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Abstract The innate host response to influenza virus infection plays a critical role
in determining the subsequent course of infection and the clinical outcome of
disease. The host has a diverse array of detection and effector mechanisms that are
able to recognize and initiate effective antiviral responses. In opposition, the virus
utilizes a number of distinct mechanisms to evade host detection and effector
activity in order to remain “stealthy” throughout its replication cycle. In this
review, we describe these host and viral mechanisms, including the major pattern
recognition receptor families (the TLRs, NLRs, and RLRs) in the host and
the specific viral proteins such as NS1 that are key players in this interaction.
Additionally, we explore nonreductive mechanisms of viral immune evasion and
propose areas important for future inquiry.
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1 Introduction

Influenza virus is a pleomorphic enveloped virus of approximately 100 nm in
diameter, containing a single-stranded negative sense segmented genome. The genus
Influenzavirus belongs to the family Orthomyxoviridae and consists of three sero-
types: Influenza A, B, and C. Influenza A viruses show considerable sequence
variation in their surface glycoproteins, hemagglutinin (HA) and neuraminidase
(NA). Based on phylogenetic and serological analyses, Influenza A virus (IAV) is
known to contain 17 HA and 10 NA subtypes (Shaw and Palese 2007). Only H1, H2,
H3 and N1 and N2 subtypes have been known to cause sustained human-human
infection and transmission. Occasionally, animal viruses such as HSN1, HON2, and
H7NO9 infected humans as well and are capable of causing severe disease; additional,
subclinical infections likely occur with other strains but are not detected due to the
absence of symptoms (Wang et al. 2009; Uyeki et al. 2012; Imai et al. 2012; Herfst
et al. 2012; Gao et al. 2013; Song et al. 2014). The influenza B virus (IBV) is
structurally similar to IAV but only one subtype of HA has been found. IAV and IBV
each contain eight segments in their genomes, whereas Influenza C virus (ICV)
consists of only seven segments. Influenza C virus (ICV) has a surface glycoprotein
known as the hemagglutinin-esterase-fusion (HEF) protein that mediates both
binding and fusion and possesses an additional receptor destroying enzymatic
activity (analogous to the NA of AV and IBV) that destroys the HEF-9-O-acetylated
sialic acid by enzymatic removal of the acetyl group. Thus, the ICV do not have a
separate protein with neuraminidase activity (Luo 2012).

The eight segments of influenza A virus encodes 13 proteins (Palese and Shaw
2007). Of these 8 segments, segment 1, 4, 5, 6 are monocistronic and encode for
PB2, HA, NP, and NA proteins, respectively. The other segments (2, 3, 7, and 8) in
addition to their primary transcripts and proteins, also generate additional proteins
by alternative splicing or frame shifts. Segment 2 that encodes the polymerase
subunit PB1 also expresses two other proteins in some strains by ribosomal frame
shift due to leaky ribosomal scanning: PB1-F2 and PB1-N40 (Chen et al. 2001;
Wise et al. 2009). PB1-F2 is 87 amino acids in length and has been described as a
virulence factor causing cell death. However, the contribution of PB1-F2 to vir-
ulence is still not clear since the protein is normally found to be expressed in avian
strains and eliminated by truncation when adapted to mammalian hosts (Zell et al.
2007). Notably, the swine strains of IAV lack expression of PB1-F2 (Chen et al.
2001; Zell et al. 2007; McAuley et al. 2010). In addition, the effect of PB1-F2 on
cell death was found to be cell (Chen et al. 2001; Yamada et al. 2004) and strain
specific (McAuley et al. 2010). For some strains, an additional virulence factor,
PB1-N40, was recently identified (Wise et al. 2009), although the function of this
protein is not well-known. In vitro, though not essential, it has been reported to
support virus replication (Wise et al. 2009). The third segment of IAV primarily
expresses the viral protein PA, and recently has been reported to express an
alternate product termed PA-X (Jagger et al. 2012). Additionally, the mRNA from
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segments 7 and 8 of IAV that encode for M1 and NSI1, respectively, also give rise
to alternatively spliced mRNA that express M2 and NS2, also known as NEP
(Palese and Shaw 2007).

2 Influenza Virus Infection of Host Cell

The primary target cells for influenza virus infection are the respiratory epithelial
cells of the upper respiratory (e.g., nasal airways and trachea) and the lower
respiratory (small airways and lungs) tracts (Sanders et al. 2011). The prevailing
view is that infection by the virus is achieved by HA-binding to these cells via
sialic acid moieties on the cell surface, which triggers internalization of the virus
via endocytosis. Early studies on influenza virus entry using electron microscopy
and radioisotope-labeled viruses suggested that phagocytosis (perhaps indistin-
guishable from receptor-mediated endocytosis at that time) is a major route for
virus entry (Patterson et al. 1979; Matlin et al. 1981). The endocytic pathway
involves both clathrin-mediated and nonclathrin-, noncaveolin-mediated endocy-
tosis (Sieczkarski and Whittaker 2002; Rust et al. 2004). An alternative pathway,
macropinocytosis, has been described for entry of large filamentous and spherical
influenza virions (de Vries et al. 2011; Rossman et al. 2012). Though it is spec-
ulated that internalization of viruses through pinocytic vesicles will converge with
the endocytic pathway at some point, the exact route and kinetics of merging is not
known (de Vries et al. 2011). Apart from endocytosis and pinocytosis, reports have
described influenza virus infection of cells by attachment to the plasma membrane
followed by direct release of the viral contents into the cytoplasm (Hoyle and
Finter 1957; Morgan and Rose 1968; White et al. 1981). This pathway is similar
to a mechanism used by many other viruses, e.g., SFV (White et al. 1980), HIV
(27, 28), CMV (Compton et al. 1992), RSV (Srinivasakumar et al. 1991), and HSV
(Sarmiento et al. 1979). It was shown that, in mildly acidic pH conditions,
influenza virus can fuse to the plasma membrane of MDCK cells (Matlin et al.
1981). Another study observed direct fusion by electron microscopy in infected
chorioallantoic membrane (an ex vivo, polarized, epithelial structure), suggesting
that viral entry pathways may be dependent on the type and differentiation of the
target cells (Morgan and Rose 1968). Indeed, work with well-differentiated human
airway epithelial cell cultures found that broad-spectrum neuraminidase treatment
did not affect influenza virus entry, though it did alter the entry of hPIV3, another
sialic acid receptor-using virus (Kogure et al. 2006; Thompson et al. 2006). Fur-
ther, cells lacking sialylated N-glycans can be infected with influenza virus (Stray
et al. 2000; Thompson et al. 2006; Nicholls et al. 2007; Oshansky et al. 2011; de
Vries et al. 2012) suggesting an alternative, nonsialic acid receptor-dependent
route exists.

