S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Cytokine and Growth Factor Reviews 58 (2021) 1-15

ELSEVIER

Contents lists available at ScienceDirect
Cytokine and Growth Factor Reviews

journal homepage: www.elsevier.com/locate/cytogfr

th Factor

Check for

SARS-CoV-2 mediated neuroinflammation and the impact of COVID-19 in = [%&&"

neurological disorders

Narayanappa Amruta”, Wesley H. Chastain“, Meshi Paz“, Rebecca J. Solch ",
Isabel C. Murray-Brown °, Jaime B. Befeler , Timothy E. Gressett®, Michele T. Longo >,

a, b: G,

Elizabeth B. Engler-Chiurazzi ““, Gregory Bix

@ Department of Neurosurgery, Clinical Neuroscience Research Center, Tulane University School of Medicine, New Orleans, LA, 70112, USA

b Department of Neurology, Tulane University School of Medicine, New Orleans, LA, 70112, USA

¢ Tulane Brain Institute, Tulane University, New Orleans, LA, 70112, USA

ARTICLE INFO ABSTRACT

Keywords:

COVID-19
SARS-CoV-2
Neuroinflammation
Integrins

Neurological disorders
Fibrosis

SARS-CoV-2 is a novel coronavirus that severely affects the respiratory system, is the cause of the COVID-19
pandemic, and is projected to result in the deaths of 2 million people worldwide. Recent reports suggest that
SARS-CoV-2 also affects the central nervous system along with other organs. COVID-19-associated complications
are observed in older people with underlying neurological conditions like stroke, Alzheimer’s disease, and
Parkinson’s disease. Hence, we discuss SARS-CoV-2 viral replication and its inflammation-mediated infection.
This review also focuses on COVID-19 associated neurological complications in individuals with those compli-

cations as well as other groups of people. Finally, we also briefly discuss the current therapies available to treat
patients, as well as ongoing available treatments and vaccines for effective cures with a special focus on the
therapeutic potential of a small 5 amino acid peptide (PHSCN), ATN-161, that inhibits SARS-CoV-2 spike protein
binding to both integrin a5p81 and a5p1/hACE2.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the
agent causative of coronavirus disease 2019 (COVID-19), is a respiratory
pathogen that emerged in late 2019 [1]. As of late January 2021, it has
infected 97 million people worldwide, and in the United States alone it
has infected 25 million people with 421,000 deaths have been reported
(https://www.cdc.gov/). Symptoms of COVID-19 include fever followed
by cough in most patients [2]. Additional symptoms include myalgia,
diarrhea, and constipation at the onset of illness. Though a mortality
rate of greater than 20 % is seen in older people with underlying medical
conditions such as hypertension, diabetes, lung, and cardiac disease [3],
the majority of cases do not require intensive intervention and most
infected patients are expected to make a full recovery from effects of the

acute lung infection. In most cases, viral replication occurs in the upper
respiratory epithelia and is transmitted effectively via mediating
angiotensin-converting enzyme 2 (ACE2), which increases immune re-
sponses by cytokine storm [4].

Interestingly, coronaviruses are associated with central nervous
system (CNS) diseases such as disseminated encephalomyelitis, multiple
sclerosis, febrile seizures, and encephalitis epilepsy [3,5-7]. Studies
have shown that human coronavirus OC43 (HCoV—0OC43) can access
the CNS through axonal transport and viral migration through neurons
in the brain [8] and others have reported that SARS-CoV may enter the
CNS through both blood circulation (blood-brain barrier, BBB) and ol-
factory bulb [9-11]. The inflammatory and immune responses to
SARS-CoV-2 results in immune system changes, enhancing lung injury
and CNS complications. Importantly, patients hospitalized with

Abbreviations: ACE, 2 angiotensin-converting enzyme 2; BBB, blood brain barrier; CNS, central nervous system; COVID-19, coronavirus disease 2019; CSF, colony
stimulating factors; GBS, Guillain Barre syndrome; GM, granulocyte-macrophage; IFNs, interferons; IL, interleukin; MERS-CoV, Middle East Respiratory Syndrome;
NK, natural killer; ORFs, open reading frames; PD, Parkinson’s disease; RGD, arginine glycine-aspartate; SARS-CoV-2, severe acute respiratory syndrome coronavirus

2; TNF, tumor necrosis factor.
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COVID-19 and concurrent neurological problems, mainly stroke and
confusion, have a higher risk of dying than other patients. Thus, in
addition to developing interventions that prevent infection and limit
mortality from SARS-CoV-2, additional work is needed to characterize
and ultimately treat these CNS manifestations of COVID-19
complications.

The scientific and medical communities have mobilized to address
this devastating pandemic and to develop novel preventative measures
and COVID-19 treatments. On December 11, 2020, the U.S. FDA issued
the first emergency use authorization for Pfizer-BioNTech COVID-19
Vaccine, followed by Moderna COVID-19 Vaccine authorization on
December 18, 2020, to be distributed in the U.S for the prevention of
COVID-19. As our collective understanding of the mechanism by which
SARS-CoV-2 acts, novel treatment avenues are being revealed. Indeed, a
recent study from our group showed that SARS-CoV-2 harbors an
arginine-glycine-aspartate (RGD) motif and shows the involvement of
integrins in facilitating virus invasion into host cells [12]. Given the
collective data implicating integrins in modulating the neurovascular
unit in the context of brain function, injury and disease [12-14], treat-
ments targeting integrins could serve as novel therapies that either act
directly on viral infectivity machinery to prevent infection, indirectly on
CNS substrates to attenuate virus-induced damage, or both.

This review aims to summarize what is currently known about SARS-
CoV-2 in the CNS and how inflammation and fibrosis underlie its pa-
thology in the lungs. We will also highlight the role for integrins in
mediating viral infectivity and CNS manifestations of COVID-19. A
better understanding of the immunology of COVID-19 could be used to
guide future research and intervention strategies.

2. Coronaviruses

Coronaviruses are found in the order Nidovirales and in the family
Coronaviridae. There are four different genera of coronaviruses within
this family: Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and
Deltacoronavirus [15]. The Betacoronavirus clade within the Coronavir-
idae subfamily includes middle east respiratory syndrome (MERS-CoV),
SARS CoV, SARS-like bat CoV, and now SARS-CoV-2 [7,16,17].

2.1. MERS-CoV

MERS-CoV was first identified in 2012 in Saudi Arabia, and retro-
spectively traced back to having originated in Jordan [18]. Although its
transmission between humans is not well understood, it is known that
the primary reservoir host for MERS-CoV is dromedary camels [19].
Nevertheless, this zoonotic disease is transmitted between humans in a
nosocomial manner [20]. MERS presents itself as a lower respiratory
tract illness in humans, involving symptoms such as fever, cough, and
breathing difficulties. Individuals infected with MERS-CoV can also
present as asymptomatic [19]. About one in five patients infected with
MERS exhibit neurological symptoms such as ischemic stroke, disrup-
tion of consciousness, and paralysis [7]. The presence of neurological
symptoms with MERS-CoV infections could be due to autoreactive
T-cells identifying viral components as host particles, not parts of viral
infections [21]. MERS, like SARS-CoV and SARS-CoV-2, is classified as a
betacoronavirus. The spike protein of this type of virus is essential to
transmission across species since it modulates the virus’s recognition by
receptor and causes pathogenesis of the virus [18].

