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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causes a highly

contagious respiratory disease referred to as COVID-19. However, emerging

evidence indicates that a small but growing number of COVID-19 patients also

manifest neurological symptoms, suggesting that SARS-CoV-2 may infect the

nervous system under some circumstances. SARS-CoV-2 primarily enters the

body through the epithelial lining of the respiratory and gastrointestinal tracts,

but under certain conditions this pleiotropic virus may also infect peripheral

nerves and gain entry into the central nervous system (CNS). The brain is

shielded by various anatomical and physiological barriers, most notably the

blood–brain barrier (BBB) which functions to prevent harmful substances,

including pathogens and pro-inflammatory mediators, from entering the brain.

The BBB is composed of highly specialized endothelial cells, pericytes, mast cells

and astrocytes that form the neurovascular unit, which regulates BBB perme-

ability and maintains the integrity of the CNS. In this review, potential routes of

viral entry and the possible mechanisms utilized by SARS-CoV-2 to penetrate

the CNS, either by disrupting the BBB or infecting the peripheral nerves and

using the neuronal network to initiate neuroinflammation, are briefly discussed.

Furthermore, the long-term effects of SARS-CoV-2 infection on the brain and

in the progression of neurodegenerative diseases known to be associated with

other human coronaviruses are considered. Although the mechanisms of SARS-

CoV-2 entry into the CNS and neurovirulence are currently unknown, the

potential pathways described here might pave the way for future research in this

area and enable the development of better therapeutic strategies.

Introduction

On 27 December 2019 the Chinese Center for Disease

Control and Prevention announced that it had

detected a cluster of patients in Wuhan, China, who

had developed severe pneumonia of unknown aetiol-

ogy, later termed COVID-19 (coronavirus disease of

2019) [1–3]. These patients were described as present-

ing with mainly fever, with a few patients having diffi-

culty in breathing, and on 8 January 2020 the

causative agent of COVID-19 was identified as severe

acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) [4]. In the subsequent 7 months, SARS-CoV-2

has become a worldwide pandemic, infecting over 18

million people and killing more than 690 000 patients

worldwide (https://www.jhu.edu/; https://coronavirus.
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jhu.edu/), whilst also crippling the world economy.

Although COVID-19 was first described as a respira-

tory disease, new data show that SARS-CoV-2 can

infect almost every organ, resulting in an ever-increas-

ing list of symptoms. In particular, neurological symp-

toms and disturbances in the central nervous system

(CNS) are common in many COVID-19 patients, and

may be a predictor of disease severity. In this review,

some of the most recent data on COVID-19-associ-

ated neurological disease are examined and the possi-

bility that SARS-CoV-2 may be infecting the CNS is

assessed. In particular, the possible mechanisms of

viral entry through the blood–brain barrier (BBB) and

the peripheral nerves are examined and the possible

long-term consequences of viral infection in the brain

are discussed by surveying data from closely related,

neurotropic viruses. Since viral infection of the CNS

often has long-term neurological implications for

patients, the possibility that these types of infections

could lead to neurodegenerative diseases is discussed.

Neurological symptoms associated with
SARS-CoV-2 infection: lessons learnt from

the past 7 months

Even in the early months of the COVID-19 pandemic,

physicians observed that a significant subset of

patients positive for SARS-CoV-2 presented with neu-

rological complications, sometimes accompanied by

respiratory distress. In February 2020, Li et al. [5]

suggested that since SARS-CoV-2 shared significant

similarities with severe acute respiratory syndrome

coronavirus (SARS-CoV), it was entirely possible that

SARS-CoV-2 could similarly penetrate the brain and

CNS of infected patients through synapses in the

medullary cardiorespiratory centre and thereby cause

respiratory failure. Quickly thereafter, several studies

of severely ill COVID-19 patients in Wuhan described

neurological symptoms including autopsy observations

of deceased patients which showed brain tissue

oedema and partial neuronal degeneration [6]. In a

retrospective study of hospitalized patients with labo-

ratory-confirmed SARS-CoV-2 infection in Wuhan,

China, 36.4% of patients exhibited neurological symp-

toms [7], such as dizziness (16.8%) and headache

(13.2%), whilst neurological symptoms were more

common in severe versus non-severe patients (45.5%

vs. 30.3%). Several symptoms were more specifically

associated with severe disease, such as impaired con-

sciousness (14.8% in severe vs. 2.4% in non-severe),

acute cerebrovascular disease (5.7% vs. 0.8%) and

skeletal muscle injury (19.3% vs. 4.8%). Other studies

also found incidences of headache, dizziness and con-

fusion in 5%–9% of hospitalized patients [8] and a

single study from Wuhan, China, reported similar

rates (�5%) of acute cerebrovascular disease in

severely affected COVID-19 patients [9]. A retrospec-

tive analysis of deceased patients in China found a

high rate of disorders of consciousness upon admis-

sion to the hospital, suggesting neurological complica-

tions were an indicator of poor prognosis [10]. In the

past 7 months, it has been learnt that the loss of taste

and smell is an early sign of SARS-CoV-2 infection,

affecting approximately 5% of Chinese patients [7]