However, in most cell types and experimental systems that have been studied,
the influenza virus HA initiates host cell infection by binding to sialic acid
receptors. The HA subtypes of the well-adapted human IAV have been described
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to bind to « (2, 6)-sialic acid linkages preferentially. In contrast, the avian-adapted
HA subtypes preferentially bind to o (2, 3)-sialic acid linkages. In polarized cells,
influenza virus infection through the endocytic route results in internalization of
the virus into early endosomes in an actin-dependent manner (Sun and Whittaker
2007) followed by trafficking through the endocytic network in a multistep process
(Lakadamyali et al. 2003, 2006; Sieczkarski and Whittaker 2003). Release of viral
nucleic acids from the endosome following binding and endocytosis of the virus is
a key step in initiating productive infection and requires trafficking of virus con-
taining endosomes. During this trafficking to the late endosomal stage, the interior
pH of the endosome drops, which is sensed by the tetrameric viral M2 protein
causing the M2 ion channel to assume an open configuration (Pinto et al. 1992).
The H" ions enter into the virion through this opening causing destabilization of
the M1 protein from the ribonucleic protein (RNP) complex of the virus. Lowering
of pH further induces conformational changes of the HA2 subunit resulting in
exposure of the hydrophobic fusion peptide motif of the HA. When the fusion
peptide comes in close apposition of the endosomal membrane, the peptide is
inserted into the membrane (White and Wilson 1987; Xu and Wilson 2011;
Fontana et al. 2012). Several HA molecules come together to form a cluster known
as the “fusogenic unit” and the individual HA unit undergoes further conforma-
tional changes resulting in fusion of the viral envelope and capsid with the
endosomal membrane and formation of the pore (Hamilton et al. 2012). The pH of
activation of HA varies among IAV strains, thus playing an important role in
determining the fitness of the virus in the infection process.

Following the pH-dependent fusion and formation of the pore between the
virion and endosomal membranes, the viral RNPs are released into the cytoplasm
(frequently described as uncoating). The RNPs are then transported to the nucleus
where transcription of the viral genome occurs using the viral RNA-dependent
RNA polymerase (RdRp), generating 5’ cap structures with short nucleotides
derived from host cell mRNA. This is achieved by the binding of the PB2 subunit
of the viral RdRp to the 5’ cap of host mRNAs and subsequent cleaving by the PA
subunit approximately 10-15 nt downstream of the cap structure. The elongation
of the mRNA from the viral genome is carried out by the PB1 subunit using the
5'cap + nucleotides as primers, which also adds a polyadenylated [poly(A)] tail by
means of a stuttering mechanism on a sequence of uridine residues near the 5’ end
of the negative-strand genome. The viral mRNAs are transported back to the
cytoplasm for translation. In the nucleus, the genome of the virus is also replicated
through an intermediate RNA template (cCRNA) step by the RdRp. This interme-
diate lacks the poly (A) tail or any 5 modification. In the nucleus, newly syn-
thesized genomes are encapsidated with NP, RARP subunits, PB2, PB1, and PA to
form RNPs and are transported to the cytoplasm by binding with M1 and NEP.
Other viral components such as HA, NA, and M2 are transported to the plasma
membrane via the Golgi network and assemble with RNPs to form mature virus
particles that are released from the cell via budding (Palese and Shaw 2007)
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3 Host Cell Response to Influenza Virus

Upon infection of respiratory epithelial cells with influenza virus, the host rapidly
initiates an innate immune response. The first responder to the virus infection is the
infected cell itself, which plays a major role in coordinating the ensuing innate
immune response. Viral induction of the innate immune response can be divided
into early (initiation and amplification) and late responses (local systemic response)
that cause the recruitment of innate cells to the site of infection. Sensors on the cell
surface, endosomes, and cytosol have been found to detect ligands such as incoming
virus particles or their unique molecular signatures. These sensors activate down-
stream signaling and induce two types of responses: an antiviral response and a
proinflammatory response. Subsequently, concurrent viral replication generates
more of these ligands (within the first few hours) which amplify these responses in
infected (in the first replication cycle of the virus) and neighboring cells (following
release of progeny virus). Production of a variety of cytokines and chemokines in
the initiation phase of the early response locally attracts other cellular mediators of
the innate response including neutrophils, macrophages, monocytes, and NK cells.
In this review, we discuss the early innate immune response to IAV and the viral
strategies and characteristics that evade this host cell response.

As mentioned above, the host cell possesses an array of innate immune sensors
to detect components of invading pathogens that are nonself. Alternatively, there
are also sensors that recognize host cell-derived components under certain path-
ologic conditions such as the cellular stress response often associated with
infection, metabolic disorders, and cancer. These sensors are collectively termed
as pattern recognition receptors (PRRs). The PRRs recognize unique molecular
signatures known as pathogen-associated molecular patterns (PAMPs), which are
nonself. The self-derived molecular patterns arising following pathogen infection
and/or cellular stress responses, such as reactive oxygen species (ROS), ATP,
changes in ion flux, and denatured cytosolic and nuclear contents, including DNA
from necrotic cells, are broadly termed danger-associated molecular patterns
(DAMPs). Thus, PRRs, by sensing DAMPs, can also play a role in tissue
homeostasis (Marshak-Rothstein 2006). To date, known PRRs have been classified
into five major groups: Toll-like receptors (TLRs), retinoic acid-inducible gene-I
(RIG-I) like receptors (RLRs), nucleotide oligomerization and binding domain
(NOD) like receptors (NLRs), C-type lectin receptors (CLRs) and the Pyrin-HIN
(PYHIN) domain containing family that includes AIM2. It has been shown that at
least three (TLRs, RLRs and NLRs) out of the above five PRR families play a role
in innate immunity to influenza virus infection (Lupfer and Kanneganti 2013). We
will discuss them in detail below.

