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Abstract: Nipah and Hendra viruses are highly pathogenic, zoonotic henipaviruses that encode
proteins that inhibit the host’s innate immune response. The W protein is one of four products encoded
from the P gene and binds a number of host proteins to regulate signalling pathways. The W protein
is intrinsically disordered, a structural attribute that contributes to its diverse host protein interactions.
Here, we review the role of W in innate immune suppression through inhibition of both pattern
recognition receptor (PRR) pathways and interferon (IFN)-responsive signalling. PRR stimulation
leading to activation of IRF-3 and IFN release is blocked by henipavirus W, and unphosphorylated
STAT proteins are sequestered within the nucleus of host cells by W, thereby inhibiting the induction
of IFN stimulated genes. We examine the critical role of nuclear transport in multiple functions of
W and how specific binding of importin-alpha (Imp«) isoforms, and the 14-3-3 group of regulatory
proteins suggests further modulation of these processes. Overall, the disordered nature and multiple
functions of W warrant further investigation to understand henipavirus pathogenesis and may reveal
insights aiding the development of novel therapeutics.
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1. Introduction

The Paramyxoviridae virus family contains the Henipavirus genus, and many other many medically
significant viruses including measles virus, mumps virus, and human parainfluenza viruses, as well
as Sendai virus (SeV), Newcastle disease virus (NDV), and canine distemper virus in animal species.
Henipaviruses are single-stranded, negative-sense RNA viruses [1], and they include the highly
pathogenic Nipah virus (NiV) and Hendra virus (HeV) [2]. Since the first HeV outbreak in the Brisbane
suburb of Hendra in 1994, there have been seven positive confirmed cases in humans and 70 cases
in horses, all limited to the state of Queensland and the north-east corner of the state of New South
Wales, Australia [3,4]. The initial outbreak of NiV in Malaysia in 1998 and the following outbreaks in
Singapore, India, Bangladesh, and the Philippines have resulted in more than 500 human cases and the
mass culling of pigs in an attempt to control transmission in this reservoir species [5]. Although the
community transmission of henipaviruses is low, human infection with these emerging pathogens is
associated with extremely high fatality rates of 40-70% [6].

The severity of NiV and HeV infection is due in part to their ability to evade host antiviral immune
responses. NiV and HeV encode multifunctional proteins that antagonise cell-intrinsic innate immune
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responses. The W protein (expressed from the P gene of these viruses) is intrinsically disordered
and binds to multiple host targets to supress signalling pathways for interferon (IFN) production
and immune responses. A refined understanding of these interactions is crucial to reveal detailed
mechanisms of henipavirus pathogenesis and, in turn, may aid the development of efficacious antiviral
therapeutics and attenuated vaccines. Here, we focus on the molecular interactions occurring between
the W protein (a principal IFN-antagonist) and host proteins that interfere with innate immunity.

2. Virion Organisation

Henipaviruses are pleomorphic, non-segmented, negative-sense RNA viruses that contain a
host-derived membranous envelope. The virions are variable in size and range from 40 nm to 1900 nm in
diameter [7,8]. The genome of henipaviruses consists of single-stranded negative polarity RNA, and is
approximately 15% longer (~18 kb in length) than other paramyxoviruses [9]. The henipavirus genome
encodes six structural proteins: the attachment glycoprotein (G), matrix protein (M), phosphoprotein (P),
fusion protein (F), nucleoprotein (N), and polymerase (L) (Figure 1a). The P gene encodes the P protein
and three non-structural proteins; W and V through mRNA editing (resulting in unique, frame-shifted
C-terminal domains) and C through an alternate open reading frame (ORF) [10] (Figure 1b).