30%–40% of European patients [11–13], and is most

prevalent in young women [12,13]. This observation is

especially significant since it has been suggested that

human coronaviruses, such as SARS-CoV (in mice)

and HCoV-OC43 (in mice and humans), enter the

brain through the olfactory bulb [14]. A recent cross-

sectional study reported that the cumulative incidence

of COVID-19 was higher in patients with active epi-

lepsy compared to control subjects without epilepsy

[15]. Another study showed that plasma biomarkers

of CNS injury, namely neurofilament light chain pro-

tein, a marker for neuronal injury, and glial fibrillary

acidic protein, a marker for astrocytic injury, were sig-

nificantly elevated in patients with moderate and sev-

ere COVID-19 [16]. Histopathological examination of

brain specimens from a cohort of 18 COVID-19

patients showed acute hypoxic injury in the cerebrum

and cerebellum and loss of neurons in the cerebral

cortex, hippocampus and cerebellar Purkinje cell layer

[17]. A retrospective study from China found that

COVID-19 patients over 60 years old and with neuro-

logical comorbidities were at a higher risk of develop-

ing neurological impairments such as impaired

consciousness and cerebrovascular accidents [18].

Gateway to the brain: neurotropic and
neuroinvasive potential of SARS-CoV-2

Severe acute respiratory syndrome coronavirus 2

belongs to the betacoronavirus genus in the Coronaviri-

dae family [19]. With the exception of HCoV-229E

and HCoV-NL63 (alphacoronaviruses), human coron-

aviruses (HCoVs) belong to the betacoronavirus genus.

All human coronaviruses have animal origins [20] and

cross-species transmission appears to happen when

low affinity binding occurs in receptors closely related

between host species. Two strains of SARS-CoV iso-

lated from palm civets, for example, had high affinity

for civet receptor angiotensin converting enzyme 2

(ACE2) and high infectivity in civet cells but these

same two strains of SARS-CoV had low affinity for

human ACE2 and therefore low infectivity in human

cells [21]. Similar to SARS-CoV, SARS-CoV-2 also

binds to human ACE2 with high affinity and is
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probably the principal entry route into human respira-

tory cells [22,23]. Again similar to SARS-CoV, SARS-

CoV-2 also requires the transmembrane serine pro-

tease 2 (TMPRSS2) for spike protein priming and

entry into the host cell [22], although for SARS-COV-

2 this might vary depending on the cell type [24,25].

Therefore, cells that express ACE2 and TMPRSS2,

such as the glia and neurons, would be plausible tar-

gets for SARS-CoV-2 infection [26].

At these early stages of our understanding of

COVID-19, SARS-CoV-2 infection of the CNS is spec-

ulative and, although the mechanisms of SARS-CoV-2

entry into the CNS have not yet been studied, extrapo-

lation from closely related viruses points toward some

possible routes of infection. SARS-CoV-2 may deploy

similar mechanisms to other pathogenic neurotropic

RNA viruses that bypass protective barriers and access

the CNS. Most coronaviruses cause respiratory disease

in humans and most immunocompetent hosts display

only mild to moderate upper respiratory symptoms

[27], suggesting that most coronavirus infections begin

in the lungs. However, human coronavirus infections

can spread out of the lung and cause neurological com-

plications: SARS-CoV [28], MERS-CoV [29], HCoV-

OC43 [19] and HCoV-229E [30] infections are associ-

ated with headache, dizziness, axonopathic polyneu-

ropathy, myopathy, ischaemic stroke, ataxia, febrile

seizures, convulsions, loss of consciousness and

encephalomyelitis encephalitis [14]. In fact, some of

these viruses have been found in the CNS of their hosts

[31–35]. SARS-CoV has been isolated and cultured

from the brain of a severe acute respiratory syndrome

(SARS) infected patient, providing evidence that

SARS-CoV is able to infect the human brain [32].

HCoV-OC43 has been associated with fatal encephalitis

in immunocompromised paediatric patients, demon-

strating direct evidence for the presence of viral pro-

teins and RNA in neuronal cells in autopsied brain

tissue [33,35]. A first case of SARS-CoV-2 meningitis/

encephalitis has been reported recently, where RNA

has been detected in the cerebrospinal fluid (CSF) [34],

suggesting that SARS-CoV-2 can invade the CNS. Sim-

ilar to these neurotropic HCoVs, SARS-CoV-2 infec-

tion in the lungs of some COVID-19 patients may also

lead to entry into the CNS and this could occur via two

main pathways: (i) infection of peripheral nerves and

retrograde axonal transport; and/or (ii) haematogenous

spread and infection of the cells of the BBB.

