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Abstract: Infection with influenza A and B viruses results in a mild to severe respiratory tract
infection. It is widely accepted that many factors affect the severity of influenza disease, including
viral replication, host adaptation, innate immune signalling, pre-existing immunity, and secondary
infections. In this review, we will focus on the interplay between influenza virus RNA synthesis and
the detection of influenza virus RNA by our innate immune system. Specifically, we will discuss the
generation of various RNA species, host pathogen receptors, and host shut-off. In addition, we will
also address outstanding questions that currently limit our knowledge of influenza virus replication
and host adaption. Understanding the molecular mechanisms underlying these factors is essential
for assessing the pandemic potential of future influenza virus outbreaks.

Keywords: influenza A virus; RNA polymerase; RIG-I; mini viral RNA; defective interfering RNA;
MAVS; interferon

1. Introduction

The influenza viruses are negative-sense RNA viruses and members of the family of
orthomyxoviruses. Within this family, four influenza virus types are recognized, identified
by the letters A, B, C and D. All influenza types can infect vertebrates, including birds, pigs,
and aquatic animals, but only the influenza A and B viruses (IAV and IBV, respectively)
can cause morbidity and mortality in humans. Influenza C viruses (ICV) can infect humans
as well, but they are rarely associated with symptomatic disease in humans, whereas
influenza D viruses (IDV) have not caused infections in humans so far. Based on their
impact on human health and the extensiveness with which they have been studied, we will
here mainly discuss our understanding of IAV infections.

IAV virions consist of a host cell-derived membrane and various viral proteins [1].
On the outside of the membrane, the virion contains the M2 ion channel protein, and
the haemagglutinin (HA) and neuraminidase (NA) glycoproteins (Figure 1A). Based on
the binding of the HA and NA surface proteins to well-defined antibodies, and more
recently, sequencing methods, IAV strains are classified into subtypes. Currently, at least
eighteen different HA and eleven different NA classes have been identified [2]. Inside
the virion, viral ribonucleoprotein (vRNP) complexes, consisting of viral RNA (vRNA),
the RNA polymerase, and nucleoprotein (NP) molecules (Figure 1B), are bound by the
viral matrix protein M1. In a complete IAV virion, eight vRNPs are present, containing
negative sense vRNA segments ranging from 890 to 2341 nucleotides in length [3]. The
5′ and 3′ termini of each segment are conserved and serve as binding sites for the viral
RNA polymerase [4,5]. The NP molecules bind to the phospho-backbone of the vRNA in a
sequence-independent manner.
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Figure 1. Schematic of the IAV virion, the viral ribonucleoprotein complex, and the viral RNA-de-

pendent RNA polymerase. (A) Schematic of the IAV virion. The virion consists of a host cell-derived 

membrane, the surface glycoproteins HA and NA, the M2 ion channel, the M1 protein capsid, and 

the viral ribonucleoprotein (vRNP) complexes. The vRNPs each contain a segment of single-

stranded, negative-sense viral RNA (vRNA). Eight of these vRNA segments make up the viral ge-

nome. (B) Schematic representation of a vRNP. The 5′ and 3′ termini of the vRNA (black) are bound 

by the heterotrimeric RdRp, which consists of the proteins polymerase basic 1 (PB1) (bright blue), 

PB2 (dark blue) and polymerase acidic (PA) (grey blue). The rest of the vRNA is associated with 

nucleoprotein (NP) monomers, forming an antiparallel double helix with a closing NP loop. (C) 

Surface model of the IAV RdRp in the transcription pre-initiation state (PDB 4WSB). The three pol-

ymerase subunits, PB1, PB2 and PA, are coloured bright blue, dark blue and grey blue, respectively. 

The 5′ and the 3′ end of the vRNA are coloured orange. (D) Schematic of the IAV RNA polymerase, 

in which the channels and RNA binding sites are indicated. The binding sites of the 5′ and the 3′ end 

are coloured red and orange, respectively. 
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Figure 1. Schematic of the IAV virion, the viral ribonucleoprotein complex, and the viral RNA-
dependent RNA polymerase. (A) Schematic of the IAV virion. The virion consists of a host cell-
derived membrane, the surface glycoproteins HA and NA, the M2 ion channel, the M1 protein
capsid, and the viral ribonucleoprotein (vRNP) complexes. The vRNPs each contain a segment of
single-stranded, negative-sense viral RNA (vRNA). Eight of these vRNA segments make up the
viral genome. (B) Schematic representation of a vRNP. The 5′ and 3′ termini of the vRNA (black) are
bound by the heterotrimeric RdRp, which consists of the proteins polymerase basic 1 (PB1) (bright
blue), PB2 (dark blue) and polymerase acidic (PA) (grey blue). The rest of the vRNA is associated
with nucleoprotein (NP) monomers, forming an antiparallel double helix with a closing NP loop.
(C) Surface model of the IAV RdRp in the transcription pre-initiation state (PDB 4WSB). The three
polymerase subunits, PB1, PB2 and PA, are coloured bright blue, dark blue and grey blue, respectively.
The 5′ and the 3′ end of the vRNA are coloured orange. (D) Schematic of the IAV RNA polymerase,
in which the channels and RNA binding sites are indicated. The binding sites of the 5′ and the 3′ end
are coloured red and orange, respectively.

The IAV RNA polymerase catalyses viral replication and transcription in the context of
vRNPs [6,7]. Shortly after the infection and import of the vRNPs into the host cell nucleus,
the RNA polymerase initiates primary transcription of the vRNA segments. Transcription
of a vRNA is a primer-dependent mechanism that involves snatching 5′-capped primers
from nascent, capped host polymerase II (Pol II) RNAs [8]. The IAV RNA polymerase also
adds a poly-A tail to viral mRNAs, ensuring that they mimic host transcripts [9,10]. After
synthesis of new viral RNA polymerase subunits and NP monomers by host cell ribosomes
and import of these proteins into the nucleus, the viral RNA polymerase commences
replication of the vRNAs via a positive-sense complementary RNA (cRNA) intermediate.
The cRNAs also associate with NPs and the viral RNA polymerase to form cRNPs [11].
Using these cRNA intermediates as a template, the RNA polymerase produces more vRNA
copies that are assembled into vRNPs and, subsequently, into new virions (Figure 2).
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Figure 2. Influenza A virus replication and host factors involved in influenza A virus RNA synthesis.
Schematic of IAV replication cycle. Key host factors that play a role in viral RNA synthesis are
indicated in green. The green arrows point to the step of the replication cycle that is promoted by the
corresponding host factor. The viral proteins PB1, PB2 and polymerase acidic PA are coloured bright
blue, dark blue and grey blue, respectively.

The IAV RNA polymerase produces vRNA copies with a certain nucleotide misin-
corporation rate [12]. Introduction of base changes in the HA- or NA-encoding vRNA
segments contributes to the antigenic drift of IAV strains, enabling them to evade pre-
existing immunity. Larger changes in the genetic make-up of the IAV genome occur when
reassortment of the genome segments of different IAVs lead to an antigenic shift. When
these newly reassorted viruses transmit through a population that is immunologically
naïve to the new variant, the new virus can cause a pandemic. In the last century, such IAV
pandemics have occurred in 1918, 1957, 1968 and 2009 [13–15].

The mechanism underlying influenza disease and the factors that define low and
highly pathogenic strains are not completely understood. Current research suggests that
a dysregulation of the host immune response, reacting to the effects of the viral infection
and releasing cytokines to achieve clearance of the viral infection, plays a key role in
pulmonary tissue damage, systemic disease, and death in infections with highly pathogenic
strains [16–18]. However, the increase in cytokine expression cannot be fully explained
by increased replication of an IAV strain in a naïve host [19,20] and the process has been
linked to various viral factors, including minor viral proteins, such as PA-X, differences in
virus–host interactions, and aberrant viral RNA synthesis [21–23]. In this review, we will
discuss the role of viral RNA synthesis in triggering the activation of the RIG-I-dependent
innate immune response and its contribution to disease.

2. The Viral RNA Polymerase and Mechanisms of RNA Synthesis
2.1. The Influenza Virus RNA Polymerase

The RNA polymerase is a heterotrimeric enzyme consisting of three subunits: poly-
merase basic 1 (PB1), PB2 and polymerase acidic (PA). The complete structures of the
IAV, IBV and ICV RNA polymerases have been solved through high-resolution X-ray
crystallography and cryo-EM (Figure 1C) [24–27]. The various states that these complexes
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can adopt have been comprehensively reviewed recently [7,28]. Briefly, the enzyme con-
tains a central core consisting of an RNA-dependent RNA polymerase (RdRp) domain.
In addition to the active site, which contains the conserved RdRp motifs, A–F, that are
essential for catalysis [6,29], the RdRp domain harbours a β-hairpin, or priming loop, that
protrudes into the active site [30]. The priming loop acts as a stacking platform for terminal
initiation on the vRNA promoter, and it helps regulate realignment during transcription
and replication [30–32]. The RNA polymerase core is flanked by several flexible domains
that contain other enzymatic functions, e.g., capped RNA binding (CapB) or endonuclease
activity (Endo), or host protein binding interfaces, e.g., the PB2 627-domain and nuclear
localization signal (NLS) [6,7]. Of these, the 627-domain appears dispensable for the core
activity of the RNA polymerase [33], but it is critical for viral replication in cell culture.

Several channels lead to and from the active site: the template entry channel, the NTP
entry channel, the product exit channel, and the template exit channel (Figure 1D) [6]. The
template entry channel allows entry of the vRNA or cRNA 3′ end into the active site to
facilitate initiation. The template exit channel is located close to the entry channel and
connected to a 3′ end binding site on the PA subunit surface via a groove on the side of
the RdRp domain [9]. On the other side of the RNA polymerase, the product exit channel
also performs a key role and allows egress of the replication products as well as entry of a
capped RNA primer prior to transcription initiation.

The RNA polymerase binds the 3′ and 5′ ends of the vRNA promoter using binding
pockets on the surface of the PB1 and PA subunits [25]. Upon binding, the first 10 nu-
cleotides of the 5′ end of the promoter form a stem-loop structure [24], while the 3′ end is
either bound on the surface of the RNA polymerase or transiently tethered through the
template entry channel of the RdRp domain [34,35].

