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Abstract

The mechanism underlying the pathogenesis of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
infection in humans is poorly understood, although the cellular receptors which facilitate the virus fusion have
been identified. Although the major symptoms of the infection have been identified as acute respiratory distress,
pneumonia, and fever, recently, symptoms involving nervous system dysfunctions, including encephalopathy and
stroke, have been detected. Herein, we comprehensively review the evidence that SARS-CoV-2 infection involves a
neurotropic mechanism including a nose-brain-lung axis suggesting implications in therapy development.
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INTRODUCTION

The current global pandemic outbreak of novel severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is known for its viral tropism to the lungs, which in severe cases can lead to the fatal respiratory
failure of patients who have contracted the disease. SARS-CoV-2 and SARS-CoV viruses have a 70%-80%
homology and both enter the body through the same receptor, angiotensin converting enzyme 2 (ACE2)".
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In addition to their genetic homology, the pathology that the two viruses exhibit in the clinic are highly
similar™. In a recent report from Wuhan, China, Mao and colleagues showed that in addition to respiratory
symptoms including pneumonia and acute respiratory distress syndrome (ARDS), out of 214 hospitalized
COVID-19 patients 78 (36.4%) showed neurological manifestations such as cerebrovascular diseases (5.7%),
impaired consciousness (14.8%), and skeletal muscle injury (19.3%)". Six percent of COVID-19 patients
have been reported to show symptoms of stroke and 15% were reported to show encephalopathy™. A
number of symptoms such as dizziness, headache, loss of taste and smell, impaired consciousness, seizures,
and nerve pain suggest a neurological connection to this viral infection.

Previously, SARS-CoV was observed in the cerebrospinal fluid of a SARS patient showing ARDS".
Neuropathy in a COVID-19 patient has been reported in which the patient had hyposmia and altered
taste sensation'®. Establishing the link between prior coronaviruses and their neurotropism appears to be
important because there is now mounting evidence for SARS-CoV-2 neuronal abnormalities emerging as a
significant symptom associated with the disease”. COVID-19 patients can show neurological manifestation
under three situations: due to neurotropism of the virus, post-infective neurological complications
or aggravated symptoms in patients with neurological co-morbidities like dementia'. Moreover, the
neurological complications and symptoms can be central, including headache, dizziness, altered sensorium,
stroke, ataxia, encephalitis, and seizuers, or peripheral, like loss of smell or taste sensation or skeletal
muscle injury[s]. Herein, we review a profound neurological basis of SARS-CoV-2 infection-induced global
pandemic and how the viral infection modulates the breathing of the lungs leading to fatal ARDS, to which
about 50%-80% of the severely ill patients succumb.

NEUROTROPISM OF 3-CORONAVIRUSES

The family of B-coronaviruses, to which SARS and SARS-CoV-2 belong, have been extensively studied.
Several of the B-coronaviruses have been discovered within the brain (especially the brain stem), including
SARS-CoV, hCoV-229E, hCov-OC43, mouse hepatitis E, and porcine hemagglutinating encephalomyelitis
(HEV) coronavirus®™”. Middle Eastern respiratory syndrome (MERS) virus, another notable zoonotic viral
outbreak in 2008-2009, that utilizes a different host receptor, DPP4, has also been discovered in the brain
stem of experimental animals even in the absence of lung infection”, demonstrating a strong propensity
for the family of B-coronaviridae to infect the brain. While ACE2 is expressed at low levels within the
brain, it has been hypothesized that the “promiscuous” spike protein of B-coronaviruses may also have an
unknown receptor in the brain and peripheral nerves to which the neurotropism is owed"”.

