
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

185,000 200M

TOP 1%154

6,900



1

Chapter

Neuroimmunology and 
Neurological Manifestations of 
COVID-19
Robert Weissert

Abstract

Infection with SARS-CoV-2 is causing coronavirus disease in 2019 (COVID-19). 
Besides respiratory symptoms due to an attack on the broncho-alveolar system, 
COVID-19, among others, can be accompanied by neurological symptoms because 
of the affection of the nervous system. These can be caused by intrusion by SARS-
CoV-2 of the central nervous system (CNS) and peripheral nervous system (PNS) 
and direct infection of local cells. In addition, neurological deterioration mediated 
by molecular mimicry to virus antigens or bystander activation in the context of 
immunological anti-virus defense can lead to tissue damage in the CNS and PNS. 
In addition, cytokine storm caused by SARS-CoV-2 infection in COVID-19 can lead 
to nervous system related symptoms. Endotheliitis of CNS vessels can lead to vessel 
occlusion and stroke. COVID-19 can also result in cerebral hemorrhage and sinus 
thrombosis possibly related to changes in clotting behavior. Vaccination is most 
important to prevent COVID-19 in the nervous system. There are symptomatic  
or/and curative therapeutic approaches to combat COVID-19 related nervous 
system damage that are partly still under study.

Keywords: SARS-CoV-2, COVID-19, CNS, PNS, T cell, B cell, vaccination, treatment, 
neuroimmunology, molecular mimicry, bystander activation, cytokine storm

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a single-
stranded positive sense ribonucleic acid (ssRNA) virus with an envelope that leads 
to coronavirus disease 2019 (COVID-19) [1]. COVID-19 has affected millions of 
people worldwide since its emergence in December 2019 in Wuhan in China. It has 
caused a worldwide pandemic. Multiple mutated variants of SARS-CoV-2 have 
appeared with varying infectivity [2, 3]. SARS-CoV-2 has caused major disease 
burden and death rates worldwide. Due to the threat to individual health and health 
systems, SARS-CoV-2 and COVID-19 have resulted in a worldwide social and eco-
nomic crisis. Economically rich Western countries have success in fighting SARS-
CoV-2 by vaccination, while this is not true to the same extent for economically 
weak countries due to a shortage of vaccine supply. In addition, the standard of care 
for patients with COVID-19 differs dramatically based on the economic wealth of a 
country [4]. Due to the nature of the pandemic to affect people worldwide, there is 
a lack of help from rich countries for economically weak countries.
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2. Background

SARS-CoV-2 is a beta-coronavirus [5]. The positive ssRNA genome encodes 16 non-
structural proteins involved in viral replication. Moreover, four structural proteins 
are for the envelope, spike-glycoprotein, the membrane, and the nucleocapsid [6]. 
Angiotensin-converting enzyme 2 (ACE2) is the receptor for uptake of SARS-CoV-2 
[7–9]. Co-factors are heparan sulfates on the cell surface [10]. The spike protein is of 
major importance for interaction with ACE2 and cellular uptake. ACE2 is expressed in 
many cells of the body and therefore SARS-CoV-2 can infect most organs. SARS-CoV-2 
uses the infected cell for the production of the virus. More receptors and host factors 
have been described for SARS-CoV-2 cellular entry [11, 12]. Most cells in the body 
express ACE2 receptors mediating SARS-CoV-2 uptake.

SARS-CoV-2 has the strongest effects on the lung [13, 14]. As a result of infection, 
SARS-CoV-2 leads to an atypical mainly interstitial pneumonia with patchy infil-
trates. In severe cases, the lung can be completely affected resulting in loss of oxygen-
ation. Besides the lung, any tissue can be infected by SARS-CoV-2 and damaged. As 
written further down and explained for the nervous system, the tissue damage can be 
a consequence of direct infection with the virus or indirect effects on the tissue due to 
a dysregulated immune response.

