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A B S T R A C T   

The new coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2), can trigger a hyperinflammatory state characterized by elevated cytokine levels known as 
hypercytokinemia or cytokine storm, observed most often in severe patients. Though COVID-19 is known to be a 
primarily respiratory disease, neurological complications affecting both the central and peripheral nervous 
systems have also been reported. This review discusses potential routes of SARS-CoV-2 neuroinvasion and 
pathogenesis, summarizes reported neurological sequelae of COVID-19, and examines how aberrant cytokine 
levels may precipitate these complications. Clarification of the pathogenic mechanisms of SARS-CoV-2 is needed 
to encourage prompt diagnosis and optimized care. In particular, identifying the presence of cytokine storm in 
patients with neurological COVID-19 manifestations will facilitate avenues for treatment. Future investigations 
into aberrant cytokine levels in COVID-19 patients with neurological symptoms as well as the efficacy of cytokine 
storm-targeting treatments will be critical in elucidating the pathogenic mechanisms and effective treatments of 
COVID-19.   

1. Introduction 

In recent years, respiratory coronaviruses belonging to the genus beta 
coronavirus have given rise to the Severe Acute Respiratory Syndrome 
(SARS) and Middle East Respiratory Syndrome (MERS), pandemics that 
emerged in 2002 and 2012, respectively. In December 2019, COVID-19 
emerged in Wuhan, China, caused by the coronavirus SARS-CoV-2. 
Declared a pandemic by the World Health Organization as of March 
11th, 2020, more than 25 million cases have been reported as of 
September 2nd, 2020 with over 859,000 deaths. 

COVID-19 commonly manifests as fever, cough, and shortness of 
breath. Other complaints include lethargy, myalgia, confusion, head
ache, sore throat, rhinorrhea, chest pain, and vomiting [1]. Patients 
typically present with bilateral pneumonia with abnormal chest CT 
findings of bilateral peripheral ground glass opacities and subsegmental 

consolidation. Complications include acute respiratory distress syn
drome (ARDS), sepsis, cardiac injury, and secondary infections. 
Although COVID-19 is primarily a respiratory disease, there is mounting 
evidence of neurological manifestations associated with severe prog
nosis [2,3], involving both the central (CNS) and peripheral nervous 
system (PNS). Neuropathogenesis of SARS-CoV-2 remains unclear, 
which may be partially attributable to cytokine storm. 

2. Pathogenesis of SARS-CoV-2 Infection  

A. Viral invasion and cytokine storm 

SARS-CoV-2 is mainly transmitted by person to person through res
piratory droplets generated by breathing, sneezing, coughing, etc., as 
well as contact (direct or indirect). The SARS-CoV-2 gets into host cells 
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through the virus’s spike (S) glycoprotein (S protein). S protein binds to 
the angiotensin-converting enzyme 2 (ACE2) receptors on cell surface to 
gain entry into the cells. ACE2 receptors have been found in alveolar 
epithelial cells as well as in cells of the heart, brain, lungs, oral mucosa, 
intestines, and kidneys [4]. 

It has been proposed that SARS-CoV-2 colonizes the upper respira
tory tract before spreading to the lower respiratory tract [5]. The virus 
can spread and replicate in tissues, subsequently triggering immune 
dysfunction and inflammation. Upon viral invasion, infected respiratory 
mucosal cells secrete type I interferons (IFN) like IFN-α and IFN-β, which 
induce resistance of uninfected cells to viral replication and activate 
dendritic cells and macrophages, promoting several pro-inflammatory 
cytokines, and eventually activate natural killer cells to kill the virus- 
infected cells via secretion of type II interferon, IFN-γ. Deficient type I 
IFN production, possibly from causes like Vitamin C insufficiency, may 
lead to continued pathogenesis of the influenza virus and systemic 
spread [6]. Similar deficiencies in COVID-19 patients may allow SARS- 
CoV-2 to spread from the upper respiratory tract to the lower respiratory 
tract and systemically. 

Cytokine storm is a hyperinflammatory, pathological state that re
sults from a sudden increase in certain circulating pro-inflammatory 
cytokine levels, which leads to overwhelming systemic inflammation, 
exacerbating viral pathogenesis and causing sepsis, ARDS, and multi- 
organ failure [7–11]. The cytokine storm has also been observed in 
SARS, MERS, H5N1 influenza, and H7N9 influenza, and with other 
respiratory viruses [12]. SARS-CoV-2 cytokine profile resembles that of 
secondary hemophagocytic syndrome, or hemophagocytic lymphohis
tiocytosis (HLH), a hyperinflammatory syndrome characterized by fatal 
hypercytokinemia with multi-organ failure [13]. Many serum cytokines 
can be elevated in COVID-19, such as IL-1β, IL-2, IL-4, IL-6, IL-7, IL-8, IL- 
9, IL-10, IL-18, granulocyte stimulating factor (G-CSF), IP-10, monocyte 
chemoattractant protein (MCP)-1, MCP-3, macrophage inflammatory 
protein 1α (MIP-1A), cutaneous T-cell attracting chemokine (CTACK), 
IFN-γ, and TNF-α [14]. Unlike the cytokine storm associated with SARS, 
the storm induced by SARS-CoV-2 is associated with increased IL-4 and 
IL-10, anti-inflammatory cytokines released by T-helper 2 (Th2) cells 
[14]. However, in severe SARS-CoV-2 infection, the total T cell counts as 
well as CD4+ and CD8+ T cell counts were all significantly lower than 
that in more moderate cases [15]. This suggests there is a profound loss 
of T cells in COVID-19 patients, with progressive T cell exhaustion 
correlating with severity of the disease [15]  

