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Abstract
The virus “acute respiratory syndrome coronavirus 2” (SARS-CoV-2) is the etiologic agent of coronavirus disease 2019 
(COVID-19), initially responsible for an outbreak of pneumonia in Wuhan, China, which, due to the high level of conta-
gion and dissemination, has become a pandemic. The clinical picture varies from mild to critical cases; however, all of 
these signs already show neurological problems, from sensory loss to neurological diseases. Thus, patients with multiple 
sclerosis (MS) infected with the new coronavirus are more likely to develop severe conditions; in addition to worsening the 
disease, this is due to the high level of pro-inflammatory cytokines, which is closely associated with increased mortality 
both in COVID-19 and MS. This increase is uncontrolled and exaggerated, characterizing the cytokine storm, so a possible 
therapy for this neuronal inflammation is the modulation of the cholinergic anti-inflammatory pathway, since acetylcholine 
(ACh) acts to reduce pro-inflammatory cytokines and acts directly on the brain for being released by cholinergic neurons, 
as well as acting on other cells such as immune and blood cells. In addition, due to tissue damage, there is an exacerbated 
release of adenosine triphosphate (ATP), potentiating the inflammatory process and activating purinergic receptors which 
act directly on neuroinflammation and positively modulate the inflammatory cycle. Associated with this, in neurological 
pathologies, there is greater expression of P2X7 in the cells of the microglia, which positively activates the immune inflam-
matory response. Thus, the administration of blockers of this receptor can act in conjunction with the action of ACh in the 
anticholinergic inflammatory pathway. Finally, there will be a reduction in the cytokine storm and triggered hyperinflam-
mation, as well as the level of mortality in patients with multiple sclerosis infected with SARS-CoV-2 and the development 
of possible neurological damage.
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Introduction

The emergence of a new virus from the coronavirus fam-
ily, SARS-CoV-2, the etiological agent of COVID-19, has 
resulted in a mass spread and a pandemic that has already 
exceeded 1 year in duration. In addition, it has brought a new 

challenge for neurologists, especially those who treat patients 
with MS. This is due to the drastic alteration of clinical man-
agement, requiring its alteration and adaptation to the new 
scenario that the world is in. COVID-19 usually presents 
with mild symptoms; about 15% of affected individuals can 
develop a serious disease, which presents with respiratory fail-
ure, generalized systemic inflammation, and lethality, which 
may require mechanical ventilation and intensive care [1].

Therefore, the reality of patients with MS is still unclear 
in relation to the risk factors for the disease and it is not 
known whether these people are at higher risk for severe 
conditions or infection with COVID-19 [2]. However, the 
fact that MS therapy is based on immunosuppressants, it is 
believed that the reduction of immune activity is directly 
related to the increased risk of serious infections com-
pared to the general population. Thus, the guidelines of 
the Multiple Sclerosis International Federation (MSIF) are 
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recommending extra care among patients with MS in order 
to minimize their exposure to the virus [3].

Thus, the modulation of the anti-cholinergic inflamma-
tory pathway and purinergic receptors can be analyzed as 
potential treatments. In this light, considering that the side 
effects are much less, the stimulation of the vagus nerve and 
these receptors has been strongly used for therapeutic pur-
poses, being able to improve sepsis, lung injury, rheumatoid 
arthritis, stroke, traumatic brain injury, obesity, diabetes, 
cardiovascular control, and pain control [4].

In addition, this therapy has been initiated to reduce res-
piratory symptoms in patients infected with COVID-19, with 
excellent results [5]. The benefits of this modulation range 
from reducing the use of nebulizers and corticosteroids, a 
fact highly recommended by the World Health Organization, 
in view of concerns about the spread of SARS-CoV-2 [6], to 
immediate symptomatic relief [7]. Thus, the use of targeting 
neural pathways for the treatment of inflammatory diseases 
is a new scope for exploring this pathway.

Pathophysiology of MS

MS an autoimmune and demyelinating disease of the cen-
tral nervous system, involving neuroinflammatory processes, 
demyelination, and axonal degeneration [8], leading to a 
chronic degenerative and immune-mediated condition of the 
central nervous system (CNS) [9]. In this inflammatory pro-
cess, there is an accumulation of macrophages and inflam-
matory infiltrates in the CNS, contributing to demyelination 
and among its etiological causes are environmental factors 
and the involvement of susceptible genes [10].

The manifestations of MS are very variable; however, 
in most patients, it occurs with the appearance of clinical 
symptoms on a recurrent basis, followed by partial or total 
recovery. This form is called Relapsing–Remitting Multiple 
Sclerosis (RRMS). After 10 to 15 years of illness, half of 
the untreated patients progress to a progressive pattern, in 
which there is a progressive deterioration over the years, 
being classified as Secondary Progressive Multiple Sclerosis 
(SPMS). Still, there is a form that occurs in approximately 
15% of patients, in which MS has been relentless from the 
beginning, being called Primary Progressive Multiple Scle-
rosis (PPMS) [11], yet the Progressive Relapsing Multiple 
Sclerosis (PRMS) represents 5% of the cases and the patients 
present progressive disability from the beginning [12].

When assessing the pathophysiology of the disease, it 
appears that the autoimmune condition is triggered primar-
ily by T lymphocytes, with increasing evidence of significant 
involvement of B lymphocytes. Self-reactivity is triggered 
by peripheral lymphocyte activation after a change in mye-
lin self-tolerance and to CNS antigens [13]. The triggering 
factor can be an environmental antigen (such as a virus, for 

example), which leads to lymphocyte activation, or through 
molecular mimicry, in which there is a cross reaction between 
host proteins (such as the basic myelin protein) and an exog-
enous protein pathogenic (as a viral antigen) [14, 15].

Sequentially, the activated autoreactive T lymphocytes 
migrate to the CNS, crossing the blood–brain barrier, 
and can be reactivated by cells presenting local antigens 
(dendritic cells and macrophages), leading to an intense 
inflammatory cascade, marked by the release of cytokines 
and chemokines and recruitment of additional inflamma-
tory cells, which lead to oligodendrocytes loss and damage 
to myelin [16]. This leads to “spreading of the epitope,” 
causing a greater exposure of targets to T lymphocytes, 
amplifying and continuing the local inflammatory response 
[17]. In turn, the axonal lesion occurs both by the initial 
inflammatory process, and by the exhaustion of the repair 
mechanisms by the constant activation of the microglia and 
the complement, as well as by the indirect action of the pro-
inflammatory cytokines, such as the tumor necrosis factor 
α (TNF-α), nitric oxide, and matrix metalloproteinases [8].

Regarding B lymphocytes, its first indication of involve-
ment with MS was in the identification of ectopic follicles 
of B lymphocytes present in the meninges of patients with 
SPMS [18]. This cell proliferation is consistent with the sus-
tained inflammation of the meninges, mainly in the progressive 
forms, supporting the hypothesis that cytotoxic factors diffused 
by the meninges favor the subpial cortical lesions and lead to 
the worsening of the clinical condition [19, 20]. Going fur-
ther, successful B-cell-based immunotherapies corroborated 
the participation of these cells in the pathogenesis of MS [21].

Correlation Between COVID‑19 and MS

SARS-CoV-2 is known mainly to affect the respiratory system; 
however, several studies and case reports have demonstrated 
the potential neurotropism of this virus [22]. Neurological 
symptoms that have been observed in patients with COVID-
19 include dizziness, headache, impaired consciousness, acute 
cerebrovascular disease, encephalopathy, ataxia, seizures, 
nerve pain, changes in smell, and taste and visual impairment 
(optic neuritis and Guillain-Barré syndrome) [23–27].

So far, there are different possibilities that support 
the SARS-CoV-2 to reach the central nervous system 
(CNS). Among the hypotheses, there is that the hema-
togenous or lymphatic distribution of this virus through 
the systemic blood stream to the brain, in which the 
flow is slower and can favor the damage to the endothe-
lial cells, as well as offering access to the brain [28]. 
Contributing to this, SARS-CoV-2 particles were found 
in the capillary endothelium and in autopsied neurons 
from a frontal lobe sample [29]. Such fact could be 
explained by the interaction of angiotensin-converting 
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enzyme 2 (ACE2), present in these cells, with the virus 
present in the blood and lymphatic circulation, favor-
ing its replication and its damage to the vascular and 
neuronal tissue [28].

Another possibility is that the virus is able to spread 
through the cribriform plaque, reaching the olfactory 
bulb [30]. After reaching the cranial nerves, such as the 
olfactory nerve, several infectious agents, including coro-
naviruses, are able to perform retrograde axonal trans-
port [28], transiting through microtubules and reaching 
neuronal cell bodies [31]. Once established in the brain, 
the virus is able to spread through neurotransmitter path-
ways, such as serotonergic in the dorsal raphe system and 
through hematogenous means [32].

