributes to deleterious lung inflammation 238 

and IAV pathogenesis, via increased platelet activation. 239 

 240 

PAR4 antagonism protects against influenza virus pathogenicity 241 

We next examined the effect of pharmacological inhibition of PAR4, using pepducin p4pal-10 242 

(21).  When mice were infected with IAV A/PR/8/34 (LD50), treatment with pepducin p4pal-243 

10 protected them from death (Figure 5A).  Substantial protection was also observed against 244 

infection with an H3N2 virus, A/HK/1/68. The protection conferred by PAR4 antagonism 245 

correlated with the degree of inhibition of platelet activation. In the BAL of pepducin p4pal-246 

10-treated mice, decreased levels of thromboxane B2 (TXB2), a specific marker of platelet 247 

activation, were observed (Figure 5B). In contrast, no difference in mean lung virus titers was 248 

detected on days 3 and 6 post-inoculation with IAV A/PR/8/34 (Figure 5C). However, treatment 249 

with pepducin p4pal-10 significantly reduced the recruitment of leucocytes (Figure 5D), 250 
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including neutrophils, in BAL at day 6 post-inoculation. Total proteins (Figure 5E) and levels 251 

of IL-6, IL-1β and MIP-2 (Figure 5F) were also decreased. Also, histopathological studies 252 

revealed that treatment with pepducin p4pal-10 reduced infiltration of inflammatory cells (HE), 253 

including neutrophils (Ly6G), in the lungs of infected mice (Figure 5G), while similar numbers 254 

of IAV-infected cells (NP) were detected by immunohistochemistry. Thus, inhibition of PAR4 255 

protects mice from IAV-induced pathogenesis. 256 

 257 

The anti-platelet drug eptifibatide protects mice from lethal influenza infection 258 

Preventing deleterious inflammation could be a promising new strategy to treat severe 259 

influenza. Therefore, we investigated whether inhibition of platelet aggregation with 260 

eptifibatide would have an incremental benefit on IAV infection outcome. Eptifibatide is an 261 

approved anti-platelet drug and therefore of particular interest for its potential repositioning as 262 

an anti-influenza treatment with accelerated regulatory registration. Mice were inoculated with 263 

IAV A/PR/8/34 (LD50) and treated or not with eptifibatide. Eptifibatide treatment had a 264 

dramatic effect on lung infiltration by platelets: platelet aggregation was totally prevented and 265 

only isolated platelets were observed (Figure 6A). This effect was accompanied by a decrease 266 

in the levels of TXB2 present in the BAL of infected mice (Figure 6B), showing that inhibition 267 

of platelet aggregation also limited the extent of platelet activation. More importantly, treatment 268 

with eptifibatide improved the outcome of infection with A/PR/8/34 virus and prevented 269 

mortality of the mice (Figure 6C). Protection appeared to be independent of the strain, as it was 270 

also observed upon infection with IAV pandemic A/NL/602/09 (H1N1) and A/HK/1/68 271 

(H3N2). Similarly, a protective tendency was also observed upon infection with the highly 272 

pathogenic avian H7N7 virus (FPV). Protective effect was independent of virus replication in 273 

lungs (Figure 7A) but correlated with decreased total protein and cytokine levels in the BAL of 274 

eptifibatide-treated mice (Figure 7B-C). Immunohistochemistry confirmed that treatment by 275 
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eptifibatide prevented IAV-induced lung alveolar damage (HE) and neutrophil infiltration 276 

(Ly6G) but not viral replication (NP) at day 6 post-infection (Figure 7D). This effect was not 277 

observed at day 2 post-infection (data not shown). Thus, eptifibatide treatment prevented IAV-278 

induced cytokine storm and protected mice against infection by various strains of IAV. 279 

 280 

DISCUSSION 281 

The present study shows that platelets play an active role in fuelling the cytokine storm and 282 

promote pathogenesis of influenza virus infections.  283 

Histological analysis of lungs provided evidence that platelets massively infiltrate the lungs of 284 

infected mice. Also, IAV particles were detected within platelet granules. This finding confirms 285 

a previous report, showing that platelets engulf IAV particles, in vitro (22). This could consist 286 

of a passive passage of particles through the open canalicular system, the tortuous invaginations 287 

of platelet surface membrane tunnelling through the cytoplasm, in a manner similar to bacterial 288 

ingestion (23). Alternatively, uptake of IAV may be compared to phagocytosis by macrophages 289 

and neutrophils, as previously observed for human immunodeficiency viruses (24).  290 

Ultrastructural analysis showed that features of platelets in the lungs of infected mice are those 291 

of aggregates made of activated platelets: platelets were tightly stacked without interplatelet 292 

spaces and with images of degranulation. Consistently, markers of platelet activation were 293 

detected in the fluids of infected mice. More recently, a recent report also showed platelet 294 

activation upon IAV infection (25). Platelets contribute to the host defence against bacterial 295 

infectious agents by limiting vascular lesions and induce repair of injury (12, 26, 27). However, 296 

platelet dysfunction may have pathological consequences. In our influenza model, platelet 297 

function was deleterious. First, mice deficient in GPIIIa, a major receptor required for platelet 298 

aggregation were protected from infections. Furthermore, stimulation of PAR4, a major 299 

receptor for platelet activation increased lung inflammation and the severity of IAV infections. 300 



13 
 

In contrast, PAR4 antagonists protected mice from death. Our results indicate that PAR4 acted 301 

through platelet activation since the effect of PAR4-AP was abrogated when infected mice were 302 

treated with the platelet specific inhibitor, eptifibatide (28), or when mice were deficient in 303 

platelet GPIIIa protein.  304 

In several models of injury when platelet activation escapes control, it drives deleterious 305 

inflammation (29). Activated platelets release an arsenal of potent pro-inflammatory molecules 306 

(30, 31), which exacerbate neutrophil rolling, adhesion and recruitment (10, 32-34). In addition, 307 

the physical interaction between platelets and neutrophils further contributes to neutrophil 308 

retention and activation (35). Since cytokine storm is a hallmark of severe influenza virus 309 

infections, it was likely that platelets should have a pro-inflammatory effect with a key role in 310 

IAV pathogenesis.  311 

Interestingly, exacerbation of cytokine production induced by platelet stimulation was only 312 

observed at later time points after infection. Upon injury, inflammation is induced to activate 313 

the repairing processes but should be resolved to allow recovery. Thus, it is possible that 314 

cytokine storm results from a default in the resolution of inflammation more than in its 315 

induction. Thus, cytokine storm could be depend on a loss of control of endothelial cells, 316 

hemostasis and wound healing, rather than virus replication (8, 36, 37). In this scenario, 317 

extravasation of large amounts of platelets and leucocytes would be at the basis of the defect in 318 

the resolution phase of the inflammation and cytokine storm, as in the model proposed in Figure 319 

8. Most likely this further promotes hemostasis dysregulation, such as fibrinolysis (19, 36) or 320 

PAR1 activation (38, 39), fuelling the vicious circle of inflammation (36, 40). In accord, in 321 

patients with severe IAV infection, dysregulation of hemostasis with thrombocytopenia and 322 

cardiovascular complications were often observed (41, 42). The dissociation of the aggregates 323 

should thus contribute to the restoration of pulmonary function.  324 
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Recurrent outbreaks of IAV that cause severe infections in humans have raised serious concern 325 

about therapeutic strategies available for these pathogens. Current treatments target viral protein 326 

that suffers from a number of disadvantages, including the rapid development of resistant virus 327 

variants as a result of selective pressure (43, 44). Because targeting the host rather than the virus 328 

would not easily lead to resistance, drugs regulating inflammation are appealing as potential 329 

treatments for IAV infection (15, 38, 40, 45-47). It is noteworthy that one of the drugs that was 330 

tested here, eptifibatide, is already commercialized and is currently in use clinically. This 331 

provides the potential for immediate therapeutic impact with the development of new drugs for 332 

treating influenza with an accelerated regulatory registration. 333 
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 484 

 FIGURE LEGENDS 485 

Figure 1: Upon IAV infection, platelets infiltrate the lungs and engulf IAV particles. (A) 486 

Immunohistochemistry analysis of lungs from uninfected (NI) or infected mice inoculated with 487 

A/PR/8/34 virus, at a sublethal dose or LD50 (day 6 post-infection). Antibodies against the IAV 488 

nucleoprotein (NP) and CD41 were used to detect virus infected cells and platelets, 489 

respectively. The results shown are representative of three mice per group. (B) Platelet numbers 490 

in BAL were assessed using a Vet ABCTM Hematology Analyzer at day 6 post inoculation of 491 

mock or IAV-infected mice. Data are represented as means ± SEM of 4 mice per group. (C) 492 

Immunofluorescence staining of viral particles in platelets from BAL was performed with anti-493 

influenza HA antibody. Platelets were detected with anti-CD41 antibody and the nuclei were 494 

counterstained with DAPI. The merged images are shown on the right panel. CD41-negative 495 

cells from BAL were used as a negative control. (D) Immunogold labeling of ultrathin 496 

cryosections of lungs of uninfected (NI) or A/PR/8/34 virus-infected mice (LD50, day 6 post-497 
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infection) was performed using the specific anti-HA antibody. Black arrows indicate viral 498 

particles. 499 

 500 

Figure 2: Upon IAV infection, platelets are stimulated and contribute to influenza 501 

pathogenesis. (A) Levels of serotonin and sP-selectin were determined by ELISA in the BAL 502 

and plasma of Mock (NI) or A/PR/8/34 virus-infected mice, respectively, at day 6 post 503 

inoculation (sublethal dose or LD50). Data represent means ± SEM of 4 mice per group. (B) 504 

Blood samples from uninfected (NI) or infected mice were double-stained with anti-P-selectin 505 

and anti-CD41 antibody as a platelet identifier. The mean percentage ± SEM of activated 506 

platelets (CD41 and P-selectin-positive) from n = 5 mice per group is shown on the right panel. 507 