B. The role of interferons 

There are three types of IFNs. Type I IFNs includes IFN-α, β and ω. 
Type II IFN is composed of IFN-γ, and type III IFN is composed of IFN-λ. 
Both type I and III IFNs share similar expression patterns and signaling 
cascades, and both up-regulate IFN-stimulated genes (ISGs) to promote 
an antiviral response. However, the two differ partially by their tissue 
expression. Type I IFNs are most prominently seen in endothelial cells 
across various organs, whereas IFN-λ is prominent in epithelial cells of 
the stomach, intestine, and lungs, but has limited activity in the CNS and 
spleen [16]. Neutrophils also express high levels of IFN-λ, and IFN-λ 
appears to be the initial IFN produced to suppress viral spread, followed 
by type I IFNs to enhance the body’s antiviral response [17]. 

In severe COVID-19 cases, IFN-α, type I-associated ISGs, and IFN-γ 
were significantly lower than that in milder cases [1,18], suggesting that 
SARS-CoV-2 infection inhibit IFN production, especially in severe cases. 
Preclinical studies have demonstrated that IFN-λ reduced disease 
severity and risk of transmission of SARS-CoV-2 and could be a prom
ising candidate for the treatment of COVID-19, even though the un
derlying mechanism of SARS-CoV-2 immune evasion and suppression of 
the IFN response remains unclear [19].  

C. The pathogenesis of SARS-CoV-2 in the nervous system 

In the brain, the expression of ACE2 receptors has been found on 
neurons, endothelial cells, and arterial smooth muscle [4]. Similar to 
SARS and MERS viruses, SARS-CoV-2 may enter the cerebral tissues by 
crossing the blood-brain barrier via hematogenous or lymphatic spread, 
or via an upper nasal transcribrial route that includes the olfactory bulb 
where it binds to ACE2 receptors through its S protein (Fig. 1). Viral 
invasion of the brainstem by SARS-CoV-2 may contribute to brainstem 
dysfunction and respiratory failure [20]. ACE2 inhibitors are often given 
to patients with hypertension and diabetes, comorbidities commonly 
associated with poor prognosis. However, ACE2 inhibitors have been 
demonstrated to increase the expression of ACE2 receptors [21], 
increasing the vulnerability of cells to infection with the virus. Endo
thelial cells in the brain express ACE2 receptors, the expression of which 
can also be induced in neurons, raising the possibility that SARS-CoV-2 
related to the encephalitis and associated stroke, a potential complica
tion [22]. 

Coronaviruses can infect macrophages, astrocytes, and microglia, 
and their infection of induces proinflammatory cytokine release from 
astrocytes and microglia to facilitate pathogen clearance [23]. Since 
SARS-CoV is a neurotropic virus, and SARS-CoV-2 likely is as well, CNS 
infection of these viruses can potentially cause cytokine storm and also 
chronic inflammation of the brain [20,24]. 

3. Neurological manifestations of SARS-CoV-2 infection 

Potential impairment of the nervous system was first suggested by 
reports for the loss of taste and smell in COVID-19 patients [25]. How
ever, these symptoms have been temporary and do not appear to persist 
more than a month [26]. Other neurological complications including 
stroke, memory loss, and potentially fatal encephalitis need further 
investigation [27]. The virus seems to act predominantly on cerebral 
blood vessels rather than predominantly on neural cells. Because SARS- 
CoV-2 is not consistently found in cerebrospinal fluid (CSF) of patients 
with brain damage, the virus is not likely attacking the neural tissues 
directly. However, the results of some patients’ neuroimaging and bi
opsies suggest that inflammation was caused by exacerbation of immune 
response to virus infection [28]. Deficiency in immune regulation is 
likely the key cause. Follow-up studies are needed to better understand 
the long-term neurological consequences and characterize the specific 
drivers of brain inflammation. In the following sections, the CNS and 
PNS involvement in SARS-CoV-2 infection was discussed.  

A. CNS Manifestations 

SARS-CoV-2 induced neurological impairment and clinical mani
festations are summarized in Table 1.  

1. Neurological symptoms 

Headache is one of the most common neurological symptoms in 
patients with COVID-19. Neurological symptoms were found in 13.9% 
of 5335 COVID-19 patients, while headache was seen in 11.74% of pa
tients, followed by dizziness and altered consciousness observed in 
1.17% and 1.17% of patients respectively [29]. A meta-analysis 
including over 40,000 patients from 60 studies estimated that the inci
dence of headache is high as 12% [30]. Headache generally presents 
between the 7th and 10th days after symptom onset [31]. 

