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Abstract. COVID-19 emerged as a global pandemic starting from Wuhan in China and spread at a lightning speed to the rest
of the world. One of the potential long-term outcomes that we speculate is the development of neurodegenerative diseases as
a long-term consequence of SARS-CoV-2 especially in people that have developed severe neurological symptoms. Severe
inflammatory reactions and aging are two very strong common links between neurodegenerative diseases and COVID-19.
Thus, patients that have very high viral load may be at high risk of developing long-term adverse neurological consequences
such as dementia. We hypothesize that people with neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s
disease, and aged people are at higher risk of getting the COVID-19 than normal adults. The basis of this hypothesis is the
fact that SARS-CoV-2 uses as a receptor angiotensin-converting enzyme 2 to enter the host cell and that this interaction is
calcium-dependent. This could then suggest a direct relationship between neurodegenerative diseases, ACE-2 expression,
and the susceptibility to COVID-19. The analysis of the available literature showed that COVID-19 virus is neurotropic and
was found in the brains of patients infected with this virus. Furthermore, that the risk of having the infection increases with
dementia and that infected people with severe symptoms could develop dementia as a long-term consequence. Dementia
could be developed following the acceleration of the spread of prion-like proteins. In the present review we discuss current
reports concerning the prevalence of COVID-19 in dementia patients, the individuals that are at high risk of suffering from
dementia and the potential acceleration of prion-like proteins spread following SARS-CoV-2 infection.
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INTRODUCTION

On December 31, 2019, a new infection reported
to the World Health Organization was identified
as caused by a novel coronavirus that is different
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from agents that cause severe acute respiratory syn-
drome (SARS) and Middle East respiratory syndrome
(MERS) and was later named SARS-CoV-2 and
referred to as coronavirus disease 19 (COVID-19).
Since its first appearance, the virus has spread at a
lightning speed and reached all over the world, taking
many lives and badly affecting the world economy.
SARS-CoV-2 belongs to the family of coronaviruses
that were first identified in 1965 in humans from a
child with an upper respiratory infection [2]. Depend-
ing on the season, they were later identified as
causing 1% to 35% of upper respiratory infections
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[2]. These community-acquired coronaviruses are
known to cause mild respiratory infections. SARS
that appeared in 2002-2003, however, affected more
than 8,000 people and caused nearly 10% of mortality
[3], and the MERS epidemic that was reported in 2012
affected 2,500 persons with a mortality rate of nearly
35% [4]. They are classified into four genera: alpha,
beta, gamma, and delta; SARS-CoV-2 belongs to the
beta genus [5]. They are named coronaviruses due to
the spike projections that measure 20 nmin length and
give them the crown-like appearance seen through
the electron microscope. They are enveloped viruses
with a diameter of 100-150 nm and a positive-sense
single-stranded RNA genome [2]. The recent genome
sequencing of the SARS-CoV-2 showed that the size
of its genome is ~29.9 Kb, sharing ~78% sequence
homology with SARS-CoV [6-8]. The spike proteins
are the one responsible for the virus’s tropism since
they are the primary to attach to the angiotensin-
converting enzyme receptor type 2 (ACE-2) to infect
the cells [5, 9]. The distribution of the ACE-2 receptor
in the body includes several organs such as the lungs,
oral and nasal mucosa, bone morrow and spleen,
skin, heart, arteries, kidneys, adipose tissue, repro-
ductive system, and brain [10]. In the central nervous
system, ACE-2 receptor is expressed mainly in tha-
lamic nuclei, cerebellum, and inferior olivary nuclei
[11]. It is now becoming widely accepted that the
virus could invade the central nervous system (CNS)
and cause neurological problems since postmortem
studies revealed the presence of both SARS-CoV-2
antigen and RNA in the brain tissue of COVID-19
patients [12, 13]. Besides, the rate of neurological
symptoms was reported to be 0.04% in SARS and
a 0.2% in MERS [14]. For SARS-COV-2, the pres-
ence of neurological manifestations was reported to
occur in most hospitalized patients and was associ-
ated with increased morbidity and mortality [15, 16].
It is this link between coronaviruses and the CNS
that lead to the development of several new theories
concerning the potential implication of coronaviruses
especially SARS-CoV-2 in the long-term develop-
ment of neurodegenerative diseases (ND). In fact,
neurological manifestations were reported to occur
in 36% of COVID-19 patients [17, 18]. Neverthe-
less, it is unknown if neurological symptoms are a
direct result of SARS-CoV-2 infection of brain cells
or a consequence of systemic illness [14]. Besides,
the detection of coronaviruses in the CNS of patients
with Parkinson’s disease (PD), and Alzheimer’s dis-
ease (AD) is very well established [19, 20]. A very
important and provocative study dating back to 1992

reported the identification of a high level of Beta-
murine-CoV antibodies in cerebrospinal fluid (CSF)
of PD patients [21]. Furthermore, going back to his-
tory, an overlap between the “Spanish flu” (1918-
1920) and the lethargic encephalitis epidemic of 1916
to 1926 was very well documented [22]. There-
fore, like previous pandemics, ND could mark the
aftermath of this viral infection and it could be the
potential cause of a delayed epidemic as was sug-
gested by Serrano-Castro and his team (2020) [23].
Hence, on one hand the infection with the virus could
result in acceleration of the neurodegeneration pro-
cess through the acceleration of the spreading of
prion-like proteins [24, 25]. On the other hand, the
presence of dementia could make patients more vul-
nerable to the disease with the presence of a higher
fatality rate among them and the great influence on
the routine processes of diagnoses, treatments, and
daily care. For this reason, in the present review we
mainly focus on discussing potential links between
SARS-CoV-2 and several ND based on single case
reports and the available literature either as an accel-
erating agent of these diseases through an increase
of the prion-like proteins seeding or as a causative
agent of dementia development later in life. We fur-
ther discuss the role of the presence of dementia in
the susceptibility to COVID-19.

