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What HIV in the Brain Can Teach Us About SARS-CoV-2
Neurological Complications?
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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the etiologic agent of COVID-19, a disease
that as of July 10, 2020, has infected >12 million people and killed >500,000. COVID-19 infection leads to
acute respiratory distress syndrome in a subset of patients and is a primary driver of acute morbidity in infected
persons. However, it is becoming increasingly clear that SARS-CoV-2 infection drives dysfunction and pa-
thology outside the lungs, including reports of renal, cardiac, and neurological complications. In this study, we
summarize the known incidence and evidence of neurological complications associated with SARS-CoV-2
infection and other pathogenic coronaviruses. These studies describe a poorly understood spectrum of COVID-
19 central nervous system symptoms, ranging from common and subclinical issues such as anosmia and
headache to more concerning reports of stroke and encephalopathy. We discuss potential mechanisms of
pathogenesis, including a discussion of how the understanding of neurological complications known to occur in
HIV-1 patients may provide insight into SARS-CoV-2-associated neurological manifestations. Specifically,
three hypotheses are discussed that are informed by decades of knowledge about HIV pathogenesis in the brain,
which include a potential direct viral effect, an indirect viral effect, and/or a neuroimmune axis effect. In-
dividually or in combination these potential effects may contribute to COVID-19 neurological complications.
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Emergence of SARS-CoV-2

Coronaviruses (CoVs) are zoonotic in origin and cause
respiratory disease in humans. Although a number of

common seasonal CoVs cause mild illness, three highly
pathogenic beta-coronaviruses jumped from bats to humans,
with or without an intermediate animal host, causing three
epidemics/pandemics in the past 18 years, all predominately
characterized by severe acute respiratory syndrome (SARS).
In 2002, the first SARS-CoV infection spread from China
to 29 countries, infecting *8,000 people with a 9% fatality
rate.1,2 The second infection, Middle East respiratory syn-
drome (MERS), emerged in 2012 and although it infected
considerably fewer people, infection is associated with a
mortality rate of 35%.3 MERS-CoV is transmitted through
Arabian camels, presumably initially infected by bats then
transmitted to humans through camel/human interactions.2,4–6

The latest zoonotic CoV, SARS-CoV-2 emerged in Wuhan,
China, in December 2019, and is characterized by a lower
mortality rate than SARS and MERS but a much more effi-

cient human to human transmission rate.7 As of July 10,
2020, SARS-CoV-2 infected 12,375,147 people worldwide,
with 556,895 deaths (https://coronavirus.jhu.edu/map.html).
Coronavirus disease 2019 (COVID-19) has now become the
leading cause of death in the United States (https://www.cdc
.gov/coronavirus/2019). SARS-CoV-2 shares 79.5% of its
single-stranded ribonucleic acid (ssRNA) genome with
SARS-CoV and 96% with RaTG131, a bat coronavirus.8

Based on further viral genomic analyses of coronaviruses
across species, SARS-CoV-2 appears to either have been
transmitted from bats to an intermediate species, such as
pangolins, before infecting humans, or alternatively from
bats directly to humans.8–10 Regardless of the zoonotic path
to humans, the virus quickly spread throughout Asia to the
rest of the word, crippling economies and health care systems
worldwide.

Similar to SARS-CoV, SARS-CoV-2 requires angiotensin
converting enzyme II (ACE2), a membrane-associated ami-
nopeptidase, to attach to and enter target cells.11,12 However,
the Spike (S) protein of SARS-CoV-2 binds to ACE2 with
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higher affinity than SARS-CoV,13,14 which may in part ex-
plain differences in spread and pathogenesis between SARS-
CoV and SARS-CoV-2. Furthermore, the SARS-CoV-2 S
protein also contains a furin cleavage site that may promote
its shedding protein in the extracellular milieu,13 which may
play a role in immunological and other cellular responses
associated with the cytokine storm known to underly patho-
genesis among severely ill COVID-19 patients.15–17 How-
ever, although ACE2 is widely distributed in human tissue,
not all ACE2 positive cells are infected by SARS-CoV-2.18

This is consistent with findings from other coronaviruses,
including SARS-CoV, where ACE2 expression alone was not
sufficient to promote viral entry. For example, muscle cells
highly express ACE2, yet they are not infected by SARS-
CoV.19,20 Similar to other CoVs, SARS-CoV-2 S protein
requires protease activity of the target cell to mediate mem-
brane fusion during infection.11,12 The cell surface protease
TMPRSS2 can mediate this function for SARS-CoV-2, and
its activity is required for pathogenesis in animal models.11,12

