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Editorial on the Research Topic

COVID-19 in CNS and PNS: Basic and Clinical Focus on the Mechanisms of Infection and New
Tools for the Therapeutic Approach

The COVID-19 pandemic has had significant implications not only for health but also for
lifestyles and for organizations both in the healthcare sector and in other spheres. Before
December 2019, other coronaviruses had been described that had presented endemically and
in some cases caused epidemics, but none spread to such an extent globally; the COVID-
19 pandemic is reminiscent of other historic epidemics such as the influenza epidemic of the
last century, whose sequelae, including neurological symptoms, were felt for decades (1). Of
the other coronaviruses (CoV) affecting humans, 2 are classified as aCoV (HCoV-229E and
HKU-NL63) and 4 as BCoV (HCoV-OC43, HCoV-HKU1, SARS-CoV, and MERS-CoV). SARS-
CoV and MERS-CoV caused severe infections both in healthy individuals and in people with
immune deficiencies, and were associated with high mortality rates, whereas the others are
associated with seasonal outbreaks of flu-like symptoms with relatively limited capacity for
transmission. However, all of these viruses have either been associated with neurological symptoms
or been detected in biological samples taken from the central nervous system (CNS) (2, 3).
On 31 December 2019, the World Health Organization reported a novel CoV (SARS-CoV-2)
in patients with pneumonia in the city of Wuhan, in the Chinese province of Hubei, which
spread rapidly through the rest of the world. The novel virus is a BCoV and bears considerable
similarity to SARS-CoV. The main structural differences between SARS-CoV and SARS-CoV-
2 are observed in the fusion protein and in accessory proteins, particularly ORF3b and ORFS3.
As is the case with SARS-CoV, subunit 1 of the novel coronavirus fusion protein also binds
to the ACE2 receptor, hence the name SARS-CoV-2 (4). It has been suggested since early in
the pandemic that the virus may have direct and indirect effects on the CNS (5), with many
researchers and authors beginning to analyze a pandemic with worldwide effects; an enormous
amount of information has been generated, largely due to the scientific community’s desire for
progress. However, much of this information is from case reports, anecdotal series, and many
speculative articles based more on opinion than experimentation (6). Despite the great efforts
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to generate evidence to enable advances in our understanding of
the virus and associated disease, much speculation remains today
with regard to the evidence. Such aspects as its epidemiology,
transmission factors, and the impact of mass vaccination are
conditioned by data from studies that present considerable bias
(7) and are not evidence-based.

Since the beginning of the pandemic, there has been debate
as to whether SARS-CoV-2 is able to enter the CNS and
cause neurological symptoms, trigger or promote pre-existing
neurological disease, or remain latent in the brain, making the
organ a viral reservoir (5). The study of the potential routes by
which the virus enters the CNS (i.e., the hematogenous route or
the neuronal route), facilitating this penetration, also constitute
an interesting area of research (8, 9) analyzing whether the virus
accesses the CNS by infecting endothelial or epithelial cells of
the blood-brain barrier; by dissemination from nearby areas; or
by axonal transport after infecting neurons in the peripheral
nervous system. Another subject of debate is the frequency
of neurological symptoms associated with the acute infection
(10, 11) and their association with the CNS (12), and associated
neurological disorders such as stroke (13, 14) and neuromuscular
involvement (15). Furthermore, there is an interesting debate as
to whether the virus can trigger neurological disease, for example
neurodegenerative disease, in the long term (it has been suggested
that the infection may increase the risk of Parkinson’s disease
or Alzheimer’s disease), and by which mechanisms (16, 17), and
whether it may facilitate age-related transcriptome or molecular
changes (18). Finally, there is controversy regarding the so-called
persistent COVID-19 or post-COVID-19 syndrome, referring to
symptoms persisting for 3 months after the acute infection, with
particular emphasis on cognitive symptoms (19). A recent Delphi
consensus study conducted by the World Health Organization
establishes 3 major criteria for diagnosing post-COVID-19
condition, 2 of which are based on the presence of neurological
symptoms: fatigue and cognitive alterations (20).

The special issue “COVID-19 in CNS and PNS: Basic
and Clinical Focus on the Mechanism of Infection and New
Tools for the Therapeutic Approach” includes valuable articles
addressing these debates, contributing evidence to expand our
understanding of the disease and its impact on the CNS.

CONTRIBUTIONS ON NEUROLOGICAL
SYMPTOMS DURING THE ACUTE PHASE

Several articles have contributed new information on
neurological manifestations of COVID-19. For instance,
Yan et al. analyze neurological symptoms in a retrospective
series of 1,682 patients from Wuhan, with 30.3% presenting
neurological symptoms (12.8% with headache). Tsai et al.
reviewed 79 studies, selecting 63 for inclusion in a meta-
analysis. These researchers report olfactory alterations in 35%
of patients, headache in 10.7%, and stroke in 8.1%. Kushwaha
et al. conducted a cross-sectional study analyzing data from 358
patients with neurological symptoms, 69 of whom had suspected
SARS-CoV-2 infection, and evaluate the impact of the infection
at a center primarily attending neurological patients. Pinzon et al.

reviewed 280 studies, selecting 33 for meta-analysis, and report
neurological alterations such as myalgia in 19.2% of patients,
headache in 10.9%, and stroke in 4.4%; they also review the
frequency and characteristics of neurological symptoms during
the pandemic. Fiani et al. present an extensive review addressing
the impact of neurological manifestations and the underlying
mechanisms. The article by Gori et al. specifically studies the
frequency and pathogenesis of anosmia, taking a very broad
approach, analyzing the possible pathogenic mechanisms and
addressing the current controversies; Mathew also contributes
an interesting article on anosmia. Hwang et al. analyzed the
presence of seizures during SARS-Cov-2 infection in 4 of their
own patients and review the literature on the subject, whereas
Waters et al. describe the incidence of electroencephalographic
seizures. Zito et al. analyzed Guillain-Barré syndrome in patients
with COVID-19 in a case report and meta-analysis of 29
articles. Jungbauer et al. analyze vocal cord palsy associated
with SARS-CoV-2 infection. The study by Varela Rodriguez
et al. addresses neuropsychiatric symptoms in patients with
COVID-19 and history of alcohol abuse. Roman et al. present a
comprehensive clinical review of transverse myelitis associated
with COVID-19 and vaccination against the disease, a highly
informative contribution. Severa et al. discuss treatment with
interferon beta in the context of COVID-19. Together, these
articles offer a panoramic view of the neurological symptoms
associated with COVID-19.

CONTRIBUTIONS ON THE MECHANISM
OF CENTRAL NERVOUS SYSTEM
INVASION

This special issue includes several key articles. Huang et al.
review the association between biological and molecular factors
associated with the viral infection and their potential effects
on the CNS. They propose the murine hepatitis virus as a
model for studying the role of coronaviruses in the CNS;
Sanclemente-Alaman et al. also highlight this model in their
review of experimental models of SARS-CoV-2. Wang et al.
review the action mechanisms of viruses affecting the CNS
in an article on neurological symptoms of COVID-19 and
offering an overview of the clinical manifestation and infection
mechanisms. Reza-Zaldivar et al. analyze specific mechanisms
associated with SARS-CoV-2. Gomes de Assis et al. address the
underlying mechanisms of neurological symptoms associated
with COVID-19 after reviewing 484 articles according to a
pre-established methodology addressing different fields, such
as host factors, immune mechanisms, and virology. This
comprehensive study presents both experimental and clinical
data. Guadarrama-Ortiz et al. conducted an exhaustive review
of neurological manifestations, viral entry routes, and potential
immune and virological mechanisms, discussing a broad range
of potential neurological alterations affecting both the central
and the peripheral nervous systems. This interesting review
presents an overview of the relationship between SARS-CoV-
2 and neurological symptoms. The virus is very difficult to
detect or undetectable in the cerebrospinal fluid of patients
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with SARS-CoV-2 infection, even in those with encephalitis,
according to the transcriptome analysis of cerebrospinal fluid
samples by Placantonakis et al.; Pacheco-Herrero et al. studied
neuropathological aspects of the infection.

CONTRIBUTIONS ON HOST FACTORS
AND THE RISK OF NEUROLOGICAL
DISEASE

Bhaskar et al. comprehensively review the immune response
associated with SARS-CoV-2 infection, placing special emphasis
on the cytokine storm, as well as immunosenescence, and the
role of these mechanisms in complications. Severa et al. analyzed
the possible relationship between the use of interferon beta and
the risk of infection, as well as the drugs role in the clinical
course of the disease, considering its potential therapeutic role
in COVID-109, as occurred in previous coronavirus epidemics.

CONTRIBUTIONS ON NEUROLOGICAL
SEQUELAE AFTER ACUTE SARS-COV-2
INFECTION AND PERSISTENT COVID
SYNDROME

D’Arcy et al. discuss the long-term consequences of the infection.
Fiani et al. analyzed persistent neurological symptoms after the
infection, calling attention to the need for guidelines addressing
sequelae of stroke, intracranial infections, and muscle damage, as
well as nutrition-related issues.
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Objective: Review and integrate the neurologic manifestations of the Coronavirus
Disease 2019 (COVID-19) pandemic, to aid medical practitioners who are combating
the newly derived infectious disease.

Methods: We reviewed the clinical research, consisting of mainly case series, on
reported neurologic manifestations of COVID-19. We also reviewed basic studies to
understand the mechanism of these neurologic symptoms and signs.

Results: We included 79 studies for qualitative synthesis and 63 studies for
meta-analysis. The reported neurologic manifestations were olfactory/taste disorders
(85.6%), myalgia (18.5%), headache (10.7%), acute cerebral vascular disease (8.1%),
dizziness (7.9%), altered mental status (7.8%), seizure (1.5%), encephalitis, neuralgia,
ataxia, Guillain-Barre syndrome, Miller Fisher syndrome, intracerebral hemorrhage,
polyneuritis cranialis, and dystonic posture.

Conclusions: Neurologic manifestations in COVID-19 may alert physicians and medical
practitioners to rule in high-risk patients. The increasing incidence of olfactory/taste
disorders, myalgia, headache, and acute cerebral vascular disease renders a possibility
that COVID-19 could attack the nervous system. The cytokine secretion and bloodstream
circulation (viremia) are among the most possible routes into the nervous system.

Keywords: COVID-19, pandemic, neurologic, headache, taste, olfactory, ACE2, cytokine

INTRODUCTION

COVID-19 first occurred in late 2019 in Wuhan, China (1). As of May 01, 2020, the COVID-19
pandemic had infected 3,291,008 worldwide and caused 232,478 deaths (data from the World
Health Organization). The most common clinical symptoms are cough, sputum production,
fatigue, shortness of breath, and mainly respiratory tract symptoms. However, an increasing
number of cases have presented with neurologic manifestations, such as olfactory and taste
disorders (2), and the phenomenon requires further attention.

COVID-19 is a new RNA virus strain from the family Coronaviridae (including the Middle
East respiratory syndrome CoV [MERS-CoV] and severe acute respiratory syndrome CoV
[SARS-CoV]). Phylogenetic analysis of the complete viral genome revealed that the virus was most
closely related (89.1% nucleotide similarity) to a group of SARS-like coronaviruses (3). As such, it
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was previously termed SARS-CoV-2. In the review article
published in 2018 (4), researchers found that the human
coronavirus can enter the central nervous system through
the olfactory bulb, causing demyelination and inflammation
(cultured glial cells have been described to secrete cytokines
including IL-6, IL-12p40, IL-15, TNF-a, CXCL9, and CXCL10
upon viral infection). The authors of a recent article (5)
investigated the mechanism of COVID-19 nervous system
involvement, and they stated that similar to SARS-CoV, the
COVID-19 virus exploits the angiotensin-converting enzyme 2
(ACE2) receptor to gain entry inside the cells. The brain has
been reported to express ACE2 receptors that have been detected
over glial cells and neurons, which makes them a potential target
of COVID-19. Recently, the research team in Harvard Medical
School identified three main cells co-expressing ACE2 and
TMPRSS2 (Type II transmembrane serine protease): lung type
II pneumocytes, ileal absorptive enterocytes, and nasal goblet
secretory cells (6). And the other research team used single-cell
RNA-Seq datasets to suggest possible mechanisms through which
CoV-2 infection could lead to anosmia or other forms of olfactory
dysfunction (7).

METHODS

We searched the MEDLINE, CENTRAL, and EMBASE databases
for eligible publications from December 2019 to April 30, 2020
written in English, using the following keywords: COVID-
19, SARS-CoV-2, neuro, clinical, characteristics, manifestations.
We also checked the reference lists of relevant studies to
identify any missing publications. We reviewed the clinical
researches, including case series and case reports, for neurologic
manifestations of COVID-19 and organized them into tables. A
confirmed case of COVID-19 (SARS-CoV-2) was defined and
mostly diagnosed using the triple algorithm (epidemiological
history, clinical symptoms, and laboratory or radiological
findings) as a standard procedure proposed by the World Health
Organization. We also reported data from the Taiwan Centers
for Disease Control until May 01, 2020. Then we did the meta-
analysis of all the case series to pool the data together and make
it easier to understand. We used the software of Comprehensive
Meta-Analysis Software (CMA), version 3, and chose the model
of one group event rate, random effect, to draw the Forest Plot
(Supplementary Figures 2-8).

RESULTS

We used Preferred Reporting Items for Systematic reviews
and Meta-Analyzes (PRISMA) guidelines for searching and
listed our flowchart (Supplementary Figure1). Then we
made a list of the neurologic manifestations in the current
COVID-19 pandemic (Table 1). We included 9 case series and
4 case reports of olfactory or taste disorders. We pooled the
case series together and found around 35.6% of patients got
these symptoms (Supplementary Figure 2). We included 43
studies of myalgia, about 18.5% of patients had this symptom
(Supplementary Table 1 and Supplementary Figure 3).

And 45 studies of headache, the percentage was 10.7%
(Supplementary Table2 and Supplementary Figure 4); 2
studies of acute cerebral vascular disease, the percentage was
8.1% (Supplementary Figure 5); 7 studies of dizziness, the
percentage was 7.9% (Supplementary Figure 6); 4 case series
and 2 case reports of altered mental status, the percentage was
7.8% (Supplementary Figure 7); and 2 studies of seizure, the
percentage was 1.5% (Supplementary Figure 8). And still other
case reports of encephalitis, neuralgia, ataxia, Guillain-Barre
syndrome, Miller Fisher syndrome, intracerebral hemorrhage,
polyneuritis cranialis, and dystonic posture.

In addition, we reviewed some basic studies (4, 5, 44, 45) to
determine the mechanism of these neurologic symptoms and
signs. The cartoon figure summarized the possible mechanism
(Figure 1).

DISCUSSION

The COVID-19 pandemic is currently progressing, and
neurologists and medical practitioners worldwide will face
additional challenges from the neurologic complications of the
disease (46). An updated review focusing on the neurologic
features may help clinicians early identify potential patients.

Interestingly, previous coronavirus infections, including
MERS and SARS, did not have a large proportion of patients
with olfactory and taste disorders (47). However, patients with
COVID-19 frequently complain of abnormalities in smell and
taste. In our analysis of data from Taiwan (9), we found
that between January 21 and March 24, 2020, a total of 216
patients were confirmed to have COVID-19 infection, and
5 of them (2.3%) had olfactory or taste disorders. Between
March 25 and May 01, 48 cases in 213 patients (22.5%) had
olfactory or taste disorders. In the beginning, most COVID-19
patients had a contact history related to Wuhan. But after the
government of China locked down many big cities, Taiwan’s
COVID-19 cases mostly originated from travelers from Europe,
the Middle East, or the United States. Besides, according
to 88 cases series (see Supplementary Tables 1, 2) in China
(from December 2019 to April 25, 2020), only one study (2)
conducted by neurologists in Wuhan reported olfactory or
taste disorder.

On the other hand, an Italian researcher reported that 33.9% of
COVID-19 patients in Italy experienced this problem (8). In the
Middle East, researchers in Iran found a surge in the outbreak of
olfactory dysfunction during the COVID-19 epidemic (based on
an online checklist of 10,069 voluntary cases between March 12
and 17, 2020) (48). The different incidence of the olfactory and/or
taste dysfunction by the timing and geographic distribution
might reveal important information that the virus may carry
the potential to alter its affinity to the central nervous system
(49-51). However, the possibilities of a higher detection rate
of olfactory dysfunction in patients diagnosed by certain sub-
specialists, such as neurologists (2) or otolaryngologists, cannot
be completely excluded. For example, the study conducted by
otolaryngologists (17) found olfactory/taste disorders in more
than 80% of the patients.
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TABLE 1 | List of the neurologic manifestations in the current COVID-19 pandemic.

Neurologic manifestation Patient numbers Total Age: Published journal reference
(% in total participants) participants mean [SD] or median [IQR]
With olfactory or/and taste disorders 20 (33.9%) 59 60 [60-74] Clin Infect Dis (8)
53 (12.4%) 429 32 [4-88] Taiwan CDC (9)
128 (75.7) 169 43 [34-54] Int Forum Allergy Rhinol (10)
25 (20%) 126 43.5 [3-87] Trav Med Infect Dis (11)
62 (19.4%) 320 No data Laryngoscope (12)
31(39.2%) 79 61.6 [17.4] Eur J Neurol (13)
130 (64.4%) 202 56 [45-67] JAMA (14)
1 Case report 80 Eur J Case Rep Intern Med (15)
1 Case report 50 Neurology (16)
Olfactory disorder only 3(5.1%) 59 60 [60-74] Clin Infect Dis (8)
11 (6.1%) 214 52.7 [15.5] JAMA Neurol (2)
357 (85.6%) 417 36.9 [11.4] EUR ARCH OTO-RHINO-L (17)
1 Case report 85 Eur J Case Rep Intern Med (15)
Taste disorder only 5 (8.5%) 59 60 [60-74] Clin Infect Dis (8)
12 (5.6%) 214 52.7 [15.5] JAMA Neurol (2)
342 (82%) 417 36.9 [11.4] EUR ARCH OTO-RHINO-L (17)
1 Case report 39 Neurology (16)
Dizziness 1(12.5%) 8 48.1 [13-76] Clin Infect Dis (18)
13 (9.4%) 138 56 [42-68] JAMA (19)
37 (8.1%) 452 58 [47-67] Clin Infect Dis (20)
21 (8%) 274 62 [44-70] BMJ (21)
5 (7%) 69 42 [35-62] Clin Infect Dis (22)
1(4.17%) 24 32.5 [5-95] Sci China Life Sci (23)
2 (2%) 81 49.5 [11] Lancet (24)
Altered mental status 9 (562.9%) 17 86.5 [68.6-97.] J Infect (25)
9 (9%) 99 55.5 [21-88] Lancet (26)
1(5.9%) 17 75 [48-89] J Med Virol (27)
3(0.7%) 452 58 [47-67] Clin Infect Dis (20)
1 Case report No data Radiology (28)
1 Case report 74 J Med Virol (29)
Seizure 1(4.8%) 21 70 [43-92] JAMA (30)
1(0.5%) 214 52.7 [15.5] JAMA Neurol (2)
Acute cerebrovascular disease 3 (23%) 13 63 N Engl J Med (31)
6(2.8) 214 52.7 [15.5] JAMA Neurol (2)
5 No data 40.4 [5.6] N Engl J Med (32)
Neuralgia 5 (2.3%) 214 52.7 [15.5] JAMA Neurol (2)
Ataxia 1(0.5%) 214 52.7 [15.5] JAMA Neurol (2)
Guillain-Barre syndrome 5 (0.4%) 1,000-1,200 No data N Engl J Med (33)
1 Case report 61 Lancet Neurol (34)
1 Case report 65 J Clin Neurosci (35)
1 Case report 71 Neurol Neuroimmunol
Neuroinflamm (36)
Encephalitis 1 Case report 24 Int J Infect Dis (37)
1 Case report 56 Travel Med Infect Dis (38)
1 Case report 74 Cureus (39)
1 Case report No data Brain Behav Immun (40)
1 Case report 4 Brain Behav Immun (4 1)
Intracerebral hemorrhage 1 Case report 79 New Microbes New Infect (42)
Miller Fisher Syndrome 1 Case report 50 Neurology (16)
Polyneuritis cranialis 1 Case report 39 Neurology (16)
Sustained upward gaze, dystonic bilateral 1 Case report 6 week Neurology (43)
leg extension and altered responsiveness
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FIGURE 1 | Neurological Manifestations of COVID-19 and the proposed mechanism. The COVID-19 virus may cause neurologic manifestations by cytokines
secretion, general circulation (viremia), or direct invasion via the numerous ACE2 receptors in the olfactory epithelium. The olfactory disorder may cause by the
olfactory epithelium damage. Fever was believed to be caused by the effect of cytokines or hypothalamus functional pertubation. The seizure may cause by cytokines
storm, severely illed condition, or the brain parenchyma involvement, especially the mesial temporal lobe. Altered mental status may be a consequence of multiple
organ failure, severe infection, or brainstem involvement. Headache is caused by meningeal irritation.
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Fever is generally known as an elevation in body temperature
caused by a cytokine-induced upward displacement of the
set point of the hypothalamic thermoregulatory center. Small
elevations in body temperature appear to enhance immune
function and inhibit pathogen growth (52). In 2005, pathologists
in Beijing performed autopsies of SARS patients and found
signals of the SARS viral genome detected in numerous neurons
in the hypothalamus (53). As a result, it is conceivable that fever
may be caused mainly by the effect of cytokines or possible direct
viral invasion to the hypothalamus.

Concerning seizure in viral infection, generally the
paroxysmal spell may be a consequence of multiple
complications of systemic disease, such as metabolic

disturbances, hypoxia, etc. Considering the viral encephalitis, it
frequently manifests with seizures in its acute phase (54). The
most widely reported virus was HSV-1 (herpes simplex virus),
which involves the highly epileptogenic mesial temporal lobe
structures, including the hippocampus (54). In the two case
reports (37, 39), both had mesial temporal lobe involvement
(one by acute inflammation, one by previous ischemic stroke).
Since the case number is limited, we can only speculate that

seizures may be caused by the generalized poor condition,
cytokine storm (55), or mesial temporal lobe involvement in
severe COVID-19 patients.

Several countries are currently encountering a crisis of
ventilator shortage. The respiratory failure of COVID-19 infected
patients may be partly related to brainstem failure. The COVID-
19 virus passes into the cell via the ACE2 receptor (5). ACE2
is expressed in the brain and is mainly found in the brainstem,
specifically in the nuclei associated with cardio-respiratory
control (56, 57). In the previous research on SARS-CoV-1 and
MERS-COYV, the brainstem was severely infected, which possibly
contributes to the degradation and failure of respiratory centers
(45). Besides, the ascending reticular activating system (ARAS),
which is responsible for human consciousness, also originates
from the brainstem (and then advances into the thalamus
and cortex) (58). This may partly explain the altered mental
status of COVID-19 patients. However, the maintenance of
consciousness is complex. Considering many COVID-19 patients
were severely ill with multi-organ failure, both the cytokine effect
and systemic impact of organ dysfunction can also lead to the
consciousness disturbance.
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Both dizziness and headache are considered to be general non-
specific symptoms. Etiologies attributed to infectious causes are
important secondary causes of headache (59). It is known that
cytokines induced by viral infection increase the permeability of
vessels. This causes cerebral swelling and meningeal irritation.
The meningeal irritation stimulates the trigeminal nerve
terminals and triggers pain sensation (60).

Ischemic stroke also occurs in COVID-19 patients because the
infection may cause D-dimer elevation, thrombocytopenia, and
hypercoagulable state (61-66). Besides, the exaggerated systemic
inflammation or a “cytokine storm” (55), cardioembolism from
virus-related cardiac injury (67) could further increase the risk of
stroke (68).

Most cases of Guillain-Barre syndrome appeared
with a lag time from the primary infection of COVID-
19 (33, 34); the pathogenesis is therefore likely to be
postinfectious immune-mediated.

This review is obviously constrained by the current
information and limited reports. And there was considerable
heterogeneity in the data. In addition, the researches of the
novel pandemic emerge fastly. We could only review the results
up to April 30, 2020 in this regard. The cause of neurologic
manifestation may be a cytokine storm, multiple organ failure,
or direct viral infection. However, the detailed pathophysiology
of causing COVID-19 nervous system involvement remains to
be elucidated. We sincerely hope the review can help the first line
clinicians identify the emerging neurologic manifestations when
combating the viral pandemic.
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Abraham Al Jody' and Patrick Nalla Nunsio’

" Faculty of Medicine, Duta Wacana Christian University, Yogyakarta, Indonesia, ? Bethesda Hospital, Yogyakarta, Indonesia

Importance: Coronavirus disease 2019 (COVID-19) is a newly emerging infectious
disease that has caused a global pandemic. The presenting symptoms are mainly
respiratory symptom, yet studies have reported nervous system involvement in the
disease. A systematic review and meta-analysis of these studies are required to
understanding the neurologic characteristic of the disease and help physicians with early
diagnosis and management.

Objective: To conduct a systematic review and meta-analysis on the neurologic
characteristics in patients with COVID-19.

Evidence Review: Authors conducted a literature search through PubMed from
January 1st, 2020 to April 8th, 2020. Furthermore, the authors added additional
sources by reviewing related references. Studies presenting the neurologic features of
COVID-19 patients in their data were included. Case reports and case series were also
included in this review. The quality of the studies was assessed based on the Oxford
Center for Evidence-Based Medicine guidelines. Selected studies were included in the
meta-analysis of proportion and the heterogeneity test.

Finding: From 280 identified studies, 33 were eligible, with 7,559 participants included.
Most of the included studies were from China (29 [88%]). Muscle injury or myalgia was the
most common (19.2%, 95%Cl 15.4-23.2%) neurologic symptom of COVID-19, followed
by headache (10.9%, 95%CI 8.62-13.51%); dizziness (8.7%, 95%CI 5.02-13.43%);
nausea with or without vomiting (4.6%, 95%CI 3.17-6.27%); concurrent cerebrovascular
disease (4.4%, 95%CI 1.92-7.91%); and impaired consciousness (3.8%, 95%CI
0.16-12.04%). Underlying cerebrovascular disease was found in 8.5% (95%CI
4.5-13.5%) of the studies.

Conclusion: Neurologic findings vary from non-specific to specific symptoms in
COVID-19 patients. Some severe symptoms or diseases can present in the later stage
of the disease. Physicians should be aware of the presence of neurologic signs and
symptoms as a chief complaint of COVID-19, in order to improve management and
prevent a worsening outcome of the patients.

