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ABSTRACT

Viruses are obligatory intracellular parasites that use cell proteins to take the control of the cell functions in order
to accomplish their life cycle. Studying the viral-host interactions would increase our knowledge of the viral
biology and mechanisms of pathogenesis. Studies on pathogenesis mechanisms of lyssaviruses, which are the
causative agents of rabies, have revealed some important host protein partners for viral proteins, especially for
most studied species, i.e. RABV. In this review article, the key physical lyssavirus-host protein interactions, their
contributions to rabies infection, and their exploitation are discussed to improve the knowledge about rabies
pathogenesis. DOI: 10.52547/ibj.25.4.226
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INTRODUCTION

from order Mononegavirales, consists of single-

stranded, negative-sense RNA viruses, which
infect mammals and cause fatal acute viral
encephalomyelitis known as rabies™. There are high
levels of nucleotide and amino acid sequence
homology among lyssaviruses; therefore, illnesses
caused by RABV and other lyssaviruses are virtually
indistinguishable™™. RABV, the prototype virus of the
genus Lyssavirus, is more globally distributed and
abundant with more known progenies amongst species
in the genust™. Unfortunately, there is no effective
therapy for rabies once the symptoms of clinical
disease occur. Annually, about 60,000 human rabies
deaths are reported worldwide®.

The ~12 kb RNA genome of lyssaviruses comprised
of five genes and encodes viral structural proteins: N
(58-62 kDa), P (35-40 kDaP, M (22-25 kDa), G (65-80
kDa), and L (190 kDa)l. Since N is the most
conserved gene in the lyssaviruses genome, it is
commonly used for species discrimination in the genus
lyssavirus'® with 80-82% cut-off value in nucleotide
identity®. Indeed, the nucleotide identity of 82-100%
for N gene could be observed within the species!”.
Based on the updated classification and taxonomy
approved and ratified by the International Committee
of taxonomy of Viruses in March 2020, the lyssavirus
genus is composed of 17 species. There is also an
introduced putative lyssavirus that does not yet have
taxonomic status!”.

In the virion of lyssaviruses, genomic RNA is tightly
encapsidated by N to form helical RNP core together
with P and L. Subsequently, the RNP core is
surrounded by M, which has a critical role in the virion
morphogenesis. M is responsible for the condensation
of RNP into the typical bullet-shaped virus particle.
This form of morphogenesis plays a pivotal role in the
successfulness of assembly, budding, and infectivity of
virus since in the absence of M, poor release of rod or
round-shaped particles with highly affected infectivity
is observed™®. The RNP-M structure is then surrounded
by a host cell-derived lipid bilayer envelope, which
contains the surface trimeric Gs (reviewed int%).

To start infection, virus attaches to surface cellular
receptors through G and enters cell via the endosomal
transport pathway (endocytosis). The low pH value of
endosome induces a membrane fusion process,
followed by the uncoating virus particle and release of
helical RNP in the cytosol. In the next step,
transcription of the viral genome by the P-L complex
happens to produce five positive-strand monaocistronic
MRNASs and continues by the translation of five viral

I yssavirus, a genus of the family Rhabdoviridae
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proteins. The RNA polymerase activity switches from
transcription to replication to produce positive-strand
replicative RNA (anti-genome), which is a template to
make negative strand RNA genome. The synthesized
viral RNA is then packaged along with N-P complex
and L to form RNP. Then M is associated with RNP
complex to condense RNP and localize it at the cell
membrane where G is present. Finally, following the
interaction of M-RNP complex with cytoplasmic
domain of G, the mature virion acquires its envelope
by budding through the host cell membrane (reviewed
in®!). Figure 1 represents the lyssavirus life cycle in a
neuronal cell.

Lyssaviruses infect neurons with no signs of neuronal
massive injury or death in the routine postmortem
examination of rabid patients. Therefore, it seems that
the neuronal dysfunction is the main cause of severe
neurological symptoms in rabies!®. On the other hand,
the degeneration of dendrites and axons has also been
shown in experimental mouse models of rabies™".
Although there are considerable improvements in
understanding the molecular mechanisms of neuronal
dysfunction/injury in rabies, its exact mechanism
remained to be clearly understood. Findings of some
comparative proteomic studies have shown the altered
expression of the majority of cytoskeletal proteins
during rabies infection, which could be a strong clue
for neuronal dysfunction/injury™**8l. Further study on
cultured neurons infected with RABV CVS strain
demonstrated that RABV P interacted with
mitochondrial complex | and increased its activity,
resulting in the overexpressed ROS and subsequent
neuronal degeneration. This finding is postulated as an
important basis for neuronal injury/dysfunction in
rabies™. Moreover, interaction proteomics, a popular
and evolving approach to study viral pathogenesis
mechanisms®”, has clarified the important aspects of
lyssavirus infection in recent years. The interactions
between lyssavirus and host proteins occur at different
steps of viral life cycle to facilitate viral replication and
consequential pathogenesis.

This review provides an overview on prominent
experimentally defined lyssavirus-host physical protein
interactions reported to date, which might help to
construct predictive pathogenesis model(s) for the
genus lyssavirus. Notably, most of available PPl data
are related to RABV species, which has been more
studied. These PPl data have been retrieved from
literature mining and VirHostNet database. Briefly, in
order to collect the appropriate literature, multiple
related keywords, including lyssavirus, rabies, host,
interaction, binding, and association, were used to
search related articles in PubMed or Google Scholar.
Besides, many virus-host interaction databases, such as
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Fig. 1. Lyssavirus life cycle in the neuron. Following the attachment of G protein to the neuronal receptors, virus enters the cell
through endocytosis (step 1). Virion is then transported within the vesicle along axonal MTs (step 2) and is uncoated in the cell body,
releasing the RNP complex (step 3). The encapsidated RNA genome is transcribed to form five mRNAs related to structural genes
(step 4), which are then translated into the viral proteins, namely N, P, M, G, and L (step 5). The genome is also transcribed to form
the anti-genome, which is a positive-strand intermediate RNA and is used as a template for the replication of genome (step 6).
Subsequently, assembly of the viral components (step 7), budding (step 8), and release (step 9) of the virion are achieved.

