Molecular Neurobiology (2021) 58:3417-3434
https://doi.org/10.1007/s12035-021-02318-9

Check for
updates

Neurological Manifestation of SARS-CoV-2 Induced Inflammation
and Possible Therapeutic Strategies Against COVID-19

- Sadaf Jahan?@® - Andleeb Khan*® - Arif Jamal Siddiqui*® - Neeru Singh Redhu’@® -
- Johra Khan? - Saeed Banwas?>’-® . Bader Alshehri%” - Mohammed Alaidarous?’

Dipak Kumar'
Wahajuddin®

Received: 3 September 2020 / Accepted: 1 February 2021 / Published online: 14 March 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

There are regular reports of extrapulmonary infections and manifestations related to the ongoing COVID-19 pandemic.
Coronaviruses are potentially neurotropic, which renders neuronal tissue vulnerable to infection, especially in elderly individuals
or in those with neuro-comorbid conditions. Complaints of ageusia, anosmia, myalgia, and headache; reports of diseases such as
stroke, encephalopathy, seizure, and encephalitis; and loss of consciousness in patients with COVID-19 confirm the
neuropathophysiological aspect of this disease. The brain is linked to pulmonary organs, physiologically through blood circu-
lation, and functionally through the nervous system. The interdependence of these vital organs may further aggravate the
pathophysiological aspects of COVID-19. The induction of a cytokine storm in systemic circulation can trigger a
neuroinflammatory cascade, which can subsequently compromise the blood-brain barrier and activate microglia- and
astrocyte-borne Toll-like receptors, thereby leading to neuronal tissue damage. Hence, a holistic approach should be adopted
by healthcare professionals while treating COVID-19 patients with a history of neurodegenerative disorders, neuropsychological
complications, or any other neuro-compromised conditions. Imperatively, vaccines are being developed at top priority to contain
the spread of the severe acute respiratory syndrome coronavirus 2, and different vaccines are at different stages of development
globally. This review discusses the concerns regarding the neuronal complications of COVID-19 and the possible mechanisms of
amelioration.
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Introduction

The severe acute respiratory syndrome (SARS), a disease in
consideration, is described by an acute pyretic response trig-
gered primarily owing to pulmonary tissue infection. A high
proportion of affected hospitalized patients die due to respira-
tory collapse [1, 2]. However, the severe acute respiratory
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syndrome coronavirus 2 (SARS-CoV-2), which has been im-
plicated as the causative agent in the ongoing pandemic, does
not remain confined to the lungs, as suggested by various
observations. Extrapulmonary manifestations reported among
patients are myocardial dysfunction, thrombotic complica-
tions, and arrhythmia, thrombocytopenia, lymphocytopenia,
acute kidney injuries and acute coronary syndromes,
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gastrointestinal symptoms such as diarrhea, hepatic injuries,
low sugar level, and ketosis, along with neuronal disorders,
dermatologic issues, and ocular disturbances [3, 4].

The coronavirus (CoV) particle comprises four structural
components: S (spike) protein, M (membrane) protein, E
(envelope) protein, and N (nucleocapsid), which are essential
for its assembly and infectivity. The spike present on the viral
surface consists of homotrimers of S proteins that are respon-
sible for mediating CoV entry to the host cell. The entry is
achieved through the contract between the spike protein and
plasma membrane receptor of the host cell, which subsequent-
ly leads to catalysis, the virus-cell membrane fusion, and the
release of viral content into the host cell. The M protein, com-
prising three transmembrane domains, provides structure to
the virion, supports membrane curvature, and binds to the
nucleocapsid. The N protein has two domains; both domains
bind to the RNA genome of the virus and help viral replica-
tion. Viral assembly is governed by the E protein, which is
also responsible for pathogenesis [5].

Until 2019 end, only six CoVs were reported that could
infect humans and cause respiratory distresses. Now, we have
the seventh CoV as SARS-CoV-2 whose couple of strains
have been reported from the UK and Africa in the year of
2020. The majority of them (four out of six CoVs) could cause
only mild upper respiratory symptoms and would rarely lead
to severe infection in infants, adolescents, or the elderly. The
other two, named severe acute respiratory syndrome corona-
virus (SARS-CoV) and Middle East respiratory syndrome co-
ronavirus (MERS-CoV), were associated with severe respira-
tory syndrome among humans [6, 7]. Before infecting neural
cells, CoV particles can access several routes, including
through leukocyte migration across the blood-brain barrier
(BBB), vascular epithelial infection, transsynaptic transfer
through infected neurons, or via the olfactory nerve [8].
However, the chances of direct endocytic infection, as
established for the Zika virus and Tick-borne encephalitis vi-
rus, cannot be overruled. CoVs were predominantly found to
infect neurons, besides eliciting cardiac and respiratory con-
trol in the brain stem, injuries to which may aggravate or even
lead to respiratory collapse [9].

Further, it is well known that primary receptor
angiotensin-converting enzyme 2 (ACE2), which is a
metallopeptidase, and transmembrane serine protease 2
(TRPMSS2), which is an endoprotease, form a cell surface
complex and collectively operate as a portico for glycopro-
tein activation for SARS-CoV entry into host cells [10].
The proteins are expressed in the olfactory epithelium lo-
cated close to olfactory sensory neurons along with other
organ tissues, which include pulmonary tissues, renal,
enterocytes, and prostate glands among others [11]. The
putative expression and location of ACE2 and TRPMSS2
in the olfactory bulb suggests the strong neurotropism of
SARS-CoV-2, as observed in previously reported CoVs
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[12]. Both upper airway epithelium and vascular epitheli-
um express ACE2 at abundant levels, which can facilitate
the entry of the virus into cells of the central nervous sys-
tem (CNS). As neural cells, including neurons and neuro-
glia, express ACE2, CoVs can infect these as well. Once it
enters the CNS, it can further disseminate using
axodendritic transsynaptic tracks. For instance, in a rodent
model, intranasal SARS-CoV-1 exhibited tropism toward
the cerebral, thalamus, and rhombencephalon derivatives,
as expected in the case of viral encephalitis [13].

Recently, chronic neuroinflammation is associated with
the neuropathophysiological aspects of certain neurode-
generative diseases (NDDs) such as multiple sclerosis
(MS), Parkinson’s disease (PD), and Alzheimer’s disease
(AD), among others [14, 15]. In the case of AD, the mi-
croglia lose the ability to phagocytize the A3 protein in the
presence of pro-inflammatory cytokines or chemokines,
which favors the deposition of pathogenic A plagues
[16]. Similarly, there are pathophysiological evidence ob-
served in other NDDs. The cytokine storm (CS) induced as
a result of SARS-CoV-2 infection involves the
neuroinflammatory cascade activation, similar to that ob-
served in NDDs. Furthermore, there is a possibility that
this molecular alteration may persist even after the acute
infection is eliminated, owing to which the health of the
CNS remains sustainably compromised. Lastly, it remains
unknown whether SARS-CoV-2 has the ability to remain
in a latent state in the CNS like other CoVs, which may
increase the possibility of sustained neuroinflammation
and compromised neural functions. In this review, we dis-
cuss the neuropathophysiological complications, the mode
of SARS-CoV-2 infection in the CNS, and the possible
mechanisms of amelioration of neuro-comorbid
conditions.

