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Influenza virus exploits a number of cellular signaling pathways during the course of its replication, ren-
dering them potential targets for new therapeutic interventions. Several preclinical approaches are now
focusing on cellular factors or pathways as a means of treating influenza. By targeting host factors, rather
than viral mechanisms, these novel therapies may be effective against multiple virus strains and sub-
types, and are less likely to elicit viral drug resistance. The most promising candidates are inhibitors of
intracellular signaling cascades that are essential for virus replication. This article reviews novel
approaches and compounds that target the Raf/MEK/ERK signaling pathway, NF-jB signaling, the PI3K/
Akt pathway and the PKC signaling cascade. Although these new antiviral strategies are still in an early
phase of preclinical development, results to date suggest they offer a new approach to the treatment of
influenza, supplementing direct-acting antiviral drugs.

� 2013 Elsevier B.V. All rights reserved.
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1. Introduction

The number of intracellular signaling pathways that have been
found to be essential for influenza virus replication has steadily in-
creased over the past decade (Ludwig and Planz, 2008; Ludwig
et al., 2003; Pleschka, 2008). In addition to influenza virus, other
RNA and DNA viruses must interact with intracellular signaling
mechanisms to ensure productive infection (Ludwig and Planz,
2008; Ludwig et al., 2006; Planz et al., 2001; Pleschka, 2008; Seth
et al., 2006). Intracellular signaling pathways are therefore increas-
ingly being studied as targets for novel antiviral therapies.
Pathways that are required for the virus to cross intracellular bar-
riers, such as the nuclear membrane, are most suitable for antiviral
intervention. Influenza viruses must pass these barriers during the
initial phase of replication, when the viral ribonucleoproteins
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Fig. 1. Influenza virus replication cycle. Involvement of cellular Raf/MEK/ERK, NFjB, PI3K/Akt/mTOR and PKC pathways during the replication of influenza virus. Detailed
information is given also in Table 1. Figure modified from (Ludwig et al., 2003).
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(RNPs) are transported from the cytoplasm to the nucleus, and la-
ter in the replication cycle, when virus particles are released from
the infected cell.

A potential advantage of antiviral strategies that target intracel-
lular signaling pathways is that they are less likely to induce viral
resistance than those that directly target viral replication, as has al-
ready been shown for several compounds (Ludwig et al., 2004; Ma-
zur et al., 2007). However, development of resistance is dependent
on multiple factors, including the specific pathway inhibited, its
role in influenza virus replication and the level of pathway inhibi-
tion (i.e., at the global regulatory level vs. the specific effector le-
vel). On the other hand, potential adverse effects of inhibitors of
intracellular signaling pathways must also be taken into consider-
ation, since they interfere with the host cell machinery and with
substantial cellular functions.

Intracellular signaling pathways are currently being evaluated
as targets for many different medical indications. The most ad-
vanced development has occurred in the area of antitumor ther-
apy, with an increasing number of compounds now in clinical
studies or licensed for the treatment of human malignancies. As
a consequence, there is an enormous amount of information about
these compounds, as regards their pharmacokinetic and pharma-
codynamic properties and adverse effects in humans. It would
therefore be of great interest to investigate the antiviral potential
of those compounds that have successfully passed Phase I clinical
trials for other medical indications, and are suitable for oral admin-
istration. Because the target of influenza therapy is the respiratory
epithelium, agents that could be delivered by aerosol are also of
interest.
This article describes the potential of intracellular signaling
pathways as targets for novel influenza therapies, focusing on the
Raf/MEK/ERK signaling pathway, NF-jB signaling, the PI3K/Akt
pathway and the PKC signaling cascade. In each case, a summary
of the basic physiological features of the pathway is followed by
a brief review of compounds that inhibit the pathway and have
been shown to reduce influenza virus replication, including their
in vitro and in vivo antiviral activity, safety and tolerability in pa-
tients, current developmental status and prospects for introduction
into clinical use.
2. Development of Raf/MEK/ERK inhibitors against influenza
virus infection

2.1. The Raf/MEK/ERK signaling pathway

The Ras-dependent Raf/MEK/ERK signaling pathway belongs to
the family of so-called mitogen-activated protein kinase (MAPK)
cascades and is one of the best studied signal transduction path-
ways. Since the discovery of MAP kinases more than 30 years ago
a huge number of articles have been published on this topic. Al-
most all growth factors and cytokines that act through receptor
tyrosine kinases, cytokine receptors or G-protein-coupled recep-
tors initiate signaling via the Raf/MEK/ERK pathway (Fig. 1). Typi-
cally, ligand binding to receptor tyrosine kinases induces
dimerization of the receptor and auto-phosphorylation of specific
tyrosine residues in the C-terminal region. This generates binding
sites for adaptor proteins, such as growth factor receptor-bound
protein 2 (GRB2), which recruit the guanine nucleotide exchange



Table 1
Overview of cellular signaling pathways that play a supporting role in various stages of influenza virus replication.

Signaling pathway Role of the pathway in support of viral replication

Raf/MEK/ERK - Nuclear release of viral ribonucleoprotein (RNP) complexes
in the late stage of the replication cycle

Pleschka et al. (2001), Ludwig et al. (2006), Pleschka (2008) and Ludwig (2009)

NF-jB - TRAIL- or FasL-mediated activation of caspases, resulting
in enhanced nuclear export of viral RNPs by enhanced
diffusion through the pores

- Counteraction of type I IFN-induced gene expression
- Differential regulation of viral RNA synthesis

Wurzer et al. (2003, 2004), Nimmerjahn et al. (2004), Ludwig et al. (2006),
Wei et al. (2006), Ludwig and Planz (2008), Kramer et al. (2008), Pauli et al.
(2008) and Kumar et al. (2008)

PI3K/Akt/mTOR - Early entry uptake
- Prevention of premature apoptosis
- Viral RNA expression and RNP localization

Ehrhardt et al. (2006, 2007), Shin et al. (2007a,b), Zhirnov and Klenk (2007)
and Ehrhardt and Ludwig (2009)