The occurrence of headache has been associated with cytokine 
storm. Headache have been suggested as the outcome of proin
flammatory cytokine-mediated activation of trigeminal nerve endings, 
direct SARS-CoV-2 invasion of the nerve endings, or vasculopathy in 
ACE2-expressing endothelial cells. Cytokines have previously been 
proposed as mediators of headaches. The CSF IL-1β and TNF-α are 
elevated in patients with cervicogenic headaches; while IL-1, trans
forming growth factor-b1 (TGF-β1), and MCP-1 are elevated in the of 
CSF of patients with episodic tension-type headaches (TTH) and 
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migraines [32]. IL-6 is also significantly increased in episodic and 
chronic TTH patients [33]. TGN1412, an anti-CD28 monoclonal anti
body that directly stimulates T cells triggered a systemic inflammatory 
response involving headache, myalgias, erythema, vasodilation, and 
hypotension [34]. The outcome has been associated with TGN1412- 
induced cytokine storm with elevated TNF-α, IFN-γ, IL-1β, IL-6, IL-8, 
and IL-10 [34]. 

Although the direct relationship between cytokine storm and COVID- 
19 induced headache has not been established, the data discussed above 
suggest that the cytokine storm induced by SARS-CoV-2 infection may 
be responsible for their high incidence of headache. However, no spe
cific cytokine profile in cytokine storm induced headache has yet been 
identified.  

2. Acute cerebrovascular disease (CVD) 

About 5% of hospitalized COVID-19 patients develop stroke, mostly 
ischemic [3]. New-onset large-vessel stroke in young COVID-19 patients 
(<50 years old) were reported [35]. The reason for CVD in younger 
patients is unclear. Cerebral hemorrhage is a rare complication, though 
the severe thrombocytopenia associated with severe and critically ill 
patients increases the risk [36]. 

Inflammation and a hypercoagulable state have been associated with 
COVID-19 CVD and severe disease [37,38]. Proinflammatory cytokines 
can activate the coagulation system and down-regulate anticoagulant 
pathways. Of particular interests are cytokines IL-1β, IL-6, and TNF-α, 
which are increased in the brain after experimental ischemia as well as 
in the CSF and blood of stroke patients [39,40]. In addition, IL-6 has 

Fig. 1. Possible pathways of SARS-CoV-2 pathogenesis causing neurological manifestations. SARS-CoV-2 may travel through an upper nasal transcribial route 
involving the olfactory bulb, binding to ACE2 receptors in the nasopharynx and brain and causing cytokine storm via activation of macrophages, microglia, and 
astrocytes. Alternatively, systemic infection and inflammation by SARS-CoV-2 can also lead to CNS and PNS manifestations if the blood–brain barrier is 
compromised. 
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been linked to hypercoagulability [41]. 
Infections with Helicobacter pylori, Chlamydia pneumoniae, Myco

plasma pneumoniae, Haemophilus influenzae, Epstein-Barr virus (EBV), 
herpes simplex virus (HSV)-1 and HSV-2, and cytomegalovirus increase 
the risk of stroke via cytokine release [42]. For example, Patients with 
neisseria meningitidis infection-associated ischemic stroke had signifi
cantly elevated IL-6 [43]. A systemic inflammatory response to an 
infection can lead to vascular endothelial cell injury, predisposing the 
patient to intracranial hemorrhage. Thus, the cytokine levels may help 
predict CVD events in COVID-19 patients.  

3. Encephalopathy/Encephalitis  
a. Acute encephalopathy 

COVID-19 associated encephalopathy was first reported by Filatov 
et al. in a 78-year old male with atrial fibrillation, cardioembolic stroke, 
Parkinson’s disease, chronic obstructive pulmonary disease, and recent 
cellulitis [44]. CSF analysis showed no evidence of CNS infection. The 
pathogenic mechanism of the patient’s encephalopathy is unclear, but 
cytokine storm seems to be a strong possibility. 

Encephalopathy is commonly preceded by influenza, herpesvirus-6 
(HHV-6), and RSV [45]. Elevated serum levels of interleukin (IL)-6, IL- 
10, and soluble tumor necrosis factor (TNF) receptor (sTNFR1) have 
been associated with poor outcome and neurological sequelae [46]. 

The causes of encephalopathy can be classified by three mechanisms: 
metabolic error, excitotoxicity, and cytokine storm. The latter can occur 
with multiple organ failure that often involves the heart and lungs, 
disseminated intravascular coagulation (DIC), and HLH [45]. 

In infection induced encephalopathy, an increase in cytokines has 
been illustrated. TNF-α are elevated in both serum and CSF of children 
with influenza virus-associated encephalitis/encephalopathy (IAEE) 
[47]. Similarly, in adults with IAEE, elevated IL-6 and IL-10 has been 
reported [48]. HHV-6B associated hemorrhagic shock and encephalopa
thy syndrome have been linked to elevated IL-1β, IL-6, IL-10, IL-8, CXCL9 
(also known as monokine induced by IFN-gamma, MIG), MCP-1, and IP- 
10 [49]. In the pandemic variant of influenza virus, H1N1, cytokine storm 
was an early host response, since serum MCP-1, MIP-1β, IFN-γ, TNF-α, IL- 
6, IL-8, IL-9, IL-12p70, IL-15, IL-17, IP-10, CXCL2, and CCL4 were all 
elevated, with IL-6, IL-12p70, and IL-15, a hallmark of critical disease 
[50]. In 3 fatal H1N1 cases, serum IL-6 was increased in all patients, while 
TNF-α, IL-8, and MCP-1 were increased in 2 of the 3 patients, both of 
whom had neurological complications, including confusion, headache, 
dizziness, ataxia, seizures, and encephalopathy [51]. However, COVID- 
19 induced acute encephalopathy remains to be defined  

b. Acute necrotizing encephalopathy 

Acute necrotizing encephalopathy (ANE) presents with multiple 
focal lesions of edematous necrosis, symmetrically distributed in the 
bilateral thalami and other brain regions like the putamen, cerebral and 
cerebellar deep white matter, and brainstem tegmentum. 