However, other CoV Spike proteins, including the S proteins
of SARS and MERS, can conditionally utilize other cellular
proteases, such as furin, or endosomal cathepsins to mediate
entry in some cell types,21 and this seems to be the case for
SARS-CoV-2 S protein in some cell types.13 It is also possible
that virus internalization, mediated by S/ACE2 interactions or
through nonspecific endocytosis, could drive cellular re-
sponses associated with disease pathogenesis in the absence of
fusion and infection. Coronavirus may also drive cellular re-
sponses in the absence of functional entry into the target cell
cytoplasm, as viral degradation in the endosome or lysosome
could trigger the activation of pattern recognition receptors and
molecules, pathogen-associated molecular patterns, and/or
danger-associated molecular patterns to induce potent immune
activation. ACE2 was recently identified as an interferon-
stimulated gene.22 How this impacts COVID-19 pathology re-
mains unclear. Studies of SARS-CoV and other coronaviruses
reveal that these viruses have developed numerous mechanisms
to directly antagonize interferon pathways.23,24 However, these
mechanisms delay, but do not eliminate interferon responses
during infection, so it will be important to understand how in-
fection leads to changes in ACE2 levels throughout the course of
infection. In addition, upregulation of ACE2 expression by in-
terferon may also be important to consider in the context of
vaccine design, as any vaccine that would prime an immune
response and trigger interferon-stimulated genes may also in-
crease the targets for SARS-CoV-2 infection.

As a cytoplasmic RNA virus with its own RNA proof
reading enzyme, the rate of SARS-CoV-2 mutation is not
high, estimated at 25 mutations per year (https://nextstrain
.org/ncov/global?l=clock). These mutations, however, are
sufficient to trace the virus between various geographical
areas. For example, the virus in New York, the hardest hit
state in the United States to date, shares extensive homology
to SARS-CoV-2 isolates from Italy, whereas in Washington
state, the virus likely entered the United States through China
(https://nextstrain.org/ncov). It is also unclear if there are
certain strains of SARS-CoV-2 that may be more pathogenic
and associated with severe illness, independent of clinical
comorbidities. An earlier report identified two strains of
SARS-CoV-2, an ancestral S strain and a predominant L
strain.25 Initially the authors concluded that the L strain’s
predominance was due to a higher transmission rate and more

‘‘aggressive’’ phenotype.25 Owing to confounding effects of
genetic drift, founder effects, and small sample size of the
study, it has been argued that a conclusion cannot be made that
L is more aggressive and the authors have accepted this
counter argument (http://virological.org/t/response-to-on-the-
origin-and-continuing-evolution-of-sars-cov-2/418). Further-
more, as more SARS-CoV-2 genomes have been incorporated
into worldwide phylogenetic analyses, many prominent clades
have now emerged, suggesting the so-called S and L strains
represented an oversimplified assessment of SARS-CoV-2
genomes. Mutation in SRAS CoV-2 S at D614G is associated
with higher rate of transmission, yet not higher pathogenesis
and patients may be infected with multiple strains of the virus,
the implications of which is not clear.26

COVID-19 and Neurological Manifestations

Although SARS-CoV-2 is primarily known for its rapid
spread and potentially deadly respiratory syndrome, increas-
ing evidence points to effects in the nervous system. Data are
emerging from several countries and case reports document-
ing the presence of neurological manifestations among
COVID-19 patients (Table 1). Neurological signs and symp-
toms appear to be common, ranging from mild to severe, and
appear to involve the central and/or peripheral nervous system
(CNS, PNS). Little is known whether these neurological
signs/symptoms are related to direct viral infection or indirect
effects of the virus (e.g., postinfectious encephalomyelitis,
cytokine storm, or systemic inflammatory reactions), associ-
ated systemic dysfunction (e.g., hepatic failure, renal failure,
disseminated intravascular coagulation) or intensive care unit
(ICU) hospitalization (e.g., delirium). In this study, we sum-
marize some of the emerging reports of these neurological
manifestations associated with COVID-19.

In a case series in Wuhan China, of 214 confirmed cases of
SARS-CoV-2 infections, neurological complications were
identified in 78 (36.4%).27 They were more common (45.5%)