It is also believed that the “Trojan horse mechanism” can 
occur with SARS-CoV-2. In this, infected leukocytes cross 
the blood–brain barrier and distribute the virus in the CNS. 
In the context of systemic inflammation, the blood–brain 
barrier permeability is increased and, for this reason, 
immune cells that express ACE2, such as monocytes and 
lymphocytes, which may be infected, have easy access to 
the CNS [33]. Finally, pericellular dissemination to adjacent 
cells can occur, in which the virus is able to pass through 
the space between olfactory neurons and reach neighboring 
cells. This mechanism also occurs in the cerebrospinal fluid 
and in the mucous layer of the respiratory tract [34].

When looking for a correlation between COVID-19 and 
demyelinating diseases in addition to MS, it is possible to 
find several reports involving the peripheral nervous sys-
tem, mainly under the spectrum of Guillain-Barré Syn-
drome [35]. In addition, it is also possible to analyze the 
involvement of the central nervous system, having in the 
literature reports of acute disseminated encephalomyelitis 
[36], meningo-encephalitis [37], and optic neuritis [38].

Although there are incipient reports correlating 
COVID-19 and the demyelinating processes in the CNS, 
some studies help to better understand the relationship 
between viral infections and central demyelination. For 
example, there is an increased risk for the development 
of MS when an infection with the Epstein-Barr virus 
occurs [39]. In addition, viruses such as varicella-zoster, 
influenza, or adenovirus are associated with a higher fre-
quency and severity of relapses in patients with MS [40, 
41]. In addition, the study by Marrodan et al. [42] demon-
strated that viral respiratory tract infections can be related 
to a greater exacerbation of MS (Fig. 1).

Inflammation and Attack of Neuronal Cells

MS is a chronic, immune-mediated neurodegenerative 
disease that can involve environmental and genetic fac-
tors [43]. The hallmark of MS is the presence of sclerotic 

plaques, which indicate the final stage of the pathologi-
cal process that includes inflammation, demyelination, 
and remyelination, as well as oligodendrocyte depletion, 
astrocytosis, and neuronal and axonal degeneration [44, 
45]. As a consequence of these processes, there are symp-
toms, sensory, visual, and motor deficiencies, in addition 
to fatigue, pain, and cognitive deficits [45].

As factors that trigger and maintain the pathogenesis 
of MS, there is the complex interaction between the dys-
regulation of the innate and adaptive immune system, 
genetic susceptibility, and the influence of environmental 
factors [46]. The different populations of T cells, such as 
the CD8 + cytotoxic T lymphocyte (TCD8 +), regulatory 
T (Treg), helper T type 1 (TH1), and T-helper 17 (TH17) 
[47], B cells, as well as other cells of the peripheral innate 
immune system (monocytes, dendritic cells), astrocytes and 
microglia are recognized as the central components of MS 
immunopathology [48]. In addition, MS is associated with 
a cytokine storm that generates an increase in proinflam-
matory cytokines such as interferon-γ (IFN-γ), interleu-
kin-12 (IL-12), tumor necrosis factor alpha (TNF-α), and 
beta (TNF-β), in addition to decreasing anti-inflammatory 
responses by reducing interleukin-10 (IL-10) and transform-
ing growth factor beta (TGF-β). Both types of cytokines are 
produced by astrocytes and microglia and interact with the 
complex peripheral immune system [49, 50].

The initial lesion of MS begins with the passage of auto-
reactive T lymphocytes through the blood–brain barrier 
[51, 52], with the subsequent activation of the microglia 
and other immune cells that will initiate a high secretion of 
pro-inflammatory cytokines [45] and that will be responsible 
for the initial lesion and demyelination of neuronal axons 
[53]. The dysregulation of the immune response will lead 
to an inflammatory process in some specific sites, mediated 
by the perivascular accumulation of TCD8 + .

In addition, plaques will be established around the cor-
pus callosum, lateral ventricles, cortex, and white matter, 
as well as in the optic nerve and spinal cord [45]. The pres-
ence of cells active in innate and adaptive immunity, in 
addition to the high release of pro-inflammatory cytokines, 
will intensify the inflammatory process through the activa-
tion of the naive microglia [54, 55]. Thus, the production 
of the humoral response by B lymphocytes in the meninges 
can cause even more damage to the cortex [56].

When there is stimulation of astrocytes in the face of 
injuries and injuries, as when viral infections occur, a cel-
lular response called astrogliosis is triggered. This, in turn, 
significantly changes cell biology and aims to improve 
neuronal survival, restore integrity to the blood–brain bar-
rier, and isolate the injured region, creating a glial scar 
[57]. However, in some conditions that probably involve 
the proinflammatory activation of microglia and signal-
ing pathways related to toll-like/factor nuclear kappa B/
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(activator of transcription 3) (toll-like/NFκB/STAT3), 
astrocytes initiate proinflammatory gene expression that 
favors neurodegeneration [58, 59]. The microglia, after a 
viral infection, remains activated and initiate the release of 
pro-inflammatory molecules and reactive oxygen species, 
recruiting cells from the peripheral immune system and 
promoting the activation of macrophages [60].

Cytokines and growth factors that are released by micro-
glia and activated astrocytes help in the process of remyeli-
nation. However, over time, astrocytes cause a sealing of the 
lesion and gliosis hinders the process of additional remy-
elination, causing the ability to accommodate cumulative 
deficits to be impaired and marking the moment when per-
manent deficits begin [45]. Approximately 85% of patients 
have the relapsing–remitting form of MS, in which there is 
a partial or complete recovery after an acute exacerbation of 
the demyelinating process [48].

In turn, in COVID-19, an immune response can be 
observed characterized by a hyperactivity of innate immu-
nity, followed by an immunosuppression [61]. In more 
severe cases, the development of the cytokine storm, which 
occurs after 2 to 3 weeks of infection, is related to severe 

acute respiratory syndrome (SARS), with disseminated 
intravascular coagulation, multiple organ failure [62], and 
death [63]. The main cytokines involved are IL-1β, IL-6, 
IL-18, IL-33, IFNγ, and TNF-α [64, 65], which are secreted 
by innate immunity cells and adaptive and cause local and 
systemic effects [66].

Using different mechanisms, SARS-CoV-2 can reach the 
CNS and, even if there is no invasion of the CNS by the 
virus, viral proteins present in the circulation and molecu-
lar complexes of damaged cells can reach the brain, if the 
blood–brain barrier is compromised [1]. After these mol-
ecules enter the brain, they can act as pathogen-associated 
molecular patterns (PAMPs) and damage-associated molec-
ular patterns (DAMPs), leading to innate immune responses 
through toll receptors present in pericytes, macrophages 
residing in the brain and in the brain. microglia. In the case 
of SARS-CoV, toll-like receiver 2 (TLR2) mediates proin-
flammatory responses after recognition of the protein spikes 
by macrophages, activating the nuclear factor κB (NF-κB) 
pathway [67]. Also, if the virus reaches the CNS, the damage 
will be caused by direct viral cytotoxicity or by immune-
mediated attacks [68]. Neuroinflammation can generate 

Fig. 1   Pathophysiology of multiple sclerosis triggered by SARS-
CoV-2 infection. SARS-CoV-2 can reach the CNS by different routes, 
including hematogenous and dissemination through the cribriform 
plaque and the olfactory bulb, in addition to being able to perform 
retrograde axonal transport and propagate by neurotransmitter path-
ways. When the blood–brain barrier is compromised, both the virus 
and viral particles are able to reach the cells that make up the CNS. 

The virus can remain dormant in astrocytes and oligodendrocytes 
and, due to molecular mimicry between viral particles and the basic 
myelin protein, trigger a cross reaction and cause autoimmunity. The 
innate and adaptive immune response triggered includes the activa-
tion of microglia and B and T lymphocytes. These will lead to the 
destruction of myelin, culminating in the neurodegenerative process 
related to MS
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more DAMPS and autoantigens, causing an increase in 
inflammatory responses and favoring autoimmune processes 
[69], as observed in MS [70] (Fig. 1).

Cytokine Storm

The moment SARS-CoV-2 reaches the CNS, invasion of 
astrocytes, macrophages, and microglia cells occurs, induc-
ing a pro-inflammatory state with high amounts of IL-1β, 
IL-2, IL-4, IL-6, IL-10, IL-18, IFN-γ, TNF-α, among other 
molecules involved in the inflammatory process [71]. In 
addition, in vitro studies have found that SARS-CoV-2 
induces the expression of IL-6, IL-12, IL-15, and TNF-α 
in glial cells [72]. The cytokine storm at the CNS level may 
occur due to the local production of cytokines or the ability 
of cytokines and immune cells to cross the blood–brain bar-
rier, due to impairments in their integrity [73]. This storm of 
cytokines will lead to neuronal death, activation of micro-
glia, impairment of synaptic plasticity, and damage to neu-
rotransmitter signaling [74].

When analyzing the immunological characteristics of 
COVID-19 and the pathogenic process of MS, it is clear 
that the cytokine storm triggered by SARS-CoV-2 infec-
tion can be related to neuroinflammation and rupture of the 
blood–brain barrier, favoring greater relapse of MS [75]. In 
addition to the cytokine storm, COVID-19 is able to promote 
changes in cell populations of T and B lymphocytes and in 
natural killers cells (NK), and the initiation of the response 
of these innate and adaptive immune cells may favor the 
relapse of MS [76].