(C) Ultrastructural analysis of platelets in the lungs of uninfected and infected mice (A/PR/8/34, 508 

LD50). Note the aggregation of platelets in the lungs of infected mice along with their 509 

morphological change (arrows) and the absence of granules in some of them, which reflects 510 

their degranulation (asterisks). (D) Survival of platelet GPIIIa-/- mice and WT littermates after 511 

infection with A/PR/8/34 virus at a lethal dose (n=9-10 mice per group) or LD50 (n = 6 mice per 512 

group). 513 

 514 

Figure 3: Effect of PAR4 activation on IAV pathogenicity, virus replication and 515 

inflammation. (A) Levels of serotonin and sP-selectin, were determined by ELISA, 516 

respectively in the BAL and plasma of infected mice (A/PR/8/34, sublethal dose) after treatment 517 

with PAR4-AP or control peptide, at day 6 post-inoculation. Columns represent means ± SEM 518 

(n = 4-5). (B) Time course of IAV-induced death in mice in response to PAR4 stimulation. 519 

Mice were Mock-infected or inoculated with A/PR/8/34virus (Sublethal dose, n = 18-19 mice 520 

per group; LD50, n = 6-12 mice per group) and treated with either control peptide or PAR4-AP. 521 

(C) Time course of IAV-induced death in mice (A/PR/8/34virus) in response to PAR4 522 
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stimulation and after treatment or not with eptifibatide (n = 6-18 mice per group). (D) Time 523 

course of IAV-induced death in WT (n = 10 mice per group) and GPIIIa -/- mice (n = 7-9 mice 524 

per group) in response to PAR4 stimulation (A/PR/8/34virus). Same mice were used in panel 525 

A (dose LD50) (E) Lung virus titers after infection of mice with A/PR/8/34 virus (sublethal 526 

dose) stimulated or not with PAR4-AP. (F) Total protein quantification in BAL of infected mice 527 

in response to PAR4 stimulation. For E and F, columns represent means ± SEM (n= 3-5). 528 

Figure 4: PAR4-AP increases lung inflammation upon A/PR/8/34 virus infection. (A) 529 

Cytokines in the BAL of infected mice (sublethal dose), treated with PAR4-AP or control 530 

peptide, were measured by ELISA 3 and 6 days after inoculation. Uninfected mice (NI) were 531 

used as control. Columns represent means ± SEM (n = 3-5). (B) Histopathological analysis of 532 

lungs from uninfected mice or mice infected with a sublethal dose of A/PR/8/34 virus after 533 

treatment with PAR4-AP or control peptide, at day 6 post-infection. Thin sections of lungs were 534 

stained with hematoxylin and eosin (HE). Note the marked infiltration of cells in the lungs of 535 

infected mice stimulated with PAR4-AP. Immunohistochemistry using antibodies against 536 

Ly6G, viral NP was used to detect neutrophils and virus-infected cells. Data are representative 537 

of three mice per group. 538 

 539 

Figure 5: PAR4 antagonist protects mice against IAV infection and deleterious lung 540 

inflammation. (A) IAV-induced pathogenesis in mice treated or not with the PAR4 antagonist, 541 

pepducin p4pal-10 (pepducin). Mice were inoculated with A/PR/8/34 virus (LD50 n = 13 mice 542 

per group) or A/HK/1/68 (LD50, n = 12 mice per group) and treated with pepducin or vehicle. 543 

Survival was then monitored for two weeks. (B) Levels of thromboxane B2 (TXB2) was 544 

determined by ELISA in the BAL of infected mice (A/PR/8/34, LD50) after treatment with 545 

pepducin or vehicle, at day 6 post-inoculation. Data represent mean ± SEM of 4-6 mice per 546 

group. (C) Lung virus titers after infection of mice with A/PR/8/34 virus (LD50) treated with 547 
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pepducin or vehicle. Columns represent means ± SEM from 3 individual animals per group. 548 

(D) Relative leukocyte and neutrophil numbers in BAL from mice treated with pepducin or 549 

vehicle, determined by May-Grünwald-Giemsa staining 6 days after inoculation. Columns 550 

represent means ± SEM from 6 individual mice per group. (E, F) Total proteins and levels of 551 

cytokines were determined by ELISA in the BAL of infected mice (A/PR/8/34, LD50) after 552 

treatment with pepducin or vehicle, at day 6 post-inoculation. Columns represent means ± SEM 553 

of 4-6 mice per group. (G) Histopathological analysis of lungs from mice infected with 554 

A/PR/8/34 virus (LD50) after treatment with pepducin or vehicle, at day 6 post infection. Lung 555 

sections were stained with hematoxylin and eosin (HE). Immunohistochemistry using 556 

antibodies against Ly6G, viral  NP was used to detect neutrophils and virus-infected cells. Data 557 

are representative of three mice per group. 558 

 559 

Figure 6: Eptifibatide protects mice against IAV infection, independently of the strain. 560 

(A) Ultrastructural analysis of platelets in the lungs of infected mice (A/PR/8/34, LD50), treated 561 

or not with eptifibatide, was performed by transmission electron microscopy. Note the 562 

aggregation of platelets in the lungs of infected mice, and their disaggregation after treatment 563 

of mice with eptifibatide. (B) Levels of thromboxane B2 (TXB2) were determined by ELISA 564 

in the BAL of infected mice (A/NL/602/09, LD50) after treatment with eptifibatide or vehicle. 565 

Columns represent means ± SEM of 3-5 mice per group. (C) Survival of mice treated with 566 

eptifibatide or vehicle after infection with IAV A/PR/8/34 (n = 13 mice per group), 567 

A/NL/602/09 (n = 9-12 mice per group) or A/HK/1/68 (n = 12 mice per group) at their 568 

respective LD50. A/FPV/Bratislava/79 was used at 5 Pfu/mouse (n = 6-7 mice per group). 569 

 570 

Figure 7: Eptifibatide treatment prevents severe inflammation during influenza virus 571 

infections. (A) Lung virus titers after infection of mice with the A/NL/602/09 virus (LD50) 572 
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treated with eptifibatide or vehicle. Columns represent means ± SEM from 3 individual animals 573 

per group. (B, C) Total proteins and levels of cytokines were determined by ELISA in the BAL 574 

of infected mice (A/NL/602/09, LD50) after treatment with eptifibatide or vehicle. Columns 575 

represent means ± SEM of 3-5 mice per group. (D) Histopathological analysis of lungs from 576 

mice infected with A/NL/602/09 virus (LD50) after treatment with eptifibatide or vehicle, at day 577 

6 post-infection. Lung sections were stained with hematoxylin and eosin (HE). 578 

Immunohistochemistry using antibodies against Ly6G and viral NP was used to detect 579 

neutrophils and virus-infected cells. Data are representative of three mice per group. 580 

 581 

Figure 8: Schematic overview of the proposed model for platelet-667 mediated influenza 582 

virus pathogenesis. During severe IAV infection, endothelial cells are injured. Upon 583 

endothelium injury, platelets are immediately recruited by inflamed cells, where they adhere to 584 

and are activated by subendothelial proteins. Simultaneously, PAR4 mediates activation of 585 

platelets by thrombin. These events lead to the conformational change of the platelet 586 

glycoprotein IIb/IIIa (GPIIb/IIIa) receptor for fibrinogen that bridges platelets, leading to their 587 

aggregation and a reinforcement of their activation. This process is strongly associated with 588 

enhanced inflammatory responses, leading to cytokine storm, when platelets are hyperactivated. 589 

Anti-platelet treatment protects against influenza pathogenesis by controlling platelet function 590 

and restoring tissue hemostasis and wound healing. 591 
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Ex Vivo and In Vivo Inhibition of Human Rhinovirus Replication
by a New Pseudosubstrate of Viral 2A Protease

Nisrine Falah,a Sébastien Violot,b Didier Décimo,c Fatma Berri,a Marie-Laure Foucault-Grunenwald,a Théophile Ohlmann,c

Isabelle Schuffenecker,d Florence Morfin,d Bruno Lina,a,d Béatrice Riteau,a,e and Jean-Claude Cortaya

VirPath, EMR 4610, Virologie et Pathologie Humaine, Université Lyon 1, Université de Lyon, Faculté de Médecine Lyon-Est, Secteur Laennec, Lyon, Francea;

Biocristallographie et Biologie Structurale des Cibles Thérapeutiques, Université Lyon 1, Université de Lyon, Lyon, France, and CNRS, UMR 5086, Bases Moléculaires et

Structurales des Systèmes Infectieux, Vercors, Franceb; Ecole Normale Supérieure de Lyon, Unité de Virologie Humaine, INSERM U758, Université Lyon 1, Université de

Lyon, Lyon, Francec; Laboratoire de Virologie, Hospices Civils de Lyon, Lyon, Franced; and INRA, Tours, Francee

Human rhinoviruses (HRVs) remain a significant public health problem as they are the major cause of both upper and lower
respiratory tract infections. Unfortunately, to date no vaccine or antiviral against these pathogens is available. Here, using a
high-throughput yeast two-hybrid screening, we identified a 6-amino-acid hit peptide, LVLQTM, which acted as a pseudosub-
strate of the viral 2A cysteine protease (2Apro) and inhibited its activity. This peptide was chemically modified with a reactive
electrophilic fluoromethylketone group to form a covalent linkage with the nucleophilic active-site thiol of the enzyme. Ex vivo
and in vivo experiments showed that thus converted, LVLQTM was a strong inhibitor of HRV replication in both A549 cells and
mice. To our knowledge, this is the first report validating a compound against HRV infection in a mouse model.

Human rhinoviruses (HRVs) belong to the enterovirus group
of the Picornaviridae family and are themain causative agents

of the common cold, asthma exacerbations, and chronic obstruc-
tive pulmonary disease in humans (22). To date, there is no vac-
cine against HRV as there is almost no cross protection between
the nearly 100 serotypes identified so far (21). Furthermore, no
antiviral treatment against HRV is currently available on themar-
ket. Thus, there is an urgent need for validation of new com-
pounds against HRV.

