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The Germ Theory of Disease was solidified in the 
19th century by Louise Pasteur and Robert Koch. They 
systematically visualized, isolated, and quantified 
microscopic pathogens as causative agents of diseases and 
epidemics. Viruses are submicroscopic; therefore, they 
were discovered later as pathogens by indirect methods 
[1,2]. Rabies was the first neurological disease determined 
to be caused by a virus [3,4]. Soon after, the causes of 
polio and herpes were determined to be viral [5-7]. In the 
1930s, viruses were found to be the etiologic agents for the 
pandemics of arboviral encephalitides such as St. Louis 
encephalitis and Japanese encephalitis. In the next decade, 
the viral nature of aseptic meningitis and herpes simplex 
sporadic encephalitis was discovered [1,4]. From the 1950s 
through the 1970s, interest in “slow viral diseases” arose as 
potential models for the nervous system’s chronic diseases, 
such as multiple sclerosis [8,9]. Acute and chronic viral 
infections of the nervous system have been extensively 
documented in the literature [1,10]. However, many of the 
fulminant and some not so severe neurological injuries are 
not due to direct infection of neurons by the viruses but 
due to indirect immune-mediated damage to the nervous 
system or a bystander effect (Figure 1). 

During millions of years of coexistence, a complex system 
of cohabitation has developed between viruses and their 
host cells -bacteria to mammals. At different stages of this 
evolution, flare-ups of destructive infection in the host 
population occurs that eventually reaches homeostasis 
between the virus and the host. The 2019 coronavirus 
disease (COVID-19) pandemic is likely such an inimical 
phase in the interaction of viral pathogens and the host 
human population. At first glance, this relationship 
appears to favor viruses. They need the host cells for 
survival and replication; viral proteins and the viral 

envelope are elaborated by the host cells. But if we take 
a longer view of this symbiosis, perhaps the non-lethal 
viral infections enrich the host genome and contribute 
to the molecular evolution. To achieve cohabitation and 
homeostasis, viruses, including SARS-CoV-2 and the host 
cells, have developed a complicated chemical dance with 
the host cell surface molecules.
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Figure 1.  Viral infections can cause two types of 
neurological damage. Direct invasion of the nervous 
system by viruses such as rabies, polio, and herpes 
simplex causes damage to neurons and glia from the 
inside.  Another group of viruses whose primary targets 
are non-neural cells but cause neurologic impairment in 
the setting of systemic illness and immune dysregulation, 
in the blue circle.  With regard to adaptive immunity, 
there is an overlap between the two types of injury.



                                                                                                                                                      
  Azizi SA. COVID-19, the Immune System, and Neurological Damage. J Cell Immunol. 2021; 3(1): 20-25.

J Cell Immunol. 2021
Volume 3, Issue 1 21

Viruses require bacterial and eukaryotic cells as hosts, 
and different types of viruses have evolved to infect and live 
inside specific types of cells. Therefore, entry into the cells, 
replication, and exit from the host cells are the necessary 
steps of the infection cycle. As noted above, there are at 
least two general mechanisms of injury to the nervous 
system during viral infection: First, direct invasion of 
neurons and glia by the virus, and neural damage during 
viral replication, such as infection with rabies, polio, and 
herpes viruses [11,12]. In this scenario, the causative 
agent is isolated from the infected neural tissue, and 
cell injury/death is associated with viral replication [5]. 
Second, an immune-mediated process where damage to 
the nervous system occurs in a temporally and spatially 
separate setting from the viral infection (Figure 1), partly 
due to a dysregulated immune system. These include HIV 
related encephalopathies, autoimmune encephalitis, and 
Guillain-Barre syndrome. This separation is somewhat 
artificial as in every infection, both the pathogens and the 
immune reaction go hand and hand (Figure 1). The current 
data indicate that neurological injury secondary to SARS-
CoV-2 infection falls in the second group.