Corroborating what has been discussed, large amounts of 
pro-inflammatory cytokines, such as TNF-α, IL-6, IFN-γ, and 
IL-1β, were found in the cerebrospinal fluid of MS patients 
suffering from lesions in the gray or white substance [77]. It 
is known that TNF-α has already been isolated postmortem in 
active areas of degeneration in the brains of patients with MS. 
This cytokine promotes the apoptosis of oligodendrocytes 
and the infiltration of immune cells in the cerebrospinal fluid, 
while the injection of TNF-α monoclonal antibodies prevents 
the development of MS in animal models [78].

In turn, high levels of IL-6 inhibit the differentiation of T 
lymphocytes into Treg, creating an inflammatory and demy-
elinating condition in mice. Furthermore, IL-6 deficient 
mice are resistant to MS and the administration of antibodies 
to IL-6 receptors (IL-6R) promotes the inhibition of myelin 
degeneration in animal models of autoimmune encephalo-
myelitis. In addition, IL-6 favors compromising the integrity 
of the blood–brain barrier, facilitating the entry of cytotoxic 
T cells [78]. Finally, it is also known that antibodies to the 
IL-1β receptor antagonize the demyelination process in ani-
mal models of autoimmune encephalomyelitis, suggesting 
possible routes of action for IL-1β in the pathogenesis of 
MS [79] (Fig. 2).

Cross‑Reaction and Autoimmune Response

Going beyond the cytokine storm, there is another hypoth-
esis that relates the autoimmune process due to the cross 
reaction between the viral particles and the basic myelin 
protein, this being the point of origin for the neural demy-
elination process. To support this hypothesis, the genome 
of other coronaviruses (CoV-OC43 and CoV-229E) and 
their antibodies have already been isolated from the CNS of 
patients with MS, and particles similar to the coronavirus 
can be found in perivascular regions of the human brain with 
MS [32]. In addition, the virus may be dormant in astrocytes 
and oligodendrocytes and, due to molecular mimicry, trigger 
autoimmunity. Strengthening this idea, studies have been 
found that the intracranial inoculation of murine coronavi-
rus stimulated optic neuritis and focal encephalitis, causing 
chronic demyelination in animal models [80]. In these cases, 
the demyelinating process would be caused by adaptive and 
innate immune responses, including the activation of micro-
glia, B and T lymphocytes (CD4 and CD8), together with 
direct viral toxicity [81, 82].

Cellular Receivers

In addition to the aspects already discussed, toll-like recep-
tors (TLRs) are involved simultaneously in the recognition 
of pathogens and in the pathophysiology of MS. It has 
been found that when viral particles are recognized by 
these receptors, there is a change in the immune response 
in patients with MS. Therefore, through this route, a rela-
tionship could be observed between viral infections, includ-
ing the coronavirus, and the development of demyelinating 
diseases [83].

Experimental studies carried out on mouse strains sus-
ceptible to JHMV coronavirus lineage verified an acute 
encephalomyelitis followed by a chronic demyelinating 
process [84]. In addition, multiple models of murine coro-
naviruses have led to demyelinating processes in rodents 
[85], either by causing a persistent infection in oligoden-
drocytes or astrocytes or by promoting an autoimmune 
response against myelin basic protein [86]. Thus, the 
expression of ACE2 receptors in the CNS favors viral 
tropism for SARS-CoV-2 [87] and it is known that this 
virus can favor neuronal loss [72], thus being able to, in 
the brains of people with MS, favor the neurodegenerative 
process [88] through a mechanism of viral toxicity that 
could cause direct damage to infected neuronal cells [20].

Therefore, considering the pro-inflammatory context 
resulting from SARS-CoV-2 infection, the persistence of 
this scenario can spread myelin degeneration and lead 
to the spread of MS [89] or even lead to first manifes-
tation of the disease [38]. In mild cases of COVID-19, 
the exacerbation of MS can be temporary; however, the 
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risk of relapse or disease progression can be significant. 
Still, treatment with DMD, immunosuppressants, and cor-
ticosteroids for long periods can influence the immune 
response, and can lead to complicated cases of COVID-
19 [90]. Thus, the development of new therapies is nec-
essary, one of which is the modulation of the choliner-
gic and purinergic system that are often associated with 
inflammatory processes.

Current MS Therapies in the Context 
of COVID‑19

Interferon‑Beta (Interferon‑β1a and Interferon‑β1b)

The first approved agent for the treatment of MS, available 
in subcutaneous and intramuscular formulations, modestly 
protecting against relapses and exacerbated brain injuries 

[91]. Because it is an immunomodulator, it acts directly on 
the significant increase in anti-inflammatory cells, as well 
as on the reduction of pro-inflammatory cytokines [92]. 
Also responsible for reducing the passage of inflamma-
tory cells through the blood–brain barrier, increasing the 
production of nerve growth factor (NGF) and NK CD56 
by IFN-β. These cells are able to release anti-inflammatory 
mediators and limit neuronal inflammation [91].

However, conditions such as rare leukopenia, lympho-
penia, and lymphadenopathy are included as side effects 
of using this drug. In addition, upper respiratory tract 
infections are closely associated with the administration 
of IFN-β1a (14% vs 12% placebo), although interferon-
B1b has a lower incidence [91]. It is worth noting that 
IFN-β1b formulations contain albumin, which is a factor 
capable of increasing the risk of viral transmission, even 
if interferons are not associated with opportunistic or seri-
ous infections.

Fig. 2   Neurodegeneration process triggered by the cytokine storm in 
COVID-19. After the entry of SARS-CoV-2 in the CNS, infection of 
astrocytes and microglia cells occurs, leading to the release of several 
pro-inflammatory cytokines, such as IL-1β, IL-2, IL-4, IL-6, TNF-α, 
and IFN-γ. The impairment of the blood–brain barrier by the systemic 
pro-inflammatory state also allows the entry of more pro-inflamma-
tory cytokines and a greater number of viruses in the CNS. The storm 
of cytokines at the level of the nervous system can lead to neuronal 
death, activation of microglia, impairment of synaptic plasticity, and 
impairment of neurotransmission. The cytokine storm and the rupture 

of the blood–brain barrier can promote the relapse of MS, in addition 
to (A) promoting the activation of B and T lymphocytes and NK cells, 
favoring the neurodegenerative process of MS. (B) In addition, studies 
have found that TNF-α, isolated in the brains of patients with MS, is 
able to promote the apoptosis of oligodendrocytes and the infiltration 
of immune cells, corroborating the destruction of the myelin sheath. 
(C) Going further, high concentrations of IL-6 are able to inhibit the 
differentiation of T lymphocytes into Treg, establishing an inflamma-
tory and demyelination state in animal models
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In the context of the SARS-CoV-2 pandemic, IFN-β does 
not act mainly on lymphocyte depletion, and presenting lym-
phopenia is rare and mild, the immune response is unlikely 
to be affected early or late against SARS-CoV-2, not altering 
susceptibility to infection. In fact, a recent clinical trial has 
indicated IFN-β as a beneficial antiviral against coronavirus 
[93], and it is likely to be safe to continue treatment during 
the pandemic, as well as to start treatment in newly diag-
nosed patients. However, even though it is safe, its potency 
is low in relation to other agents (DMTs), not being the best 
choice for patients with highly active MS or with several 
predictors of negative results [94].

Glatiramer Acetate

Acting in a modest reduction in the annual recurrence rate, 
glatiramer acetate (GA) is a subcutaneous injection made up 
of a synthetic polypeptide structurally similar to the basic 
myelin protein. The mechanism of action is based on the 
competition with the myelin antigens on the interaction with 
the main molecules of the type 2 histocompatibility com-
plex in the antigen-presenting cells [91]. Thus, preventive 
action is generated regarding an attack response of T cells 
against myelin, added to activation of type 2 helper T cells, 
which secrete anti-inflammatory cytokines and act to reduce 
inflammatory demyelination of the CNS [95].

In a situation of general infection, compared to placebo, 
GA had a slightly higher incidence (30% vs 28%), in bron-
chitis (6% vs 5%), in influenza (14% vs 13%), in nasopharyn-
gitis (11% vs 9%), and viral upper respiratory tract infections 
(URTIs) (3% vs 2%) [91], although it is not recognized as a 
cause of opportunistic or serious infections. Thus, because 
lymphocyte depletion does not occur, a negative impact 
on the immune response against SARS-CoV-2 or even an 
increased propensity to infection is unlikely. It is safe to 
continue the treatment, as well as its beginning, regardless of 
the contact with the virus; however, similarly to the previous 
medication, its use should only be indicated for patients with 
mild MS, given its low potency [96].

Teriflunomide

Oral agent of modest efficacy in the preventive action against 
relapses and accumulation of brain lesions in MS, teriflu-
nomide had its use approved in 2012 and is an inhibitor 
of dihydroorotate dehydrogenase. This is a fundamental 
mitochondrial enzyme in the synthesis of pyrimidine and 
necessary for cell division; thus, its inhibition is capable of 
negatively modulating the replication of auto-reactive lym-
phocytes [95]. In addition, its immunological side effects 
include neutropenia (16%) and rare lymphopenia (12%) [91].