Entry through the peripheral nerves

The peripheral organs are highly innervated with neu-

rons that link the peripheral nervous system (PNS)

with the CNS and neuroinvasive viruses have evolved

several strategies to access the CNS via the transneural

route [19,31,36]. For example, viruses can manipulate

the neuronal cytoskeletal machinery of the micro-

tubules and molecular motors, such as dynein and kine-

sin, to traffic virions via a retrograde and anterograde

transport route, respectively, from the PNS into the

CNS [36]. After replication in the neuronal cell body,

fully assembled viral particles are released into the

synaptic cleft and infection is spread to presynaptic

neurons. As will be discussed in more detail below,

most RNA viruses including a number of coronaviruses

have been shown to enter the CNS by utilizing the

transneural pathway [19,31]. Given the fact that SARS-

CoV-2 is an RNA virus and has substantial similarity

to other coronaviruses (that belong to the same family

of viruses), it is hypothesized that it might deploy simi-

lar entry routes to access the CNS (Fig. 1).

Trafficking via olfactory nerves

The olfactory nerve belongs to the PNS and inner-

vates the olfactory epithelium and terminates in the

olfactory bulb in the CNS. Many SARS-CoV-2

Figure 1 Potential route of SARS-CoV-2 entry from the periph-

eral nervous system (PNS) into the central nervous system

(CNS). The virions bind to the receptors on the peripheral

nerves and are then transported via the retrograde transport sys-

tem using microtubule-associated molecular motor dynein

(from + to – end) towards the neuronal cell body (soma). Once

inside the soma, the virions undergo transneuronal spread

through the synapses to infect the presynaptic neurons. [Colour

figure can be viewed at wileyonlinelibrary.com]
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patients have reported anosmia in the early stages of

the disease, suggesting the involvement of the olfac-

tory bulb [37]. In mice, ACE2 and TMPRSS2 were

expressed in the olfactory epithelium, with higher

expression levels in older animals [38]. Another group

reported that ACE2 and TMPRSS2 were mainly

expressed by non-neuronal cells of the olfactory

epithelium and olfactory bulb in mice, non-human

primates as well as in humans [39]. More recently,

neuropilin-1 (NRP1) has been shown to be abun-

dantly expressed in the respiratory and olfactory

epithelium, with highest expression in endothelial cells

of small- and medium-sized vessels of the nasal cavity.

Furthermore, NRP1-mediated transport of SARS-

CoV-2 pseudotyped virus was demonstrated in the

CNS of mice [40]. Hence, in conjunction with ACE2,

NRP1 could also be used as an additional receptor by

SARS-CoV-2 to enter into the CNS via olfactory

nerves.

Cell culture and animal models of HCoV neu-

ropathogenesis have shown that HCoV-OC43 enters

via the olfactory nerves and spreads within the CNS,

where it is mainly confined to the neuroanatomical

connections of the trigeminal and olfactory nerves

[19]. Porcine haemagglutinating encephalomyelitis

coronavirus (PHEV) oro-nasally infects the nasal

mucosa, tonsil, lung and small intestine and then is

delivered via the retrograde transport system through

peripheral nerves to the medullary neurons [41–43].
The neurotropic coronavirus, mouse hepatitis virus

(MHV), enters the CNS via the olfactory and trigemi-

nal nerves [44]. Viruses can also spread to the spinal

cord from the trigeminal nuclei via the reticular for-

mation and the reticulo-spinal tract [45] and this

trans-synaptic transfer has been reported for avian

bronchitis virus (a gammacoronavirus) [46,47]. Experi-

mental studies using transgenic mice revealed that

both SARS-CoV and MERS-CoV, when inoculated

intranasally, entered the brain, possibly via the olfac-

tory nerves, and thereafter rapidly spread to some

specific brain areas including the thalamus and brain-

stem [29,48]. Therefore, if viral replication in the nose

is sufficiently high, it is possible that these high viral

titres could infiltrate the olfactory nerve. Nasal swabs

of symptomatic and asymptomatic COVID-19

patients have higher viral loads than throat swabs

[3,49], suggesting that these cells might be the loci of

viral replication and possible reservoirs for dissemina-

tion within the nasal cavity to the olfactory nerve.

Trafficking via the vagus nerve

It is well established that influenza virus (IV) infects

the lungs and spreads to the brain via retrograde axo-

nal transport in the vagus nerve [46,50]. The vagus

nerve travels through the neck and thorax to the

stomach and it connects the lung to the gut and brain,

also referred to as the lung–gut–brain axis [51]. Since

the lungs represent a major reservoir of SARS-CoV-2

infection, at least in the early stages of COVID-19 dis-

ease, it is possible that SARS-CoV-2 could use the

vagus nerve to enter the CNS and travel throughout

the lung–gut–brain axis, potentially interfering with

all of these systems at different time-points during

infection. This may explain why some patients experi-

ence a combination of gastrointestinal, neurological

and lung symptoms throughout the course of infection

[52].

