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Cells respond to extracellular agents by activation of intracellular signaling pathways. Viruses
can be regarded as such agents, leading to a firework of signaling inside the cell, primarily
induced by pathogen-associated molecular patterns (PAMPs) that provoke safeguard mech-
anisms to defend from the invader. In the constant arms race between pathogen and cellular
defense, viruses not only have evolved mechanisms to suppress or misuse supposedly anti-
viral signaling processes for their own benefit but also actively induce signaling to promote
replication. This creates viral dependencies that may be exploited for novel strategies of
antiviral intervention. Here, we will summarize the current knowledge of activation and
function of influenza virus–induced signaling pathways with a focus on nuclear factor
(NF)-κB signaling, mitogen-activated protein kinase cascades, and the phosphatidylinosi-
tol-3-kinase pathway. We will discuss the opportunities and drawbacks of targeting these
signaling pathways for antiviral intervention.

Communication among cells is commonly
achieved by released extracellular factors

that act on neighboring or distant cells. Through
the binding of these factors (e.g., growth factors
or cytokines) to surface receptors of target cells,
intracellular signaling pathways mostly gov-
erned by GTPases and kinases are activated to
transform the extracellular signal into a cellular
response. Viruses also activate a variety of intra-
cellular signaling pathways and may be seen
as a special kind of stimulus, because their sig-
naling–promoting activity changes dynamically
throughout the replication cycle. The picture has
emerged that most of these signaling pathways
are activated by the cell to fight the invading
pathogen. However, viruses also appear to ex-
ploit oreven specificallyactivate intracellular sig-
naling processes to drive their replication cycle.

A hallmark cellular response induced by
RNAvirus infection, including influenza viruses
(IVs), is the type I interferon (IFN) response,
representing a first line of defense against viral
invaders. For a long time, it was enigmatic how
the cell senses an infection and how this is con-
verted into type I IFN expression. It was only in
the early 2000s that the cytoplasmic helicase
retinoic acid inducible gene I (RIG-I) was iden-
tified as a receptor for viral RNA (for review, see
Takeuchi and Akira 2008), later followed by the
finding that the 50-triphosphate end (50PPP) of
viral RNA is the major pathogen-associated
molecular pattern (PAMP) that provokes RIG-
I activation (Hornung et al. 2006). Since then, a
complete signaling pathway has been dissected,
including recruitment of RIG-I to the signaling
integrator MAVS/IPS-1 at the mitochondria,
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leading to downstream activation of TBK-1/
IKKε, which phosphorylates and activates the
major IFN-inducing transcription factor, IFN
regulatory factor 3 (IRF3) that acts in concert
with nuclear factor (NF)-κB and activating tran-
scription factor 2 (ATF-2)/c-Jun to drive the

IFN-β enhanceosome (Fig. 1) (for reviews, see
Pichlmair et al. 2006; Killip et al. 2015). The
utmost importance of this signaling chain for
the innate antiviral response is probably best
highlighted by the fact that many, if not all, vi-
ruses have evolved gene products to suppress or
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Figure 1. Retinoic acid inducible gene (RIG)-I-dependent type I interferon induction. During infection of host
cells with influenza viruses (IVs), incoming or newly synthesized 50-triphosphorylated viral RNA (50PPPRNA) is
sensed as a pathogen-associated molecular pattern (PAMP) by the ubiquitously expressed cytoplasmic sensor
RIG-I. RIG-I triggers via the adapterMAVS (mitochondrial antiviral signaling) signal transduction cascades that
result in the activation of different transcription factors. The major MAVS signaling complex consist of tumor
necrosis factor (TNF) receptor–associated factor (TRAF)3 and TANK-binding kinase 1 (TBK1) inducing in-
hibitor of IĸB-kinase-ε (IKKε) activity. This results in the phosphorylation of the constitutively expressed
interferon (IFN) regulatory factor 3 (IRF3) as well as the induced factor IRF7, belonging to the set of IFN-
stimulated genes (ISGs) induced during infection. IRF3 and IRF7 homodimers as well as IRF3/7 heterodimers
translocate into the nucleus to induce synthesis of type I IFNmRNAs via binding to the IFN-β enhanceosome. A
second signaling complex consisting of TRAF6 and TGF-β-activated kinase 1 (TAK1) induces the activation of
IKKβ. IKKβ phosphorylates the inhibitor of ĸB (IκBα), a proteinmasking the nuclear localization signals (NLSs)
of nuclear factor (NF)-κB transcription factors, keeping them sequestered in an inactive state in the cytoplasm.
This phosphorylation results in the dissociation of IκBα from NF-κB, which migrates into the nucleus. Addi-
tionally, TAK1 activates mitogen-activated protein kinases (MAPKs) p38 and JNK (c-Jun amino-terminal
kinase) resulting in the phosphorylation of activating transcription factor 2 (ATF-2) and c-Jun, which dimerize
and translocate to the nucleus. Activity of these transcription factors collectively mediates full activation of the
IFN-β promoter.
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prevent its activation. For IV, the main interfer-
on antagonistic protein is the viral nonstructural
protein 1 (NS1) that interferes with the interfer-
on-inducing cascade at several levels (for re-
views, see Hale et al. 2008a; Krug 2015). How-
ever, other IV proteins have also been identified
to suppress the RIG-I pathway, mainly encoded
by the polymerase genes, such as PB1/PA (Lied-
mann et al. 2014), PB2 (Graef et al. 2010), or
PB1-F2 (Dudek et al. 2011; Varga et al. 2011),
which interestingly all seem to interfere with the
adapter protein MAVS.

