Chapter 12 ®)
Coronavirus and the Cytoskeleton e
of Virus-Infected Cells

Yifan Xing, Qian Zhang, and Yaming Jiu

Abstract The cytoskeleton, which includes actin filaments, microtubules, and
intermediate filaments, is one of the most important networks in the cell and
undertakes many fundamental life activities. Among them, actin filaments are
mainly responsible for maintaining cell shape and mediating cell movement, micro-
tubules are in charge of coordinating all cargo transport within the cell, and inter-
mediate filaments are mainly thought to guard against external mechanical pressure.
In addition to this, cytoskeleton networks are also found to play an essential role in
multiple viral infections. Due to the COVID-19 epidemic, including SARS-CoV-2,
SARS-CoV and MERS-CoV, so many variants have caused wide public concern,
that any virus infection can potentially bring great harm to human beings and
society. Therefore, it is of great importance to study coronavirus infection and
develop antiviral drugs and vaccines. In this chapter, we summarize in detail how
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the cytoskeleton responds and participates in coronavirus infection by analyzing the
possibility of the cytoskeleton and its related proteins as antiviral targets, thereby
providing ideas for finding more effective treatments.

Keywords Cytoskeleton - Coronavirus - Infection - SARS-CoV-2 - Actin -
Microtubule - Intermediate filaments

Introduction to the Cytoskeleton

Cytoskeleton

The cytoskeleton constitutes a filamentous network in eukaryotic cells, which
consists of actin filaments, microtubules, and intermediate filaments. Cytoskeleton
not only functions in cell structure and behavior regulation including cell morpho-
genesis, epithelial-mesenchymal transition (EMT), and cell migration but also
participates in important intracellular life activities including protein and virus
replication and transport (Wang et al. 2021), vesicle trafficking (Shi et al. 2020),
autophagy (Helfand et al. 2011), and so forth. Over the years, extensive studies have
reported that many viruses hijack cytoskeleton networks to complete their own
propaganda (Foo et al. 2015; Denes et al. 2018; Miranda-Saksena et al. 2018;
Bedi et al. 2019; Zhang et al. 2019), showing the importance of this “cell scaffold-
ing” to viral infection. In this chapter, we will introduce the relationship between
host cytoskeleton and coronaviral infection, making a systematic summary of
cytoskeleton-related pathogen—host interaction.

Actin Filaments

Actin filaments, also known as microfilaments, are on average ~ 7 nm in diameter.
They are mainly composed of multimers assembled from globular (G) actin and
other components including actin-binding protein, myosin, tropomyosin, and
a-actinin. On the one hand, the common biological functions of actin filaments are
regulating cell attachment, spreading, motility, endocytosis, cell division, and the
control of cytoplasmic circulation. Actin filaments can be aggregated into bundles to
form stress fibers and are fixed to the extracellular matrix through focal adhesions,
thereby providing shear resistance to cells. The dendritic structure formed by actin
filaments supports the shape of villi on the surface of epithelial cells in the respira-
tory tract and digestive tract. However, because it does not contain myosin or
tropomyosin, here it possesses no contractility. The actin filament backbone is
highly dynamic. The formation of lamellipodia when aggregation occurs can regu-
late cell deformation and movement. Unassembled G-actin and fibrillar actin
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(F-actin) are assembled and disassembled in a dynamic pattern to promote cell
movement.

On the other hand, actin filaments are also involved in the pathological processes
of cells, such as cell chemotaxis, adhesion, phagocytosis (May et al. 2001),
T-lymphocyte activation (Billadeau et al. 2007), and so forth. For nerve cells,
actin shows neuronal polarity and is essential for signal transduction and synaptic
structure stability (Xu et al. 2013). In addition, increasing studies have reported that
the actin filament system provides the driving force required for virus assembly
(Wang et al. 2021), budding and releasing after virus infection, thereby participating
in the regulation of the virus life cycle. In a study of the interaction of the rabies virus
(RABV) multifunctional matrix protein (M) with the cytoskeleton, the authors
revealed actin as a binding partner of the M protein, which may regulate the viral
assembly and budding in the pathogenesis of rabies (Zandi et al. 2021). Another
study on DENV infection found that viral infection significantly increased cell
motility and disruption of the actin filaments (Jhan et al. 2017). There are also
studies on IPEC-J2 cells showing that infected with porcine epidemic diarrhea
virus (PEDV) and transmissible gastroenteritis virus (TGEV) affect the remodeling
of actin filaments. Drugs that inhibit virus replication and release can act as anti-virus
targets to regulate the remodeling of microfilaments (Zhao et al. 2014). The above
findings demonstrate the significant involvement of the actin filaments system in
virus infection-related diseases.

Microtubules

Microtubules, as the backbone of the cytoskeleton, are composed of the ~55 kD o-
and fB-tubulin, with a diameter of ~25 nm. The usually found tubular forms are single
microtubules, duplex microtubules, and triplet microtubules. The most common
form exists as tubulin (af}) dimers and multimers in a head-to-tail manner to form
tubulin fibrils. The process of heterodimerization of a-tubulin and f-tubulin is
dynamically reversible. Many cellular structures are known to be composed of
microtubules, including cilia, flagella (which contribute to motility), and mitotic
spindles (which control spindle production and motility during cell division). In
addition, microtubules also possess kinetic properties of polymerization and depo-
lymerization and can form the cytoskeleton together with other fibers to maintain cell
morphology. Microtubules that have been reported so far play an important role in
the processes of cell proliferation and division, signal and material transduction, and
the localization and function of organelles depend on the stability of these structures.

Microtubule-associated proteins (MAPs) can promote the aggregation and stabil-
ity of microtubules and are essential components of microtubule structure and
function. Microtubule proteins undergo various posttranslational modifications,
including detyrosinylation, acetylation, polyglutamylation, and polyglycinylation,
which are also reversible. These modifications play a key role in proteolysis, signal
transduction, gene expression regulation and protein interactions. Studies have
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shown that the knockdown of microtubule-associated protein 1S (MAPI1S) also
causes autophagy defects and promotes hepatocellular carcinoma. Overexpressed
Tau (MAPT) impedes the transport of synaptic vesicles and organelles in vivo, and
its reduction rescues the defect in axonal transport in a mouse model of Alzheimer’s
disease (Ukmar-Godec et al. 2020). Although the microtubule itself does not pro-
duce contractile force, it can induce the assembly and disassembly of actin stress
fibers and focal adhesions by activating RhoA and then stimulating the downstream
effector ROCK (Ezratty et al. 2005), to depolymerize and induce actin stress fiber
formation and cell shrinkage.

Viruses often rely on an intact microtubule network during multiple stages of the
replication cycle. Some viruses associate directly with microtubule-dependent
motors for the transport of intact virions, capsids, individual viral proteins, or
RNA, to sites of replication and plasma membranes (Wang et al. 2018). Viral
particles move along microtubules within the cell, and the long-range transport
speed can reach a very high level. It has been demonstrated that members of the
Herpesviridae (Sodeik et al. 1997), Adenoviridae (Suomalainen et al. 1999),
Parvoviridae (Suikkanen et al. 2003), Poxviridae and Baculoviridae utilize micro-
tubules and the actin cytoskeleton for cytoplasmic transport or transport in the
cytoplasm (Dohner and Sodeik 2005). During virion assembly and release, micro-
tubules are also used to transport within extracellular vesicles or to transport capsids
and nucleoprotein granules from the cytoplasm out of the budding compartment. In
conclusion, the microtubule system plays a critical role in the transport of intracel-
lular ‘cargoes’, cell shape, polarity, and motility. In the context of viral infection, the
microtubule cytoskeleton can be hijacked by viruses for their directional transport to
support their infection.

