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Abstract

As the world continues to experience the effects of SARS-CoV-2, there is evidence
to suggest that the sequelae of viral infection (the post-COVID-19 condition; PCC) at
both an individual and population level will be significant and long-lasting. The history
of pandemics or epidemics in the last 100years caused by members of the RNA virus
family, of which coronaviruses are a member, provides ample evidence of the acute
neurological effects. However, except for the HIN1 influenza pandemic of 1918/1919
(the Spanish flu) with its associated encephalitis lethargica, there is little information
on long-term neurological sequelae. COVID-19 is the first pandemic that has occurred
in a setting of an aging population, especially in several high-income countries. Its
survivors are at the greatest risk for developing neurodegenerative conditions as they
age, rendering the current pandemic a unique paradigm not previously witnessed.
The SARS-CoV-2 virus, among the largest of the RNA viruses, is a single-stranded
RNA that encodes for 29 proteins that include the spike protein that contains the key
domains required for ACE2 binding, and a complex array of nonstructural proteins
(NSPs) and accessory proteins that ensure the escape of the virus from the innate
immune response, allowing for its efficient replication, translation, and exocytosis as
a fully functional virion. Increasingly, these proteins are also recognized as potentially
contributing to biochemical and molecular processes underlying neurodegeneration.
In addition to directly being taken up by brain endothelium, the virus or key protein
constituents can be transported to neurons, astrocytes, and microglia by extracel-
lular vesicles and can accelerate pathological fibril formation. The SARS-CoV-2 nu-

cleocapsid protein is intrinsically disordered and can participate in liquid condensate
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As we enter a phase of the severe acute respiratory syndrome-
coronavirus-2 (SARS-CoV-2) pandemic in which the virus becomes
endemic, there is increasing evidence that its health and socioeco-
nomic consequences will be significant and long-lasting. Among the
former, there are early warnings that the function of the nervous
system, and in particular the central nervous system, will be sig-
nificantly impaired in a subset of those infected by the virus. This
includes residual cognitive impairment consistent with a dysexecu-
tive syndrome and the possibility of either the acceleration of pre-
existing neurodegenerative disorders or an increase in the incidence
rates of those which disproportionately affect aging populations.
To understand the basis of such consequences, it is helpful to ex-
amine the lessons learned from previous pandemics, the interrela-
tionship between COVID-19 (the acute clinical manifestations of
SARS-CoV-2 infection) and population aging, as well as the evolv-
ing evidence of the virus's impact on the central nervous system,
both directly and indirectly. In doing so, it becomes evident that the
consequences of the pandemic will be long-lasting and will herald
an acceleration of both the prevalence and processes of adult-onset
neurodegeneration.

1 | PREVIOUS RNA VIRUS PANDEMICS
AND LESSONS LEARNED FROM HISTORY

RNA viruses known to infect vertebrates arose from a common
RNA virus ancestor (Riboviria) which has two major phylogenetic
orders (Figure 1). The first order, nidovirales, is characterized by
positive sense, nonsegmented, single-stranded RNA and contains
three families (among a broad number of families) that give rise to
vertebrate infections. These include Arteriviridae, Coronaviridae,
and Tobaniviridae virus families. Within the Coronaviridae family, the
Betacoronavirus virus genus has caused several human epidemics
or pandemics over the last century, including those due to Middle
East respiratory syndrome-coronavirus (MERS-CoV), SARS-CoV,
and SARS-CoV-2 viruses. The second order, Articulavirales, is char-
acterized by negative sense, segmented, single-stranded RNA and
contains two families that give rise to vertebrate infections. This

formation, including as pathological heteropolymers with neurodegenerative disease-
associated RNA-binding proteins such as TDP-43, FUS, and hnRNP1A. As the SARS-
CoV-2 virus continues to mutate under the immune pressure exerted by highly
efficacious vaccines, it is evolving into a virus with greater transmissibility but less
severity compared with the original strain. The potential of its lingering impact on
the nervous system thus has the potential to represent an ongoing legacy of an even

greater global health challenge than acute infection.

coronavirus, influenza virus, liquid condensates, RNA metabolism, RNA virus

includes Amnoonviridae and Orthomyxoviridae families, with the lat-
ter giving rise to the Alphainfluenzavirus species that include HIN1,
H2N2, and H3N2 viruses, each of which has been associated with
pandemics. The difference between a positive sense (also known as
a sense strand) and a negative sense (also known as an antisense
strand) RNA virus is that a positive sense RNA virus comprises viral
mRNA that can be directly translated into proteins. In contrast, a
negative sense RNA virus is comprised of RNA complementary to
the viral mRNA and thus cannot be directly translated into proteins
but requires the presence of an RNA-dependent RNA polymerase to
yield a translationally competent mRNA.

Although pandemics have been documented for several cen-
turies, in the last 100years RNA viruses have given rise to either
pandemics or epidemics, including the Spanish flu (the 1918-1919
H1N1 pandemic) considered to be the ‘mother of all pandemics’
which affected roughly one-third of the world's population with es-
timates of 50-100 million human deaths (approximately 2.7-4.5%
of the world's population). This 100-year timeline also includes
the Asian flu pandemic of 1957 (H2N2 virus; approximately 1 mil-
lion deaths), the Hong Kong flu pandemic of 1968 (H3N2 virus;
approximately 1 million deaths), the Russian flu pandemic of 1977
(HIN1 virus; an estimated 700000 deaths), the SARS epidemic of
2002 (SARS-CoV virus; an estimated 774 deaths), the swine flu pan-
demic of 2009 (2009 pHIN1 virus; an estimated 284000 deaths),
the MERS epidemic of 2012 (MERS-CoV virus; an estimated 858
deaths), and the current COVID-19 pandemic (SARS-CoV-2 viral or-
igin) (Agrawal et al., 2021; da Costa et al., 2020; Fung & Liu, 2021,
Rozo & Gronvall, 2015). As of the time of writing, there have been
an estimated >159 million COVID-19 cases reported worldwide with
more than 6.3 million deaths—placing it among the more lethal of
the RNA virus-mediated pandemics, second only to the 1918 H1N1
pandemic. Thus, since 1918, the world has experienced at least eight
outbreaks of pandemics or epidemics related to RNA viruses with
varying degrees of lethality. The appearance of pandemics related
to Coronaviridae seems, however, to be more recent (post 2000AD),
raising important considerations regarding how significant climate
changes may have altered the intricate relationship and balance be-
tween animal, environmental, and human health (the One Health
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FIGURE 1 Phylogenetic tree of selected Riboviria associated with human pandemics or epidemics (Agrawal et al., 2021; Fung & Liu, 2021;
Gulyaeva & Gorbalenya, 2021; Socan et al., 2014). Only viral families of the Nidovirales order that are associated with vertebrate infections
have been shown. Of these three (Arteriviridae, Coronaviridae, and Tobaniviridae), only viruses derived from the Betacoronavirus group have
been associated with significant human infections, including the SARS epidemic of 2002, the MER epidemic of 2012, and the COVID-19
pandemic of 2019. Alphainfluenzavirus (influenza A) and Betainfluenzavirus (influenza B) species members of the Orthomyxoviridae family have
given rise to the Spanish flu pandemic of 1918, the Asian flu pandemic of 1957, the Hong Kong flu pandemic of 1968, the Russian flu of 1977,
and the swine flu of 2009. Less pathogenic viruses of the Coronaviridae family give rise to approximately 15-30% of cases of the common
cold (mild upper respiratory tract symptoms) annually and include human coronaviruses (HCoV) HCoV-229E, HCoV-N163, HCoV-OC43, and

