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SARS-CoV-2 has infected hundreds of millions of people with over four mil-

lion dead, resulting in one of the worst global pandemics in recent history.

Neurological symptoms associated with COVID-19 include anosmia, ageusia,

headaches, confusion, delirium, and strokes. These may manifest due to viral

entry into the central nervous system (CNS) through the blood–brain barrier

(BBB) by means of ill-defined mechanisms. Here, we summarize the abilities

of SARS-CoV-2 and other neurotropic RNA viruses, including Zika virus

and Nipah virus, to cross the BBB into the CNS, highlighting the role of

magnetic resonance imaging (MRI) in assessing presence and severity of

brain structural changes in COVID-19 patients. We present new insight into

key mutations in SARS-CoV-2 variants B.1.1.7 (P681H) and B.1.617.2

(P681R), which may impact on neuropilin 1 (NRP1) binding and CNS inva-

sion. We postulate that SARS-CoV-2 may infect both peripheral cells capa-

ble of crossing the BBB and brain endothelial cells to traverse the BBB and

spread into the brain. COVID-19 patients can be followed up with MRI

modalities to better understand the long-term effects of COVID-19 on the

brain.

Keywords: blood–brain barrier; brain; central nervous system; COVID-19;

magnetic resonance imaging; neuropathophysiology; RNA viruses; SARS-

CoV-2
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Since December 2019, severe acute respiratory syn-

drome coronavirus 2 (SARS-CoV-2) has infected tens

of millions of people globally [1–2]. Coronavirus dis-

ease 2019 (COVID-19) has since been the subject of

massive scientific endeavor as researchers have pushed

to understand its mechanisms of action, rapidly

develop vaccines, and seek effective treatments.

SARS-CoV-2 shares remarkable similarities to the

severe acute respiratory coronavirus (SARS-CoV),

which caused a major outbreak in 2003 [3], and Mid-

dle East respiratory syndrome coronavirus (MERS-

CoV), responsible for sporadic epidemics in the Mid-

dle East [3]. Both viral diseases had high mortality

rates of 10% and 35%, respectively, causing concern

over the potential lethality of SARS-CoV-2 [4]. Previ-

ous research has established that coronaviruses are

able to breach into the central nervous system (CNS)

and induce symptoms of both the compromised CNS

and peripheral nervous system (PNS) [5]. Recent

studies have reported that infection with SARS-CoV-

2, along with respiratory symptoms, results in neuro-

logical complications such as ageusia, anosmia, Guil-

lan–Barr�e syndrome, myasthenia gravis, and

encephalopathy [6–9]. This phenomenon, reported in

several other RNA viruses (some of which will be

further discussed in this review), can be made possi-

ble primarily through three potential entry points by

which a virus can enter the CNS: (a) by penetrating

the blood–brain barrier (BBB), (b) entering through

the blood–cerebrospinal fluid barrier, and (c) invasion

via cerebral nerve terminals. However, in this review,

we will largely be focusing on entry by penetrating

the BBB.

The BBB is a highly restrictive region of CNS

microvasculature composed of continuous non-

fenestrated blood vessels which helps regulate, and in

many cases prevent, metabolites, macromolecules, and

toxins in the circulating blood from crossing into the

extracellular fluid of the CNS where neurons reside

[10]. The BBB consists of endothelial cells of the capil-

lary wall, astrocyte end-feet surrounding the capillary,

and pericytes embedded in the capillary basement

membrane [11]. The BBB protects the brain from the

blood milieu, facilitates selective transport, and modi-

fies blood- or brain-borne substances [12]. The BBB

restricts the passage of pathogens, the diffusion of sol-

utes in the blood, and the passage of peripheral

immune factors [13–14]. Being a semipermeable bar-

rier, it allows for the diffusion of hydrophobic and

small polar molecules [15]. The BBB is extremely selec-

tive about what it allows to diffuse across it, which

adds to the complexity of developing therapeutic

agents to treat CNS disorders. This makes it

imperative to understand how the virus is able to

invade the BBB and develop ways to prevent further

damage from occurring [16].

There is currently little known about the mechanism

whereby SARS-CoV-2 crosses the BBB; hence, a com-

parative study of the mechanisms adopted by other

viruses could shed some light on this issue. In this

review, we elucidate the neuropathological complica-

tions caused by RNA viruses that infect the CNS as

well as the mechanisms by which they cross the BBB.

Through this side-to-side comparison, we aim to pro-

vide further points of research in the ongoing journey

of understanding the course of SARS-CoV-2 infection.

Coronaviruses (CoVs)

Members of the family Coronaviridae, the coron-

aviruses (CoVs) that we discuss in this review are

SARS-CoV, MERS-CoV, and SARS-CoV-2. All of

these CoVs are positive-sense, single-stranded RNA

viruses with genome sizes around 30 kilobases long

[2,17]. These three CoVs make up the subfamily Beta-

coronaviridae, or betacoronaviruses [2,17], which are a

class of CoVs known to infect mammals, including

humans [18].

Severe Acute Respiratory Syndrome Coronavirus

(SARS-CoV)

SARS-CoV is evolutionarily very similar to SARS-

CoV-2, binding to the same angiotensin-converting

enzyme 2 (ACE2) entry receptor and containing the

same four essential structural proteins: the nucleocap-

sid (N), matrix (M), envelope (E), and spike (S) pro-

teins [19]. Similar to COVID-19, SARS largely

manifested as a respiratory disease, infecting the lower

respiratory and gastrointestinal tracts, sometimes caus-

ing acute respiratory distress syndrome (ARDS) [4].

Some cases of SARS have been associated with the

incidence of epilepsy and stroke [20–23]. There is also

evidence to suggest that SARS leads to muscle weak-

ness, myopathy, and polyneuropathy [24]. Chronic

post-SARS syndrome has also been described, charac-

terized by persistent fatigue, diffuse myalgia, weakness,

depression, and disrupted sleep patterns [25].

SARS-CoV is able to infiltrate the CNS through

penetration of the BBB through the Trojan horse

mechanism, a phenomenon by which infected cells

transmigrate across the BBB (Fig. 1A) [26]. SARS-

CoV has been shown to infect lymphocytes, granulo-

cytes, monocytes, and monocyte derivatives, which

then pass through the BBB and allow for CNS infec-

tion [27–29].
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Middle East Respiratory Syndrome Coronavirus

(MERS-CoV)

Though MERS-CoV is phylogenetically related to

SARS-CoV-2, it is only 40% similar genetically [30].

MERS-CoV has a six-helix bundle fusion core struc-

ture of spike protein [31]. Unlike SARS-CoV and

SARS-CoV-2, MERS-CoV binds to the dipeptidyl

peptidase 4 receptor (DPP4) to gain entry [32].

MERS-CoV infection has been correlated to inci-

dence of upper respiratory and gastrointestinal tract

infections, which are also observed in COVID-19 [4].

Common symptoms associated with MERS-CoV vary

from asymptomatic or mild disease to severe illness

with risk of progression to respiratory failure due to

viral pulmonary infection [33]. The most notable

symptoms correlated with MERS-CoV include runny

nose, sore throat, low-grade fever, myalgia, and ARDS

[33–34].
Nevertheless, clinical, radiological, and laboratory

findings have been suggestive of MERS-CoV being

associated with neurological illness. However, there is

a lack of a confirmatory test of brain infection, espe-

cially the presence of the virus in the brain tissue [35].

Currently, there is little evidence to suggest that

MERS-CoV causes neurological complications and

there is no evidence of direct CNS invasion [36]. Any

reported neurological manifestations could be attrib-

uted to passive flow through a BBB damaged by

disease-mediated inflammation (Fig. 1B) [36].

It has also been hypothesized that, in those with cer-

tain genetic predispositions, autoimmunity by host T

cells may result in the induction and exacerbation of

neuropathologies observed through MERS-CoV infec-

tion [37]. Although it is uncommon, the CNS could be

involved by MERS-CoV infection through autoreac-

tive T cells which recognize viral and myelin antigens

as similar molecules, causing autoreactive inflamma-

tion that disrupt the BBB and facilitate uncontrolled

transport across the BBB [37–39]. Though little evi-

dence has been presented to support this hypothesis, it

is well established that viruses can share certain epi-

topes with host cells, which could lead to potential

autoimmune disorders [40]. In fact, in the case of mul-

tiple sclerosis (MS), considered a model for immune

cell-mediated CNS disease, several CoVs contain a

stretch of six peptides similar to myelin basic protein

(MBP) [40-41]. CoVs with at least four of the same

peptides in this stretch (ASQKRP) have been estab-

lished to induce immunity against MBP, meaning that

these CoVs could conceivably induce autoimmunity

against MBP and subsequent neurodegeneration upon

infecting the host. This theory could provide an expla-

nation to the mystery behind the albeit rare neuroinva-

sive capability of MERS-CoV. This hypothesis has

previously been used to explain the resultant neurolog-

ical complications observed over the course of infec-

tion with the H1N1 pdm09 influenza strain [42].

SARS-CoV-2

The genome of SARS-CoV-2 is very similar to SARS-

CoV, showing 79.6% homologous sequence [2,43].

SARS-CoV-2 is able to enter cells primarily via

Fig. 1. A Simplified Diagram of the

Various Mechanisms by Which Viruses

Enter the BBB. (A) The ‘Trojan horse

mechanism’ where a virus-infected

immune cell crosses the brain

endothelium through the tight junction and

releases virus after crossing the BBB, (B)

passive viral transport, where a virus

passes through the brain endothelium

through loosened tight junctions,

potentially disrupting the tight junction, (C)

infection of the brain endothelium upon

which the virus is exocytosed past the

BBB, and (D) infection of pericytes leading

to invasion of the virus into the BBB.
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binding to ACE2 though there have been alternate

receptors identified, such as lectins [44] and neuropilin

1 (NRP1) [45], which will be discussed further below.

One of the divergences from SARS-CoV that can con-

tribute to the enhanced virulence of SARS-CoV-2 is

the presence of a furin cleavage site insertion at the

S1-S2 junction of the S protein [46]. This furin cleav-

age site insertion increases the number of polar inter-

action sites between the virion and the ACE2 receptor,

which facilitates viral uptake by the host cell [47]. This

insertion is highly conserved in rodent origin embeco

lineage (betacoronaviruses) and avian origin gamma-

coronaviruses, as well as in certain feline and canine

alphacoronaviruses [48]. However, though the bat coro-

navirus RaTG13 and pangolin coronavirus appear to

be the closest relative of SARS-CoV-2 [2,47,49–50], this
insertion only appeared in SARS-CoV-2, gaining con-

siderable attention to study the possible origin of furin

cleavage site in the S protein of SARS-CoV-2.

COVID-19 can be seen as a systemic infection, caus-

ing a variety of symptoms in multiple body systems. In

particular, systemic inflammation, coagulation, cyto-

kine storm, and lymphopenia are observed as a result

of SARS-CoV-2 infection [51]. COVID-19 has also

been reported to cause hyperglycemia, elevated

transaminase levels, diarrhea, urticaria, rash, pernio-

like lesions, myocarditis, arrhythmia, pneumonia,

ARDS, acute kidney injury, pulmonary embolism, and

deep vein thrombosis [51]. Beyond this, symptoms

caused by invasion of the virus in the CNS and PNS

have also been reported—namely ageusia (loss of

taste), anosmia (loss of smell), myasthenia gravis,

encephalopathy, and Guillan–Barr�e syndrome [6–9].
Reports of seizures have also been documented,

though occurrence is rather infrequent and further

study into this phenomenon is warranted [52]. There

have been reports of strokes and other cerebrovascular

diseases occurring in several patients infected with

SARS-CoV-2, particularly in severe cases of COVID-

19 [7,53–54]. SARS-CoV-2 has been shown to cause

neuritic degeneration and synaptic loss in neurons,

which increases the risk of developing Alzheimer’s dis-

ease [55–56]. SARS-CoV-2 can gain access to neurons

and astrocytes, which do not express ACE2, via the

neuropilin 1 (NRP1) protein, which is more readily

expressed in the CNS [56]. NRP1 has been established

as a co-receptor for SARS-CoV-2 cellular entry and,

while it has not yet been established whether its

expression in the absence of ACE2 promotes infection,

we believe that NRP1 possibly can facilitate viral entry

into neurons and astrocytes. Recently, it has been

reported that the ApoE4 allele, a genetic risk factor

for developing Alzheimer’s disease, contributes to

enhanced SARS-CoV-2 replication in astrocytes

[55,57].