There is considerable variation in the expression pattern of the PRRs in tissues
and at the cellular level. In general, the TLRs are both intracellular (compart-
mentalized and cytosolic) and on the cell surface, whereas the RLRs and NLRs are
exclusively cytosolic. Consequently, these PRRs demonstrate differential recog-
nition for various PAMPs and DAMPs.
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3.1 Toll-Like Receptors

Among the PRRs, the Toll receptor in Drosophila was first shown to be important
for protection against fungal infection (Lemaitre et al. 1996). Subsequently, the
mammalian homologue of the Toll receptors, the TLRs, were described for
humans and mice (Kawai and Akira 2011). Thus far, there have been 10 and 12
TLRs described for humans and mice, respectively. Based on sequence compar-
isons of several vertebrate genomes, the TLRs are classified into six major families
based on PAMP recognition (Roach et al. 2005). They are: TLR1 (TLR 1, TLR2,
TLR6 and TLR10 (only in human)), TLR3 (TLR3), TLR4 (TLR4), TLRS (TLRY),
TLR7 (TLR7, TLR8 (human-only) and TLR9) and TLR11 (mouse only, including
TLR11, TLR12 and TLR13). Each family recognizes a general class of PAMPs
(Roach et al. 2005). The TLRs reported to play a role in antiviral immunity include
TLR3, TLR7, TLRS, and TLR9. TLR expression varies across different cell types.
There have been differing reports on the location of TLR3 on epithelial cells,
perhaps resulting from the differentiation status of the cells in cultures across
different experiments. Using primary cell cultures, it was shown that TLR3
expression is limited to the cell surface in human bronchial epithelial cell lines
(BEAS-2B) (Hewson et al. 2005) and fibroblasts (Matsumoto et al. 2002).
Expression was upregulated upon rhinovirus infection and active virus replication
(Hewson et al. 2005). In contrast, Guilott et al., showed intracellular expression of
TLR3 in uninfected BEAS-2B cells and the human lung carcinoma cell line A549
(Guillot et al. 2005). Expression of TLRs 1 to 6 has been reported in polarized
mouse uterine epithelial cells (Soboll et al. 2006). Similarly, cervical epithelial
cells of female mice express mRNA for TLR3, TLR9, and TLR7, but had only
a weak signal for TLR8 (Andersen et al. 2006). Macrophages, fibroblasts, and
some epithelial cell lines express TLR3 both on the cell surface and in the early
endosome (Cario and Podolsky 2000). Recently, using an immunofluorescence
technique on an in vitro polarized model of human alveolar epithelial cells (AEC)
and frozen human tracheal tissues, which are important cells for influenza virus
infection, Ioannidis et al. reported that TLR1 and TLR3 are expressed on both
apical and basolateral surfaces of the hAEC (Ioannidis et al. 2013). In contrast,
TLR2 and TLR6 were predominantly expressed basolaterally. TLR4, TLRS,
TLR7, TLR9, and TLR10 were expressed weakly on the apical side or the luminal
surface of the epithelial cells. It was also reported that TLR3, TLR7, and TLRO,
which have been reported to be expressed only on the endosomal compartment of
the DC (Muzio et al. 2000; Matsumoto et al. 2003; Funami et al. 2004), were
found to be present in both intracellular and apical surfaces mostly restricted to the
cilial border of human tracheal epithelium (Ioannidis et al. 2013). No TLRS
expression was found in respiratory epithelial cells in vivo and in vitro (Ioannidis
et al. 2013).

The TLRs are classified as type I trans-membrane proteins with extracellular
leucine-rich repeats that recognize cognate ligands, a trans-membrane domain,
and a cytoplasmic domain consisting of a conserved signaling Toll/interleukin-1
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receptor (TIR) domain. It has been reported that endosomal acidification is
required for the activation of TLRs such as TLR3 (Ioannidis et al. 2013) and TLR9
(Macfarlane and Manzel 1998). Stimulation of TLRs with PAMPs can lead to
downstream signaling in two main pathways: the MyD88 signaling pathway
(proinflammatory) and the TRIF signaling pathway (antiviral). All TLRs except
TLR3 activate NFxB and the IRF3/7 response in a MyD88-dependent manner for
signaling. TLR3 exclusively uses the TRIF-dependent pathway, whereas TLR4
uses both the TRIF and MyD88 pathways (Takeuchi and Akira 2007).

The prominent cytokines of the antiviral response are the type I and type III
interferons (IFN). In humans, the type I IFNs comprises IFN-o, IFN-f, IFN-m,
IFN-¢, and IFN-x (Samuel 2001). There are 13 different subtypes of IFN-a and
only one IFN-f characterized in human (Diaz and Testa 1996). The type III IFNs
consist of IFN-11, A2, and A3 (also known as IL29, IL.28A and IL.28B, respec-
tively) (Kotenko et al. 2003; Sheppard et al. 2003) and have been described to play
important roles in epithelial antiviral responses (Durbin et al. 2013).

Since IAV infects through the endocytic route, one might expect that TLR3,
TLR7, and TLR8 should be major sensors for IFN induction by viral infection.
Early studies showed that TLR7 plays a major role in sensing influenza viral RNA
(Diebold et al. 2004; Lund et al. 2004). pDC derived from mice deficient in TLR7
showed marked decreases in IFNo production in tissue culture supernatants after
infection (Diebold et al. 2004; Lund et al. 2004). Since uncoating of the viral RNA
from the endocytosed virion into the cytoplasm occurs in a carefully orchestrated
maturation process, the precise mechanisms by which the IAV RNA exposure to
TLR7 occurs in the endosome is currently not known. It was suggested that
proteosomal degradation of some virions in the endosomes may lead to exposure
of the viral RNA to TLR7 (Diebold et al. 2004). It also can be speculated that
following viral replication de novo generated viral RNA is released from dead or
dying cells or by phagocytosis of dead cells allowing the viral RNA to enter the
endocytic route, resulting in TLR7 mediated recognition and signaling. Alterna-
tively, differential entry such as pinocytosis or isolated endocytic vesicles con-
taining virions that failed to achieve the optimal pH of activation (see discussion
below) may lead to lysosomal degradation, thus exposing the viral RNA to TLR7.

