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During the current coronavirus disease 2019 (COVID-19) pandemic, there has been notice-
able increase in the reporting of neurological symptoms in patients. There is still uncertainty
around the significance and long-term consequence of these symptoms. There are also
many outstanding questions on whether the causative virus, severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV2) can directly infect the central nervous system (CNS).
Given the long association between viral infections with neurodegenerative conditions such
as Parkinson’s disease (PD), it seems timely to review this literature again in the context
of the COVID-19 pandemic and to glean some useful information from studies on similar
viruses. In this commentary, we will consider the current knowledge on viral infections in
the brain. In addition, we review the link between viral infection and neurodegeneration in
PD, and review the recent literature on SARS infections, the potential link with PD and the
potential areas of study in the future.

In 1918-1920, Influenza A HINI caused devastation to the world’s population killing an estimated 50
million people [1]. In addition, many who survived this pandemic developed long-term health complica-
tions. A link between viral infection and Parkinson’s disease (PD) was described in the early 1930s [2]. It
was subsequently reported that many people who survived the 1918 HIN1 Influenza A epidemic devel-
oped a type of sleeping sickness which also included nausea, headache, fever, catatonia and even coma.
This sickness was known as encephalitis lethargica (EL) [3]. In the midst of the current coronavirus disease
2019 (COVID-19) pandemic, (where there were over 60 million cases and 1.4 million deaths worldwide
at the time of writing) it is important to ask if similar events will take place in the future and to prepare
ourselves for the long-term healthcare implications [4,5]. We will briefly review the current knowledge on
central nervous system (CNS) infections by viruses, the link between PD and viral infections and finally
what lessons can be learned going in the future once the current pandemic is over.

Viral infection of the CNS

At present, we know comparatively little about viral infections of the CNS compared with other systems
and organs due to the accessibility of brain. We have some examples of viruses with strong neurotropisms
and these have been detected in brain parenchyma post-mortem while other viruses that seem to have no
obvious neurotropisms but that cause neurological symptoms. These can be dsDNA and ssRNA viruses
that are segmented or enveloped with a variety of incubation periods. They come from a variety of different
families including Togaviridae, Bornaviridae, Bunyaviridae, Flaviviridae, Herpesviridae, Orthomyx-
oviridae, Paramyxoviridae, Picornaviridae and Rhabdoviridae. Some of these viruses, such as those
from Herpesviridae family, can establish latency and cause illness following reactivation [6]. These can
suppress the cytokine and interferon responses by inhibiting the activation of transcription factors or re-
ceptors involved in signalling pathways [7] .

In addition to those viruses with strong neurotropism, there are also a number of respiratory and
enteroviruses that can eventually infect the brain such as influenza and cocksackie B virus respectively
[6,8-10]. CNS diseases are the most common extra-respiratory complication with flu. These can include
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meningitis, encephalitis, encephalopathies and febrile seizures [11]. A review of the influenza epidemics and pan-
demics of various different strains in the past 100 years has shown many of the various neurological symptoms re-
ported post infection including encephalitis, encephalopathy, seizures and delirium [12].

Neurotropic viruses have been reported to spread following infection of axon termini of sensory and autonomic
neurons from various mucosal epithelia to the spinal cord via retrograde axonal transport. Other viruses may also use
retrograde transport to make their way from the neuromuscular junctions of motor neurons at skeletal muscle via the
spinal cord and eventually to the brain. A second option for neuronal transport is via the olfactory nerve. This can
often be used by viruses present in the airway mucosa directly infecting the olfactory neurons in the upper respiratory
tract. From there anterograde axonal transport may spread the virus through the cribriform plate and into the olfac-
tory bulb and from there into other brain regions. A potential non-neuronal route for neurotropic viruses may be via
the blood-brain barrier. Immune cells infected with virus may attach to the brain endothelial cells and traverse across
this layer and then come into contact with neurons. This may also occur with virus at the meningeal-cerebrospinal
barrier and with virus present within blood vessels at the choroid plexus [13-15]. Infection with some neurotropic
viruses has been reported to lead to encephalitis which can be fatal in some cases [6]. Given the experience of the
past, very recent studies have now focussed on the tracking the potential long-term effects of CNS infection and the
potential that these infections predispose individuals to neurodegenerative and neuropsychiatric conditions.

Viral infection and PD

PD is the second most common neurodegenerative disorder and most common neurodegenerative motor disorder. It
is associated with degeneration and eventual loss of dopaminergic neurons from the substantia nigra pars compacta
of the midbrain. Mitochondrial dysfunction, oxidative stress, microglia and astrocyte activation leading to, autophagy
disruption and uncontrolled protein aggregation involving o-synuclein have also been described [16,17]. Neuroin-
flammation has been implicated in the progression of this disease, by which microglia become chronically activated
in response to «-synuclein pathology and dying neurons, thereby acquiring phenotypes that are cytotoxic and can
cause further neuronal death [18,19]. This results in a significant reduction in dopaminergic activity in the nigros-
triatal pathway contributing to disease symptoms such as resting tremor, rigidity, bradykinesia and unstable posture.
Non-motor symptoms such as olfactory dysfunction, dysphagia, constipation, sleep disturbances and dementia have
also been described [20].

While genetically inherited mutations can explain 5-10% of PD cases, the root cause(s) of nearly 90% of cases
so-called idiopathic PD remains unknown. Infection has been suggested as a potential cause although perhaps not
the only. Other suggestions include occupational pesticide or heavy metal exposure and traumatic brain injuries.
These in addition to predisposing genetic polymorphisms may accelerate the development of this disease [16,17].
Having reviewed the literature on different infections and PD recently [8], we will now review the literature on the
potential role of viral infection in PD, with more of a specific focus on data from the recent epidemic involving the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV2) that leads to COVID-109.

A recent meta-analysis reported that infectious disease (including bacterial and viral infections) increased the risk
of PD by 20% [21]. Another meta-analysis investigating infection-related risk of PD with 13 different bacterial, fungal
and viral organisms found that those infected with Helicobacter pylori, hepatitis C virus (HCV), Malassezia and
Chlamydophila pneumoniahad an increased risk of developing PD while those with infections caused by influenza,
herpes, hepatitis B (HBV), scarlet fever, mumps, measles and German measles had not. It was also found that antiviral
therapy against HCV reduced the risk of PD in those patients [22].

