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Abstract

The virology of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) and the human immune response to the virus
are under vigorous investigation. There are now several reports describing neurological symptoms in individuals who develop
coronavirus disease 2019 (COVID-19), the syndrome associated with SARS-CoV-2 infection. The prevalence, incidence, and
clinical course of these symptoms will become clearer in the coming months and years through epidemiological studies.
However, the long-term neurological and cognitive consequence of SARS-CoV-2 infection will remain conjectural for some
time and will likely require the creation of cohort studies that include uninfected individuals. Considering the early evidence for
neurological involvement in COVID-19 it may prove helpful to compare SARS-CoV-2 with another endemic and neurovirulent
virus, human immunodeficiency virus-1 (HIV-1), when designing such cohort studies and when making predictions about
neuropsychological outcomes. In this paper, similarities and differences between SARS-CoV-2 and HIV-1 are reviewed, includ-
ing routes of neuroinvasion, putative mechanisms of neurovirulence, and factors involved in possible long-term neuropsycho-
logical sequelae. Application of the knowledge gained from over three decades of neuroHIV research is discussed, with a focus
on alerting researchers and clinicians to the challenges in determining the cause of neurocognitive deficits among long-term
SUrvivors.
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COVID-19: neurological symptoms
and outcomes

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) and the associated syndrome, coronavirus disease
2019 (COVID-19), first gained attention in December of
2019 in the city of Wuhan, China (World Health
Organization: Naming the coronavirus disease (COVID-19)
and the virus that causes it 2020). Transmission to humans
was zoonotic, apparently originating in bats (Zhou et al.
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2020), possibly via pangolins (Lam et al. 2020) and/or snakes
(Ji et al. 2020). Herein, we use the terms SARS-CoV-2 and
COVID-19 to describe the virus and its associated clinical
syndrome, respectively.

All studies of neurological outcomes have occurred in
individuals diagnosed with COVID-19 and have consisted
of case reports and case series. There are, as of yet, no stud-
ies of the neuropsychological sequelae of SARS-CoV-2 in-
fection or COVID-19 illness, although helpful speculative
articles have been published (Condie 2020) and others are
forthcoming. The largest published study of neurological
symptoms in laboratory-confirmed SARS-CoV-2-infected
cases comes from Wuhan, China (Mao et al. 2020). In that
case series, 36.4% of 214 patients developed neurological
symptoms that included headache, dizziness, and (less com-
monly) mental status change and paresthesia. It is important
to point out that 41% of the sample from the study had
severe illness, and it was the more severely affected patients
who exhibited the neurological symptoms, suggesting that
neurological symptoms could have been related to systemic
factors or exacerbation of preexisting medical conditions. In
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another case series of 58 COVID-19 patients (median age
63 years) admitted to a French hospital due to acute respi-
ratory distress syndrome (ARDS), 84% had neurological
symptoms at some point during their hospitalization, 14%
of whom presented with neurological symptoms upon ad-
mission (Helms et al. 2020). Corticospinal tract symptoms
were observed in 67%, and 36% had dysexecutive syn-
drome (e.g., inattention and disorientation). Of those who
underwent magnetic resonance imaging (MRI) of the brain,
62% had leptomeningeal enhancement and 23% had cere-
bral ischemic stroke. All eleven patients who underwent
perfusion imaging had bilateral frontotemporal hypoperfu-
sion; however, only one of eight patients who received EEG
testing had nonspecific abnormal findings. It is unclear
whether the patients with known preexisting neurological
disorders were among those showing symptoms. A study of
43 COVID-19 patients in England (Paterson et al. 2020)
suggested five major categories of neurological involve-
ment: (i) encephalopathies (n = 10), (ii) inflammatory CNS
syndromes (n=12), (iii) ischemic strokes (n=8), (iv) pe-
ripheral neurological disorders (n = 8) primarily consisting
of Guillain-Barré syndrome, and (v) patients with CNS dis-
orders who did not fit into these categories (n = 5). Finally, it
is notable that other case series have not reported a signifi-
cant incidence of neurological symptoms. For example,
among 41 COVID-19 patients in China, only headaches
were reported among 8% of the sample (Huang et al.
2020). Also, two larger case series currently in pre-print,
one of 20,662 patients in China (Gu 2020) and the other of
1000 patients in New York City (Argenziano et al. 2020), do
not describe prominent neurological symptoms, with the
possible exception of headache. Whether these discrepant
findings are due to true differences in the populations or the
syndromes described or to a lack of standardized data and/or
symptom collection methods is unclear.