The ribonucleoprotein (RNP) core of henipaviruses consist of a negative-sense single stranded RNA
(ssRNA) molecule bound to N, L, and P proteins (Figure 1c). P and L proteins form an RNA-dependent
RNA polymerase (RdRp) responsible for both transcription of viral mRNA and replication via synthesis
of the positive-sense anti-genome RNA, and subsequent negative-sense genomic RNA production
from this template. The L protein is responsible for the catalytic activities of the RdRp, whereas the
P protein is responsible for interaction with both N-encapsidated RNA and L protein [11,12]. Genome
replication of the virus occurs within the cytoplasm of the host cell, and RNP association with M and
budding occurs at the cell surface to assemble infectious virions [13]. Within the virions, a shell of
M protein surrounds the RNP core and makes up the inner face of the membranous envelope. As a
structural protein, M contributes to both viral assembly and budding. Two glycoproteins exist on the
virion outer surface; the attachment protein G assembles as homotetramer, and the fusion protein F
arranges as a homotrimer [14-16].
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Figure 1. Henipavirus genome organization and virion structure (not true to scale). (a) The henipavirus
genome is a single stranded negative polarity RNA containing six viral genes. (b) The P gene encodes P,
V, W, and C proteins possess IFN-antagonist activity. P, V, and W share a common sequence encoding
their N-terminal domain (2404-3628 nucleotides (nt)), however at site AAAAAGGGC (3619-3628 nt)
RNA editing can occur with a single G-nucleotide (1G) or double G (2G) insertion shifting the reading
frame resulting in unique C-terminal domains for V and W proteins respectively; C-terminus of the P
protein is longer (202 aa) when compared to W and V (43 and 49 aa, respectively). (c) Pleomorphic virion
structure is controlled by M protein which lies under the virion envelope. Attachment protein G and
fusion protein F are located on the envelope surface and protrude as spikes. The viral ribonucleoprotein
(RNP) core consists of a single-stranded negative sense RNA, with N, L, and P proteins required for
viral transcription.

3. The Henipavirus Replication Cycle within the Host Cell

Viral entry into the host cell is mediated by the viral G attachment protein binding to ephrin-B2
and ephrin-B3 receptors on host cells [17]. These receptors have evolved to maintain highly conserved
sequences due to the necessary roles of ephrin receptors in embryogenesis and therefore display low
amino acid sequence variation (3%) between dogs, horses, rats, flying foxes, and humans. This may
be a factor allowing henipaviruses to infect diverse hosts [18,19]. Viral attachment to the receptor
initiates a conformational change of F trimers that result in fusion of the viral envelope with the plasma
membrane. The virion disassembles and releases the negative sense ssRNA genome into the cytoplasm
for mRNA synthesis and protein translation.

The L protein transcribes ORF-specific mRNAs and antigenomic RNA. Viral mRNA is translated
and antigenomic RNA is replicated, with production of new negative-sense genomic RNA being
critically regulated by the P protein. Newly synthesised M protein translocates to the nucleus and
undergoes ubiquitination [20]. It is then shuttled back to the cytoplasm where it self-assembles into an
oligomeric array at the plasma membrane [20,21]. F and G proteins are translated at the endoplasmic
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reticulum and migrate to the plasma membrane via vesicle transport. It is thought that paramyxovirus
virions assemble through an interaction of M with the cytoplasmic tails of F and G and also the RNP
before budding from the host cell [22-25].

4. Innate Immune Antagonism and Virus Pathogenesis

The severe outcomes of HeV and NiV infections are characterized by significant respiratory distress,
encephalitis, and systemic vasculitis [26,27]. Long-term neurological problems and increased risk of
symptomatic relapse post-infection is an expected consequence of these viral infections. Much remains
unknown about the contributions of viral factors to the respiratory and encephalitic components
of henipavirus infection. The ability of henipaviruses to evade the immune system and establish
systemic infection was suggested to be due to inhibition of IFN-«/p activation and signalling, with
W playing a significant role [28,29]. However, in vivo NiV studies using a ferret model suggests that
V plays a major role in determination of viral pathogenesis and lethality [28]. In contrast, W was
established to play an important role during the inflammatory response, altering the disease course [28].
Without the ability to significantly inhibit cytokine/chemokine production, W deleted NiV mutants had
reduced negative impact on the lungs and resulted in an overall extended disease course in animals.
However, the prolonged period of W-deleted NiV infection resulted in increased severity of damage
to the central nervous system (despite reduced lung pathology) that ultimately led to animal death
by encephalitis [28,30]. Equivalent viral titres present in the lung tissue during both wild type and
mutant W infection confirmed that the different respiratory tract manifestation was due to host factors
rather than viral abundance [28].