2.2. RNP Structure

The IAV genome segments are encapsidated in RNPs [36]. In RNPs, NP monomers
form a long filament that forms a double helix that is capped by the viral RNA polymerase
at one end (Figure 1B) [37]. This RNA polymerase is also referred to as the cis-acting or
resident RNA polymerase [7]. Various studies have shown that the NP filament is flexible
and can adopt a more relaxed or circular conformation depending on factors such as the
length of the bound vRNA and the salt concentration of the surrounding buffer [38,39].
Moreover, inside vRNPs, NP monomers can rotate relative to each other [40]. This rotation
can be locked by IAV inhibitor nucleozin, suggesting that the flexibility of the NP monomers
in the double helix may be important for IAV RNA synthesis [40].

NP monomers consist of a head and body domain. In an RNP, the monomers are
linked via a tail-loop structure that protrudes from the first NP and binds to the insertion
groove of the second NP. vRNA or cRNA molecules are bound by a positively charged
groove located between the NP head and body domains via the negatively charged RNA
backbone [41]. It is likely that, by coating the vRNA and cRNA molecules, the NP filament
protects them from degradation and from forming long dsRNA molecules that can be
detected by host pathogen receptors. In addition, the NP filament provides a scaffold
for the formation of tertiary RNA structures, enabling RNA–RNA interactions between
segments [42].

2.3. Influenza Virus Transcription

The transcription of the vRNA segments into viral mRNAs with a 5′ cap and a 3′

poly-A tail is performed by the resident viral RNA polymerase. Since the IAV polymerase
lacks capping activity, the enzyme carries out a process called ‘cap-snatching’ to generate
capped RNA primers that can prime viral mRNA synthesis [43]. Cap-snatching starts with
the binding of the IAV RNA polymerase to a serine-5 phosphorylated host Pol II C-terminal
domain (CTD) [44]. Serine-5 phosphorylated Pol II complexes are typically initiation
complexes that are enriched near transcription start sites, and the serine-5 phosphorylated
CTD normally serves as binding site for the host capping machinery and transcription
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elongation factors. The CTD binding site of the IAV RNA polymerase is located on the
outside of the thumb subdomain and involves the PA C-terminal region in the IAV RNA
polymerase and residues of PA and PB2 in the IBV and ICV RNA polymerases [8,45,46].
It is likely that other factors, such as CDK9, which phosphorylates the CTD at serine-2
residues and helps Pol II transition from an initiation to an elongation complex, are also
involved in recruiting the IAV RdRp to Pol II [47].

Following CTD binding, nascent host RNAs containing a cap-1 structure are bound
by the PB2 cap binding domain and cleaved approximately 9–14 nucleotides down-
stream of the 5′ cap by the PA endonuclease, thus generating primers with a 3′-hydroxyl
group [3,48,49]. Interestingly, studies have shown that the IAV RNA polymerase has a
bias for different primer length preferences depending on the IAV genome segment it is
transcribing [49,50]. By inserting the capped primer via the nascent strand exit channel and
adding an NTP to the 3′ end of the cap, transcription is initiated [51]. Depending on the
stability of the primer–template duplex, which is affected by the length and sequence of
the primer, the partially extended capped primer can be fully extended, or first realigned to
the 3′ end of the vRNA prior to processive transcription elongation, duplicating the ends
of the genome as a result [32,49,52]. It is possible that this realignment mechanism evolved
to increase the likelihood of successful viral transcription events with suboptimal primers,
e.g., primers that are too short or that do not have the 3′ terminal sequence to stably base
pair with the template [32]. The cap-snatching mechanism also enables the polymerase to
express alternative open-reading frames, using start codons present in the capped RNA
primer [53].

Transcription elongation takes place until a sequence of 5–7 U-residues, located ap-
proximately 16–17 nucleotides from the 5′ end of the vRNA template, triggers transcription
termination and polyadenylation [9,10]. The poly-A tail is generated by polymerase stut-
tering on the U-stretch due to steric hindrance because the 5′ end of the vRNA template
remains bound to the promoter binding site of the transcribing polymerase [9,10]. When
the 5′ cap of the viral mRNA is released by the RdRp, it binds to the nuclear cap binding
complex, which recruits cellular factors to facilitate assembly of viral mRNAs into messen-
ger ribonucleoprotein complexes (mRNPs) [54]. This strategy generates viral transcripts
that are structurally indistinguishable from cellular transcripts for the host immune system,
enabling mRNA nuclear export and translation of viral proteins by cellular mechanisms.
Meanwhile, the template takes a different path from the nascent transcript and leaves
the active site via the template exit channel and a groove on the outside of the thumb
subdomain [9]. The 3′ terminus of the template binds on the outside of the PA subunit, also
referred to as the B-site, and will likely return to the active site once polyadenylation has
been completed and the nascent strand is released [9].

2.4. Influenza Virus Replication

By contrast to IAV transcription, IAV replication is a two-stage process that is initiated
in a primer-independent manner. During the first step of replication, cRNA synthesis takes
place by de novo initiation on the 3′ terminus of a vRNA segment [55]. The RdRp domain
uses the priming loop to stabilize the pppApG initiation product [30]. Recent structural
evidence has also revealed that host protein ANP32A must bind to the RNA polymerase
residing in the vRNP in order to recruit a newly synthesized RNA polymerase [56]. This
process leads to the formation of a viral RNA polymerase dimer that likely facilitates the
transfer of the emerging 5′ terminus of the nascent strand to the new RNA polymerase and
the formation of a cRNP [11,56,57]. No polyadenylation takes place during cRNA synthesis
and elongation continues until the vRNA template has been fully copied, which implies
that the 5′ end of the vRNA needs to be released from its binding pocket during cRNA
sythesis. The mechanism that triggers this release has not been identified so far.

The cRNA 5′ and 3′ ends are thought to bind to the same binding sites as the vRNA
terminal sequences [58,59], although some recent structures have shown that an RNA oligo
representing the cRNA 3′ terminus can bind to the B-site in the absence of elongation [60,61].
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However, sequence differences between the vRNA and cRNA promoters mean that the
RNA polymerase has different binding constants for the two promoters, with a higher
binding constant for the vRNA promoter [35]. To initiate vRNA synthesis from the cRNA
template, a pppApG dinucleotide is synthesized internally on residues 4 and 5 of the
cRNA 3′ end and subsequently realigned to the cRNA 3′ terminus to make a full-length
copy of the cRNAs [55]. Recent studies showed that the priming loop and the binding
of a regulatory polymerase, likely the previously identified trans-activating polymerase,
play an important role in controlling this realignment event [11,31,60,62]. Furthermore, a
third polymerase must bind near the product exit channel of the resident RNA polymerase
in order to form the new vRNP complex, similar to the mechanism observed for cRNP
assembly [7,56,57,62].

2.5. Aberrant RNA Synthesis

In addition to full-length vRNA and cRNA molecules, the IAV RNA polymerase can
produce RNA products that are shorter than the vRNA or cRNA template from which
they derive. These aberrant RNA species include small viral RNAs (svRNA) [63], defective
interfering RNAs (DI RNA) [64], and mini viral RNAs (mvRNA) [21]. svRNAs represent
the 5′ triphosphorylated 22–27 terminal nucleotides of vRNAs [63], whereas DI RNAs
and mvRNAs are, respectively, >180 nt and 56–125 nt long viral genome segments that
contain internal deletions between the conserved 5′ and 3′ termini (Figure 3). In addition
to their varying size, a key difference between DI RNAs and mvRNAs is that mvRNAs
can be replicated independent of NP [21,65], suggesting that they may not reside in typical
IAV vRNPs. Recent studies have demonstrated that IAV aberrant RNAs can be found
in infected mice, ferrets or humans [21,66,67], and that there is a link between DI RNA
or mvRNA production and IFN induction [21,68]. Such a link has not been observed for
svRNA synthesis [63].
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Figure 3. Influenza A virus RNA polymerases produces four types of RNA. The IAV RNA polymerase
produces four types of RNA: full length vRNA or cRNA segments, DI RNAs, mvRNAs, and svRNAs.
Three of these RNA species contain partially dsRNA sequences and a 5′ triphosphate. When this
dsRNA element is exposed to the solvent, it can be bound by RIG-I. The viral proteins PB1, PB2 and
PA are coloured bright blue, dark blue and grey blue, respectively.

It is currently not fully understood what triggers IAV aberrant synthesis. In tissue
culture experiments, IFN-inducing mutations have been linked to the accumulation of
high numbers of DI genomes. For instance, Perez-Cidoncha et al. performed selection
experiments in non-IFN-responsive cells to isolate virus mutants that were unable to
prevent IFN induction. The identified mutants were shown to be stronger IFN inducers
and to generate higher numbers of DI genomes than wild-type viruses [69]. Similarly, next-
generation sequencing and mutational analyses of influenza viruses capable of inducing
IFN promoter activation revealed influenza virus RNA polymerase mutants that have
the potential to increase aberrant RNA synthesis [70,71]. Moreover, it was recently found
that RNA polymerase variants associated with avian-adapted mutations produce more
mvRNAs in human cells [21]. Based on these observations, it was speculated that some
of these RNA polymerase mutants do not function optimally and generate aberrant RNA
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products, potentially contributing to the activation of the host innate immune response in
infections with highly pathogenic IAVs [21].

Another trigger for aberrant RNA synthesis and, in particular, mvRNA synthesis
appears to be limiting NP levels, as shown by experiments that either overexpressed the
viral RNA polymerase subunits or knocked down NP expression [21,72,73]. This suggests
that an incompletely encapsidated RNA template (aberrant RNP) or an interrupted encap-
sidation process (limiting free NP) may lead to impaired RNA polymerase processivity
and/or a higher propensity to realign product and template, and the generation of an
aberrant RNA. It also suggests that some antivirals that target NP and reduce RNA poly-
merase processivity may trigger aberrant RNA synthesis, but this has not been studied in
detail [40].