SARS-CoV-2 INFECTION IN THE CNS

COVID-19 (coronavirus disease) is characterized by various
neurological symptoms, necrotizing hemorrhagic encephalop-
athy, including encephalitis, encephalopathy, Guillain-Barre
syndrome, epileptic seizures, stroke, and rhabdomyolysis,
among several others [17]. Other reported neurologic symp-
toms, such as compromised consciousness and hallucination,
indicate SARS-CoV-2 entry and infection in the neocortex of
the CNS [18]. Recently, SARS-CoV-2 has been detected in
the frontal lobe tissue of a patient in transmission electron
microscopy experiments [8]. Based on the above observation,
it can be suggested that SARS-CoV-2 prefers a hematogenous
route to enter into CNS.

The neuronal complications observed in 36.4% of patients
with COVID-19 in Wuhan, China, as reported in a retrospec-
tive study on 214 subjects [19], have been cited in several
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recent studies. In these patients, symptoms such as headache
and distressed consciousness confirmed the neuronal involve-
ment in the disease. Besides, both ischemic and hemorrhagic
strokes were reported in six patients, and “muscle injury”
characterized by elevated creatine kinase levels was observed
in twenty-three patients [20]. The authors of the concerned
study hypothesized that this might be associated with elevated
D-dimer levels. Such observations in the patients of ICU lead
them to a hypercoagulable state. Some of the major signs of
the neurological establishment of COVID-19-related enceph-
alitis were reported in Beijing, China [21]. In addition to con-
vulsions and persistent hiccups, there were several neurolog-
ical complications, such as slow pupillary response, meninge-
al irritation, and bilateral ankle clonus that were observed
upon examination.

Another fundamental aspect of SARS-CoV-2 infection in
the CNS is the induction of high levels of systemic inflamma-
tion with a substantial release of cytokines, chemokines, and
other inflammatory signals, which constitute CS [22] which
subsequently leads to a significant disruption of the BBB,
along with the initiation and exacerbation of neuroinflamma-
tion. It has been consistently demonstrated in clinical and
preclinical studies that systemic inflammation induced by bac-
teria, virus, or any toxic agent compromises the BBB, acti-
vates microglia- and astrocyte-borne Toll-like receptors, and
damages the glia limitans [23], which are associated with in-
nate immunity [24]. This eventually promotes neuroinflam-
mation, which substantially disrupts brain homeostasis and
leads to neuronal apoptosis [25].

Hence, functional brain damage resulting from neuroin-
flammation could explain the clinical experience with re-
spect to the onset or progression of behavior-associated
cognitive impairments in the patients who have overcome
pneumonia [26]. Neurobehavioral abnormalities such as
delirium and cognitive deficits are observed frequently un-
der conditions of systemic inflammation resulting from
prolonged hypoxia and the subsequent induction of persis-
tent and uncontrolled neuroinflammation [27].
Consequently, the condition leads to the damage of the
hippocampus and cortical areas, which govern cognitive
functions and neurobehavioral fluctuations [28]. Hence,
CNS infection accompanied by systemic inflammation in
patients with COVID-19 leads to the loss of integrity in the
BBB and initiates a strong neuroinflammatory response
characterized by reactive astrogliosis and microglial acti-
vation [29]. Moreover, neuropsychiatric progression and
cognitive impairments, both acute and chronic, can be trig-
gered by neuroinflammation in conjunction with prolonged
hypoxia [30]. Therefore, the neurological and neuropsychi-
atric aspects of neuroinflammation, along with pulmonary
amelioration, must be considered while designing the ther-
apeutic schemes and rehabilitation schedule for patients
with COVID-19 [31].

POSSIBLE NEUROINVASIVE PATHWAYS OF
SARS-CoV-2 INFECTION

Accumulating shreds of evidence suggest that the severity of
COVID-19 correlates with the increased frequency of neuro-
logical complications [32, 33]. For instance, the association
between meningitis/encephalitis accompanying significant
paranasal sinusitis in patients with COVID-19 was reported
in a study [34]. Further, sinusitis can be linked with viral
infection exacerbated by an obstruction in the paranasal lymph
vessels. The presence of a brain-wide glymphatic pathway
that requires the involvement of olfactory or cervical lymph
vessels is a notable characteristic feature [35]. The brain-
through connection can allow the direct entry of SARS-
CoV-2 into brain cells. Apart from such possibilities, there
are definitive routes of CoV entry into the brain, such as across
perforations in the ethmoid bone and through the compro-
mised BBB [36]. The transmission of CoV from systemic
circulation or through the cibriform plate of the ethmoid bone
at different phases of viral infection has been reported to have
cerebral involvement in patients with CoV infections. Based
on recent observations and reports, two routes of SARS-CoV-
2 entry into the CNS have been discussed here.

Transcribrial RouteTranscribrial Route

The perforations in the cribriform plate of the ethmoid bone
allow passage of the axons from olfactory sensory neurons.
The axons form synapses at the glomeruli with the dendrites
of the mitral cells in the area of the olfactory bulb, which
communicates with the brain through the olfactory tract
(Fig. 1(a)). Anosmia and ageusia that have been reported in
several cases of COVID-19 are directly related to the involve-
ment of the olfactory sensory system. As indicated, these neu-
rons express ACE2, which SARS-CoV-2 binds to, and travel
retrograde using transsynaptic vesicles to access the brain
[37]. Alternatively, the virus can potentially travel along the
olfactory nerve without entering the neuron cytoplasm. This
route of invasion was established when transgenic mice that
express ACE2 were infected with SARS-CoV-1 and MRS-
CoV intranasally [38].

The binding affinity of the SARS-CoV-2 spike protein
ectodomain with ACE2 was reported to be 10- to 20-fold
higher than that of the spike protein ectodomain of SARS-
CoV-1 [39]. Hence, the perforations in the cribriform plate
can act as a definitive route for the virus to infect and affect
the CNS [40]. In the vicinity of neuronal cells, the interaction
of CoV and ACE2 receptors can trigger a cycle of budding
viral phenomena that causes neuronal damage without notice-
able inflammation, as previously observed in cases of SARS-
CoV [41]. The virus can adopt fast axonal transport using
axonal microtubules, which involves either retrograde or an-
terograde movement of molecules, to spread within the
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Fig. 1 Demonstration of neurotropism. Coronavirus in the nasal cavity
can directly cross the transcribrial opening in the ethmoid bone to access
the brain or perform (a) transsynaptic retrograde migration using the
vesicle transport machinery used by neurotransmitters. (b) In blood

neuron. Certain viruses, such as herpes simplex virus (HSV)
and human immunodeficiency virus (HIV), have been report-
ed to utilize the rearward fast axonal transport for entering the
neuronal body [42].