Among several antiviral strategies attempting to impair rhino-
virus replication, one consists of blocking the activity of the viral
HRV 2A protease (2Apro). Targeting 2Apro is of particular interest
as it is a cysteine protease playing multifunctional roles necessary
for viral replication. These roles include (i) autoprocessing by cis
cleavage at the VP1-2Apro junction; (ii) inhibition of the host cell
translation through cleavage of the initiation factor eIF4G (17, 27)
and the poly(A)-binding protein (PABP) (10); (iii) contribution
to the deleterious overwhelming host cellular defense (3, 9, 23);
and (iv) strengthening of viral polysome formation and stability
(11, 12).

Several 2Apro inhibitors have already been described and
include alkylating agents such as iodoacetamide or N-
ethylmaleimide that can react with the catalytic cysteine of
the enzyme and that have been shown to reduce 2Apro activity
(15). Moreover, as the substrate-binding pocket of elastase is sim-
ilar to that of 2Apro, two substrate-derived elastase inhibitors, elas-
tinal and methoxysuccinyl-Ala-Ala-Pro-Val-chloromethylketone
have been reported to inhibit the in vitro proteolytic activity of
2Apro and consequently reduce viral yields of HRV type 14
(HRV-14) and poliovirus type 1 (PV-1) (18). Furthermore, it has
been demonstrated that the irreversible caspase inhibitor
benzyloxycarbonyl-Val-Ala-Asp(methoxy)-fluoromethylketone
(z-VAD-fmk) (7) is also able to directly inactivate HRV and cox-
sackie B virus type 4 (CBV4) 2Apro enzymes (5). However, none of
these compounds has ever been tested in vivo, thus impairing the
validation of their efficacy in preclinical assays and the possibility
to go further in the development of anti-HRV therapies.

The aim of this study was to design a peptide inhibitor of
HRV-2 2Apro and to test its antiviral activity ex vivo in A549 cells
and in vivo inmice which are susceptible to infection by theminor
HRV group member HRV-2.

Here, we report the identification of the LVLQTMpeptide as a
decoy substrate for 2Apro that blocked enzyme activity upon bind-
ing and consequently affected HRV-2 replication ex vivo and in
vivo when administered to infected mice. This is the first study
validating such a compound in vivo in mice, opening new pros-
pects for testing other drugs.

MATERIALS AND METHODS

Ethics statement. 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). The protocol was approved by the Committee of Animal
Experiments of the University Claude Bernard Lyon I (permit number
BH2008-13). All animal experiments were also carried out under the au-
thority of a license issued by laDirection des ServicesVétérinaires (accred-
itation number 78-114). All efforts were made to minimize suffering.

Yeast two-hybrid analysis. Yeast two-hybrid screening was per-
formed by Hybrigenics, S.A., Paris, France. The full-length coding se-
quence for HRV-2 2Apro (GenBank accession number X02316) was am-
plified by PCR and cloned into pB27 plasmid as a C-terminal fusion to
LexA (LexA-p2A). The construct was validated by sequencing and used as
bait to screen a random-primed human placenta cDNA library con-
structed into pP6 plasmid. pB27 and pP6 plasmids were derived from the
original pBTM116 and pGADGH plasmids, respectively (34).

A total of 53.1 million clones (6-fold the complexity of the library)
were screened using a mating approach with Y187 (mat�) and L40	Gal4
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(mata) Saccharomyces cerevisiae yeast strains, as previously described (6).
Fifty-oneHis-positive (His
) colonies were selected on amedium lacking
tryptophan, leucine, and histidine and supplemented with 100 mM
3-aminotriazole to suppress bait autoactivation. The prey fragments of
the positive clones were then amplified by PCR and sequenced at their 5=

and 3= junctions. The resulting sequences were used to identify the corre-
sponding interacting proteins in the GenBank database (NCBI) using a
fully automated procedure.

Bacterial expression vectors and protein purification. Synthetic
genes (Eurofins MWG Operon) coding for HRV-2 2Apro or echovirus 6
(EV-6) 2Apro (GenBank accession number AY302558) were cloned be-
tween the NdeI and XhoI sites of the pSCodon1.2 vector (Eurogentec) in
fusion with either a Strep●Tag (WSHPQFEK) or a (His)6 tag at their C
termini. Recombinant plasmids were used to transform the Escherichia
coli B SE1 strain [F� Cmr ompT lon hsdSB (rB� mB

�) gal dcm (DE3) (lacI,
T7 polymerase under the control of the PlacUV5 promoter) ccdB
]. Bac-
teria were grown in the autoinductionmediumZYP-5052 (30) at 37°C for
5 to 6 h with vigorous shaking in baffled flasks, before growing to satura-
tion at 20°C within 16 to 18 h. Subsequent purification steps were per-
formed at 4°C. Cells were lysed with BugBuster protein extraction reagent
(Novagen), and clarified supernatants were applied to the corresponding
affinity chromatography resins. Strep●Tag proteins were purified using a
Streptrap HP resin (GE Healthcare) and His-tagged proteins were puri-
fied using aHIS-SelectHF nickel resin (Sigma) according to the respective
manufacturers’ instructions. In each case, proteins were dialyzed against
buffer D (100 mM Tris-HCl, pH 7.5, 200 mM NaCl, 4 mM dithiothreitol
[DTT]) and concentrated using a Vivaspin centrifugal concentrator de-
vice (Sartorius Stedim Biotech). Enzymes were stored at �20°C in buffer
D containing 50% glycerol.

In vitro cleavage assays. Different protease recognition site-coding
sequences were inserted between the NheI and BglII sites in a short poly-
peptide linker that connects the native N and C termini of a circularly
permuted firefly luciferase in the pGloSensor-10F linear vector (Pro-
mega). The resulting plasmids were then used as templates in a cell-free
system for the expression of the corresponding GloSensor proteins con-
taining the protease sites of interest. In vitro transcription/translation re-
actions were carried out in a TNT SP6 high-yield wheat germ master mix
(Promega) supplemented with [35S]methionine according to the manu-
facturer’s protocol. Reaction mixtures were incubated for 2 h at 25°C.
Two micrograms of recombinant tobacco etch virus (TEV) protease,
HRV-2 2Apro, or EV-6 2Apro was added to 13 �l of the in vitro translation
reactionmixture and 13 �l of 2� digestion buffer (100mMTris-HCl, pH
8, 1 mM EDTA, 4 mMDTT [for TEV protease], 100 mMHEPES-NaOH,
pH 7.9, 200mMNaCl, 2mMEDTA, 10mMDTT [forHRV-2 2Apro], 100
mMTris-HCl, pH 7.5, 300mMNaCl, and 10mMDTT [for EV-6 2Apro])
and incubated for 45min at 30°C. Aliquots of total proteins were removed
0, 15, 30, and 45 min postincubation and separated in a 12% SDS-
polyacrylamide gel. Autoradiography was performed after fluorography
treatment. The 61-kDa band intensity was determined by densitometric
analysis after background subtraction using Bio-Rad Quantity One one-
dimension software. Luminescence detection was performed by diluting
the remaining volume of each protease digestion and negative-control
reactionmixture 1:20 in nuclease-free water, and 100 �l of these dilutions
was added to each well of a white, flat-bottom 96-well plate. Each reaction
was analyzed in triplicate. After addition of 100 �l Bright-Glo assay re-
agent to each well and incubation for 2 to 5 min at room temperature,
luminescence was measured using a GloMax 96-well microplate lumi-
nometer. According to the manufacturer’s instructions, the fold activa-
tion of each luciferase activity was calculated as follows: [(luminescence
from tube A) � (luminescence from tube C)]/[(luminescence from tube
B) � (luminescence from tube D)], where tube A contains a Plus-DNA
TNT reaction mixture and HRV-2 2Apro, tube B contains a Plus-DNA
TNT reaction mixture only, tube C contains a no-DNA TNT reaction
mixture and HRV-2 2Apro, and tube D contains a no-DNA TNT reaction
mixture only.

Pulldown experiments. For His pulldown assays, a PCR-amplified
fragment corresponding to truncated proteins consisting of the
C-terminal part (amino acids 274 to 520) of the functionally uncharacter-
ized RBM6	6 protein (RBM6	6274-520) or RBM6274-660 was inserted into
the NcoI-XhoI sites of the expression vector pET-28 (Novagen). Trans-
lated proteins were synthesized in vitro using a T7 RNApolymerase-based
TNT-coupled reticulocyte lysate system (Promega). HRV-2 2Apro–(His)6
fusion protein was bound to nickel nitrilotriacetic acid (Ni-NTA) mag-
netic agarose beads (Qiagen) and incubated for 1 h with 50 �l in vitro-
translated [35S]methionine-labeled RBM6	6274-520 or RBM6274-660 in a
total volume of 1 ml of incubation buffer (25 mM sodium phosphate, pH
8.0, 500 mM NaCl, 20 mM imidazole, and 0.005% Tween 20). Resin was
collected with a magnetic separator and washed twice with 500 �l incu-
bation buffer.Washed beads were resuspended in 40�l of 2� SDS sample
buffer, heated for 5 min, and pelleted in a microcentrifuge. Proteins from
the supernatant were then subjected to a 12% SDS-PAGE. Gels were
treated with Amplify reagent (GE Healthcare) for fluorography or sub-
jected to Western blot analysis using a polyclonal antihistidine antibody
(Cell Signaling). The amount of labeled proteins which coeluted with
HRV-2 2Apro-(His)6 was quantified by densitometric analysis.