There have been a number of studies reporting Parkinson’s-like symptoms years after infection with individual
viruses including Herpes simplex virus (HSV), influenza A, measles, cytomegalovirus and mumps [23]. Many viral
infections that cause encephalitis, have been linked with a post-encephalitic parkinsonism (PEP) including human
immunodeficiency virus (HIV), coxsackie virus and Japanese encephalitis B virus [24]. It is important to state at this
stage that these infections did not lead to classical PD but Parkinsonism. Those diagnosed with PEP typically do not
display Lewy body deposition on examination post-mortem [25].

Human studies have their limitations with regard to delineating a pathophysiological mechanism. On the other
hand, animal models have allowed some further insight into the potential mechanisms involved. It has been re-
ported that when mice were infected with H5N1 influenza virus, it progressed from the peripheral nervous sys-
tem into the CNS where it was able to activate the innate immune system in the brain and this led to long-term
activation of microglia and some dopaminergic cell loss [26]. Neuroinflammation and microglial activation was
also seen in an intranasal infection model used with the HINT1 strain of influenza [27]. It also was demonstrated
to cause a-synuclein aggregation [28]. When HINI1 was combined with the known Parkinsonian toxin MPTP
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(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) there was also a cumulative loss of dopaminergic neurons in sub-
stantia nigra pars compacta greater than each agent on their own [29].

It has been suggested from clinical studies that viruses like HSV lead to disease progression by a form of molecular
mimicry by inducing what seems like an autoimmune response by the body. HSV is known to remain latent in the
brain for many years but once reactivated may induce antibodies that can cross-react with «-synuclein sequences,
which may also induce aggregation of the peptide and also potentially induce a T-cell response in such cases [30,31].
Antibody cross-reactivity and «-synuclein aggregation has also been reported with Epstein-Barr virus infection [32]
and loss of neurons in the basal ganglia has also been reported in this infection [33].

A recent meta-analysis reported an increased risk of Parkinson’s in those infected with HCV [34]. CNS infection
may be facilitated by the expression of HCV receptors on brain microvascular endothelial cells of the brain [35]. HCV
infection was shown to induce neuroinflammation and neuronal death in animal models [36]. Japanese encephalitis
virus infection of rats causes decreases in striatal dopamine levels as well as significant loss of tyrosine hydroxylase
(TH) positive neurons [37]. While many cell types within the brain can be infected by various viruses, there may
be some selectivity for certain viruses. For example, for infection with West Nile virus (WNV) this selectivity may
depend on the expression of «-synuclein which also increases on infection. It was reported that «-synuclein could
localise with WNV envelope antigen, influence ER signalling and could inhibit neuronal infection [38]. This could
have long-term consequences for those infected and increase the possibility of developing PD in the long-term if it
does indeed increase expression of c-synuclein in the long term [39].

We know from both inflammatory animal models of PD and from clinical studies that neuroinflammation is an
important component of disease progression in PD [40-42]. It has also been documented that there is an increase
in peripheral inflammation in PD patients. This low-level chronic inflammation may be a driver for inflammation
at the blood-brain barrier causing disruption and entry of pathogens [43-45]. Meta-analyses of peripheral cytokine
levels indicated that levels of interleukin (IL) 6 (IL6), IL1(3, tumour necrosis factor (TNFo), IL10, IL2, regulated upon
activation, normal T cell expressed and presumably secreted (RANTES) and C-reactive protein (CRP) are significantly
elevated in PD patients compared with healthy controls [46,47]. Other analyses suggest these elevations are predictive
of disease progression particularly for motor and cognitive symptoms [48]. Looking beyond the current pandemic,
it will be important to fully investigate if these same events occur with SARS-CoV2 infection.

Coronaviruses and PD

SARS-CoV2 infection leads to the disease known as COVID-19. SARS-CoV2 is an enveloped (3 coronavirus that
shares a significant amount of genetic similarity with other family members such as SARS-CoV (approx. 80%). Its
viral envelope contains a spike glycoprotein (S) which it uses to gain entry to human cells via the membrane-bound
angiotensin converting enzyme 2 (ACE2). It also seems to require proteolytic processing by transmembrane protease
serine 2 (TMPSS2) for cell entry. It has proofreading capacity unlike some other RNA viruses and therefore thought
to have lower mutation rates. It also has higher infectivity than SARS-CoV due to structural differences in its surface
proteins that means it has greater affinity for ACE2 [49]. Hyperinflammation is a key component of COVID-19 with
significant increases in the plasma concentrations of CRP, IL-6, IL-8, IL-10, IL-2R and ferritin [50] as well as altered
ratios of monocyte subsets and B and T lymphocytes at different disease severities [51].

At present, there is not enough concrete evidence proving that SARS-CoV2 infection is a causative factor in PD or
Parkinsonism. In the past number of months, case reports and some small studies have linked SARS-CoV2 infection
to a variety of neurological symptoms including stroke, encephalopathies, encephalitis, meningitis, confusion, cogni-
tive deficits all with varying severities [52-56]. It will be important to further explore the mechanisms behind these
symptoms. CNS infection by the Coronaviridae family has been known about for some time, with several studies
detailing the pathogenic strategy, kinetics and host immune responses for members of this family (reviewed in [57]).
These viral infections have been associated with stroke, seizure, convulsions and encephalitis [58,59]. During infec-
tion with some family members including mouse hepatitis virus, resolution of infection results in a chronic CNS
disease with low-grade inflammation. During this period, infectious disease remains undetectable but viral antigens
persist [60]. Other members of the coronavirus family have already been linked with PD. Antibodies to mouse as
well as the human coronaviruses OC43 and 229E (those that cause the common cold) were found in the CSF of
some although not all patients with PD were tested [61]. It was reported that OC43 virus may travel between neu-
rons by axonal transport in a mouse model of infection [62]. There were also several case reports linking Middle
East respiratory syndrome coronavirus (MERS-CoV) and neurological symptoms in patients [63,64], human coron-
avirus (HCoV) with acute disseminated encephalomyelitis (ADEM) in a child [65] as well as fatal encephalitis with
coronavirus OC43 in a child [66].
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Figure 1. Potential routes of entry of SARS-CoV2 and effects on brain function

Shown in this figure are the potential routes of entry of SARS-CoV2 to the brain numbered 1-4. Route 1 is via the nasal epithelium
following inhalation and transport via olfactory nerve, route 2 is via the alveoli following inhalation into the lungs, route 3 is via the
gastrointestinal tract following ingestion and transport via the vagus nerve, route 4 is via the blood-brain barrier. Highlighted in box
1 are the most common conditions reported to date following SARS-CoV2 infection.

