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Abstract: The limited repertoire of viruses led to their exploitation of cellular machinery for
various events in virus replication, starting from entry till egress. The major cellular contribu-
tors in this process are the cytoskeletal components, which serve as entry points into the cells
and also as tracks and highways to reach the replication sites. The role of microfilaments and
microtubules, two of the major cytoskeletal elements have been extensively studied with respect
to virus replication. However, very little is known about the third component, the intermediate
filaments. This could in part be due to the intermediate filaments having long been thought to
be rigid structures providing mechanical support to the cells. With the increasing knowledge of
the dynamic property of intermediate filaments, (owing to their association with microfilaments
and microtubules) their role in membrane trafficking and endocytosis, uncovered, the idea that
viruses might be exploiting these cytoskeletal elements is gaining impetus. In this review, we
have attempted to link viruses with the intermediate filaments, as we believe that intermediate
filaments might also be important for virus replication.
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Introduction

Intermediate filaments (IF) are the third major type of cytoskeletal elements after micro-
filaments (MF) and microtubules (MT). They are strong rope like fibers that provide
mechanical resilience to the animal cells, which are subject to mechanical stress includ-
ing epithelial cell, neurons and muscle cells. IF radiate through the cell and are often
interconnected to the adjacent cytoskeletal fibers by a family of cross bridging proteins
called plectins.! Each plectin molecule contains a binding site for IF at one end and has a
binding site for another IF, MF or a MT at the other end. The basic unit of IFs is thought
to be a tetramer, formed by two dimers, which become aligned side by side in a staggered
fashion with their N and C termini diametrically opposed. Because the dimers point in
opposite directions, the tetramer itself is nonpolar. Tetramers associate both side-to-side
and end-to-end to form intermediates, which in turn form the final filament.?

Unlike MF and MT, IF are a chemically heterogeneous group of structures that,
in humans, are encoded by more than 60 genes. The polypeptide subunits of IF can
be classified into 6 major classes depending on their distribution as well as their bio-
chemical and immunological criteria (Table 1). To this date, the fate of a single IF
in a particular cell type has not determined; however, it is certainly evident that they
might perform certain specialized functions as shown by their deficiencies in certain
cell types.® In the last few years, IFs are gaining greater significance as dynamic
elements, performing certain crucial cellular functions rather than being just rigid
structures providing mechanical support to the cells.*
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Table | Type and distribution of intermediate filaments in animal cells

IF protein Type Estimated number of polypeptides Distribution
Keratin | >25 Epithelia

Keratin (basic) I >25 Epithelia

Vimentin n | Mesenchymal cell
Glial Fibrillary Acidic Protein 11l | Glial cells, astrocytes
Peripherin 1] | Peripheral neurons
Lamin proteins \ | Nuclear envelopes
Nestin \ - Embryonal cells

Dynamic nature of IF: Complex
interplay of MT and associated

motors

One of the earlier studies by Vikstrom and colleagues showed
the dynamic exchange between subunits and polymers of
vimentin intermediate filaments at steady state through the
use of rhodamine-labeled vimentin in fluorescence recovery
after photobleaching (FRAP) analysis.® Recent research
undertaken by several groups have shown that bidirectional
movements of IFs are dependent on MT and powered by
kinesin and dynein. In the absence of IF specific motor pro-
teins, they rely exclusively on actin and MT fibers for their
movements.®® Studies with BHK-21 cells have shown that
the assembly of vimentin is a three-step process. Following
trypsinization and replating of the cells, vimentin is seen as
numerous nonmembrane-bound aggregates, termed particles,
throughout the cytoplasm. These aggregates then polymerize
to form short vimentin filaments termed squiggles, which in
turn form long filaments. At this stage, particles and squiggles
are seen only in the peripheral regions of the spreading
fibroblasts. Live imaging of cells expressing GFP-vimentin
show that filaments constantly assemble, disassemble and
exhibit bidirectional saltatory movements along MT tracks.”
Confirming the MT based movements; cells injected with
anti-kinesin antibodies showed reorganization of IF filaments
into perinuclear aggregates.” Similarly kinesin has been
shown to be responsible for the movement of other types of
IF such as peripherin and neural filaments.””