Poyiadji et al. described the first case of COVID-19 associated ANE, a 
woman in her 50 s with fever, cough, and altered mentation [28]. CSF 
cultures were negative and SARS-CoV-2 was not tested. MRI showed 
hemorrhagic lesions in the thalami, medial temporal lobes, and sub
insular regions to confirm ANE. She was treated with intravenous 
immunoglobulin (IVIG). 

ANE has been associated with influenza A, herpesviruses, and many 
other It probably results from cytokine storm with elevated CSF IL-6 and 
TNF-α levels. The former is neurotoxic at high concentrations and the 
latter damages the CNS endothelium [52]. High dose steroids and IVIG 
may help control ANE elevations of IL-6 and TNF-α [52,53]. 

Radmanesh et al. described 2 cases of adult-onset HLH with cerebral 
involvement appearing as ANE [54]. One patient presented with DIC 
that progressed rapidly to multiple intracerebral hemorrhages with 
coma. Prior to this report, HLH with associated ANE had only been 

Table 1 
Neurological Manifestations for the CNS in COVID-19 Patients.  

Symptoms Incidence and 
Notes 

References 

Headache 8% Chen et al. [1]; Huang et al.  
[14]  

10% for all 
patients 

Chen et al. [15]  

13.1% (17.0% in 
severe cases) 

Mao et al. [3]  

6.5% (8.3% in 
severe cases) 

Wang et al. [116]  

11% in severe 
patients 

Chen et al. [117] 

Dizziness 16.8% (19.3% in 
severe cases) 

Mao et al. [3]  

9.4% (22.2% in 
severe cases) 

Wang et al. [116]  

8% Chen et al. [15] 
Agitation/Delirium 69% in ICU 

patients 
Helms et al. [2] 

Impaired consciousness 14.8% in severe 
cases 

Mao et al. [3]  

65% in ICU 
patients 

Helms et al. [2] 

Ataxia 0.5% (1.1% in 
severe cases) 

Mao et al. [3] 

Acute cerebrovascular 
disease 

5.7% in severe 
cases 

Mao et al. [3]  

5.0% (9.8% in 
severe cases and 
1.6% in non- 
severe cases) 

Li et al. [37]  

3 young (<40y/o) 
patients (3/3) 

Oxley et al. [35]  

23.1% in ICU 
patients 

Helms et al. [2]  

4/4 (4 case study) Avula et al. [118]  
7.7% Klok et al. [119]  
A case study Sharifi-Razavi et al. [120]  
20.6% in 
intubated patients 

Dogan et al. [121] 

Convulsions/Seizures/ 
Status epilepticus 

A case study Moriguchi et al. [60]  

63.6% in EEG of 
acute ill patients 

Galanopoulouet al. [71]  

A case study Vollono et al. [72] 
Epilepsy 0.5% (1.1% in 

severe cases) 
Mao et al. [3] 

Encephalitis A case study Alolama et al. [122]; Duong 
et al. [123]; McAbee et al. [57]; 
Pilotto et al. [55]; Ye et al.  
[106] 

Rhombencephalitis A case study Wong et al. [56] 
Meningitis A case study Moriguchi et al. [60]; Moghimi 

et al. [61] 
Encephalopathy 9% (20% in 

deceased patients) 
Chen et al. [117]  

A case study Filatov et al. [44]; Farhadian 
et al. [124]  

A two-case study Franceschi et al. [125] 
Posterior reversible 

encephalopathy 
syndrome 

A case study Rogg et al. [126] 

Acute hemorrhagic 
necrotizing 
encephalopathy 

A case study Poyiadji et al. [28] 

Leukoencephalopathy A case study Sachs et al. [127] 
Demyelinating lesions 

Neuromyelitis optica 
A case study Valiuddin et al. [128];Zanin 

et al. [65] 
Myelitis A case study Chow et al. [63]; Sarma and 

Bilello [129] 
Acute disseminated 

encephalomyelitis 
A case study Parsons et al. [64]  
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reported in children [54]. As previously noted, the COVID-19 cytokine 
storm profile in adults sometimes resembles that of HLH [13]  

c. Encephalitis 

COVID-19 induced encephalitis was reported in a patient with pos
itive nasopharyngeal swab and negative CSF test for SARS-CoV-2 [55]. 
His symptoms included altered consciousness, akinetic syndrome with 
mutism, and moderate nuchal rigidity. MRI was negative but EEG 
showed generalized theta slowing. CSF analysis showed elevated IL-6, 
IL-8, and TNF-α during the akinetic mutism. The levels of IL-8 and 
TNF-α returned to normal after treatment by steroids and with recovery; 
however, IL-6 remained stable after treatment. A case of adult rhom
bencephalitis with spinal cord involvement has also been reported, 
along with a case of in an 11-year-old child who had positive naso
pharyngeal and CSF tests for SARS-CoV-2 [56,57]. 

Cytokine storms from viral infection by H1N1, lentivirus, and RSV, 
among others, have been linked to encephalitis with IL-6, TNF-α, and 
IFN-γ elevated in most cases [58,59].  