While there are obvious links between SARS-CoV2 and organs like the lungs, the link with the CNS is less obvious
(see Figure 1). There has been a recent increase in the number of studies examining the potential tropism of this
virus for the CNS. In particular, attention has focussed not only on the presence of viral RNA and protein but also
the expression of receptors that will facilitate viral invasion such as ACE2 and TMPRSS2 [15]. ACE2 receptors are
highly expressed in epithelial cells lining the respiratory and mucosal tracts, their expression can be regulated by
interferon signalling and they have an important role in the renin-angiotensin system [67]. Ex vivo studies human
brain organoids suggest that blockade of ACE2 receptors with antibodies from the CSF of patients can prevent neural
infection [68]. With previous coronaviruses such as SARS-CoV there have been reports of viral particles in the brain in
addition to other organs [69,70]. For SARS-CoV2, recent post-mortem studies detected viral RNA and protein in the
brain although the regions were not specified and in many studies only in a subset of patients [68,71,72]. The routes
of invasion are still uncertain but there has been some evidence of blood-brain barrier disruption from the analysis
of CSF from infected patients [73]. There has been a suggestion that given the sequence similarity to SARS-CoV
that invasion of the cardiorespiratory centres of the medulla may contribute to the respiratory failure seen in those
severe infection [74]. There has been some evidence recently from a post-mortem case series which found evidence
of microglial activation and T-cell infiltration of the brainstem, cerebellum and meninges [75]. While other studies
suggest an involvement of astrocytes and disruption of brain metabolism [76]. Further studies will need to be carried
out to add this evidence.

Neurological symptoms that have been reported to date in patients with COVID-19 include stroke, seizure,
headache, fatigue, confusion, insomnia, anosmia, ageusia, neuropathic pain and myalgia among others [77]. In par-
ticular, anosmia and ageusia are thought to be very common and are included as in the list of major symptoms [78].
Coincidentally, both these symptoms are classical prodromal features of PD [20]. There have been initial case reports
that purport a link between the virus and PD, describing decreased dopamine uptake in the putamen [79-81]. This
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in itself does not prove the virus as the causative agent. These are single case reports and these events may have coin-
cided with the commencement of the prodromal phase of the condition in these individuals. There have since been
case reports showing the presence of viral particles in the brain and capillary endothelium of COVID-19 patients
post-mortem [82]. SARS-CoV2 infection was reported to lead to elevated plasma levels of neurofilament light chain
protein (NfL) and glial fibrillary acidic protein (GFAP) two markers usually indicative of CNS injury in patients with
COVID-19 [83].

Future perspectives

Given that the SARS-CoV2 virus was only identified and genetically sequenced in the past year [84,85], there has been
a significant amount of progress made in characterising and understanding the viral pathogenesis and in developing
therapies and vaccines. However, there are still many questions left unanswered at present. One of these is whether
the virus is present or not in the brain parenchyma. Following on from this, if it is present is it a selective process
and does it vary from patient to patient? If it is present, how does it gain access and are there particular tropisms for
neurons or glia or both? Is entry correlated to expression levels of ACE2/TMPSS2 or are there alternative receptors
by which it can gain entry? Is entry via a neuronal or haematogenous route? If it is not present in significant amounts,
how does it lead to such pathologies in patients? Is there a role for the immune response in such cases? It is now
imperative to design future studies to discover these answers.

Many of the case reports and small studies highlighted here were conducted on post-mortem tissue in those who
had the illness for a short period. What is needed now is long-term follow-up neurological studies on those who
survived COVID-19. It will also be of interest to compare those who may have been asymptomatic, who had mild
illness, moderate illness and those who were hospitalised or on mechanical ventilation to determine if the severity
of symptoms or even the viral load has an effect on the severity and type of neurological injury. Imaging techniques
could also potentially be developed to identify the presence of binding sites for the virus and their locations. It is
already mentioned that antibodies to other viruses are present in PD patients [61]. We are also uncertain as to the
long-term consequences of infection on motor and non-motor symptoms relevant to PD. Will previous infection
predispose individuals to these symptoms sooner or will there be greater severity of symptoms? Long-term follow-up
studies will be needed. It will be important to design studies on the measurement of antibodies to SARS-CoV2 in
such cohorts. It will also be important to determine if such antibodies play a role in the pathophysiology of PD via
molecular mimicry as has been suggested with studies of other viral infections such as Epstein-Barr [32].

The use of validated animal models should also play their part. At present, there is not enough understanding about
what regulates the expression of binding proteins such as ACE2 in different tissues and if expression levels increase
the risk of brain infection. There is also a need to determine the potential number of routes of infection as well as
the role of the immune system in the periphery as well as the CNS in neurological symptoms. These could lead to
the development of targeted therapies for the brain. It was shown previously that antiviral drugs and vaccination may
potentially alleviate the symptoms in an animal model of influenza infection [29]. Could this also have consequences
for the SARS-CoV infection? Many questions remain and the next 5-10 years will require a considerable investment
not only in vaccines but also in the basic and clinical research studies that will be needed to track the long-term
complications of this illness.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Abbreviations

ACE2, angiotensin converting enzyme 2; CNS, central nervous system; COVID-19, coronavirus disease 2019; CRP, C-reactive
protein; HCV, hepatitis C virus; HSV, Herpes simplex virus; IL, interleukin; PD, Parkinson’s disease; PEP, post-encephalitic
parkinsonism; SARS-CoV2, severe acute respiratory syndrome coronavirus 2; TMPSS2, transmembrane protease serine 2; WNV,
West Nile virus.

