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Abstract
Influenza-A virus infection induces a variety of intracellular
signalling pathways that are either antiviral or required to
ensure efficient replication. A prominent cellular antiviral
event is the activation of cascade that produces type I
interferon’s (IFNs): IFN-α and IFN-β. Consequently, an
appreciated number of antiviral proteins that encoded by
so-called IFN stimulated genes are activated, such as Mx1,
PKR and ISG-15 genes. Conversely, virus-supportive
signalling processes activated upon infection are I kappa B
kinase/nuclear factor kappa-light-chain-enhancer of
activated B cells (IKK/ NF-κB), phosphatidylinositol-3-
kinasee/Akt (PI3K/Akt), and the RNA activating
factor-1(Raf-1). Specific inhibition of the latter signalling
cascade leads to striking impairment of the replication of all
influenza A viruses, as a result of nuclear retention of RNPs
in late stages of the replication cycle. In this review, the
intracellular signaling that associated with IAV infection will
be highlighted to realize the appropriate therapeutically
strategy against IAV infection.
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Introduction
Influenza virus is a member of the family Orthomyxoviridae

and like other orthomyxoviruses, has a single-stranded RNA
genome with the negative strand type [1,2]. Influenza
represents a major public health threat, causing an estimated
250000 to 500000 deaths per year worldwide. The influenza
viruses’ dramatic impacts are further compounded by their
ability to cause recurring pandemics; the first big pandemic,
known as “Spanish Flu” of 1918-1919, caused about 40 million
deaths. Many other outbreaks have occurred since that time,
though none have been as deadly [3]. Three different types of
influenza virus, namely A, B, and C, have been identified.
Together these viruses are antigenically diverse from one to
another in comparison of their own viral family
Orthomyxoviridae. In most cases of the influenza, especially
those that occur in epidemics or pandemics are caused by

influenza a virus (IAV), which can affect a variety of animal
species. While influenza B virus, which only found in humans, is
responsible for many localized outbreaks. The influenza C virus is
morphologically and genetically different than the other two
viruses and is generally asymptomatic [4]. The most important
pathways that are stimulated upon IAV infection include
interferon signalling pathway, autophagosome formation and
apoptotic signalling cascades. Interferon (IFNs) is a cellular
protein produced by lymphocytes and infected cells urgently
after several viral and bacterial infections regarding to the innate
response to inhibit its replication. Interferon’s are classified into
three types, IFN type I, II and III according to the receptors and
signalling pathway. IFN type I, which includes IFN-α, IFN-β, IFN-κ,
IFN-ω and IFN-δ, is known to induce immunity against viral
infection [5,6]. IFN type II contains IFN-γ which is necessary for
immune response to other pathogens more than viruses. IFN
type III, which initiates signals through a receptor complex that
have a role in antiviral response regulation [7]. Noteworthy,
autophagy is originally described as the main catabolic pathway
responsible for maintaining intracellular nutritional homeostasis
that involves the formation of a unique vacuole, the
autophagosome and the interaction with the endosome-
lysosome pathways [8,9,10]. This conserved machinery plays a
key role in immuno-protection against different invaders,
including pathogenic bacteria, intracellular parasites and some
viruses like herpes simplex virus and the tobacco mosaic virus
[11]. The autophagy processes is characterized by accumulation
of double-membrane cytoplasmic vacuoles regulating
degradation events and recycling of cellular contents by
delivering cytoplasmic materials, required for degradation, to
lysosomes. Moreover, autophagy has been shown to play an
important role in cell growth, development, aging and disease
pathology [12,13]. The activation of PI3K and its downstream
effector Akt/protein kinase have been identified at early stage
upon influenza infection. Conversely, at late stage of infection,
P13K-Akt pathway is inactivated due to the activation of p53
phosphorylation and its natural target p21/waf. Activation of
these factors at late stage of infection stimulates apoptotic
signalling cascades that facilitate releasing of virus progeny [14]
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IAV Infection Stimulates Interferon
Signalling Pathway

Figure 1: Schematic representation of intracellular signalling
that associated with IAV infection: IAV enters the host cells
via binding with sialic acids in host cell receptors. Once the
virus enters the cells, virus RNA particles stimulate PI 3K-PIP
pathway which activate the initiation step of autophagy as
well as RIG-I protein kinase. RIG-I proteins is cellular sensor
for viral RNA and responsible for stimulation of interferon
signaling pathway which includes the activation of interferon
regulatory factors 3/7 (IRF-3/7). One of viral strategies to
block the interferon pathway is the binding between viral NS1
protein and RIG-I protein using autophagy as a platform for
this conjugation. At late stage of infection, viral matrix protein
M2 is targeting cellular lysosomes to inhibit its binding with
autophagosomes. Such inhibition is sufficient to induce
apoptotic signalling pathway and programmed of cell death
to facilitate releasing of virus progeny.