Likewise, this medication had a slightly higher incidence 
in infections such as URTIs (9% vs 7%), bronchitis (8% vs 

6%), and sinusitis (6% vs 4%) [91], as well as rare cases of 
tuberculosis and reports of reactivation of hepatitis by cyto-
megalovirus. After commercialization, there were fatal cases 
of Klebsiella, Pneumocystis jiroveci, and Aspergillus pneu-
monia; however, the patients had underlying comorbidities 
and were being co-treated with other immunosuppressants 
[91]. Thus, by reducing the proliferation of reactive lym-
phocytes, increased susceptibility to coronavirus is possible.

Thus, observing the profile of the infectious side effects 
and the slight change in the infectious propensity, one should 
evaluate the beginning or the continuation of the treatment, 
although it is considered relatively safe due to the beneficial 
antiviral effects [97]. In the same way that this treatment 
is likely to remain asymptomatic or mildly symptomatic, a 
fatal case of COVID-19 infection that was taking terifluno-
mide, which had advanced secondary progressive MS and 
comorbid myotonic dystrophy [98], has also been reported. 
In addition, other cases of COVID-19 infection were self-
limiting [99–101] and there was a self-reported case of full 
recovery at home [102].

Fumarates

First approved in 2013 for recurrent forms of MS, dimethyl 
fumarate (DMF) has been replaced by diroximel fumarate, 
approved in 2019, which has similar bioavailability and effi-
cacy, with reduced gastrointestinal adverse effects [103]. It is 
believed that the mechanism of action, although still uncer-
tain, is based on immunomodulation through the inhibition 
of the Nrf-2 protein, capable of inhibiting the inflammatory 
cascades [95]. Lymphopenia is one of the main idiosyncratic 
side effects, which occurs in 37% of patients, while severe 
lymphopenia (< 500/mm3) occurs in only 8% [96].

The incidences of general and severe infections were 
very similar between the groups of patients and the control 
group [91]. There are cases of progressive multifocal leu-
koencephalopathy (PML) associated with foot-and-mouth 
disease (FMD), especially when prolonged severe moderate 
lymphopenia (< 800/mm3) is present [104]. Thus, it is pos-
sible that there is an increased susceptibility to SARS-CoV-2 
infection in these patients, differently from patients without 
lymphopenia or with its mild version.

Thus, it is advisable to interrupt the treatment of 
patients with persistent severe lymphopenia and constant 
monitoring of cutaneous lymphocyte-associated antigen 
(CLA); however, in mild cases, it is safe to continue and 
start this therapy. Two infected patients who did not show 
lymphopenia achieved complete recovery, despite the 
continuation of DMF [98]. Another seven with suspicion 
[105] and two self-reported [102] also obtained favora-
ble results, with normal or slightly decreased lymphocyte 
counts, illustrating that the fumarates do not reduce the 
immune response.
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Sphingosine‑1‑Phosphate Modulators

Approved in 2010, the first oral agent approved for recurrent 
MS and the first sphingosine-1-phosphate (S1P) modulator, 
fingolimod, has been replaced by siponimod and ozanimod, 
approved in 2019 and 2020, respectively [106, 107]. This 
is because these drugs are more selective for the S1P1 and 
S1P5 subtypes, as well as lesser bradycardic side effects. 
The mechanism of action consists in reducing the output of 
T cells from the lymph nodes, decreasing the lymphocytes 
available for the CNS, and the central inflammation [95].

Acting directly on the availability of peripheral lympho-
cytes, all three drugs can increase the risk of infection [91]. 
In the general incidence of infections in studies with fingoli-
mod 72% of the patients presented it and 2% in a severe inci-
dence, approaching the values of the placebo group [108]. 
Influenza (13% vs 10%) and herpes viral infections (9% vs 
8%) had higher values, in addition to fatal cases of herpetic 
infections with fingolimod. Siponimod and ozanimod had 
similar infectious side effects, and multifocal leukoencepha-
lopathy becomes a risk for this class of drugs [91].

As evidenced by the increased susceptibility to viral 
infections, S1P modulators can, by reducing peripheral 
lymphocytes, increase the risk of SARS-CoV-2 infection. 
However, in more serious situations in COVID-19 patients 
with a cytokine storm, it appears to have a potential benefi-
cial effect that is being analyzed in an ongoing clinical trial 
(ClinicalTrials.gov Identifier: NCT04280588) [109]. As for 
treatment, its continuation is likely to be safe when absolute 
lymphocyte count (ALC) is greater than 200/mm3 and is 
potentially beneficial even in patients infected with COVID-
19, since two cases of worsening of the condition have been 
reported after interruption of fingolimod [110].

In addition, six other cases of COVID-19 infection in 
patients with MS and following treatment with fingolimod 
have been reported, in addition to four self-reported cases. 
In all cases, the patients had the mild version of the disease 
and full recovery occurred, although some infected patients 
stopped treatment temporarily and others continued without 
interruption. Patients treated with siponimod or ozanimod and 
infected with SARS-CoV-2 have not yet been reported [91].

Natalizumab

In recurrent MS, the first mononuclear antibody approved 
as monotherapy and combined therapy with IFN-β1a in 
2004 was natalizumab, as it has high potency against recur-
rences and accumulation of lesions [95]. The mechanism of 
action consists of response similar to the alpha-4 integrin 
antagonist in the leukocyte membrane, capable of block-
ing the interaction of this cell with the vascular cell adhe-
sion molecules and preventing its migration and infiltra-
tion in the CNS [95]. Thus, because it is a non-depleting 

immunomodulator, it was not associated with lymphopenia; 
however, it is known that its use increases the risk of PML.

Thus, monitoring for antibodies to the John Cunningham 
virus (JCV) is mandatory during treatment, given that high 
levels indicate viral exposure and greater chances of PML. 
Thus, URTIs (22% vs 16% placebo), influenza (12% vs 5% 
placebo), and sinusitis (8% vs 4% placebo) were recurrently 
seen in these patients, and fatal cases of herpetic encepha-
litis and meningitis were notified after marketing [91]. An 
unlikely increase in susceptibility to viral infections by natal-
izumab is illustrated by being a non-destructive cell agent; 
however, its side effects seem to be related to this increase 
in the scenario of COVID-19.

Beneficial effects of this therapy are being studied in 
patients infected with SARS-CoV-2 due to its action on 
integrin receptors [111]. Thus, it is understood that the per-
manence or initiation of therapy, in general, is safe, although 
theoretical questions raise doubts. Experts claim that this 
drug can reduce the movement of lymphocytes in the lungs 
and mucosa, potentiating viral elimination [112]; similarly, 
with reduced immune surveillance in the CNS, there is con-
cern about a neuronal invasion [113] and the potential devel-
opment of SARS-CoV-2 encephalitis. To date, two cases 
of MS patients following therapy and infected have been 
reported, both have had mild strokes and complete recovery, 
with no neurological symptoms or suspected encephalitis.

Ocrelizumab

In 2017, ocrelizumab was approved by the FDA for both 
recurrent and PPMS, showing high efficacy against brain 
injuries and relapses when compared to IFN-β1a [114] and 
modest efficacy when compared to placebo analyzing the 
progression of disability [94]. Because it is a humanized 
monoclonal antibody (MAB), it targets CD20 in the B cell 
membrane, which can result in prolonged selective lym-
phopenia [95] and a reduction in total ALC in a quarter of 
patients [96]. In addition, prolonged depletion of memory B 
cells can result in hypogammaglobulinemia, even if the drug 
does not reach plasma cells, as a result of similar long-term 
treatments [115].

Thus, patients following this treatment line had a higher 
incidence of infections, experiencing 58%, compared to 
52% in patients with RRMS treated with IFN-β1a, this 
study with PPMS, presented 70% vs 68% for the control 
group. Likewise, the incidences, in RRMS studies, of 
URTIs (40% vs 33%), lower respiratory tract infection 
(LRTI) (8% vs 5%), herpes zoster (2.1% vs 1.0%), and her-
pes simplex (0.7% vs 0.1%) remained higher in this treat-
ment [116], while in PPMS studies, incidences of URTI 
(49% vs 43%), LRTI (10% vs 9%), and herpes oral (2.7% vs 
0.8%) were also high in the comparison. Thus, it is possible 
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to increase susceptibility to SARS-CoV-2 as demonstrated 
in recent cases [117].

In this line of reasoning, the direct impact of ocre-
lizumab would not be on the initial immune response 
against the virus, as it mainly targets B cells. However, 
considering the role of these cells in humoral immunity, 
as well as their role as antigen-presenting cells for B cells, 
there is a direct link to infection control. In addition, B cell 
depletion can still act in the long term in an immunologi-
cal impairment, increasing the risk of reinfection [118], 
and a failure in the development of anti-SARS-CoV-2 anti-
bodies has also been demonstrated in patients treated with 
this medication after infection, not directly influencing a 
more serious infection [119].