Keywords: COVID-19, symptoms, characteristics, neurologic, review, meta-analysis
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INTRODUCTION

In December 2019, three patients with pneumonia were observed
and linked to the outbreak of respiratory infection cases detected
from Wuhan, China. Later on, the cause of pneumonia was
found to be a viral infection known as novel coronavirus disease
(COVID-19). In March 2020, the World Health Organization
(WHO) declared COVID-19 as an emerging infectious disease
caused by the virus SARS-CoV-2 (severe acute respiratory
syndrome coronavirus 2) and declared a global pandemic. As of
April 7, 2020, globally reported cases are 1.279.722 confirmed
cases with more than 70.000 deaths (1, 2).

The disease’s main presentations are usually similar to
symptoms of upper respiratory tract infection such as fever, dry
cough, and myalgia or malaise. In severe cases, manifestations
of pneumonia such as shortness of breath (dyspnea), abnormal
lung imaging findings, and acute respiratory distress syndrome
(ARDS) can be found (3). Multiple studies have also reported
the nervous system involvement in the disease. A retrospective
study in China found that over 36.4% of hospitalized patients had
neurologic symptoms and that these commonly present in severe
patients (4, 5).

Studies also suggested that physicians should be aware of
the other system involvement, including neurological events, to
reduce mortality and morbidity rate in affected individuals. This
review aims to provide a systematic report of the neurologic
characteristics in patients with COVID-19 based on the latest
reported studies.

METHODS

Literature Searching

We performed a systematic literature review, followed by
meta-analysis, of the available studies from one scientific
database (PubMed), published from January 1st, 2020, to April
8th, 2020, using Preferred Reporting Items for Systematic
Reviews and Meta-analyses (PRISMA) reporting guideline. The
following inclusion criteria were: (1) original studies (e.g.,
randomized controlled trial studies, cohort studies, case-control
studies, cross-sectional studies, case reports, and case-series) on
patients with COVID-19; (2) Studies with a focus on clinical
manifestations or symptoms in patients with COVID-19; and (3)
The literature was restricted to English language articles only.
We excluded the following studies: non-original articles, such
as review articles including meta-analyses, letters, comments, or
consensus documents (6).

We included clinical characteristics studies as long as they
contained neurologic data of COVID-19. As the disease is an
urgent topic and a newly emerging disease, we also included case
reports or case series in the review.

Two co-authors (V.O.W and A.A) independently screened the
titles in each study from the search results for eligibility. Each of
the abstracts were examined when eligibility was not clear from
the title. The search was performed by using terms “COVID-
197 AND “characteristics,” as well as their derivations from the
selected articles. We minimized our search keywords to expand
our findings and to obtain more studies. We prioritized our

aim to collect the neurological characteristics data of the disease.
Finally, additional articles were added based on the bibliography
of the articles retrieved through the outlined search strategy and
were manually screened to refine this review.

Data Extraction

Two independent reviewers (P.N.N and R.B.B) then assessed
the text articles that passed the first screening process to ensure
their eligibility and compliance with inclusion and exclusion
criteria. Then, the reviewers identified every article bibliography,
within each document that discussed the clinical characteristics
in COVID-19, and specifically searched for the neurologic
characteristics in the text, to be added into the additional records.
When the reviewers could not reach consensus, the main author
would assess the review relevance for a final decision.

The following data were recorded and tabulated from all
reviewed articles: author names, study design, country location,
study group, age, neurologic symptoms, key findings, and
study limitations.

Study Quality Assessment

We assessed the quality of each study using The Oxford Center
for Evidence-Based Medicine Quality ratings. The ratings ranged
from 1 to 5, with 1 representing properly powered and adequate
randomized controlled trial (RCT) and 5 representing opinions
and case reports (7).

Analysis

We conducted the meta-analysis with prevalence estimates, that
had been transformed using the Freeman-Tukey transformation
(arcsine method), to calculate the weight proportion under the
random-effects model. A pooled prevalence figure was calculated
with 95% CI. The pooled prevalence of neurologic manifestations
was estimated from the reported prevalence of eligible studies.
Forest plots were generated, displaying prevalence for each study.
The overall random-effects pooled estimate with its CI was
reported. We limited the articles included in the meta-analysis
to those manifestations that were present in more than one study
and excluded the case reports (8).

The meta-analysis was performed using a random-effects
model to account for heterogeneity. Heterogeneity between
estimates was assessed using the I? statistic, which describes the
percentage of variation not because of sampling error across
studies. An I? value above 75% indicates high heterogeneity.
Statistical significance was declared at I > 50% and p <0.05. The
analysis was done using MedCalc V.19.2.0 software (8).

RESULTS
Methodological Quality of Included Studies

Most of the studies included were observational studies. Of the
33 included studies, 19 (58%) were cohort studies, 10 (30%) were
retrospective case series or cross sectional studies, and four (12%)
were case reports. Individual study quality ratings are presented
in Supplementary Table 1.
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Study Results and Patient Characteristics
Initially, we identified 280 studies acquired from the database
and additional records, of which 169 were excluded because of
duplication and a review of the titles and abstract. Additional
articles were identified in the reference lists of included studies.
We screened the full text of 111 studies for relevance and
excluded 78. Finally, 33 papers were selected for final review.
Figure 1 shows the PRISMA flow diagram for studies included
in the review. A total of 7,559 patients were included. The total
number of patients in each study ranged from 5 to 1,590, except
for the case reports. The mean age of eight studies ranged from
34.9 to 55.5 years, median age of 20 studies ranged from 32.5 to
73.5 years, and 4 case reports studies ranged from 24 to 74 years.
Most of the included studies were from China, with 29 studies
(7,528 cases), followed by the United States (US) with 2 (2 cases),
Japan with 1 (1 case), and South Korea with 1 (28 cases).
Thirty-one studies (3, 4, 9-37) used reverse transcription-
polymerase chain reaction (RT-PCR) as a laboratory-confirmed
diagnosis for COVID-19, and one study (38) used RT-PCR and
clinical-confirmed diagnosis. Of the remaining study, one study
(5) did not mention the diagnosis method. Twenty-five studies
(3-5,9, 11-25, 27-31, 38) reported the specimens for laboratory

testing were obtained from a throat swab. Others were from
sputum, with four (15-17, 37) from a nasopharyngeal swab
and two (4, 37) from a cerebrospinal fluid (CSF) sample (26).
Six studies (10, 32-36) did not report the specimen used. Five
studies (4, 14-16, 37) used more than one type of specimen
collected. Supplementary Table 1 summarizes the characteristics
of included studies.

Neurologic Manifestations in COVID-19

Studies have identified the presence of neurological symptoms
in COVID-19 patients. These manifestations were then grouped
into several categories based on their symptoms, including
nonspecific symptoms, specific symptoms, consciousness
disturbance, and skeletal muscle problems. One study (5)
particularly examined the neurologic manifestations in COVID-
19, with the prevalence of nervous system disease at 36.4% from
214 patients. As for onset, most neurologic symptoms occurred
in the early stages of disease (median time, 1-2 days), apart from
stroke and impaired consciousness (median time, 8-9 days).
The prevalence of neurologic manifestations as reported in these
studies are shown in Supplementary Table 1. The overall results

Records excluded (n=160)

Full-text articles excluded (n=78)

41 articles not in English

22 articles are not original

2 articles are not full articles

8 articles are letter to editor

3 articles are guidelines

1 article is an opinion

1 article is a rapid
communication

§ Records identified through Additional records identified
ﬁ database research (n=247) through other sources (n=33)
b=
c
7]
©
\4 A
Records after duplicates
removed (n=271)
oo
=
=
o
L
‘x y
Records screened (n=111) >
A\ 4
Z .
:.3 Full-text articles assessed for
) eligibility (n=33)
w
y
Studies included in qualitative
synthesis (n=33)
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°
=
(=]
= \4
Studies included in the final
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FIGURE 1 | Search algorithm for reviewed articles.
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TABLE 1 | Results of meta-analysis of prevalence based on each neurological manifestation.

Variables Number of studies Prevalence (%) 95% Cl (a) Pooled sample size 2 (b) p-value
Headache 21 10.9 8.62-13.51 6,486 87.8% <0.0001
Dizziness 8.77 5.02-13.43 1,088 81.7% <0.0001
Nausea with/without Vomiting 13 4.6 3.17-6.27 5,410 82.8% <0.0001
Cerebrovascular disease 2 4.4 1.92-7.91 435 58.8% 0.1195
Consciousness Disturbance 2 3.8 0.16-12.04 3,848 94.8% <0.0001
Muscle Problem 25 19.2 156.4-28.2 6,498 92.6% <0.0001
Cerebrovascular disease comorbidity 13 8.5 4.5-13.5 4148 95.5% <0.0001
95% Cl: 95% Confidence Interval.
I Index for the degree of heterogeneity.
of the meta-analysis of neurologic characteristics proportions are
shown in Table 1. Huang t o -
Mao et al — —'—

- : : : Dt |
Non-specific Neurologic Manifestations b C
The primary manifestations of COVID-19 are typically el i _.__._
respiratory symptoms. However, physicians have found el i ——
neurological symptoms at the time of diagnosis as an initial Yeng okl u #_
symptom(s). Non-specific symptoms may lead to difficulty of Guan etal - ﬁ
diagnosis when it is the only symptom presented, therefore %raannglea'lal N
a differential diagnosis should always be considered to avoid Nog ot r
delayed or misdiagnosis. il I C 1

Headache was one of the most common neurologic symptoms e ¥ —I.—
in COVID-19 after myalgia, which will be discussed in a later Esirom- i [ ...
section. Twenty-one studies (3-5, 9, 10, 12-16, 19-21, 23, 27, 28, . ‘ . 1 ‘ | ‘ | . .
30, 33, 35, 37, 38) reported the prevalence of headache ranging 0.0 0.2 0.4 06 08 10
from 3.5 to 34% among COVID-19 patients in their baseline e
characteristics. The overall pO_Oled Prevalence of headaCh_e was FIGURE 2 | Proportion estimates of headache in COVID-19 patients.

10.9% (95% Cls: 8.62-13.51) with a high level of heterogeneity (I

= 87.8%) from 21 studies with a total number of 6,486 total cases

(Table 1). A forest plot of prevalence (%) of headache is included

in Figure 2. These findings may be indicative that headache can

be found in the early stages of the disease. A retrospective study - I —
(37) described that headache was more common among patients o

with aggravation of illness during follow up (19 vs. 14.6%).

Dizziness was reported in 6 studies (5, 11, 13, 16, 19, 27). Chen etal = —a—
The overall pooled prevalence of dizziness was 8.77% (95% Cls: e 1
5.02-13.43) with a high level of heterogeneity (I, = 81.7%)
from six studies, with a total number of 1088 total cases Chen etal - —

(Table 1). Forest plot of prevalence (%) of dizziness is included in

Figure 3. In one study, dizziness (16.8%) was the most common Viangeest -

central nervous system manifestation of COVID-19 followed by

headache (13.1%). Dizziness and headache were often observed Total (random effects) [~ R
in earlier disease as typical symptoms of COVID-19 (5).

Nausea with or without vomiting was reported in 13 studies L . ! . L . L
(4, 12, 13, 16, 17, 19-21, 27, 30, 34, 37, 38) with the prevalence = Y i i
ranging from 1.25 to 8.7%, although vomiting without nausea
was reported in one study among non-critically ill patients. The FIGURE 3 | Proportion estimates of dizziness in COVID-19 patients.

overall pooled prevalence of nausea with or without vomiting was
4.6% (95% Cls: 3.17-6.27), with a high level of heterogeneity (I*
= 82.8%) from 13 studies with a total number of 5410 total cases
(Table 1). The prevalence forest plot (%) of nausea is included
in Figure 4.

Most of the studies were conducted during the outbreak
period of COVID-19. Therefore, advanced imaging and
diagnostic procedures such as magnetic resonance imaging
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(MRI) and electroencephalography (EEG) were avoided or
limited unless the symptoms were specific for a disease (e.g.,
hemiparesis or seizure). Hence, it is difficult to distinguish
the origin of these neurologic symptoms, whether it is caused
directly by the virus or indirectly from other organ injury, such
as gastrointestinal manifestation (5).

Specific Neurologic Manifestations

More specific manifestations related to COVID-19 were
also observed, such as impairment of smell or taste
(hypogeusia) or vision, limb weakness, acute cerebrovascular
disease, and seizure. Some specific symptoms were only
reported in one study (5) that included impairment of taste
(5.6%), smell (5.1%), and vision (1.4%), ataxia (0.5%), and
neuralgia (2.3%).

Seizure was less common in COVID-19 and only reported
in two case reports (5, 26). However, the diagnosis for
seizure was based on clinical founding, without further
diagnostic tests. Only one study reported seizure characteristics
with a sudden onset of limb twitching, foaming at mouth,
and altered consciousness, which lasted for 3 minutes (5).
Convulsion in COVID-19 is also associated with an incidence of
encephalopathy (26).

In a case report (31) of a 61-year-old female, the patient
presented with acute weakness in both legs and severe fatigue
progressing within 1 day. Neurological examination showed
symmetrical weakness grade 4/5 and areflexia in both legs
and feet. The nerve conduction studies showed delayed distal
latencies and absent F waves in early course, supporting
demyelinating neuropathy, and the patient was diagnosed with
Guillain-Barre syndrome (GBS). Interestingly, the onset of
weakness precedes the typical COVID-19 symptoms (fever and
respiratory symptoms). This report might be an indication that
neurologic symptoms could occur in an early stage of the disease.

The incidence of acute cerebrovascular disease (CVD) was
reported in two studies (5, 18). The overall pooled prevalence
of acute cerebrovascular disease was 4.4% (95% ClIs: 1.92-7.91)
with a moderate level of heterogeneity (I*> = 58.8%) from two
studies with a total number of 435 total cases (Table 1). A forest
plot of prevalence (%) of cerebrovascular disease is included in
Figure 5. In a retrospective study (18) among 221 patients with
COVID-19, 5.9% of patients had a new onset of CVD during
hospitalization stay. Median duration from the first symptoms
of infection to a sudden onset of hemiplegia was 9 to 10 days
(5, 18). The most common type was ischemic stroke (84.6%),
followed by cerebral venous thrombosis (7.7%) and hemorrhage
stroke (7.7%). The onset of CVD was more likely to present with
those of an older age, severe disease, and history of underlying
diseases such as hypertension and diabetes mellitus. This study
also showed various inflammatory biomarkers including elevated
levels of white blood cells, C-reactive protein, and D-dimers in
COVID-19 patients with stroke. In a study by Mao et al. (5), six
patients (2.8%) were reported to have CVD and severe patients
were more likely to present with CVD than non-severe cases.
However, association between COVID-19 and the incidence of
cerebrovascular events is lacking and unclear.

Guan et al = .-
Qian et al |- —
Wuetal H—
Chen et al R
Wang et al - —.—
Liuetal -
Chen et al - +
Guan et al — .-
Zhang et al — -.—
Wang et al - —.—
Yang et al >—--.—
Zhao et al -
Wang et al - .-
Total (random effects) |— <
1 " 1 " 1 " 1 n 1
0.0 0.1 0.2 03 04
Proportion

FIGURE 4 | Proportion estimates of nausea with/without vomiting in
COVID-19 patients.

Mao et al - -

Lietal =

Total (random effects) |—

1 L 1 L 1 " 1 L 1 L 1
0.00 0.02 0.04 0.06 0.08 0.10
Proportion

FIGURE 5 | Proportion estimates of cerebrovascular disease in COVID-19
patients.

Consciousness Disturbances
Impaired consciousness was detected in five studies (5, 20, 25, 26,
32). The overall pooled prevalence of consciousness disturbance
was 3.8% (95% Cls: 0.16-12.04) with a high level of heterogeneity
(I* = 94.8%) from two studies, with a total number of 2848 total
cases (Table 1). A forest plot of prevalence (%) of consciousness
disturbance is included in Figure 6. Three studies were excluded
from analysis because those studies were case reports. One
study (20) stated that patients with comorbidity on admission
were more likely to present with unconsciousness (2.5 vs. 1%).
Findings from this limited study have been confirmed in other
reports, showing that underlying diseases were associated with
the incidence of consciousness disturbance.

A study reported the onset of impaired consciousness
(median time, 8 days) to hospital admission was longer
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Mao et al -

Guan et al

Total (random effects) |~ ’

i} Y 1 n 1
0.0 0.1 0.2
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FIGURE 6 | Proportion estimates of consciousness disturbance in COVID-19
patients.

compared to other neurologic symptoms (5). In contrast,
three case reports (25, 26, 32) described that consciousness
disturbance occurs as a presenting symptom of COVID-
19. These case reports described altered consciousness on
admission was linked to the presence of SARS-CoV-2 infection
in the central nervous system, associated with encephalopathy
and meningitis/encephalitis. These findings could be helpful
to distinguish whether consciousness disturbance has a pure
neurologic origin or is caused by an indirect process from
organ failure based on the symptom onset, yet the association
between consciousness disturbance with SARS-CoV-2 infection
remains uncertain.

A case report (32) from the United States reported a 74-
year-old man presented to the emergency department with an
altered mental status, with prior symptoms of fever, headache,
and cough. Electroencephalography shows diffuse slowing and
focal slowing sharply contoured waves in the left temporal region,
which indicates encephalopathy, and the patient was tested
positive for COVID-19. The patient was transferred to ICU with
poor outcomes.

An interesting case report (26) from Japan found impaired
consciousness followed by convulsion was associated with
meningitis/encephalitis, with duration from first symptoms (e.g.,
headache, fever) to unconsciousness at 9 days. Interestingly, the
presence of SARS-CoV-2 infection in this case was detected only
through CSF specimen and negative from throat swab. Loss
of consciousness associated with seizure was also reported in
another retrospective study (5, 26).

Altered mental status was also related to a rare complication
of viral infection. This report by Poyiadji et al. (25) described a
50-year-old female who was brought in with 3 days history of
fever, cough, and altered mental status. The laboratory-confirmed
positive for COVID-19. CSF findings were normal. Non-contrast
head CT found hypoattenuation within the bilateral medial
thalamic, whereas an MRI showed rim enhancing lesions with
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Guan et al
Mao et al
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Ding et al
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Wu et al
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FIGURE 7 | Proportion estimates of muscle problem in COVID-19 patients.

hemorrhage within the bilateral thalami, medial temporal lobes,
and sub-insular regions. This is the first reported case of COVID-
19-associated acute necrotizing encephalopathy (ANE).

Skeletal Muscle Problems and Indicator of
Muscle Injury in COVID-19

SARS-CoV-2 infection appears to affect the muscles and cause
skeletal muscle problems. Muscle injury and myalgia as a
manifestation of COVID-19 were reported in 25 from the total
of 33 studies and commonly appears alongside several other
symptoms with the prevalent, ranging from 2 to 52% (3-5, 9,
10, 12-17, 19-22, 24, 27, 29, 30, 33-38). The overall pooled
prevalence of skeletal muscle problems was 19.2% (95% Cls:
15.4-23.2) with a high level of heterogeneity (I =92.6%) from 25
studies with a total number of 6,498 total cases (Table 1). A forest
plot of prevalence (%) of skeletal muscle problems of studies is
included in Figure 7.

Some COVID-19 patients showed malaise, muscle soreness,
and elevated muscle enzyme levels, which may be related to
the inflammation and muscle injury caused by the virus. The
higher levels of creatine kinase (CK) levels in blood have been
generally considered to be an indicator of muscle damage and
inflammatory response (39). From the total, 25 studies that
reported muscle injury as a manifestation of COVID-19. Of these,
16 studies had patients with COVID-19 who also had higher
levels of CK serum. However, some of these studies used different
standards in determining elevated levels of CK serum. Several
studies were using range >185 units per liter (U/L) for elevated
CK levels (3, 13, 14, 17, 22), four studies set the value at >200
U/L (4, 9, 24, 30), and one study set the value at >310U/L (12).
Of these, six studies (5, 16, 19, 21, 27, 29) mentioned an elevation
in CK levels but did not report the normal value to assess elevated
CK levels. Seven studies (3-5, 9, 16, 19, 27) comparing CK levels
between severe and non-severe cases found that CK levels tend
to be higher in severe cases, including ICU patients, or among
deceased patients.
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Of the included studies, the authors did not perform
electromyography (EMG) or other diagnostic tests to
indicate myopathic changes. Therefore, it remains difficult
to differentiate between inflammation-related muscle injury and
other neuromuscular disorders or myopathy.

Neurological Features in Severe COVID-19
It has been investigated whether, for those in the severe stage
of the disease, clinical deterioration may be associated with
neurologic events. A total of six6 studies (4, 5, 9, 23, 28) reported
neurologic symptoms were more common in severe cases. Mao
et al. (5) reported that patients with more severe disease were
more likely to present with nervous system symptoms (45.5 vs.
30.2%, p < 0.05); including impaired consciousness (14.8 vs.
2.4%), acute cerebrovascular events (5.7 vs. 0.8%), and muscle
injury (19.3 vs. 4.8%). One population-based survey (4) of
laboratory-confirmed COVID-19 patients reported nationwide
clinical characteristics of COVID-19 in 1,099 patients. In severe
cases, patients were more likely to present with headache (15
vs. 13.4%), nausea or vomiting (6.9 vs. 4.6%), myalgia or
arthralgia (17.3 vs. 14.5%), and CVD comorbidity (2.3 vs. 1.2%).
Following SARS-CoV-2 infection, patients with neurological
involvement were more likely to require intensive care unit (ICU)
interventions (5, 16).

A study categorized neurologic findings based on their system,
including central and peripheral nervous systems. In the severe
group, the central nervous system symptoms (e.g., dizziness,
headache, cerebrovascular events) were more common compared
to peripheral nervous system manifestations (30.7 vs. 8%).

Patients with severe disease were also more likely to
experience myalgia compared to the non-severe group (17.3% vs.
14.5%) (4). Similarly, six studies (3, 5, 9, 27, 29, 37) also reported
that muscle problem was more common among severe cases or
non-survivors. In a retrospective study (20), COVID-19 patients
with comorbidity were more likely to have muscle pain. In terms
of comorbidity, cerebrovascular disease (CVD) was commonly
reported as a neurologic comorbidity in COVID-19 patients.
We found 13 studies (4, 11-14, 16, 19, 20, 27, 29, 30, 34, 38)
that reported the presence of CVD as an underlying disease in
COVID-19 patients. The rate of CVD comorbidity ranged from
1.4 to 40 %. The overall pooled prevalence of CVD comorbidity
was 8.5% (95% Cls: 4.5-13.5) with a high level of heterogeneity
(I> = 95.5%) from 13 studies with a total number of 4,148 cases
(Table 1). A forest plot of prevalence (%) of CVD comorbidity of
studies is included in Figure 8.

CVD comorbidity was also a predictive factor of poor
outcomes. In a retrospective study (27) on 339 hospitalized
COVID-19 patients, the patients’ prognostic factors were
evaluated based on a 4-week follow-up; 21 (6.2%) patients had
CVD comorbidity and this was more prevalent in patients
who died (10/65 or 15.6%). Similarly, two studies (19, 29)
reported that patients with CVD comorbidity on admission had
a higher mortality rate (4 vs. 0%) and was more prevalent among
non-survivors (17.6vs. 3.5%), respectively. A complication of
hypoxic encephalopathy occurrence following COVID-19 was
also observed in 20% of patients and was likely to occur in
patients who died (20% vs. 1%) than patients who survived (19).
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FIGURE 8 | Proportion estimates of cerebrovascular disease comorbidity in
COVID-19 patients.

DISCUSSION

As a newly emerging disease, COVID-19 has become a pandemic
disease since its outbreak in December 2019. The infection
caused by SARS-CoV-2 mainly targets the respiratory tract.
However, studies also reported the involvement of the nervous
system as presenting symptoms, especially in different stages of
disease (40). During the early phase of the disease, symptoms
were commonly mild or asymptomatic. Therefore, the diagnosis
of the disease was often difficult at the time of presentation
(4). Patients may be referred to the neurologic clinic without
respiratory symptoms, with infection that may be hard to detect
or that could be misdiagnosed.

Pathophysiology of Neurologic

Manifestations in COVID-19

SARS-CoV-2 used the angiotensin-converting enzyme 2 (ACE2)
receptor to enter the host cells, the same as SARS-CoV infection
in 2003. The pathologic mechanism COVID-19 has on the
nervous system can happen through several pathways, including
the hematogenous pathway, retrograde neural pathway, hypoxia,
immune injury, and ACE-2 enzyme (41). The virus entering
blood circulation can cause the immune system to produce
cytokine as a physiological response; the increasing cytokine
production may cause an increase in blood-brain barrier
permeability, thereby facilitating the virus to enter the CNS (41).
This may explain why patients with more severe COVID-19
might have cytokine storm syndrome.

A case report of a rare complication of viral infections has been
related to intracranial cytokine storms, which result in blood-
brain barrier disruption without direct viral invasion. This theory
has been linked to the first reported case of COVID-19-associated
acute necrotizing encephalopathy (ANE) (42).

A recent study on COVID-19 patients with a neurologic
manifestation found that some patients had smell impairment
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(5). This finding presents the fact that COVID-19 can invade
the central nervous system through the olfactory nerve and
gain access to the central nervous system (41). Hypoxia injury
happens when a virus begins to proliferate in the lung cells,
causing alveolar gas exchange disorder and thus leading to
hypoxia of the CNS and increasing the rate of anaerobic
metabolism, which leads to the accumulation of acid and can
cause cerebral vasodilation, interstitial edema, swelling of brain
cells, or obstruction of cerebral blood flow that leads to headache
as a result of congestion and ischemia (5)

The past study suggested the neurotropic potential of
COVID-19 (43). The neurotropic virus had the ability to incite
the activation of glial cells and invoke a proinflammatory
state. Furthermore, an elevated level of proinflammatory
cytokine in serum may cause chronic inflammation and
lead to damage in skeletal muscle and brain (5, 40). ACE-2
is a protecting factor that plays a major role in anti-
atherosclerosis and blood pressure regulation. COVID-19’s
capability to bind ACE-2 receptors may result in elevated
blood pressure and increase the feasibility of cerebral
hemorrhage (40).

Laboratory Abnormality and Neurologic
Manifestations in COVID-19

Severe SARS-CoV-2 infection has been associated with increased
immune-inflammatory response, including higher white blood
cell counts, neutrophil counts, lower lymphocyte counts, and
increased C-reactive protein levels compared with non-severe
infection. Some laboratory findings were also associated with the
neurologic manifestations of the disease. Patients with central
nervous symptoms involvement had lower lymphocyte levels,
platelet counts, and higher blood urea nitrogen levels compared
with those without CNS symptoms. However, there were no
significant differences in laboratory findings of patients with PNS
manifestations and those without PNS (5). This finding may
be a link to the immunosuppression among patients with CNS
symptoms, especially in severe patients.