The gut is a highly innervated organ with a com-

plex gut microbiome and this complex network bio-

chemically interacts with the host CNS, also known

as the gut–brain axis. In fact, the gut has often been

referred to as a neurological organ since it is inner-

vated by five different classes of neurons: intrinsic

enteric neurons, vagal afferents, spinal afferents,

parasympathetic efferents and sympathetic efferents

[53]. If SARS-CoV-2 gains access to this highly com-

plex innervated network, it is possible that it could

use the network to penetrate the CNS [54]. Further-

more, enterocytes in the ileum and colon express both

ACE2 and TMPRSS2 [52], facilitating viral infection

and replication, probably resulting in tissue damage

and compromised gut function. In support of this pos-

sibility, gastrointestinal symptoms are a feature of

SARS-CoV-2 infection, especially amongst severe

cases. The virus is commonly found in the faeces of

mild cases, often detectable even after viral particles

are no longer detectable in the sputum [55]. Indeed,

MERS-CoV can infect intestinal epithelial cells and

intestinal inoculation of mice with MERS-CoV leads

to viral infection and immune cell invasion into the

lungs [56], suggesting that intestinal infection can

spread to other organs of the body. It is possible that

the enteric nervous system, and specifically the intesti-

nal vagal afferents, may offer another route by which

SARS-CoV-2 may enter the CNS [54]. Alternatively,

the CNS may also be affected indirectly by the release

of pro-inflammatory molecules from gut-associated

leukocytes and glial cells [54]. Intestinal infection by

transmissible gastroenteritis virus (TGEV), a porcine

alphacoronavirus, results in upregulation of many of

the same cytokines observed after SARS-CoV/SARS-

CoV-2 infection of the lungs, including interleukin 1b
(IL-1b), IL-6, tumour necrosis factor (TNF-a) and

IL-10 [57]. This implies that infection of the gut may

have the potential to induce or exacerbate a cytokine

storm and contribute to neuroinflammation. The fact

that many of these cytokines can promote vascular

permeability and leakage resulting in BBB dysfunction
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suggests that infection in the gut could be another

plausible route by which SARS-CoV-2 could pene-

trate the brain.

Trafficking via the neuromuscular junction

Neuromuscular junctions (NMJs) are specialized

synapses between the motor neuron and the muscles

that control and facilitate muscle movement. Most

motor neurons have their cell bodies in the spinal

cord, which, in turn, is in synaptic contact with the

motor neurons in the CNS. Synapses serve as the por-

tals of entry for the viruses as most of the cell surface

receptors to which the viruses bind are concentrated

at the synaptic membranes. Rabies virus and polio-

virus (both RNA viruses) spread via the NMJ from

muscles into the somatic neurons in the spinal cord

[36,58]. Rabies virus particles enter the axons of

motor neurons at the NMJ directly by binding to the

nicotinic acetylcholine receptors (nAchR) on muscles

and neural cell adhesion molecules (NCAM) and

p75NTR, two entry receptors present on motor neu-

rons [59]. The nAchR is widely expressed on the post-

synaptic membranes of NMJs in the PNS and there-

fore is most likely to play a role in virus entry into

muscle cells, not neurons. After primary replication

within the motor neuron cell bodies, virions travel

from one neuron to another neuron along the spinal

cord into the CNS. Once inside the CNS, rabies virus

utilizes NCAM and p75NTR to exclusively infect neu-

rons and transneuronal spread occurs exclusively

between synaptically connected neurons. The infection

then moves unidirectionally from post-synaptic to

presynaptic neurons in a retrograde manner and

spreads to distant brain regions. Poliovirus, on the

other hand, binds to CD155 receptors found on the

axonal membranes of motor neurons [60]. The virus

replicates in motor neurons within the spinal cord fol-

lowed by subsequent dissemination of progeny virions

into the brain via retrograde transport [61]. PHEV

binds to NCAM expressed on the surface of medul-

lary neurons to enter into the CNS. Since SARS-

CoV-2 belongs to the same genus as PHEV (betacoro-

navirus), it is possible that it might also deploy neu-

ronal NCAM to enter the CNS. Additionally,

previous studies have shown that ACE2 is present on

skeletal muscles [62]. Hence, SARS-CoV-2 might bind

to ACE2 receptors present on skeletal muscles and

enter the CNS via retrograde transport. In support of

this argument, it has been shown that 19.3% of

patients with severe COVID-19-related neurological

manifestations had skeletal muscle injury [7]. The

prevalence of myalgia between 11% and 50% and

muscle weakness related to COVID-19 has been

reported in several studies [63–65]. Acute myositis has

also been recognized as a manifestation of COVID-19

on magnetic resonance imaging scans [66] and, in at

least one specific case, an afebrile COVID-19 patient

was hospitalized and did not present any upper and

lower airway symptoms but had elevated creatine

kinase and C-reactive protein levels, suggestive of

muscle inflammation [66]. During the 2015 MERS-

CoV outbreak in the Republic of Korea, four patients

in a cohort of 23 (17.4%) experienced neuropathies

and limb weakness, neurological complications that

lasted months after initial infection [67]. It is possible

that COVID-19 patients who have experienced SARS-

CoV-2 infection of the CNS via the NMJ could expe-

rience similar complications, and long-term follow-up

of these patients should be prioritized.