Although theRIG-I/MAVS/IRF3/IFN-β sig-
naling axis as well as its regulators andmodifiers
have been reviewed extensively elsewhere as a
hallmark prototype pathway for antiviral signal-
ing (Killip et al. 2015; Krug 2015; Weber-Ger-
lach andWeber 2016; García-Sastre 2017), there
are still many other signaling events induced by
IVs, some of which even showing virus-suppor-
tive functions. Here, we will summarize recent
findings on these signaling cascades beyond the
RIG-I/IRF3 pathway, with a major emphasis on
NF-ĸB signaling, mitogen-activated protein ki-
nase cascades and the phosphatidylinositol-3-
kinase pathway.

NUCLEAR FACTOR κB

The transcription factor NF-κB is activated by
many pathogens including IV, and plays an im-
portant role in type I IFN induction, acting in
concert with IRF3 and AP-1 at the IFN-β en-
hanceosome (Fig. 1). However, it turned out that
the factor fulfills additional functions during IV
infections.

The NF-κB family of transcription factors
comprises seven distinct members with tran-
scription regulatory properties (for review, see
Napetschnig and Wu 2013). NF-κB is a central
factor in the regulation of cellular processes such
as inflammatory responses to pathogens or con-
trolled cell death mechanisms (apoptosis) (for
review, see Lawrence 2009). In addition, NF-κB
has been shown to be activated by infection with
a wide range of viral pathogens (for review, see
Santoro et al. 2003). Historically, NF-κB was
considered as a central antiviral-acting signaling
module because it coregulates the activation of

the IFN system in addition to its general im-
mune stimulatory capacities (for review, see
Pahl 1999). In line with these findings, NF-ĸB
signaling was identified to bemainly responsible
for the hyperactivation of inflammatory and
antiviral responses upon infection with H5N1
highly pathogenic avian IV (Schmolke et al.
2009; Viemann et al. 2011). Contrarily, infection
with low pathogenic IV seems to induce a neg-
ative feedback loop resulting in NF-ĸB-depen-
dent diminishment of IFN-induced antiviral
responses (Wei et al. 2006; Pauli et al. 2008).

Further challenging the idea of an overall
antiviral action of NF-κB in IV infection, two
independent studies indicated that NF-κB pre-
activation is beneficial for virus replication
(Nimmerjahn et al. 2004; Wurzer et al. 2004).
These data for the first time unraveled that NF-
ĸB activation in IV-infected cells show virus-
supportive functions, which was later confirmed
in other studies (Kumar et al. 2008). Mechanis-
tically, these virus-supportive functions were
initially linked to NF-κB-driven expression
of the pro-apoptotic factors tumor necrosis factor
(TNF)-relatedapoptosis-inducingligand(TRAIL)
and Fas ligand (FasL), whose inactivation result-
ed in decreased virus titers, whereas short-term
stimulation of cells with thesemolecules fostered
virus propagation (Wurzer et al. 2004). On the
molecular level, TRAIL and FasL show their pro-
apoptotic functionsbyactivationof caspases (for
review, see Kumar et al. 2005), a group of cellular
factors whose function is essential for efficient
growth of IV (Wurzer et al. 2003). Caspase ac-
tivity results in proteolytic cleavage of diverse
target molecules during apoptotic processes,
but also carries immune stimulatory capacities
by cleavage of factors such as pro-interleukin-1β
into its active form (for review, see Lopez-Caste-
jon and Brough 2011). In IV-infected cells,
inhibition of caspases resulted in the retention
of newly synthesized viral ribonucleoprotein
(vRNP) complexes in the nucleus (Wurzer
et al. 2003). This process was explained by cas-
pase-mediated widening of nuclear pore com-
plexes caused by the proteolytic cleavage of
nuclear pore formingproteins, thus representing
a beneficial step in virus replication (Kramer
et al. 2008; Mühlbauer et al. 2015). Therefore,
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in addition to active chromosomal maintenance
1 (CRM1)-mediated export of newly synthesized
vRNPs (for review, see Eisfeld et al. 2015), a cas-
pase-mediated widening of nuclear pores is
conceivable as strengthening mechanism for vi-
ral replication by allowing passive diffusion
of vRNPs out of the nucleus at later stages of
infection.

