EXPERT OPINION ON THERAPEUTIC TARGETS
https://doi.org/10.1080/14728222.2021.1953475

Taylor & Francis
Taylor &Francis Group

REVIEW

W) Check for updates

Neuromodulatory effects of SARS-CoV2 infection: Possible therapeutic targets

Sonali Kumar®", Ozasvi R Shanker®", Neeraj Kumari®*, Manjari Tripathic, P Sarat Chandra®, Aparna Banerjee Dixit °

and Jyotirmoy Banerjee ¢

aDr. B.R. Ambedkar Centre for Biomedical Research (ACBR), University of Delhi, New Delhi, India; *Department of Neurosurgery, All India Institute of
Medical Sciences (AIIMS), New Delhi, India; “Department of Neurology, All India Institute of Medical Sciences (AlIMS), New Delhi, India;
9Department of Biophysics All India Institute of Medical Sciences (AlIMS), New Delhi, India

ABSTRACT

Introduction:: Although SARS-CoV-2 primarily manifests in the form of respiratory symptoms, emerging
evidence suggests that the disease is associated with numerous neurological complications, such as
stroke and Guillain-Barre syndrome. Hence, further research is necessary to seek possible therapeutic
targets in the CNS for effective management of these complications.

Areas covered:: This review examines the neurological complications associated with SARS-CoV-2
infections and the possible routes of infection. It progresses to illuminate the possible therapeutic
targets for effective management of these neuromodulatory effects and the repurposing of drugs that
could serve this purpose. To this end, literature from the year 1998-2021 was derived from PubMed.
Expert opinion:: The neurological manifestations associated with COVID-19 may be related to poor
prognosis and higher comorbidity. Identification of the key molecular targets in the brain that are
potential indicators of the observed neuropathology, such as inflammatory mediators and chromatin
modifiers, is key. The repurposing of existing drugs to target potential candidates could reduce the
mortality attributed to these associated neurological complications.
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1. Introduction

It has been more than a year after the first report of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infec-
tion [1]. In December 2019, a new pneumonia-like disease
originated in Wuhan, China. The disease was found to be
caused by an influenza-like virus, the novel coronavirus
(nCoV). The condition was later named Corona Virus Disease-
2019 (COVID-19) in February 2020 by the World Health
Organization (WHO). The sudden and rapid outburst of
COVID-19 raises a major concern in the scientific community
for immunization and therapies. The nCoV infection is quite
similar to the disease caused by severe acute respiratory syn-
drome coronavirus (SARS-CoV) in 2003, which affected most of
the Asian countries. Therefore, the novel coronavirus was later
renamed as ‘SARS-CoV-2' by the International Committee on
Taxonomy of Viruses (ICTV) [2]. This novel beta coronavirus is
a single-stranded positive-sense RNA, and belongs to the
family Coronaviridae, having a characteristic crown-like spike
protein making the virus envelope. The virus spread rate is
very high and can be transmitted through contact [3].

Two previously known human coronaviruses which caused
serious lung infections were SARS-CoV (severe acute respira-
tory syndrome or ‘SARS’) outbreak in 2002 and MERS-CoV
(Middle East respiratory syndrome or ‘MERS’) outbreak in
2012 [4]. Like, SARS and MERS, the novel coronavirus has

also been classified as a zoonotic disease. Since the disease
spread globally, it was declared a global pandemic by WHO,
currently, the worldwide cases reached more than 160 million,
and affected socio-economic, and medical status worldwide
(https://www.worldometers.info/coronavirus ~ 0n20.05.2021).
This disease is a highly contagious respiratory syndrome that
rapidly spread to almost every country after its origin in China.
It was earlier considered as an upper respiratory tract disease
but later found to involve and severely affect multiple organs
such as the intestine, liver, heart, kidney, and the nervous
system [5].

Moreover, SARS-CoV and MERS-CoV'’s neuroinvasive poten-
tial, which are near related to SARS-CoV-2, has also been
reported earlier. A study showed that approximately 50% of
all the inspected coronavirus cases carried the human corona-
virus RNA genome in the central nervous system [6]. A few
months after the disease outbreak, the studies reported
a pronounced involvement of the Central Nervous System
(CNS). Later, CNS hemorrhage was reported as a deadly com-
plication in COVID-19 patients below the age of 65 years [7].
Further, there are worldwide reports of COVID-19 affecting
both the peripheral and central nervous systems [8-11].
Considering the fact that neurological complications asso-
ciated with the coronavirus disease can further complicate
the recovery and treatment of the patient, it becomes
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Article highlights

e SARS-CoV-2 has the potential to invade the central nervous system
and cause neuromodulatory effects.

¢ The cytokine storm and associated immunological responses are the
main culprits behind the SARS-CoV-2 associated neuropathology.

e Several molecules and regulatory pathways such as c-jun signaling,
histone deacetylases, ubiquitin proteosome system, cyclophilin,
exportins and estrogen receptors can be explored as potential ther-
apeutic targets.

e Drugs known to modulate the activities of the possible therapeutic
targets in the CNS can be repurposed for timely and cost-effective
management of the neurological complications associated with
SARS-CoV-2 infection.