Neuronal damage as a result of SARS-CoV-2 infec-

tion has been reported to occur in different ways.

Injury from hypoxia, a condition commonly observed

in severely ill COVID-19 patients, has been thought to

cause damage to the nervous system [58]. Systemic

inflammatory response syndrome has been implicated

in causing CNS damage, as a result of the secretion of

inflammatory cytokines such as IL-6, IL-10, IL-1b,
and TNF-a by glial cells [59–60]. These cytokines can

lead to activation of the hypothalamic–pituitary–
adrenocortical (HPA) axis, releasing norepinephrine

and glucocorticoids, which cause mass immune dysreg-

ulation [61–67]. SARS-CoV-2 can also lead to shed-

ding of proteins such as high mobility group box 1

(HMGB1) from viral-damaged cells that can leach

across the BBB once it has been damaged by systemic

inflammation [68]. These proteins, acting as pathogen-

associated molecular patterns (PAMPs) and damage-

associated molecular patterns (DAMPs), can trigger

innate immune response within the brain, leading to

inflammation and subsequent damage to the CNS

[62,69–71]. It has also been reported that IFN type I

response occurs in COVID-19 and, though this effect

is thought to be protective, may lead to cognitive

impairment [62,72].

Research is still ongoing to determine the mecha-

nism by which SARS-CoV-2 infects the CNS and

PNS. However, there are a few mechanisms that have

been suggested which may explain complications of

the CNS.

One suggested mechanism for SARS-CoV-2 entry to

the CNS is penetration of the BBB. This could occur

via three potential means: (a) the Trojan horse mecha-

nism (Fig. 2A), (b) infection and invasion through vas-

cular endothelial cells (Fig. 2B), or (c) infection and

invasion through pericytes embedded in the endothelial

membrane which become exposed from damage to the

BBB (Fig. 2D) [73]. It has been shown that SARS-

CoV-2 is able to infect monocytes and macrophages,

which can be recruited across the BBB, giving credibil-

ity to the Trojan horse mechanism theory [74–75].
Given that some endothelial cells along the vascular

tree express little to no ACE2 relative to epithelial cells

[76], SARS-CoV-2 may infect vascular endothelial cells

in order to invade the BBB [77]. Given its genetic simi-

larity to SARS-CoV, which infects many types of

immune cells, SARS-CoV-2 may infect similar cell

types and utilize the Trojan horse mechanism to enter

the BBB. The resulting inflammation would increase

BBB permeability and allow SARS-CoV-2-infected

immune cells to more easily invade the CNS [78]. The
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S protein on SARS-CoV-2 has been shown to disrupt

the BBB through interactions with brain endothelial

cells, resulting in a pro-inflammatory response that

damages the cells and reduces BBB integrity, lending

credence to the associated theory [79].

Evidence has also been presented that CoVs invade

peripheral nerve terminals and spread along synapses,

ultimately leading to the CNS without breach via

the BBB [80–81]. This mechanism has been observed

in several CoVs, herpes simplex virus, and human

Fig. 2. Computational structure analysis of NRP-1-b1 domain and SARS-CoV-2 spike CendR peptide. (A) Alignment of SARS-CoV-2 spike

protein residues between lineage A and lineage B and Bat-2019 strain. (B) Protein structure of NRP-1-b1 interacting with Spike peptide is

shown. Crystal structure of S1 CendR motif (PDB accession code 7JJC) was used as a basis to model the protein structures. The inset in

panel B is shown in (C) and (D, solid surface model) for proline, histidine, and arginine variants. Proline to histidine or arginine change

imparts a hydrophobic to charged side chain, which alters the interaction between NRP-1-B1 with spike CendR peptide. Top-down views of

(D) are provided in (E). PyMOL program (the PYMOL Molecular Graphics System, version 2.0 Schr€odinger, LLC.) was used for protein struc-

ture visualization.
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immunodeficiency virus (HIV) [82]. Entry of SARS-

CoV-2 to the CNS could also occur through the olfac-

tory nerve despite a lack of ACE2 expression, but due

to the expression of NRP1 instead, which facilitates

SARS-CoV-2 entry into cells [83–85]. NRP1 is

expressed in respiratory and olfactory epithelium, as

well as neuronal cells [85]. Due to their lack of expres-

sion of ACE2, NRP1 in neuronal cells may be a major

receptor for SARS-CoV-2 infection of the CNS.

Despite this, it has been suggested that the presence of

any cells expressing ACE2 is enough for productive

infection with SARS-CoV-2 to occur—a requirement

satisfied by the presence of pericyte-like cells along the

BBB [86]. Infection of pericytes, coupled with alternate

entry of SARS-CoV-2 into neuronal cells via NRP1,

may facilitate entry of the virus into the CNS, leading

to manifestation of associated symptoms (Fig. 1D).

As the pandemic progresses, new variants of SARS-

CoV-2 have been reported. Recently, additional lin-

eages such as B.1.1.7 (or alpha variant) in the United

Kingdom, B.1.351 (or beta variant) in South Africa,

and P.1 (or gamma variant) in Brazil have been

described based on mutations at various genes [87–89].
At the time of writing, the B.1.617 lineage, first discov-

ered in India [90–94], divided into the three sublin-

eages B.1.617.1 (or kappa variant), B.1.617.2 (or delta

variant), and B.1.617.3, which have fallen into the

international spotlight (particularly the B.1.617.2 sub-

lineage), has increased potential to evade antibody and

overall immune action, posing an increased potential

for infecting individuals already vaccinated against the

initial SARS-CoV-2 strain [95]. According to the Cen-

ters for Disease Control and Prevention (CDC), in the

two-week period between August 8, 2021, and August

14, 2021, the B.1.617.2 strain accounted for approxi-

mately 86.1% of reported COVID-19 cases in the

United States, elevated from 2.4% of cases in the

period between May 9, 2021, and May 15, 2021 [96].

The B.1.1.7, B.1.351, and P.1 variants have been

characterized by the presence of a N501Y mutation in

the S protein, as well as an additional E484K mutation

observed in B.1.351 and P.1 [87–89]. These mutations

have resulted in an increased rate of viral transmission

among these variants, with the B.1.1.7 strain having a

reported increase of 35-45% in prevalence [89,97–98].
The B.1.617.2 variant has been particularly character-

ized by several mutations in the S protein [95].

The B.1.1.7 and B.1.351 variants have also been

demonstrated to bind to ACE2 with somewhere

between a twofold to fivefold increase in binding affin-

ity than the initial SARS-CoV-2 strain with concerns

being raised regarding the ability of neutralizing anti-

bodies to bind to these new variants [99–100]. The

B.1.617.2 variant contains mutations in the receptor

binding domain (RBD) which may facilitate viral bind-

ing through the shifting of a nonpolar amino acid to a

positively charged residue and from a polar to a posi-

tively charged amino acid, respectively [95]. Studies

have suggested that these L452R and E484Q muta-

tions may increase interaction between the S protein

and ACE2 and, as such, increase infectivity of the

virus [101–103].
However, no data have been published to date

regarding these variants’ affinities for the NRP1,

despite evidence of it being a co-receptor for SARS-

CoV-2 [104]. Cleavage of the Spike protein by furin

results in generation of an S1 domain with a polybasic

Pro-Arg-Arg-Ala-Arg carboxyl-terminal sequence

(681-PRRAR-685). This polybasic peptide conforms to

the C-end rule (CendR) motif, which can bind to

NRP1. Sequence comparison of the B.1.1.7 variant to

the original lineage A strain revealed that the Spike

CendR peptide sequence 681-PRRAR-685 involved in

NRP1 binding had a proline to histidine change at

position 681 (P681H) (Fig. 2A). When comparing the

B.1.617.2 variant, a proline to arginine change was

observed at the same position (P681R) (Fig. 2A).

Excited by this finding, we evaluated the effect of

the P681H point mutation using protein structure

modeling. Protein Data Bank (PDB) structure with

accession code 7JJC was used as a basis to show the

interaction between the NRP-1-b1 domain and the

Lineage A SARS-CoV-2 CendR peptide (Fig. 2B). The

impact of this mutation can be seen in Figs. 2C-2E,

where the interactions of the variant and wild-type

CendR peptides with NRP1 can be observed. We

found that this mutation resulted in a shortening in

the distance between this histidine residue and the

interacting surface residues of NRP1 by 2�A, from

16�A between the proline and NRP1 in the original lin-

eage A strain to 14�A between histidine and NRP1 in

lineage B.1.1.7 (Table 1), suggesting a tight interaction

of the B.1.1.7 Spike protein for NRP1, which may

result in increased penetration of the virus into the

CNS. We also assessed this phenomenon in the

B.1.617.2 (delta) Spike, where arginine conversely

increased the distance from NRP1 at about 17�A, a 1�A

gain in distance from the original lineage A parental

SARS-CoV-2 strain (Table 1). Further detailed epidemi-

ological and protein–protein interaction studies are

required to address this hypothesis.

Several studies examining the Spike P681R mutation

present in the B.1.617.2 delta variant have reported an

increased susceptibility of SARS-CoV-2 to furin cleav-

age and increased fusogenicity [90,105–108]. These

gain-of-function traits may facilitate increased viral
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entry of the virus into neurons and astrocytes via

NRP1.

Sequence comparison shows that circulating SARS-

CoV-2 strains have a four amino acid insertion in the S

protein PRRA cleavage site relative to the most

closely related Bat-2019 strain isolated from Rhinolo-

phus sinicus (accession number QWN56232). The molec-

ular and evolutionary mechanisms underlying this

observation are yet to be elucidated. However, the poten-

tial mechanism for this may be the existence of a stretch

of nucleotides with substantial similarity upstream and

downstream to the twelve inserted nucleotides that

encode the PRRA cleavage site (Fig. 2A), which may

have enabled the replication–transcription complex to

convert from one RNA genome template to another—re-

sulting in the insertion of the twelve nucleotides coding

for the four polybasic amino acids containing the furin

cleavage site into the SARS-CoV-2 genome [109]. Further

investigations are needed to define the functional signifi-

cance of the mutations in this basic cleavage site and

SARS-CoV-2 neurovirulence.

Pandemic potential RNA viruses

We identified Zika virus (ZIKV) and Nipah virus

(NiV) as two pandemic-potential viruses. Given the

history surrounding these viruses, we define pandemic-

potential viruses as viruses with the ability to adapt

and evolve to cause widespread infection globally.

Zika Virus (ZIKV)

Zika virus (ZIKV) is a positive-sense, single-stranded

RNA virus that is a member of the family Flaviviridae

[110–111]. The ZIKV genome is translated into one

single polyprotein 3423 amino acids in length [112].

The genome encodes a capsid protein, membrane pro-

tein, and an envelope protein—generally reminiscent

of coronavirus structures—along with seven nonstruc-

tural proteins [112]. However, unlike coronaviruses,

ZIKV does not have pronounced spike proteins.