Hematogenous Route

The formation of the BBB involves coordination among neu-
rons, astrocytes, pericytes, vascular smooth muscle cells, and
endothelial cells for regulating the regional cerebral blood
flow, as required for optimal neuronal activities [43].
Essential macromolecules are transported through this barrier
into the CNS by selective transcytosis while maintaining
neurovascular coupling and hemodynamic responses to sup-
port the demands of neuronal physiological activities. The
membrane also maintains the extracellular fluid in the CNS
while preventing the hematogenous entry of neurotoxic com-
pounds and microbial agents into the brain. Endothelial cells
express ACE2, which makes them susceptible to SARS-CoV-
2 infection, which can potentially lead to the deterioration of
the integral architecture of the BBB [44]. The resulting hypo-
perfusion can restrict the entry of molecules that are necessary
to maintain neuronal structure and functions, thus promote the
cognitive impairment in the affected individuals.

Viruses in the blood circulation possibly bind to ACE2
expressed on vascular endothelial cells, which enables them
to infect and further move into the cerebral circulation (Fig.
1(b)). The tight junctions between vascular endothelial cells
may serve as another point of entry into the cerebral circula-
tion, as the leisurely motion of the blood in the capillaries
could be one of the factors that aid the interaction of the viral
spike protein with ACE2 expressed in the surrounding cells.
There are pieces of evidence of the infection of vascular en-
dothelial cells and the transport of CoV through this route, as
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circulation, the virus can infect vascular endothelial cells, which further
provide access to the glial cells of CNS; alternatively, virally infected
leukocytes can transport the virus across the BBB and facilitate the
infection of the CNS

shown in an autopsy study wherein SARS-CoV-2 was ob-
served in a section of the frontal lobe specimen [8]. Vesicles
in the neurons of the frontal lobe were observed to be dilated
in the presence of viral particles. Additionally, electron mi-
croscopy has also revealed the process of endocytosis and
exocytosis being used by the viral particles to move across
vascular endothelial cells [45]. Hence, the resulting disrup-
tions of the neurovascular unit can create a potential pathway
for viral entry into the CNS and cause localized inflammatory
and immune responses that initiate neurodegenerative pro-
cesses. The viral particle budding from endothelium leads to
the damage in the endothelial lining and facilitates the viral
entry to the brain [46].

NEUROLOGICAL COMPLICATIONS ALONG
WITH SARS-CoV-2 INFECTION

Impaired neurovascular coupling, diminished cerebral blood
flow, and in limbic and associative cortices are associated with
aging. The disruption of the BBB in the older adults increases
their susceptibility to neuro-invasion during infection of
SARS-CoV-2. The long-term consequences of the disease
are associated with aging and age-related neurodegenerative
disorders. The aggravation of neuropathological conditions
upon viral infection causes an acceleration in the onset or
further deterioration of existing motor and cognitive deficits.
Once the current viral outbreak is managed, our healthcare
system could be faced with a high number of patients dealing
with the abovementioned conditions and analogous comorbid
neurological problems. Accordingly, long-term neuronal
problem follow-ups in aged population adults may be neces-
sary post-severe COVID-19 infection. Keeping these
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considerations in mind, the following neuronal disorders are
being discussed here.

Alzheimer’s disease and related dementias (ADRD)

Under normal conditions, patients with ADRD needs special
care and are more prone to infections or diseases. Under the
ongoing COVID-19 pandemic, the vulnerability of these pa-
tients has increased directly owing to the rise in morbidity and
mortality and indirectly owing to significant changes in the
healthcare system, on which they are heavily dependent. The
draconian implications of this situation are not restricted to
patients with dementia who are infected by the virus, non-
infected patients are also susceptible, as the restriction on free
movement and meeting with family and friends exacerbates
the severity.

Alzheimer’s disease (AD) patients are at higher risk of
contracting SARS-CoV-19 infection [47]. The general recom-
mendations for the prevention of SARS-CoV-2 infection pro-
vided by public health authorities, such as hygiene of the
hands, mouth, and nose; maintenance of physical distance;
or public isolation, cannot be followed by AD patients.
Owing to dementia, they may be unable to remember or un-
derstand the directions or precautions that are necessary under
the ongoing pandemic. If conditions such as depression, apa-
thy, and restricted mobility are accompanied by the general
symptoms, it becomes significantly difficult for them to com-
ply with the safety rules. Patients with severe AD who have
psychological and behavioral symptoms of dementia are con-
siderably restless to be able to remain in isolation [48].
Confinement and isolation during the COVID-19 lockdown
led to the exaggeration of neuropsychiatric symptoms in pa-
tients with AD [49]. The care of elderly patients with AD and
related dementia who have multiple comorbidities and test
positive for COVID-19 would be a major challenge for care-
givers and hospital staff [50].

The risk factors of AD and related dementia viz. age, car-
diovascular diseases, type 2 diabetes, and obesity are major
risk factors for COVID-19 as well, which makes such individ-
uals more vulnerable to SARS-CoV-2 [51]. A report stated in
Italy that almost one-third of the confirmed cases and approx-
imately 9 of 10 deaths were reported in people above 70 years
of age [52]. It is known that among people of the same age,
those with dementia are more likely to develop cardiovascular
disease, pneumonia, and diabetes than those without dementia
[53]. These conditions are also associated with susceptibility
to SARS-CoV-2 infection [54]. Guan et al. suggested that out
of the confirmed cases reported in China until April 2020,
patients in more than 90% of the cases presented with pneu-
monia [55]. Foley et al. stated that the rate of mortality in
patients with pneumonia was two times higher if the patient
had dementia than if they did not [56].

The pandemic exerted an adverse effect on the global
healthcare system. The functional hospitals and clinics have
been converted to deal with the current crisis, and pre-booked
appointments with patients have been extended until further
notice. There have been reports of the diversion of health
resources from patients with ADRD [57]. With respect to
the medications required for treating ADRD, anticholinester-
ase inhibitors are used most commonly to stabilize the pa-
tients; therefore, the non-availability of the drug could affect
the patients. This could be attributed to missed visits or delay
in supply from the pharmaceutical organizations during the
pandemic. Patients with ADRD already face significant social
stigma [58], and individuals with or at risk of contracting
COVID-19 have been stigmatized as well. Therefore, patients
with ADRD who are at risk of contracting COVID-19 have
considerably higher chances of facing social stigma and men-
tal stress [59].

The major risk factor for COVID-19 in patients with AD is
the APOE e4 allele. The APOE e4 genotype is commonly
associated with a 14-fold increase in the risk of AD [60].
Kuo et al. reported that the APOE e4 genotype could predict
the risk for severe COVID-19 among individuals of the UK
Biobank community [61]. It was stated that the APOE e4
allele increases the risk of COVID-19 regardless of the history
of dementia. The gene is highly co-expressed with ACE2,
which has been discussed above in detail. Further investiga-
tion on the co-expression of the two genes is necessary.
Patients with dementia presenting with clinical symptoms of
COVID-19 is an atypical observation, which delays early di-
agnosis and treatment. The worsening status of dementia
should be considered a symptom of COVID-19 in such pa-
tients. This can lead to early recognition, isolation, and timely
treatment of such subjects [62].