2.2. SARS-CoV

The zoonotic respiratory virus SARS-CoV first emerged in Asia and
led to an epidemic in 2003, affecting 26 countries with over 8,000 cases
globally [7](WHO). The disease’s main symptoms are fever, chills, and
respiratory distress, such as a dry cough and difficulty breathing. Res-
piratory failure resulting in death may also occur in the most severe
cases [7]. Human-to-human transmission of this disease coupled with its
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strong infectivity thus poses a grave threat to human health. In the 2003
SARS outbreak, the case fatality rate was 10 % [22]. SARS-CoV binds to
ACE2 receptors, which are expressed throughout the body, including
skeletal muscles and the brain [16].

2.3. SARS-CoV-2

The novel coronavirus SARS-CoV-2 outbreak began in Wuhan,
China, in December of 2019. The disease was later named COVID-19. It
is believed that SARS-CoV-2 had a zoonotic origin in bats, as is similar
with both SARS and MERS [4], which first emerged at the Huanan
Seafood Market and quickly spread throughout the Wuhan region of
China. The virus has now spread to over 210 territories and countries
worldwide [4]. Transmission rate estimates vary, with some reports
approximating an Rg of 3, while other reports claim an RO as high as 5.7
[4], [23]. SARS-CoV-2 infection has an incubation period of up to 14
days but a mean incubation period of 3 days [24-26]. As of early
November 2020, the U.S. experienced its third surge of cases, with over
100,000 cases emerging each day (https://covid.cdc.gov/).

The symptoms of SARS-CoV-2 are manifold and impact several organ
systems, ranging from asymptomatic cases to fever and dry cough to
multi-organ failure, with a mortality rate estimated to be around 1-2 %
[7,27,28]. Neurological symptoms have been reported as well. Head-
ache, epilepsy, and disturbed consciousness all indicate the possibility of
intracranial infections [7]. COVID-19 contributes to various neurolog-
ical complications such as seizure, stroke, anosmia, encephalopathy, and
even total paralysis [29]. About 20 % of patients admitted to the
intensive care unit (ICU) for COVID-19 reported neurological issues, and
those with neurological problems have a higher mortality rate than
other patients [29].

SARS-CoV-2 recognizes the same receptor protein as SARS-CoV; both
viruses attach to host cells by binding a spike protein to the ACE2 re-
ceptor on the host cell’s membrane [16]. While related to SARS-CoV and
MERS-CoV, SARS-CoV-2 is far more deadly than either of its pre-
decessors [16].

2.3.1. Genome structure

SARS-CoV-2 is related to SARS-CoV with 79.5 % genetic similarity,
and its genetic resemblance to bat coronavirus shows up to 96 % simi-
larity [7,30] further supporting the theory that this virus originated
from a bat host [30]. With the largest RNA viral genome, the
positive-sense RNA strands of the SARS-CoV-2 virus have a genome size
of about 30 kB in length [31]. At the capped 5 end of the mRNA, the
genome begins with about 70 bases representing the leader sequence,
with a poly-A tail at the 3’ tail end of the genome [32]. Between the two
ends, the genome of SARS-CoV-2 contains an untranslated region, spike
protein, membrane protein, nucleocapsid protein, envelope protein, and
13-15 open reading frames ORFs [30]. ORFla and ORFlab are the
largest, and they play a crucial role in producing viral proteins [32].
ORF1lab can be expressed via the genomic RNA itself, while ORF1a re-
quires ribosomal frameshift for its translation.

2.3.2. Protein structure

The virus encodes many structural and nonstructural proteins, which
are essential to its production and infection. The nonstructural proteins
are encoded by polyproteins la and lab from ORFla and ORFlab,
respectively [33]. Additionally, the four main structural proteins of the
SARS-CoV-2 genome are the spike (S) protein, envelope (E) protein,
membrane (M) protein, and nucleocapsid (N) protein [33]. The S protein
is the site where the virus gains entry into cells. It has both a RBD and a
fusion domain to infect its host [34] and is most notable for interacting
with host cell receptors such as the ACE2 receptor [35]. This is an
essential and unique aspect of the transmission of this virus [35]. The S
protein contains ectodomain transmembrane part, and intracellular C
domains [36]. Of its two subunits, the S1 fragment of the spike protein
functions in receptor interaction, and the S2 part helps with the fusion of
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the membrane [36]. Another protein essential to the structure of
SARS-CoV-2 is the E protein, which functions in the growth and pro-
duction of the virus [30]. Further the membrane protein regulates the
shape of the viral envelope [35]. Finally, the nucleocapsid protein en-
ables the localization of viral particles within the endoplasmic
reticulum-Golgi compartment [35].

3. Epidemiology of SARS-CoV2

Data across several countries have found that 14-19 % of patients
diagnosed with SARS-CoV-2 are hospitalized, and 3-5 % of patients will
need to be admitted into ICUs (https://www.cdc.gov/). As of January
2021, there have been 99,825,219 confirmed cases of SARS-CoV-2 and
2,143,198 deaths worldwide, though these numbers are likely under-
estimated (https://coronavirus.jhu.edu/map.html). The majority of
cases have presented in North and South America. The global cumula-
tive COVID-19 confirmed cases as of 12/20/2020 is presented in the
heat map modified from https://www.who.int/publications/m/item
/weekly-epidemiological-update—22-december-2020 (Fig. 1).

4. SARS-CoV-2 entry, replication, and mediated infection

SARS-CoV-2 infection is transmitted between humans via droplets,
such as sneezing or coughing, and close contact [37]. Symptoms may
develop in infected individuals up to 14 days after exposure [37]. The
sections below will articulate the mechanism of infectivity starting with
viral entry and ending with organ dysfunction.

4.1. Mechanism of viral entry and replication

Previous SARS-CoV studies have found that human coronaviruses
can enter the brain through retrograde neuronal dissemination and
synaptic connections, BBB epithelial cells, or through systemic circula-
tion [38,39]. Although a definitive mechanism for SARS-CoV-2’s entry
into the human brain is still not fully understood, it is believed that the
virus could enter the brain through venous and arterial endothelial cells
that supply the brain via blood circulation. [40].

SARS-CoV-2 invades the host cell through the recognition of the
virus’s spike proteins by cell membrane receptors, specifically the ACE2
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receptor [41]. ACE2 receptors are present in lung, kidney, heart, and
gastrointestinal cells [33]. The affinity of SARS-CoV-2 in binding to host
cells is nearly 10-20 times greater than the binding affinity of
SARS-CoV. Following this binding and a conformational change in the
spike protein, the viral envelope then fuses with the host’s cell mem-
brane, releasing the viral RNA into the host cell [42].

