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Virology, pathophysiology and neuroinvasion mechanisms 
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ABSTRACT
Coronavirus-2 (CoV-2) is known as a respiratory pathogen for which the accumulation of evidence suggest that the se-
vere acute respiratory syndrome (SARS) can cause critical pathologies in vulnerable patients. The coronavirus dis-
ease-2019 (COVID-19) pandemic is an example of a multi-systemic infectious disease. In addition of respiratory manifes-
tations and severe pneumonia related to COVID-19, The SARS-CoV-2 can penetrate into the central nervous system (CNS) 
and participate in the induction of neurological disorders and promote some neuropathies. Knowledge of the spectrum 
of SARS-CoV-2-associated pathophysiology and neuroinvasion pathways will lead to improved clinical outcomes and 
better treatment algorithms. The aim of this review is to summarize available knowledge on the identification of virology, 
neuroinvasion mechanisms and the pathophysiology of SARS-CoV-2 in the CNS.
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INTRODUCTION

Several cases of unknown origin pneumonia 
were detected in Wuhan, Hubei province of China 
in December 2019 and a new zoonotic-origin coro-
navirus named 2019 novel coronavirus (2019-nCoV) 
was isolated in January 2020 [1,2]. On March 11, 
2020 the World Health Organization (WHO) de-
clared the COVID-19 pandemic and among 167 mil-
lion total cases worldwide, more than 3.48 million 
people have died from critical COVID-19 until now 
(May-27, 2021) [3,4]. 

There are records of a number of mild to serious 
neurological syndromes in SARS-CoV-2 infected pa-
tients, including headache, anosmia, seizures, coma, 
encephalitis, guillain-barre syndrome, and acute 
cerebrovascular incidents (ischemic stroke, intrac-
erebral hemorrhage and cerebral venous sinus 
thrombosis) [5]. Early reports from China indicated 
that up to 36% of COVID-19 patients may experience 
neurological manifestations [6]. Although, in this 
review we will report the relationship between 

COVID-19 and the nervous system. Accordingly, 
mechanisms associated to neuroinvasion and 
pathogenesis of SARS-CoV-2 infection will be dis-
cussed.

VIROLOGY OF SARS-COV-2

Based on clinical manifestations, blood testing, 
and chest radiographs, the COVID-19 was diagnosed 
as virus-induced pneumonia [7]. SARS-CoV-2 was 
regarded as a member of the β-CoVs after sequence 
and evolutionary tree analysis. The CoVs family is a 
class of single-stranded, positive-sense enveloped 
RNA viruses with a wide range of natural roots. Res-
piratory, gastrointestinal, hepatic and neurological 
disorders may be caused by these virus families. Ac-
cording to genotype and serology, the CoVs families 
are classified into four subgroups: α-, β-, γ- and 
δ-CoVs. Infections of human CoV are caused by α- 
and β-CoVs. SARS-CoV and MERS-CoV are members 
of β-CoVs. Genome-wide phylogenetic analysis indi-
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cates that SARS-CoV-2 shares 79.5% and 50% se-
quence identity to SARS and MERS coronaviruses, 
respectively [8]. 

PATHOPHYSIOLOGY OF NEUROLOGICAL DAMAGES 
RELATED TO COVID-19

Direct viral injury

In nervous system tissue samples (such as cere-
brospinal fluid or brain), the genetic material and 
even proteins of different viruses can also be found, 
indicating that viruses can enter the nervous sys-
tem directly and cause nerve damage [9,10]. The 
cerebral vessels come into close contact with virus-
es and are influenced by viral infection and system-
ic inflammatory changes [11]. There is currently no 
conclusive evidence that coronaviruses cause in-
flammatory neuromuscular diseases through direct 
invasion of peripheral nerves or muscles or through 
molecular mimicry. The majority of COVID-19 pa-
tients’ neurologic symptoms tend to be indirect and 
as a consequence of bystander neuron damage [12].  