For Strep●Tag pulldown assays, the RBM6	6 LVLQTM-derived
peptide-coding sequence was cloned in frame between two BsaI sites
within the pET-SUMO vector (Invitrogen), allowing its expression in
fusion with the C terminus of the SUMO protein. In addition, the
Strep●Tag sequence WSHPQFEK was added at the N terminus of the
fusion protein. This construct was transferred into the pSCodon1 vector,
and recombinant Strep●Tag-SUMO-LVLQTM was expressed in the E.
coli SE1 strain. Subsequent incubation reactions were performed under
the same conditions described above, except that equal volumes of cleared
lysates prepared from bacteria overproducing either Strep●Tag-SUMO-
LVLQTM or HRV-2 2Apro–(His)6 proteins were mixed (to a 1-ml final
volume)with Strep-Tactinmagnetic beads (Qiagen). Proteins whichwere
specifically bound to the washed beads were separated by 15% SDS-PAGE
and visualized by staining with Coomassie brilliant blue R250. (His)6-
tagged proteins were also revealed with a polyclonal antihistidine anti-
body (Cell Signaling).

Cleavage of TRPIITTA–pNA substrate by HRV-2 2Apro. Cleavage of
the TRPIITTA–p-nitroanilide (pNA) substrate by HRV-2 2Apro was per-
formed at 25°C for 10 min in a 1-ml reaction mix containing 50 mM
HEPES-NaOH, pH 8.0, 100 mM NaCl, 1 mM EDTA, 10 mM DTT, and
purified recombinantHRV-2 2Apro (0.2 �M). The reaction was started by
the addition of the TRPIITTA-pNA peptide (Eurogentec) at 25 �M and
monitored continuously at 405 nm to characterize the initial velocity of
the cleavage reaction. Peptide competition cleavage assays were per-
formed under the same conditions, except that purified Strep●Tag-
SUMO-LVLQTM protein (0 to 25 �M) was added to the reaction mix.
Percent inhibition values were referred to as the ratio between initial ve-
locity cleavage values measured with and without inhibitor. Data are ex-
pressed as means of three independent experiments, and standard devia-
tions are indicated.

Molecular modeling. The crystal structure of the free HRV-2 2Apro has
been used (ProteinData Bank [PDB] accession number 2hrv) (24). The con-
formation of the LVLQTMpeptide wasmodeled using the one in complex
with the foot-and-mouth disease virus (FMDV) 3Cpro as a starting model
(PDB accession number 2wv4) (35). Side chains from the FMDV 3C
protease-bound peptide were replaced with the side chains of VLQTM
and then energy minimized using a GROMOS96 43B1 force field (32).

Cell culture and transient expression. Human epithelial lung carci-
noma A549 cells (CCL-185; ATCC) were grown in Dulbecco’s modified
Eagle’smedium (DMEM; Lonza) and 1 g/liter glucose supplementedwith
10% fetal calf serum, 2 mM L-glutamine, penicillin, and streptomycin.
RBM6	6274-520- andRBM6	6274-514-coding sequenceswere amplified by
PCR and cloned into themultiple-cloning site of the pCI-neo vector (Pro-
mega) downstream from the following 2� Strep●Tag sequence: MASWS
HPQFEKGGGSGGGSGGGSWSHPQFEK (where the underlining indi-
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cates the Strep●Tag sequence). All plasmid constructs were transfected
into cells using NanoJuice transfection reagents (Novagen), according to
the manufacturer’s instructions.

Western blotting. Proteins were separated by SDS-PAGE and trans-
ferred onto nitrocellulose membranes. The membranes were incubated
for 1 h in Tris-buffered saline containing 0.1% Tween 20 and 5% nonfat
milk powder at room temperature. Membranes were then incubated
overnight at 4°C with a polyclonal antihistidine antibody (reference no.
2365; Cell Signaling) or an antiserum recognizing the C-terminal domain
of eIF4G (19). These antibodies were revealed using the horseradish
peroxidase-coupled goat antirabbit antibody, followed by chemilumines-
cence detection using the SuperSignal West Pico chemiluminescent sub-
strate from Pierce.

In vitro transcription and RNA transfection. Plasmids containing
the 2A protease-coding region were constructed by inserting the respec-
tive coding sequences into the pGlobin-Renilla vector (29). For in vitro
transcription, DNA templates were linearized at the EcoRI site down-
stream froma synthetic poly(A) tail. CappedRNAswere transcribed using
the T7 RNA polymerase as previously described (25) and treated with
RQ1 DNase (Promega). The integrity of the RNAs was checked by elec-
trophoresis on nondenaturing agarose gels, and the concentration was
quantified by spectrophotometry at 260 nm using a Nanodrop apparatus
(Nanodrop Technologies).

Two days before RNA transfection, A549 cells were seeded into 48-
well plates at 75,000 cells per well to reach about 180,000 cells at the time
of transfection. RNA transfection was performed with 100 ng of 2Apro-
coding RNA and the TransIT kit (Mirus Bio) for 2 h and 50 ng of Renilla-
coding RNA for additional 3 h. The cells were then harvested, and lu-
ciferase activity was quantified using the Renilla luciferase (R-Luc)
assay system from Promega and a Veritas microplate luminometer
(Turner BioSystems). Transfection efficiency was evaluated by trans-
fecting the green fluorescent protein (GFP)-coding RNA under the
same conditions and counting the number of green fluorescent cells by
fluorescence-activated cell sorter (FACS) analysis. Over 70% of A549
cells expressed GFP.

Virus infection. HRV-2 (GenBank accession number X02316) and
HRV-14 (GenBank accession number K02121) were provided by the
WHO/National Reference Centre for Enteroviruses (Lyon, France). A549
cells (90% confluence) were infected with HRV-2 or HRV-14 at a multi-
plicity of infection (MOI) of 1 in DMEM containing 2% fetal calf serum,
2 mM L-glutamine, penicillin, and streptomycin and incubated at 34°C.
Virus titer was quantified by the 50% tissue culture infectious dose
(TCID50) assay using MRC5 cells according to the method of Reed and
Muench (26).

Infection and mouse treatment. Six-week-old BALB/c female mice
were purchased from Charles River Laboratories, and experiments were
undertaken as previously described (13). On the day of infection, a three-
step protocol was used for peptide administration: (i) first, mice were
anesthetized by intraperitoneal injection of ketamine (42.5mg/kg of body
weight), (ii) then, a 25-�l volume of HRV-2 suspension containing
100,000 PFUwas injected dropwise to the external nares of themice using
a micropipette, and (iii) finally, a 25-�l volume of the indicated concen-
tration of peptide solution dissolved in 1% dimethyl sulfoxide (DMSO)
was administered in the same way either right after infection or at 12 h
postinoculation. Lungs were harvested at different time points postinfec-
tion and ground in the Tissue Lyser LT device fromQiagen. After centrif-
ugation at 12,000 � g for 5 min at 4°C, supernatants were collected and
virus titers were determined as described above. Ten mice were used for
each experimental condition.

Statistical analysis. The Mann-Whitney U test was used to evaluate
statistical significance (P � 0.05) of viral replication in vivo.

RESULTS

Yeast two-hybrid screening for proteins interacting with HRV-2
2Apro. In order to identify partners and potential inhibitors of

HRV 2Apro, a plasmid expressing a LexA–HRV-2 2Apro fusion
protein was used to screen a human placenta cDNA library using
Y187 (mat�) and L40�Gal4 (mata) yeast strains. Fifty million
clones were screened, and 51 His
 colonies were further isolated
and characterized by DNA sequencing and sequence alignment
analysis. Among these clones, nine encoded out-of-frame short
polypeptides and one encoded the C-terminal part (amino acids
274 to 520) of the functionally uncharacterized RBM6	6 protein
(GenBank accession number FLJ56542) (31). As depicted in Fig.
1, all exhibited related sequences that shared the same peptide
consensus motif LXLX(T/N)�, where X represents any amino
acid and � represents a hydrophobic residue. Interestingly, this
sequence partially mimics the consensus sequence P4LX(T/N)XP1

found in 2Apro substrates where threonine (or asparagine) and
leucine are required in positions P2 and P4, respectively, for 2Apro

cleavage (16). In addition, the tripeptide motifs P3QTMP1 and

P4LQTP2 found in the RBM6	6 sequence are identical to those
found at the corresponding positions within the 2Apro substrates
PABP1 and VP1-2Apro junction of the HRV-62 polyprotein, re-
spectively (16). Finally, the presence of methionine at the P1 po-
sition represents a favorable determinant for 2Apro binding (28).
Remarkably, the presence of a conserved leucine (or an equivalent
hydrophobic residue) at the P6 position in all selected peptides
suggests that this amino acid may represent an important param-
eter in the specificity of recognition by 2Apro. Thus, these results
strongly suggested that the LXLX(T/N)� motif peptides isolated
in the double-hybrid screening are partners of HRV-2 2Apro.