HCoV-HKUI.

paradigm) to the extent that zoonotic transmissions of this group
of viruses to humans have become increasingly frequent (Petrovan
etal., 2021; Weaver et al., 2022).

The neurological consequences of an RNA virus pandemic have
been well delineated for the Alphainfluenzaviruses, but less so for
those illnesses arising from Betacoronavirus. Although direct causal-
ity has been challenging to prove, for the former the acute stage
of the viral infection has been associated with a prominent impact
on the nervous system (Cardenas et al., 2014; Henry et al., 2010;
Robinson & Busl, 2020; Tsai & Baker, 2013). Most commonly, this
has been in the form of either an encephalopathy or encephalitis,
the latter of which can vary from mild to a fulminant, fatal acute
necrotizing encephalopathy. Acute inflammatory neuropathies such
as the Guillain-Barre syndrome (distinct from that associated with
Influenza vaccination), polyradiculopathies, as well as transverse
myelitis, amyotrophy, bulbar and muscle paralysis have also been
observed, as have flairs of multiple sclerosis following influenza A
(Oikonen et al., 2011). There is, however, no clear evidence that any
of these acute syndromes were the harbinger of a more progressive
neurodegenerative syndrome with the sole exception of that sug-
gested to occur following encephalitis lethargica.

In further understanding this and its relevancy to the current
SARS-CoV-2 pandemic and the potential for long-term neurolog-
ical sequelae, the 1918-1919 H1IN1 pandemic (also known as the
Spanish flu) is highly informative. This pandemic differed in many
ways from the current pandemic but also bears striking similarities.
It occurred in the setting of World War |, and indeed, the 1918 HIN1
influenza strain was thought to attack the Axis troops in advance
of attacking the Alliance troops, contributing to the decision of the
Kaiser to opt for earlier peace negotiations. While global travel was
more limited than in current times, the 1918 influenza pandemic was
driven by the return of troops from the war theater with the infec-
tion already at play. It was named the Spanish flu because Spain first
recognized and reported the epidemic nature of the infection and
began public health measures rapidly (Martini et al., 2019).

At the time, the Spanish flu was considered to be avian-like influ-
enza derived from an entirely unknown source (Taubenberger, 2006).
The pandemic lasted approximately 2years, occurred in multiple
waves, affecting a third of the world's population (disproportion-
ately amongst the poorest), and most profoundly affected those
between the ages of 15 and 40years with men outnumbering
women. Approximately 50% of the deaths occurred in this age
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has been largely spared death despite being epidemiologically the
most heavily affected (Liang et al., 2021; Simonsen et al., 1998;
Taubenberger, 2006). This is an important observation in the context
of global aging in that it is this specific age group that can be argued
to be at risk for either the acceleration of latent or the acquisition of
new neurodegenerative disease as a consequence of SARS-CoV-2
infection.

Encephalitis lethargica was an acute neurological syndrome,
rarely observed prior to the Spanish flu, with a mean age of onset of
31years which spared no age group and which was characterized by
the sudden onset of high fever, ophthalmoplegia, mental confusion,
and lethargy which in some cases was severe (Dourmashkin, 1997;
Hoffman & Vilensky, 2017; Stallybass, 1923). von Economo recog-
nized three distinct variants of this acute syndrome: a somnolent-
ophthalmoplegic variant, a hyperkinetic variant, and a variant
that more closely resembled parkinsonism which he termed the
amyostatic-akinetic variant (Dickman, 2001). Of those who sur-
vived this acute event, approximately 80% developed an atypical
Parkinson's disease (Dourmashkin, 1997). Both an early onset vari-
ant (within 6 months and predominantly affecting young individuals)
and a late onset variant (onset latency post encephalitis lethargica
ranging from 1 to 20years and predominantly affecting older indi-
viduals (> age 40years)) were observed (Hudson & Rice, 1990). In
those individuals with late-onset parkinsonism, neuropathological
features were largely restricted to the substantia nigra and basal
ganglia, with calcification and hyaline degeneration of blood vessels,
severe neuronal cell loss with gliosis, and a lack of inflammatory fea-
tures (Geddes et al., 1993; McAlpine, 1923, 1926). Involvement of

the upper and lower motor neurons, consistent with a diagnosis of
amyotrophic lateral sclerosis (ALS) was described, although rarely
(Hudson & Rice, 1990).

However, the notion that the HIN1 influenza A virus caused en-
cephalitis lethargic and the subsequent neurodegenerative states
remain controversial (Davis et al., 2014; Jang et al., 2009; McCall
et al., 2008). Causation has been considered based on the closely
linked time course. It is a valuable lesson that documentation of
causation should not be ignored as we progress through the current
pandemic in an era with advanced technologies and methods that
can be applied to prove causation.

2 | SARS-COV-2 AND THE POST-COVD-19
SYNDROME

Much has been written about the genomic structure of SARS-CoV-2,
its mutations, the critical interaction between the S1 component of
the spike protein with its primary receptor angiotensin-converting
enzyme 2 (ACE-2) and the subsequent impact of viral infection/
replication on the immune system (Li, Jia, et al., 2022; Majumdar &
Niyogi, 2021). However, in understanding the potential long-term
effects of the virus on neuronal function, and in particular its non-
structural proteins (NSPs), an overview is helpful.