The role for TLR3 in recognition of IAV was shown to be more proinflam-
matory than antiviral. It was found that after TLR3 stimulation the BEAS-B2 cells
produced more of the proinflammatory cytokines IL6 and IL8 and less IFN-f (Le
Goffic et al. 2007). Interestingly, TLR3-/- mice were shown to have a survival
advantage after infection with IAV, despite higher viral loads and lower viral
clearance (Le Goffic et al. 2000) indicating that perhaps these proinflammatory
cytokines are not essential for effective viral clearance. A similar phenomenon was
seen in TLR4 knockout mice, which had better survival than the TLR4 sufficient
animals after IAV infection (Imai et al. 2008; Nhu et al. 2010). Though a specific
ligand derived from IAV is not known for TLR4, it was shown that endogenous
oxidized phospholipids (Imai et al. 2008) and proteins such as S1I00A9 (Tsai et al.
2014) produced in response to the acute lung injury in IAV infection can act as
DAMPs and stimulate the TLR4-TRIF-NF-xB signaling pathway. The authors of
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these two reports went on to demonstrate that enhanced acute lung injury was
alleviated by the elimination of IL6 in HSN1 and IAV PRS infected mice, though
contributions by cytokines other than IL6 cannot be ruled out.

A role for TLR10 has recently been described in influenza infection (Lee et al.
2014). The authors reported that HIN1 and H5NI infection of primary human
macrophages and a human monocyte cell line induced type I and III IFNs and
proinflammatory cytokines IL8 and IL6 in a TLR10-dependent manner. HSN1
virus infection induced robust TLRI10 expression, indicating that the severe
inflammation seen in influenza infection can be amplified by positive feedback
through TLR10. TLR10 induction required active replication of the virus; how-
ever, the viral component(s) that induced the TLR10-dependent inflammatory
response have not been identified. Although TLR10-knockdown reduced the
expression of IFNs and cytokines, it did not have any effect on viral replication
(Lee et al. 2014), suggesting that TLR10 signaling may play a role in shaping local
innate effectors such as monocytes and macrophages and influencing the adaptive
immune response, rather than modulating the antiviral response within the epi-
thelial cell. While these reports highlight a negative role in clinical outcomes for
TLR3 and TLR4 in mice and TLR10 in in vitro cultures, associated with
heightened inflammation, it is possible that at least one PRR is necessary for
effective control of the virus through initiation of an appropriate inflammatory
response leading to functional wound healing. These situations might represent a
special case of virulent viruses, as is the case for both pathogenic H5SN1 and to a
lesser extent PR8, where stimulation of these TLRs results in an inappropriate
inflammatory response and pathogenesis.

Finally, the nonclassical PRR PAR?2 (proteinase-activated receptor) is expres-
sed on epithelial cells of the respiratory and gastrointestinal tract and works
synergistically with TLR4 to suppress TLR3—mediated IRF3 activation and
induction of ISGs. Mice deficient in PAR2 or TLR4 were protected from influ-
enza—associated disease, potentially as a result of derepression of the TLR3-IRF3
signaling pathway (Nhu et al. 2010).

3.2 RIG-I-Like Receptors (RLRs)

The RIG-I-like receptors or the RLRs consist of three members identified in
humans and mice: the Retinoic acid-inducible gene-I (RIG-I, also known as
DDX58), melanoma differentiation-associated gene 5 (MDAS), and laboratory of
genetics and physiology 2 (LGP2, also known as DHX58). RIG-I and MDAS
consist of two N-terminal caspase recruitment domains (CARD), a central DExD/
H box helicase with RNA binding and ATPase functions, and a C-terminal domain
consisting of a regulatory domain (absent in MDA-5). In contrast, the LGP-2 does
not have the CARD domain but contains a DExD/H box helicase and a regulatory
domain similar to that of RIG-I, which is absent in MDA-5. The regulatory domain
keeps the molecule in a closed conformation, inhibiting downstream signaling
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prior to activation. Upon ligand interaction, RIG-I and LGP are thought to undergo
a conformational change leading to activation of antiviral signaling (Saito et al.
2007). The RLRs have been reported to be expressed in most tissue types and are
maintained typically at low levels (Loo and Gale 2011). However, following
infection or interferon exposure, the expression of the RLRs was shown to be
greatly increased (Kang et al. 2004; Yoneyama et al. 2004; Tatsuta et al. 2012).
Increased expression following ectopic overexpression (Yoneyama et al. 2005) or
infection in the absence of IFN signaling (Yount et al. 2007) suggests that this low
intrinsic basal expression pattern in part regulates unnecessary and potentially
detrimental RLR activation in the homeostatic condition.

RIG-I and MDA-5 are key sensors of infection mediated by RNA viruses. They
share structural and functional similarities but detect mostly nonoverlapping
groups of viruses. Over the last few years, RIG-I has been shown to play a role in
triggering innate immune responses to infection by negative-strand viruses such as
paramyxoviruses, orthomyxoviruses, rhabdoviruses such as vesicular stomatitis
virus, Ebola virus, and EBER RNA, carried by the Epstein-Barr virus (Kato et al.
2006; Cardenas et al. 2006; Samanta et al. 2006; Yoneyama and Fujita 2007). In
contrast, MDA-5 has been implicated in sensing positive strand RNA viruses such
as picornaviruses (Kato et al. 2006; Gitlin et al. 2006). Certain flaviviruses induce
innate immune responses via RIG-I and MDAS (Sumpter et al. 2005; Chang et al.
2006; Fredericksen and Gale 2006; Kato et al. 2006; Loo et al. 2008). The ligands
for both RIG-I and MDA-5 have been identified primarily through infection with a
variety of viruses or transfection with viral or synthetic RNA such as Poly (I)(C)
(Sumpter et al. 2005; Kato et al. 2006; Saito et al. 2007; Liu et al. 2007). Using
RIG-I-deficient animals, Kato et al. showed that RIG-I plays an important role in
initiating antiviral responses in fibroblasts and conventional DC but not plasma-
cytoid DC (Kato et al. 2005). Conversely, TLRs drive the initiation of antiviral
responses in pDC with no contribution from RIG-I (Kato et al. 2005). Initially it
was suggested that RIG-I and MDAS were involved in sensing dsSRNA generated
from viral infection (Kang et al. 2002; Yoneyama et al. 2004; Andrejeva et al. 2004;
Yoneyama et al. 2005; Rothenfusser et al. 2005). It was further shown that while
RIG-I may be involved in recognition of short dSRNAs of less than 1 kb, MDA-5 is
responsible for sensing long dsSRNA (>1 kb) (Kato et al. 2008). Subsequently, it
was reported that the 5’ triphosphate-linked ssRNA characteristic of viral RNA
products can be recognized by RIG-I (Hornung et al. 2006; Pichlmair et al. 2006).
Later, it was found that RIG-I responds to short dsSRNAs with a triphosphorylated 5’
terminus and poly-U/A-rich sequences, while MDAS activation is more dependent
on complex dsRNA structures (Hornung et al. 2006; Kato et al. 2008; Saito and
Gale 2008; Schlee et al. 2009; Schmidt et al. 2009; Pichlmair et al. 2009; Binder
et al. 2011). A role for RIG-I in the detection of RNA products from DNA virus
infections has also been described. Cellular RNA polymerase III can convert
double-stranded DNA poly(dA-dT) to a short dsRNA species with a 5’-triphosphate
that triggers the RIG-I pathway in human and mouse cells (Chiu et al. 2009).