The LXLX(T/N)� motif behaves as a pseudosubstrate of
HRV-2 2Apro. To investigate whether the previously characterized
peptides were pseudosubstrates of HRV-2 2Apro, different hybrid
peptides were built by fusing the six terminal amino acid residues
of the 10 polypeptides identified by yeast two-hybrid screening
with the GPSDM sequence found at the P1= and P5= positions of
the authentic cis-cleavage site of the HRV-2 polyprotein (Fig. 1).
The 11-mer peptides obtained were then inserted in frame into a
genetically engineered firefly luciferase which was synthesized in a
cell-free protein expression system in the presence of [35S]methio-
nine and used as a protease substrate (Fig. 2A). In this assay, cleav-

FIG 1 Amino acid sequences of the HRV-2 2Apro-binding peptides identified
by the yeast two-hybrid system. Peptides are arranged to illustrate the consen-
sus sequence found, where X is any amino acid and � is a hydrophobic amino
acid. Alignments of the carboxy termini of 2Apro-binding peptides with natu-
ral cleavage sites of 2Apro are also shown.
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FIG 2 HRV-2 2Apro-binding peptides identified by the yeast two-hybrid system are pseudosubstrates of the protease. (A) 35S-labeled GloSensor protease site
luciferase activation by HRV-2 2Apro digestion of hybrid sites generated from sequences depicted in Fig. 1. To generate the GloSensor protein, new N and C
termini were created at amino acids 234 and 233, respectively. The protein-coding region of this circularly permuted firefly luciferase was carried on the
pGloSensor-10F linear vector. Insertion of a protease recognition sequence between these native N and C termini and cleavage of the sequence by the cognate
protease activate the luciferase enzyme. Plasmid DNAs encoding the protease recognition sequences indicated on the graph were transcribed and translated in
vitro and incubatedwith purifiedHRV-2 2Apro or TEVprotease for 45min. Luminescent signal wasmeasured bymixing an aliquot of each TNT reactionmixture
with Bright-Glo assay reagent in triplicate and incubating for 5 min at room temperature. Luminescence was measured using a luminometer. A plasmid DNA
encoding the 35S-labeled GloSensor ENLYFQ-S protein, where ENLYFQ-S is a cleavage site of the TEV protease, was used as a control. RLU, relative light units.
(B) The different 35S-labeled GloSensor proteins containing the protease sites to be tested were synthesized in vitro as described above and then incubated with
2 �g of TEV protease or HRV-2 2Apro for 45min, followed by SDS-PAGE and fluorography. Gel patterns corresponding to enzymatic digestion performed with
TEVprotease (a) andHRV-2 2Apro (b to l) are shown. The 0-h timepoint shows proteins thatwere harvested right after addition of the proteases in the incubation
mixtures.
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age of the recombinant luciferase at the protease recognition se-
quence led to the activation of the luciferase enzyme, resulting in
an increase in luminescence when a firefly luciferase substrate was
added to the reaction mixture. Thus, if a peptide acted as a pseu-
dosubstrate for 2Apro, an increase in luciferase activity would be
observed. As shown in Fig. 2A, significant luciferase activity was
detected for all constructs tested, and the best score was measured
for the 35S-labeled GloSensor LVLQTM-GPSDM protein, the
protease site of which was derived from the C terminus of the
RBM6	6 protein. Luminescence was hardly detectable when us-
ing the negative control, 35S-labeled GloSensor-10F ENLYFQ-S
protein, which was recognized by the tobacco etch virus protease
but not by HRV-2 2Apro. In contrast and as expected, the 35S-
labeledGloSensor-10FENLYFQ-S proteinwas cleaved by the TEV
protease, resulting in increased luminescence. Thus, our results
confirmed that all peptides isolated by yeast two-hybrid screening
behaved as potent substrate analogues of HRV-2 2Apro.

Cleavage of the 35S-labeled GloSensor-10F-identified peptide-
GPSDM luciferases (61 kDa) by HRV-2 2Apro was also visualized
after separation of digested products by SDS-PAGE and autora-
diography (Fig. 2B, panels c to l). Total inactivation of the pro-
teases was effective only by boiling the sample for 5 min in SDS
loading buffer, which may explain the partial substrate degrada-
tion at the initial time in panels c and d and reflected a higher
affinity of HRV-2 2Apro for LVLQTM-GPSDM and LCLHTC-
GPSDM sequences than for the other substrates. Moreover, all
35S-labeledGloSensor-10F-identified peptide-GPSDM luciferases
were hydrolyzed byHRV-2 2Apro into two predictive fragments of
36 and 25 kDa, confirming that all identified peptides were sub-
strate analogues of 2Apro. As expected, the 35S-labeled GloSensor-
10F ENLYFQ-S protein was cleaved by the TEV protease but not
by the 2A protease of HRV-2 (Fig. 2B, compare panels a and b). In
addition, the kinetics of digestion were peptide dependent, with
the highest rate being for the LVLQTM peptide. Thus, these re-
sults confirmed that the identified peptides acted as pseudosub-
strates for HRV-2 2Apro.

The LVLQTM peptide specifically interacts with HRV-2
2Apro. Since the LVLQTM peptide displayed the highest affinity
for the 2A protease, the interaction between these two binding

FIG 3 The last six residues of RBM6	6 are necessary and sufficient for the
interactionwithHRV-2 2Apro. (A) Schematic representation of the exon struc-
ture of the RBM6 gene and the protein products derived from two splice
variants (data are from references 14 and 31). Boxes represent exons and are
not drawn to scale. The bars below RBM6 indicate different protein motifs, as
follows: A and B, RNA binding motif RNP1 and RNP2; C, G patch. In the
truncated RBM6	6 protein, the amino acid residues represented by the white
part differ from those in the longer protein product RBM6 due to a frame shift
caused by the splicing. (B) Results of a His pulldown assay with HRV-2 2Apro

and RBM6	6. HRV-2 2Apro–(His)6 was immobilized on affinity resin and
incubated with in vitro-translated 35S-labeled RBM6	6274-520 or RBM6274-660
protein. Bound proteins were resolved by SDS-PAGE and visualized by auto-
radiography. Lanes 1 and 4, 10% of total proteins from the initial incubation

reaction; lanes 2 and 3, incubation of 35S-labeled RBM6	6274-520 with a con-
trol His-tagged protein and HRV-2 2Apro–(His)6, respectively; lanes 5 and 6,
the corresponding assays conducted in the presence of RBM6274-660. Binding
of His-tagged proteins on the affinity resin was checked by Western blotting
(WB) using an antihistidine antibody. (C) Results of a Strep●Tag pulldown
assay with HRV-2 2Apro and the RBM6	6-derived LVLQTM sequence. Bac-
terially expressed Strep●Tag-SUMO or Strep●Tag-SUMO-LVLQTM was in-
cubatedwithHRV-2 2Apro–(His)6 and Strep-Tactin-coatedmagnetic beads. A
Coomassie blue-stained gel of proteins boundon the affinity resin is presented:
lane 1, Strep●Tag-SUMO and HRV-2 2Apro–(His)6; lane 2, Strep●Tag-
SUMO-LVLQTM and HRV-2 2Apro–(His)6; lane 3, purified HRV-2 2Apro–
(His)6. Symbols: *, Strep●Tag-SUMO; **, Strep●Tag-SUMO-LVLQTM. The
presence ofHRV-2 2Apro–(His)6 was confirmed byWestern blot analysis using
an antihistidine antibody. (D) Effect of the RBM6	6-derived peptide LV
LQTMon cleavage of TRPIITTA–p-nitroanilide (TRPIITTA-pNA) byHRV-2
2Apro. Various concentrations of the purified SUMO-LVLQTM protein (0 to
25 �M)were added to the TRPIITTA-pNA peptide, and their inhibitory effect
onHRV-2 2Apro catalysis wasmeasured by collecting absorbance at 405 nm for
10 min at 25°C. The percentage of cleavage activity was calculated relative to
the value obtained with no inhibitor. Data are expressed as means of three
independent experiments, and standard deviations are indicated. SUMO pro-
tein was used as a control.
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partners was analyzed by two complementary pulldown assays.
First, in vitro-translated [35S]methionine-labeled RBM6	6274-520
(truncated protein detected by yeast two-hybrid screening, 28
kDa) or its alternative splicing isoform, RBM6274-660 (44 kDa, Fig.
3A), was incubated with purified recombinant HRV-2 2Apro–
(His)6 or with a His-tagged control protein bound to Ni-NTA
magnetic agarose beads. As measured by densitometric analysis,
about 15% of total RBM6	6274-520 input bound to immobilized
HRV-2 2Apro (Fig. 3B; compare lanes 1 and 3) but not to the
control His-tagged protein (lane 2). In contrast, RBM6274-660
failed to bind either protein (lanes 5 and 6). These results demon-
strated that RBM6	6274-520 specifically interacted with HRV-2
2Apro. Since RBM6	6274-520 differed from RBM6274-660 by its last

25 residues (Fig. 3A) and this region contained the particular LV
LQTM sequence that was previously identified in the yeast two-
hybrid system, these results suggested that LVLQTM was directly
involved in the interaction with 2Apro.

A Strep●Tag pulldown assay was then used to investigate
whether LVLQTM-derived peptide was sufficient for 2Apro bind-
ing (Fig. 3C). To this end, LVLQTMwas first expressed in bacteria
in fusion to the C terminus of a Strep●Tag-SUMO protein that
allowed high specific binding on a Strep-Tactin affinity resin. Bac-
terial cell lysates containing either the Strep●Tag-SUMO-LV
LQTM or the control Strep●Tag-SUMO recombinant protein
were then mixed with a crude bacterial extract enriched with the
recombinantHRV-2 2Apro–(His)6 protein. After 1 h of incubation

FIG 4 RBM6	6274-520 inhibits eIF4G cleavage activity of HRV-2 2Apro in A549 cells. (A) A549 cells were transfected for 24 h with a pCI-neo plasmid harboring
either the RBM6	6274-520 or the RBM6	6274-514 gene under the control of the cytomegalovirus (CMV) promoter and were subsequently transfected with an
mRNA coding forHRV-2 2Apro or GFP for 2 h. The effect of the 2A protease on eIF4G cleavage and thus on the translation of cappedmRNAwasmeasured using
a capped mRNA or an IRES-containing mRNA, both coding for the Renilla luciferase. The first contained the 5= UTR of the �-globin gene, which directed
cap-dependent translation. The second contained the 5= UTR of the encephalomyocarditis virus (EMCV) RNA, which ensured an IRES-dependent translation.
After 3 h of transfection of the luciferase RNAs, cells were lysed and luciferase activity was measured by luminometry. Error bars denote the standard deviation
from themean of three independent experiments. (B) Inhibition of the eIF4G cleavage activity of HRV-2 2Apro. A549 cells transiently expressing 2� Strep●Tag–
RBM6	6274-520 protein or 2� Strep●Tag–RBM6	6274-514 for 24 hwere subsequently transfectedwith anmRNAcoding forHRV-2 2Apro or theGFP for 5 h. Total
protein extracts (60 �g) were prepared from transfected cells, separated by 6% SDS-PAGE, and blotted with an antibody directed against the C-terminal part of
the eIF4G protein. Themain cleavage product (at about 100 kDa) which resulted from the proteolytic activity of 2Apro is indicated Ct-2. The pCI-neo vector was
used as a control for plasmid transfection. Of note, cells were lysed in the absence of protease inhibitor cocktail, possibly explaining the partial eIF4G hydrolysis
observed in lanes 1 and 3.
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with the Strep-Tactin resin, protein complexes were subjected to
SDS-PAGE separation and Coomassie blue staining or Western
blotting using an antihistidine antibody (Fig. 3C). Results revealed
that HRV-2 2Apro–(His)6 proteins coeluted with Strep●Tag-
SUMO-LVLQTM protein (lane 2) but not with Strep●Tag-
SUMO protein (lane 1). Therefore, the LVLQTM peptide was
necessary and sufficient for the interaction with 2Apro. Altogether,
these results identified LVLQTM as a binding partner of HRV-2
2Apro.