Hyposmia/anosmia and hypogeusia/dysgeusia have re-
ceived significant media attention. Such symptoms were re-
ported in the first case series described above (Mao et al.
2020) and in a case series from Italy (Giacomelli et al.
2020). Whether or not these symptoms are truly neurological
in nature is uncertain at this time. For example, a case study
from France indicated that bilateral obstructive inflammation
of olfactory clefts impaired olfactory function by preventing
odorant molecules from reaching the olfactory epithelium
(Eliezer et al. 2020), suggesting that loss of smell or taste
may not have a neurological cause, at least not in all cases.
Furthermore, a gene expression study indicates that it is the
infection of non-neuronal cell types that leads to anosmia and
aberrant odor perception in COVID-19 patients (Brann et al.
2020). Conversely, while anosmia is known to occur in many
upper respiratory tract infections, many patients with COVID-
19 lose smell despite absence of congestion (Pleasure et al.
2020).

@ Springer

A steady stream of case reports has described severe acute
neurologic conditions in a minority of COVID-19 patients,
some of whom were relatively young. One such study from
Japan described a 24-year-old man who developed meningitis
and encephalitis. MRI findings from that case included
hyperintensity along the wall of the right lateral ventricle
and hyperintense signal changes in the right mesial temporal
lobe and hippocampus (Moriguchi et al. 2020). Another case
report described acute necrotizing hemorrhagic encephalopa-
thy in a 50+-year-old female with laboratory-verified COVID-
19 (Poyiadji et al. 2020). Head CT revealed symmetric
hypoattenuation within the medial thalamic nuclei bilaterally,
whereas brain MRI revealed hemorrhagic rim enhancing le-
sions within the bilateral thalami, medial temporal lobes, and
subinsular regions. Her premorbid medical history was not
described. Five younger (<50 years old) patients presented
with large-vessel stroke within a 2-week period at a New
York City hospital, where historically an average of only
0.73 patients under 50 were treated for the condition during
the same time frame over the previous 12 months (Oxley et al.
2020). A similar case series, describing six patients with
stroke under the age of 55, was recently reported from Iran
(Ashrafi et al. 2020).

In summary, these early case reports suggest that a minority
of COVID-19 cases have neurological symptoms ranging in
severity from very mild (e.g., headache and loss of smell/taste)
to severe (e.g., encephalitis), and that symptoms can occur
before or after other “core” symptoms of COVID-19 (Mao
et al. 2020). However, the meaning of these observations is
unclear, as the studies described above did not include control
groups consisting of uninfected patients with similarly severe
respiratory or other symptoms or those who had undergone
similar medical procedures (e.g., ventilation and sedation) for
other conditions. Additionally, it is unclear if the discrepancy
of findings in case series is due to differences in data collec-
tion methods and whether the patients described in the afore-
mentioned studies were tested for other potentially
neuroinvasive viruses that can lead to similar neurological
conditions as those reported for COVID-19, such as influenza
A (Ozkale et al. 2012; Toovey 2008; Wang et al. 2010).

Potential mechanisms of central nervous
system involvement in SARS-CoV-2 infection

Previously identified human coronaviruses (HCoV) are
neuroinvasive and, as the evidence reviewed below suggests,
neurovirulent. Initial evidence suggests that SARS-CoV-2 is
also neuroinvasive, although its neurovirulence will take some
time to determine. Below, we review and discuss potential
acute and long-term neurological and neuropsychological se-
quelae due to direct and indirect routes of pathogenicity. Other
reviews are also available (Sepehrinezhad et al. 2020).
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Direct causes

The aforementioned case studies suggest that SARS-CoV-2 is
both neuroinvasive and neurovirulent. Furthermore, research
findings of other viruses, including HCoVs, raise the possibil-
ity that it may persist in the central nervous system (CNS)
following systemic clearance. As described in a recent review,
coronaviruses can enter the CNS via two routes (Desforges
et al. 2019). The first is the hematogenous route, in which
HCoVs enter the circulatory system via the human airway
epithelium (Dijkman et al. 2013) and then infect epithelial
cells of blood—brain barrier (BBB) or blood—cerebrospinal
fluid barrier in the choroid plexus. HCoVs can also infect
myeloid cells, which then shuttle it into CNS (Gu et al.
2005; Desforges et al. 2007; Collins 2002), a route favored
by HIV-1 (Kim et al. 2003; Argyris et al. 2007; Atluri et al.
2015; Wang et al. 2008). In both cases, HCoVs enter the cells
by first binding to a the ACE2 receptor, after which they enter
endosomes and fuse the viral and lysosomal membranes
(Shang et al. 2020). The second is the neuronal retrograde
route, in which viruses exploit periphery nerves and axonal
transport mechanisms to gain entry to CNS (Dahm et al. 2016;
Desforges et al. 2014a). This could occur via several possible
cranial nerves, including olfactory (Mori 2015), trigeminal
(Lochhead et al. 2019; Lochhead and Thorne 2012), and
vagus nerves (Matsuda et al. 2004; Park et al. 2002). HCoV-
0C43, a coronavirus that infects humans and cattle with gen-
erally mild symptoms, uses this neuron-to-neuron route (Dube
et al. 2018). In addition, both SARS-CoV-1 and the Middle
East respiratory syndrome coronavirus (MERS-CoV) can also
gain access to the CNS via peripheral nerve terminals and
subsequent synapse-connected pathways (Li et al. 2012,
2013; Andries and Pensaert 1980). In transgenic mice,
MERS-CoV then spreads to the brainstem, thalamus, and oth-
er brain regions (Li et al. 2016a). There is evidence that
SARS-CoV-2 also has the potential to be neuroinvasive.
SARS-CoV-2 enters angiotensin-converting enzyme 2
(ACE2)-expressing cells, which are found in the airway epi-
thelia, lungs, vascular endothelia, kidney, and small intestine
(Li et al. 2020). ACE2 is also expressed in the mouse and rat
brains, in particular the brainstem regions that control cardio-
vascular functioning (Gowrisankar and Clark 2016; Xia and
Lazartigues 2010), suggesting a direct role of the virus in
ARDS (Li et al. 2020).