Intermediate Filaments

Intermediate filaments, ~10 nm in diameter, vary widely in composition in different
cells, including vimentin, keratin, desmin, neuronal fibers, and neuroglial filaments.
Intermediate filaments display tissue-specific expression, such as ‘acidic’ keratins
are specifically expressed in epithelial tissue, and desmin is expressed in smooth
muscle, neurofilaments in the nervous system, etc. In terms of structure, they are
arranged in opposite directions to each other during the assembly process and thus
show no polarity. Nevertheless, they have stronger elasticity and can withstand
higher mechanical pressure, which makes the intermediate filaments the most stable
cytoskeletal system. Of note, vimentin is the most abundant component in the
intermediate filament protein family, responsible for maintaining the integrity of
the cell shape against external mechanical pressure.

Early research on intermediate filaments mainly focused on the aspect of mechan-
ical support. But, with the progression of research, it was found that there was also a
hub that regulated many signaling pathways. For instance, studies indicated that
vimentin is involved in signaling pathways such as Raf-1 and RhoA and regulates
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TNF-a mediated apoptosis. Moreover, vimentin also can bind to secretagogues to
induce apoptosis in different types of cancer cells. These studies suggest that
vimentin can be used as a potential target for antitumor therapy. The intermediate
filaments are also involved in the regulation of 14-3-3 and mTOR signaling path-
ways. The deletion of keratin 17 can cause the 14—-3-3 protein to fail to aggregate in
the cytoplasm, thereby activating the mTOR signaling pathway and causing cell
morphological changes. In addition, intermediate fibers also affect many signaling
pathways, such as PKC, PKA, JNK, CaMK II, Akt, and phosphatase pathways.

In recent years, more studies have focused on the regulatory mechanism of the
intermediate filament vimentin in viral infection. For example, vimentin affects
pathogen invasion as a receptor and is involved in transcellular migration and
immune responses (Dohner and Sodeik 2005). Another study found that surface
vimentin in Neuro-2a cells interacts with the Chandipura virus (CHPV) and acts as a
receptor to promote the binding of CHPV to cells, which in turn affects the
replication process after virus entry (Dohner and Sodeik 2005). In addition to the
regulation of virus entry and replication, vimentin also affects the release of the virus
from the cell. Polly Roy’s team (Bhattacharya et al. 2007) found that disruption of
vimentin structure resulted in an increase in cell-associated bluetongue virus (BTV)
and a decrease in the amount of virus released by infected cells by demonstrating that
the association of BTV particles with intermediate filaments is driven by the
interaction of VP2 with vimentin to promote viral efflux.

In summary, although early researchers identified the importance of cytoskeletal
networks for viral infection, the mechanisms by which viruses invade host cytoskel-
eton, regulators, and dynein adapters have received particular attention due to the
current worldwide mass COVID-19 infection. Future studies, especially the study of
host signaling pathways and downstream effector mechanisms, will undoubtedly
provide important new ideas for the underlying mechanisms by which the cytoskel-
etal system functions during viral infection.

Coronavirus

The Structure and Life Cycle of Coronavirus

The coronaviruses belong to the genus coronavirus in the family Coronaviridae of
the order Nidovirales in the systematic taxonomy. The shape is spherical (~125 nm
in diameter), and the surface is covered with stick-shaped spikes (S protein), show-
ing the appearance of a corona, with a diameter of about 80—120 nm (Snijder et al.
2003; Fehr et al. 2015). In terms of structure, coronaviruses are enveloped viruses,
and virus particles are composed of two parts, the outer envelope and the inner
helical nucleocapsid. Its genome is about 27 ~ 32 kb in length, and it is a linear
single-stranded positive RNA chain with a methylated cap-like structure at the 5" end
and a poly(A) tail at the 3’ end.
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Coronaviruses are widespread and can infect humans, birds, and mammals
including bats, felines, rodents, and pigs (Cui et al. 2019). Coronaviruses are divided
into four genera (o, f, v, and d), and there are currently seven known coronaviruses
that can infect human (Carod-Artal 2020). Human coronaviruses (HCoV) are
divided into a-CoV and B-CoV (MERS-CoV, SARS-CoV, HCoVOC43, and so
forth) (Malik 2020). Since various physiological functions of viruses are determined
by proteins, people focus more on the proteins encoded by the coronavirus genome.
The main structural proteins that regulate the assembly and are encoded in all
coronavirus genomes are: the spike protein (S), membrane protein (M), envelope
protein (E), and nucleocapsid protein (N) (Brian et al. 2005), and the genes encoded
all appear in 5’ to 3’ order.

The coronavirus protruding surface densely glycosylated spike (S) protein binds
to the host cell surface receptor angiotensin-converting enzyme 2 (ACE2) through
plasma membrane fusion, phagocytosis, micropinocytosis, and clathrin-mediated or
clathrin-independent endocytosis into infected cells. The protein sequence of the S1
domain of the virus is not conserved, and there are great differences between
different coronavirus species, which limits the binding of the virus to the host cell
surface receptor at the early stage of infection. Therefore, the type of coronavirus S
protein receptor determines the species and tissue sensitivity of coronavirus. Upon
entry into the host cell, the multiprotein translation process is activated, resulting in
the production of smaller proteins that form a series of nonstructural proteins of the
viral transcriptase-replicase complex. At the same time after entering the cell, the
virion genome RNA is released into the cytoplasm, translated, replicated, and the
viral replicase and other complexes are assembled. First, the positive-strand RNA is
translated to generate the negative-strand RNA polymerase precursor protein, and
then RNA polymerase is generated under the hydrolysis of the protein to generate
the antisense negative-strand template. Next, subgenomic mRNAs are synthesized
from the minus-strand subgenomic template, whose posttranslational products are
the structural proteins of the virus. Following replication and subgenomic RNA
synthesis, encapsulation occurs, leading to the formation of mature viruses, a process
that takes place in the endoplasmic reticulum and Golgi apparatus. After assembly,
virions are transported to the cell surface through vesicles and fused with the plasma
membrane through exocytosis, and are then released into a new extracellular envi-
ronment to infect other host cells (Cui et al. 2019; Malik 2020).

SARS-CoV-2 and COVID-19 Infection

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has been around
since 2019, causing a disease called coronavirus disease 2019 (COVID-19). The
virus spread rapidly, indeed spreading throughout the world in a short period, and
maintained high contagiousness and continued outbreaks in countries around the
world. As of June 2022, 529 million cases and 6.29 million deaths have been



12 Coronavirus and the Cytoskeleton of Virus-Infected Cells 339

reported. SARS-CoV-2 is a large positive-stranded RNA genome belonging to the
family Coronaviridae and is a -CoV.