SARS-CoV-2 may also use integrins in host cell entry through its
conserved RGD (403-405: Arg-Gly-Asp) motif in its trimeric spike pro-
teins [43]. Integrins, a family of cell-surface receptors, are composed of
non-covalently linked o and B subunits that recognize and bind to
extracellular matrix (ECM) proteins and mediate cell survival, prolifer-
ation, differentiation, and migration [44-46]. Deregulated cell-cell and
cell-matrix interactions promote tumor growth, metastasis, and tumor
angiogenesis. Integrins are expressed in most cells, including epithelial
cells in the respiratory tract [47], and endothelial cells in the vascula-
ture, cells that are susceptible to SARS-CoV-2 infection [48]. Impor-
tantly, the p1 family of integrins are closely associated with ACE2 [49],
and the a5p1 fibronectin receptor on endothelial cells [50,51], in
particular, has been targeted in a number of diseases involving abnormal
angiogenesis (i.e. blood vessel growth) such as cancer, and more
recently to stabilize the blood-brain barrier after ischemic stroke [13,
51].

A previous study reported that the RGD motif is required by many
human viruses for their interactions with integrin receptors and subse-
quent cell infection [52]. Integrin involvement has been also shown in
human adenovirus type 2/5 [53], rotavirus [54], and Epstein-Barr virus
(HHV-4) [55], and recent studies analyzed by 3D model from
SWISS-MODEL explain the importance of motif binding to integrins, and
their crucial localization at the spike protein [43,56]. Many studies have
shown that within the SARS-CoV-2 spike glycoprotein, the RGD motif
can bind to the ACE2 receptor [57-59]. However, integrin binding could
induce a different conformational change in the RBD, exposing the RGD
motif to further integrin binding. This promotes infection by activating
transducing pathways involving mitogen-activated protein kinase
(MAPK), which promotes virus entry and infection of the host cell [43].

In order for the viral spike protein to bind to ACE2 receptors on the
host cell, and thereby cause SARS-CoV-2 infection, the transmembrane
serine protease 2 (TMPRSS2) is required for spike protein priming [60].
Specifically, this protease cleaves the viral spike protein into two
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Fig. 1. Global cumulative COVID-19 confirmed cases as of 12/20/2020. https://www.who.int/publications/m/item/weekly-epidemiological-update—22-decem

ber-2020.
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subunits, S1 and S2, which facilitate binding by interacting with the
ACE2 receptor and fusing with the membrane, respectively [61]. This
process activates the virus and thus promotes viral entry into the host
cell [62].

Once inside the host cell, the viral RNA then synthesizes new pro-
teins and begins to replicate its genetic material [63]. The two large
open reading frames, ORFla and ORF1b, are translated, producing
polyproteins 1a and lab via enzymes PL proteinase and 3CL protease.
This induces a ribosomal frameshift producing multiple proteins from
this single mRNA [33]. One of the nonstructural proteins (NSPs) pro-
duced is nsp12, which is the catalytic subunit with the RNA-dependent
RNA polymerase and is essential for subsequent RNA synthesis [64].
Many NSPs then come together to form the replicase-transcriptase
complex, or RTC, to allow for RNA synthesis, replication, and
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transcription [41]. This allows for the production of subgenomic RNAs
for eventual translation into structural proteins [33]. After being
inserted into the endoplasmic reticulum, these newly synthesized
structural proteins are transported to the endoplasmic reticulum-Golgi
intermediate compartment, where the N-encapsidated viral RNA
finally buds into the membrane and exits the cell [41]. The known
mechanisms of SARS-CoV-2 infection are shown in Fig. 2.

5. SARS-CoV-2 mediates immune cell infiltration, cytokine
storm, and inflammation

SARS-CoV-2 infects various cells including macrophages, endothelial
cells, neutrophils, and dendritic cells [65]. As the virus enters the host
system, an immune response is initiated through the production of
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Fig. 2. The mechanisms of SARS-CoV-2 infection, replication and nervous system invasion. SARS-CoV-2 that causes COVID-19 may originate from the primary
host bats and cross the species barrier to humans. The spike protein on SARS-CoV-2 binds to the cell surface receptor ACE2 and the enzyme TMPRSS2, which aid the
virion entry, virion releases its RNA, part of which is translated into proteins, and the RNA are assembled into a new virion in the Golgi and released. Exposure to
SARS-CoV-2 induces pulmonary inflammation with immune cell infiltration that promotes inflammatory cytokine storms. The coronaviruses can affect the nervous
system through blood circulation and cause neuroinflammation. We identified that ATN-161 inhibits SARS-CoV-2 infection in vitro, where the addition of ATN-161 is
proposed to inhibit SARS-CoV-2 spike protein binding to host a5p1 integrin, ACE2, as well as a5p1-ACE2 binding. We hypothesize the potential for the virus to enter
brain endothelial cells via ACE2 and a5p1 integrin, and that this could also be blocked by ATN-161. We further hypothesize that ATN-161 might also indirectly block

SARS-CoV-2 mediated BBB breakdown and neuro-inflammation.
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interferons (IFNs) [65]. These signaling proteins communicate the
presence of a virus [66]. One type of immune cell elicited by the IFN
immune response to SARS-CoV-2 infection is the T cell, specifically the
CD8+ cytotoxic T cells and CD4+ helper T cells [67]. These cells also
further stimulate the immune response by signaling other cells, such as B
cells, to produce antibodies against the viral infection [65]. Key anti-
bodies involved in the SARS-CoV-2 infection are IgM and IgG antibodies
[65]. Additionally, this viral infection induces an influx of
pro-inflammatory chemokines and cytokines, also referred to as the
“cytokine storm” [65]. Other noteworthy immune cells in the
SARS-CoV-2 infection response are natural killer (NK) cells, which are
crucial in the initial response to the virus [68,69].

5.1. Neutrophils

In addition to macrophages, neutrophils also play a role in the first
line of defense against SARS-CoV-2. An increase in the number of neu-
trophils are detected in patients with severe cases of COVID-19 [70].
This explains the higher neutrophil-lymphocyte ratios measured [71].
Neutrophil response to SARS-CoV-2 has further been explored in rodent
models. Among transgenic mice that express human ACE2 receptors and
were infected with COVID-19, neutrophils, in addition to lymphocytes
and macrophages, were found to accumulate in the alveolar inter-
stitium, causing a thickening of the alveolar walls leading to lung injury
[72].

5.2. Dendritic cells

Dendritic cells (DC) play an important role in both innate and
adaptive immunity. The cell subtype specific interactions of DC in
response to SARS appears that DCs numbers are reduced in the acute
phase, there were increases of mature dendritic cells in broncho-alveolar
lavages of COVID-19 patients suggesting that these cells participate in
the response to the infection [73,74]. The mechanism by which
SARS-CoV-2 infects dendritic cells is unclear. One article suggests that
entry into the dendritic cells could be through ACE2 receptors, micro-
pinocytosis or dipeptidyl peptidase 4 (DPP4) receptor interaction. Still,
much remains unknown about dendritic cell interaction with
SARS-CoV-2 [74].

5.3. Macrophages

Macrophages act as the first line of defense in the innate immune
response to SARS-CoV-2 [70]. Following SARS-CoV-2 infection of cells
in the lungs, alveolar macrophages along with neighboring epithelial
cells and endothelial cells recognize the damage-associated molecular
patterns in the release of ATP, nucleic acids, and ASC oligomers and
respond by triggering the release of proinflammatory cytokines and
chemokines [75]. As a result of the release of these proteins, more
macrophages, monocytes, and T cells are attracted to the site of infec-
tion, contributing further to inflammation [75]. At the site of infection,
alveolar macrophages help to clear neutralized viruses and apoptotic
cells via phagocytosis [75].