4. Meningitis 

COVID-19 encephalitis/meningitis was first reported by Moriguchi 
et al. with SARS-CoV-2 detected in patient’s CSF [60]. His MRI showed 
hyperintensity along the wall of the right lateral ventricle and hyper
intense signal changes in the right mesial temporal lobe and hippo
campus. COVID-19 induced meningitis was also reported in a 78-year- 
old man with pulmonary embolism and acute renal failure [61]. Viral 
meningitis has been linked to cytokine storm, especially with elevated 
IL-6 and IFN-γ [62].  

5. Myelitis/Demyelination 

A 60-year-old man diagnosed with COVID-19 has been reported to 
present with bilateral lower limb weakness, urinary retention and con
stipation [63]. Serum C-reactive protein, amyloid, IL-6, and ferritin were 
all elevated on admission; however, lumbar puncture was not performed 
due to hospital restrictions. Acute disseminated encephalomyelitis has 
also been reported in a 51-year female [64]. 

Brain and spine demyelination was seen in a 54-year-old COVID-19 
patient admitted with pneumonia and seizures [65]. MRI showed mul
tiple, non-enhancing demyelinating lesions in the brain and spine. The 
authors suggested that cytokine storm, especially with elevated IL-1, IL- 
6, and TNF-α, potentially causes glial cell activation and subsequent 
demyelination. In cerebellar cultures, activated microglia induced by 
lipopolysaccharides released proinflammatory cytokines IL-1β, IL-6, and 
TNF-α, increased inducible nitric oxide synthase expression and reactive 
oxygen species production. All of this contributed to the resulting 
demyelination and axonal damage [66]. IL-11 may also regulate auto
immune demyelination as demonstrated in a mouse model of experi
mental encephalomyelitis [67].  

6. Other disorders 

COVID-19 has been linked to convulsions, seizures, and epilepsy 
[68–70]. EEG findings showed sporadic epileptiform discharges (EDs) in 
40.9% of COVID-19 positive patients with encephalopathy along with 
frontal sharp waves in most of these patients [71]. Focal status epi
lepticus (SE) was the presenting symptom for one patient [72]. 

Several studies have found elevated serum IL-6, IL-1β, and TNF-α 
levels after acute febrile convulsions. Tonic-clonic seizures have been 
associated with IL-6 elevations in the serum and CSF [73]. However, the 
role of cytokines in COVID-19 associated seizures is unclear. Ataxia was 
reported in one patient without further details [3], and myoclonus and 
cerebellar ataxia following COVID-19 has also been illustrated [74]. The 
role of cytokines was not investigated in these cases.  

B. PNS Manifestations  
1. Peripheral nerve and root manifestations (Table 2)  

a. Cranial nerve manifestations 

The most reported cranial nerve symptoms are primarily hyposmia 
and dysgeusia, due to virus contact with gustatory or olfactory ACE2- 
expressing cells or possibly from peripheral nerve infection [3,75]. Ol
factory nerve fibers of post-mortem showed CD68+ digestion chambers 
and intraneural CD45+ leukocytes suggesting axonal damage and in
flammatory neuropathy. This possibly explains anosmic symptoms seen 
in COVID-19 patients [75]. In one study, the prevalence of olfactory 
dysfunction (hyposmia or anosmia) and gustatory dysfunction was re
ported to be 85.6% 88.8% respectively [76]. In a group of non-intubated 
patients, reported olfactory and gustatory impairment were 68% and 
71% respectively [77]. Yan et al. proposed that inpatient cases may have 
a more pulmonary-centric viral infection, whereas ambulatory cases 
may have a more nasal-centric infection, suggesting anosmia and 
ageusia may have prognostic potential [77]. In an Italian hospital, only 
33.9% of 59 patients had reported either olfactory or taste disorder [78]. 

The primary reports have suggested that cytokines might be the 
cause of hyposmia symptoms. IL-6 was significantly increased in plasma, 
saliva, and nasal mucus of patients with hyposmia [79]. In a chronic 
rhinosinusitis-associated olfactory loss mouse model, TNF-α induction 
prevented olfactory regeneration [80]. 

Table 2 
Symptoms for PNS in COVID-19 Patients.  

PNS Neurological 
Symptom 

Incidence and 
Notes 

References 

Hypogeusia 5.1% (3.4% in 
severe cases) 

Mao et al. [3]  

19.1% Bertlich et al. [130]  
10.2% Giacomelli et al. [78]  
88.0% Lechien et al. [76]  
71.0% Yan et al. [77]  
47.2% Vaira et al. [131] 

Hyposmia/Olfactory 
neuropathy 

5.6% (3.4% in 
severe cases) 

Mao et al. [3]  

29.8% Bagheri et al. [132]  
5.1% Bertlich et al. [130]  
A two-case 
study 

Kirschenbaum et al. [75]  

85.6%% Lechien et al. [76]  
68.0% Yan et al. [77]  
86.1% Vaira et al. [131] 

Diplopia A two-case 
study 

Dinkin et al. [83] 

Facial nerve palsy A case study Goh et al. [81]  
A case study Wan et al. [82] 

Facial diplegia A case study Caamaño et al. [92] 
Neuralgia 2.3% (4.5% in 

severe cases) 
Mao et al. [3]  

A case study Shors et al. [94] 
Guillain-Barré 

syndrome 
A case study Zhao et al. [84]; Alberti et al. [86]; 