PKC - Activation of Raf/MEK/ERK
- Entry via late endosomes

Sieczkarski et al. (2003), Marjuki et al. (2006) and Ludwig (2009)
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factor Sos at the plasma membrane. Sos activates the membrane-
bound Ras by catalyzing the replacement of GDP with GTP. In its
GTP-bound form, Ras leads to the stepwise phosphorylation and
activation of the serine threonine kinase Raf (ARAF, BRAF and
CRAF) to the plasma membrane, where they become activated by
a complex interplay of phosphorylation events and protein–pro-
tein interactions. Raf acts as a MAP kinase kinase kinase (MAPKKK)
and activates the dual-specificity kinase MEK1 and MEK2 (MAPK
kinase/ERK kinase), which in turn catalyze the activation of the
effector MAP kinases ERK1 and ERK2 (extracellular signal-regu-
lated kinase).

Once activated, ERK1/ERK2 phosphorylate nuclear and cyto-
plasmic substrates involved in diverse cellular responses, such as
cell proliferation, survival, differentiation, motility and angiogene-
sis (Widmann et al., 1999). The Raf/MEK/ERK pathway also regu-
lates cytokine production, such as tumor necrosis factor-alpha
(TNF-a) and interleukin-8. Inhibition of the pathway might there-
fore not only interfere with virus replication, but may also prevent
the overabundant production of pro-inflammatory cytokines and
chemokines known as ‘‘cytokine storm.’’ This unbalanced cytokine
expression is often correlated to severe pneumonia caused by sev-
eral influenza virus strains, including the highly pathogenic avian
H5N1 virus (Beigel et al., 2005; Chan et al., 2005; Cheng et al.,
2011; de Jong et al., 2006). Influenza virus-mediated ERK activation
contributes to cytokine production and airway inflammation (Miz-
umura et al., 2003). A study by Pinto and colleagues also demon-
strated that, besides reducing virus titers, inhibition of MEK
modulated pro-inflammatory cytokine expression (Pinto et al.,
2011), another advantage of targeting this signaling pathway.

It is controversially debated whether treatment with inhibitors
that interfere with cell proliferation would have a negative effect
on the antiviral immune response. It is known that activation of
the Raf/MEK/ERK signaling pathway is required for TH2 cell differ-
entiation, and that inhibiting this pathway supports the generation
of TH1 CD4+ T-cells, which are required by the immune system for
an efficient control of pathogens (Nakayama and Yamashita, 2010).
Thus, besides the antiviral activity and regulation of pro-inflamma-
tory cytokine production by MEK inhibitors, a third feature is their
modulation of the TH2 response supporting antigen presentation,
activation and clonal expansion to TH1 CD4+ T-cells.

2.2. Raf/MEK/ERK pathway and influenza virus

More than a decade ago it was shown that activation of the Raf/
MEK/ERK signaling pathway is a prerequisite for efficient influenza
virus replication (Pleschka et al., 2001), and that virus titers are en-
hanced in cells with an activated Raf/MEK/ERK pathway. This has
been demonstrated in MDCK cells in which the pathway was
pre-activated by expression of constitutively active mutants of
Raf or MEK (Ludwig et al., 2004; Marjuki et al., 2007; Olschlager
et al., 2004). Similarly, in mice expressing constitutively active
Raf kinase in type II alveolar epithelial cells, infection led to en-
hanced virus replication in the cells expressing the transgene (Ols-
chlager et al., 2004). Strikingly, blockade of the Raf/MEK/ERK
pathway with specific inhibitors strongly impaired the growth of
all influenza A and B viruses tested (Ludwig et al., 2004; Olschlager
et al., 2004; Pleschka et al., 2001).

Activation of the Raf/MEK/ERK signaling pathway is required by
influenza virus for the efficient export of RNPs from the nucleus
into the cytoplasm (Ludwig et al., 2004; Marjuki et al., 2007; Ples-
chka et al., 2001). Inhibition of the cascade leads to nuclear reten-
tion of the viral RNP complexes in late stages of the replication
cycle (Fig. 1; Table 1). This suggests that the pathway controls
RNP export, most probably by interfering with the activity of the
viral nuclear export protein NEP (Pleschka et al., 2001), but the de-
tailed mechanism by which the Raf/MEK/ERK pathway regulates
RNP export is unknown. The role of phosphorylation of the viral
NP and involvement of cellular factors are discussed in (Pleschka,
2008). Activation of the Raf/MEK/ERK pathway therefore might
orchestrate the complex export of RNPs: on one hand, they must
reside in the nucleus for sufficient replication and transcription
of the viral genome in early stages of infection, while on the other,
they have to be exported from the nucleus late in the replication
cycle for budding of progeny virus at the cell membrane.

These early and late requirements for a supporting signal corre-
late well with the bi-phasic activation of ERK during the viral life
cycle (Pleschka et al., 2001). Membrane accumulation of the viral
HA protein and its tight association with lipid-raft domains
(Fig. 2) triggers protein kinase C (PKC)-dependent activation of
the Raf/MEK/ERK cascade via H-Ras late in the infection cycle,
inducing RNP export (Eisenberg et al., 2006; Marjuki et al., 2006).
Electron-dense patches at sites of virus membrane budding formed
by viral HA, NA, M2 and M1 might be targets for signaling compo-
nents, leading to activation of the Raf/MEK/ERK pathway. This late
activation by membrane-accumulated HA might represent an
auto-regulative mechanism, which coordinates RNP export to the
stage when it is required for viral budding (Ludwig, 2009; Pleschka,
2008).