Problematically, macrophages expressing angiotensin-converting
enzyme 2 (ACE2), such as those found in the lungs, are susceptible to
SARS-CoV-2 infiltration and infection [75]. In addition to lung cells,
CD68+ and CD169+ macrophages with ACE2 are found in the spleen
and lymph nodes along with SARS-CoV-2 nucleoprotein antigen [76].
Most of the infected CD169+ macrophage gather in the red pulp section
of the spleen [76]. In the lymph nodes, macrophages are more abundant
in the marginal areas and these marginal areas are more likely to test
positive for viral nucleocapsid protein antigens than non-marginal areas
[76]. SARS-CoV-2 can infect macrophages via ACE2 triggering atypical
activation of macrophages leading to the production of interleukin
(IL)-6, tumor necrosis factor (TNF), IL-10, and PD-1 expression found in
alveolar macrophages and IL-6 expression found in the spleen and
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lymph node macrophages [76]. This further complicates the immune
response to SARS-CoV-2.

Macrophage infection by SARS-CoV-2 has further been explored in
rodent models. Immunohistochemistry staining of SARS-CoV-2-infected
ACE2 receptor-expressing transgenic mice, showed viral antigens in the
macrophages and histopathology showed macrophage infiltration and
accumulation in the alveolar interstitium and alveoli cavities of mice
[72]. In addition, perivascular infiltration by macrophages is also
observed in areas adjacent to the lungs [72].

5.4. T cells

Following the triggered release of the cytokine storm, T cells are
recruited to the site of infection further promoting inflammation.
Around one week after the onset of COVID-19 symptoms, T cell and B
cell responses to the virus are detected in the blood [75]. Most of the
direct attacking and killing of infected cells is done by CD8 + T cells,
while CD4 + T cells prime the other T cells and B cells [75]. In addition,
CD4 + T cells are important in cytokine production and activation of
immune cell recruitment [75]. T lymphocytes lack ACE2 expression but
can still be affected by SARS-CoV-2 [77]. This suggests that COVID-19
infects these cells via a different mechanism.

SARS-CoV-2 inhibits T cell-mediated immune responses by down-
regulating MHC class I and II molecules [70]. Exhaustion of cytotoxic T
cells and NK cells allows for viral persistence. This exhaustion, indicated
by the upregulation of NKG2A in the early stages of infection, is con-
nected to severe disease progression [70]. One study found that during
COVID-19 counts of CD8 + T cells were reduced and in severe cases
memory CD4 + T cell and T regulatory cell count were reduced as well
[70]. A decrease in T cells was found in lymph nodes and the spleen
[71]. Patients with mild symptoms and in mild stages showed that levels
of both T cells (CD3+ cells) and CD8 + T cells (CD3+/CD9+ cells) were
significantly higher compared to patients with severe disease. For both
mild and severe cases CD8 + T cell counts were down compared to
healthy donors [70]. These CD8 + T cells in COVID-19 patients were
found to produce lower levels of cytokines IL-2, IFN-y, and granzyme B
and to degranulate less compared to healthy donors [70]. In peripheral
blood T cells from severe patients in the ICU, expression of PD-1 (pro-
grammed cell death-1) receptor was higher compared to T cells in
healthy donors and patients with mild disease [70]. These findings help
to illustrate the strong immunosuppressive abilities of SARS-CoV-2 in
the adaptive immune response of T cells.

5.5. B cells

Following infection with COVID-19, B cells are able to produce an-
tibodies that block the virus from entering the host cells [70]. B and T
cells are important in retaining long term memory and protective im-
munity [78]. In severely infected COVID-19 patients, B cell count is
decreased compared to mildly infected patients [76]. Spike-specific
neutralizing antibodies, memory B cells, and circulating T follicular
helper cells have been found in patients who have recovered from
COVID-19 [79]. Several studies have also indicated that neutralizing
antibody production (and memory) after infection and recovery is lower
in milder cases compared to more severe cases. This suggests that a
stronger initial immune response could provide more protection against
later reinfection later on [76]. Although it varies person to person,
studies have found high titer neutralizing antibodies in some recovered
COVID-19 patients up to five months post-infection [80]. Thus, anti-
bodies have been shown to persist for at least five months, but may
persist longer as this was also the extant of the study period evaluation.

5.6. SARS-CoV-2 mediated cytokine storm

Similar to acquiring an infection from bacteria or other microor-
ganisms, SARS-CoV-2 can quickly elicit an immune response, divert
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bodily resources, and mobilize metabolic supplies [81]. After infection
with SARS-CoV-2, several cellular players such as T cells, B cells,
monocytes, macrophages, and NK cells will activate to combat the
infection. Receptor-ligand interactions among the cells that have been
compromised with the virus occur which produce a positive feedback
loop activating more white blood cells, which in turn starts a cascade
which releases pro-inflammatory cytokines that can spread throughout
the entire body. Some SARS-CoV-2 patients can experience this phe-
nomenon and present with mild to severe cold-like symptoms that
include respiratory issues and a general feeling of fatigue [82,83].
Several cytokines are believed to mediate this reaction to include tumor
necrosis factor (TNF), chemokines, IL’s, IFN, colony-stimulating factors
(CSF), growth factors, and other molecules. A cytokine storm results
when both adaptive and innate immune systems become stimulated as
the result of antigen-presenting cells processing viral antigen and pre-
senting this antigen to CD8-positive T cells and natural killer cells, which
causes the immune system to be overactivated and pathogenic. This
event can result in organ failure and death [84]. Cytokine storm has also
been reported in previous cases of SARS-CoV-1 as well [82].

5.6.1. GM-CSF

Granulocyte-macrophage (GM)-CSF is classified as a pro-
inflammatory cytokine and is involved in numerous immune system
processes like the production of granulocytes, dendritic cells, macro-
phages, and monocytes. Importantly, it is elevated in patients with
SARS-CoV-2 [85]. Clinical trials are currently underway testing the
ability of anti-GM-CSF to reduce the effects of its pro-inflammatory state
in patients, as GM-CSF is a primary driver in this pathological state [85,
86]. One case-cohort study showed that Linzilumab, an inhibitor of
GM-CSF, decreased inflammatory markers such as IL-6 and TNFa in
high-risk COVID-19 patients with severe pneumonia and was associated
with improved clinical outcomes [87].

5.6.2. IL-6

Patients who contract SARS-CoV-2 have also been shown high levels
of pro-inflammatory cytokine IL-6. This cytokine is created from stim-
ulated monocytes and macrophages at the start of infection. Studies
have shown that increased levels of IL-6 are correlated with lung dam-
age in patients suffering from the virus. Similar to GM-CSF, there is a
potential to alleviate the problems associated with this cytokine through
blocking its receptor, therefore rendering it inactive [88]. One drug that
shows promise is Tocilizumab, a monoclonal antibody used to decrease
cytokine release in other disorders. Currently, a trial is being conducted
to determine its efficacy in patients suffering from SARS-CoV-2 [89]. A
limitation to blocking the IL-6 receptor is that the body’s natural de-
fenses could be depleted, rendering it less effective at fighting off
pathogens [86].