References

1 Belser, J.A. and Tumpey, T.M. (2018) The 1918 flu, 100 years later. Science 359, 255, https://doi.org/10.1126/science.aas9565

2 Von Economo, C. (1931) Encephalitis Lethargica - Its Sequelae and Treatment, Oxford University Press, London

3 Hoffman, L.A. and Vilensky, J.A. (2017) Encephalitis lethargica: 100 years after the epidemic. Brain 140, 2246-2251,
https://doi.org/10.1093/brain/awx177

4 Giordano, A., Schwarz, G., Cacciaguerra, L., Esposito, F. and Filippi, M. (2020) COVID-19: can we learn from encephalitis lethargica? Lancet Neurol. 19,
570, https://doi.org/10.1016/S1474-4422(20)30189-7

(© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons 5
Attribution License 4.0 (CC BY).


https://doi.org/10.1126/science.aas9565
https://doi.org/10.1093/brain/awx177
https://doi.org/10.1016/S1474-4422(20)30189-7

Neuronal Signaling (2021) 5 NS20200051

[ ]
@ Er? E%ELAND https://doi.org/10.1042/NS20200051

5 Beauchamp, L.C., Finkelstein, D.I., Bush, A.l., Evans, A.H. and Barnham, K.J. (2020) Parkinsonism as a third wave of the COVID-19 pandemic? J.
Parkinsons Dis. 10, 1343—-1353, https://doi.org/10.3233/JPD-202211

6 Ludlow, M., Kortekaas, J., Herden, C., Hoffmann, B., Tappe, D., Trebst, C. et al. (2016) Neurotropic virus infections as the cause of immediate and
delayed neuropathology. Acta Neuropathol. 131, 159-184, https://doi.org/10.1007/s00401-015-1511-3

7 Wang, B.X., Wei, L., Kotra, L.P,, Brown, E.G. and Fish, E.N. (2017) A conserved residue, Tyrosine (Y) 84, in H5N1 Influenza A virus NS1 regulates IFN
signaling responses to enhance viral infection. Viruses 9, 107, https://doi.org/10.3390/v9050107

8 Olsen, LK., Dowd, E. and McKernan, D.P. (2018) A role for viral infections in Parkinson’s etiology? Neuronal Signal. 2, NS20170166,
https://doi.org/10.1042/NS20170166

9 Limphaibool, N., Iwanowski, P., Holstad, M.J.V., Kobylarek, D. and Kozubski, W. (2019) Infectious etiologies of Parkinsonism: pathomechanisms and
clinical implications. Front. Neurol. 10, 652, https://doi.org/10.3389/fneur.2019.00652

10 Huang, H.I. and Shih, S.R. (2015) Neurotropic enterovirus infections in the central nervous system. Viruses 7, 6051-6066,
https://doi.org/10.3390/v7112920

11 Kuiken, T. and Taubenberger, J.K. (2008) Pathology of human influenza revisited. Vaccine 26, D59-D66, https://doi.org/10.1016/j.vaccine.2008.07.025

12 Henry, J., Smeyne, R.J., Jang, H., Miller, B. and Okun, M.S. (2010) Parkinsonism and neurological manifestations of influenza throughout the 20th and
21st centuries. Parkinsonism Relat. Disord. 16, 566-571, https://doi.org/10.1016/j.parkreldis.2010.06.012

13 Cataldi, M., Pignataro, G. and Taglialatela, M. (2020) Neurobiology of coronaviruses: potential relevance for COVID-19. Neurobiol. Dis. 143, 105007,
https://doi.org/10.1016/j.nbd.2020.105007

14 Mishra, R. and Banerjea, A.C. (2020) Neurological damage by coronaviruses: a catastrophe in the queue!. Front. Immunol. 11, 565521,
https://doi.org/10.3389/fimmu.2020.565521

15 Kumar, A., Pareek, V., Prasoon, P, Faiq, M.A., Kumar, P., Kumari, C. et al. (2020) Possible routes of SARS-CoV-2 invasion in brain: In context of
neurological symptoms in COVID-19 patients. J. Neurosci. Res. 98, 2376-2383, https://doi.org/10.1002/jnr.24717

16 Kalia, L.V. and Lang, A.E. (2015) Parkinson’s disease. Lancet 386, 896-912, https://doi.org/10.1016/S0140-6736(14)61393-3

17 Poewe, W., Seppi, K., Tanner, C.M., Halliday, G.M., Brundin, P., Volkmann, J. et al. (2017) Parkinson disease. Nat. Rev. Dis. Primers 3, 17013,
https://doi.org/10.1038/nrdp.2017.13

18 Kelly, R., Joers, V., Tansey, M.G., McKernan, D.P. and Dowd, E. (2020) Microglial phenotypes and their relationship to the cannabinoid system:
therapeutic implications for Parkinson’s disease. Molecules 25, 453, https://doi.org/10.3390/molecules25030453

19 Tansey, M.G. and Romero-Ramos, M. (2019) Immune system responses in Parkinson’s disease: early and dynamic. Eur. J. Neurosci. 49, 364—383

20 Schapira, A.H.V., Chaudhuri, K.R. and Jenner, P. (2017) Non-motor features of Parkinson disease. Nat. Rev. Neurosci. 18, 509,
https://doi.org/10.1038/nrn.2017.91

21 Meng, L., Shen, L. and Ji, H.F. (2019) Impact of infection on risk of Parkinson’s disease: a quantitative assessment of case-control and cohort studies.
J. Neurovirol. 25, 221-228, https://doi.org/10.1007/s13365-018-0707-4

22 Wang, H., Liu, X., Tan, C., Zhou, W., Jiang, J., Peng, W. et al. (2020) Bacterial, viral, and fungal infection-related risk of Parkinson’s disease:
meta-analysis of cohort and case-control studies. Brain Behav. 10, e01549, https://doi.org/10.1002/brb3.1549