Based on the finding that NF-κB shows vi-
rus-supportive functions via control of caspase
activity in IV-infected cells, first ideas of target-
ing NF-κB as a potential novel antiviral strategy
arose. Using the NF-κB inhibiting agent acetyl-
salicylic acid (ASA), it has been shown that ASA
treatment of cells resulted in retention of newly
synthesized vRNPs in the nucleus, leading to
impaired virus replication in vitro and in vivo
(Mazur et al. 2007). In line with this finding,
ASA treatment resulted in reduced TRAIL and
FasL expression and, consequently, decreased
caspase activation (Mazur et al. 2007). Further
strengthening the feasibility of this strategy, ASA
treatment did not result in the generation of
resistant virus variants (Mazur et al. 2007)
and, in addition, another NF-κB inhibitor,
SC75741, showed IV-inhibitory action in vitro
and in vivo (Ehrhardt et al. 2013; Haasbach et al.
2013a). Following the promising approach to
use the well-known substance ASA as an antivi-
ral drug, the inhalable nonacid, water-soluble
salt of ASA, D,L-lysine-acetylsalicylate·glycine
(LASAG), showed antiviral action in vitro and
in a mouse model of IV infection (Droebner
et al. 2017). These promising results prompted
a first phase II clinical trial with LASAG admin-
istered as an aerosol in IV-infected hospitalized
patients with symptoms of severe influenza (Eu-
draCT 2012-004072-19). This trial verified that
LASAG treatment improved the time of allevia-
tion of influenza symptoms compared with stan-
dard of care (Scheuch et al. 2018), emphasizing
the high potential of using cellular signalingmol-
ecules as targets for antiviral interventions in-
stead of directly targeting viral structures with a
high risk of inducing resistant variants.

Although these clinical developments are
promising, there are still open questions, mainly
with regard to themechanism of action—that is,
the balance between virus-supportive NF-κB

functions in the course of the virus life cycle
and its antiviral activities by inducing robust
inflammatory and antiviral responses. A recent
study using genetic mouse knockouts of NF-κB
transcription factors led to some controversial
data about the consequences of complete versus
partial inhibition ofNF-κB functions for IV rep-
lication (Dam et al. 2016). In addition, this study
emphasized the importance of the viral geno-
type for susceptibility to the antiviral functions
of NF-κB. In the future, it will be important to
gain further knowledge about the molecular
basis of the observed phenotypes to understand
the basal levels of NF-κB activation needed to
maintain critical NF-κB functions in the regu-
lation of inflammatory responses.

MITOGEN-ACTIVATED PROTEIN KINASES

The family of so-called mitogen-activated pro-
tein kinase (MAPK) cascades plays important
roles in the transmission of extracellular signals
to regulatory proteins and thereby transmits a
variety of extracellular signals into specific bio-
logical responses. These signaling modules are
grouped into one family because they are all
composed of a cascade of three subsequently
activated kinases (MAP3K→MAP2K→MAPK)
resulting in the activation of the actual MAPK
(Fig. 2), which is a serine/threonine (S/T) kinase
(for review, see Cargnello and Roux 2011).
Conventional MAPKs include the extracellular
signal-regulated kinases 1/2 (ERK1/2), c-Jun
amino (N)-terminal kinases 1/2/3 (JNK1/2/3),
the p38 MAPK isoforms (α, β, γ, δ), and ERK5
(for reviews, see Pearson et al. 2001; Nishimoto
and Nishida 2006). All these MAPKs are acti-
vated by dual specificity kinases, called MKK or
MEK, that phosphorylate the actual MAPK on
threonine (T) and tyrosine (Y) in a specific TXY
motif, thereby achieving high substrate specific-
ity and signaling stringency.

THE CLASSICAL MAP KINASE CASCADE
(Raf/MEK/ERK)

The Raf/MEK/ERK signaling cascade is also
known as the classical MAPK cascade. Under
physiological conditions, the pathway regulates

S. Ludwig et al.

4 Cite this article as Cold Spring Harb Perspect Med 2021;11:a038513

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



cellular processes like proliferation, differentia-
tion, and apoptosis, depending on the cell type
and activation context (for review, see Cargnello
and Roux 2011). Aberrant overactivation of the
pathway is often associated with tumor develop-
ment; thus, many attempts have been and are
still undertaken to pharmacologically inhibit
the pathway on the level of MEK (for review,
see Zhao and Adjei 2014). First compounds
have successfully passed clinical trials and
some are now licensed for clinical use (for re-
view, see Cheng and Tian 2017), such as trame-
tinib, which is licensed for melanoma treatment.
Despite the prominent role of the Raf/MEK/
ERK cascade in cell growth and differentiation,
the compounds showed surprisingly few side
effects in the first weeks of treatment and were
generally well-tolerated in humans.