5.6.3. IL-10

Levels of IL-10 has also been shown to increase in patients who have
SARS-CoV-2. A literature analysis found that IL-10 is significantly
increased in severely ill patients and levels are associated with the
severity of disease [90]. Regulatory T cells that become activated begin
to produce IL-10 when exposed to a pathogen. Usually, viral infections
in the lung cause IL-10 to decrease the innate inflammatory response
and prevent IL-17 producing cells from destroying tissue and reducing
other cytokines like IL-6 involved the mortality of certain viruses.
Higher than normal cytokine levels could render adaptive immunity
ineffective, thus exacerbating the effects of SARS-CoV-2 on lung
inflammation, which in turn could make it a useful marker for predicting
cytokine levels of patient’s outcome after infection [91].

5.6.4. Other cytokines and chemokines

IL-1 is a pro-inflammatory cytokine that stems from activated mac-
rophages and monocytes and has been correlated with decreased pul-
monary function, increased viral load, and increased mortality [81,92].
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IL-2 works to proliferate effector and memory T cells, and higher levels
of IL-2 are observed in severe and critical COVID-19 cases [93,81]. IL-4
is another important player in adaptive immunity from activation to the
differentiation of B lymphocytes. This anti-inflammatory cytokine is also
elevated during cytokine storm [22].

Chemokines are involved in the movement of immune cells and
developing adaptive and innate immune systems. They become acti-
vated in response to an infection or pathogen and can bring leukocytes
to the site of concern. Chemokines CXCL8, CXCL10, and others are pro-
inflammatory and are also elevated in SARS-CoV-2 patients [94,95].

6. SARS-CoV-2 mediates neuroinflammation and induces
fibrosis in CNS

The BBB consists of tight junctions between the choroid plexus’s
epithelial cells, cerebral and arachnoid epithelium [96]. One proposed
mechanism is that the virus gains entry to the CNS via binding to the
ACE2 receptor among BBB endothelial cells, and neuroinflammation
[39]. The virus may also circumvent the BBB’s protection by infecting
CNS-infiltrating macrophages and monocytes [39]. Yet another way that
the virus can disrupt the BBB comes from systemic inflammation
engaged in response to viral infection in the lungs. Astrocytes are a
component of the BBB and, as such, would receive signals from the
pro-inflammatory cytokines in circulation [97]. This could cause
SARS-CoV-2 to enter the CNS, leading to neuroinflammation.

Being the native immune cells in the CNS, microglia will become
active when injury to the brain or infection occurs [97]. They employ a
wide range of functions that include but are not limited to, neuronal
plasticity, clearing of debris, synaptic pruning, regulating brain paren-
chyma, and receiving input from the peripheral immune system.
Following infection with SARS-CoV-2, patients can present with a large
increase in systemic pro-inflammatory cytokines as discussed above.
Since microglial cells have such a wide range of functions in the CNS,
SARS-CoV-2 infection might elicit the pro-inflammatory microglia
phenotype, which can present in a patient as a neurodegenerative dis-
order. The presence of reactive pro-inflammatory microglia can also
increase the expression of genes that cause neuroinflammation [95,97,
98] (Fig. 2).

SARS-CoV-2 infection can facilitate neuronal injury and neurological
changes. Encephalitis and the generation of fatal microthrombi can
occur with infection [99]. Multisystem inflammatory syndrome from
severely affected patients can lead to fibrosis and thrombosis, affecting
the brain [100]. Viral interaction with ACE2 receptors on neurons may
cause axonal damage, thus inducing neurological damage. Alarmingly,
it is entirely possible that because of the varying levels of ACE2 in the
brain, this may accelerate a variety of neurodegenerative diseases [101].

7. SARS-CoV-2 infection of the nervous system

Neurologic manifestations occur in COVID-19 patients with and
without underlying neurologic conditions are increasingly being
recognized as an important aspect of this disease. A systematic study in
Wuhan, China reported neurologic manifestations in 78 of 214 patients
hospitalized with COVID-19 [102]. In this study 14.8 % of patients
experienced impaired level of consciousness, 5.7 % suffered from an
acute cerebral accident and 19.3 % had skeletal muscle injury. About 20
% of patients admitted to the ICU for COVID-19 reported neurological
complications, and those with neurological issues presented a higher
mortality rate. These symptoms have included stroke, encephalopathy,
and acute inflammatory demyelinating polyneuropathy encephalitis, to
name a few [29]. A French study reported neurologic symptoms in 49 of
58 patients with COVID-19 [103]. A meta-analysis of the most common
neurologic manifestations of COVID 19 reported fatigue in 32 %, my-
algias in 16 % and headache in 9.2 % of patients [104]. Taken together,
there is clear evidence that neurological symptoms of COVID-19 are
common and potentially profound. This is particularly problematic
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given that previous coronavirus infections, including MERS and SARS,
did not report significant CNS-targeted complications [105].

7.1. COVID-19 and stroke

Stroke is emerging as a common and potentially devastating
complication following SARS-CoV-2 infection. Indeed, 2-6 % of hospi-
talized patients with COVID 19 have suffered an acute cerebrovascular
event [106]. Like those who experience stroke in the general population,
COVID-19 relatedstroke is commonly ischemic in nature, although there
have been a few hemorrhagic cases [107]. Further, strokes were more
likely in COVID-19 patients who were older, hypertensive, had higher
D-dimer and C-reactive protein levels, and a more severe clinical course
of COVID 19 infection [107]. The mechanisms by which SARS-CoV-2
can cause strokes are varied and include coagulopathy, myocardial
damage with cerebral embolism, or destabilization of pre-existing
atheroma plaque [108]. Viruses lead to thrombosis by triggering im-
mune system responses involving endothelium, platelets, and coagula-
tion. In addition, the “cytokine storm” produced in response to
SARS-CoV-2 can increase D-dimers and affect coagulation, prompting
stroke. The virus may also damage the heart, causing viral myocarditis,
leading to cardioembolic stroke. Inflammation may additionally desta-
bilize the fibrous capsule around the atheroma plaque, which could
expose the thrombogenic clotting material, thus prompting clogging of
the arteries, which in turn would also cause stroke [108].

One study found that COVID-19 patients with a history of stroke have
a worse prognosis and are three times more likely to die than individuals
without stroke history [108]. Even among non-infected patients, indi-
rect consequences of the COVID-19 pandemic could be increasing stroke
morbidity and mortality. Fear of going to hospitals, along with hospital
resources being focused on COVID-19 patients could indirectly lead to
increases in stroke incidence [108]. Management of stroke in the setting
of concurrent COVID-19 should follow the standard of care for
non-COVID stroke. Hemorrhagic strokes may be caused by the cytokine
storm or by SARS-COV-2 binding to ACE2 receptors in endothelial and
arterial smooth muscle cells of the brain, which damages intracranial
arteries to the point of rupture [107].