23 Harris, M.A., Tsui, J.K., Marion, S.A., Shen, H. and Teschke, K. (2012) Association of Parkinson’s disease with infections and occupational exposure to
possible vectors. Mov. Disord. 27, 1111-1117, https://doi.org/10.1002/mds.25077

24 Jang, H., Boltz, D.A., Webster, R.G. and Smeyne, R.J. (2009) Viral parkinsonism. Biochim. Biophys. Acta 1792, 714-721,
https://doi.org/10.1016/j.bbadis.2008.08.001

25 Rail, D., Scholtz, C. and Swash, M. (1981) Post-encephalitic Parkinsonism: current experience. J. Neurol. Neurosurg. Psychiatry 44, 670-676,
https://doi.org/10.1136/jnnp.44.8.670

26 Jang, H., Boltz, D., Sturm-Ramirez, K., Shepherd, K.R., Jiao, Y., Webster, R. et al. (2009) Highly pathogenic H5N1 influenza virus can enter the central
nervous system and induce neuroinflammation and neurodegeneration. Proc. Natl. Acad. Sci. U.S.A. 106, 14063-14068,
https://doi.org/10.1073/pnas.0900096106

27 Sadasivan, S., Zanin, M., 0'Brien, K., Schultz-Cherry, S. and Smeyne, R.J. (2015) Induction of microglia activation after infection with the
non-neurotropic A/CA/04/2009 H1N1 influenza virus. PLoS ONE 10, 0124047, https://doi.org/10.1371/journal.pone.0124047

28 Marreiros, R., Muller-Schiffmann, A., Trosshach, S.V., Prikulis, I., Hansch, S., Weidtkamp-Peters, S. et al. (2020) Disruption of cellular proteostasis by
H1N1 influenza A virus causes alpha-synuclein aggregation. Proc. Natl. Acad. Sci. U.S.A. 117, 6741-6751, https://doi.org/10.1073/pnas.1906466117

29 Sadasivan, S., Sharp, B., Schultz-Cherry, S. and Smeyne, R.J. (2017) Synergistic effects of influenza and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) can be eliminated by the use of influenza therapeutics: experimental evidence for the multi-hit hypothesis. NPJ Parkinsons Dis. 3, 18,
https://doi.org/10.1038/s41531-017-0019-z

30 Caggiu, E., Paulus, K., Arru, G., Piredda, R., Sechi, G.P. and Sechi, L.A. (2016) Humoral cross reactivity between alpha-synuclein and herpes simplex-1
epitope in Parkinson’s disease, a triggering role in the disease? J. Neuroimmunol. 291, 110-114, https://doi.org/10.1016/j.jneuroim.2016.01.007

31 Caggiu, E., Paulus, K., Galleri, G., Arru, G., Manetti, R., Sechi, G.P. et al. (2017) Homologous HSV1 and alpha-synuclein peptides stimulate a T cell
response in Parkinson’s disease. J. Neuroimmunol. 310, 26-31, https://doi.org/10.1016/j.jneuroim.2017.06.004

32 Woulfe, J., Hoogendoorn, H., Tarnopolsky, M. and Munoz, D.G. (2000) Monoclonal antibodies against Epstein-Barr virus cross-react with
alpha-synuclein in human brain. Neurology 55, 1398-1401, https://doi.org/10.1212/WNL.55.9.1398

33 Espay, A.J. and Henderson, K.K. (2011) Postencephalitic parkinsonism and basal ganglia necrosis due to Epstein-Barr virus infection. Neurology 76,
1529-1530, https://doi.org/10.1212/WNL.0b013e318217e7dd

34 Wijarnpreecha, K., Chesdachai, S., Jaruvongvanich, V. and Ungprasert, P. (2018) Hepatitis C virus infection and risk of Parkinson’s disease: a systematic
review and meta-analysis. Eur. J. Gastroenterol. Hepatol. 30, 9-13, https://doi.org/10.1097/MEG.0000000000000991

6 (© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).


https://doi.org/10.3233/JPD-202211
https://doi.org/10.1007/s00401-015-1511-3
https://doi.org/10.3390/v9050107
https://doi.org/10.1042/NS20170166
https://doi.org/10.3389/fneur.2019.00652
https://doi.org/10.3390/v7112920
https://doi.org/10.1016/j.vaccine.2008.07.025
https://doi.org/10.1016/j.parkreldis.2010.06.012
https://doi.org/10.1016/j.nbd.2020.105007
https://doi.org/10.3389/fimmu.2020.565521
https://doi.org/10.1002/jnr.24717
https://doi.org/10.1016/S0140-6736(14)61393-3
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.3390/molecules25030453
https://doi.org/10.1038/nrn.2017.91
https://doi.org/10.1007/s13365-018-0707-4
https://doi.org/10.1002/brb3.1549
https://doi.org/10.1002/mds.25077
https://doi.org/10.1016/j.bbadis.2008.08.001
https://doi.org/10.1136/jnnp.44.8.670
https://doi.org/10.1073/pnas.0900096106
https://doi.org/10.1371/journal.pone.0124047
https://doi.org/10.1073/pnas.1906466117
https://doi.org/10.1038/s41531-017-0019-z
https://doi.org/10.1016/j.jneuroim.2016.01.007
https://doi.org/10.1016/j.jneuroim.2017.06.004
https://doi.org/10.1212/WNL.55.9.1398
https://doi.org/10.1212/WNL.0b013e318217e7dd
https://doi.org/10.1097/MEG.0000000000000991

Neuronal Signaling (2021) 5 NS20200051 °
https://doi.org/10.1042/NS20200051 '..Q EF?E%ELAND

35 Fletcher, N.F., Wilson, G.K., Murray, J., Hu, K., Lewis, A., Reynolds, G.M. et al. (2012) Hepatitis C virus infects the endothelial cells of the blood-brain
barrier. Gastroenterology 142, 634e6—643e6, https://doi.org/10.1053/j.gastr0.2011.11.028