SARS-COV-2 PENETRATION ROUTES
AND INFECTION MECHANISMS

Major penetration routes of COVID-19 into
human cells

Three major mechanisms are known as the major
routes for the virus’s entry into the CNS. The first
one is through the peripheral nervous system. Indeed,
COVID-19 may first invade the peripheral nerve
terminals and then reach the CNS via a synapse-
connected route [26-28]. This occurs via active
transport within the neurons, especially through the
motor proteins, kinesin and dynein [29], via micro-
tubules and involves a retrograde axonal transport,
reaching the CNS [30]. These neurons could be either
motor, sensory, or autonomic neurons, but are most
often olfactory neurons [29, 31-33]. Trans-synaptic
transmission is very well documented in some Corona
viruses CoVs such as HEV67 [26, 27, 34, 35].
Furthermore, other studies reported that human coro-
navirus OC43 (HCoV-OC43) might invade the CNS
via cranial peripheral nerves [36] as it occurs with
other respiratory viruses and influenza virus [31].
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Fig. 1. Mechanism of penetration of COVID-19 into the nervous system and other organs. The COVID-19 virus is composed of the
nucleocapsid, viral envelop, membrane protein, the envelop protein, and the spike protein. The first point of connection between SARS-
COV2 and the ACE-2 receptor is mediated by the spike protein. Each monomer of the spike protein is composed of two domains S1 and S2.
S1 contains the receptor binding domain (RBD) which binds to the ACE-2 receptor and S2 which contains the fusion peptide (FP). After
the interaction of RBD with the ACE-2 receptor, a furin-like protease cleaves the spike protein at the S1/S2 boundary and then separates the
two components of the spike protein. Once furin cleavage is achieved, a second cleavage is mediated by the transmembrane serine protease
2. The cleavage occurs at the N-terminal of the FP and causes a brutal change in the conformation of the S2 domain and the insertion into
the host cell occurs. This penetration of the virus is enhanced by the calcium binding to the FP. Hence, the encapsulated genetic material of
the virus is uncoated, deposited in the cytoplasm and then ready for replication. Finally, viral genes are translated into genomic RNA and
viral proteins which unite to form viral particles. The penetration of the virus could be through the olfactory nerve pathway, hematogenous

pathway, peripheral nervous system (PNS) pathway, or other pathways like trigeminal nerve, conjunctiva, or taste buds.

The second route could be through the olfac-
tory nerves. The olfactory pathway seems to be an
efficient pathway for neuroinvasion of respiratory
viruses since it communicates with both the nasal
epithelium and the olfactory bulb [29, 37]. Indeed,
when given intranasally to transgenic mice, CoVs
can reach the brain [38, 39]. Furthermore, follow-
ing the infection 85.6% and 88.0% of COVID-19
patients reported olfactory and gustatory dysfunction,
respectively and 11% of the patients had anosmia
before any other clinical symptoms [40]. SARS-CoV-
2 entry receptor ACE-2 was found to be ubiquitously
expressed in nasal goblet and ciliated cells [41] which
further corroborates the hypothesis that SARS-CoV-2
could enter the brain via the olfactory nerves [12].

The third route could be through the hematogenous
pathway where the virus can disrupt the epithelium

barrier and invade the bloodstream [32]. Indeed, type
IT alveolar epithelial cells are the one that highly
express ACE-2 and as the mainly infected cells
they may allow the penetration of the virus into
the bloodstream [38]. Once in the blood circula-
tion SARS-CoV-2 could bind to ACE2 receptors of
the endothelium and disrupt the blood-brain-barrier
(BBB) causing edema, intracranial hypertension,
and/or penetration of the virus in the CNS. Indeed,
a very recent study in mice showed that the S1
spike protein of SARS-CoV-2 injected intravenously
can cross the BBB, enter the parenchymal tissue
of the brain, and invade all brain regions exam-
ined. This widespread entry could be the basis
for brain encephalitis, respiratory difficulties, and
anosmia [42-45]. The viral invasion of the BBB
could promote its permeability to the cytokine storm
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following inflammation or hypoxemia induced by
respiratory distress syndrome [33, 45—-47]. However,
newly emerging data suggests that other routes could
also be involved in the penetration of the virus such
as the trigeminal nerve, which innervates nocicep-
tive cells in the nasal cavity, the conjunctiva, and
the taste buds. Indeed, SARS-CoV-2 RNA fragments
were reported to be found in a patient with conjunc-
tivitis [33, 48]. Also, the nasal epithelium in general,
lymphatic tissue, and the CSF may also play roles in
SARS-CoV-2 invasion into the CNS [33].

Infection mechanisms

Calcium (Ca2+) has been proposed recently to play
a major role in the mediation of the fusion and the
penetration of the virus [49]. Indeed, the first point
of connection between SARS-COV-2 and the human
cell membrane is at the ACE receptors and medi-
ated by the spike protein which is a multidomain
homotrimer glycoprotein anchored in the viral enve-
lope membrane [50, 51]. Each monomer of the spike
protein has two subunits, S1 and S2. S1 contains the
receptor binding domain (RBD) which binds to the
ACE2 receptor [52, 53]. S2 subunit includes the seg-
ment named fusion peptide (FP) which is essential
for the fusion process and leads to the infection by
SARS-CoV-2 [50, 54, 55]. Once the RBD of the
spike protein interacts with the ACE2 receptor, a
furin-like protease recognizes a cleavage site that is
composed of 12-nucleotide or four-amino acid inser-
tion, proline—arginine—arginine—alanine (PRRA), at
amino acid residues 682-685 located at the S1/S2
boundary and separates the two components of the
spike monomer (152-154) [6]. Once furin cleavage
is achieved, another cleavage site S2’ is exposed at
the S2 domain and a second cleavage is mediated
by the cell surface enzymes primarily transmem-
brane serine protease 2 (TMPRSS2) [52, 55]. This
cleavage occurs at the N-terminal of the FP and
causes a brutal change in the conformation of the
S2 domain and the insertion of the virus into the
host cell occurs. Hence, it is the interaction between
the spike protein and ACE?2 receptors what medi-
ates the tissue tropism in the presence of the Ca2+
[55]. Indeed, it has been suggested that SARS-
CoV-2 S protein is slightly more positively charged
than SARS-CoV [56, 57] and that the binding
domain of the ACE-2 receptors has a negative
electrostatic potential. This electrostatic interaction
may allow a stronger binding affinity between the
two proteins and this may be what contributes to

the SARS-CoV-2 high virulence and global spread
[58-60].