The Raf/MEK/ERK cascade was also shown
to be activated by IV infection (Pleschka et al.
2001), which can be regarded as aberrant, be-

cause in resting lung epithelial cells, the path-
way is usually silent. With regard to its activa-
tion, the kinase cascade is somewhat special
among other IV-induced signaling cascades as
it is not primarily activated by 50PPP RNA.
Rather, activation occurs via accumulation of
viral hemagglutinin (HA) molecules in the
plasma membrane (Marjuki et al. 2006). This
appears to induce the formation of lipid rafts,
which serve as signaling platforms for protein
kinase C (PKC)-dependent Raf/MEK/ERK acti-
vation, presumably by bringing monomeric
receptor molecules in close proximity to each
other. Further findings showed that HA triggers
a switch fromMEK1 SUMOylation to activation
of the ERK pathway, thereby enhancing the
activity of the cascade (Wang et al. 2017).

Strikingly, it turned out that inhibition of the
pathway by inhibitors ofMEK or dominant neg-
ative mutants of MEK and ERK leads to reduced
progeny titers of influenza A and B viruses

MAPK
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Figure 2.Mitogen-activated protein kinase (MAPK) signaling cascades. MAPK signaling cascades are organized
hierarchically into three-tiered modules. MAPKs are phosphorylated and activated byMAPK kinases (MAP2K),
which in turn are phosphorylated and activated by MAP2K kinases (MAP3K). MAP3Ks are activated by several
modes, including interaction with the family of small GTPases and/or other protein kinases, connecting the
MAPK module to cell surface receptors or external stimuli. MAPK cascades activation results in a diverse set of
biological responses depending on stimulus and cellular context.
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(Pleschka et al. 2001; Ludwig et al. 2004). The
Raf/MEK/ERK cascade was thus considered to
be the first example of a signaling pathway acti-
vated by IV for its own benefit (for review, see
Yewdell and García-Sastre 2002). In search of
the underlying mechanism, it was shown that
inhibition of the kinase cascade did not affect
viral RNA and protein synthesis, but resulted in
an efficient retention of vRNPs in the nucleus of
infected cells (Pleschka et al. 2001). More recent
data suggest that this is not caused by a general
block of CRM1-mediated export, but seems to
be regulated by a posttranslational modifica-
tion of the viral nucleoprotein.

Ever since the virus-supportive function of
the Raf/MEK/ERK signaling cascade was unrav-
eled, this pathway has been targeted for antiviral
intervention (for reviews, see Ludwig 2009;
Planz 2013). The strategy has quite some attrac-
tiveness, because, as mentioned above, several
inhibitors of the central kinase MEK, represent-
ing the bottleneck of the signaling pathway, have
been developed or are licensed for clinical use in
cancer therapy (for reviews, see Zhao and Adjei
2014; Cheng and Tian 2017). This would allow a
repurposing approach. In line with that idea, it
has been shown that several MEK inhibitors,
such as U0126, CI-1040 (Pleschka et al. 2001;
Droebner et al. 2011; Haasbach et al. 2017), or
the licensed drug trametinib (Schräder et al.
2018), display efficient anti-influenza activity
not only in vitro but in the mouse model with-
out major signs of toxicity. MEK inhibitors
display a high barrier toward emergence of re-
sistance (Ludwig et al. 2004), act synergistically
with licensed drugs such as oseltamivir (Haas-
bach et al. 2013b), and confer a prolonged treat-
ment window compared with standard of care
in vivo (Haasbach et al. 2017).

Besides its anti-IV activity, MEK inhibitors
appear to act in a much broader manner and
have been shown at least in vitro to inhibit rep-
lication of other viruses (e.g., bornavirus [Planz
et al. 2001] or respiratory syncytial virus [RSV]
[Preugschas et al. 2019]), which is in line with
the finding that several RNAviruses manipulate
the Raf/MEK/ERK pathway (for review, see
Pleschka 2008). Interestingly, even an antibac-
terial activity was shown for a specific metabo-

lite of the MEK inhibitor CI-1040 (Bruchhagen
et al. 2018), which is most likely conferred by a
direct inhibition of a bacterial kinase.

The use of MEK inhibitors as anti-infective
agents has even entered the phase of clinical
development and was brought forward into
phase I clinical trials (EudraCT 2019-000784-
25), showing safety of the product in healthy
human individuals.

Despite the accumulated knowledge about
Raf/MEK/ERK involvement in IV replication,
there are still open questions to address. The de-
tailed molecular mechanism by which the path-
way controls vRNP export is still elusive and it is
not entirely clear whether an additional involve-
ment of the kinase cascade in the regulation of
innate cytokine responses may contribute to
the antiviral activity of MEK inhibitors in vivo
(Pinto et al. 2011; Schräder et al. 2018) or rather
acts virus-supportive by inhibiting downstream-
acting p90 ribosomal S6 kinase 2 (RSK2) and
its functions in the establishment of antiviral
responses (Kakugawa et al. 2009). Still, other
factors required for virus replicationmaybe con-
trolled by the pathway—for example, the vacuo-
lar ATPase that stimulates endosomal acidifi-
cation required for viral fusion (Marjuki et al.
2011).