2.3. Compounds inhibiting the Raf/MEK/ERK pathway and influenza
virus production

The requirement of Raf/MEK/ERK activation for efficient influ-
enza virus replication suggests that this pathway could be a prom-
ising target for novel anti-influenza approaches. Mutations in the
ras and raf genes, leading to hyperactivation of the Raf/MEK/ERK
signaling pathway and uncontrolled cell proliferation, are the
cause of nearly half of human malignancies, and aberrant receptor
activation is frequently observed in certain tumors (Hynes and
Lane, 2005). The Raf/MEK/ERK signaling pathway is therefore a
perfect target for cancer therapy (Fremin and Meloche,
2010). The compounds U0126 and PD98059 were among the first



Fig. 2. Raf/MEK/ERK signaling in influenza virus infected cells. Influenza virus infection leads to activation of Raf via a GTP-bound form of Ras. This can be mediated either
through receptor tyrosine kinases; by membrane accumulation of the viral HA protein and lipid-raft domains; or through PI3K signaling. Ras leads to the stepwise
phosphorylation and activation of Raf. Once activated, Raf leads to phosphorylation and activation of MEK 1/2, which phosphorylates and consequently activates ERK 1/2. See
text for details and abbreviations.
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inhibitors available, but because of poor bioavailability, they never
passed pre-clinical development for cancer treatment. Neverthe-
less, these inhibitors have been valuable tools for basic research
in a number of fields.

U0126 was the first MEK-inhibitor used to demonstrate that
inhibiting the Raf/MEK/ERK pathway leads to reduction in influ-
enza virus production in MDCK and A549 cells (Pleschka et al.,
2001). Because of its limited pharmacological properties, U0126
is not suitable for oral treatment, and Pinto and colleagues demon-
strated that delivery via the intraperitoneal route has only a slight
antiviral effect (Pinto et al., 2011). We therefore decided to deliver
U0126 as an aerosol. The limited bioavailability of U0126 was one
of the reasons why it took ten more years to demonstrate – by aer-
osol-treatment – that the concept of inhibiting MEK to fight influ-
enza is effective in mice (Droebner et al., 2011). Today, a large
variety of MEK-inhibitors or dual inhibitors of the Raf/MEK/ERK
signaling pathway are available for oral treatment, and are either
in Phase I evaluation or have successfully passed clinical trials,
and a few are licensed for cancer therapy (Fremin and Meloche,
2010). A summary of compounds that were tested for antiviral
activity against influenza virus is found in Table 2.

CI-1040 (PD-184352), a benzhydroxamate derivative (Pfizer), is
a small-molecule inhibitor of MEK1 and MEK2. It is considered as
the second class of MEK-inhibitors and was tested in a Phase I trial
against cancer, in which it was administered repeatedly for
21 days, and target suppression and antitumor activity were dem-
onstrated (Lorusso et al., 2005). In another Phase II trial to assess
the antitumor activity and safety of CI-1040 in breast cancer, colon
cancer, non-small-cell lung cancer and pancreatic cancer, its activ-
ity was not sufficient (Rinehart et al., 2004), so that development as
an antitumor compound was stopped. However, a first report dem-
onstrated that CI-1040 efficiently inhibits influenza virus replica-
tion in MDCK cells (Droebner et al., 2011). It could therefore be
worth continuing the preclinical development of the anti-influenza
virus activity by CI-1040, because its pharmacological properties
are already well characterized. Moreover, treatment times will be
much shorter than for antitumor therapy, which could increase
tolerability.

PD-0325901 (Pfizer) is also a second-generation MEK1/2 inhib-
itor and a structural analog of CI-1040; it has significantly im-
proved potency, solubility and bioavailability and is 100-fold
more active in inhibiting MEK (Barrett et al., 2008; Sebolt-Leopold
and Herrera, 2004). Unfortunately, in a Phase II study in non-small-
cell lung cancer patients, PD-0325901 did not meet its primary
efficacy end point (Haura et al., 2010), and its clinical development
as an antitumor compound was stopped (Fremin and Meloche,
2010). First experiments demonstrated that PD-0325901 shows
antiviral activity against influenza virus in MDCK cells (Droebner
et al., 2011). In a second study, these investigations were extended
demonstrating an EC50 value against H1N1pdm09 influenza virus
of 0.6 nM in A549 cells, which was in the same range as oseltamivir
(0.4 nM) for this virus strain and this cell line. Moreover, the com-
bination of PD-0325901 with oseltamivir resulted in an increased
antiviral effect, with a strong synergism (Haasbach et al., 2013).
The same study identified three more MEK-inhibitors that are oral-
ly available and are at least in Phase I clinical trials against cancer.

AZD-6244 (Astra Zeneca) is another second-generation potent
inhibitor of both MEK1 and MEK2 that was advanced into clinical
development against cancer (Adjei et al., 2008; Yeh et al., 2007).
The EC50 value of AZD-6244 against H1N1pdm09 of 750nM dem-
onstrated reduced anti-influenza virus activity compared to PD-
325901. Combination with oseltamivir increased the antiviral
activity of oseltamivir with a strong synergism, even in combina-
tions with reduced amounts of oseltamivir (Haasbach et al., 2013).



Table 2
Antiviral activity against influenza virus and stage of clinical development of MEK-inhibitors.

Name Chemical structure EC50 against influenza virus Clinical development

U0126 1.2 lMa No

CI-1040 (Pfizer) 4 nMb Phase II against cancer; development stopped

PD-0325901 (Pfizer) 5 nMc Phase II against cancer; development stopped

AZD-6244 (Astra Zeneca) 0.75 lMc Phase II against cancer; In progress

AZD-8330 (Astra Zeneca) 40 nMc Phase I against cancer; In progress

RDEA-119 (Bayer) 6 nMb In progress

a Droebner et al. (2011).
b Planz, unpublished data, using the same method as described in Droebner et al. (2011).
c Haasbach et al. (2013a).
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AZD-8330, another MEK-inhibitor from Astra Zeneca against
MEK1/MEK2 that successfully finished a phase I clinical trial to
investigate the safety and tolerability in patients with advanced
malignancies (Wallace et al., 2009). EC50 value against
H1N1pdm09 was 40 nM, demonstrating a strong antiviral activity.
Combination with oseltamivir resulted in an increased antiviral ef-
fect, in a synergistic manner (Haasbach et al., 2013).