3. Hypoxia and CNS damage

Reduced oxygenation caused by SARS-CoV-2 mediated pneumonia in COVID-19 
can lead to severe hypoxia of CNS. In many cases of patients that have died of  
COVID-19, severe hypoxia of the CNS has been observed [15]. There is an acute 
hypoxic-ischemic injury with neuronal loss and the presence of apoptotic neurons. 
This kind of CNS damage is unrelated to direct viral infection of the CNS or indirect 
effects mediated by the virus-induced immune response within the CNS but a conse-
quence of the strongly reduced oxygenation of erythrocytes in the lung. This reduced 
oxygenation of erythrocytes results in hypoxia of the CNS. Besides hypoxia, at biopsy 
or autopsy in CNS microthrombi, thromboembolic disease, inflammation, and to the 
largest extent hemodynamic mediated changes were found [16].

4. Direct effects of SARS-CoV-2 in CNS

There is evidence that SARS-CoV-2 can be present in CNS [17–19]. There are 
indications that SARS-CoV-2 can infect many CNS-resident cells [20, 21]. The pres-
ence of SARS-CoV-2 in cells is causing cellular dysfunction resulting in a variety 
of manifestations [22]. For example, infection of olfactory bulb neurons with 
SARS-CoV-2 will lead to olfactory dysfunction (dysosmia). In addition, infection 
of neurons involved in taste sensing will lead to the reduction of taste perception 
(ageusia). Dysosmia and ageusia have been observed early on in patients with 
COVID-19 [23]. Subsequently, evidence for direct infection of other parts of the 
CNS has been found (Table 1).

5. Vasculature and COVID-19

SARS-CoV-2 infection can lead to endotheliitis [36, 40]. Endotheliitis, caused 
by SARS-CoV-2 infection also affect CNS vessels. In endotheliitis, there is an 



3

Neuroimmunology and Neurological Manifestations of COVID-19
DOI: http://dx.doi.org/10.5772/intechopen.103026

accumulation of lymphocytes, neutrophils, and macrophages in endothelial 
walls. Endotheliitis can have major consequences eventually resulting in ischemic 
stroke. Also, alternative mechanisms of damage to large and small cerebral vessels 
by SARS-CoV-2 in COVID-19 have been observed [41]. In the heart, it has been 
shown that endotheliitis leads to small vessel vasculitis. This can also involve 
epicardial nerves in COVID-19 disease with the appearance of an inflammatory 
neuropathy, possibly resulting in cardiac complications such as myocardial injury 
and arrhythmias [42].

Disease 

manifestation

Structure Diagnostics Treatment

Dysosmia [23, 24] Olfactory bulb C.e., NMR, odor testing None

Ageusia [23, 24] Gustatory neurons C.e., NMR, taste testing None

Decreased cognitive 

function [25]

Hippocampus C.e., cCT, cNMR, 

neuropsychological 

testing

None

Encephalitis [26] Brain parenchyma C.e., cCT, cNMR, CSF, 

EEG

If present, treatment 

of cerebral edema; 

treatment of 

co-infections

Meningitis [27, 28] Meninges C.e., cCT, cNMR, CSF If present, treatment 

of cerebral edema; 

treatment of 

co-infections

Headache [29] Meninges and brain 

parenchyma

C.e., CT, NMR, CSF If present, treatment of 

cerebral edema

Dizziness [30] Brain parenchyma, 

occlusive vessel disease

C.e., cCT, cNMR, CSF Antiplatelet therapy, 

statin

Impaired 

consciousness [31]

Brain parenchyma, 

occlusive vessel disease

C.e., cCT, cNMR, CSF If present, treatment 

of cerebral edema; 

treatment of infections; 

if occlusive vessel 

disease antiplatelet 

therapy, statin

Epileptic seizures 

[32, 33]

Brain parenchyma C.e., EEG, cCT, cNMR, 

CSF

Antiepileptics

Cerebral ischemia 

[34, 35]

Occlusive 

vessel disease, 

thromboembolism

C.e., cCT, cNMR, 

ultrasound

Antiplatelet therapy, 

statin

Cerebral bleeding 

[36]