MECHANISMS INVOLVED IN THE
DETRIMENTAL EFFECT OF COVID-19
ON CNS

There are at least four pathological mechanisms
that could account for the detrimental effect of
COVID-19 on the CNS: 1) direct viral encephali-
tis, 2) systemic inflammation, 3) peripheral organ
dysfunction (liver, kidney, and lung), and 4) cere-
brovascular changes (Fig. 2). However, neurological
manifestations could be due to a combination of all
the above factors. Any complication of this kind
could put COVID-19 survivors at a risk of long-term
neurological complications either by aggravating a
pre-existing neurological disorder or by developing
new ones such as that of dementia. This concern is
raised since at least one third of patients have evi-
dence of cognitive impairment and motor deficits at
the time of discharge which may threaten from the ini-
tiation of another potential delayed pandemic such as
that of dementia [23, 61, 62].

SARS-CoV2 infection comprises three main
stages; the first step is the vermia which is character-
ized by high viral replication accompanied by fever,
cough, and general discomfort for several days. In the
second step, there is a low rate of viral replication,
but the symptoms include high fever, hypoxemia,
and progression of respiratory symptoms to bilateral
pneumonia. In the final stage, viral replication con-
tinues to decrease while approximately 20% of the
patients develop SARS that is in most cases fatal.
Hence, in this stage the pathogenicity is explained
more by the cytokine storm which promotes the
development of fatal secondary sepsis [23]. Since the
human immune system never encountered this type of
coronavirus before, the innate immune system is the
first line of defense. This response is indeed excessive
and dysregulated which may explain the severity of
the symptoms associated with it. Hence, the associa-
tion of the cytokine storm with COVID-19 results in
very poor outcomes [23].

COVID-19 and dementia

Although initially COVID-19 was thought to be
confined to the respiratory system causing a severe
respiratory syndrome, it is now becoming increas-
ingly evident from recent studies that the virus
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Fig. 2. Possible links between COVID-19 and neurodegenerative diseases. Three major mechanisms are known as the major routes for the
virus’s entry into the central nervous system (CNS): it could be either through the peripheral nervous system, the olfactory nerves, or the
hematogenous pathway. At least four pathological mechanisms could account for the detrimental effect of COVID-19 on the CNS: (1) direct
viral encephalitis, (2) systemic inflammation, (3) peripheral organ dysfunction (liver, kidney, and lung), (4) cerebrovascular changes, or (5) it
could be a combination of all the above. These complications could have a long-term neurological effect either by aggravating a pre-existing
neurological disorder or by developing new ones such as that of dementia including Alzheimer’s disease or Parkinson’s disease.

could invade other organs, especially the CNS [12].
For this reason, several researchers are raising the
concern about its long-term neurological manifesta-
tions since ~36% of the cases showed neurological
complications such as stroke, cognitive dysfunction,
depression, psychosis, and delirium [61]. This sug-
gests the predisposition of these patients to NDs [63].
Indeed, it may not be just a simple coincidence that
the brain regions, cortex and substantia nigra with
the highest risk of SARS-CoV-2 infections through
ACE2 are the same associated with the most frequent
NDs [20, 64].

Dementia itself has become a worldwide pan-
demic with high rate of mortality among aged people.
Hence, dealing with a pandemic like dementia within
the COVID-19 pandemic raises a serious concern.
Age is a risk factor for COVID-19, and COVID-19
is a potential agent that may cause an outbreak of
dementia in the long-term [20]. Indeed, recent data
from Italy reported that out of 627 subjects accepted
in acute phase, patients with dementia showed a 40%
higher mortality rate than in patients without demen-
tia [20, 65].

In advanced stages dementia could be a major risk
factor by itself for causing severity and mortality in
COVID-19 patients [20, 66]. In older adults in the UK
Biobank, it was reported that pre-existing dementia
is a major risk factor for COVID-19 severity with an
odds ratio of 3.07 [67].

Role of COVID-19 in the development of
dementia

In fact, in a nationwide patient electronic health
record database in the United States (US), COVID-
19 patients with dementia had significantly worst
outcomes compared to patients without dementia
and those with vascular dementia are first in the
row followed by presenile dementia and AD [68].
Meanwhile, although the long-term neurological con-
sequences of COVID-19 are not yet known; there
is a potential risk that COVID-19 survivors may
develop in the long run dementia and NDs [20].
Besides, for most patients in severe cases, the high
level of cytokines causes the so called cytokine
storm and required assisted ventilation. All these
factors lead to cognitive decline or the aggrava-
tion of a pre-existing one [61]. Considering the
overlap between the age of the risk of the SARS-
CoV-2 infected subjects and the age when people
typically develop neurodegenerative or cerebrovas-
cular disease, the neuroinvasive potential of the virus
might lead/contribute to the development of NDs
[61]. Indeed, recently three research groups indepen-
dently discovered that SARS-CoV-2 infects human
cells only when they express the lysosomal receptor
TMEMI106B [69-71]. This same gene is known as
a risk factor for the development of dementia. AD
represents one of the most common forms of demen-
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tia since it represents 60—70% of the total dementia
cases [12].