VirusMINT, VirusMentha, and VirHostNet, were
searched to find physical PPI data for the lyssavirus
genus. However, only in the VirHostNet
knowledgebase, the related PPIs were available. The
PPl data (virus-host) of the Rhabdoviridae in
VirHostNet database family were downloaded from the
family rank section, and data belonging to the
lyssavirus genus were extracted.

Lyssavirus proteins and PPIs

G protein

Lyssavirus G, the surface protein of virion, forms
trimeric spikes on the viral particle surface. The N-
terminal domain of G extends outwards on the lipid
envelope of particle, and the C-terminal domain of G
inserts under the virion envelope where it associates
with M to produce a complete virus (reviewed in'®}). G
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is the primer component of lyssavirus infection and has
various important roles in viral infection, such as the
virus attachment to the specific receptors of neurons??!,
induction of virus-neutralizing antibodies!”, neuronal
survival or apoptosis®®®], and virus release!®.

The lyssaviruses neurotropism and their attachment/
entry to target cells are dependent on the protein
interactions between G and neurospecific receptors. At
least four receptors have been identified for RABV!.
nAChR, the first identified binding receptor for
RABV™Y has been shown to co-localize with RABV
(CVS) in neuromuscular junctions®?!. The binding
inhibition of RABV (CVS) and nAChR using
monoclonal antibodies against a G peptide
demonstrated the contribution of G to the mentioned
interaction!?®. Primary replication of virus in muscle
before viral entry into the CNS has been proposed as
the functional role of this interaction in RABV
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infection. Alternatively, nAChR may concentrate virus
at sites in proximity to peripheral nerves, which
faC|I|tate the viral spread along peripheral nerves to the
brain®!. Thoulouze et al.””! have proposed NCAM as
another receptor for G. They found the presence of
NCAM on the surface of RABV-susceptible cell lines
and the absence of this receptor on the surface of
RABV-resistant cell lines. They also showed that the
natural ligand or specific antibodies against NCAM
significantly decreased RABV (CVS strain) infection
in vitro, soluble NCAM could neutralize the infectivity
of RABV for susceptible cell lines, and rabies
mortality was delayed in NCAM-deficient mice!?".
The p75NTR was identified as another ligand for
RABV G through the analysis of a cDNA library
prepared from a murine neuroblastoma cell line. This
mteractlon was confirmed by Co-IP of p75NTR with
RABV G, Using a reverse binding assay, p75SNTR
interacted Wlth G of certain lyssavirus species,
including RABV (wild-type, CVS, and PV strains) and
EBLV-2, while no interaction was detected for other
studied species. This observation clearly implies the
usage of alternatlve receptor(s) by different
lyssaviruses”? and may justify differences in their
pathogenicity and neuroinvasiveness pathway®>*2. In
vivo studies have indicated the main distribution of
p75NTR in the dorsal horn of spinal cord. Thus,
RABV G-p75NTR interaction may play a role in
retrograde axonal trafficking of RABV particles in the
CNS™. However, discrepancies between the
expression sites of p75NTR and RABV-infected
regions of the brain suggest the existence of additional
factor(s) involved in RABV axonal transport, which
needs further investigation®. mGIUR2 has recently
been introduced as another G receptor for different
strains of RABV and WCBV using a RNAI strategy,
Co-IP, and pull-down assay™

Apart from participating in V|raI entrance, G has been
demonstrated to have ability to target the neuronal
enzymes by its PDZ-BS, which mimics the PDZ
domain of neuronal enzymes. Such interfering in
infection by the virulent strains of RABV ends with
cell survival, while with vaccinal strains ends with
neurons death. Caillet-Saguy et al.’”®! displayed that the
G protein of the virulent strain bound to the PDZ
domain of MAST2 and inhibited the controlled
phosphorylation of PTEN by MAST2. They revealed
that the dephosphorylation of PTEN changed its
intracellular localization, stability, and activity, Ieadln
to altered neuronal homeostasis and neurosurvival™®

In one study on the network of RABV gene products
implicated in rabies using a systems biomedicine
approach, authors proposed that G prompted the
hyperactivation of PI3K-AKT signaling through the
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dephosphorylation and redistribution of PTEN. The
consequences of the activation and the downstream
signalinP of AKT could reduce apoptosis or cell
survival™®. On the other hand, G of the vaccinal strain
bound to the PDZ domain of MAST2 and other cellular
partners, particularly PTPN4, an anti-apoptotic protein.
This interaction suppresses the efficient
dephosphorylation of ligand(s) by PTPN4. Therefore,
the homeostasis of the infected neuron alters, and
apoptosis signaling is triggered®®)

G of RABV (CVS-11, SAD strains) also interacts
with SNAP25, a member of the SNARE complex that
mediates membrane fusion events. Knockdown of
SNAP25 showed an inhibitory effect on the release of
RABV in nerve cells. It was proposed that the
interaction of G and SNAP25 regulated viral release in
the nervous system via SNARE complex-mediated
membrane fusion. Further research is needed to
elucidate the exact mechanism of membrane fusion and
progeny virus release™”. A diagram of the explained
G-host PPlIs is presented in Figure 2.

Overall, the promotion of wviral virulence,
neurosurvival or apoptosis events, and, regulation of
viral release are the main consequences of the
mentioned G-host protein interactions. Accordingly, G
involves in some pathogenetic steps of rabies infection
including entry into the nervous system, spread to the
CNS, and spread within the CNS via receptor-mediated
cell entry.