With an increase in age, the inflammation increases, and a
special term “inflammaging” is coined for this process. A
higher current baseline of inflammation may be one of the
reasons why older individuals are at a higher risk of infection
[63]. COVID-19 has been known to link with “cytokine
storm” which results in increase of pro-inflammatory cyto-
kines (TNF-«, IL-1, IL-6, IL-1f3), which have been reported
to increase in aged people [63, 64]. Therefore, it makes the
elderly especially vulnerable to extreme COVID-19 condi-
tions. In addition to the overlapping pathology of type 2 dia-
betes and AD, the potential for elevations in blood glucose to
increase inflammation through interferon regulatory factor 5
(IRFS) activity may produce a “perfect storm” of excessive
immune response after SARS-CoV-2 infection in AD patients
[65]. As a result, immunosenescence, neuroinflammation, and
neurodegeneration are observed in the patients with AD, lead-
ing to dysfunction of microglia accumulating amyloid-beta
and consequently loss of peripheral immune response [66].

Another hypothesis for COVID-19 severity in AD patients
is the involvement of interferons (IFN). In response to viral
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infections, IFNs are produced by the host body. IFNs also
have a role in AD pathology, thereby indicating nucleic acid
containing amyloid fibrils stimulating the expression of genes
responsible for IFN production. Microglia are activated by
IFN, which gets associated with the nucleic acid containing
amyloid plaques, stimulating a pro-inflammatory response.
IFN further activates complement cascade and leads to synap-
se degeneration [65].

The association of COVID-19 is also reported with the
enhanced pro-coagulation factors like fibrinogen, blood
clotting time, and the D-dimer level, which imparts its role
in the increased mortality of patients by halting pulmonary
normal function. COVID-19 can also cause the stimulation
of mast cells, which results in the cytokine storm in the lungs.
It is also reported that mast cells are associated with the stress-
induced stroke. Therefore, in SARS-COV-2 infection, via
mast cell activation, the severity of the condition is observed
in lungs as well as in the brain. Mast cells are responsible for
the instant secretion of proteases like CXCL10, GM-CSF,
CCL2, TNF-q, tryptase, and chymase, and inflammatory fac-
tors such as LTC4, PGD2, CRH, IL33, CCL2, VEGF, and
histamine. This condition is also a source for creating oxida-
tive stress, which is directly associated with enhanced apopto-
tic activity in cells, enhanced reactive species (ROS, NO), and
dysfunctional mitochondria (MMP3). Some recent studies in-
dicate the involvement of Toll-like receptors (TLRs) in the
activation of mast cells [67] which can lead to the release of
CD40, CD40L, CD88, PAR2, UCP2&4, Ca**, LPS, MAPK,
and NF-kB from glial cell further affecting neuron integrity.
The diagrammatic representation of immunological crosstalk
between infected lungs and the brain, and possible neurode-
generative amelioration due to COVID-19 infection is
depicted in Fig. 2.

Parkinson’s Disease and Parkinsonism

Parkinson’s disease (PD) and Parkinsonism are comorbidities
similar to AD that are associated with COVID-19. Patients
with PD and those with COVID-19 share characteristics such
as age and risk of respiratory problems. This puts patients with
PD at a potential risk of contracting COVID-19 [68]. The
death of a 77-year-old Korean man with PD dementia due to
COVID-19 with respiratory failure was reported [68].
Comorbidities like age, cardiovascular diseases, and diabetes
are identified risk factors for PD as well as for COVID-19 [69,
70]. The nuclei in the brainstem, which is the respiratory cen-
ters in the medulla, are affected during the early stage of PD
neurodegeneration and are also targeted by SARS-CoV-2
[71]. Parkinsonism has the main histological feature of intra-
cellular Lewy body deposition (misfolded x-synuclein protein
aggregates) [72]. The suggested mechanisms of PD onset and
progression are oxidative stress, neuroinflammation, calcium
homeostasis alteration, apoptosis, mitochondrial dysfunction,
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and synaptic pathogenesis [72]. Meng and colleagues reported
that infections could lead to PD development [73]. Lewy body
deposition is reported to be at the brainstem and olfactory lobe
than substantia nigra, and we have already discussed that virus
can reach both the brainstem and olfactory cortex via the
transsynaptic route and olfactory epithelium. Once inside,
the virus has the tendency to trigger the immune response
leading to neuroinflammation [74]. Recent evidence indicates
that «-synuclein can partake in the immune response and can
provoke its upregulation [75]. Activation of microglia pro-
duces cytokines and chemokines escalating further the im-
mune response causing neuronal degeneration [76, 77].

Pneumonia is one of the primary causes of morbidity and
mortality in patients with PD [68, 78]. Bhidyasiri et al. hy-
pothesized that mastication and swallowing are impaired in
PD progression, which leads to saliva accumulation in the oral
cavity and to aspiration of salivary secretion [68, 79, 80]. With
further advancement of PD, the cough reflex is inhibited ow-
ing to chest wall rigidity, which leads to aspiration pneumo-
nia. This could form the most conducive environment for
SARS-CoV-2 infection in case the patient is exposed.
Patients with PD are immunocompromised, which makes
them more susceptible to SARS-CoV-2 infection [81]. As
PD is an age-related disorder, immunosenescence is common
in patients. Adaptive immunity is compromised in such pa-
tients, and there is non-specific tissue inflammation, which
makes them highly susceptible to COVID-19 [68, 82]. High
fever, a common symptom in COVID-19, could exacerbate
Parkinsonism in PD patients with COVID-19 [55]. Moreover,
the dopamine imbalance in patients with PD could lead to an
inflammatory response, or toxin or cytokine activation [83].
Therefore, patients with PD should be carefully monitored for
motor function disabilities and extended in the resuscitation
period.

Another hypothesis proposed by Pavel and colleagues is
that o-synuclein can act as an antiviral agent in neurons
[84]. As a consequence of SARS-CoV-2 infection like the
HSNI influenza virus, a peripheral inflammatory response
occurs along with abnormal «-synuclein phosphorylation
in substantia nigra pars compacta dopaminergic neurons
[85]. They postulated that following COVID-19 infection,
antiviral a-synuclein accumulation might make up pre-
existing cell-autonomous vulnerabilities, causing neurode-
generation [84]. They also hypothesized that x-synuclein
clearance is also affected by SARS-CoV-2 infection by
binding to ORF8, human protein trafficking molecule
which impairs proteostasis and causes uncontrollable ag-
gregation of «-synuclein [84]. There are numerous indirect
effects of COVID-19 on patients with PD, which represent
altered symptoms and activities and stress on the patients
[86]. Complete/partial lockdown limits movement and so-
cial distancing keeps them separated from acquaintances
and relatives. This exacerbates depression, mental stress,
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Fig. 2 Immunological crosstalk between infected lungs and the brain,
and possible neurodegenerative amelioration. Immune reactions are
started against the SARS-COV-2 infection both in the lungs and the brain,
activated mast cells release pre-formed and newly formed inflammatory
mediators in the brain subsequently activating the glial cells which can
lead to neuron degeneration while cytokine storm is taking place in lungs,

and loneliness in patients and could induce various symp-
toms such as tremor, gait, and dyskinesia [87, 88].