Instead, surface glycoproteins encoded by a precursor

premembrane gene undergo complex conformational

changes that fully expose the envelope protein, which

allows the virus to actively bind cells via the AXL,

DC-SIGN, Tyro3, and TIM-1 proteins [112–114].
In adults, infection with ZIKV has been attributed

to incidence of neurological complications, such as

Guillan–Barr�e syndrome and a ‘Zika-like syndrome’,

associated with incidence of a low-grade fever, myal-

gia, rash, and conjunctivitis [115–116]. Perhaps the

most notable complication resulting from ZIKV infec-

tion is the incidence of microcephaly in babies born

from infected mothers. Evidence of ZIKV causing

CNS malformations in neonates, such as micro-

cephaly, fetal cerebral malformations, polymalforma-

tive syndromes, brainstem dysfunction, or the inability

to swallow, was found upon investigation of suspected

cases in French Polynesia and Brazil [117].

ZIKV is thought to infect endothelial cells in the

BBB, resulting in penetration of the BBB without sig-

nificant increase in BBB permeability [118–122]. Partic-
ularly, ZIKV has been shown to infect primary human

brain microvascular endothelial cells (HBMECs),

allowing for passage through the BBB without directly

inducing damage (Fig. 1C) [120–121]. However, experi-

ments conducted in 3D cultures and in vivo models

have shown that inflammatory response from the

organism, particularly the release of TNF-a or IFN

response, or activation of the Hippo signaling pathway

can induce disruption of the BBB during the course of

ZIKV infection [119–120,123–124].

Nipah Virus (NiV)

Nipah virus (NiV) is a negative-sense, single-stranded

RNA virus of the family Paramyxoviridae in the genus

Henipavirus [125]. The NiV genome encodes of six

structural proteins: nucleoprotein (N), phosphoprotein

(P), matrix protein (M), fusion protein (F), attachment

glycoprotein (G), and the large protein or RNA poly-

merase protein (L) [126]. NiV is classified as a BSL-4

pathogen due to its high pathogenicity and lack of

effective treatments or vaccines [127].

NiV has been associated with systemic infection in

the heart, kidney, lungs, and brain [128]. This is due to

the viral entry receptors ephrin-B2 and ephrin-B3

expressed on a variety of cell types found in these

Table 1. Distances between amino acid residue 681 on SARS-CoV-2

spike protein and NRP1.

NRP1 Residue PRO-681 HIS-681 ARG-681

1 GLY-318 15.5 15.3 19.2

2 TYR-297 10.3 8.7 13

3 GLU-319 14.5 14.4 17.8

4 LYS-351 15.9 12.4 15.5

5 THR-349 14.3 11.5 14

6 GLU-348 14.2 12.3 14.2

7 TRP-301 15.4 14.3 17

8 THR-316 17.2 15.9 19.7

9 ILE-415 21.4 19.7 24

10 THR-353 16.1 13.3 17.1

11 SER-346 17.9 15.6 18.2

12 ASP-320 17.1 15 19.9

13 GLY-414 19.9 17.4 21.6

Average 16.13077 14.29231 17.78462
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organs [129]. Endothelial cells are a major target by

NiV though the cause of viral entry to the CNS is cur-

rently unknown [130]. The most notable complications

attributed to NiV include fever, headache, and drowsi-

ness, followed by disorientation and mental confusion

[130]. During the early stages of the infections, respira-

tory issues have been observed [130].

NiV can be detected in bronchiolar epithelial cells in

most human cases [131]. There is little literature avail-

able regarding NiV entry to the CNS and its prolifera-

tion throughout the host, though most studies seem to

indicate that specific leukocyte populations allow

infected cells to cross the BBB, facilitating NiV entry

into the CNS [128]. NiV was found to infect neurons

and microglial cells that express CD68 in nonhuman

primates [132]. As such, it has been hypothesized that

the BBB can be breached by direct NiV virus infection

of lymphocytes and monocytes, utilizing the Trojan

horse mechanism of BBB entry [128]. The direct infec-

tion of the endothelium of the BBB by NiV has been

substantiated by a study by Wong et al. [133].

Human Immunodeficiency Virus-1 (HIV-1)

HIV-1 (family Retroviridae) is composed of two copies

of noncovalently linked, unspliced, positive-sense,

single-stranded RNA of about 9700 nucleotides in

length, enclosed by a conical capsid composed of the

viral protein p24 [134–135]. The HIV-1 genome

encodes a small number of viral proteins, which facili-

tate infection of host cells [136]. The HIV-1 genome

encodes for polyproteins which are cleaved and pro-

cessed to produce several structural proteins: Gag, Pol,

and gp160 polyproteins—as well as proteins necessary

for RNA synthesis and transport, which can be both

global and specialized to certain tissue types [137–139].
The HIV-1 genome consists of a series of stem-loop

structures connected by small linkers, with the V3 loop

responsible for viral genome transcription and replica-

tion inside host immune cells [140–141]. Given the

ability of HIV-1 to generate a provirus containing a

DNA genome upon infection of a human cell, we con-

sider HIV-1 to share characteristics with DNA and

RNA viruses [142]. This virus is particularly useful to

study due to the comprehensive characterization of its

ability to invade the BBB over decades of research.

Infection with HIV-1 has been closely associated

with HIV encephalitis and neurobehavioral impair-

ment [143]. HIV-1 infection has also been attributed to

neurocognitive dysfunction including decreased atten-

tion and concentration, information processing, mem-

ory, learning and psychomotor speed, motor slowing,

incoordination, and tremors [143]. A consequence of

this chronic disease is viral proteins causing inflamma-

tory response within the CNS [144]. Evidence of HIV-

1 causing CNS malformations can manifest as struc-

tural and functional damage within the CNS and BBB

[145]. HIV-1 has been shown to infect astrocytes,

though this remains a slightly controversial perspec-

tive, as well as microglial cells, which serve as reser-

voirs for the virus in the CNS [146].

HIV infection results in alterations in the BBB integ-

rity, tight junction protein expression, and also invades

the CNS via the Trojan horse mechanism [147–149].
Early studies on the effects of HIV-1 within the brain

revealed elevations in markers for vascular permeability

and morphologic abnormalities consistent with dysfunc-

tion of the BBB [137–139]. HIV-1 infection increases

monocyte transmigration across cultured endothelial

cells and signaling in human brain endothelial cells

[150–152]. Many of these alterations can, either directly

or indirectly, cause damage to the BBB and create

increased leakiness of the barrier, allowing for further

entry of infected cells into the CNS [145].

Potential of neuroimaging in
informing neurological symptoms

Neuroimaging of patients with ZIKV and NiV shows

signatures similar to those of encephalitis white matter

lesions visible as hyperintensities on T2-weighted mag-

netic resonance images (MRI) in addition to the spinal

cord and the retina in case of NiV [153–155]. Com-

pared with ZIKV and NiV, the neurobehavioral char-

acteristics of HIV-1 have been extensively studied from

the point of view of structural brain morphometry,

functional brain imaging, and diffusion imaging as the

symptoms may range from dementia, neuroinflamma-

tion, and general neuropathy [155–158].
On the other hand, neuroimaging findings on the

effects of SARS-CoV-2 have been sparse and largely

comprise observational case studies with limited exper-

imental control. Furthermore, the imaging modalities

are typically restricted to MRI in a clinical setting and

thus may not include advanced imaging protocols.

Here, we briefly summarize salient neuroimaging find-

ings and suggest future avenues for the role of neu-

roimaging in diagnosing neurobehavioral sequelae of

COVID-19. Recent reports indicate heterogeneity of

symptom dimensions including neuropsychological

dysfunction, neuropathogenesis, cerebral microhemor-

rhages, encephalopathies including leukoencephalopa-

thy, cerebrovascular disease, as well as acute or

subacute infarcts [159–165].
Clarifying these non-specific changes, as well as

unraveling the broad-spectrum neuroimaging associations
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with downstream disease symptomology, is a challenging

task. In addition to existing clinical imaging modalities,

new cutting-edge research protocols will need to be

applied to separate subtypes of COVID-19-related

etiologies. Structural MRI including susceptibility

weighted imaging (SWI) can help identify lesions

in subcortical and deep white matter structures

[162]. Going further, gray matter volumes from high-

resolution structural MRI in the cortex can be studied

at the regional level [160] using brain morphometry

approaches such as deformation-based morphometry

including voxel or volumetric tensor-based morphome-

try [165]. Global observed signal hyperintensities on

fluid-attenuated inversion recovery (FLAIR) [166] can

be used to identify deep cortical gray matter regions,

such as the medial temporal lobe which can be further

segmented into the hippocampus and the amygdala.

Then, three-dimensional shape analysis can further map

precisely localized changes involving the gray matter

subcortical structures [167]. Cortical thickness analysis

can also reveal abnormalities in gray matter sulci and

gyri in regions such as the cingulate, frontal and pre-

frontal cortex, and olfactory cortex, which have

been previously implicated in COVID-19 [160]. High-

resolution diffusion-weighted imaging (DWI) can be

performed to detect microstructural damage in the

CNS using regional white matter volumes or by using

diffusion parameters such as fractional anisotropy

(FA), axial (AD), mean (MD), and radial (RD) diffu-

sivities. Diffusion indices such as FA, AD, MD, RD

matter intensities can be further combined with cortical

gray matter measures to yield superficial white matter,

a new measure that has been studied in the context of

anti-N-methyl-D-aspartate receptor (NMDAR)

encephalitis, recently implicated in a case report of an

adult COVID-19 patient, but also in a toddler [168–
170]. It should be also noted that the severity of

encephalopathy was also correlated with a higher prob-

ability of death [164].

Fig. 3 shows T2-weighted MR images for a healthy

control of age 44 years and subjects who were diag-

nosed with COVID-19 of ages 30, and 60 years, and

who also exhibited neuropsychiatric symptoms. The

30-year-old subject showed decreased mood, moderate

anxiety, chronic and exertional fatigue, and brain fog

with a Montreal Cognitive Assessment (MoCA) score

of 15. The 60-year-old subject additionally showed sev-

ere symptoms of depression, insomnia, and a global

cognitive decline with performance at dementia level

and a MoCA of 15. All three subjects underwent MR

scanning using a 32-channel head coil on a 3T Siemens

MAGNETOM PRISMA (Siemens, Munich, Germany)

scanner at the UCLA Ahmanson Lovelace Brain Map-

ping Center. The subject data acquisition was

approved by the institutional review board (IRB) at

UCLA. Specifically, the parameters of the T2-weighted

image comprised a repetition time (TR=3200ms),

echo time (TE=564ms), field of view=2569 256mm2,

and an isotropic voxel resolution of 0.89 0.89 0.8

mm3. Based on visual inspection of the scans, compared

with the healthy control subject, we observed white

matter hyperintensities of varying sparsity in the corona

radiata adjacent to the right lateral ventricles for both

the COVID-19 subjects. The 60-year-old subject having

severe symptoms showed a large number of white mat-

ter hyperintensities in the cingulum, the thalamic radia-

tion, as well as the corpus callosum. These data suggest

the appropriateness and applicability of including

image-based approaches to monitor integrity of the

BBB in patients with COVID-19.

Finally, the psychiatric consequences of long

COVID-19, including depression, bipolar disorder,

obsessive compulsive disorder, as well as psychosis,

will need a multifaceted neuroimaging battery of pro-

tocols [171]. This will involve sophisticated brain con-

nectivity analyses that will help to map out

specific circuits implicated in neuropsychiatric disor-

ders [172–174].

Fig. 3. Magnetic Resonance (MR) Neuroimaging of Control and COVID-19 Patients. Sagittal views of T2-weighted MR images showing

white matter hyperintensities in a healthy control (44 years) and subjects with COVID-19 (30 and 60 years) who also showed

neuropsychiatric symptoms including anxiety, and brain fog. The 60-year-old subject additionally exhibited severe long haul COVID-19

symptoms including depression and insomnia and performed at the level of dementia.
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Conclusions

We have discussed the potential mechanisms by which

various RNA viruses are able to breach the BBB and

summarized recent evidence of mechanisms by which

SARS-CoV-2 is able to invade the CNS. Of note,

HIV, NiV, and SARS have conclusively been shown

to take advantage of a Trojan horse mechanism by

which infected leukocytes ferry the virus across the

BBB. Conversely, ZIKV infects brain endothelial cells,

which in turn shed the virus into the brain.