N protein

Lyssavirus N, together with the P and L component of
the virion-associated RNA polymerase, forms RNP
core of the virion, which has RNA polymerase activity.
After encapsidation of the viral genome by N,
transcription and replication of genome are possible by
LB 1n addition to this basic function, N, as one of the
viral proteins, participates in the suppression of the
host innate immune response during infection, thus
helps virus to replicate and spread efficiently in the
brain and CNS. N inhibits the activation of IRF-3
pathway by evading the activation of RIG-I, resulting
in the suppression of the expression of host defense-
related genes, IFN and chemokines®®. It has been
supposed that the closed form of N-RNA limits the
replication of the RNA genome and suppresses the
activation of RIG-I; however, the elucidation of
involved mechanism(s) needs more efforts. Till now,
some few physical partners have been introduced for
N. RABV N (CVS strain) binds to Hsp70 chaperone,
which positively regulates the RABV infection cycle
at different stages, such as the transcriptional
and/or translational level and/or viral assembly and
budding®®?. Hsp70, as a multifunctional protein, is
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Fig. 2. Overview of the validated physical interactions between lyssavirus G and host proteins. Host partners are colored in dark
blue. Downstream signaling (if elucidated) and/or functional/pathologic outcomes of PPIs are shown. X represents a cellular ligand,
and P in black circle stands for a phosphate. Interaction: «—, Stimulation: —, Inhibition. —— , Outcome: - - ».

involved in the cellular processes, including protein
translation, folding, trafficking, and degradation®.
Hsp70 takes part in the replication of numerous
viruses™*. In the case of RABV, upregulation of
Hsp70 and its accumulation in NBs, along with its
presence in both purified nucleocapsid and virions,
have been demonstrated. Downregulation of Hsp70 for
elucidating the functional role of N-Hsp70 association
using RNAI revealed a decrease in the viral mMRNA,
proteins, and particles. Reduction of viral protein
synthesis and viral production can be the consequences
of the affected viral transcription level, but the
presence of a specific role for Hsp70 in other steps,
including translation and/or assembly and budding,
could also be possible. Accordingly, its proviral
function during infection and involvement in at least
one stage of RABV life cycle are obvious®”. In a
research, the colocalization of RABV N and P (HEP-
Flury strain) with neuronal CCTy and CCTa, two
components of the eukaryotic cytosolic chaperone in
TRIiC/CCT complex involving in protein folding, was
indicated in NBs. Knockdown of CCTy showed the
significant inhibition of viral protein expression and
replication, which was due to the affected transcription
step. Indeed, N in complex with P recruits CCTy to
NBs, which are factories for virus replication and this
chaperonin  facilitates  viral  transcription and
replication, in general. The detailed mechanism(s)
involved in this facilitated replication remains to be
clarified™. In the next study of the same researchers,
observation of the colocalization of RABV N (HEP-
Flury strain) with prefoldin 1 (a co-chaperone of group
I chaperonins) in NBs has been suggested to assist in
the folding of viral or host proteins during RABV
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infection™. Prefoldin is an intermediary factor

between Hsp70 and TRIC/CCT . The cooperation of
this group of proteins is speculated to facilitate RABV
replication*!. Interestingly, the overexpression of
Hsp70, CCTy, and prefoldin 1, together with other
chaperonins such as CCTO and Hsp90, as molecular
chaperones and  chaperonins  during  rabies
infection®®*“2*3] could be a hint of their cooperation in
the folding process of viral proteins and facilitation of
RABYV replication. A diagram of the explained N-host
PPlIs is illustrated in Figure 3.

Overall, the functional roles of physical association of
N with some host factors with crucial activities in
protein homeostasis are the positive regulation of viral
RNA transcription, translation, protein folding and
RNA replication, which are in line with the main
activity of RNP complex in rabies infection.

L protein

Lyssavirus L protein has an RdRp activity. L conducts
the transcription of viral mMRNAS via its transcriptase,
capping, and polyadenylation activity. Also, the
replication of the viral genome is conducted by its
replicase activity. Interaction of L with its cofactor, P,
in RNP core and formation of L-P complex are
necessary for viral transcription and replication
(reviewed in)). The binding of L to N has been
suggested to be important for the initiation of genomic
RNA synthesis, as well®.. In order to understand the
precise mechanism of the L function, studying its
association with host factors would be informative.
However, it appears that an intrinsic instability of
transiently expressed L is a limiting factor for such
studies*®!. Recently, the colocalization of RABV L
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(SAD B19 strain) with acetylated and reorganized
neuronal MTs has been reported, and a DLC1-binding
motif in L, similar to that of RABV P has been
detected. Mutations of these motifs in L and P
demonstrated their involvement in the regulation of
DLC1 gene expression and regulation of viral primary
transcription. Since RNA polymerase activity of other
nonsegmented negative-strand RNA  viruses is
regulated by cytoskeletal proteins or cytoskeletal-
associated proteins, it can be concluded that DLC1, a
MAP, acts as a transcription factor for RABV
polymerase. However, it has been shown that the
regulation of transcription by DLC1 is inessential, and
this factor only enhances the primary viral transcription
process. Besides, mutations of the DLC1-binding motif
in L inhibit MTs acetylation/stabilization and
accumulation of L at MTs™*". According to a previous
study it has been suggested that DLC1
overexpression in RABV infection results in increased
acetylation and stabilization of MTs, which the latter
has been proposed to stimulate RNP transport to virus
budding sites after formation in NBs in cytoplasm®*”.
A diagram of the explained L-host PPIs is represented
in Figure 3.

Overall, it is concluded that DLC1-L interaction plays
a central role in the RABV infection through the
regulation of viral transcription in early steps of
infection, regulation of DLC1 gene expression,
acetylation/stabilization of MTs, and consequent
colocalization of L with acetylated MTs. Precise
mechanisms and signaling pathways involved in these
events remain to be elucidated.

