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Abstract: The purpose of this review is to examinewhether
there is a possible (etiological/triggering) relationship
between infection with various Coronaviruses, including
Severe Acute Respiratory Syndrome-related Coronavirus-2
(SARS-CoV-2), the virus responsible for the Coronavirus
disease-19 (Covid-19) pandemia, and Multiple Sclerosis
(MS), andwhether an increase of the prevalence ofMS after
the current Covid-19 pandemia should be expected,
examining new and preexisting data. Although the exact
pathogenesis of MS remains unknown, environmental
agents seem to greatly influence the onset of the disease,
with viruses being the most popular candidate. Existing
data support this possible etiological relationship between
viruses and MS, and experimental studies show that
Coronaviruses can actually induce an MS-like demyelin-
ating disease in animal models. Findings in MS patients
could also be compatible with this coronaviral MS

hypothesis. More importantly, current data from the Covid-
19 pandemia show that SARS-CoV-2 can trigger autoim-
munity and possibly induce autoimmune diseases, in the
Central Nervous System as well, strengthening the viral
hypothesis of MS. If we accept that Coronaviruses can
induce MS, it is reasonable to expect an increase in the
prevalence of MS after the Covid-19 pandemia. This
knowledge is of great importance in order to protect the
aging groups that are more vulnerable against autoim-
mune diseases andMS specifically, and to establish proper
vaccination and health policies.

Keywords: autoimmunity; CoV-induced demyelinating
disease; demyelination; MS pathogenesis; SARS-CoV-2;
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Introduction

The first coronavirus (CoV), Infectious Bronchitis Virus
(IBV), was isolated in the 1930s, as the etiologic agent of a
highly transmittable respiratory disease in chicken
(Lalchhandama 2020; Schochetman et al. 1977; Tyrrell
et al. 1975), and since then, a plethora of diseases in many
species of birds and mammals have been reported
(Durham et al. 1979). In 1947, an apparently unrelated
murine encephalomyelitis, with widespread demyelin-
ation in the central nervous system (CNS), was first
described in a laboratory (Cheever and Daniels 1949). The
virus causing the disease was named JHM, after Dr. John
Howard Mueller (Pappenheimer 1958). It was later identi-
fied as the neurotropic strain of the Murine Hepatitis
Virus (MHV), discovered years later (Herndon et al. 1975;
Lalchhandama 2020), and it is the main CoV used in the
animal projects in order to induce and study demyelination
in the CNS. In 1960s, common cold in humans was
for the first time attributed to a novel type of virus
namedB814 (Tyrrell andBynoe 1965), and thiswas actually
the first human coronavirus (HCoV) (Su et al. 2016).
However, the name “coronavirus” appeared later, in 1968
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(Weiss and Navas-Martin 2005), when electron microscope
studies discovered spike projections on the surface of
these viruses, which resembled a crown. Crown is
called corona in Latin (Lai and Cavanagh 1997), etymo-
logically stemming from the ancient Greek word “κορώνη”
(korṓnē, “garland, wreath”) (https://en.wiktionary.org/
wiki/corona#Etymology_1). There are now seven known
HCoVs (Lu et al. 2020). A HCoV infection can run its
course without symptoms or give way to symptoms from
the respiratory, gastrointestinal and neurological systems
(Paules et al. 2020). Four of these HCoVs, namely 229E,
OC43, HKU1, NL63, are not regarded as highly pathogenic.
Severe Acute Respiratory Syndrome-related Coronavirus
(SARS-CoV) andMiddle East Respiratory Syndrome-related
Coronavirus (MERS-CoV) were the etiological factors of two
epidemics in the past (Corman et al. 2018), while the novel
Severe Acute Respiratory Syndrome-related Coronavirus-2
(SARS-CoV-2) led to the most recent, still ongoing Coro-
navirus disease-19 (Covid-19) pandemia (Zhu et al. 2020).
All of these strands can cause acute respiratory failure and
death (Rabaan et al. 2020).

Back in 1976, an autopsy of brain tissue from an active
multiple sclerosis (MS) lesion, with the means of electron
microscopy, discovered donut-shaped particles with a
diameter of 55–65 nm, in the rough endoplasmic reticulum
(RET) of the examined cells (Tanaka et al. 1976) tsf. The
morphology bore a striking resemblance to CoV, while it is
now known that these viruses mature in the cisterns of the
RET (Hovanec and Flanagan 1983). Toward that path,
two CoVs were also later identified in brain autopsy sam-
ples from twootherMSpatients (Burks et al. 1980). As such,
some of the first detections of CoVs in human tissues came
from samples of MS patients, and this expectedly further
raised the question of whether this finding was just coin-
cidental or not, although the suspicion that CoVs may be
associated to MS had already been expressed, due to their
ability to induce demyelination in experimental animal
models.