STRESS-INDUCED MAPKs JNK AND p38

MAPKs JNK and p38were identified in the early
1990s and are now recognized as kinases pref-
erentially responsive to stress stimuli compared
with the classical MAPK ERK (Kyriakis and
Avruch 1990; Hibi et al. 1993; Han et al. 1994;
Lee et al. 1994; Rouse et al. 1994). Meanwhile, it
is well documented that the JNK and p38MAPK
pathways are activated by various external stim-
uli, including pro-inflammatory cytokines and
virus infections (for reviews, see Bogoyevitch
et al. 2010; Cuadrado and Nebreda 2010). After
activation, JNK and p38 have been shown to
regulate a large number of substrates including
protein kinases coordinately regulating many
different cellular functions such as inflammato-
ry responses, apoptosis, proliferation, and dif-
ferentiation (for reviews, see Cargnello and
Roux 2011; Morrison 2012).
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The first report on the activation of these
kinases in IV replication was provided by Ku-
jime and colleagues in 2000 (Kujime et al. 2000).
During IV infection, different stimuli seem to
concomitantly orchestrate the activation of
stress-induced MAPK pathways. Particularly,
the common IV PAMP 50PPP RNA that accu-
mulates during IV replication has been shown to
activate MAPKs JNK and p38 via the RIG-I re-
ceptor signaling pathway (Ludwig et al. 2001;
Nacken et al. 2014; Jiang et al. 2015). Being an
antagonist of this pathway, the viral NS1 protein
has been identified to suppress virus-induced
activation of JNK (Ludwig et al. 2002). However,
it seems that JNK can also be activated by NS1
variants encoding phenylalanine at amino acid
position 103 (Nacken et al. 2014). So far, the
mechanism of this RIG-I independent NS1-me-
diated JNK activation and the extent to which
it is crucial for the control of replication remain
elusive.

Concerning MAPK p38, Pan and colleagues
unraveled an involvement of viral HA-induced
autophagy in p38 activation by using replica-
tion-incompetent H5N1 pseudotyped viral
particles (Pan et al. 2014). Furthermore, there
are implications of IV infection–induced reac-
tive oxygen species (ROS) that trigger MAPK
p38 pathway activation (Amatore et al. 2015).
Intriguingly, dependent on the mechanistic
context of JNK and p38 activation during IV
replication, these kinases seem to induce differ-
ent responses.

In the past, activation of JNK and p38 MAP
kinase cascades has been shown to play a major
role in themodulation of IV-induced cell intrin-
sic immune responses (Kujime et al. 2000; Hay-
ashi et al. 2008). MAPK JNK, but not p38, was
hypothesized to be responsible for IV-induced
activation of transcription factor AP-1 by phos-
phorylating ATF-2 (Ludwig et al. 2001). How-
ever, p38 seems to act on two levels of the
IV-induced antiviral IFN response. Initially,
the kinase regulates IFN induction, but also con-
trols IFN signaling and thereby expression of
IFN-stimulated genes by coregulating transcrip-
tion factor signal transducer and activator of
transcription 1 (STAT1) via phosphorylation
of its transactivation domain at serine 727

(Börgeling et al. 2014). Moreover, it has been
shown that MAPK p38 also controls the expres-
sion of type III IFN in response to IV RNA stim-
ulation (Jiang et al. 2015). At the same time,
MAPK p38 catalyzes a negative feedback phos-
phorylation of MK3 that causes decreased bind-
ing of STAT4 to the IFN-γ promoter, resulting in
reduced IFN-γ expression upon IV infection
(Köther et al. 2014). Surprisingly, despite its un-
doubtedly important function in the modula-
tion of IFN responses induced by IV infection,
there is considerably less information available
concerning the discrete involvement of MAPK
JNK during IFN-mediated antiviral responses
(for review, see Stanifer et al. 2019).

Because of its prominent role in cytokine
expression in IV infection (Hui et al. 2009), in-
hibition of p38 has been shown to protect mice
from lethal IV infections as a result of decreased
cytokine-induced immunopathology (Börgel-
ing et al. 2014; Wei et al. 2014; Growcott et al.
2018). Recently, a new mechanism by which
MAPK p38 affects dysregulation of cytokine
induction was unraveled, deciphering an IV
strain–specific phosphorylation of transcrip-
tional repressor TRIM28 (tripartite motif-con-
taining 28) at S473, which is induced by a
signaling cascade constituted of protein kinase
R (PKR), p38 MAPK and MSK1 in response to
RIG-I-independent sensing of viral 50PPP RNA.
By using chemical inhibitors as well as knockout
cell lines, it was shown that MAPK p38–depen-
dent phosphorylation of TRIM28 facilitates a
functional switch leading to increased cytokine
levels in cells infected with highly pathogenic
viruses (Krischuns et al. 2018). Besides its
role in the induction of pro-inflammatory and
antiviral cytokines, there have been reports of
a virus-supportive function of MAPK p38 ob-
served after inhibition of the pathway with
different p38 inhibitors (Marchant et al. 2010;
Choi et al. 2016; McCaskill et al. 2017). Deeper
investigation provided evidence of a potential
role of p38 in Toll-like receptor 4–mediated
virus internalization, which is based on p38-
catalyzed phosphorylation of early endosome
antigen 1 (EEA1), which increases endocytotic
activity. Therefore, upon IV infection, inhibi-
tion of p38 leads to a retention of viral particles
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in EEA1-positive endosomes (Macé et al. 2005;
Marchant et al. 2010). In addition, Nencioni and
colleagues (2009) described a retention of viral
RNPs in the nucleus of IV-infected cells after
inhibition of MAPK p38. These investigators
hypothesized a direct phosphorylation of the
viral nucleoprotein as well as a p38-catalyzed
inactivation of the anti-apoptotic acting protein
B-cell lymphoma 2 (Bcl-2) that enables IV-in-
duced apoptosis progression and, therefore,
efficient release of vRNPs from the nucleus. In-
terestingly, a major proportion of MAPK p38
antiviral activity was pinpointed to its down-
stream target MK2 (McCaskill et al. 2017). It
was shown previously that IV-induced MK2/3
activation is mainly dependent on p38 activity
(Luig et al. 2010). Active MK2/3 interacts with
p88, the repressor of PKR inhibitor p58 (rIPK),
thereby forming a trimeric complex including
antiviral acting PKR that cannot longer be acti-
vated by binding to dsRNA. Thus, PKR-induced
inactivation of eIF2α (eukaryotic initiation
factor 2) is inhibited, allowing for efficient cap-
dependent translation of cellular and viral pro-
teins (Luig et al. 2010).