Studies have shown that the S protein plays an important role in SARS-CoV-2
evolution and spread, but so far, various genes that mainly encode S protein elements
are frequently mutated (Hatmal et al. 2020). This has led directly to the creation of
new, more aggressive mutants including Omicron, Delta, and alpha mutants since
the discovery of the novel pathogenic coronavirus SARS-CoV-2 in 2019. The
emergence and spread of these mutant strains have created new and ongoing
challenges around the world. In another study, the authors demonstrated that the
SARS-CoV-2 N protein promotes NLRP3 inflammasome activation to induce
excessive inflammation. The N protein promotes the maturation of proinflammatory
cytokines and is observed at the cellular level in vitro and in vivo in mice. More
importantly, the N protein aggravated lung injury and accelerated death in mouse
models of sepsis and acute inflammation (Pan et al. 2021). At present, research teams
have emphasised the overproduction of inflammatory cytokines and chemokines in
COVID-19 patients, including IL-6, IL-8, IL-18, TNF-a, IFN-y, MIP1la and 1p,
CCL2, CCL5, CCL20, CXCL1, CXCL2, CXCL8, CXCL10, and CXCL17(X. Ren
et al. 2021; Del Valle et al. 2020; Jamal et al. 2021; Xu et al. 2020). Moreover,
SARS-CoV-2 has been reported to cause long-term respiratory and neurological
sequelae in addition to inflammatory responses leading to lung damage (Wang et al.
2020a).

Hazards of Other Virus Infections

We know that human-to-human transmission is primarily through respiratory droplet
contact, but viruses are not always confined to the respiratory tract, liver and gut, and
in some cases, they can invade the central nervous system and cause neurological
systemic disease (Carod-Artal 2020). Examples include human coronaviruses
(0OC-43, 229E, MERS, and SARS) and some animal coronaviruses (porcine
hemagglutinating encephalomyelitis coronavirus). Neurological symptoms such as
headache, dizziness, myalgia, and loss of smell have been reported in patients
affected by the coronavirus, as well as with encephalopathy, encephalitis, necrotiz-
ing hemorrhagic encephalopathy, stroke, seizures, rhabdomyolysis, Guillain—Barre
syndrome, etc.

Here, this review will place more emphasis on the mechanism of action between
SARS-CoV-2 and the host cytoskeleton, providing possibilities for mankind to
conquer coronavirus-like viruses.
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Response of the Host Cell Cytoskeleton Network Following
Coronavirus Infection

Viral infections alter cell morphology, as well as host gene expression and protein
posttranslational modification. Like most positive-strand RNA viruses (Paul et al.
2013; den Boon et al. 2010; Zhang et al. 2019), coronaviruses infection causes
visible remodeling of the morphology of cellular membranes, subcellular organelles,
and cytoskeleton network (Snijder et al. 2006; Wen et al. 2020). Of note, the
cytoskeleton, the most basic scaffold of cells, is involved in all aspects of cell
morphological remodeling.

Coronavirus Infection Induces Expression Level
or Posttranslational Modification Changes of the Cytoskeleton
and its Related Proteins

Numerous studies have indicated that coronavirus infection induces rapid changes to
the host cytoskeleton network, by both omics analysis and bioinformatics predictive
analysis. For instance, the phosphorylation level of several cytoskeleton proteins,
such as vimentin (Ser39 and Ser56), stathmin (STMN1 Serl6 and Ser25), and
a-catenin (CTNNA1 Ser641), was found to be regulated during SARS-CoV-2
infection (Bouhaddou et al. 2020). Furthermore, it has been predicted that the
nonstructural protein 5 (NSP5) and 3C-like (3CL) protease of SARS-CoV-2 could
cleave microtubule organization-associated proteins and cytoskeleton proteins,
respectively (Scott et al. 2022; Chen et al. 2022). Moreover, the expression level
of cytoskeleton-related proteins also showed marked changes after infectious bron-
chitis virus (IBV) and TGEV infection (Emmott et al. 2010; Cao et al. 2012; Cao
et al. 2011; Zhang et al. 2013). Additionally, not only for mRNA, microarray
analysis revealed the changes in noncoding RNA and found that miRNA target
genes are associated with actin cytoskeleton regulation after IBV stimulation (Lin
et al. 2019). Expression of individual viral proteins, such as N protein and
nonstructural protein 7 (NS7) of Porcine deltacoronavirus (PDCoV) in cells also
results in changes in the expression level of cytoskeleton-associated proteins includ-
ing ezrin, a-actinin-4 and tubulin (Lee et al. 2015; Choi et al. 2019). In addition to
infection-induced intracellular changes, cytoskeleton-associated proteins were also
found to be incorporated into assembled virions. Using mass spectrometry analysis,
actin, tubulin, vimentin, and many cytoskeleton binding proteins such as annexin A2
and destrin were all identified in association with the IBV virion (Dent et al. 2015;
Kong et al. 2010). These findings provide strong supports that cytoskeletal proteins
are closely associated with coronavirus infection.

As the pathogen causing the global COVID-19 pandemic, SARS-CoV-2 infec-
tion is highly cytopathic, which calls for more sophisticated insights into how this
virus alters host cells. These changes are thought to create a more suitable
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environment conducive to the viral life cycle, despite inducing substantial cell
perturbation and eventually causing cell death. One study provided a comprehensive
repository of SARS-CoV-2-induced ultrastructural cell changes (Cortese et al.
2020). Specifically, they analyzed the alterations of three types of cytoskeleton
network, actin filaments, microtubules, and intermediate filaments in SARS-CoV-
2-infected A549-ACE2 cells. An accumulation of cortical actin at the plasma
membrane was observed in infected cells. Moreover, actin in the cytoplasm was
also found to wrap around the SARS-CoV-2 spike protein to form a ring-shaped
signal, suggesting that actin may be involved in the viral life cycle. In addition,
vimentin intermediate filaments were shown to form a cage-like structure in the
perinuclear region that incorporated double-stranded RNA (dsRNA). Microtubules
are located at the periphery of this ‘cage’ and have no spatial overlap with viral
dsRNA. dsRNA is presumed to be a viral replication intermediate and located at the
interface between the viral replication site and double-membrane vesicles (DMVs)
(Klein et al. 2020; Snijder et al. 2020). Therefore, vimentin intermediate filaments
might serve as a scaffold or boundary to compartmentalize viral replication organ-
elles from others. In order to record the dynamics of vimentin cage formation, the
authors performed live cell imaging and found that the majority of cage formation
events were detected between 6 and 9 hours after infection, with time leading to
massive cell death (Cortese et al. 2020). These findings provided compelling evi-
dence that SARS-CoV-2 infection alters the cytoskeleton network, which potentially
reflects an impact on the viral life cycle or virus-induced cell death (Fig. 12.1).
During infection, all three types of cytoskeleton networks showed significant
changes. Below, we summarized how coronavirus utilized and modified the cyto-
skeleton network during infection, in relation to actin filaments, microtubules, and
intermediate filaments.