As it is evident, CoVs have been associated with MS
even from the first years of their appearance in the
foreground. Since then, a plethora of works tried to
study the possible causal relationship of CoVs and MS.
In the current Covid-19 pandemia, it has been shown
that this novel SARS-CoV-2, like all the members of the
HCoV family, has the ability to directly infect the CNS,
inducing neurological manifestations; it is, in other
words, neuroinvasive, neurotropic and neurovirulent
(Lima et al. 2020). Consequently, the following
“forgotten” question resurfaces again: is there a causal

relationship between CoVs and demyelinating diseases,
and MS in particular? In this review, we aim to answer
this question, by describing and summarizing all the
existing and recent data.

MS pathogenesis

The pathogenesis of MS has been studied for years, but the
mechanisms responsible for the induction of the disease
are not fully elucidated. A simplified schematic represen-
tation of key cells participating in the pathogenesis of MS
can be seen in Figure 1, while microscopic images of
pathological processes can be seen in Figures 2 and 3.

MS is characterized as a chronic, demyelinating, in-
flammatory and neurodegenerative disease of the CNS
(Baloyannis 2020), with deficient repair mechanisms
(Grigoriadis et al. 2015) and heterogenous pathogenesis,
clinical course, neuroradiological findings and response to
therapeutical efforts (Lucchinetti et al. 2000; Multiple
sclerosis genomic map implicates peripheral immune
cells and microglia in susceptibility 2019). The precise
etiology of the disease is still unknown; an interaction
between genetic (notably immunogenetic, such as the HLA
haplotype), autoimmune and environmental factors is
most likely involved (Dardiotis et al. 2017, 2019a, 2019b;
Ebers and Sadovnick 1994; Hadjigeorgiou et al. 2019;
Mentis et al. 2017; Sadovnick et al. 1993; Siokas et al. 2020,
2021; Sokratous et al. 2016, 2018). Among the environ-
mental ones, viral infections are prominent participating
factors (Boucher et al. 2001; Lucchinetti et al. 2000;
Sospedra and Martin 2005). Overall, MS could be charac-
terized as a disturbance of the close interplay and harmo-
nious collaboration of CNS cells (Baloyannis and Stavros
2020), progressively leading to neural tissue destruction,
more permanent symptoms and disability (Koutsouraki
et al. 2010).

Animal models, especially this of experimental auto-
immune encephalomyelitis (EAE), have been the main
source of information on the perplexed mechanisms of
relevance to the pathogenesis of MS (Rangachari and
Kuchroo 2013; Strachan-Whaleyet al. 2014) (Figures 2 and3).
EAE studies have long provided evidence that shows how a
variety of cytokines, chemokines and adhesion molecules
attract leukocytes from the periphery into the CNS, as the
disrupted Blood–Brain Barrier (BBB) cannot halt their
migration (Grigoriadis et al. 2006; Steinman 2001). The BBB
disruption is theoutcomeofactivated lymphocytes, aidedby
matrix metalloproteases (MMPs), like gelatinase B, which
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are also detectable in the cerebrospinal fluid (CSF) of MS
patients, and in endothelial cells, pericytes, macrophages
and astrocytes of lesions (Conlon et al. 1999). Once the BBB
has been compromised, pro-inflammatory cells, uninhib-
ited, penetrate into the CNS and reacting to CNS antigens
and coming in contact with antigen-presenting cells (APCs),
are locally re-activated and induce an inflammatory

response (Compston and Coles 2008; Hemmer et al. 2006;
Sospedra and Martin 2005).

Memory T cells are peripherally activated (Hemmer
et al. 2006) and their activation is thought to be mediated
by interactions between genetic and environmental factors
(Sospedra and Martin 2005). These T cells target certain
proteins that are physiologically located in the myelin

Figure 1: Pathogenesis of multiple sclerosis.
The figure was prepared using the
BioRender platform (under license to DPB).

Figure 2: Separation of the lamellae of the myelin sheath in a
Purkinje cell axon at the initial stage of demyelination.
Electron micrograph, original magnification: 25.000×. From EAE in
Lewis rats (IgB1). Ultrastructural analysis was performed on two
electron microscopes, namely (A) a Siemens Elmiscope I and (B) a
Carl Zeiss 9As. Courtesy of Prof. em. Stavros J. Baloyannis.