SARS-CoV-2 is amongst the largest of the RNA viruses with
a molecular weight of 30 kb and a genome size of 29903 bp that
encodes for 14 open reading frames (ORFs), of which those at the
5'-end encode for NSPs while those at the 3'-end encode struc-
tural and accessory proteins (Figure 2). The largest ORFs (ORF1a

< I Nonstructural proteins (NSPs) } > Structu;il)ii;\:%ssory N
(ribosomal Membrane
Nucleotide N frameshift) @@ Envelope, Nucleocapsid &
oy Q D ' » »
position | 1 ' k \ i
S'UTR — .
Genes ORBle ORF1b Spike M I N |3 UrR-AAAA
: la . .
- e DD S : .
poly : (nsp 1-11) : -
proteins < pplab . :
o (nsp 1-16) - :
. Helicase .
Proteins I M . H
- | 3a 67a7h8 10
Papain-like 3CLpro RNA-dependant Endoribo- Access .
protease RNA polymerase nuclease ccessory proteins

FIGURE 2 Schematic representation of the genomic organization of SARS-CoV-2 and major proteins encoded for (Chilamakuri &
Agarwal, 2021; Majumdar & Niyogi, 2021; Rastogi et al., 2020). The nonstructural protein-coding segments (NSPs) ORF1a and ORF1b
occupy approximately two-thirds of the genomic sequence of the SARS-CoV-2 gene and encode for two polyproteins, ppla and pplb.
Whereas ORF1a translation terminates due to a stop codon and yields ppla containing NSPs 1-11, the translation of pplab is critically
dependent on a ribosomal frameshift. The absence of this leads to a failure of pplab generation which includes the RNA-dependent RNA
polymerase, helicase, and endoribonuclease necessary for viral replication. The structural protein segment of the SARS-CoV-2 gene encodes
for the spike protein (including both the S1 and S2 subunits), the envelope, membrane, and nucleocapsid proteins, and accessory proteins
involved in virus maintenance. In addition, both the NSP and structural protein segments encode for numerous additional proteins, with 16
NSPs in total encoded by ORF1a and ORF1b 3CLpro, Chymotrypsin-like protease; NSPs, Nonstructural proteins; ORF, Open reading frame;

ppla, Polyprotein 1a; pplab, Polyprotein 1ab.
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and ORF1b, respectively) account for approximately two-thirds of
the viral genome and are the first to be translated into two large
overlapping polyproteins (ppla which yields NSPs 1-11 and pplab
which yields NSPs 1-16) upon cellular entry. A feature of corona-
viruses is that a ribosomal frameshift is required for the translation
of ORF1ab into a polyprotein that encompasses both ORFl1a and
1b (pplab) whereas typically the stop codon at the termination of
ORF1a would lead to the cessation of translation (yielding ppla in
the absence of a ribosomal frameshift) (Bhatt et al., 2021; Brierley
et al., 1989; Krichel et al., 2020; Plant & Dinman, 2008; Sun, Tang,
et al., 2021). While there is an initial use of the host ribosomes to
synthesize SARS-CoV-2 proteins, the failure of a programmed -1 ri-
bosomal frameshift in which a subset of ribosomes backtracks by
one nucleoside followed by the continuation of translational elon-
gation, leads to the failure of synthesis of pplab and a failure thus
to synthesize the RNA-dependent RNA polymerase required for the
coronavirus mRNA replication. While much of the focus has been
on the spike (S1 & S2) protein given its crucial role as the ligand for
ACE2, the NSPs encoded by ORF1a and 1b play a crucial role in not
only the initiation of viral RNA translation and in evading the host
immune response but are increasingly recognized as critical players
in driving many of the neurological consequences of SARS-CoV-2 in-
fection (Gusev et al., 2022). The remaining SARS-CoV-2 genome en-
codes structural (spike (S) glycoprotein, small envelop glycoprotein
(E), membrane glycoprotein (M), nucleocapsid protein (N)) and auxil-
iary proteins (ORFs 3a, 3b, 6, 7a, 7b, 8, 9b, 10 encoding for proteins
orf3a, orf3b, orfé, orf7a, orf8, orf9b, and orf10) (Figure 2, Table 1).

Following interaction of the S protein receptor binding do-
main (RBD) with ACE2, the S protein undergoes proteolytic cleav-
age at the S1/S2 boundary by transmembrane protein serine
2 (TMPRSS2) which is activated by the host protein convertase
furin, furin-like proteases, or by cathepsins after endocytosis (for
a proportion of SARS-CoV-2 virus that is directly internalized by
endosomes). Typically, the fusion of the viral envelope to the host
cell membrane is followed by endocytosis of the viral genome,
the release of the viral genome into the cytoplasm, and the syn-
thesis of a replication/transcription complex which generates
a negative-strand viral RNA template (Figure 3). The process of
internalization can be enhanced by coreceptors or alternative
receptors, including neuronally-expressed Neuropilin-1 (NRP-
1) which has been shown to enhance SARS-CoV-2 uptake in the
central nervous system, heparin sulfate proteoglycans, and C-type
lectins (Daly et al., 2020; Gusev et al., 2022). The importance of
such coreceptors or alternate receptors is to enhance SARS-CoV-2
infection of cells with low ACE2 expression. NSPs generated by
translation of the genomic RNA utilize membranes from the endo-
plasmic reticulum and Golgi to synthesize new double-membrane
vesicles in which viral replication and transcription are compart-
mentalized (thus evading detection), and then packaging of new
virions for exocytosis and release of the newly synthesized virus
into the extracellular space.

This carefully choreographed internalization of SARS-CoV-2,
the release of its RNA into the cytosol, the process of new virion
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mune system, the purpose of which is to recognize its presence and
then limit its entry, translation, replication and assembly (Diamond
& Kanneganti, 2022; Gu et al., 2022; Primorac et al., 2022; Sette
& Crotty, 2021). Like most viruses, SARS-CoV-2 possesses an array
of mechanisms to evade both the innate and adaptive host immune
response; the latter of which is required for viral clearance (Merad
et al., 2022). The initial innate immune response functions to restrict
viral replication, generate an inflammatory response at the site of
local tissue invasion, and prime the adaptive response. Immune cells
sense the viral presence through pattern recognition receptors (PRR)
that recognize pathogen-associated molecular patterns (PAMPs) and
trigger the synthesis of pro-inflammatory cytokines and chemokines
in addition to activation of the direct antiviral mechanisms (Diamond
& Kanneganti, 2022). Central to the innate immunity is a primary
antiviral interferon beta response and activation of dendritic cells
which prime CD4* T cells to differentiate into T helper (Th) cells
(key to the production of IFN-gamma and generation of antibody-
mediated immunity). This pro-inflammatory state is contributed to
by an array of cells including dendritic cells, neutrophils, monocytes,
and tissue-resident cells. CD8+ T cells are recruited to kill infected
cells. The adaptive immune response, which includes T cell and
antibody-mediated immunity, is reduced with aging, potentially con-
tributing to the increased severity of COVID-19 amongst the aged.