RDEA-119 (Bayer) is another MEK-inhibitor that selectively
inhibits MEK1 (IC50 of 19 nM) and MEK2 (IC50 of 47 nM) and inhib-
its ERK1/2 phosphorylation (IC50 of 16 nM) (Iverson et al., 2009).
RDEA-119 is under evaluation in different Phase I and Phase I/II
studies (Fremin and Meloche, 2010). RDEA-119 is very potent as
a single compound in inhibiting progeny influenza virus produc-
tion (EC50 of 6 nM against H1N1pdm09), and it significantly in-
creased the antiviral activity of oseltamivir (Haasbach et al., 2013).
3. Development of NFjB inhibitors against influenza virus
infection

3.1. The NFB signaling pathway

Another important influenza virus-induced signaling mediator
and target for antiviral intervention is the nuclear factor-kappa B
(NF-jB) transcription factor, which controls the expression of a
variety of genes involved in physiological responses, including im-
mune and acute phase inflammatory responses, cell adhesion, dif-
ferentiation, oxidative stress responses, apoptosis and antiviral
responses (Pahl, 1999). The NF-jB transcription complexes con-
sists of a group of homo- and heterodimers that belong to the
Rel family, which encompass five subunits: p50, p52, c-Rel, RelA
(p65) and RelB (Gilmore, 2006). Dimers of these NF-jB subunits
bind to DNA regulatory sites called kappaB sites. Dimers containing
RelA, RelB or c-Rel are transcriptional activators, whereas homodi-
mers of p50 and p52 lack a transcription activation domain and
function as repressors.

Although NF-jB subunits are ubiquitously expressed, their tar-
get gene specificity depends on a number of considerations, includ-
ing cell type- and stimulus-specificity, different protein–protein
interactions and posttranslational modifications. Distinct jB target
site binding specificities of different NF-jB complexes can be in-
duced by so-called ‘canonical’ (classical) and ‘non-canonical’ (alter-
native) signaling pathways (Bonizzi and Karin, 2004; Gilmore,
2006; Hoffmann et al., 2006; Perkins, 2006). NF-jB dimers are lo-
cated in the cytoplasm in an inactive form, through association
with inhibitor-of-kappa-B proteins (IjB). After stimulation of the
pathway, IjB is phosphorylated, ubiquitinated and degraded by
the proteasome, leading to the release of NF-jB dimers, which then
translocate to the nucleus, where they modulate specific biological
functions (Bonizzi and Karin, 2004; Karin and Ben-Neriah, 2000).
The IjB kinase (IKK) complex mediates the phosphorylation and
degradation of IjB. IKK contains two kinase subunits, IKKa and
IKKb, and an associated scaffold-like regulatory protein called



Fig. 3. NF-jB signaling in influenza virus-infected cells. Infection leads to activation of the IKK/NFjB complex and of PI3K/Akt, which acts as a co-regulator of NF-jB. After
activation, NF-jB regulates the expression of a large number of genes, including pro-apoptotic factor TRAIL, Fas and FasL. TRAIL and FasL induce autocrine and paracrine
activation of caspases. Caspase-mediated disruption of nuclear pore complexes allows the migration of ribonucleoprotein complexes from the nucleus into the cytoplasm.
Note: Some regulatory factors, especially those involved in innate immune responses against influenza virus, have been omitted for the sake of clarity. See text for details and
abbreviations.
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NEMO (IKKc). In response to a wide array of stimulatory agents
such as TNF-a, interleukin-1 (IL-1) or various pathogens, the IKK
complex is activated in part by phosphorylation of specific serine
residues. The activated complex can then phosphorylate IjB, lead-
ing to its ubiquitination and degradation by the 26S proteasome.
NF-jB can now translocate to the nucleus (Scheidereit, 2006).

3.2. NF-B signaling pathway and influenza virus

Although NF-jB is considered a central factor and regulator of
innate immune defenses (Chu et al., 1999), two independent stud-
ies demonstrated for the first time in 2004 that blocking NF-jB sig-
naling in MDCK, Vero and the human lung cell lines A549 and
U1752 impaired, rather than enhanced production of progeny
influenza viruses (Nimmerjahn et al., 2004; Wurzer et al., 2004).
At least three molecular mechanisms are associated with the
virus-supportive functions of NF-jB. During virus infection, NF-
jB regulates the expression of a large number of genes, including
those involved in innate antiviral immune regulation, such as
IFN-b, and the induction of pro-apoptotic factors, such as TNF-re-
lated apoptosis-inducing ligand (TRAIL). Fas and FasL lead to sub-
sequent activation of caspases (Wurzer et al., 2003).

This activation of caspases presumably results in specific cleav-
age of nuclear pore proteins, allowing the enhanced nuclear export
of viral RNPs into the cytoplasm (Faleiro and Lazebnik, 2000; Kra-
mer et al., 2008). Inhibition of the NFjB pathway consequently
leads to retention of viral RNPs in the nucleus (Mazur et al.,
2007) (Fig. 3), and is the principal target for pharmaceutical inter-
vention. A second mechanism that supports influenza virus rep-
lication involves NF-jB-dependent counteraction of type I IFN-
induced gene (ISG) expression, either through up-regulation of
the suppressor of cytokine signaling-3 (SOCS-3) and/or by direct
suppression of ISG promoter regions (Pauli et al., 2008; Ruckle
et al., 2012; Wei et al., 2006). It was also demonstrated that
NF-jB is involved in the regulation of viral RNA synthesis (Ku-
mar et al., 2008). Each of these mechanisms is required to a dif-
ferent extent for effective influenza virus production (Fig. 1,
Fig. 3, Table 1), making NF-jB a promising target for antiviral
intervention.