Figure 3: Fragmentation of the myelin sheath of a heavy myelinated
axon at the initial stages of demyelination.
The demyelination started in the Schmidt-Lanterman incisures.
Electron micrograph, origianl magnification: 250.000×. From EAE in
Lewis rats (IgB1). Ultrastructural analysis was performed on two
electron microscopes, namely (A) a Siemens Elmiscope I and (B) a
Carl Zeiss 9As. Courtesy of Prof. em. Stavros J. Baloyannis.
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sheath of neurons, and produce cytokines that lead mac-
rophages, microglial cells and astrocytes to further secrete
other pro-inflammatory mediators, such as oxygen and
nitric oxide radicals (NO), and osteopontin (OPN). This
inflammatory cascade drives microglia into attacking
oligodendroglial cells and leading consequently to myelin
disintegration and axonal damage (Figure 1) (Kawano-
kuchi et al. 2008; Murphy et al. 2010). Additionally,
excessive release of glutamate from lymphocytes, astro-
cytes, pericytes, brain microglia and macrophages, acti-
vates α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor (AMPA) receptors, increases calcium influx
and exacerbates synaptic toxicity and neuronal loss
(Steinman 2001). Oxidative injury, excessive mitochon-
drial dysfunction (Lassmann 2014) and age-dependent
accumulation of iron within the CNS (Lassmann 2014) are
also postulated to play a significant role in the progress of
the disease as well.

Besides, reactivated memory B cells within the CNS
can also lead components of the complement into
damaging the myelin sheaths, as well as locally activating
T cells; and vice versa (Reindl et al. 2010). Moreover,
antibodies, either secreted by the B cells that migrated into
the CNS or circulating in serum and then extravasated due
to BBB disruption (Conlon et al. 1999; Palanichamy et al.
2014; Stern et al. 2014), contribute to the damaging
processes. It has long been proven that the BBB disrup-
tion permits the penetration of antibodies targeting non-
brain antigens, in the entirety of the brain (Baloyannis
and Gonatas 1979). These antibodies can trigger a cross-
response not only against a wide array of myelin compo-
nents, but also against other CNS elements, for instance in
the nodes of Ranvier of the axons (Levin et al. 2013) and
glial cells (Fraussen et al. 2014).

Regarding the aforementionedmemory B cells, once in
the CNS, they can differentiate into CSF plasmablasts, the
main antibody-secreting cells in the CSF. Additionally,
expanded B lymphocyte and plasma cell clones can be
found in the CSF of certain patients, sometimes as early
as after the first MS attack (Haubold et al. 2004; Qin et al.
2003). The plasmablasts are responsible for the intrathecal
production of immunoglobulins (Ig), a reliable biochem-
ical marker of MS, known as oligoclonal bands
(OCBs) (Cepok et al. 2005; von Büdingen et al. 2010).
Interestingly, the levels of intrathecal IgG have been shown
to correlate with the multitude, degree and size of
gadolinium-enhanced lesions on brain magnetic reso-
nance imaging (MRI) (Lucchinetti et al. 2000), paren-
chymal inflammation and disease severity (Cepok et al.
2005). Finally, the existence of activated complement
proteins can be documented in the CSF of MS patients,

alongside membrane-attack complexes, as the final point
of a multidimensional pathway (Steinman 2001).

In a more clinical note, MS has four phenotypes: Re-
lapsing Remitting (RR), Secondary Progressive (SP) – with
relapses, Secondary Progressive (SP) – without relapses,
and Primary Progressive (PP). The relapses of the first two
types, with the concomitant axonal damage, seem to be
dominated by generalized inflammation (Keegan and
Noseworthy 2002), whereas the chronic progression
toward primary forms has more obvious similarities with
other neurodegenerative diseases (Compston and Coles
2002; Peterson and Fujinami 2007), where inflammation is
more compartmentalized within the CNS, in ectopic
lymphoid follicles particularly in the meninges (Grigor-
iadis et al. 2015; Serafini et al. 2004). Although this
lymphoid tissue may be behind the appearance of the
MS-typical subpial cortical demyelination (Magliozzi et al.
2007), deep gray matter “plaques” can already be seen in
early disease stages and cannot be attributed to these
inflammatory cells (Haider et al. 2014).

MS as a potentially post-viral
phenomenon

Evidence

Existing data from observations and studies in a variety of
fields, suggest that an environmental agent plays a sig-
nificant role in the onset andpathogenesis ofMS. Studies of
monozygotic twins that developed MS, showed that both
twins develop MS in only 30% of the cases (Spielman and
Nathanson 1982), while transcriptomic and epigenomic
analyses of CD4+ lymphocytes from three MS-discordant
twin sets reported no consistent differences that could
explain the manifestation of the disease in only one of the
twins (Baranzini et al. 2010). As such, childhood exposure
in genetically predisposed individuals is supposed to be
heavily involved in MS mechanisms, with viral infections
being the most likely candidate (Johnson 1994; Kurtzke
1993; Marrodan et al. 2019).