Entry through the blood–brain barrier (BBB)

Normally, viral entry from the blood into the CNS is

restricted by the BBB, which forms a structural and

functional barrier between the peripheral circulation

and the CNS. The BBB is composed of highly special-

ized cerebrovascular endothelial cells, pericytes, mast

cells and astrocytes that function together as a neu-

rovascular unit to maintain homeostasis [68,69]. The

total length of brain capillaries in humans is approxi-

mately 600 km with a surface of 15–25 m2, providing

a large area for viral invasion [70]. The neurovascular

unit serves as the gate-keeper of the CNS that pro-

tects the brain by regulating the cerebral blood flow

and limiting the access of pathogens, leukocytes and

toxic substances [71,72]. Human neurotropic RNA

viruses have evolved as opportunistic pathogens that

can bypass the BBB and gain entry into the CNS by

several mechanisms: (i) paracellular transport via a

leaky BBB, (ii) transcellular transport by direct infec-

tion of the cerebrovascular endothelial cells, (iii) trans-

port via extracellular vesicles, a form of ‘Trojan horse’

trafficking, (iv) transport via receptor-mediated endo-

cytosis or (v) transport via infected peripheral immune

cells, another form of ‘Trojan horse’ trafficking.

SARS-CoV-2 may utilize similar pathway(s) to over-

come the barriers separating the brain from the

peripheral blood and gain access into the CNS

(Fig. 2).

Paracellular transport through a leaky BBB

The BBB is mainly formed by specialized tight junc-

tions (TJs) between adjacent cerebrovascular endothe-

lial cells [72]. These TJs form a high-resistance

paracellular barrier with a transendothelial electrical

resistance of up to 1800 O cm2 that maintains BBB

integrity by controlling integrity and permeability of

nutrients, molecules and cells in and out of the CNS
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[58,73]. The TJs consist of transmembrane proteins

such as claudin-3, -5 and -12 that are essential for the

formation of the paracellular barrier and zona occlu-

dens-1 to -3 for structural stability. Other integral

proteins include occludins and junctional adhesion

proteins, namely vascular endothelial cadherin

(CD144), for maintenance of the BBB. It has been

shown that claudin-1, zona occludens-1, junctional

adhesion molecule A or 1 and occludins are expressed

at a low-level post-West Nile virus (WNV) infection

[74], which may suggest their degradation. These

changes have been associated with disruption of the

BBB permeability, especially in the presence of pro-in-

flammatory cytokines such as TNF-a and interleukins

[75]. The cytokine storm associated with SARS-CoV-2

infection results in increased secretion of pro-inflam-

matory cytokines and chemokines such as IL-6, TNF-

a, macrophage inflammatory protein 1-alpha, IP-10

and granulocyte-colony stimulating factor as well as

C-reactive protein and ferritin [64]. These cytokines

and chemokines can bind to specific receptors on the

cerebral microvascular endothelium leading to BBB

breakdown, neuroinflammation and encephalitis. The

loss of BBB integrity could loosen the TJs between

the endothelial cells paving the way for paracellular

traversal of SARS-CoV-2 into the CNS (Fig. 2a). A

recent study on Japanese encephalitis virus (JEV) (an

RNA virus) suggests that the paracellular mode of

trafficking could be one of the potential routes of

entry into the CNS [76]. JEV infected mast cells

Figure 2 Potential mechanisms of SARS-CoV-2 entry into the central nervous system (CNS). The schematic depicts five routes by

which SARS-CoV-2 could traverse across the blood–brain barrier (BBB) to access the CNS: (a) paracellular transport through leaky

BBB due to disrupted tight junctions (TJs); (b) transcellular transport by direct infection of cerebrovascular endothelial cells; (c) trans-

port via extracellular vesicles, a form of ‘Trojan horse’ trafficking; (d) transport via receptor-mediated endocytosis; (e) transport via

infected peripheral immune cells, another form of ‘Trojan horse’ trafficking. [Colour figure can be viewed at wileyonlinelibrary.com]
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release chymase, a vasoactive protease, which cleaves

TJ proteins, including zona occludens-1 and -2, clau-

din-5 and occludin, breaking down the BBB and facil-

itating entry of JEV into the CNS.

Transcellular transport by direct infection of cere-

brovascular endothelial cells

Some neurotrophic viruses, such as JEV and WNV,

can enter into the CNS via the bloodstream in a pro-

cess known as viraemia [77]. Following primary repli-

cation, the virus is released into the bloodstream

which can then directly infect cerebrovascular

endothelial cells and traverse transcellularly (Fig. 2b)

to release virus into the brain parenchyma. Infection

of brain endothelial cells could, in turn, lead to vascu-

lar leakage and loss of BBB integrity, further exacer-

bating viral neuroinvasion and neuroinflammation.