SARS-CoV and MERS-CoV are considered important coronaviruses with the potential of nervous system
damage. SARS-CoV was found to cause neurological conditions like demyelination of nerve fibers,
ischemic changes of neurons, and diseases such as encephalitis, polyneuropathy, and aortic ischemic
stroke"""’. Similarly, 1 in 5 MERS-CoV patients were reported with neurological symptoms such as paralysis,
ischemic stroke, loss of consciousness and Guillain Barré syndrome'”. The presence of SARS-CoV has also
been demonstrated in mice brain experimentally infected with SARS-CoV'"*. Another coronavirus, the
mouse hepatitis virus type 3, can disrupt the BBB by down-regulating interferon g which would allow virus

[14]

and infected immune cells in

NEURAL CONTROL OF BREATHING

The major life-threatening symptoms of SARS-CoV-2 infection are respiratory failure and pneumonia.
While pneumonia is largely an inflammatory condition of the lungs, breathing is extensively regulated by
the brain. Breathing is regulated by numerous internal and external stimuli, which are integrated in the
brain stem to produce the muscle movements necessary for inspiration (or inhalation), and expiration
(or exhalation) [Figure 1A]. The rate and phases of the breathing pattern arise from respiratory centers
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Figure 1. Respiratory centers of the brainstem and methods of viral entry into the nervous system. A: The brainstem contains the
respiratory centers which integrate signals from the cortex through the limbic system and regulate breathing. Motor efferents from
the brain stem innervate the diaphragm, airways, and abdominal muscles which create the movements necessary for inhalation and
exhalation; B: olfactory neurons are susceptible to infection by viral particles in the nasal cavity (Route 1). These sensory neurons
cross the cribiform plate and project through the olfactory tract into areas of the cortex and limbic system; C: alveoli in the lung are
innervated by sensory neurons projecting up the spinal cord to the brainstem. The sensory neurons that innervate the lungs directly
gather chemo- and mechano-signals from their dendrites in the lung and project them to pre-synapses in the brainstem. These neurons
detect changes in oxygen and CO,, mechanical stretch, and irritants that may be inhaled into the lung. Viral particles may enter these
neurons and be transported anterogradely to the respiratory centers of the brainstem (Route 2). They may also enter the bloodstream
and be subsequently introduced to the brain parenchyma through the blood-brain barrier (BBB) (Routes 3 and 4); D: a viral infection in
the bloodstream may cross the BBB by active transport via receptors on the surface of endothelial cells (Route 3) or by passive diffusion
through a leaky barrier (Route 4). Immune cells in the blood and glial cells in the brain respond to infection by releasing inflammatory
cytokines, which may damage the BBB and result in greater passive diffusion of the virus. Arrows indicate the direction of signal
transmission (A). Arrows indicate the direction of virus movement (B, C, D). Numerals 1-4 indicate different proposed routes of viral
transmission. PNC: pneumotaxic center; APC: apneustic center; PRG: pontine respiratory group; pF,: lateral parafacial nucleus; PiCo:
postinspiratory complex; PreBotz: PreBotzinger complex; VRG: ventral respiratory group; DRG: dorsal respiratory group

in the pons and medulla. This control arises from neural circuits projecting from the cerebral cortex to
the brainstem'. In addition to voluntary control of breathing, a variety of sensory pathways contribute
to the breathing pattern"®. Normal breathing consists of an inexorable active inspiration phase arising
from rhythmic neural activity in the preBétzinger (preBétz) complex'”. The preBotz is a region of the
ventrolateral medulla which is active in phase with inspiration. Neurons in the preBotz project either
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directly or indirectly to motor neurons which innervate the diaphragm, intercostals, and airway muscles
[Figure 1A]. Rhythmic limb movement has also been shown to modulate breathing through afferent
sensory pathways'™*. Of particular interest are vagal sensory neurons expressing chemoreceptors and
mechanoreceptors, which project from the lungs and airways to respiratory centers of the brainstem™”
Due to their inherent proximity to the primary infection site, these sensory neurons present one potential
mechanism by which respiratory viruses may enter the brain"”. Expiration is passive at rest. However,
active expiration may be brought on by increased O, demand, such as respiratory distress”"’. Disinhibition
or activation of neurons in the lateral parafacial nucleus (pF,), which project to expiratory premotor
neurons, causes contraction of muscles, which reduces lung volume below their resting capacity™. This
reduced lung volume after active exhalation increases the volume of the subsequent breath resulting in
greater O, delivery. A third phase, post-inspiration, may occur between the inspiration and exhalation
phases. Post-inspiration is a delay of lung deflation which increases gas exchange in the lung™’. It may
originate from interneurons medial to the parafacial nucleus, referred to as the post-inspiratory complex
(PiCo)™. Thus, infection of any of these regions of the brain may lead to respiratory distress or even
failure.