5. W Protein Is Intrinsically Disordered and Binds Multiple Host Proteins Involved in the
Suppression of Innate Inmunity

Co-transcriptional mRNA editing of the P gene results in production of P, V, and W proteins
that share the same 407 amino acids in the N-terminal domain, but each possess unique C-terminal
domains [31,32]. The N-terminal domain of the henipavirus phosphoprotein is significantly longer
compared to other paramyxoviruses and is intrinsically disordered, lacking defined tertiary structure [33].
P was previously found to form a tetramer through the intermolecular interactions between monomers,
creating a coil-coil motif within the C-terminal domain (residues 475-578) [34,35]. However, the common
N-terminal domain has only recently been partially structurally characterised as possessing several
transient «-helices detected using SAXS, and no interactions in this region between any of the monomers
within the tetramer were detected [35]. Similar to P, approximately 75% of the W protein sequence
contains large disordered regions (LDRs) that are of negative net charge and hydrophobicity [33]. It can
be suggested that the ability of the W protein to have several binding partners is due to structural
flexibility of the protein in solution (Figure 2a). Curiously, sensitive sequence analysis (consisting
principally of visual interrogation of multiple sequence alignments prepared from N-terminal
paramyxovirus P protein homologue sequences to highlight residues conserved as motifs across
several genera) revealed two conserved sequence regions named soyuzl and soyuz2 in W among all
analysed henipaviruses [36]. Soyuzl motif is located within the first amino acids of the N-terminal
domain and was proposed to likely be involved in preventing inappropriate self-assembly of RNP
through interaction with the viral N protein. The conserved soyuz2 motif is present in henipavirus
V, W, and P proteins and is potentially important in IFN signalling inhibition [35]. Although they
are conserved across genera at the sequence level, additional research is required to evaluate the
exact roles of these regions. The disordered W protein has been shown to interact with several host
proteins to antagonize the innate immune response. Previously described interactions of W with
human importin, STAT and 14-3-3 proteins highlight the significant contribution of W in interfering
with the host antiviral state [37-39].
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Figure 2. Representation of W protein domains and amino acids sequence involved in host protein
interactions. (a) The bioinformatics program IUPred2A [40] was used to predict disordered regions
across the HeV W protein sequence (UniProt accession number POC1C6). IUPred2A uses statistical
potentials to generate energy estimations of amino acid residues (whether they are likely to form
favourable interactions with each other). Residues with scores <0.5 are predicted to be disordered,
whereas residues scored >0.5 are likely ordered. (b) The N-terminal domain of W protein (grey) is
an intrinsically disordered region and contains region aa 114-140 (green) that is paramount for signal
transducer and activator of transcription (STAT) binding (green) and inhibition. Soyuzl and soyuz2
regions (dark grey) are highly conserved in henipaviruses and may play a role in interferon (IFN)
antagonism. The C-terminal domain of residues 408 to 450 is required for interferon regulatory factor 3
(IRF-3) inhibition (blue) and includes the Impoa?2 (yellow) and Impa3-binding region (orange), vital for
nuclear localisation, and the 14-3-3-binding region (pink). (c) Solved structures of W NLS (red) in
complex with binding partners: Imp«l in yellow (PDB 6BWO0), Imp«3 in orange (PDB 6BVV), and 14-3-3
o in pink (PDB 6WOL).

5.1. W Binds Impa3 and Impa4 for Nuclear Import

The discrete ability of W to localise to the nucleus is due to the presence of a strong nuclear
localisation signal (NLS) within the unique C-terminal domain. Significant research has elucidated
the role of this unique C-terminal domain of W in the inhibition of host innate immune responses.
The importance of the C-terminal NLS in antagonist functions has been demonstrated in mutagenesis
studies where the NLS mutant W behaved similar to cytoplasmic V and lost its unique ability to
inhibit IFN production and downstream type I IFN signalling pathways [29,41]. The PRP19 complex
(a negative regulator of p53) was identified as another W interactor, and nuclear localisation was
proposed to be essential for this viral protein to functionally target PRP19 [42].