Trafficking via receptor-mediated endocytosis

The BBB possesses a specialized transcellular trans-

port system to facilitate the supply of nutrients into

the brain [78], which is often hijacked by neurotropic

viruses to traffic into the CNS. Zika virus (an RNA

virus) known to cause microcephaly and other con-

genital defects in the foetus as well as neurological

conditions such as Guillain–Barr�e syndrome in adults

have been shown to cross the intact BBB [79]. This

potentially occurs via a receptor-mediated transcellu-

lar pathway followed by infection of neural progenitor

cells and inhibition of neuronal differentiation. SARS-

CoV-2 on the other hand could bind to ACE2 recep-

tors on cerebrovascular endothelial cells [80] directed

to clathrin-coated vesicles to undergo receptor-medi-

ated endocytosis to gain access to the CNS. This

pathway bypasses the need to establish a productive

infection of the virus in these cells (Fig. 2d).

Trafficking via infection of peripheral immune cells – a

‘Trojan horse’ mechanism

In the ‘Trojan horse’ strategy of neuroinvasion, the

virus hides inside innate immune cells, which traffic

across the permeabilized BBB utilizing specific chemo-

kine receptors and can further infect neurons and glial

cells (Fig. 2e). Cell adhesion molecules are upregu-

lated during WNV infection and adhesion molecules,

particularly intercellular adhesion molecule 1 (ICAM-

1), on endothelial cells and leukocytes play important

roles in leukocyte trafficking into the brain. Studies on

WNV suggest that cell adhesion molecules may play a

role in facilitating migration of peripherally infected

leukocytes into the CNS [81,82]. The virus may

migrate within infected leukocytes that enter the CNS

[83]. Indeed, human immunodeficiency virus (HIV)

infected leukocytes that migrate through the BBB are

one of the routes of spread to the CNS [84]. HIV

infects CD4-positive T-cells and utilizes chemokine

CCR5 as a co-receptor to enter the CNS [85,86].

Additionally, HIV also infects CD16-positive mono-

cytes to travel across the BBB and infect brain micro-

glia leading to chronic inflammation and eventually

neuronal damage and dementia [36]. Human cytome-

galovirus [87,88], enteroviruses including poliovirus

[89] and flaviviruses [90] have also been shown to

infect different types of leukocytes and to use them as

a reservoir for haematogenous dissemination toward

the CNS. It has been shown that ACE2 receptor is

expressed on haematopoietic cells, including mono-

cytes and lymphocytes. SARS-CoV infects monocytes

and dendritic cells, whereas MERS-CoV infects mono-

cytes and T-cells via dipeptidyl peptidase 4 [91,92]. It

is possible that SARS-CoV-2 could infect monocytes

and lymphocytes and traffic across the BBB and fur-

ther infect neural cells. More recently CD147, also

known as basigin and EMMPRIN (extracellular

matrix metalloproteinase inducer), has been implicated

as an alternative entry receptor for SARS-CoV-2,

which is expressed on activated lymphoid, myeloid,

epithelial and neuronal cells in the CNS [93,94].

Trafficking via exosomes – a ‘Trojan horse’ mechanism

Viruses can also hijack the extracellular vesicle (EV)

biogenesis pathway to package viral RNA in EVs

which can cross the BBB to enter into the CNS and

infect neurons and glial cells (Fig. 2c). EVs have

emerged as highly sophisticated intercellular commu-

nication systems that can transmit information in the

form of protein, RNA and lipids to neighbouring and

distant cells and change the function of recipient cells

[95]. Recent studies have shown that small EVs or

exosomes released from human hepatocytes infected

with hepatitis C virus can carry full-length viral RNA,

viral proteins and nucleic acids. Transfer of these exo-

somes to na€ıve human hepatoma cells resulted in pro-

ductive infection even in the presence of neutralizing

antibodies, supporting the notion that viruses could

exploit exosomes for viral transmission and immune

evasion [96]. Moreover, infectious exosomes contain-

ing viral RNA associated with argonaute 2, heat

shock protein 90 and miR-122 were isolated from the

sera of chronic hepatitis C virus infected patients [97].

These studies demonstrate that exosomes can transmit

infectious viral genomes to nearby host cells. Other

notable examples of viruses using EVs to enter the

CNS include human John Cunningham polyomavirus,

influenza A virus and HIV [98,99]. Thus far, there is

no experimental evidence to suggest that SARS-CoV-

2 infected cells can employ exosomes to shuttle infec-

tious RNA, but recent evidence from other pathogenic
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neurotropic RNA viruses raises the possibility that

SARS-CoV-2 might deploy similar mechanisms to

package viral RNA, cross the BBB and infect neural

cells in the CNS.