EVIDENCE OF NEUROTROPISM OF SARS-COV-2

It has been postulated that, like other B coronaviruses, SARS-CoV-2 can also infect the brain by migrating
from the general circulation to the cerebral microcirculation via endothelial cells which express ACE2".
In a recent case study published by Poyiadji et al”, they described an acute hemorrhagic necrotizing
encephalopathy that was directly attributed to SARS-CoV-2 infection and the concurrent cytokine storm
induced upon infection*?. Beyond isolated cases of overt severe neurological pathologies, 45% of severe
cases exhibited neurologic symptoms'”, increasing the likelihood that potential complications arising from
severe SARS-CoV-2 infections may have a strong neurologic component that has yet to be described and
characterized. Human coronavirus OC43 has been demonstrated to be transmitted in mice both passive

diffusion of released viral particles and axonal transport””.

Possible pathways for SARS-CoV-2 invasion of the central nervous system

The major receptor for SARS-CoV-2, ACE2, is distributed in multiple tissues of the body. It is present
in epithelial cells of alveoli and small intestine arterial and venous endothelial cells and arterial smooth
muscle cells™ neuronal, glial and endothelial cells of the brain"*. Low expression is observed in
glomerular tubular cells. Glomerular endothelial cells, Kupffer cells, hepatocytes, spleen, thymus, lymph
nodes and immune cells do not show the expression of ACE2"". Similar to SARS-CoV, SARS-CoV-2
uses the spike protein S1 to attach to the host cell ACE2 receptor™*", but SARS-CoV-2 binds to the
receptor with 10-20 fold higher affinity™. A possible explanation for this increased affinity comes from
the intense work of Shang et al®. By determining the crystal structure of the receptor-binding domain
(RBD) of the spike protein (S1), they showed that, compared to SARS-CoV, SARS-CoV-2 receptor
binding motif (RBM) contains a structural change in the ACE2-binding ridge caused by a four residue
motif (residues 482-485: Gly-Val-Glu-Gly) due to which the ridge becomes more compact and forms
more rigid contact with the N-terminal helix of ACE2"". In addition, changes in several other residues
in the SARS-CoV-2 RBD caused higher stabilization of two virus-binding hotspots at the RBD-ACE2
interface causing higher affinity of SARS-CoV-2 to ACE2"". A comparison between SARS-CoV-2 RBD
subdomain-1 (S1) with the RBD glycoprotein of bat coronavirus (RaTG13) and S1 protein of SARS
coronavirus showed strong but not identical homology in the spike proteins of all three CoVs which
can possibly explain the high binding affinity of SARS-CoV-2 to human ACE2 receptor”. Ou et al."”
showed that the SARS-CoV-2 spike protein is less thermostable than SARS-CoV spike protein, suggesting
its higher infectivity"”.Upon binding with the ACE2, SARS-CoV-2 S protein is primed by serine protease
TMPRSS2". SARS-CoV-2 might be able to transmigrate to the brain via the general circulation, the



Das et al. Neuroimmunol Neuroinflammation 2020;7:141-9 | http://dx.doi.org/10.20517/2347-8659.2020.36 Page 145

olfactory pathway, or the peripheral neurons of the lungs. The schematic in Figure 1 shows the possible
pathways of virus entry to the central nervous system (CNS).

The olfactory pathway

A proposed pathway that the virus can take to reach the brain is the olfactory pathway [Figure 1B]. Total
or partial loss of smell, either by “cytokine storm” or damage of the olfactory epithelium (OE), is an
early indicator of SARS-CoV-2 infection. Damage of the OE is particularly important as the cells express
both ACE2 and TMPRSS2"". ACE2 is highly expressed in the non-neuronal goblet/secretory cells"
and ciliated receptor cells of the nasal epithelium™*. Upon binding with these receptors, the virus can
travel through the cribriform plate to the olfactory bulb, move trans-synaptically to the cortex, and then