Stroke

On the one hand, the COVID-19 pandemic has increased the
risk of complications and mortality in patients who have ex-
perienced stroke [89]; on the other hand, stroke is a common
comorbidity among patients with COVID-19. The patients
have to be protected further from infected individuals, which
increase the responsibilities of healthcare professionals.
Healthcare facilities previously dedicated to stroke-related
cases, such as ICU, wards, and health workers, have been
allocated to COVID-19-related cases owing to the emergency
situation in the pandemic, as stated by the World Stroke
Organization. There has been a significant reduction in the
hospital admission of patients with acute stroke worldwide,
with approximately 50 to 80% reduction in few countries [90].
This suggests that individuals who have suffered a mild
stroke, who could avail hospital facilities under normal con-
ditions, are currently not allowed admission owing to the ap-
prehension of patients contracting COVID-19.

Several mechanisms that might increase stroke risk due to
COVID-19 have been identified; however, these are yet to be
confirmed. Few mechanisms such as CS, increased D-dimer
levels, and direct brain injury by the virus have been reported
[19, 91]. In a study in Wuhan, China, the effect of a history of

and cytokine from lungs can reach the brain through blood-brain barrier
and may further aggravate the neurological complications. Under this
circumstance, the patients suffering from neurological disorders
(ADRD, PD, stroke, NMD) have a high risk of developing comorbidities
and may require special attention from the medical support system

the stroke and other neurological problems on COVID-19
symptoms was compared between patients. The study con-
cluded that patients with COVID-19 who had previously ex-
perienced neurological symptoms exhibited more severe clin-
ical symptoms than those without a history of disease. The
symptoms included dizziness, impaired consciousness, ataxia,
and seizures [92]. SARS-CoV-2 infection was confirmed in
an 84-year-old female patient suffering from embolic stroke
and non-anticoagulated atrial fibrillation, following which the
patient died. It was concluded that elderly patients with
COVID-19 and a stroke history are at a higher risk of death
[93]. Zhai et al. described the case of a patient admitted to
Hubei Provincial Hospital of Chinese Traditional Medicine
(Guanggu, Wuhan, Hubei Province, China) presenting with
weakness in the right limb and slight cough for 1 week. He
was later diagnosed with COVID-19 with hypoxemia and
excessive cytokine secretion, which led to the development
of ischemic stroke [94]. Avula et al. discussed four confirmed
cases of ischemic stroke and PCR-confirmed SARS-CoV-2
infection in another case study [95].

Abdulkadir et al. studied four patients with COVID-19
who also exhibited symptoms of cerebral stroke. The patients
presented with stroke and infection concomitantly. The au-
thors reported that COVID-19 in the elderly is characterized
by signs such as neuro-invasion along with respiratory system
involvement [96]. Age will always remain a risk factor for
both stroke and COVID-19; however, there are studies that
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reported the coincidence of COVID-19 and stroke in young
individuals in the USA [97]. In one study, it is reported that
the patients having a history of stroke are three times more
prone to the risk of death [98].

The exact pathophysiology of the neurotoxic effect of this
virus is yet to be determined. SARS-CoV-2 is considered to be
able to induce stroke by several mechanisms (Fig. 3). It could
invade the vessel walls, cause coagulation disorders, or desta-
bilize an existing athero-arterial plague or cerebral embolism
[98, 99]. As previously discussed, SARS-CoV-2 enters host
cells through the ACE2 receptor, which is also an important
component of the rennin-angiotensin system (RAS); hence, it
can invade vessel walls, as endothelial cells express the ACE2
receptor. Previous studies have confirmed the presence of
SARS-CoV-2 in the endothelium [8]. After the invasion, it
can behave in the same manner as the Varicella-zoster virus,
which triggers stroke in patients. This causes inflammation
and necrosis of cerebral arterial walls [100]. Viruses can also
cause thrombosis, which affects coagulation, platelet activa-
tion, and endothelial infiltration upon the activation of the
immune system [101]. CS, which is an inflammatory process
commonly observed in COVID-19, may lead to increased D-
dimer levels and coagulation [102, 103]. In the case of stroke
patients, as SARS-CoV-2 binds to ACE2, ACE2’s activity in
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Fig. 3 Mechanism of induction of cytokine storm and subsequent stroke
by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).
SARS-CoV-2 binds to the ACE2 receptor expressed on endothelial cells
and enters the blood stream by endocytosis. The entrance of the viral
particle, detected as a foreign body, leads to the activation of macro-
phages and astrocytes. This consequently triggers the release of cytokines
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providing neuroprotection will be hindered. The inflammatory
reaction is also triggered in the ischemic penumbra owing to
the dysregulation of ACE2 [104]. The main function of RAS
is to maintain homeostasis in the brain, along with several
involuntary functions. In the case of stroke, the brain RAS
plays a pivotal role. It is activated in stroke leading to inflam-
matory responses which ultimately activates the downstream
immunological pathways [105]. With the multiplication of
viral particles, the activation of immune response results in
CS, which can persuade to acute respiratory distress syndrome
(ARDS) [106]. Studies reported that ARDS causes cough and
breathing problems in COVID patients. The risk of COVID-
19 infection in stroke patients, as well as the risk of stroke in
COVID-19 patients, may be very high since the evidence
reflects the strong brain-lung interaction and immunological
crosstalk between the two systems [50, 51].

With respect to the above discussion on the impact of
stroke on patients with COVID-19, several recommendations
should be adopted to decrease the malaise of the present situ-
ation. To provide stroke-care facilities, all facets of stroke
treatment have to be reorganized for providing rapid care
without infecting patients. Several awareness programs have
to be conducted by means of teleservices, virtual check-ups,
and acute treatment to reduce the morbidity and mortality

STROKE
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from these cells and also from other cells of the endothelium. The cyto-
kines eventually cause endothelial damage and capillary leak, which leads
to a cytokine storm in the brain. This induces an increase in the D-dimer
levels and coagulation, which ultimately lead to hypoxia and stroke
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among stroke patients during the ongoing pandemic [107].
Resource management practices should be established as rap-
idly as possible.

Neuromuscular Diseases (NMDs)

We have discussed above that the risk for COVID-19 is higher
in patients with existing conditions, as the immune system is
compromised in such individuals, and the virus can invade
host cells easily. There are several studies and case report
available on AD, PD, and stroke; however, there are limited
data available on NMDs. A study conducted in China reported
that COVID-19 could have affect myopathies, as approxi-
mately 60% hospitalized patients presented with fatigue or
myalgia [102, 108], which would subsequently cause viral
myositis. Critically ill patients may develop polyneuropathy
[109]. The findings from these case studies show that COVID-
19 can induce NMDs as well.

Guidon and Amato hypothesized that there is an increase in
disease worsening and incidences in patients diagnosed with
NMD who were subsequently infected by SARS-CoV-2 un-
der the ongoing pandemic [110]. The risks for several auto-
immune diseases, such as myositis; myasthenia gravis; multi-
focal acquired demyelinating sensory and motor neuropathy;
and degenerative disorders such as amyotrophic lateral scle-
rosis (ALS), hereditary neuropathies, and motor neuron dis-
ease are exacerbated by COVID-19 [111]. Patients with
NMDs are administered immunosuppressant drugs on a reg-
ular basis, which poses a major risk for infections of any type,
particularly COVID-19. In such patients, the disease can have
more severe manifestations post-contraction of COVID-19.
Even vaccines are less effective in immunosuppressed indi-
viduals. The drugs used for the treatment of COVID-19, such
as chloroquine and hydroxychloroquine, can trigger toxicities
such as neuropathy in such patients.