In contrast, LGP2 which lacks signaling CARDs, binds to both dsRNA (Pippig
et al. 2009) and single-stranded RNA with 5'-triphosphates via its C-terminal
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regulatory domain with greater affinity than RIG-I and MDAS (Takahasi et al.
2009). There have been contrasting reports on the role of LGP2 in viral RNA
sensing and signaling by RLR. While it was suggested that LGP2 inhibits
RIG-I signaling and activity both in vitro (Yoneyama et al. 2005) and in vivo
(Rothenfusser et al. 2005), augmentation of MDAS signaling by LGP2 was also
shown (Venkataraman et al. 2007; Satoh et al. 2010). LGP2 functions in cDC but
not in pDC (Satoh et al. 2010) and is dispensable for the recognition of synthesized
dsRNA and 5’ triphosphate RNA (Saito et al. 2007).

While many of the above studies involved chemically synthesized or virus-
derived RNA, the exact molecular signature of the RNA (analogous to the specific
epitope in adaptive immunity) is poorly studied. Saito et al mapped these unique
signatures to two regions of the HCV genome: nucleotides 2406-3256 and
8872-9616, by measuring IFN-f promoter activity (Saito et al. 2008). Similarly, in
IAV, single stranded viral RNA with a 5 triphosphate derived from in vitro RNP
reconstitution assays were shown to be the ligand for RIG-I, with the strength of
IFNp induction similar for all IAV gene segments (Rehwinkel et al. 2010). Sur-
prisingly, in the absence of mRNA transcription, IFNf induction was enhanced,
suggesting the VRNA and cRNA (which do not have 5’ triphosphate), but not the
mRNA, are potent inducers of IFN via RIG-I pathway (Rehwinkel et al. 2010)
indicating molecular signatures in the termini may be playing a role. Indeed,
recently a short region (27 nt) of 5 UTR and a longer region of 3’ UTR of the IAV
NS gene segment was shown to induce RIG-I dependent IFN-f induction (Davis
et al. 2012). Further, a U/A rich region within the 3’ UTR was shown to be a potent
inducer in a 5 triphosphate-independent manner (Davis et al. 2012).

Interestingly, it was shown that infection of mice with a virus (PR8) stock
containing high defective interfering (DI) particle content had increased protection
compared to the group infected with low DI content (Tapia et al. 2013). The DI
influenza particles are incomplete virus particles with shorter genome segments
but identical termini (Tapia et al. 2013). In the case of influenza, the DI genome is
mostly enriched for PB2, PB1, PA (Saira et al. 2013), and M gene (Noble and
Dimmock 1995). Tapia and colleagues showed Sendai virus DI particles generated
in cells during the course of a normal infection induced stronger antiviral
responses than the cells with full length virus genomes (Tapia et al. 2013). Though
a direct measurement of the antiviral cytokines produced between the high and low
DI particle-containing IAV infections was not shown in those studies, it is
tempting to assume that the 3’ and 5’ termini of the IAV DI may be a better
stimulant of RIG-I and thus cause greater IFN production. More recently, direct
recognition of IAV RNPs by RIG-I has been reported (Weber et al. 2013) sug-
gesting that our knowledge of the nature of the ligands that activate these sensors
is incomplete.
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3.3 Nod-Like Receptors (NLRs)

The NLR family consists of a large number (20) of intracellular sensors with a
conserved nucleotide oligomerization domain (NOD) (Lupfer and Kanneganti
2013). At the N-terminus, the NLRs contain a protein interacting caspase acti-
vation and recruitment (CARD) or pyrin domain (PYD) that drive recruitment and
binding to the protein caspase-1 directly, or through an intermediate interaction
with the adaptor protein, apoptosis-associated speck-like protein containing a
CARD (ASC) . At the C-terminus, NLRs contain a variable leucine-rich repeat
(LRR) involved in PAMP sensing (Strowig et al. 2012). The NLRs have been
shown to be expressed in a variety of cells and are also induced after influenza
infection (Ichinohe et al. 2009; Allen et al. 2009).

Of the known NLRs, stimulation of NLRP1, NLRP3, and NLRC4 with PAMPs
and DAMPs causes activation of the caspase-1 containing inflammasome (Thomas
et al. 2009; Malireddi et al. 2010; Masters et al. 2012). The activated caspase-1
cleaves inactive pro-IL1J and pro-IL18 to their active form (Black et al. 1989)
which then signals through target cell receptors to induce an array of proinflam-
matory cytokines, including, KC, MIP1«, IL6, TNF«, and IFN-y (Dinarello et al.
1998; Allen et al. 2009; Thomas et al. 2009). Alternatively, caspase-1 activation
can lead to a cell death known as pyroptosis (Bergsbaken et al. 2009). Other NLRs
such as NLRP12 (Zaki et al. 2011) and NLRP6 (Anand et al. 2012), have been
implicated in down-modulating canonical NF-«xB signaling, thus acting as anti-
inflammatory stimuli.