Angiitis C.e., cCT, cNMR, CSF Depending on 

severity, neurosurgical 

intervention

Cerebral venous 

thrombosis [37]

Changes in blood 

clotting behavior

C.e., cCT, cNMR, CSF Aspirin or 

anticoagulation 

depending on severity

Posterior reversible 

encephalopathy 

[38, 39]

Unknown C.e., cCT, cNMR, CSF, 

EEG

None

c, cerebral; C.e., clinical examination; CNS, central nervous system; CSF, cerebrospinal-fluid; CT, computer 
tomography; EEG, electroencephalography; NMR, nuclear magnetic resonance.

Table 1. 
Manifestations of putative direct infection of cells with consequences in the CNS in COVID-19.
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6. Indirect effects of SARS-CoV-2 in CNS

There are several neurological symptoms and diseases that are associated with 
COVID-19. These include Guillain-Barré-syndrome (GBS), myasthenia gravis 
(MG), opsoclonus-myoclonus syndrome (OMS) and others (Table 2). In these 
diseases, a direct effect of SARS-CoV-2 and subsequent tissue damage is unlikely 
and other mechanisms are hypothesized. Such potential mechanisms are molecular 
mimicry and bystander activation [61, 62]. Molecular mimicry means that there 
may be the structural similarity between virus sequences or/and domains and 
structures or/and sequences of the individual [63]. Potentially, these similarities 
can result in an immune response that is not only directed against parts of the virus 
but also against self-proteins, for example, the nicotinic acetylcholine receptor 
(nAChR) that is the autoantigen in myasthenia gravis. In bystander activation, 
the immune response triggered by a viral infection can cause an activation of an 
immune response directed against self-antigens that will also result in autoim-
mune disease. The list of possible autoimmune manifestations due to the affection 
of SARS-CoV-2 and COVID-19 is growing. This is also the case for autoimmune 
neurological manifestations (Table 2). There is increasing knowledge regarding the 
structural requirements for induction of autoimmune disease after viral infection 
with SARS-CoV-2.

Cytokine storm induced by infection with SARS-CoV-2 and COVID-19 can lead 
to multiple organ damage and potentially induction/boosting of an autoimmune 
immune response [54].

7. Chronic fatigue syndrome and COVID-19

Some patients that had COVID-19 subsequently develop long-COVID-19 or also 
named post-COVID-19 [64, 65]. Many of these patients suffer from strong fatigue. 
The condition is clinically like chronic fatigue syndrome (CFS) also named myalgic 
encephalomyelitis (ME). In CFS there is a strong indication that there is an energy 
failure on the cellular level that can result in rapid exhaustion and fatigue. In addi-
tion, there are changes in certain immune cell types that can result in increased sus-
ceptibility to infection. Changes in lymphocyte stiffness, monocyte size, neutrophil 
size and deformability, and heterogeneity of erythrocyte deformation and size were 
found [66]. The exact mechanism of how COVID-19 is resulting in subsequent CFS 
is not known at present. The diagnosis is mainly based on clinical characteristics 
with the presence of abnormal fatigue. Presently, there are no specific markers that 
allow a laboratory-based diagnosis. Usually, CSF analysis does not show distinctive 
features. There are no approved pharmaceutical options for the treatment of fatigue 
associated with long-COVID-19 or post-COVID-19. Treatment involves mild physi-
cal endurance training.

8. Treatment of COVID-19

Treatment options can be separated according to treatment to counteract viral 
replication and viral virulence of SARS-CoV-2 and treatment options to counteract 
and treat organ damage due to consequences of the infection with SARS-CoV-2 
(Table 3). Remdesivir is a treatment option that counteracts viral replication [67]. 
This is a drug that has been initially developed for fighting Ebola. It has been shown 
to be efficacious if given early after infection with SARS-CoV-2. In combination with 
the Janus-kinase inhibitor baricitinib increased efficacy could be demonstrated [69]. 
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Disease Disease mechanism Autoantigen Diagnostics Treatment