The SARS-CoV-2 virus mounts a massive blockade of the
IFN response through a broad array of NSP functions with a high
degree of redundancy (Table 1) (Gusev et al.,, 2022; Setaro &
Gaglia, 2021). This includes NSP14 (N-7-methyltransferase) and
NSP16 (2-O'-methyltransferase) modification of the viral RNA 5’
end to mimic host mRNA and thus preventing it from being recog-
nized by PRR and IFIT1 (interferon-induced protein with tetratrico-
peptide repeats 1), the inhibition of PRR and IFN synthesis (NSP1)
and the inhibition of IFN transmembrane transport (NSP8, NSP9)
(Gu et al., 2022; Gusev et al., 2022; Tahir, 2021).

Viral invasion is further driven by a significant blunting or delay
of the adaptive immune response, the extent of which correlates
with increased disease severity (Moss, 2022). With increasing dis-
ease severity, lymphopenia can become prominent and can include
reductions in the numbers of dendritic cells necessary for antigen
presentation, in addition to the reduction in a broad range of T cells
due to sequestration in injured tissues or T cell apoptosis (including
both CD8+ cells and CD4+ cells) which can be long-lasting (Cox &
Brokstad, 2020). In more severe cases, a cytokine storm with marked
increases in IFNy and TNFa expression leads to uncontrolled im-
mune cell activation which in turn leads to immune cell exhaustion,
dysfunction, and apoptosis. An autoimmune response to the SARS-
CoV-2 virus has been well recognized although its mechanism(s) of
induction is less certain. Possibilities include molecular mimicry (e.g.,
both S and E proteins possess regions analogous to human proteins),
epitope spreading, or presentation of cryptic antigens leading to au-
toimmune antibody generation (Yazdanpanah & Rezaei, 2022). Such
autoantibodies contribute directly to several acute neurological syn-
dromes observed in COVID-19, including Guillain-Barre syndrome,
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TABLE 1 SARS-CoV-2 nonstructural (NSPs), structural, and accessory proteins functions and postulated linkage to the process of

neurodegeneration

Protein

Nspl

Nsp2

Nsp3

Nsp4

Nsp5

Nsp6é

Nsp7

Nsp8

Nsp9

Nsp10
Nsp11

Nsp12

Nsp13

Nsp14

Nsp15

Nsp16

Spike

Nucleocapsid

orf3a

Function in SARS-CoV-2 replication

Suppresses apoptosis; promotes host nRNA
degradation; suppresses host gene
expression; binds to the ribosome small
subunit and blocks host translation; and
suppresses the innate immune antiviral
response

Disrupts intracellular host response by
mechanism not yet defined

Component of RTC to facilitate mRNA
transcript translation while suppressing
host protein synthesis; interacts with N
protein; promotes cytokine expression;
PLPro/deubiqutinase domain cleaves
polyproteins ppla and pplab

Transmembrane scaffold protein with a
role in vesicle formation; assembly of
replicative structures

3CLpro cleaves polyproteins ppla and
pplab; role in RNA replication and
double-membrane formation

Autophagosome formation; potential
transmembrane scaffold protein

Primer-independent RNA polymerase
activity; forms a complex with Nsp8

Primase activity; forms complex with Nsp7

Single-stranded RNA-binding protein
phosphatase

Co-factor for Nsp16 and Nsp14 in the RTC

Necessary for replication; possible role in a
ribosomal frameshift

RNA-dependant RNA polymerase (a key
component of RTC); coding sequence
contains the ribosomal frameshift site

RNA helicase (a key component of RTC); 5
triphosphatase

Exoribonuclease activity and N7 methyl
transferase

Endoribonuclease; role in evading host
dsRNA sensors

2'-O-methyltransferase (shields viral RNA
from MDAS recognition)

Binding to ACE2 and coreceptors, virus-cell
membrane fusion protein

Viral genome packaging, RBP, cell surface
expressed N protein binding to
chemokines with the ability to block
chemotaxis of immune effector cells

Viroporin involved in virus replication and
release; stimulation of pro-IL-1B gene
transcription, activation of NLRP3
inflammasome (Bianchi et al., 2021;
Zhang et al., 2022)

Postulated mechanism
contributing to
neurodegeneration

Unknown

Unknown

Unknown

Mitochondrial dysfunction

Unknown

Vesicle trafficking

Vesicle trafficking

RNA processing; enhanced
liquid phase transition;
Mitochondrial dysfunction

Unknown

Vesicle trafficking

Unknown

Unknown

Vesicle trafficking

Unknown

Vesicle trafficking

Unknown

Lipid modifications; UPR

RNA processing through RBP
interactions; enhanced liquid
phase transition

Vesicle trafficking; programmed
cell death and necrosis

References

(Gusev et al., 2022; Rohaim et al., 2021)

(Gusev et al., 2022; Rohaim et al., 2021)

(Gusev et al., 2022; Rohaim et al., 2021)

(Gusev et al., 2022; Rohaim et al., 2021)

(Gusev et al., 2022; Rohaim et al., 2021)

(Gusev et al., 2022; Rohaim et al., 2021)

(Gusev et al., 2022; Rohaim et al., 2021)

(Gusev et al., 2022; Rohaim et al., 2021)

(Gusev et al., 2022; Rohaim et al., 2021)

(Gusev et al., 2022; Rohaim et al., 2021)
(Gusev et al., 2022)

(Gusev et al., 2022; Rohaim et al., 2021)

(Gusev et al., 2022; Rohaim et al., 2021)

(Gusev et al., 2022; Rohaim et al., 2021;
Tahir, 2021)

(Gusev et al., 2022; Rohaim et al., 2021)

(Gusev et al., 2022; Rohaim et al., 2021)

(Bosch et al., 2003; Gusev et al., 2022)

(Cubuk et al., 2021; Lopez-Munoz
etal., 2022)

(Gusev et al., 2022; Redondo
et al., 2021)
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Postulated mechanism
contributing to

Protein Function in SARS-CoV-2 replication neurodegeneration References
orf3b IFN antagonist Unknown (Gusev et al., 2022; Konno et al., 2020;
Redondo et al., 2021)

orf3c Unknown Unknown (Redondo et al., 2021)

orf3d Unknown Unknown (Redondo et al., 2021)

orfé Binding to NPC to inhibit STAT1 cytosolic- Unknown (Gusev et al., 2022; Miorin et al., 2020;
nuclear translocation with blockage of Redondo et al., 2021)
IFN signaling

orf7a Transmembrane protein with IFN-1 Unknown (Gusev et al., 2022; Redondo
response antagonism function etal., 2021)

orf7b Transmembrane protein, function unknown Unknown (Gusev et al., 2022; Redondo

et al., 2021)

orf8 Apoptosis, antagonism of IFN-1 response, Unknown (Gusev et al., 2022; Redondo
evasion of host innate immune response etal., 2021)

orf9b Suppression of innate immunity by targeting ~ Mitochondrial dysfunction (Gusev et al., 2022; Redondo
MAVS signalosome et al,, 2021)

orf9c Membrane-associated protein that Unknown (Dominguez Andres et al., 2020;
suppresses antiviral response by Redondo et al., 2021)
interference with IFN signaling and
antigen presentation

orf10 Suppression of innate immune response Unknown (Li, Hou, et al., 2022; Redondo

with impairment of IFN signaling,
antigen processing and presentation,
complement signaling, IL-6 signaling;
degradation of MAVS

et al,, 2021)

Abbreviations: 3CLpro, chymotrypsin-like protease; IFN, interferon; MAVS, mitochondrial antiviral signaling protein; NLRP3, NOD-, LRR- and pyrin
domain-containing protein 3; NPC, nuclear pore complex; NSP, nonstructural protein; ORF, open reading frame; PLpro, papain-like protease; pp1la,
polyprotein 1a; pplab, polyprotein 1ab; RBP, RNA-binding protein; RTC, replication/transcription complex; STAT, signal transducer and activator of

transcription 1; UPR, unfolded protein response.