HRV 2Apro activity is inhibited by LVLQTM in a strain-
independent manner. We next investigated whether LVLQTM
binding to HRV-2 2Apro inhibited its activity. To this end, the
2Apro activity was measured in vitro by a specific cleavage assay
using the chromogenic substrate TRPIITTA–p-nitroanilide,
which mimics the native HRV-2 2Apro substrate sequence at the
VP1-2A junction. As shown in Fig. 3D, addition of increasing
concentrations of the Strep●Tag-SUMO-LVLQTM protein in-
hibited the activity of 2Apro in a dose-dependent manner. The
residual enzyme activity was about 30% at a saturating concentra-
tion of inhibitor (25�M). Control experiments showed that at the
same concentration, the Strep●Tag-SUMO protein did not dis-
play any inhibitory effect on protease activity. Thus, LVLQTM
inhibited the activity of the viral enzyme in vitro.

To investigate whether inhibition of 2Apro by LVLQTM was
relevant in cellulo, a three-step procedure for quantifying the in-
hibitory effect of LVLQTM on the cleavage of eIF4G by HRV-2
2Apro was designed. In this protocol, A549 cells were transfected
(i) for 24 h with a plasmid expressing either the RBM6	6274-520
fragment or the RBM6	6274-514 fragment which was deleted from
the LVLQTM motif, then (ii) for 2 h with a capped and polyade-
nylated mRNA coding for the HRV-2 2Apro or the GFP protein as
a control, and finally (iii) for 3 h with a reporter Renilla luciferase
(R-Luc) mRNA containing either the 5= untranslated (UTR) of
the �-globin gene (capped mRNA) or the encephalomyocarditis
virus (EMCV) internal ribosome entry site (IRES) sequence (un-
capped mRNA). This assay relied on the fact that in eukaryotic
cells, the distribution of mRNAs between capped and uncapped is
largely in favor of cappedmRNAs, for which translation initiation
depends on intact initiation complex factors eIF4G/eIF4E. In con-
trast, translation of IRES-containing RNAs can occur in the pres-
ence of proteolyzed eIF4G, as the latter requires only the carboxy-
terminal part of the eIF4G molecule. Thus, the presence of intact
eIF4G allows the translation of capped mRNAs and its hydrolysis
indirectly benefits the translation of uncapped mRNA. As de-
picted in Fig. 4, in the presence of the pCI-neo vector (empty
vector) and the GFP-coding RNA, eIF4Gwas not cleaved (Fig. 4B,
lane 1) and translation of cappedmRNA, as measured by reporter
Cap–R-Luc, activity was favored compared to IRES-driven trans-
lation, which explained the low level of IRES–R-Luc activity (Fig.
4A). In contrast, expression of HRV-2 2Apro in the presence of the
pCI-neo empty vector led to eIF4G cleavage (Fig. 4B, lane 2),
which inhibited capped mRNA translation and indirectly in-
creased IRES-driven translation, as measured by the decrease in
Cap–R-Luc activity and the increase in IRES–R-Luc reporter ac-
tivity (Fig. 4A). In cells overproducing the authentic C terminus of
the RBM6	6 protein (RBM6	6274-520), the eIF4G cleavage activ-
ity of 2Apro was notably reduced (Fig. 4B, lane 3) and the level of
Cap-dependent luciferase translation was mildly affected (Fig.
4A). Expression of the C terminus of the RBM6	6 protein deleted
from the LVLQTM sequence (RBM6	6274-514) did not affect

FIG 5 The RBM6	6-derived LVLQTM peptide is a pseudosubstrate of
HRV-2 and EV-6 2Apro. Three different 35S-labeled GloSensor proteins con-
taining the protease sites to be tested were synthesized in vitro under the same
conditions described in the legend of Fig. 2 and then incubated with 2 �g of
HRV-2 2Apro or EV-6 2Apro for 45 min in cleavage buffer, followed by SDS-
PAGE and fluorography. Gel patterns corresponding to enzymatic digestion
performed with HRV-2 2Apro (a to c) or EV-6 2Apro (d to f) are shown. The
percent hydrolysis of the 35S-labeled GloSensor luciferases was determined by
densitometric analysis of the 61-kDa band and calculated relative to its initial
(0-min) intensity (a= to f=). The 0-h time point shows proteins that were har-
vested right after addition of the proteases in the incubation mixtures.
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HRV-2 2Apro activity, showing that the RBM6	6274-520 fragment
specifically inhibited HRV-2 2Apro activity through its LVLQTM
motif.

We further investigated whether LVLQTM binding to 2Apro

was strain specific. To this end, susceptibility of the 35S-labeled
GloSensor LVLQTM-GPSDM protein to degradation by the
HRV-2 2A protease was compared to that by the echovirus 6
(EV-6) 2Apro by the protease-Glo assay described above. Briefly,
after in vitro translation with [35S]methionine, the recombinant
luciferase was incubated with purified HRV-2 2Apro or EV-6
2Apro, and the resulting digestion products were then separated by
SDS-PAGE and visualized by autoradiography after treatment of
gels with a fluorography solution. As shown in Fig. 5a, cleavage of
full-length luciferase into its 36-kDa and 25-kDa predicted frag-
ments was almost complete when HRV-2 2Apro was added to the
reaction mix (0 h). Interestingly, a sequence lacking the LV resi-
dues (LQTM-GPSDM; Fig. 5b) had a significantly reduced hydro-
lysis rate (38%; Fig. 5b=) after a 15-min incubation with the
HRV-2 2A protease, showing that deletion of P5 and P6 residues
in the LVLQTM-GPSDM sequence was detrimental to the recog-
nition by HRV-2 2Apro. A control luciferase containing the au-
thentic cleavage site found in the HRV-2 polyprotein (PIITTA-
GPSDM; Fig. 5c and c=) was cut by HRV-2 2Apro to the same
extent as the LVLQTM-GPSDM hybrid site (Fig. 5a and a=). Sim-
ilar results were obtained when reactions were carried out in the
presence of purified 2Apro enzyme fromEV-6, anothermember of
the enterovirus genus (compare Fig. 5a to d and b to e, respec-
tively). In contrast, a marked difference was observed for the
HRV-2 control site, PIITTA-GPSDM, which, while cut by HRV-2
2Apro, was hardly recognized by the EV-6 2Apro (compare Fig. 5c
and f), thus reflecting differences in substrate specificity between
the two proteases, which share a relatively low level (40%) of
amino acid sequence identity. Finally, the LVLQTM sequence in

RBM6	6 seemed to bind to the substrate-binding pocket of both
HRV-2 and EV-6 2Apro, thus suggesting that this peptide may be
effectively recognized by and thereby inhibit a wide range of 2A
proteases.

Virtual docking of LVLQTM peptide into HRV-2 2Apro cata-
lytic site. To get further insights into the interaction between
the protease and its peptidic inhibitor, we decided to explore
the orientations of the peptide by virtual docking in the
substrate-binding pocket of HRV-2 2Apro. In conjunction, an
extensive investigation of the impact of sequence variation in
the peptide on the rate of cleavage was performed.

In the model depicted in Fig. 6B, the peptide largely bound
within a deep surface groove that was diagonally oriented and
intersected the cleft at the active site. Consequently, residues P5
to P1 mainly contacted the C-terminal � barrel, and the length
of the groove was sufficient to accommodate residues P4 to P1
of the peptide. P5 Val at the N terminus of the peptide was
largely solvent exposed (Fig. 6A), making a unique H bond
through its N terminus, while its side chain was surrounded by
polar side chains of Gln81 and Asp125. This lack of specific
contact might suggest only a modest effect on substrate cleav-
age upon substitution at this position. On the other hand, P4
Leu was accommodated in an apolar depression defining the
beginning of the peptide-binding groove, which consisted of
side chains of Tyr78, Ile80, Ile96, and Ala129 (Fig. 6A). The side
chain of P3 Gln pointed toward the solvent, which explained
why, in common with other similar proteases, there was no
strong preference for a particular residue at this position. In-
deed, as shown by the protease-Glo assay approach, peptides
displaying relatively different residues (Q, H, or V) at the P3
position were digested to about the same extent by 2Apro (Fig.
2A and B). The P2 Thr side chain inserted into the cleft between
the � barrel and the N-terminal � sheet of the protease (Fig.

FIG 6 Model of the interaction between VLQTM peptide and substrate-binding pocket residues of HRV-2 2Apro. (A) Close-up view of the binding of the P5 to
P1 residues from the LVLQTM inhibitor. The protease backbone is depicted as a line covered by a semitransparent Van der Walls surface, except for catalytic
residues with large labels, depicted as sticks; protease-interacting residues have small labels. (B) Ribbon diagram of the overall structure of HRV-2 2Apro in
complex with the peptidic inhibitor. Catalytic triad residues are labeled. C-ter, C terminus; N-ter, N terminus.
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6A), where it made two hydrogen bonds with residues Ser83
and Tyr85, both belonging to the same side of the pocket. In
our model and contrary to the one discussed by Petersen et al.
(24), binding of P2 Thr did not require a prior rotation of
Tyr85.