P protein

P protein of lyssavirus is the co-factor of the viral
RNA polymerase with a central role in viral
transcription and replication'®). Besides, P functions as
a host innate immune antagonist. For P, there are some
identified host protein partners, which mostly involve
in suppressing the host defense. Subversion of antiviral
signaling pathways via these interactions is central to
rabies pathogenicity.

P exploits cellular factors to escape immune response
via different mechanisms. The IFN-induced PML
protein localizes into nuclear bodies with possible
functions in nuclear trafficking, apoptosis, and viral
defense®!. The direct interaction of RABV P (CVS
strain) C-terminal domain with the RING finger motif
of PML leads to the retention of the PML in the
cytoplasm. Also, the interaction of P3 isoform of P
with PML increases the PML body size in infected
cells. P affects the localization and structure of the
nuclear bodies and inhibits the antiviral activity of
PML, butéarecise mechanism of this antiviral function
is unclear™. Inhibition of type I (IFN-/B) and type II
(IFN-y) IFN-dependent Jak-STAT signaling through
the interaction of P from RABV (PV, SAD [16, CVS,
and SHBRYV strains) and other lyssaviruses (MOKV
and ABLV) with the STAT1/2 proteins is a well-
described mechanism by which the immune system is
sequestered. Type | and Il IFN receptors are triggered
by related IFNs, and then STATSs are phosphorylated
by Jak and tyrosine kinase. At this step, P binds to
STAT1/2, preventing their translocation to the nucleus
and subsequent inhibition of the expression of antiviral

\
Viral € == === f
transeription \L))k\
/ . /' ————— -» Protein folding
} _pk)
+DLCI e \
L e
\ 4
MT-acetylation  Viral transcription Viral transcription
1
' ? :
MT-stabilization Viral translation !
I 1 !
1 i :
v v v
RNP transport to Viral production Viral replication
Budding sites

Fig. 3. Overview of the validated physical interactions between lyssavirus N, lyssavirus L and host proteins. Host partners are
colored in dark blue. Downstream signaling (if elucidated) and/or functional/pathologic outcomes of PPIs are represented. Interaction:
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products like myxovirus resistance 1, OAS1, and other
ISG products. Truncated forms of P can bind directly
to the heterodimers of STATL1 and STAT2, which are
complexed with IRF9 and form the ISFG3 and also
STAT1 homodimers. Finally, the consequence of these
bindings is transcriptional inhibition of the ISRE and
GAS, respectively. Actually, this inhibitory mechanism
represents a key pathogenicity factor in lyssavirus
infection®**. RABV P (CVS) also interacts with
activated STAT3 through its C-terminal 30 residues,
prevents its nuclear translocation and inhibits the
signaling of STAT3™ an important mediator of
GP130 receptor-dependent signaling pathway. This
pathway is activated by other immune molecules,
particularly members of the IL-6 cytokine family®.
Inhibition of the nuclear translocation of GP130-
activated STAT3 via P-STAT3 association suppresses
the downstream signaling and represents an immune
antagonistic role for P beyond IFNs?®?.

The cooperation between P and M proteins of RABV
(a street strain:8743THA) to inhibit Jak-STAT
signaling has been demonstrated, and an inhibitory
model has been proposed. After IFN stimulation, M
interacts with Jak1 and then with STAT1 to block their
phosphorylation, respectively. Thereafter, M-Jakl
switches to M-STAT1 via P to increase the capacity of
P for STAT1 binding and inhibition of STAT dimer
translocation to the nucleus. During late infection
stages, P and M preferentially bind to Jakl, which
might be essential to limit signal outbursts in the early
stages of infection and also to control later feedback
loops. Association of P and Jakl has been shown to
prevent Jakl-STAT1 interaction®. In another
mechanism of IFN antagonism, interaction of RABV P
with MT cytoskeleton, TUB o/B, causes a stable
binding of STAT1 with MTs, followed by the inhibited
nuclear import of STAT1 and suppression of the innate
immune response®®*. The interference of the RABV
P with IRF-3 phosphorylation and subsequent
inhibition of type | IFN induction is a well-known
mechanism to manipulate the IRF-3-mediated type |
IFN induction system and to evade the host
immunity™>?.  After the recognition of the 5’
triphosphate-ended RNA of RABV by RIG-I, a
pathogen recognition receptor®, RIG-I is activated
and binds to an adaptor molecule, MAVS, to signal
the activation of TBK1 and IKKe. Then, IRF-3 is
phosphorylated and dimerized by the activated TBK1-
IKKe complex, translocates into the nucleus and
induces the transcription of type | IFNs, which in turn
promotes  Jak-STAT signaling pathway®. A
comprehensive recent study has indicated that P
proteins from street RABV (HCM-9, 1088 strains),
fixed RABV (CVS, Ni), and other lyssaviruses
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(MOKYV, DUVV, LBV) could inhibit TBK-1-mediated
signaling through an unknown mechanism. This
inhibitory effect was followed by the prevention of
type | IFN induction. Moreover, it has been
demonstrated that P from only street strains of RABV
(HCM-9, 1088 strains) directly interacts with IKKe and
inhibits TKKe-mediated IRF-3 activation. Therefore,
the functional role of P-IKKe association in the
pathogenicity of RABV street strains could be the
inhibition of type I IFN induction®. In another report,
the direct association of RABV P (SAD L16 strain)
with Rpl9 has been proposed to help RABV escaping
the immune responses. Rpl9 is one of the ribosomal
proteins with translational function. In the early stages
of infection, P induces the translocation of Rpl9 from
the nucleus to the cytoplasm and interacts with this
ribosomal component. Upon L9 overexpression,
RABYV replication decreases significantly, and by
knocking down the expression of L9, RABV
replication enhances prominently, which indicates that
L9 interferes with RABV replication. Of note, this
effect on viral replication was not observed during
Vesicular stomatitis virus infection, another genus of
Rhabdoviridae family. Thus, it was suggested that in
the early stages of infection, L9 binding to P disturbs
the viral transcription and replication function of P,
resulting in decreased RABYV transcription. However,
at a later stage, the amount of P exceeds the L9, which
participates in RABV replication. This finding could
justify the slow infectious cycle of RABV, which helps
the virus to evade the host immunity™®!.