Thus, the treatment response to COVID-19 infection is 
quite variable and discrepant. This occurs in anti-CD20 
therapies due to the double effect that B cells can provide a 
beneficial effect for the production of neutralizing antiviral 
antibodies, but also a harmful effect mediated by the produc-
tion of IL-6 and contribution to the cytokine storm [120]. 
Thus, to mitigate the risks, it may be interesting to space 
the infusions guided by CD19 counts, which may delay the 
reduction of ocrelizumab in infected patients or with sus-
tained CD19 depletion. For newly diagnosed patients, the 
decision for this therapy should be cautious due to its impact 
on the risk of infection and future vaccination [91].

Alemtuzumab

Highly potent intravenous immunosuppressant approved 
for RRMS in 2014, alemtuzumab, reduces relapses of MS 
and the accumulation of neuronal lesions. Because it is a 
humanized MAB, it targets CD52 receptors on the surface of 
mature lymphocytes [95] and can cause generalized and pro-
longed lymphopenia in T cells. Thus, due to its strong effect 
on immune cells, the absence of T lymphocytes demands a 
reconstitution precocious B cells, which can trigger autoim-
mune disorders, such as thyroid diseases, idiopathic throm-
bocytopenia, and glomerulonephritis [91]. In addition, it can 
promote neutropenia and pancytopenia, by altering innate 
immunity by modifying CD52-positive macrophages and 
dendritic cells [121].

Thus, treatment with alemtuzumab provides a greater 
risk of infection, being illustrated in clinical studies by a 
71% chance of incidence, compared to 53% in patients who 
took IFN-β1a [91]. In addition, this difference can be seen 
in infections such as nasopharyngitis (25% vs 19%), URTIs 
(16% vs 13%), sinusitis (11% vs 8%), herpetic infections 
(16% vs 3%), influenza (8% vs 6%), and bronchitis (7% vs 
4%), plus severe infections (3% vs 1%) and including cases 
of pneumonia and herpes zoster [91]. Representing a strong 
association with viral infections and may increase suscepti-
bility and or reinfection by SARS-CoV-2.

Considering its effect on T and B cells, as well as in 
innate cells, the impact of alemtuzumab on initial and long-
term immunity against SARS-CoV-2 is understandable. 
This response is expected in the first 6 months of treat-
ment, in which maximum lymphopenia is observed, which 
can significantly reduce the humoral and cellular responses 
against the viral protein [122]. Thus, the continuation or the 
beginning of the treatment must be rethought, since, in two 
reports of infection, both patients developed the infection 
after receiving the second cycle of treatment and presented 
lymphopenia, one severe (grade 4) and the other moderate 
(grade 2) [123]. Even if both have recovered and the con-
nection between treatment and the severity of the disease is 
not known, attention should be paid to the use of this drug 
and possible consequences.

Cladribine

Published in 2010, the potent oral immunosuppressant pro-
posed against MS relapses and the accumulation of brain 
lesions is a purine nucleoside analog that inhibits DNA syn-
thesis and repair. Thus, cladribine acts to induce apoptosis 
of B and T cells, although its effect on T cells is shorter and 
less pronounced [112]. Lymphopenia occurs in the depletion 
phase, followed by a return to normal counting and the effect 
on innate immune cells is not so significant, and may rarely 
lead to cases of neutropenia and pancytopenia [91].

As for the incidence of infections, clinical trials showed 
49% in patients with this treatment, compared to 44% in the 
placebo group. In addition, a higher percentage is observed 
in the incidence of URTI (38% vs 32%) and in severe infec-
tions (6% vs 2%) in the placebo group. When severe lympho-
penia, less than 500/mm3, there was a higher incidence of 
herpes zoster and severe and fatal tuberculosis, and hepatitis 
B infections also occurred. Thus, by triggering non-selective 
lymphopenia in the first semester of treatment, a reduction 
in initial and long-term immunity may occur, justifying your 
caution in the pandemic scenario of COVID-19 [91].

The increased susceptibility to infection or reinfection by 
SARS-CoV-2 is understandable, although its oral adminis-
tration and the lesser involvement of T cells reduce these 
effects. During the cell depletion phase, humoral and cellular 
responses should be reduced, altering the response against 
the SARS-CoV-2 viral protein, although there are no con-
firmed cases of this infection yet. Even so, one study showed 
a tendency towards higher symptoms suggestive of COVID-
19 among these patients, reinforcing the need to maintain 
preventive measures and social isolation [124].

Thus, it is understood that the use of immunosuppres-
sive therapies or that act to directly reduce this activity in 
MS, when considering a scenario of a viral infectious pan-
demic, is able to impair the immune response against the 
agent, or even significantly increase susceptibility. infection. 
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Therefore, the study and application of alternative therapies 
become increasingly necessary in this pathology.

Purinergic and Cholinergic Modulation 
in Neuroinflammation

The purinergic system consists of extracellular nucleo-
tides and nucleosides, specific receptors, and degradation 
enzymes, being closely associated with neurodegenerative 
and/or neuroinflammatory diseases such as MS [125]. One 
of these nucleotides is ATP, initially seen only as an ener-
getic intracellular molecule, until the introduction of the 
concept of purinergic cotransmission in 1976, characteriz-
ing extracellular ATP as a cotransmitter in the peripheral 
and central nervous systems [126]. In this way, extracellular 
nucleotides can be released by several cells in physiologi-
cal response to injury or stress, in pathological situations or 
innately [127].

From this point of view, the fundamental role of extracel-
lular ATP as a signal of alert and cellular danger is visible, 
especially in the brain in which harmful stimuli significantly 
raise the level of this molecule [128]. This increase, when 
persistent, acts as an immunostimulatory signal and pro-
vides a neuroinflammatory environment, which can cause 
excitotoxicity of oligodendrocytes [19]. However, another 
molecule of this system, the adenosine nucleoside, a product 
of ATP degradation, exhibits a potent immunosuppressant 
and potent anti-inflammatory, acting in a manner contrary 
to the pro-inflammatory actions of extracellular ATP [129].

Thus, it is understood the need for a balance between ATP 
and adenosine for an immunological homeostasis, in order to 
prevent further tissue damage. The modulation and control 
of these molecules are mediated by a chain of ectonucleoti-
dase enzymes, which are expressed in different tissues. In 
addition, the modulating role of adenosine in neuronal activ-
ity in regulating the excitability of nerve cells has neuropro-
tective functions through the activation of purinoreceptors 
in pathological conditions [130]. As a practical example, in 
general, changes in ectonucleotidase enzyme activities in the 
vascular system directly imply vascular tone, lymphocyte, 
and macrophage responses, as well as platelet aggregation, 
functions regulated by adenosine and its nucleotides [131].

Among the classification of purinergic receptors, there 
is the type 1 (P1) receptor, subdivided into four subtypes 
of adenosine receptors, while the adenosine type 2 (P2) 
nucleotide receptors are divided into two main families P2X 
(ionotropic) and P2Y (metabotropic) [126]. The expression 
of the P2 receptor occurs in practically all cells, and the 
regulated release of ATP and previous studies have shown a 
high expression in astrocytes, microglia, and immune cells. 
These are controlled by ectonucleotidases and trigger the 

secretion of pro-inflammatory cytokines and chemokines, 
which promote cell migration and proliferation, contributing 
to demyelination and axonal damage [132].

About the cholinergic system, the central mechanism of 
action is related to a greater stimulation that inflammatory 
agents can generate in the vagus nerve in its afferent branch. 
This greater activation is accompanied by greater activity in 
the vagus efferent nerve that is able to increase the release 
of acetylcholine through direct or indirect pathways and 
mediated by T lymphocytes. Thus, the components of this 
pathway act in a way to reduce production and release of 
pro-inflammatory cytokines, such as TNF-α and IL-6, of the 
immune system. In this perspective, when the severity of the 
cytokine storm in the pathological scenario of COVID-19 
and its involvement with MS is understood, the activation 
of the anti-inflammatory reflex mechanism can modulate the 
exaggeration of the effects of pro-inflammatory cytokines 
and reduce the symptom level [4, 133, 134].

Thus, involving acetylcholine (ACh) as the main neu-
rotransmitter that modulates the pathway, the cholinergic 
system acts on the central nervous system (CNS) and the 
peripheral (SNP) by means of cholinergic neurons, as well 
as their interaction with non-neuronal cells that regulate sev-
eral physiological functions [135]. Among its components, 
we highlight the following: ACh, cholinacetyltransferase 
(ChAT), choline transporter (ChT), vesicular cholinergic 
transporter (vAChT), nicotinic receptors (nAChRs), mus-
carinic receptors (mAChRs), acetylcholinesterase (AChE), 
and butyrylcholinesterase (BuChE), the latter two known as 
cholinesterases (ChEs) [136]. These enzymes act directly in 
the regulation of ACh volume and activity, contributing to 
its homeostatic control, since they are able to hydrolyze ACh 
quickly and effectively, with emphasis on AChE which has 
a high and specific affinity for the neurotransmitter [137].

The nervous environment has high concentrations of 
AChE, a characteristic shared with neuromuscular junc-
tions, red blood cells, and lymphocytes [138]. The nonspe-
cific BuChE hydrolyzing cholinesterase can hydrolyze sev-
eral esters and is also present in white matter and in certain 
populations of neurons and glial cells, as well as found in 
the blood serum, pancreas, liver, and CNS [139]. In addition, 
there are two classes of pre- and post-synaptic cholinergic 
receptors: metabotropic mAChRs and ionotropic nAChRs 
[140], of which the latter are widely expressed in both neu-
ronal and non-neuronal tissues and are of great importance 
for the immune system and others peripheral tissues [141].