Strikingly, the MAPK JNK pathway also
seems to play a bivalent role in IV infection.
Blockade of the pathway by small-molecule in-
hibitors competing with ATP-binding of JNK
was shown to decrease viral replication in vivo
and in vitro by suppressing viral protein and
RNA synthesis that might be mediated by inhi-
bition of NS1-induced increases in viral poly-
merase activity (Nacken et al. 2012; Zhang
et al. 2016). Nevertheless, the underlying mech-
anisms behind these observations remain ob-
scure. In past studies, IV infection–induced
JNK activity was mainly linked to apoptosis in-
duction (Lin et al. 2001; Hrincius et al. 2010),
either by promoting pro-apoptotic gene expres-
sion or by interference with anti-apoptotic pro-
teins located in mitochondria (for review, see
Brydon et al. 2005). Although apoptosis induc-
tion late in the virus life cycle was shown to be
beneficial for efficient viral replication (Mühlba-
uer et al. 2015), interference with JNK-mediated
apoptosis induction via overexpression of dom-
inant negative forms of different cascade mem-
bers (Ludwig et al. 2001, 2002) or by knockdown

of JNK-regulating adapter protein CRK (Hrin-
cius et al. 2010) clearly pointed toward an anti-
viral property of this JNK-mediated response.
However, functional consequences of NS1-in-
duced JNK activation still remain elusive and
were shown to be independent of apoptosis in-
duction in genuine infection (Nacken et al.
2017). A more recent report points toward an
involvement of MAPK JNK in the induction of
IV-mediated autophagy (Zhang et al. 2019),
which was suggested to lead to reduced antiviral
responses (Perot et al. 2018) and, thus, increased
viral replication. Nevertheless, this activity is still
controversially discussed because MAPK JNK-
mediated autophagy induction was shown to
also lead to the sequestration of vRNP complex-
es into autophagosomes (Kuroki et al. 2018).

Inhibition of different functions of stress-
induced MAP kinases on IV infection seems
to lead to diverse effects in IV amplification,
suggesting that the p38 and JNK signaling cas-
cades belong to dual mode of action pathways
with respect to virus propagation. Although di-
rect inhibition of MAPK p38 by small molecule
inhibitors resulted in protection from lethal
IV infections by limiting immunopathology in
vivo, effects of JNK inhibition are less concrete.
Further research will be needed to define the
distinct virus-supportive functions of JNK-me-
diated responses as well as the specific cascade
composition to identify the most promising tar-
get for antiviral interventions without limiting
antiviral functions of the MAPK JNK pathway.

PHOSPHATIDYLINOSITOL-3-KINASE

The family of phosphatidylinositol-3-kinase
(PI3K) molecules consists of different classes
(class IA, IB, II, and III) (for review, see Van-
haesebroeck et al. 2016). The class IA type,
which is most investigated in the context of IV
infections, in general is composed of one out of
three p110 catalytic subunits and one out of five
p85 regulatory subunits (for review, see Thorpe
et al. 2015). In physiological settings, signaling is
initiated by activation of PI3 kinase activity
through, for example, activated plasma mem-
brane receptors, resulting in generation of phos-
phatidylinositol-3,4,5-triphosphate (PIP3) from
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phosphatidylinositol-4,5-bisphosphate (PIP2)
in the plasma membrane (Fig. 3). Subsequently,
PIP3 phospholipids act as second messengers
for initiation of a diverse downstream signaling
network (for review, see Vanhaesebroeck et al.
1997). Through this sophisticated mode of ac-
tion by a PI3K-produced second messenger sig-
naling platform, PI3K signaling modules have
the capacity to regulate diverse cellular process-
es, ranging from proliferation to apoptosis (for
review, see Katso et al. 2001).