The ligands that induce NLR signaling are thus far not well-defined. Initially, it
was suggested that dSRNA but not ssSRNA could induce activation of the NLRP3
inflammasome in a TLR3-independent manner (Kanneganti et al. 2006; Rajan et al.
2010). Infection of NLRP3-deficient macrophages with the IAV PR8 strain did not
activate caspase-1, while wild type macrophages had robust activation (Kanneganti
et al. 2006). However, it is known that influenza virus does not generate dSRNA
during replication (Weber et al. 2006). Indeed, intraperitoneal injection of NLRP3-
deficient mice with influenza viral RNA derived from stock virus resulted in
reduced IL1f and 1118 production compared to wild type animals (Allen et al. 2009;
Thomas et al. 2009). Additionally, our own studies and related work observed
decreased survival to influenza virus infection in NLRP3-deficient mice (Allen
et al. 2009; Thomas et al. 2009). Another report using similar mice found defective
adaptive immune responses to IAV, but failed to see any difference in mortality
(Ichinohe et al. 2009). This work used a different infection dose than the other
studies, which may account for the difference in mortality. The absence of NLRP3
also caused reduced cellular infiltration to the lungs and an improper wound healing
response, but did not compromise type IFN induction (Thomas et al. 2009).

While direct recognition of the RNA ligands by NLRs is still under investi-
gation, other viral components have been reported to induce antiviral responses.
The TAV M2 protein ion channel activates the inflammasome in an NLRP3-
dependent manner (Ichinohe et al. 2010). Other chemical stimuli such as uric acid
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crystals (Martinon et al. 2006), silica, and asbestos, (Dostert et al. 2008; Hornung
et al. 2008), changes in intracellular ion flux (Franchi et al. 2007; Pétrilli et al.
2007), abnormal reactive oxygen species (ROS) (Dostert et al. 2008; Allen et al.
2009), and abnormal protein aggregates such as amyloid-f (Halle et al. 2008) have
been suggested to activate NLRs as second messengers. Endosomal destabilization
has also been implicated in the activation of NLRP3 inflammasome (Hornung and
Latz 2010; Tschopp 2011). The absence of a known ligand and the diverse nature
of the ligands that have found to stimulate NLRs have led to a two signal model for
inflammasome activation (Meylan et al. 2006; Ogura et al. 2006). In this model,
initial upstream signals such as TLR, RLR, or the cellular stress response (ATP/
ROS/endosomal destabilization) induces transcription and translation of proIL1p,
prolL 18, and NLRP3 as a part of the proinflammatory program, which is followed
by a second signal triggering NLRP3 to activate caspase-1 and produce active
IL1p and IL18.

Apart from these indirect roles in inflammasome activation, recent reports have
suggested a direct interaction of the PRRs in the assembly of the inflammasome
that does not require NLRs. Poeck et al. showed that after infection with the
negative-strand virus VSV, RIG-I, rather than initiating its canonical sensing of
ssSRNA and signaling through MAVS, instead interacts with CARD9-Bcl-10-ASC
causing inflammasome assembly and caspase-1 activation in an NLRP3-inde-
pendent manner (Poeck et al. 2010). Similar observations were also found by
Pothichet et al., who reported an overlapping TLR3/RIG-I/NLRP3 pathway in
inflammasome activation by IAV in normal human bronchial epithelial cells
(Pothlichet et al. 2013). The authors suggest that RIG-I occupies the most
upstream position in this pathway. When it senses viral ssRNA, it induces the
MAVS-IFN pathway. In addition, as shown by Poeck et al., they also found RIG-I
interactions with ASC and caspase-1. They went on to suggest that IFN-driven
upregulation of TLR3 and NLRP3 sets off a positive feedback loop of inflam-
masome activation (Pothlichet et al. 2013). This provided a direct example of a
two signal model of NLR activation as suggested before.

NLRC1 (NODI1) and NLRC2 (NOD2) have been known to signal through the
adapter protein RIPK2 (also known as RICK or RIP2) and induce NFxkB and
MAPK signaling. A role for NOD2 as a viral PRR has been shown. Transfection of
viral genomes derived from RSV, IAV and PIV into A549 cells showed IRF3
activation in a NOD2-dependent manner (Sabbah et al. 2009). Another indirect
role for NOD?2 in inhibition of viral replication has been described (Dugan et al.
2009). NOD2 increases the enzymatic activity of OAS2 which in turn enhances the
activity of RNAse L to degrade viral RNA (Malathi et al. 2007; Dugan et al. 2009).
Finally, Lupfer et al. showed that IAV infection results in RIPK2-induced mito-
phagy in infected cells. This process is not NFkB or MAPK dependent (Lupfer
et al. 2013).
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4 Evasion Strategy by Influenza Virus

Due to their clinical importance, significant work has been conducted to under-
stand how influenza viruses can evade effective antiviral responses. The NSI
protein has received most of the attention, along with contributions from some
other viral determinants. However, other “nonreductive” features of the viral life
cycle also appear to contribute to a stealthy phenotype but cannot be easily
ascribed to an isolate feature of the viral genome. We discuss both types of
strategies below.

4.1 Viral Determinant of Innate Immune Evasion

The eighth segment of influenza virus encodes the NS gene, consisting of two
separate products: NS1 and NEP (NS2). NS1 plays a major role in regulating the
host cell response (Garcia-Sastre 2011). It has been implicated in the inhibition of
dsRNA sensors such as TLR3 by sequestering dsRNA intermediates (Talon et al.
2000). Though a known dsRNA ligand from IAV infection has not been detected
(Weber et al. 2006), it is possible that NS1 may be targeting downstream pathways
and RNA sensors, including RIG-I (Guo et al. 2007; Rehwinkel et al. 2010) to
inhibit antiviral responses. NS1 has been shown to interact directly with RIG-I
(Mibayashi et al. 2007) and indirectly via binding to ligand RNA (Pichlmair et al.
2006; Rehwinkel et al. 2010). However, NS1 inhibition of the ubiquitin ligase
tripartite-motif containing protein 25 (TRIM25) has been observed, preventing the
ubiquitination of RIG-I which limits its signal transduction activity (Gack et al.
2009). This suggests there are multiple, possibly overlapping, pathways for NS1 to
inhibit RIG-I activation. Further downstream, NS1 has also been found to inhibit
activation and nuclear translocation of the transcription factors IRF3 (Talon et al.
2000), NF-xB (Wang et al. 2000) and ATF-2/c-Jun (Ludwig et al. 2002). In vivo
infections of mice and pigs with AV NS1 mutants have demonstrated reduced
pathogenesis (Garcia-Sastre et al. 1998; Talon et al. 2000; Donelan et al. 2003;
Falcon et al. 2005; Solérzano et al. 2005).