Thus, the different functions possible by this higher order 
system in the brain are understood, as well as the essential 
role in immune cells and in the maintenance of homeosta-
sis [136]. Dendritic cells, macrophages, and B and T cells 
express most of the components for functional performance 
of the cholinergic system, providing an independent system 
of cholinergic nerves involved in the metabolism of ACh 
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produced by cells of the immune system [142]. Thus, it is 
understood how the proliferation of immune cells, produc-
tion of cytokines, auxiliary differentiation, and presentation 
of antigen can affect cholinergic transmission [143].

ACh acts as a classic primary excitatory neurotransmitter 
and its responses depending on the location, which varies 
between the brain and the periphery. In addition, contribut-
ing to synaptic plasticity, ACh acts as a neuromodulator in 
many areas of the brain. As it is also related to the modula-
tion of lymphocyte actions, it can be considered an immu-
nomodulator [142]. Thus, it is known of the synthetic action 
of ChAT in the metabolism of choline and acetate, as well 
as starting substrates in ACh that will be mediated by the 
nAChRs and mAChRs receptors [144]. However, the way 
in which storage occurs or even its release is still uncertain, 
and it can be stored in vesicles and synthesized in T cells 
according to demand [145].

Association Between Cholinergic 
and Purinergic Systems

Thus, it is clear that both components of the cholinergic 
system, as well as the purinergic system, can be affected 
due to diseases or secondary events. Constituting important 
signaling extracellular molecules, ACh and purines trigger 
cellular effects in different cells by the expression of their 
receptors, including in the neuronal environment. Thus, the 
potential modulating role for activation and inhibition of 
receptors in resident brain cells and peripheral cells may act 
in new therapeutic opportunities in MS [135].

In addition, the interaction between these systems is 
strongly highlighted in the literature. Evidence indicates a 
co-release of ATP and ACh in the brain cholinergic nerve 
terminals [146], being confirmed after hypoxia in the carotid 
body of animal models. Thus, it is perceived that ATP recep-
tors are able to control the release of ACh, although an oppo-
site effect has also been observed in areas of the brain and 
motor terminals of rats [147, 148], providing a presynaptic 
inhibition of release of ACh in the cerebral cortex [147]. 
However, with the activation of presynaptic receptors, it 
facilitates the release of this neurotransmitter, added to an 
activation of the presynaptic nAChR, justifying a direct 
interaction between the receptors [149].

In addition to the coexistence of these receptors at the 
cholinergic terminals, there is an evoked release of ACh in 
phrenic nerve endings, since, when stimulated, A2R facili-
tates this release, while A1R has inhibitory effects [150]. 
Coupled with this, Cunha et al. [149] analyzed this release 
modulated by adenosine in three areas of the hippocampus 
(CA1, CA3, and dentate gyrus) and noticed differences 
between the excitatory and inhibitory effects of A1R and 

A2AR [149], indicating direct action by purinergic signaling 
in the control of ACh centrally and peripherally.

Another aspect to be highlighted is the relationship 
between nACh receptors and P2X, since their simultaneous 
activation generates negative modulation. Thus, there is an 
inhibitory interaction between nicotinic receptors and P2X, 
as well as the independence of the submucosal neurons of 
these channels [151]. In an animal model, Rodrigues et al. 
[152] also demonstrated a strong functional interaction in the 
hippocampus between the P2X and nACh receptors in the 
presynaptic phase in controlling the release of noradrenaline, 
firmly evidencing the interaction between these receptors. 
In the rat striatum, the dopamine release in the dopaminer-
gic terminals had their functional interaction controlled by 
pre-synaptic A2AR and nAChRs, and the activation of the 
first reduces the release of dopamine stimulated by nicotine 
from the isolated nerve of the terminals, being essential for 
sensitization motor [153].

Thus, the interaction of A2AR and nAChE is visible, and 
how purinoreceptors seem to control nicotinic responses. 
Confirmed that the standard stimulation causes changes 
in the presynaptic inhibition of A1R and A2AR, given the 
changes in the amount of extracellular adenosine, interfer-
ences in the levels of ACh in the neuromuscular junctions of 
rats are perceived by tonic activation of M1 and autorecep-
tive muscarinic facilitator M2 inhibitors [154], justifying 
the control of adenosine receptors over muscarinic receptors 
and providing new therapeutic opportunities for the treat-
ment of MS.

Cholinergic System and Patients with MS

Expressed by macrophages and other cytokine-producing 
cells, nicotinic receptors, when interacting with ACh, can 
act in the regulation of pro-inflammatory cytokine synthesis 
[155]. In this perspective, the cholinergic dysfunction that 
occurs in diseases such as MSRR can be controlled by the 
activation of nAChR, which selectively modulates inflam-
matory responses. This fact is reinforced by previous inves-
tigations that reported low levels of ACh in the CSF and in 
the serum of these patients, contrasting with high levels of 
pro-inflammatory cytokines such as IL-1β and IL-17 in rela-
tion to the control group, justifying a probable relationship 
between the cytokine levels and ACh, given its inversely 
proportional activity [135].

Huang et al. [156] in their studies affirm the contribution 
of IL-17 in autoimmune diseases such as MS. Thus, reports 
reinforce this reasoning by demonstrating that the activity of 
AChE in lymphocytes and whole blood, added to the activity 
of BuChE in serum, was increased in patients with RRMS, 
highlighting an increase in pro-inflammatory cytokines 
[135]. Analyzing this counterpoint, it can be expected that 
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the increase in enzyme activity contributes to the reduction 
of ACh concentrations, a fact confirmed by the study by Di 
Bari et al. [157] when reporting the dysfunction in patients 
with MS. These results directly associate the reduction in 
ACh levels caused by the overactivation of cholinesterases 
and the consequent reduction in cholinergic entry to the 
cells’ immune system [135].

BuChE activity has been involved in the activation of 
microglia and, in states of neurodegenerative diseases, con-
tributing to the pro-inflammatory state since the increase in 
enzyme activity has been found in neuropathological studies 
in the brain tissue of patients with MS [158]. Another piece 
of evidence was the report of reduced activity and expres-
sion of the ChAT protein in the hippocampus of patients 
with MS, which is responsible for the synthesis of ACh, 
although no changes were found in the activity and expres-
sion of AChE [159].

This reduction in cholinergic innervation in the patients’ 
hippocampus suggests why there are so many memory prob-
lems faced by patients with MS. The cholinergic neurotrans-
mitter system has a fundamental role in the learning function 
and in memory [160]. Thus, this cholinergic imbalance in 
the hippocampus, associated with a reduction in the synthe-
sis of ACh, is able to exacerbate cognitive impairment in 
neurodegenerative diseases [145] and generate impairment 
in memory and loss of cognitive function, common clinical 
manifestations in patients with MS [135].

It is also worth mentioning the importance of the pro-
tein activity of the complement system, which makes up 
an important part of the innate immune system and is acti-
vated in conditions of neuroinflammation, in addition to 
contributing to the formation of the brain’s synaptic circuits 
[161]. Studies have shown a correlation between CSF and 
C3 (complement system protein) levels and BuChE, sug-
gesting a cholinergic influence on complement expression 
[162]. These elevated levels in patients with MS may be 
associated with MRI injuries, clinical disability, and light 
levels of the neurofilament chain (NfL), indicative of nerve 
damage [162].

Thus, there is a potential link between intrathecal cholin-
ergic activity and complement activation. In addition, the 
analysis of the soluble complement 2 receptor (sCR2), which 
can act as an inhibitor instead of an activator in the regula-
tion of C3 function, was found to be increased in the CSF of 
patients with MSRR and SPMS, suggesting a modulatory 
function in complement activation downstream of C3 [161].

In research on animal models, the inhibition of AChE 
activity was applied with a positive effect in the treatment of 
MS [163], a fact confirmed by another study that indicated 
the activity of ACh as anti-inflammatory [164]. In addition, 
the use of acetylcholinesterase inhibitors (AChEI) led to a 
reduction in lymphocyte proliferation and the secretion of 
pro-inflammatory cytokines in experimental autoimmune 

encephalomyelitis (EAE), and treatment with ACh resulted 
in a reduction in the levels of cytokines such as TNF-α, 
IL-1β, and IL-6 in the blood of mice [165], confirming the 
interaction of ACh and α7nAChR in monocytes, neutro-
phils, and macrophages in the mechanism of inflammation 
reduction.

Confirming this hypothesis, in rats with neuroinflamma-
tion induced by intracerebroventricular injection of lipopoly-
saccharide (LPS), the action of the α7nAChR receptor in 
anti-inflammatory reactions is visible, and may be a thera-
peutic target for the control of this scenario [166]. In addi-
tion, Nizri and Brenner [143] reported the effects of cho-
linergic agents in the therapy of EAE disease, which was 
dependent on the action of the receptor to reduce clinical 
severity, relating clinical treatment to modulation of the cho-
linergic system.