36 Wu, W.Y., Kang, K.H., Chen, S.L., Chiu, S.Y., Yen, A.M., Fann, J.C. et al. (2015) Hepatitis C virus infection: a risk factor for Parkinson’s disease. J. Viral
Hepat. 22, 784-791, https://doi.org/10.1111/jvh.12392

37 Hamaue, N., Ogata, A., Terado, M., Ohno, K., Kikuchi, S., Sasaki, H. et al. (2006) Brain catecholamine alterations and pathological features with aging in
Parkinson disease model rat induced by Japanese encephalitis virus. Neurochem. Res. 31, 1451-1455, https://doi.org/10.1007/s11064-006-9197-5

38 Beatman, E.L., Massey, A., Shives, K.D., Burrack, K.S., Chamanian, M., Morrison, T.E. et al. (2015) Alpha-synuclein expression restricts RNA viral
infections in the brain. J. Virol. 90, 2767-2782, https://doi.org/10.1128/JVI.02949-15

39 Brundin, P, Nath, A. and Beckham, J.D. (2020) Is COVID-19 a perfect storm for Parkinson’s disease? Trends Neurosci. 43, 931-933,
https://doi.org/10.1016/j.tins.2020.10.009

40 Olsen, L.K., Cairns, A.G., Aden, J., Moriarty, N., Cabre, S., Alamilla, V.R. et al. (2019) Viral mimetic priming enhances alpha-synuclein-induced
degeneration: Implications for Parkinson’s disease. Brain Behav. Immun. 80, 525-535, https://doi.org/10.1016/j.bbi.2019.04.036

41 McCabe, K., Concannon, R.M., McKernan, D.P. and Dowd, E. (2017) Time-course of striatal Toll-like receptor expression in neurotoxic, environmental
and inflammatory rat models of Parkinson’s disease. J. Neuroimmunol. 310, 103—106, https://doi.org/10.1016/j.jneuroim.2017.07.007

42 Ransohoff, R.M. (2016) How neuroinflammation contributes to neurodegeneration. Science 353, 777-783, https://doi.org/10.1126/science.aag2590

43 Caggiu, E., Arru, G., Hosseini, S., Niegowska, M., Sechi, G., Zarbo, |.R. et al. (2019) Inflammation, infectious triggers, and Parkinson’s disease. Front
Neurol. 10, 122, https://doi.org/10.3389/fneur.2019.00122

44 Chana-Cuevas, P., Salles-Gandara, P., Rojas-Fernandez, A., Salinas-Rebolledo, C. and Milan-Sole, A. (2020) The potential role of SARS-COV-2 in the
pathogenesis of Parkinson’s disease. Front. Neurol. 11, 1044, https://doi.org/10.3389/fneur.2020.01044

45 Deleidi, M. and Gasser, T. (2013) The role of inflammation in sporadic and familial Parkinson’s disease. Cell. Mol. Life Sci. 70, 4259-4273,
https://doi.org/10.1007/s00018-013-1352-y

46 Qin, X.Y., Zhang, S.P,, Cao, C., Loh, Y.P. and Cheng, Y. (2016) Aberrations in peripheral inflammatory cytokine levels in Parkinson disease: a systematic
review and meta-analysis. JAMA Neurol. 73, 1316—1324, https://doi.org/10.1001/jamaneurol.2016.2742

47 Qiu, X., Xiao, Y., Wu, J., Gan, L., Huang, Y. and Wang, J. (2019) C-reactive protein and risk of Parkinson’s disease: a systematic review and
meta-analysis. Front. Neurol. 10, 384, https://doi.org/10.3389/fneur.2019.00384

48 Williams-Gray, C.H., Wijeyekoon, R., Yarnall, A.J., Lawson, R.A., Breen, D.P, Evans, J.R. et al. (2016) Serum immune markers and disease progression
in an incident Parkinson’s disease cohort (ICICLE-PD). Mov. Disord. 31, 995-1003, https://doi.org/10.1002/mds.26563

49 Cevik, M., Kuppalli, K., Kindrachuk, J. and Peiris, M. (2020) Virology, transmission, and pathogenesis of SARS-CoV-2. BMJ 371, m3862,
https://doi.org/10.1136/bmj.m3862

50 Merad, M. and Martin, J.C. (2020) Pathological inflammation in patients with COVID-19: a key role for monocytes and macrophages. Nat. Rev. Immunol.
20, 355-362, https://doi.org/10.1038/s41577-020-0331-4

51 Mann, E.R., Menon, M., Knight, S.B., Konkel, J.E., Jagger, C., Shaw, T.N. et al. (2020) Longitudinal immune profiling reveals key myeloid signatures
associated with COVID-19. Sci. Immunol. 5, eabd6197, https://doi.org/10.1126/sciimmunol.abd6197

52 Moriguchi, T., Harii, N., Goto, J., Harada, D., Sugawara, H., Takamino, J. et al. (2020) A first case of meningitis/encephalitis associated with
SARS-Coronavirus-2. Int. J. Infect. Dis. 94, 55-58, https://doi.org/10.1016/j.ijid.2020.03.062

53 Chen, X., Laurent, S., Onur, 0.A., Kleineberg, N.N., Fink, G.R., Schweitzer, F. et al. (2021) A systematic review of neurological symptoms and
complications of COVID-19. J. Neurol. 268, 392—402, https://doi.org/10.1007/s00415-020-10067-3

54 Tancheva, L., Petralia, M.C., Miteva, S., Dragomanova, S., Solak, A., Kalfin, R. et al. (2020) Emerging neurological and psychobiological aspects of
COVID-19 infection. Brain Sci. 10, 852, https://doi.org/10.3390/brainsci10110852

55 Chaumont, H., San-Galli, A., Martino, F., Couratier, C., Joguet, G., Carles, M. et al. (2020) Mixed central and peripheral nervous system disorders in
severe SARS-CoV-2 infection. J. Neurol. 267, 3121-3127, https://doi.org/10.1007/s00415-020-09986-y

56 Paterson, R.W., Brown, R.L., Benjamin, L., Nortley, R., Wiethoff, S., Bharucha, T. et al. (2020) The emerging spectrum of COVID-19 neurology: clinical,
radiological and laboratory findings. Brain 143, 3104-3120, https://doi.org/10.1093/brain/awaa240