To date, there are no definite recommendations for treat-
ment management of patients with NMDs and COVID-19,
and considerable research is required in this field. Close mon-
itoring is essential for patients who are suffering from NMDs
and COVID-19 concomitantly to track those exhibiting a rap-
id decline in respiratory function. For this, remote monitoring
is necessary. Patients with NMD who are administered corti-
costeroids may require stress doses [112]. The system for the
treatment and management of patients with NMD requires
significant improvisations. Every country has released guide-
lines with respect to the clinic and hospital visits and telemed-
icine for patients with NMD during the ongoing pandemic.
COVID-19 has also affected training and research in the field
of NMD treatment, as the current sessions could not be con-
ducted under lockdown, and the next session may also be
limited [110].

The probability that SARS-CoV-2 can remain latent in the
CNS cannot be ruled out. If so, delayed neurological

complications may be established due to medium- or long-
term virus reactivation, causing a sequence of
neuroinflammatory pathways involved with a neurodegener-
ative disorder.

THERAPEUTIC APPROACHES FOR COVID-19

The identification and investigation of neurological signs and
symptoms in COVID-19 patients are significant for designing
treatment protocol against the neurological effects [19]. The
First Few X (FFX) cases and contact investigation protocol
designed by WHO for COVID-19 also enquire about “other
neurological signs” under the section of “other symptoms and
pre-existing chronic neurological impairments” [112, 113].
The COVID-19 pandemic has led to the discovery and devel-
opment of new vaccines, treatment, and therapeutic strategies
against the CoVs. The multiple pathways, discussed above,
such as systemic circulation through BBB or across the crib-
riform plate at the olfactory bulb, are believed to be involved
in the movement of the COVID-19 virus to the brain, and
resultantly, can be targeted for developing various therapeutic
strategies [101, 114]. Additionally, patients with COVID-19
were reported to suffer from convulsions. However,
distinguishing neurological convulsions from febrile convul-
sions in patients with high-grade fever may aid the develop-
ment of alternative COVID-19 treatment approaches [115].

Currently, numerous vaccines/therapeutics have been in
different stages of clinical development. A small number of
such vaccines/therapeutics have exhibited the potential and
yielded favorable results in the control of COVID-19 and
the associated viral load. The major goals of these vaccines/
therapeutic interventions are to decrease viral load, limit dis-
ease severity, reverse hypoxemia, and provide adequate organ
support [116]. In this section, the methodologies and advance-
ments for alleviating neurological problems have been
discussed along with the development of up-and-coming
vaccines/therapeutics for COVID-19, the challenges involved,
and the potential alternative strategies.

Chloroquine and Other Drugs

Chloroquine and its synthetic derivative hydroxychloroquine
are well-established medication for malaria and autoimmune
disorders such as rheumatoid arthritis, lupus, and porphyria
cutanea tarda [117]. In recent times, these drugs have demon-
strated antiviral activities against HIV, Zika virus, and CoV.
Chloroquine, hydroxychloroquine, and other 4-
aminoquinoline compounds were observed to prevent viral
infection in vitro by raising endosomal pH after crossing the
vacuolar membrane [118]. Lower pH is a pre-requisite for the
fusion of the cell membrane of the virus. Chloroquine inhibits
terminal glycosylation of the ACE2 receptors present on the
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host cell surface [119]. This alteration in the host cell ACE2
receptor leads to a change in the interaction between the spike
protein and the ACE2 receptor, which is another prerequisite
for virus-cell membrane fusion. The diagrammatic represen-
tation is depicted in Fig. 4a. Chloroquine interference in viral
replication and host-cell entry has been reported in infections
by numerous viruses, such as Borna disease virus (BDV),

Hydroxychloroquine inhibits
the terminal glycosylation of
ACE2 receptors

of blood

ﬂ _—
Blood

Donor recovered
from COVID 19

Centrifugation

mice minute virus, avian leukosis virus, and hepatitis A virus,
apart from HIV and Zika virus [120, 121].

Furthermore, chloroquine is used as a non-steroidal drug to
combat inflammatory response in various disorders like lupus
erythematosus, rtheumatoid arthritis, and multiple sclerosis.
The anti-inflammatory activity of chloroquine is primarily at-
tributed to the dose-dependent elevation of the cyclin-
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Fig. 4 Diagrammatic representation of therapeutic strategies,(a) Chloroquine and other drugs.(b) Plasma-based therapy.(c) Cell-based therapy.(d)
Chimeric antigen T-cell therapy.(e) Soluble recombinant ACE2 receptor therapy
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dependent kinase inhibitor p21, inhibition of T cell prolifera-
tion, and development of IFN-y-producing Th1 cells [122].
Chloroquine might weaken COVID-19 pathology, as it re-
portedly elicits an inflammatory response as the disease pro-
gresses [123]. However, in addition to the positive effects of
chloroquine, there are reports of undesirable effects such as
QT prolongation, ventricular arrhythmia, hypotension, and
other symptoms of cardiac toxicity, including alterations in
the repolarization and depolarization cycle of cardiac and skel-
etal muscles [124]. This indicates the importance of establish-
ing and following proper protocol while using chloroquine for
treating patients with COVID-19. Even though chloroquine
showed promising results in COVID-19 treatment, the ab-
sence of substantial data and the likely safety concern cannot
be overlooked and should be investigated.

The acute respiratory distress and high morbidity observed
after CoV infection are associated with CS responsible for
elevated pro-inflammatory cytokine levels in plasma [125].
Tocilizumab, an immunosuppressive monoclonal antibody
drug, has demonstrated encouraging clinical outcomes along
with a favorable safety profile [126]. It is a humanized mono-
clonal antibody primarily used for treating rheumatoid arthri-
tis and systemic juvenile idiopathic arthritis. It improves re-
spiratory function, suppresses CS, and normalizes body tem-
perature by targeting the interleukin-6 receptor. Similarly, ta-
crolimus and prednisolone administered at low doses inhibit
the expression of pro-inflammatory cytokines that worsen
lung condition. Similarly, drugs used for treating hyperten-
sion, including lisinopril (ACE inhibitor) and losartan (angio-
tensin II receptor-blocker), were observed to upregulate the
expression of ACE2 receptors, and consequently aggravate
viral infection [127]. Presently, the efficacy and evaluation
of these two immunosuppressants, particularly with respect
to their effects in reducing secondary pathological symptoms
in patients with COVID-19, are under investigation through
clinical trials.

Plasma Exchange Therapy

Plasma exchange therapy, also known as convalescent plasma
therapy (CPT), is adaptive immunotherapy commonly
employed in the prevention and treatment of numerous infec-
tious diseases [128]. For more than a century, this strategy has
been employed as a therapy for treatment and eradication of
diseases such as rabies, typhoid, cholera, and hepatitis, among
others [129]. In recent decades, it has been effectively used to
treat SARS, MERS, and the 2009 HIN1 pandemic, and has
shown effectiveness against certain cancers such as melano-
ma, acute myeloid leukemia, and acute lymphoblastic leuke-
mia among others. Plasma administration is a type of passive
immunotherapy and has reportedly improved the patient sur-
vival rate in the abovementioned diseases.