Incomplete autophagy is another mechanism of
immune evasion, which has been induced by virulent
and attenuated RABV (CVS-11, HEP-Flury strains) P
and P5 isoform[®®l. Autophagy is a host defense
mechanism by which intracellular pathogens are
removed. However, autophagy machinery is inhibited
by many viruses to increase viral production®!. It has
been demonstrated that RABV P interacts with BECN1
and induces incomplete autophagy through activating
BECN1-CASP2-AMPK-MAPK and BECN1-CASP2-
AMPK-AKT-MTOR signaling pathways, which
enhance the viral replication. Indeed, P-BECNL1
binding decreases CASP2 expression level, which
subsequently triggers the phosphorylation of AMPK.
Then the phosphorylation of AKT, MAPKZ1/3, and
MAPKZ11 is initiated, followed by the activation of
MTOR phosphorylation via phosphorylated AKT.
Autophagosome formation process is then started by
phosphorylated MAPK1/3, MAPK11, and MTOR. The
autophagosome, which has engulfed virions, does not
fuse with the lysosomes, and lastly, virions escape
degradation. It has been shown that RABV replication
is prominently inhibited by BECN1 knocking down!®®.
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It has also been found that P5 is associated (stronger
than P) with BECN1, thereby activating BECN1
signaling. Interestingly, this binding forms a ring-like
structure that surrounds the immature autophagosome
and might prevent the fusion of lysosomes and
autophagosome; therefore, incomplete autophagy
occurs. P5-BECNL interaction promotes RABV self-
replication®.

ABCE1 (RNase L inhibitor) is another host
interactor of RABV (ERA strain) P This protein
acts as a RNase L inhibitor to promote RNA
stability®®®. ABCE1 has been shown to negatively
regulate the 2 5A/RNase L ant|V|raI pathway with viral
RNA degradation activity™. Inactivation of ABCE1
inhibits RABV repllcatlon significantly, but its
overexpression enhances the viral repllcatlon Thus
this binding positively regulates virus progeny®”. On
the other hand, P and ABCEL1 are both assouated W|th
the IFN signaling. After the production of viral RNA,
RABYV P tries to protect RNA from degradatlon by
blocking the activation of IRF-3 (reviewed in?!). IRF-
3 activation leads to the production of IFN-a/B and
stimulation of 2-5A/RNase L antiviral pathway!"".
OAS produces 2-5A from ATP. Then 2-5A dimerlzes
and activates RNase L, which degrades viral RNA and
restricts viral replication"™. ABCE1 inhibits RNase
L activation in the mentioned S|gnallng It is speculated
that P benefits from this ABCE1 function to protect
RABV RNA from degradation®. Further studies are
needed to demonstrate this issue.

IFN and ISGs are essential antiviral innate immune
responses™®. Upregulation of one of the mouse-
specific ISGs, IIGP1, has been shown in cells and
mouse brain following RABV infection, which reduced
RABYV (lab-attenuated CVS-B2c and wild type DRV-
Mexico strains) replication and viral pathogenicity in
cells and mouse model, respectively. IIGP1 deficiency
increased RABV replication significantly in cells and
mouse brain. Reduced pathogenicity and increased
RABYV replication in a mouse model, due to 1IGP1
overexpression or 1IGP1 knockout, were only observed
through intradermal, but not intramuscular, virus
inoculation. It has also been exhibited that IIGP1 exerts
its effect on RABV through interaction with P and
blocks its dimerization™. It seems that IIGP1-P
interaction is a significant limiting molecular
mechanism for the pathogenicity of attenuated RABV
and surprisingly for the wild-type RABYV strains, if the
virus inoculated or entered intradermally. Subversion
of the immune responses by lyssaviruses helps their
replication and spread; therefore, it is considered as an
important pathogenic mechanism in rabies infection!”’
Accordingly, P partners, including PML, STATS, JAK
L9, IKKe, MTs, BECNI, and ABCEl, play a
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prominent role in rabies pathogenesis by the innate
immune suppression.

There are also some reported P-host interactions with
functional roles other than immunoregulation, in rabies
infection. The cytoplasmic DLC1 (LC8) is one of the
first identified host partners of P in RABV (PV, CVS-
11 strains) and MOKV™™!. DLC1, a component of
cytoplasmic dynein motor, participates in the minus
end-directed movement of cargos, along MTs®%. It is
supposed that P-DLCL1 interaction is involved in the
axonal transport of viral protein(s), along MTs in
neurons”®. Based on evidence, recombinant RABV
without DLC1-binding motif (deleted from P) does not
inhibit viral entry to the CNS of a mouse model but
significantly  suppresses the viral transcription
(indicated by quantification of RNA transcripts by real-
time PCR at the onset of infection) and replication in
the CNS, consequently inhibiting the onset of RABV-
induced CNS disease. This investigation proposes that
DLC1-P interaction has a functional role in the
regulation of viral primary transcription and is not
dlrectly mvoIved in the retrograde axonal transport of
RABVE!

The Iocalization of P3 isoform of P from a
pathogenic strain of RABV (CVS-11) in nucleoli and
binding to NCL has also been reported. NCL is a major
component of the nucleoli with prominent activities in
a variety of cell functions, such as ribosome
biogenesis, gene expressmn nucleocytoplasmic
transport, and cell growth®. In this research,
suppression of NCL expression using siRNA inhibited
the viral protein expression and infectious virus
production, indicating the importance of P3-NCL
direct association in lyssavirus infection. Regarding the
well-established roles of P in the modulation of host
biological processes, P3 interacts with NCL to possibly
facilitate its functions. The exact functional role of this
binding in RABV infection cycle remains to be
determined'®!