Neurological consequences of SARS-CoV-2
infection

Thus far, some of the mechanisms of SARS-CoV-2

infection of the CNS and possible routes of entry have

been examined but, much like SARS-CoV, MERS-

CoV and other neurotropic viruses, it is possible that

these infections could have both short- and long-term

neurological sequelae in COVID-19 patients. Once

inside the CNS, pathogenic neurotropic viruses can

infect neurons and glial cells, leading to the disruption

of the complex architecture of neural networks and

damage to the nervous system [100]. Microglia and

astroglia are the innate immune cells in the CNS that

respond to viral infection by expressing interferon-

stimulated genes, including alpha/beta interferon

(IFN-a/b), known as type I interferons, a first line of

immune defence in limiting viral dissemination [101].

The upregulation of these genes can induce acute

inflammation and possibly encephalitis, meningitis or

acute flaccid paralysis and ultimately viral elimination

with favourable prognosis outcome. However, in some

cases viral antigens can persist even after viral clear-

ance which might lead to chronic inflammation and

post-infection neurological syndromes in surviving

hosts.

Recent studies support the possibility that SARS-

CoV-2 could cause CNS damage either by direct

virus-induced neuronal damage or indirectly by host

immune-mediated damage through exposure to patho-

genic levels of inflammatory mediators. A case of

acute haemorrhagic necrotizing encephalitis has been

reported in a single COVID-19 patient, suggestive of

a cytokine storm [102]. Systemic exposure to patho-

genic levels of inflammatory mediators may have a

negative impact on brain function and cognition of

COVID-19 patients. SARS-CoV-2 infection can

directly result in CNS injury. This is consistent with

the evidence from other viruses which have direct viral

impacts on the CNS, such as SARS-CoV, MERS-

CoV, HCoV-OC43, HCoV-229E and HIV [103,104].

Impact on the burden of neurological diseases

What does this mean in terms of long-term neurologi-

cal effects of COVID-19? It is still too early to reliably

predict the possible long-term health effects of SARS-

CoV-2 infection but some general predictions are pos-

sible. Since there is substantial population variability

in symptoms associated with acute SARS-CoV-2

infection, the long-term consequences of COVID-19

will also be variable, probably depending on sex and

age (at the time of infection) of the patients. However,

since other human coronavirus infections cause

autoimmune and neurodegenerative diseases in their

hosts, it is possible that these may also occur after

SARS-CoV-2 infection. For instance, HCoV-OC43

and HCoV-229E antigens and RNA have been

detected in the CSF and brain tissues of multiple scle-

rosis patients, where viral RNA persists in the absence

of infectious virus [31,105]. Another study showed

that antibodies against HCoV-OC43 and HCoV-229E

were found in the CSF of Parkinson’s disease (PD)

patients [106]. Patients infected with other neurotropic

viruses, including WNV, JEV, HIV, H5N1 and IV

develop parkinsonian symptoms, including tremor,

rigidity and bradykinesia, and infection with these

viruses may increase the risk of developing PD [107].

Therefore, there is a possibility that the long-term

presence of viral components in the brain of COVID-

19 patients may induce chronic innate and adaptive

immune responses that eventually lead to autoimmune

and neurodegenerative diseases such as Alzheimer’s

disease, PD and multiple sclerosis in susceptible

individuals.

The pathological hallmarks of many chronic neu-

rodegenerative diseases are selective, such as progres-

sive loss of neurons, accumulation of misfolded/

aggregated proteins like amyloid-beta and alpha-synu-

clein as well as neuroinflammation [108]. As discussed

above, COVID-19 patients present with olfactory and

gastrointestinal issues and it is noteworthy that idio-

pathic olfactory dysfunction and vagal dysfunction

are both early and common symptoms of preclinical

PD and precede several years before the onset of clas-

sical motor dysfunction [109]. With regard to PD aeti-

ology, Braak et al. [110] hypothesized that PD

progresses through the nervous system in different

stages, which was later revised as the ‘dual-hit’

hypothesis by Hawkes et al. [111]. According to the

‘dual-hit’ hypothesis, a neurotropic viral pathogen

probably enters into the brain through the olfactory

pathway or the enteric nervous system and leads to

misfolding and aggregation of alpha-synuclein protein

and its translocation to the midbrain by ‘prion-like’

propagation throughout the brain as the disease pro-

gresses. In an earlier study, Barnett and Perlman had

shown that MHV entered the brain through the olfac-

tory system and infected dopaminergic neurons in the

substantia nigra and ventral tegmental area, respec-

tively [112]. Interestingly, MHV produced a wide-

spread infection of the A10 group of neurons. It also

infected neurons of the A8 and A9 groups, suggesting
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that MHV can damage the nigrostriatal and mesolim-

bic dopamine pathway. A growing body of literature

has now revealed that the majority of the proteins

involved in neurodegenerative diseases are transported

in exosomes [113]. Therefore, it is possible that exo-

somes play an important role in the transport of mis-

folded alpha-synuclein across the BBB into the brain

parenchyma where it acts as ‘seeds’ in the recipient

neural cells, spreading throughout the brain by a

‘prion-like’ mechanism. Chronic neurodegenerative

diseases develop over decades with distinct preclinical,

prodromal and clinical phases and the long-term

impacts of SARS-CoV-2 on younger patients is not

known but could be a serious concern. If SARS-CoV-

2 alters the long-term impacts on the CNS as

described, they may manifest over years or decades.