Similarly, IF based movements are also shown to depend
on the minus end motor protein, dynein complex. Inhibition
of dynein function by dynamitin over expression resulted
in the reorganization of vimentin and peripherin to the cell
surface in BHK-21 and PC12 cells respectively.!® Readers are
referred to a review by Helfand and colleagues (2004) for a
more comprehensive report on dynamics of IF.!! Apart from
MT based movements, IFs are also known to exhibit actin
based movement on myosin Va motor protein.'? In cells, all

three cytoskeletal elements are closely associated and work
in a tightly regulated coordinated fashion. The coordinated
functioning of these three components is facilitated by
various families of proteins such as plectins, Arpl. Plectins
are the proteins that have binding sites for IFs on one side
and for MFs or MTs on the other. The interaction of one or
more of the three components is often obligatory, especially
for intracellular trafficking. In the majority of cases during
endocytosis, a sequential participation of MFs and MTs have
been proposed where MF's help in the uptake of ligands via
endocytosis and MT are involved in the regulation of traf-
ficking between peripheral early endosomes and juxtanuclear
late endosomes."

IF in membrane trafficking, vesicular

transport and endocytosis

Recent research has helped elucidate the significance of
vimentin IF in: vesicular and organelle transport; regulation
of endocytic machinery and organelle positioning; together
with assigning a dynamic state for vimentin.'* Recent studies
have assigned a crucial role for vimentin in the regulation
of endocytic and autophagocytic machinery. IFs are known
to control AP3 dependent membrane traffic and help in
vesicle formation, vesicle budding and vesicle uncoating.
IFs may function to recruit MTs or actin based motor to AP3
generated vesicles.'

IF in axonal transport

and neurodegeneration

The mammalian nervous system is known to contain eight
different IF proteins spread throughout mature neurons and
glial cells. Neurofilaments (NFs) and Glial fibriallary acidic
protein (GFAP) are predominantly seen in the central nervous
system while peripherin is seen in the peripheral nervous
system. NFs are synthesized in the neuronal cell body and are
transported to axons by virtue of the microtubule transport
system. Initially it was thought that the contribution of NFs
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were mostly to the diameter of nerve filaments. However,
recent studies with axonal transport indicate that NFs have
an important role in neuronal functioning. There have been
increasing reports on the correlation of defects in NF traf-
ficking and neurodegeneration. Accumulation of NFs has
been shown to cause a variety of neuronal disorders such
as: Charcott Marie Tooth Syndrome; Parkinson’s Disease;
and Amyotrophic Lateral Sclerosis (readers are referred to
an excellent review by Perrot and Eyer)."> Also, mutant NFs
perturb the mitochondrial localization in neurons. Such an
event is especially significant because, mitochondrial energy
provision is clearly of the utmost importance in neuronal
functioning.

IF and virus replication

The contribution of IFs to virus replication has been an
area of investigation since the late 1990s, however; such an
association is not as well characterized as in the other two
cytoskeletal elements. Several viral infections have been
shown to require intact IF networks using acrylamide (ACR)
as an IF disruption agent,'® but very little is known about the
role of the dynamic IFs in viral infections.!”!* In this review
we summarize the work undertaken by researchers exploring
viral interaction with the IF cytoskeleton.

Entry

Vimentin was shown to participate in the early stages of
HIV 1 replication, by aiding the uptake of HIV 1 DNA
into the nuclear compartment. Inhibition of vimentin with
specific antisera showed a reduction in the amount of HIV 1
Gag specific RNA in the nuclei of monocytes, following
infection with HIV 1 pseudovirions. Vimentin binds to
the third hypervariable region (V3 loop) of the envelope
protein gp120 and subsequently induces the viral entry and
translocation of viral DNA." The authors here suggest that
vimentin could be used as a receptor during virion internal-
ization. Confocal microscopy and inhibitor assays showed
a close association between Vif and vimentin; indeed the
intracellular localization of Vifis dependent on the presence
of the intermediate filament vimentin.? The association of
Vif with vimentin can cause the collapse of the intermediate
filament network into a perinuclear aggregate; similarly,
analysis of Vif in vimentin-negative cells reveals significant
staining of the nucleus and the nuclear membrane, in addi-
tion to diffuse cytoplasmic staining. The interaction of Vif
with vimentin according to the authors is necessary for the
regulation of virus maturation or for virus entry into a host
cell possibly via vimentin network.