Limiting host cell protein synthesis as a viral evasion strategy has been
described for multiple viruses (157), reducing the antiviral response and chan-
neling the host cell protein synthesis machinery for replication of the virus. IAV
has been observed to utilize this strategy via the viral protein PA-X, which is
translated from the PA gene segment in an alternative reading frame (Desmet et al.
2013). Similarly, NS1 has been implicated in the alteration of host cell mRNA by
binding to cleavage and polyadenylation specificity factor (CPSF30) (Nemeroff
et al. 1998; Noah et al. 2003). Other polymerase proteins have been implicated in
suppression of host cell protein synthesis. The well-described “cap snatching
mechanism” involving PB2 and PA for viral mRNA transcription (Plotch et al.
1981; Dias et al. 2009) has been suggested to reduce the levels of capped host
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mRNAs, attenuating host cell gene expression including the antiviral response
(Nakhaei et al. 2009).

The phosphatidylinositol-3-kinases (PI3K) are a family of enzymes involved in
cellular functions such as cell growth, proliferation, differentiation, motility, sur-
vival, and intracellular trafficking (Datta et al. 1999). IAV NS1 has been shown to
induce PI3K activation by direct binding of the p85 subunit (Hale et al. 2006).
Later in the infection, NS1 induced activation of PI3K and its downstream effector
AKT/Protein kinase B prevents premature apoptosis and favors viral replication.

Recombinant IAV with a deletion of NS1 induces a stronger caspase-1 activity
and higher IL1-f and IL18 levels in primary human macrophages (Stasakova et al.
2005). This result indicates a role for NS1 in antagonizing the NLR pathway.
Although the precise mechanism of such antagonism is not known, it is possible
that NS1, by virtue of its ability to perturb PKR and RIG-I pathways, can eliminate
the priming signal for subsequent NLRP3 inflammasome activation.

Apart from NS1 and PA-X, the other protein that has been well studied for a
role in innate immune evasion is PB1-F2. PB1-F2 is a small protein of §7aa
encoded by an alternate reading frame within the PB1 gene and originally
described to be proapoptotic (Chen et al. 2001). Later, it was shown that PB1-F2
mediates cell death via interaction with the mitochondrial proteins ANT3 and
VDACI1 (Zamarin et al. 2005). Murine infection with IAV deficient in PB1-F2
showed reduced pathogenesis in mice (Zamarin et al. 2006). It was further shown
that the N66S amino acid residue may contribute to the increased virulence
associated with HSN1 and the 1918 pandemic HIN1 (Conenello and Palese 2007,
McAuley et al. 2007). However, the recent pandemic 2009 HINI1 strain lacked a
functional PB1-F2, yet showed increased virulence over prior seasonal strains.
Engineering PB1-F2 into the 2009 strain had a minimal effect on virulence in
animal models (Hai et al. 2010; Pena et al. 2012) indicating that virulence can
represent a strain-specific combination of multiple determinants of host and viral
factors. Additionally, PB1-F2 has been described to decrease mitochondrial
membrane potential by binding to MAVS and inhibiting induction of IFN (Varga
et al. 2012).

4.2 Nonreductive Determinants of Viral Fitness

Apart from specific viral proteins and domains that play a role in the evasion of the
innate immune response, other features of the virus such as its spherical or
elongated shape, its replication fitness, which represents a compound result of
many specific features, its secondary RNA structure may also play a role in the
ability of the virus to be stealthy and establish infection without detection by host
cell recognition machinery.
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Role of HA in Entry

The HA in different virus subtypes and strains can vary with regard to the
optimum pH of activation (Mittal et al. 2003). For example, the HA molecule of
H2 subtype undergoes a slow pH-dependent conformational change compared to
the H3-HA molecule (Puri et al. 1990; Leikina et al. 2002). Similarly, the stability
of the pH dependent conformational change has also been reported to be influ-
enced by the density of the surface HA molecules (Markovic et al. 2001; Leikina
et al. 2002). Experimental work with H5N1 viruses and mutants in the A/chicken/
Vietnam/C58/04 (H5N1) background found that the optimal pH of activation is a
key contributor to the observed increased pathogenesis. Using mutants that differ
only, or primarily, in their optimum pH of activation, Zarket et al. showed that a
higher pH of activation is highly pathogenic in avian species whereas a lower pH
of activation favors pathogenesis in mice (Zaraket et al. 2013b). In another study,
the same group showed that a mutant IAV (VN/1203-K581) whose pH of acti-
vation is 5.5 compared to the wild type strain’s pH of 6.0 grew to similar titers as
the wild type virus in MDCK and NHBE cells, but not in A549 cells (which have a
lower endosomal pH than either of those cell types), resulting in reduced growth
(Zaraket et al. 2013a). Interestingly, they found that an increase in acid stability
resulted in increased virus growth in the upper respiratory tract. However, the
mutation was not sufficient to confer transmission in ferrets, indicating that
additional cell type specific features of endosomal pH activation may be playing a
role in this in vivo model. Thus, it is clear that the HA sequence determine the
stability of the HA with regard to pH, and by extension the genetic and envi-
ronmental stability of the virus and its replication potential (Reed et al. 2010).