While most, if not all, HCoVs are neuroinvasive, only
some appear neurovirulent (Li et al. 2016a; Glass et al.
2004; Talbot et al. 1993). SARS-CoV-1, HCoV-OC43, and
HCoV-229E (a coronavirus that infects bats and humans, with
generally mild symptoms to the latter) are known to be neu-
rotropic in humans (Xu et al. 2005; Arbour et al. 1999, 2000).
SARS-CoV-1 causes neuronal death in the absence of enceph-
alitis in human ACE2 transgenic mice (Netland et al. 2008),
and neuropathological findings from humans who died of

SARS, the syndrome caused by SARS-CoV-1, included cere-
bral edema, meningeal vasodilation, ischemic changes of neu-
rons, and demyelination (Gu et al. 2005; Xu et al. 2005;
Netland et al. 2008). HCoV-OC43 infection of mouse CNS
induces glutamate excitotoxicity with subsequent neuronal
damage and disruption of glutamate homeostasis, with the
downstream effect being limb paralysis and possible demye-
lination (Desforges et al. 2019). HCoV-OC43 has also been
linked to encephalitis in humans (Morfopoulou et al. 2016).
Evidence that MERS-CoV is neurovirulent includes case re-
ports of psychosis and seizures (Saad et al. 2014), as well as
mental status changes, paralysis, ischemic stroke, Guillian-
Barre syndrome, and neuropathy that arise 2-3 weeks after
resolution of respiratory symptoms (Kim et al. 2017).

When assessing the possible neurovirulence of SARS-
CoV-2, one could consider genetic similarities with other
HCoVs. SARS-CoV-2 and SARS-CoV-1 are 79% genetically
homologous (Lu et al. 2020). A mutation in a gene that pro-
duces SARS-CoV-2 spike protein gives the virus an affinity
for ACE2 that is at least 10x greater than SARS-CoV-1
(Wrapp et al. 2020), likely explaining in part the former’s
greater infectivity. During the 2002—2003 SARS outbreak, a
variety of neurological conditions appeared 3—4 weeks into
the course of the illness in a small number of patients, includ-
ing polyneuropathy, encephalitis, and aortic ischemic stroke
(Tsai et al. 2005). This seems to differ from SARS-CoV-2, in
which some neurological symptoms appear earlier in the
course of illness (Mao et al. 2020). Whether this is due to
the difference in ACE2 affinity or other functional differences
will be the subject of future studies. Infection with the Middle
East Respiratory Syndrome (MERS) coronavirus (MERS-
CoV) led to the deadliest syndrome in 2012. As with SARS-
CoV-1 and 2, MERS-CoV originated in bats (Memish et al.
2013), with the dromedary serving as the vector to humans.
However, it is only 50% genetically homologous to SARS-
CoV-2 (Lu et al. 2020).

Finally, the chronic presence of SARS-CoV-2 in the brain
could conceivably result in long-term neurological and neuro-
psychological sequelae. Several other viruses exert chronic
deleterious effects in human CNS. The most well-studied ex-
ample is HIV-1 infection, as discussed in detail below. Other
examples include human herpes viruses, which have been
associated with later risk of Alzheimer’s disease, multiple
sclerosis (MS), and other neurodegenerative disorders
(Leibovitch and Jacobson 2018; Itzhaki et al. 2004; Ludlow
etal. 2016; Majde 2010), and influenza A, which is associated
with later risk for Parkinson’s disease (Jang et al. 2009). The
long-term persistence of HCoVs in the CNS and their poten-
tial to cause delayed neurologic dysfunction (Arbour et al.
1999; Cristallo et al. 1997; Fazzini et al. 1992; Stewart et al.
1992; Murray et al. 1992; Johnson-Lussenburg and Zheng
1987) may be underestimated. Several studies report putative
links between HCoV in the human neurologic disorders,
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including encephalitis (Morfopoulou et al. 2016), multiple
sclerosis (Cristallo et al. 1997; Stewart et al. 1992),
Parkinson’s disease (Fazzini et al. 1992), and acute demyelin-
ating encephalomyelitis (Yeh et al. 2004). Both HCoV-229E
and HCoV-0OC43 have been found in the brains of deceased
MS patients (Talbot et al. 1993; Arbour et al. 2000; Murray
et al. 1992; Burks et al. 1980) and those who had encephalo-
myelitis (Yeh et al. 2004; Li et al. 2016b). However, it is
important to consider that the high prevalence of some
HCoVs in human tissue makes it difficult to interpret such
findings (Desforges et al. 2014b).