Myasthenia gravis [43, 44] Muscular weakness due to antibodies against 

proteins of the neuromuscular junction

nAChR, MUSK C.e., determination of 

autoantibodies, repetitive 

nerve stimulation

Acetylcholine esterase inhibitors, 

steroids, plasmapheresis 

immunosuppressants/ 

immunomodulators

Guillain-Barré-syndrome 

[45, 46]

Demyelination of peripheral nerves due to 

activation of the adaptive and innate immune 

system by viral triggers

Schwann-cell-derived 

proteins

C.e., neurography, CSF Plasmapheresis, immunoglobulins

Cranial nerve demyelination 

[47, 48]

Demyelination of cranial nerves due to 

activation of the adaptive and innate immune 

system by viral triggers

Cranial nerve proteins C.e., neurography, CSF, 

cNMR

Plasmapheresis, immunoglobulins

Opsoclonus-myoclonus 

syndrome [49]

Rare neuroimmunological disorder with 

ocular, motor, behavioral, sleep, and language 

disturbances and ataxia.

Neuronal proteins C.e., cCT, cNMR, CSF Steroids, plasmapheresis, 

immunoglobulins, depletion of B cells

Cerebellar ataxia [50, 51] Inflammatory disease of the cerebellum with 

ataxia, vertigo, and visual disturbances

Neuronal proteins C.e., cCT, cNMR, CSF Steroids, plasmapheresis, depletion of 

B cells

Transverse myelitis [52] Inflammatory disease of the myelon with 

resulting paresis or paralysis (mono, para, 

tetra), sensory disturbances, and bladder 

dysfunction

Oligodendroglial- or 

astrocytic proteins

C.e., sNMR, cNMR, CSF Steroids, plasmapheresis, depletion of 

B cells

Limbic encephalitis, 

autoimmune encephalitis 

[53, 54]

Encephalitis with autoimmune pathogenesis Neuronal proteins C.e., cNMR, CSF, EEG, 

neuropsychological testing

Steroids, plasmapheresis, 

immunoglobulins, depletion of B cells

Multiple sclerosis [55] Autoimmune disease of CNS resulting in 

inflammation, demyelination, and axonal loss 

with a multitude of resulting symptoms

MBP, PLP, and other 

oligodendrocyte-derived 

proteins

C.e., cNMR, CSF Steroids, immunomodulatory treatment

Anti-MOG disease [56] Autoimmune disease of the CNS with lesion 

development and resulting neurological 

symptoms

MOG C.e., cNMR, CSF Steroids
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Disease Disease mechanism Autoantigen Diagnostics Treatment

Acute disseminated 

encephalomyelitis (ADEM) 

[17, 57]

Inflammatory disease of the CNS with 

associated neurological symptoms

MBP, others C.e., cNMR, CSF Steroids

Acute hemorrhagic 

leukoencephalitis, acute 

necrotizing encephalopathy 

[58]

Severe inflammatory and hemorrhagic disease 

of the CNS with high neurological disease 

burden

Cytokine storm [59] C.e., cCT, cNMR, CSF Steroids

Bickerstaff's encephalitis [60] Inflammatory disease of the brain stem with 

cranial nerve palsies and ataxia

Glial- and neuronal 

proteins

C.e., cNMR, 

neurophysiological studies, 

CSF

Steroids

Generalized myoclonus [51] Inflammatory disease affecting neuronal 

structures with resulting myoclonus

Neuronal proteins C.e., cCT, cNMR, CSF Steroids, piracetam

c, cerebral; C.e., clinical examination; CSF, cerebro-spinal-fluid; CT, computer tomography; EEG, electroencephalography; MBP, myelin basic protein; MOG, myelin oligodendrocyte glycoprotein; MuSK, 
muscle-specific tyrosine kinase; nAChR, nicotinic acetylcholine receptor; NMR, nuclear magnetic resonance; PLP, proteolipid protein; sc, spinal cord.