As shown in Figure 1, IAV stimulates the activation of RNA
helicase retinoic acid-inducible gene I (RIG-I), the cellular sensor
for viral RNA, and both of jun N-terminal kinase (JNK) and
activator protein 1 (AP-1) transcription factors [15]. JNK
activation is critical in the innate response to IAV infection
because JNK-dependent AP-1 factors Trans-activate several
antiviral cytokine genes upon infection. Importantly, the AP-1
cooperates with NF-κB and interferon regulatory factors-3,7
(IRF-3,7) to stimulate the expression of type I interferon’s [16].
Several studies showed that IAV-NS1 protein is a viral regulator
of gene expression that inhibits pre-mRNA processes and
nucleocytoplasmic export of cellular mRNAs [17,18]. In addition,
viral NS1, which has RNA-binding activity, was also shown to
inhibit antiviral dsRNA dependent enzymes (RIG-I) and several
process including the activation of protein kinase R (PKR), NF-κB,
IRF-3 and IRF-7 transcription factors [19]. The IFN type I
signalling is mediated through activation of both Janus kinase
(JAK) and signal transducers and activator of transcription (STAT)
known as JAK-STAT pathway: after receptor activation STAT1/1
homodimers migrate to nucleus and initiate a complex
formation with IFN regulatory factor-9 (IRF-9) and interferon

stimulated-regulatory elements (ISREs) to induce the expression
of many IFN-α/β inducible genes [20]. IFNs production, from
host cell, is stimulated via several virus infection, some stress
condition and endotoxin exposure resulted in enhancement of
the cell response by activation of Jun N-terminal kinasee (JNK)
and termed stress-activated protein kinasee (SAPK) [21]. Such
events theoretically up-regulates the activity of transcription
factor of AP-1 family.

IAV Infection Activates Autophagosome
Formation

Several studies have been showed that infection with RNA
viruses induced the generation of cytoplasmic vacuoles
autophagy, at which viral RNA replication complex accumulates
and stimulates viral replication [22]. The autophagy related Atg
family such as Atg5, Atg8 (microtubule-associated protein 1 light
chain 3, LC3) and Atg12 colocalized with such vacuoles and viral
RNA replication complex [23,24]. Activation of autophagy
machinery is one of the down-stream events of a class III
phosphatidylinositl I 3-kinasee (PI3-K) complex. Interestingly,
the virus mutant lacking NS1 protein failed to active PI3/Akt
indicating that viral NS1 could be responsible for the activation
of this pathway [25]. The conjugations between more than 20
Atg proteins have been identified in autophagosome formation
recruited from either endoplasmic reticulum (ER) or pre-
autophagosomal structure (PAS). Atg5 and Atg12 are required to
form the autophagy vacuoles by recruiting other proteins to
autophagosomal membrane from cytosol. The generation of
phosphatidylinositol (3, 4, 5)-triphosphate (PIP-3, 4, 5) which
recruits additional Atg proteins such as Atg8 (LC3) in conjugation
system is essential for autophagosome elongation and
maturation (Figure 1). Finally, autophagosome fuses with
lysosome containing hydrolytic enzymes that degrade the
contents which are recycled for use in protein synthesis and
energy production [26,27,28].

Autophagy has been first proposed as a protective
mechanism against viral infection by degradation the pathogens
in autolysosome leads to decrease viral replication such as the
positive stranded RNA tobamoviruses. In contrast, the positive
stranded RNA picornaviruses and coronaviruses showed higher
replication thereby autophagy formation [22]. Additionally,
other viruses, such as poliovirus and mouse hepatitis virus,
ensure efficient replication via autophagosomes formation
[29,8,30,31]. Additionally, other studies showed that autophagy
is induced in human single stranded DNA parovirus infected cells
which support viral replication [32]. Very recent evidence
indicated the essential role of the host autophagy, in enhancing
IAV replication in human lung epithelial cells [33,34].
Furthermore, the activation of autophagy is initiated by the
conjugation between Atg5-Atg12. Such conjugation negatively
regulates IFN-β pathway stimulated upon viral infection via
direct association with RIG-I and IFN-β promoter stimulation 1
(IPS-1) [34-37].
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Apoptotic Signalling Response
PI3K/Akt pathway consists of diverse regulatory factors such

as p85 and enzymatic subunit (p110) found in several isoforms.
Activation of these isoforms reveal both protein kinases and
lipid kinases which are known as regulatory factors for various
cellular processes such as metabolic regulation, cell growth,
proliferation and survival mechanism resulted in subsequent
inhibition of caspase 9 and glycogen synthase-kinase 3-B [25].
The activation of PI3K/Akt pathway leads to limitation of virus-
induced cell death program or apoptotic process [38].
Interestingly, the virus mutant lacking NS1 protein failed to
active PI3/Akt indicating that viral NS1 could be responsible for
the activation of this pathway [25]. The nuclear accumulation
and phosphorylation of p53 pathway, which regulates the
apoptosis process, has been shown in low constitutive level
upon influenza at early stage of infection, whereas all of its
subsequently factors were markedly elevated at late stage of
infection leads to apoptosis stimulation [14]. Evidence indicated
the essential role of the host autophagy, in enhancing IAV
replication in human lung epithelial cells [33]. Other studies on
individual influenza virus proteins indicated that the influenza
viral M2 protein is essential to induce the accumulation of
autophagosomes. The viral M2 colocalized with
autophagosomes and can bind to autophagy-related gene Atg6
(Beclin-1). It is likely that M2 blocks the formation of
autolysosomes through its interaction with Beclin-1, which has
been shown to also regulate the fusion between
autophagosomes and lysosome [39-40]. The inhibition of
autolysosomes formation by M2 interaction induces
programmed cell-death (PCD) resulted in apoptotic signalling in
late stage of infection (Figure 1).
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