Skeletal muscle injury was described as skeletal muscle
pain or myalgia with an elevated level of serum creatine
kinase (CK) more than 200 U/L as a manifestation of
an increased inflammatory response (5). The cellular
disturbances caused by the infection or direct muscle
injury by the virus can induce creatinine kinase to leak
from intra cells into the blood. Assessment of serum CK
levels are a valuable indicator of the occurrence of muscle
and tissue damage due to disease or trauma. This finding
may be associated with the ACE-2 receptor in skeletal
muscle (5, 40).

Additionally, the coagulation system was also affected by
the SARS-CoV-2 infection, causing the elevated level of D-
dimer more than >0.5 mg/L and platelet abnormalities, which
increases the risk of cerebrovascular events among patients.
Elderly populations are at high risk of account for the majority
of strokes, especially in more severe patients. Moreover, some
studies reported the increased level of D-dimer was more

prevalent in more severe COVID-19, which could be the source
of embolic cerebrovascular diseases (4, 18, 40).

Neurologic Symptoms Characteristics in

COVID-19
One population-based survey of laboratory-confirmed COVID-

19 patients reported nationwide clinical characteristics of the
disease in 1,099 patients. The study found some of the common
symptoms in COVID-19 patients, including fever, cough, nausea,
fatigue, myalgia, and headache (4). Patients with fever or
headache may present to the neurology clinic after initially being
ruled out of COVID-19 by routine examination. However, several
days later, patients presented typical COVID-19 symptoms
such as cough, throat pain, lower lymphocyte count, and
pneumonia appearance on lung imaging. These findings showed
that COVID-19 often presents with non-specific symptoms and
leads to delayed and inappropriate management (40).

Mao et al. (5) reported that neurologic symptoms in
COVID-19 can range from specific symptoms (e.g., hypogeusia,
hyposmia, or stroke) to more nonspecific symptoms (e.g.,
headache, impaired consciousness, dizziness, or myalgia).
Nonspecific symptoms were more commonly present in mild or
early stages of the disease. However, future studies are required
to identify which manifestations are truly neurologic in origin
or just a response of systemic inflammation of the disease in
patients (44).

As known from previous studies, COVID-19 puts the elderly
population and patients with pre-existing comorbidity and prior
neurological conditions (e.g., history of cerebrovascular disease)
at a higher risk of developing more severe symptoms, such as
encephalopathy, altered mental status, and new onset of stroke
on admission. A recent study reported four COVID-19 patients
with acute stroke as a presenting symptom. The patients admitted
to the hospital with a positive PCR test and imaging confirmed
acute stroke. The patients presented neurological symptoms such
as altered mental status, facial drop, slurred speech, hemiparesis,
hemiplegic, and aphasia. The pathophysiology behind this may
be related to the infection or hypoxia that leads to brain ischemia
(45). Severe COVID-19 patients were also more likely to develop
more specific neurologic manifestations. Moreover, underlying
cerebrovascular disease is related to poor prognosis (5, 18).

COVID-19 may also invade and disrupt the intracranial
component. Researchers have detected the incidence of
encephalopathy and meningitis in COVID-19 with symptoms
of impaired consciousness and seizures (22, 25, 26). This may
happen because of COVID-19 binding to ACE-2 receptors in
the brain and causing damage in the brain tissue, thus leading
to impaired consciousness and seizures (26). COVID-19 also
induces the intracranial cytokine storms, which result in the
breakdown of the blood-brain barrier and leads to damage in
brain tissue (25). Importantly, the virus can be found in the
cerebrospinal fluid through nucleic acid examination using
PCR. Some studies even reported the central nervous system
manifestations preceded respiratory symptoms (25). Therefore,
physicians should stay aware and look at the potential signs of
intracranial or other organ involvement.
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Neurologic Symptoms Characteristics in

SARS-CoV and MERS-CoV

Similar to SARS-CoV-2 that caused COVID-19, Severe Acute
Respiratory Syndrome Coronavirus (SARS-CoV) patients also
present several neurological symptoms. According to previous
studies, myalgia (45-61%), headache (20-56%), dizziness
(4.2-43%), nausea, and vomiting (20-35%) are among the
neurological symptoms found in SARS-CoV patients, which are
similar to neurological symptoms frequently found in COVID-
19 patients (46). Several studies also reported neurological
manifestations such as stroke, myopathy, polyneuropathy, and
rhabdomyolysis in SARS-CoV patients (47-49). Middle East
Respiratory Syndrome Corona Virus (MERS-CoV) patients
present several neurological symptoms similar to SARS-CoV
and COVID-19, such as myalgia, headache, nausea, and
vomiting (50). The neurological complication of MERS-CoV
reported in previous studies consists of stroke, Bickerstaft’s
encephalitis (BBE), Guillain-Barré syndrome (GBS), and
polyneuropathy (51-53).

Limitations

Our study has several limitations. First, the search keyword
used in this systematic review was limited to the terms of
“characteristics;,” so there is a possibility that relevant studies
were missed by the search. Second, our study was also limited
to the English language. Third, there were variations among
laboratory value findings in the studies included. Some studies
used a different standard of laboratory normal value range, which
may lead to misinterpretation. Fourth, several studies included
in this research are lacking in severity degree of neurological
symptoms. Another important limitation was the variation in
the methodologic quality of the included studies. Most of the
included studies were observational studies and the data used
was obtained from medical records. Therefore, comparability
among literature was also limited. Furthermore, the majority of
the studies retrieved were from China, which led to a lack of
data from other countries. Therefore, further studies are needed
to provide a different perspective from neurologic findings of
patients with COVID-19 from other countries.
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INTRODUCTION

While waiting for a vaccine, therapeutic alternatives to slow or stop the ongoing COVID-19
pandemic caused by the newly emerged severe acute respiratory syndrome coronavirus
2 (SARS-CoV2) are urgently needed. Given their wide and unspecific antiviral and
immunoregulatory properties, Interferon (IFN)-a and p are among the many drugs under
evaluation all over the world for their repurposing potential in this context (1). They are presently
tested in clinical trials at different dosages and routes of administration in combination with other
compounds such as Remdesivir, Lopinavir, and Ritonavir; chloroquine and hydroxychloroquine
(2, 3) were also tested before trials halted due to safety concerns (4, 5). Many in vitro and in vivo
studies in the CoV field indicate that IFN-B1la and IFN-B1b are more potent than an IFN-a subtype
in the inhibition of SARS-CoV and MERS-CoV replication (2). Very recently, type I IFN’s ability
to suppress SARS-COV2 infection in Vero cells was also reported (6).

IFNs have been classified into three types based on their receptor usage: in humans, type I
IFN contains 13 IFN-a, -B, -, -¢, and -k; type II IFN includes a single IFN-y; and type III IFN
consists of IFN-\1, -A2, and -%3. The effects of IFN are mediated through the induction of around
2,000 IFN-stimulated gene (ISG) products, the expression of which is mainly regulated by the
JAK/STAT pathway(s). At the cellular and systems levels, in addition to their definitive antiviral
and antibacterial effects, IFNs regulate, through the induction of several ISG, cell proliferation, cell
cycle, survival/apoptosis, cell differentiation, and migration. While type II IFN, i.e., IFN-y, whose
expression is dramatically increased in MS, is linked to activation and maintaining of inflammation,
type I IFNs (mainly IFN-as and IFN-B) are abundantly secreted in response to viral infection, acting
early during the immune response to potentiate antiviral responses and to prime and maintain
adaptive immunity (7). Multiple recombinant IFN-a and IFN-p formulations have been clinically
approved all over the world.

Here, we briefly review the knowledge acquired in the last 27 years of IFN-f usage for the
treatment of relapsing-remitting forms of multiple sclerosis (RRMS) to hypothesize the impact of
this treatment on COVID-19.

Frontiers in Immunology | www.frontiersin.org 28

June 2020 | Volume 11 | Article 1459


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.01459
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.01459&domain=pdf&date_stamp=2020-06-18
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:eliana.coccia@iss.it
https://doi.org/10.3389/fimmu.2020.01459
https://www.frontiersin.org/articles/10.3389/fimmu.2020.01459/full
http://loop.frontiersin.org/people/459831/overview
http://loop.frontiersin.org/people/530028/overview
http://loop.frontiersin.org/people/157693/overview
http://loop.frontiersin.org/people/135240/overview

Severa et al.

Interferon-g in the COVID19 Era

ALTERATION OF TYPE I IFN SYSTEM IN MS

Normally, low amounts of constitutive type I IFN accumulate
in the tissue in absence of infection to support cell priming and
responses to other cytokines, antiviral, and antitumor immunity,
and immune homeostasis. The perturbation of this so-called
“tonic,” the constitutive production of IFN (8), has been linked to
the development of a number of different autoimmune diseases,
including systemic lupus erythematosus, Sjogren’s syndrome,
or type I diabetes mellitus, often correlating with increased
disease severity. Additionally, in MS, evidence on low serum
levels of IFN in most patients (9) poses the basis for IFN use
in MS treatment and paves the way for the investigation of
endogenous defect of IFN signaling in MS. In line with this
observation, the presence of SNPs and rare variants in genes
involved in type I IFN signaling and antiviral pathways, namely
IRF-8, STAT3, SOCS1, TYK2, ZC3HAV1, and OAS1, which may
display transcriptional dysregulation in blood cells at distinct
MS stages (10), were found to be altered by several published
GWA studies in MS, confirming the hypothesis that an alteration
of IFN-regulated antiviral responses could be linked to MS
pathogenesis (11-13).

The efficacy of IFN-B, the first approved therapy for RRMS
whose mechanisms of action, only partially understood, appears
to be mainly related to its multifaceted pleiotropic effects
resulting in sustained broad anti-inflammatory action (7), may
also rely on the capacity to rescue these fine endogenous
molecular defects.

In spite of the identification of MS-associated genetic
alteration linked to the IFN system, only a few genomics studies
have addressed in detail whether these pieces of evidence could
be also highlighted at the transcriptional level in therapy-free MS
patients compared to healthy donors (14). Most information on
IEN gene signatures in MS has, indeed, identified them mainly as
IEN-B treatment-related biomarkers in human peripheral blood
mononuclear cells (PBMC) of MS patients analyzed before and
after IFN-B therapy, e.g., in Malhotra et al. (15) and other
references. Only recently it was shown that some ISG found
expressed in PBMC or CSF of MS subjects specifically cluster
with other indicators of inflammation with clinical and sex
parameters of analyzed patients (16). Thus, to better understand
whether dysregulation of IFN-regulated genes and pathways may
be related to MS development and maintenance, we performed
a systematic analysis of datasets from transcriptomes obtained
from more than 400 human PBMC at distinct MS stages as
well as CNS tissues and encephalitogenic CD4 T cells derived
from the murine model of MS. These data indicate impaired
ISG transcription profiles especially in the RR form of disease
and myelin-reactive T cells and identifies a core of 21 transcripts
concordantly dysregulated in all MS stages (17). In addition,
recent evidence highlights dysregulations in endogenous IFN
system in specific immune cell subsets, critically impacting
on immune functions (18). In particular, paired analysis of
B cells and monocytes from sex and age-matched control
and treatment-naive MS subjects underlined several altered
previously uncharacterized ISG and pathways in MS. Notably,
this study describes for the first time that expression of several

ISG strictly involved in antiviral responses is strongly reduced
in MS B cells and involves a profound multi-level defect in
type I IFN pathway due to the low level of IFN receptors,
weak STAT1 and 2 expression, and activation of and selective
impairment in responses to type I but not type II IFN (18). B
cells, particularly the memory subset, are human reservoirs of
Epstein-Barr virus (EBV) infection. The contribution of EBV
to MS pathogenesis is still being fervently debated; however, its
epidemiological association with MS is clear. In line with this
view and with our results pointing to an anti-viral failure, in vitro
infection of MS B cells with EBV highlights that these cells display
an altered EBV expression program and propagation, resulting in
reduced containment of its infection in MS. Importantly, in vitro
and in vivo exposure to IFN-B potentiates type I IFN signaling
machinery in MS in turn, activating the antiviral responses and
reducing the frequency of EBV-infected and proliferating B cells
in MS but not healthy cultures (18).

In MS, different therapeutic strategies targeting memory B
cells, including B-cell-depleting therapy, significantly reduce
disease activity. The basis for this effect appears to be related
to decreased production of pro-inflammatory cytokines or
reduced antigen presentation by these cells. Importantly, we
have reported that IFN-B therapy mediates a marked and
specific reduction of memory B cells in peripheral blood of
treated MS patients via a mechanism requiring a FAS-R-
mediated caspase-3-dependent apoptosis, and this memory B-
cell decrease is associated with reduced expression of the latent
EBV gene LMP2A in PBMC of MS patients under IFN-p
treatment (19). Altogether, this evidence points to a double-
face scenario for IFN-B efficacy in MS treatment, combining
anti-inflammatory and immunomodulatory actions with marked
antiviral properties (20). Another important aspect in these
pandemic times is that the decrease in the CD27" memory
B-cell compartment correlates with the concomitant increase
in the CD27~ naive cells, likely as a result of a renewal of
circulating B cells in the peripheral blood of MS patients,
offering opportunity for expansion of new virus-specific clones
of antibody secreting plasma cells (19). Accordingly, in vitro
stimulation with a TLR7 ligand (simulating viral RNA) promotes
IgM and IgG production in PBMC cultures derived from IFN--
treated MS patients as compared to the same individuals before
therapy (21).

WHAT IFN-$ USAGE IN MS WOULD TEACH
US IN THE COVID-19 ERA

International recommendations on immunization of MS patients
do not indicate a specific risk for vaccination of these
individuals or an increased risk for future MS development
for those who vaccinate [reviewed in (22)]. Furthermore, while
the recommendation does outline that patients treated with
some MS therapeutics, such as fingolimod, glatiramer acetate,
mitoxantrone, and rituximab, have lower responsiveness to
influenza vaccination, many trials indicate that IFN-f-treated MS
patients achieve significant responses and comparable protection
to non-treated patients and healthy controls (22). Hence, despite
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the lower vaccination response rate under some treatments,
MS patients contribute to the overall herd immunity toward
common vaccine-preventable diseases, including (hopefully
soon) a COVID-19 vaccine.

In this context, the combined properties of IFN-f as antiviral
and immunoregulatory molecule could be exploited in the
pandemic Phase 2 when a protective humoral immunity is
desired to limit SARS-CoV2 re-infections and also from the
perspective of later phases of COVID-19 management when
a vaccine will be available. This key consideration implies
better preservation of a functionally active and protective B-cell-
mediated humoral immunity. Thus, by replenishing MS immune
system with IFN-regulated functions, IFN-p therapy, alone or
in continuous or cyclic combination regimen with other drugs
(2, 23), may represent a treatment that combines safety and
efficacy in the COVID-19 era.

DISCUSSION

Efforts are ongoing to understand the effects of disease modifying
therapies, including IFN-, on the risk and severity of COVID-
19 in persons with MS (24, 25). Although these preliminary
data are still insufficient to draw firm conclusions, they have
not, so far, exhibited signals of overt danger (24, 26). This
case series will soon reach the sample size that is needed to
provide reliable answers to persons with MS. At the same time,
it could be also verified whether IFN-B or other treatments
may exert some protection against SARS-CoV2. Interestingly,
an impaired IFN-a2 production in about 20% of critically-ill
COVID patients has been recently described, indicating that
a defective innate immune response may be associated with
a poor outcome and, thus, suggesting that the timing of IFN
exposure may be critical to control the virus replication and
limit immune-pathogenesis (27). Further studies are required to
overcome the limitation of this study, given the small number
of included patients and the technical difficulties for IFN-$
and IFN-) detection, as well as to define individual genetic
susceptibility that could be predictive of a molecular target
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SARS-CoV-2 is a novel coronavirus leading to serious respiratory disease and is
spreading around the world at a raging speed. Recently there is emerging speculations
that the central nervous system (CNS) may be involved during SARS-CoV-2 infection,
contributing to the respiratory failure. However, the existence of viral replication in
CNS has not been confirmed due to the lack of evidence from autopsy specimens.
Considering the tropism of SARS-CoV-2, ACE2, is prevailing in CNS, and the
neuro-invasive property of human coronavirus was widely reported, there is a need
to identified the possible complications during COVID-19 for CNS. In this review, we
conduct a detailed summary for the potential of SARS-CoV-2 to infect central nervous
system from latest biological fundamental of SARS-CoV-2 to the clinical experience of
other human coronaviruses. To confirm the neuro-invasive property of SARS-CoV-2 and
the subsequent influence on patients will require further exploration by both virologist
and neurologist.

Keywords: COVID-19, human coronavirus, SARS-CoV-2, central nervous system, viral infection

INTRODUCTION

Since the appearance of the first pneumonia patient in early December 2019 in China, the
COVID-19 has resulted in a global pandemic. By the end of April 30, over 3,000,000 cases were
reported all around the world and leading to over 200,000 deaths (1). Compared with previous
coronavirus outbreak, SARS and MERS, COVID-19 has certainly induced a much larger global
pandemic. After the application of oxygen therapy, mechanical ventilation, and antiviral therapies,
over 90% of the cases have been cured and discharged from hospitals after twice verified absence of
virus in respiratory tract by nucleic acid amplification tests (2). Although human coronaviruses
mainly lead to respiratory tract infection, previous researches have indeed demonstrated the
potential of the coronavirus to spread to extra-pulmonary organs, involving nervous system,
gastrointestinal tract, and kidney, as widely observed in SARS and MERS cases. According to
the latest reports, some patients with COVID-19 presented neuro-infection symptoms such as
olfactory and taste disorders (3), which may be attributed to the olfactory nerve damage. However,
the mechanism and route for SARS-CoV-2 to lead to neuro-infection, especially central nervous
system (CNS), still remain to be explored. In this review, we summarize the proves for possible
SARS-CoV-2 related CNS damage basing on the previous experience of coronavirus infection and
the latest outcomes of SARS-CoV-2 biology.
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THE MOLECULAR BASIS FOR COVID-19
NEURO-TROPISM

Coronavirinae is a group of enveloped, spherical virus in
the Coronaviridae family, Nidovirales order, which is further
divided into the genus of alphacoronavirus, betacoronavirus,
gammacoronavirus, and deltacoronavirus, and were called by a
joint name, coronavirus (4). Coronavirus is the largest RNA virus
extending to a diameter of 120 nm, with a huge monopartite,
linear, single chain, positive RNA genome ranging from 27
to 32kb inside. The first two strains of coronavirus, namely
HCoV-229E and HCoV-OC43, was acquired in 1960’ from the
organ culture of patients diagnosed with upper respiratory tract
disease, and was regarded as a novel kind of pathogen for
common cold (5-7). So far, over 3,000 strains of coronavirus
are discovered, but most of them prevail in vertebrates such as
bats and porcine, and, before the outbreak of COVID-19, only
six species of them cause infective disease to human, including
HCoV-229E and HCoV-NL63 in alphacoronavirus genus, and
HCoV-HKU1, HCoV-OC43, SARS-CoV, and MERS-CoV in
betacoronavirus genus (8-12). In most of time, coronavirus
infects the epithelium cells of upper respiratory tract, and were
regarded as opportunistic pathogens leading to mild infections
in immunocompetent individuals, and accounting for about 15%
of the common colds all around the world (13). However, the
coronavirus can also result in devastating clinical outcomes.
Animal coronavirus may sometimes manage to efficient cross-
species infection after host-adaptation by novel virus strains and
cause zoonotic infections, usually accompanied by lethal cytokine
storm. A case in point is the outbreak of pandemic respiratory
syndrome caused by SARS-CoV in 2003 and MERS-CoV in
2012. These two strains of coronavirus are no longer restricted
in the upper respiratory tract, but also spread to the trachea,
bronchi, lung in immunocompetent individuals, and leading
to lethal acute respiratory failure. For infants, the aged and
patients with disordered immunity, coronavirus sometimes may
spread to extra-pulmonary organs, including central nervous
system, in which the patients may present high fever and
headache with a mortality over 60% (14). In 2019 December,
the breakout of zoonotic viral pneumonia revealed a novel kind
of human- targeting coronavirus, which was named COVID-19
(15). COVID-19 shares a lot of similarity to the SARS in 2002,
both in viral tropism and clinical symptoms, indicating that the
COVID-19 may have similar complication with SARS, such as
CNS infection. Computer modeling showed the COVID-19 has
the same viral receptor as SARS-CoV, which is the angiotensin-
converting enzyme 2 (ACE2) (16). The strong binding affinity of
spike of SARS-CoV-2 to ACE2 was further proved by biochemical
interaction studies and crystal structure analysis (17). As a result,
the distribution of ACE2 in tissues plays an important role in
SARS-CoV-2 tissue tropism.

Spike Protein and Viral Tropism

The shape of coronavirus under electron microscopy is quite
distinctive, in which the virus was found to be surrounded by
a number of projections connected to viral envelope, and make
the virus look like a royal crown (18). These projections are

called “Spike(S),” which are proteins determining the tropism
of coronavirus. The S protein is a glycosylated transmembrane
protein, consisting of two subunits, S1 and S2, which are
separately responsible for the viral attachment and membrane
fusion during the virus enter its host cell (19). During the
process of viral entry, the virus makes use of the receptor binding
domain locating in the distal SI subunit to attach to the viral
receptor on the membrane of host cell. Then the S2 subunit is
cleaved by the transmembrane protease, leading to an irreversible
conformational change and the subsequent membrane fusion of
virus and the host cell (20). As a result, the entry of coronavirus
into host cell turns out to be a multistep process, and each
of the mutation in the functional domain of SI or S2 subunit
may result in different viral tropism or even infectivity. In
the latest research conducted by Vincent Munster et al, the
author created various COVID-19 pseudotypes with spikes from
different lineage B coronaviruses, some of which infect animals,
and revealed that the absence of 431-437 and 456-473 residues
in the RNA coding sequence of receptor binding domain, which
is widely observed in betacoronaviruses that infect non-human
animals, deprived the infectivity of modified COVID-19 to
infect cells overexpressed human angiotensin-converting enzyme
2 (hACE2), the receptor for COVID-19 (21). The infectivity
recovered after trypsin digestion, indicating these regions are
related to the intact function of human transmembrane protease,
and act as a major barrier for mutual infections between
different species, at least in some of the animal betacoronaviruses.
Considering the huge coronavirus reservoir in wild animals may
acquire the necessary RNA fragment from human coronavirus
by recombination, it is no doubt that zoonotic coronavirus
infections will appear at a much higher frequency in the near
future without manual intervention (22). Although the viral
replication cycle is driven by a series of proteins or organelles in
host cell and the absence of each of them can lead to disrupted
viral propagation, the entry of the virus to the host cell is the
primary step for all of the subsequent process. As a result, using
neutralizing antibody or recombinant protein to keep the virus
from entry into the host cell is the most common strategy to treat
and prevent viral infection. The indispensable function of the S
protein during viral entry makes it an ideal target for antibody
or vaccine development (23). As shown in the case that Weiner
et al. produced a plasmid-based MERS-CoV S protein vaccine
using 293T cells. Vaccine-immunized mice showed increased T
cell number, elevated T cell response, protective antibody, and
resistance to MERS-CoV infection (24).

The Function and Distribution of ACE2

Discovered in 2000 as the first homolog of human angiotensin-
converting enzyme, angiotensin-converting enzyme (ACE2)
is a transmembrane carboxypeptidase, which removes
carboxyterminal amino acid from peptide substrates by peptide
hydrolyzation reaction (25). ACE2 shares about 42% similar
coding sequence with ACE, and was proposed to be the product
of a fusion gene consist of partial ACE and collectrin. As a result,
ACE2 turn out to be a multi-functional protein with two separate
functional domains. On one hand, physically, as a member of
the renin angiotensin system, ACE2 converts angiotensin I to
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Ang 1-9, a peptide whose function remains to be explored, and
angiotensin II to angiotensin 1-7, which is a vasodilator as the
ligand for the G-protein coupled receptor MAS1 (26, 27). On
the other hand, its collectrin domain collaborates with amino
acid transporter BOAT1 to transfer neutral amino acids on the
brush border of intestinal epithelial cells, and was found to be
essential for the absorbance of several amino acids, especially
tryptophan (28, 29). According to the immunohistochemistry,
the ACE2 mainly distributes in the vascular endothelial cells
of the heart, kidney, testes, alveoli, gastrointestinal, and, at a
lower expression level, brain (30-34). The ACE2 in brain was
also found in the neurons of subfornical organ, an area lacking
the blood-brain barrier and sensitive to blood-borne circulating
peptides (35).

The recognition of the existence of ACE2 in brain is much
earlier than the identification of ACE2 molecule. In 1988,
Santos et al. observed a continued transformation of ANG-I
to Ang-(1-7) even after using ACE inhibitor in the brainstem
of dog, which indicated the Ang-(1-7) was synthesized via
a different route bypass ACE, which was later confirmed to
be ACE2 pathway (36). Soon the same group verified that
Ang-(1-7) produced by this ACE homolog in hypothalamo-
neurohypophysial system (HNS) induced the release of arginine
vasopressin (AVP) when Ang-(1-7) or angiotensin II (Ang
II) was added to the explants from rats (37). One year later,
Campagnole-Santos et al. provided the first in vivo proof for the
biological functions of central Ang-(1-7) (38). After the injection
of Ang-(1-7) into the nucleus tractus solitarii (NTS), the rats
present a significant reduction in blood pressure. The function
of Ang-(1-7), the products of ACE2, in central nervous system
was further confirmed to be of great importance in baroreflex
modulation and the central control of the blood pressure
by the Ang-(1-7) antagonist, its analog D-Ala7-ANG-(1-7)
(39-41). In spontaneously hypertensive rat models, selectively
overexpressing ACE2 in the rostral ventrolateral medulla or
paraventricular nucleus induced a significant relief on blood
pressure (42, 43). Besides, the ACE2 and the renin-angiotensin
system (RAS) also play an important role in neuro-inflammation.
Zheng et al. used triple transgenic mice selectively overexpressing
ACE2 in neurons, SARA, to study the role of ACE2 in ischemic
stroke (44). After in vitro deprivation of oxygen and glucose
for the brain slices from transgenic mice and control mice, they
found less swelling, cell death, and ROS production in cerebral
cortex and hippocampal CA1 region areas. The latest research
also revealed that the ACE2 in brain not only responsible for
the body blood pressure regulation, but also present a protective
profile for the brain itself in a series of neurologic pathologies,
including aging-related neuroinflammation (45), focal cerebral
ischemia (46), demyelinating disease (47), Alzheimer’s disease
(48), and neuropsychiatric disorders (49). In general, the receptor
of SARS-CoV-2, ACE2, is widely distributed in the central
nervous system, and has been proved to take part in multiple
normal physiological processes. As a result, once SARS-CoV-
2 successfully invades central nervous system, it can infect
neurons by recognition of ACE2, and then leads to central
nervous system damage via direct viral replication or disordered
immune response.