57 Bergmann, C.C., Lane, T.E. and Stohiman, S.A. (2006) Coronavirus infection of the central nervous system: host-virus stand-off. Nat. Rev. Microbiol. 4,
121-132, https://doi.org/10.1038/nrmicro1343

58 Bohmwald, K., Galvez, N.M.S., Rios, M. and Kalergis, A.M. (2018) Neurologic alterations due to respiratory virus infections. Front. Cell Neurosci. 12,
386, https://doi.org/10.3389/fncel.2018.00386

59 Desforges, M., Le Coupanec, A., Dubeau, P., Bourgouin, A., Lajoie, L., Dube, M. et al. (2019) Human coronaviruses and other respiratory viruses:
underestimated opportunistic pathogens of the central nervous system? Viruses 12, https://doi.org/10.3390/v12010014

60 Marten, N.W., Stohiman, S.A. and Bergmann, C.C. (2001) MHV infection of the CNS: mechanisms of immune-mediated control. Viral Immunol. 14,
1-18, https://doi.org/10.1089/08828240151061329

61 Fazzini, E., Fleming, J. and Fahn, S. (1992) Cerebrospinal fluid antibodies to coronavirus in patients with Parkinson’s disease. Mov. Disord. 7, 153158,
https://doi.org/10.1002/mds.870070210

62 Dube, M., Le Coupanec, A., Wong, A.H.M., Rini, J.M., Desforges, M. and Talbot, P.J. (2018) Axonal transport enables neuron-to-neuron propagation of
human coronavirus 0C43. J. Virol. 92, €00404—18, https://doi.org/10.1128/JV1.00404-18

63 Arabi, Y.M., Harthi, A., Hussein, J., Bouchama, A., Johani, S., Hajeer, A.H. et al. (2015) Severe neurologic syndrome associated with Middle East
respiratory syndrome corona virus (MERS-CoV). Infection 43, 495-501, https://doi.org/10.1007/s15010-015-0720-y

64 Kim, J.E., Heo, J.H., Kim, H.0., Song, S.H., Park, S.S., Park, T.H. et al. (2017) Neurological complications during treatment of Middle East respiratory
syndrome. J. Clin. Neurol. 13, 227-233, https://doi.org/10.3988/jcn.2017.13.3.227

(© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons 7
Attribution License 4.0 (CC BY).


https://doi.org/10.1053/j.gastro.2011.11.028
https://doi.org/10.1111/jvh.12392
https://doi.org/10.1007/s11064-006-9197-5
https://doi.org/10.1128/JVI.02949-15
https://doi.org/10.1016/j.tins.2020.10.009
https://doi.org/10.1016/j.bbi.2019.04.036
https://doi.org/10.1016/j.jneuroim.2017.07.007
https://doi.org/10.1126/science.aag2590
https://doi.org/10.3389/fneur.2019.00122
https://doi.org/10.3389/fneur.2020.01044
https://doi.org/10.1007/s00018-013-1352-y
https://doi.org/10.1001/jamaneurol.2016.2742
https://doi.org/10.3389/fneur.2019.00384
https://doi.org/10.1002/mds.26563
https://doi.org/10.1136/bmj.m3862
https://doi.org/10.1038/s41577-020-0331-4
https://doi.org/10.1126/sciimmunol.abd6197
https://doi.org/10.1016/j.ijid.2020.03.062
https://doi.org/10.1007/s00415-020-10067-3
https://doi.org/10.3390/brainsci10110852
https://doi.org/10.1007/s00415-020-09986-y
https://doi.org/10.1093/brain/awaa240
https://doi.org/10.1038/nrmicro1343
https://doi.org/10.3389/fncel.2018.00386
https://doi.org/10.3390/v12010014
https://doi.org/10.1089/08828240151061329
https://doi.org/10.1002/mds.870070210
https://doi.org/10.1128/JVI.00404-18
https://doi.org/10.1007/s15010-015-0720-y
https://doi.org/10.3988/jcn.2017.13.3.227

Neuronal Signaling (2021) 5 NS20200051

[ ]
@ Er? E%ELAND https://doi.org/10.1042/NS20200051

65 Yeh, E.A., Collins, A., Cohen, M.E., Duffner, PK. and Faden, H. (2004) Detection of coronavirus in the central nervous system of a child with acute
disseminated encephalomyelitis. Pediatrics 113, e73—-e76, https://doi.org/10.1542/peds.113.1.e73

66 Nilsson, A., Edner, N., Albert, J. and Ternhag, A. (2020) Fatal encephalitis associated with coronavirus 0C43 in an immunocompromised child. Infect.
Dis. (Lond.) 52, 419-422, https://doi.org/10.1080/23744235.2020.1729403

67 Ziegler, C.G.K., Allon, S.J., Nyquist, S.K., Mbano, I.M., Miao, V.N., Tzouanas, C.N. et al. (2020) SARS-CoV-2 receptor ACE2 is an interferon-stimulated
gene in human airway epithelial cells and is detected in specific cell subsets across tissues. Cell 181, 1016.e19-1035.e19,
https://doi.org/10.1016/j.cell.2020.04.035

68 Song, E., Zhang, C., Israelow, B., Lu-Culligan, A., Prado, A.V., Skriabine, S. et al. (2021) Neuroinvasion of SARS-CoV-2 in human and mouse brain. J.
Exp. Med. 218, €20202135, https://doi.org/10.1084/jem.20202135

69 Ding, Y., He, L., Zhang, Q., Huang, Z., Che, X., Hou, J. et al. (2004) Organ distribution of severe acute respiratory syndrome (SARS) associated
coronavirus (SARS-CoV) in SARS patients: implications for pathogenesis and virus transmission pathways. J. Pathol. 203, 622—-630,
https://doi.org/10.1002/path.1560

70 Gu, J., Gong, E., Zhang, B., Zheng, J., Gao, Z., Zhong, Y. et al. (2005) Multiple organ infection and the pathogenesis of SARS. J. Exp. Med. 202,
415-424, https://doi.org/10.1084/jem.20050828