Table 1. Neurological Complications in COVID-19

Reported neurological complication References

Dizziness 27

Headache 27

Impaired consciousness 27

Acute cerebrovascular disease 27

Ataxia 27

Seizure 27

Gustatory impairment 27,31–36

Olfactory impairment 27,31–36

Visual impairment 27

Nerve pain impairment 27

Delirium 19,55

Agitation 19,55

Corticospinal tract signs 19,55

Dysexecutive syndrome 19

Coagulopathy 45–49,51,52,55

Guillain-Barré syndrome 38,55,111,112

Acute necrotizing hemorrhagic
encephalopathy

41

Acute myelitis 43,55

Progressive encephalopathy 29

Acute necrotizing encephalopathy 53

Diffuse hemorrhagic disease 53
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in persons with severe COVID-19. CNS complications were
present in 24.7% and included dizziness, headache, impaired
consciousness, acute cerebrovascular disease, ataxia, and
seizure. PNS complications were present in 8.9% and in-
cluded gustatory, olfactory, and visual impairments. Nerve
pain and skeletal muscle injury also occurred. Interestingly,
some patients initially tested negative for SARS-CoV-2 and
presented with only neurological symptoms; a repeat test a
few days later was positive for SARS-CoV-2. This finding
suggests that in some patients the initial presentation of
COVID-19 may be neurological and these patients in par-
ticular carry a risk to health care workers as they are presumed
to be SARS-CoV-2 negative without testing. Moreover, this
may suggest a more direct effect of the virus on the nervous
system. A case series from Strasbourg, France, reviewed 58
COVID-19 patients diagnosed with acute respiratory distress
syndrome between March 3, 2020 and April 3, 2020, in an
ICU.28 A total of 49 (84%) had neurological manifestations,
which included delirium (65%), agitation (69%), corticospinal
tract signs (67%), and dysexecutive syndrome (36%). Of a
subset who underwent neuroimaging; 8 of 13 showed lepto-
meningeal enhancement, all showed perfusion abnormalities,
and 3 of 13 had evidence of an ischemic infarction. Seven
patients underwent removal and analysis of cerebrospinal fluid
(CSF), SARS-CoV-2 was not detected in any of the seven
patients tested, although a case study of a COVID-19 patient
with meningitis did detect SARS-CoV-2 in CSF.29 A large
study probing for SARS-CoV-2 in CSF also did not detect the
virus in the CSF.30 This may indicate that the infection may not
be active/productive in the brain but that initial viral neu-
roinvasion may set the stage for inflammation or necrosis
(which will be highlighted as follows). Furthermore, it is un-
clear if reverse transcriptase PCR (RT-PCR) assay for detection
of SARS-CoV-2 was optimized for spinal fluid detection or the
lower limit of assay detection to preclude detection of SARS-
CoV-2 in CSF in some of these studies. Finally, oligoclonal
bands were seen in two cases with a pattern similar to serum.
One case had elevated IgG and CSF protein and four had low
albumin.28

Among the most common neurological manifestations of
COVID-19 are olfactory and gustatory dysfunction. These
can be the presenting clinical manifestation of the disease in
mild COVID-19 infections. In a multicenter European study,
of 417 who completed a standard self-report assessment,
85.6% and 88.0% of patients reported olfactory and gustatory
dysfunctions.31 These patients were evaluated an average of 9
days postinfection. The olfaction deficits included the full
range of anosmia (smell blindness), hyposmia (incomplete
loss), phantosmia (presence of smell where none exists), and
parosmia (distortion of smells). The gustatory deficits re-
duced/discontinued or distorted ability to all four tastes (salt,
bitter, sweet, and sour). A study of 59 patients with severe
COVID-19 in Milan, Italy, found that a third of patients had
either olfactory or gustatory dysfunction by self-report.32

Another study from the Treviso and Belluno provinces of
Italy conducted a telephone screen of 202 patients 5–6 days
after positive testing for COVID-19.33 A total of 130 (64.4%)
reported olfactory and/or gustatory dysfunction. A study in
Madrid, Spain, examined the specificity of olfactory and/or
gustatory function by comparing 79 hospitalized cases of
COVID-19 with 40 cases of influenza (the vast majority with
A-H1).34 New onset self-report deficits were present in 31

(39.2%) of those with COVID-19. By contrast, only 5
(12.5%) of those with influenza reported such deficits. Fi-
nally, a study from San Diego, CA, found that anosmia was
associated with a lower odd of hospitalization.35 A total of 26
of 128 patients with COVID-19 required hospitalization.
Only 26% and 23% of those reported olfactory dysfunction or
dysgeusia, compared with 66.7% and 62.7% of those not
admitted. The authors suggested that these deficits might be
associated with a milder course of disease. Finally, in a study
of 60 COVID-19 patients administered the 40-item Uni-
versity of Pennsylvania Smell Identification Test (UPSIT)
in Tehran, Iran, 59 (98%) were abnormal.36 Anosmia was
present in 58% and hyposmia in 33% of participants, all were
inpatients at the time of the testing awaiting to be discharged.
To our knowledge, this was the only study that objectively
assessed olfaction. The involvement of loss of smell would
suggest that the virus may gain entry into the brain through
the olfactory bulb, a route of transmission that has been de-
scribed for neurotropic viruses such as herpes, borna, and
rabies.37 The exact mechanism of neuroinvasion is not
clearly understood, but the virus could potentially travel
retrograde through the olfactory nerves to gain access to the
mesial temporal lobe, including the piriform and entorhinal
cortices, and the hippocampus, and potential other regions
without a break in blood–brain barrier (BBB), causing neu-
ronal damage/death and/or neuroinflammation (Fig. 1). Fi-
nally, a recent study reported that those patients presenting
with anosmia are less likely to be hospitalized and those who
are hospitalized present without loss of smell,35 suggesting
that loss of smell is associated with a different pathological
course of disease. If this is the case, it may be that the neu-
rological complications observed in severe cases28 are driven
by mechanisms other than direct infection of the CNS
through the olfactory bulb route. A better understanding of
which cells of the olfactory bulb are infected by SARS-CoV-
2 and how infection of these cells is related to CNS pathology
and neurological complications in patients and/or animal
models should provide better insight into the relationship
between these presentations in patients.