THE POSSIBLE ROUTES FOR COVID-19
INFECTION FROM RESPIRATORY TRACT
TO BRAIN

The cases of respiratory virus induced CNS infection have been
widely reported, such as adenovirus, influenza virus and measle
virus. As another respiratory virus, SARS-CoV-2 also has the
potential to enter the CNS via retrograde transport or circulatory
system. In this section, we introduce the common pathway,
retrograde transport and circulatory route, for respiratory virus-
induced CNS infection, in which there may be clues for clinical
researchers to find viral replication (Figure 1).

Retrograde Transport Through Olfactory

Nerve

Neurologic viral infection is very common, but most of the neural
infections remain in peripheral nervous system and do not lead
to serious damage to healthy individuals. It is estimated that
about 70-80% of healthy adults are infected by human simplex
virus (HSV) including HSV-1 and HSV-2, both of which lead
latent but lifelong infection in the cell bodies of neurons, such
as trigeminal ganglion. However, when virus enter the central
nervous system through neuronal dissemination, which is named
retrograde transport, it may induce life-threatening diseases, such
as herpes simplex encephalitis, which has a rate of fatality as
high as 70% in untreated patients (50). Other than HSV, many
viruses can take use of the retrograde transport to enter the
central nervous system, such as influenza virus (51), measle
virus (52), vesicular stomatitis virus (53), and rabies (54). These
viruses may first infect the local tissue, and then spread to the
peripheral nerves by binding to the specific viral receptor on
the axons or dendrites of the neurons. Once the viruses enter
the neurons, they reside in the endosomal vesicles, which is
formed by the cytomembrane during viral entry, and engage a
motor protein, dynein, to transport the endosomal vesicles along
the microtubule to the centrosome locating beside the nucleus
(55). The capsid of virus gradually disassembles according to the
change of the gradually decreasing PH value in the endosomal
vesicle, and then the nucleic acids of the virus are released
from endosomal vesicle to the cytoplasm (56). After that, most
of the DNA virus will dock into the nucleus, where there are
transcriptase and substrates for mRNA and DNA synthesis, while
most of the RNA virus stay in the cytoplasm and start to form the
inclusion body, where RNA virus replicates. Finally, viral nucleic
acids and viral protein are transported to synaptic membrane
for further assembly and trans-synapse transmission to the next
neuron and ultimately to the central nervous system.

Given the nerve endings distribute in all types of tissues, and
the constitutions of different nerve pathways are not the same,
the retrograde transport in specific disease can undergo different
transport process and lead to varied clinical features according to
the location of the primary lesion. Since SARS-CoV-2 distributes
in the respiratory tracts, the olfactory nerve may servesas a major
retrograde route for the spread of virus to central nervous system,
which has been widely reported in vesicular stomatitis virus
and influenza virus (57-59). During the transduction of odor
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FIGURE 1 | The possible routes for SARS-CoV-2 to enter central nervous
system. (A) SARS-CoV-2 may spread to the central nervous system via
retrograde transport through the olfactory nerve as seen in the case of other
respiratory viruses. (B) The nerve endings of olfactory receptor neurons
distribute in the nasal mucosa. These neurons are exposed to SARS-CoV-2
and are connected to the olfactory bulb. (C) The blood-brain-barrier consists
of tightly connected endothelial cells, basement membrane, and the end feet
of astrocytes. All of them prevent large molecules to enter the central nervous
system directly. (D) When viral infection occurs in the endothelial cells,

pericytes, or astrocytes, the blood-brain-barrier will lose its protective function.

These figures are modified and reproduced under the permission of Creative
Commons Attribution 3.0 License.

signal, the stimulation starts from the dendrites of the OSN,
which scatter under the olfactory mucosa on the roof of the
nasal cavity (60), then transmits along the axon of the neuron,
which combined together into bundles, to the central olfactory
apparatus, including olfactory bulb and rhinencephalon (61).
To confirm the SARS-CoV-2 related CNS infection, the viral
replication in historical specimens of these location should be
paid most attention.

Viral Spread Through Circulatory System

Another possible pathway for COVID-19 is to enter the CNS
through the circulatory system, in which the involvement of
CNS acts as part of the systematic infection derived from the
primary lesion. This pathway starts from the release of the
virus from the basolateral side of the infected epithelial cells.
Different from the systematic spread of viral infection commonly
seen in severe infection cases to marrow or kidney, due to
the protection of blood-brain barrier, neurons are not in direct
contact with circulatory system. Instead, virus take use of two
types of intermediate host cell before spreading into CNS from
circulatory system, namely the endothelium and leukocytes (62).

The blood-brain barrier (BBB) is a highly selective structure
separating CNS from the circulating blood to avoid most of
the large molecules entering CNS, including virus. This barrier
consists of three layers (63). The first layer is formed by
endothelial cells lining around the brain capillaries, which has
a distinct tight junction connection different from endothelium
in other tissue. The second layer is a thick, intact basement
membrane, and finally the astrocyte end-feet projections
surrounding the capillaries forms the third layer (64, 65). During
viremia, some viruses can directly infect the epithelial cells
of blood-brain barrier, which is of the most exposure to the
circulating virions among the three layers. The viral replication
and the subsequent inflammation cytokines eventually deprive
BBB of the normal function by increasing its permeability, and
lead to the CNS infection. This pathway is confirmed in the
cases of Encephalitic Alphaviruses (66), Hepatitis E Virus (67),
and HSV (68). Considering the viral receptor, ACE2, is highly
expressed in the epithelial cells, it is possible for COVID-19 to
cause direct damage to the BBB, and thus enter the CNS.

Instead of penetrating the BBB, another group of viruses,
including human immunodeficiency virus (69) and Zika virus
(70), take use of the circulating leukocytes to carry them
across the BBB, which is called “Trojan horse” mechanism
(71). This pathway is best explored in the case of AIDS-related
dementia (72). During HIV infection, the virus accumulates
in the monocytes, which usually do not undergo a rapid
replication-induced cytolysis and are able to traverse the BBB
physically (73). After entering the CNS, HIV infects and
activates the microglia to secret chemokines, which in turn
induce a larger size of monocytes infiltration, and increase the
permeability of BBB as widely seen in the normal process of
inflammation (74, 75). The ability to infect leukocytes is also
reported in coronavirus infection. For example, HCoV-229E can
lead to restricted infection in monocytes/macrophages (76, 77),
peritoneal macrophages and dendritic cells (78-80), and induce
chemokine secretion (81), which means coronavirus has the same
potential as HIV to constitute a reservoir in leukocytes and use
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them as vectors to spread into the other tissues outside the
respiratory tracts.

THE NEURO-INVASIVE PROPERTY OF
CORONAVIRUS

Although traditionally regarded as
respiratory viruses for a long time, there are indeed accumulating
proves about the neuro-invasive property of coronavirus these
years. Among the six strains of coronaviruses before the breakout
of COVID-19, three of them, HCoV-229E, HCoV-OC43, and
SARS-CoV, have ever been reported to cause CNS infection
so far. Given the prevalent existence of the coronavirus in
healthy individuals and the lethal outcomes of the central
nervous system infection, increasing efforts are devoted into the
research of coronavirus neurological pathologies. In this section,
we summarize the previous researches on coronavirus CNS
infection, including clinical cases, histopathology, and animal
models, and mainly focus on the SARS-CoV. Since SARS-CoV
shares the same viral receptor as SARS-CoV-2 and also induced
a serious pandemic lethal pneumonia, we suppose SARS-CoV-2
can also lead to CNS infection with similar mechanism observed
in SARS cases.

coronaviruses were

The Neuro-Invasive Property of Murine
Hepatitis Virus (MHV)

Actually, some animal-oriented coronaviruses have long been
regarded as neuro-invasive viruses and were used in the research
of virus-related neurological disease. A case in point is murine
hepatitis virus (MHV) is a highly infectious coronavirus, which
was discovered and isolated in 1949 and prevailing in many
mouse colonies throughout the world (82). These zoonotic
pathogens are mainly transmitted via respiratory route, and
lead to hepatitis and encephalitis. After intracerebral injection
of the MHYV, the rats presented acute panencephalitis and
demyelinating foci, and the virus RNA was detected in both
neurons and oligodendroglial cells (83). This discovery in animal
models reminded people that this respiratory virus may also have
the potential to induce central nervous system, but the routes
were still remained unclear until 1988 when the olfactory neural
pathway was confirmed to be the routes for CNS infection caused
by respiratory virus instead of trigeminal nerve pathway (84, 85).
Later it was found that MHV has a strong correlation with
the autoimmune neurogenic inflammation and the subsequent
multiple sclerosis, indicated that the coronavirus may result
neurologic disorder via distorted immune attack other than
direct viral replication (86). Nowadays, MHV has been widely
used in the construction of animal models of multiple sclerosis
or neurological infections to study the functional change and
mechanism of neurological diseases (87-89).

Neuro-Invasive Property of HCoV-229E and

HCoV-0C43
HCoV-229E and HCoV-OC43 are the first two strains of
coronaviruses been isolated. In most of the time these two

coronaviruses induce mild infection confined in upper

respiratory tracts. Since the discovery of the neuro-invasive
property of the MHV in mice, some researchers supposed
human coronaviruses may also lead to human neurological
disease, especially multiple sclerosis. In 1981, two strains of
coronaviruses which serologically related to HCoV-OC43 and
murine coronavirus A59 were isolated from the fresh autopsy
brain tissue of patients diagnosed with multiple sclerosis (90).
These two strains of coronaviruses shared cross-reactivity to
the OC43 antiserum, but due to the lack of polymerase chain
reaction (PCR) technology, these two viruses could not be
clearly identified. Until 1992, Stewart JN et al. confirmed the
existence of HCoV-OC43 and HCoV-229E in the brain tissue
of multiple sclerosis patients by total RNA extracting and
reverse transcription-polymerase chain reaction, in which the
HCoV-OC43 but not HCoV-229E was found in specimens
of all the patients (91). Actually, HCoV-229E and HCoV-
OC43 present a different infectivity to the cells of the central
nervous system. Both of the two coronaviruses can lead to
acute infections to the cell lines of neuroblastoma, glioblastoma,
glioblastoma, astrocytoma, and oligodendrocytes (92), but only
HCoV-OC43 can result in a persistent infection (92). Nowadays,
HCoV-OC43 is considered to be related to a series of chronic
neurological disorders such as medullary atrophy, Parkinson’s
disease, polyneuropathy, senile dementia, and headache (93).
According to the results from susceptible mice model, this
coronavirus mainly uses the olfactory route and neuron-to-
neuron transmission to enter the CNS, and concentrates in
the piriform cortex, the brain stem, and spinal cord (94). In
immunocompetent adults, the pathogenicity of HCoV-OC43
are mainly attributed to the subsequent autoimmunity instead
of viral replication, which undergoes a chronic and latent
procedure for years, but in infants or immunocompromise
individuals, this virus may lead to lethal acute
encephalitis (14, 95, 96).

Neuro-Invasive Property of SARS-CoV
In 2003, a previously uncharacterized coronavirus, SARS-CoV,
was isolated from a cook in Guangdong, China. Different from
the previously discovered HCoV-229E and HCoV-OC43, this
type of coronavirus was not confined in the upper respiratory
tracts, but lead to progressed pneumonia, which resulted in
reduced alveolar diffuse function and the subsequent acute
respiratory distress syndrome (ARDS). This coronavirus soon
induced a global pandemic, and involved in 8,096 patients and
774 deaths (97, 98). Given the distinct syndromes compared
with common viral pneumonia, this pandemic was finally
named Severe Acute Respiratory Syndrome (SARS), and thus
the pathogen was named SARS-CoV. SARS-CoV is a zoonotic
virus originating from bats, and infected the palm civet as the
second carrier, then finally managed to get across the species
barrier to human via nosocomial transition and resulted in lethal
pneumonia (99). The outbreak of SARS-CoV for the first time
demonstrated the lethal pathogenicity of coronavirus, and the
prevalence of coronavirus reservoirs in bats.

During SARS infection, an important complication is the
multiple organ failure, usually observed in severe infection
cases (100). This systemic damage of SARS used to be simply
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regarded as a result of immune dysregulation such as systemic
inflammatory response syndrome (SIRS), until viral replication
was detected in gastrointestinal, kidney, immune cells, and even
brain, demonstrating that the SARS-CoV also produced direct
toxicity to the organs by local viral replication (101). According
to the reported autopsy results, SARS in brain tissue mainly
confined to hypothalamus and cortex, leading to edema and
degeneration of neurons. Indeed, the SARS central nervous
infection presented a strong correlation with mortality risk,
as the SARS was detected in all of the brain tissue autopsies.
Another research found necrosis of neurons and hyperplasia of
gliocytes in brain tissue specimen collected from SARS patient
with the symptoms of significant central nervous infection, and
anti-viral immune response was verified by increased immune
cells and elevated cytokines level (102). Experimental data from
hACE2 transgenic mice revealed that intranasal inoculation
of SARS induced a delayed central nervous system infection,
conforming to the process of secondary infection. Different from
the regional distribution of SARS-CoV in brain specimens from
clinical cases, once getting across the brain-blood barrier, the
virus spread throughout the brain tissue of transgenic mice via
the connection of neurons at a high effiency, especially in the
regions of cortex, basal ganglia, and midbrain. Olfactory nerve
retrograde and hematogenous routes were both suspected to
account for the spread from respiratory tract to central nervous
system, as virions were detected in blood and olfactory nerve
(103, 104). Considering the brain infection presented a high
correlation to death, it may exert neurogenic contribution to
the respiratory failure, clinically the most common cause of
death for SARS victims. Besides, the neuro-invasion and neuro-
toxicity of SARS-CoV can also lead to chronic diseases and
disorders even years after recovery from pneumonia. A series of
somatic and psychologic symptoms relating to central nervous
system prevailed among the survivor of SARS, including fatigue,
sleep physiological changes, sleep disordered breathing and
musculoskeletal pain (105). Sometimes the lesion can be latent
and uncommon, such as a case of SARS-CoV induced olfactory
dysfunction, which is rarely reported in typical peripheral
neuropathy and leads to permanent anosmia (106). It needs to
be pointed out that SARS-CoV shared the same receptor, ACE2,
with SARS-CoV-2, and are genetically identical to the SARS-
CoV-2, which means that these two viruses may undergo similar
pathogenicity progress.

Neuro-Invasive Property of SARS-CoV-2

SARS-CoV-2 shares a number of similarities to SARS-CoV,
according to the clinical symptoms, viral sequence, infectivity,
viral receptor, and possibly the neuro-invasive property. So far,
SARS-CoV-2 has been found to cause extra-pulmonary infection,
such as kidney, gastrointestinal and possibly heart (107-109). For
neuro-invasive property of SARS-CoV-2, there are some cases
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Coronavirus 2019 (COVID-19) is currently the center of what has become a public health
crisis. While the virus is well-known for its trademark effects on respiratory function,
neurological damage has been reported to affect a considerable proportion of severe
cases. To characterize the neuro-invasive potential of this disease, a contemporary review
of COVID-19 and its neurological sequelae was conducted using the limited, but growing,
literature that is available. These neurological squeal are based on the manifestations that
the virus has on normal central and peripheral nervous system function. The authors
present the virology of the SARS-CoV-2 agent by analyzing its classification as an
enveloped, positive-stranded RNA virus. A comprehensive timeline is then presented,
indicating the progression of the disease as a public health threat. Furthermore,
underlying chronic neurological conditions potentially lead to more adverse cases of
COVID-19. SARS-CoV-2 may reach ACE2 receptors on neuronal tissue through mode
of the general circulation. The CNS may also be susceptible to an immune response
where a “cytokine storm” can manifest into neural injury. Histological evidence is provided,
while symptoms such as headache and vertigo are highlighted as CNS manifestations
of COVID-19. Treatment of these symptoms is addressed with paracetamol being
recommended as a possible, but not conclusive, treatment to some CNS symptoms.
The authors then discuss the peripheral nervous system sequelae and COVID’s impact
on causing chemosensory dysfunction starting with viral attack on olfactory sensory
neurons and cells types within the lining of the nose. Histological evidence is also provided
while symptoms such as anosmia and ageusia are characterized as PNS manifestations.
Possible treatment options for these symptoms are then addressed as a major limitation,
as anecdotal, and not conclusive evidence can be made. Finally, preventive measures of
the neurological sequelae are addressed using a multidirectional approach. Postmortem
examinations of the brains of COVID-19 patients are suggested as being a possible key
to formulating new understandings of its neuropathology. Lastly, the authors suggest
a more comprehensive neurological follow-up of recovered patients, in order to better
characterize the neurological sequelae of this illness.
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Neurological Sequelae of COVID-19

INTRODUCTION
Epidemiology

The emergence of the coronavirus and its viral agent, severe
respiratory syndrome coronavirus 2 (SARS-CoV-2), has derived
into one of the most unprecedented and considerable pandemics
of the modern era. The third zoonotic coronavirus this century,
its pathogenic nature and large scale adverse medical effects
has cemented its status as one of history’s greatest public
health threats. This virus was first isolated in December 2019
after many patients in Wuhan, China, were diagnosed with
pneumonia of unknown etiology (1-3). Following its global
dispersion, the World Health Organization (WHO) declared
the coronavirus as a pandemic due to its rapidly transmissible
nature, increasing mortality rate, and limited treatment options.
Currently, there is an ongoing outbreak as the number of
COVID-19 cases exponentially increases with a reported low
to moderate mortality rate internationally. As of late May
2020, there are over 5.7 million cases confirmed worldwide
dispersed throughout 212 countries and territories, including
almost 353,000 deaths (1, 2).

Until recently, COVID-19 was investigated as primarily a
respiratory illness. However, as the number of cases continue to
grow, more reports are starting to show that the virus is capable
of not only lung damage, but also neurological damage. In a
case series from Wuhan, neurological symptoms were noticed
in 36.4% of patients with severe infections (4). This notable
proportion of cases presents a question on what neurological
symptoms are manifested along with how the virus manages
to present them. As of May 1st, 2020, remdesivir has been
approved for some emergency treatment usage. However, no
other clinically approved vaccine or specific antiviral treatments
has provided conclusive relief to COVID-19 and its physiological
manifestations. Therefore, understanding the clinical impact
of SARS-CoV-2, along with its underlying mechanisms is of
great importance to promote the development of effective,
preventative, and therapeutic counteragents. Herein, we will
characterize the virus, along with its neurological impact,
through a thorough a review of the literature to date.

Virology

Coronaviruses (CoVs; family Coronaviridae, —subfamily
Coronavirinae) circulate in a diverse array of mammalian
and avian reservoirs. CoVs are classified into four genera and are
enveloped, positive-stranded, RNA viruses known to have large
genomes susceptible to recombination and mutations that lead
to the emergence of novel viruses. They can cause respiratory,
enteric, hepatic, and neurological diseases (5-7). There are
still some inconsistencies related to the origin of SARS-CoV-2,
with research evidence suggesting that it could be from similar
origins of its viral relatives. Both betacoronaviruses, severe
acute respiratory syndrome coronavirus (SARS-CoV) and the
Middle East respiratory syndrome coronavirus (MERS-CoV),

Abbreviations: WHO, World Health Organization; COVID-19, Coronavirus
Disease-2019; ICTV, International Committee on Taxonomy of Viruses; SARS-
CoV, severe acute respiratory syndrome coronavirus; MERS-CoV, Middle East
respiratory syndrome coronavirus.

had originated in bats, and it is likely that SARS-CoV-2 did as
well from an unknown intermediate host (3, 5, 6).

The estimated reproduction number (Rg) for SARS-CoV-
2 ranges from 2.2 to 5.5 (3, 8, 9), meaning one person can
potentially transmit the disease to 5-6 people, making it highly
transmissible. Additionally, SARS-CoV-2 research has revealed
specific physiochemical and thermal sensitivities. Properties of
SARS-CoV-2 can be inactivated by UV light or at a temperature
of 56°C for 30 min. Disinfectants such as diethyl ether, 75%
ethanol, chlorine, peracetic acid, and chloroform destabilize its
functional integrity (8). The virus has the longest viability on
stainless steel and plastic surfaces and can be detected up to 72h
after initial contact to these surfaces (8). Genomic studies of the
virus have revealed that it mutated to produce two variants, L
and S. The L-type was more prevalent during early stages of the
outbreak and can replicate faster while being more transmissible.
The S-type is considered an older and milder variant (8).

Timeline: From History to Today

The first human coronavirus was detected by Tyrrell and Bynoe
in the 1960s in human embryonic tracheal organ cultures
obtained from the respiratory tract of an adult with a common
cold. After performing electron microscopy on the samples of
this new group of viruses, the morphology denoted a crown-
like appearance of the surface projections and thus was named
coronavirus (3, 10). Since then, SARS-CoV-2 is the seventh
coronavirus that is known to infect humans. The first pandemic
of the 21st century was caused by SARS-CoV followed by MERS-
CoV. In 2002, the SARS-CoV emerged in Guangdong Province,
China, spreading to 37 countries, and its subsequent global
epidemic was associated with 8,096 cases and 774 deaths. A
decade later, the MERS-CoV spread to 27 countries, causing
2,494 infected cases and 858 deaths worldwide (Figure 1) (2, 6).

SUSCEPTIBILITY

According to the Centers for Disease Control and Prevention,
risk of susceptibility to COVID-19 can be stratified into risk
of exposure and risk of severe illness (11). Increased risk of
exposure to SARS-CoV-2 has been shown to occur in places
with ongoing community spread, such as between healthcare
workers, close contacts of persons with COVID-19, and travelers
from affected international locations. Of those infected, increased
severity of illness can be seen more commonly in people aged
65 years and older, those living in a nursing home or long-term
care facility, and in people with underlying medical conditions
such as hypertension, chronic lung disease, moderate to severe
asthma, cardiac disease, immunocompromised states (i.e., cancer,
smoking, HIV or AIDS, steroids), BMI > 40, diabetes, chronic
kidney disease, and liver disease (11-16). Moreover, The
Chinese Center for Disease Control and Prevention similarly
reported from one of their largest studies of 72,314 cases
that high case-fatality rates came from those with similar
comorbidities: cardiovascular disease (10.5%), diabetes (7.3%),
chronic respiratory disease (6.3%), hypertension (6%), and
cancer (5.6%) (17). In addition, those with cerebrovascular
disease alongside coronary artery disease had a higher relative
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FIGURE 1 | Timeline of the SARS-CoV-2 outbreak. Significant epidemiological events and scientific advances during this time period are highlighted and adapted
from the WHO and recently published data (1-3, 10). The superscript number adjacent to the text indicate the calendar date of each event described.

risk of acquiring the pathogen more severely than those without
this comorbidity (18). Finally, and most applicable to the area
of interest, those with chronic neurological pathologies present
an added risk of developing a more severe case of COVID-
19 (19). Neurological or neurodevelopment conditions (such
as cerebral palsy, epilepsy, stroke, intellectual disabilities, spinal
cord injury, or muscular dystrophy), present additional risk
factors that increase susceptibility to a severe course of COVID-
19 through mechanisms that add physiological stress (19). The
current epidemiology demonstrates the impact SARS-CoV-2 can
have on the health and well-being of people with underlying
health conditions, highlighting its potential effects on multiple
organ systems in the body. However, due to this virus being
relatively new, not all risk factors have been identified adding
limitation to this understanding.

NEUROLOGICAL IMPACT

Central Nervous System

With much being said about SARS CoV-2’s hallmark impact on
respiratory function, gradual advances in research have found
properties of neuroinvasive potential, particularly in the invasion
of the central nervous system (CNS). It is widely understood that
the mode of transmission of COVID-19 is through direct contact
or respiratory droplets from an infected individual. However,
indirect contact through fomites can also act as a vehicle of
transmission. Fomites are inanimate surfaces that contain the
virus (through direct contact), and based on the viability of the
virus on to an inanimate surface, it can lead to the rampant

spread onto another host. As soon as the virus enters the body,
its effects are highly dependent on its viral structure. The viral
structure of COVID-19 is contained within the nucleocapsid
which is surrounded by a nuclear envelope. The nuclear envelope
is derived from the host cell’s membrane and embedded within
that membrane are glycoprotein spikes, known as S-proteins
(20). It is these S-protein spikes that allow the cell to attach to
a new cell and infect it (20). To carry through its function, S-
proteins contain an S1/S2 activation cleavage site that is activated
by the serine endoprotease, furin (21). Furin is a key protein that
can cause normal and abnormal physiological conditions. It is
important neurologically because it is responsible for activating
neural growth factors that are key to homeostasis (22). However,
in the case of SARS-CoV-2, furin plays the role of a viral activator.
This activation occurs through furin’s enzymatic activity, which
allows for the irreversible cleavage of precursor proteins to enter
their biologically active state (21). With regards to SARS-CoV-2,
furin autocleavage helps the S-protein’s subunits to separate, and
allow for the virus to break open and enter host cells (21). This
is done after the S-proteins have interacted with the cell surface
receptor, angiotensin-converting enzyme 2, or ACE2 (21). The
ACE2 receptor is present along multiple cell organs such as the
heart, kidney, lunges, while also being found in both the central
and peripheral nervous system. This makes it a valuable target in
understanding the neural-potential of the SARS-CoV-2 antigen.
The pathophysiology of neural infections in the CNS from
COVID-19 is a phenomenon that is still being characterized.
Previous studies have shown that SARS-CoV-2 may reach ACE2
receptors on neuronal tissue through mode of the general
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circulation. Viremia causes the virus to pass into the cerebral
circulation and reach the brain to induce neurotropic effects.
The virus may also reach the brain through routes of the nasal
cavity, specifically as the virus passes through the cribriform
plate. Upon entry into the neural cavity, the virus will encounter
ACE2 receptors located on the endothelial lining between the
blood capillaries and the brain (23). The virus may also encounter
the expression of ACE2 receptors over glial cells and neurons,
allowing for multiple sites of invasion. The interaction of
the glycoproteins of SARS-CoV-2 to the ACE2 receptor can
cause subsequent cycles of viral budding, allowing for neuronal
damage to manifest in neural tissues and the blood-brain-
barrier (BBB) (23). The breaking of the BBB may allow for
cerebral edema, subsequently compressing the brainstem and
compromising involuntary respiratory activity (24). This cerebral
edema may also be caused by apoptosis of brain cells following
elevated intracranial pressure and therefore remains a theoretical
concern of the virus. Evidently, patients exhibiting acute SARS-
CoV illnesses have presented the virus in cerebrospinal fluid
analyses (23). The cerebrospinal fluid (CSF) is a bodily fluid that
surrounds the brain and serves an array of functions ranging
from acting as a shock absorber from neurological trauma to
circulating nutrients around the CNS. Its role in homeostasis
and neurological metabolism has made it a great reporter of
the neurological environment; therefore, it can be clinically
used to detect infectious agents and diseases (25). Furthermore,
viral implications on the immune system could induce indirect
effects on the CNS. The breakage in the blood-brain barrier
could leave an immune response of cytokines (particularly IL-
6) becoming overly abundant along infected tissue of the brain
(26). This leads to a hypercoagulable state in what is known
as a “cytokine storm.” Depending on the severity of the case,
this could leave COVID-19 patients at risk of developing acute
necrotizing encephalopathy (ANE) and hemorrhages (27). Most
recently, a third theory discusses how neural injury is manifested
from COVID-19 as a result of a cascade effect following
respiratory stress. A loss of oxygen due to lung damage can
subsequently result in multisystem organ failure leading to a
cascade effect that results in neural injury (28). Ultimately, what
these three theories provide are multiple mechanisms through
which neural manifestations of COVID-19 can result. These
theories also highlight the limitations in addressing neurological
manifestations in COVID-19, as research remains ongoing.