SARS-CoV-2 Entry into the Host Cells

The family of Coronaviruses is a thriving group of 
microbial pathogens that infect many species of birds and 
mammals [13]. SARS-CoV-2 is an RNA virus and belongs 
to the beta coronavirus genus. It is a zoonotic pathogen 
native to bats and is likely transmitted to humans via an 
as yet unknown intermediary [14-16]. Bats and rodents 
are rich sources of zoonotic viruses because different 
species of these animals share the same viruses, allowing 
them to adapt to various hosts without killing them [16-
18]. Furthermore, specific groups within a species are 
responsible for the transmission of the parasite [19]. Once 
SARS-CoV-2 achieved a hold in the human host, it has 
made further adaptations to form new clades. The new 
clades of the virus have accelerated the human-to-human 
transmission, contributing to the severity of the COVID-19 
pandemic [16,20]. 

Similar to other respiratory pathogens, SARS-CoV-2 is 
primarily transmitted from human to human by inhalation 
of virus-containing airborne droplets in crowded, closed 
quarters. SARS-CoV-2 is a host and cell-specific pathogen, 
and its cell specificity is determined by the presence of 
ACE2 on cell membranes [14,21]. Although SARS-CoV-2 
carries “respiratory” in its moniker, once inside the 
organism, it exploits the broadly expressed angiotensin-
converting enzyme 2 (ACE2) cell surface molecule for entry 
into the target cells [22,23]. ACE2 is primarily expressed 
on the endothelial and epithelial cell membranes [24]. 
This receptor selectivity contributes to the infection’s 
specificity and breadth since other organs and cells that 

express ACE2 are affected [22]. Thus, ACE2 is a cognate 
cell surface receptor and an essential component of the 
molecular machinery that holds the key to the entry of 
SARS-CoV-2 into the host cells. ACE2 also changes the 
conformation of the spike protein [25] on the viral envelope 
by a catalytic process that allows the viral envelope to fuse 
with the host cell membrane [21,26]. The conformational 
changes are aided by other cell surface enzymes, including 
transmembrane serine protease2 (TMPRSS2) [27], Furin 
[28], and ACE2. These proteins are epithelial-specific 
proteolytic enzymes and cleave a polybasic site at the S1-
S2 junction of the spike protein rearranging its structure 
[25,28,29], allowing the viral envelope to fuse with the 
target cell membrane.

SARS-CoV-2 and Neurological Damage

Only a small number of patients who test positive for 
SARS-CoV-2 become ill, and an even smaller number 
of sick patients experience neurological symptoms and 
signs [30-35]. The majority of patients with neurological 
injury had a cerebrovascular or hypoxic event [32,33], 
and patients who experience neurologic injury during 
COVID-19 infection have a poor outcome [30,31]. 
Neurological manifestations of systemic viral infections 
can include acute and subacute aseptic meningitis, acute 
and subacute encephalopathy, myelopathy, various forms 
of Guillain-Barre Syndrome, and myopathy. Since the 
beginning of the COVID-19 pandemic, a steady stream 
of reports and reprints cataloging neurological injuries 
associated with the disease has been published. Most of 
the articles have been in the form of case reports or case 
series, adding to the repertoire of clinical information 
about the COVID-19. Neurological injuries associated with 
COVID-19 include stroke [36-38], loss of sense of taste 
and smell [39,40], Guillain-Barre Syndrome [41], upper 
motor neurons signs with abnormal MRI and EEGs [30-
32] as well as neuropsychiatric disorders [32,42]. The 
mechanisms of neurological manifestations of COVID-19 
and its pathogenesis sequence are not fully understood; 
therefore, understanding the steps that lead to neurological 
injury in COVID 19 patients provide the opportunity to 
interfere before the neurological damage occur. 

The current data suggest that the neurological injuries 
secondary to COVID-19 are secondary to systemic infection 
(Figure 2) rather than a direct invasion of the nervous 
system by the virus [33,43]. 