P from RABV (CVS, 8743THA, Ni, and Ni-CE
strains) and ABLV, but not the other tested
lyssaviruses, showed interaction with FAK to promote
viral replication® . FAK, a tyrosine kinase, usually
localizes at cellular focal contacts and functions in cell
signaling pathways such as those involved in
transcriptional regulation, cell cycle progression, and
cell survival®®! Colocalization of P with FAK was
observed in NBs, which could be a strong evidence of
FAK implication in viral replication. Generating a
recombinant virus unable to bind with FAK exhibited
the reduction of viral transcription and replication to
high amount, which demonstrated that P-FAK
association was necessary for viral RNA synthesis.
Downregulation of FAK via RNA. also resulted in the
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decrease of viral protein expression. Thus, P-FAK
interaction positively regulates viral replication.
Whether P-FAK interaction is conserved in the genus
lyssavirus remains unclear and needs further
investigation®!

P protein of all lyssaviruses genotypes interacts with
Cdc37/ Hgﬁ)QOAAl complex, which affects the viral
life cycle®. The Hsp90 chaperone has important roles
in the reg]ulatlon of protein folding, maturation, and
stability™land is aided by its highly specialized co-
chaperone Cdc37 in maturation, stabilization, and
activation of host or viral kinase targets’®. During
lyssavirus infection, the increased expression of Hsp90
and Cdc37 is observed. Cdc37 and Hsp90 depletion
severely inhibits viral protein expression, viral RNA
synthesis, and virus  progeny. Interestingly,
overexpression of Hsp90 and its co-chaperone just
upregulates P and/or N protein, indicating the positive
regulation of the P and N at protein level by this
chaperone complex. It has been revealed that
Cdc37/Hsp90 complex positively regulates viral
infection by maintaining the stability of P, but not N.
Results of that research demonstrated that Cdc37 co-
chaperone helped P to load onto the Hsp90 machinery,
with or without Cdc37 binding to Hsp90, thereby
regulating P stability. By that study, the participation
of Cdc37/Hsp90 in the stabillt¥ regulatlon of a non-
kinase target, P, was also shown'®’
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It is concluded that P interacting partners; DLC,
NCL, FAK, and Cdc37/Hsp90 contribute to rabies
infection through regulation of viral multiplication. In
recent years, studies in the context of rabies
pathogenesis have disclosed acute neuronal process
degeneration in an experimental model of rabies, which
had not been reported in the older studies. This
observation is supposed to explain the severe clinical
disease™. Cultured neurons infected with RABV
(CVS-11) reflected axonal swelling and reduced axonal
growth with the evidence of oxidative stress!®”.
Besides, alteration of mitochondrial parameters,
increased activity of mitochondrial Complex 1, and
subsequent increased production of ROS have been
explored during rabies infection. Indeed, the increased
generation of ROS due to mitochondrial dysfunction is
responsible for neuronal process degeneration™ .
RABYV P (CVS-11 strain) has been reported to be the
inducer of mitochondrial dysfunction. P binds to
mitochondrial complex (NADH dehydrogenase),
giving rise to the increased complex | activity, ROS
overproduction, oxidative stress, and neuronal process
degeneratlon which is the pathologic outcome of this
interaction®. This novel finding is postulated as a
fundamental abnormallty and a base of pathogenesis in
rabies™. A diagram of the explained P-host PPIs has
been presented in Figure 4.
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Fig. 4. Overview of the validated physical interactions between lyssavirus P and host proteins. Host partners are colored in dark
blue. Downstream signaling (if elucidated) and/or functional/pathologic outcomes of PPIs are represented. Blockage of an outcome is
represented by a red cross. P in green and black circles stands for RABV phosphoprotein and a phosphate, respectively. Interaction:

<+, Stimulation: —, Inhibition: —, Outcome: - - », Upregulation:
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M protein

The smallest and most abundant protein in the
lyssavirus virion is multifunctional M protein®?. Viral
assembly/budding and regulating the balance between
transcription and replication of the virus through direct
or indirect interaction between L and M are the
primary functions of M (Reviewed in™). However, it
also acts in the downregulation of host gene
expression®, apoptosis®, modulation of host innate
immune defense, and virion uncoating®®>®!. Most of
the mentioned functions for M are fulfilled through
interactions with host proteins.

The PPEY core motif (amino acids 35-38) of L-
domain within the M protein of RABV is suggested to
implicate in efficient viral budding via interaction with
WW domain of host proteins, including NEDD4. The
substitution of Y with A in PPEY motif disrupts this
interaction. Besides, the host-mediated ubiquitination
of M is also important for RABV budding®. This
binding likely relocalizes the cellular ESCRT
machinery from the endosomal membrane to the
plasma membrane. ESCRT machinery is composed of
Tsgl01, ESCRTI-IIl, and Vps4 components and
facilitates viral budding and release!®®.

It is well established that M hijacks the translational
machinery of RABV-infected cells. Indeed, M interacts
with elF3h, which is involved in the regulation of the
cellular translation initiation. In vitro translation assay
has demonstrated that M suppresses the translation of
mRNAs attached to ribosome via a canonical
mechanism. Considering the accumulation of M in the
fractions of the 40 S ribosomal subunit, M binding to
elF3-40S and formation of non-functional 40S
complex and/or M binding to 48S complex and
suppression of the later stages of translation are more
acceptable models among proposed models for the role
of M-elF3h in translation inhibition™?.