With regard to SARS-CoV-2, current evidence sup-

ports the hypothesis that the virus may able to infect

brain endothelial cells and pericytes to gain access to

CNS. From this, we conclude that SARS-CoV-2 could

exploit two mechanisms to invade the CNS, namely

the so-called Trojan horse mechanism as well as

infected brain endothelial cells. This would explain

why one of the hallmarks of early SARS-CoV-2 infec-

tion is anosmia and ageusia, which manifest as a result

of viral entry into the CNS and PNS. Table 2 recapit-

ulates the key features of each virus discussed herein,

presenting genomic information, disease information,

and epidemiological data [44,110,111,175–183]. Based on

these considerations, the examination of SARS-CoV-2

infection in animal models focusing on immune cell pop-

ulations, as well as brain endothelial cell populations

using functional neuroimaging technologies appear to be

promising areas of future research.

Acknowledgements

This study is supported by University of California, Los

Angeles (UCLA) David Geffen School of Medicine

(DGSOM), and Broad Stem Cell Research Center

(OCRC #20-15), UCLA W.M. Keck Foundation

COVID-19 Research Award, and National Institute of

Health awards 1R01EY032149-01 and 1R01DK132735-

01 to VA. We thank the UCLA WM Keck Foundation

COVID-19 Research Award (SHJ and HL) program for

COVID-19 MRI study. AR is supported by the Tata

Institute for Genetics and Society.

References

1 Dong E, Du H and Gardner L (2020) An interactive

web-based dashboard to track COVID-19 in real time.

Lancet Infect Dis 20, 533–534.

Table 2. A Summary of the information presented.

Virus Name Family

Genome

sense

and size

Intermediate

host

Major organ(s)

affected

Cell type(s)

infected

Cellular

receptor(s)

Possible mechanism

of neurological

infection

SARS-CoV Coronaviridae Positive;

30kb

Masked

palm civet

Respiratory tract Epithelial cells,

macrophages,

T lymphocytes,

Dendritic cells

ACE2 Trojan horse

mechanism

MERS-CoV Coronaviridae Positive;

30 kb

Dromedary

camel

Respiratory tract Epithelial cells,

T lymphocytes,

Monocytes,

Macrophages,

Dendritic cells

DPP4 None known

SARS-CoV-2 Coronaviridae Positive;

30 kb

Unknown Respiratory tract,

heart, brain, liver,

kidney,

gastrointestinal

tract

Epithelial cells,

cardiomyocytes

ACE2,

NRP1,

Lectins

Potentially Trojan

horse mechanism

and/or infection

of brain endothelial

cells

HIV-1 Retroviridae Positive;

9.2-9.6 kb

Chimpanzee Immune cells CD4+ T

lymphocytes,

macrophages,

dendritic cells

CD4 Trojan horse

mechanism

NiV Paramyxoviridae Negative;

18 kb

Fruit bats, flying

foxes, and

domestic pigs

Heart, kidney,

lungs, brain

Epithelial cells,

neurons,

mononuclear

leukocytes

Ephrin-B2,

Ephrin-B3

Trojan horse

mechanism

ZIKV Flaviviridae Positive;

10.8 kb

Aedes

mosquitoes

Brain Glial cells,

astrocytes

AXL,

DC-SIGN,

Tyro3,

TIM-1

Infection of brain

endothelial cells

2863FEBS Letters 595 (2021) 2854–2871 ª 2021 Federation of European Biochemical Societies

N. Chakravarty et al. Neurological pathophysiology of RNA viruses



2 Ramaiah A and Arumugaswami V (2020) Insights into

cross-species evolution of novel human coronavirus

2019-nCoV and defining immune determinants for

vaccine development. bioRxiv. https://doi.org/10.1101/

2020.01.29.925867

3 Cascella M, Rajnik M, Aleem A, Dulebohn SC and Di

Napoli R (2021) Evaluation, and Treatment of

Coronavirus (COVID-19). In: StatPearls. Treasure

Island (FL): StatPearls Publishing; 2021 [cited 2021 Jul

20]. Available from: http://www.ncbi.nlm.nih.gov/

books/NBK554776/

4 Verstrepen K, Baisier L and De Cauwer H (2020)

Neurological manifestations of COVID-19, SARS and

MERS. Acta Neurol Belg 120, 1051–1060.
5 Desforges M, Le Coupanec A, Dubeau P, Bourgouin

A, Lajoie L, Dub�e M and Talbot PJ (2019) Human

coronaviruses and other respiratory viruses:

underestimated opportunistic pathogens of the central

nervous system? Viruses 12, 14.

6 Lechien JR, Chiesa-Estomba CM, De Siati DR, Horoi

M, Le Bon SD, Rodriguez A, Dequanter D, Blecic S,

El Afia F, Distinguin L et al. (2020) Olfactory and

gustatory dysfunctions as a clinical presentation of

mild-to-moderate forms of the coronavirus disease

(COVID-19): a multicenter European study. Eur Arch

Otorhinolaryngol 277, 2251–2261.
7 Mao L, Jin H, Wang M, Hu Y, Chen S, He Q, Chang

J, Hong C, Zhou Y, Wang D et al. (2020) Neurologic

manifestations of hospitalized patients with

coronavirus disease 2019 in Wuhan, China. JAMA

Neurol 77, 683.

8 Qiao X-F, Wang G-P, Li X, Bai Y-H and Zheng W

(2019) Analysis of the clinical effect of olfactory training

on olfactory dysfunction after upper respiratory tract

infection. Acta Otolaryngol 139, 643–646.
9 Vaira LA, Salzano G, Deiana G and De Riu G (2020)

Anosmia and ageusia: common findings in COVID -19

patients. Laryngoscope 130, 1787.

10 Daneman R and Prat A (2015) The blood-brain

barrier. Cold Spring Harb Perspect Biol 7, a020412.

11 Ballabh P, Braun A and Nedergaard M (2004) The

blood–brain barrier: an overview. Neurobiology of

Disease 16, 1–13.
12 Ribatti D, Nico B, Crivellato E and Artico M (2006)

Development of the blood-brain barrier: A historical

point of view. Anat Rec 289B, 3–8.
13 Stamatovic S, Keep R and Andjelkovic A (2008) Brain

endothelial cell-cell junctions: how to & #x201C;Open”

the blood brain barrier. CN 6, 179–192.
14 Muldoon LL, Alvarez JI, Begley DJ, Boado RJ, del

Zoppo GJ, Doolittle ND, Engelhardt B, Hallenbeck

JM, Lonser RR, Ohlfest JR et al. (2013)

Immunologic privilege in the central nervous system

and the blood-brain barrier. J Cereb Blood Flow

Metab 33, 13–21.

15 Obermeier B, Daneman R and Ransohoff RM (2013)

Development, maintenance and disruption of the

blood-brain barrier. Nat Med 19, 1584–1596.
16 Bhowmik A, Khan R and Ghosh MK (2015) Blood

brain barrier: a challenge for effectual therapy of brain

tumors. Biomed Res Int 2015, 1–20.
17 Ludwig S and Zarbock A (2020) Coronaviruses and

SARS-CoV-2: a brief overview. Anest Analg 131, 93–96.
18 Lau SKP, Woo PCY, Yip CCY, Fan RYY, Huang Y,

Wang M et al. (2012) Isolation and characterization of

a novel betacoronavirus subgroup a coronavirus,

rabbit coronavirus HKU14, from domestic rabbits. J

Virol 86, 5481–5496.
19 Xu J, Zhao S, Teng T, Abdalla AE, Zhu W, Xie L,

Wang Y and Guo X (2020) Systematic comparison of

two animal-to-human transmitted human

coronaviruses: SARS-CoV-2 and SARS-CoV. Viruses

12, 244.

20 Dalakas MC and Clark WM (2003) Strokes,

thromboembolic events, and IVIg: Rare incidents

blemish an excellent safety record. Neurology 60, 1736–
1737.

21 Hung ECW, Chim SSC, Chan PKS, Tong YK, Ng

EKO, Chiu RWK, Leung C-B, Sung JJY, Tam JS and

Lo YMD (2003) Detection of SARS coronavirus RNA

in the cerebrospinal fluid of a patient with severe acute

respiratory syndrome. Clin Chem 49, 2108–2109.
22 Lau K-K, Yu W-C, Chu C-M, Lau S-T, Sheng B and

Yuen K-Y (2004) Possible central nervous system

infection by SARS coronavirus. Emerg Infect Dis 10,

342–344.
23 Umapathi T, Kor AC, Venketasubramanian N, Lim

CCT, Pang BC, Yeo TT, Lee CC, Lim PL,

Ponnudurai K, Chuah KL et al. (2004) Large artery

ischaemic stroke in severe acute respiratory syndrome

(SARS). J Neurol 251, 1227–1231.
24 Tsai L-K, Hsieh S-T, Chao C-C, Chen Y-C, Lin Y-H,

Chang S-C and Chang Y-C (2004) Neuromuscular

disorders in severe acute respiratory syndrome. Arch

Neurol 61, 1669.

25 Moldofsky H and Patcai J (2011) Chronic widespread

musculoskeletal pain, fatigue, depression and

disordered sleep in chronic post-SARS syndrome; a

case-controlled study. BMC Neurol 11, 37.

26 Desforges M, Le Coupanec A, Brison �E, Meessen-

Pinard M and Talbot PJ (2014) Neuroinvasive and

Neurotropic Human Respiratory Coronaviruses:

Potential Neurovirulent Agents in Humans. In:

Adhikari R and Thapa S editors. Infectious Diseases

and Nanomedicine I. New Delhi: Springer India. [cited

2021 Jul 20]. p. 75–96. (Advances in Experimental

Medicine and Biology; vol. 807). Available from:

https://doi.org/10.1007/978-81-322-1777-0_6

27 Gu J, Gong E, Zhang B, Zheng J, Gao Z, Zhong Y,

Zou W, Zhan J, Wang S, Xie Z et al. (2005) Multiple

2864 FEBS Letters 595 (2021) 2854–2871 ª 2021 Federation of European Biochemical Societies

Neurological pathophysiology of RNA viruses N. Chakravarty et al.

https://doi.org/10.1101/2020.01.29.925867
https://doi.org/10.1101/2020.01.29.925867
http://www.ncbi.nlm.nih.gov/books/NBK554776/
http://www.ncbi.nlm.nih.gov/books/NBK554776/
https://doi.org/10.1007/978-81-322-1777-0_6


organ infection and the pathogenesis of SARS. J Exp

Med 202, 415–424.
28 Nicholls JM, Butany J, Poon LLM, Chan KH, Beh

SL, Poutanen S, Peiris JSM and Wong M (2006) Time

course and cellular localization of SARS-CoV

nucleoprotein and RNA in lungs from fatal cases of

SARS. PLoS Medicine 3, e27.

29 Spiegel M, Schneider K, Weber F, Weidmann M and

Hufert FT (2006) Interaction of severe acute

respiratory syndrome-associated coronavirus with

dendritic cells. J Gen Virol 87, 1953–1960.
30 Chan JF-W, Kok K-H, Zhu Z, Chu H, To KK-W,

Yuan S and Yuen K-Y (2020). Genomic

characterization of the 2019 novel human-pathogenic

coronavirus isolated from a patient with atypical

pneumonia after visiting Wuhan. Emerg Microb Infect

9, 221–236.
31 Lu L, Liu Q, Zhu Y, Chan K-H, Qin L, Li Y,

Wang Q, Chan JF-W, Du L, Yu F et al. (2014)

Structure-based discovery of Middle East respiratory

syndrome coronavirus fusion inhibitor. Nat Commun

5, 3067.