7.2. Headache and COVID-19

Headache is not only seen commonly as a presentation of COVID-19
but can also be a complication of other neurologic conditions including
meningitis, encephalitis, vasculitis and intracranial hypertension-all of
which have been reported with COVID-19. However, hypoxia, metabolic
abnormalities and systemic inflammation may all contribute to head-
ache. Given that headache has been reported in up to 40 % of patients
with COVID-19, new onset headaches and any change in the character or
pattern of headaches in a patient with a known primary headache dis-
order requires a search for a secondary cause, such as acute COVID-19
[109].

7.3. Seizures and COVID-19

Patients with underlying seizure disorder may be at an increased risk
of breakthrough seizure due to infection, including COVID-19 [110].
Although there have been case reports of patients with COVID-19 having
seizures with no history of epilepsy, it is not clear if this is directly due to
SARS-CoV-2 infection or an unmasking of a seizure disorder due to other
factors [111].

7.4. Anosmia and ageusia and COVID-19

There is a wide range of prevalence of anosmia and ageusia reported
in the literature with a study in Wuhan reporting a prevalence of
hypogeusia of 5.6 % and a prevalence of hyposmia of 5.1 %. A German
study reported 88.5 % of patients with COVID-19 experiencing olfactory
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dysfunction and 88 % experiencing dysfunction of taste [112].
Furthermore, an Italian study revealed 34 % of patients reported dis-
orders of smell [113].

7.5. COVID-19 and cognitive impairment/dementia

The COVID-19 pandemic has presented unique challenges to patients
with dementia. Individuals with dementia have more difficulty
following public health guidelines such as hand hygiene, mask-wearing,
and maintaining social distancing from others [114]. The lack of social
contact can be especially challenging for these patients, as they may not
fully understand why they cannot make contact with loved ones,
adversely affecting their mental health and even causing depression
[114]. Finally, the strain placed on the healthcare system by COVID-19
diverts resources away from patients with chronic diseases such as de-
mentia, which can hinder any progress being made in controlling their
disease [114].

Dementia patients may be at increased risk for contracting COVID19.
It is known that APOE e4 increases the risk of developing Alzheimer’s
dementia and APOE e2 decreases this risk. A recent United Kingdom
study reported that there is a higher risk of contracting COVID-19 in
people who are carriers of APOE e4 [115]. This may place people with
APOE e4 and SARS-CoV-2 infection at a higher risk of cognitive
impairment. Furthermore, dementia patients are more likely to have
comorbidities such as cardiovascular disease, diabetes, or pneumonia
than those without dementia, heightening their risk of severe morbid-
ities or even death if they were to contract COVID-19 [114]

Canvelli et al. (2020) conducted a study to determine whether clin-
ical conditions or cognitive disturbances changed in patients with de-
mentia during the pandemic [114]. They found that there was an overall
worsening of symptoms in nearly one-third of the sample studied. In
particular, patients presented with decline in memory and orientation
abilities. Reduced levels of independence and functional decline were
noted in 19 patients (13.6 % of the sample). More than half of the pa-
tients experienced new or deteriorating behavioral disturbances
including aggression, apathy, and depression. Though the sample size
was limited, the researchers determined that COVID-19 indirectly af-
fects the clinical conditions of patients with dementia and other cogni-
tive disturbances.

7.6. COVID-19 in Parkinson’s disease (PD)

The impact of COVID-19 on PD patients is complex as the virus can
directly affect their health, and also have downstream effects on their
disease progression and quality of life. Although 95.6 % of PD patients
are taking precautions including handwashing, mask-wearing, rigorous
confinement, social distancing, and use of gloves, only 68.8 % were
concerned about the virus [116]. However, this population may be at a
higher risk of disease severity as 11.7 % of PD patients were admitted to
the intensive care unit or had severe pneumonia after contracting the
virus [117]. Additionally, these patients are at a higher risk of dying
from COVID-19 compared to non-PD patients [118]. Studies have shown
mortality rates ranging from 19.7% to 50% [118-120]. One hypothesis
as to why PD patients may at higher risk of mortality is due to the
development of oropharyngeal dysphagia which can lead to aspiration
pneumonia.

Further, COVID-19 may also exacerbate neurological symptoms in
PD patients [117]. Case reports have described the onset of worsening
PD and motor symptoms (i.e., fall, speech disturbance, dystonic spasms)
prior to the diagnosis of COVID-19 [121-123]. These changes to motor
symptoms may be explained in part by the reduced absorption of oral
therapy due to diarrhea, a symptom of COVID-19 [124]. Worsening of
symptoms may also be attributed to the secondary effects of the
pandemic such as stress and change to their normal activity. When
evaluating changes in neurological symptoms from the month before the
pandemic began and one month later, patients experienced worsening of
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PD symptoms including rigidity, fatigue, tremor, pain, and concentra-
tion [125].

COVID-19 has further impact on the lives of PD patients as their
everyday life is affected by the pandemic. PD patients without COVID-19
have demonstrated a decrease in quality of life and physical activity, and
an increase psychiatric symptoms (i.e., depression, insomnia, irritabil-
ity) as an indirect consequence of the pandemic [125-128].

Although the long-term relationship between COVID-19 and neuro-
logical symptoms will take years to surface, there may be evidence of
Parkinsonism development in a healthy individual. A case report was
published describing a 45-year old man developed Parkinsonism two
month post infection, evidenced by changes in motor function, speech,
and decreased uptake of ®F-FDOPA in both putamens, suggests neuro-
logical changes due to the virus [129]. Further research and observation
will provide insight into the long-term neurological effects of COVID-19.

7.7. Encephalopathy

Encephalopathy is characterized by an impairment in attention and
arousal. The causes of encephalopathy are often multifactorial and
require a search for toxic-metabolic causes, hypoxia, sepsis, organ fail-
ure and the adverse effects of drugs. Risk factors that predispose a pa-
tient include underlying neurodegenerative disease like Alzheimer’s
advanced age, an infection, metabolic and endocrine abnormalities,
systemic illness being in the hospital, especially in an intensive care unit
and other causes of cognitive impairment [130].

Early case reports of COVID-19 related encephalopathy began in
March 2019 [131,132]. However, the incidence has since increased as
recent studies have reported rates ranging from 9.4% to 37.7% in
neurological patients [133,134]. Interestingly, less than 1% of children
reported definite neurological complications such as encephalopathy,
seizure, or meningeal signs [135], indicating that encephalopathy is
more common in adult than pediatric COVID-19 patients.

COVID-19 patients displaying general states of confusion, agitation,
unconsciousness altered mental state and seizure have prompted diag-
nostic testing [136,137]. Upon receiving a electroencephalograph, a
common diagnostic tool for encephalopathy, 21 % were indicative of
encephalopathy [136]. This diagnosis increased to 74 % in critical pa-
tients [138]. The most common background abnormality and the site
was diffuse slowing and the frontal region, respectively [137]. Aware-
ness of the symptoms of encephalopathy and diagnostic testing is
important as the diagnosis is associated with a worse functional outcome
and increase in mortality [134].

