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Abstract

Influenza A viruses counteract host antiviral activities, especially the production of interferons
(IFNs) and the activities of IFN-induced proteins that inhibit virus replication. The viral NS1
protein is largely responsible for countering these IFN antiviral responses, but there are functional
differences between the NS1 proteins of different virus strains. The NS1 protein inhibits IFN
production by two mechanisms: inhibition of the activation of IRF3 and IFN transcription; and
inhibition of the processing of IFN pre-mRNAs. The NS1 proteins of several virus strains do not
inhibit IRF3 activation, and the NS1 protein of one virus strain does not inhibit the processing of
IFN pre-mRNAs. Many issues remain concerning the mechanisms of action of the various NS1
proteins in countering the IFN response.

General features of the NS1 protein

The NS1 proteins of influenza A viruses range in size from 215 to 237 amino acids long,
and are comprised of two functional domains connected by a short linker: N-terminal RNA-
binding domain (RBD) (amino acids 1-73); and C-terminal effector domain (ED) (amino
acids 85-end) [1]. The RBD forms a unique six-helical homodimer which binds double-
stranded RNA (dsRNA) [2-4]. Only one amino acid, the R at position 38, is absolutely
required for dsSRNA binding [4], but other adjacent basic amino acids also participate in
dsRNA binding [5]. A nuclear location sequence (NLS) (amino acids 35-41) overlaps with
the sequence required for dsRNA binding [6,7]. The ED, which also dimerizes [8-11], binds
several cellular proteins, two of which are discussed below. The EDs of most NS1 proteins
also contain a nuclear export signal [12]. Consequently, the NS1 protein can carry out
functions in both the cytoplasm and nucleus. The sequence of NS1 proteins from different
virus strains is largely conserved. The largest sequence variations occur in the C-terminal
region of the ED [1].
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Mechanisms by which the NS1 protein inhibits the production of IFN

The differences in the C-terminus of the NS1 ED account for many of the functional
differences between the NS1 proteins of different virus strains. One such functional
difference is evident in the mechanisms by which NS1 proteins of different virus strains
inhibit the production of IFN. In one mechanism, the NS1 protein inhibits the activation of
the IRF3 and NFkB transcription factors that are required for the activation of IFN
transcription [1,13-15]. Only the NS1 proteins of some virus strains inhibit IRF3 activation
[16]. Specifically, IRF3 activation is inhibited in cells infected with viruses expressing NS1
proteins of some, but not all seasonal HIN1 viruses, or expressing the NS1 protein of the
2009 pandemic HIN1 virus or H5N1 virus. In contrast, IRF3 and IFN-f transcription are
strongly activated in cells expressing NS1 proteins of seasonal H3N2 and H2N2 viruses, as
well as some seasonal HIN1 viruses, demonstrating that these NS1 proteins do not inhibit
these activations [16]. The C-terminal region of the ED is largely responsible for conferring
the IRF3 and IFN-B transcription phenotype of the NS1 protein. The identity of an amino
acid in this region, at position 196, closely correlates with the IRF3 and IFN-f transcription
phenotype of the NS1 protein [16]. The NS1 proteins that do not block the activation of
IRF3 and IFN- transcription contain K at this position, whereas the NS1 proteins that block
these activations contain E at this position. One possibility is that the C-terminal region of
the ED contains a binding site for a protein, with the amino acid at position 196 playing an
important role in this binding, and that binding of this putative protein results in either
activation of IRF3 or inhibition of IRF3 activation. However, such a protein has not yet been
identified.