Ottaviani et al. [87]; Pfefferkorn et al. 
[88]; Padroni et al. [89]; 
Chamdessanche et al. [90]; Vaira et al. 
[131]; Sancho-Saldaña et al. [133]; 
Sedaghat et al. [134]; Webb et al.  
[135]  

A five-case 
study 

Toscanoet al. [136] 

Miller Fisher 
syndrome 

A two-case 
study 

Dinkin et al. [83]  

A two-case 
study 

Gutiérrez-Ortiz et al. [91] 

Polyneuritis cranialis A two-case 
study 

Gutiérrez-Ortiz et al. [91] 

Myasthenic crisis A case study Delly et al. [95] 
Skeletal muscle injury, 

rhabdomyolysis 
10.7% (19.3% 
in severe cases) 

Mao et al. [3]  

A case study Jin and Tong [96]  
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Bell’s palsy can be a manifestation of SARS-CoV-2 infection. A 27- 
year-old man developed Bell’s palsy 6 days after onset of symptoms 
[81]. A similar para-infectious case was reported by Wan et al. with a 65- 
year-old woman who was positive on nasopharyngeal swab for COVID- 
19 infection [82]. 

Cranial nerve palsy manifested as diplopia and a right abducens 
palsy has also been reported in a 71-year-old woman with COVID-19 
[83]. Optic nerve sheath and posterior tenon capsules of the involved 
eye were enhanced on MRI, which could suggest viral leptomeningeal 
invasion [83].  

b. Guillain-Barré Syndrome (GBS) 

GBS has been reported as a complication of COVID-19. Though initial 
reports of GBS [84,85] could not ascertain a causative relationship be
tween COVID-19 and GBS, subsequent reports support this link [84–86]. 
Because GBS is an immune-mediated syndrome, there may be a 
currently unclear acute dysimmune process triggered by COVID-19- 
associated systemic inflammatory responses that causes GBS [87]. It 
should also be noted that most reports of GBS syndrome suggest that 
GBS in COVID-19 is a para-infectious complication instead of the typical 
post-infectious GBS manifestation [84–88]. However, post-infectious 
GBS has also been reported in some COVID-19 patients [89,90]. 

MFS and polyneuritis cranialis, rare GBS variants, have been linked 
to COVID-19 infection [91]. Both syndromes may have arisen from 
immune-mediated injury, rather than neurotropic invasion by SARS- 
CoV-2 since CSF tests for SARS-CoV-2 in the patients were negative 
along with the positive serum GD1b-IgG antibodies in the MFS patient. 
Other rare GBS variants are likely still emerging. Facial diplegia in a 61- 
year-old male has recently been suggested as an atypical GBS variant 
from COVID-19 infection [92]. 

GBS is typically associated with various etiologies including pre
ceding infection, most commonly Campylobacter jejuni. Marked increase 
of cytokines has previously been reported in GBS and its variants as well 
as in experimental autoimmune neuritis, the animal model of GBS. 
However, the role of cytokines in GBS associated with COVID-19 
infection has not been elucidated.  

c. Critical illness polyneuropathy 

Critical illness polyneuropathy (CIP) occurs in up to 40% of critically 
ill patients on mechanical ventilation for over 3 weeks. CIP incidence 
may be increased and its duration prolonged by COVID-19 [93]. Neu
ralgia occurred in 2.3% of patients [3]. Severe acute herpetic neuralgia 
and herpes zoster have also been reported as complications. Despite 
early anti-viral therapy, one patient developed sensations of skin 
burning, allodynia, and sinus and tooth pain that was still persistent on 
follow-up 4 weeks after the initial eruption [94].  

d. Neuromuscular junction 

A case of myasthenic crisis was reported in a 56-year-old female with 
a past history of acetylcholine receptor antibody positive myasthenia 
gravis (MG) for over five years [95]. Both COVID-19 and MG crises are 
associated with cytokine dysregulation and a proinflammatory state 
[95].  

e. Skeletal muscle injury 

Skeletal muscle injury, indicated by elevated creatine kinase levels, 
was seen in 10.7% of COVID-19 patients [3]. Elevated C-reactive pro
tein, D-dimer, and neutrophil counts were noted in patients neuromus
cular dysfunction along with lower lymphocyte counts [3]. This suggests 
skeletal muscle injury is associated with inflammation and blood coag
ulation function. Rhabdomyolysis has also been reported in patients 
with SARS-CoV-2 infection [96]. Studies have found that severe COVID- 

19 patients were more likely to have skeletal muscle injury [3,97]. 
Although cytokines, especially TNF, IL-1, and IL-6, have been reported 
to play a role in enhancing muscle protein catabolism, their role and 
mechanism of action remain unclear.  