A recent case of a female patient in Detroit, Michigan showed
the possible long-term impact of neurological manifestations
of COVID-19 (27) while also presenting some histological
significance. This patient was jointly diagnosed with COVID-19
and ANE due to possible subsequent neural injury. CT scans of
her brain revealed symmetrical tissue damage of the thalamus
while her MRI also showed damage to the thalamus along
with the cerebral cortex and the brain tissue beneath its gyri
(folds within the cerebral cortex) (27). Histological significance
is evident in her CT image as hypodense areas are present,
indicating tissue damage had occurred. This decrease in density
is a result of cerebral edema, when excess fluid floods brain
tissue after neural injury, a possible consequence of severe CNS
manifestations of COVID-19 (27). As previously stated, the cause

TABLE 1 | Overview of COVID-19’s impact on the central and peripheral nervous
system, as known to date.

CNS Overview of
COVID-19

PNS Overview of
COVID-19

How is it transferred? Directly: respiratory droplets
& direct contact with an
infected individual

Indirectly: Fomites/Surfaces

Directly: respiratory droplets
& direct contact with an
infected individual

Indirectly: Fomites/Surfaces

Pathophysiology 1. Viral Entry into the Brain ~ 1.Chemosensory
theories 2. Adverse-Immune Dysfunction
Responses
3. Respiratory Stress
Histological Hypodense areas in CT Falling out of hair-like

significance found: scans, following positive

testing for COVID-19
Headache and Vertigo
Stroke, Meningitis, ANE,

receptors on olfactory tissue

Main symptoms: Anosmia and Ageusia

Major symptoms: Guillain-Barre Syndrome

Hemorrhages (GBS) and Miller Fisher
Syndrome
Treatment/ No conclusive treatment: No conclusive treatment:
Management/ Paracetamol has been seen Nasal Spray being
Recovery: to provide headache and developed for

vertigo relief without
worsening
COVID-19 symptoms

medication delivery

Limitations are prevalent as a neurological understanding is yet to be fully confirmed.

of this cerebral edema is possibly through a “cytokine storm,”
apoptosis of brain cells, or even from breakage in the BBB. In
addition, other severe cases aside from ANE and hemorrhage
are prevalent, as the first case of meningitis has been associated
with COVID-19 (29). A male patient was found to have this
condition after his MRI showed hypersensitivity along the right
lateral ventricle, as well as hyperintesnse signal changes in the
right mesial temporal lobe and hippocampus (29). He was
confirmed to have COVID-19 after SARS-CoV-2 was found in
his CSE however, there was no evidence of cerebral edema
like the previous case mentioned (29). Thus, the variability
in histological evidence could link theories of pathophysiology
regarding COVID-19’s impact on the CNS.

While the more severe symptomatic manifestations of
the CNS may include ANE, meningitis, and hemorrhage,
the more commonly reported CNS symptoms are vertigo,
cephalgia, impaired consciousness, seizures, ataxia, and acute
cerebrovascular disease (30) (Table1). In a study published
to JAMA Neurology, patients with CNS manifestations most
commonly exhibited headache and dizziness (30) as the
major symptoms. These manifestations have been reviewed
and confirmed by trained neurologists, with most neurological
symptoms occurring during the early stages of the illness (30).
Laboratory findings of these patients reported lower lymphocyte
and platelet counts and higher blood urea nitrogen levels.
However, in more mild cases, no significance was found between
patients with or without CNS manifestations of COVID-19
(4). Therefore, it was concluded that patients with severe cases
were more susceptible to neurological symptoms. Moreover,
the more severe cases had higher fibrin degradation product
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levels (D-dimer), linking these cases to a higher likelihood of
cerebrovascular disease (4). Furthermore, recent findings have
reported that a portion of patients are developing symptoms
of stroke. Specifically, reports coming out of New York health
systems have reported that large vessel strokes can be manifested,
even in individuals under the age of 50 (31). A large vessel stroke
is an interruption of blood flow in one of the larger arteries in
the brain. The suspected cause of these strokes are investigated
as an immunohematological issue in allowing for blood clotting
throughout a patient’s body (31).

Treatment of COVID-19 and its CNS manifestations are still
ongoing. However, if the coronavirus is breaching the blood-
brain barrier, this could complicate the recovery process (32).
The role of the BBB is to serve as the gatekeeper in cerebral
passage, therefore medication delivery to the BBB would be
difficult because medications are considered as antigens to it,
thereby preventing their therapeutic effects (32). Since differences
in genetic makeup can increase susceptibility to viral invasion
of the BBB, technologies such as CRISPER/CAS9 presents a
possible way to target these adverse genetic differences. By
targeting specific sequences to engineer candidate risk genes in
the BBB, one can assess if BBB permeability is strengthened
(33). With regards to the symptomatic prevalence of the
disease, hydroxychloroquine has been notably investigated as a
possible therapeutic avenue. However, in certain patients, this
antimalarial drug may induce adverse neuropsychiatric effects,
such as worsening of CNS symptoms like headaches, vertigo,
and increased anxiety (30). This makes hydroxychloroquine a
less viable treatment for symptoms pertaining to the CNS, and
alternative therapies should be considered for patients suffering
from these symptoms or from chronic mental instability (22).
Furthermore, the NHS recommends paracetamol for CNS-like
symptoms such as fevers and headaches due to its reported
symptom relief and low likelihood of complications. However,
ibuprofen and other NSAIDs are still being evaluated after being
ruled out as a therapeutic option (34). They were initially ruled
out due to reports that anti-inflammatory drugs may exacerbate
COVID-19 symptoms, due to possibly causing a dampened
immune response to viral attack (35). These reports have since
been rejected by the World Health Organization due to a lack
of evidence suggesting that anti-inflammatory treatments are a
direct threat to a patients immunity (34). However, this does
not present NSAIDs as a potential therapy, especially when
symptoms become more complicated. With regards to blocking
viral activity and ultimately CNS manifestations, furin inhibitors
have also been investigated as a possible treatment by preventing
the activation of the S-proteins on the viral surface (30). However,
with furin’s important role in normal physiology, researchers are
evaluating whether a molecule could be secreted to separate its
activity from the virus. Unfortunately, there are still considerable
limitations in finding a viable treatment for COVID-19’s CNS
manifestations, as clinical trials will continue until a vaccine
becomes readily available.

Peripheral Nervous System Involvement
COVID-19, like its pathogenic relatives, could also specifically
compromise the activity of the peripheral nervous system. Just

like the CNS, PNS manifestations arise following direct contact
through respiratory droplets or indirect contact through fomites.
However, as an individual starts to touch mucosal membranes,
such as their eyes, nose, or mouth, it presents a portal of entry
for the virus to disrupt neurological sensations that pertain to
these sites. Moreover, just like the CNS manifestations, furin’s
endoproteolytic activity is maintained in order to activate the
virus following its interactions with ACE2 receptors. These
consistencies are not just present within the nervous system but
along all physiological systems that get affected through COVID-
19. However, COVID-19, has a peripheral neural involvement
that occurs when ACE2 receptors are interacting with the
viral agent. These ACE2 receptors have been found along the
tongue, mouth, and nasal passage showing the possibility of the
virus targeting multiple neurons and influencing those senses
tremendously (36).

It was recently discovered that two cell types in the nose are
the most likely initial infection points for viral entry into the
PNS. These two cell types are called goblet cells and ciliated cells
(37). Goblet cells are epithelial cells that can produce mucus
on the surface of the mucosal membrane, thereby lubricating
the epithelium and protecting it against foreign invaders (38).
They are found in several physiological systems, including the
respiratory system, consequently leading to their involvement
in the pathophysiologies of several respiratory diseases such as
COVID-19 (38). On the other hand, ciliated cells are another cell
type that is known for having tiny hair-like projections anchored
along the lining of the epithelial respiratory tract. Ciliated cells
aid in mucus transport and stopping foreign bacteria from
reaching the lunges (39). These two cell types are related in the
sense that they both contain high concentrations of the ACE2
receptor that allows SARS-CoV-2 to enter host cells (38). In
addition, they contain high concentrations of another protease
called TMPRSS2 (38). TMPRSS2 is a cell surface protease that
can have cumulative effects with furin to promote SARS-CoV-
2 activation and entry (40). To understand what types of
cells are infected following initial viral entry, it is important
to understand that the sense of smell and taste are closely
associated with one another. Both rely on the same type of
sensory cells, called chemoreceptors, which are activated when
they meet certain types of chemical stimuli. SARS-CoV-2 could
disrupt these chemoreceptors by reaching the olfactory mucosa
(which contains epithelium cells, blood vessels, and axons from
olfactory neurons) and initiate an inflammatory response (24).
This area is joined with the olfactory bulb by the cribriform
plate, which allows for the transmission of olfaction senses at
the base of the frontal lobe (41). Here, neurons can be infected
while endangering deeper cerebral tissue (24). This highlights
the linkage between the CNS and PNS during the viral invasion
through the nasal cavity (Figure 2). Moreover, should defects in
respiration be considerable, then PNS chemoreceptic dysfunction
may be presented due to the proximity of sensory neurons in the
olfactory bulb to deeper brain tissue (42).

Histological significance pertaining to the PNS involvement
was found following analysis of infected olfactory tissue.
Professor Carl Philpott, director of medical affairs and research
at Fifth Sense, states that while looking at the olfactory tissue
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FIGURE 2 | The pathway of the virus in the central and peripheral nervous system which are connected when the virus reaches the olfactory bulb.
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microscopically, one will notice the fine hair-like endings of the
receptor cells had fallen, thus disabling the cells from receiving
olfactory senses from the nose (43). This is a byproduct of
the virus interacting with the chemoreceptors in the mucosal
membrane and compromising neural sensations. Further
histological evidence on peripheral tissue and other mucosal
membranes have not been actively reported, thus highlighting
limitations to understanding peripheral involvement following
viral activity.

According to the American Academy of Otolaryngology—
Head and Neck Surgery, otolaryngologists in the U.K have
reported that more than two-thirds of confirmed COVID-19
cases in Germany had anosmia (loss of smell) (44). While
in South Korea, 30% of patients testing positive have had
anosmia as their primary symptom in otherwise mild cases
(44). Similar reports have been found globally, as anosmia and
ageusia are highly reported as primary symptoms of COVID-
19. In another study, patients with confirmed cases of COVID-
19 were recruited from 12 European hospitals to investigate
olfactory and gaustory dysfunctions (45). Out of the 417 patients
studied, between 85.6 and 88% of patients reported these
dysfunctions, with significantly more cases in females (45). 44%

of the participants also reported their symptoms early in their
pathology (45). Physicians state that it's not surprising that the
olfactory system might be heavily influenced, given that loss of
smell and changes in taste are a rather common complaint of
people who get influenza as well (46). Other symptoms may
include hyposmia, neuralgia, and skeletal muscular symptoms,
however, these symptoms are not considered primary peripheral
manifestations due to a lack of supporting evidence. Additionally,
a single case suggests a possible association between Guillain-
Barré Syndrome (GBS) and SARS-CoV-2 infection (47, 48). A
female patient who returned from Wuhan, China, underwent
neurologic examination and was diagnosed with GBS while also
testing positive for SARS-CoV-2 (48). This was followed with five
more cases also displaying COVID-19 with GBS complications
(49). GBS is a rare autoimmune disorder that attacks nerves
in the PNS and can lead to paresthesia, areflexia, ataxia, and
muscle and facial weakness, or paralysis (49). Despite being
a unique condition, viral infections can be triggers of GBS,
especially when these infections reach a severe state. Primary
symptoms of GBS, such as tingling, leg weakness, and facial
weakness, were noticed in COVID-19 patients around 5-10
days after the initial common COVID symptoms (49). After a
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few days, more adverse symptoms such as quadraparesis and
paralysis were recognized (49). Moreover, a variant of GBS,
known as Miller Fisher Syndrome, has also been reported in
two cases of COVID-19 from Madrid, Spain (50). Miller-Fisher
Syndrome is characterized by areflexia and paralysis of the eyes
and may also be proceeded by a viral agent’s neurological activity
(51). While still being a rare condition, the association between
COVID-19, GBS, and Miller-Fisher Syndrome warrants further
epidemiological data to support a causal relationship between
them (47).

As far as treatment, research is ongoing with clinical trials
still being administered to determine the most viable form of
care. Once the virus has started impacting neuronal activity,
it becomes very difficult to treat, meaning the best mode of
treatment is by preventing or reducing the viral entry. However,
The Center of Disease Control recently stated: "There are no
drugs or other therapeutics approved by the US Food and Drug
Administration to prevent or treat COVID-19” (52). This adds
further limitations to addressing PNS neural manifestations of
COVID-19. The British Rhinological Society has advised against
the use of oral steroids in the treatment of anosmia in COVID-
19 patients (53). This precaution comes with the concern
that corticosteroid use may increase severity of the pathogen.
However, due to the concentrated presence of the coronavirus
in the nasal tissues, a nasal spray has been suspected as the best
mode in medication delivery (54). Recent reports from Utah
have started addressing the efficacy of chlorpheniramine maleate
(CPM) combined into a nasal spray to study cultures with SARS-
CoV-2 (54). CPM is an antihistamine with previous studies
suggesting that it acts well in the antiviral treatment against
strains of influenza (54). The initial trials have showed relative
success with reduced amounts of the virus being reported in
vivo following CPM administration (54). However, this requires
further testing in order to accurately and effectively treat COVID
patients. With more severe patients who may have acquired GBS
with COVID-19, intravenous immunoglobulin therapy (IVIG)
have been known as the most common treatment for these
patients (49). IVIG treatment allows for the administration of
healthy antibodies and has been suggested to be taken with
antivirals to further combat the COVID like symptoms (49).
Plasmapheresis with antiviral treatment has also been suggested
as another treatment option to enhance the autoimmune system
while reducing viral activity (49). With regards to the two cases
with Miller-Fisher Syndrome, the first was treated with IVIG
while the second with acetaminophen. After two weeks, it was
seen that both patients made a complete neurological recovery,
except for primary symptoms of anosmia and ageusia from their
COVID-19 diagnosis (50). However, these reports have yet to be
confirmed as a definite viable treatment and may not directly lead
to every patient’s recovery.

To better combat PNS manifestations today, ENT UK
released an info-sheet encouraging those who experience sudden
loss of smell or taste during the COVID-19 pandemic to
assume they have the virus until tests prove negative. The
management plan included: self-isolation, avoiding visits to
medical professionals or hospitals unless symptoms require
proper treatment, and try smell training to improve senses.

Furthermore, The AAO-HNS created a web-based reporting
tool for any health-care professionals to file reports of patients
experiencing anosmia and ageusia related to COVID-19. Until
a viable treatment is released to the public, these guidelines will
help those with chemosensory dysfunction to be informed and
aware of what conditions to follow.

AVOIDANCE OF DETRIMENTAL
NEUROLOGICAL SEQUELAE AND
MULTIDISCIPLINARY APPROACH

Following the emergence of more literature findings about the
neurological manifestations of COVID-19, an increasing number
of studies are now urging clinicians to screen for neurological
presentations of this disease (1, 4, 23, 55, 56). As previously
mentioned, the symptoms present a neurological pathology,
while those with more severe cases have been susceptible
to neurological complications. Thus, these studies are urging
clinicians to comprehensively assess the neurological symptoms
in patients coming into acute healthcare settings, to effectively
triage patients, delay diagnosis and misdiagnosis, and prevent
transmission of the virus. Although preliminary, studies suggest
that surveillance of the neurological manifestations of COVID-19
may have guiding significance for the prevention and treatment
of COVID-19 induced respiratory failure and death (4, 55).

Knowledge and clinical guidelines surrounding treatment of
COVID-19 is rapidly evolving as more information becomes
available. At this time, knowledge surrounding the prevention
and treatment of neurological complications of COVID-19 is
limited. One study published several clinical guidelines for
neurologists treating patients with suspected or confirmed
cases of COVID-19(57). These guidelines were pertaining to
the management of acute cerebrovascular disease, intracranial
infection, and muscle damage as a result of SARS-CoV-2.

In the context of SARS-CoV-2, neurologists may encounter
two phenotypes of patients with acute cerebrovascular diseases—
acute ischemic stroke patients, and hypertensive patients
with increased risk of intracranial hemorrhage. The authors
recommend that emergency treatment be jointly offered by
neurologists and infectious disease specialists when admitting
an acute ischemic stroke patient with suspected or confirmed
SARS-CoV-2 diagnosis, and preventive anticoagulation is
recommended for ischemic stroke patients with high D-dimer
levels (57). Hypertensive patients with SARS-CoV-2 may be
particularly challenging to treat, as they may encounter blood
pressure fluctuations (since SARS-CoV-2 specifically binds to
ACE2 receptors), which may increase their risk of intracranial
hemorrhage. Additionally, patients with severe infection may
have severe thrombocytopenia, which is another risk factor
for cerebral hemorrhage. Per the guidelines, clinicians treating
hypertensive patients with SARS-CoV-2 should consider calcium
channel blockers, diuretics and other classes of antihypertensive
drugs instead of ACE inhibitors or angiotensin II receptor
blockers (ARBs) (57).

Further surveillance of intracranial infection for COVID-
19 patients would provide further insight in a neurological
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prognosis. MRI scans (with and without contrast) of the cranium
along with lumbar puncture procedures to collect cerebrospinal
fluid would highlight such a neuroinvasive association to the
pathogen (57). For patients with definitive intracranial infection,
suggested treatment strategies are controlling for cerebral
edema, treating and preventing seizures, and treating psychotic
symptoms (57). Lastly, for patients experiencing symptoms
associated with muscle damage, strengthening nutritional
support is recommended on top of active treatment for the
virus (57).

CONCLUSION

In summary, the SARS-CoV-2 pandemic remains one of the
greatest threats to public health to date. Although the virus is
known to directly invade the lungs, emerging research shows
central and peripheral nervous system involvement in the
pathology of the disease and clinical worsening in patients.
Patients with nervous system involvement as the presenting
symptoms in the early stages of infection may be misdiagnosed,
and may inadvertently spread the virus. Furthermore, studies
suggest that the time it takes for SARS-CoV-2 to advance from
initial symptoms, such as coughing, tiredness, and fever, to
difficulty breathing, is roughly five days, which is long enough
for the virus to enter and damage medullary neurons involved
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Cytokine storm is an acute hyperinflammatory response that may be responsible for
critical illness in many conditions including viral infections, cancer, sepsis, and multi-organ
failure. The phenomenon has been implicated in critically ill patients infected with
SARS-CoV-2, the novel coronavirus implicated in COVID-19. Critically il COVID-19
patients experiencing cytokine storm are believed to have a worse prognosis and
increased fatality rate. In SARS-CoV-2 infected patients, cytokine storm appears
important to the pathogenesis of several severe manifestations of COVID-19: acute
respiratory distress syndrome, thromboembolic diseases such as acute ischemic strokes
caused by large vessel occlusion and myocardial infarction, encephalitis, acute kidney
injury, and vasculitis (Kawasaki-like syndrome in children and renal vasculitis in adult).
Understanding the pathogenesis of cytokine storm will help unravel not only risk factors
for the condition but also therapeutic strategies to modulate the immune response
and deliver improved outcomes in COVID-19 patients at high risk for severe disease.
In this article, we present an overview of the cytokine storm and its implications in
COVID-19 settings and identify potential pathways or biomarkers that could be targeted
for therapy. Leveraging expert opinion, emerging evidence, and a case-based approach,
this position paper provides critical insights on cytokine storm from both a prognostic and
therapeutic standpoint.
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Cytokine Storm in COVID-19

INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic has caused
a public health crisis with profound long-term socioeconomic
fallout. COVID-19 results from infection with the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) virus (1).
Although the vast majority of patients experience mild to
moderate symptoms, the disease remains fatal in a significant
proportion of those infected (2-4). Much of the critical
illness associated with SARS-CoV-2 infection is believed to
be the result of a hyperinflammatory process referred to as
hypercytokinemia or a “cytokine storm” (5). A full understanding
of the immunopathogenesis, of cytokine storm in COVID-19
patients has the potential to guide future strategies to improve
early diagnosis and implement therapeutic strategies to mitigate
cytokine storm-associated morbidity and mortality risks (5, 6).
This article discusses the implications of hypercytokinemia for
COVID-19 patients, including the risk factors for cytokine storm,
potential therapeutic strategies (6), and clinical considerations,
with special emphasis on patients with cancer, autoimmune
diseases, and those undergoing immunosuppressive therapies.

COVID-19 AND CYTOKINE STORM

Pathophysiology

Observations from the first cohort of 41 COVID-19 patients
in Wuhan, which led to the discovery of the novel SARS-
CoV-2 virus, revealed a cytokine profile similar to that
of secondary hemophagocytic lymphohistiocytosis (sHLH), a
hyperinflammatory condition triggered by viral infection (2).
Patients who were admitted to intensive care unit (ICU)
had higher levels of granulocyte-macrophage colony-stimulating
factor (GM-CSF), interferon gamma-induced protein 10 (IP10),
monocyte chemoattractant protein-1 (MCP-1), macrophage
inflammatory protein 1 alpha (MIP1A), and tumor necrosis
factor alpha (TNFa) compared to those who were not admitted
to ICU (2). Observations from another 150 patients in Wuhan
revealed that those who died of COVID-19 complications had
higher serum levels of C-reactive protein (CRP), interleukin
(IL)-6 and ferritin, suggesting an underlying hyperinflammatory
process (3). A combination of these markers may therefore be
used as prognostic markers to determine COVID-19 severity.
Another study showed that patients experiencing COVID-19-
related cardiac injury with the elevated levels of troponin T (TnT)
also demonstrated significantly higher CRP and procalcitonin
levels (up to 3-4 times more) and experienced increased
morbidity and mortality (4).

Patients who die from severe COVID-19 disease experience
endothelial cell infection and an endotheliitis affecting many
organs (7, 8). The SARS-CoV-2S protein binds to angiotensin
converting enzyme 2 (ACE2) to enter host cells. Most
COVID-19 patients present with respiratory symptoms because
ACE2 receptors are expressed in vascular endothelial cells of
the lower respiratory tract (9). In severe COVID-19 cases,
hypercytokinemia in the lungs leads to diffuse alveolar damage,
hyaline membrane formation, thrombus formation [confirmed
in small vessels at autopsy (10)], fibrin exudates, and fibrotic

healing. These pathologic changes result in acute lung injury
and manifest clinically as acute respiratory distress syndrome
(ARDS) (11). Forty percent of COVID-19 patients experience
proteinuria and haematuria, suggesting kidneys infection and
injury (12). COVID-19-related kidney injury occurs because
ACE2 receptors are found in the kidney in the brush border of
proximal tubular cells (12). Although the kidneys of COVID-19
patients examined post-mortem reveal SARS-CoV 2 antigens in
the proximal tubules, the role of cytokine storm in causing kidney
injury is not yet clear (13).

ACE2 receptors are also present in cardiac tissue and
in the gastrointestinal tract, arguably explaining the cardiac
and gastrointestinal clinical manifestations in some COVID-
19 patients. Available data suggests that those with underlying
cardiovascular disease, hypertension, severe dyslipidaemia,
obesity, and diabetes are at high risk for severe COVID-19
disease (14), whilst other data indicates that SARS-CoV-2 infects
the heart, resulting in myocarditis and myocardial infarctions
(6, 7, 15-17). Patients with underlying cardiovascular disease
are at increased risk of cytokine storm (4, 18) and poor
outcomes. COVID-19 patients with underlying cardiovascular
disease are also at higher risk of myocardial injury [with cardiac
troponin (TnT) increase], as well as both atherosclerosis-related
and thromboembolic events such as stroke, plaque instability,
vasculitis, and myocardial infarction (7, 15, 19). COVID-19
has also been presumably linked to central nervous system
(CNS) symptoms and conditions including acute necrotizing
encephalitis, myalgia, and headache among others although the
pathogenesis is uncertain (20-25). Owing to the lower ACE2
expression levels in the CNS tissues, it has been hypothesized
that the SARS-CoV-2 per se can generate little inflammation (26).
Recent autopsy studies found scarce evidence of inflammation
(26-30). Whether the transfer of SARS-CoV-2 to CNS tissues
potentiate or exacerbate cytokine storm is a subject of ongoing
debate (28, 29).

Immunosenescence and Cytokine Storm

Elderly patients, especially older males, with comorbidities,
demonstrate increased susceptibility to poor prognosis or
increased risk of severe condition or even fatality from COVID-
19 (31). Aging is associated with a decline in immune function
or “immunosenescence” (32-36). With age, the immune
system can present with a series of changes, characterized
by immunosenescence markers (34-36), a decrease in the
generation of CD34 T cells, an inversion of the CD4 to CD8
(CD4/CDS8) T cells ratio due to the loss of CD8+ T cells
(35) (increased CD4/CD8 ratio), an increase in regulatory
T cells (Treg) and a decrease in B lymphocytes (34). It is
postulated that COVID-19 induced cytokine storm may be
contributing to the poor outcomes in elderly patients due to
immunosenescence. T lymphocytes can be potentially infected
by the virus (37), reducing their number due to their apoptosis. It
is currently not known whether the infection of the lymphocytes
themselves potentiate cytokine storm or otherwise. In a recent
study employing immunomodulatory therapeutic strategy,
intravenous transplantation of mesenchymal stem cells (MSCs)
was effective, especially in critically severe cases, in a series of 7
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patients with COVID-19 pneumonia (38). Immunomodulatory
therapies targeting cytokine storm show potential for such
approaches in improving outcomes and reducing mortality
due to COVID-19 in elderly patients (5, 39). Future studies are
required to further evaluate the efficacy of immunomodulatory
therapies in preventing cytokine storm induced severe illness
in COVID-19 patients in general, and elderly patients in
particular (38).