It is currently not fully understood how IAV aberrant RNAs are synthesized, though it
has been ruled out that splicing or ligation mechanisms are involved [74]. Deep-sequencing
analyses suggest that a combination of copy-choice recombination and poor RNA poly-
merase fidelity play some role in the process [21,67,75]. However, DI RNA and mvRNA
sequences have been identified that were likely not generated through a copy-choice
mechanism [21,76], suggesting that other factors may contribute to the synthesis of DI
RNAs and mvRNAs. Additional studies have suggested that A/U-rich sequences may
be involved [77], but these observations were not supported by analyses from other
groups [76,78]. Additional studies in this area are evidently needed to better understand
how the synthesis of aberrant RNAs is executed by the RNA polymerase.

3. Host Pathogen Receptors, Detection of Viral RNAs, and Host Shut-Off

The first line of defence during an infection relies on the recognition of conserved
structures exhibited by pathogens, known as pathogen-associated molecular patterns
(PAMPs). These PAMPs can be sensed by host proteins known as pattern-recognition
receptors (PRRs). IAV is recognized by at least three distinct families of PRRs, including
toll-like receptors (TLRs), the nucleotide oligomerization domain (NOD)-like receptors
(NLRs) and RIG-I-like receptors (RLRs) [79]. These PRRs facilitate viral sensing in distinct
cellular compartments of different cell types and at different infection phases. TLR7, for in-
stance, recognizes incoming virions in endosomal compartments of plasmacytoid dendritic
cells (pDCs) and induces type I interferons (IFN) production via myeloid differentiation
primary response 88 (MyD88) [80]. Another example is TLR3, which is constitutively
expressed in macrophage endosomes, and helps detect infected cells and initiate pro-
inflammatory responses through TIR-domain-containing adapter-inducing interferon-β
(TRIF) signalling [79,81]. One well-known member of the NLR family responding to IAV
infection is the NLRP3 signalosome, which is resident in the cytosol of various cell types
and able to trigger interleukin-1β induction [82]. Here, we will focus on RLR member
RIG-I, which is the key IAV RNA sensor and IFN inducer in most cell types targeted by
IAV, and which has been intensively studied in recent years.

3.1. RIG-I, MAVS and the Interferon Signalling Cascade

RIG-I is an RNA helicase that provides viral sensing in the host cell cytosol and nu-
cleus [83,84]. RIG-I consists of a central helicase/ATPase domain, two N-terminal caspase
recruitment domains (CARDs) and a C-terminal RNA-binding domain. RIG-I can be
activated by a number of RNA ligands, including dsRNAs with a 5′ triphosphate (see
below) [85,86]. When RIG-I binds a ligand, it hydrolyses ATP and undergoes a conforma-
tional change that exposes the two CARD domains [87]. Exposure of the CARD domains
leads to lysine 63-linked ubiquitination by regulatory ubiquitin ligase tripartite motif 25
(TRIM25) and interactions between RIG-I and the mitochondrial antiviral signalling protein
(MAVS) (Figure 4) [88,89].
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Figure 4. RIG-I and ZBP1 signalling after detection of influenza A virus RNA. After binding to
aberrant IAV RNA molecules, RIG-I induces innate immune signalling via the MAVS signalling
cascade. MAVS activates the IRF and the NF-κB pathway which lead to the production of IFNβ

and inflammatory cytokines, respectively. ZBP1 binds viral RNA in the nucleus and triggers RIPK3
mediated necrosis. Viral antagonists PA-X, NS1 and PB1-F2 that block certain steps of the immune
signalling pathways are also indicated.

MAVS comprises an N-terminal CARD domain, a proline-rich region and a C-terminal
transmembrane (TM) domain. With its TM segment, MAVS is targeted to the outer mi-
tochondrial membrane, a location that is crucial for competent signal transduction [90],
while the MAVS’ CARD domain facilitates the interaction with the CARD domains of
activated RIG-I. The binding of ubiquitinated RIG-I to MAVS leads to activation of the
MAVS signalosome [89]. The MAVS signalosome includes members of the TRAF (TNF
receptor-associated factor) family, TRADD (TNFR1-associated death domain protein),
STING (stimulator of interferon genes) protein families, and molecules to recruit TBK1
(TANK-binding kinase 1), which is required for the phosphorylation of interferon regula-
tory factor 3 (IRF3) and IRF7. The latter two proteins ultimately stimulate the expression
of type 1 interferon (IFN) genes (Figure 4) [89]. Besides IRF3/7 signalling, the MAVS
signalosome induces the nuclear factor-kB (NF-kB) pathway by activating the IkB kinase
(IKK) complex, consisting of the catalytic subunits IKKα and IKKβ and the regulatory
subunit IKKγ. The IKK complex, in turn, phosphorylates the NF-kB inhibitor α (IkBα) to
target the inhibitor for proteasomal degradation. Consequently, NF-kB can be released
and translocated to the nucleus to initiate expression of pro-inflammatory cytokine genes
(Figure 4) [89,90].

MAVS proteins have been shown to self-associate via their TM domains to create
a platform for the interaction with downstream signalling proteins [91]. Furthermore,
mitochondrial dynamics have been proposed to play an important role in modulating
downstream signalling and it has been reported that the fusion of mitochondria, a process
that is mediated by mitofusin 1 (MFN1) and MFN2, is essential for efficient signal transduc-
tion [92]. An intact mitochondrial membrane potential also seems to be required for the
formation of MAVS complexes, and a mitofusin deficiency or a decrease in the membrane
potential results in a fragmented mitochondrial network and a disruption of the MAVS
signalling cascade [93]. Interestingly, several studies have shown that the PB2 subunit of
the IAV RNA polymerase can translocate to the mitochondria [94,95], while alternative
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translation products of the PB1 gene, PB1-F1, also affect mitochondrial function and MAVS
signalling [96–98], suggesting that IAV has evolved several polymerase segment-encoded
mechanisms to disrupt RIG-I signalling via MAVS. Additional viral proteins that modu-
late the innate immune response are NS1 and PA-X, whose roles have been extensively
discussed elsewhere (Figure 4) [99].

3.2. Z-DNA Binding Protein 1 and Necrosis

In addition to RIG-I sensing, recent research has shown that Z-DNA binding domain
protein 1 (ZBP1 or DAI) is able to bind IAV RNAs [100,101]. After IAV RNA binding,
ZBP1 triggers RIPK3-mediated mixed lineage kinase domain-like pseudokinase (MLKL)-
dependent envelope disruption, leakage of DNA into the cytosol, and eventual necroptosis.
Like RIG-I, ZBP1 appears to preferentially bind shorter IAV RNAs and aberrant RNAs.
Why ZBP1, which was originally identified to bind left-handed DNA helices or Z-form
DNA, binds these RNAs and why these IAV RNAs molecules have Z-form dsRNA regions
is not understood [101].

3.3. Detection of Influenza Virus RNA

Various in vitro studies have been performed to identify the RNA species that bind
and activate RIG-I. Most of these RIG-I agonists contain a short double-stranded RNA
sequence and a 5′ terminal triphosphate (ppp) group [102], but other RNAs, such as RNAs
with a 5′ diphosphate, can also be bound by RIG-I [83]. A dsRNA length of 10 bp located
directly next to the 5′ ppp or a small RNA hairpin with 5′ ppp gives the strongest RIG-I
activation [103–106]. Other features, such as the RNA length, presence of overhangs, and
nucleotide composition all appear to play a role in RIG-I activation, as well [86,107,108].

The IAV 5′ and 3′ termini form a panhandle structure in solution that consists of
partially double-stranded RNA and a 5′ ppp end. This panhandle can act as RIG-I inducer,
since in vitro transcripts of influenza virus segments are capable of inducing IFN produc-
tion when transfected into cells [108], although it must be noted that T7 run-off transcripts
often contain double-stranded RNA by-products that also induce IFN expression. Similar
transcripts can also activate purified RIG-I in vitro [21,109]. To identify IAV RNA-derived
RIG-I agonists in their physiological environment, Rehwinkel et al. isolated RIG-I com-
plexes from infected cells. Immuno-precipitates contained vRNAs and cRNAs that could
be detected by primer extension, suggesting that viral genome segments bearing a 5′ ppp
are a natural source of RIG-I induction [110]. In a contemporary study, Baum et al. used
next-generation RNA sequencing to demonstrate that RIG-I preferentially associates with
short viral RNAs, such as DI RNAs, based on the enrichment for short reads covering the
5′ and 3′ termini of the viral RNA segments [108]. Interestingly, vRNPs have also been
observed to interact with RIG-I at very early time points during infection [111], but no
innate immune signalling was triggered by this interaction.

While the above studies demonstrate that RIG-I can bind viral RNAs, they do not
provide information on the timing and location of RIG-I binding during an infection. In-
terestingly, no RIG-I ligands could be isolated in infected cells treated with a translation
inhibitor [112]. Blocking viral mRNA translation stops the synthesis of new polymerase
subunits and NP molecules, and the lack of these viral proteins likely prevents activation of
subsequent replication, which is normally facilitated by the regulatory and encapsidating
RNA polymerase. Similarly, Killip et al. could limit the effect of IFN stimulation by inhibit-
ing cellular transcription, and thereby, limit that of viral transcription and replication [112],
while Rehwinkel et al. showed that IFN stimulation of infected cells is negated by a
replication-defective influenza A virus RNA polymerase [110]. Together, these findings
suggest that the activation of RIG-I during influenza virus infection requires active viral
replication [112,113].

vRNPs and cRNPs protect the viral RNA from RIG-I, in part because the 5′ and 3′

termini are tightly bound by the viral RNA polymerase [24]. If RIG-I recognised PAMPs in
the context of vRNPs, dissociation or active removal of the viral polymerase, and possibly
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NPs, needs to occur to allow RIG-I to bind the viral panhandle. Theoretically, this could
happen when cells are infected with a high MOI, when RNA polymerase mutations reduce
Pol II binding or cap-snatching, when mutations increase viral replication, or when viral
RNA polymerase or NP levels are not sufficient to complete encapsidation of nascent vRNA
or cRNAs. Interestingly, recent studies have indeed shown that limiting NP levels leads to
the formation of aberrant viral RNAs and RIG-I activation during IAV infection as well as
other negative-sense RNA virus infections [21,72,73]. Moreover, in vivo studies by Tapia
et al. confirmed that DI-rich influenza viruses are associated with stronger IFN expression
in lungs of infected mice [114]. Interestingly, in a recent comparison among full-length
vRNAs, DI RNAs and mvRNAs, mvRNAs were found to be the most potent inducers
of IFN promoter activity [21]. It is presently unclear why these short viral molecules are
more potent than longer IAV RNAs, but it is tempting to speculate that, because mvRNAs
do not need NP for their amplification and may not form (stable) RNPs, they are more
easily detected by RIG-I. It has been speculated that aberrant RNAs, in particular DI RNAs,
can interfere with the expression of viral antagonists, thus frustrating the virus’ ability to
modulate and block the activation of IFN production [113]. Further studies are evidently
needed to explore these hypotheses or find alternative explanations.