Coronavirus Infection Induces Actin Filament Rearrangement

The most visible changes caused by coronavirus infection occur in the cell mem-
brane region, which is mainly associated with actin filament remodeling. Using high-
resolution scanning electron microscopy (SEM) and transmission electron micros-
copy (TEM), structural changes on the cell surface can be readily captured. Clearly, a
ruffled host cell and thick-ended edge appeared after SARS-CoV-2 infection (Caldas
et al. 2020). A similar phenomenon also occurs in SARS-CoV-infected Vero cells
(Ngetal. 2004). These changes are considered to be more conducive to the early step
of infection, especially adhesion of the virion particles to cells. Likewise, researchers
also observed an increased cell surface projection in SARS-CoV-2 infected cells
coexisting with SARS-CoV infection, which may facilitate the release of progeny
virus as a result of the driving force offered by actin filaments (Caldas et al. 2020; Ng
et al. 2004; Bouhaddou et al. 2020) (Fig. 12.2b). Moreover, a thin (<0.7 pm) strand
of F-actin containing tunneling nanotubes (TNT) appeared between two cells in the
case of SARS-CoV-2 infection, which may provide molecular information transfer
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Fig. 12.1 Changes of cytoskeleton network upon SARS-CoV-2 infection. In normal cells, stress
fibers exist under the cell cortex to support cell shape. Cells with smooth edges and almost no
protrusions (LHS). Microtubules are mainly responsible for the transport of cargos in cells to
maintain normal life activities. Intermediated filaments vimentin is distributed in the cytoplasm,
with aggregation near the nucleus. Upon SARS-CoV-2 infection (RHS), many cell surface pro-
jections stretch out, mediating virus entry or providing force for the release of progeny virus. Actin
filaments are clearly rearranged in these projection areas. Meanwhile, microtubules are hijacked by
viruses to transport viral proteins or virus-containing vesicles to complete their own life cycle. For
intermediate filaments vimentin, the infection makes these filaments shrink in the perinuclear
region, with a viral replication component (encircled), which may provide a location for SARS-
CoV-2 to effectively replicate

as well as viral cell-to-cell transmission (Caldas et al. 2020). In addition, a study
indicated that there is no need for direct viral infection, only a single viral protein,
such as SARS-CoV nucleocapsid (N) protein, is capable of inducing p38 mitogen-
activated protein kinase (MAPK) downstream actin reorganization (Surjit et al.
2004).

As for SARS-CoV-2 and SARS-CoV, the rearrangement of actin cytoskeleton is
common in many other coronavirus infections. Porcine hemagglutinating encepha-
lomyelitis virus (PHEV), transmissible gastroenteritis virus (TGEV) and porcine
epidemic diarrhea virus (PEDV) infection cause acute enteritis in swine of all ages
with high mortality in piglets (Chae et al. 2000). It has been reported that PHEV,
TGEV and PEDV infection leads to active actin rearrangement (Li et al. 2017; Lv
et al. 2019; Zhao et al. 2014; Sun et al. 2017). In order to test whether the
internalization of virions is accompanied by actin remodeling, F-actin and
DiD-PHEV were fixed and stained at different time points after infection in
Neuro-2a cells. DiD-PHEVs were found to be associated with filopodia protrusions
at the cell surface initially, then the bound viruses surf toward the foot of filopodia
with actin retrograde flow. This process is accompanied by actin stress fiber depo-
lymerization, resulting in a more rounded cell shape. Lastly, actin accumulated in
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Fig. 12.2 Cytoskeleton-related internalization mechanism of coronavirus. (a) Primary cilia serve
as the SARS-CoV-2 docking site: vimentin, SARS-CoV-2 spike protein, and ACE2 are found to
colocalized in ARL13B enrichment primary cilia structure. The colocalization of these three pro-
teins is thought to cooperate together to mediate virus docking and leads to ciliary dysfunction, thus
initiating infection (Lalioti et al. 2022). (b) Invasion model of coronavirus: Firstly, coronavirus
usually binds to the cell surface projections and then surfs to the cell body. Actin filament
rearrangement significantly changes below the cell membrane in these regions (Caldas et al.
2020; Ng et al. 2004; Bouhaddou et al. 2020). Secondly, the virus specifically binds with receptor
ACE2, mediating the endocytosis process. The endocytosis of coronavirus usually is clathrin-
dependent, and the segment of virus-containing vesicles with the plasma membrane is dependent
on microtubule-associated protein dynamin (Van Hamme et al. 2008; Owczarek et al. 2018; Wang
et al. 2020b; Milewska et al. 2018). Lastly, virus-containing vesicles move along microtubules to
move into the cell, this process usually relies on the motor protein dynein (Hou et al. 2019;
Hagemeijer et al. 2010; Pasick et al. 1994; Kalicharran et al. 1995)

flaky pseudopods after virions were transported to the cell body. This process gives
us a whole picture of how the actin cytoskeleton flow movement occurs during
PHEV uptake at a very early stage (Li et al. 2017). At the molecular level, PHEV
infection stimulates the integrin a5p1-FAK (focal adhesion kinase)-Racl
(Ras-related C3 botulinum toxin substrate 1)/Cdc42 (cell division cycle 42)-PAK
(p21-activated protein kinases)-LIMK (LIM kinase) axis, resulting in the dynamic of
cofilin activity and F-actin rearrangement (Lv et al. 2019). Similarly, TGEV actives
phosphoinositide-3 kinase (PI3K) through viral spike protein binding to epidermal
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growth factor receptor (EGFR), leading to the activation of cofilin and F-actin
reorganization by Rac1/Cdc42 GTPases (Hu et al. 2016).

Microtubules Are Hijacked by Coronavirus for Trafficking

Microtubules are important for intracellular cargo transport, relying on the motor
proteins dynein and kinesin (Hirokawa 1998; Welte 2004; Ross et al. 2008). In the
context of viral infection, microtubules are usually employed by viruses to transport
their own components or host factors which are beneficial to the viral life cycle
(Dohner et al. 2005; Naghavi et al. 2017). To visualize the intracellular viral
movement, the porcine epidemic diarrhea virus (PEDV) was successfully labeled
by quantum dots without affecting its growth kinetics. The microtubule-dependent
movements were classified into three types according to the localization in cells
(near-cell membrane (CM) region, middle-cell cytoplasm (CC) region, and near-
microtubule organizing center (MTOC) region) with different moving characteristics
by live cell tracking (Hou et al. 2019). Similarly, in infected cells with recombinant
nsp2-GFP tagged mouse hepatitis coronavirus (MHV), the GFP-positive foci were
also associated with or in close proximity to the microtubules. Live cell imaging
futher revealed that the movement of these foci is microtubule-dependent
(Hagemeijer et al. 2010). Moreover, the nucleocapsid protein of JHM virus
(JHMV), a neurotropic murine coronavirus, was found to interact with
microtubule-associated protein tau, and the trafficking of JHMV protein was also
dependent on microtubules (Pasick et al. 1994; Kalicharran et al. 1995) (Fig. 12.2b).

Detection of Intermediate Filament Changes upon Infection

Despite much knowledge on the different types of intermediate filament proteins in
cells, such as vimentin, nestin, lamin, etc., studies on intermediate filament proteins
during coronavirus infection are limited. Only one previous report showed vimentin
network rearrangement upon SARS-CoV-2 infection, which may contribute to its
replication (Cortese et al. 2020). Besides, there are also some omics analyses
indicating that the expression level of intermediate filaments proteins changes during
coronavirus stimulation. Therefore, the effect of viral infection on intermediate
filaments should receive more extensive attention and research.