There have been three case reports of COVID-19 patients
with Guillain-Barré syndrome (GBS). The reports are from
Wuhan, China, Mazandaran Province, Iran, and Pittsburgh,
PA. The only case series of which we are aware, from three
hospitals in northern Italy, was conducted from February 28,
2020 to March 21, 2020.38 There were five patients out of an
estimated 1,000–1,200 hospitalized patients. One patient was
negative at the time of diagnosis but later turned positive. The
time between COVID-19 symptom onset and symptom onset
for GBS was 5–10 days. The prevalence or lack thereof of
SARS-CoV-2 detection remains to be determined, although
if not confirmed to present in CSF, it would be in contrast to
SARS-CoV, which was detected in human CSF.39,40 Several
case studies described neurological complications among
COVID-19 patients. In one study, a SARS-CoV-2 confirmed
positive patient in her 50s with fever, cough, and altered
mental status was diagnosed with acute necrotizing hemor-
rhagic encephalopathy, determined by MRI and noncontrast
head CT scans showing symmetric multifocal lesions in brain
stem, cerebral white matter, and cerebellum.41 Another 74-
year-old COVID-19 patient with a pre-existing neurological
condition (Parkinson disease among other comorbidities)
lost the ability to speak42 and another 66-year-old patient
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developed acute myelitis.43 A 60-year-old patient in Italy had
mild respiratory abnormalities yet developed severe pro-
gressive encephalopathy, which was resolved with steroid
treatment.44 A 24-year-old had meningitis/encephalitis as-
sociated with COVID-19 infections.29 Finally, a 5-year-old
girl in Detroit developed meningitis and encephalitis and
died of COVID-19 (https://www.cnn.com/2020/04/21/us/
detroit-girl-dies-coronavirus/index.html). In these cases of
COVID-19 the lack of viral confirmation in brain tissue or
pathological analysis makes it unclear whether these brain
complications represent direct or indirect effects of the virus
or are related to other systemic complications.

Coagulopathy leading to both brain infarcts and hemor-
rhage, as well as clots and emboli in other organs and ex-
tremities is associated with severe COVID-19 cases.45–49

Specifically, plasma levels of fibrin degradation D-dimers,
fibrinogen, and C-reactive proteins are markers of poor
COVID-19 prognosis,45,49 as patients who go on to develop
severe COVID-19 demonstrate progressive increase in these
coagulation factors over time, whereas those who do not
progress exhibit stabilization of these plasma markers. This is

similar to pathways thought to drive SARS-CoV pathogen-
esis.50 A Dutch study of 184 patients evaluated the preva-
lence of pulmonary embolism (PE), deep-vein thrombosis,
ischemic stroke, myocardial infarction, and systemic arterial
embolism among hospitalized COVID-19 patients.46 PE was
the most reported complication, occurring at a frequency of
81%. Venous thromboembolism occurred at 27% and arte-
rial thrombotic events at 3.7%. The overall frequency of
composite thrombotic complications (e.g., any of those
measured) was 31% of hospitalized patients. Additional reports
have described coagulopathy in COVID-19 case studies.47,51,52

Finally, two patients, 84 and 44 years old, developed acute
necrotizing encephalopathy and diffuse hemorrhagic disease,
respectively, due to widespread intravascular coagulation.53

These studies reveal an alarmingly high prevalence of throm-
botic complications and heterogeneric neurological manifes-
tation of COVID-19 in patients that remain poorly understood.
Finally, it has been suggested that SARS-CoV-2-associated
cardiopulmonary arrest could in some cases be the result of
SARS-CoV-2 neuroinvasion. According to this postulate
SARS-CoV-2 infection of the lung mediates neuroinvasion