3.4. Host Shut-Off

IAV infections lead to the suppression of host transcription and translation, a pro-
cess called host shut-off. It has been proposed that host shut-off favours translation of
viral mRNAs over host mRNAs, and that it reduces the expression of innate immune
response genes. Various mechanisms have been identified that contribute to host shut-
off during IAV infections [115], including the expression of viral proteins PA-X and NS1
(Figure 4) [116,117]. Influenza virus cap-snatching also contributes to host shut-off. IAV
cap-snatching targets a large variety of Pol II transcripts, including small nucleolar RNAs
and small nuclear RNAs [49,50,118]. It is plausible that the IAV RNA polymerase targets
Pol II transcripts in an opportunistic fashion, leading to an enrichment of capped primers
derived from abundant host transcripts [118]. The impact of these cap-snatching events is
a loss of Pol II occupancy on host genes, likely through Pol II transcription termination or
inhibition [119].

3.5. Detection of Host RNA

In addition to detecting viral RNA by distinguishing it from host RNA, RIG-I can also
bind cellular 5S ribosomal RNA pseudogene 141 (RNA5SP141) transcripts during viral
infections, including infections with an influenza virus [120]. RNA5SP141 transcripts are
generated by Pol III and normally bound by RNA5SP-interacting proteins, precluding
detection by RIG-I. During a viral infection, the synthesis of these RNA5SP-interacting
proteins is downregulated through host shut-off mechanisms, allowing RIG-I detection of
RNA5SP and initiation of the innate immune response [120].

4. Conclusions and Outlook

The pathogenesis of IAV infections is a complex process that involves multiple cellular,
viral and, occasionally, bacterial factors. Exposure to IAV can lead to a wide range of
disease outcomes, and the host innate immune response is here a mixed blessing: it is
indispensable for restricting viral replication and spread, but an overstimulation of the
inflammatory response may also lead to severe disease. In efforts to explain pathogenic
differences between IAV strains, mutations in IAV proteins have been identified that alter
the receptor binding specificity, pH sensitivity, or function of IAV accessory proteins, such
as NS1, PA-X and PB1-F2. These accessory proteins play a role in modulating the host
response upon IAV infection. Mutants derived from avian-adapted IAV strains may be less
efficient at modulating the innate immune response in humans than mammalian-adapted
IAV strains. IAV proteins, or IAV infections, have also been found to induce alterations
in the infected host cell, such as H3K79 acetylation, the release of nuclear RNAs, or Pol
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II read-through. How all these factors and modulations come together and add up to
differences in virulence or pathogenicity is not fully understood.

In addition to mutations in the viral proteins, it has been discovered that aberrant IAV
RNAs produced by erroneous polymerase activity can induce RIG-I activation and the
expression of pro-inflammatory cytokines [21,113]. Many questions remain regarding this
role of aberrant IAV RNAs. For instance, it is presently unclear why avian-adapted IAV
RNA polymerases appear to produce higher levels of mvRNAs than mammalian-adapted
IAV RNA polymerases. In addition, it has not been explored if different sequences within
aberrant RNA populations contribute equally to RIG-I activation or if sequence-dependent
RIG-I activation differences exist among different aberrant RNAs. It is tempting to spec-
ulate, for instance, that IAV normally generates low levels of some aberrant molecules
that induce no RIG-I activation, so they can act as RIG-I traps. Other work suggests that
ZBP1 may also bind aberrant viral RNAs and induce necrosis [100,101]. It is unclear at
present if ZBP1 can only bind a sub-population of these aberrant RNAs since it only recog-
nizes Z-form dsRNA, or if all IAV RNA species contain Z-form dsRNA and contribute to
ZBP1 signalling.

In conclusion, the induction of a cytokine storm that underlies the pathogenesis of
some human IAV infections may be the result of a combination of a strong RIG-I activation
and the inability of the virus to inhibit or evade key players of the host defence system.
Indeed, passaging of wild-type IAV in non-IFN-responsive cells results in IAV mutants
containing IFN-inducing mutations at conserved positions in the IAV genome, and not just
in known IFN-linked sites in, for example, the NS1 gene. This view suggests that the entire
IAV genome is optimized for both viral replication as well as counteracting or evading
the host response. From that assumption it follows that due to suboptimal interactions
with mammalian host factors, avian-adapted IAV proteins may be more likely to generate
aberrant RNA products and be less efficient at suppressing the innate immune response.
Future studies will be needed to better understand these interactions and their contribution
to IAV virulence and pathogenicity.

Author Contributions: S.W. and A.J.W.t.V. wrote manuscript and created figures. All authors have
read and agreed to the published version of the manuscript.

Funding: S.W. is supported by an Erasmus + grant. A.J.W.t.V. is supported by joint Wellcome Trust
and Royal Society grant 206,579/Z/17/Z and the National Institutes of Health grant R21AI147172.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hutchinson, E.C.; Charles, P.D.; Hester, S.S.; Thomas, B.; Trudgian, D.C.; Martínez-Alonso, M.; Fodor, E.J.B. Conserved and

host-specific features of influenza virion architecture. Nat. Commun. 2014, 5, 1–11. [CrossRef]
2. Tong, S.; Zhu, X.; Li, Y.; Shi, M.; Zhang, J.; Bourgeois, M.; Yang, H.; Chen, X.; Recuenco, S.; Gomez, J.; et al. New World Bats

Harbor Diverse Influenza A Viruses. PLoS Pathog. 2013, 9, e1003657. [CrossRef]
3. Fodor, E.; Velthuis, A.J.T. Structure and Function of the Influenza Virus Transcription and Replication Machinery. Cold Spring

Harb. Perspect. Med. 2020, 10, a038398. [CrossRef]
4. Desselberger, U.; Racaniello, V.R.; Zazra, J.J.; Palese, P. The 3’ and 5’-terminal sequences of influenza A, B and C virus RNA

segments are highly conserved and show partial inverted complementarity. Gene 1980, 8, 315–328. [CrossRef]
5. Fodor, E.; Pritlove, D.C.; Brownlee, G.G. The influenza virus panhandle is involved in the initiation of transcription. J. Virol. 1994,

68, 4092–4096. [CrossRef]
6. Te Velthuis, A.J.; Fodor, E. Influenza virus RNA polymerase: Insights into the mechanisms of viral RNA synthesis. Nat. Rev.

Microbiol. 2016, 14, 479–493. [CrossRef]
7. Te Velthuis, A.J.; Grimes, J.M.; Fodor, E. Structural insights into RNA polymerases of negative-sense RNA viruses. Nat. Rev.

Microbiol. 2021, 19, 303–318. [CrossRef]

http://doi.org/10.1038/ncomms5816
http://doi.org/10.1371/journal.ppat.1003657
http://doi.org/10.1101/cshperspect.a038398
http://doi.org/10.1016/0378-1119(80)90007-4
http://doi.org/10.1128/JVI.68.6.4092-4096.1994
http://doi.org/10.1038/nrmicro.2016.87
http://doi.org/10.1038/s41579-020-00501-8


Viruses 2021, 13, 780 12 of 16

8. Krischuns, T.; Lukarska, M.; Naffakh, N.; Cusack, S. Influenza Virus RNA-Dependent RNA Polymerase and the Host Transcrip-
tional Apparatus. Annu. Rev. Biochem. 2021, 90. [CrossRef] [PubMed]

9. Wandzik, J.M.; Kouba, T.; Karuppasamy, M.; Pflug, A.; Drncova, P.; Provaznik, J.; Azevedo, N.; Cusack, S. A Structure-Based
Model for the Complete Transcription Cycle of Influenza Polymerase. Cell 2020, 181, 877–893.e21. [CrossRef]

10. Poon, L.L.; Pritlove, D.C.; Fodor, E.; Brownlee, G.G. Direct evidence that the poly(A) tail of influenza A virus mRNA is synthesized
by reiterative copying of a U track in the virion RNA template. J. Virol. 1999, 73, 3473–3476. [CrossRef] [PubMed]

11. York, A.; Hengrung, N.; Vreede, F.T.; Huiskonen, J.T.; Fodor, E. Isolation and characterization of the positive-sense replicative
intermediate of a negative-strand RNA virus. Proc. Natl. Acad. Sci. USA 2013, 110, E4238–E4245. [CrossRef] [PubMed]

12. Cheung, P.P.-H.; Rogozin, I.B.; Choy, K.-T.; Ng, H.Y.; Peiris, J.S.M.; Yen, H.-L. Comparative mutational analyses of influenza A
viruses. RNA 2014, 21, 36–47. [CrossRef]

13. Taubenberger, J.; Morens, D. Pandemic influenza—Including a risk assessment of H5N1. Rev. Sci. Tech. l’OIE 2009, 28, 187–202.
[CrossRef]

14. Taubenberger, J.K.; Kash, J.C. Influenza Virus Evolution, Host Adaptation, and Pandemic Formation. Cell Host. Microbe 2010, 7,
440–451. [CrossRef]

15. Tscherne, D.M.; García-Sastre, A. Virulence determinants of pandemic influenza viruses. J. Clin. Investig. 2011, 121, 6–13.
[CrossRef]

16. De Jong, M.D.; Simmons, C.P.; Thanh, T.T.; Hien, V.M.; Smith, G.J.; Chau, T.N.; Hoang, D.M.; Chau, N.V.; Khanh, T.H.; Dong, V.C.;
et al. Fatal outcome of human influenza A (H5N1) is associated with high viral load and hypercytokinemia. Nat. Med. 2006, 12,
1203–1207. [CrossRef] [PubMed]