In the following section, we summarize the effect of coronavirus infection on the
host cytoskeleton network, showing a close interaction between the two. Briefly,
actin filaments are the most significantly changed cytoskeleton element, with more
protrusions formed on the cell surface, which are considered to be beneficial to viral
entry and release. Microtubules are always hijacked by viruses to transport their own
proteins and host factors for propaganda. For intermediate filaments, more attention
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should be paid during coronavirus infection. Next, we will consider how the
cytoskeleton participates in the viral life cycle.

Host Cytoskeleton Participates in Coronavirus Life Cycle

As we mentioned above, coronaviruses cause drastic cytoskeletal morphological
changes, indicating that the cytoskeleton network plays an essential role in the
process of infection. Here we summarize how the cytoskeleton and its related
proteins in host cells regulate the coronaviral life cycle at different steps of infection.

Host Cytoskeleton Protein Facilitates Coronaviral
Internalization

Various compounds that alter the cytoskeleton network integrity and dynamics have
been used to investigate the contribution of the cytoskeletal network to SARS-CoV-
2 infection. In a recent study, Vero E6 cells were treated with Latrunculin A (pan
actin filament disrupting drug) 2 hours postinfection. Surprisingly, although the actin
network showed obvious changes upon coronavirus infection, prior disruption of the
actin network did not show any apparent difference in viral dSRNA and extracellular
infectivity (Cortese et al. 2020). However, another work showed an inhibition of the
entry of SARS-CoV-2 pseudoviral particles into HEK293-ACE2-GFP cells, when
cells were treated with the same Latrunculin A (Zhang et al. 2020). These two
studies leading to contradictory results illustrate a problem in that the dosing time is
critical, which may cause different consequences. To test the effect of drugs on virus
invasion, adding drugs before or at the same time with the virus is much better than
postinfection treatment. Consist with this idea, a study used four actin network-
altering drugs, Latrunculin A, Jasplakinolide, Cytochalasin B, Cytochalasin D, and
one microtubule-altering drug nocodazole, to identify the role of cytoskeleton during
MHY infection. These workers found that only when they added all the drugs at an
early time, rather than at a late stage of infection was MHV infection reduced,
revealing the importance of the actin and tubulin network in the entry step of
infection (Burkard et al. 2014).

Not only for SARS-CoV-2, but drugs interfering with actin networks also seem
harmful to many other coronavirus infection establishments. For instance,
Jasplakinolide (stabilization of actin cortex) treatment inhibits the entry of HCoV-
0C43 (Owczarek et al. 2018). For the invasion of HCoV-NL63, the two actin
inhibitors Cytochalasin D (inhibits actin polymerization) and Jasplakinolide (binds
F-actin and stabilizes actin filaments) both block viral particles from penetrating the
cell, while the microtubule interfering drug nocodazole shows no effect on viral
entry (Milewska et al. 2018). Infection with infectious bronchitis virus (IBV) also
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causes actin network rearrangement as we mentioned above. However, a study
indicated that the entry of IBV can be enhanced by Cytochalasin D or Jasplakinolide
(Wang et al. 2019). Nevertheless, these results are self-contradictory and out of
expectation, the author cannot give an explicit explanation, indicating the complex
process of viral invasion.

After attachment, the internalization of many viruses is reported to rely on
dynamin, a microtubule-associated protein and usually functions by pinching off
the invaginated vesicles from the cell membrane. For example, both dynamin
inhibitory peptide and dominant-negative dynamin significantly inhibited the inter-
nalization of feline infectious peritonitis virus (FIPV) (Van Hamme et al. 2008).
During this process, others also indicated that myosin light chain kinase (MLCK)
and myosin 1 play a vital role in FIPV internalization and subsequent transportation
(Dewerchin et al. 2014). Inhibition of dynamin by its inhibitor MiTMAB (interacts
with the lipid binding domain of dynamin) or dynasore (noncompetitively inhibits
GTPase activity of dynamin) both significantly inhibited HCoV-OC43 entry effi-
ciency to target cells (Owczarek et al. 2018). Similarly, MiTMAB also blocks the
internalization of HCoV-NL63 (Milewska et al. 2018). Either by expression of the
dynamin-1 dominant-negative mutation or knocking-down by siRNA-inhibited IBV
infection, revealed the import role of dynamin-1 in IBV endocytosis (Wang et al.
2019). Furthermore, the internalization of TGEV was shown to be dynamin
2-dependent (Wang et al. 2020b). These studies reveal the general role of dynamin
in the process of coronavirus infection, prompting us to take this protein family into
consideration when studying other related viruses (Fig. 12.2b).

SARS-CoV and SARS-CoV-2 both utilize the host cell angiotensin-converting
enzyme 2 (ACE2) for internalization. It is firmly believed that viral spike protein is
important for the interaction between virions and host cell receptors. Recently, many
works have indicated the role of extracellular vimentin in both SARS-CoV and
SARS-CoV-2 infection, especially in the entry step (Suprewicz et al. 2021; Amraei
et al. 2022; Yu et al. 2016). Early on, people revealed the direct interaction between
the SARS-CoV spike protein and vimentin. By gene knocking-down and antibody
neutralization assay, they further confirmed the vital role of cell surface vimentin
function as a putative co-receptor in the uptake of SARS-CoV virus-like particles
(Yu et al. 2016). Similarly, vimentin was also shown to bind to SARS-CoV-2 spike
protein. Entry assay conducted with pseudotyped SARS-CoV-2 further confirmed
the role of vimentin in facilitating virus invasion (Suprewicz et al. 2022; Amraei
et al. 2022). Further, a study revealed that SARS-CoV-2 spike protein, ACE2 and
vimentin appear to concur at a certain cellular structure, primary cilia, indicating that
primary cilia may be the docking structure for SARS-CoV-2 invasion (Lalioti et al.
2022) (Fig. 12.2a). These results indicated that extracellular vimentin is involved in
the spike protein-ACE2 complex, functioning as a critical component in mediating
SARS-CoV and SARS-CoV-2 internalization, and vimentin-targeting agents may
have significance for clinical treatment of infection.

In addition to ACE2, it has also been reported that the entry of SARS-CoV-2 is
assisted by cell surface heparan sulfate (HS). Two drugs, BNTX and Sunitinib,
targeting the HS ligand a-Syn fibril, not only block the entry of both SARS-CoV and
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SARS-CoV-2 pseudoviral particles but also cause actin cytoskeleton rearrangement,
revealing the essential role played by actin in the entry of virus (Zhang et al. 2020).
Other proteins, such as ezrin, a membrane-actin linker, were also identified to
interact with the SARS-CoV spike protein and function as a restricting host factor
in the entry process (Millet et al. 2012).