In fact, the mechanism by which some NS1 proteins inhibit IRF3 and NFxB activation has
not been established. The RIG-I pathway is responsible for the activation of these two
transcription factors [17]. Cytoplasmic RIG-I recognizes and binds a specific structure/
sequence in viral RNA (e.g., the 5’ triphosphate end of a double-stranded region), and then
undergoes a conformational change that includes exposure of its N-terminal CARD domains
[18-20]. The CARD domain is then activated either by ubiquitination catalyzed by an E3
ligase, either TRIM25 [21] or Riplet [22], or by binding polyubiquitin chains previously
synthesized by TRIM25 [23]. The activated RIG-1 CARD domain is required for
downstream interactions leading to the activation of IFN transcription [17,21]. Because the
NS1 protein of all virus strains was found to bind TRIM25 [24], it was proposed that
sequesteration of TRIM25 by the NS1 protein causes the inhibition of the activation of the
RIG-1 CARD domain and hence inhibition of IRF3 activation. However, the NS1 proteins of
H3NZ2 viruses also efficiently bind TRIM25 but do not inhibit the activation of IRF3 and
IFN transcription [16], indicating that the binding of TRIM25 by the NS1 protein does not
necessarily lead to inhibition of IRF3 activation. It is therefore possible that the NS1 protein
binds TRIM25 to prevent a different antiviral activity of TRIM25. Riplet binding to the NS1
protein was only tested with NS1 proteins that inhibit IRF3 activation [25], so that it is not
known whether Riplet binds to the NS1 proteins of H3N2 viruses that do not inhibit IRF3
activation. In addition, the NS1 protein of the laboratory-generated influenza A PR/8/34
virus has been reported to interact with RIG-I itself [15,26,27]. However, it has not been
established that such a NS1-RIG-I interaction plays a role in the inhibition of IRF3
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activation in cells infected with the PR/8/34 virus or infected with seasonal influenza A
viruses. The NS1 protein binds dsRNA, albeit with low affinity [28], and it has been
established that this dSRNA-binding is not involved in inhibiting the activation of IRF3 and
IFN transcription (see below). Consequently, experiments that have examined the binding of
the NS1 protein to TRIM25, RIG-I, and dsRNA have not established that these NS1
interactions are responsible for inhibiting the activation of IRF3 and IFN transcription.

The two groups of viruses that differ in the effects of their NS1 proteins on IRF3 activation
also differ in the effects of LGP2 on IRF3 activation and IFN production [29]. LGP2
contains domains similar to those of RIG-1 that recognize and bind a sequence/structure in
viral RNA, but LGP2 lacks the N-terminal CARD domains required for the downstream
interactions that lead to IRF3 activation [30]. With seasonal influenza A viruses that block
IRF3 activation, LGP2 has no effect [29]. In contrast, with seasonal influenza A viruses that
activate IRF3 and IFN transcription, LGP2, which is induced during infection,
downregulates the synthesis of IFN [29]. Such a downregulation of IFN production by
LGP2 has not been observed during infection with any other virus [29,31]. It seemed
counterintuitive that LGP2, a host protein induced during infection, would downregulate the
host antiviral response. However, it was subsequently shown that LGP2 downregulation of
cytokine expression is beneficial to the host in that it reduces the detrimental inflammatory
response resulting from influenza A virus infection, thereby reducing pathogenesis [32]. It is
not known how LGP2 causes downregulation of the IFN and cytokine response.