This box summarizes key points contained in the article.

essential to understand the molecular basis of the neurologi-
cal comorbidities that arise in COVID-19 patients and to dis-
cover potential therapeutic targets associated with these
neurological manifestations for improving the clinical condi-
tions of the patients. In this respect, the review discusses the
basic structure, pathogenesis and mechanism of SARS-CoV-2
infection, followed by a discussion on its entry into the brain.
We further discuss the various potential therapeutic targets
associated with SARS-CoV-2 mediated neuromodulators and
the importance of drug repurposing for tackling neurological
complications and offer new therapeutic opportunities. To this
end, we performed a PubMed search using the following
search terms with various combinations: SARS-CoV, SARS-Cov
-2, MERS, coronavirus, neurological complications, brain net-
work, drug repurposing, COVID-19, neurons. The relevant
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literature published from the year 1998 to 2021 was taken
into consideration.

2. Structure of SARS-CoV-2

SARS-CoV-2 is a virus that contains a positive-sense single-
stranded RNA (ssRNA). The ssRNA is present along with nucleo-
proteins and is packaged into a capsid which is made up of matrix
protein [12]. The genome of SARS-CoV-2 consists of at least six
open reading frames (ORFs), out of which ORF 10 and 11 present
near the 3' terminus codes for the four main structural proteins
[13,14]. The structure of the genome is defined by many key
features, such as a unique N-terminal which is located within the
spike protein. The genes that code for the major structural pro-
teins are arranged in 5’ to 3’ order as spike (S), membrane (M),
envelope (E), and nucleocapsid (N) (Figure 1). The typical number
of ORFs present in its genome is six, however, it can vary. Out of
this, ORF1a and ORF1b produce two polypeptides ppla, and
pplab, and are separated from each other through a frameshift.
The polypeptides thus formed by these 2 ORFs are further pro-
cessed by chymotrypsin-like protease (3CLpro) or main protease
(Mpro) and one or two papain-like proteases into 16 nsps, and all
these enzymes are coded by the virus itself. The single guide RNAs
(sgRNAs) of CoVs are responsible for translating the structural and
accessory proteins, out of this the 4 main structural proteins are S,
M, E, and N proteins which are encoded by ORFs 10, 11 on the
one-third of the genome near the 3'-terminus and some of the
accessory proteins are HE protein, 3a/b protein, and 4a/b protein
[13,14]. The mature proteins formed by the virus are essential for
its replication and genome maintenance [13].
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Figure 1. Schematic diagram of the structural features of SARS-CoV-2 and its primary structural proteins. The figure shows the overall structure of the SARS-COV-2. It
is a single-stranded RNA virus consisting of four main structural proteins. The nucleocapsid (N) protein forms the capsid of the genome and then genome is further
packed by an envelope consisting of spike (S) and membrane (M) glycoproteins, and envelope (E) protein. The S protein protrudes out from the surface and
mediates viral entry into the host cell. The M protein is a transmembrane protein that helps facilitate the assembly of the virus particles. The E protein is the smallest

structural protein that plays a role in virus assembly, pathogenesis and release.



In the membrane, there are three to four viral proteins
present and M glycoprotein is the most abundant of them
and it spans the membrane bilayer thrice, leaving a short NH2-
terminal domain outside the virus and a long COOH terminus
(cytoplasmic domain) inside the virion [12]. S protein is
another viral protein that is responsible for inducing antibody
formation and it is a type | membrane glycoprotein forming
the peplomers. The intracellular formation of virus particles
occurs through the M protein and does not require S protein.
Studies have shown that the coronavirus, if grown in the
presence of tunicamycin, produces a noninfectious virus par-
ticle that is spike less and only contains M protein but not
S protein [12-15].

3. Mechanism of SARS-CoV2 entry into the CNS

The primary cellular receptor of SARS-CoV-2 is angiotensin
converting enzyme-2

(ACE2), mainly expressed by alveolar cells, enterocytes,
vascular endothelium cells, and smooth muscle cells. ACE2
is also robustly expressed in neuronal and glial cells, hence
the virus is capable of showing neurotropism and infecting
the brain [16-18]. A study reveals the SARS-CoV-2 entry in
CNS through the neural-mucosal interface in the olfactory
mucosa. Mice expressing human ACE2 evidenced the SARS-
CoV-2 entry in the brain through intranasal infection.
Further, it exploits the neuroanatomical connections, such
as endothelial lining and nervous tissue, involving the
subtle olfactory and sensory nerve endings to reach the
brain [19].