Significance of Cytokine Storm
Hypercytokinemia is an unregulated hyperinflammatory
response that results from the systemic spread of a localized
inflammatory response to viral or bacterial infection. Elevated
cytokine levels result in endothelial dysfunction, vascular
damage, and paracrine/metabolic dysregulation, thereby
damaging multiple organ systems. Levels of acute-response
cytokines (TNF and IL-1f) and chemotactic cytokines (IL-8 and
MCP-1) rise early in hypercytokinemia, facilitating a sustained
increase in IL-6. IL-6 binds to either membrane bound IL-6
receptor (mIL-6R) or soluble IL-6 receptor (sIL-6R), forming
a complex that acts on gp130, regulates levels of IL-6, MCP-
1 and GM-CSF via the Janus kinase-signal transducer and
activator of transcription (JAK-STAT) pathway, and thereby
perpetuates the inflammatory processes (39). IL-6, along with
other pleiotropic cytokines, drives an acute phase response that
elevates serum ferritin, complement, CRP, and pro-coagulant
factors, many of them measurable through commercially
available blood tests. The acute phase response of cytokine
storm is relatively over-exaggerated. Since high serum levels of
cytokines are inversely related to the total lymphocyte count,
low levels of cytotoxic T cells may contribute to reduced
viral clearance (40). Blocking upstream events related to or
at the level of cytokine response, such as JAK-STAT signaling
of macrophages to reduce IL-1 and IL-6 production, offers
a potential therapeutic target for the cytokine storm. Cell-
based target strategies may also be considered, but the time
to therapeutic effect of anti-B lymphocytes directed therapies
such as rituximab may be too long to be clinically relevant.
Therefore, targeting the upstream events may be relatively
more effective.

In reaction to SARS-CoV-2 infection, macrophages (41) and
dendritic cells trigger an initial immune response, including
lymphocytosis and cytokine release. However, the inflammatory
response results in the destruction of lymphocytes attempting
to stop SARS-CoV-2 infection. Lymphopenia ensues, especially
in patients severely affected enough to require ICU admission
(42). Cytokine production becomes rapidly dysregulated,
damaging healthy cells typically first in the lungs but potentially
spreading to other organs including the kidneys, heart,
blood vessels, and brain. The cascade of cytokine storm-
associated damage begins with disruption of the epithelial
barrier in the lungs. Activation of NOD, LRR-, and pyrin
domain-containing protein 3 (NLRP-3) inflammasome and the
relative blunted response of histone deacetylase 2 on nuclear
factor kappa betta (NFkB) complex has been suggested to
be associated with cytokine storms. The epithelial barrier
disruption exposes the lungs or other tissues to bacterial

infection. Pathophysiological mechanisms associated with
COVID-19 induced cytokine storms are shown in Figure 1
(11, 43-50).

We propose that the immune system cytokine network
may also communicate with the central nervous system
(CNS) cytokine network, especially when the blood-brain-
barrier (BBB) is compromised. Microglia and IL-1 activation
can cause increased reactive oxygen species (ROS) production,
phagocytosis, apoptosis, and increased cytokine expression
(see Figure2) within the CNS (43), leading to neural tissue
damage through neuroinflammation, increased oxidative stress
and excitotoxicity, and dysfunction in synaptic pruning. The
systemic immune system cytokine network and the CNS cytokine
network influence each other through the neuropeptidergic
pathway involving neurokinin C and B, neuroendocrine peptides
(NPY)/gastrin-releasing peptide (GRP), SPA-GRP {SPA: [(D-
Arg, D-Trp, Leu)Substance P], a derivative of substance P},
and vasoactive intestinal polypeptide (VIP). Activation of
macrophages and phagocytosis, chemotaxis with neutrophils and
degranulation of mast cells, and activation and proliferation of
T-cells activate this pathway. Inflammatory cytokines are also
be transported through the blood, which could further amplify
the cytokine storm (11). We postulate that the overlapping
immune and CNS cytokine networks may drive “immune
hijack.” In light of these mechanisms and potentially devastating
impact of COVID-19 on “high-risk” patients, specific clinical
considerations for medical conditions have been discussed in the
following section.

CYTOKINE STORM AND HIGH-RISK
PATIENTS —CLINICAL CONSIDERATIONS
FOR SPECIFIC MEDICAL CONDITIONS

Some of the severe complications associated with COVID-19
are acute respiratory distress syndrome (ARDS) (prevalence of
17-29%), acute cardiac injury including myocarditis, myocardial
infarction and cardiac arrest, sepsis, multi-organ failure, ischemic
stroke, Kawasaki-like syndrome in children, acute pulmonary
embolism, sHLH, and secondary infections such as bacterial
pneumonia (Supplementary Table 1) (3). Therefore, special
considerations must guide management of patients at high risk
of severe COVID-19 disease and cytokine storm, including
patients with underlying coronary artery disease, obesity, cancer,
primary immunoglobulin deficiencies, autoimmune conditions,
as well as those receiving immunosuppressive therapies. A risk-
based strategy to identify high risk patients is presented in
Table 1. Measuring the viral load at different time points as
well as the immune response may help optimize treatment
strategies. Next, we will discuss the radiological findings
consistent with hyperinflammation or cytokine storm in
COVID-19 cases.

Cytokine Storm and Radiological Findings

Although the association between cytokine storm and the
radiological manifestations of COVID-19 pneumonia infection
require further investigation, computer assisted tomography
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FIGURE 1 | Mechanisms of SARS-CoV-2 associated cytokine storm and associated damages. Infection with SARS-CoV 2 can stimulate a hyperinflammatory
immune response wherein epithelial-cell-mediated production of reactive oxygen species (ROS) can cause cell death. ROS can also stimulate the synthesis of NLRP3
and NF-kB which contribute to increased cytokine levels, and thus, the cytokine storm. This essentially causes immune invasion which can lead to clinically relevant
conditions such as ARDS, sepsis, MODS and potentially even death. The organs affected as a result of MODS, and their associated symptoms, have been shown.
Lower gastrointestinal (Gl) is rich in ACE2 receptors and hence at higher risk of infection due to COVID-19. Twenty percent of COVID-19 patients have diarrhea as
symptoms. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; COVID-19, coronavirus disease 2019; ROS, reactive oxygen species; NLRP3, (NOD)-like
receptor protein 3 inflammasome; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; IL, interleukin; TNF, tumor necrosis factor; IFN, interferon;
PAMPs, pathogen-associated molecular patterns; DAMPs, damage-associated molecular patterns; PRR, pattern recognition receptors; AST, aspartate
aminotransferase; MODS, multiple organ dysfunction syndrome.

(CT), the lungs of patient with COVID-19 pneumonia typically
demonstrate findings typical of underlying hyperinflammatory
pathway (53, 54). On CT chest, the lungs typically demonstrate
ground-glass opacities (subpleural, peripheral and bilateral)
(53), bronchovascular thickening within lesions, smooth
or irregular interlobular or septal thickening, air space
consolidation, traction bronchiectasis, ill-defined margins,
air bronchograms, and thickening of the adjacent pleura
(54). IL-1p induces the production of bronchoalveolar lavage

fluid, creating the ground-glass appearance (40). CT findings
evolve over time (54-60). Normal CT scans may be seen
in the first 3-4 days. During the intermediate stage, septal
thickening and increased ground glass opacities appear (57).
During the advanced stage, which is usually at 9-13 days
of the disease, the features seen in the intermediate stage
consolidate. After 14 days of the disease, during the resolution
stage, fibrous stripes appear and typically resolve after 1
month (58-60).

Frontiers in Immunology | www.frontiersin.org

53 July 2020 | Volume 11 | Article 1648


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Bhaskar et al.

Cytokine Storm in COVID-19

.

/

Epithelial cells
stimulated

Macrophages trigger .

LI

T cells

)

th
Cytokines \

Immune system
cytokine network

necrosis factor; IFN, interferon.

SARS-CoV 2

COVID-19 infection

. — N
Activated  \1acrophages  Neutrophils

TIL-1, TIL-2,TIL-6,
TTNF-a, TIFN-y

®. © . ® . ®
‘Cytokine storme,
e e ’

FIGURE 2 | Crosstalk between immune system and CNS system cytokine networks. There is a supposed link between the immune system cytokine network and the
CNS system cytokine network. Peripheral cytokines can cross the blood brain barrier to enter the CNS. Alternatively, microglia and astrocytes can also produce
cytokines. Potential involvement of neurons in regulation of cytokines for example brain-derived neurotrophic factor (BDNF) and interleukin-6 levels is also plausible
(51). SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; COVID-19, coronavirus disease 2019; CNS, central nervous system; IL, interleukin; TNF, tumor

\

Microglia Neurons Astrocytes

(Y

—o—% B

Pro-inflammatory
cytokines

L

Anti-inflammatory
cytokines

v

Cytokines

CNS system
cytokine network

COVID-19 Associated Coagulopathy and

Its Complications

Patients with COVID-19, especially younger patients, are at
a higher risk of hypercoagulability and thereby experience
higher rates of arterial and venous thromboses (61-64). A
case series reported large vessel ischemic stroke in young
asymptomatic or mildly symptomatic COVID-19 patients (62).
Critically ill patients appear to experience high rates of acute
venous thromboembolism (VTE) (63, 64). In 54 consecutively
admitted ICU patients treated with prophylactic low molecular
weight heparin since admission, 22.2% experienced VTE
[predominantly deep vein thrombosis (DVT)] (63). In a
retrospective study of severe COVID-19 patients admitted to
ICU (n = 81), 25% of the patients not receiving pharmacologic
VTE prophylaxis developed lower extremity DVT, and 40% of

those patients died. A D-dimer level of >1.5ug/mL predicted
VTE with high sensitivity and specificity (64). Another study
of 191 patients reported significantly higher mortality in
patients with D-dimer >1.0 pg/mL compared to those whose
level was <1.0pug/mL (65). A 31% cumulative incidence of
thrombosis (from ischemic stroke, DVT, acute pulmonary
embolism, myocardial infarction, systemic arterial embolism)
has been reported, with pulmonary embolism being the most
common thrombotic complication (81%) (66). A prothrombin
time >3.0s and a prolonged aPTT >5s have also been reported
to independently predict thrombotic complications (66).

An autopsy series microscopically confirmed the presence
of platelets and thrombi in small vessels, thrombi in small
vessels in the peripheral aspect of lungs, and scattered areas of
diffuse alveolar damage (67). Gross pathological examination
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TABLE 1 | Patient at “risk” of severe outcomes after COVID-19 associated cytokine storm.

High-risk patients

Risk category in

Therapeutic strategy

COVID-19 settings

Hemodynamic instability or cardiogenic shock Very high risk Invasive STEMI* pathway
Cardiac arrest/life-threatening arrhythmia Very high risk Invasive STEMI pathway
Acute heart failure Very high risk Invasive STEMI pathway
Recurrent intermittent ST elevation Very high risk Invasive STEMI pathway
Mechanical complications of myocardial infarction Very high risk Invasive STEMI pathway
Established diagnosis of NSTEMI based on cardiac troponins Very high risk Testing followed by invasive STEMI strategy
AND at least one of the following (52):

1. recurrent symptoms

2. dynamic ST/T changes (silent or symptomatic)
Acute stroke Very high risk Acute stroke pathway
Acute meningitis/encephalitis Very high risk Respiratory care and ongoing monitoring; increased

intracranial pressure pathway; epileptic seizure
monitoring

Age > 75 High risk Respiratory care and ongoing monitoring
Solid organ or stem cell transplant patients High risk Respiratory care and ongoing monitoring
HIV patients High risk Respiratory care and ongoing monitoring
Inherited immune conditions High risk Respiratory care and ongoing monitoring
On immunomodulatory therapy High risk Respiratory care and ongoing monitoring
Undergoing cancer treatment High risk Respiratory care and ongoing monitoring
Obesity High risk Respiratory care and ongoing monitoring
Diabetes High risk Respiratory care and ongoing monitoring
Established diagnosis of NSTEMI based on cardiac troponins High risk Non-invasive testing using CCTA, respiratory care
AND at least one of the following (52); and ongoing monitoring

1. Diabetes mellitus or renal insufficiency (estimated
glomerular filtration rate < 60 mL/min/1.73 m?);

2. Left ventricular ejection fraction (LVEF) < 40% or
congestive heart failure;

3. Early post infarction angina or prior PCI/CABG
Epileptic seizures, status epilepticus High risk Respiratory care and ongoing monitoring;

Coronary artery disease (CAD)
Cerebrovascular disease
Cardiovascular disease (CVD)**
Pre-existing Hypertension
Smoking

Pneumonia

Intermediate risk
Intermediate risk
Intermediate risk
Intermediate risk
Intermediate risk
Intermediate risk

seizure/status epilepticus treatment

Respiratory care and ongoing monitoring
Respiratory care and ongoing monitoring
Respiratory care and ongoing monitoring
Respiratory care and ongoing monitoring
Respiratory care and ongoing monitoring
Respiratory care and ongoing monitoring

*NSTEMI, non-ST segment elevated MI; MI, myocardial infarction; CVD, cardiovascular disease; CAD, coronary artery disease; PCl, percutaneous coronary intervention; CABG, coronary

artery bypass grafting; CCTA, cardiac computed tomography angiography.

**CVD s linked to inflammation and oxidative stress, and patients who are not adherent to the anti-inflammatory therapy (Angiotensin-converting-enzyme inhibitors (ACEIs) or angiotensin-
Il-receptor-antagonists (ARBs) and statins), viruses such as SARS-CoV2 might immediately cause degranulation of macrophages and monocytes in the damaged endothelium, causing

atheroma plaque instability, and increased coagulopathy.

revealed small firm clots in sections of peripheral parenchyma
of the lungs. Other autopsy series have revealed microthrombi
in small pulmonary arterioles and diffuse alveolar damage in
the majority of cases. In light of the findings of high-frequency
pulmonary micro thrombosis on histology, the hypothesis of
COVID-19 induced coagulopathy or hypercoagulation merits
further discussion. In a large retrospective analysis of consecutive
severe cases (n = 449), elevated D-dimer and prothrombin time
were correlated with a higher mortality rate (68). However,
neither aPTT nor platelet count was significantly different
between mildly and severely affected patients. Elevated levels of
D-dimer level may indicate secondary fibrinolysis, contributing

to clinically severe manifestations of COVID-19 infections. It is
noteworthy that anticoagulation significantly reduced mortality
in patients with the International Society for Thrombosis (ISTH)
sepsis-induced coagulopathy score of >4 (40.0 vs. 64.2%) (68).
However, there are variations in the incidence of VTE in ICU
patients across several centers. A meta-analysis of 9 studies
demonstrated that D-dimer level were elevated and coagulopathy
more prevalent in patient with severe disease as compared to
those with mild disease (69).

The American Society of Haematology recommends VTE
prophylaxis with LMWH or fondaparinux (alternative to
unfractionated heparin to reduce exposure) in all hospitalized
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COVID-19 patients unless the risk of bleeding outweighs
thrombosis risk (70). Fondaparinux can also be used in
patients with a history of heparin-induced thrombocytopenia
(HIT), as those patients are at 5-fold increased risk of severe
COVID-19. Mechanical thromboprophylaxis should be used
when anticoagulation is either contraindicated or unavailable.
According to the recent guidelines of the ISTH, all patients
with an elevated D-dimer (typically a 3 to 4-fold increase)
should be admitted to the hospital. Fibrinogen levels should
be monitored at the later stages of the disease (day 10-
14) with >2.0 g/L in both bleeding and non-bleeding
patients indicating disseminated intravascular coagulation. The
guidelines recommend consideration of LMWH in all patients
requiring hospital admission for COVID-19 except those in
whom anticoagulation is contraindicated (71). Contraindications
for anticoagulation with LMWH are platelet count <25
x 109/L, active bleeding, or severe renal impairment (71).
Notably, either an abnormal PT nor aPTT was not listed as
a contraindication for anticoagulation with LMWH. Further
studies of the association of elevated D-dimer and other
coagulopathy markers with cytokine storm and severity of
COVID-19 clinical manifestations are warranted. Optimal
anticoagulation strategies aimed at correcting or preventing
coagulopathy should also be expeditiously studied (14, 18, 19).

Immunosuppressed/Cancer Patients

Certain cancer patients, especially those with hematopoietic or
lymphoid malignancies, are at higher risk of severe COVID-
19 disease because they are immunocompromised (72, 73).
Global Radiation Oncology has made specific recommendations
about treating several types of cancers during the COVID-19
pandemic (72). Although patients undergoing chemotherapy
or radiotherapy are temporarily immunocompromised, colony
stimulating factors can be administered to strengthen their
immune system (73). Generally, oncologists are accustomed to
managing infections. However, for cancer patients infected with
COVID-19, benefit to risk ratio-based chemotherapy is followed
in the absence of guidelines and prospective Phase 2 evidence
(74). It is recommended that cancer-related treatment be delayed
if treatment provides only modest benefit and the biology of
the cancer allows for delay. If radiation is being administered
for palliative purposes, all alternatives including maximizing
analgesics and bisphosphonates should be explored. In situations
like painful bone metastases, radiation cannot be avoided (73). In
such scenarios, a single 8 Gy fraction should be used because it is
as effective as multiple fraction courses (74).

Hematopoietic stem cell transplantation recipients should
practice self-isolation prior to transplantation. If such a patient
becomes infected with SARS-CoV-2, the procedure should be
delayed (75). Complete immunological recovery following stem
cell transplantation may take 3 to 6 months, so self-isolation
after the procedure is necessary as well. Everyone who comes
in direct contact with either a stem cell or an organ transplant
recipient should be vaccinated for common respiratory viruses
(76). A cancer patient presenting with symptoms suggestive of
COVID-19 should also be evaluated for mimics. Pneumonitis
from radiation therapy for example, can be treated with

corticosteroids, but this same treatment may cause pulmonary
injury in COVID-19 patients (75).

HIV-infected patients should be provided sufficient supply
of medications to avoid treatment gaps and to allow them to
maintain a viral load below the level of detectability. HIV-
infected patients who display symptoms of COVID-19 should
be prioritized for diagnostic testing because they are at risk for
severe complications (77).

Autoimmune Conditions

Patients with systemic autoimmune conditions, including
systemic lupus erythematosus (SLE), vasculitis, multiple sclerosis,
progressive systemic sclerosis, or rheumatic disease affecting the
lungs are at a greater risk of developing complications secondary
to respiratory viruses (78). This increased susceptibility to lung
disease may be the result of either the underlying disease
or immunosuppressive treatments (79). Patients with active
autoimmune conditions should continue immunosuppressive
treatment because the risk of relapse is more detrimental
than the risk of SARS-CoV-2 infection. Stable patients should
be maintained on their current therapeutic regimen. Therapy
should be changed in stable patients only if they are at a higher
risk for exposure to COVID-19 or if they become infected
with the disease. In this situation treatment should gradually
be reduced and halted consistent with the guidelines from the
American College of Rheumatology (80) and the German Society
of Rheumatology (81). Corticosteroid injections into joints or
soft tissues should only be reserved for severe cases (78, 82).
Because psychological stress can induce flare-ups in patients with
rheumatic diseases, patients experiencing anxiety, depression, or
suicidal thoughts should be referred for mental health support.
This can be done through telemedicine to reduce risk of COVID-
19 transmission. Patients should be encouraged to maintain their
daily routine, such as sleeping a consistent amount of time
and maintaining a healthy diet, within the isolation of their
homes (78).

THERAPEUTIC STRATEGIES TO TARGET
CYTOKINE STORM

Various stages of the cytokine storm pathway can be targeted
for therapeutic effects (Table 2 and Figure 3) (110). Cytokine
storm has an inciting trigger (viral infection), as well as
factors potentiating pathogenic effects and perpetuating the
cycle of hyperinflammation. Immunomodulation may improve
outcomes even without antiviral drugs (11). A list of ongoing
clinical trials targeting cytokine storm and hyperinflammation
is presented (Supplementary Table 2). The patient’s immune
and comorbidity profile may modulate response to therapy.
Drug interactions with medications used for SARS-CoV2
therapy as well as strategies targeting cytokine storm with
antivirals, antiretrovirals, antimalarials (e.g., chloroquine and
hydroxychloroquine), or immunomodulators (e.g., tocilizumab)
may be considered on a case-by- case basis.
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TABLE 2 | Various immunomodulatory strategies targeting cytokine storm in COVID-19 patients.

Strategies or agents Studies and indications Safety/drug to drug interactions* References

Cyclooxygenase (COX) inhibitors  The use of COX inhibitors in COVID-19 Should not be used in patients with previous history of stroke, or prior (83)
has not been evaluated. It should be used  heart bypass surgery (coronary artery bypass graft, or CABG). Cox-2
on a case-by-case basis. inhibitors (Celecoxib) have less gastrointestinal side effects than

non-steroidal anti-inflammatory drugs (NSAIDS). Similar cardiovascular
event risk profiles of Cox-2 and non-selective NSAIDS (ibrufen,
diclofenac and naproxen). Cox inhibitors increases risk of
cardio-thrombotic events, congestive heart failure.

Corticosteroids The use of high-dose corticosteroids is not  Mild to intermediate dose may be considered to reduce inflammation in (83)
recommended in cases of COVID-19. initial treatment of cytokine storm and in specific cases of

COVID-19-induced pneumonia.

Anti-tumor necrosis factor (TNFa)  Anti-TNFa is widely used for several May be protective against SARS-CoV-2 pneumonia. (84)

therapy autoimmune diseases. Its use in
COVID-19 should be explored.

Intravenous immunoglobulin Due to its lack of side effects, IVig may be ~ Could be explored as an alternative to corticosteroids. Low dose IVIg (86)

(IVIg) therapy beneficial in COVID-19 patients especially  may require complement activation; whereas, high doses of IVig may
in settings of cytokine storm or act directly on immune cells (85).
hyperinflammatory state and septic shock.

Angiotensin-converting-enzyme  The use of ACEI/ARB is associated with ARBs preferable in preventing kidney failure in patients with established (88)

inhibitors (ACElIs) or angiotensin-  lower mortality in COVID-19 in-patients. (diabetic) nephropathy (87). ACEls advantageous in prevention of new

ll-receptor-antagonists onset alouminuria ACEls have relatively higher mortality benefit than

(ARBSs) ARBs in the setting of prior MI, coronary artery disease or heart failure.

ACEIls (as a monotherapy or with a diuretic) have greater benefit in
recurrent stroke prevention. ARBs can be considered in patients who
do not tolerate ACEls owing to cough and angioedema.

Peroxisome proliferator-activated ~ PPAR agonists increase the production of ~ PPAR-y agonist thiazolidinediones (TZDs), like pioglitazone and (90)

receptor (PPAR) agonists anti-inflammatory cytokines and thus, may  rosiglitazone, have anti-inflammatory properties with potential for
be beneficial in COVID-19 patients. corrective effects on severe viral pneumonia. Nutritional ligands of
PPAR-y agonists are often used in PPAR-y, such as lemongrass, pomegranate, and curcuma may be
treatment of type 2 diabetes. used in conjunction with PPAR pharmacological agents (89).

5" adenosine AMPK activators such as metformin have ~ AMPK activators has shown to increase survival rates in influenza 92)

monophosphate-activated direct anti-inflammatory effects. Could infected animal models. Combination with pioglitazone could have

protein kinase (AMPK) activators  have benefit in reducing cytokine stormin  added survival benefits (91).

COVID-19 infected patients.

Macrolide The antiviral effects of macrolide may Macrolide may reduce inflammation in infected patients. (93)
benefit COVID-19 patients.

Arbidol Arbidol is an antiviral that has been shown  Studies on animal model of influenza has shown benefits in reducing (95)
to prevent COVID-19 infection. mortality, inflammation and lung lesion formation (94). Arbidol could be

explored in targeting cytokine storm.

OX40 (CD134) There are several limitations in the OX40-immunoglobulin fusion protein treatment has previously 97)

therapeutic use of OX40. demonstrated clinical benefit in influenza animal models by eliminating
weight loss and cachexia without preventing virus clearance (96).

Antioxidants Antioxidants, such as vitamin C, have Could be used in combination with other anti-inflammatory agents to (98)
anti-inflammatory effects when target cytokine storm.
administered intravenously.

Suppressor of cytokine signaling  SOCS is involved in regulating antiviral Could be protective against severe cytokine storm during severe (99)

(SOCS) immunity. COVID-19 infection.

Extracorporeal therapy Extracorporeal therapy is a proposed Extracorporeal cytokine removal may have protective effects on (101)
mechanism to remove cytokines in septic  vascular integrity and could reverse cytokine storm (100).
patients

Pyrrolidinedithiocarbamate Inhibits kB phosphorylation and thus PDTC ammonium may have a role in limiting cytokine storm by (103)

(PDTC) ammonium blocks NF-kB translocation to the nucleus  inhibiting reactive oxygen species (ROS) production (102).
and reduces the expression of
downstream cytokines.

Diacerein An inhibitor of IL-1B—an acute response Diacerein attenuates inflammation in severe sepsis, and hence (105)
cytokine which appears in improves survival (104). Could be beneficial in reducing sepsis induced
hypercytokinemia. insulin resistance as an alternative to insulin therapy in severe sepsis

cases where intensive insulin therapy is associated with adverse
outcomes. Diacerein could be beneficial in managing diabetes patients
infected with SARS-CoV-2.
(Continued)
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TABLE 2 | Continued

Strategies or agents Studies and indications Safety/drug to drug interactions* References
Tranilast An anti-allergic drug which inhibits NOD-,  Tranilast has been shown to attenuate ischemia reperfusion injury by (107)
LRR- and pyrin domain-containing protein  inhibiting inflammatory cytokine production and PPAR expression (106).
3 (NLRP3) which plays an important role in
the pathogenesis of COVID-19.
Statin In-silico evidence on efficacy of statinsas ~ As drugs of choice —Rosuvastatin (with preference for starting a low (16, 108)
SARS-CoV-2 Mpro inhibitors dose and titrating up) and Fluvastatin should be administered.
Chloroquine/Hydroxychloroquine  Strong anti-inflammatory activity may be of  Not recommended currently by Food and Drug Administration (FDA) (109)

use in targeting cytokine storm.

and Europeans Medicine Agency (EMA) outside of the hospital setting
or a clinical trial due to risk of heart rhythm problems and fatal
conditions including congestive heart failure.