The NS1 protein inhibits IFN production by another mechanism. It binds the 30kDa subunit
of the cellular cleavage and polyadenylation specificity factor (CPSF30) that is required for
the 3’ end processing of cellular pre-mRNAs [33]. As a consequence of the sequestering of
CPSF30 by the NS1 protein, unprocessed cellular pre-mRNAs accumulate in the nucleus,
and cellular mRNA production in the cytoplasm is inhibited [34-37]. These cellular MRNAs
include interferon mRNAs and other antiviral mRNAs. The structure of a complex of the
NS1 ED with a fragment of CPSF30 comprising two of its zinc fingers elucidated the NS1-
CPSF30 interface [34]. The CPSF30 binding pocket is comprised of hydrophobic amino
acids, including W187, an amino acid required for ED dimerization. Consequently, CPSF30
binding disrupts ED dimerization, and each NS1 ED chain binds a CPSF30 molecule
[10,11]. CPSF30 binding is stabilized by two NS1 amino acids, F103 and M106, which are
outside the CPSF30 binding pocket [34,38,39]. As is the case for the inhibition of IRF3
activation, inhibition of pre-mRNA processing via CPSF30 binding varies between virus
strains. The NS1 proteins of H3N2 and H2N2 viruses, which do not inhibit IRF3 activation,
efficiently bind CPSF30 and effectively inhibit the processing of IFN pre-mRNA [16]. In
contrast, the binding of CPSF30 to the NS1 protein of the pandemic 2009 H1N1 is hindered
by three amino acids [40]. It was reported that restoration of efficient CPSF30 binding by
substituting non-blocking amino acids decreased replication and virulence in mice [40].
However, in contrast, my laboratory found that restoration of efficient CPSF30 binding
increased virus replication approximately 10-fold (Smith, B. and Krug, R.M., manuscript in
preparation). Other results confirm that suboptimal CPSF30 binding to the NS1 protein
attenuates virus replication. Thus, the NS1 protein of the H7N9 virus, an avian virus that has
recently caused substantial human deaths, contains | rather than M at position 106.
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Replacing M for | at this position, enhanced virus replication in vivo [41]. The NS1 protein
of pathogenic H5N1 viruses isolated in Hong Kong in 1997, for example the A/Hong Kong/
483/97 (HK97) virus, contains L instead of F at 103 and | instead of M at 106. Replacing
these two amino acids with the consensus amino acids at these positions led to a 20-fold
increase in the rate of virus replication in tissue culture cells coupled with a 9-fold increase
in IFN-$ mRNA production [38]. Remarkably, this replacement of amino acids resulted in a
300-fold increase in the lethality of the virus in mice by increasing the systemic spread of
the virus from the lungs, particularly to the brain [42]. The NS1 proteins of all H5N1
isolates from humans in subsequent years contain the consensus amino acids at positions
103 and 106.

Consequently, the NS1 proteins encoded by influenza A viruses isolated from humans fall
into three categories with respect to the inhibition of IFN production. The NS1 proteins of
some viruses (a subset of HIN1 viruses prior to 2009 and H5N1 viruses after 1997) inhibit
IFN production by two mechanisms: inhibition of the activation of IRF3 and IFN
transcription, and inhibition of pre-mRNA processing via strong binding of CPSF30. In
contrast, other virus strains employ only one of these NS1-mediated mechanisms, either
inhibiting only the activation of IRF3 and IFN transcription (pandemic 2009 H1N1 viruses)
[41], or only inhibiting pre-mRNA processing efficiently via strong binding of CPSF30
(H3N2 and H2N2 viruses and a subset of HIN1 viruses prior to 2009) [16] (Figure 1). It is
not clear why only one of these NS1-mediated mechanisms is sufficient for some virus
strains, whereas some virus strains employ both mechanisms.

Another NS1-mediated inhibition of antiviral gene expression

The NS1 proteins of H3N2 viruses isolated since 1989 inhibit transcription of cellular
antiviral genes by another mechanism. These NS1 proteins contain the sequence ARSK
(positions 226 to 229) at their C-terminus that is analogous to the N-terminal ARTK
sequence of histone H3 (denoted as the H3K4 site of histone H3). Similar to the histone
H3K4 sequence, host enzymes methylate the terminal K in the NS1 ARTK sequence in vitro
and in vivo [43]. The methylated NS1 sequence acts as a “histone mimic” that binds to
PAF1C, a cellular transcription-elongation complex to which methylated H3K4 also binds.
The binding of this NS1 sequence to PAF1C inhibits inducible expression of specific genes,
specifically including antiviral genes, presumably by competing with methylated H3K4 for
binding to PAF1C [43]. The evidence for this conclusion was based on the absence of this
activity in cells infected by a recombinant virus that expresses a NS1 protein containing a
deletion of ten C-terminal amino acids that includes the ARTK sequence. It might be argued
that this NS1 countermeasure against antiviral gene expression via its “histone mimic”
sequence compensates for the inability of these H3N2 NS1 proteins to inhibit the activation
of IRF3 and IFN transcription. One might then expect that the H3N2 viruses isolated prior to
1989 would be less pathogenic because their NS1 proteins do not inhibit activation of IRF3
and IFN transcription but also lack a C-terminal “histone mimic”. The NS1 proteins of these
H3N2 viruses have a 7-amino acid extension at their C-terminal ends that masks the ARTK
“histone mimic” sequence.
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The NS1 protein inhibits PKR and OAS

