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he recent outbreak of the novel coronavirus, SARS-CoV-2 — which causes COVID-19 — has rapidly reached pandemic proportions,

causing widespread morbidity and mortality. It has had a major impact on society in general, and in medicine and health in particular.

Although primarily a potentially fatal respiratory pathogen, SARS-CoV-2, like other coronaviruses, can be neurotropic. Its receptor,
angiotensin-converting enzyme 2 (ACE2), is expressed in endothelial cells in the brain and can be induced in neural cells. COVID-19 is
therefore of high relevance to neurological disease. Indeed, various neurological manifestations are increasingly being reported. On the other
hand, COVID-19 has a major impact on people with certain neurological diseases. Patients with neuroimmune disorders such as multiple
sclerosis or myasthenia gravis who are on immunomodulatory or immunosuppressive treatments may be more susceptible to infection
or have a more severe disease due to a blunted immune response. Patients with many neurological disorders may be at risk of severe
COVID-19 infection, due to immobility, frailty, disability, diminished respiratory capacity or cognitive dysfunction. Disease-specific patient
organisations and neurological societies have been prompt in providing advice and generating guidelines for various neurological conditions.
Local, national and international registers are being created and will be essential in monitoring the disease and its outcomes. New knowledge
about COVID-19, including issues of relevance to neurology, is generated daily. This review presents some succinct background information
on coronaviruses and its neuro-invasive potential, the current knowledge of neurological manifestations, and the impact of COVID-19 on
individuals with neurological disease. Some disease-specific recommendations are briefly listed or referenced.
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In the past 4 months, a novel coronavirus originating in Wuhan, China, SARS-CoV-2 (severe acute
respiratory syndrome coronavirus 2), has affected more than 200 countries. As of mid-June 2020,
there are over 7 million confirmed cases and more than 425,888 deaths worldwide caused by the
novel coronavirus, although the numbers are likely to be higher because of variability in diagnostic
testing rates and in attribution of deaths to the infection.”

Coronaviruses

SARS-COV-2 is a positive-sense RNA Betacoronavirus from the Coronaviridae family. Coronaviruses
are usually found in mammalian (Alpha-, Beta-, Deltacoronavirus) or avian (Gamma- and
Deltacoronavirus) reservoirs. Some human endemic coronaviruses have been known since the
1960s and cause up to 20% of upper respiratory tract infections (Alphacoronavirus: NL63, 29E, and
Betacoronavirus: OCA3, HKU1).2 However, other Betacoronaviruses have caused human pandemics
with high mortality, such as SARS-CoV in 2002-2003 originating in the Guangdong province in China,
with a case-fatality rate (CFR) of 10%, and MERS-CoV in 2012 in the Middle East (CFR 35%).>

The structure of coronaviruses is conserved between coronavirus genera. It comprises
non-structural proteins (polyprotein 1a and 1b) and structural proteins (spike [S], envelope [E],
membrane [M] and nucleocapsid [N]). The structural proteins are interspersed with open-reading
frames (ORFs).* SARS-CoV-2 was genotyped in January 2020 and has shown a high sequence
homology with SARS-CoV and MERS-CoV. Nevertheless, phylogenetic proximity differs depending
on sequence analysed. Indeed, when looking at ORF1a, protein E and M, the closest homology is
with bat SL-CoVZC45 and bat SL-CoVZXC21. On the contrary, when analysing S protein — responsible
for virulence in Coronaviridae — SARS-CoV-2 shows greatest homology with SARS-CoV and
SARS-related CoVs (73.8-76.9% amino acid identity).°