32 Du L, Yang Y, Zhou Y, Lu L, Li F and Jiang S

(2017) MERS-CoV spike protein: a key target for

antivirals. Expert Opinion Therapeutic Targ 21, 131–
143.

33 Bradley BT and Bryan A (2019) Emerging respiratory

infections: The infectious disease pathology of SARS,

MERS, pandemic influenza, and Legionella. Semin

Diagn Pathol 36, 152–159.
34 Arabi YM, Balkhy HH, Hayden FG, Bouchama A,

Luke T, Baillie JK, Al-Omari A, Hajeer AH, Senga

M, Denison MR et al. (2017) Middle east respiratory

syndrome. N Engl J Med 376, 584–594.
35 Arabi YM, Harthi A, Hussein J, Bouchama A, Johani

S, Hajeer AH, Saeed BT, Wahbi A, Saedy A,

AlDabbagh T et al. (2015) Severe neurologic syndrome

associated with Middle East respiratory syndrome

corona virus (MERS-CoV). Infection 43, 495–501.
36 Cheng Q, Yang Y and Gao J (2020) Infectivity of

human coronavirus in the brain. EBioMedicine 56,

102799.

37 Algahtani H, Subahi A and Shirah B (2016)

Neurological complications of middle east respiratory

syndrome coronavirus: a report of two cases and

review of the literature. Case Rep Neurol Med 2016, 1–
6.

38 Joob B and Wiwanitkit V (2015) Neurologic syndrome

due to MERS: Is there a possibility that the virus can

cross the blood-brain barrier to cause a neurological

problem? Ann Trop Med Public Health 8, 231. Gale

Academic OneFile [cited 2021 Nov 16]. Available

from: https://link.gale.com/apps/doc/A431997964/

AONE?u=anon~a1923607&sid=googleScholar&xid=

bc12bc08

39 Al-Hameed FM (2017) Spontaneous intracranial

hemorrhage in a patient with Middle East respiratory

syndrome corona virus. SMJ 38, 196–200.
40 Talbot PJ, Arnold D and Antel JP (2001) Virus-

induced autoimmune reactions in the CNS. Curr Top

Microbiol Immunol 253, 247–271.
41 Gautam AM, Pearson CI, Smilek DE, Steinman L and

McDevitt HO (1992) A Polyalanine peptide with only

five native myelin basic protein residues induces

autoimmune encephalomyelitis. J Exp Med 176, 605–
609.

42 Algahtani H and Shirah B (2016) Neurological

complications of novel influenza A (H1N1) pdm09

infection: report of two cases and a systematic review

of the literature. J Neuroinfect Dis 7, 2314–7326.
43 Zhou P, Yang X-L, Wang X-G, Hu B, Zhang L and

Zhang W (2020) A pneumonia outbreak associated

with a new coronavirus of probable bat origin. Nature

579, 270–273.
44 Lempp FA, Soriaga LB, Montiel-Ruiz M, Benigni F,

Noack J and Park Y-J (2021) Lectins enhance SARS-

CoV-2 infection and influence neutralizing antibodies.

Nature 598, 342.

45 Davies J, Randeva H, Chatha K, Hall M, Spandidos

D, Karteris E and Kyrou I (2020) Neuropilin‑1 as a

new potential SARS‑CoV‑2 infection mediator

implicated in the neurologic features and central

nervous system involvement of COVID‑19. Mol Med

Rep 22, 4221.

46 Walls AC, Park Y-J, Tortorici MA, Wall A, McGuire

AT and Veesler D (2020) Structure, function, and

antigenicity of the SARS-CoV-2 spike glycoprotein.

Cell 181, 281–292.
47 Sironi M, Hasnain SE, Rosenthal B, Phan T, Luciani

F, Shaw M-A, Mirhashemi ME, Morand S and

Gonz�alez-Candelas F (2020) SARS-CoV-2 and

COVID-19: A genetic, epidemiological, and

evolutionary perspective. Infec Gene Evol 84, 104384.

48 Whittaker GR (2021) SARS-CoV-2 spike and its

adaptable furin cleavage site. Lancet Microbe 2, e448–
e489.

49 Romeu AR and Oll�e E (2021) SARS-CoV-2 and the

secret of the furin site. Preprints 2021, 20264.

50 Hoffmann M, Kleine-Weber H, Schroeder S, Kr€uger

N, Herrler T, Erichsen S et al. (2020) SARS-CoV-2

cell entry depends on ACE2 and TMPRSS2 and is

blocked by a clinically proven protease inhibitor. Cell

181, 271–280.
51 Asselah T, Durantel D, Pasmant E, Lau G and

Schinazi RF (2021) COVID-19: Discovery, diagnostics

and drug development. J Hepatol 74, 168–184.
52 Karimi N, Sharifi Razavi A and Rouhani N (2020)

Frequent convulsive seizures in an adult patient with

COVID-19: a case report. Iranian Red Crescent Med J

3. https://doi.org/10.5812/ircmj.102828

2865FEBS Letters 595 (2021) 2854–2871 ª 2021 Federation of European Biochemical Societies

N. Chakravarty et al. Neurological pathophysiology of RNA viruses

https://link.gale.com/apps/doc/A431997964/AONE?u=anon~a1923607&sid=googleScholar&xid=bc12bc08
https://link.gale.com/apps/doc/A431997964/AONE?u=anon~a1923607&sid=googleScholar&xid=bc12bc08
https://link.gale.com/apps/doc/A431997964/AONE?u=anon~a1923607&sid=googleScholar&xid=bc12bc08
https://doi.org/10.5812/ircmj.102828


53 Li Y, Li M, Wang M, Zhou Y, Chang J, Xian Y,

Wang D, Mao L, Jin H and Hu B (2020) Acute

cerebrovascular disease following COVID-19: a single

center, retrospective, observational study. Stroke Vasc

Neurol 5, 279–284.
54 Oxley TJ, Mocco J, Majidi S, Kellner CP, Shoirah H,

Singh IP, De Leacy RA, Shigematsu T, Ladner TR,

Yaeger KA et al. (2020) Large-vessel stroke as a

presenting feature of covid-19 in the young. N Engl J

Med 382, e60.

55 Bertram L and Tanzi RE (2008) Thirty years of

Alzheimer’s disease genetics: the implications of

systematic meta-analyses. Nat Rev Neurosci 9, 768–
778.

56 Wang C, Zhang M, Garcia G, Tian E, Cui Q, Chen

X, Sun G, Wang J, Arumugaswami V and Shi Y

(2021) ApoE-isoform-dependent SARS-CoV-2

neurotropism and cellular response. Cell Stem Cell 28,

331–342.
57 Crunfli F, Carregari VC, Veras FP, Vendramini PH,

Valenc�a GF and Antunes ASLM. SARS-CoV-2 infects

brain astrocytes of COVID-19 patients and impairs

neuronal viability. MedRxiv 22, 2356.

58 Guo Y-R, Cao Q-D, Hong Z-S, Tan Y-Y, Chen S-D,

Jin H-J, Tan K-S, Wang D-Y and Yan Y (2020) The

origin, transmission and clinical therapies on

coronavirus disease 2019 (COVID-19) outbreak – an

update on the status. Military Med Res 7, 11.

59 Coperchini F, Chiovato L, Croce L, Magri F and

Rotondi M (2020) The cytokine storm in COVID-19:

An overview of the involvement of the chemokine/

chemokine-receptor system. Cytokine Growth Factor

Rev 53, 25–32.
60 Vargas G, Medeiros Geraldo LH, Gede~ao Salom~ao N,

Viana Paes M, Regina Souza Lima F and Gomes CA

(2020) Severe acute respiratory syndrome coronavirus

2 (SARS-CoV-2) and glial cells: Insights and

perspectives. Brain Behav Immu Health 7, 100127.

61 Panesar NS, Lam CWK, Chan MHM, Wong CK and

Sung JJY (2004) Lymphopenia and neutrophilia in

SARS are related to the prevailing serum cortisol. Eur

J Clin Invest 34, 382–384.
62 Dantzer R (2018) Neuroimmune interactions: from the

brain to the immune system and vice versa. Physiol

Rev 98, 477–504.
63 Chen L, Long X, Xu Q, Tan J, Wang G, Cao Y, Wei

J, Luo H, Zhu H, Huang L et al. (2020) Elevated

serum levels of S100A8/A9 and HMGB1 at hospital

admission are correlated with inferior clinical

outcomes in COVID-19 patients. Cell Mol Immunol 17,

992–994.
64 Iadecola C, Buckwalter MS and Anrather J (2020)

Immune responses to stroke: mechanisms, modulation,

and therapeutic potential. J Clin Invest 130, 2777–
2788.

65 Moriguchi T, Harii N, Goto J, Harada D, Sugawara

H, Takamino J, Ueno M, Sakata H, Kondo K, Myose

N et al. (2020) A first case of meningitis/encephalitis

associated with SARS-Coronavirus-2. Int J Infect Dis

94, 55–58.
66 Qin C, Zhou L, Hu Z, Zhang S, Yang S, Tao Y, Xie

C, Ma K, Shang K, Wang W et al. (2020)

Dysregulation of immune response in patients with

coronavirus 2019 (COVID-19) in Wuhan, China. Clin

Infect Dis 71, 762–768.
67 Schulte-Schrepping J, Reusch N, Paclik D, Baßler K,

Schlickeiser S and Zhang B (2020) Severe COVID-19

Is marked by a dysregulated myeloid cell

compartment. Cell 182, 1419–1440.
68 Silvin A, Chapuis N, Dunsmore G, Goubet A-G,

Dubuisson A, Derosa L, Rameau P, Catelain C,

Alfaro A, Dussiau C et al. (2020) Elevated

calprotectin and abnormal myeloid cell subsets

discriminate severe from mild COVID-19. Cell 182,

1401–1418.
69 Chen G, Wu D, Guo W, Cao Y, Huang D, Wang H,

Wang T, Zhang X and Chen H (2020) Clinical and

immunological features of severe and moderate

coronavirus disease 2019. Journal of Clinical

Investigation 130, 2620–2629.
70 Dosch SF, Mahajan SD and Collins AR (2009) SARS

coronavirus spike protein-induced innate immune

response occurs via activation of the NF-jB pathway

in human monocyte macrophages in vitro. Virus Res

142, 19–27.
71 Iadecola C, Anrather J and Kamel H (2020) Effects

of COVID-19 on the nervous system. Cell 183, 16–
27.

72 Merad M and Martin JC (2020) Pathological

inflammation in patients with COVID-19: a key role

for monocytes and macrophages. Nat Rev Immunol 20,

355–362.
73 Zubair AS, McAlpine LS, Gardin T, Farhadian S,

Kuruvilla DE and Spudich S (2020)

Neuropathogenesis and neurologic manifestations of

the coronaviruses in the age of coronavirus disease

2019 a review. JAMA Neurol 77, 1018–1027.
74 Corraliza I (2014) Recruiting specialized macrophages

across the borders to restore brain functions. Front

Cell Neurosci 8, 65.

75 Jafarzadeh A, Chauhan P, Saha B, Jafarzadeh S and

Nemati M (2020) Contribution of monocytes and

macrophages to the local tissue inflammation and

cytokine storm in COVID-19: Lessons from SARS and

MERS, and potential therapeutic interventions. Life

Sci 257, 118102.