Porcine respiratory and reproductive syndrome virus
(PRRSV) binds to and modulates the expression of cell sur-
face vimentin and is endocytosed into MARC cells.?!

Chen et al,>>* showed that dengue virus (DENV) infec-
tion of ECV304 cells required vimentin. Confocal analysis
showed DENV infection induced MT and vimentin reorga-
nization in ECV304 cells. Acrylamide treatment inhibited
virus infection suggesting that vimentin is important for virus
replication. Studies in our own laboratory have shown that
DENV infection requires an intact IF network at all stages
of virus replication. However, it is especially important dur-
ing virus uncoating. Significant reorganization of vimentin
filaments to form a vimentin cage has been observed during
virus assembly (Figure 1).

IF and virus assembly
IFs are known components of specialized structures called
aggresomes. Aggresomes are sites of misfolded protein
accumulation, which are eventually degraded by host cell
proteases. Ultrastructural examination of aggresomes indi-
cates a complex architecture of individual particles dispersed
with subcellular organelles and filaments surrounded by
membranous organelles and vimentin fibers. The function
of IFs is to form a protective cage around the aggresomes
preventing the release of the toxins into the cytosol.?
Assembly of large DNA viruses such as African swine
fever virus (ASFV) and herpes virus was shown to occur in
discrete perinuclear foci called viral factories. Recent studies
have shown that these viruses hijack the aggresome pathway
for assembly.?*** These viral factories are located close to
the microtubule-organizing center (MTOC) and require an
intact microtubule network for assembly. These are char-
acterized by the rearrangement of IFs and the collapse of
vimentin into characteristic cages around the viral factories.
It is speculated that viruses use aggresome pathways to con-
centrate cellular and viral proteins that facilitate replication
and assembly. It is suggested that vimentin may provide a
mechanical scaffold for the recruitment of viral proteins
necessary for virus genome replication and assembly. For
example, ASFV DNA replication results in phosphoryla-
tion of vimentin by calcium calmodulin-dependent protein
kinase II (CaM kinase II) and the concomitant conversion of
vimentin aster into a cage. Initial rearrangement of vimentin
into an aster at the MTOC was believed to be required for the
formation of the virus assembly site, perhaps by providing
a scaffold for the recruitment of viral proteins necessary for
virus DNA replication. Soon after the onset of viral DNA
replication, vimentin is rearranged into a cage around the
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Vimentin

Dengue Virus

Figure | Association of DENV with vimentin filaments during replication. PS cells infected with DENV were fixed at 24 h p.i.and labeled for vimentin (green) and virus (red).
A) Mock infected PS cell showing a radiating IF structure. B) Split image of DENV-2 infected cells showing vimentin cage indicated by arrow. Bars 20 uM.

factory. Here, the functions of the vimentin cage might be
the prevention of movement of viral components into the
cytoplasm.?® The study also showed that the rearrangement
of vimentin was dependent on MTs, since vimentin cages
were lost in cells treated with nocodazole or expressing
p50/dynamitin. Serine phosphorylation of vimentin by
CaM II kinase is thought to reduce interactions between
individual vimentin filaments and facilitate the redistribu-
tion of intermediate filaments into a vimentin cage thereby
accommodating viral genome and the virus factory.

Risco and colleagues showed that elements of endoplas-
mic reticulum golgi intermediate compartment (ERGIC)
and vimentin filaments concentrate in the viral factories
of vaccinia virus (VV). Their results showed that VV p39
core protein colocalizes with vimentin filaments that have
been recruited in the perinuclear viroplasm foci. Based on
their results they proposed that modified cellular ERGIC
membranes and vimentin intermediate filaments act coordi-
nately in the construction of viral factories and the first VV
form through a unique mechanism of viral morphogenesis

from cellular elements. They also suggest that in addition
to building a protective cage, modified vimentin could play
a more dynamic role, such as organizing the interior of
viroplasm foci or facilitating egress and incorporation of
viral proteins inside immature viral particles.?’?8