*With standard therapy used for SARS-CoV-2 infection: antiviral drugs (remdesivir), antiretroviral drugs (lopinavir/ritonavir), macrolides (mainly azithromycin), anti-malaria (chloroquine

and hydroxychloroquine) and anti-rheumatoid (tocilizumab).
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FIGURE 3 | Various therapeutic strategies for targeting cytokine storm. Different stages of the hyperinflammatory immune response can be targeted for therapeutic
purposes, with the final aim of modulating and inhibiting cytokine influx in order to restore immune homeostasis. HMGB, high-mobility group protein 1; DAMP,

Corticosteroids and NSAIDs

Corticosteroids and NSAIDs can effectively

could lead to further complications and also increase the

suppress
hyperinflammatory responses; however, delayed viral clearance

COVID-19 related fever. As such, corticosteroids and NSAIDs
are not recommended for routine management of COVID-19
patients (40), despite a theoretical benefit in reducing cytokine
storm risk.

risk of transmission. Although corticosteroids could be used

acutely to target cytokine storm, their use in respiratory viral
infection is associated with increased mortality, increased risk
of secondary bacterial or fungal infections, and prolonged
may mask

ICU admission. Furthermore, corticosteroids

Targeting Interleukins

Interleukin-6 (IL-6) plays a key role in cytokine storm (102).
Blocking IL-6 is another potential therapeutic strategy (Figure 4)
(44). Tocilizumab is a monoclonal antibody against IL-6 receptor
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FIGURE 4 | Targeting cytokine storm via the JAK-STAT pathway. During a cytokine storm, there are increased levels of IL-6 which can form a complex with mIL-6R to
act on gp130. Gp130 regulates levels of IL-6, MCP-1, and GM-CSF via the JAK-STAT pathway. This could facilitate the cytokine storm. Inhibition of the JAK-STAT

pathway, potentially using IL-6 inhibitors or direct inhibition of signaling, can be a therapeutic strategy (depending on the timing—indicated preferably at later stages of
illness, not in early phase, or at clinical signs of cytokine storm). SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; COVID-19, coronavirus disease 2019;

IL, interleukin; mIL-6R, membrane bound interleukin-6 receptor; gp 130, glycoprotein 130; MCP-1, monocytes chemoattractant protein-1; GM-CSF,
granulocyte-macrophage colony-stimulating factor; JAK-STAT, janus kinase/signal transducer and activator of transcription.

(IL-6-R) that binds to membrane-bound and soluble IL-6-
Rs (mIL-6R and sIL-6R), thus preventing the downstream
signal transduction of IL-6 on binding to membrane protein
gpl30 (102). A study of 21 tocilizumab-treated COVID-19
patients revealed that clinical manifestations improved following
administration (111). Tocilizumab is undergoing phase IV
clinical trials (ChiCTR2000029765) and has been approved for
use in treating COVID-19 pneumonia and raised IL-6 levels
in China. The Italian Regulatory Drug Agency is undertaking
phase II trials of tocilizumab in COVID-19 patients (TOCIVID-
19) (44). The pro-inflammatory effects of IL-6 occur via the
trans-signaling pathway using sIL-6R. On the other hand, the
anti-inflammatory and regenerative effects of IL-6 involve the
cis-signaling pathway via the mIL-6R, present on macrophages,
neutrophils, some T lymphocytes and hepatocytes. Tocilizumab
is not selective for the sIL-6R and may inhibit mIL-6R, thereby
causing negative side effects such as upper respiratory tract
infections. Recombinant soluble gp130 protein (sgp130) may be
an alternative to tocilizumab because it binds to sIL-6R, thereby
reducing its pro-inflammatory effects when it binds to IL-6
(112). IL-1 inhibitors may be an alternative for treating COVID-
19 hypercytokinemia. A phase III clinical trial of anakinra
showed survival benefit without increased adverse effects (40).

IL-37 and IL-38 could be evaluated as therapeutic options for
COVID-19 because they inhibit the pro-inflammatory effects of
IL-1 (113).

Janus Kinase Inhibitors

SARS-CoV-2 enters host cells via receptor-mediated endocytosis,
which is regulated by numb-associated kinases (NKA) such
as adaptor complex protein 2 (AP2)-associated protein kinase
(AAK1) and G-associated kinase (GAK). The high affinity
AAK1 blocker ruxolitinib is under investigation for treating
COVID-19 (ChiCTR2000029580). To achieve NAK inhibition,
toxic doses of AAK1 blockers are required. Baricitinib can
inhibit both AAK1 and GAK (approved dosage of 2-4 mg daily)
and can selectively inhibit JAK 1 and 2, thus reducing the
inflammatory effects of I1-6 via the JAK-STAT signaling pathway.
Furthermore, baricitinib can be considered in combination
antiviral and anti-inflammatory therapies due to its minimal
interaction with cytochrome P450 (CYP) enzymes and low
plasma protein binding (40, 114). Early reports show promise
of baricitinib combined with antiviral therapy in COVID-19
patients (115).
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FIGURE 5 | REPROGRAM consortium pathway for targeting cytokine storm in severe or critically ill COVID-19 patients. Diagnostic panel for risk factor assessment of
cytokine storm associated prognosis of COVID-19 patients could include (Panel A: on top right) (99): older age, dyspnoea, higher SOFA score, IL-6, lymphocyte

(Continued)
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procalcitonin.

FIGURE 5 | count; cardiac troponin; BNP/NT-proBNP (if clinical suspicion of heart failure); one marker of inflammation (Ferritin > 1,000 mg/mL, CRP > 25 mg/L, and
II-6 elevation); presence of severe respiratory failure, bilateral infiltration on imaging and progressive non-invasive ventilation requirement, D-dimer > 1,000 mg/mL;
LDH > 300 U/L; absolute lymphocyte count < 0.8 billion/L; PCT level (>0.5 ng/mL), and AST > 40 U/liter (61, 116-119). In low-resourced settings, cytokine release
syndrome clinical symptoms could be used in the absence or limited availability of diagnostic panels. Fondaparinux is a synthetic pentasaccharide factor Xa inhibitor.
Fondaparinux binds antithrombin and accelerates its inhibition of factor Xa. It is chemically related to low molecular weight heparins. Patients with CNS involvement
should have cerebral CT or MRI scan and in the if a stroke is suspected also a CT angiography or MRI angiography, in case of epileptic seizures or status epilepticus
an EEG and in case of suspected encephalitis a lumbar puncture for cerebro-spinal fluid assessment. Also, bedside neuropsychological assessments are of value. In
addition, assessment of CK and myoglobin are of value (neurophysiology as well, but this is not so important acutely). Treatments should include: antiepileptics (for
example, levetiracetam 2x1000 mg) and depending on disease condition. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; COVID-19, coronavirus
disease 2019; IV, intravenous; PT, prothrombin time; PTT, partial thromboplastic time; LDH, lactate dehydrogenase; CK, creatine kinase; CBC, complete blood count;
BNP, brain natriuretic peptide; NT-proBNP, N-terminal pro hormone brain natriuretic peptide; CRP, c-reactive protein; IL, interleukin; AST, aspartate aminotransferase;
SOFA, sequential organ failure assessment score; LMW, low molecular weight; VTE, venous thromboembolism; PE, pulmonary embolism; DVT, deep vein thrombosis;
DIC, disseminated intravascular coagulation; CT, computed tomography; NMR, nuclear magnetic resonance; EEG, electroencephalogram; CSF, cerebrospinal fluid;
IVlg, intravenous immunoglobulin; DCR, direct current cardioversion; CNS, central nervous system; Mg, magnesium; K, potassium; C, complement component; PCT,

DECISION MAKING BASED ON CYTOKINE
STORM

Because of the association between cytokine storm and severe
COVID-19 complications, we propose a cytokine storm-
based diagnosis and management workflow for patients
with or suspected of COVID-19 (Figure5 and Table 1)
(120). Our proposal expands on the multidisciplinary
evidence-based guidelines currently used in the diagnosis
and treatment of cytokine storm linked macrophage
activation syndrome and sHLH (121). The Surviving
Sepsis Campaign COVID-19 panel recommends the
use of moderate-dose steroids for intubated patients
with ARDS (10mg dexamethasone daily, or 60 mg/day
methylprednisolone) (122).

CONCLUSION AND DISCUSSIONS

The diagnosis and management of cytokine storm are
clinically challenging and controversial due to lack of
proven treatment. Our proposed algorithm may be used as
a possible approach (Figure5) (120-122); however clinical
decision should be based on individual patient profile and
disease severity. Immunosuppressive agents such as steroids
or immunomodulating drugs such as anti-IL6 monoclonal
antibodies like tocilizumab, are relatively high priced, unavailable
in low resource setting, and may be in short supply during
the COVID-19 pandemic even in developed countries.
The neuroinvasive potential of COVID-19 (24, 25) and the
association between neuroinvasion and cytokine storm need
further consideration (123). We recommend longitudinal follow-
up of COVID-19 patients with and without the cytokine storm
to understand the specific immunopathological mechanisms and
biomarkers for severe disease. After cytokine storm resolves,
an immunologic memory of the SARS-CoV-2 infection will
likely persist (124), raising the possibility of either relapse or
reinfection in previously COVID-19 positive patients who
subsequently cleared the infection. Limiting damage from a
hyperimmune response during both the acute phase and the
cytokine storm is a target for further research. There could be
a decoupling mechanism of cytokines that may attenuate the

cytokine storm and preserve memory (110). Understanding the
various pathophysiological mechanisms linked to cytokine storm
could be used to develop targeted diagnostic and therapeutic
strategies for critically ill COVID-19 patients.
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During the recent coronavirus disease 2019 (COVID-19) outbreak in Northern ltaly,
we observed a 57-year-old man developing acute motor-sensory axonal neuropathy,
a variant of Guillain-Barré syndrome (GBS), 12 days after severe acute respiratory
syndrome-coronavirus-2 (SARS-CoV-2) infection. Similarly to other bacterial and viral
infections, dysregulation of the immune system due to post-infectious mechanisms, such
as the molecular mimicry, could lead to an indirect damage of the peripheral nervous
system related to SARS-CoV-2. GBS causes motor dysfunctions that are not easily
recognizable in non-neurological settings or in patients requiring ventilatory assistance.
Several reports also suggested that GBS and Miller Fisher syndrome (MFS) could be
neurological complications of COVID-19. Therefore, we performed a review of the 29
articles so far published, describing 33 GBS cases and five MFS cases associated with
SARS-CoV-2 infection. We recommend awareness of this rare, but treatable, neurological
syndrome, which may also determine a sudden and otherwise unexplained respiratory
deterioration in COVID-19 patients.

Keywords: guillain-barré syndrome, miller fisher syndrome, COVID-19, SARS-CoV-2, AMSAN, post-infectious

INTRODUCTION

The coronavirus disease 2019 (COVID-19) outbreak started at the end of 2019 in Wuhan, the
capital of Hubei province, in China. The novel coronavirus was designated as severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). To date, millions of cases have been confirmed
worldwide, and Italy has been one of the most affected countries.

Neurological manifestations have been described in one third of patients with COVID-19.
Some of these neurological symptoms have proved to be quite specific, e.g., loss of smell or
taste, but other ones are non-specific, e.g., headache, dizziness, or reduced level of consciousness
(1). However, whether the neurological symptoms associated with SARS-CoV-2 are attributable
to secondary mechanisms (i.e., multiorgan dysfunction or systemic inflammation), an abnormal
immune response or the direct injury of the virus is still unknown.

Recently, several case reports have suggested a relationship between the occurrence of
Guillain-Barré syndrome (GBS) and a previous SARS-CoV-2 infection, which preceded
the GBS onset by up to 4 weeks. Therefore, a post-infectious dysregulation of the
immune system, triggered by SARS-CoV2, appears to be the most probable cause.

Frontiers in Neurology | www.frontiersin.org

66 August 2020 | Volume 11 | Article 909


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2020.00909
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2020.00909&domain=pdf&date_stamp=2020-08-21
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:antonio.zito01@universitadipavia.it
https://doi.org/10.3389/fneur.2020.00909
https://www.frontiersin.org/articles/10.3389/fneur.2020.00909/full
http://loop.frontiersin.org/people/975741/overview
http://loop.frontiersin.org/people/395955/overview
http://loop.frontiersin.org/people/568095/overview
http://loop.frontiersin.org/people/667713/overview
http://loop.frontiersin.org/people/529961/overview
http://loop.frontiersin.org/people/918107/overview
http://loop.frontiersin.org/people/441039/overview

Zito et al.

COVID-19 and Axonal Guillain-Barré Syndrome

Conversely, a recent pathological study on postmortem
human brain tissues found that anosmia and dysgeusia, described
in up to 20% of patients, are more likely due to the direct viral
invasion of the olfactory nerve and bulb (2). In addition and in
line with this observation, a COVID-19 patient with anosmia
showed magnetic resonance imaging (MRI) abnormalities in the
olfactory bulb and in the inferior frontal lobe, as a conceivable
result of the direct invasion of SARS-CoV-2 through the olfactory
pathway via trans-synaptic retrograde spreading (3).

Here we describe a patient with an axonal variant of GBS
following COVID-19, and we review the available reports in the
literature on other GBS cases related to SARS-CoV-2 infection.

CASE REPORT

A 57-year-old man developed dysgeusia, cough, and fever of up
to 39°C lasting for 5 days. At 12 days after the resolution of the
symptoms, he complained of numbness and tingling in the feet
and, a few days later, also in the hands. Over 10 days, the patient
developed distal limb weakness and severe gait impairment, so
he was referred to the emergency department. A neurological
examination showed weakness in the dorsiflexion of the foot
and the extension of the toes [Medical Research Council (MRC)
score: 3/5 on the right side and 4/5 on the left side], weakness in
the extension of hand and fingers (MRC score: 4/5 bilaterally),
gait ataxia, loss of touch and vibration sensation in the feet and
ankles, weak tendon reflexes in the upper and the lower limbs, but
absent ankle jerk reflex. The cranial nerves were spared. The chest
radiography was negative for pneumonia, and a nasopharyngeal
swab testing for SARS-CoV-2 with real-time polymerase chain
reaction assay (RT-PCR) was negative, too.

At this stage, the patient was admitted to our unit for further
diagnostic workup. The nerve conduction studies, performed
4 weeks after the neurologic onset, showed reduced or absent
compound muscle action potentials and sensory nerve action
potentials in the lower limbs, absent F wave response in the
lower limbs, and prolonged F wave response in the upper
limbs. The electromyography showed very rich spontaneous
activity (fibrillation potentials and positive sharp waves) in
the lower limb muscles (Table1). The cerebrospinal fluid

(CSF) examination disclosed normal cell count and normal
proteins, normal CSF/serum albumin ratio, and absence of
oligoclonal banding. Serum SARS-CoV-2 IgG was detected
(Maglumi, Snibe). Anti-GM1, anti-GD1b, and anti-GQlb IgG
and IgM were negative (ELISA, Bithlmann). The laboratory
investigations demonstrated high C-reactive protein (18.9
mg/dl). The serological tests for HIV, syphilis, cytomegalovirus
(CMV), Epstein-Barr virus (EBV), and Mycoplasma pneumoniae
(MP) were negative, except for anti-EBV, anti-CMYV, and anti-
MP IgG. An intravenous immunoglobulin (IVIG) cycle at 0.4
g/kg/day over 5 days was started, leading to a significant
improvement of the weakness in the upper limbs and the
left foot but a poor benefit on the right foot and gait
ataxic. The patient was then transferred to the rehabilitation
unit. He slowly improved through physiotherapy and, after 1
month, he was able to walk without aid and was discharged.
Figure 1 shows a timeline of the clinical milestones of
the patient.

DISCUSSION

We reported a patient showing a stepwise progression of
numbness, tingling, and weakness 12 days after the resolution
of fever, cough, and dysgeusia. The clinical features and the
electrophysiological findings along with the epidemiological
context and the presence of IgG to SARS-CoV-2 supported
the diagnosis of post-COVID-19 GBS. In particular, the
neurophysiological examination was consistent with an acute
motor-sensory axonal GBS (AMSAN) variant, with level
2 diagnostic certainty for GBS according to the Brighton
Criteria (consistent clinical features and supporting nerve
conduction study, but not CSF) (4, 5). Active SARS-
CoV-2 infection was excluded by a complete recovery
of the typical antecedent symptoms, absence of the viral
genome in the nasopharyngeal swab, and negative chest
radiography. The detection of serum IgG to SARS-CoV-
2 is in line with the chronological profile of the antibody
appearance. Indeed IgG seroconversion in COVID-19 patients
is reached within a median of 13 days from the clinical
onset (6).

TABLE 1 | Neurophysiological findings.

Antidromic Latency (ms) Amplitude (LV) Velocity (m/s) Motor NCS Latency Amplitude Velocity (m/s)
sensory NCS proximal/distal proximal/distal

(ms) (mV)
Sural: R=NE;L=NE R=NE;L=NE R=NEL=N Tibial: medial R =NE; L=NE R =NE; L=NE R=NE L=NE

posterior ankle

malleolus-abductor

hallucis brevis; popliteal
fossa-medial malleolus

Radial: thumb R=42;L=NE R=013L=NE R=31;L=NE
Unar: digit6 R=23L=26 R=62;L=15 R=522,L=462

Common peroneal:

R=11.9/4,L=NE R=0.1/0.1;L=NE R=36.7;L=NE

ankle-extensor
digitorum brevis; below
fibula-ankle

Electromyography showed fibrillation potentials and positive sharp waves in the tibialis anterior and gastrocnemius medialis muscles, bilaterally.

L, left; NCS, nerve conduction study; NE, not evocable; R, right.
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Onset of

COVID-19 Latency period GBS onset Admission Rehabilitation
Fever, cough, Complete Onset of distal Onday 1 IgG for Slowly improved,
hypogeusia and | absence of paraesthesia, SARS Cov-2 discharged fully
anosmia symptoms distal weakness, | Onday 2 EMG and| able to walk

ataxic gait CSF examination without aid
On day 3 IVIG
03 March 08 March 20 March 01 April 09 April 14 May

FIGURE 1 | Timeline of clinical events, diagnostic-therapeutic approach, and clinical outcome.

More than half of GBS cases appear 1 to 2 weeks after an
underlying infection. Campylobacter jejuni is the most frequent
precipitant of GBS, but viral infections, including EBV,CMV, and
Zika virus, are also frequently reported (7). The association of
GBS with other coronaviruses was described only in two cases
(8, 9). Recently, SARS-CoV-2 has also been related to GBS and
Miller Fisher syndrome (MES), wherein an autoimmune post-
infectious mechanism, such as molecular mimicry or bystander
activation, targeting self-ganglioside epitopes in spinal roots and
peripheral nerves, might be involved, in analogy with all the other
post-infectious cases.

We carried out a literature search in MEDLINE via PubMed
for all articles published using the keywords or MeSH terms
“COVID-19” or “SARS-CoV-2; together with “Guillain-Barre
syndrome,” “GBS,” “AIDP; “AMAN,” “AMSAN;,” “Miller Fisher
syndrome,” or “MFS.” At the time of writing this manuscript, we
found in literature 29 articles reporting 33 patients with GBS and
five cases of MFS associated with SARS-CoV-2 infection, which
are summarized in Table 2 (10-38).

The age of the patients ranged between 23 and 77 years
(mean =+ standard deviation: 59 %+ 12), with a male prevalence
(63.2%). The severity of COVID-19 manifestations, defined as
mild, severe, and critical, according to a previously described
classification (39) was as follows: mild in 30/38 (78.9%), severe
in 5/38 (13.2%), and critical in 3/38 (7.9%). The time elapsed
from onset of the COVID-19 symptoms to the clinical GBS
manifestations ranged between 3 and 28 days (mean 12 =+ 6).
Notably, the timing of the majority of cases was consistent
with the parainfectious profile rather than a post-infectious
paradigm. In two patients, the onset of GBS actually preceded by
a few days the first manifestations of COVID-19, but an earlier
presentation of COVID-19 characterized by very mild or even
absent symptoms could be taken into account in both cases.

The main clinical, electrophysiological, and CSF features of
the patients so far reported are summarized in Table 3. With
regard to GBS subtypes, the main clinical variant was the classical
sensory-motor GBS (30/38), the second phenotype was MFS
(5/38), the third was featured by facial diplegia with sensory
deficits (2/38), and in only one case the pharyngeal-cervical-
brachial variant was observed.

Following the first reported cases of GBS related to SARS-
CoV-2 (10), a more common axonal rather than demyelinating

variant has been suggested. However, unlike the initial reports,
the electrophysiological features in other cases did not show
a higher prevalence of axonal variants in these patients. By
contrast, the demyelinating and the mixed forms were more
often observed.

The examination of CSF samples obtained from 32 patients
showed an albumin-cytological dissociation in 68.4% of cases. All
RT-PCRs for SARS-CoV-2 on CSF were negative, suggesting the
lack of a direct causative role of the virus.

Anti-ganglioside antibodies were detected only in two cases
of MFS, showing a borderline positivity for IgM anti-GM1 and a
positivity for IgG anti-GD1b, respectively.

Brain and/or spinal cord MRI was performed in 20 patients
and showed contrast enhancement of nerve roots at the level of
the cauda equina, of brachial and lumbosacral plexus, and also
of single or multiple cranial nerves. In addition, a brainstem
and cervical leptomeningeal enhancement, which is an atypical
feature in GBS, was seen in one case.

Almost all patients were treated with IVIG and/or plasma
exchange, whereas one mild case received only symptomatic
treatment. The recovery timing and the outcomes varied widely,
but in 14/38 cases, a rapid improvement was reported. In
12/38 cases, the improvement was instead slower and required
admission to rehabilitation facilities, whereas 6/38 patients had
a poor outcome (prolonged stay in the intensive care unit and
long-lasting severe disabilities). Two cases were fatal, and in 4/38
cases, the outcome was not available. Of relevance is the fact that
it does not seem that COVID-19 severity at onset is correlated
with GBS outcomes.

Moreover, the clinical features of post-COVID-19 GBS did
not differ from those of cases related to other viruses, with
the notable exception of a remarkable respiratory involvement
(Table 3). It is indeed crucial to highlight that respiratory
failure was present in 15 /38 cases (39.5%) of GBS related
to SARS-CoV-2, a percentage higher than that observed
in previous GBS cohorts (ranging from 20 to 30%) (5).
This suggests that COVID-19 pneumonia may overlap with
GBS-associated respiratory muscle weakness and increase the
number of cases needing a respiratory support. The reported
observations indicate that physicians should always consider
GBS in the differential diagnosis of a respiratory insufficiency
in COVID-19 patients, especially in cases of normocapnic
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TABLE 2 | Guillain-Barré syndrome (GBS) cases related to SARS-CoV-2.