As recovered COVID-19 patients age, there might be

an upsurge in the number of neurodegenerative dis-

eases. Therefore, it is proposed that patients who have

recovered from the acute phase of the SARS-CoV-2

infection should be continuously monitored through-

out their lives for the development of neurological

symptoms associated with neurodegenerative disease.

Potential neuropathological effects of current
COVID-19 therapies

At this time, there are no therapeutics or vaccines

approved by the US Food and Drug Administration

(FDA) to specifically cure, treat or prevent COVID-

19. However, the FDA continues to issue emergency

approvals for ‘off-label’ drugs to treat severe COVID-

19 patients. These drugs include antiviral drugs

(remdesivir, chloroquine and hydroxychloroquine) and

immunomodulators (tocilizumab, canakinumab and

anakinra), and some of them may contribute to neu-

rological dysfunction. For example, chloroquine and

hydroxychloroquine, which were commonly used ear-

lier in the pandemic, could potentially increase the

likelihood of neurological disorders, especially in the

elderly [114]. The use of hydroxychloroquine has been

associated with neuropsychiatric manifestations

including irritability, nervousness and psychosis, possi-

bly by its ability to cross the BBB [115]. Corticos-

teroids, another common group of medications used

to treat severe cases of COVID-19, have also been

associated with psychiatric symptoms, especially when

administered at high doses [116]. The use of

immunomodulators, such as tocilizumab (monoclonal

antibody to IL-6 receptor), canakinumab (monoclonal

antibody to IL-1b) and anakinra (IL-1 receptor antag-

onist), is in clinical trials to dampen cytokine

responses in severely ill COVID-19 patients; however,

they have poor BBB penetration into the CNS [117].

The use of tocilizumab has been associated with mul-

tifocal cerebral thrombotic microangiopathy and

adverse neurological effects on the CNS [118]. Finally,

mechanical ventilation was, and continues to be, the

principal medical intervention used to treat severe

COVID-19 patients. However, some recent studies are

raising the possibility that the use of mechanical venti-

lation can contribute to neurological injury, which can

fuel further lung damage [119].

Indirect effects of COVID-19 on patients with
neurological disease

The current pandemic has spread globally to every

country, infected millions of people and remains a

major public health concern. Whilst governments

around the world are using various measures, such as

lockdowns, quarantine and contact tracing, to control

the spread of infection, it is worth noting that these

approaches might significantly impact patients with

chronic neurological disorders in unintended ways.

For example, the COVID-19 quarantine in Italy cre-

ated uncertainty and confusion about the availability

of clinical services and continuity of care amongst PD

patients [120]. Negative effects on mental health have

been observed in those whose daily life was disrupted

by the various public health measures [121]. Many

drugs used to treat people with chronic neurological

diseases are being repurposed to fight COVID-19

[122–124], potentially leading to shortages and con-

tributing to extra stress and worsening of disease

symptoms.

Conclusions

Although SARS-CoV-2 and its methods of infection

are rapidly being learnt about, there is still much to

learn. In this review, information has been extrapo-

lated from other neurotropic viruses to make some

predictions and it is clear that SARS-CoV-2 has the

potential to infect the CNS and cause long-term neu-

rological damage in COVID-19 patients. The next few

years will be critical if the long-term effects of this

pandemic on the neurological health of this popula-

tion are to be determined. Governments are urged to

create a framework and a national registry of patients

who have been infected by SARS-CoV-2. Patients,

particularly those with neurological symptoms, must

be tracked regularly and consistently at ongoing time-

points over their lifetime using advanced neuroimag-

ing and biochemical analysis of biomarkers to map

the degenerative process. To this end, the Spanish

Neurological Society has implemented a registry of

neurological manifestations in patients with confirmed
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COVID-19. Rom�an et al. have emphasized the need

for COVID-19 international neurological databanks

to report all cases of new-onset, acute, delayed and

any long-latency neurological disorders associated

with SARS-CoV-2 infection during the COVID-19

pandemic [125]. The development of a regional,

national or international registry will not only provide

a database but will also help develop strategies to bet-

ter combat COVID-19-mediated neurological manifes-

tations. In addition, a systematic research approach in

this area will allow better understanding of the neuro-

logical impact of SARS-CoV-2 infection on different

groups of the population, its impact on the CNS and

COVID-19-associated long-term neurological conse-

quences.
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