3.3. Compounds inhibiting the NF-jB pathway and influenza virus
production

More than 800 compounds that inhibit NF-jB or activation of
the pathway have been reported in the medical literature (Gilmore,
2006; Gilmore and Herscovitch, 2006), but only a few are in clinical
development or licensed. The main clinical targets for NF-jB inhib-
itors are cancer therapy and chronic inflammatory diseases (Gil-
more and Garbati, 2011). They can be categorized into four
groups, targeting different parts of the NF-jB network:

� NF-jB signaling upstream of IKK (e.g., at a receptor or adaptor
level), or
� directly at the IKK complex or IjB phosphorylation, or
� at the level of ubiquitination or proteasomal degradation of IjB,

or



Table 3
Antiviral activity against influenza virus and clinical development of NFjB-inhibitors.

Name Chemical structure Clinical development EC50 against influenza
virus

MG132 No clinical development n.d.a

PS-341; Bortezomib; Velcade�

(Millenium)
Approved for treating multiple
myeloma

n.d.a

SC75741 (4SC) No clinical development 0.3 ng/mlb

VL-01 (Virologik; 4SC) No clinical development 0.8–2.4 lMc

LASAG In progress 40 nMb

a n.d. = not determined.
b Planz, unpublished data obtained using the method described in Droebner et al. (2011).
c Haasbach et al. (2011).
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� downregulation of NFjB nuclear functions (Gilmore and Hers-
covitch, 2006).

The development of NF-jB inhibitors as antivirals against influ-
enza might make use either of compounds that until now have not
been described in pre-clinical or clinical investigations, or which
are already under clinical investigation or in use for other applica-
tions. Similar to the Raf/MEK/ERK pathway, NF-jB inhibition may
also indirectly influence the pathogenesis of influenza virus infec-
tion, because in severe influenza in particular, NF-jB regulates the
hyperinduction of cytokines/chemokines during infection with
highly pathogenic viruses (de Jong et al., 2006; Pahl, 1999). A sum-
mary of compounds that have been tested for antiviral activity
against influenza virus is found in Table 3.

Acetylsalicylic acid (ASA), also known as aspirin, is a nonsteroi-
dal anti-inflammatory drug widely used clinically. As regards using
NF-jB inhibitors for the therapy of influenza, we were previously
able to demonstrate in vitro and in mice that ASA functions as an
antiviral against influenza virus (Mazur et al., 2007; Wurzer
et al., 2004). ASA is an efficient and quite selective inhibitor of
the NF-jB-activating kinase IKK, acting directly on the IKK com-
plex and consequently inhibiting phosphorylation and degradation
of IjB (Shi et al., 1999; Yin et al., 1998). It efficiently blocked the
replication of various influenza viruses, including H5N1 strains,
in MDCK or A549 cells by several orders of magnitude, in a concen-
tration range that was not toxic for host cells (Mazur et al., 2007).
In animal studies it was demonstrated that aerosol, but not oral
administration of ASA reduced virus titers in the lung and signifi-
cantly promoted the survival of lethally infected mice (Mazur
et al., 2007). Treatment was well tolerated, and did not exhibit
harmful side effects. Strikingly, the study also showed that ASA,
in contrast to the neuraminidase-inhibitor oseltamivir or the M2
ion-channel blocker amantadine, did not lead to the generation
of resistant virus variants in multipassaging experiments in cell
culture (Mazur et al., 2007). Salicylic acid (SA) and DL-Lysine ace-
tylsalicylate (LASAG) also demonstrated antiviral properties
against influenza virus.

LASAG (DL – lysine acetylsalicylate + glycine; Aspirin i.v., Bayer;
Aspegic, Sanofi aventis) is a water-soluble aspirin complex that can
be administered by intramuscular and intravenous injection. In
unpublished studies, we have observed potent activity of ASA
and LASAG against highly pathogenic H5N1 and H7N7 avian influ-
enza viruses. In the light of these data, it is surprising that the anti-
viral action of ASA has neither been observed previously in animal
models nor in epidemiological studies in humans, but this may
simply be due to the fact that ASA is not usually inhaled, but is gi-
ven orally or by injection, which does not lead to sufficiently depo-
sition in the lung. Topical treatment with aerosolized ASA is
therefore the mandatory application route. Moreover, it is dis-
cussed that Reye’s syndrome, a very rare but serious acute enceph-
alopathy, has been linked to the usage of aspirin in children and
teenagers (Glasgow, 2006; Orlowski et al., 2002), but this has not
been observed for LASAG treatment. It was recently demonstrated
in a Phase I clinical study that aerosol delivery of LASAG is suitable
to supply the amount of drug needed for antiviral activity directly
into the lung, without causing adverse effects. A Phase II clinical
study in adult hospitalized patents to evaluate the safety and efficacy
of thrice-daily inhaled LASAG is now recruiting (https://www.clini-
caltrialsregister.eu/ctr-search/search?query=2012-004072-19). LASAG
therefore represents the first compound to date that targets an
intracellular signaling pathway and is in clinical development for
antiviral therapy against influenza viruses.

SC75741 (4SC) N-(6-benzoyl-1H-benzo[d]imidazol-2-yl)-2-(1-
(thieno[3,2-d]pyrimidin-4-yl)piperidin-4-yl)thiazole-4-carboxamide

https://www.clinicaltrialsregister.eu/ctr-search/search?query=2012-004072-19
https://www.clinicaltrialsregister.eu/ctr-search/search?query=2012-004072-19
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is a novel NF-jB inhibitor that was discovered through screening
with a whole-cell reporter gene assay. The IC50 value of this com-
pound to inhibit NF-jB is in the nanomolar range (Leban et al.,
2007). Its anti-influenza activity was demonstrated on A549 and
MDCK cells against various virus strains, including H5N1 and
H1N1pdm09. Mode-of-action studies revealed that SC75741 blocks
DNA binding of NF-jB and jB site-dependent gene expression, lead-
ing to impaired expression of pro-apoptotic factors and subsequent
inhibition of caspase activation, resulting in retention of caspase-
mediated nuclear export of RNPs (Ehrhardt et al., 2013). Another
unpublished study showed that the EC50 of SC75741 was 0.3 ng/ml
against H1N1pdm09 influenza virus. SC75741 also significantly pro-
tected mice against highly pathogenic avian influenza viruses with
different treatment schedules.