Indirect causes

Even without considering its potential for neurovirulence,
SARS-CoV-2 infection may lead to poor neurological out-
comes via indirect routes. There have been recent reports in
the media about high stroke rates in relatively young patients
being treated for COVID-19, but published findings are scant.
A case series described three COVID-19 patients aged 6570
in Wuhan, China, who developed coagulopathy and
antiphospholipid antibodies with subsequent multiple cerebral
infarcts, damaging a wide range of brain regions (Zhang et al.
2020). All had history of hypertension and other medical ill-
nesses. In addition, the reported suppressed levels of platelets
and elevated levels of D-dimer (a protein fragment measured
in the blood to diagnose thrombosis, embolism, and coagula-
tion) (Wang et al. 2020) may make patients with severe
COVID-19 more prone to cerebrovascular accidents. This no-
tion is supported by the findings of a retrospective study of
COVID-19 patients seen in New York City. In that study,
patients who had a brain MRI with evidence
leukoencephalopathy and/or cerebral microbleeds had high
peak D-dimer levels and lower nadir platelet counts compared
with those who did not have findings of such pathology
(Agarwal et al. 2020). Those patients who develop acute re-
spiratory distress syndrome (ARDS) are at risk of cerebral
hypoxemia (Hopkins et al. 2006). Many of those with
ARDS are intubated and treated with mechanical ventilators,
a procedure with substantial risks (Hoesch et al. 2012).
Indeed, a case series of eighteen deceased COVID-19 patients
aged 53-75 who underwent neuropathological examination
revealed only signs of hypoxia in brain tissue (Solomon
et al. 2020). Eleven had received mechanical ventilation be-
fore death. Also notable is that virus was detected at low levels
in only five patients.

The reported “cytokine storms” reported in severe COVID-
19 cases (Mehta et al. 2020) can lead to multiple organ dam-
age, leading to renal and hepatic liver dysfunction and cardiac
dysfunction (South et al. 2020), all of which can have adverse
effects on cognitive functioning (Bennett and Sauve 2003;
Patel et al. 2015; Kurella Tamura et al. 2011). Indeed, this
acute inflammatory state can also lead to CNS damage
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(Clark and Vissel 2017). Whether or not cytokine-driven neu-
roinflammation might also be present in infected individuals
with more mild symptoms might also be considered in future
studies. Finally, some have proposed that CNS-related auto-
immune disorders could arise post-SARS-CoV-2 infection
(Troyer et al. 2020) via “molecular mimicry” (Rose 2017),
as has been reported in SARS-CoV-1 and MERS-CoV infec-
tions (Kim et al. 2017; Tsai et al. 2005).

In summary, there is ample evidence from COVID-19 case
reports and studies of other HCoVs that SARS-CoV-2 is both
neuroinvasive and neurovirulent, possibly via different routes.
Furthermore, poor neurological outcomes can result from in-
direct causes linked to systemic infection and aggressive treat-
ment of COVID-19, which is similar to HIV-1.