SARS-CoV and related coronaviruses have a receptor-binding domain that uses the
angiotensin-converting enzyme 2 (ACE2) protein as a receptor for cell entrys The ACE2
receptor is expressed in lung alveolar type 2 cells, epithelial cells from the lung, gastrointestinal
tract, urinary bladder, proximal tubule cells and myocardial cells”® There is evidence
for the expression of ACE2 in the brain. ACE2 mRNA is expressed in cortex, striatum,
hypothalamus and brainstem. Its abundance on endothelial cells, including those of the brain
vessels, can explain the vascular (including neuro-vascular) complications of COVID-19.8"
SARS-CoV-2 engagement of ACE2 is more effective and extensive than that of other coronaviruses.™
As ACE2 is counterbalancing the vasoactive effects of angiotensin Il, and SARS-CoV-2 invasion
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destroys the ACE2 receptors, the pathogenesis of COVID-19 may be
related to unopposed effects of angiotensin II,” which explains some
of the vascular complications and the worse prognosis in individuals
with cardiovascular disorders. As with other coronaviruses, alternative
receptors may be implicated, in particular CD147,* which is also
expressed in the central nervous system (CNS) and up-regulated by
injury or inflammation.

Neurotropism of coronaviruses

Coronaviruses have long been known to display neurotropism in
animals and humans. The role of the coronavirus mouse hepatitis virus
(MHV)-induced demyelination as a well-established model for multiple
sclerosis (MS) has been extensively investigated.™ The neurovirulence of
neurotropic MHV strains has been shown to be associated with their
ability to induce inflammatory cytokines in neuroglial cells, which is
relevant in view of the role of the cytokine storm in the pathogenesis of
COVID-19.7 These early studies also provided the first hints to the routes
and mechanisms of neuroinvasiveness of coronaviruses, i.e., via the
airways, olfactory bulbs, and possibly trans-synaptic transmission, all of
which are likely relevant to COVID-19.%

Not only are some coronaviruses neurotropic, but they may also
establish persistence within the CNS,” even in patients with other
neurological disorders, like MS?® Indeed SARS-CoV has been
shown to enter the CNS via the cribriform plate or a damaged
blood-brain barrier, neurotropism mediated by ACE2 protein. Moreover,
SARS-CoV was found in the cerebrospinal fluid (CSF).2 Given the
high homology of the spike protein with SARS-CoV, it is possible that
SARS-CoV-2 is found in the CNS with a similar mechanism. However, it
is worth noting that so far, even with neurological involvement, there
is only one case report where SARS-CoV-2 was identified in the CSF by
molecular diagnosis.? If the invasion occurs via the blood-brain barrier,
then there is a theoretical risk of bleeding and haemorrhagic stroke, as
well as local inflammation.®

SARS and MERS infections have previously been recognised to have
neurological manifestations and they were found to have prominent
brainstem involvement, likely via trans-synaptic, haematogenic or
lymphatic routes. It has been suggested that the lack of good respiratory
control seen in patients with COVID-19 with severe disease could be
the cause of or contribute to respiratory distress.? It was therefore not
unexpected that reports of neurological involvement emerged soon after
the breakout of the COVID-19 pandemic.

In view of the above considerations, and with the knowledge of the
distribution of the ACE2 receptor, it was hypothesised early in the
pandemic that COVID-19 can affect the brain and is likely to involve the
brainstem structures.

Clinical aspects of SARS-CoV-2

COVID-19 most commonly presents in males on average 54 years old,”
after an incubation period of 5 days (range, 1-12 days) with dry cough,
fever and myalgia.>* These symptoms can remain mild or can progress
to shortness of breath and need for oxygen therapy (moderate),
non-invasive ventilation (severe) or invasive ventilation with multiorgan
support (severe/critical). Other associated symptoms can be
gastrointestinal (diarrhoea, nausea, loss of appetite), dermatological
(ranging from maculo-papular and vesicular eruptions to urticaria to
[pseudo]-chilblains to livedoid necrosis)*¥ and neurological (muscle
weakness, dysgeusia/anosmia, headache, photophobia, and focal
neurological finding).

SARS-CoV-2 pneumonia is diagnosed based on lymphopaenia, high CRP,
chest radiographs with interstitial pattern/bilateral alveolar infiltrates,
computerised tomography of the chest showing consolidation and
viral polymerase chain reaction (PCR) of the throat and nose swab.
Other common laboratory findings are: low albumin, deranged liver
function tests, high lactate dehydrogenase and high erythrocyte
sedimentation rate.”