Cytokine storm

The cytokine storm could play an important role 
in the immunopathology of COVID-19, as in a seri-
ous influenza infection [13]. In COVID-19 patients, 
pro-inflammatory cytokines and chemokines in-
cluding tumor necrosis factor (TNF)-α, interleukin 
1β (IL-1β), IL-6, granulocyte colony stimulating fac-
tor, interferon gamma-induced protein-10, mono-
cyte chemo-attractant protein-1 (MCP-1), and mac-
rophage inflammatory protein 1- α have been 
shown to be significantly elevated [14,15]. In addi-
tion, in critical form of COVID-19, lymphopenia in 
both CD4+ helper T cells and CD8+ cytotoxic T cells, 
as well as high production of IL-6 and IL-10 was 
seen [16]. The permeability of the blood–brain bar-
rier (BBB) is increased after the emergence of hy-
per-inflammation during the cytokine storm. Then 
CD68+ monocyte/macrophages and CD3+ T cells mi-
grate into the infected brain and a large number of 
inflammatory cytokines are released, which pro-
motes thrombosis and stroke [17,18]. Viral sepsis is 
induced by disseminated COVID-19’s direct assault 
on various tissues, immunological pathogenesis 
mediated by systemic cytokine storms, and micro-
circulation dysfunction [13].

Unintended host immunity and systematic disease 
effects

Infectious diseases, primarily by molecular 
mimicry, have long been seen as one of the causes 
for autoimmune and auto-inflammatory diseases. 
The number of complications following SARS-CoV-2 
infection in adults is wider than in children and in-

volves autoimmune disorders, but their occurrence 
is too rare for adults [19]. Emerging reports indicate 
that infection with SARS-CoV-2 can lead to autoim-
mune and auto-inflammatory diseases in children, 
such as pediatric multi-systemic inflammatory syn-
drome (PIMS; including Kawasaki-like disease,  
Kawasaki disease shock syndrome, toxic shock syn-
drome, myocarditis, and macrophage activation 
syndrome) [20-25].

Systematic disease effects

A systemic disease is a disease that affects the 
body as a whole, or affects a variety of organs and 
tissues [26]. Several experiments have been carried 
out in order to better understand this disease’s 
pathogenesis and clinical aspects. It seems that due 
to the direct impact of the virus and its triggered 
widespread inflammatory response, SARS-CoV-2 af-
fects almost all body organs including respiratory 
system, cardiovascular system, urinary system, he-
matopoietic system, gastrointestinal tract system 
plus hepatic and pancreatic involvement, and nerv-
ous system [22].

NEUROINVASION MECHANISMS 

Trans-synaptic spread

There is growing evidence of the invasion of pe-
ripheral nerve terminals by human and non-hu-
man CoV, retrograde spread through nerve synaps-
es, and access to the CNS [23,27]. Retrograde 
trans-synaptic spread with either endocytosis or 
exocytosis and quick axonal transport of vesicles 
along the microtubules are proposed mechanisms 
for moving coronaviruses [7]. Studies using a varie-
ty of tracing molecules have shown strong transsyn-
aptic marking after intracellular injection, implying 
that interneuronal transfer occurs at synaptic junc-
tions. However, the transsynaptic mechanism is 
complex and difficult to research, in part due to the 
synapse’s small yet complex structure and the lack 
of reliable tracing methods [28]. The transsynaptic 
exchanges of coronaviruses can be facilitated by 
membranous coating-mediated endo/exocytosis, ac-
cording to Li et al. They also speculated that the 
transsynaptic pathway may be modified to work 
with larger granular materials like viruses [28].

Olfactory nerve 

A common cause of olfactory dysfunction is viral 
upper respiratory tract infection, in part because 
the olfactory epithelium is situated adjacent to the 
respiratory epithelium, the site of replication of sev-
eral viruses that cause upper respiratory tract infec-
tion, and that the environment is directly accessible 
to olfactory neurons. The increasing amount of in-
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ternet searches that inquire about smell loss is 
closely associated with the increased prevalence of 
COVID-19 [29]. Therefore, another possible mecha-
nism for SARS-CoV-2 entry to the CNS is direct entry 
through the olfactory nerve [7]. Olfactory and gus-
tatory functional dysfunction has been identified as 
being a COVID-19 characteristic and may be a signif-
icant clinical outcome indicator [30].

Blood-brain barrier spread

By passing through vascular endothelial cells (all 
endothelial cells express ACE-2) or by passing virus 
infected leukocytes through the BBB, SARS-CoV-2 
may invade the CNS [7]. Both mechanisms are de-
scribed below.