Additionally, similar shared features were found
between microglia and astrocytes activated in
COVID-19 infection and those associated with sev-
eral ND such as AD, Huntington’s disease, and
autism spectrum disorder [72]. Furthermore, synaptic
signaling that is associated with upper layer exci-
tatory neurons that is related to higher cognitive
functions was found to be preferentially affected
by COVID-19. Indeed, three major symptoms were
reported to persistin COVID-19 patients after release
from the hospital which are “brain fog”, difficulty
in concentrating and fatigue [72-74]. Recently at
the Alzheimer’s Association International Confer-
ence (AAIC) the presence of brain fog was proposed
as a high risk of having AD [75]. Besides, the acti-
vation of the complement pathway from the choroid
plexus to microglia was reported following COVID-
19 infection and was previously linked to deficient
synaptic pruning in ND diseases [72]. In arecent post-
mortem study of COVID-19 patients, it was reported
that the virus remained in the postmortem brains and
that the small blood vessels in different brain regions
were leaking in a manner akin to mini-strokes. Mini-
strokes and inflammation were reported to put the
patients at risk of developing ND diseases. In a study
reported by Jaywant et al. 2021 [76], it was found
that attention and executive functions were frequently
impaired in COVD-19 patients and that this impair-
ment lasted even after the discharge from the hospital.
Indeed, at the time of the discharge, nearly 81% of
the survivors of an acute respiratory distress syn-
drome exhibited cognitive impairment and that after
3 months 40% of them who were critically ill had at
least mild cognitive deficits and 26% had moderate
cognitive deficits [76]. This suggests that the greater
the number of COVID-19 survivors with cognitive
function, the greater the likelihood of the develop-
ment of ND diseases in the next 10 years [77].

Role of dementia as a risk factor for mortality in
COVID-19 patients

Age and the diagnosis of dementia in a retrospec-
tive study of 627 COVID-19 patients admitted to
hospitals with critical case of pneumonia were found
to be the greatest risk factor for mortality. Demen-
tia was diagnosed in 13.1% of the cases and within
that percentage the mortality rate was 62.2% com-
pared to 26.2% in subjects without dementia [65].
The diagnosis of dementia in the most advanced stage

was found to be an important risk factor for mortal-
ity and the most frequently accompanied symptoms
were delirium and worsening of the functional symp-
toms, but the classic symptoms of COVID-19 were
less frequent [65]. In addition, in a UK biobank study,
dementia was found to represent the greatest risk fac-
tor for the development of dementia [78]. In another
study, dementia patients were found to have twice
the risk of developing COVID-19 compared to those
without dementia [79, 80].

Besides, pre-existing dementia was reported to rep-
resent a high risk of infection and both severity and
mortality were associated with subsequent delirium
and altered mental status [81, 82]. In fact, delirium
is so common in COVID-19 cases and long-term
research studies showed that a single episode of delir-
ium can increase the risk of developing dementia
years later [83]. Furthermore, it can accelerate the
rate of cognitive decline in those who already have
the condition [84]. A Brazilian study of 309 patients
with an average age of 78 years showed that those who
showed delirium at hospital stay, 32% of them devel-
oped dementia compared to only 16% of those who
did not become delirious. Additionally, in a meta-
analysis study, delirium when diagnosed in a hospital
stay was found to be associated with 2.3 times greater
odds of developing dementia [85, 86]. In fact, sev-
eral studies now in the US and internationally plan
to study the link between COVID-19 survivors who
developed delirium during their hospital stay and the
likelihood of developing dementia as a long-term
consequence [85].

COVID-19 and AD

AD and COVID-19 share several risk factors and
comorbidities such as aging, hypertension, diabetes,
gender, and APOE4 expression [66]. Furthermore,
systemic inflammation is a common feature between
AD and COVID-19. Indeed, NLRP3 inflammasome-
mediated inflammation was shown to cause the
accumulation of fibrillar amyloid-B which may
directly exacerbate the neurodegenerative process
causing functional impairment or fasten the progres-
sion of the disease through the spread of pathology
[61, 87, 88]. This hypothesis is further corroborated
from findings of animal studies that have shown that
NLRP3-driven and interleukin-13-mediated modu-
lation of phosphokinases and phosphatases largely
accounts for the pathological formation of neurofib-
rillary tangles in mouse models of tauopathies [61].
The NLRP3 inflammasome-mediated inflammation
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was also reported to be activated in COVID-19
patients [89-91].

Another plausible hypothesis is that SARS-CoV-2
can cause damage to the CNS either through direct
neurotoxicity or the induction of systemic inflamma-
tion leading to a cytokine storm. The overactivation
of the immune system could lead to demyelina-
tion, neurodegeneration, and cellular senescence,
hence, leading to neurodegeneration and dementia
[66, 92]. Interleukin 6 (IL-6), interleukin 1 (IL-
1), cytoskeleton-associated protein 4 (CKAP4), and
galectin-9 (GAL-9 or Gal-9) are among the cytokines
that have received much attention since they are a
common link between COVID-19 and AD manifes-
tations [93, 94].

Because AD is a disease of aging, a direct link was
found between AD, ACE-2 expression, and oxidative
stress. In fact, aging causes an imbalance in the redox
state, causing oxidative stress and hence an upregu-
lation of ACE-2 expression [66, 95]. The increase
in ACE-2 expression is also found in patients with
low severity AD [18]. Since ACE-2 is the receptor of
SARS-CoV-2, this may result in a higher viral load
and may explain the high vulnerability of AD patients
and the high prevalence of infections in AD patients
[18, 23]. Thus, a mutualistic relationship seems to
exist between AD and COVID-19. On one hand AD
patients are more prone to the infection by the virus
and on the other hand COVID-19 survivors are at
increased risk of developing AD [66].

Currently, the aftermath of COVID-19 on brain
insult and acceleration of aging leading to NDs is still
unknown [66]. In fact, in a 3-month follow up neu-
roradiological study it was shown that in the brain
of COVID-19 survivors there was a loss of integrity
especially in the hippocampal area. Hippocampal
atrophy is indeed related to cognitive decline and is
a major characteristic of AD [96, 97].

Potential role of COVID-19 in the acceleration of
AD pathology

In a study reported in the Alzheimer’s Associ-
ation International Conference (AAIC®) 2021, an
association was found between COVID-19 infec-
tion and persistent cognitive deficits including the
acceleration of AD symptoms and pathology. Indeed,
in infected patients who present toxic-metabolic
encephalopathy (TME) an increase was found in the
level of t-tau, NfL, GFAP, pTau-181, UCH-L1, and
the ratio of pTau/AB4 in COVID-19 patients with
TME compared to COVID-19 patients without TME.