Host Cytoskeleton Affects Coronaviral Replication

To confirm the role of intermediate filaments in SARS-CoV-2 infection, a study
applied Withaferin A (an intermediated filaments disrupting drug) to treat cells
2 hours postinfection. As expected, there was a robust reduction in viral dsSRNA
and supernatant infectious virions found after 6 hours of treatment with Withaferin
A. Compared with the result that vimentin intermediate filaments form a cage-like
structure that incorporates double-stranded (ds) RNA, these data reveal the impor-
tance of intermediate filaments in the SARS-CoV-2 replication step (Cortese et al.
2020). Vimentin also plays a role in TGEV replication. Using siRNA to knockdown
vimentin in ST (swine testis) cells, it was found that there was a significant reduction
of cell-associated virus by TCID50 assay, which reflected viral replication. Mean-
while, cellular vimentin is associated with the TGEV N protein, and this interaction
may help virions to transport through a functional Golgi complex for viral matura-
tion (Zhang et al. 2015).

As for MHYV, a study indicated that two stains, RSA59 and RSMHV2, showed
different responsiveness to microtubules. Disrupting microtubules with colchicine or
vinblastine remarkably reduced the replication of RSA59, whereas it did not affect
the RSMHV2 strain, indicating the vital role of microtubule-dependent axonal
transport on RSAS9 infection and replication. The only difference between these
two strains is the spike gene, suggesting that the microtubule-dependent transporta-
tion might be a spike protein-mediated process (Biswas et al. 2014).

Host Cytoskeleton Participates in the Coronaviral Assembly
Process

A study by Wang et al. (2009) confirmed that actin interacts with infectious
bronchitis virus (IBV) M protein at amino acids A159 and K160. Abolishing this
interaction by A159-K160 mutation in full-length transcripts did not generate an
infectious virus by electroporation using the IBV clone system, indicating that the
interaction between actin and M protein is essential for progeny virus production in
the late stage of infection. Moreover, Cytochalasin D treatment at the early but not
late stage of replication resulted in no virion release to the supernatant, suggesting
that actin may function in viral assembly and budding, but not for release.
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Coronaviral Release Can Be Promoted by Cytoskeleton
Proteins

To detect the role of microtubules on SARS-CoV-2 infection, Cortese et al. (2020)
used nocodazole and colcemid to induce microtubule depolymerization and found
that these two drugs did not affect SARS-CoV-2 infection. On the contrary,
inhibiting microtubule depolymerization or polymerization by paclitaxel or vinblas-
tine, respectively, showed a strong effect on the production of infectious extracellu-
lar viruses. This finding emphasized the comprehensive role of the microtubule
network in SARS-CoV-2 infection.

In order to detect the role of actin filaments in PEDV and TGEV infection, IPEC-
J2 cells were treated with Cytochalasin D or Jasplakinolide. The results showed that
neither Jasplakinolide nor Cytochalasin D affected the entry of these two viruses into
IPEC-J2 cells. Instead, the replication and release steps of PEDV and TGEV were
notably inhibited by either Jasplakinolide or Cytochalasin D (Zhao et al. 2014). This
work indicated the role of the actin network in PEDV and TGEV infection, and
microtubules also play a role in TGEV infection. To be more specific, the distribu-
tion of TGEV spike protein diffused throughout the cytoplasm after nocodazole
treatment, compared to the DMSO-treated group near the nucleus. Moreover, the
colocalization between the TGEV spike and membrane protein was also reduced in
nocodazole-treated cells. Importantly, the microtubule targeting drug nocodazole
results in a reduction of infectious virions release and with less spike protein
incorporated into virions (Riidiger et al. 2016).

In this section, we summarize how the cytoskeleton and its related proteins
participate in the coronavirus life cycle. In some cases, the specific affected step of
infection cannot be precisely defined. To sum up, actin is mainly involved in three
steps of virus infection, internalization, assembly and release. Microtubule-related
proteins, especially dynamin, primarily play a role in viral internalization. The
microtubule network itself is involved in coronavirus replication and release. Inter-
mediate filament vimentin participates in viral internalization and replication. All
three cytoskeleton protein networks play an essential role in coronavirus infection. It
is of great significance to summarize common rules, which may enable us to
understand more about coronavirus infection.

Cytoskeleton and Pathogenesis

After the SARS-CoV-2 virus enters the human body, it rapidly replicates and pro-
liferates, blocking alveolar blood oxygen exchange and inducing a cytokine storm in
the lungs. Concurrently, it interacts with neutrophils, monocytes, and immune
response cells, resulting in diffuse alveolar damage (DAD), acute lung injury
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(ALI), and acute respiratory distress syndrome (ARDS) (Huang et al. 2020; Jiang
et al. 2020; Zhou et al. 2020), and consequently pulmonary fibrosis. These patho-
logical manifestations are particularly severe at later stages (Li et al. 2012). It has
been reported that the pathogenic mechanism of the coronavirus involves vascular
permeability, airway epithelial ciliated cells, and nervous system regulation. Clari-
fying the pathogenic mechanism of coronavirus will help design inhibitory drugs for
each key target, which is of great importance for human beings to conquer the virus.
By summarizing the studies of many laboratories in recent years, we found that an
increasing number of researchers have paid attention to the important role played by
the cytoskeleton in the pathogenesis of this coronavirus.

The Ciliary Structure Is Involved in the Pathogenic Process

Epithelial cells lining the airways of mammals, such as nasal and pulmonary cilia,
play a key role in the defense against infection (Tilley et al. 2015). Loss of cilia is one
of the most striking ultrastructural abnormalities in coronavirus-infected cells. The
mucociliary clearance mechanism prevents the accumulation of coronavirus parti-
cles and mucus in the lungs. It has also been reported that in human nasal epithelial
cells, coronavirus infects ciliated cells and thus causes cilia shedding, inducing
anosmia (Nicholls et al. 2003). Analysis of autopsy samples from patients with
COVID-19 found that SARS-CoV-2 replication was predominantly in airway epi-
thelial cells and alveoli (Hou et al. 2020). Recent studies have found that SARS-
CoV-2 has a preferential tropism for ciliated epithelial cells and occasionally infects
transitional and secretory cells.

The best-characterized receptor we know of SARS-CoV-2 is ACE2, and the
spike-ACE2 interaction has been extensively studied. In immunoassay studies,
vimentin aggregates with acetylated tubulin and ARL13B proteins in cilia-like apical
structures. The overall colocalization of vimentin, spike, and ACE2 proteins was
observed. The spike protein exists in the outer layer of the virus and can mediate the
binding of virus particles to cellular receptors and trigger membrane fusion. Ciliated
cells have been identified as one of the selective targets of SARS-CoV-2 infection in
human tissue studies. Therefore, the authors speculate that vimentin plays an active
role in cooperation with ACE2 in the contact between virus and cilia, which may be a
specific site of virus docking and leads to ciliary dysfunction, and then mediates
virus infection (Lalioti et al. 2022). Therefore, researchers have speculated that many
pathological changes of COVID-19 are related to ciliary dysfunction.

Some scholars have also provided evidence from the perspective of
phosphoproteomics, proving that the cytoskeleton plays a regulatory role during
coronavirus infection. It was also found that kinases downstream of Rho/Rac/Cdc42
GTPases and several cytoskeletal organization-related kinases and effector proteins
such as phosphorylated vimentin at site Ser39 and phosphorylated vimentin at site
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Ser56 were down-regulated during infection, and cytoskeletal proteins such as motor
protein myosin ITa (MYH9 S1943) were down-regulated during infection
(Bouhaddou et al. 2020). Primary cilia are microtubule-based organelles (Buqaileh
et al. 2021) that reside on the cell surface and sense various environmental stimuli.
Analysis of the interaction between the viral nonstructural protein Nspl3 and
centrosome components from the perspective of molecular biology also provides a
potential molecular mechanism (Li et al. 2020a).