Connection to angiotensin-converting enzyme 2 
(ACE2)

The presence of ACE-2 receptors is now under-
stood to be important for the cellular entry of ex-
treme SARS-CoV-2. On the viral surface, the spike 
proteins bind to the host cells with the ACE-2 recep-
tor and enter the cells [31]. Viral cellular tropism is 
determined by the presence of ACE-2 on tissues. In 
humans, ACE-2 receptors, are expressed in several 
tissues such as the airway epithelium, lung paren-
chyma, renal cells, small intestine, vascular en-
dothelium, and CNS [32].

SARS-CoV-2 and its structure have clear similari-
ties to other coronavirus species whith discovered 
until now, and the identified SARS-CoV-2 genome 
sequence closely resembles other beta-coronavirus-
es including SARS-CoV-1 [33,34]. SARS-CoV-1 and 
SARS-CoV-2 using the same ACE2 receptor for cell 
entry [33,35], while SARS-CoV-2 has a higher bind-
ing affinity for ACE2 than SARS-CoV-1, this could ex-
plain why SARS-CoV-2 is more transmissible [36]. 
ACE2 binds to SARS-CoV-2 with an affinity of 15 nM, 
approximately 10-20-times higher than that of 
SARS-CoV-1, and this might clarify its greater viru-
lence [37]. Cell entry also requires priming of the S 
protein by the cellular serine protease TMPRSS2 or 
other proteases, which results in S protein cleavage 
at the S1/S2 and S2’ sites, allowing the fusion of viral 
and cellular membranes, a process guided by the S2 
subunit. The co-expression of ACE2 and TMPRSS2 is 
needed to complete this entry procedure. Most of 
the amino acid residues needed for SARS-S protein 
binding to ACE2 was conserved in SARS-2-S protein, 
according to an analysis of the receptor binding mo-
tif (RBM), a portion of the RBD that connects with 
ACE2 [19]. 

Through infected leukocytes
Increased blood-brain barrier permeability 

caused by systemic inflammation in the COVID-19 
infection could allow infected immune cells to pass 
through the CNS and thus to enter the virus [38]. Pa-
tients infected with SARS-CoV-2 that develop cere-
brovascular disease often develop complications 
such as hypertension and other stroke risk factors. 
Pro-inflammatory modifications during SARS-CoV-2 
infection are linked to stroke risk factors, and leuko-
cyte activation and subsequent cerebrovascular 
thrombosis have been observed in response to in-
flammatory stimulation. BBB disruption is caused 
by the aggregation of inflammatory immune cells in 
the vascular wall, which can lead to thrombosis and 
increase the risk of stroke [17].

Vascular endothelium

Not only lung tissue, but also vascular endotheli-
um is the target of SARS-CoV-2 because vascular en-
dothelium has ACE2, like lung tissue. There are sev-
eral roles in the vascular endothelium and it is the 
only place where the von Willebrand factor (VWF) 
is processed. During its infection, SARS-CoV-2 also 
induces thrombosis attacks. Angiotensin II levels 
are elevated by blocking of ACE2 by SARS-CoV-2. In 
both the vascular endothelium and platelets, angio-
tensin II stimulation and local stimuli such as H+ ion 
and hypoxia activate Na+/H+ exchanger (NHE). By 
inducing NHE activation, SARS-CoV-2 can lead to 
thrombosis [39]. The high affinity of SARS-CoV-2 to 
the ACE2 receptor and probably other receptors still 
to be identified could lead to severe renin−angio-
tensin−aldosterone system (RAAS) dysfunction, as 
ACE2 is a key counter-regulator in this pathway. 
ACE2 cleaves angiotensin II into angiotensin I, 
which has vasodilator, antiproliferative, and antifi-
brotic effects [40]. At least partly, the organotropism 
of SARS-CoV-2 may be clarified by the hypothesis 
that the virus uses RAAS as a vehicle for its volatile 
early assault on human cells [41].

CONCLUSIONS

Awareness of the spectrum of pathophysiology 
and neuroinvasion mechanisms associated with 
SARS-CoV-2 will lead to improved clinical results 
and better algorithms for treatment. As regards, the 
SARS-CoV-2 pandemic is an example of a multi-sys-
temic infectious disease.
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