It has also been suggested that a potent cytokine storm
is sufficient to alter the permeability of the blood-brain
barrier (BBB) and facilitate the entry of SARS-CoV-2 inside
the brain. However, SARS-CoV-2 primarily enters the brain
cells through interaction with the cellular receptor ACE2
and the binding geared up by transmembrane protease
serine 2 (TMPRSS2). A study revealed the spatial and cell-
type expression of ACE2 receptors in brain neurons, astro-
cytes and oligodendrocytes and showed that ACE2 expres-
sion was higher in substantia nigra, ventricles, middle
temporal gyrus, olfactory bulb, and posterior cingulate cor-
tex [20]. Moreover, ACE2 was found to be expressed on
both cell surface and the cytoplasm of neuronal cell cultures
[18,21]. The cells such as astrocytes having a low expression
of ACE2 protein were instead found to express an alterna-
tive receptor for SARS-CoV-2 binding i.e. dipeptidyl pepti-
dase 4 (DPP4). SARS-CoV-2 alternatively used human DPP4
protein to infect developing astrocytes in cortical tissues
[22]. SARS-CoV-2 binds to the ACE2 receptor with very
strong affinity through Receptor Binding Domain (RBD) of
220 residues [23]. A punctual mutation in RBD of SARS-CoV
-2 corresponding to SARS-CoV favors an energetically favor-
able change for interaction with human ACE2 [24]. SARS-
CoV-2 infection is initiated by the interplay of its transmem-
brane S glycoprotein with the host-cell receptor, which
induces endocytosis by facilitating the union of the viral
envelope with the plasma membrane of a host cell
S glycoproteins make homotrimers typically projected from
the virus surface guiding the link to host receptors which
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are composed of two functional subunits (S1-S2) [25]. The
S1 subunit has a critical RBD which interacts with its cog-
nate host cell receptor while the S2 subunit promotes the
cell membrane fusion. S2 subunit mediated virus host cell
fusion and entry encompass two tandem domains, heptad
repeat 1 (HR1) and heptad repeat 2 (HR2) which networks
to form a six-helical bundle (6-HB), thus bringing the viral
and cell membranes into close vicinity for fusion [26]. Since
SARS-CoV-2 has evolved with the upgraded binding affinity
for HR1 and HR2 domains, it has accelerated the progres-
sion of virus membrane fusion and resulted in enhanced
viral contagion or transmission [23,27]. SARS-CoV and SARS-
CoV-2 exhibit similar routes to interact with the host cell
and utilize ACE2 a metallopeptidase located on the host cell
and mediate viral entry. ACE2 is expressed on the major
viral target ciliated lung epithelial cells where its catalytic
domain binds to SARS-S with high affinity [24].
Interestingly, SARS-CoV-2 showed a nearly 10-20 fold
relatively high binding affinity to ACE2, compared to
other SARS CoVs due to the presence of FURIN cleavage
site, which is generally lacking in SARS-CoV [24,28]. In
SARS-CoV-2, the presence of functional polybasic (FURIN)
cleavage site at the interface between S1-S2 subunits of
S glycoprotein, plays an essential role in defining the viral
infection and host type. FURIN mediated pre-cleavage at
the S1/S2 site in infected cells following proteolytic action
of host cellular TMPRSS2 ensures the adequate processing
and activation of S protein ultimately resulting in the dis-
charge of the viral RNA genome into the cytoplasm [24,25].
Once inside the cell, released viral RNA in the cytoplasm
works as messenger RNA and utilizes host cell ribosome
machinery to translate necessary proteins which are the
requisite of assemblage for the active and viable virus.
Initially, the translation of polyproteins ppla and pplab
takes place by genomic RNA template whereas, further clea-
vage between these two polyproteins leads to the formation
of non-structural proteins (nsps) [29]. Subsequently, nsps
mediate the rearrangement of cellular membrane results in
the construction of double-membrane vesicles (DMVs) in
which replicase-transcriptase complex (RTC) are anchored
and assemble by RNA-dependent RNA polymerase (RdRp)
and helicase comprising subunits [30]. Next, the viral repli-
cate uses a full-length positive strand of genomic RNA
(gRNA) as a template for the synthesis of a full-length anti-
sense genome, which further serves as a template for the
production of new gRNA. Likewise, polymerase switches tem-
plate to synthesize 5 nested set of negative sense sub-
genomic RNA (sgRNA) and 3’ nested set positive sense
sgRNA by discontinuous transcription. This sgRNA further
encodes viral structural and accessory proteins following sub-
sequent particle assemblage in the Endoplasmic reticulum-
Golgi intermediate complex (ERGIC) orchestrated by the
M protein. During particle assembly homotypic interaction
of M protein and its subsequent interaction with S, N, and
E proteins mediate viral morphogenesis, recruitment of struc-
tural component to assembly location, and induces mem-
brane curvature [31]. After the particle assembly, mature
virions are delivered in smooth-walled vesicles and exported
out of the cell through exocytosis to infect newer cells [30].
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4. Neurological complications associated with
SARS-CoV2 infection

The entry of SARS-CoV2 in the brain can cause both specific
and nonspecific neurological symptoms. Some of the earliest
reported neurological complications were nonspecific symp-
toms, such as headache and dizziness. Later on, the list of
neurological complications associated with SARS-CoV2 infec-
tion grew rapidly.