The importin family is a group of cargo-specific nuclear transport adapter proteins that contains
seven isoforms of importin alpha (Imp«) in humans. Through interaction with importin 3, the adaptor
protein in complex with its cargo protein translocate to the nucleus via the nuclear-pore complex [43—45].
Because the nuclear import of W protein is required for specific inhibitory functions, the basis by
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which W enters the nucleus is of great interest. Localization of W is predominantly nuclear due to
the C-terminal NLS. Specificity of the W protein was initially described for importin «3 (Imp«3) and
importin o4 (Impx4) binding, however interaction with Impx1 and Imp«5 was also observed in vitro
to a lesser extent [29,46]. Structural studies suggested that the mechanism of specificity was due
to an extended interaction interface, whereby the interactions at the major binding site interface of
Impal and Impa3 were similar. However, an extended interface through to the minor binding site
was observed for Impa3 and not Impa1 (Figure 2a) [47]. Mapping of all previous known Impa1 and
Impa3 structures revealed significant structural differences close to the minor binding site of Impa3.
Co-immunoprecipitation studies with point mutant and chimeric constructs demonstrated that the
specificity for Impa3 was due to a specific conformation of C-terminal armadillo (ARM) repeats 7
and 8 of Impa3 [47]. The unique ARM7 and ARMS conformation of Imp«3 allowed an extended
binding interface availability for NLS interactions, when compared to any other importin molecules.
Importantly, other proteins that are subject to nuclear transport by Impoa3 and Imp a4 are outcompeted
by W, leading to reduced transport and nuclear activity [48,49]. IRF-3 and other immune signalling
proteins such as nuclear factor kappa B (NF-«B) show specificity for Impa3, and these findings suggest
that there is potential Impa3 binding site competition between henipavirus W protein and these
host antiviral transcription factors. This competitive exclusion from the nucleus may be used as a
mechanism by W to suppress immune signalling. However, more work will be required to establish
the exact modes of inhibition.

5.2. W Protein Inhibits Type I IFN Response

The antiviral innate immune response to viral infection consists of two distinct yet related signalling
pathways, that have been extensively reviewed elsewhere [50,51]. Briefly, an initial pattern-recognition
receptor (PRR) pathway recognises and responds to unique viral components (pathogen-associated
molecular patterns; PAMPs). In Paramyxoviridae infections, PRRs recognising components of the
single-stranded RNA (ssRNA) genome or replication intermediates, such as double-stranded RNA
(dsRNA), trigger signalling cascades leading to the activation of latent transcription factors IRF-3 and
NF-«B, which translocate to the nucleus, inducing the expression of inflammatory cytokines and IFN
genes [52,53].

Following expression, IFNs are secreted from infected cells to induce antiviral signalling in an
autocrine and paracrine manner. IFNs bind to their cognate receptors at the cell surface, leading to
receptor ligation and activation of a family of cytoplasmic signalling adaptors—the Janus kinases
(JAKs). JAK proteins in turn recruit and phosphorylate latent signal transducer and activator of
transcription (STAT) proteins, which dimerize for translocation to the nucleus to activate IFN stimulated
genes (ISGs) [54]. ISGs enact diverse antiviral roles, making IFN-responsive cells hostile to virus
replication and refractory to infection [2,55].

Targeting and antagonizing the IFN pathways is thus a common strategy employed by viruses
to maximise their ability to evade the immune system of the host organism and promote their
replication [56]. A major mechanism by which henipaviruses successfully evade innate immune
responses is by blocking virus-responsive transcriptional activation of type I IFNs (IFN-o/f(3).
The W proteins from both HeV and NiV have been shown to interfere with PRR signalling pathways
leading to inhibition of IRF-3 activation [29]. Due to the significance of IRF-3 in rapid induction of the
initial antiviral response, numerous viruses encode IRF-3 inhibitors, including Ebola virus, Influenza
virus, Human Papilloma Virus 16, Vaccinia virus, and Human Herpesvirus-8 (HHV-8) [57-61].