71 Puelles, V.G., Lutgehetmann, M., Lindenmeyer, M.T., Sperhake, J.P., Wong, M.N., Allweiss, L. et al. (2020) Multiorgan and renal tropism of SARS-CoV-2.
N. Engl. J. Med. 383, 590-592, https://doi.org/10.1056/NEJMc2011400

72 Wichmann, D., Sperhake, J.P., Lutgehetmann, M., Steurer, S., Edler, C., Heinemann, A. et al. (2020) Autopsy findings and venous thromboembolism in
patients with COVID-19: a prospective cohort study. Ann. Intern. Med. 173, 268-277, https://doi.org/10.7326/M20-2003

73 Bellon, M., Schweblin, C., Lambeng, N., Cherpillod, P., Vazquez, J., Lalive, PH. et al. (2020) Cerebrospinal fluid features in SARS-CoV-2 RT-PCR positive
patients. Clin. Infect. Dis. ciaa1165, Online ahead of print, https://doi.org/10.1093/cid/ciaa1165

74 Li, Y.C., Bai, W.Z. and Hashikawa, T. (2020) The neuroinvasive potential of SARS-CoV2 may play a role in the respiratory failure of COVID-19 patients. J.
Med. Virol. 92, 552-555, https://doi.org/10.1002/jmv.25728

75 Matschke, J., Lutgehetmann, M., Hagel, C., Sperhake, J.P., Schroder, A.S., Edler, C. et al. (2020) Neuropathology of patients with COVID-19 in Germany:
a post-mortem case series. Lancet Neurol. 19, 919-929, https://doi.org/10.1016/S1474-4422(20)30308-2

76 Crunfli, ., Carregari, V. and Martins De Souza, D. (2021) SARS-CoV-2 infects brain astrocytes of COVID-19 patients and impairs neuronal viability.
MedRxiv, Online ahead of print, https://doi.org/10.1101/2020.10.09.20207464

77 Sulzer, D., Antonini, A., Leta, V., Nordvig, A., Smeyne, R.J., Goldman, J.E. et al. (2020) COVID-19 and possible links with Parkinson’s disease and
parkinsonism: from bench to bedside. NPJ Parkinsons Dis. 6, 18, https://doi.org/10.1038/s41531-020-00123-0

78 Lechien, J.R., Chiesa-Estomba, C.M., De Siati, D.R., Horoi, M., Le Bon, S.D., Rodriguez, A. et al. (2020) Olfactory and gustatory dysfunctions as a
clinical presentation of mild-to-moderate forms of the coronavirus disease (COVID-19): a multicenter European study. Eur. Arch. Otorhinolaryngol. 277,
2251-2261, https://doi.org/10.1007/s00405-020-05965-1

79 Cohen, M.E., Eichel, R., Steiner-Birmanns, B., Janah, A., loshpa, M., Bar-Shalom, R. et al. (2020) A case of probable Parkinson’s disease after
SARS-CoV-2 infection. Lancet Neurol. 19, 804-805, https://doi.org/10.1016/S1474-4422(20)30305-7

80 Faber, I., Brandao, PR.P., Menegatti, ., de Carvalho Bispo, D.D., Maluf, F.B. and Cardoso, F. (2020) Coronavirus disease 2019 and Parkinsonism: a
non-post-encephalitic case. Mov. Disord. 35, 1721-1722, https://doi.org/10.1002/mds.28277

81 Mendez-Guerrero, A., Laespada-Garcia, M.I., Gomez-Grande, A., Ruiz-Ortiz, M., Blanco-Palmero, V.A., Azcaratlitere-Diaz, F.J. et al. (2020) Acute
hypokinetic-rigid syndrome following SARS-CoV-2 infection. Neurology 95, €2109-e2118, https://doi.org/10.1212/WNL.0000000000010282

82 Paniz-Mondolfi, A., Bryce, C., Grimes, Z., Gordon, R.E., Reidy, J., Lednicky, J. et al. (2020) Central nervous system involvement by severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2). J. Med. Virol. 92, 699-702, https://doi.org/10.1002/jmv.25915

83 Kanberg, N., Ashton, N.J., Andersson, L.M., Yilmaz, A., Lindh, M., Nilsson, S. et al. (2020) Neurochemical evidence of astrocytic and neuronal injury
commonly found in COVID-19. Neurology 95, e1754—e1759, https://doi.org/10.1212/WNL.0000000000010111

84 Lu, R., Zhao, X., Li, J., Niu, P., Yang, B., Wu, H. et al. (2020) Genomic characterisation and epidemiology of 2019 novel coronavirus: implications for
virus origins and receptor binding. Lancet 395, 565-574, https://doi.org/10.1016/50140-6736(20)30251-8

85 Zhu, N., Zhang, D., Wang, W., Li, X., Yang, B., Song, J. et al. (2020) A novel coronavirus from patients with pneumonia in China, 2019. N. Engl. J. Med.
382, 727-733, https://doi.org/10.1056/NEJM0a2001017

8 (© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).


https://doi.org/10.1542/peds.113.1.e73
https://doi.org/10.1080/23744235.2020.1729403
https://doi.org/10.1016/j.cell.2020.04.035
https://doi.org/10.1084/jem.20202135
https://doi.org/10.1002/path.1560
https://doi.org/10.1084/jem.20050828
https://doi.org/10.1056/NEJMc2011400
https://doi.org/10.7326/M20-2003
https://doi.org/10.1093/cid/ciaa1165
https://doi.org/10.1002/jmv.25728
https://doi.org/10.1016/S1474-4422(20)30308-2
https://doi.org/10.1101/2020.10.09.20207464
https://doi.org/10.1038/s41531-020-00123-0
https://doi.org/10.1007/s00405-020-05965-1
https://doi.org/10.1016/S1474-4422(20)30305-7
https://doi.org/10.1002/mds.28277
https://doi.org/10.1212/WNL.0000000000010282
https://doi.org/10.1002/jmv.25915
https://doi.org/10.1212/WNL.0000000000010111
https://doi.org/10.1016/S0140-6736(20)30251-8
https://doi.org/10.1056/NEJMoa2001017