A recent study by Nitahara-Kasahara and colleagues®?
suggested that modulation of hepatic vimentin expres-
sion might enable the control of hepatitis C virus (HCV)
production. Comparative proteomic studies of proteins
in HCV core-expressing and non-expressing Huh7 cell
lines, Uc39-6 and Uc321, respectively, showed that core-
expressing Uc39-6 cells had much lower vimentin content
than Uc321 cells. Similarly, vimentin-overexpressing and
vimentin-knocked-down cells, demonstrated varying levels
of cellular vimentin content. While underexpression of
vimentin in vimentin null cells had no effect on mRNA
level of core protein and proteasome-dependent degradation
of the core protein was strongly reduced, indicating that
the turnover rate of core protein is regulated by cellular
vimentin content.
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Virus egress
The degradation of vimentin in the late stages of viral
infection is known for several animal viruses.””** The full
importance of these alterations is not yet understood, however
it is argued by Doorbar and colleagues that degradation of
the cytokeratin matrix removes the physical barrier, thus
facilitating viral release. Late in infection, IFs are cleaved
by several viruses and such degradation of the cytoskeletal
network was shown to be necessary for the release of nascent
virions.**** Brown and colleagues showed that actin is used
as a cofactor in the degradation of the cytokeratin network
by adenoviral proteinase.’ Although it is known that degra-
dation of cytoskeletal elements helps in release of nascent
virions, it is unusual that a cellular protein is used as a cofac-
tor in the degradation of the cytokeratin network.
Vimentin was shown to be necessary for the trafficking
of blue tongue virus to the cell surface. Pharmacological
disruption of the vimentin network leads to an accumulation
of the cell associated virus and a decreased release of blue
tongue virus.*

Figure 2 Virus assembly and Intermediate filaments.

Neural transmission of viruses

The involvement of IFs has been shown in the neural
transmission of avian influenza virus (AIV) and pseudorabies
virus (PRV).” Treatment with cytoskeletal inhibitors showed
significant suppression of the spread of AIV and PRV in the
acrylamide treated cultured neurons. The authors suggest that
intact IFs are involved in the transmission of the viruses in
the neuronal network, ie, the neural spread of virus. Intact IF
structure was also shown to be important for replication of
human cytomegalovirus (CMV). Miller and Hertel showed
that disruption of the vimentin network with acrylamide in IF
bundling in cells from a patient with giant axonal neuropathy,
and the absence of vimentin in fibroblasts from vimentin null
mice, greatly reduced entry of two genotypically distinct
strains of CMV, one with narrow (AD169) and one with
broad (TB40/E) cell tropism. In vimentin null cells, viral
particles remained in the cytoplasm longer than in vimentin
(+/4) cells. These findings demonstrate that an intact vimentin
network is required for viral entry to facilitate capsid traf-
ficking and/or docking to the nuclear envelope.*®

I Microfilaments
\ Vimentin filaments

Microtubules

\ Mitochondria

Dynein Motor Complex

O Viral Nucleocapsid

Route I:Viral nucleocapsids are transported along the microtubules via the dynein complex directly or via vimentin squiggles to the perinuclear assembly region comprising

of endoplasmic reticulum and Golgi apparatus.

Route 2: Viruses such as Poxvirus and African Swine fever virus deliver their cores enter the cytoplasm which are transported to perinuclear virus factory that induces
vimentin rearrangement and recruitment of mitochondria and chaperones to factory precursors, similar to an aggresome.
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Conclusions and future perspective

It is now apparent that IF have more to contribute to virus

replication than has been originally understood. They have

been principally shown to contribute during virus entry
and also during virus assembly where they are supposed
to provide mechanical support to ongoing virus replication

(Figure 2). Further studies however are required to under-

stand the significance of IFs in virus replication. Questions

that still need to be addressed:

1. Do viral interactions with IFs have more to contribute
to pathogenicity especially in the case of neurotropic
viruses?

2. Does any kind of regulatory switch dictate viral interac-
tions with [Fs during the entry and egress of viruses?

3. Does virus manipulation of IFs arise as a prerequisite
of the assembly or replication strategy, as in case of
aggresomes?

4. Does virus interaction with IFs during entry have signifi-
cant implications in endocytosis?
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