Miller-Fisher syndrome, and acute thrombotic thrombocytopenic
purpura (with attendant brain hemorrhaging). They can also con-
tribute to the induction of IFN autoantibodies, further blunting the
immune response.

Among those who recover from COVID-19, a significant pro-
portion exhibit a persistent altered immune response marked by
ongoing chronic inflammation, in addition to significant tissue dam-
age (Khazaal et al., 2022). Viral persistence has been observed in
the gastrointestinal tract, central nervous system, and other ACE2-
expressing organ systems, potentially contributing to a more pro-
longed disease course.

These broad-based immunological defects are believed to under-
lie a new clinical entity termed the post-COVID-19 condition (PCC,
also known as Long COVID, postacute sequelae of COVID (PASC), or
chronic COVID). Common features amongst the different definitions
of PCCincludethe persistence or development of signsand symptoms
after a defined period of time (ranging from 4 weeks after the “initial
phase” of the infection (Department of Health and Human Service
guidelines (Department of Health and Human Services, Office of the
Assistant Secretary for Health., 2022. National Research Action Plan
on Long COVID, 200 Independence Ave SW, Washington, DC 20201.));
12weeks duration with onset either during or after an infection

consistent with COVID-19 (United Kingdom (“National Institute for
Health and Care Excellence. COVID-19 rapid guideline: managing
the long-term effects of COVID-19,” 2022)); or 3 months following
the onset of an infection consistent with probable or documented
SARS-CoV-2 (WHO (WHO, 2021)), that the symptoms are of a cer-
tain duration (2 months in the WHO criteria), and that they occur in
the absence of an alternative diagnosis. Symptoms and signs may im-
prove over time, or they may worsen. Reflective of the multisystem
involvement is the recognition that over 200 different symptoms
have been noted, with the most common systems clustering being
constitutional (fatigue, limb weakness, generalized pain), nervous
system/mental health (short-term memory loss, slowing down in
thinking, difficulty concentrating, ‘brain fog’, cognitive dysfunction,
anxiety/depression, insomnia, sleep disorder, disorders of taste and
smell, headache), and cardiorespiratory impairment (breathlessness,
chest pain, palpitations, persistent cough) (Anaya et al., 2021; Davis
et al.,, 2021; Graham et al., 2021; Groff et al., 2021; Group, 2022;
Nalbandian et al., 2021). While the risk factors for developing PCC
in the general population remain to be fully understood, in those in-
dividuals who were hospitalized, risk factors associated with failure
to recover at 1 year include female sex, obesity (BMI 230 kg/m2) and
invasive mechanical ventilation (Group, 2022).



STRONG

f\loeuurpoacl hoefmistry J NC

(2

SARS-CoV-2 binds to ACE2 receptors on
host cells

\2/

Acute immune response to SARS-CoV-2

SARS-CoV-2 <',~ Spike protein

& '
(’f ‘( ; \ (co-receptors)

Neuropilin-1
ACE2
Internalization
Release
A/— of viral ==
genome
Translation of viral REWNA
polymerase

‘ Trarf1s[ati|on Subgenomic transcripts
rep?i(":‘aAtion P(:'o:;:s AN Nucleocapsid (N)
and —> 3 (AW ——p AN gpike §)
transcription p

AAAAA Membrane (M)

AN Envelope (E)

Virion formation

Structural proteins
combine with =
nucleocapsid

@‘ exosome

viral
particles

CD8+ T cell

ER

Phagolysosome
= \
emelgyy

@\ & MBI ODT erekines

N, 7,
Lung epithelial cell =

/A=

SARS-CoV-2 central nervous system
impacts

accelerated
W—___ pathological

fibril formation

\ e
microglial \> o k

activation N

immune
cell
recruitment

FIGURE 3 Schematic representation of the pathobiology of long-term neuronal injury following COVID-19. Following endocytosis of
the SARS-CoV-2 virus which can be facilitated by coreceptors such as Neuropilin-1, replication of the virus proceeds to yield intact virions
which are then exocytosed. Components of the virus can, however, also be packaged into exosomes that are then exocytosed and can
then act to induce the synthesis of SARS-CoV-2 proteins at a distance or disrupt cellular homeostasis (panel 1). Failure of the acute immune
response can lead to viral persistence while in a subgroup of patients, an IFN-mediated cytokine storm with consequent persistent tissue
damage in addition to long-lasting immune upregulation can occur (panel 2). Neuronal injury can be the manifestation of multiple concurrent
processes including the residual in microvascular disease with microthrombi and infarction and persistent perivascular inflammation and
CNS immune dysregulation (panel 3). Microglial and astrocytic activation can be long-lasting and contribute directly to neuronal injury and
dysfunction. In vitro evidence is supportive of a role for SARS-CoV-2 proteins, and in particular, the nucleocapsid protein in which there are
three intrinsically disordered domains, in accelerating the formation of neuronal cytoplasmic inclusions (NCls). Such NClI's can be composed
of cytoskeletal proteins or through enhanced liquid-liquid phase shifting with condensate formation, of an array of RNA-binding proteins.

Created with BioRender.com

Of those individuals who report symptoms following either
confirmed or probable COVID-19, recovery can be protracted with
self-reporting studies suggesting that a majority of patients will have
residual symptoms, including fatigue in 80% or more, post-exertional

malaise in over 70% and cognitive dysfunction in over 50% (Davis
et al., 2021). A relapsing-remitting course has been reported (Davis
et al., 2021; Tran, Porcher, et al., 2022). Beyond the immediate phys-
ical and psychosocial impact, the socioeconomic impact is and will
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be significant due to the percentage of individuals either not able to
return to work, or if able to do so, at a reduced level largely due to

memory and cognitive impairment (Cutler, 2022; Davis et al., 2021).