7.8. Amyotrophic lateral sclerosis

The relationship between amyotrophic lateral sclerosis (ALS) and
COVID-19 has been minimally studied. Increased susceptibility to
COVID-19 or outcome severity in relation to ALS has not been reported.
Currently, research focuses on the effect of COVID-19 on telemedicine or
emotional distress [139-144]. A primary indirect effect of the pandemic
on ALS is the effect on their mental health as studies found that
depression, anxiety, and self-awareness were increased due to the
pandemic [139,144]. Additionally, patients experienced suspension of
therapy sessions and doctor visit cancelations. These factors may
contribute to the higher clinical progression rate and self-perceived
worsening of motor impairment [144].

7.9. Ataxia

Currently, there are no studies examining the effects of COVID-19 on
outcomes in individuals with diagnosed cerebellar ataxia. For those with
no history of ataxia, the development of this condition secondary to
COVID-19 is uncommon, with only 0.4 % patients experiencing ataxia
[134]. Case studies have reported ataxia developing prior to, during,
and post COVID-19 in men aged 30-73 years [145-148]. Therapies
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ranged for patients, however, and included the use of levetiracetam in
combination or alone to resolve the symptoms [146,147].

7.10. Guillain-Barré syndrome, acute inflammatory demyelinating
polyneuropathy (AIDP)

Guillain-Barré syndrome (GBS) has been described in the setting of
previous gastrointestinal and respiratory illnesses including SARS-CoV-
1 infections [149]. Five cases of GBS were reported in Italy after
COVID-19. The majority of the patients presented with lower extremity
weakness and paresthesias with neurological symptom onset occurring
5-10 days after the onset of viral symptoms [150]. GBS including Miller
Fisher syndrome and polyneuritis cranialis and pharyngeal and facial
weakness have been described with COVID-19 infections [151].

7.11. Bell’s Palsy

Bell’s palsy related to COVID-19 is uncommon as only 1 of 89 oto-
laryngologic symptom presenting patients reported Bell’s palsy [152].
Case studies have primarily reported the relationship between Bell’s
Palsy and COVID-19. One patient experienced bilateral weakness, while
three other reports were limited to left facial paralysis. Ages ranged from
35 to 65 years in both men and women, including one pregnant woman
at 39-weeks gestation. All patients experienced Bell’s Palsy during
infection. Treatment ranged from antivirals and/or steroids or intrave-
nous immunoglobulins [153-156].

7.12. Brain tumors

The ability to receive tumor treatment has been a secondary casualty
of the pandemic. In a study of 1,459 brain tumor patients, there was no
difference in positivity rates of COVID-19 between regions (Americas,
Europe, or Africa/Asia/ Oceania). However, Europeans experienced the
most treatment delays. Clinical trial enrollment was also affected as 18.6
% of patients lost the ability to participate due to COVID-19 [157]. In the
United Kingdom, 10.7 % of patients had to change their management
plans with 86 % no longer undergoing surgery [158]. These delays are
two-sided as hospital resources were needed to treat COVID-19 patients,
and these individuals are considered high-risk. Hospitals have devel-
oped algorithms and flow-charts to determine the need for surgical
intervention or have utilized less invasive surgical techniques to mini-
mize the length of hospital stay [159-161]. Additional protocols and
have been effectively implemented to minimize the risk of COVID-19
transmission [162,163].

7.13. COVID-19 patients with hypoxia

Many patients suffering from COVID-19 also appear to present with
abnormally low blood oxygen saturation levels [164]. Hypoxia, insuf-
ficient oxygen supply to tissues, causes damage [165]. Although these
individuals’ do not get proper oxygenation through their blood,
COVID-19 patients with hypoxia often do not appear to be in much
respiratory distress; rather, they feel alert, and can talk easily [164].
Thus, hypoxia in patients with COVID-19 is often known as “happy” or
“silent” hypoxia since it has minimal additional effects [164].

7.14. Neuropsychiatric manifestations including anxiety, depression, and
psychosis

Neuropsychiatric complications, especially depression, anxiety,
traumatic stress disorder, etc., related to COVID-19 appear to be
extremely common and encompass a wide spectrum of dysfunctional
phenotypes that negatively impact quality of life [166,167]. For
example, in a sample of formally hospitalized COVID-19 patients, at 30
days post-discharge, symptoms of post-traumatic stress disorder,
depression, anxiety, obsessive-compulsive, and insomnia were reported
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at rates of 28 %, 31 %, 42 %, 20 % and 40 % respectively [168]. Further,
relative to patients infected with other respiratory illnesses, a large
electronic health records studies have noted that among those diagnosed
with COVID-19 but with no prior history of psychiatric disturbances,
there was a ~4.6 % probability of developing a novel anxiety disorder
within 90 days of infection [169].

As a secondary consequence, the SARS-CoV-2 pandemic has insti-
gated a mental health crisis among the world’s population. Indeed,
numerous reports have described high prevalence (condition-dependent
ranges of 12%-67.5%) of anxiety and depressive symptoms as well as
insomnia and the presence of emotional trauma among clinical care
providers and essential workers [170-172]). Among the general popu-
lation, the social isolation, uncertainty and low locus of control induced
by global lockdowns is a very likely explanation for the observed up-tick
in patients seeking mental health treatment and presenting with mood
dysregulation. Sadly, the pandemic has brought about a concomitant
increase in negative coping approaches, including substance use, as well
as suicidality [173].

The engagement of the immune system with CNS function with
regards to mental health and the response to stress has been the subject
of intense research in the past few years, having revealed numerous
mechanisms by which immune activation (i.e., by a viral infection)
could mediate neuropsychiatric complications. Chief among these
mechanisms is the notion that these complications are driven by
excessive inflammation, like that associated with COVID-19 [174,175].
Indeed, many of the cytokines known to be induced in COVID-19 pa-
tients, including IL-1p IL-6 and TNF-a, have been associated with major
depression and anxiety disorders and extensively reviewed elsewhere
[176-178]. Importantly, co-administration of non-steroidal anti-in-
flammatory drugs along with antidepressants significantly reduce
symptoms of disordered mood [179] and could represent a viable
treatment option to combat COVID-19 inflammatory cascade-induced
neuropsychiatric manifestations.

Taken together, these emerging data suggest that mental health
complications resulting directly or indirectly as a result of the SARS-
CoV-2 pandemic represent a critical medical challenge, the burdens of
which will likely carry forward for many years to come. It is important to
note that similar neuropsychiatric manifestations have been reported in
the context of SARS-CoV-2 as well as MERS-CoV outbreaks among pa-
tients, members of the general public, and healthcare workers
[180-183], thus continued exploration of the mechanisms underlying
the ability of peripheral viral infection, or the threat of one on either an
individual and population scale, to initiate

7.15. Long COVID, chronic COVID, long haulers

There is a growing body of case reports of a subset of patients having
protracted symptoms, neurologic and otherwise, after the acute phase of
COVID-19. These patients are colloquially referred to as “long-haulers”
[184]. One of the most common long-term complaints is severe fatigue
resembling chronic fatigue syndrome, also known as myalgic encepha-
lomyelitis, which has been reported in previous coronavirus infections.
This condition does not currently have identified biomarkers so the
diagnosis is one of exclusion and is based on symptoms [185]. In fact,
similar complaints including myalgias, depression, fatigue and dis-
rupted sleep were reported after SARS infection in 22 patients unable to
work 13-36 months after the acute infection [186]. Another study fol-
lowed patients four years after SARS infection finding 40 % still
suffering from chronic fatigue [182].