All ssRNA viruses produce dsRNA as a product of genome replication, and this dsRNA is a potent
PAMP known to trigger the innate immune system and stimulate type I IFN production within infected
cells [62]. Toll-like receptor 3 (TLR3) is an evolutionarily conserved transmembrane PRR located
within endosomes that is responsible for detecting endosomal viral dsRNA [63-65]. TLR3-dependent
signalling in response to exogenous ligand (synthetic dsRNA analogue poly(I:C)) can be inhibited
by NiV W protein [29]. Upon recognition of viral dsRNA, the TLR3 cytoplasmic Toll/interleukin
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receptor [66] domain utilises TIR-domain-containing adapter-inducing interferon 3 (TRIF) as the
adapter for signal transduction (Figure 3) o [66]. This interaction initiates a signalling cascade that leads
to activation of TANK-binding kinase 1 (TBK-1) and inhibitor of nuclear factor kappa-B kinase subunit
epsilon (IKK-¢) kinases, which in turn phosphorylate IRF-3 [67,68]. IRF-3 is a transcription factor that
in its monomeric inactive form is predominantly cytoplasmic. Activation by phosphorylation results
in changes to nuclear export signals and dimerization of IRF3, followed by translocation of this dimer
to the nucleus [48,69]. As a result, nuclear-localized, phosphorylated IRF-3 (in conjunction with other
transcription factors such as CBP and p300) binds DNA sequences within promoters to induce IFN-«/f3
production [70-73].

- \'I(’. HeNiV
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q M -/.;g;.

e 777%;1;\ , o
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Pro-inflammatory
cytokines

Figure 3. Type I IFN synthesis pathway and production of pro-inflammatory cytokines. Virus-responsive
induction of the IFN-3 promoter is directed by cytoplasmic helicases RIG-I and MDAS5 [74]. Intracellular
RNA pathogen-associated molecular patterns (PAMPs; e.g., dsRNA) are recognized by cellular
pattern recognition receptors (PRRs; e.g., RIG-I, MDAS5, TLR3), triggering antiviral signalling cascades.
Activation of two signalling kinases TBK-1 and IKK-¢ results in phosphorylation and activation of latent
IRF-3 transcription factor that is subsequently translocated to the nucleus upon dimerization [67,68].
IRF-3 binds to p300 and CBP to form the DRAF1 transcription complex for IFN-f production.
Cytoplasmic V protein is known to inhibit TBK-1 driven activation of IRF-3, whereas W protein
successfully inhibits both TBK-1 and IKK-¢ driven activation of IRF-3, with significant effects on
TIR-domain-containing adapter-inducing interferon 3 (TRIF)-mediated activation [29].

Initially, inhibition of type I IFN production by paramyxoviruses was demonstrated by the
V proteins from simian virus 5 (SV5) and human parainfluenza virus 2, and by both C and V proteins
from SeV [75-77]. Interestingly, in addition to NiV V, NiV W targets both TLR-3 and virus-mediated
signalling pathways in response to SeV infection (a potent type I IFN inducer which predominantly
initiates signals through RIG-I) [29].

W expression successfully lowered RIG-I-dependent SeV activation of IRF-3-responsive promoters
such as ISG54 and IFN-f reporters approximately 20-fold [29]. Similar effects of inhibition were
reported when intracellular transfection of a synthetic viral dsRNA analogue (poly(I:C)) was used for
activation (a method known to induce MDA5-dependent antiviral signalling) [29]. W demonstrated
more potent inhibitory effect on TRIF-activated expression of promoters following quantitative analysis
of ISG54 and ISG56 promoter-driven mRNA when compared to V [29]. Importantly, W lacking the
C-terminal domain responsible for nuclear localization performed in a similar manner to cytoplasmic
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V, confirming the dependence on nuclear localization for efficient W functionality [29]. Because W
could impair activation of the IFN-f3 promoter in the presence of IKK-¢ or TBK-1 (the kinases that
phosphorylate and activate IRE-3), the impact of W function induced by these kinases was assessed.
Results showed that W significantly inhibited activation in response to over-expression of IKK-¢
or TBK-1, suggesting antagonism is mediated at or downstream of these kinases [29]. Capacity
to inhibit downstream TBK-1 and IKK-¢ explains and supports the observations that W impairs
diverse PRR functions, including RIG-I- (SeV), MDAS5- (transfected poly(I1:C)), and TLR3 (exogenous
poly(I:C))-dependent signalling pathways [29,37].