C. Cytokine storm: A common cause of neurological manifestations and 
poor prognosis of SARS-CoV-2 infection 

Elevated cytokine levels in COVID-19 patients can indicate poor 
prognosis. ICU COVID-19 patients had higher serum levels of G-CSF, IP- 
10, MCP-1, MIP-1A, and TNF-α compared to COVID-19 patients in the 
general wards, suggesting that the levels of cytokines are associated with 
disease severity [14]. Another study found severe cases tended to have 
more elevated IL-2, IL-6, IL-10, and TNF-α levels compared to moderate 
[15]. Elevated IP-10, CCL7, and IL-1RA were associated with increased 
viral load, loss of lung function, and fatal outcome in a cohort of mod
erate and severe COVID-19 patients [98]. In addition, IL-6 was found to 
be drastically elevated in critically ill COVID-19 patients, almost 10 
times greater than the levels in other patients, and was associated with 
increased mortality [97,99]. Moreover, significantly higher levels of 
inflammatory and hypercoagulability biomarkers, such as D-dimer, C- 
reactive protein, ferritin, and procalcitonin, have also been associated 
with severity and mortality [3,36,100,101]. Cytokines may increase the 
risk of indirect neurological symptoms through widespread organ 
damage and dysregulation of homeostasis, since neurological symptoms 
are more commonly seen in severe cases [3,24]. The ability of serum or 
CSF cytokines to predict risk of neurological complications and disease 
severity needs to be further investigated.  

D. Cytokine Storm-Targeted Treatments 

Since cytokine storm triggered by the SARS-CoV-2 infection is the 
likely cause of many manifestations, including neurological manifesta
tions, its mitigation along with reduction of viral load becomes an 
obvious goal for treatment or prophylaxis. Targeting cytokine storm 
along with reducing viral load in SARS and MERS, especially early in the 
disease, has been proven to improve prognosis [102]. The same is ex
pected for COVID-19. Though certain promising treatments have been 
highlighted, many other drugs that are currently being investigated for 
potential cytokine storm suppression and the anti-inflammatory effects 
in COVID-19 include immunosuppressants, ulinastatin, stem cell ther
apy, IL-1 antagonists, and TNF blockers (Table 3).  

1. Corticosteroids 

Steroids can be used to broadly suppress immune systems and reduce 
cytokine storm, but high dose and long-time treatment may be associ
ated with severe and long-term adverse effects as seen with SARS [103]. 
In a retrospective study of SARS non-ICU patients, early treatment with 
corticosteroids could aggravate the disease [30]. Because of their 
immunosuppression effects, corticosteroids may delay the elimination of 
the virus and increase the risk of secondary infection, especially in the 
immunocompromised patients; therefore, corticosteroid use in COVID- 
19 management is not generally recommended [100]. However, when 
ARDS, shock, or systemic inflammatory response syndrome (SIRS), and/ 
or cardiac failure is present in COVID-19 patients at the severe/hyper
inflammation stage, careful corticosteroid use may be justified when 
used alongside cytokine inhibitors like tocilizumab or anakinra (IL-1 
receptor antagonist) [104]. 

More specific interventions, such as monoclonal antibodies against 
certain cytokines may be a better choice than steroids, but the large 
number of cytokine types elevated in COVID-19 patients makes it 
difficult to decide which and how many antibodies should be used. 
Nevertheless, antibodies against key proinflammatory cytokines, such as 
IL-1β, IFN-γ, and TNF-α, are worth trying to use for mitigating the 
severity and neurological consequences of COVID-19. Since cytokine 
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storm is often followed by reactive oxygen species/reactive nitrogen 
species (ROS/RNS) surge and directly damage tissues/organs, ROS/RNS 
mitigating agents may also be a treatment.  

2. IFN-λ 

IFN-λ, a type III IFN, is a promising therapy for antiviral resistance by 
activating epithelial cells and inhibiting neutrophil recruitment to the 
site of inflammation [105]. It has no known proinflammatory effects in 
the lungs and has demonstrated the potency against various coronavi
ruses including SARS-CoV and MERS-CoV [105]. Administration of in
terferons, including IFN-λ, as prophylactic or early-stage viral disease 
treatment may reduce viral load and improve clinical symptoms; how
ever, it does not appear to reduce the mortality [106]. 

More recently, interferon has been reported to play distinct roles in 
the lung depending on the tissue environment. IFN-λ is not found in the 
upper airways of COVID-19 patients but is abundantly produced in the 
lower airways. The authors demonstrated that the IFN-λ produced by 
lung dendritic cells of the lower airways in response to virus can increase 
susceptibility to bacterial superinfections and exacerbate COVID-19 
disease [107]. These findings demonstrate new avenues for the role of 
IFN-λ in COVID-19 and the potential use of IFN-λ antagonists.  

3. IL-6 and Janus kinase (JAK) inhibitors 

IL-6 plays a key role in cytokine storm by inducing B cell prolifera
tion, promoting CD4+ T cell response, and inhibiting induction of reg
ulatory T cells, among other effects [108,109]. Tocilizumab, which 
binds IL-6 receptors, has been approved for treatment of rheumatoid 
arthritis and is known to be effective in treatment of B-cell chronic 
lymphocytic leukemia patients with cytokine storm [108]. Currently, a 
multicenter, randomized controlled trial of tocilizumab for COVID-19 
patients with pneumonia and elevated IL-6 levels in China 
(ChiCTR2000029765), a single arm open multicenter study of tocilizu
mab (ChiCTR2000030796), and studies of tocilizumab combined with 
other treatments (ChiCTR2000030442, ChiCTR2000030894) are all 
ongoing. However, it should be noted that in animal models of COVID- 
19, tocilizumab showed limited CNS penetration (brain: plasma ratio of 
0.1%). Instead, baricitinib showed high CNS penetration (brain: plasma 
ratio of 20%) [109]. Baricitinib, a JAK inhibitor with anti-inflammatory 
and anti-viral activity, has been shown to reduce viral titers, reduce 
fever and cough symptoms, and decrease IL-6 in COVID-19 patients for 
10–12 days [109]. Studies of baricitinib and another JAK inhibitor, 
ruxolitinib, are currently underway (e.g., NCT04321993, 
NCT04348071).  