8. Potential therapies for COVID-19

Many potential therapies for COVID-19 are being studied and tested,
but, fortunately, there are some medications approved by the FDA
available for affected individuals [187]. Some pharmaceutical medica-
tions are being explored as potential therapies with varying degrees of
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Table 1
Investigational and Utilized Therapies for COVID-19. Resources: FDA, WHO,
Clinical trials.gov.

Type of therapies Approach/drug Mechanism of action

Inhibits RARp and viral RNA
polymerase activity

Impacts glycoproteins of cell
receptors, inhibiting SARS-CoV-
2 recognition

Inhibits viral replication, protein
glycosylation, viral assembly,
and other antiviral activity
Interferes with RdRp and early
termination of RNA transcription
of the virus

Mimics RdRp and thus inhibits
its function, preventing viral
synthesis

Inhibits IL-6 receptors, thus
potentially minimizing the effect
of the cytokine storm

Reduces risk of infection,
enhances immunity, upregulates
ACE2, overall diminishes the
severity of illness

Suppresses viral replication,
strengthens antiviral immunity,
reduces COVID-19-related
damage within the body

Favipiravir

Chloroquine

Hydroxychloroquine

Remdesivir

Pharmaceutical

P Ribavirin
medications

Tocilizumab

Vitamin D

Zinc

mRNA vaccine injected into
muscle of the upper arm.
Distributed in 2 shots given 21
days apart. This vaccine has an
efficacy rate of 95%

mRNA vaccine injected into
muscle of the upper arm.
Distributed in 2 shots given 28
days apart. This vaccine has an
efficacy rate of 94.1%
Adenovirus-based vaccine
injected into the muscle of the
upper arm. Distributed in 2 shots
given 4 weeks apart. This
vaccine has an efficacy rate of
62-90% depending on dosage.
Adenovirus-based vaccine
distributed in 1 dose via
injection to the arm muscle.
Efficacy results for this vaccine
have yet to be determined.

Pfizer BioNTech
“Comirnaty”

Moderna
“mRNA-1273”

Vaccines

Oxford-AstraZeneca
“AZD1222”

Johnson & Johnson
“Ad26.COV2.S”

Saltwater gargles, hot
teas, lozenges
Vaporizers, humidifiers,
steam inhalers

Herbal medicine

Alleviate sore throat symptoms

Home remedies . .
Alleviate congestion

Alleviate a variety of symptoms

Antibodies in the plasma of
recovered patients may help
fight currently infected patients

Other Convalescent plasma

success [188]. Hydroxychloroquine, originally used to treat malaria and
other inflammatory diseases, was initially thought to have potential
against COVID-19 [187], but has since been shown to not be effective
[189]. Ribavirin prevents viral fusion as well as viral entry into host cells
[187]. Another pharmaceutical therapy for COVID-19 is Remdesivir,
which inhibits viral replication of SARS-CoV-2 [187].

Further, antagonist drug tocilizumab also inhibit the entry of the
virus to the host cell [187]. The last resort for a potential treatment is
convalescent plasma, in which the patient receives plasma from a
recovered COVID-19 patient. This is performed in hopes that the anti-
bodies in the plasma of the recovered patients could help fight the virus
in infected patients [188]. Several ongoing clinical trials for vaccines,
anti-viral drugs, and neutralizing antibodies to restrict COVID-19 in
humans are listed in Table 1. Inhibition of the ACE2/TMPRSS2
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mechanism has also been considered as a therapeutic approach for
COVID-19 [61]. One study demonstrates that entry of SARS-CoV-2 uses
receptor ACE2 for cell entry and TMPRSS2 for S protein priming and
TMPRSS2 activity is blocked by serine protease inhibitor [190].

Many known compounds that block integrin binding may provide a
promising therapeutic approach against SARS-CoV-2 [191]. These
include an a4f1/p7 integrin antagonist, natalizumab, which was origi-
nally used for the treatment of multiple sclerosis Similarly, an allbf3
inhibitor such tirofiban, traditionally used to treat acute coronary syn-
drome, is also being explored as a potential therapy for SARS-CoV-2
[192]. Research from our, and other groups has shown that the
non-RGD peptide, ATN-161 (PHSCN), could inhibit the activity of the
a5p1 receptor in vivo in experimental cancer and ischemic stroke [13,
193]. ATN-161 has also successfully completed phase I cancer clinical
trials, proving to be both safe and well tolerated without any
dose-limiting toxicity [194]. In experimental ischemic stroke, we have
linked increased post-stroke brain endothelial cell o581 integrin
expression to the breakdown of the BBB and subsequent increased
edema and neuro-inflammation, both of which (as well as overall brain
injury size and functional deficit) could be blocked by ATN-161 [13].

As a potential antiviral therapy, a previous study reported that ATN-
161 could block viral replication of the betacoronavirus porcine
hemagglutinating encephalomyelitis virus (PHEV) in mice through the
a5B1-FAK signaling mechanism [195]. This mechanism begins with
ATN-161 binding to the RGD-binding pocket, thus acting as a noncom-
petitive inhibitor of integrin a5p1 [196]. Likewise, ACE2 binds to a5f1
in an RGD-independent fashion, although it possesses an RGD motif in a
region accessible for protein-protein interaction [197]. In this study, we
determined that the SARS-CoV-2 spike protein was bound to a581 and
a5p1/hACE2, and that binding was inhibited with ATN-161 in VeroE6
cells in vitro. A summarized mechanistic pathway for
ACE2-a5B1-ATN-161 is presented in Fig. 2. Collectively, these studies
support the further testing of ATN-161 as a novel COVID-19 anti-viral
therapeutic and suggest the intriguing possibility that it could also be
effective in treating COVID-19 related neuro-inflammation, stroke, and
other CNS manifestations of the virus.

9. Conclusion

The COVID-19 pandemic is a worldwide public health concern
requiring careful monitoring and recognition of its many consequences
for human health and well-being. Several clinical trials are currently
underway in search of therapies for COVID-19. In studying remedies for
this virus, it is important to note its method of infection as well as the
myriad of consequences on different systems in the body, including the
CNS. SARS-CoV-2 mediates neuroinflammation in COVID-19 and can
induce cytokine storm. COVID-19 patients with a history of CNS com-
plications have a worse prognosis as well as an increased risk of
morbidity and mortality. However, considering the complex patho-
physiological mechanism of SARS-CoV-2 in infected individuals as well
as the available bioinformatics gene expression profiling data, SARS-
CoV-2 may utilize alternate RGD exploiting integrins for invading host
cells along with ACE2. Targeting integrins may be a viable strategy for
COVID-19 therapies via inhibiting viral replication, reducing viral load,
and reducing BBB breakdown and neuro-inflammation. The pandemic
has significantly affected the lives of the global community and we are
hopeful that the advances that have come from one of the most signif-
icant research endeavors in recent memory will generate novel insights
that ease the burden of this collective challenge.
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