3 | THE IMPACT OF AN AGING
POPULATION

This issue of the prevalence of the post-COVID-19 syndrome and its
associated clinical sequelae is rapidly becoming an impending crisis
in the context of population aging. Epidemiological data consistently
demonstrates that the peak age of onset for COVID-19 remains be-
tween the age of 20 and 50. However, the mortality rates are highest
amongst those who contracted the infection in the age group of 70-
90. This is in striking contrast to the “W-shaped” mortality curves
of the Spanish flu with peaks in the very young and very old, and a
third peak in the 15 through 40years of age. In blunt terms, unlike
the Spanish flu, the proportion of the population with the highest
SARS-COV-2 virus infection rates survived and are thus at risk for its
long-term consequences. At a population level, this cohort is most
likely to be affected by the post-COVID-19 syndrome and have a
significant impact on the health system and socioeconomic conse-
quences (Groff et al., 2021).

This is highlighted by a further epidemiological difference
between the Spanish flu and COVID-19 in that the latter is oc-
curring in the context of population aging in which the number
of centenarians (>100years of age) is rapidly increasing, particu-
larly in high-income countries with low mortality rates (Robine &
Cubaynes, 2017; Statistics Canada, 2022). In Canada, the popula-
tion of older adults (aged 65+ years) surpassed the number of chil-
dren (age 0-14) in 2016 as the number of older adults continues
to increase from 17.2% of the population in 2018 to projections of
29.5% in 2068 (Statistics Canada, 2019). Between 2016 and 2021,
the centenarian population grew at the fastest rate, increasing by
16% with projections to rise from approximately 9500 individuals in
2021 to slightly less than 80000 individuals by 2061, of which the
majority will be women.

An understanding of the natural history of cognitive function
amongst this cohort of aging individuals is thus core to under-
standing the potential long-term impact of COVID-19. It has been
estimated that 40% of centenarians will have dementia (Corrada
et al., 2010; Lobo et al., 2011). But what of the remaining 60%? In
a prospective 4-year clinicopathological study of 340 centenarians
(median age 100.5years; range 100.2-101.7) between 2013 and
2019 (and thus preceding the current pandemic), only a slight de-
cline in cognition driven by a minor decline in memory function was
observed (Beker et al., 2021). For those patients undergoing a neu-
ropathological study (n = 44), although varying stages of f-amyloid
deposition (Thal phases), neurofibrillary tangles (Braak Stage), and
neuritic plaques (CERAD score) were observed, there was no clear
association between the decline and the extent of underlying neu-
ropathology although lower levels of tau pathology were associated
with higher cognitive performance.
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a manner that was not present during the Spanish flu, or indeed for
many of the subsequent RNA virus-associated pandemics for which
neurological sequelae were observed. The prevalence of dementia
(and neurodegenerative syndromes writ large) increases with aging,
often with a prolonged subclinical latency as the neuropathological
load gradually accumulates. The premise of the concern is that those
individuals who have been infected by SARS-CoV-2 and have sur-
vived are largely amongst the population who are at the greatest

risk of either an accelerated or a de novo neurodegenerative state.

4 | THE NEUROLOGICAL AND
NEUROPATHOLOGICAL IMPACTS OF
SARS-COV-2 VIRUS INFECTION

The acute neurological consequences of SARS-CoV-2 infection can
vary widely, but in those who manifest with an encephalopathy, as-
sociated features can include agitation, confusion, signs of diffuse
corticospinal tract dysfunction in the presence of minimal magnetic
resonance imaging findings (MRI) such as leptomeningeal enhance-
ment, bilateral frontotemporal hypoperfusion, and rarely evidence
of microvascular disease (Helms et al., 2020). Less common features
can include seizures, cerebrovascular events, myoclonus, tremor,
ataxia, chorea, an acute necrotizing hemorrhagic encephalopathy,
and Guillain-Barré syndrome (Lingor et al., 2022; Salari et al., 2021).
At the time of hospital discharge, a significant proportion of
COVID-19 patients with acute respiratory distress syndrome (ARDS)
will have a persistent dysexecutive function (Lingor et al., 2022).
These features (including deficits in attention, executive function-
ing, phonemic fluency, memory encoding, memory recall, and poorly
organized movements suggestive of impaired praxis) were all signifi-
cantly more likely to be evident on average 7.6 months postdiagno-
sis in those patients hospitalized for COVID-19 than those treated
as outpatients (Becker et al., 2021). When the cross-sectional cog-
nitive performance was assessed using an online tool (The Great
British Intelligence Test) amongst predominantly United Kingdom
COVID-19 patients who had recovered (both hospitalized and non-
hospitalized) between January and December 2020, significant
cognitive deficits were observed, again consistent with a dysexec-
utive syndrome (Hampshire et al., 2021). In a 2-year retrospective
cohort study using an international data registry with neurological
conditions ascertained through ICD10 codes, the risk of cognitive
disorder, dementia (including vascular dementia, dementia in other
diseases, unspecified dementia, Alzheimer's disease, frontotempo-
ral dementia, and dementia with Lewy bodies), psychotic disorder
and epilepsy or seizures was still increased at 2 years whereas other
neurological symptoms/diagnosis associated with PCC had resolved
(Taquet et al., 2022). No difference in 2-year risk was observed be-
tween the patients infected by delta or omicron variants, whereas
both were greater than the risk associated with the alpha variant.
While in general features of cognitive dysfunction are more
severe in hospitalized patients, and in particular, those requiring
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mechanical ventilation, there is consistent evidence that COVID-19
patients who were treated as outpatients, and are thus considered
to have had a mild course, are not spared these neurological defi-
cits which are often present to the same degree as that observed in
the acute or subacute phase (Alemanno et al., 2021; Ali et al., 2022;
Del Brutto et al., 2021; Graham et al., 2021; Hampshire et al., 2021;
Jaywant et al., 2021; Pistarini et al., 2021; Woo et al.,, 2020).
Neuropsychological, clinical, functional neuroimaging and electro-
encephalographic evidence consistently support either frontal or
frontal network predominance of the cognitive deficits (Toniolo
et al., 2021). Equally disconcerting, in a recent United Kingdom
Biobank study of participants undergoing regular MRI studies and
cognitive testing, those cases who tested positive for SARS-CoV-2
between two successive images (n = 401; age 58.9 +7.0 yrs at first
scan with the second scan on average 141 days following diagnosis)
demonstrated significant reductions in global brain size and cortical
thinning in the orbitofrontal and parahippocampal gyrus, with ev-
idence of greater cognitive decline (both Trails A and Trails B test-
ing) than those cases in which no infection had occurred (nh = 384;
age 60.2+7.4 yrs at first scan) (Douaud et al., 2022). No differences
were observed between those patients hospitalized (n = 15) and
nonhospitalized (n = 386) patients.