Poor prognostic factors have been identified as male sex, older age
(>65 years), comorbidities (hypertension, diabetes, cardiovascular and
cerebrovascular disease), smoking, lymphocyte count <1 x 10%/L, high
CRP (>100 mg/L), high ferritin, acute kidney injury, coagulopathy with
thrombocytopaenia and raised D-dimers (1.5 pg/mL).# Treatment
is supportive with paracetamol, aiming for a neutral fluid balance,
antibiotic/ antiviral (oseltamivir) cover, oxygen therapy from nasal
cannula to invasive ventilation or extracorporeal membrane
oxygenation,® forced expiratory techniques and placing the patient in
prone position.* Clinical studies of antivirals, antimalarials,®? steroids,”
immunotherapies” and convalescent plasma®¥ are ongoing. Some of
these study results are emerging. Although definitive conclusions for
hydroxychloroquine and chloroquine studies await class | evidence,
they do not appear to have a major positive effect.” On the other hand,
remdesivir, an antiviral developed for Ebola, showed promising results
in the interim analysis of an ongoing clinical trial.**" Furthermore, a
larger trial of the antiviral together with either placebo or baricitinib (a
Jak1/Jak2 kinase inhibitor that is aimed at reducing the cytokine induction)
has been initiated at the National Institutes of Health.

Neurological manifestations of COVID-19

Given the neurotropism of coronaviruses, it was not unexpected that
reports of neurological involvement emerged soon after the outbreak
of the COVID-19 pandemic. In the series of 214 patients hospitalised
with the infection in Wuhan, 36.4% had neurological manifestations.”
These included dizziness, headaches, anosmia/ageusia, seizures, stroke,
altered consciousness and ataxia. This represents a list of symptoms
roughly in the order of their frequency, and, as the publication was not
focused on neurological symptoms, there was no distinction between the
non-specific effects of a severe infectious state and specific neurological
effects potentially indicating direct neuropathology. Neurological
involvement was seen in the more severely affected patients. The
alteration in smell and taste seems to be widespread and can represent
an early and specific marker of COVID-19.%

In a subsequent series of 68 consecutive patients admitted due to acute
respiratory distress syndrome caused by COVID-19 to two intensive care
units (ICU) in France, 58 had neurological abnormalities. Some of these
were diffuse, non-specific and non-localising, such as fever, agitation,
confusion and dysexecutive syndrome; whether they are attributed
to direct viral effect, anaesthesia and sedation, or ICU/critical illness
encephalopathy is uncertain. Some imaging and CSF findings were
more specific and included leptomeningeal enhancement, perfusion
abnormalities (bilateral frontotemporal hypoperfusion in all patients
undergoing perfusion imaging), cerebral ischaemic strokes (discussed
below), oligoclonal bands matched in CSF and blood, and increased
immunoglobulin G in CSFE. Of note, none of the seven patients tested had
molecular evidence of virus in the CSE*

Stroke has now become a recognised complication of COVID-19.
Increasing evidence points to dysregulated coagulation in COVID
pathology, including pulmonary manifestations which may be due
to microthrombi.®# There is disseminated intravascular coagulation
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occurring more frequently than with SARS of other causes, which not
only explains the presence of deranged laboratory findings such as
D-dimers and abnormal coagulation tests, but also complications such
as pulmonary emboli, some of the skin manifestations such as ‘COVID
fingers and toes’ with chilblains, livedoid lesions and possible necrosis,
and also ischaemic stroke. Thus, strokes in COVID-19 are explained in
part by a hyperthrombotic state triggered by the virus. In addition,
antiphospholipid antibodies, which are linked to thrombosis, have
been detected in COVD-19-related thrombotic complications.* Despite
reported thrombocytopaenia, haemorrhages are not reported and the
treatment of stroke in COVID-19 follows the same principles, with no
contraindication for anticoagulation, thrombolysis or thrombectomy.”

The report in the radiology literature of COVID-19-associated acute
necrotising haemorrhagic encephalopathy with typical imaging alerted
clinicians to this possible rare complication which has been seen with
other viruses.” The patient tested positive for SARS-CoV-2 by PCR in
nasopharyngeal swab, but the CFS could not be tested. Guillain-Barré
syndrome has also been reported in the setting of COVID-19.” As
mentioned above, a case of COVID-19 meningo-encephalitis is to our
knowledge, the only report of positive identification for virus by PCR
in the CSE? There is no doubt that further reports and case series of
neurological manifestations will be published and will shed further light
on the clinical features of this condition.