The increase in the above mentioned AD markers was
accompanied by an increase in the markers of inflam-
mation that accompany the BBB disruption due
to neuronal/glial injury [98]. Furthermore, several
reports showed that there was a white matter ischemic
damage after hypoperfusion due to hypercoagula-
bility and disseminated intravascular coagulation in
critical cases of COVID-19 [66]. Cerebral hypop-
erfusion may accelerate the phosphorylation of tau.
Likewise, in AD ischemic white matter, damage has
been reported at the early stages contributing to the
acceleration of the disease and to cognitive decline
[99, 100]. Ischemia was also proposed to cause an
induction of a-synuclein (a-Syn) phosphorylation at
serine-129, which may increase the risk of develop-
ment of Lewy body disease [100]. Indeed, ischemic
brain damage is known to be the defining pathological
process in vascular dementia, and stroke is a major
risk factor for dementia [101, 102]. It is therefore
possible that acute large cerebral vascular occlu-
sion associated with hypercoagulability in severely
affected COVID-19 patients will increase the risk of
having dementia to some extent [100]. Hyperphos-
phorylation of tau was reported to increase as well
after cerebral hypoperfusion [103]. Indeed, murine
studies have shown that short-term mechanical ven-
tilations may cause AD neuropathologies, such as
AP deposition, systemic and neurologic inflamma-
tion, and disruption of the BBB. Furthermore, another
plausible possibility is that SARS-CoV-2 could accel-
erate the generation of A since this latter has a potent
antimicrobial activity as part of the immune response
leading to the initiation of the amyloid cascade
[66]. Decrease in the level of total tau, a biomarker
of neuronal death, was reported in one study that
investigated severe cases of COVID-19 patients. Neu-
rofilaments are also known to be released following
axonal damage and neuronal death. The level of the
light chain neurofilament subunit was found to be ele-
vated in the serum and the CSF of COVID-19 patients
[66, 104—108]. The dysregulation of autophagy has
long been reported in AD patients during the progress
of the disease and is now being reported as a mech-
anism by which COVID-19 acts after infection of
target cells. In fact, ORF3a of the COVID-19 virus
SARS-CoV-2 hinders autophagy activity by blocking
fusion of autophagosomes/amphisomes with lyso-
somes [109].

The hippocampus appears to be the target for
the respiratory non-coronavirus infections. Indeed, in
mice infected with the influenza virus, the morphol-
ogy and function of the hippocampus, a short-term
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deterioration in the hippocampus-dependent learning
and a reduction in the long-term potentiation asso-
ciated impairment in spatial memory were reported
[110]. This may raise the question about the role of
the infection in the acceleration of the hippocampal
related degeneration such as in AD and in disease
onset in the previously asymptomatic individuals.
Mice studies emphasized that viral infection could
affect the acceleration of AD-related tau pathology
and consequently the impairment of spatial memory
[111] which is one of the major features of AD [112].
An overlap in the regional vulnerability of the tempo-
ral lobe between AD/PD and SARS-COV-2 infection
may cause long-term cognitive decline that can be
associated with the acceleration of the onset of the
neurodegenerative dementia akin to other neurotropic
viruses such as HIV and herpes viruses. In fact, these
two viruses were reported to accelerate amyloid-f3
and tau pathologies [112]. This suggests that AD
patients who have COVID-19 may have an accelera-
tion of Alzheimer-like symptoms and pathology [98].
In a recent study, Reiken et al. (2022) showed evi-
dence that links SARS-Cov-2 infection to activation
of TGF-P3 signaling and oxidative stress and an activa-
tion of the neuropathological pathways that cause tau
hyperphosphorylation which are typically associated
with AD. They further reported a leakage of ryan-
odine receptors (RyR 2) that may promote behavioral
and cognitive defects in COVID-19 patients [113].

Potential role of dementia in increasing the
vulnerability to SARS-CoV-2 infection

Pre-existing AD was reported to predict a high risk
of mortality in elderly individuals with COVID-19
[65, 79, 80, 114]. PD and vascular dementia, how-
ever, predict a high risk of infection but not mortality
from COVID-19 [78]. The most frequent symptoms
that accompany the critical cases are hypoactive delir-
ium and functional status worsening with delirium
being the major symptom in the intensive care unit
[80]. Besides, the nature of the disease by itself could
increase the vulnerability to the infection. The social
and cognitive behavior of AD patients may increase
the risk of contagion and the need for cares since they
cannot follow the recommendations of public health
authorities [115]. Motor agitation, intrusiveness, or
wandering could make the matter more complicated
which may further hamper the isolation procedure
during the pandemic for individuals with dementia
[78].

A new finding that reinforces the link between AD
and COVID-19 susceptibility is the increased preva-
lence of the APOE4 allele which is the most important
susceptibility gene to AD [116].

APOEA4 genotype and COVID-19

Apolipoprotein E is a lipid binding protein, and its
gene encodes three different major isoforms, APOE2,
APOES3, and APOE4, which have allele frequency of
8.4%, 77.9%, and 13.7%, respectively in the general
population [117, 118]. In AD patients, the frequency
of APOEA4 allele is nearly 40% [117, 118] and is
associated with a 14-fold increased risk in people
with European ancestry compared to APOE3 allele
which is considered neutral and APOE? allele which
is considered protective for AD [118, 119]. In the
CNS, the APOE gene is highly expressed in astrocytes
and to a lower extent in neurons [117]. Astrocytes
transport cholesterol to neurons via ApoE receptors
[117]. Recently, an original study using data from
the UK data bank of 451,367 people with Euro-
pean ancestry showed that there is a strong positive
association (OR>2.3, 95% CI) between APOE4/4
and the susceptibility to severe COVID-19 [67, 120].
Indeed, the APOE4/4 genotype was associated with
a 4-fold increase in mortality after testing positive
in the UK biobank. This increased susceptibility
to the severity of COVID-19 was independent of
preexisting dementia, cardiovascular disease, and
type-2 diabetes [12, 67]. Following this study, another
group of researchers using ApoE4 neurons showed
that they are more prone to infection compared to
ApoE3 neurons [121]. ApoE4 neurons co-cultured
with astrocytes are more prone to a higher infection
rate by SARS-CoV-2 compared to neurons cultured
alone, indicating that astrocytes could exacerbate and
enhance SARS-CoV-2 infection in neurons [121].
The same study showed that SARS-CoV-2 infection
could result in neurite degeneration in both ApoE3
and ApoE4 neurons with a more dramatic deteriora-
tive effect on ApoE4 neurons than ApoE3 neurons.
Furthermore, astrocytes showed an exacerbated cel-
lular response with signs of astrocytes reactivity and
fragmentation of nucleus as a sign of cell death [121].