Table 2. 
Autoimmune diseases of the nervous system have been reported in the context of COVID-19.
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Treatment Approach Efficacy

Remdesivir [67, 68] Inhibition of viral 

replication

Shortening the time to recovery in adults 

who were hospitalized with COVID-19 

and had evidence of lower respiratory 

tract infection; in combination with 

baricitinib superior efficacy. Among 

nonhospitalized patients who were at high 

risk for COVID-19 progression, a 3-day 

course of remdesivir in an 87% lower risk 

of hospitalization or death than placebo.

Baricitinib [69] Janus-kinase Inhibitor 

(JAK1 and JAK2)

Mainly in patients receiving oxygen 

support without invasive mechanical 

ventilation.

Dexamethasone [70] Antiinflammatory Lower 28-day mortality in hospitalized 

patients among those who were receiving 

either invasive mechanical ventilation or 

oxygen alone at randomization but not 

among those receiving no respiratory 

support; increased mortality compared 

with usual care in patients not requiring 

oxygen supplementation.

Tocilizumab [71–73] anti-IL-6R blockade Reduces the risk of mechanical ventilation 

in hospitalized patients with severe 

COVID-19; improved outcome and 

survival of COVID-19.

Sarilumab [73] anti-IL-6R blockade Improved outcome and survival of 

COVID-19.

Anakinra [74] anti-IL-1R blockade Early increase of soluble urokinase 

plasminogen activator receptor (suPAR) 

serum was used as a marker to assess the 

risk of COVID-19. Early start of treatment 

with anakinra guided by suPAR levels in 

patients hospitalized with moderate and 

severe COVID-19 significantly reduced 

the risk of worse clinical outcome at day 

28 and reduced length of hospital stay 

compared to placebo.

Regdanvimab [75] Blockade of spike 

protein interaction with 

ACE2

Regdanvimab reduced the risk of 

hospitalization or death versus placebo in 

patients with mild-to-moderate COVID-

19 symptoms who were considered at high 

risk of progressing to severe COVID-19 up 

to day 28.

Casirivimab/Imdevimab [76] Blockade of spike 

protein interaction with 

ACE2

Casirivimab/Imdevimab reduced 

the risk of COVID-19-related 

hospitalization or death from any 

cause, and it resolved symptoms and 

reduced the SARS-CoV-2 viral load 

more rapidly than placebo.

Sotrovimab [77] Neutralisation 

SARS-CoV-2

The risk of disease progression was 

reduced among high-risk patients with 

mild-to-moderate COVID-19 treated with 

sotrovimab.

Molnupiravir [78] anti-RNA polymerase 

activity

The risk of hospitalization or death in 

at-risk, unvaccinated adults with COVID-

19 was reduced in patients treated early 

with molnupiravir.
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Dexamethasone has been shown to have beneficial effects in COVID-19 since it leads 
to reduction of the host immune response against the virus [70]. This host immune 
response can lead to catastrophic outcomes for the body. Beneficial effects of dexa-
methasone are mainly seen in the case of severely ill patients requiring mechanical 
ventilation. In non-severely affected COVID-19 patients not requiring oxygen supple-
mentation, increased mortality is observed [80]. Tocilizumab an anti-interleukin-6 
receptor (IL-6R) directed monoclonal antibody (mAb) has been shown to have some 
beneficial effects in COVID-19 patients reducing the risk of mechanical assistance 
[71, 72]. Also, another mAb against IL-6R, Sarilumab, improved the outcome and 
survival of COVID-19 [73]. Early start of treatment with anakinra a mAb against 
the interleukin-1 receptor (IL-1R) guided by levels against soluble urokinase plas-
minogen activator receptor (suPAR) significantly reduced the risk of worse clinical 
outcome at day 28 and reduced the length of hospital stay compared to placebo 
in patients hospitalized with moderate and severe COVID-19 [74]. Various mAb 
directed against the SARS-CoV-2 spike protein have demonstrated beneficial effects 
in patients with COVID-19 [76, 77, 79]. Malnupavir has anti-RNA polymerase activity 
and the risk of hospitalization or death in at-risk, unvaccinated adults with COVID-
19 was reduced in patients treated early with this novel compound [78]. The protease 
inhibitor PV-07321332/Ritanovir of SARS-COV-2 3-chymotrypsin-like protease 
resulted in the reduction of risk of hospitalization and death compared to placebo 
in adults with a high risk of poor outcome of COVID-19 [79]. Much effort is done to 
identify compounds with beneficial effects in COVID-19 patients including re-
purposing of drugs from other indications [73, 81]. Importantly, serum from patients 
recovered from COVID-19 has been used successfully to reduce mortality in patients 
with active COVID-19 disease [82]. Higher anti-SARS-COV-2 titers of the transfused 
plasma led to a lower risk of death in non-ventilated patients with COVID-19. So 
far, besides symptomatic treatments no specific treatments for COVID-19- related 
neurological conditions have been introduced. Nevertheless, the beneficial effects of 
treatment on COVID-19 precipitation and severity will also result in reduced neuro-
logical disease burden.