Ubiquitination of IjB, followed by the rapid degradation of
ubiquitinated IjB by the 26S proteasome, is the final step before
NF-jB leaves the cytoplasm (Scheidereit, 2006). Inhibitors of dif-
ferent steps in the ubiquitin–proteasome pathway therefore sup-
press activation of NF-jB by stabilizing IjB. The antiviral effect
of proteasome inhibitors has been described for different RNA
viruses (Ma et al., 2010; Ott et al., 2003; Schubert et al., 2000).

PS-341 (Bortezomib; Velcade; Millennium Pharmaceuticals) is
the most effective compound among a class of proteasome inhibi-
tors that block the chymotrypsin-like site in the 20S subunit core
(Adams, 2004a; Grisham et al., 1999; Iqbal et al., 1995). PS-341
has significant efficacy against multiple myeloma and several other
hematologic and solid tumors (Adams, 2004b; Adams and Kauff-
man, 2004; O’Connor et al., 2005; Orlowski et al., 2005; Papand-
reou et al., 2004; Richardson et al., 2003; San Miguel et al.,
2008). It is the only drug in this class which has been approved
for clinical use in different Phase I and II clinical trials against can-
cer (Mackay et al., 2005; Russo et al., 2010). The antiviral effect of
PS-341 against influenza virus has been shown recently in A549,
MDCK, HEK293, HUVEC, HBEpC, U937 and other cell types. Treat-
ment of infected cells with PS-341 resulted in a significant reduc-
tion of progeny virus titers. As expected, treatment resulted in an
induction of IjB degradation, but also in activation of NF-jB as
well as the JNK/AP-1 pathway, along with enhanced expression
of type I interferon genes. Thus, the authors concluded that PS-
341 blocks influenza virus replication by inducing an antiviral
state, mediated by the NF-jB-dependent expression of antiviral
gene products (Dudek et al., 2010; Pahl, 1999). EC50 values were
not provided in this study.

MG132 is a commercially available proteasome inhibitor that
interferes with the chymotrypsin-like activity of the proteasome
complex. In contrast to the serine protease inhibitor PS-341,
MG132 is a cysteine protease inhibitor, which has been described
in many publications in basic research, but has never made it to
clinical development (Grisham et al., 1999; Jobin et al., 1998; Pal-
ombella et al., 1994). In the only report of the antiviral effect of
MG132 against influenza virus, the authors showed that inhibition
of proteasome activity interferes with influenza A virus infection at
a post-fusion step, and that viral RNA synthesis is dependent on
the ubiquitin–proteasome system. (Widjaja et al., 2010). Entry
was not affected. Treatment resulted in retention of viral particles
in the cytoplasm, as observed in earlier studies (Widjaja et al.,
2010; Wurzer et al., 2004). There was no significant difference in
the antiviral efficacy of MG132 and PS-341 (Widjaja et al., 2010).

VL-01 (Virologik) is another inhibitor of the 20S and 26S protea-
some with antiviral properties against influenza virus. The detailed
mechanism of action has not been investigated in detail. Treatment
with VL-01 led to reduction of replication of different influenza
virus strains in A549 cells, with EC50 values between 0.8–2.4 mM.
Mice treated with aerosolized VL-01 showed reduced viral titers
and enhanced survival, without adverse effects. The study also
demonstrated that, besides its direct antiviral effect, the compound
also reduced the hyperproduction of cytokines such as IL-1ab, IL-6,
MIP-1-b, RANTES and TNF-a after infection with the highly patho-
genic avian H5N1 virus (Haasbach et al., 2011).
4. Inhibitors targeting PI3K signaling pathways

The phosphoinositide-3 kinase/protein kinase-B/mammalian
target of rapamycin (PI3K/AKT/mTOR) pathway has recently been
added to the growing list of signaling pathways that are activated
by influenza virus (Ehrhardt and Ludwig, 2009). It has been identi-
fied as a key pathway for important cellular functions such as dif-
ferentiation, metabolism and translation initiation, and it is
involved in cross-talk with many other signaling pathways, includ-
ing the Raf/MEK/ERK and NF-jB networks (Vanhaesebroeck et al.,
2005).

PI3K activation is required early in influenza virus infection, for
virus uptake, and at a later stage, for localization of RNP complexes
(Fig. 1; Table 1) (Ehrhardt et al., 2006; Shin et al., 2007b). Activa-
tion of the PI3K/Akt/mTOR pathway also supports virus replication
by inhibiting premature cellular apoptosis, through the phosphor-
ylation of caspase 9 (Table 1) (Shin et al., 2007a,b; Zhirnov and
Klenk, 2007). Because PI3K/AKT/mTOR, together with Raf/MEK/
ERK, plays a key role in the regulation of cell growth and differen-
tiation (Carracedo and Pandolfi, 2008; Castellano and Downward,
2011), several proteins in the pathway are valuable targets for anti-
cancer therapy, and some mTOR are licensed and administered in
routine practice. Some PI3K inhibitors have recently become avail-
able that display low toxicity, and are under investigation in clin-
ical trials (Kurtz and Ray-Coquard, 2012).