So far, there are multiple observations on CNS pathological
changes associate with COVID-19: cerebrovascular injury com-
prising diffuse cerebral ischemia, microhaemorrhages, hemor-
rhagic strokes, microangiopathy of white matter, thrombosis,
meningitis, acute myelination, and encephalopathy (Figure 2).
Hypercoagulopathy is also a matter of concern after viral
infection as in a case report presented by Fadi Al Saiegh
et al. patients detected with ischemic stroke. However, there
were no viral particles detected in cerebrospinal fluid (CSF)
[32]. In such cases, anticoagulant therapy with the administra-
tion of small-molecule heparin was found to turn down the
mortality in COVID-19 patients [33]. Also, microscopic exam-
inations have revealed a neuronal loss in various brain parts
like the hippocampus, cerebral cortex, and cerebellar Purkinje
cell layer [34]. The virus-infected astrocytes and microglial cells
activate neuroinflammation by releasing various cytokines and
stress factors, such as tumor necrosis factor alpha (TNFa),
interleukin 6 (IL-6) and reactive oxygen species (ROS). Covid-
19 pathogenesis is characterized by a cytokine storm in which
there is a high level of circulating pro-inflammatory cytokines
such as IL-6, IL-8, IL-2, IL-7, IL-10, IL-1RA, TNF-a, G-CSF (gran-
ulocyte-colony stimulating factor), FGF (fibroblast growth fac-
tor), interferon-y-inducible protein (IP10), MCP-1 (monocyte
chemoattractant protein), macrophage inflammatory protein,
VEGF (vascular endothelial growth factor) and also C reactive

protein [35,36]. Most of these cytokine profiles rise with the
progression and severity of disease. The release of these cyto-
kines is associated with hyperactivation of the innate immune
system, which can cause damage to the CNS either directly via
cytopathic effects or indirectly by the activation of inflamma-
tory cells [37]. The systemic inflammatory response provoked
by SARS-CoV-2 infection causes the breakdown of the blood-
brain barrier (BBB). Thereby, causing high BBB permeability
resulted in peripheral cytokines to enter into the CNS.
Thereby, an extensive inflammatory response arises in brain,
particularly in the olfactory bulbs and medulla oblongata [38].
Since medulla oblongata is central to respiratory system reg-
ulation and rhythm generation, inflammation to this brain
architecture may result in respiratory failure in COVID-19
patients [39].

Moreover, out of these pro-inflammatory cytokines, IL-1 is
an important pro-inflammatory cytokine that stimulates the
mast cells leading to the generation of pro-inflammatory med-
iators, such as chemokines, histamine, tryptase and cytokines
such as IL-6. The release of histamine by mast cells can further
cause the macrophages to release IL-1 which again activates
the mast cells, thus aggravating the inflammatory response
[40-42] p.19,. Preclinical data from neurotropic viral infections
suggest that IL-6 plays a key role in facilitating tissue damage,
promotes virus persistence and leads to chronic demyelina-
tion. At the same time, in response to the neuroinfection,
there is also a release of anti-inflammatory cytokines such as
IL-10 and IL-Ra [43]. Thus, it is the fine balance between the
levels of pro- and anti-inflammatory cytokines that determines
the extent of damage to the CNS.

The typical neurological symptoms observed in SARS-CoV-2
infected patients are headache, dizziness, nausea, and vomit-
ing; however, severe patients indicated acute cerebrovascular

Neurological complications
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Figure 2. Neurological complications during SARS-CoV-2 infection. The SARS-COV-2 virus gains entry into the CNS via retrograde axonal transport through the
olfactory nerve and bulb or upon fenestration of the blood brain barrier due to pathological changes associated with the infection. Following the entry of SARS-CoV
-2 in the brain, several neurological and pathological changes takes place. The range of neurological complications that arise as a result of infection can be either
acute such as headaches, smell and taste disorders, fatigue or it can lead to severe neurological complications such as encephalopathy, encaphilitis, chronic seizures,
GBS and cerebrovascular events such as stroke and intracranial hemorrhage. (GBS: Guillain—Barre syndrome; BBB: blood-brain barrier).



diseases and compromised consciousness [8]. A study con-
ducted by Carlos Manuel et al. on COVID-19 patients wit-
nessed seizures in less than 1% of cases without any history
of epilepsy except only one patient. This study involving the
largest no. of patients (more than 800) showed that almost
58% of COVID-19 patients evolved at least one neurologic
indication. The first stage of neurological symptoms was pre-
dominantly anosmia and dysgeusia, markers of early infection
and onset within 4-9 days of disease. The second and third
stages of severe patients included encephalopathy, myopathy,
and autoimmune disease [10].

It has been further observed that neutrophil infiltration and
generation of neutrophil extracellular traps (NET) cause throm-
bosis in the lungs, kidneys, heart, liver, and brain [44]. NETs are
basically DNA-based complexes that are released by neutro-
phils which trap and deactivate viruses. This is a matter of
concern, since NETs are thrombogenic and cause severe coa-
gulopathy in the brain and other organs [45,46].

It has been observed that most infected patients display
a wide inflammatory response, upsetting both white and gray
matter, regardless of the disease course. This reaction has
been found to be more pronounced in the medulla oblongata
and olfactory bulb, characterized by activation and huddling
of microglia, astrogliosis, and perivascular cuffing of T cells
with the presence of neutrophilic plugs [38].