Of interest to note that the APOE4/4 gene was also
associated with a higher susceptibility to the herpes
simplex virus type I (HSV-1) latent infection and
higher viral load than to APOE3 in murine studies
[122]. Furthermore, the same gene was associated
with higher susceptibility to Human Immunodefi-
ciency Virus Type I (HIV-1), acceleration of disease
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progression, and more severe cases compared to the
APOE3/3 genotype [121, 123]. Hence, besides its role
as a major risk factor for developing AD, APOE4
is further identified as a major risk factor for the
severity of COVID-19 and the acceleration of neu-
rodegeneration which widen its role in infectious
diseases. The findings that APOE4/4 was associ-
ated with increased risk of COVID-19 infection and
that in human induced pluripotent stem cell models
astrocytes and neurons that express APOE4/4 alle-
les are more prone to infection compared to those
that express APOE3/3 and that the rate of infec-
tion increases in neuron-astrocyte co-cultures further
show that a potential link between AD and COVID-
19 may exist [67, 120, 121]. Besides its well-known
role in influencing A3 pathology and lipid homeosta-
sis, APOE4/4 was recently reported to exacerbate
neuronal inflammation in the brain [12]. APOE4/4
carriers were found to display reduced expression of
antiviral defense genes compared to APOE3/3 indi-
viduals, and this may explain the susceptibility of
some people to COVID-19 [80]. The APOE4 geno-
type is thus a risk factor not only for dementia and
AD but also for COVID-19.

COVID-19 and PD

Potential role of COVID-19 in the initiation and
acceleration of PD

More than 80% of COVID-19 cases presented
to hospitals were reported to manifest hyposmia or
ageusia as a prognosis for the infection [66, 124].
Hyposmia is very well known as a prodromal fea-
ture of PD as well as AD [125-127]. Hence, patients
that develop hyposmia may be are at increased risk
of developing NDs or that hyposmia is a sign of
inflammatory reaction in the olfactory mucosa. Fur-
thermore, since the olfactory bulb is a selective target
for a-Syn pathology deposition and that hyposmia is
a common feature to both PD and COVID-19, it may
not be just a coincidence. Maybe hyposmia devel-
opment in COVID-19 cases is a harbinger for future
development of PD [20].

Furthermore, the presence of antibodies against
coronaviruses that cause the common cold, coron-
avirus OC43 and 229E, were reported in the CSF
of PD patients [21]. In addition, an association
between influenza A virus infection and development
of transient parkinsonism was reported. Besides,
many avian flu survivors developed parkinsonism
and other infections were associated with a transient
or permanent parkinsonism such as Epstein-Barr,

Japanese encephalitis, Coxsackie, West Nile, Western
equine encephalomyelitis, and human immunode-
ficiency virus [126, 128-131]. Hence, it is very
important to follow up the COVID-19 survivors that
have developed permanent hyposmia, syncope, and
persistent confusion given the importance of these
conditions to AD and PD [126]. Parkinsonism in
these infections was mostly developed because of
induction of neuroinflammation and/or hypoxia with
structural/functional damage in basal ganglia [128].

A number of murine preclinical studies have
addressed the link between viral infection and PD.
Jang etal. (2009) reported the potential of neurotropic
Type A influenza virus (A/Vietnam, 1203/04, H5N1,
a.k.a. bird flu) to induce Parkinsonism; these authors
found that this virus was able to directly infect neu-
rons with high affinity to circuits involved in PD;
following this infection, mice exhibited ataxia tremor
and bradykinesia [132], which was concomitant
with a transient but significant loss of dopaminer-
gic neurons phenotype, an early neuroinflammatory
program, long-lasting microgliosis and an increase
in a-Syn expression [133]. Furthermore, although
the 2009 HIN1 influenza pandemic (CA/09) virus
was not neurotropic, it does indeed induce a signif-
icant inflammatory response in the CNS, including
the substantia niagra Pars compacta (SNpc) [126].

Currently there is no strong evidence that supports
that PD patients are at greater risk for having SARS-
CoV-2 infection or that SARS-CoV-2 infection may
predispose survivors to PD. Nevertheless, some cases
of worsening of PD symptoms in COVID-19 were
reported in old people and one case of an acute
hypokinetic syndrome with hyposmia was reported
following COVID-19 infection [126]. Furthermore,
developing PD could certainly be a possibility since
HINTI replicates in neuronal cells and could induce
seeds of aggregated a-Syn, key factors in the patho-
genesis of synucleinopathies [134, 135]. Besides, the
ACE-2 receptor of the S1 subunit of the COVID-19
implicated in the angiotensin system was shown to
be implicated in the neuroinflammatory response and
the neurodegenerative mechanisms observed in PD.
Indeed, an increase in the levels of pro-inflammatory
cytokines, such as tumor necrosis factor and inter-
leukin 1 beta (IL-1(), were linked to an increased risk
of PD [136]. Hence, the presence of coronaviruses
antibodies in the CSF of PD patients and the abil-
ity of the virus to enter through the nasal cavity to
cause anosmia’hyposmia are consolidated evidence
that may link COVID-19 to movement disorders,
especially PD [20].
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Potential role of PD in increasing the
vulnerability to COVID-19