Similar results of shortened hospital stay and reduced mor-
tality rates have also been observed in patients with SARS
who underwent CPT. SARS, MERS, and COVID-19 are akin
in terms of virological and clinical characteristics, analogous
results of lower mortality rates were observed in various stud-
ies on COVID-19 patients as well. Therefore, plasma ex-
change therapy might be an effective method for COVID-19
pandemic control. However, only patients who have recov-
ered from COVID-19 and have a high neutralizing antibody
concentration can act as plasma donors (Fig. 4b) [130].
Regardless, the best treatment outcome of plasma exchange
therapy in SARS patients has been observed with early ad-
ministration, i.e., within a fortnight after infection.

However, the full scale of benefit/risk ratio of plasma ex-
change therapy for patients of COVID-19 remains unex-
plored. One of the major drawbacks of the plasma therapy is
the possibility of infection advancement as well as
transfusion-related acute lung injury owing to an inadequate
titer of neutralizing antibodies in plasma. Apart from deter-
mining the optimal concentration of neutralizing antibodies,
the dynamic variations in cytokine levels as well as a reduc-
tion in SARS-CoV-2 RNA/genomic material with respect to
CPT administration (plasma shot) must be confirmed for the
development of an effective therapeutic protocol.

Cell-based Therapy

Cell-based therapies primarily aim to replace or repair the
damaged tissues through transplantation or trophic effect
[131]. The mechanisms underlying disease initiation and pro-
gression are generally targeted during cell therapy by utilizing
stem, progenitor, or primary cell types. Cell therapy-based
clinical trials using stem cells for the treatment of SARS-
CoV-2 infection are currently underway in several countries,
including the USA, China, Russia, Brazil, and Jordan.
Mesenchymal stromal cells (MSCs) have been employed in
the majority of these clinical trials owing to the absence of
ethical concerns associated with the less invasive acquisition
procedure and the high proliferation rate of the cells [132].
Additionally, isolation of MSCs can be done easily from
various tissues, such as adipose tissue, bone marrow, cord
blood, peripheral blood, menstrual blood, dental pulp, buccal
fat pad, Wharton jelly, and fetal liver [133, 134]. Furthermore,
the long-term storage potential, easy and rapid expansion to
clinical volumes and the safety and efficacy of use adds to the
advantages of MSCs over other cell-based technologies and
makes them a popular treatment choice. While multiple clin-
ical trials on the treatment of various diseases using MSCs are
currently underway, still none has been recommended for the
treatment of COVID-19 to date. The effect of human MSC
administration in case influenza virus A/H5N1 infection was
investigated in 2016; the findings showed that the treatment
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was able to reduce the influenza virus A/H5N1-induced acute
lung injury and increased survival in mice [135].

Notably, subsequent to COVID-19 infection, the produc-
tion and the release of inflammatory factors by the host im-
mune system are significantly enhanced; this leads to CS and
an increased number of immune cells [136]. The release of
these pro-inflammatory cytokines might be inhibited by MSC
therapy [137]. The regenerative properties of stem cells and
the secretion of growth factors such as VEGF, PDGF, FGF,
and TGF-f3 also enhanced the repair of injured tissues [138].
Both regenerative properties and growth factors of stem cells
curb the inflammation in addition to regulating endothelial
and epithelial permeability; this subsequently enhances the
regeneration/repair of endogenous tissue. Moreover, MSCs
secrete various antimicrobial peptides and proteins (LL-37,
defensins, hepcidin, and lipocalins) by MSCs could lead to
the reduction of viral load in patients with COVID-19 [139].

Accordingly, it was predicted that the intravenous infusion
of MSCs and their subsequent movement into the lungs would
protect alveolar epithelial cells, restore the pulmonary micro-
environment, sequentially salvage lung function, and prevent
pulmonary fibrosis in patients with COVID-19 [140]. MSCs
do not express ACE2 receptors and TMPRSS2, which pre-
vents recognition by viral particles and facilitates healing via
regeneration of cells [141]. The basis of cell-based therapy is
presented in Fig. 4c. Recently, seven critical COVID-19 pa-
tients were administered clinical-grade human MSCs and
monitored for multiple responses. Albeit the patients survived
and recovered after intravenous administration of MSCs;
however, the adverse effects of MSC administration were ob-
served and reported. Owing to the absence of a large-scale
study on MSC administration and observation, there are no
conclusive evidence reported. Therefore, a large-scale study is
urgently needed for the development of an effective therapeu-
tic strategy.

Chimeric Antigen Receptor T-Cell (CAR-T) Therapy

CAR-T cells are genetically engineered T-cells containing a
single receptor for both antigen-binding and T-cell-activating
functions [142]. The basis of CAR-T therapy is the transfor-
mation of T-cells to facilitate the effective recognition of spe-
cific antigens effectively and their subsequent elimination.
Initially, T-cells were isolated, and DNA was incorporated
through genetic engineering methods to enable the expression
of chimeric antigen receptors (CARs) on the surface of the
cells; these re-engineered T-cells are known as CAR-T cells
[143]. The graphic representation of the process is depicted in
Fig. 4d. The potential of CAR-T cells for identifying antigens
and eliminating virus-infected or cancer cells constitutes an
incredibly promising approach and has been demonstrated in
experiments showing the successful treatment of B cell ma-
lignancies [144, 145]. Similar encouraging results have been
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observed after the treatment of chronic hepatitis B virus
(HBV) infection, HIV infection, and HBV-related hepatocel-
lular carcinoma using CAR-T therapy [146]. As pathogen-
specific T-cells have a significant contribution in controlling
the progression of such viral diseases, CAR-T therapy might
also have a pivotal role in regulating other infectious diseases.

The process of CAR-T cell formation, i.e., T-cell extraction
from the blood of either a patient or from a healthy donor, and
their subsequent reprogramming for targeting virus-infected
cells or the virus itself could be expensive and unwarranted
for the treatment of most viral infections [147]. However, due
to the dearth of other definitive COVID-19 treatment options,
this could serve as a viable treatment strategy. Conversely, the
use of CAR-T cells that stably express pathogen-specific T-
cell receptors in COVID-19 treatment could lead to excessive
swelling and tissue damage owing to the proliferation of these
cells and the elimination of infected cells. Additionally, lung
inflammation caused by CS has been reported in patients with
extreme symptoms of COVID-19. Re-engineering of T-cells
with transient mRNA transfection instead of DNA transfor-
mation may be an effective strategy for preventing tissue in-
flammation and damage. Transient mRNA transfection would
only result in temporary CAR expression (spanning 3—5 days)
and likely reduce the risk of cytokine-mediated cytotoxicity
coupled with off-target tissue damage [148]. Based on this, the
dosage and injection schedule of CAR-T-cells for COVID-19
treatment should be designed carefully.