FIG. 1. Potential route of SARS-CoV-2 transmission into the brain and neuroinflammatory pathways: (1) SARS-CoV-2
could enter the brain through the olfactory nerves to gain access to the mesial temporal lobe, including the piriform and
entorhinal cortices, and the hippocampus, and potential other regions without a break in BBB. (2) SARS-CoV-2 could enter
the brain through trafficking of a Trojan horse, either infected monocytes or another leukocyte or possibly as a free virion.
(3) SARS-CoV-2 could enter the brain by infecting endothelial cells and compromising the integrity of the BBB. Once in
the brain, SARS-CoV-2 may directly infect resident brain cells (microglia, neurons, and astrocytes) through cell-free
neuroinvasion and/or cell-to-cell transmission of the virus (e.g., from infected immune cells to resident brain target cells).
Whether the infection is productive or not in the brain, inflammation may result through heightened expression of in-
flammatory cytokines/chemokines that further attract more immune cells into the CNS. The consequence of which is
neuronal necrosis or synaptodendritic damage as well as potentially inflammation of astrocytes (astrogliosis) and/or mi-
croglia (microgliosis). BBB, blood–brain barrier; CNS, central nervous system; SARS, severe acute respiratory syndrome.
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through synapses of the mechanoreceptor and chemore-
ceptor in the lung and lower respiratory tract that connect to
the brain and results in specific necrosis of neurons that
regulate the medullary cardiorespiratory center.54 Neuroi-
maging or ideally brain tissue specimens would be needed
to support this hypothesis.

These various reports underscore the diversity in COVID-
19 neurological manifestation, which was captured in a recent
report from the United Kingdom where 43 COVID-19 patients
were evaluated (only 29 were PCR-confirmed cases, the rest
were categorized as probable or possible).55 Among this co-
hort, a spectrum of neurological manifestations was revealed
that included encephalopathies with delirium/psychosis, in-
flammatory CNS syndromes, including encephalitis, acute
disseminated encephalomyelitis, hemorrhage, necrosis, mye-
litis, and peripheral neurological disorders (GBS and brachial
plexopathy).55 What drives this diversity in manifestation,
whether it is due to an underlying condition, extent of pe-
ripheral immune activation that can impact brain, or viral ef-
fects (not necessarily infection but responses to virus in brain)
is not unclear. Likewise, why a subset of persons with SARS-
CoV-2 have neurological manifestations associated with
COVID-19 and others do not is also not clear. Given evidence
of direct SARS-CoV-2 infection, what is the route or routes of
SARS-CoV-2 neuroinvasion (e.g., olfactory bulb, lung/brain
axis, and infiltrating lymphocytes) and infectious inoculum?
(e.g., some patients having higher degree of exposure through
contaminated droplets such as health care workers)? Are the
neurological manifestations a secondary reaction to the vari-
ation in mucosal response that may be either tightly regulated
to control the infection without hyperactivity or a hyperactive
immunity? What is the role of systemic illness and the se-
quelae of the ICU? These and other questions are vitally im-
portant to inform therapeutic interventions for SARS-CoV-2
pathogenicity. We think that there are lessons to be learned
from our experience with a different virus, a neurovirulent
retrovirus with serious nervous system sequelae.56

HIV-Mediated Mechanisms of CNS Dysregulation
to Inform Possible Mechanisms of SARS-CoV-2
Neurological Effects: What Can We Learn
from Decades of Studying HIV and Associated
Neurological Disease?

Before the introduction of combination antiretroviral
therapy (cART), 25% of HIV-infected individuals developed
HIV-associated dementia (HAD). HIV invades the brain
within 7–14 days of infection, as demonstrated through hu-
man studies and nonhuman primate animal studies.57–59 HIV
neuroinvasion is mediated through trafficking of immune
cells and subsequent dissemination of HIV into the brain,
mostly infection of perivascular macrophages, microglia, and
to a lesser extent astrocytes.60,61 Although neurons are not
directly infected by HIV, significant neurodegeneration was
demonstrated in HAD/pre-cART, presumed to be driven
through the release of neurotoxic viral proteins such as
gp120, Tat, Nef, and Vpr that are capable of inducing sig-
nificant glial inflammation. The development of cART has
significantly reduced the development of HAD in infected
individuals, through reduction of HIV in the brain and as-
sociated inflammation, despite suboptimal penetration of
some cART components into the CNS. However, HIV-1-

infected patients on cART still experience numerous neuro-
logical sequelae, collectively known as HIV-1-associated
neurocognitive disorders (HAND). Clinically, 30%–50% of
people living with HIV have HIV-associated neurocognitive
impairment. HAND symptoms are generally driven by neu-
roinflammation and synaptodendritic damage, rather than the
neuronal loss that defined HAD. It remains unclear if HAND
pathology is a legacy effect of residual CNS viral replication
after cART initiation or systemic inflammation that impacts
the CNS. Lessons drawn from HIV neuroinvasion point to
three potential pathways by which HIV can cause damage
to the CNS: (1) direct infection of resident target cells, (2)
indirect effects of virus on resident brain cells, and/or (3)
increased trafficking of hyperactivated immune cells into the
brain (the so-called neuroimmune axis). These three path-
ways can potentially inform how SARS-CoV-2 may have an
effect on the CNS (Fig. 1).