76 McCracken IR, Saginc G, He L, Huseynov A, Daniels

A, Fletcher S, Peghaire C, Kalna V, Andaloussi-M€ae

M, Muhl L et al. (2021) Lack of evidence of

angiotensin-converting enzyme 2 expression and

2866 FEBS Letters 595 (2021) 2854–2871 ª 2021 Federation of European Biochemical Societies

Neurological pathophysiology of RNA viruses N. Chakravarty et al.



replicative infection by SARS-CoV-2 in human

endothelial cells. Circulation 143, 865–868.
77 Paniz-Mondolfi A, Bryce C, Grimes Z, Gordon RE,

Reidy J, Lednicky J, Sordillo EM and Fowkes M

(2020) Central nervous system involvement by severe

acute respiratory syndrome coronavirus-2 (SARS-CoV-

2). J Med Virol 92, 699–702.
78 Sankowski R, Mader S and Vald�es-Ferrer SI (2015)

Systemic inflammation and the brain: novel roles of

genetic, molecular, and environmental cues as drivers

of neurodegeneration. Front Cell Neurosci 9, 28.

79 Buzhdygan TP, DeOre BJ, Baldwin-Leclair A, Bullock

TA, McGary HM, Khan JA, Razmpour R, Hale JF,

Galie PA and Potula R (2020) The SARS-CoV-2 spike

protein alters barrier function in 2D static and 3D

microfluidic in-vitro models of the human blood–brain
barrier. Neurobiology of Disease 146, 105131.

80 Li Y-C, Bai W-Z, Hirano N, Hayashida T, Taniguchi

T, Sugita Y, Tohyama K and Hashikawa T (2013)

Neurotropic virus tracing suggests a membranous-

coating-mediated mechanism for transsynaptic

communication. J Comp Neurol 521, 203–212.
81 Dub�e M, Le Coupanec A, Wong AHM, Rini JM,

Desforges M and Talbot PJ (2018) Axonal transport

enables neuron-to-neuron propagation of human

coronavirus OC43. J Virol 92, 18.

82 Berth SH (2009) Virus-induced neuronal dysfunction

and degeneration. Front Biosci 14, 5239.

83 Brann DH, Tsukahara T, Weinreb C, Lipovsek M,

Van den Berge K, Gong B, Chance R, Macaulay IC,

Chou H-J and Fletcher RB (2020). Non-neuronal

expression of SARS-CoV-2 entry genes in the olfactory

system suggests mechanisms underlying COVID-19-

associated anosmia. SciAdv 6, eabc5801.

84 Fodoulian L, Tuberosa J, Rossier D, Boillat M, Kan

C, Pauli V, Egervari K, Lobrinus JA, Landis BN,

Carleton A et al. (2020) SARS-CoV-2 receptors and

entry genes are expressed in the human olfactory

neuroepithelium and brain. iScience 23, 101839.

85 Mayi BS, Leibowitz JA, Woods AT, Ammon KA, Liu

AE and Raja A (2021) The role of Neuropilin-1 in

COVID-19. PLoS Pathog. 17, e1009153.

86 Wang L, Sievert D, Clark AE, Lee S, Federman H,

Gastfriend BD (2021) A human three-dimensional

neural-perivascular ‘assembloid’ promotes astrocytic

development and enables modeling of SARS-CoV-2

neuropathology. Nat Med 27, 1600–1606.
87 Faria NR, Claro IM, Candido D, Moyses Franco LA,

Andrade PS, Coletti TM (2021) Genomic

characterisation of an emergent SARS-CoV-2 lineage

in Manaus: preliminary findings. Virological 14, 86.

88 Leung K, Shum MH, Leung GM, Lam TT and Wu

JT (2021) Early transmissibility assessment of the

N501Y mutant strains of SARS-CoV-2 in the United

Kingdom, October to November 2020. Eurosurveillance

26, 1560.

89 Tegally H, Wilkinson E, Giovanetti M, Iranzadeh A,

Fonseca V, Giandhari J (2020) Emergence and rapid

spread of a new severe acute respiratory syndrome-

related coronavirus 2 (SARS-CoV-2) lineage with

multiple spike mutations in South Africa. medRxiv.

https://doi.org/10.1101/2020.12.21.20248640

90 Cherian S, Potdar V, Jadhav S, Yadav P, Gupta N,

Das M (2021) Convergent evolution of SARS-CoV-2

spike mutations, L452R, E484Q and P681R, in the

second wave of COVID-19 in Maharashtra, India. Mol

Biol 20, 932.

91 Edara V-V, Lai L, Sahoo MK, Floyd K, Sibai M,

Solis D (2021) Infection and vaccine-induced

neutralizing antibody responses to the SARS-CoV-2

B.1.617.1 variant. bioRxiv. https://doi.org/10.1101/

2021.05.09.443299

92 Hoffmann M, Hofmann-Winkler H, Kr€uger N, Kempf

A, Nehlmeier I, Graichen L (2021) SARS-CoV-2

variant B.1.617 is resistant to Bamlanivimab and

evades antibodies induced by infection and

vaccination. Mol Biol. 44, 663.

93 Mlcochova P, Kemp S, Dhar MS, Papa G, Meng B,

Mishra S et al. (2021) SARS-CoV-2 B.1.617.2 Delta

variant emergence, replication and sensitivity to

neutralising antibodies. bioRxiv. https://doi.org/10.

1101/2021.05.08.443253

94 Yadav PD, Sapkal GN, Abraham P, Ella R,

Deshpande G, Patil DY, Nyayanit DA, Gupta N,

Sahay RR, Shete AM et al. (2021) Neutralization of

variant under investigation B.1.617.1 with sera of

BBV152 vaccinees. Clin Infect Dis 7, 411.

95 Planas D, Veyer D, Baidaliuk A, Staropoli I, Guivel-

Benhassine F, Rajah MM (2021) Reduced sensitivity

of SARS-CoV-2 variant Delta to antibody

neutralization. Nature 8, 777.

96 Centers for Disease Control and Prevention. Variant

Proportions. [cited 2021 Aug 18]. Available from:

https://covid.cdc.gov/covid-data-tracker/#variant-

proportions.

97 Naveca F, da Costa C, Nascimento F, Costa �A,

Duarte D and Silva G (2021) SARS-CoV-2 reinfection

by the new Variant of Concern (VOC) P.1 in

Amazonas, Brazil. Virological. https://virological.org/t/

sars-cov-2-reinfection-by-the-new-variant-of-concern-

voc-p-1-in-amazonas-brazil/596

98 Washington NL, Gangavarapu K, Zeller M, Bolze A,

Cirulli ET and Barrett KMS (2021) Genomic

epidemiology identifies emergence and rapid

transmission of SARS-CoV-2 B.1.1.7 in the United

States. Infect Dis 70, 95.

99 Ramanathan M, Ferguson ID, Miao W and Khavari

PA (2021) SARS-CoV-2 B.1.1.7 and B.1.351 Spike

2867FEBS Letters 595 (2021) 2854–2871 ª 2021 Federation of European Biochemical Societies

N. Chakravarty et al. Neurological pathophysiology of RNA viruses

https://doi.org/10.1101/2020.12.21.20248640
https://doi.org/10.1101/2021.05.09.443299
https://doi.org/10.1101/2021.05.09.443299
https://doi.org/10.1101/2021.05.08.443253
https://doi.org/10.1101/2021.05.08.443253
https://covid.cdc.gov/covid-data-tracker/#variant-proportions
https://covid.cdc.gov/covid-data-tracker/#variant-proportions
https://virological.org/t/sars-cov-2-reinfection-by-the-new-variant-of-concern-voc-p-1-in-amazonas-brazil/596
https://virological.org/t/sars-cov-2-reinfection-by-the-new-variant-of-concern-voc-p-1-in-amazonas-brazil/596
https://virological.org/t/sars-cov-2-reinfection-by-the-new-variant-of-concern-voc-p-1-in-amazonas-brazil/596


variants bind human ACE2 with increased affinity.

Pathology 22, 359.

100 Ho D, Wang P, Liu L, Iketani S, Luo Y and Guo Y

(2021) Increased Resistance of SARS-CoV-2 Variants

B.1.351 and B.1.1.7 to Antibody Neutralization. In

Review 29, 94.

101 Starr TN, Greaney AJ, Hilton SK, Ellis D, Crawford

KHD, Dingens AS, Navarro MJ, Bowen JE, Tortorici

MA, Walls AC et al. (2020) Deep mutational scanning

of SARS-CoV-2 receptor binding domain reveals

constraints on folding and ACE2 binding. Cell 182,

1295–1310.
102 Tchesnokova V, Kulakesara H, Larson L, Bowers V,

Rechkina E and Kisiela D (2021) Acquisition of the

L452R mutation in the ACE2-binding interface of

Spike protein triggers recent massive expansion of

SARS-Cov-2 variants. Microbiology 22, 921.

103 PANGO Lineages. [cited 2021 Jul 20]. Available from:

https://cov-lineages.org/lineages/lineage_B.1.617.html

104 Daly JL, Simonetti B, Klein K, Chen K-E, Williamson

MK, Ant�on-Pl�agaro C, Shoemark DK, Sim�on-Gracia

L, Bauer M, Hollandi R et al. (2020) Neuropilin-1 is a

host factor for SARS-CoV-2 infection. Science 370,

861–865.
105 Liu Y, Liu J, Johnson BA, Xia H, Ku Z and

Schindewolf C (2021) Delta spike P681R mutation

enhances SARS-CoV-2 fitness over Alpha variant.

Microbiology 12, 173.

106 Peacock TP, Sheppard CM, Brown JC,

Goonawardane N, Zhou J and Whiteley M (2021) The

SARS-CoV-2 variants associated with infections in

India, B.1.617, show enhanced spike cleavage by furin.

bioRxiv. https://doi.org/10.1101/2021.05.28.446163

107 Takeda M (2021) Proteolytic activation of SARS-

CoV-2 spike protein. Microbiol Immunol 421, 12945.

108 Ferreira I, Datir R, Papa G, Kemp S, Meng B,

Rakshit P (2021) SARS-CoV-2 B.1.617 emergence and

sensitivity to vaccine-elicited antibodies. bioRxiv.

109 The Royal Society (2020) The SARS-CoV-2 genome:

variation, implication and application. September 2020

DES7139. https://royalsociety.org/-/media/policy/

projects/set-c/set-c-genome-analysis.pdf

110 Ramaiah A, Dai L, Contreras D, Sinha S, Sun R

and Arumugaswami V (2017) Comparative analysis

of protein evolution in the genome of pre-epidemic

and epidemic Zika virus. Infec Gene Evol 51, 74–85.
111 Leda AR, Bertrand L, Andras IE, El-Hage N, Nair M

and Toborek M (2019) Selective disruption of the

blood-brain barrier by Zika Virus. Front Microbiol 18,

2158.

112 Sirohi D and Kuhn RJ (2017) Zika Virus structure,

maturation, and receptors. J Infect Dis 216, S935–
S944.

113 Hamel R, Dejarnac O, Wichit S, Ekchariyawat P,

Neyret A and Luplertlop N (2015) Biology of Zika

virus infection in human skin cells. J Virol 89, 8880–
8896.

114 Strange DP, Jiyarom B, Pourhabibi Zarandi N, Xie X,

Baker C, Sadri-Ardekani H, Shi P-Y and Verma S

(2019) Axl promotes zika virus entry and modulates

the antiviral state of human sertoli cells. MBio 10, 19.

115 Musso D and Gubler DJ (2016) Zika Virus. Clin

Microbiol Rev 29, 487–524.
116 Oehler E, Watrin L, Larre P, Leparc-Goffart I,

Last�ere S, Valour F, Baudouin L, Mallet H, et al.

(2014) Zika virus infection complicated by Guillain-

Barr�e syndrome – case report, French Polynesia,

December 2013. Euro Surveill 19, 20720.

117 Musso D, Ko AI and Baud D. Zika Virus Infection

— After the Pandemic. N Engl J Med 381, 1444–
1457.

118 Shao Q, Herrlinger S, Yang S-L, Lai F, Moore JM,

Brindley MA et al. (2016) Zika virus infection disrupts

neurovascular development and results in postnatal

microcephaly with brain damage. Development 1, 143768.