4. Intravenous immunoglobulin (IVIG) 

IVIG may improve the body’s immune defenses, in part by limiting 
inflammatory cytokine production and blocking Th1 and Th17 re
sponses, decreasing inflammatory injury in COVID-19 patients [110]. In 
a retrospective study by Xie and Cao, IVIG treatment in COVID-19 pa
tients with severe pneumonia within 48 h of admission reduced venti
lator use and shortened hospital stay while improving 28-day mortality 
[110]. In a multicenter retrospective cohort study, Shao et al. found that 
patients hospitalize ≤7 days given a high dose of >15 g/d IVIG signif
icantly reduced 60-day mortality, although 28- and 60-day mortality 
were not improved with IVIG in the overall cohort [111]. This suggests 
that patient selection as well as the timing and dosage of IVIG admin
istration are important.  

5. Blood purification 

Artificial-liver blood purification systems are highly promising for 
targeting cytokine storm in COVID-19 patients. These systems consist of 
blood-purification modules, such as plasma exchange and absorption 
and/or hemo/plasma filtration, which can remove inflammatory factors 
and block the cytokine storm [112]. When used to treat severe H7N9 
influenza patients, the system reduced levels of 17 cytokines and che
mokines, including G-CSF, IL-1β, Il-2, IL-4, IL-8, IL-9, IFN-γ, and TNF-α 
[113]. Since these cytokines are also elevated in COVID-19 patients, it is 
likely to be effective in reducing cytokine storm in severe and critical 
cases. Artificial-liver blood-purification systems have already been rec
ommended in multiple expert guidelines for COVID-19 treatment [112]. 
To demonstrate the ability of this blood purification system to reduce 
cytokine levels, large, multicenter treatment studies in COVID-19 pa
tients are essential.  

6. Mesenchymal stem cells (MSCs) 

MSCs are powerful immunomodulators that may help reverse cyto
kine storm and improve patient outcomes. Treatment of seven COVID- 
19 pneumonia patients with MSCs significantly improved functional 
outcomes of all patients including curing 1 severe and 2 common pa
tients with no side effects [114]. Notably in these patients after treat
ment TNF-α was significantly decreased while anti-inflammatory IL-10 
was increased along with decreased cytokine-secreting natural killer and 
T cells. Other studies have also supported the use of MSCs to treat severe 
or critically ill COVID-19 cases [115]. 

Table 3 
Proposed and current treatments for cytokine storm in COVID-19 patients.  

Treatment Status for COVID-19 Treatment References 

Blood purification Effective for use with severe/critical 
patients with cytokine storm and 
rapid disease progression. 
Multicenter clinical studies still 
needed. 

[112,137,138] 

Corticosteroids Various studies have not shown 
corticosteroids to be effective for 
mild cases. But it may be effective in 
severe/critical cases when used 
early and for a short period, at a 
low/ moderate dosage or use with 
cytokine inhibitors like tocilizumab 
or anakinra. Clinical trials are 
underway to investigate their 
efficacy and safety. 

[104,138–142] 

IFN-λ Preclinical studies are promising. 
IFN-λ has not yet been used in 
COVID-19 patients, but clinical trials 
are beginning to investigate its 
effecicay. 

[19,105] 

IL-1 inhibitors Promising preclinical and clinical 
studies for severe COVID-19 
treatment. Clinical trials are still 
ongoing to confirm the efficacy. 

[143–146] 

IL-6 inhibitors 
(tocilizumab, 
sarilumab, siltuximab) 

Tocilizumab effective for severe/ 
critical patients. Approved for use in 
patients with elevated IL-6 in China. 

[108,147] 

IVIG Effective used early and with high 
dose in severe/critical patients. Must 
be administered carefully due to 
numerous adverse effects. 

[100,110,111] 

JAK inhibitors 
(baricitinib, 
ruxolitinib, fedratinib) 

Promising preclinical and clinical 
studies, but not yet suggested for 
treatment. Need further 
confirmation of its efficacy. 

[109,148] 

Mesenchymal stem cell 
therapy 

Promising preclinical and clinical 
studies. Shown to be effective in 
patients, especially in a severe case. 
Proposed for compassionate use in 
critically ill patients. 

[114,149115] 

TNF inhibitors 
(adalimumab) 

Promising preclinical studies. Only 
one clinical trial in China has been 
registered. More trials are needed. 

[144,150] 

Ulinastatin May be a promising therapy at high 
doses, with clinical trials underway 
in China. 

[151,152]  
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4. Conclusion 

COVID-19 is an infectious disease caused by the SARS-CoV-2 virus 
that typically manifests as respiratory symptoms; however, it can cause 
severe CNS and PNS complications, possibly due to viral neuroinvasion 
and cytokine storm. Understanding the COVID-19 cytokine storm in 
context of neurological manifestations will improve clinical manage
ment via cytokine storm-targeted treatment. Moving forward, analyzing 
the presence of SARS-CoV-2 in CSF and serum and cytokine storm will be 
essential, as will be monitoring recovered COVID-19 patients for post- 
infection neurological sequelae like GBS, myositis, and Parkinsonism, 
seen in past coronavirus epidemics. 
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