Can SARS-CoV-2 Directly Infect Resident Brain
Cells: A Direct Viral Effect Hypothesis?

To date, few autopsy studies of COVID-19 brains found viral
RNA in the brain of 4 (33%) of 12 brains,62 8 (36%) of 22
brains,63 and 5 (28%%) of 18 brains.64 The level of virus de-
tected by quantitative reverse transcription-PCR (qRT-PCR) in
one study ranged from <5 to 59 copies per cubic millimeter64 and
the virus was mostly found in medulla, frontal lobes, and ol-
factory nerves64; however, immunohistochemistry verification
did not detect the virus in the brain in this particular study, due to
lack of specificity of antibody.64 The other autopsy studies did
not report on brain regions of virus detection, associated patho-
logical changes, or information to inform the route of entry.62,63

It thus remains unclear if SARS CoV-2 can spread in the brain
and undergo productive infection of resident brain cells or al-
ternatively it may infect cells and the infection is aborted.
However, an aborted infection can still trigger adverse signal
transduction cascade through S protein or other viral TLR ago-
nists that can mediate inflammation and/or CNS damage. No-
tably, atherosclerosis was evident in 78% of the brains and acute
hypoxic injury in the cerebrum and cerebellum in 100% of the
patients.64 Neuronal loss in cerebral cortex, hippocampus, and
cerebellar Purkinje cell layer was also noted.64 MRI scans per-
formed on COVID-19 patients within 24 h of death revealed
parenchymal brain abnormalities, which included white matter
alterations, posterior reversible encephalopathy syndrome, and
hemorrhage in 4/19 patients.65

Other b-coronaviruses are neuroinvasive, as demonstrated in
human, animal, and in vitro studies.19,66–73 SARS-CoV was
found in thalamus, brain stem, and cerebrum of autopsied con-
firmed cases of SARS but not in the cerebellum (Table 2).19,74,75

It was also detected within neurons of the thalamus and cortex
and in GFAP+ astrocytes.19,75 In one study with SARS-CoV
patient with neurological complication, the virus was amplified
by RT-PCR and visualized by electron micrography from the
brain of this patients.75 Pathological manifestation included
neuronal necrosis, hyperplasia of glial cells, and infiltration of
CD68+ monocytes/macrophages and CD3+ T lymphocytes in
the brain mesenchyma.75 There is only one postmortem study of
MERS-CoV and it did not report any significant changes in the
brain.76 However, a number of transgenic mice, expressing the
MERS-CoV receptor (DDP4) demonstrated its neuroinvasion, as
early as 2–4 days postinfection.72,77,78 SARS-CoV-2 tropism in
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the brain may be broader and it remains to be determined if
SARS-CoV-2 shares this tropism with SARS-CoV and MERS-
CoV. Furthermore, although ACE-2 (receptor for SARS-CoV-2)
expression is well described on vascular endothelium, including
blood vessels of BBB, its expression on neurons and astrocytes is
somewhat controversial.79 Animal models demonstrate its ex-
pression in neurons and it is unclear if same is true for human
neurons.79 ACE2 is also expressed on astrocytes both in culture
and in postmortem human astrocytes.79,80 Expression of ACE2 is
only one requirement as proteases are also required to cleave S
protein for viral fusion. Furthermore, alternative receptors may
be used for viral entry, including sialic acid and lectin CD209L,
which are used by SARS-CoV1, and emerging data suggest that
they may also be used by SARS-CoV-2.81–83

Three studies to date, using either cerebral brain organoids
(CBOs) or brain spheres to model SARS-CoV-2 infection all
demonstrated that SARS-CoV-2 infects cortical neurons.84–86

Most strikingly, neurons in CBOs that were infected were
also hypermetabolic and did not undergo cell death, whereas
bystander neurons that were uninfected were hypoxic and
underwent cell death.84 SARS-CoV-2 infection of cortical
neurons was associated with hyperphosphorylated Tau indic-
ative of neurodegeneration.85 Furthermore, despite low-level
mRNA expression of ACE2 in neurons within CBOs, blocking
ACE2 blocked infection as did IgG from CSF of COVID-19
patients.84 It is still unclear, however, if ACE2 expression
in human brain is at a level that would support virus entry or
if virus can use alternative receptors in human neurons to
gain entry. Furthermore, human endothelial cells are infected
by SARS-CoV-2, as shown for kidney endothelial cells in
COVID-19.87 It is important to note that spike protein binding to
ACE2 on brain endothelial cells may also trigger inflammatory
responses of endothelial cells, independent of productive in-
fection, as these cells can secrete cytokines upon injury/activa-
tion88,89 In fact, S protein of SARS-CoV-2 mediated a
compromise in BBB in a 3D microfluid model of human BBB
and also mediated inflammatory responses reminiscent of HIV
verotoxin effects on BBB integrity.90 Case studies have docu-
mented microvascular injury and hypoxia, but is unclear if this is
secondary to an underlying condition or mediated by SARS-
CoV-2 either directly or indirectly by infecting brain endothelial
cells or even pericytes.91 It remains to be determined, however,
if SARS-CoV-2 infects endothelial and/or glial cells in vivo
and/or mediates their dysfunction in postmortem studies. This
potential indirect effect is discussed later on this review.