119 Bramley JC, Drummond CG, Lennemann NJ, Good

CA, Kim KS and Coyne CB (2017) A three-

dimensional cell culture system to model RNA virus

infections at the blood-brain barrier. mSphere 2, 3

120 Mladinich MC, Schwedes J and Mackow ER. (2017)

Zika Virus Persistently Infects and Is Basolaterally

Released from Primary Human Brain Microvascular

Endothelial Cells. MBio 8, 4.

121 Papa MP, Meuren LM, Coelho SVA, de Lucas CG,

Mustaf�a YM and Fet LMI (2017) Zika virus infects,

activates, and crosses brain microvascular endothelial

cells, without barrier disruption. Front Microbiol 22,

2557.

122 Alimonti JB, Ribecco-Lutkiewicz M, Sodja C,

Jezierski A, Stanimirovic DB, Liu Q, Haqqani AS,

Conlan W and Bani-Yaghoub M (2018) Zika virus

crosses an in vitro human blood brain barrier model.

Fluids Barriers CNS 15, 15.

123 Jurado KA, Yockey LJ, Wong PW, Lee S, Huttner AJ

and Iwasaki A (2018) Antiviral CD8 T cells induce

Zika-virus-associated paralysis in mice. Nat Microbiol

3, 141–147.
124 Garcia G, Paul S, Beshara S, Ramanujan VK,

Ramaiah A, Nielsen-Saines K, Li MMH, French SW,

Morizono K, Kumar A et al. (2020) Hippo signaling

pathway has a critical role in zika virus replication

and in the pathogenesis of neuroinflammation. Am J

Pathol 190, 844–861.
125 Lo Presti A, Cella E, Giovanetti M, Lai A, Angeletti

S, Zehender G, Ciccozzi M (2016) Origin and

evolution of Nipah virus: Nipah Virus. J Med Virol

88, 380–388.
126 Eaton BT, Broder CC, Middleton D and Wang L-F

(2006) Hendra and Nipah viruses: different and

dangerous. Nat Rev Microbiol 4, 23–35.

2868 FEBS Letters 595 (2021) 2854–2871 ª 2021 Federation of European Biochemical Societies

Neurological pathophysiology of RNA viruses N. Chakravarty et al.

https://cov-lineages.org/lineages/lineage_B.1.617.html
https://doi.org/10.1101/2021.05.28.446163
https://royalsociety.org/-/media/policy/projects/set-c/set-c-genome-analysis.pdf
https://royalsociety.org/-/media/policy/projects/set-c/set-c-genome-analysis.pdf


127 Sun B, Jia L, Liang B, Chen Q and Liu D (2018)

Phylogeography, transmission, and viral proteins of

nipah virus. Virol Sin 33, 385–393.
128 Tiong V, Shu M-H, Wong WF, AbuBakar S and

Chang L-Y (2018) Nipah virus infection of immature

dendritic cells increases its transendothelial migration

across human brain microvascular endothelial cells.

Front Microbiol 9, 56.

129 Escaffre O, Borisevich V and Rockx B (2013)

Pathogenesis of Hendra and Nipah virus infection in

humans. J Infec Develop Countries 7, 308–311.
130 Singh RK, Dhama K, Chakraborty S, Tiwari R,

Natesan S, Khandia R, Munjal A, Vora KS,

Latheef SK, Karthik K et al. (2019) Nipah virus:

epidemiology, pathology, immunobiology and

advances in diagnosis, vaccine designing and control

strategies – a comprehensive review. Vet Q 39, 26–
55.

131 Escaffre O, Borisevich V, Carmical JR, Prusak D,

Prescott J, Feldmann H, Rockx B (2013) Henipavirus

pathogenesis in human respiratory epithelial cells. J

Virol 87, 3284–3294.
132 Liu J, Coffin KM, Johnston SC, Babka AM, Bell TM,

Long SY et al. (2019) Nipah virus persists in the

brains of nonhuman primate survivors. JCI Insight 4,

e129629.

133 Wong KT, Shieh W-J, Kumar S, Norain K, Abdullah

W and Guarner J (2002) Nipa virus infection:

pathology and pathogenesis of an emerging

paramyxoviral zoonosis. Am J Pathol 161, 2153–2167.
134 Wain-Hobson S, Sonigo P, Danos O, Cole S and

Alizon M (1985) Nucleotide sequence of the AIDS

virus, LAV. Cell 40, 9–17.
135 Montagnier L (1999) Human Immunodeficiency

Viruses (Retroviridae). In Encyclopedia of Virology

(Granoff A, Webster RG, eds), 2nd edn, pp. 763–774.
Elsevier. https://doi.org/10.1006/rwvi.1999.0144

136 Li G and De Clercq E (2016) HIV genome-wide

protein associations: a review of 30 years of research.

Microbiol Mol Biol Rev 80, 679–731.
137 Mushahwar IK. (2006) Human Immunodeficiency

Viruses: Molecular Virology, Pathogenesis, Diagnosis

and Treatment. In: Mushahwar IK editor. Congenital

and Other Related Infectious Diseases of the

Newborn. Elsevier. p. 75–87. (Perspectives in Medical

Virology; vol. 13). Available from: http://www.

sciencedirect.com/science/article/pii/

S0168706906130050

138 Votteler J and Schubert U (2008) Human

Immunodeficiency Viruses: Molecular Biology.

Encyclopedia of Virology, 3rd edn., pp. 517–525.
Elsevier.

139 Li G, Piampongsant S, Faria NR, Voet A, Pineda-

Pe~na A-C, Khouri R, Lemey P, Vandamme A-M and

Theys K (2015) An integrated map of HIV genome-

wide variation from a population perspective.

Retrovirology 12, 18.

140 Lu K, Heng X and Summers MF (2011) Structural

determinants and mechanism of HIV-1 genome

packaging. J Mol Biol 410, 609–633.
141 Osborne O, Peyravian N, Nair M, Daunert S and

Toborek M (2020) The paradox of HIV blood-brain

barrier penetrance and antiretroviral drug delivery

deficiencies. Trends Neurosci 43, 695–708.
142 German Advisory Committee Blood (Arbeitskreis

Blut), Subgroup ‘Assessment of Pathogens

Transmissible by Blood’ (2016) Human

Immunodeficiency Virus (HIV). Transfus Med

Hemother 43, 203–222.
143 Antinori A, Arendt G, Becker JT, Brew BJ, Byrd

DA, Cherner M, Clifford DB, Cinque P, Epstein LG

et al. (2007) Updated research nosology for HIV-

associated neurocognitive disorders. Neurology 69,

1789–1799.
144 Alfahad TB and Nath A (2013) Update on HIV-

Associated Neurocognitive Disorders. Curr Neurol

Neurosci Rep 13, 387.

145 El-Hage N, Gurwell JA, Singh IN, Knapp PE, Nath

A and Hauser KF (2005) Synergistic increases in

intracellular Ca2+, and the release of MCP-1,

RANTES, and IL-6 by astrocytes treated with opiates

and HIV-1 Tat. Glia 50, 91–106.
146 Churchill M and Nath A (2013) Where does HIV

hide? A focus on the central nervous system. Current

Opinion in HIV and AIDS 8, 165–169.
147 Petito CK and Cash KS (1992) Blood-brain barrier

abnormalities in acquired immunodeficiency syndrome:

Immunohistochemical localization of serum proteins in

postmortem brain. Ann Neurol 32, 658–666.
148 Power C, Kong P-A, Crawford TO, Wesselingh S,

Glass JD, McArthur JC and Trapp BD (1993)

Cerebral white matter changes in acquired

immunodeficiency syndrome dementia: Alterations of

the blood-brain barrier. Ann Neurol 34, 339–350.
149 McRae M (2016) HIV and viral protein effects on the

blood brain barrier. Tissue Barriers. 4, e1143543.

150 Smith TW, DeGirolami U, H�enin D, Bolgert F and

Hauw J-J (1990) Human Immunodeficiency Virus

(HIV) Leukoencephalopathy and the Microcirculation.

J Neuropathol Exp Neurol 49, 357–370.
151 Saukkonen JJ, Furfaro S, Mahoney KM, Strieter RM,

Burdick M, Wright EA (1997) In vitro

transendothelial migration of blood T lymphocytes

from HIV-infected individuals. AIDS 11, 1595–1601.
152 Chaudhuri A, Duan F, Morsey B, Persidsky Y and

Kanmogne GD (2008) HIV-1 activates

proinflammatory and interferon-inducible genes in

human brain microvascular endothelial cells: putative

mechanisms of blood-brain barrier dysfunction. J

Cereb Blood Flow Metab 28, 697–711.

2869FEBS Letters 595 (2021) 2854–2871 ª 2021 Federation of European Biochemical Societies

N. Chakravarty et al. Neurological pathophysiology of RNA viruses

https://doi.org/10.1006/rwvi.1999.0144
http://www.sciencedirect.com/science/article/pii/S0168706906130050
http://www.sciencedirect.com/science/article/pii/S0168706906130050
http://www.sciencedirect.com/science/article/pii/S0168706906130050


153 Sarji SA, Abdullah BJJ, Goh KJ, Tan CT and Wong

KT (2000) MR Imaging features of nipah encephalitis.

Am J Roentgenol 175, 437–442.
154 Lim CCT, Lee WL, Leo YS, Lee KE, Chan KP and

Ling AE (2003) Late clinical and magnetic resonance

imaging follow up of Nipah virus infection. J Neurol

Neurosurg Psychiatry 74, 131–133.
155 Jahanshad N, Valcour VG, Nir TM, Kohannim O,

Busovaca E, Nicolas K and Thompson PM (2012)

Disrupted brain networks in the aging HIV+
population. Brain Connect 2, 335–344.

156 Wade BSC, Valcour VG, Wendelken-Riegelhaupt L,

Esmaeili-Firidouni P, Joshi SH & Wang Y (2015)

Mapping abnormal subcortical brain morphometry in

an elderly HIV+ cohort. In: 2015 IEEE 12th

International Symposium on Biomedical Imaging

(ISBI). Brooklyn, NY, USA: IEEE. [cited 2021 Jul 21].

p. 971–5. Available from: http://ieeexplore.ieee.org/

document/7164033/

157 Chaganti JR, Heinecke A, Gates TM, Moffat KJ and

Brew BJ (2017) Functional connectivity in virally

suppressed patients with hiv-associated neurocognitive

disorder: a resting-state analysis. AJNR Am J

Neuroradiol 38, 1623–1629.
158 Boerwinkle AH, Meeker KL, Luckett P and Ances

BM (2021) Neuroimaging the Neuropathogenesis of

HIV. Curr HIV/AIDS Rep 18, 221–228.
159 Choi Y and Lee MK (2020) Neuroimaging findings of

brain MRI and CT in patients with COVID-19: A

systematic review and meta-analysis. Eur J Radiol 133,

109393.

160 Gulko E, Oleksk ML, Gomes W, Ali S, Mehta H,

Overby P et al. (2020) MRI brain findings in 126

patients with COVID-19: initial observations from a

descriptive literature review. AJNR Am J Neuroradiol

41, 2199–2203.
161 Lu Y, Li X, Geng D, Mei N, Wu P-Y, Huang C-C,

Jia T, Zhao Y, Wang D et al. (2020) Cerebral Micro-

Structural Changes in COVID-19 Patients – An MRI-

based 3-month Follow-up Study. EClinicalMedicine

25, 100484.

162 Moonis G, Filippi CG, Kirsch CFE, Mohan S, Stein

EG and Hirsch JA. (2020) The Spectrum of

Neuroimaging findings on CT and MRI in Adults

with Coronavirus Disease (COVID-19). Am J

Roentgenol. 20, 24839.