M may also contribute to the low pathogenesis of
Mokola virus (a lyssavirus of low pathogenicity) by
targeting mitochondria via interaction with the terminal
component of the mitochondrial respiratory chain,
Ccol. M-Ccol interaction significantly decreases Ccol
activity and ATP level of neurons, resulting in
mitochondrial morphology and function disruption and
subsequent apoptosis®™!. M also participates in the
subversion of the host innate immune defense through
different mechanisms. NF-kB pathway plays a key role
in the regulation of the immune response to infection.
After the activation of this pathway by viral infections,
the transcription factors of NF-kB pathway induce the
expression of antiviral cytokines®"%. Targeting the
RelAp43, a member of the NF-kB family, by M of
RABYV (Thailand, SAD B19, and PV strains), MOKV,
LBV, and EBLV-1 inhibited the expression of genes
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involved in immune response against viral infection,
including HIAP1, IRF1, and IFN-B P4,

M not only restrains the NF-kB pathway but also
cooperates with viral P to inhibit the JAK-STATP?,
Activation of JAK-STAT signaling finally induces the
expression of ISGs, leading to the establishment of a
powerful antiviral environment inside the infected
cells’®. The interaction of RABV M (street isolate
8743THA) with JAKL and STAT1 from JAK-STAT
pathway has been reported by Sonthonnax et al.*®.
They proposed that M-JAK1 interaction partially
inhibits JAK1 phosphorylation, which disturbs the
transduction of the IFNAR signal to STAT proteins.
They also suggested that M-STAT1 interaction induces
the cytoplasmic retention of STAT1, therefore,
enhances the capacity of RABV P to bind STAT1 and
interferes with the downstream events in the
pathway™. Just recently, a new function for M has
been discovered in virion uncoating via binding to V-
ATPase catalytic subunit A (ATP6V1A). V-ATPase
complex is involved in endosomal acidification by
pumping H* from the cell cytoplasm into the lumen.
This complex is composed of two domains, including
VO endosomal membrane domain and V1 cytoplasmic
domain™®%U ATP6V1A, as the catalytic subunit of
V1 domain, h%/drolyzes ATP to provide energy for H*
pumping™®*%. Overexpression and knockout of M
partner showed increased and suppressed replication of
RABYV, respectively. The role of ATP6V1A in RABV
uncoating, which in fact facilitates the virus
replication, has also been reported®™. After RABV
entry into the host cell, the endosome-containing virus
becomes acidic, and the conformation of RABV G is
changed to stimulate virus-endosome membrane
fusion. Then RABV M proteins dissociate and release
viral nucleocapsids to cytoplasm (reviewed in®). It has
been shown that in the absence of ATP6V1A, RABV
uncoating does not happen, and M proteins remains
associated with nucleocapsids. It has also been
indicated that during membrane fusion under low pH,
ATP6V1A depletion inhibits RABV uncoating. Lastly,
the involvement of ATP6V1A, exactly in dissociation
and separation of RABV M from nucleocapsids, has
been demonstrated. The precise molecular mechanism
of RABV M separation from nucleocapsids remains to
be cleared®. A diagram of the explained M-host PPIs
is depicted in Figure 5.

Taken together, M is involved in different steps of
lyssavirus replication. M hijacks host cell translation
machinery, thus, induces the downregulation of host
genes, which normally participates in different cellular
biological processes. This binding could have many
pathologic outcomes for host. M also suppresses
NF-kB and JAK-STAT, key antiviral pathways, and,
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Fig. 5. Overview of the validated physical interactions between lyssavirus M and host proteins. Host partners are colored in dark
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therefore, play a role in rabies pathogenesis. Detailed
information of derived lyssavirus-host physical PPls,
their relation in a network, and their involvement in
different stages of viral life cycle in a neuron are
shown in Table 1, Figure 6, and Figure 7, respectively.

Conclusion and future directions

Lyssaviruses, like other pathogenic viruses, take over
the host cellular machinery via interacting with cellular
factors for successful propagation during infection. In
recent decades, a number of validated host protein
partners have been introduced for lyssavirus proteins
(specially for RABV) through PPI studies which are
necessary for successful replication and spread of
virus, and interestingly, all of these interactions are
considered as potential antiviral drug targets against
rabies. Many of these interactions involved in host
immune su{pgression are central to lyssavirus
pathogenesist’”. Moreover, mitochondrial dysfunction
(with consequent oxidative stress) is also considered as
an underlying mechanism for rabies pathogenesist®".
Despite these progresses, rabies is still fatal. In order to
improve our understanding about rabies pathogenesis,
studies on lyssavirus host PPIs should be continued to
discover more and more viral partners. In fact, virus-
host interactome mapping through identified PPIs
could be very informative. Virus-host PIN
computational analysis would reveal functional
modules and protein complexes of network. These
densely connected groups of proteins are involved in a
specific cell function and, therefore, are functionally
related™3% Viruses strongly tend to target proteins
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of these modules and complexes to manipulate them
and affect host signaling pathways. Disorders of
signaling athways form  bases of viral
pathogenesis*®!. Topological analysis of the PIN also
allows the detection of functionally important nodes,
such as hubs and bottlenecks, which could be
considered as potential drug targets "% Viruses
often target these critical nodes. Recent studies have
stated that those viral targets that are host dependency
factors or immune-related proteins could be used as
drug targets. They should not be host essential genes,
and it is better to have an altered expression in infected
tissues!%).