The influence of W on the phosphorylation of IRF-3, a transcription factor critical for induction
of the IFN-B promoter downstream of TBK-1 and IKK-¢, was also assessed upon activation via
overexpression of TRIF. Increasing amounts of W lead to a substantial dose-dependent reduction
in phosphorylated IRF-3 within the cell, which also correlated with reduced levels of NF-«B p56
expression [29]. Effect of W on the kinase activity was sufficient to block phosphorylation and
dimerization of IRF-3. The authors suggest that W may directly or indirectly affect phosphorylated
IRF-3 within the nucleus, however the mechanism of inhibition is not yet clear. Finally, similar to
W, IRF-3 shows preferential binding to Imp«3 and «4 for nuclear localization, and a bipartite amino
acid sequence corresponding to an NLS is essential for DNA-binding activity of IRF-3 [29,47-49]
suggesting a possible mechanism for W inhibition through competitive Impa binding, blocking nuclear
translocation of the active IRF-3.

Overall, the W protein blocks the dsRNA signalling pathways activated upon viral entry and
replication, indicating that W targets a shared component of both activation pathways with a strong
dependence on nuclear localization for some functions. The ability of W to inhibit IRF-3 activity may
contribute significantly to henipavirus pathogenesis.

5.3. W Protein Binds Host STAT to Create High Molecular Weight Complexes that Inhibit Type I
IFN Signalling

In response to viral infection, host antiviral defence mechanisms activate IFNs, which induce ISGs
using canonical JAK-STAT pathways [54]. For type I IFNSs, these cytokines bind their cognate receptor
(composed of subunits IFNAR1 and IFNAR2) which induces activation of associated JAK1 and TYK2.
These kinases then phosphorylate tyrosine residues on STAT-1 (Y701) and STAT-2 (Y690), allowing the
formation a heterodimer through binding at C-terminal Src-homology-2 (SH2) domains. The activated
STAT-1/STAT-2 heterodimer associates with IRF-9 and it is this heterotrimeric complex, designated
IFN-stimulated gene factor 3 (ISGF3), which translocates to the nucleus for DNA binding. Within the
nucleus, the ISGF3 complex and coactivators (CBP/p300) induce ISG expression by binding target gene
IFN-stimulated response elements (ISREs) within promoters. In a similar manner, type II interferon
(IFN-v) binds to the IFNGR1 and IFNGR?2 receptor subunits and activates JAK1 and JAK2. Activated
JAKs phosphorylate STAT-1, which forms homodimers (gamma-activated factor or GAF) that bind
gamma-activated sequences (GAS) within promoters of associated genes. ISGs consist of an array of
proteins (such as PKR, OAS, and Mx proteins) that promote an active cascading host antiviral state
aimed to inhibit viral replication and prevent host cell invasion (Figure 4).

As JAK-STAT signalling is critical in the host response to viral infections, many viruses have
evolved mechanisms to interfere and antagonise these pathways. Rotavirus NSP1, Hepatitis C virus
NS5A, and Marburg virus VP40 proteins prevent STAT phosphorylation [78-80]. For the Paramyxoviridae
family, accessory proteins produced from the P gene have been implicated in altered host JAK-STAT
signalling pathways and function through an assortment of molecular mechanisms. The V protein of
both simian virus 5 (SV5) and mumps virus target STAT-1, whilst human parainfluenza virus type
2 (HPIV2) V protein targets STAT-2, for proteasomal degradation via V protein’s unique C-terminal
domain [81-83].
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Figure 4. IFN signalling pathway and production of IFN-stimulated gene (ISG) products.
Virus-mediated induction of the type I IFN production activates IFN signalling pathways. Type I
IFNs (IFNe/3) bind cognate IFNAR receptors that activate Janus kinase (JAK) proteins JAK1 and
TYK2. When activated, JAKs phosphorylate STATs. The activated STAT-1 and STAT-2 proteins form
heterodimers that associate with IRF-9, creating the ISGF3 complex. ISGF3 associates with coactivators
to induce the expression of genes downstream of promoters with IFN-stimulated response elements
(ISREs). This upregulates many host antiviral products (ISGp). Type II interferon (IFN-y) binds
IFNGR receptors to stimulate JAK activity and phosphorylation of STAT-1 homodimers (GAF complex).
GAF binds promoters of gamma-activated sequences (GAS)-associated genes that upregulate host
antiviral products (ISGp). W protein binds and sequesters unphosphorylated STAT in the nucleus as a
high molecular weight complex, antagonizing the function of STAT in the JAK-STAT pathway.