163 Conklin J, Frosch MP, Mukerji SS, Rapalino O,

Maher MD, Schaefer PW, Lev MH, Gonzalez R, Das

S et al. (2021) Susceptibility-weighted imaging reveals

cerebral microvascular injury in severe COVID-19. J

Neurol Sci 421, 117308.

164 Kas A, Soret M, Pyatigoskaya N, Habert M-O,

Hesters A, Le Guennec L, Paccoud O, Bombois S and

Delorme C (2021) The cerebral network of COVID-

19-related encephalopathy: a longitudinal voxel-based

18F-FDG-PET study. Eur J Nucl Med Mol Imaging

48, 2543–2557.
165 Tuma RL, Guedes BF, Carra R, Iepsen B,

Rodrigues J, Camelo-Filho AE, Kubota G, Ferrari

M, Studart-Neto A and Oku MH (2021) Clinical,

cerebrospinal fluid, and neuroimaging findings in

COVID-19 encephalopathy: a case series. Neurol Sci

42, 479–489.
166 Ashburner J and Friston KJ (2001) Why Voxel-Based

Morphometry Should Be Used. NeuroImage 14, 1238–
1243.

167 Kremer S, Lersy F, de S�eze J, Ferr�e J-C, Maamar A,

Carsin-Nicol B (2020) Brain MRI findings in Severe

COVID-19: a retrospective observational study.

Radiology 297, E242–E251.
168 Joshi SH, Espinoza RT, Pirnia T, Shi J, Wang Y,

Ayers B, Leaver A, Woods RP and Narr KL (2016)

Structural plasticity of the hippocampus and amygdala

induced by electroconvulsive therapy in major

depression. Biol Psychiat 79, 282–292.
169 Phillips OR, Joshi SH, Narr KL, Shattuck DW, Singh

M, Di Paola M, Ploner CJ, Pr€uss H, Paul F and

Finke C (2018) Superficial white matter damage in

anti-NMDA receptor encephalitis. J Neurol Neurosurg

Psychiatry 89, 518–525.
170 Panariello A, Bassetti R, Radice A, Rossotti R, Puoti

M, Corradin M, Moreno M and Percudani M (2020)

Anti-NMDA receptor encephalitis in a psychiatric

Covid-19 patient: A case report. Brain Behav Immun

87, 179–181.
171 Burr T, Barton C, Doll E, Lakhotia A and Sweeney

M (2021) N-Methyl-d-aspartate receptor encephalitis

associated with covid-19 infection in a toddler. Pediatr

Neurol 114, 75–76.
172 Steardo L, Steardo L and Verkhratsky A (2020)

Psychiatric face of COVID-19. Transl Psychiatry 10,

261.

173 Sheline YI, Price JL, Yan Z and Mintun MA (2010)

Resting-state functional MRI in depression unmasks

increased connectivity between networks via the dorsal

nexus. Proc Natl Acad Sci 107, 11020–11025.
174 Schl€osser RGM, Wagner G, Schachtzabel C, Peikert

G, Koch K, Reichenbach JR (2010) Fronto-cingulate

effective connectivity in obsessive compulsive disorder:

A study with fMRI and dynamic causal modeling.

Hum Brain Mapp 31, 1834–1850.
175 Chen C-H, Suckling J, Lennox BR, Ooi C and

Bullmore ET (2011) A quantitative meta-analysis of

fMRI studies in bipolar disorder: Meta-analysis of

fMRI studies in BD. Bipolar Disord 13, 1–15.
176 Chan YP, Chua KB, Koh CL, Lim ME and Lam SK

(2001) Complete nucleotide sequences of Nipah virus

isolates from Malaysia. J Gen Virol 82, 2151–2155.
177 Marra MA (2003) The genome sequence of the SARS-

associated coronavirus. Science 300, 1399–1404.

2870 FEBS Letters 595 (2021) 2854–2871 ª 2021 Federation of European Biochemical Societies

Neurological pathophysiology of RNA viruses N. Chakravarty et al.

http://ieeexplore.ieee.org/document/7164033/
http://ieeexplore.ieee.org/document/7164033/


178 Heeney JL (2006) Origins of HIV and the evolution of

resistance to AIDS. Science 313, 462–466.
179 Cunningham AL, Donaghy H, Harman AN, Kim M

and Turville SG (2010) Manipulation of dendritic cell

function by viruses. Curr Opin Microbiol 13, 524–529.
180 Lu R, Wang Y, Wang W, Nie K, Zhao Y, Su J, Deng

Y, Zhou W, Li Y, Wang H et al. (2015) Complete

genome sequence of middle east respiratory syndrome

coronavirus (MERS-CoV) from the First

Imported MERS-CoV Case in China. Genome

Announcements 3, 41.

181 Baseler L, Scott DP, Saturday G, Horne E, Rosenke

R, Thomas T, Meade-White K, Haddock E,

Feldmann H et al. (2016) Identifying early target cells

of nipah virus infection in syrian hamsters. PLoS Negl

Trop Dis 10, e0005120.

182 de Wit E, van Doremalen N, Falzarano D and

Munster VJ (2016) SARS and MERS: recent insights

into emerging coronaviruses. Nat Rev Microbiol 14,

523–534.
183 de Wit E and Munster VJ (2015) Animal models of

disease shed light on Nipah virus pathogenesis and

transmission: Nipah virus pathogenesis and

transmission. J Pathol 235, 196–205.

2871FEBS Letters 595 (2021) 2854–2871 ª 2021 Federation of European Biochemical Societies

N. Chakravarty et al. Neurological pathophysiology of RNA viruses


	Outline placeholder
	feb214227-aff-0001
	feb214227-aff-0002
	feb214227-aff-0003
	feb214227-aff-0004
	feb214227-aff-0005
	feb214227-aff-0006
	feb214227-aff-0007
	feb214227-aff-0008

	 Coron�aviruses (CoVs)
	 Sev�ere Acute Res�pi�ra�tory Syn�drome Coron�avirus (SARS-CoV)
	 Mid�dle East Res�pi�ra�tory Syn�drome Coron�avirus (MERS-CoV)
	 SARS-CoV-2
	feb214227-fig-0001
	feb214227-fig-0002

	 Pan�demic poten�tial RNA viruses
	 Zika Virus (ZIKV)
	 Nipah Virus (NiV)
	feb214227-tbl-0001
	 Human Immun�od�e�fi�ciency Virus-1 (HIV-1)

	 Poten�tial of neu�roimag�ing in inform�ing neu�ro�log�i�cal symp�toms
	feb214227-fig-0003

	 Con�clu�sions
	 Acknowledgements
	feb214227-bib-0001
	feb214227-tbl-0002
	feb214227-bib-0002
	feb214227-bib-0003
	feb214227-bib-0004
	feb214227-bib-0005
	feb214227-bib-0006
	feb214227-bib-0007
	feb214227-bib-0008
	feb214227-bib-0009
	feb214227-bib-0010
	feb214227-bib-0011
	feb214227-bib-0012
	feb214227-bib-0013
	feb214227-bib-0014
	feb214227-bib-0015
	feb214227-bib-0016
	feb214227-bib-0017
	feb214227-bib-0018
	feb214227-bib-0019
	feb214227-bib-0020
	feb214227-bib-0021
	feb214227-bib-0022
	feb214227-bib-0023
	feb214227-bib-0024
	feb214227-bib-0025
	feb214227-bib-0026
	feb214227-bib-0027
	feb214227-bib-0028
	feb214227-bib-0029
	feb214227-bib-0030
	feb214227-bib-0031
	feb214227-bib-0032
	feb214227-bib-0033
	feb214227-bib-0034
	feb214227-bib-0035
	feb214227-bib-0036
	feb214227-bib-0037
	feb214227-bib-0038
	feb214227-bib-0039
	feb214227-bib-0040
	feb214227-bib-0041
	feb214227-bib-0042
	feb214227-bib-0043
	feb214227-bib-0044
	feb214227-bib-0045
	feb214227-bib-0046
	feb214227-bib-0047
	feb214227-bib-0048
	feb214227-bib-0049
	feb214227-bib-0050
	feb214227-bib-0051
	feb214227-bib-0052
	feb214227-bib-0053
	feb214227-bib-0054
	feb214227-bib-0055
	feb214227-bib-0056
	feb214227-bib-0057
	feb214227-bib-0058
	feb214227-bib-0059
	feb214227-bib-0060
	feb214227-bib-0061
	feb214227-bib-0062
	feb214227-bib-0063
	feb214227-bib-0064
	feb214227-bib-0065
	feb214227-bib-0066
	feb214227-bib-0067
	feb214227-bib-0068
	feb214227-bib-0069
	feb214227-bib-0070
	feb214227-bib-0071
	feb214227-bib-0072
	feb214227-bib-0073
	feb214227-bib-0074
	feb214227-bib-0075
	feb214227-bib-0076
	feb214227-bib-0077
	feb214227-bib-0078
	feb214227-bib-0079
	feb214227-bib-0080
	feb214227-bib-0081
	feb214227-bib-0082
	feb214227-bib-0083
	feb214227-bib-0084
	feb214227-bib-0085
	feb214227-bib-0086
	feb214227-bib-0087
	feb214227-bib-0088
	feb214227-bib-0089
	feb214227-bib-0090
	feb214227-bib-0091
	feb214227-bib-0092
	feb214227-bib-0093
	feb214227-bib-0094
	feb214227-bib-0095
	feb214227-bib-0096
	feb214227-bib-0097
	feb214227-bib-0098
	feb214227-bib-0099
	feb214227-bib-0100
	feb214227-bib-0101
	feb214227-bib-0102
	feb214227-bib-0103
	feb214227-bib-0104
	feb214227-bib-0105
	feb214227-bib-0106
	feb214227-bib-0107
	feb214227-bib-0108
	feb214227-bib-0109
	feb214227-bib-0110
	feb214227-bib-0111
	feb214227-bib-0112
	feb214227-bib-0113
	feb214227-bib-0114
	feb214227-bib-0115
	feb214227-bib-0116
	feb214227-bib-0117
	feb214227-bib-0118
	feb214227-bib-0119
	feb214227-bib-0120
	feb214227-bib-0121
	feb214227-bib-0122
	feb214227-bib-0123
	feb214227-bib-0124
	feb214227-bib-0125
	feb214227-bib-0126
	feb214227-bib-0127
	feb214227-bib-0128
	feb214227-bib-0129
	feb214227-bib-0130
	feb214227-bib-0131
	feb214227-bib-0132
	feb214227-bib-0133
	feb214227-bib-0134
	feb214227-bib-0135
	feb214227-bib-0136
	feb214227-bib-0137
	feb214227-bib-0138
	feb214227-bib-0139
	feb214227-bib-0140
	feb214227-bib-0141
	feb214227-bib-0142
	feb214227-bib-0143
	feb214227-bib-0144
	feb214227-bib-0145
	feb214227-bib-0146
	feb214227-bib-0147
	feb214227-bib-0148
	feb214227-bib-0149
	feb214227-bib-0150
	feb214227-bib-0151
	feb214227-bib-0152
	feb214227-bib-0153
	feb214227-bib-0154
	feb214227-bib-0155
	feb214227-bib-0156
	feb214227-bib-0157
	feb214227-bib-0158
	feb214227-bib-0159
	feb214227-bib-0160
	feb214227-bib-0161
	feb214227-bib-0162
	feb214227-bib-0163
	feb214227-bib-0164
	feb214227-bib-0165
	feb214227-bib-0166
	feb214227-bib-0167
	feb214227-bib-0168
	feb214227-bib-0169
	feb214227-bib-0170
	feb214227-bib-0171
	feb214227-bib-0172
	feb214227-bib-0173
	feb214227-bib-0174
	feb214227-bib-0175
	feb214227-bib-0176
	feb214227-bib-0177
	feb214227-bib-0178
	feb214227-bib-0179
	feb214227-bib-0180
	feb214227-bib-0181
	feb214227-bib-0182
	feb214227-bib-0183