Wortmannin, a viridin soil bacteria product, and LY294002, a
morpholino derivative of quercetin, were the first generation of
PI3K inhibitors, but they failed to reach clinical investigations be-
cause of limited pharmacological properties (Maira et al., 2010).
Nevertheless, they have been widely used as tools to investigate
the role of the PI3K pathway in various biological systems, includ-
ing influenza virus infection (Ehrhardt et al., 2006; Ehrhardt et al.,
2007; Maira et al., 2010; Zhou et al., 2009). Derivatives of wort-
mannin and LY294002 with better pharmacokinetic properties
are now undergoing clinical investigation as anticancer drugs. In
this regard, a dual PI3K/mTOR inhibitor, NVP-BEZ235 (Novartis),
which was recently described as a novel treatment strategy for
acute myeloid leukemia (Chapuis et al., 2010), has recently entered
several Phase II trials for cancer therapy. Unfortunately, none of the
PI3K/AKT/mTOR pathway inhibitors that have proven safe in clin-
ical investigations and are now widely used in clinical trials for
cancer have been investigated for their ability to inhibit influenza
virus infection.
5. Inhibitors targeting PKC

The designation ‘‘protein kinase C’’ (PKC) refers to a family of
serine/threonine kinases that are involved in cell signaling, leading
to proliferation, differentiation, apoptosis and angiogenesis. One
might therefore consider PKC to be a target for cancer therapy,
but its function is unfortunately very complex, as individual en-
zyme isoforms play different roles within the cell, including some
antagonistic functions, and the selectivity of many early inhibitors
against these isoforms was very poor. A number of small-molecule
inhibitors of PKC have recently become available, including pep-
tides, antisense oligonucleotides and natural compounds, but due
to the extreme complexity of PKC family isoforms and the incom-
plete understanding of their function in different cell types, there
has been a delay in clinical development with drugs targeting
PKC (Bosco et al., 2011).



Table 4
Overview of the most common adverse events for MEK-inhibitors during cancer therapy, compared to adverse events during antiviral therapy of influenza with oseltamivir.

AZD-6244a CI-1040b PD-0325901c AZD-8330d Oseltamivire

Dosage 50–300 mg BID 800 mg BID 15 mg BID 0.5–60 mgf 75 mg BID
Number of patients n = 57 n = 67 n = 21 n = 82 n = 1057

Adverse events (%)
Rash 74g 25 33 16h <1
Nausea 44 52 29 18 8
Diarrhea 58 57 76 13 6
Fatique 39 48 47 13 1
Vomiting 25 21 33 11 11

a Adjei et al. (2008).
b Rinehart et al. (2004).
c Haura et al. (2010).
d Cohen et al. (2013).
e Smith et al. (2011).
f 0.5–60 mg/OD (once daily); 20 mg/BID (twice daily).
g The term ‘‘rash’’ includes ‘‘dermatitis acneiform, rash, rash erythematous, rash maculopapular, and rash pruritic.’’
h Dermatitis acneiform.
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Hoffmann and colleagues showed that treatment with the com-
mercially available PKC inhibitor rottlerin at a concentration of
12.5 lM significantly reduced influenza virus replication in A549
cells, while activation of PKC led to enhanced virus production
(Hoffmann et al., 2008). Taking a similar approach, the commer-
cially available PKC inhibitor Gö6976, which was known to inhibit
influenza virus replication by reducing viral entry (Sieczkarski
et al., 2003), also had a post-entry effect, by blocking the PKC-spe-
cific phosphorylation of the viral PB1 and NS1 proteins, which ap-
pears to be functionally relevant for viral RNA polymerase activity
and efficient replication (Mahmoudian et al., 2009). In addition to
PB1 and NS1, PKC also mediated phosphorylation of the viral PB1-
F2 protein (Table 1) (Mitzner et al., 2009).

The studies described above of the effect of inhibiting PI3K/AKT/
mTOR or PKC signaling on influenza virus replication were per-
formed to investigate the biology of influenza virus, rather than
to assess the antiviral activity of these compounds. Detailed pre-
clinical investigations should therefore be performed to determing
their antiviral effects, especially with inhibitors that are already
under clinical evaluation for other targets.
6. Adverse effects of intracellular signaling inhibitors

All of the MEK inhibitors, and most of the other compounds that
have been described in this review, are either under clinical evalu-
ation as anticancer drugs, or are already licensed. While it may be
tempting to make use of these inhibitors for their anti-influenza
activity, concern arises about their diverse side effects. Even
though it is known that MEK-inhibitor treatment of various can-
cers produces only moderate side effects, so that the compounds
are well tolerated, these points need to be scrutinized in more de-
tail. In this regard, it is worth noting that cancer patients are more
likely to tolerate grade 2 (moderate) and grade 3 (severe) adverse
events that would never be acceptable in the treatment of
influenza.

In 2011, Smith and colleagues reviewed 10 years of clinical
experience with oseltamivir treatment of influenza, including
cumulative safety and tolerability data from 1067 study partici-
pants in randomized controlled trials (Table 4) (Smith et al.,
2011). Significant adverse events associated with oseltamivir ther-
apy include nausea (11%) and vomiting (8%) as single events, –
beginning on the first or second treatment day. A wide variety of
symptoms and complications typical of influenza were seen in
both the treatment and placebo groups, so that they could not be
associated with oseltamivir. In contrast, a variety of adverse
neuropsychiatric events have been observed during oseltamivir
administration, mainly in children and adolescents (Smith et al.,
2011).

Several reports have described adverse events in clinical trials
of cell signaling inhibitors. In a Phase I trial to assess the tolerabil-
ity of the MEK-inhibitor AZD-6244 in patients with advanced can-
cer, rash was the most frequent (74%) and dose-limiting toxicity;
other side effects of treatment included diarrhea (58%), nausea
(44%) and fatique (39%) (Adjei et al., 2008). These findings are con-
sisted with adverse events described in trials with PD-0325901
and CI-1040 (Lorusso et al., 2005; Rinehart et al., 2004). The fre-
quency of adverse events was dose-dependent; the maximum tol-
erated dose 50% (MTD 50%) was 100 mg twice a day and was well
tolerated (Table 4). In a Phase II study, 67 cancer patients received
800 mg of CI-1040 twice daily; adverse events were mainly diar-
rhea (57%), nausea (52%) and fatique (48%), while rash was found
in a lower frequency (25%), compared to AZD-6244 treatment (Ta-
ble 4) (Rinehart et al., 2004).