Other coronaviruses have also shown pathological features that target airway-
ciliated cells. After the virus infects the host, ciliated cells undergo physical and
chemical damage, and at the same time, the levels of microtubule cytoskeleton
system-related proteins change. Including SARS-CoV and common cold
coronaviruses HCoV-NL63, -OC43, -HKUI1, etc. (Zhu et al. 2020; Pizzorno et al.
2020; Hao et al. 2020). Previously, Chilvers et al. (2001) inoculated HCoV 229E
into the human nasal cavity, and the respiratory tract epithelium was destroyed,
resulting in ciliary motility disorders; epithelial integrity was significantly lost, and
the number of ciliated cells was significantly reduced, together with peripheral and
central region tubulin changes. These results suggest that the microtubule cytoskel-
eton system is involved in the regulation mechanism of cilia and virus infection (Hou
et al. 2020). In another experiment using animals as hosts, it was found that in
MERS-CoV-infected dromedary camels, MERS-COV colocalized with keratin18.
The experiment detected the cilia in the airways of animals by anti-a-acetylated
tubulin-specific antibodies. There was extensive loss of tubulin signaling in the
turbinates and trachea of infected animals (Haverkamp et al. 2018). In addition,
the disease caused by Canine respiratory coronavirus (CRCoV), loss, and damage of
nasal and tracheal cilia was used to assess its potential impact on the mucociliary
system (Priestnall et al. 2009; Mitchell et al. 2013).

Together, these studies fully demonstrate the importance of the cytoskeleton for
the regulation of ciliated cells in the pathogenesis of coronavirus, unraveling these
mechanistic studies provides the basis for virus-host interactions in protective
immunity, host susceptibility, and viral pathogenesis.

Lung Injury Caused by SARS-CoV-2 Is Related to Endothelial
Cell Permeability Regulation

Defects in the integrity of the pulmonary vascular barrier are considered to be one of
the hallmarks of pathological changes in SARS-CoV-2 infection. In general, vascu-
lar endothelial (VE) cells maintain vascular permeability at low levels (Rho et al.
2017).

However, when coronavirus infection induces inflammation, dynamic regulation
of endothelial cells can limit vascular barrier function and induce immune cell
extravasation, triggering the viral defense mechanism of the host. It was found that
through the coiled-coil of Rho and its downstream protein kinase ROCK, nonmyosin
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cytoplasm-induced myosin contraction and the formation of radial stress fibers can
induce dynamic reorganization of the actin cytoskeleton (Eisenhut et al. 2020),
which in turn enables Rapl signaling in vascular endothelial cells (Yamamoto
et al. 2021). This process enhances VE-cadherin-mediated cell-cell adhesion func-
tion and vascular barrier function, which can help improve the clinicopathological
status of patients.

In addition to the contractile regulation of actin, the polymerization regulator of
actin is also required for cytoskeletal reorganization. Rap1 inhibits Rho activity as
the actin backbone regulates the adhesion function and vascular permeability of
VE-cadherin. Thus, activated Cdc42/Racl limits vascular permeability, and the
dynamic regulation of cytoskeletal organization in vascular endothelial cells and
enables cells to avoid hypertonic states (Yamamoto et al. 2021).

The permeability of the lung epithelial cell barrier also plays a crucial role in
SARS-CoV-2-induced lung injury and lung homeostasis. It is found that MRCKa
and its downstream activation of the myosin light chain are required for the NKA 1
subunit to regulate alveolar barrier function. The synergistic effect of myosin and the
actin filament cytoskeleton system can promote cell movement so that endothelial
cell permeability changes dynamically with different microenvironments. In con-
trast, MRCKa is expressed in both the human respiratory tract and alveoli, with
reduced expression in SARS-CoV-2 infected patients (Bai et al. 2021).

Relationship with the Nervous System

SARS-CoV-2 not only severely damages respiratory systems such as the trachea and
lungs, at the same time neurological complications in patients with COVID-19 have
also become one of the important causes of morbidity and mortality. The latest
research progress points out that viral RNA appears in the brain and cerebrospinal
fluid. Other evidence also illustrates the neurotropism of SARS-CoV-2 (Meinhardt
et al. 2021). In the dynamic regulation of the nervous system and virus, the
expression of cytoskeleton-related proteins such as fibronectin increases. This
change was accompanied by elongation and contraction of the morphology of
brain pericytes exposed to the S protein (DeOre et al. 2021).

The nervous system is divided into the central nervous system (CNS) (including
the brain and spinal cord) and the peripheral nervous system (PNS) (including the
cranial and spinal nerves). These two major parts are the dominant players in the
regulation of physiological functions in the body. Clinical reports show that coro-
navirus can affect the central nervous system. Induction included cerebrovascular
disease (Thakur et al. 2021), multifocal cerebral micro-occlusion, and stroke (Mao
et al. 2020; Klok et al. 2020). Clinical symptoms include loss of smell and taste,
headache, fatigue, nausea, etc. SARS-CoV-2 RNA was also shown to exist in the
peripheral nervous system (Matschke et al. 2020; Schurink et al. 2020; Andalib et al.
2021). The infection causes, for example, nerve pain and skeletal muscle damage,
Guillain-Barre syndrome, cranial polyneuritis, neuromuscular junction disorders,
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neuro-ophthalmic disorders, and autonomic dysfunction (Andalib et al. 2021). Thus,
it is also important to focus on the role of viruses in the pathogenesis of these
neurological complications.

Regarding viral entry, the degree of expression of ACE2 receptors in the nervous
system may affect the neurovirulence of SARS-CoV-2. This receptor is expressed in
endothelial smooth muscle cells. In addition, studies have found the RNA and S
protein of SARS-CoV-2 in specific cells of the brain and nasopharynx. Other
investigators have also detected intact virus particles in the nasopharynx (Bilinska
et al. 2020). Thus, it is proposed that the virus can infect olfactory neurons, and its
proteins can enter the nervous system from the PNS terminal and the olfactory
epithelium, and even exist in the medulla oblongata of the brain. In addition, other
studies have proposed three pathways by which SARS-CoV-2 enters the nervous
system. One is a transsynaptic pathway from nasal epithelial cells to the brain via
trigeminal branches (Ferreira et al. 2020). The second is through endocytosis or
exocytosis, internalization at nerve terminals, and retrograde transport. Viruses can
be transported back to neuronal cell bodies along microtubules by transsynaptic
transfer as well as axonal transport mechanisms (vesicular trafficking) (Zubair et al.
2020). The last is a common route for consanguineous virus entry into the nervous
system, via internalization and transport across the brain endothelium, thereby
crossing the intact blood-brain barrier (BBB) (Iadecola et al. 2020; Iadecola et al.
2020; DeOre et al. 2021). Recent studies have confirmed that angiotensin-converting
enzyme 2 (ACE2) at the SARS-CoV-2 binding site contributes to spike-induced
barrier disruption through the activation of RhoA. The authors analyzed RhoA to
identify it as a key molecule regulating endothelial cytoskeleton and tight junction
complex dynamics.