®l. The non-neuronal cells in the OE possibly serve as reservoir of the virus"**". The

to the brain stem
major complication causing death in COVID-19 is respiratory failure and pneumonia. The CNS control
of respiration, as described above, is an important factor in maintaining proper respiratory physiology.
Failure of CNS to control the rate and depth of respiration may lead to irreversible serious consequences.
Brain stem respiratory centers (RC) are the major neuronal groups controlling respiration. In a recent
study Moberly et al.”” showed the anatomical and functional connectivity among the RC neurons, nasal
epithelium and different brain regions including the olfactory bulb and limbic system"™”. Thus, damage to
any segment of this network is expected to cause respiratory distress as well as emotional and behavioral
dysfunction. Direct evidence of olfactory transmission of SARS-CoV was produced by Netland et al."”.
By immunohistochemical methods they showed the presence of SARS-CoV in several brain regions of
genetically modified mice including olfactory bulb, cerebral cortex, hippocampus and brain stem following
intranasal infection of the virus. Most importantly, in case of low-grade infection, the virus was observed
in the brain in the absence of lung infection or pneumonia’™, There is a 60 h delay between virus infection
and the presence of virus in the olfactory bulb", and this time is probably used by the virus for replication
and accumulation in the non-neuronal OE cells*”. The subsequent transport of the virus to other regions
of the brain was relatively faster, approximately 12 h-20 h"". However, a recent study conducted by Bao
et al™” showing the respiratory transmission of the virus via liquid droplets from infected to uninfected
hACEz2 transgenic mice did not report any neural transmission or viral presence in the brain""

The respiratory neuronal pathway

Lung-adjacent peripheral neurons may offer a second pathway for SARS-CoV-2 to enter the CNS [Figure
1C]. Due to their proximity to the primary infection site, these neurons are highly susceptible to viral
invasion. The previously mentioned porcine HEV has been visually identified by transmission electron
microscopy to infect sensory dorsal root ganglia™' and appears to be trans-synaptically transferred to the
brain stem via membrane-coated vesicles'”. HEV shares 91% homology to hCoV-OC43, a close relative to
SARS-CoV-2""', which provides some evidence that SARS-CoV-2 may also invade via a similar pathway.
The direct synaptic connections between these sensory nerves and the respiratory centers in mammals may
prove to be important in the characteristic respiratory failure seen in severe COVID-19 patients.

The circulatory pathway

Upon infection, SARS-CoV-2 has been detected in the general circulation from which it can be transported
to the cerebral circulation”. Endothelial cells (EC) of the blood-brain barrier (BBB) express the ACE2
receptor. The virus then binds with the receptor to enter the ECs and multiply. Eventual budding enables
the virus to infect the brain parenchyma, especially the neuronal cells"™*, which also express ACE2
receptors. The damaged capillaries cause micro-hemorrhage, which can have fatal consequences. Once in
the neurons, the viruses multiply and bud oft the neurons killing the cells and infecting many more cells in
the brain, which leads to functional deficits [Figure 1D]. In the case of SARS-CoV infection, Netland et al™
showed that the virus causes neuronal damage without evoking a substantial inflammatory response'”
In a small subset of severe influenza cases and various other viral infections, an associated cytokine storm
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Table 1. Currently recruiting clinical trials involving MSCs'

NCT number Interventions Enroliment Location

(Phases) (age)

NCT04313322 Wharton's Jelly MSCs 508+) Stem Cells Arabia, Amman, Jordan

(Phase 1)

NCT04336254 Allogeneic human dental pulp stem 20 (18-65) Renmin Hospital of Wuhan University (East Campus),

(Phase 1,2) cells vs. saline injection (Placebo) Wuhan, Hubei, China

NCT04288102 MSCs vs. 1% Human serum 90 (18-75) Maternal and Child Hospital of Hubei and Huoshenshan

(Phase 2) albumin in saline Hospital, Wuhan, Hubei, China

NCT04252118 MSCs 20 (18-70) Beijing 302 Military Hospital of China, Beijing, China

(Phase 1)

NCT04366271 Standard of Care vs. MSC 106 (40-80) Hospital Infantil Universitario Nino Jesus, Madrid, Spain

(Phase 2)

NCT04355728 UCMSCs 24 (18+) University of Miami, USA

(Phase 1/2)

NCT04366063 MSC Therapy 60 (18-65) Royan Institute, Tehran

(Phase 2/3)

NCT04339660 CMSCs vs. Placebo 30 (18-75) Puren Hospital Affiliated to Wuhan University of Science and