Neurological considerations in people recovering
from COVID-19

The creation of registers with documentation of proven or suspected
cases and sharing of data between centres began in the early days
of the pandemic. For example, the Association of British Neurologists
provides both online guidance to patients and the opportunity for
neurologists to register cases (www.theabn.org/page/COVID-19).
Likewise, Italian neurologists have collected cases of MS, provided
guidelines, and published their results; the register is still ongoing
(https://musc-19.dibris.unige.it/).* The follow-up of these people will be
of great importance to provide insights into the characteristics of the
virus and its interactions with the host, to address issues related to the
natural or vaccine-induced antiviral immunity and to viral persistence,
and to monitor for late complications. From the experience with other
coronaviruses which can induce cross-reactive immune responses
with neuroantigens, and with other viral infections such as influenza,
awareness is needed of post-infectious immune-mediated neurological
conditions, including acute disseminated encephalomyelitis, other
encephalitides (limbic encephalitis, encephalitis lethargica) but also
narcolepsy, or Guillain-Barré syndrome.

Implications for neurological disorders

COVID-19 infection in people with

neurological diseases

Itis plausible that people with neurological disability and patients affected
by diseases requiring immunomodulatory and immunosuppressive
treatments may be at higher risk both of developing COVID-19, depending
on personal and social circumstances influencing exposure, and of
having a more severe form due to the underlying condition, weakened
immunity, and disability status.

Neuroimmunological disorders treated with
immunosuppressive and immunomodulatory drugs
Multiple sclerosis

From the early days of the coronavirus pandemic, concerns emerged
about the safety of the numerous people with MS, in particular those

EUROPEAN NEUROLOGICAL REVIEW

on immunomodulatory therapies, worldwide. In the absence of
an evidence base, various neurological and patient organisations
have attempted to produce guidelines that align to the general
COVID-19 guidelines (e.g. Centres for Disease Control and Prevention:
www.cdc.gov/coronavirus/2019-ncov/index.ntml) and balance the
risk of exposure to the virus in patients on immunosuppressive or
immunomodulatory therapy, with the risk of disease exacerbations in the
face of discontinuation of treatment. The first such guidelines come from
Italy, a country significantly affected by COVID-19 and with a substantial
MS population. Many subsequent guidelines in other countries have been
similar.®" In summary, patients on non-lymphodepleting therapies, such as
first-line treatments (glatiramer acetate, interferon-g), dimethyl fumarate,
teriflunomide and fingolimod, are generally advised in these guidelines
to continue with the treatment, however, individual judgment is very
important, as the latter three drugs have substantial immunosuppressive
properties. Natalizumab treatment is also part of this category.

An additional rationale here is the risk of rebound disease activity and
neuroinflammation on discontinuation (seen also with fingolimod).
Most centres have also reduced the frequency of administration
of natalizumab to extended dose interval (every 6-8 weeks), which
has shown similar efficacy and significantly lower risk of progressive
multifocal leukoencephalopathy. In patients on lymphoid-depleting
therapies such as alemtuzumab, cladribine, ocrelizumab and rituximab,
the advice is to delay the maintenance dose interval for those who
have already been initiated, and to postpone the first dose in those who
have not started yet. Some theoretical differences between treatments
in this category have been brought up, and the argument that a more
nuanced approach, such as using drugs that partially spare the antiviral
response has been made.® Rituximab treatment is already guided by
B-cell count reconstitution in some conditions (e.g., B-cell proportion of
1% for neuromyelitis optica, to prevent secondary antibody deficiency),®
and this is likely to be implemented more widely, including in MS and
ocrelizumab treatment.

Reassuringly, a recent Italian series reported only 232 patients with MS
that had suspected or confirmed COVID-19 infection. Of these, 96%
had mild disease, regardless of their treatment, and only 10 had severe
or critical disease. All patients dying of COVID-19 had progressive MS
and only two of these were on disease-modifying treatment (dimethyl
fumarate and rituximab). These data, obtained from a country with
a very large number of COVID-19 cases and fatalities, indicate that
immunosuppressive or immunomodulatory treatment may not pose
enormous risks. However, caution is still absolutely necessary with these
groups of patients.