Other Approaches

Apart from the approaches mentioned above, other pharma-
ceutical interventions for early detection of COVID-19 or ef-
fective restriction of transmission and infection are also being
investigated actively. In one approach, soluble recombinant
human ACE2 has been administered owing to its higher bind-
ing affinity with the virus compared to that of ACE2 receptors
present on host cells [149]. This approach was aimed at
preventing viral entry into the host cells. The graphic repre-
sentation of soluble ACE2 receptor application is shown in
Fig. 4e. Promising preclinical outcomes from this approach
have expedited its progression into clinical trials. Another ap-
proach targets the inhibition of a protein involved in viral
spike protein expression. The host serine protease
TMPRSS?2 is known to be crucial for spike protein expression
in highly pathogenic human coronaviruses [10].
Camostatmesilate is a candidate drug that inhibits
TMPRSS2 and is primarily prescribed to control postopera-
tive reflux esophagitis and chronic pancreatitis [150]. In the
pathogenic mouse model, it reportedly limited the spread of
SARS-CoV-2 and the consequent pathogenesis. Previously
observed high efficacy of Camostatmesilate against SARS-
CoV might also be achieved in COVID-19 treatment; for this
purpose, it is currently under clinical trial [151]. Herbal and
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medicinal plants and phytochemicals like Caesalpinia
sappan, Terminalia chebula, Calanolide A, and SP-303 which
is isolated from the latex of a Latin American plant Croton
lechleri are in process to see the effects on COVID-19-
induced infections [152].

THE DEVELOPMENT OF VACCINE AGAINST
COVID-19

The development of a vaccine is the safest and most reliable
approach for escaping from the pandemic [153]. The scientific
community from all over the world is constantly working in
the field of vaccine production against COVID 19. The vac-
cine industry has responded on urgent basis toward the pan-
demic of COVID-19 for supporting the developmental vac-
cine program against SARS-CoV-2 [154]. There is a current
situation and urgent need to open up numerous platforms for
vaccine development. Some vaccines are still under human
clinical trials [155] and others have been approved which are
available in the market. The information regarding the ap-
proved vaccines is listed in Table 1. Some vaccines have been
recently entered the clinical trial phases like Convidicea (Ad5-
nCoV), AZD1222, Covaxin, JNJ-78436735 (formerly
Ad26.COV2.S), and NVX-CoV2373 (in phase 3 trial).

The vaccines are categorized under different genomic parts
like genetically engineered mRNA or DNA containing

instructions for making copies of the S protein, bacterial/ade-
noviral/lentiviral vector-based vaccines, and inactivated
SARS-CoV-2 itself [156]. DNA- and mRNA-based platforms
provide the pliability toward the manufacture process and an-
tigen manipulation. To target the frequent mutations in the
antigen epitope, mRNA and DNA vaccines facilitate to
change in the antigen coding gene series in the antigenic epi-
topes [157]. At present, scientists are working for the licensed
DNA/mRNA vaccines for use in humans. Some vaccines are
already developed and show the effectiveness of numerous
infectious diseases. The mRNA vaccines have also been
found to restore the immune (innate and adaptive both) re-
sponse against COVID-19.

From the above treatment strategy, the indirect therapeutic
effects would be estimated in SARS-Co-V-2 associated health
issues like heart, kidney, and neuronal complications.
Therefore, it is believed that neurological complications
would also be sorted out with the above discussed targeted
therapies.

SUMMARY AND CONCLUSION

Beyond pulmonary disorders, various neurological complica-
tions have been described in COVID-19 patients, including
headache, myalgia, dizziness, and anosmia, along with en-
cephalitis, encephalopathy, necrotizing hemorrhagic

Table 1 List of approved vaccines. The information was retrieved from https://www.raps.org/news-and-articles/news-articles/2020/3/covid-19-
vaccine-tracker and https://vaccine.icmr.org.in/covid-19-vaccine
Serial  Name Vaccine type Primary developers Country of  Authorization/approval
number origin
1. BNT162b2 mRNA-based vaccine Pfizer, BioNTech; Fosun Pharma Multinational UK, Bahrain, Canada, Mexico,
USA, Singapore, Oman, Saudi
Arabia, Kuwait, EU
2. mRNA-1273 mRNA-based vaccine Moderna, BARDA, NIAID USA USA, Canada
3. CoronaVac Inactivated vaccine Sinovac China China
(formalin with alum
adjuvant)
4. No name Inactivated vaccine Wauhan Institute of Biological Products; China ~ China China
announced National Pharmaceutical Group (Sinopharm)
5. Sputnik V Non-replicating viral ~ Gamaleya Research Institute, Acellena Contract ~ Russia Russia
vector Drug Research and Development
6. BBIBP-CorV  Inactivated vaccine Beijing Institute of Biological Products; China ~ China China, United Arab Emirates,
National Pharmaceutical Group (Sinopharm) Bahrain
7. EpiVacCorona Peptide vaccine Federal Budgetary Research Institution State Russia Russia
Research Center of Virology and
Biotechnology
8. COVAXIN Inactivated Vaccine  Bharat Biotech in collaboration with the Indian  India India
Council of Medical Research (ICMR) -
National Institute of Virology (NIV)
9. Covishield Weakened version of ~ Serum Institute of India (SIT) and Indian Council India India

a common cold
virus (adenovirus)

of Medical Research (ICMR)
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encephalopathy, stroke, epileptic seizures, rhabdomyolysis,
and Guillain-Barre syndrome. It is already reported that
SARS causing viruses, SARS-CoV and SARS-CoV-2, have
common genetic sequences with ACE2 receptors rapport to
enter the host cells [158]. The possibility of CNS infection in
patients with COVID-19 must be considered by the neurolo-
gists throughout the world. Injury to the nervous system could
also result from cascade events induced by the loss of oxygen
owing to lung damage, which may lead to various organ im-
pairments. The complete process of developing a critical ill-
ness may also have a significant role for the enhancement of
neurological abnormalities. The primary infection could occur
in the brain stem—principally in the part that has respiratory
centers and controls breathing. An infection and any possible
impairment in this part of the nervous system could further
magnify respiratory problems in the patients. Therefore, it
remains unclear if this condition is caused directly by viral
entry or if it is a secondary response to the systemic inflam-
mation in patients owing to the deregulated immune response
to viral infection.

As clinical practitioners throughout the globe prepare
themselves for treating the patients with COVID-19 in the
predictable future, the advancement of a comprehensive un-
derstanding of the systemic and organ-specific pathophysiol-
ogy and clinical complications of this system-wide disease is
required. Now, it has become more imperative to identify and
explain the significances of research on CoV that will help to
pursue multiple aspects of this poorly elucidated disease.
Concisely, the areas that seek immediate attention include
interpretation of the mechanism attributed to the
extrapulmonary distribution of SARS-CoV-2, understanding
the virus characteristics that may augment its spread in neuro-
nal tissues, the contribution of neuropathophysiology, the con-
sequences of anti-inflammatory therapies on CNS, prediction
of the long-term effects on cognition and neuropsychiatry,
documentation of reasons that describe the variability in the
management and gravity of the related neuronal ailments, and
the biological and social machinery underlying the disparities
in final outcomes of neuro-comorbid situations. There is also a
need for universal definitions and data standards for the re-
search on COVID-19-related complications. Collaboration
among the scientists and clinicians working at regional, na-
tional, and international levels who focus on transparent, eth-
ical, and high-quality research will definitely help the human-
ity to get success against the ongoing pandemic.
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