17. Kobasa, D.; Jones, S.M.; Shinya, K.; Kash, J.C.; Copps, J.; Ebihara, H.; Hatta, Y.; Kim, J.H.; Halfmann, P.; Hatta, M.; et al. Aberrant
innate immune response in lethal infection of macaques with the 1918 influenza virus. Nat. Cell Biol. 2007, 445, 319–323. [CrossRef]
[PubMed]

18. Kash, J.C.; Tumpey, T.M.; Proll, S.C.; Carter, V.; Perwitasari, O.; Thomas, M.J.; Basler, C.F.; Palese, P.; Taubenberger, J.K.; García-
Sastre, A.; et al. Genomic analysis of increased host immune and cell death responses induced by 1918 influenza virus. Nat. Cell
Biol. 2006, 443, 578–581. [CrossRef] [PubMed]

19. Arankalle, V.A.; Lole, K.S.; Arya, R.P.; Tripathy, A.S.; Ramdasi, A.Y.; Chadha, M.S.; Sangle, S.A.; Kadam, D.B. Role of Host
Immune Response and Viral Load in the Differential Outcome of Pandemic H1N1 (2009) Influenza Virus Infection in Indian
Patients. PLoS ONE 2010, 5, e13099. [CrossRef] [PubMed]

20. Sakabe, S.; Iwatsuki-Horimoto, K.; Takano, R.; Nidom, C.A.; Le, M.T.Q.; Nagamura-Inoue, T.; Horimoto, T.; Yamashita, N.;
Kawaoka, Y. Cytokine production by primary human macrophages infected with highly pathogenic H5N1 or pandemic H1N1
2009 influenza viruses. J. Gen. Virol. 2011, 92, 1428–1434. [CrossRef]

21. Velthuis, A.J.W.T.; Long, J.C.; Bauer, D.L.V.; Fan, R.L.Y.; Yen, H.-L.; Sharps, J.; Siegers, J.Y.; Killip, M.J.; French, H.; Oliva-Martín,
M.J.; et al. Mini viral RNAs act as innate immune agonists during influenza virus infection. Nat. Microbiol. 2018, 3, 1234–1242.
[CrossRef]

22. Jagger, B.W.; Wise, H.M.; Kash, J.C.; Walters, K.-A.; Wills, N.M.; Xiao, Y.-L.; Dunfee, R.L.; Schwartzman, L.M.; Ozinsky, A.; Bell,
G.L.; et al. An Overlapping Protein-Coding Region in Influenza A Virus Segment 3 Modulates the Host Response. Science 2012,
337, 199–204. [CrossRef] [PubMed]

23. Turnbull, M.L.; Wise, H.M.; Nicol, M.Q.; Smith, N.; Dunfee, R.L.; Beard, P.M.; Jagger, B.W.; Ligertwood, Y.; Hardisty, G.R.; Xiao,
H.; et al. Role of the B Allele of Influenza A Virus Segment 8 in Setting Mammalian Host Range and Pathogenicity. J. Virol. 2016,
90, 9263–9284. [CrossRef] [PubMed]

24. Pflug, A.; Guilligay, D.; Reich, S.; Cusack, S. Structure of influenza A polymerase bound to the viral RNA promoter. Nat. Cell Biol.
2014, 516, 355–360. [CrossRef]

25. Reich, S.; Guilligay, D.; Pflug, A.; Malet, H.; Berger, I.; Crépin, T.; Hart, D.; Lunardi, T.; Nanao, M.; Ruigrok, R.W.H.; et al.
Structural insight into cap-snatching and RNA synthesis by influenza polymerase. Nat. Cell Biol. 2014, 516, 361–366. [CrossRef]
[PubMed]

26. Hengrung, N.; El Omari, K.; Martin, I.S.; Vreede, F.T.; Cusack, S.; Rambo, R.P.; Vonrhein, C.; Bricogne, G.; Stuart, D.I.; Grimes,
J.M.; et al. Crystal structure of the RNA-dependent RNA polymerase from influenza C virus. Nat. Cell Biol. 2015, 527, 114–117.
[CrossRef]

27. Chang, S.; Sun, D.; Liang, H.; Wang, J.; Li, J.; Guo, L.; Wang, X.; Guan, C.; Boruah, B.M.; Yuan, L.; et al. Cryo-EM Structure of
Influenza Virus RNA Polymerase Complex at 4.3 Å Resolution. Mol. Cell 2015, 57, 925–935. [CrossRef]

28. Pflug, A.; Lukarska, M.; Resa-Infante, P.; Reich, S.; Cusack, S. Structural insights into RNA synthesis by the influenza virus
transcription-replication machine. Virus Res. 2017, 234, 103–117. [CrossRef]

29. Te Velthuis, A.J. Common and unique features of viral RNA-dependent polymerases. Cell Mol. Life Sci. 2014, 71, 4403–4420.
30. Velthuis, A.J.W.T.; Robb, N.C.; Kapanidis, A.N.; Fodor, E. The role of the priming loop in influenza A virus RNA synthesis. Nat.

Microbiol. 2016, 1, 1–7. [CrossRef] [PubMed]
31. Oymans, J.; Velthuis, A.J.W.T. A Mechanism for Priming and Realignment during Influenza A Virus Replication. J. Virol. 2017, 92,

e01773-17. [CrossRef]
32. Velthuis, A.J.W.T.; Oymans, J. Initiation, Elongation, and Realignment during Influenza Virus mRNA Synthesis. J. Virol. 2017, 92.

[CrossRef]

http://doi.org/10.1146/annurev-biochem-072820-100645
http://www.ncbi.nlm.nih.gov/pubmed/33770447
http://doi.org/10.1016/j.cell.2020.03.061
http://doi.org/10.1128/JVI.73.4.3473-3476.1999
http://www.ncbi.nlm.nih.gov/pubmed/10074205
http://doi.org/10.1073/pnas.1315068110
http://www.ncbi.nlm.nih.gov/pubmed/24145413
http://doi.org/10.1261/rna.045369.114
http://doi.org/10.20506/rst.28.1.1879
http://doi.org/10.1016/j.chom.2010.05.009
http://doi.org/10.1172/JCI44947
http://doi.org/10.1038/nm1477
http://www.ncbi.nlm.nih.gov/pubmed/16964257
http://doi.org/10.1038/nature05495
http://www.ncbi.nlm.nih.gov/pubmed/17230189
http://doi.org/10.1038/nature05181
http://www.ncbi.nlm.nih.gov/pubmed/17006449
http://doi.org/10.1371/journal.pone.0013099
http://www.ncbi.nlm.nih.gov/pubmed/20957032
http://doi.org/10.1099/vir.0.030346-0
http://doi.org/10.1038/s41564-018-0240-5
http://doi.org/10.1126/science.1222213
http://www.ncbi.nlm.nih.gov/pubmed/22745253
http://doi.org/10.1128/JVI.01205-16
http://www.ncbi.nlm.nih.gov/pubmed/27489273
http://doi.org/10.1038/nature14008
http://doi.org/10.1038/nature14009
http://www.ncbi.nlm.nih.gov/pubmed/25409151
http://doi.org/10.1038/nature15525
http://doi.org/10.1016/j.molcel.2014.12.031
http://doi.org/10.1016/j.virusres.2017.01.013
http://doi.org/10.1038/nmicrobiol.2016.29
http://www.ncbi.nlm.nih.gov/pubmed/27572643
http://doi.org/10.1128/JVI.01773-17
http://doi.org/10.1128/JVI.01775-17


Viruses 2021, 13, 780 13 of 16

33. Nilsson, B.E.; Velthuis, A.J.W.T.; Fodor, E. Role of the PB2 627 Domain in Influenza A Virus Polymerase Function. J. Virol. 2017,
91, e02467-16. [CrossRef]

34. Robb, N.C.; Velthuis, A.J.W.T.; Fodor, E.; Kapanidis, A.N. Real-time analysis of single influenza virus replication complexes
reveals large promoter-dependent differences in initiation dynamics. Nucleic Acids Res. 2019, 47, 6466–6477. [CrossRef]

35. Robb, N.C.; Velthuis, A.J.W.T.; Wieneke, R.; Tampé, R.; Cordes, T.; Fodor, E.; Kapanidis, A.N. Single-molecule FRET reveals the
pre-initiation and initiation conformations of influenza virus promoter RNA. Nucleic Acids Res. 2016, 44, 10304–10315. [CrossRef]

36. Eisfeld, A.J.; Neumann, G.; Kawaoka, Y. At the centre: Influenza A virus ribonucleoproteins. Nat. Rev. Microbiol. 2015, 13, 28–41.
[CrossRef]

37. Arranz, R.; Coloma, R.; Chichón, F.J.; Conesa, J.J.; Carrascosa, J.L.; Valpuesta, J.M.; Ortín, J.; Martín-Benito, J. The Structure of
Native Influenza Virion Ribonucleoproteins. Science 2012, 338, 1634–1637. [CrossRef] [PubMed]

38. Martín-Benito, J.; Area, E.; Ortega, J.; Llorca, O.; Valpuesta, J.M.; Carrascosa, J.L.; Ortin, J. Three-dimensional reconstruction of a
recombinant influenza virus ribonucleoprotein particle. EMBO Rep. 2001, 2, 313–317. [CrossRef]

39. Klumpp, K.; Ruigrok, R.W.; Baudin, F. Roles of the influenza virus polymerase and nucleoprotein in forming a functional RNP
structure. EMBO J. 1997, 16, 1248–1257. [CrossRef] [PubMed]

40. Coloma, R.; Arranz, R.; De La Rosa-Trevín, J.M.; Sorzano, C.O.S.; Munier, S.; Carlero, D.; Naffakh, N.; Ortín, J.; Martín-Benito, J.
Structural insights into influenza A virus ribonucleoproteins reveal a processive helical track as transcription mechanism. Nat.
Microbiol. 2020, 5, 727–734. [CrossRef] [PubMed]

41. Tang, Y.-S.; Xu, S.; Chen, Y.-W.; Wang, J.-H.; Shaw, P.-C. Crystal structures of influenza nucleoprotein complexed with nucleic acid
provide insights into the mechanism of RNA interaction. Nucleic Acids Res. 2021, 49, 4144–4154. [CrossRef] [PubMed]