The increased lung edema (observed by lung opacity on
chest image) and alveolar downfall lead to intrapulmonary
shunting leading to declining oxygen, thereby creating
hypoxia. The hypoxic condition accompanied by the enhanced
anaerobic metabolism and lactic acid accumulation in the
brain cells results in cerebral edema, diminished blood flow,
and augmented intracranial pressure [47]. The disease is
further associated with thrombolytic events, arrhythmic com-
plications, cardiac manifestations, coagulopathies and throm-
boembolic complications. Such complications can give rise to
several cerebrovascular events, such as acute ischemic stroke,
cerebral venous sinus thrombosis and intracranial hemor-
rhage. One of the main mechanisms linked to these patholo-
gies is the dysregulation of the renin-angiotensin system as
the virus binds to ACE2 and depletion of this receptor can lead
to endothelial dysfunction, vasoconstriction, hypertension ulti-
mately leading to cerebrovascular events, such as stroke and
hemorrhage [48]. Hepatic failure and anomalies following
SARS-CoV-2 are often reported and the hepatic injuries caused
due to the infection manifests into hepatic encephalopathy.
Encephalopathy occurs due to hepatic overactivation
observed in the disease which is associated with a marked
increase in acute phase protein, which further induces the
production of C-reactive protein potentiating systemic inflam-
mation along with hyperammonaemia occurring as a result of
hepatic injury [49,50].

Interestingly, a recent study has shown that SARS-CoV-2
can also infect and replicate in neurospheres and brain orga-
noids originating from induced pluripotent stem cells (iPSCs).
The organoids were positively stained for neuronal markers,
such as TUJ1 (a marker for neuronal cells), PAX6 (radial glial
cell marker), and Nestin (proliferating neural progenitor cell
marker). Moreover, the authors confirmed the presence of
ACE2 receptors, TMPRSS2, FURIN, and Cathepsin L in brain
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cells which are required for infection with SARS-CoV-2 [51].
This further widens the knowledge of the available routes for
viral entry.

Considering the increasing evidence pointing to the neu-
rological complications arising due to COVID-19 infection, the
chronic neurological sequelae of the disease are increasingly
becoming a cause of concern. The reason for this concern
stems from the fact that the previously known neurotropic
respiratory viruses have resulted in chronic brain pathologies.
Studies have confirmed that the flu-pandemic of 1918 led to
several neurological complications in the affected individuals
at a later stage of life, including psychosis, encephalitis, lethar-
gica and sleep disorders. The influenza epidemics have also
been linked to other neurological disorders such as
Parkinson’s disease and schizophrenia. Herpes simplex virus
1 infection has also been known to be associated with
Alzheimer’'s and cognitive decline. Thus, the research con-
ducted so far for these viruses provides a way to gain an
insight into the long-term neurological effects that can
develop in people who recover from the COVID-19 disease.
More importantly, the evidence accumulated from coronavirus
pandemics in 2002 and 2012 has shown that one in five
recovered individuals had impaired memory, depression, anxi-
ety, sleep disorders, fatigue and insomnia. Thus, the long-term
neurological sequelae associated with SARS-COV-2 cannot be
ignored and for this purpose, the current research is being
extended to assess the impact of the infection later in life. To
further contribute to the research an international consortium
has been formed to better understand the biology of the virus
that can cause Alzheimer's and other dementias [52]. Also,
a prospective study conducted by Frontera et. al. has found
that about 90% of the COVID-19 patients who had neurologi-
cal symptoms at the time of infection developed anxiety,
depression, sleep problems, fatigue and high rates of cogni-
tive impairment, 6 months after being discharged [53]. Thus, it
is essential to carry out research not only to understand how
the virus directly impacts the CNS but also to project the
impact of the infection on the global burden of neurological
disorders in the coming years.

5. Novel therapeutic targets for SARS-CoV-2
associated neuronal complications

5.1. Cyclophilin A

Cyclophillins (Cyps) are a class of conserved intracellular pro-
teins that belong to the PPlase family and there are seven
main types of Cyps that are found in humans, namely CypA,
CypB, CypC, CypD, CypE, Cyp40, and Cypp. Out of these CypA
is the one that is the most dominant protein and is associated
with viral infections such as human immunodeficiency virus
(HIV), hepatitis B virus (HBV) and, hepatitis C virus (HCV)
[54,55]. It has been observed that CypA is responsible for
mediating cytokine release from microglia and astroglia and
hence, it becomes important to assess its levels in the brains
of COVID 19 patients and develop strategies to inhibit it [56].
Further, several studies have shown that CypA inhibition plays
an effective role in inhibiting the replication of diverse coro-
naviruses [56,57]. A recent study by Sofitc et al. has also shown
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that inhibition of CyPA by Alisporivir reduced the SARS-CoV2
RNA production in-vitro and it further inhibited a post-entry
step in viral replication [58]. All of this makes CypA an inter-
esting therapeutic target to tackle neurological complications.