Some studies proposed that the nature of the dis-
ease may have a protective effect against COVID-19
since ACE-2 is highly expressed in the dopaminer-
gic neurons which are decreased due to the disease
progression and that a-Syn was reported to play
an anti-viral role during West Nile virus infection
[78]. However, it was reported that COVID-19 invade
the brains of PD patients and can worsen motor
and non-motor symptoms [126]. In fact, COVID-
19 infection can cause chronic intermittent damage
to the dopamine-producing neurons of the substan-
tia nigra in humans due to chronic inflammation.
The accumulation of the a-Syn in the patient’s brain
may further activate microglia and worsen the neu-
roinflammatory process which may warrant for an
effect of the infection on PD progression [137]. Other
indirect factors that may have contributed to the sus-
ceptibility to the infection could be the COVID-19
lockdowns that increased stress, self-isolation, and
anxiety as well as prolonged immobility which could
further worsen the outcomes of PD patients infected
with the virus [78]. Several studies have reported that
PD is associated with a high risk of infectivity with
the COVID-19 but not with the mortality level. How-
ever, some studies have reported COVID associated
increase in mortality in PD cases. The mortality rate
was 20% in PD patients in Italy which is higher than
the general population [78]. Another study reported
that PD patients with older age (mean, 78.3 years)
and longer disease duration (mean, 12.7 years) were
particularly susceptible to COVID-19, with a case
fatality rate as high as 40% [138]. Infectious disease
including viral infections were reported to increase
the risk of developing PD by 20% [139]. Hence, viral
infection might target pathways essential for PD and
induce neuronal injury leading to loss of dopaminer-
gic neurons and probably initiating the disease [139].

COVID-19 and aging

It is now becoming evident after the surge of
the pandemic and from the available data across
the UK, Italy, US, and several other countries that
SARS-CoV-2 affects mostly aged people with a high
mortality rate especially in residential home patients.
Aged people with pre-existing co-morbidities such as
chronic lung disease, cardiovascular disease, and dia-
betes are even at higher risk of deterioration and poor
outcomes [140, 141]. In fact, the estimated median
age for all COVID-19 related death is 81 years with a
case fatality rate in patients aged > 80 years of >20%

[20, 142]. In the US, the fatality rate for COVID-19
increased with age from 3 to 5% between 65 and 74
years, 4 to 11% between 75 and 84 years, and 10
to 27% above 85 years. Among COVID-19 patients
over 65 years, there were 45% hospitalizations, 53%
of intensive care unit admissions, and 80% of death
[143]. Furthermore, in China, the fatality rate was
0.1% among children and 14.8% in older individuals
[144].

Several reasons could be behind the susceptibil-
ity of aged people to COVID-19 infection, it could
be due to a gradual loss of BBB integrity because
of the effect of aging [66, 145], the deterioration of
the immune system [146, 147] or decrease in the
capacity of viral clearance and recognition. Indeed,
an evident decrease in the respiratory immune bar-
rier was reported in people aged > 60 years especially
alveolar phagocytosis, ventilation, tracheal epithelial
ciliary movement, and cough reflex, resulting in poor
virus clearance [140, 148]. Besides, the process of
aging could lead to an abnormal differentiation of T
cells, phagocyte viability, and the secretion of natural
killer cells because of the degeneration of the thymus
glands, the spleen, and lymph nodes [140, 149, 150].

The presence of co-morbidities such as diabetes
and hypertension lead to a reduction in the expres-
sion of ACE-2 receptor and an upregulation of the
angiotensin II proinflammatory signaling [151, 152].
Furthermore, the ageing process is usually accompa-
nied with a state of low-grade inflammation [140,
153]. Infection with SARS-CoV-2 may accelerate
this process and induce the cytokine storm. Hence,
pro-inflammatory cytokines can be actively trans-
ported through the BBB and activate glia cells leading
to the induction of a neuroinflammatory response
and increasing oxidative stress. The body’s immune
system fails to clear these inflammatory factors in a
timely manner [154], leading to damaging cell struc-
tures and functions resulting in excitotoxicity [151].

VIRAL INFECTION CAN ACCELERATE
TAU PATHOLOGY IN SEVERAL
TAUOPATHIES

Tauopathies are divided into two different cat-
egories: primary and secondary. In the primary
category, tau pathology is the major pathologi-
cal characteristic like frontotemporal dementia with
Parkinsonism linked to chromosome 17 and Pick’s
disease. In the second category, tau pathology is
usually found along with another driving force
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Neurodegenerative
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Acceleration of the spreading
of prion-like proteins

Fig. 3. Possible role of SARS-CoV-2 infection in the acceleration of the spread of prion-like proteins. The interaction between viral ligands
and host cells could contribute to and accelerate the intercellular proteinopathic seed transmission through the intercellular spreading of
the misfolded proteins which is suggested as a common mechanism of neurodegenerative diseases (AD, PD, ALS, CJD). This then further
suggests that certain viral infections could modulate the spread of the proteinopathic seeds leading to the acceleration of the disease which
could be the case for the SARS-CoV-2 virus. AD, Alzheimer’s disease; PD, Parkinson’s disease, ALS, amyotrophic lateral sclerosis; CJD,

Creutzfeldt-Jakob disease.

contributing to the disease like amyloid-B pep-
tide, prion protein, and 34-mer amyloid Bri. This
group includes familial and sporadic AD, familial
Gerstmann-Straussler—Scheinker disease, and famil-
ial British dementia [155]. In these diseases, the
propagation of tau between brain cells follows a
prion-like spreading which is essential to the ND pro-
cess. Although tau is mainly intracellular and can be
released by dying neurons in the extracellular space,
it has been reported that tau can be also actively
released into the extracellular space both in vivo and
in vitro. Because tau is an intracellular protein, its
propagation requires seeding, aggregation, uptake,
and release [155]. Phosphorylation of tau by cer-
tain kinases such as CDK-5 and GSK-3[3 can cause
its hyperphosphorylation, leading to its dissociation
from the microtubules, misfolding, and becoming
toxic seeds which are then released from the cells
[156]. Tau released by a donor cell then undergoes
aggregation either before or after release, then it is
taken up by a recipient cell. Finally, tau aggregation
is induced in the recipient cell so that the propagation
can occur [157].