HIV-1: summary of neurological
and neuropsychological symptoms
and sequelae

A dementia syndrome associated with HIV-1 was first sys-
tematically described and termed AIDS dementia complex in
1986 (Navia et al. 1986). For the next 10 years, the preva-
lence of what came to be more commonly referred to as HIV-
associated dementia was about 16%(McArthur et al. 1993)
and typically indicated advanced immune dysfunction and a
poor prognosis. After combined or highly active antiretrovi-
ral therapy (cCART or HAART) became widely available in
1996, the prevalence of HIV-associated dementia dropped to
lessthan 5% (Dore etal. 2003; Robertson et al. 2007; Sacktor
etal.2002). However, amore chronic and less severe form of
cognitive impairment became evident, leading to updated
research criteria published in 2007 that capture the full spec-
trum of neuropsychological deficits thought to be due to HIV
(Antinori et al. 2007). The term for this broad classification
that captures the full severity range of cognitive impairment,
from mild deficits without noticeable impact on day-to-day
functioning to debilitating dementia, is HIV-associated
neurocognitive disorders or HAND. The nature of cognitive
deficits varies widely and has also changed over time as HI V-
1 infection has become more chronic in nature (Heaton et al.
2011). Estimates of the current prevalence of HAND vary
considerably, with between 15 and 84% of infected individ-
uals meeting criteria at any one time (Heaton et al. 2011;
Cysique et al. 2004; Becker et al. 2004; Bonnet et al. 2013;
Simionietal. 2010; Sayloretal. 2016). A majority of HAND
diagnoses are mild, termed asymptomatic neurocognitive
impairment (ANI) according to current research criteria
(Antinori et al. 2007). However, the inclusion of ANI in cur-
rent diagnostic schema may have had the unintended conse-
quence of high rates of false positive diagnoses due to the low
threshold for cognitive impairment, thereby inflating HAND
prevalence estimates (Gisslenetal. 2011; Meyeretal. 2013).
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Indeed, a significant percentage of healthy HIV-uninfected
individuals with no known neurologic or psychiatric illness
would meet criteria for ANI, save for the fact that they are not
HIV infected (Meyer et al. 2013; Schretlen et al. 2003;
Palmer et al. 1998; Schretlen et al. 2008; Binder et al.
2009). Indeed, two recent studies have attempted to deal with
the problem of high false discovery rates using the method of
multivariate normative comparison (Wang et al. 2019a; Su
etal. 2015). In both studies, the rate of cognitive impairment
among HIV-infected individuals was almost identical to that
ofuninfected individuals, demonstrating that empirically de-
fined thresholds for impairment may be a more reliable
method.

Both in the pre-cART and current eras (i.e., since 1996),
HIV encephalitis (HIVE) is considered to be a major neuro-
pathological basis of HIV-associated dementia (McArthur
etal. 1993; Moore et al. 2006a; Glass et al. 1995; Bell et al.
1998; Persidsky and Gendelman 2003; Everall et al. 2005;
Letendre et al. 2011; Boven et al. 2000; Conant et al. 1998;
Eugenin et al. 2006; Kraft-Terry et al. 2009). However, a
vast majority of HAND cases present with milder symptoms
(McArthur et al. 2005; Heaton et al. n.d.) and do not have
neuropathological findings consistent with HIVE (Everall
et al. 2009). Accumulating evidence suggests that for the
vast majority of HAND cases that are mild-to-moderate in
severity, cognitive impairment is due largely to
synaptodendritic dysfunction driven by chronic CNS in-
flammation (Glass et al. 1995; Persidsky and Gendelman
2003; Kraft-Terry et al. 2009; Everall et al. 2009; Moore
et al. 2006b; Levine et al. 2015; Crews et al. 2008; Guha
et al. 2018). As with the direct and indirect mechanisms of
CNS damage proposed for SARS-CoV-2 described above,
the neuropathogenesis of HAND likely has direct and indi-
rect routes. In the direct route, HIV-1 in brain macrophages
and other cells releases viral proteins that harm nearby neu-
rons and other cells (Glass et al. 1995; Kraft-Terry et al.
2009; Kedzierska and Crowe 2002; Adle-Biassette et al.
1999; Lindl et al. 2007; Kaul and Lipton 2006), and cross-
talk between neurons and microglia can also drive
synaptodendritic dysfunction (Alvarez-Carbonell et al.
2019). In the indirect route, macrophage proliferation,
microglial activation, astroglial activation, and dysregulated
cytokine expression and production (Glass et al. 1995; Bell
et al. 1998; Persidsky and Gendelman 2003; Everall et al.
2005; Letendre et al. 2011; Boven et al. 2000; Conant et al.
1998; Eugenin et al. 2006; Kraft-Terry et al. 2009) drive
inflammation, resulting in synaptodendritic dysfunction.
Indeed, increased migration across the blood—brain barrier
of monocytes (Pulliam et al. 1997; Ellery et al. 2007) driven
both by chemokine gradients originating in the CNS and
from a peripheral immune response (Kraft-Terry et al.
2009; Peluso et al. 1985; Ancuta et al. 2004) is thought to
be a major factor underlying HAND (Boven 2000).

SARS-CoV-2 and HIV-1: differences in virology
and host immune response

The virology of HIV-1 differs substantially from coronaviruses
such as SARS-CoV-2. HIV-1 is a retrovirus whose RNA
genome is reverse-transcribed into double-stranded DNA and
integrated into the cellular DNA, where it can remain hidden
from the host’s immune surveillance in a latent state for 8—
10 years, during which time the host remains symptom free
(Siliciano and Greene 2011). Once activated, the integrated
HIV-1 DNA uses the host’s replication mechanisms to create
additional RNA genomes and viral proteins, which then exit
the cell to propagate the infection, much as other viruses includ-
ing HCoVs.