Noteworthy in the context of the HIN1 influenza A-associated
encephalitis lethargica, cases of an acute asymmetric hypokinetic-
rigid syndrome in the setting of an acute encephalopathy have been
reported, as have cases arising posthospitalization and as the initial
manifestation of SARS-CoV-2 infection (Boura & Chaudhuri, 2022;
Cohen et al., 2020; Maramattom & Kishore, 2022; Mendez-Guerrero
etal., 2020; Morassi et al., 2021; Schneider et al., 2022). Asymmetric
putamen dopamine uptake using either [*Z|]-ioflupane dopamine
transporter single photon emission computerized tomography (DaT-
SPECT) scanning or ‘8F-fluordopa positron emission tomography
(PET) imaging has been observed in such cases. A case of asymmet-
ric akinetic-rigid Parkinsonism onsetting 3weeks after COVID-19 in
the absence of encephalopathy has also been observed (Schneider
etal., 2022).

With respect to amyotrophic lateral sclerosis (ALS), the most
common adult-onset degenerative disorder of the motor system, the
observations of increased rates of deterioration following COVID-19
fall into two categories: those related to a failure of the patients to
be able to access the full extent of multidisciplinary care, treatments,
and interventions (De Marchi et al., 2021; Esselin et al., 2021), and
those in which an acceleration of disease progression can be more
directly linked to SARS-CoV-2 infection (Li & Bedlack, 2021).

In the acute stages of the illness, the most common neuropatho-
logical feature is that of a hypoxic-ischemic injury ranging from mild
to severe in virtually all patients accompanied in the majority by
vascular pathology including infarcts of various ages across multiple
brain regions, but in particular the isocortex, striatum, hippocampus,
corpus callosum, and brainstem (Mukerji & Solomon, 2021; Thakur
et al., 2021). Immune-complex-mediated microvascular pathology
with complement activation underlies breakdown in the blood-brain
barrier, microthomboses, and perivascular injury (Lee et al., 2022).

Most brains also demonstrate diffuse microglia activation, includ-
ing microglial nodules in association with CD3* and CD8" T cells,
the latter most commonly observed in the brainstem. Perivascular
lymphocytic infiltration, generally minimal, has been observed in the
majority of brains. In those with ongoing cognitive difficulties, in-
creased plasma IL-4, IL-6, and CD70 levels have been observed, sug-
gesting an ongoing role for neuroinflammation (“National Institute
for Health and Care Excellence. COVID-19 rapid guideline: managing
the long-term effects of COVID-19,” 2022; Sun, Abriola, et al., 2021).

With respect to the presence of SARS-CoV-2 expression in the
brain, there is a general consensus that if present at all, it is at excep-
tionally low levels as observed by qRT-PCR paired with the failure
to observe viral RNA in affected tissue using in situ hybridization

against an array of SAR-CoV-2 sequences (Thakur et al., 2021).

5 | PUTATIVE MECHANISMS OF THE
INDUCTION OF NEURODEGENERATION

Although the exact mechanism(s) by which SARS-CoV-2 attacks
the nervous system, both acutely and chronically, are still being
investigated, there are a number of pathways that have been pos-
tulated, none of which are mutually exclusive (Crook et al., 2021;
Jha et al., 2021; Spudich & Nath, 2022). Such effects may be due
to direct nervous system infection or a remote effect of primary
infection elsewhere. The concept that the brain is protected from
direct SARS-CoV-2 infection due to the absence of ACE2 protein
expression has been refuted by a number of observations that sug-
gest low-level ACE2 expression and the presence of coreceptors
such as NRP-1 (Daly et al., 2020; Jha et al., 2021; Li et al., 2020).
The ability for SARS-CoV-2 to cross the blood-brain barrier has
been confirmed in both human postmortem tissue and in vitro using
human-induced pluripotent stem cells differentiated into brain cap-
illary endothelial-like cells (BCECs) (Krasemann et al., 2022; Paniz-
Mondolfi et al., 2020). In the latter, the process of active uptake,
replication, and transcellular transport can be inhibited by antibod-
ies to the spike protein, ACE2 or NRP-1, as well as the inhibition
of TMPRSS2 (Krasemann et al., 2022). Upon SARS-CoV-2 infection,
BCECs significantly upregulated genes associated with the innate
immune type | IFN responses, including upregulation of IFN-induced
transmembrane proteins 1 and 2 (IFITM1 and IFITM2, respectively),
mirroring the transcriptional profile of the neurovascular unit of
COVID-19 brains.

Exosomes, membrane-bound vesicles ranging in size from 40 to
100nm in diameter that are capable of shuttling cellular constituents
including proteins, microRNA, and RNA between cells are emerg-
ing as having a potentially critical role as a vehicle by which SARS-
CoV-2 or key components of its proteome are transported from
the primary site of viral infection to the central nervous system.
Lung-derived exosomes from SARS-CoV-2-affected patients have
been observed to contain transcription factors that could be con-
structed into an exosomal network linked to neuronal gene dysreg-
ulation in Alzheimer's disease and Parkinson's disease (PD) (Ahmed
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et al., 2021). Having arrived at their recipient cell, the efficiency of
fusion of the exosomal membrane to the receptor membrane is sig-
nificantly enhanced by the presence of the spike glycoprotein, as is
the induction of pathological aggregate formation in the recipient
cell (Liu et al., 2021).

Both the S1 and nucleocapsid protein have been suggested to
increase the propensity of pathological fibril formation, a corner-
stone of many neurodegenerative processes. Importantly, the S1
protein RBD contains several heparin-binding sites that are pre-
dicted to seed the aggregation of misfolded proteins (Tavassoly
et al., 2020). In silico modeling of the interaction of this domain
with several proteins associated with pathological fibril formation
(amyloid beta, a-synuclein, tau, prion protein, and Tar DNA-binding
protein of 43 kDa [TDP-43]) has supported this by demonstrating
significant binding affinities between the S1 RBD and each protein
(Idrees & Kumar, 2021). In vitro, the nucleocapsid protein has been
shown to significantly increase the propensity of a-synuclein to ag-
gregate and form amyloid fibrils, suggesting a mechanism by which
the pathology of PD may be accelerated (Semerdzhiev et al., 2022).
Preliminary reports of persistent nucleocapsid protein immunoreac-
tivity in brain tissue are thus of some concern (Chertow et al., under
review, DOI: https://doi.org/10.21203/rs.3.rs-1139035/v1). In in-
dividuals with PCC who report ongoing neurological impairment,
neuronal-enriched extracellular vesicles (including exosomes) from
plasma are enriched in markers of neurodegeneration, including
amyloid, low molecular weight neurofilament subunit protein (NFL),
total tau, pathologically phosphorylated tau (pThrlSltau) and neu-
rogranin, suggesting ongoing neural injury and neuroinflammation
(Sun, Abriola, et al., 2021). The composition of such vesicles, thought
to be shed from degenerating neurons, mirrors that observed in
individuals with mild cognitive impairment (MCI) who progress to
Alzheimer's disease (Winston et al., 2016).

