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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



894 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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