A number of coronaviruses invade the brain through ret-
rograde peripheral nerves from nasal mucosa to the brain.
The infected neurons undergo necrosis compromising their
key function, whether peristaltic control, respiratory control,
and/or cardiac function control.54 SARS-CoV and MERS-

CoV route of transmission into the brain, based on animal
studies, point to intranasal transmission through the olfactory
nerves and eventually to the thalamus and brainstem, from
there the virus may spread more widely to other reported
areas such as the cerebellum.71,92 Of interest, in mice that
were given low doses of MERS-CoV nasally the virus was
found in the brain and not the lung and these animals also died
despite this low viral inoculum.72 This study suggests that
neuroinvasion of coronaviruses, especially into the brain
stem, may dysregulate the command center for the autonomic
nervous system, leading to multiorgan failure in severe
COVID-19 cases. Although this may be true for MERS-CoV
(which has high fatality rate), to date, it is unclear if SARS-
CoV-2 behaves similarly.

Can SARS-CoV-2 Cause Indirect Deleterious
Effects on Resident Brain Cells:
An Indirect Viral Effect Hypothesis?

SARS-CoV-2 may not need to productively infect resident
brain cells to elicit an inflammatory response. It is possible that
the effects of abortive infection, such as endocytosis into
nonpermissive cells, can induce inflammatory reactions in
some cell types. In this scenario, SARS-CoV-2 virion is cap-
tured within the phagosomes of microglia/macrophage/astro-
cytes, it then fuses with the endosomes then lysosomes. As the
viral envelope is degraded by proteases and lipases, the SARS-
CoV-2 ssRNA genome is released, which can be recognized by
TLR7/8 in the phagolysosome. This recognition may lead to
robust activation and cytokine production. In the brain, glial
cells express a number of TLRs, including TLR7 and respond
to its agonists through robust cytokine expression.93 In HIV
neuropathogenesis, the mere binding of its envelope (gp120) in
a nonspecific manner to neurons, astrocytes, and brain endo-
thelial cells elicit a signal transduction cascade that leads to
inflammation and/or death of target cells.94–97 As mentioned
previously, the spike protein of SARS-CoV-2, as it is less
thermostable than SARS-CoV spike protein, may be more
easily shed and in context of brain this shedding may mediate
neuroinflammation. There is also a growing body of evi-
dence demonstrating the ability of viruses to be released
through exosomes/endosomes, such as flavivirus and/or
its proteins packaged into these vesicles.98 Microvesicles
can travel long distances and if their cargo carries viral
proteins, they can also elicit a response as they unload their
cargo into a receipt cells.99,100 Activation of microglia, espe-
cially through release of TNFa, complement receptor 1q, and
IL-1a can also initiate a cascade of events that skew astrocyte
to an inflammatory phenotype, disrupting their prototypical
functions of maintaining BBB, pruning of damaged neurons,

Table 2. Summary of Published Studies on Epidemic/Pandemic Causing b-Coronavirus and the Brain

b-Coronavirus Brain region detected
Viral RNA in CSF

or brain References

SARS-CoV Thalamus, cerebellum + 19,39,40,75,113

MERS-CoV Thalamus, brain stem; midbrain, deep cerebral cortex,
and CA2 region of the hippocampus

ND 72,77,78

SARS-CoV-2 Medulla, frontal lobes, olfactory nerves + 29,63,64,85,86,114

CSF, cerebrospinal fluid; MERS, Middle East respiratory syndrome; SARS, severe acute respiratory syndrome.
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and scavenging of excess neurotransmitters.101–103 These se-
qualae can mediate indirect effects of neurodegeneration and
their potential role in SARS-CoV-2-mediated neuropathogen-
esis remains to be elucidated.

Is There Heightened Trafficking of Inflammatory
Cells into the CNS in COVID-19: A Neuroimmune
Axis Effect Hypothesis?