Several findings prove this relationship in neurological 
diseases and associate different variables. The presence of 
IFN-β in rats with the demyelinating disease was able to 
reduce the activities of AChE [167] and the use of immuno-
suppressants such as cyclosporine A reduced the enzymatic 
action in the cerebral cortex, striatum, hippocampus, cer-
ebellum, and point [168]. Thus, the natural AChE inhibitor 
Huperzine A was used in rats with cerebral hypoperfusion 
(hypoxia) in order to reduce the existing chronic inflam-
mation, also capable of acting on myelin repairs and mem-
ory deficits. Confirming that the interruption of the anti-
inflammatory effects triggered by ACh via stimulation of 
α7nAChR can exacerbate the uncontrolled and persistent 
inflammation of demyelinating diseases, such as MS [169].

Purinergic System and Pathophysiology 
of MS

The study by Burnstock [170] reported the involvement of 
the P2X7 (P2X7R) and P2Y (P2YR) receptors in the pathol-
ogy of MS, given their role in the remyelination processes 
in neurodegenerative diseases. In addition, there is a wide 
expression of the P2X7R receptor in the brain and a close 
association with other inflammatory and demyelinating path-
ological changes that affect the CNS [171]. Thus, acting 
in an integrated manner with P2X7R, P2Y1R, A2AR, ATP 
seems to contribute to the neurotoxicity of this environment. 
Cunha [172] reported the direct relationship of A2AR in 
neurodegeneration, since this damage positively regulates 
this receptor and increases the release of ATP, triggering an 
increase in receptor activity and synaptotoxicity.

Situations such as neuroinflammation, reactive astro-
gliosis, synaptic dysfunction, and increased susceptibility 
can be caused by the direct or indirect activation of these 
receptors. Thus, the positive regulation of A2AR can still 
cause loss of function of astrocytes and microglia, since 
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this activity causes the interruption of metabolic support, 
triggering the progression of brain damage. Therefore, due 
to their involvement in neurotransmission, inflammation, 
and immune responses, the study of these transmitters and 
receptors can assist in the development and application of a 
therapy for MS [173].

Experiments in rats indicated an increase in ATP hydroly-
sis after brain injuries during EAE. Thus, the modulatory 
action of ATP, ADP, and AMP is related to a decrease in 
ATP levels and an increase in serum AMP. The physiological 
and pathological relationships of these adenine nucleotides 
demonstrate a sensitive communication network between 
the brain and the vascular system, directly interfering in the 
development of human neuropathologies [131].

From this perspective, studies suggest the involvement 
of ecto-5′-nucleotidase in the neuroinflammatory process 
linked to MS [174], as well as its activities altered in the 
demyelination process. This process is also repeated with 
NTPDase in both synaptosomes and in platelets, these data 
were obtained in research with mice demyelinated by eth-
idium bromide and treated with INF-B [135]. Thus, impor-
tant thrombo regulatory enzymes are visualized associated 
with pathological conditions of the CNS, especially after 
demyelination of the CNS [175], added to treatment with 
a drug capable of regulating the hydrolysis of the adenine 
nucleotide in platelets and synaptosomes.

Changes such as these illustrate the involvement of these 
enzymes in axonal damage and in the demyelination process 
in MS [175], given that evidence also indicates a reduction 
in E-NPP activity and an increase in AMP hydrolysis in 
the platelets of rats and that after The modulation of this 
hydrolysis occurred as well as enzymatic modification of 
E-NPP and ecto-5′-nucleotide [176]. On the other hand, 
studies include an increased production of adenosine to an 
anti-inflammatory response in rats with EAE [174], as well 
as the role of IL-10 in its recovery, since the increased lev-
els of this interleukin in the CNS, being able to infiltrate 
immune cells and stimulating the expression of CXCL12 in 
astrocytes, act to restrict inflammation and promote myelin 
repair [177].

Regarding purinergic receptors, P2X7R and P2Y1R 
stood out for their activity in oligodendrocyte progenitor 
cells [178], implying in the processes of myelination and 
remyelination. Thus, it was demonstrated that overexpres-
sion of P2X7R, due to sensitivity to ATP, acts directly in the 
destruction of oligodendrocytes and in the cell death process, 
being circumvented by treatment with P2X7 antagonists in 
the pathology of chronic EAE significantly reducing demy-
elination [179]. Grygorowicz et al. [180] sharing this therapy 
also found a reduction in astrogliosis and an improvement in 
the neurological symptoms of EAE, results possibly from 
the reduction in the release of potentially neurotoxic sub-
stances such as ATP and glutamate, justifying how astroglia 

can influence the pathogenesis of both EAE as well as MS by 
purinergic and glutamatergic mechanisms [135].

ADP signaling during EAE is responsible for the nega-
tive gene and protein regulation of NTPDases2, P2Y1, 
and P2Y12, being responsible for increasing the severity 
of symptoms [181]. However, although complex and con-
tradictory, the effects of A2AR on neuroinflammation and 
neuronal damage seem to be a possible therapeutic target 
for MS. Liu et al. [182] reported an attenuation of EAE by 
activating this receptor, which is also associated with an 
increase in intracellular Ca + 2 in lymphocytes, regulat-
ing the inflammatory process by reducing the infiltration 
of inflammatory cells and demyelination in the spinal cord. 
Due to its complexity, a dual role is perceived in autoim-
mune neuroinflammation, since the protective role of the 
receptor occurs only in the initial stages of EAE; as the dis-
ease progresses, its activation triggers the permanence of 
tissue damage in the inflamed CNS [183].

Thus, caffeine, a non-selective antagonist for adeno-
sine receptors, has been highlighted in the literature as a 
chronic treatment for both EAE and MS in animal models. 
The protective effect is associated with positive regulation 
of A1R in the brain and an increase in the level of extra-
cellular adenosine [184], unrelated to A2AR [185]. Thus, 
coffee consumption becomes one of the important topics in 
the pathophysiology of MS in order to reduce brain damage 
[186], supporting the view that extracellular nucleotides and 
purine nucleosides play fundamental roles in the immune 
system and in the inflammatory response of MS, as well as 
EAE, and can assist in understanding the pathophysiological 
complex of this disorder and the development of effective 
therapies.

Cholinergic Anti‑inflammatory Pathway 
as MS Therapy

Aiming at a modulating therapy of the inflammatory pro-
cess, recent clinical studies have introduced the intrin-
sic cholinergic anti-inflammatory pathway in different 
pathologies. Several studies have linked the inactivating 
enzymatic activity of ACh with markers of pathologi-
cal conditions due to the contribution in pathways that 
modulate inflammatory and immunological responses 
[135]. The anti-inflammatory cholinergic pathway is 
modulated by stimulation of the acetylcholine alpha 
7 nicotinic receptor (α7 nAChR) by nicotine or ACh, 
resulting in neural inhibition of inflammation [187]. In 
addition, Fujii et al. [142] suggested cholinergic manipu-
lation as a regulator of immune function, using specific 
agonists and antagonists for immune cells. However, the 
action of α7 nAChR must be taken into account, as well 
as the possible resistance to cholinesterase 3 inhibitors 

5102 Molecular Neurobiology  (2021) 58:5090–5111

1 3



(RIC-3) expressed in the immune system, which directly 
implies in MS therapy (Table 1).

The ACh molecule and the activation of α7nAChRs are 
able to suppress T cell differentiation [142], reduce the levels 
of TNF-α and IL-1 in macrophages [188], plus a reduction in 
pro-inflammatory cytokines [143] and a blocking of NFkB 
activity in monocytes and macrophages [155]. In T cells, the 
actions of ACh and nicotinic receptors are able to reduce the 
levels of proinflammatory cytokines [145] and the activity 
of Th1 and Th17, while in B cells, they act to decrease the 
production of antibodies [143]. Being able to reduce the 
intensity of inflammation by modulating the infiltration of 

monocytes and macrophages, ACh also reduces the autoim-
mune responses in NK cells [136] (Fig. 3) (Table 1).