HIV-1 targets cells of the immune system, specifically CD4+
helper T cells (Coakley et al. 2005), monocytes (Kedzierska and
Crowe 2002), macrophages (Kedzierska and Crowe 2002), and
dendritic cells (Cunningham et al. 2010) via binding to CD4
receptor and CCRS5 co-receptor, although some strains use
CXCR4 as the co-receptors for viral entry (Chan et al. 1997,
Aurrildt et al. 2012). The body’s adaptive immunity defenses are
largely ineffective against HIV-1. Cell-mediated immunity driv-
en by T cells is largely disabled because of the virus’s predilec-
tion for those cells (Coakley et al. 2005). Furthermore, antibodies
produced by B-cells are not effective against HIV-1. As such,
without treatment with a combination of antiretroviral medica-
tions, the host becomes vulnerable to opportunistic infections and
the eventual development of acquired immunodeficiency syn-
drome (AIDS). Virus-harboring macrophages move via chemo-
taxis to seed other body regions with the virus, including the
CNS (Kraft-Terry et al. 2009; Peluso et al. 1985; Ancuta et al.
2004) which serves as a sanctuary for the virus. In the CNS,
HIV-1 is largely safe from immunosurveillance, infecting mi-
croglia which serve as a primary reservoir of the virus (Wallet
et al. 2019). In the case of SARS-CoV-2, the virus binds to the
spike protein on the surface of epithelial cells, enters endosomes,
and is then dispersed into the cytoplasm when the viral and
lysosomal membranes fuse (Shang et al. 2020). It is unclear
whether SARS-CoV-2 will also be able to persist in the brain.
One proposed mechanism linking other HCoV infections with
later neurologic disease is chronic infection of oligodendrocytes
and glial cells (Arbour et al. 1999; Bender and Weiss 2010),
perhaps due to the lower immunosurveillance in the brain that
makes it a sanctuary for HIV-1. If this is also the case for SARS-
CoV-2, our current understanding of antiviral medication pene-
trance into the CNS (Letendre et al. 2008), as well as innovative
methods to eradicate viruses from the brain (Nowacek et al.
2010), will be useful.

That HIV-1 is a retrovirus, along with its high mutation
rate, makes it almost impossible to eradicate from host cells.
Only two individuals are known to have been completely
cleared of HIV-1 following allogeneic hemopoietic stem cell
transplantation from a donor homozygous for the delta-32
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allele on the CCRS gene (Gupta et al. 2020; Hutter et al.
2009). While there is no evidence of HIV-1 RNA in cerebro-
spinal fluid, it remains unknown whether HIV-1 persists in the
brains of these individuals, who are still living.

It remains uncertain if lasting adaptive immunity to SARS-
CoV-2 will be possible. Based on human immune response to
other coronaviruses, at least temporary immunity is expected
and illness from later infections may be less severe
(Channappanavar et al. 2014). As with HIV-1, infectability
and the host immune response may vary according to host
genotype, although further study is required to validate these
findings (Stawiski et al. 2020). For example, mutations in the
ACE2 gene could conceivably influence infectivity and symp-
tom type/severity. In the case of HIV-1, discovering that the
CCRS5 was a co-receptor (Choe et al. 1996) led to the devel-
opment of a new class of antiviral medication (Imamura et al.
2004). However, the application of host genetics to HAND
has been less successful (Kallianpur and Levine 2014), possi-
bly owing to poor diagnostic reliability (Woods et al. 2004).

Finally, in regard to maladaptive immune responses, the
“cytokine storms” described in COVID-19 patients that are
responsible for severe organ damage and mortality are some-
times seen during the acute phase of HIV-1 infection, but in a
less severe form (Erdmann and Heath 2019). However, upon
initiation of antiviral therapy, a minority of HIV-infected pa-
tients can develop immune reconstitution inflammatory syn-
drome (Manzardo et al. 2015), which can result in significant
morbidity and even death.

In summary, while there are fundamental differences in the
virological and immune response to SARS-CoV-2 and HIV-1,
their shared potential for CNS persistence and neurovirulence
could make current knowledge of neuroHIV helpful for de-
vising treatments and designing studies of the neuropsycho-
logical consequences of SARS-CoV-2 infection.

Considering long-term neuropsychological
outcomes in SARS-CoV-2 infection: why
comorbidities matter

Assuming that SARS-CoV-2 like other HCoVs can have a
lasting presence in the CNS (Talbot et al. 1993; Arbour et al.
1999, 2000; Murray et al. 1992; Burks et al. 1980), its poten-
tial to provoke a chronic neuroinflammatory immune response
similar to HIV-1 should be considered in the pathogenesis of
neuropsychological deficits. Furthermore, long-term tracking
of survivors will determine whether CNS exposure to the virus
increases risk of later neurodegenerative illness (Arbour et al.
1999; Kim et al. 2017; Tsai et al. 2005; Cristallo et al. 1997;
Fazzini et al. 1992; Stewart et al. 1992; Murray et al. 1992;
Johnson-Lussenburg and Zheng 1987; Troyer et al. 2020;
Rose 2017). In addition, based on findings from over 30 years
of neuroHIV research, it is just as important to consider the
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various comorbidities and other factors that are more likely to
affect neuropsychological functioning.