Role of HA in Exit

The HA also plays a role in the exit of the virus from the cell by budding. HA
proteins in infected cells are synthesized as polypeptides (HAO) which lack
membrane fusion activity (Skehel and Wiley 2000). To acquire this functionality,
the HAO must be cleaved by host cell proteases at the linker sequence between the
HA1 and HA2 subunits, which are then reorganized to the mature HA molecule
that is expressed on the surface of the virion (Garten and Klenk 1999). Thus, the
expression pattern of host cell proteases has been suggested to play a critical role
in the tissue restriction of IAV replication. Although the array of proteases that can
mediate cleavage of HAO is only beginning to be detailed, the established role of
specific proteases in tissue tropism and pathogenesis provides an illustrative
example. It has been reported that the HA in low pathogenic avian influenza
viruses (LPAIV) can only be cleaved by certain trypsin like proteases expressed
exclusively in the respiratory tract (of terrestrial birds) or the gastrointestinal tract
(of water fowl and other terrestrial birds), resulting in the restriction of viral
replication in those tissue compartments (Bertram et al. 2010). In contrast, the
highly pathogenic avian influenza virus (HPAIV) contains a polybasic cleave site
in its HA that is readily cleaved by a ubiquitously expressing protease, furin, in
the trans-golgi network, resulting in systemic infection and severe disease
(Bosch et al. 1981; Webster and Rott 1987; Perdue et al. 1997). However, it appears
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that the cleavability of the HA is not the only determinant of pathogenesis as
HPAIV and known pandemic strains lacking furin multibasic cleavage sites have
caused severe disease in human populations (Bertram et al. 2010).

RNA Accessibility

One may hypothesize that influenza virus infections utilizing distinct methods
of entry (endocytosis, macropinocytosis, or penetration of RNP by plasma mem-
brane fusion) may result in very different host responses, considering the locali-
zation of innate immune receptor distribution. Especially in the physiological
setting with a low multiplicity of infection, such differential entry into the target
cells will result in a variation in the kinetics of accessibility of the viral RNA to the
host cytoplasmic sensors. It has been reported that IAV entering by endocytosis
localizes to early endosome within 10 min and to the late endosome by 40 min
after infection in HeLa cells (Sieczkarski and Whittaker 2003). However, the entry
kinetics appear to vary by cell type. Viral fusion with the endosome has been
detected as early as 10 min in MDCK and CHO cells (Yoshimura et al. 1982;
Yoshimura and Ohnishi 1984; Lakadamyali et al. 2003). It is interesting to note
that influenza infection of HeLa cells is found to be inefficient (Lohmeyer et al.
1979; Gujuluva et al. 1994). In contrast, we might speculate that virus internalized
by macropinocytosis may take an even longer time (compared to endocytosis in
HeLa cells) to reach the optimum low pH for virus uncoating. Another consid-
eration is that the endocytic vesicle, regardless of the method of internalization,
may fail to achieve fusion with the virus particle as a result of stochastic processes,
resulting in diversion of the virion into the lysosomal pathway and autophagic
destruction. It has been suggested that autophagy can present viral nucleic acid to
TLRs in endolysomes (Kawai and Akira 2009). Thus, viruses with increased HA
acid stability may enter endolysomes and the autophagy pathway, resulting in
induction of IFN via TLR7/RIG I pathway. On the other hand, viruses that fuse at
the plasma membrane and release RNPs may be more likely to encounter the RIG-
I pathway (Weber et al. 2013) and initiate the antiviral response more quickly. Of
note, differentiated human bronchial epithelial cells derived from asthmatic
patients mounted an enhanced activation of the inflammasome and innate immune
signaling after IAV infection (Bauer et al. 2012). It is reported that the pH of the
bronchial tree mucous in asthmatic patients is around 5.3 (Ryley and Brogan 1968)
as opposed to the normal range of 6.9-9.0 in the trachea (Karnad et al. 1990).
Although apical pH data from these cultures was not reported, it has been sug-
gested that cultures from cystic fibrosis patients also exhibit a more acidic pH than
those from healthy individuals (Coakley et al. 2003). In summary, under acidic pH
conditions, IAV can fuse directly to the plasma membrane (Matlin et al. 1981) and
release RNPs to the cytosol directly (Morgan and Rose 1968). Thus, we can
hypothesize that those viral genomes may be recognized faster than viruses
entering through the endocytic route, resulting in faster initiation of the innate
immune response. However, very little research has been done on the role of such
differential entry affecting the proinflammatory and antiviral responses, and further
investigation is warranted.
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Genomic Features

Another aspect of RNA accessibility in determining the stealthy phenotype of
influenza virus is the viral genome itself. Detection by both RIG-I and MDA-5 of
flaviviruses suggests that these viruses may have genomic features that trigger both
sensors (Loo et al. 2008). Similarly, within a given virus, distinct strains may have
more “innate immunogenic” features by virtue of different sequences. Limited
studies attempting to define the exact features of the RNA ligand stimulating
immune responses from HCV (Saito et al. 2008) and IAV (Davis et al. 2012)
indicated that certain regions of the genome may be more immunogenic than
others. While studies from Davis et al., suggested that the 3’ and 5 UTR of the
IAV containing U/A tracts are potent innate immune inducers, little is known
about the rest of the viral genome. It can be assumed that certain subtypes and
strains may have more of these immunogenic features (potentially defined by
secondary structures and sequence composition) than others.

Another factor that may contribute to viral stealthiness is the presence of
defective interfering (DI) particle, which, until recently, has been shown to be a
phenomenon of in vitro viral propagation (Von Magnus 1954; Nayak 1980).
Recently, the presence of DI particles in human samples infected with pandemic
HINTI has been described (Saira et al. 2013). Another group has also described the
presence of “semi infectious” particles in vitro as well as in vivo propagated virus
inoculums (Brooke et al. 2013). Using immunofluorescence staining for four
different viral proteins, the authors proposed that 90 % of infectious inocula failed
to establish productive infection by lacking expression of one or more viral pro-
teins (Brooke et al. 2013). This was independent of cell type in the presence of an
intact IFN system, though presence of partial RNA similar to DI particles in this
“semi-infectious” population could not be ruled out (Brooke et al. 2013). We can
imagine that the presence or absence of DI particles or “semi-infectious” particles
in inocula may play an important role in determining in the outcome of infection
and the efficiency of transmission.

5 Conclusion and Future Direction

In sum, multiple compound features of viral entry, trafficking and replication can
combine to allow the virus to evade host recognition to greater or lesser extents.
Given the exponential growth of the virus with each round of replication, even a
slight advantage in early replication kinetics can result in a significant alteration
in viral titers and clinical and pathological outcomes (Askovich et al. 2013).
Dissecting these “whole virus” features presents a new challenge for influenza
research, which made great strides in the last decade using reverse genetics
technology. Systems biology and other high-throughput approaches will be nec-
essary to provide insights into these areas of influenza virus biology.
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