In neuronal cells, such as oligodendrocytes, ACh and 
mAChRs act to control cell proliferation and differentiation 
[189], in addition to the neuroplastic action of this neuro-
transmitter on axons [144]. The muscarinic receptor also 
acts in association with ACh in T cells; however, it pro-
vides an increase in inflammatory cytokines [143, 145] and 
an increase in levels of c-fos, IL-2, nitrogen oxide species 
(NOS) [188] (Fig. 3). Thus, it is suggested that the increased 
plasma and tissue concentration of AChE and BuChE can be 
read as a marker of low-grade systemic inflammation, both 

Table 1   Correlation between 
cholinergic receptors and MS

ACh receptors Action References

Activation of nicotinic receptores Reduce the levels of proinflammatory cytokines
Reduce activity of Th1 and Th17
Decrease production of antibodies in B cells

[145]
[164]
[164]

Activation of α7 nicotinic receptors Supress T cell differentiation
Reduces the levels of TNF-α and IL-1 in macrophages
Reduce pro-inflammatory cytokines
Blocking NFkB activity in monocytes and macrophages

[142]
[188]
[164]
[155]

Activation of muscarinic receptors Control cell proliferation and differentiation
Increase in inflammatory cytokines in T cells
Increase levels of c-fos, IL-2, NOS

[189]
[145, 164]
[188]

Fig. 3   Relationship of nicotinic receptors in immune and neuronal 
cells. Cholinergic activity in immune and neuronal cells, highlighted 
in the text, can be pro-inflammatory and anti-inflammatory. Thus, 
in macrophages, the activation of nAChRs by the ACh molecule is 
observed, providing a blockade of the secretion of pro-inflammatory 
cytokines such as TNF-a and IL-1, as well as a blockade of NFkB 
and lymphocyte differentiation. In T cells, there is the expression 
of both receptors and ACh modulates anti-inflammatory actions by 

nAChRs, blocking the release of pro-inflammatory cytokines and the 
activation of Th1 and Th17. However, the activation of mAChRs pro-
vides an increase in the concentration of c-fos, NOS, and IL-2. In B 
cells, nAChRs act by blocking pro-inflammatory cytokines and the 
production of antibodies, reducing inflammation, and in oligodendro-
cytes, mAChRs have neuroplastic and control action on cell prolifera-
tion and differentiation
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local and systemic, given the inactivation of ACh [139]. In 
addition, produced by the liver, BuChE has still been closely 
associated with a prognosis of diseases that cause neurode-
generation in addition to inflammation [190] (Table 1).

Understanding the mechanisms of action and the reg-
ulators of the relationship between the immune system 
and the cholinergic may be responsible for the applica-
tion of new immunomodulatory agents or extend the 
application of cholinergic agents [191]. In addition, it 
is also necessary to analyze the responses generated by 
the system, since the activation of mAChR, in contrast to 
the nicotinic receptor, can increase the proliferation of T 
cells and the production of pro-inflammatory mediators. 
Thus, both pro-effects and anti-inflammatory actions can 

be generated, being dependent on the activated receptor 
[143] (Table 1).

Purinergic Modulation as Therapy in MS

In the purinergic system, the activity of ATP and its recep-
tors is observed in immune cells, such as macrophages and 
monocytes. In this way, when activating P2X7, it is able to 
increase the release of IL-1α; IL-1β; IL-6; IL-18; TNF-α and 
enable the activation of NFκB [192]. Activating the P2X4 
receptor in macrophages is responsible for the release of 
prostaglandin E2 (PGE2) [193], myelin phagocytosis, 
and brain-derived neurotrophic factor (BDNF), favoring 

Fig. 4   Modulation of purinergic receptors in immune and neuronal 
cells. Purinergic receptors are present in a large majority of cells, 
including immune and neuronal cells. Thus, with inflammation and 
cell lysis mediated by viral infection, extracellular ATP is released 
and overactivation of P2 receptors, in an analogous manner, with the 
metabolization of this nucleotide, the adenosine nucleoside (Ado) can 
be formed that acts on the P1R. Thus, in myeloid-derived suppressor 
cells, P2X7R increases the release of ROS, IL-1β, TGF-β, arginase-1. 
B cells express P2X which, activated by Ado, provide the blocking of 
NFkB, IKK, cAMP, and PKA. Expressing P2X7, its activation in T 
cells induces apoptosis, A2AR acts in a pro-inflammatory and cyto-

toxic way, while A2BR blocks the secretion of IL-2. In macrophages, 
with the expression of P1R and P2R, while P2X4R acts on PGE2 and 
BDNF, P2X7R acts by increasing the release of pro-inflammatory 
cytokines and the activation of NFkB. In addition, with anti-inflam-
matory actions, A2AR blocks the secretion of TNF-a, and the release 
of nitrogen and oxygen intermediates, while A2BR acts on angiogen-
esis and on increasing VEGF. In oligodendrocytes, P2X7R provides 
greater permeability of calcium, differentiation of myelin and excito-
toxicity. A2AR causes immunosuppression and A2BR causes axonal 
dysfunction and an increase in neurotrophic factors
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remyelination [194], in addition to providing lymphocyte 
apoptosis with P2X7 activation [193] (Fig. 4) (Table 2).

In myeloid-derived suppressor cells, P2X7 triggers the 
release of reactive oxygen species (ROS); IL-1β; argin-
ase-1; TGF-β [193] and the activation of the inflammasome 
[194], already in neuronal cells such as oligodendrocyte, 
the activity of P2X7 by the nucleotide stimulates the differ-
entiation and formation of myelin, in addition to increasing 
the permeability to calcium, causing excitotoxicity [189] 
and contributing to excitotoxicity the death of primary oli-
godendrocytes [195]. On the other hand, adenosine upon 
activating A2BR results in an increase in cells involved in 
the immunosuppression process [193]. In addition to the 
increase in intracellular calcium, the proliferation of myelin 
by oligodendrocytes, the reduction of oligodendrocyte pre-
cursor cells (OPCs) [125], as well as the increase in neuro-
trophic factors and axonal dysfunction by activating A2AR 
[128, 130] (Fig. 4) (Table 2).

The activity of the nucleoside in monocytes and mac-
rophages is capable of reducing the levels of TNF-α and 
producing active nitrogen and oxygen intermediates [196]. 
In the case of A2AR activation in macrophages, vascular 
endothelial growth factor (VEGF) secretion and angiogen-
esis are also increased [193]. In T cells, A2AR activation 
reduces cytokine activation, proliferation, and release, 
as well as the resulting cytotoxic and A2BR decreases 
levels of IL-2 production [196]. Adenosine activity in 
B cells, on the other hand, triggers NFkB blockade and 
increases adenosine 3′, cyclic 5′-monophosphate (cAMP) 
and cAMP-dependent protein kinase A (PKA), inhibiting 
IkB kinase (IKK) phosphorylation [192, 196] [183, 187] 
(Fig. 4) (Table 2).

Future Therapeutic Proposals

Compiling the acquired knowledge, it is possible to score 
both ACh and purine actions in different types of cells. 
Thus, the positive or negative modulation of receptors or 
changes in the levels of extracellular molecules can result 
in functions that result in a better prognosis in the patho-
genesis of MS. Thus, future studies may apply therapies 
that use P2X7 receptor antagonists, as is the case of study 
[197], which demonstrated beneficial anti-inflammatory 
effects in neurodegeneration in animal models, since the 
activation of P2X7 is closely related to the worsening of 
neurodegeneration [189, 192–195] (Table 2). In addition, 
the use of nicotinic or muscarinic receptor agonists is 
associated with a reduction in the inflammatory condition 
and a modulation of immune cells [142, 145, 155, 164, 
188, 189] (Table 1). Finally, A2B receptor agonists, as 
well as an extracellular increase in adenosine, can result 
in imusupression and reduced release of pro-inflammatory 
cytokines, as well as release of anti-inflammatory sub-
stances [125, 193] (Table 2). Thus, more clinical studies 
are needed for the application of this therapy in patients 
with MS, justified by its urgency in a COVID-19 pandemic 
scenario, given its relationship with the severity of the 
disease.

Conclusion

Therefore, considering the pro-inflammatory context 
resulting from SARS-CoV-2 infection, the persistence of 
this condition can spread myelin degeneration and lead 

Table 2   Correlation between purinergic receptors and MS

Purinergic receptors Action References

P2 receptors
Activation P2X7 Increase IL-1α, IL-1β, IL-6, IL-18, TNF-α and enable the activation of NFkB

Promotes lymphocyte apoptosis
In Myeloid-derived suppressor cells, triggers the release of ROS, IL-1β, arginase-1, TGF-β
Activation of the inflammasome
In neuronal cells, stimulates the differentiation and formation of myelin and the increase permeability to 

calcium, causing excitotoxicity
Contributing to excitotoxicity the death of primary oligodendrocytes

[192]
[193]
[193]
[194]
[189]
[195]

Activation P2X4 In macrophages leads to the release of PGE2
In macrophages leads to the myelin phagocytosis and release of BDNF, favoring remyelination

[193]
[194]

P1 receptors
Activation A2B Increase in cells involved in the immunosuppression process

Increase intracellular calcium, proliferation of myelin by oligodendrocytes and reduction of OPCs
[193]
[125]

Activation A2A Increase in neurotrophic factor and axonal dysfunction
In monocytes e macrophages, reduces the levels of TNF-α and produces active nitrogen and oxygen interme-

diates
Increase secretion of VEGF by macrophages and angiogenesis
In T cells, reduces cytokine activation, proliferation, and release
In T cells, decreases levels of IL-2

[128, 130]
[193]
[193]
[196]
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to worsening of MS or even trigger the manifestation of 
the disease. In mild cases of COVID-19, the exacerba-
tion of MS can be temporary; however, the risk of disease 
recurrence or progression can be significant. Still, treat-
ment with DMD, immunosuppressants, and corticosteroids 
for long periods can influence the immune response and 
can lead to complicated cases of COVID-19. Thus, the 
modulation of purinergic receptors and the activation of 
the cholinergic anti-inflammatory pathway can act as pos-
sible therapies to reduce neuronal inflammation. From this 
perspective, the use of P2X7 antagonists, ACh agonists, 
and P1 receptor agonists or greater adenosine bioavail-
ability stands out.
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