Protein aggregates in ND diseases can transmit
to unaffected cells, hence causing templation of the
normal soluble proteins leading to their aberrant
conformation. These proteinopathic seeds could be
released extracellularly, released in association with
extracellular vesicles or exchanged by direct cell-to-
cell contact. A recent study suggested that enabling
the interaction between viral ligands and host cells

could contribute to and accelerate the intercellu-
lar proteinopathic seed transmission [25] (Fig. 3).
Indeed, using different cellular models propagating
prions or pathogenic tau aggregates, it was shown
that vesicular stomatitis virus glycoprotein (VSVG)
and SARS-CoV-2 spike S were able to accelerate the
induction of the seeding via cell contact or ligand-
decorated extracellular vesicles. In fact, coculture of
VSV-G-expressing donor cells with recipient cells
greatly enhanced protein aggregate induction in the
latter. Likewise, SARS-CoV-2 spike S protein and
its receptor ACE2 contributed to the spreading of
cytosolic prions and tau aggregates. These results
may suggest that viral infection could facilitate the
intercellular spreading of the misfolded proteins.
Glycoproteins that are especially expressed during
the acute phase of infection could have an essen-
tial role in the spreading of the proteins seeding in
vivo. This intercellular transmission of proteinopathic
seeds is suggested as a common mechanism of ND.
This then further suggests that certain viral infections
could modulate the spread of the proteinopathic seeds
leading to the acceleration of the disease [25].
Microbial brain infection could play a role in the
development of ND. It was found that 25% of HIV
patients that do not take antiretroviral therapy develop
neurological disorders associated with diffuse A
plaque deposition and tau neurofibrillary tangles
[158]. Viral infections could also affect the process-
ing, deposition, and clearance of ND-related proteins
[25, 159]. Co-infection of fibroblasts with scrapie
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and Moloney leukemia retrovirus caused an increase
in the protein aggregates spreading [25, 160]. Fur-
thermore, as mentioned above in this article, certain
viruses like herpes, HIV, West Nile virus, and HIN1
influenza A virus were reported to be associated with
several ND such AD, PD, or Alzheimer-like symp-
toms [24, 161]. Some viruses were even used as seeds
to accelerate the spread of brain aggregation-prone
proteins that were implicated in the development of
ND. Two main mechanisms were proposed to be
involved in the aggregation promotion: 1) Aggrega-
tion of the prion proteins on the viral surface [162]
and 2) cross seeding with functional amyloid which
are viral derived peptides that can promote seeding
of the pathologic brain proteins [24].

SARS-COV-2 has recently been shown to bind to
heparin and heparin-binding proteins via its spike
protein. This binding mechanism is known to be used
in pathological amyloid proteins where heparin acts
as an accelerator of their aggregation [163]. Hence,
heparin may serve as the recognition binding site for
the aggregation-prone proteins to their initial bind-
ing which finally end up into fibrillar processes. Other
viruses could infect the host cells though the use of the
heparan sulfate proteoglycan-endocytosis [163]. One
of the heparin-binding viruses HSV-1 was reported
to promote AP4> aggregation both in vivo and in
vitro. Therefore, since SARS-CoV-2 also has sev-
eral heparin-binding sites within the spike S1 subunit
[163], a similar mechanism of the acceleration of the
seeding of the aggregation-prone proteins such as A3,
a-Syn, tau, and prions could be present [24].

The cleavage of the SARS-COV-2 virus via its
spike protein at the S1/S2 site and the S2’ results in
a cleavage of a peptide (~150 Aas) the pathological
function of which is still unknown. If this peptide is
dissociated and released into the intracellular or the
extracellular space it might induce some immunolog-
ical reactions or act by itself as a functional amyloid.
Hence, this peptide could seed aggregation of brain
proteins as a possible pathological mechanism like
some viral and bacterial-derived functional amyloids.
Hence, in a predictive study the self-aggregation
properties of this peptide were measured and com-
pared to other aggregation-prone proteins and the
results of the AGGRESCAN revealed that S-CoV-
peptide has the highest aggregation propensity and
that a-Syn has the lowest propensity and the range
was as follow: S-CoV-peptide > AB4p >M45 > a-Syn
[24]. a-Syn was also proposed to become prion pro-
teins decades ago when Lewy bodies in grafted brain
cells were transplanted to PD patients [164, 165].

Furthermore, previous studies reported that recom-
binant a-Syn assembled into fibrils that induce the
seeding of a-Syn prions both in vitro and in vivo
[166]. Prions were also suspected to be the cause of
amyotrophic lateral sclerosis via the aggregation of
a mutant human superoxide dismutase (SOD1) that
acts as a prion and in the pathogenesis of Hunting-
ton’s disease, expanded polyglutamine repeats in a
huntingtin protein fragment showed self-propagation
features hence acting as prions [166, 167].

Going back to history, in the last 10 years there
was three coronavirus epidemics (SARS, MERS, and
COVID-19), hence this epidemic is unlikely to be the
last one. It is, therefore, mandatory for the scientific
researchers to focus more on the long-term conse-
quences of this infection on the neurological sequelae
and the development of ND [112].

CONCLUSIONS

In the present review, we have investigated a poten-
tial relationship between COVID-19 and several NDs
such as AD, PD, and aging. From the limited current
data available in the literature about SARS-CoV-2
infection, we can speculate about the future devel-
opment of ND as an aftermath of the epidemic.
Prion-like spread is a common feature between these
diseases and was recently proposed to accelerate in
the presence of COVID-19 infection which may fur-
ther increase the risk of ND. Indeed, viral infection
was recently suggested to facilitate the intercellular
spread of the misfolded proteins and several recent
studies have linked the acceleration of the seed-
ing properties of several prion-like proteins tested
in response to coronaviruses infection. Hence, cer-
tainly this mutualistic relationship between, ND,
neuroinflammation, prion-like protein spread, and
SARS-CoV-2 infection needs further investigation.
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