1. A very small number of COVID-19 patients, mostly 
those who are critically ill, exhibit neurological signs and 
symptoms.

2. The recent published human neuropathology studies 
[43] demonstrate low viral levels and no direct brain injury 
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by SARS-CoV-2 in the brain tissue of COVID-19 decedents 
[43-45]. Only light immunocytochemical staining of viral 
spike proteins was observed in human brain specimens 
[44,45], and electron microscope studies show possible 
clusters of the virus only in the cells close to the surface of 
the brain [44,45].

3. In experiments that used hACE2-expressing animal 
models and human brain organoids [45], it was noted that 
SARS-CoV-2 infects and kills neurons and causes fulminant 
encephalitis in animals. However, the virulence of SARS-
CoV-2 infection is variable within and between species 
and much depends on the presence of co-morbidities. 
It is unclear whether the virus can enter in situ neurons 
in a significant enough number to establish intracellular 
infection and exit successfully. Questions asked from these 
experimental models should be about specific steps of viral 
entry, replication, and exit from the cells and not about 
the severity of the disease and effects of the virus on the 
organoids because the organoids are far from the reality of 
the human infection. 

4. ACE2, as the cognate receptor of SARS-CoV-2, is 
essential for viral entry into cells. Neurons and glia do 

not express ACE2; however, vascular endothelial cells are 
rich in ACE2 [24]. In areas that the blood-brain barrier is 
naturally breached, the virus can penetrate the brain, but 
no fulminant encephalitis has been observed [43].

5. Host immune failure contributes significantly to the 
virulence of COVID-19 and its neurological manifestations. 
Immune incompetence can be due to failure of antigen 
recognition, generalized immune impairment due to viral 
infection [46], specific genetic factors [47], and immune 
failure secondary to other conditions such as obesity 
[48]. In the nervous system, innate immunity (microglia 
and astrocytes) plays an essential role in fighting 
infections because of the blood-brain barrier. No data is 
demonstrating that the innate brain immunity is affected 
by the COVID-19.

6. Finally, immune dysregulation can contribute to 
neurological damage and injury. Immune dysregulation 
is different from immune failure in that parts of immune 
system are active. Encephalitis and encephalopathy can 
be caused by the interaction between the host immune 
system and the virus, causing an unfavorable neurological 
outcome, such as in limbic encephalitis and other 
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Figure 2: The secondary nature of neurologic injury during COVID-19. A Box-and-arrow-diagram 
is showing the genesis and multifactorial nature of neurologic injuries in COVID-19 patients. The idea is that 
encephalopathy and brain damage occur secondary to systemic illness rather than brain invasion by the SARS-CoV-2.
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autoimmune types encephalitides [49], Guillain-Barre 
Syndrome, and the so-called “slow virus” diseases. 

At this juncture, enough molecular and organizational 
knowledge is available from different disciplines to infer 
some of the mechanisms of injury to human nervous 
systems by SARS-CoV-2 that can help diagnose and treat 
this disease’s neurological manifestation. SARS-CoV-2 
enters the host cells using the cognate receptor ACE2. 
ACE2 is primarily expressed on epithelial/endothelial 
cells. Thus, our approach to neurological manifestations 
of COVID-19 must consider this fact. Loss of sense 
of taste and smell is an initial symptom of COVID-19 
because the virus enters the nasal and oral cavities first, 
and the epithelial cells are the receptors for these senses. 
COVID-19 associated stroke occurs because of likely injury 
to vascular endothelial cells and coagulopathy that then 
cause thrombo-embolism. Encephalopathy in acute and 
convalescent COVDID-19 patients [50] is multifactorial 
and likely secondary to hypoxia as well as metabolic and 
immunological abnormalities (Figure 2). It appears that 
neurologic injuries in COVID-19 patients are likely indirect 
and a ‘bystander’ injury since SARS-CoV-2 does not have 
tropism for the neural cells and tissues.
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