(Phase 1,2) Technology, Wuhan, Hubei, China

NCT04392778 MSCs vs. Saline Control 30 (40-60) Istinye University, Istanbul, Turkey

(Phase 1/2)

NCT04390139 Excel-UMC-Beta vs. Placebo 30 (18-75) Hospital DE Bellvitge, Barcelona, Spain

(Phase 1/2)

NCT04371393 Remestemcel-L vs. Placebo 300 (18+) University of Southern California, Los Angeles, CA and Ichan

(Phase 3) School of Medicine at Mount Sanai, NY, USA

NCT03042143 UCMSCs (CD362 Enriched) vs. 75 (16+) Belfast Health and Social Care Trust, Royal Hospital, Northern

(Phase 1/2) Placebo Ireland, UK

NCT04269525 Umbilical Cord MSCs 10 (18-75) Zhongnan Hospital of Wuhan University, Wuhan, Hubei,

(Phase 2) China

NCT04361942 MSC vs. Placebo 24 (18+) Hospital Universitario Rio Hortega, Valladolid, Spain

(Phase 2)

NCT04333368 Umbilical cord Wharton's Jelly 60 (18+) Hopital Pitié-Salpétriere and Européen Georges Pompidou,
MSCs vs. NaCl 0.9% Paris, France

'ClinicalTrials.Gov; accessed 27 May 2020. MSCs: mesenchymal stem cells

and subsequent BBB breakdown has been described as a known passive method of entry for viral particles
causing acute necrotizing encephalopathy in some patients'™,

NEUROTROPISM-TARGETED COVID-19 TREATMENT APPROACH

Thus far, there have been ~300 clinical trials registered in the National Institute of Health (www.
clinicaltrials.gov) on treatments for SAR-CoV-2. Most of these trials focus on antiviral drugs, without
any due consideration of the neurotropism of the virus. To our knowledge there are more than 160
antiviral agents are available'™”. Screening of these compounds with the intent to identify those that lack
neurodegenerative properties or those that possess neuro-regenerative effects may be useful in identifying
safe and effective drugs for SARS-CoV-2. It is interesting that one small clinical study relating to SARS-
CoV-2 of the effects of mesenchymal stem cells (MSCs), which are known to exert anti-inflammatory and
neuro-regenerative activities in brain disorders, showed excellent efficacy, i.e., all 7 of 7 patients showed
symptom reduction in 2 days after MSC transplantation'**. This study has provided a basis for several
MSC-based either observational or phase 1-3 trials, which are currently recruiting [Table 1]. In addition,
there are several other clinical trials which are registered but have not yet begun to recruit. Given the
pivotal role of neuropathology of SARS-CoV-2 and neuronal control of breathing, future therapies should
target neurotropism of the virus and combine anti-neuroinflammatory and neuro-regenerative features.

FUTURE THERAPEUTIC IMPLICATIONS

Several lines of evidence on coronaviruses and exploratory studies in SARS-CoV-2 have demonstrated
the involvement of viral neurotropism in the brain stem respiratory center, whose components control
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breathing, but it is unclear which of these three different pathways offer a potential method of invasion
for the virus, and they are not necessarily mutually exclusive. The viral entry of SARS-CoV-2 may be
via circulatory in one patient and via oronasal or peripheral sensory neurons in another. Each of these
pathways warrants further investigation to determine the neurotropism of SARS-CoV-2, and how these
pathways may be exploited to treat patients in the future.

Also, it is evident that one particular approach that is under intense investigation is the development of
potential SARS-CoV-2 treatment using MSCs, which have shown neuro-regenerative properties in several
brain disorders including traumatic brain injury (TBI)"“”. One of the issues in using MSCs in inflammatory
conditions is that MSCs undergo apoptosis or differentiation due to cytokines being released in those
inflammatory tissues. It has been reported that pretreatment of TBI animals first with an anti-inflammatory
agent followed by MSC treatments significantly increases the efficacy of MSCs'*. Whether a similar strategy
would be more successful in COVID-19 remains to be elucidated. Given the pace and expansiveness of the
COVID-19 super pandemic and the fact that the rebound infection may continue for several months to
years or could be a seasonal respiratory virus infection similar to influenza and respiratory syncytial virus,

it may be prudent to test these possibilities.
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