The prevalence of HAND may be overestimated. Large
case-control studies consisting of only HIV+ participants
(Robertson et al. 2007; Antinori et al. 2007; Heaton et al.
2010, Heaton et al. 2015) or those that included mismatched
HIV- participants (Heaton et al. 2011) generally point to the
virus itself as the primary cause of neurocognitive and neuro-
physiological aberrations. However, cohort studies that in-
clude well-matched HIV-uninfected control participants indi-
cate that, at least in generally cART-treated individuals, it is
primarily medical and psychiatric comorbidities that underlie
neurocognitive impairment (Sacktor et al. 2016; Vance et al.
2016), with a smaller percentage of neurocognitively impaired
cases apparently due to HIV infection. Similarly, neurophys-
iological changes in those with HIV, as determined through
magnetic resonance imaging, appear due largely to medical
comorbidities, including hypertension, diabetes mellitus,
higher body mass index, and elevated visceral fat (Lake
et al. 2017; Wu et al. 2018). It is interesting to note that age-
related medical comorbidities are more prevalent in the con-
text of HIV (Silverberg et al. 2009, 2011; Womack etal. 2011;
Kirk et al. 2013; Lucas et al. 2007; Desquilbet et al. 2011),
possibly due to accelerated biological aging caused by the
retrovirus (Horvath and Levine 2015; Gross et al. 2016;
Rickabaugh et al. 2015). As described in the opening section,
case studies to date point to indirect, medical-related causes
for neuropsychological deficits in COVID-19 survivors, in-
cluding cerebrovascular pathologies (Zhang et al. 2020;
Wang et al. 2020), cerebral hypoxemia (Hopkins et al.
20006), and chronic illnesses resulting from organ damage
cause by acute cytokine dysregulation (South et al. 2020;
Bennett and Sauve 2003; Patel et al. 2015; Kurella Tamura
etal. 2011; Clark and Vissel 2017). In addition, that COVID-
19 presents as more severe in older individuals and those with
medical conditions that are also risk factors for cognitive im-
pairment will further complicate the clinical picture. More
specifically, hypertension, diabetes, cancer, cardiovascular
disease, and chronic respiratory illness are risk factors for
severe COVID-19 and/or death (World Health Organization:
Coronavirus disease (COVID-19) Pandemic n.d.) and also for
neuropsychological deficits (Bennett and Sauve 2003;
Reijmer et al. 2011; van den Berg et al. 2010; Novak and
Hajjar 2010; Schou et al. 2012; Janelsins et al. 2018; Ahles
and Root 2018). In addition, some have posited that ACE2
inhibitors used to treat hypertension and diabetes may increase
the expression of ACE2, making cells more vulnerable to
SARS-CoV-2 infection and, as a consequence, making those
individuals more prone to severe COVID-19 (Nath 2020).
Therefore, determination of later neuropsychological impair-
ment in survivors of SARS-CoV-2 infection and COVID-19
illness will require consideration of these and other medical
comorbidities.
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Not surprisingly, HIV-1 infection is associated with greater
risk of psychiatric illness, and this can exacerbate and compli-
cate cognitive impairment (Rubin et al. 2019; Rubin and Maki
2019; Spies et al. 2018; Cysique and Brew 2019). Depression
can result from the personal and psychosocial impacts of the
disease, as well as biological effects of infection and treatment
(Lu et al. 2019). Considering the relatively high fatality rate
among individuals who become infected with SARS-CoV-2,
as well as the emotional and financial devastation caused by
the pandemic, psychological disorders such as post-traumatic
stress disorder (PTSD) and depression should be considered
primary diagnoses and contributing factors to neurocognitive
impairment (Troyer et al. 2020). Indeed, early indications sug-
gest higher prevalence of anxiety disorders such as PTSD
stemming from either surviving infection with SARS-CoV-2
or serving as a frontline healthcare worker (Liu et al. 2020), as
well as those living near the epicenter of the outbreak (Sun
et al. 2020). This appears consistent with studies from the
2003 SARS and 2005 MERS outbreaks, which reported high
rates of PTSD (Tam et al. 2004; Maunder et al. 2004; Hong
et al. 2009; Kim et al. 2016). The impact of death due to
COVID-19 may also have a more profound impact on loved
ones. In fact, one very important difference between COVID-
19 and HIV-1 infections is that in the terminal stages of the
latter, a patient’s family member or close friend is able to be
bedside to express final thoughts of love and comfort.
However, with COVID-19, this is not the case, as loved ones
have been prohibited from accompanying terminally ill pa-
tients because of the extremely high risk of infection via re-
spiratory droplets.