Finally, the P1Met side chainmade three hydrogen bondswith
the substrate-binding pocket: two between its carbonyl group and
both the carbonyl and side chain of Cys106 (3.1 Å for both H
bonds) and one between its N atom and the hydroxyl group of
Tyr85 (2.9 Å) (Fig. 6A). The flat and narrow pocket displayed very
good chemical complementarities to the P1 Met side chain.

In the light of this structural model, we showed that the double
mutation S83A/D125A resulted in an approximately 20-fold de-
crease in the initial rate of TRPIITTA-pNA hydrolysis by 2Apro

(data not shown), confirming that these two residues played a
major role in the interaction with the LVLQTM peptide.

The z-LVLQTM-fmk peptide inhibits the replication of
HRV-2 in A549 cells. As LVLQTM was found to inhibit 2Apro

activity, we then investigated whether it also inhibited HRV rep-
lication ex vivo. As pseudosubstrates are more potent inhibitors
when covalently bound to their target proteases, we synthesized a
modified LVLQTM peptide containing a fluoromethylketone
group at its C terminus which forms a persistent, nonlabile cova-
lent bond with the catalytic cysteine (Fig. 7A). Moreover, a ben-
zyloxycarbonyl group was added at its N terminus to increase its
cell permeation. As expected, the z-LVLQTM-fmk molecule gave
a sharp decrease in HRV-2 2Apro activity in the TRPIITTA–p-
nitroanilide substrate cleavage assay with a 50% inhibitory con-

FIG 7 The z-LVLQTM-fmk peptide inhibits 2Apro activity and HRV replication in A549 cells. (A) The LVLQTM peptide was synthesized and modified (MP
Biomedicals Company) by adding a benzyloxycarbonyl (z) at its N terminus and a fluoromethylketone (fmk) group at its C terminus to form z-LVLQTM-fmk.
The latter is known to form a covalent link with the catalytic cysteine of the 2Apro (20). (B) Effect of z-LVLQTM-fmk on cleavage in vitro of TRPIITTA–p-
nitroanilide by the HRV-2 2Apro. Various concentrations (0 to 25 �M) of z-LVLQTM-fmk or z-FA-fmk (RnD Systems) were added to the TRPIITTA-pNA
peptide, and their effects on HRV-2 2Apro catalysis was measured by collecting the absorbance at 405 nm for 10 min at 25°C. The percentage of cleavage activity
was calculated relative to the value obtained with no inhibitor. Data are expressed as means of three independent experiments, and standard deviations are
indicated. (C) A549 cells were treated with 100 �M or 200 �M z-LVLQTM-fmk or z-FA-fmk for 1 h and were subsequently transfected with an mRNA coding
forHRV-2 2Apro, HRV-14 2Apro, EV-6 2Apro, or GFP for 2 h. Cells were then transfected for 3 hwith a cappedmRNAor an IRES-containingmRNA, both coding
for the Renilla luciferase. The first contained the 5= UTR of the �-globin gene, and the second contained the 5= UTR of the encephalomyocarditis virus (EMCV)
RNA. Cells were subsequently lysed, and luciferase activity was measured by luminometry. Error bars denote the standard deviations from the mean values
obtained from three independent experiments. (D) A549 cells were treated with different concentrations of z-LVLQTM-fmk or z-FA-fmk and infected with
HRV-2 or HRV-14 at a multiplicity of infection of 1 for 12 h. The TCID50 in the supernatant of infected cells was determined as described in Materials and
Methods.
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centration value of 0.3 �M (Fig. 7B). In contrast, no inhibitory
effect on 2Apro activity was observed when this assay was con-
ducted in the presence of the control peptide z-FA-fmk, which
shared the same chemical changes as z-LVLQTM-fmk. Further-
more, inhibition of capped mRNA translation by HRV-2 2Apro

was significantly reduced by the z-LVLQTM-fmk peptide used at
100 �Mand 200 �M(Fig. 7C) compared to the z-FA-fmk control
peptide. These concentrations showed no cytotoxic effect onA549
cells (data not shown). The same inhibitory effect was observed
using the same test with HRV-14 2Apro (belonging to the rhinovi-
rus species B) andEV-6 2Apro, which again reinforced the idea that
z-LVLQTM-fmk was not strain specific (Fig. 7C). Thus, the z-LV
LQTM-fmk-modified peptide strongly and specifically inhibited
several 2Apro enzymes.

We next investigated the effect of LVLQTM on virus replica-
tion in A549 cells. For this purpose, cells were infected with
HRV-2 or HRV-14 at a multiplicity of infection (MOI) of 1 in the
presence of z-LVLQTM-fmk (100 �M or 200 �M) or the unre-
lated control peptide z-FA-fmk. At 12 h postinfection, the 50%
tissue culture infective dose (TCID50) value in the supernatants of
infected cells was determined. Results depicted in Fig. 7D indi-
cated that the z-LVLQTM-fmk peptide inhibited HRV-2 and
HRV-14 replication in a dose-dependentmanner compared to the
unrelated control peptide. Altogether, our data demonstrated that
the observed decrease in virus production correlated directly with
2Apro-mediated inhibition by the z-LVLQTM-fmk peptide.

The z-LVLQTM-fmk peptide protects against rhinovirus in-
fection in vivo. To assess the role of z-LVLQTM-fmk in vivo, we
investigated whether z-LVLQTM-fmk could inhibit HRV replica-
tion in mice. For this purpose, mice were inoculated with HRV-2
(105 PFU/mouse) and, at the same time, treated or not with vari-
ous concentrations of z-LVLQTM-fmk. Lungs of infected mice
were then harvested at different time points postinfection, and
infectious particles were evaluated by determining the TCID50. As
shown in Fig. 8A, compared to DMSO-treatedmice, z-LVLQTM-
fmk-treatedmice had significantly fewer infectious viruses in their
lungs. Without peptide treatment (DMSO) and at 24, 48, and 120
h postinfection, infectious virus titers reached 106, 106.75, and
106.82 TCID50s/ml, respectively. In contrast, after treatment of
mice with 20, 200, or 500 �M z-LVLQTM-fmk, virus titers
dropped to 104.2 to 105 TCID50s/ml for all the conditions tested.
To confirm replication, an additional experiment was performed
where mice were infected and lungs were harvested either imme-
diately or at 48 h postinfection and then subjected to viral titra-
tions (Fig. 8B). Results showed that the inoculum was totally re-
covered in the lungs of infected mice at day 0 postinoculation.
When lungs were harvested at 48 h postinfection, the viral titer
significantly increased, thus showing that viral replication indeed
occurred after infection of the mice. In addition, the z-LVLQTM-
fmk-mediated inhibition was specific since this peptide also im-
paired virus replication compared to the unrelated control pep-
tide z-FA-fmk at 48 h postinfection (Fig. 8B). More importantly,
when administration of the peptide was performed at 12 h postin-
fection, inhibition of viral replication was also readily detectable
(Fig. 8C). The viral titers from control-treated animals reached
106.53 TCID50s/ml, while the viral titer of z-LVLQTM-fmk-treated
animals was 104.08 TCID50s/ml at 48 h postinfection. Altogether,
these results suggested that LVLQTM inhibited virus replication
in vivo and could be of particular interest for anti-HRV therapies.

DISCUSSION

Rhinoviruses are responsible for a large number of respiratory
tract infections which range from the common cold to more
serious complications, such as pneumonia, bronchitis, or
bronchiolitis in children as well as in adults. These infections
constitute a major public health problem and have a significant
socioeconomic impact due to the fact that there is currently no
effective drug to fight against HRV. In the search for an effec-
tive treatment against rhinovirus, we identified a peptide in-
hibitor of the viral 2Apro by a yeast two-hybrid screening. This
high-throughput screening allowed us to successfully identify
10 different peptides that were nonhydrolyzable by the 2A pro-
tease. Based on their sequence analysis, we postulated that
these peptides could bind to the protease in a substrate-like
manner (lock-and-key model). Direct evidence of peptide
binding to the protease was provided by the protease-Glo assay,
which elected the sequence motif LVLQTM derived from the
very C terminus of the RBM6	6 protein to be the best candidate
for subsequent development as an irreversible inhibitor of 2Apro.
This peptide had the following main features: (i) it specifically
bound in vitro to the HRV-2 2Apro, as demonstrated by pulldown
assays. (ii) Its strong similarity to the amino-terminal half of nat-
ural cleavage sites of the proteasemeant that this motif behaved in
vitro as a perfect pseudosubstrate not only ofHRV-2 2Apro but also

FIG 8 z-LVLQTM-fmk specifically inhibits HRV replication in vivo. (A)Mice
were inoculated intranasally with 100,000 PFU HRV-2 per mouse (in a 25-�l
volume) and treated with additional 25 �l of a solution containing the indi-
cated concentrations of peptide or 1% DMSO. Lungs of infected mice were
harvested at 24, 48, and 120 h postinfection, and virus titers were determined.
(B)Micewere infectedwithHRV-2 as described above and treatedwith 20�M
z-LVLQTM-fmk or z-FA-fmk (control peptide). Lungs of infected mice were
harvested immediately (input) or at 48 h postinfection (hpi). Virus titers were
determined as described in Materials and Methods. (C) Mice were infected
withHRV-2 (100,000 PFU) and treated with 20 �Mz-LVLQTM-fmk or z-FA-
fmk at 12 h postinfection. Lungs of infected mice were harvested at 48 h
postinfection and virus titers were measured. �, P � 0.05.

Falah et al.