For patients with MS developing COVID-19 infection while on
disease-modifying treatment, the guidelines recommend discontinuing
treatment, with the possible, optional, exception of interferon-p, which,
due to its antiviral properties, is currently in clinical trials for COVID-19.%

Myasthenia gravis, neuromyelitis optica spectrum disorders
and immune-mediated neuropathies

Similar principles inform the guidelines for the above conditions.s
The balance between the risk of undertreating the neurological
condition and the risk of infection needs to be assessed, in particular
for conditions known to be typically more severe, such as neuromyelitis
optica spectrum disorders. The risk of non-treatment, in particular
in myasthenia gravis, dictates an approach whereby continuation
of immunosuppressive treatment is encouraged. Generally, the risk
is higher if immunosuppressive treatments with mycophenolate,
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azathioprine or rituximab are combined with prednisolone treatment
over 20 mg/day. Intravenous immunoglobulins or plasma exchange
are generally reserved for acute exacerbations of specific conditions
such as myasthenia gravis. Maintenance therapy probably needs to
continue in patients receiving it, but this is not conducive to the rules
of social distancing. Patients with myasthenia gravis are particularly at
risk given that their neuromuscular weakness can further compromise
their respiratory function in the setting of COVID-19. There are anecdotal
reports of patients with myasthenia gravis developing COVID-19 and
recovering well, and other (mainly elderly and with comorbidities)
developing serious or fatal infection, but the full extent of the impact on
patients with these diseases is not yet known.

Other neurological conditions not treated with
immunosuppressive or immunomodulatory agents
Muscle disease and neuromuscular disease

Patients with congenital muscle disease and neuromuscular
diseases, such as amyotrophic lateral sclerosis, are at high risk of
COVID-19 complications due to their reduced respiratory capacity and
impaired cough reflex, and typically need to self-isolate during the
coronavirus pandemic. The period of self-isolation will likely need
to exceed the period of social distancing in the general population.
Patients with cardiac muscle involvement on treatment need to
continue their current cardiac treatment including ACE inhibitors, as
there is no evidence to support a detrimental effect of these drugs on
COVID-19 outcome.®

Stroke

Patients with stroke are considered to be at higher risk of coronavirus
complications. They are often in older age groups and have additional
risk factors for COVID-19 complications, such as hypertension
and diabetes.

Other neurodegenerative diseases and dementia

Patients with neurodegenerative diseases, like Parkinson's disease,
Huntington's disease, Alzheimer's disease and related dementias,
in particular those who live in care homes, represent an especially
vulnerable group. Cognitive impairment, frailty, comorbidity and
barriers to social distancing all contribute to the susceptibility and risk
of complications of COVID-19. There are several reports of outbreaks
affecting multiple residents of the same care home, a phenomenon of
a magnitude that has not yet been fully assessed, given the variability in
the rates of testing people outside hospital settings in some countries.

Conclusions

COVID-19, caused by a novel coronavirus, SARS-CoV-2, has already
changed society in unprecedented ways. As our knowledge improves,
so will our ability to diagnose and deal with neurological problems
associated with this infection. COVID-19 poses huge challenges, but
there are also opportunities. Guidelines are being produced at fast rates,
and are subject to frequent updates as knowledge grows. Registers of
affected patients are being created, and collaborations across disciplines
and centres are forged. The Italian database is a collaboration of
epidemiologists and neurologists. In the UK, existing registers (e.g., the
UK MS Register) now capture COVID-19 information from participants.

Our neurological practice has changed and some of the changes may
persist after the pandemic. Increased data sharing and the widespread
introduction of telemedicine are more general examples.”” For those of
us who deal with MS on a daily basis, more specific examples may be the
adoption of extended dosing interval for many patients on natalizumab,
of flexible interval for ocrelizumab, and, maybe, an increased use of
interferon-p? We also need renewed energy in tackling comorbidities,
actively promoting smoking cessation programmes, and reducing
obesity and insulin resistance in our patients. Q
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