For henipaviruses, all four P gene products are implicated with anti-IEN activity. The P protein
of NiV and HeV viruses is much larger than their Paramyxoviridae counterparts, and although the
C-terminal domain is conserved, the henipavirus proteins have an extended N-terminal domain.
Interestingly for NiV V protein, STAT degradation is not observed; rather, the V protein binds STAT to
form a multiprotein complex [84]. In response to cell treatment with IFN-« in the presence of NiV
V protein, STAT-1 and STAT-2 show a cytoplasmic distribution within the cell. This suggested that
the NiV V protein antiviral mechanism has high affinity for STAT binding that prevents tyrosine
phosphorylation, nuclear accumulation, and the activation of IFN-« or IFN-[3 associated ISGs [84].
Unlike SV5 and HPIV2 V proteins, which display nuclear distribution, NiV V protein is almost
exclusively cytoplasmic [84]. However, the V protein is efficiently shuttled from the nucleus to
cytoplasm via a defined nuclear export signal interaction with CRM-1 [85]. Further to this, insights into
anti-IFN activities of all NiV P/C/W/V proteins were assessed using recombinant green fluorescence
protein (GFP) expressing IFN-sensitive Newcastle Disease virus (NDV) [86]. Transfection of chicken
embryo fibroblast cells with NiV P/C/W/V ORF inhibited IFN production that hindered NDV-GFP
replication. Overall, transfection with P/C/W/V proteins prevented the IFN antiviral state resulting in
rescued ability of NDV-GFP to replicate. A shared common N-terminal domain promoted NDV-GFP
replication indicating that this region may be responsible for altering IFN-oc and IFN-f pathways to
prevent IFN-inducible gene activation. The NiV C protein showed some anti-IFN function, however,
to a lesser extent when compared to NiV V and W proteins [86]. Due to conserved ability of N-terminal
domain to inhibit IFN production, it was concluded that the STAT binding domain is common for all
P/W/V proteins and is present within the shared N-terminal domain of henipavirus P products.
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Initially, the N-terminal STAT binding domain was found between residues 50-150, although
residues 100-160 were also reported [39,85]. Subsequent to this, a stretch of amino acids between
residues 114 to 140 in P/W/V proteins were shown to be required for inhibition of STAT-1 phosphorylation
following IFN-f treatment [87]. Specifically, G121, G125, and G127 residues of P/V/W appear to be
important for flexibility during STAT binding [87,88]. In NiV P, an aromatic amino acid at position
116 also appears to be critical for STAT-1 binding [87]. Recently, STAT-1 associated mutants of P/V/W
were tested in parallel and revealed that whilst Y116E and A116-135 mutations of P and V proteins
prevented sequestering of cytoplasmic STAT-1 and produced an altered disease course, the rNiV-Py16g
and rNiV-Pa116-135 viruses remained lethal in ferret models [89].

The W protein has been found to be the dominant STAT-1 inhibitor compared to V/P/C
counterparts [39,87]. Unlike V, C, and P proteins that are mostly cytoplasmic, the W protein of
NiV co-localizes to the nucleus with STAT-1 in its unphosphorylated form [39]. This indicates that
W either binds STAT-1 in the nucleus, preventing its nuclear export and recycling in the JAK-STAT
pathway, or transports latent (and unphosphorylated) STAT-1 directly to the nucleus where W then
sequesters it as a high molecular weight non-functional complex (Figure 4) [39]. The W protein has
been shown to play the more prominent role in evading host innate immunity by supressing the IFN
induced JAK-STAT pathway and may ultimately affect disease course.