In another study, 15 mg of PD-0325901 given twice daily on an
intermittent schedule (3 weeks on/ one week off) was not toler-
ated, but the same dose given for 5 days on/ two days off for three
weeks, followed by one week off, was tolerable to the patients.
Diarrhea (76%), fatique (48%), rash (33%), vomiting (33%) and nau-
sea (29%) were the most common treatment-related toxicities (Ta-
ble 4) (Cohen et al., 2013; Haura et al., 2010). Adverse events were
mostly grade 1–2, but it was not clear how soon toxicity began
after starting therapy. A recent study assessed the safety, tolerabil-
ity, pharmacokinetics and pharmacodynamics of AZD-8330 in 82
patients with advanced malignancies. At the MTD of 20 mg twice
daily, the most frequent adverse events were acneiform dermatitis
(16%), fatigue (13%), diarrhea (13%) and vomiting (11%), all grade
1–2 (Table 4). AZD-8330 therefore showed reduced adverse events,
compared to other MEK-inhibitors (Cohen et al., 2013).

For the NF-jB inhibitors presented in this review, safety data
are only available for Velcade. The drug was initially developed
for the treatment of multiple myeloma and mantle cell lymphoma,
and it is now under investigation, either singly or in combination
with other drugs, for solid cancers and stem cell transplantation
(Cao et al., 2012; Utecht and Kolesar, 2008; Zeng et al., 2013). It
can be given intravenously and subcutaneously. The most common
serious adverse events observed during Velcade therapy were diar-
rhea, fatigue, thrombocytopenia, nausea and constipation; pneu-
monia, renal failure, pyrexia, dehydration and vomiting also
occurred with some treatment schedules (Berenson and Yellin,
2008). The percentage and grade of adverse events were strongly
dependent on the treatment schedule. (Kane et al., 2006; Zeng
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et al., 2013). A number of different adverse events have been re-
ported for systemically administered LASAG, but there is no infor-
mation available regarding its safety via inhalation. Adverse event
information is also lacking for the PI3K/mTOR inhibitor NVP-
BEZ235.

Are cell signaling inhibitors suitable as antivirals, from the
safety point of view? Phase I/II studies should be conducted to
answer this question, and find out whether safety data from can-
cer trials can be transferred to the influenza situation. In this re-
gard, one should keep in mind that more than 90% of cancer
patients received surgery and chemotherapy, and more than
60% received radiation, before initiating treatment with the cell
signaling inhibitors described above, which could increase the
likelihood and severity of adverse events (Adjei et al., 2008). An-
other critical factor is the duration of treatment. Cancer therapy
usually lasts at least 2–3 months, with some weeks ‘‘off treat-
ment,’’ while antiviral treatment for influenza usually lasts only
five days. This drastic difference in the duration of therapy may
well have an impact on the incidence of adverse events and their
severity. The question also needs to be answered whether the
same drug dosage is needed for cancer and for antiviral therapy,
or if the amount of compound could be reduced when treating
influenza, which would presumably reduce the frequency and
severity of side effects. It also appears that the new generations
of signaling inhibitors, such as the MEK inhibitor AZD-8330, show
much better tolerability, with a reduced percentage of adverse
events in patient cohorts, compared to trials with earlier versions
of MEK inhibitors (Table 3).

Another striking point regarding the adverse effects of signaling
inhibitors used as antivirals is the fact that most signaling path-
ways are involved in regulation of the immune system (Dev
et al., 2011; Nakayama and Yamashita, 2010; Visekruna et al.,
2012). In particular, NF-jB is a major regulator of cytokine re-
sponses, and since severe influenza is often associated with ‘‘cyto-
kine storm,’’ treatment with NF-jB inhibitors could target both
viral replication and the pro-inflammatory cytokine response. An
important question is whether such therapy would also be suitable
against seasonal influenza viruses that induce a milder illness,
which is controlled through activation of antibody-producing plas-
ma cells, and in which virus-infected cells are eliminated by acti-
vated CD8+ T cells. Investigations are needed to determine the
effect of cell signaling inhibitors on the immune response against
influenza viral infection in greater detail.
7. Future prospects

The greatest potential for the development cell signaling
inhibitors as novel influenza therapies is by targeting the Raf/
MEK/ERK cascade, for which a vast number of inhibitors are avail-
able with good pharmacological data, and that have been shown
to be safe, effective and suitable for oral usage in clinical trials.
The NF-jB pathway might also be a suitable target for the treat-
ment of severe influenza, especially for patients suffering from
virus-induced ‘‘cytokine storm.’’ A prerequisite for such treatment
would be a compound that can be administered intravenously.

Whether inhibitors of cellular signaling pathways are suitable
for the treatment of common forms of seasonal influenza remains
to be determined. The main bottlenecks to such an approach are
clearly the adverse events, which could be minimized by giving a
short course of therapy, compared to long-term cancer treatment.
A second strategy to prevent adverse events would be to reduce
the dose, while preserving antiviral activity. One elegant way to
do this would be to combine a signaling inhibitor with a direct-act-
ing antiviral, such as oseltamivir, as it has recently been shown
that this combination resulted in strong anti-influenza activity
in vitro, even when the amounts of the individual drugs were re-
duced (Haasbach et al., 2013).

Almost all of the compounds described in this review have been
used for cancer therapy, but the development of some of them was
stopped because of insufficient anticancer potential. There may
therefore be opportunities for pharmaceutical companies that have
both cancer and infectious disease programs to investigate the
antiviral potential of Raf/MEK/ERK inhibitors that failed in devel-
opment for cancer therapy. The first step would be to obtain vali-
dated preclinical data demonstrating the antiviral efficacy of the
selected compounds against influenza virus. In this regard, it
would be also worth investigating combinations of Raf/MEK/ERK
inhibitors with approved antivirals, such as neuraminidase inhibi-
tors, both to increase their antiviral potential and to prevent the
development of resistance to the licensed drugs. As described
above, the NF-jB inhibitors also appear to have potential as antiv-
irals, as pre-clinical data have demonstrated their in vitro anti-
influenza activity. In contrast, this is not yet the case for inhibitors
of the PI3K/AKT/mTOR or PKC signaling pathways, making it diffi-
cult to estimate their prospects as antivirals.
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