9. Vaccination

Vaccination is of paramount importance to counteract the further spreading of 
SARS-CoV-2 and COVID-19 [83]. The first vaccines were introduced at the end of 
2020 [84] and the beginning of 2021 [85–87]. Since then, a major vaccination effort 
has been undertaken with the fastest vaccination campaigns in Israel and Great 
Britain. The vaccines also have shown efficacy against mutated variants of SARS-
CoV-2 even though breakthrough infections have been observed [88]. Societies 

Treatment Approach Efficacy

Tixagevimab/Cilgavimab [79] Neutralization of 

SARS-CoV-2

Preliminary results indicate a decrease in 

disease severity in COVID-19 patients.

PV-07321332/Ritanovir [79] Protease Inhibitor 

of SARS-CoV-2 

3-chymotrypsin-like 

protease

Reduction of risk of hospitalization and 

death compared to placebo in adults with a 

high risk of poor outcome of COVID-19

ACE, angiotensin-converting enzyme; COVID-19, coronavirus disease 2019; JAK, janus-kinase; IL-1R, interleukin-1 
receptor; IL-6R, interleukin-6 receptor.

Table 3. 
Treatment options to counteract viral replication or/and viral virulence or organ damage caused by a viral 
infection or virus-mediated secondary tissue damage.
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with high numbers of vaccinated individuals have gained better control over the 
COVID-19 pandemic compared to societies with low vaccination rates. Repetitive 
vaccination strategies have increased vaccination efficacy and have provided more 
protection from novel virus variants [89]. Presently as of the end of January 2022, 
mRNA vaccines and adenovirus vectors with inserts of sequences coding for the 
spike protein of SARS-CoV-2 and protein-based vaccines have been introduced 
[84–87, 90, 91]. Vaccination efficacy is much dependent on booster vaccination 
regimes [89, 92, 93]. All currently approved vaccines are given by intramuscular 
injection [94]. Muscle cells that take up the mRNA vaccine or the adenovirus-
vector-based vaccine are used subsequently to produce SARS-CoV-2- derived spike 
protein. This protein is recognized as `non-self` by the immune system and a strong 
T-and B-cell derived immune response is generated. This immune response leads to 
protection from SARS-CoV-2. The protein-based vaccines lead to the generation of 
a T- and B-cell response against SARS-CoV-2. There are vaccination-related cases 
with neurological symptoms [95–97]. In general, vaccination-related side effects 
were increased in patients with preceding COVID-19 [98].

10. Conclusion

Infection with SARS-CoV-2 resulting in COVID-19 leads to damage of many 
organs in the body. The nervous system is also often assaulted by the virus and 
the subsequent immune response. The treatment options are limited. Vaccination 
to prevent the spread of SARS-CoV-2 and its variants is the most efficacious way 
to prevent nervous system disease in context with SARS-CoV-2 and COVID-19. 
Possibly, the insights that are obtained on the worldwide population level by SARS-
CoV-2 and COVID-19 will result in a better understanding of the induction of 
autoimmune disease of the nervous system in general.
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