700 jvi.asm.org Journal of Virology

 o
n
 J

u
n
e
 1

, 2
0
1
3
 b

y
 IN

IS
T

-C
N

R
S

 B
ib

lio
V

ie
h
ttp

://jv
i.a

s
m

.o
rg

/
D

o
w

n
lo

a
d
e
d
 fro

m
 



FIG 9 WebLogo sequence based on alignments of HRV type A, B, and C 2A proteases. These WebLogo sequences were generated using theWebLogo sequence
generator (4) at http://weblogo.berkeley.edu/logo.cgi and were created using an alignment of 40 HRV-A sequences (A1, A2, A7, A9, A10, A11, A12, A13, A15,
A16, A23, A24, A28, A29, A30, A34, A36, A38, A39, A41, A44, A46, A49, A53, A55, A56, A59, A64, A73, A74, A75, A76, A78, A82, A88, A89, A94, A101, A102, and
A103) (A), 25 HRV-B sequences (B3, B4, B5, B6, B14, B17, B26, B27, B35, B37, B42, B48, B52, B69, B70, B72, B79, B83, B84, B86, B91, B92, B93, B97, and B99)
(B), and 12 HRV-C sequences (C1 to C11 and C15) (C). The letter size is proportional to the degree of amino acid conservation, and arrows indicate residues
involved in the binding of the LVLQTM peptide at subsites S5 to S1.
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of EV-6 2Apro, another enteroviral 2A protease. These enzymes
share a relatively low level of amino acid sequence identity (40%),
leading to substantially different surface characteristics, and thus
represent two extremes in the primary sequence diversity of the
2Apro family. (iii) It contained a P1 Met which was demonstrated
to enhance significantly the binding affinity of the peptide for the
enzyme (4, 28).

Therefore, our results support a molecular model whereby
the C terminus of RBM6	6, acting as a competitive inhibitor of
2Apro, docks into the substrate-binding pocket of the enzyme.
Notably, in their screening of a HeLa cell cDNA expression
library by the yeast two-hybrid procedure, Ventoso et al.
(1999) (33) had previously characterized several four-amino-
acid-binding peptides that interfered in vitro with PV-1 2Apro

activity. However, our data indicate that compared to its
shorter version, LQTM, the LVLQTM sequence confers higher
binding affinity to RBM6	6 for 2Apro. These results thus high-
lighted the benefit which may be gained by using 6-mer-based
peptides instead of 4-mer-based compounds directed against
HRV 2Apro.

To achieve a more potent inhibition of the 2Apro, the LV
LQTM peptide was modified so that it contained an electrophilic
group (fmk) to enable the formation of a covalent bond with the
active-site thiol and a benzyloxycarbonyl group (z) to increase its
cell permeation. So modified, the z-LVLQTM-fmk compound
was an effective inhibitor of purified HRV-2 2Apro activity with a
Ki value of 0.3 �M, which is about 20 times lower than that of the
CBV 2Apro inhibitor z-IETD-fmk (Ki � 7.7 �M) (1) and the
caspase inhibitor z-VAD-fmk, which is also active against HRV
2Apro (Ki � 5.6 �M) (5). Then we showed that z-LVLQTM-fmk
specifically inhibited HRV-2 replication in vitro in A549 cells but
also in vivo in BALB/c mice. The mouse model has features very
similar to those observed in rhinovirus infection in humans, in-
cluding augmentation of allergic airway inflammation (2), and to
our knowledge, our study is the first one to validate in vivo inmice
an antiviral drug directed against HRV. Mouse infection by
HRV-2 was made possible by the fact that this virus strain, which
belongs to the minor HRV group, uses a member of the low-

density-lipoprotein receptor family and can bind themouse coun-
terpart. Moreover, direct injection of the peptide by the intranasal
route in mice several hours after infection prefigures the outline
for administration of a drug that could be used in humans for
efficient anti-HRV therapy.

On the basis of HRV-2 2Apro crystallographic data, a virtual
docking model was then proposed to predict the inhibitor
binding mode into the ligand binding pocket of the enzyme.
Sequence comparison between different 2Apro enzymes from
HRV-A, -B, and -C species revealed that amino acid residues
involved in the interaction with the inhibitor in our model are
relatively well conserved.

The alignment of 40 HRV-A 2Apro sequences (Fig. 9A)
shows that for eight serotypes analyzed, Ile96 is replaced by a
Leu, which displays the same physicochemical properties and
so likely mediates the same hydrophobic interactions with P4
Leu. Interestingly, Asp125 found in 10 serotype sequences is
replaced by a Glu, whose longer side chain may enhance a
major interaction with P5 Val. Concerning the 25 HRV-B 2A
proteins analyzed (Fig. 9B), hydrophobic interactions with P4
Leu are conserved through hydrophobic residues Ile, Leu, and
Val at position 78. Ser83, which appears to be crucial for inter-
action with P3 Gln, is poorly conserved in type B sequences, as
a Gly and an Asn are found at 50% and 35%, respectively. The
second highlighted interaction through Asp125 also seems to
be weakened in type B, as a serine is generally found at this
position. Basic residues Arg and Lys are found at position 96,
probably changing interaction modalities with the hydropho-
bic P4 Leu; nevertheless, the peptide LVLQTM seems to well
accommodate in the catalytic cleft, even though a Lys is found at
position 96 in HRV-B14. On the other hand, the Cys at position
129 (A129 in HRV-A2 2Apro) found in all type B sequences may
reinforce the hydrophobic interaction with P4 Leu. Finally, I80V,
S83T, I96L, C101A, and D125Emutations occurring in only a few
type C sequences (Fig. 9C) should have no detrimental effects on
the interaction between the enzyme and its inhibitor, as they rep-
resent conservative mutations from a physicochemical point of
view.

FIG 10 Multiple-sequence alignments of enterovirus 2Apro. Sequence alignment was performed using the ClustalW program and plotted with the ESPript
program (8). Similar residues are highlighted in gray; identical residues are in black. Secondary structure elements of HRV-2 2Apro are shown above the
sequences, while arrows indicate residues involved in the binding of the VLQTM peptide at subsites S5 to S1.
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If our peptide inhibitor may be of general use against all HRV
serotypes, its use for therapeutic purposes could be extended to other
enterovirus-associateddiseases since it is alsoactiveagainstpoliovirus
1 (PV-1; GenBank accession number VO1149) and human entero-
virus 71 (HEV-71; GenBank accession number AEF32490) 2A pro-
teases (data not shown). Comparison of the sequences of these pro-
teases with those of other proteases tested in this study for their
interactionwithLVLQTMreveals onlyminor differences (Fig. 10).
In particular, S5 Gln81 is present in EV-6, while a similar gluta-
mate is found in the other viruses. Asp125 properties are con-
served through the glutamate or the asparagine in EV-6 and PV-1
or HEV-71, respectively. The serine at the same position in HRV-
B14 with a side chain shorter than Asp and obviously shorter than
Glu may reflect some flexibility of the substrate at P5, where it is
largely solvent exposed (Fig. 5A). The apolar depression defining
S4 is conserved, as all residues at positions 78, 80, 96, and 129, even
though they are not similar, are hydrophobic, except for PV-1 at
Gln78 andHRV-B14 at Lys96. Glu82 andGly123 at S3 are not well
conserved, but peptide interactions occur through their back-
bone; thiswould not have any consequences on affinity. Tyr85 and
Ser83 are strictly conserved at S2, except PV-1 displays a glu-
tamine at position 83. Finally, the flat and narrow pocket display-
ing very good chemical complementarities to the P1 Met side
chain is well conserved among the different viruses, as residues
101 to 106 and 122 to 124 as well as Tyr85 are homologous. There-
fore, this model allows accurate prediction of the interaction of
the peptide inhibitor with a large spectrum of 2A proteases. This
model also suggests affinity differences between enteroviral 2A
proteases for the LVLQTM peptide. In particular, the longer side
chain of S4 I80 and S4 I96 in the HRV-2 2A protease compared to
S4V80 and S4 L96 in EV-6 2Apro (Fig. 10)might reinforce the Van
der Waals interactions with the P4 L in the peptide inhibitor.
Moreover, the presence of a hydrophobic cysteine 101 at position
S1 in HRV-2 2Apro instead of a polar serine in EV-6 2Apro likely
strengthens the interaction with the P1 methionine in the peptide
inhibitor. Such predictions could thus account for the better af-
finity of HRV-2 2Apro for the LVLQTM peptide compared to the
EV-6 2Apro, as confirmed by our experimental data (compare Fig.
5a and d).

Fromamore fundamental point of view, this study alsohighlights
several clues concerning the exact role, if any, played by theRBM6	6
protein in the context of virus-infected cells. One possibility is that
RBM6	6 is an antidote molecule which is expressed by the cell in
response to viral infection and which specifically neutralizes protein
poison2Apro.Conversely, andmore likely, bindingof theprotease on
RBM6	6 could have a more or less profound impact on normal
function of this protein in favor of viral infection. Experiments are
under way to try to resolve this new and very exciting enigma.
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Abstract  

 

Influenza is an acute respiratory disease caused by infection with influenza virus and is 

a major public health problem. A better understanding of the interaction between influenza 

virus and host allow us to better understand the pathophysiology of influenza infection, and 

thus, ultimately, to better protect themselves against the disease. Morbidity and mortality 

caused by severe influenza infections are associated with dysregulation of the immune response 

in the lung. This deleterious inflammation is the cause of lung collateral damage, causing a 

decrease in the patient's breathing capacity. Although the mechanisms involved are not fully 

understood, recent studies point to a central role of endothelial cells in the deregulation of the 

host response to influenza infection. During endothelium aggression, the physiological process 

of hemostasis (platelet activation, coagulation and fibrinolysis) is activated in order to allow 

wound healing and to maintain the integrity of blood vessels. In many inflammatory diseases, 

the only dysregulation of hemostasis is directly linked to a deleterious inflammatory response. 

During my thesis, we hypothesized that hemostasis could be the cause of the inflammatory 

dysregulation during influenza infections. Our data show the role of two factors strongly 

involved in hemostasis: the thrombin activated receptor, PAR-1 (protease activated receptor 1) 

and plasminogen, in the deleterious lung inflammation and in the pathogenicity of influenza 

virus. Besides the role of hemostasis, we have also been able to show that the influenza virus 

incorporates cellular proteins in the viral envelope, allowing it to evade the immune system, 

which could also contribute to the deregulation of the host response. All the results obtained 

allowed to better understand the mechanisms involved in immune response dysregulation 

during influenza infection and suggest new therapeutic targets to fight against the disease. 