SARS-CoV-2 can also disrupt neuronal RNA metabolism at mul-
tiple levels, including by the recruitment of host RNA-binding pro-
teins (RBPs) into its interactome. By examining the network of RBPs
that interact directly with the SARS-CoV-2 transcript and comparing
these to published gene databases for neurological disorders, a com-
mon pool of 9 RBPs that interact with the SARS-CoV-2 transcript
and are associated with cancer and neurological disorders has been
characterized (Prasad et al., 2022; Schmidt et al., 2021). Among the
most highly linked neurological dysfunctions were dementia, de-
pressive disorder, and anxiety. This pool of RBPs is associated with
RNA degradation, stabilization, and translational enhancement and
includes EIFA1, EIF4B, and EIF 5A (eukaryotic translation initia-
tive factors A1, 4B & 5A, respectively), the suppressor of miRNA
biogenesis LIN28B (protein lin-28 homolog B), the RNA helicase
MOV10 (Moloney leukemia virus 10 like), the poly(A) binding pro-
tein PABPC1 (poly(A) binding protein cytoplasmic 1) involved in pro-
moting ribosome recruitment and translational initiation as well as
poly(A) shortening in nonsense-mediated decay (NMD), ribosomal
protein RPL18A, and RPS3, RPS10 (ribosomal proteins S3 and S10,
respectively). hnRNPA1 (heterogeneous nuclear ribonucleoprotein
A1) was highly linked to the brain disease pool. Of these, several
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are involved in stress granules or processing bodies (EIF4B, MOV10,
RPS3, PABPC1).

The importance of alterations in RNA metabolism in neurode-
generation, and in particular ALS, has been highlighted in recent
years (Aulas & Vande Velde, 2015; Strong, 2010). Key to this has
been an alteration in the formation of liquid condensates driven by
the liquid-liquid phase separation of intrinsically disordered pro-
teins, yielding specific subcellular compartments not delineated by
membranes. It is of note therefore that the SARS-CoV-2 N protein
possesses three intrinsically disordered domains suggesting that
it can participate in liquid condensates (Cubuk et al., 2021). In a
computational analysis, 77 potential interactors were found that
included 33 associated with stress granules amongst which was hn-
RNPA1 (Moosa & Banerjee, 2020). In vitro, the N protein can form
liquid condensates on its own, but it co-phase separates with RBPs
whose metabolism is disrupted in ALS, including TDP-43, fused in
sarcoma (FUS), hnRNPA2 and hnRNPA1 (Li, Lu, et al., 2022; Perdikari
et al., 2020). No evidence of co-phase separation was found for S,
NSP1, Nsp8, or orf7a proteins (Li, Jia, et al., 2022). The kinetics of
phase separation was altered to not only enhance the rate of stress
granule (SG) assembly following an in vitro stress but also to delay
SG disassembly. Further, the presence of an ALS-associated FUS
mutation (FUSP>?°Y) accelerated liquid condensate formation.

6 | THERAPEUTIC INTERVENTIONS

At this point in time, there are no specific therapies that can ar-
rest or prevent the neurological features of PCC. There is conflict-
ing evidence with respect to the role of vaccination postinfection
in reducing both symptom number and severity. In a preliminary,
nonpeer-reviewed analysis of 910 adult long COVID patients in the
French ComPaRe long COVID cohort, Tran and colleagues have re-
ported a doubling of those in remission by 120days (16.6% of the
vaccinated group had become asymptomatic compared with 7.5%
of the unvaccinated group) (Tran, Perrodeau, Saldanha, Pane, &
Ravaud, 2022). The median time between symptom onset and base-
line study was 10.7 months (IQR 6.4-12.4) and 60.1% of the patients
had a confirmed SARS-CoV-2 infection. When scored for a possible
53 symptoms at 120days following baseline, the vaccinated group
reported a score of 13.0 (+/- 9.4) symptoms while the unvaccinated
group scored 14.8 (+/- 9.8) symptoms. Using an aggregate score
of 6 measures of disease impact (long COVID IT score), vaccinated
patients reported less disease impact. For all measures, there was
no difference between those with a confirmed diagnosis and those
without. A similar strong effect of a single vaccination (either of the
two available mRNA or the single inactivated viral vaccine) either
before developing COVID-19 (a 7-10-fold reduction in the likelihood
of infection) or within 4-12 weeks after (a three3 fold reduction) was
observed in a retrospective analysis of over 240000 American pa-
tients (analysis prior to the emergence of the delta variant) (Simon
et al., 2021). More recently, the potential role of a second vaccine
dose postinfection to promote a more sustained improvement has
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been suggested in a large community-based population survey un-
dertaken in the United Kingdom (Ayoubkhani et al., 2022).

However, the role of vaccination in reducing the probability of
developing the post-COVID-19 condition, or in reducing its sever-
ity or the number of symptoms, remains controversial with several
studies have shown no impact on these outcomes (Wisnivesky
et al., 2022; Wynberg et al., 2022).

A recent US Department of Veterans Affairs study using ICD10
coding of healthcare databases found that the use of oral nirmatrel-
vir within 5days of a SARS-CoV-2 positive test result was associated
with an absolute risk reduction for at least one PCC symptom, in-
cluding neurocognitive changes (not further defined), of 2.32 (95%
confidence interval of 1.73, 2.91) in treated patients (n = 9217) vs
untreated (n = 47 213), irrespective of vaccine or booster status (Xie
et al., 2022). In practical terms, this translates into the need to treat
100 patients to see an added benefit of approximately 2 patients
not developing PACS symptoms. Of note was the sex bias of males
over females (87.6% male, 12.4% female) raising questions as to the

generalizability of these modest results.

7 | SUMMARY AND CONCLUSIONS

It is early days in our understanding of the neurodegenerative con-
sequences of the SARS-CoV-2 infection and too soon to ascertain
whether a “wave” of neurodegenerative diseases will be its long-
term legacy. What is clear however is that while SARS-CoV-2 can
acutely affect the central nervous system, no single mechanism can
account for the broad range of persistent manifestations observed
in PCC (Figure 3). Similarly, the nature of the insult to the brain is
also linked to the severity of the inflammation and/or immunopa-
thology in each individual, and of the microvascular status. With
chronicity, however, there are likely different mechanisms at play.
The epidemiological data would suggest that the group at risk for
this are those who are most likely to survive as older adults and
those who will become centenarians. It thus behooves us to direct
the same degree of energy and intent that was directed toward
dealing with the acute infection to understanding and treating its

long-term sequelae.
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