Upon IV infection, PI3K is one of the cellu-
lar factors directly activated by the virus through
defined molecular interactions. PI3K is the only
known signaling factor that is directly activated
by IV NS1, rather than being indirectly sup-
pressed by the protein (Ehrhardt et al. 2006;
Hale et al. 2006; Shin et al. 2007a). First impli-
cations for PI3K functions in virus replication
were obtained by the finding of a dynamic, virus
life cycle–dependent PI3K activation (Ehrhardt
et al. 2006; Hale et al. 2006). An early, transient
activation after virus addition is triggered by

virus attachment and entry processes (Ehrhardt
et al. 2006; Eierhoff et al. 2010), whereas a later,
more robust activation was attributed to the
NS1-mediated direct induction of the PI3K sig-
naling module (Ehrhardt et al. 2006, 2007a,
Hale et al. 2006, Shin et al. 2007a,b). This NS1
functionwas shown to be specific forNS1 of IAV
as IBV NS1 failed to induce PI3K activity (Ehr-
hardt et al. 2007b). Another study indicated that
an overexpressed H5N1 NS1 was not able to
activate PI3K signaling in contrast to H1N1,
H3N2, and H9N2 NS1 proteins tested in paral-
lel. This argues for an IV strain–dependent
activation of PI3K (Li et al. 2012). Further
strengthening this idea, it was shown that bat
IV NS1 proteins do not induce PI3K activity
(Turkington et al. 2018).

Regarding the mechanism of NS1-mediated
PI3K activation, it has been shown that NS1
binds to the regulatory subunit p85 of PI3K
via specific protein–protein interaction motifs
in both interaction partners. NS1 carries Src ho-
mology (SH) binding motifs (SHbms), which

Growth factors

Survival,
proliferation,

cell metabolism

Receptor
tyrosine
kinase

p110

p85

PIP2 PIP3

PDK

Akt

mTOR
Protein synthesis,

cell growth

Figure 3.The phosphatidylinositol-3-kinase (PI3) pathway. PI3K is activated by binding of the regulatory subunit
p85 to activated tyrosine kinase receptors or G-protein-coupled receptors. The catalytic subunit p110 generates
phosphatidylinositol-3,4,5-triphosphate (PIP3) by phosphorylation of phosphatidylinositol-4,5-bisphosphate
(PIP2) in the membrane, which in turn functions as a second messenger through interaction with pleckstrin
homology domain–containing proteins such as phosphoinositide-dependent kinase (PDK). Activation of PDK
results in the dual phosphorylation of protein kinase B (PKB/Akt). Akt phosphorylates multiple substrates
resulting in the regulation of several processes such as cell survival, proliferation, or cell metabolism. Through
the modification of mechanistic target of rapamycin (mTOR) signaling, PI3K further modulates cellular func-
tions such as protein synthesis and cell growth.
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can bind to SH domains in the p85 subunit of
PI3K. The NS1 and PI3K p85 interactome has
been extensively studied and multiple interac-
tions seem to be involved in NS1-mediated
PI3K activation (for review, see Ehrhardt and
Ludwig 2009). This includes the SH2-binding
motif around amino acids 89–93 (Hale et al.
2006) and the first SH3bm spanning amino ac-
ids 164–167 of NS1 (Shin et al. 2007b). Func-
tional consequences have been shown for the
disruption of both SHbms of NS1. Infection
with mutant viruses lacking PI3K-activating
abilities results in smaller plaque phenotypes
and decreased virus titers (Hale et al. 2006,
Shin et al. 2007b). Additional investigation of
the molecular basis for NS1-mediated PI3K ac-
tivation provided further insights into the com-
plex, multilayered interaction network of NS1
and PI3K and the potential mode of NS1-driven
PI3K activation (Hale et al. 2008b, 2010).

In addition to PI3K activation during the
virus entry processes and a direct pathway in-
duction via the NS1 protein, viral 50PPP RNA in
infected cells triggers PI3K activation, suggest-
ing that the kinase can be alternatively activated
via the common RIG-I pathway (Hrincius et al.
2011). Taken together, PI3K signaling can be
induced by IV via several mechanisms in the
invaded host cell with dynamically and mecha-
nistically separated modes of activation, which
may result in different functions of the kinase
during influenza life cycle progression.