42. Dadonaite, B.; Gilbertson, B.; Knight, M.L.; Trifkovic, S.; Rockman, S.; Laederach, A.; Brown, L.E.; Fodor, E.; Bauer, D.L.V. The
structure of the influenza A virus genome. Nat. Microbiol. 2019, 4, 1781–1789. [CrossRef] [PubMed]

43. Plotch, S.J.; Bouloy, M.; Ulmanen, I.; Krug, R.M. A unique cap(m7GpppXm)-dependent influenza virion endonuclease cleaves
capped RNAs to generate the primers that initiate viral RNA transcription. Cell 1981, 23, 847–858. [CrossRef]

44. Engelhardt, O.G.; Smith, M.; Fodor, E. Association of the Influenza A Virus RNA-Dependent RNA Polymerase with Cellular
RNA Polymerase II. J. Virol. 2005, 79, 5812–5818. [CrossRef] [PubMed]

45. Lukarska, M.; Fournier, G.; Pflug, A.; Resa-Infante, P.; Reich, S.; Naffakh, N.; Cusack, S. Structural basis of an essential interaction
between influenza polymerase and Pol II CTD. Nat. Cell Biol. 2016, 541, 117–121. [CrossRef]

46. Martin, I.S.; Hengrung, N.; Renner, M.; Sharps, J.; Martínez-Alonso, M.; Masiulis, S.; Grimes, J.M.; Fodor, E. A Mechanism for the
Activation of the Influenza Virus Transcriptase. Mol. Cell 2018, 70, 1101–1110.e4. [CrossRef] [PubMed]

47. Walker, A.P.; Fodor, E. Interplay between Influenza Virus and the Host RNA Polymerase II Transcriptional Machinery. Trends
Microbiol. 2019, 27, 398–407. [CrossRef]

48. Dias, A.; Bouvier, D.; Crépin, T.; McCarthy, A.A.; Hart, D.J.; Baudin, F.; Cusack, S.; Ruigrok, R.W.H. The cap-snatching
endonuclease of influenza virus polymerase resides in the PA subunit. Nat. Cell Biol. 2009, 458, 914–918. [CrossRef]

49. Koppstein, D.; Ashour, J.; Bartel, D.P. Sequencing the cap-snatching repertoire of H1N1 influenza provides insight into the
mechanism of viral transcription initiation. Nucleic Acids Res. 2015, 43, 5052–5064. [CrossRef]

50. Sikora, D.; Rocheleau, L.; Brown, E.G.; Pelchat, M. Deep sequencing reveals the eight facets of the influenza A/HongKong/1/1968
(H3N2) virus cap-snatching process. Sci. Rep. 2014, 4, 1–10. [CrossRef]

51. Kouba, T.; Drncová, P.; Cusack, S. Structural snapshots of actively transcribing influenza polymerase. Nat. Struct. Mol. Biol. 2019,
26, 460–470. [CrossRef]

52. De Vlugt, C.; Sikora, D.; Rocheleau, L.; Pelchat, M. Priming and realignment by the influenza a virus RdRp is dependent on the
length of the host primers and the extent of base pairing to viral RNA. Virology 2019, 536, 91–100. [CrossRef]

53. Ho, J.S.Y.; Angel, M.; Ma, Y.; Sloan, E.; Wang, G.; Martinez-Romero, C.; Alenquer, M.; Roudko, V.; Chung, L.; Zheng, S.; et al.
Hybrid Gene Origination Creates Human-Virus Chimeric Proteins during Infection. Cell 2020, 181, 1502–1517.e23. [CrossRef]

54. York, A.; Fodor, E. Biogenesis, assembly, and export of viral messenger ribonucleoproteins in the influenza A virus infected cell.
RNA Biol. 2013, 10, 1274–1282. [CrossRef]

55. Deng, T.; Vreede, F.T.; Brownlee, G.G. Different De Novo Initiation Strategies Are Used by Influenza Virus RNA Polymerase on
Its cRNA and Viral RNA Promoters during Viral RNA Replication. J. Virol. 2006, 80, 2337–2348. [CrossRef]

56. Carrique, L.; Fan, H.; Walker, A.P.; Keown, J.R.; Sharps, J.; Staller, E.; Barclay, W.S.; Fodor, E.; Grimes, J.M. Host ANP32A mediates
the assembly of the influenza virus replicase. Nat. Cell Biol. 2020, 587, 638–643. [CrossRef] [PubMed]

57. Chen, K.-Y.; Afonso, E.D.S.; Enouf, V.; Isel, C.; Naffakh, N. Influenza virus polymerase subunits co-evolve to ensure proper levels
of dimerization of the heterotrimer. PLOS Pathog. 2019, 15, e1008034. [CrossRef]

58. Crow, M.; Deng, T.; Addley, M.; Brownlee, G.G. Mutational Analysis of the Influenza Virus cRNA Promoter and Identification of
Nucleotides Critical for Replication. J. Virol. 2004, 78, 6263–6270. [CrossRef]

59. Thierry, E.; Guilligay, D.; Kosinski, J.; Bock, T.; Gaudon, S.; Round, A.; Pflug, A.; Hengrung, N.; El Omari, K.; Baudin, F.; et al.
Influenza Polymerase Can Adopt an Alternative Configuration Involving a Radical Repacking of PB2 Domains. Mol. Cell 2016,
61, 125–137. [CrossRef]

60. Fan, H.; Walker, A.P.; Carrique, L.; Keown, J.R.; Martin, I.S.; Karia, D.; Sharps, J.; Hengrung, N.; Pardon, E.; Steyaert, J.; et al.
Structures of influenza A virus RNA polymerase offer insight into viral genome replication. Nat. Cell Biol. 2019, 573, 287–290.
[CrossRef]

http://doi.org/10.1128/JVI.02467-16
http://doi.org/10.1093/nar/gkz313
http://doi.org/10.1093/nar/gkw884
http://doi.org/10.1038/nrmicro3367
http://doi.org/10.1126/science.1228172
http://www.ncbi.nlm.nih.gov/pubmed/23180776
http://doi.org/10.1093/embo-reports/kve063
http://doi.org/10.1093/emboj/16.6.1248
http://www.ncbi.nlm.nih.gov/pubmed/9135141
http://doi.org/10.1038/s41564-020-0675-3
http://www.ncbi.nlm.nih.gov/pubmed/32152587
http://doi.org/10.1093/nar/gkab203
http://www.ncbi.nlm.nih.gov/pubmed/33784403
http://doi.org/10.1038/s41564-019-0513-7
http://www.ncbi.nlm.nih.gov/pubmed/31332385
http://doi.org/10.1016/0092-8674(81)90449-9
http://doi.org/10.1128/JVI.79.9.5812-5818.2005
http://www.ncbi.nlm.nih.gov/pubmed/15827195
http://doi.org/10.1038/nature20594
http://doi.org/10.1016/j.molcel.2018.05.011
http://www.ncbi.nlm.nih.gov/pubmed/29910112
http://doi.org/10.1016/j.tim.2018.12.013
http://doi.org/10.1038/nature07745
http://doi.org/10.1093/nar/gkv333
http://doi.org/10.1038/srep06181
http://doi.org/10.1038/s41594-019-0232-z
http://doi.org/10.1016/j.virol.2019.08.002
http://doi.org/10.1016/j.cell.2020.05.035
http://doi.org/10.4161/rna.25356
http://doi.org/10.1128/JVI.80.5.2337-2348.2006
http://doi.org/10.1038/s41586-020-2927-z
http://www.ncbi.nlm.nih.gov/pubmed/33208942
http://doi.org/10.1371/journal.ppat.1008034
http://doi.org/10.1128/JVI.78.12.6263-6270.2004
http://doi.org/10.1016/j.molcel.2015.11.016
http://doi.org/10.1038/s41586-019-1530-7


Viruses 2021, 13, 780 14 of 16

61. Peng, Q.; Liu, Y.; Peng, R.; Wang, M.; Yang, W.; Song, H.; Chen, Y.; Liu, S.; Han, M.; Zhang, X.; et al. Structural insight into RNA
synthesis by influenza D polymerase. Nat. Microbiol. 2019, 4, 1750–1759. [CrossRef]

62. Jorba, N.; Coloma, R.; Ortín, J. Genetic trans-Complementation Establishes a New Model for Influenza Virus RNA Transcription
and Replication. PLoS Pathog. 2009, 5, e1000462. [CrossRef]

63. Perez, J.T.; Varble, A.; Sachidanandam, R.; Zlatev, I.; Manoharan, M.; García-Sastre, A.; Tenoever, B.R. Influenza A virus-generated
small RNAs regulate the switch from transcription to replication. Proc. Natl. Acad. Sci. USA 2010, 107, 11525–11530. [CrossRef]

64. Nayak, D.P. Defective interfering influenza viruses. Ann. Rev. Microbiol. 1980, 34, 619–644. [CrossRef] [PubMed]
65. Turrell, L.; Lyall, J.W.; Tiley, L.S.; Fodor, E.; Vreede, F.T. The role and assembly mechanism of nucleoprotein in influenza A virus

ribonucleoprotein complexes. Nat. Commun. 2013, 4, 1–11. [CrossRef] [PubMed]
66. Koire, A.; Gilbert, B.E.; Sucgang, R.; Zechiedrich, L. Repurposed Transcriptomic Data Reveal Small Viral RNA Produced by

Influenza Virus during Infection in Mice. PLoS ONE 2016, 11, e0165729. [CrossRef] [PubMed]
67. Saira, K.; Lin, X.; DePasse, J.V.; Halpin, R.; Twaddle, A.; Stockwell, T.; Angus, B.; Cozzi-Lepri, A.; Delfino, M.; Dugan, V.; et al.