Finally, in order to accurately delineate long-term neuro-
psychological outcomes of SARS-CoV-2 infection, cognitive
testing of individuals with active symptoms (i.e., COVID-19)
should be avoided, as studies have shown that even very mild
upper respiratory viral infections can have acute effects on
neuropsychological functioning (Smith 2012, 2013).

Approaches for studying
the neuropsychological sequelae
of SARS-CoV-2 infection

In order to characterize the long-term neuropsychological se-
quelae of SARS-CoV-2 infection and/or COVID-19, large
and diverse cohort studies that include both infected (histori-
cally or actively) and never-infected individuals will be re-
quired. Such studies will allow for longitudinal characteriza-
tion of cognitive functioning while considering comorbidities
and other potential factors affecting such functioning (e.g.,
medication type, psychiatric and medical comorbidities).
Such cohort studies will also likely capture a substantial num-
ber of seroconverters (i.e., those who become infected during
their study participation). Large cohort studies of HIV-1, such

as the Multicenter AIDS Cohort Study and the Women’s
Interagency HIV Study, have contributed significantly to the
understanding of the natural and treated history of HIV-1 in-
fection, including neuropsychological outcomes with consid-
eration of medical and other comorbidities (Sacktor et al.
2016; Becker et al. 2014; Levine et al. 2007; Levine et al.
2013; Maki et al. 2009; Meyer et al. 2014; Rubin et al.
2017) but have been limited to domestic participants.

Drawing from the history of neuroHIV research, in which
the Western research community either did not recognize or
failed to appreciate until the mid-2000s that HIV-associated
neurocognitive impairment was a global problem particularly
in resource-limited countries (Wong et al. 2007; Nakasujja
et al. 2005), we believe that it is critical to examine the
neuroepidemiology of SARS-CoV-2 in resource-limited
countries as soon as possible. Because of the respiratory mode
of transmission of SARS-CoV-2 and limitations in personal
protective equipment and medical supplies in hospitals in
resource-limited countries, it is likely that infection rates will
be in much higher numbers. In particular, Latin America,
where standard public health policies to counter the pandemic
are often being ignored by local government officials or even
top leaders (e.g., Brazil), and sub-Saharan Africa, in which a
majority of residents live in densely populated communities
where social distancing is not possible, are two areas that are
particularly susceptible to rampant SARS-CoV-2 infection.
Preventing the spread of infection requires basic resources like
those to permit frequent handwashing (i.e., clean water and
soap) and social distancing (e.g., adequate housing).
Establishment of international cohorts will also allow for the
delineation of genetic, environmental, and cultural factors in-
volved in neuropsychological outcomes of SARS-CoV-2
infection.

Domestically, cohorts must include a broad cross section of
races, oversampling (proportionally) for African-Americans
and Latinos, while maintaining an equal representation of
men and women across all groups. In addition, the samples
must also represent a range of socio-economic strata, so as not
to conflate “race” with other social factors. Finally, appropri-
ate at-risk individuals must be included—that is individuals
who, based on occupation, lifestyle, or other factors, may be at
greater risk for infection than the population as a whole.

Perhaps drawing from the experiences with HIV-1 and
other pandemic viruses and recognizing that early action will
beget stronger prevention and intervention, the National
Institutes of Health and other public and private funding
sources have already begun soliciting grant applications that
leverage the infrastructure of extant cohort studies, including
those of HIV-1, which will more quickly generate epidemio-
logical data that can effectively shape public health policy and
pharmaceutical development efforts. This approach will also
generate important data concerning HIV-1/SARS-CoV-2
coinfection.
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Conclusion

The SARS-CoV-2 pandemic is like nothing the world has
seen in modern times. However, thanks to modern technology
and scientific thinking, elucidating host susceptibility factors
(e.g., genetic, medical, psychosocial) and tracking the long-
term effects of the virus and its associated syndrome are al-
ready being implemented or planned. Thinking ahead, long-
term monitoring of SARS-CoV-2 antibody—positive individ-
uals and uninfected controls in cohort studies is required to
determine if the COVID-19 and/or asymptomatic infection
has later effects on neuropsychological functioning while also
considering potential mediating or contributing factors, as has
been done with HIV-1 (Sacktor et al. 2016; Rubin et al. 2017,
Kaslow et al. 1987; Wang et al. 2019b; Barkan et al. 1998).
Thus, drawing from lessons learned from over three decades
of domestic neuroHIV research, as well as more recent inter-
national research, the scientific community will be better pre-
pared to effectively design and execute such studies, as well as
interpret their findings.
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