5.2. Ubiquitin/proteosome system

The Ubiquitin/proteosome system (UPS) is a key system that plays
a role in the maintenance of protein homeostasis and regulation
of protein degradation. UPS is known to play an important role in
normal brain development, as well as for regulating the proper
functioning of both pre- and postsynaptic compartments of neu-
rons [59]. Studies have suggested that ubiquitin and ubiquitin-
related pathways are often exploited by the coronaviruses for their
survival and a recent study has also shown pathological effects like
tauopathies and neuronal cell death occurring in patients infected
with SARS-CoV2. Further, recent studies employing bioinformatics
tools and network analysis have shown that SARS-CoV2 infected
host cells do have a ubiquitin modified proteome and the UPS
protein module is highly linked to the neurological complications
that are commonly seen in SARS-CoV2 infected patients [60,61].

5.3. Estrogen receptors

The existing data suggest that SARS-CoV2 infection has been
associated with a greater mortality rate in males as compared to
females. One reason for this difference is attributed to the differ-
ential levels of estrogen present in the sexes. It is known that
estrogen in low concentrations stimulates the immune system
and blocks viral replication and recent studies have shown the
link between estrogen and ACE2 levels [62]. Interestingly, a study
that suggests the hypothalamus as one of the hubs for SARS-CoV2
infection also showed a possible link between estrogen receptor
alpha, metabolism, and viral susceptibility [63]. Further, a brain
network analysis has also found out ESR1 is one of the hub genes
linked with SARS-CoV-2 [61].

5.4. Histone deacetylases

Histone deacetylases (HDACs) are known to regulate the
expression of genes by catalyzing the removal of acetyl both
from histone and non-histone substrates. It is further known
that the majority of the HDAC classes are widely expressed in
the different areas of the brain and their levels play an impor-
tant role in regulating neural functioning [64]. A bioinformatics
study has revealed that HDACs play a pivotal role in modulat-
ing the pathogenesis of SARS-CoV-2 [65]. Curiously, network
analysis has revealed that HDAC1 and SIRT 7 are some key
genes that can be linked with brain injury linked to SARS-CoV
-2 infection. This study further suggests HDAC1 as one of the
most targetable genes due to its interactions with various
drugs that can be used for treatment purposes [61]. Since
HDAC inhibitors (HDACi) are readily available in the market
and are already being used in the treatment of several neuro-
nal diseases, exploiting HDACs as therapeutic targets in SARS-
CoV-2 neuromodulation can prove to be a time-saving and
effective strategy.

5.5. JUN protein

JUN protein is expressed in several regions of the brain and it is
observed that following any kind of synaptic insult there is an
increase in the expression of this protein [66]. It has been shown
through several studies that c-jun is activated in viral infections
and in the case of SARS-CoV it is revealed that nsp1 has the ability
to decrease the expression of c-jun, thus implying the importance
of JUN protein levels in case of SARS-CoV2 infection. Now, the
importance of JUN protein as a therapeutic target for SARS-CoV2
mediated neuromodulation comes into light after JUN was
revealed as the central hub protein with connection to several
host proteins that interact with SARS-CoV2 [61]. Also, considering
its role in inflammation it is another target that should be further
studied for its therapeutic potential.

5.6. Exportin-1

Exportin-1 (XPO-1) is the major carrier protein that regulates
the entry and exit of most of the proteins through the nucleus.
It has been shown that XPO-1 plays a role in neurodegenera-
tion and neuroinflammation and hence, it emerges as an
important molecule whose altered levels in the brain can
cause neurological complications in SARS-CoV-2 disease [67].
The importance of considering this molecule as a therapeutic
target is further highlighted by the evidence provided by the
studies stating that it is involved in exporting the viral proteins
from the nucleus to the cytoplasm and it interacts with about
119 host proteins modulated by SARS-CoV-2 [61,68].

6. Drug repurposing for managing neurological
complications associated with COVID-19

Repurposing of drugs is a valuable strategy as it can help in
accelerating the identification of drug candidates in a time-
and cost-effective manner as the safety profiles are already
known. Considering the novel therapeutic targets of SARS-
CoV2 mediated neuromodulation proposed in the previous
section of this review, drug repurposing can be used to target
the proposed key genes and hence, can help to reduce the
comorbidities arising due to neurological manifestations of
the virus (Figure 3).

Considering the proposed role of cyclophilins in epilepsy,
cyclophilin inhibitors can be used as candidate drugs for mana-
ging neurological complications. Amongst the various cyclophilin
inhibitors present, cyclosporin A (CsA) has been shown to inhibit
the replication of hCoV-229E and there are several studies that
have suggested that CsA has the ability to inhibit the replication of
almost all types of coronaviruses. However, it is also essential to
consider that the immunosuppressive properties of CsA can lead
to several adverse side effects during the antiviral therapy, and
hence, it is advised to use the analogues such as Alisporivir,
NIM811, SCY-635, sangliferins, and STG-175 that are non-
immunosuppressive in nature [69].