Neuroimmune aspects are caused by viruses. Some researchers have found that
SARS-CoV-2 deregulates the vascular and immune functions of brain pericytes
through the spike protein. To cope with the viral infection and maintain the homeo-
stasis of autoimmunity, a large number of cytokines are involved. It has been
reported that SARS-CoV-2 induces ACE2 downregulation in the nervous system
to activate the canonical RAS pathway. Cascade events lead to oxidative stress,
neuroinflammation, vasodilation, coagulopathy, and thrombosis. In addition, SARS-
CoV-2 binds to toll-like receptors and releases proinflammatory cytokines such as
interleukin (IL)-1, (IL)-6, which in turn induce immune responses, leading to brain
tissue damage and stroke. Most COVID-19 patients also show a trend toward
increased IFN release, which leads to inflammation and immune system suppression
(Andalib et al. 2021). These clinical manifestations are firstly innate immune
hyperactivity and then immunosuppression. This can effectively protect the body’s
homeostasis. Our review of the reciprocal regulation between SARS-CoV-2 and the
nervous system thus summarizes new mechanistic insights into the pathobiology of
cerebrovascular disease associated with COVID-19.
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Possibilities of Cytoskeleton-Related Treatment
of COVID-19

As of April 12th, 2022, the World Health Organization (WHO) has counted nearly
500 million confirmed cases of COVID-19 worldwide and more than six million
deaths. Although global vaccination rates have reached an advanced level, the
defense capacity of existing vaccines is inconclusive in the face of the continuous
emergence of new virus variants (Basky et al. 2022). Numerous scholars are still
exploring, aiming to determine the most effective treatment options.

As our understanding of the pandemic has grown, many different therapeutic
avenues have been developed. For example, pharmacology, immunology, traditional
Chinese medicine (TCM) (Ren et al. 2020), etc. At this stage, enzyme inhibitors and
neutralizing antibody drugs are the main treatments for SARS-CoV-2 infection.
Some clinicians have proposed anti-inflammatory agents: colchicine (Elshafei
et al. 2020), as multiple sclerosis (MS) drugs: fingolimod and sipomod (Kloc et al.
2020) are currently new drugs discovered for COVID-19 treatment. Recently, many
others have suggested that vimentin could serve as a new target for the treatment of
COVID-19 (Li et al. 2020b; Ramos et al. 2020). It is speculated that drugs reducing
vimentin expression can be used to treat patients with COVID-19.

In this review, we have paid special attention to the physiological and patholog-
ical processes of the cytoskeletal system closely related to coronaviruses such as
SARS-CoV-2. Discovering the exact mechanism by which SARS-CoV-2 subverts
host cells is critical for validating specific drug targets and effective treatments. In
the case of actin filaments, TLRs, CLRs and other receptors (Ezrin and dipeptidyl
peptidase 4) that enhance antiviral immunity and viral clearance may serve as
therapeutic targets for COVID-19 (Gadanec et al. 2021). In lung disease associated
with COVID-19, bradykinin and tumor necrosis factor-alpha (TNFa) disrupt the
actin cytoskeleton, which could be the leading cause of death of living organisms.
Ezrin peptides can be used to inhibit SARS-CoV-2 entry, as well as other viral
infections, including HIV-1, hepatitis C virus, human papillomavirus, etc. (Norris
et al. 2021). TNFa disrupts the human lung epithelial cytoskeleton system and exerts
its effects through Rho kinase. Dedicated to restoring the integrity of the pulmonary
endothelial cytoskeleton in patients with COVID-19, thereby reducing the symp-
toms of patients, this method deserves further exploration by researchers.

In the case of microtubules, the use of microtubule-targeted drugs to treat
coronavirus-infected individuals may be effective (Norris et al. 2021). Viral load
can be reduced due to targeting microtubules by its inhibitors. The approved drug
vinca alkaloid causes the breakdown of the microtubule network; in contrast,
paclitaxel stabilizes the microtubule system. In addition, the anti-inflammatory
agent mentioned above, colchicine inhibits microtubule polymerization and has
performed preliminary studies on the safety of the treatment for patients with
COVID-19 (Elshafei et al. 2020).

In the case of intermediate filaments, attenuating the role of vimentin in virus-
induced infection could theoretically inhibit viral infection. It has been fully
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confirmed by many researchers: (1) Vimentin is a co-receptor receptor for SARS-
CoV and SARS-CoV-2 entering new cells, except for ACE2; (2) Vimentin is
involved in the replication of the virus life cycle (3) Vimentin exerts an anti-
inflammatory effect in the cytokine storm caused by a viral infection, and causes
the body’s autoimmune response (Ramos et al. 2020); (4) The low expression of
vimentin inhibits the epithelial-mesenchymal effect of the body transform.
According to the above conclusions, it is found that the dual role of vimentin in
viral infection may have synergistic advantages for patients. Therefore, some people
speculate that drugs that reduce vimentin expression could be used to treat patients
with COVID-19. The latest research suggests that ALD-R491 (an oral, noncytotoxic
vimentin-targeting small molecule), by changing the physical properties of vimentin
filaments, has preclinical efficacy against COVID-19. The authors confirmed
through in vivo and in vitro experiments (Li et al. 2021) that ALD-R491 can hinder
the entry and exit of viruses into and out of cells, and increase the microbicidal
capacity of macrophages, thereby promoting pathogen clearance.

Summary

In this chapter, we have summarized the connection between coronavirus infection
and three major cytoskeleton networks (Table 12.1). This includes the dynamic
changes in the cytoskeleton and its related proteins upon viral infection, how
cytoskeleton proteins regulate the coronavirus life cycle, and cytoskeleton-related
pathogenesis caused by coronavirus infection. It needs to be emphasized that all
three cytoskeleton networks are heavily involved in every process of infection.
Firstly, the invasion of coronavirus is mainly dependent on the actin filament
rearrangement. Viruses are attached to the plasma membrane and interact with its
specific receptors or co-receptors, inducing actin filament-dependent filopodia for-
mation. Endocytosis starts after the virus moves along filopodia to the cell body.
These processes involved actin filaments, vimentin filaments, and several actin-
related proteins. The subcellular transport of a virus or its components relies on
the microtubule network. The replication of coronavirus is reported to associate with
tubulin and vimentin. We know little about viral assembly. Only actin filaments have
been reported to be involved in this process. Finally, the release of progeny virus also
requires actin filaments and microtubules to provide the ‘driving force’. Most
importantly, coronavirus infection-induced pathogenesis is highly correlated with
cytoskeleton networks, indicating that drugs targeting cytoskeleton proteins may
have an essential influence on treating diseases caused by viral infections. Although
there is a substantial increase in the understanding of the regulation of cytoskeleton
components and corresponding elaborate subcellular structures in the process of
coronavirus infections, there are still many questions that remain future pursuing. In
particular, conducting clinical research on drugs targeting cytoskeletons may help to
inspire new strategies to control infection and infection-induced pathological
damage.
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