Sequence Analysis of In Vivo Defective Interfering-Like RNA of Influenza A H1N1 Pandemic Virus. J. Virol. 2013, 87, 8064–8074.
[CrossRef]

68. Dimmock, N.J.; Easton, A.J. Defective Interfering Influenza Virus RNAs: Time to Reevaluate Their Clinical Potential as Broad-
Spectrum Antivirals? J. Virol. 2014, 88, 5217–5227. [CrossRef]

69. Pérez-Cidoncha, M.; Killip, M.J.; Oliveros, J.C.; Asensio, V.J.; Fernàndez, Y.; Bengoechea, J.A.; Randall, R.E.; Ortin, J. An Unbiased
Genetic Screen Reveals the Polygenic Nature of the Influenza Virus Anti-Interferon Response. J. Virol. 2014, 88, 4632–4646.
[CrossRef]

70. Russell, A.B.; Elshina, E.; Kowalsky, J.R.; Te Velthuis, A.J.; Bloom, J.D. Single-Cell Virus Sequencing of Influenza Infections that
Trigger Innate Immunity. J. Virol. 2019, 93. [CrossRef]

71. Du, Y.; Xin, L.; Shi, Y.; Zhang, T.-H.; Wu, N.C.; Dai, L.; Gong, D.; Brar, G.; Shu, S.; Luo, J.; et al. Genome-wide identification of
interferon-sensitive mutations enables influenza vaccine design. Science 2018, 359, 290–296. [CrossRef]

72. Nilsson-Payant, B.E.; Blanco-Melo, D.; Uhl, S.; Escudero-Pérez, B.; Olschewski, S.; Thibault, P.; Panis, M.; Rosenthal, M.; Muñoz-
Fontela, C.; Lee, B.; et al. Reduced Nucleoprotein availability impairs negative-sense RNA virus replication and promotes host
recognition. J. Virol. 2021, 95. [CrossRef] [PubMed]

73. Liu, G.; Lu, Y.; Liu, Q.; Zhou, Y. Inhibition of Ongoing Influenza A Virus Replication Reveals Different Mechanisms of RIG-I
Activation. J. Virol. 2019, 93. [CrossRef] [PubMed]

74. Alnaji, F.G.; Brooke, C.B. Influenza virus DI particles: Defective interfering or delightfully interesting? PLoS Pathog. 2020, 16,
e1008436. [CrossRef] [PubMed]

75. Fields, S.; Winter, G. Nucleotide sequences of influenza virus segments 1 and 3 reveal mosaic structure of a small viral RNA
segment. Cell 1982, 28, 303–313. [CrossRef]

76. Alnaji, F.G.; Holmes, J.R.; Rendon, G.; Vera, J.C.; Fields, C.J.; Martin, B.E.; Brooke, C.B. Sequencing Framework for the Sensitive
Detection and Precise Mapping of Defective Interfering Particle-Associated Deletions across Influenza A and B Viruses. J. Virol.
2019, 93. [CrossRef]

77. Boussier, J.; Munier, S.; Achouri, E.; Meyer, B.; Crescenzo-Chaigne, B.; Behillil, S.; Enouf, V.; Vignuzzi, M.; Van Der Werf, S.;
Naffakh, N. RNA-seq accuracy and reproducibility for the mapping and quantification of influenza defective viral genomes.
RNA 2020, 26, 1905–1918. [CrossRef]

78. Jennings, P.A.; Finch, J.T.; Winter, G.; Robertson, J.S. Does the higher order structure of the influenza virus ribonucleoprotein
guide sequence rearrangements in influenza viral RNA? Cell 1983, 34, 619–627. [CrossRef]

79. Iwasaki, A.; Pillai, P.S. Innate immunity to influenza virus infection. Nat. Rev. Immunol. 2014, 14, 315–328. [CrossRef]
80. Malik, G.; Zhou, Y. Innate Immune Sensing of Influenza a Virus. Viruses 2020, 12, 755. [CrossRef]
81. Ioannidis, I.; Ye, F.; McNally, B.; Willette, M.; Flaño, E. Toll-Like Receptor Expression and Induction of Type I and Type III

Interferons in Primary Airway Epithelial Cells. J. Virol. 2013, 87, 3261–3270. [CrossRef]
82. Wu, S.; Metcalf, J.P.; Wu, W. Innate immune response to influenza virus. Curr. Opin. Infect. Dis. 2011, 24, 235–240. [CrossRef]
83. Rehwinkel, J.; Gack, M.U. RIG-I-like receptors: Their regulation and roles in RNA sensing. Nat. Rev. Immunol. 2020, 20, 537–551.

[CrossRef]
84. Liu, G.; Lu, Y.; Raman, S.N.T.; Xu, F.; Wu, Q.; Li, Z.; Brownlie, R.; Liu, Q.; Zhou, Y. Nuclear-resident RIG-I senses viral replication

inducing antiviral immunity. Nat. Commun. 2018, 9, 1–14. [CrossRef]
85. Kolakofsky, D.; Kowalinski, E.; Cusack, S. A structure-based model of RIG-I activation. RNA 2012, 18, 2118–2127. [CrossRef]
86. Ren, X.; Linehan, M.M.; Iwasaki, A.; Pyle, A.M. RIG-I Recognition of RNA Targets: The Influence of Terminal Base Pair Sequence

and Overhangs on Affinity and Signaling. Cell Rep. 2019, 29, 3807–3815.e3. [CrossRef] [PubMed]
87. Yoo, J.-S.; Kato, H.; Fujita, T. Sensing viral invasion by RIG-I like receptors. Curr. Opin. Microbiol. 2014, 20, 131–138. [CrossRef]

[PubMed]
88. Gack, M.U.; Albrecht, R.A.; Urano, T.; Inn, K.-S.; Huang, I.-C.; Carnero, E.; Farzan, M.; Inoue, S.; Jung, J.U.; García-Sastre, A.

Influenza A Virus NS1 Targets the Ubiquitin Ligase TRIM25 to Evade Recognition by the Host Viral RNA Sensor RIG-I. Cell Host.
Microbe 2009, 5, 439–449. [CrossRef] [PubMed]

89. West, A.P.; Shadel, G.S.; Ghosh, S. Mitochondria in innate immune responses. Nat. Rev. Immunol. 2011, 11, 389–402. [CrossRef]

http://doi.org/10.1038/s41564-019-0487-5
http://doi.org/10.1371/journal.ppat.1000462
http://doi.org/10.1073/pnas.1001984107
http://doi.org/10.1146/annurev.mi.34.100180.003155
http://www.ncbi.nlm.nih.gov/pubmed/7002033
http://doi.org/10.1038/ncomms2589
http://www.ncbi.nlm.nih.gov/pubmed/23481399
http://doi.org/10.1371/journal.pone.0165729
http://www.ncbi.nlm.nih.gov/pubmed/27788253
http://doi.org/10.1128/JVI.00240-13
http://doi.org/10.1128/JVI.03193-13
http://doi.org/10.1128/JVI.00014-14
http://doi.org/10.1128/JVI.00500-19
http://doi.org/10.1126/science.aan8806
http://doi.org/10.1128/JVI.02274-20
http://www.ncbi.nlm.nih.gov/pubmed/33568513
http://doi.org/10.1128/JVI.02066-18
http://www.ncbi.nlm.nih.gov/pubmed/30602605
http://doi.org/10.1371/journal.ppat.1008436
http://www.ncbi.nlm.nih.gov/pubmed/32437428
http://doi.org/10.1016/0092-8674(82)90348-8
http://doi.org/10.1128/JVI.00354-19
http://doi.org/10.1261/rna.077529.120
http://doi.org/10.1016/0092-8674(83)90394-X
http://doi.org/10.1038/nri3665
http://doi.org/10.3390/v12070755
http://doi.org/10.1128/JVI.01956-12
http://doi.org/10.1097/QCO.0b013e328344c0e3
http://doi.org/10.1038/s41577-020-0288-3
http://doi.org/10.1038/s41467-018-05745-w
http://doi.org/10.1261/rna.035949.112
http://doi.org/10.1016/j.celrep.2019.11.052
http://www.ncbi.nlm.nih.gov/pubmed/31851914
http://doi.org/10.1016/j.mib.2014.05.011
http://www.ncbi.nlm.nih.gov/pubmed/24968321
http://doi.org/10.1016/j.chom.2009.04.006
http://www.ncbi.nlm.nih.gov/pubmed/19454348
http://doi.org/10.1038/nri2975


Viruses 2021, 13, 780 15 of 16

90. Seth, R.B.; Sun, L.; Ea, C.K.; Chen, Z.J. Identification and Characterization of MAVS, a Mitochondrial Antiviral Signaling Protein
that Activates NF-κB and IRF3. Cell 2005, 122, 669–682. [CrossRef]

91. Tang, E.D.; Wang, C.-Y. MAVS Self-Association Mediates Antiviral Innate Immune Signaling. J. Virol. 2009, 83, 3420–3428.
[CrossRef] [PubMed]

92. Castanier, C.; Garcin, D.; Vazquez, A.; Arnoult, D. Mitochondrial dynamics regulate the RIG-I-like receptor antiviral pathway.
EMBO Rep. 2010, 11, 133–138. [CrossRef]

93. Koshiba, T.; Yasukawa, K.; Yanagi, Y.; Kawabata, S.-I. Mitochondrial Membrane Potential Is Required for MAVS-Mediated
Antiviral Signaling. Sci. Signal. 2011, 4, ra7. [CrossRef] [PubMed]

94. Long, J.C.D.; Fodor, E. The PB2 Subunit of the Influenza A Virus RNA Polymerase Is Imported into the Mitochondrial Matrix. J.
Virol. 2016, 90, 8729–8738. [CrossRef] [PubMed]

95. Graef, K.M.; Vreede, F.T.; Lau, Y.-F.; McCall, A.W.; Carr, S.M.; Subbarao, K.; Fodor, E. The PB2 Subunit of the Influenza Virus RNA
Polymerase Affects Virulence by Interacting with the Mitochondrial Antiviral Signaling Protein and Inhibiting Expression of Beta
Interferon. J. Virol. 2010, 84, 8433–8445. [CrossRef]

96. Yoshizumi, T.; Ichinohe, T.; Sasaki, O.; Otera, H.; Kawabata, S.-I.; Mihara, K.; Koshiba, T. Influenza A virus protein PB1-F2
translocates into mitochondria via Tom40 channels and impairs innate immunity. Nat. Commun. 2014, 5, 1–14. [CrossRef]