Patient Time Clinical features EMG CSF MRI Treatment/outcome References
between
events

GBS cases
77 years 7 days Tetraplegia, areflexia, paresthesia in upper AMSAN ACD Spine: enhancement of Two cycles of IVIG; (10)
old, w limbs, facial diplegia, dysphagia, tongue caudal nerve roots poor outcomes

weakness, and respiratory failure
23 years 10 days Facial diplegia, areflexia, lower limbs AMSAN ACD Brain: enhancement of IVIG, slow improvement ~ (10)
old, m paresthesia, and ataxia facial nerve bilaterally
55 years 10 days Tetraparesis, areflexia, paresthesia in all AMAN ACD Spine: enhancement of Two cycles of IVIG, (10)
old, m limbs, facial diplegia, and respiratory failure caudal nerve roots poor outcomes
76 years 5 days Tetraparesis, areflexia, and ataxia AIDP N Brain and spine: N IVIG, slow improvement ~ (10)
old, m
61 years 7 days Tetraplegia, areflexia, lower limb AIDP ACD Spine: N IVG, PE, poor (10)
old, m paresthesia, facial diplegia, dysphagia, outcomes

and respiratory failure
61 years 8 days?® Tetraparesis, areflexia, and sensory loss in AIDP ACD n.a. IVIG, rapid (11)
old, w all limbs improvement
60 years 20 days Tetraparesis, areflexia, and ipopallesthesia AIDP N Cervical spine: N IVIG, slow improvement  (12)
old, m in lower limbs, paresthesia in all limbs,

facial diplegia, hypophonia, and dysarthria
43 years 14 days Paraparesis, areflexia, apallesthesia, and AIDP ACD Brain: multiple cranial IVIG, rapid (139)
old, m sensory deficit in all limbs; ataxia and right neuritis Spine: improvement

peripheral facial radiculitis, and brachial

and lumbar plexitis

70 years 7 days Tetraparesis, areflexia, paresthesia in all AIDP ACD n.a. IVIG, rapid (13)
old, w limbs, and perioral, left peripheral facial improvement

palsy, respiratory failure.
72 years 7 days Tetraparesis, neck flexor weakness, AIDP ACD n.a. IVIG, poor outcomes (14)
old, m paresthesia, sensory loss in all limbs,

respiratory failure, dysautonomia, and

SIADH
55 years 20 days Facial diplegia, hyporeflexia, dysphagia, AIDP NP Brain: N IVIG, rapid (15)
old, m bilateral masseter weakness, and improvement

dysphonia
60 years 20 days Tetraparesis, areflexia and massive AMSAN NP n.a. IVIG, rapid (15)
old, m dysautomia (gastroplegia, paralytic ileus, improvement

and hypotension)
65 years 14 days Tetraparesis, facial diplegia, areflexia, AMSAN n.a. Brain and Cervical VIG, n.a (16)
old, m hypopallestesia and sensory deficit in spine: N

lower limbs
70 years 24 days Tetraparesis, areflexia, distal paresthesia in AIDP ACD n.a. IVIG; poor outcomes (17)
old, w all limbs and respiratory failure
53 years n.a? Paraparesis, areflexia, paresthesia in lower ~ AIDP ACD Spine: radiculitis of PE, slow improvement (18)
old, w limbs, dysarthria and jaw weakness cervical and lumbar

spine

76 years 8 days Tetraparesis, areflexia, distal paresthesia n.a n.a n.a IVIG, death (19)
old, w sensory loss in lower limbs, dysphonia,

dysphagia and respiratory failure
52 years 15 days Tetraparesis, areflexia, distal paresthesia AIDP ACD Spine: N IVIG, poor outcomes (20)
old, w and sensory loss, ataxia, dysautonomia

and respiratory failure
63y years 7 days Tetraparesis, areflexia, and distal AIDP N n.a. IVIG, slow improvement  (20)
old, w paresthesia
61y years 22 days Tetraparesis, areflexia, hypopallestesia and AIDP ACD Spine: lumbosacral IVIG, slow improvement  (20)
old, w allodynia, facial diplegia, dysphagia, and nerve root

dysautonomia enhancement
50 years 28 days Paraparesis, areflexia, distal paresthesia, AIDP N Brain: N IVIG, rapid (21)
old, m hypopallestesia in lower limbs, ataxic gait improvement

and facial diplegia

(Continued)
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TABLE 2 | Continued

Patient Time Clinical features EMG CSF MRI Treatment/outcome References
between
events
54 years 10 days Tetraparesis, areflexia, paresthesia and n.a. n.a. Spine: N IVIG, slow improvement  (22)
old, m respiratory failure
58 years 20 days Facial diplegia, areflexia and paresthesia in AIDP/Blink ACD Brain: bilateral facial IVIG, slow improvement  (23)
old, m lower limbs, dysarthria with labial sounds reflex enhancement
absent

68 years 10 days Tetraparesis, areflexia, sensory loss in AIDP ACD Spine: N IVIG, PE, slow (24)
old, m lower limbs and respiratory failure improvement
57 years 7 days Tetraparesis, areflexia, paresthesia, AIDP ACD n.a. IVIG, slow improvement  (25)
old, m hypopallestesia and sensory loss in lower

limbs, dysphagia and respiratory failure
64 years 11 days Tetraparesis, areflexia, paresthesia in all AIDP ACD n.a VIG, n.a (26)
old, m limbs, hypo/apallesthesia in all limbs,

dysphagia and respiratory failure.
70 years 3 days Tetraplegia, areflexia, paresthesia in all AMSAN ACD n.a VIG, n.a 27)
old, w limbs, bilateral positive Laségue sign.
43 years 10days Tetraparesis, areflexia, sensory loss in all AIDP n.a. n.a. IVIG, rapid (28)
old, man limbs, facial diplegia and dysphagia improvement
70 years 10 days Paraparesis, areflexia, urinary retention AIDP ACD Spine: N IVIG, rapid (29)
old, m and constipation improvement
71 years 7 days Tetraparesis, areflexia, paresthesia and AIDP ACD n.a. IVIG, death (30)
old, m hypesthesia in all limbs, respiratory failure
64 years 23 days Paraparesis, areflexia, ipopallesthesia and AIDP ACD n.a. IVIG, rapid 31)
old, m sensory loss in all limbs improvement
54 years 21 days Paraparesis, areflexia, paresthesia in all AIDP ACD n.a. IVIG, rapid (32
old, w limbs and dysphagia improvement
66 years 10 days Tetraparesis and areflexia AIDP ACD n.a. IVIG, rapid (33)
old, w improvement
55 years 15 days Tetraparesis, areflexia, paresthesia in all AIDP ACD Brain: lepto-meningeal IVIG, slow improvement — (34)
old, w limbs and perioral, facial diplegia, enhancement in

dysphonia, dysphagia and respiratory medulla

failure
Miller Fisher syndrome cases
50 years 5 days Ophthalmoparesis, areflexia, perioral n.a ACD n.a. IVIG, rapid (35)
old, m paresthesia and ataxia improvement
39 years 3 days Ophthalmoparesis, areflexia n.a ACD n.a. Acetaminophen, n.a. (35)
old, m
36 years 4 days Ophthalmoparesis (CN Il and CN VI), n.a. n.a. Brain: enlargement, IVIG, rapid (36)
old, m ataxia, and hyporeflexia and sensory loss prominent improvement

in lower limbs enhancement CN Il
54 years 14 days Ophthalmoparesis, tetraparesis, areflexia, AIDP n.a. Spine: N IVIG, slow improvement  (37)
old, m distal paresthesia, facial diplegia,

dysautonomia and respiratory failure
74 years 15 days Ataxia and areflexia. Increase ACD n.a. IVIG, rapid (38)
old, w F-wave improvement

latencies

ACD, albumin-cytological dissociation; AIDR, acute inflammatory demyelinating polyneuropathy; AMAN, acute motor axonal neuropathy; AMSAN, acute motor-sensory axonal
neuropathy; CSF, cerebrospinal fluid; EMG, electromyography; GBS, Guillain-Barré syndrome; IVIG, intravenous immunoglobulin; m, man; MFS, Miller Fisher syndrome; MRI, magnetic
resonance imaging; N, normal investigation; n.a., not available; PE, plasma exchange; w, woman.

4GBS manifestation precedes COVID-19.

bThose cases have low serum albumin, 2.9 and 2.6 mg/dl, respectively. Furthermore, a mirror-pattern oligoclonal banding was observed in both cases.

or hypercapnic respiratory failure (pointing to a restrictive
respiratory pattern in contrast with the interstitial pattern
of COVID-19 pneumonia) or when a discrepancy between
chest imaging and respiratory parameters occurs. An additional
explanation for this latter scenario is that the respiratory

failure in GBS associated with COVID-19 may also be
driven by a dysfunction of the cardiorespiratory centers in
medulla oblongata directly induced by the virus (40) since the
SARS-CoV-2 genome has also been detected in the human
brainstem (2).

Frontiers in Neurology | www.frontiersin.org

70

August 2020 | Volume 11 | Article 909


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Zito et al.

COVID-19 and Axonal Guillain-Barré Syndrome

TABLE 3 | Clinical, neurophysiological, and CSF features of Guillain-Barré
syndrome/Miller Fisher syndrome cases.

Clinical features N %
Tetraparesis 24/38 63.2
Paraparesis 7/38 18.4
Ophthalmoparesis 4/38 10.5
Hypo/areflexia 38/38 100
Facial weakness 15/38 39.5
Paresthesia and/or sensory loss 30/38 78.9
Ataxia 9/38 211
Bulbar 11/38 28.9
Dysautonomia 6/38 15.8
Respiratory failure 15/38 39.5
SIADH 1/38 2.6
NCS

AIDP 26/38 68.4
AMSAN 5/38 13.2
AMAN 1/38 2.6
n.a. 5/38 13.2
Only F wave delay 1/38 2.6
CSF

ACD 25/38 65.8
Mirror OB 2/38 5.3
Normal 5/38 13.2
n.a. 6/38 15.8
ACD, albumin-cytological ~dissociation; AIDR, —acute inflammatory demyelinating

polyneuropathy; AMAN, acute motor axonal neuropathy; AMSAN, acute motor-sensory
axonal neuropathy; NCS, nerve conduction studies, CSF, cerebrospinal fluid; OB,
oligoclonal band; n.a., not available; SIADH, syndrome of inappropriate antidiuretic
hormone secretion.

The early recognition of GBS symptoms is critical, given the
associated high mortality as well as severe motor disabilities
that may seriously limit the quality of life of these patients
(41). Deficits induced by this neurological condition could be
reasonably included among the post-COVID-19 sequelae, which
requires an accurate evaluation by the neurologists, similarly to
what has been suggested in the past outbreaks, for instance, in
cases of post-polio syndrome (42).

CONCLUSION

Our case report and review of literature contribute to raise
awareness of the possible association between GBS and SARS-
CoV-2 infection. The underlying mechanism of injury could be
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Within the context of the worst pandemic of the century—Covid-19—which emerged
in China and has spread across the entire globe over the last 6 months, increased
knowledge about viral behavior that be prognostic is crucial. Following the patterns of
other coronaviruses (CoVs), particularly those infecting the respiratory tract, neurological
manifestations have been reported in patients with Covid-19. Such manifestations
highlight the neurovirulence of this severe acute respiratory syndrome (SARS)-CoV2. In
order to collect all available information on the implications and mechanisms of infections
by respiratory CoVs, a systematic review was designed following the PRISMA protocol.
The following PICO strategy (patient, problem, or population; intervention; comparison,
control, or comparator; outcomes) was adopted: P included healthy individuals, patients,
and animal models susceptible to human-specific viruses; | included molecular, cell
culture, and comparative experimental studies; C included healthy, diseased, and
immunized conditions; and O represented the virulence and pathogenicity of respiratory
CoVs and their effects on the central nervous system (CNS). Searches were conducted
in PubMed databases from March 30 to April 1, 2020. Results indicate the involvement of
the CNS in infections with various CoVs. Infection typically begins in the airway epithelia
with subsequent alveolar involvement, and the virus then spreads to the CNS via neuronal
contacts with the recruitment of axonal transport. Neuronal infection and regulated cell
death are the main factors causing a generalized encephalitis.

Keywords: Covid-19, SARS-CoV2, coronavirus, neurovirulence, pathogenicity

INTRODUCTION

Viral neurotropism with the potential for acute and/or chronic consequences to the central nervous
system (CNS) has been identified since the late 1950s with findings of the involvement of a
murine hepatitis virus (MHV) in encephalomyelitides in humans (1, 2). The name coronavirus
(CoV) emerged in a small note published in 1968 by a group of virologists who published their
papers in the Nature journal. They showed that the viral particles are more or less rounded,
although they noted a certain degree of polymorphism, with a fringe of projections, which are
rounded or petal-shaped, rather than sharp or pointed. This appearance, resembling the solar
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corona, inspired the name that was adopted for MHV
and several viruses recovered from humans at the
time (3).

Coronaviruses (in this study referred only to those human-
specific infectious) enclose a group of eukaryotic spherical
RNA viruses, which infect animals and humans by fecal-oral
and respiratory routes, as well as mechanical transmission.
Several species of CoVs have been transmitted among humans,
causing epidemics of various proportions. In just 6 months, the
current Covid-19 (Coronavirus disease-2019) pandemic, caused
by infection with the respiratory CoV named “SARS-CoV2”
(severe acute respiratory syndrome coronavirus), has become
the greatest global public health and economic crisis seen in
generations. Most recently, reports of medical doctors operating
on the front line of the ongoing pandemic suggest the incidence
of neuropathological manifestations associated with SARS-CoV2
infections (4, 5).

Similarities between SARS-CoV2 and other respiratory
CoVs have also been reported. For instance, SARS-CoV2,
like other respiratory CoVs that infect humans, binds to the
angiotensin-converting enzyme 2 (ACE2) receptor, which is
widely distributed throughout the respiratory tract epithelium,
lung parenchyma, and gastrointestinal tract (6). Respiratory
distress in patients with Covid-19 may be the result of both
pulmonary inflammatory structural damage, as well as damage
caused in the respiratory centers of the brain (7). However,
reports of such distress require further investigation on the
possible mechanisms of neurovirulence associated with CoV
infections of the respiratory system.

Furthermore, beyond the pulmonary, renal, cardiac, and
circulatory damage that can prove to be fatal in patients with
Covid-19, a dominant cerebral involvement with the potential
to cause cerebral edema can be a leading cause of death, long
before systemic homeostatic dysregulation (8). Thus, a critical
view of the scientific evidence of human infections with a
wider spectrum of respiratory CoVs is necessary to elucidate
the possible mechanisms of SARS-CoV2 interactions with the
nervous system.

In order to substantiate possible implications of the Covid-
19 pandemic for neurology and gain a better understanding of
the virulence and pathogenicity of SARS-CoV2, we performed
a systematic review. We collected all available data at present in
the PubMed databases on viruses of the CoV family, which cause
respiratory infections in humans and have implications for the
nervous system.

METHODS

In order to retrieve all available data on respiratory infections
with CoVs that have an effect on the nervous system, a search
strategy was conducted in the Medical Subject Headings PubMed
platform from March 30 to April 1, 2020, using the following
combinations of terms: neurons vs. coronavirus; neural stem
cells vs. coronavirus; nervous system vs. coronavirus; SARS
virus vs. neurons; SARS virus vs. neural stem cells; and SARS
virus vs. nervous system. A total of 484 papers were retrieved

and downloaded in the Mendeley software and duplicates were
removed. Studies were subjected to double-blinded screening
by their titles and abstracts for inclusion criteria regarding the
following PICO strategy:

P (patient, problem, or population): healthy individuals and
patients with neurological disorders;

I (intervention): immunology and molecular tests, cell
cultures, and comparative experimental studies of respiratory
CoV in humans;

C (comparison, control, or comparator): healthy vs. diseased
conditions, health vs. immunized conditions;

O (outcomes): virulence and pathogenicity of the virus in
the CNS.

Reviews, letters, commentaries, non-interventional studies,
articles not written in English, and animal studies without a focus
on human retroviruses were all excluded (Figure 1).

All reports of human CoV infections found at this stage were
displayed on a timeline (Figure 2). A total of 30 articles were
included for synthesis without meta-analysis (10). This review
followed the PRISMA (preferred reporting items for systematic
reviews and meta-analyses) protocol. The studies’ findings are
summarized in Table 1.

RESULTS

Six strains of infectious bronchitis virus (IBV) were detected
in embryonic tracheal organ cultures from patients with colds.
McIntosh et al. (11) demonstrated that two of these “IBV-like”
strains were able to grow in newborn inoculated mice, and
caused an encephalitic syndrome. Complement-fixation tests of
human convalescent sera and the specific mouse immune sera
were homologous to the brain suspensions from affected mice.
The strains were shown to be identical with each other and
distinct from IBV and strain CoV-229E (another respiratory
CoV, morphologically similar to IBV). Kaye and Dowdle (12)
discovered two strains of IBV-like CoVs and named them
“OC38” and “OC43.”

Pearson and Mims (13) investigated selective cell vulnerability
to CoV-OC43 infection. Using cell-type-specific markers and
neural cultures derived from various areas of the CNS, they
showed that neurons from the dorsal root ganglia produced both
viral antigen and infectious virus, while astrocytes and fibroblasts
produced only viral antigen, and oligodendrocytes produced
neither the infectious virus nor viral antigen. Human embryo
brain cells, including astrocytes, are susceptible to OC43 infection
but production of infectious virus has not been reported.

Collins (14) showed that cortical neuronal cells support
the replication of both CoV-229E and CoV-OC43 serotypes.
Using a human cerebral neuron cell line, the results of that
study showed that neurons, which express the aminopeptidase-N
receptor (CD13) for CoV-229E at nerve synapses, are much more
susceptible to direct infection by CoV-229E than by CoV-OC43.
Both viruses induced the synthesis of viral antigens.

Using antibodies to CoV-229E and CoV-OC43 viruses,
and cell markers in human neural primary cultures cells,
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FIGURE 1 | PubMed data extraction flow chart. From Moher et al. (9). For more information, visit www.prisma-statement.org.

Bonavia et al. (15) was able to demonstrate viral neuroinvasion
in fetal astrocytes, and in adult microglia and astrocytes, by the
strain OC43. Furthermore, RNA amplification also confirmed
infection of fetal astrocytes, adult microglia, and a mixed culture
of adult oligodendrocytes and astrocytes with the strain 229E. In
this study, infectious virus was released only from fetal astrocytes,
with higher titers for CoV-OC43.

Lachance et al. (16) tested whether CD13 is utilized as a
receptor for CoV-229E infection inhuman neural cell lines. They
proved that CD13 expression on the surfaces of various neuronal
and glial cell lines, which are susceptible to CoV-229E infection,
correlate with the level of viral attachments. They also showed
that CD13 is expressed and serves as a receptor for CoV-229E
infection in neuronal and glial cells.

Arbour et al. (17) provided evidence of CoV-229E
neurotropism, and possible viral persistence in the CNS by
showing that astrocytoma, neuroblastoma, neuroglioma, and
oligodendrocytic cell lines are all susceptible to infection by CoV-
229E. The oligodendrocytic and neuroglioma lines sustained a
persistent viral infection, which was monitored by detection of
the viral antigen and infectious viral progeny.

Arbour et al. (40) characterized CoV RNA in a large panel
of human brain autopsy samples. Amplified CoV-229E and
CoV-0OC43 strains from the samples of donors with various
neurological diseases 39 with multiple sclerosis (MS), 26 with
other neurological diseases, and 25 controls) reported that 44%
(40 of 90) of donors were positive for CoV-229E and 23% (21
of 90) were positive for CoV-OC43. A higher prevalence of
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FIGURE 2 | Human coronaviral infections. First reports on the different types of Coronaviruses infecting humans throughout history, and the number of

CoV-0OC43 was noted in patients with MS (35.9%; 14 of 39) than
in the controls (13.7%; 7 of 51). Viral RNA was found in brain
parenchyma, but outside of the blood vessels.

Evidence of a CoV-induced MS-like in rodents, which plays a
role in the inflammatory system, led Edwards et al. (18) to analyze
the expression of cytokines and chemokines in CoV-OC43-
infected human astrocytes and immortalized microglial cell lines.
An up-regulation of IL-6, TNF-a, and MCP-1 mRNA expression
was observed in the astrocytes infected with CoV-OC43. The
virus also modulated the activity of matrix metalloproteinases-2
and -9 and augmented nitric oxide production in microglial cells.

Brain tissue samples from 25 patients with MS and 36 controls
were tested for the prevalence of CoV (19). Four PCR assays
with primers specific for the N-protein gene of CoV-229E and
three PCR assays specific for the nucleocapsid protein gene
of CoV-OC43 were performed. Some sporadic positive PCR
assays were observed in both patients and controls. Results were
not reproducible and no significant difference was reported in
the proportion of positive signals from the patients with MS
compared with the controls.

Jacomy and Talbot (20) developed an experimental model of
CoV-0OC43-inoculated mice and characterized the neurotropic
properties of the virus. The virus led to a generalized infection
of the entire CNS. The acute infection targeted neuronal cells,
which underwent vacuolation and degeneration, during strong
microglial reactivity and inflammatory reactions. Damage to
the CNS was not immunologically mediated and the microglial
reactivity was instead, a consequence of direct virus-mediated
neuronal injury.

Lauetal. (21) reported a case of a 32-years-old healthy woman
in week 26 of pregnancy, who was admitted to the hospital
with myalgia, fever, chills, and rigor for 2 days. She had tested
positive for the “new” severe acute respiratory syndrome CoV
(SARS-CoV) in cerebrospinal fluid collected from day 22, after
generalized tonic-clonic convulsions with a loss of consciousness.

St-Jean et al. (22) uncovered six mutations scattered
throughout the CoV-OC43 genome giving rise to two amino acid
substitutions. The two CoV-CO43 variants were able to reach
the CNS after intranasal inoculation in mice. The stability of the
virus in the environment was highlighted, when the two variants
were isolated from cells, 40 years apart. Genomes of the two CoV-
OC43 variants displayed 71, 53.1, and 51.2% identity with MHV
A59, the SARS-CoV Tor2 strain, and CoV-229E, respectively.
Furthermore, CoV-OC43 has well-conserved motifs, like the
genome sequence of the Tor2 strain of SARS-CoV, suggesting
that CoV-OC43 and SARS-CoV may share several important
functional properties.

Glass et al. (23) produced a model of SARS-CoV infection
in mice. Intranasally introduced virus replicated transiently
to high levels in the lungs, with a peak on day 3 post-
infection and clearance by day 9. Viral RNA was localized
to the bronchial and bronchiolar epithelium and mRNA
expression for the ACE2 receptor was detected in the lung,
following infection. The expression of the proinflammatory
chemokine genes, CCL2, CCL3, CCL5, CXCLY, and CXCLIO,
and receptor genes (especially CXCR3) was up-regulated
in the lungs with differential kinetics. However, T-cell
cytokine mRNAs (Thl and Th2) were not detectable.
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TABLE 1 | Studies and main findings.

Authors and Title

Virus

Model

Main findings

(11) “From Patients with Upper Respiratory Tract
Disease”

(12) “Some Characteristics of Hemagglutination of
Certain Strains of ‘IBV-like’ Virus”

(13) “Differential Susceptibility of Cultured Neural Cells to
the Human Coronavirus OC43”

(14) “Interferon y Potentiates Human Coronavirus OC43

Infection of Neuronal Cells by Modulation of HLA Class |

Expression”

(15) “Infection of Primary Cultures of Human Neural Cells
by Human Coronaviruses 229E and OC43”

(16) “Involvement of Aminopeptidase N (CD13) in
Infection of Human Neural Cells by Human Coronavirus
229"

(17) “Persistent Infection of Human Oligodendrocytic and
Neuroglial Cell Lines by Human Coronavirus 229E”

(17) “Neuroinvasion by Human Respiratory
Coronaviruses”

(18) “Activation of Glial Cells by Human Coronavirus
OCA43 Infection”

(19) “Coronaviruses in Brain Tissue from Patients with
Multiple Sclerosis”

(20) “Vacuolating Encephalitis in Mice Infected by Human
Coronavirus OC43”

(21) “Possible Central Nervous System Infection by
SARS Coronavirus”

(22) “Human Respiratory Coronavirus OC43: Genetic
Stability and Neuroinvasion”

(23) “Mechanisms of Host Defense Following Severe
Acute Respiratory Syndrome coronavirus (SARS-CoV)
Pulmonary Infection of Mice”

(24) “Multiple organ infection and the pathogenesis of
SARS”

(25) “Susceptibility of Human and Rat Neural Cell Lines
to Infection by SARS Coronavirus”

(26) “Murine Encephalitis Caused by HCoV-OC43, a
Human Coronavirus with Broad Species Specificity, Is
Partly Immune-Mediated”

IBV-like virus strains

IBV-like

CoV-0C43

CoV-229E CoV-0OC43

CoV-229E CoV-0OC43

CoV-229E

CoV-229E

CoV-229E CoV-0C43

CoV-0C43

CoV-229E CoV-0OC43

CoV-0C43

SARS-CoV

CoV-0C43

SARS-CoV

SARS-CoV

SARS-CoV

CoV-0C43

Suckling mouse and tracheal cell culture

Mouse brain harvests, human, chicken,
mouse, rat rhesus and guinea pig cells,
erythrocytes

Neural cell cultures

Human cortical neuron, neuroblastoma,
and diploid lung cell lines

Human neural cell lines

Human embryonic lung and neural cell
lines

Human neural cell lines

Human brain autopsy samples—various
neurological diseases

Immortalized human microglial cells and
human astrocyte cell line

Brain tissue from patients with MS

Mice

32-years-old woman, week 26 of
pregnancy, previously in good health

Cell culture

Mice

Brain tissue, full autopsy of 39-years-old
patient with SARS

Human oligodendroglioma, Rat glioma,
Human intestine, Canine kidney, and
Rabbit kidney cell lines

Mice

Two of the six “IBV-like” strains caused
an encephalitic syndrome in inoculated
mice

Human cells were agglutinated without
spontaneous elution at an optimal
hemagglutination temperature

Human embryo brain cells, including
astrocytes, were susceptible to OC43
infection but did not produce
infectious virus

CoVs were able to replicate in neurons

Microglial cells did not produce
infectious progeny viruses after
CoV-0OC43 infection

Expression of aminopeptidase-N

receptor in neurons, astrocytes, and
oligodendrocytes might explain their
susceptibility to CoV-229E infection

Oligodendrocytic and neuroglioma cell
lines also sustained a persistent viral
infection

Higher prevalence of CoV-OC43 in
patients with MS compared with the
controls

CoV infection of glial cells may be
indirectly associated with CNS
pathologies

Evidence for chronic infection with
CoV-229E or OC43 in the brain tissue
of patients with MS or controls has not
been found

Damage to the CNS was not
immunologically mediated and the
microglial reactivity was a
consequence of neural infection
Generalized tonic-clonic convulsions
and positive SARS-CoV in cerebral
spinal fluid suggested infection of the
CNS with SARS-CoV

Described the complete genome
sequence of CoV-OC43 strains

SARS-CoV generated a transient
non-fatal systemic infection in the
lungs which was disseminated to the
brain

Neuroinvasion by SARS-CoV,
evidenced by viral morphology, genetic
identification, and the viral antigen (N
protein) found in the brain

Human and rat neural cells were
susceptible to SARS-CoV infection,
with no apparent cytopathic effects
Rapidly increase in virulence after
passage in the brain is likely to occur
via selection of mutations in the
S-glycoprotein

(Continued)
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TABLE 1 | Continued

Authors and Title Virus Model Main findings

(27) *Human Coronavirus OC43 Infection Induces CoV-0C43 Mice neural cell lines Results support the theory that

Chronic Encephalitis Leading to Disabilities in BALB/C CoV-0OC43 has a preferential tropism

Mice” for neurons

(28) “Lethal Infection of K18-HACE2 Mice Infected with SARS-CoV Mice transgenic for ACE2 receptor Transgenic mice developed a rapidly

Severe Acute Respiratory Syndrome Coronavirus” lethal infection that spread to the brain,
after intranasal inoculation with
SARS-CoV

(29) “Severe Acute Respiratory Syndrome Coronavirus SARS-CoV Mice transgenic for ACE2 receptor Lungs and brain were the major sites

Infection of Mice Transgenic for the Human of viral replication, particularly in

Angiotensin-Converting Enzyme 2 Virus Receptor” transgenic mice

(30) “Long-Term Human Coronavirus-Myelin CoV-229E CoV-OC43  T-cell clones (TCC) of patients with MS TCC from the blood of patents with

Cross-Reactive T-Cell Clones Derived from Multiple MS could be activated by either viral or

Sclerosis Patients” myelin antigen and sometimes by both

(81) “Pathological Changes in Masked Palm Civets SARS-CoV Masked palm civets SARS-CoV caused a multi-organ

Experimentally Infected by Severe Acute Respiratory pathology in civets similar to that

Syndrome (SARS) Coronavirus” observed in human patients with SARS

(32) “Severe Acute Respiratory Syndrome Coronavirus SARS-CoV Mice transgenic for ACE2 receptor Neurons are highly susceptible targets

Infection Causes Neuronal Death in the Absence of for SARS-CoV infection and the

Encephalitis in Mice Transgenic for Human ACE2” absence of cell receptors prevents
severe murine brain disease

(33) “Neuroprotective Effect of Apolipoprotein D against CoV-0C43 Human apolipoprotein D(apoD) Overexpression of apoD in neurons

Human Coronavirus OC43-Induced Encephalitis in Mice” transgenic mice resulted in an increased number of
survivors to CoV-OC43 infection

(34) “Glutamate Excitotoxicity is Involved in the Induction ~ CoV-OC43 Mice The AMPA receptor antagonist led to

of Paralysis in Mice after Infection by a Human reduced microglial activation, which

Coronavirus with a Single Point Mutation in Its Spike was believed to improve the regulation

Protein” of CNS glutamate homeostasis

(85) “Human Coronavirus-Induced Neuronal CoV-0C43 Human neuronal cell lines Mitochondrial apoptosis-inducing

Programmed Ce