Although the brain has classically been considered to be an
immune privileged site, it is increasingly appreciated that
immune cells migrate to the CNS in the absence of infection
or a breakdown in the BBB, although to a slower rate and in
fewer numbers than other tissues.104,105 If there is an in-
flammatory response in the brain, immune cells home in
greater numbers to the brain and a balanced response is es-
sential to control an infection without mediating extensive
inflammation in the brain. Furthermore, a functional lym-
phatic system in the meninges exists, which drains its prod-
ucts from the CSF to the deep cervical lymph nodes.106,107

Monocytes, in particular, are often referred to as Trojan horse
for virus dissemination into a number of organs,108 as these
migratory cells can infiltrate a number of tissues, including
the brain, differentiate into resident tissue macrophages, and
disseminate the virus to the target tissue. In the case of HIV
monocytes are not productively infected, but as they differ-
entiate into macrophages they can support productive infec-
tion.109 In human autopsy cases of SARS-CoV infected
CD68 (macrophages/microglia) and CD3+ T cells were de-
tected in the brain.75 CD3+ T cell detection in autopsied
SARS-CoV brain was much lower than that of macrophages,
and this may be because T cells have a shorter life span than
macrophages and infected T cells undergo rapid cell death in
the CNS, complicating their detection.59 As such, it is un-
likely that T cells are involved in any potential SARS-CoV-2
neuroinvasion. Nonetheless, if SARS-CoV-2 infects leuko-
cytes (monocytes and/or granulocytes) or another immune
cell, these immune cells may release virus into the CNS to
mediate neuroinflammation as described earlier (direct or
indirect viral effect). The immune infected cells are likely to
be inflammatory and their release of inflammatory cyto-
kines/chemokines in the brain can facilitate further neuroin-
flammation.

Concluding Remarks

Additional postmortem studies of COVID-19 patients
will be critical to determine extent of SARS-CoV-2 neu-
roinvasiveness and its direct and/or indirect viral effects on
the CNS. If this virus behaves similarly to SARS-CoV,
which it has *80% genomic homology, it is likely to be
neuroinvasive as already demonstrated by few studies and
brain organoid cultures (Table 2). Detailed studies that
would include histopathological assessment of cytotoxic-
ity, inflammation, morphological changes, neuronal ac-
tivity, as well as evaluation of glial cell phenotypes,
preferably complemented by functional studies are war-
ranted to fully comprehend the impact of SARS-CoV-2 on
the brain. The primary obstacle in moving forward quickly
with these important studies is the concern in harvesting
COVID-19 brains in the midst of a pandemic in a way that
does not compromise the safety of the pathologists and
laboratory workers handling the tissue. To date, the center

for disease control has published its guidelines for safely
performing and handling of COVID-19 autopsies (https://
www.cdc.gov/coronavirus/2019-ncov/hcp/guidance-post
mortem-specimens.html) as did others.110 The danger of
aerosolizing the virus from an oscillating bone saw during
brain removal creates the need for special equipment, high-
level protective personal equipment (PPE) and facilities with
negative pressure rooms, including the appropriate number of
air cycle exchanges exhausted to the outside. These primary
obstacles to rapid autopsies are compounded by the un-
certainties surrounding the infectivity and risks associated
with this new virus. Furthermore, most recommendations are
to formalin fix all tissue to kill the virus; however, this limits
studies using postmortem brain from COVID-19 patients to
histopathological studies. Freezing and storing frozen tissue,
which will be important for advanced technologies, will
likely require implementing extra safety precautions. In the
meantime, additional research will be essential. Animal
models for SARS-CoV-2 may emerge that recapitulate as-
pects of the disease in the CNS, which is quickly evolving to
facilitate such studies.

The considerable success against the HIV pandemic in the
1980s was achieved through understanding virus/host interac-
tions for drug design. The lessons that were learned over a
decade were critical to turn HIV from a deadly disease to a
chronic disease and to dramatically reduce its effects on the
brain. Regrettably, given the transmission rate and respiratory
route of SARS-CoV-2 infection as well as its disastrous impact
on global economies we do not have the luxury of time. There
are several anti-SARS-CoV-2 drugs under clinical investigation,
which target SARS-CoV-2 life cycle such as Remdesivir
and Baricitinb https://www.nih.gov/news-events/news-releases/
nih-clinical-trial-testing-antiviral-remdesivir-plus-anti-inflamma
tory-drug-baricitinib-covid-19-begins). There are also immune-
based therapies (e.g., anti-IL-6 and plasmapheresis) https://
clinicaltrials.gov/ct2/show/NCT04322773; https://clinicaltrials
.gov/ct2/show/NCT04321421). As we learn more about the
short- and possibly long-term consequence of SARS-CoV-2
on the brain and define mechanism (s) that mediate these
effects, therapeutic strategies should not ignore the impact of
therapy on the brain and most importantly whether the therapy
will be effective in crossing the BBB to provide benefit and/or
protection to the brain.
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