Accordingly, PI3K signaling has been attrib-
uted to diverse functions in the course of IV
propagation. During virus attachment and in-
ternalization, IV-triggered PI3K activation was
described as supportive for host cell–mediated
virus uptake processes (Ehrhardt et al. 2006;
Eierhoff et al. 2010). More controversially
discussed is the role of NS1-mediated PI3K
activation. Initial studies concerning pheno-
typical consequences suggested a prevention of
premature apoptotic responses of infected cells,
supported by the finding of a PI3K/Akt-mediat-
ed blockade of pro-apoptotic factors (Ehrhardt
et al. 2007a; Shin et al. 2007b; Zhirnov andKlenk
2007). This proposed function, however, is still
under debate as shown in a more recent study in
which disruption ofNS1motifs that are essential

for NS1-driven PI3K activation did not result in
increased apoptosis of infected cells (Jackson
et al. 2010). Furthermore, the impact of NS1-
mediated PI3K activation on IV pathogenicity
was analyzed in vivo, showing that it is critical
for virus replication and pathogenicity but in a
virus strain–dependent manner (Ayllon et al.
2012; Hrincius et al. 2012). Additional data im-
ply a regulatory interplay of p85 binding sites
and non-p85 binding domains in NS1 for regu-
lation of virus replication and virulence (Fan
et al. 2013). Further studies on PI3K functions
during the IV life cycle described an impact on
viral RNA and protein synthesis as well as on
nuclear export of vRNPs (Shin et al. 2007c)
and even provided first indications for a poten-
tial involvement of PI3K in viral mRNA export
from the nucleus (Pereira et al. 2018).

In addition to the above-described virus-
supportive functions, an antiviral activity of
PI3K has also been suggested, supported by the
finding that engagement of the RIG-I pathway
also activates PI3K and is needed for full activa-
tion of the type I IFN system (Hrincius et al.
2011). This is in line with earlier descriptions
of a role of PI3K in IV-induced phosphorylation
of IRF3, which is needed as a costimulatory sig-
nal for full induction of the type I IFN response
(Ehrhardt et al. 2006).

Since pro- and antiviral activities of the PI3
kinase have been described, the effect of ectopic
blockade of PI3K signaling on IV replication
was analyzed and multiple studies confirmed
that the virus-supportive functions seem to out-
weigh the antiviral activities of the kinase (Ehr-
hardt et al. 2006; Shin et al. 2007c; Hirata et al.
2014).

Recently, a functional link betweenmetabol-
ic reprogramming of IV-infected cells and PI3K
activities was established (Smallwood et al.
2017). Therefore, a role of PI3K in the regulation
of host cell metabolism during IV infections can
be postulated and added to the list of PI3K
functions during IV life cycle progression. In
addition, these data support the idea of PI3K
signaling inhibition as potential antiviral inter-
vention. Along this line, it is noteworthy that a
clinical study using inhibitors of mTOR, a
downstream factor of the PI3K/Akt signaling
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network, improves outcomes in patients with
severe H1N1 pneumonia and acute respiratory
failure (Wang et al. 2014).

In general, PI3K signaling without a doubt
represents an important host cell signaling
module for efficient virus growth. However,
more research is needed to understand the dis-
tinct PI3K functions in IV infections in more
detail. Emphasizing the general importance of
PI3K signaling in the influenza life cycle, dy-
namic evolutionary changes in p85 binding sites
in the NS1 protein can be detected in human
viruses over time, illustrating ongoing shaping
and evolutionary regulation of this important
virus–host interaction (Lopes et al. 2017). The
overall function of PI3K in infected cells, how-
ever, still remains elusive. Most importantly, the
proposed mechanism of a NS1-mediated func-
tional switch of the kinase from supporting the
induction of the antiviral-acting type I IFN re-

sponse to a NS1-driven virus-supportive func-
tion still deserves more attention and research.

CONCLUDING REMARKS

Host-directed antiviral therapies are a promis-
ing tool to overcome treatment limitations
raised by rapidly changing pathogens with
high evolution rates; IV research of the past
years without a doubt indicated the suitability
and safety of targeting cellular signaling path-
ways comprising NF-ĸB, MAPKs, or PI3K,
which was confirmed in first clinical trials using
mTOR, NF-ĸB, and MEK inhibitors. However,
these studies also highlighted the many unan-
swered questions, mainly regarding the molec-
ular modes of action, because the functions of
these factors in IV infections are highly diverse
and seem to depend on the respective activating
signaling cascades (Fig. 4). Further research is

vRNP export,
immune response?

Cytokine expression,
apoptosis,

vRNP export,
virus entry

Cytokine expression,
viral transcription,

apoptosis,
autophagy

Cytokine expression,
apoptosis,

vRNP export

Antiviral response,
apoptosis,

vRNP export,
virus entry,

cell metabolism

HA

PKC
PKR NS1 RIG-I NS1

MAVS

IKK

NF-κB PI3K

NS1

Raf

MEK

ERK p38 JNK

MKK4MKK3/6
NS1

ASK

dsRNA 5′PPP RNA

Figure 4. Schematic overview of antiviral and virus-supportive activities of cellular signal transduction pathways.
Shown are signaling cascades induced by influenza virus (IV) infection, viral mediators of induction, and viral
suppressors, as well as respective consequences of activation. See the text for details.
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needed to improve our understanding of the
detailed role specific pathways play in virus rep-
lication or immune responses to identify the
most promising targets of specific signaling
transduction pathways. Repurposing of clinical-
ly approved drugs with well-defined pharmaco-
kinetics and side effects will be key to the fast
and safe development of new antivirals that tar-
get host restriction factors to efficiently reduce
disease severity of IV infections and improve
patient outcome.
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