There are several drugs that are used to inhibit proteosome
activity on a routine basis in tumor pathologies and since UPS
has shown to play a role in neurological complications asso-
ciated with COVID-19 infection, we can repurpose these drugs
to manage the complications. There are several proteosome
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Figure 3. Potential repurposing of drugs for managing neuronal complications The various drugs which can be repurposed for managing neuropathology associated
with SARS-COV-2 infection are shown in the figure. The entry of the virus can be inhibited by using selective estrogen receptor modulators such as Toremifene,
equilin, or HDAC inhibitors like romidepsin, and anobinostat. Cyclosporin A which is a cyclophilin inhibitor and carfilzomib which is a proteosome inhibitor can
effectively inhibit viral replication in the neurons. Further, the inflammatory pathways can be supressed by use of serlinexor, toremifene, equilin, and combination of
melatonin and mercaptopurine. This combination can also be employed to reduce oxidative stress in the brain. Overall, the effect of these drugs is to reduce the
cytokine storm and the viral load in the CNS which will help to manage the COVID-19 associated neurological complications.

inhibitors that can be tested such as MG132, Lactacistin,
Carfilzomib, Ixazomib [70]. Further, Carfilzomib has already
emerged as a candidate for the treatment of COVID-19 using
computational drug repurposing [71].

A network analysis has revealed that ESR1 shows interac-
tions with several of the FDA approved drugs such as fulves-
tran, tamoxifen, raloxifene, estradiol, and ethinylestradiol.
Another study has shown that Selective estrogen receptor
modulators (SERMs) utilize the non-classical pathways asso-
ciated with estrogen receptors to broadly inhibit viral replica-
tion [61]. Out of the several SERMs predicted through network
analysis, toremifene and equilin emerge to be potential repur-
posed drugs [68].

A study conducted by Liu et al. has shown that romidepsin
which is an HDACi has the ability to effectively block the viral
entry. Following this, the group conducted more research and
discovered that other HDACi such as anobinostat, givinostat
hydrochloride monohydrate, CAY10603, and sirtinol were also
able to inhibit spike/ACE2 mediated viral entry [72]. Further,
trapoxin B, trichostatin A, and vorinostat have also been
shown to interact with HDAC1 in diseased brain-SARS-CoV-2
network analysis [61].

Since c-jun signaling has shown to play an important role
in neurological manifestations of SARS-CoV-2, inhibition of
cjun can serve as effective treatment. For this purpose,
a network analysis reported that melatonin and mercaptopur-
ine can be used as combinatorial drug therapy to inhibit this
signaling pathway [68].

Previous studies have revealed that XPO1 inhibition can be
used as an effective antiviral therapy, and recent clinical studies
using Selinexor which is an XPO1 inhibitor for COVID-19 therapy
are also in progress [73]. Thus, more XPO1 inhibitors can be
considered for SARS-CoV2 mediated neuromodulation drug
repurposing. Some of the candidates could be Verdinexor and
guanosine triphosphate. Out of these two, guanosine tripho-
sphate has already been shown to be an effective candidate for
drug repurposing by docking experiments carried out by Kumar
et al. and Verdinexor has been proven to be effective against
influenza and other viruses [61,74-76].

7. Conclusion

In this review, we discussed the ability of SARS-CoV2 to invade
the central nervous system and cause neurological symptoms,
a fact that is well known but little considered. Sars-COV-2 has
the ability to enter the CNS and cause several adverse effects,
and managing these

neurological complications offer the potential to reduce
mortalities due to comorbidities, and hence, this subject war-
rants greater research. The evidence presented in the paper
shows that there is a link between several molecules being
altered by the viral entry and neurological pathology observed
upon SARS-CoV-2 infection. These therapeutic targets not only
open the possibilities for gaining a better understanding of
the mechanisms of SARS-CoV-2 mediated neuromodulation
but also present opportunities to repurpose the existing
drugs (Figure 4). Hence, this will increase the current under-
standing of neurological aspects of the SARS-CoV2 infection
and also expand the possibilities of management of COVID-19.