The NS1 protein also inhibits two IFN-induced proteins, PKR (protein kinase R) and OAS
(2’-5’-oligo A synthetase). PKR is constitutively expressed in mammalian cells, and its level
is increased by IFN treatment. PKR is activated by dsSRNA or by the cellular PACT protein,
resulting in autophosphorylation and phosphorylation of target proteins, one of which is the
a subunit of the elF2 translation initiation factor (elF2a) [44]. Phosphorylation of elF2a
results in the inhibition of all protein synthesis in infected cells, thereby inhibiting virus
replication. PKR is not activated in influenza A virus-infected cells. This block in PKR
activation is not due to the sequestration of dsSRNA by the NS1 RBD which has an affinity
for dSRNA that is much lower than that of PKR [28]. In fact, PKR is not activated in cells
infected with a virus that encodes a NS1 protein lacking dsSRNA-binding activity (see
below). Rather the inhibition of PKR activation by dsRNA as well as by PACT results from
direct binding of PKR to NS1 ED amino acids 123-127 [45,46]. It is presumed that binding
of PKR to the NS1 ED prevents PKR from undergoing its activating conformational change
that is induced by dsRNA or PACT binding. Because activated PKR was not detected in
tissue culture cells infected with influenza viruses expressing wild-type NS1 protein, it was
postulated that the inhibition of PKR activation is due solely to the action of the NS1 protein
[46]. However, others have provided evidence that a host factor activated during viral
infection, p58IPK, has an important role in inhibiting PKR activation in influenza A virus-
infected cells [47,48]. These two sets of results have not been reconciled.

OAS is activated by dsRNA to produce poly A chains with 2°-5” phosphodiester bonds.
These poly A chains bind to and activate constitutively expressed RNase L that then cleaves
viral and cellular single-stranded RNAs, thereby inhibiting virus replication [49]. In
addition, some of these degradation products have been reported to bind to and activate
RIG-I, thereby enhancing activation of IFN transcription. The NS1 protein via the dsSRNA-
binding activity of its RBD inhibits OAS activation. This role was established using a H3N2
influenza A/Udorn/72 (Ud) virus encoding a NS1 protein with a R38A mutation [50]. This
mutation eliminates at least two functions of the NS1 protein: dsRNA binding and the NLS
in the RBD. However, nuclear localization of the Ud NS1 protein was not affected by the
R38A mutation, due to the presence of a second NLS in the ED, which is present in the NS1
proteins of only some influenza A virus strains [7]. The R38A mutation resulted in a large
(1000-fold) attenuation of virus replication during multiple cycle growth. Activation of the
OAS/RNase L pathway accounted for most of this attenuation [51]. No increase in IFN
production or activation of PKR was detected in Ud R38A-infected cells [46,51]. These
results showed that NS1 dsRNA-binding activity does not function in counteracting IFN
production or PKR activation, but rather the primary role of NS1 dsRNA binding activity is
the inhibition of the activation of the OAS/RNase L pathway. The dsRNA-binding activity
of the NS1 RBD would be expected to effectively compete with the even lower affinity
dsRNA-binding activity of OAS, and thus sequester dSRNA away from OAS. Some of the
attenuation of the R38A mutant virus was not attributable to activation of the OAS/RNase L
pathway [51]. The defect responsible for this residual attenuation is not known.
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Concluding Remarks

The influenza A virus NS1 protein was shown to counteract the IFN response more than 10
years ago, but many of the underlying mechanisms still have not been resolved, as discussed
above. In fact, it is not yet known how the NS1 proteins of some influenza A virus strains
inhibit IRF3 activation, whereas the NS1 proteins of other virus strains do not inhibit IRF3
activation. One of the problems is that many investigators initially focused largely on the
NS1 protein of the laboratory-generated PR8 virus strain, which differs in several respects
from the NS1 proteins of circulating influenza A viruses. Only in the last few years have
many investigators turned their focus to elucidating the functional differences between the
NS1 proteins of different circulating influenza A virus strains.
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Figure 1.
The NS1 proteins of influenza A virus strains that either do not inhibit the activation of IRF3

and IFN transcription, or do not bind CPSF30 and hence do not inhibit the 3' end processing
of IFN pre-mRNAs.
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