97. Cheung, P.-H.H.; Lee, T.-W.T.; Kew, C.; Chen, H.; Yuen, K.-Y.; Chan, C.-P.; Jin, D.-Y. Virus subtype-specific suppression of MAVS
aggregation and activation by PB1-F2 protein of influenza A (H7N9) virus. PLoS Pathog. 2020, 16, e1008611. [CrossRef]

98. Varga, Z.T.; Ramos, I.; Hai, R.; Schmolke, M.; García-Sastre, A.; Fernandez-Sesma, A.; Palese, P. The Influenza Virus Protein
PB1-F2 Inhibits the Induction of Type I Interferon at the Level of the MAVS Adaptor Protein. PLoS Pathog. 2011, 7, e1002067.
[CrossRef]

99. Nogales, A.; Martinez-Sobrido, L.; Topham, D.J.; DeDiego, M.L. Modulation of Innate Immune Responses by the Influenza A NS1
and PA-X Proteins. Viruses 2018, 10, 708. [CrossRef]

100. Kuriakose, T.; Kanneganti, T.-D. ZBP1: Innate Sensor Regulating Cell Death and Inflammation. Trends Immunol. 2018, 39, 123–134.
[CrossRef]

101. Zhang, T.; Yin, C.; Boyd, D.F.; Quarato, G.; Ingram, J.P.; Shubina, M.; Ragan, K.B.; Ishizuka, T.; Crawford, J.C.; Tummers, B.; et al.
Influenza Virus Z-RNAs Induce ZBP1-Mediated Necroptosis. Cell 2020, 180, 1115–1129.e13. [CrossRef]

102. Hornung, V.; Ellegast, J.; Kim, S.; Brzózka, K.; Jung, A.; Kato, H.; Poeck, H.; Akira, S.; Conzelmann, K.-K.; Schlee, M.; et al.
5’-Triphosphate RNA Is the Ligand for RIG-I. Science 2006, 314, 994–997. [CrossRef]

103. Lu, C.; Xu, H.; Ranjith-Kumar, C.T.; Brooks, M.T.; Hou, T.Y.; Hu, F.; Herr, A.B.; Strong, R.K.; Kao, C.C.; Li, P. The Structural Basis
of 5′ Triphosphate Double-Stranded RNA Recognition by RIG-I C-Terminal Domain. Structure 2010, 18, 1032–1043. [CrossRef]

104. Schlee, M.; Roth, A.; Hornung, V.; Hagmann, C.A.; Wimmenauer, V.; Barchet, W.; Coch, C.; Janke, M.; Mihailovic, A.; Wardle, G.;
et al. Recognition of 5′ Triphosphate by RIG-I Helicase Requires Short Blunt Double-Stranded RNA as Contained in Panhandle of
Negative-Strand Virus. Immunity 2009, 31, 25–34. [CrossRef]

105. Schmidt, A.; Schwerd, T.; Hamm, W.; Hellmuth, J.C.; Cui, S.; Wenzel, M.; Hoffmann, F.S.; Michallet, M.-C.; Besch, R.; Hopfner,
K.-P.; et al. 5’-triphosphate RNA requires base-paired structures to activate antiviral signaling via RIG-I. Proc. Natl. Acad. Sci.
USA 2009, 106, 12067–12072. [CrossRef]

106. Linehan, M.M.; Dickey, T.H.; Molinari, E.S.; Fitzgerald, M.E.; Potapova, O.; Iwasaki, A.; Pyle, A.M. A minimal RNA ligand for
potent RIG-I activation in living mice. Sci. Adv. 2018, 4, e1701854. [CrossRef]

107. Saito, T.; Owen, D.M.; Jiang, F.; Marcotrigiano, J.; Gale, M. Innate immunity induced by composition-dependent RIG-I recognition
of hepatitis C virus RNA. Nat. Cell Biol. 2008, 454, 523–527. [CrossRef]

108. Baum, A.; Sachidanandam, R.; García-Sastre, A. Preference of RIG-I for short viral RNA molecules in infected cells revealed by
next-generation sequencing. Proc. Natl. Acad. Sci. USA 2010, 107, 16303–16308. [CrossRef]

109. Kowalinski, E.; Lunardi, T.; McCarthy, A.A.; Louber, J.; Brunel, J.; Grigorov, B.; Gerlier, D.; Cusack, S. Structural Basis for the
Activation of Innate Immune Pattern-Recognition Receptor RIG-I by Viral RNA. Cell 2011, 147, 423–435. [CrossRef]

110. Rehwinkel, J.; Tan, C.P.; Goubau, D.; Schulz, O.; Pichlmair, A.; Bier, K.; Robb, N.; Vreede, F.; Barclay, W.; Fodor, E.; et al. RIG-I
Detects Viral Genomic RNA during Negative-Strand RNA Virus Infection. Cell 2010, 140, 397–408. [CrossRef]

111. Liedmann, S.; Hrincius, E.R.; Guy, C.S.; Anhlan, D.; Dierkes, R.; Carter, R.R.; Wu, G.; Staeheli, P.; Green, D.R.; Wolff, T.; et al.
Viral suppressors of the RIG-I-mediated interferon response are pre-packaged in influenza virions. Nat. Commun. 2014, 5, 5645.
[CrossRef]

112. Killip, M.J.; Smith, M.; Jackson, D.; Randall, R.E. Activation of the Interferon Induction Cascade by Influenza A Viruses Requires
Viral RNA Synthesis and Nuclear Export. J. Virol. 2014, 88, 3942–3952. [CrossRef]

113. Killip, M.J.; Fodor, E.; Randall, R.E. Influenza virus activation of the interferon system. Virus Res. 2015, 209, 11–22. [CrossRef]
114. Tapia, K.; Kim, W.-K.; Sun, Y.; Mercado-López, X.; Dunay, E.; Wise, M.; Adu, M.; López, C.B. Defective Viral Genomes Arising In

Vivo Provide Critical Danger Signals for the Triggering of Lung Antiviral Immunity. PLoS Pathog. 2013, 9, e1003703. [CrossRef]
115. Levene, R.E.; Gaglia, M.M. Host Shutoff in Influenza A Virus: Many Means to an End. Viruses 2018, 10, 475. [CrossRef]
116. Zhao, N.; Sebastiano, V.; Moshkina, N.; Mena, N.; Hultquist, J.; Jimenez-Morales, D.; Ma, Y.; Rialdi, A.; Albrecht, R.; Fenouil, R.;

et al. Influenza virus infection causes global RNAPII termination defects. Nat. Struct. Mol. Biol. 2018, 25, 885–893. [CrossRef]
117. Chaimayo, C.; Dunagan, M.; Hayashi, T.; Santoso, N.; Takimoto, T. Specificity and functional interplay between influenza virus

PA-X and NS1 shutoff activity. PLoS Pathog. 2018, 14, e1007465. [CrossRef]

http://doi.org/10.1016/j.cell.2005.08.012
http://doi.org/10.1128/JVI.02623-08
http://www.ncbi.nlm.nih.gov/pubmed/19193783
http://doi.org/10.1038/embor.2009.258
http://doi.org/10.1126/scisignal.2001147
http://www.ncbi.nlm.nih.gov/pubmed/21285412
http://doi.org/10.1128/JVI.01384-16
http://www.ncbi.nlm.nih.gov/pubmed/27440905
http://doi.org/10.1128/JVI.00879-10
http://doi.org/10.1038/ncomms5713
http://doi.org/10.1371/journal.ppat.1008611
http://doi.org/10.1371/journal.ppat.1002067
http://doi.org/10.3390/v10120708
http://doi.org/10.1016/j.it.2017.11.002
http://doi.org/10.1016/j.cell.2020.02.050
http://doi.org/10.1126/science.1132505
http://doi.org/10.1016/j.str.2010.05.007
http://doi.org/10.1016/j.immuni.2009.05.008
http://doi.org/10.1073/pnas.0900971106
http://doi.org/10.1126/sciadv.1701854
http://doi.org/10.1038/nature07106
http://doi.org/10.1073/pnas.1005077107
http://doi.org/10.1016/j.cell.2011.09.039
http://doi.org/10.1016/j.cell.2010.01.020
http://doi.org/10.1038/ncomms6645
http://doi.org/10.1128/JVI.03109-13
http://doi.org/10.1016/j.virusres.2015.02.003
http://doi.org/10.1371/journal.ppat.1003703
http://doi.org/10.3390/v10090475
http://doi.org/10.1038/s41594-018-0124-7
http://doi.org/10.1371/journal.ppat.1007465


Viruses 2021, 13, 780 16 of 16

118. Sikora, D.; Rocheleau, L.; Brown, E.G.; Pelchat, M. Influenza A virus cap-snatches host RNAs based on their abundance early
after infection. Virology 2017, 509, 167–177. [CrossRef]

119. Bauer, D.L.; Tellier, M.; Martínez-Alonso, M.; Nojima, T.; Proudfoot, N.J.; Murphy, S.; Fodor, E. Influenza Virus Mounts a
Two-Pronged Attack on Host RNA Polymerase II Transcription. Cell Rep. 2018, 23, 2119–2129.e3. [CrossRef]

120. Chiang, J.J.; Sparrer, K.M.J.; Van Gent, M.; Lässig, C.; Huang, T.; Osterrieder, N.; Hopfner, K.-P.; Gack, M.U. Viral unmasking of
cellular 5S rRNA pseudogene transcripts induces RIG-I-mediated immunity. Nat. Immunol. 2018, 19, 53–62. [CrossRef]

http://doi.org/10.1016/j.virol.2017.06.020
http://doi.org/10.1016/j.celrep.2018.04.047
http://doi.org/10.1038/s41590-017-0005-y

	Introduction 
	The Viral RNA Polymerase and Mechanisms of RNA Synthesis 
	The Influenza Virus RNA Polymerase 
	RNP Structure 
	Influenza Virus Transcription 
	Influenza Virus Replication 
	Aberrant RNA Synthesis 

	Host Pathogen Receptors, Detection of Viral RNAs, and Host Shut-Off 
	RIG-I, MAVS and the Interferon Signalling Cascade 
	Z-DNA Binding Protein 1 and Necrosis 
	Detection of Influenza Virus RNA 
	Host Shut-Off 
	Detection of Host RNA 

	Conclusions and Outlook 
	References