8. Expert opinion

The studies conducted so far provide evidence that coronaviruses
do have an ability to invade the CNS and cause neuromodulation,
however, research is more or less limited to animal models. This
fact is particularly relevant for SARS-CoV-2 as the information of its
ability to cause neurological complications in humans is very
limited. Thus, there is a need to address the basic questions con-
cerning the neuromodulatory properties of SARS-CoV2 utilizing in-
vitro as well as in-vivo approaches. More importantly, considering
the devastating health consequences of the ongoing pandemic,
clinical research should be conducted on an urgent basis. Even
though, there are a lot of studies that have well established the
neuroinvasive potential of the virus, several questions still remain
unanswered, such as whether the neurological complications
observed during the acute phase of the disease can lead to long-
lasting impacts such as cognitive impairment or chronic epilepsy
or not. Further, there is also uncertainty regarding the ability of
SARS-CoV?2 to establish latent infections which can trigger neuro-
logical disorders in the future. These gaps in the research arise due
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have the ability to inhibit the estrogen receptors by utilizing the classical pathways and help inhibit the viral replication. Carfilzomib can inhibit the Ubiquitin
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disease. Cyclophilin A which is associated with the cytokine storm observed in the disease as it mediates the glial cytokine release can be inhibited by the use of
cyclosporin A. Romidepsin and anobinostat acts as histone deacetylase inhibitors as several HDACs are known to play an important role in the pathogenesis of the
disease by regulating the expression of several histone and non-histone proteins. Lastly, a combination of melatonin and mercaptopurine can be used to inhibit the
c-jun signaling which is activated upon SARS-CoV-2 contributing to the pathogenesis of the disease as the signaling mediates the effect of several other host
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to the rapid development of the disease and the limited under-
standing of the biology of the new virus. In such a scenario, to
accelerate clinical research previous public health emergencies
and evidence from neurotropic respiratory viruses that led to ear-
lier pandemics can be used as indirect evidence and can set
a future direction for the ongoing research [52]. Also, systematic
reviews employing a comprehensive set of sources can help eval-
uate the efficacy of research on new treatments. Currently, the
ongoing clinical trials are aimed at developing novel therapeutics,
preventing the disease, understanding the immune response of
the affected individuals and the epidemiology of the disease.
These clinical trials have been launched keeping in mind the
need for speed and scale and involves enrolling patients in
a single randomized trial. One such clinical trial launched by
WHO and its partners is Solidarity, under which mortality trials of
remdesivir, hydroxychloroquine, lopinavir, and interferon beta-1a
showed that these repurposed drugs had little or no effect on the
hospitalized patients and thus, these findings refuted the earlier
hopes associated with these drugs [77]. The clinical trials con-
ducted to test the efficacy of monoclonal antibodies to prevent
COVID-19 infection provided promising results as the research
showed that a combination of Bamlanivimab and etesevimab
reduces viral load and accelerated recovery [78,79]. The inpatient
treatment with the anti-coronavirus immunoglobulin trial that
began in 2020, is testing the efficacy of anti-coronavirus hyperim-
mune intravenous immunoglobulin to augment the natural anti-
body response [80]. Besides this several clinical trials are also taking
place to examine the immune response in hospitalized patients to
identify predictors of clinical outcomes and provide recommenda-
tions to identify novel targets. A clinical trial conducted by the
National institute of neurological disorders and stroke tests the
neurological functioning of people who have recovered from
COVID-19 but are still experiencing the symptoms, thus such

a clinical trial is expected to provide a better insight into the long-
term neurological manifestations of SARS-CoV-2 infection [81].
Another concerning fact is the ongoing mutation in the virus.
Indian SARS-CoV-2 Consortium on Genomics (INSACOG) a group
consisting of 10 National Laboratories under the Ministry of
Health and Family Welfare, India has revealed a total of 771
variants, which includes the B.1.1.7 lineage from the United
Kingdom (UK), B.1.351 lineage from South Africa, and P.1 lineage
from Brazil [82,83]. N440K is another variant that has been
shown to be associated with immune escape. 501Y. V2 is
a new variant found in South Africa; however, there is still
uncertainty with the severity of the infection caused by this
variant. Compared to the existing list of variants (Table 1), the
amount of knowledge gained about the neuropathological con-
sequences caused by different strains is limited in nature [82-
84]. Thus, looking at the current scenario, it becomes imperative
to identify signs and symptoms suggesting brainstem impair-
ment in COVID-19 patients, better characterize the molecular

Table 1. The table summarizes the vaccine efficacy, disease severity, transmis-
sibility, and viral neutralization results of B.1.1.7, 501Y.V2, P.1, and N440K
variants of SARS-CoV-The specific mutations in the S gene receptor binding
domain are also indicated against each variant.

Name of
variant Mutations Concern
B.1.1.7 N501Y Increased transmissibility,
Increased severity
501Y.V2 N501Y, Increased transmissibility,
E484K, Increased severity,
K417N Reduced Antibody binding and immune
protection
P N501Y, Increased transmissibility,
E484K Increased severity,
Possible reduction of vaccine effectiveness
N440K N440K Increased severity




targets in the CNS that are modulated by SARS-CoV-2 infection,
and rationally use the existing drugs to prevent or dampen the
neurological complications in COVID-19 patients.

As discussed in the review, there are several therapeutic
targets that can be exploited for managing the neurological
complications associated with SARS-CoV-2 infection, and to
better understand the mechanism of CNS infection. Further,
there are several drugs that can be repurposed to therapeuti-
cally target the proposed pathways and molecules. However,
there are several scientific and regulatory challenges that need
to be overcome in order to successfully implement this strat-
egy. There is a need to carefully plan the preclinical and
clinical trials, evaluate the benefits of using a drug and also
the potential side effects. Computational drug-repurposing
approaches can be used to speed up the process, as these
will highlight the drugs with the capacity to manage the
neurological complications in COVID-19 patients but it is
important to consider that the current knowledge about SARS-
CoV-2 mediated neurological effects is still limited and hence,
the value of basic research cannot be ignored.

3CLpro Chymotrypsin-like protease
6-HB Six-helical bundle
ACE2 Angiotensin-converting enzyme 2

BBB Blood-brain barrier
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COVID-19 Corona Virus Disease-2019

CsA Cyclosporin A

CYps Cyclophillins

DMVs Double-membrane vesicles

DPP4 Dipeptidyl peptidase 4

ERGIC Endoplasmic reticulum-Golgi intermediate complex
ESR1 Estrogen Receptor 1

FDA Food and Drug Administration

gRNA Genomic RNA

HBV Hepatitis B virus

HCV Hepatitis C virus
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RTC Replicase-transcriptase complex

SARS-CoV Severe acute respiratory syndrome coronavirus
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
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