The amount of virus-host PPI data available for most
viral families is still limited and is not adequate enoug]h
to generate and represent a confident PINMO".
Rhabdoviridae family is such an example in this
group™. Thus, further studies in the field of
interaction proteomics should be conducted using
experimental models to create a comprehensive
collection of lyssavirus-host PPl data. Fortunately, in
recent years the amount of data regarding lyssavirus-
host physical interactions are growing fast, which is
promising. Indeed, a PIN network was constructed by
the integration of transcriptomic data of the CNS
infected by RABV (CVS-11) and interactome data®®.
Analysis of this PIN demonstrated seven targeted
signaling pathways, including WNT, MAPK/ERK,
RAS, PI3K/AKT, toll-like receptor, JAK/STAT, and
NOTCH, were involved in controlling cell cycle, cell
survival, viral replication and folding, synapse
regulation, and regulation of immunity. Phospholipase
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Table 1. List of the prominent experimentally defined lyssavirus-host PPIs retrieved by literature and virus-host interaction databases

mining
Protein Lyssavirus Host protein interactor Method of PPI detection and reference(s)
G RABV (CVS strain) nAChR Colocalization™, Binding inhibition assay™™!
G RABV (CVS strain) NCAM Binding inhibition assay, Virus neutralization®”
G RABV (f?eﬁst\t_/ref?r::ect\s/tgaé?r)ain &PV p75NTR Screen";?es;t:f tfﬁg:%':;;zr;{’zg]co"'ﬂza]
strain), EBLV-2
G RABV (ERA strain, CVS-24 strain & MGIUR? RNAi strategy, Co-IP, Pull-down assay®
street virus GX/09), WCBV
G RABV (Virulent strains) MAST1,2 Yeast-two hybrid assay!*?!
PTPN4
G RABV (Attenuated strains) NIID'?_SGEZ Yeast-two hybrid assay!*!
MPDZ
G RABV (CVS-11, SAD strains) SNAP25 Colocalization, Co-IPE")
N RABV (CVS strain) HSP70 1A,1B Immunoaffinity column immobilized with anti-NE?!
N RABV (HEP-Flury strain) (CCTy) Colocalization, RNAi strategy™?
N RABV (HEP-Flury strain) PFDN1 Colocalizationt!
L RABV (SAD B19 strain) DLC1 Colocalization, Mutation in DLC1 motif*"!
M RABV NEDD4 GST fusion proteins, Far-western blot assay!®®
M RABV YAP1 Far-western blot assay!®®
M RABV (PV strain) elFsh Surface plasmon resonancet™
M MOKV Ccol Yeast-two hybrid assay, Co-IP, Colocalization!®
M 5251\5/) ’(I/Ihgil?\r/'fj LSBQ/DIEBI EVPY) RelAp43 Yeast-two hybrid assay, Co-1PF*!
M RABV (a street strain) JAK1 Protein complementation assay®™
M RABV (a street strain) STAT1 Protein complementation assay®™
M RABV (ERA strain) ATP6V1A Co-IP, Pull-down assay!®
p RABV (CVS-11 strain), MOKV DLC1,2 Yeast-two hybrid assgf;:taig"P[mg]' VirHostNet
P, P3 isoform RABV (CVS strain) PML Co-IP, Colocalization®™
p RABV (SAD 116, CVS, SHBRV STATL2 Yeast-two hybrid assay™, Co-I1PB% viirHostNet
strains), MOKV, ABLV ' database
P RABV (CVs strain) STAT3 Co-IP, Colocalization[**®!
P (P3 Isoform) RABYV (CVSII strain) TUB o/p Colocalization, Biochemical test®”
P RABV (HEP-Flury strain) CCTy Colocalization, RNAI strategy*?
P (P3 isoform) RABV (CVS-11strain) NCL Co-1IP, Colocalization!®!
P RABV (C\s/tféi?;; 3AT§LA\’/Ni’ Ni-CE FAK Yeast two-hybrid assay, Co-1PB*!
P RABV (CVS-11 strain) Mitochondrial complex | Co-IP, Colocalization™
P RABYV (street strains 1088 and HCM-9) IKKe Co-1P[4
P RABYV (SAD L16 strain) Rpl9 Phage display assay, Co-IP, Pull-down assay™®®!
P (P3 Isoform) RABV (Ni strain) MT Colocalization, ASSTORM®!
P RABV (HEP-Flury, CVS-11 strains) HSP90AA1/Cdc37 Co-IP, colocalization®®”!
P RABYV (street strain 8743THA) JAK1 Protein complementation assay®™
P, P5 isoform RABV (HEP-Flury, CVS-11 strains) BECN1 Co-IP, Colocalization!®*®!
P RABV (ERA strain) ABCE1 Pull-down assay, Co-IP®"!
P RABV (CVS-B2c, DRV-Mexico) 1IGP1 Co-1IP, Colocalization!™
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Fig. 6. Experimentally identified and validated interactions between five proteins of lyssavirus including G (glycoprotein), N
(nucleoprotein), L (RNA-dependent polymerase), P (phosphoprotein), and M (matrix protein) in colored nodes and host proteins in
non-colored nodes is represented.
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Fig. 7. The lyssavirus-host experimentally defined PPIs and their functional/pathologic outcomes in rabies infection indicated in a
neuron. G (glycoprotein), N (nucleoprotein), L (RNA-dependent polymerase or Large protein), P (phosphoprotein), and M (matrix
protein) represent five viral proteins which interact with host proteins and facilitate receptor mediated entry of lyssavirus (a), uncoating
(b), viral transcription/translation/replication (c), viral protein folding (d), neuronal survival/death (e), immuno-regulation (f),
mitochondrial dysfunction (g), membrane fusion (h), and budding (i) during infection. Contribution of the identified PPIs in the
mentioned processes has been displayed in the figure and explained in the text. The association of viral-host proteins is shown by
right-leftwards arrows in black.
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C, MAPKZ1/2, PIK3, protein kinase C, and JAK were

potentially the most

critical proteins in rabies

pathogenesis. Integration of available transcriptomic
and proteomic data with virus-host PIN contributes to
model rabies infection. Investigation of this multi-
dimensional PIN deciphers the most important affected
biological pathways during rabies infection, suitable
drug target(s), and efficient therapeutic strategies
against this ancient disease.
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