5.4. W Binds Host 14-3-3 Proteins to Modulate Diverse Host Signalling Pathways

Interactome studies investigating HeV and NiV W and host proteins have identified interactions
with several members of the 14-3-3 family [90]. The 14-3-3 family is comprised of small, highly conserved
proteins that are crucial for the regulation of intracellular signalling pathways by altering activity,
intracellular localization and post-translational modifications of proteins involved [91]. There are seven
known isoforms of mammalian 14-3-3 proteins: Beta (f3), Epsilon (¢), Gamma (), Eta (1), Sigma (0),
Tau (7) and Zeta (¢) [92]. All 14-3-3 proteins share a similar structure with a conserved N-terminal
dimerization domain and a region for target protein binding [91,93]. 14-3-3 proteins are able to associate
with a wide range of different molecules, primarily due to specific phosphoserine/phosphothreonine
binding activity by high affinity phosphorylation-dependent binding motifs harboured on the binding
groove of 14-3-3 isotypes [94,95]. Moreover, 14-3-3 interactions in innate immune signaling have
been extensively described [29,56,57]. For detailed discussion of the many roles of the 14-3-3 family
in antiviral signalling, we direct the reader to several excellent recent reviews [94,96,97]. Briefly,
14-3-3 involved in the translocation of RIG-I to organelles that mediate downstream RIG-I signalling,
resulting in interferon production. For example, 14-3-3¢ and 14-3-3n promote the translocation of
RIG-I and MDAS to mitochondria respectively [98].

Using co-immunoprecipitation (co-IP) assays, all 14-3-3 isoforms were shown to interact with
W protein, although to different extents [37]. Through examination of different domain constructs
and mutation studies where key suspected residues were substituted with alanine, it was found
that the W interaction with 14-3-3 was mediated through a phosphorylated Ser449 residue in the
unique C-terminus of W [37]. This serine is the penultimate amino acid residue in both the NiV
and HeV W sequence and represents the basis for a mode III type binding. Mode III binding is
initiated by interaction of a 14-3-3 protein with the C-terminal domain of a protein containing a
phosphorylated serine. Supporting this binding data, a crystal structure of the NiV W (spanning
residues 446-RRMpSN-450) confirmed a mode III binding motif (Figure 2a) [37]. NiV W protein has
been shown to be bound in extended unfolded form. The binding sequences of 14-3-3 and Impx on W
proteins are in close proximity, suggesting the possibility of competition between binding partners.
However, competition co-IPs demonstrated that 14-3-3 did not disrupt Imp« interaction with NiV W,
suggesting that 14-3-3 is unlikely to be a regulator of W nuclear import. Conversely, Impo was shown
to outcompete 14-3-3 for interaction with NiV W, suggesting a possible regulatory role of Impo for
NiV W:14-3-3 interaction. 14-3-3¢ facilitates host immune RIG-I signalling through direct interaction
and activation of MDADS resulting in enhancement of the IFN{3 promoter activities [97]. Due to the the



Cells 2020, 9, 1913 110f 16

essential role of 14-3-3 isoforms in RIG-I/MDAS5 signalling and W ability to inhibit innate immunity,
the possibility of W having antagonist function against this pathway via 14-3-3 proteins was assessed.
IFNf promoter luciferase assays using SeV infection have shown the inhibition if RIG-I signalling by
NiV W protein irrespective of 14-3-3 interaction. Since 14-3-3 ¢ and RIG-I interaction is cytoplasmic,
expression of W was shifted to cytoplasm, by mutating NLS sequence, to further investigate W effect
on 14-3-3 function. However, no difference in activity was observed when compared to WT NiV W [37].
Results indicated that the 14-3-3:NiV W interaction is not required for inhibition of RIG-I/MDAS5
signalling pathway of IFN production by the W protein. However, the NiV W interaction with
14-3-3 was shown to modulate diverse host signalling pathways including innate immune related
host gene expression, in the context of RNA virus infection. [37]. The transcriptional profile of cells
overexpressing NiV W protein (or a mutant W protein lacking 14-3-3 interaction) was assessed via
next generation sequencing. Analysis of the differentially expressed genes (DEG) revealed that the
downregulated DEG subset was enriched for genes that are controlled by immune-related transcription
factors such as STAT-1 and IRF-1. These data strongly suggest that NiV W interaction with 14-3-3
inhibits the activation and/or signalling of immune-related transcription factors, leading to a footprint
of downregulated immune genes [37].

6. Conclusions

Significant work has been conducted to better understand W IFN-antagonist activity in HeV and
NiV infection, with a major focus on IRF-3 inhibition, STAT sequestration, and nuclear translocation
via importin alpha proteins. Recent work describing 14-3-3 and W interaction has suggested potential
new functions of W that may contribute to its role in henipavirus pathogenesis. Additional research is
required to further understand and establish the exact interfaces of W and host proteins that contribute
to regulation of host innate immune responses. W-host interactions described in this review may
present targets for the development of new antivirals.
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