One of the first and strong indications of this viral
hypothesis were the “MS epidemics” in the Faroe Islands.
MS was unknown to the native inhabitants of the islands
before the year of 1943, i.e. three years after British troops
had invaded and then resided in the islands (Kurtzke and
Hyllested 1979). Since then, other “MS epidemics” and
clusters have also been reported (Brown 2016) and related
studies have considerably added to our epidemiological
knowledge on the matter (Sospedra and Martin 2005).
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One such study involved descendants of immigrants from
low MS-incidence countries to the United Kingdom, whose
MS rates were comparable to the indigenous British
population, and not to those of their countries of origin
(Elian et al. 1990).

Indirect evidence that a virus may be associated with
MS has come from experimentally caused viral infections
in animals, and naturally occurring infections in humans.
In these animal experiments, many viruses could induce
demyelinating diseases in mammals (Johnson 1994;
Soldan and Jacobson 2001; Wroblewska et al. 1979), and
CoVs were a recurring protagonist in these studies, as
mentioned above. Additionally, viral infections in humans
can lead, under specific circumstances, to chronic neuro-
logic sequalae and demyelination. One such example is
progressive multifocal leukoencephalopathy (PML), a
human demyelinating disease with a known viral cause;
the John Cunningham papova virus (JCV). This virus
selectively infects oligodendrocytes and creates foci of
demyelination (Owens et al. 2011). Other paradigms
are postinfectious encephalitis, subacute sclerosing pan-
encephalitis (SSPE), caused by the measles virus
(Garg et al. 2019), and HIV encephalitis and myelitis
(Johnson 1994; Morgello 2018; Soldan and Jacobson 2001).
Acute disseminated encephalomyelitis (ADEM) can also
occur after viral infections, CoVs included (Yeh et al. 2004),
and vaccinations, but at a lower rate than in a natural
infection (Menge et al. 2005).

Moreover, several studies have correlated MS with
specific viruses, such as Human Herpes Virus 6 (HHV-6),
Epstein-Barr Virus (EBV), Varicella Zoster Virus (VZV),
Cytomegalovirus (CMV), Human Endogenous Retrovirus
(HERV),measles virus, influenza virus (Jaquiéry et al. 2010;
Lossius et al. 2014; Mentis et al. 2017; Tselis 2011; Virtanen
and Jacobson 2012) and CoVs aswell, aswe shall analyze in
a section to come. IgG antibodies against several viruses
have been identified in CSF samples of MS patients (Mentis
et al. 2017) and viral particles after relapses of RRMS
patients (Sotelo et al. 2008). Furthermore, the character-
istic feature of elevated IgGs in the CSF of MS patients, the
aforementioned OCBs (Kabat and Freedman 1950), points
to a CNS disorder of infectious origin (Owens et al. 2011). In
other chronic infections of the CNS, such as tuberculous or
fungalmeningitis, SSPE and neurosyphilis, the notedOCBs
are mainly antibodies against the etiopathogenic agent
(Porter et al. 1977; Vandvik et al. 1976; Vartdal et al. 1982).
Although the antibodies in MS might indeed hold some
immunopathologic value, this does not rule out the exis-
tence of cell-mediated immunopathology following a viral
infection (Owens et al. 2011).

As can be deduced, there is evidence to suggest that
viruses may be the triggering factor of immunopathogenic
events driving the demyelination noted in MS (Baloyannis
2020; Murray et al. 1992a). Additionally, as several studies
have showcased, MS patients have abnormal immune re-
sponses to viruses and infections in general, most
commonly against upper respiratory tract infections,
which can potentially lead to subsequent or coincident
relapses (Edwards et al. 1998; Johnson 1994; Mailand and
Frederiksen 2017; Marrodan et al. 2019; Sibley et al. 1985).
As regards vaccinations, it seems that they are in general
beneficial for MS patients, especially considering that they
are frequently under immunosuppressive treatment (Garg
et al. 2019; Mailand and Frederiksen 2017).

Possible mechanisms

In general, the nervous system damage that follows a viral
attack may be the result of the immune system’s activation
rather than the direct effect of the pathogen (Klein et al.
2017). Here, we attempt to summarize the theories that
have been formulated in this context, in order to try to
explain the pathogenetic mechanisms that may trigger
autoimmunity and lead to MS, after a viral infection. A
combination of some of the below-mentioned mechanisms
is most likely at play (Sospedra and Martin 2005).
– “Molecular mimicry” is defined as the activation of

autoreactive cells against antigens of their own or-
ganism, due to similar sequences between foreign, in
this case viral, and self-peptides (Fujinami and Old-
stone 1985; Kohm et al. 2003). Several viruses, such as
EBV, HHV-6, influenza and measles, possess genes
that encode proteins with similar sequences with hu-
man myelin (Steinman 2001; Wucherpfennig et al.
1997). Autoantibodies and autoreactive T cells that
target myelin antigens, such as myelin basic protein
(MBP), myelin proteolipid protein (PLP), myelin
oligodendrocyte protein (MOG) and myelin associated
glycoprotein (Tuohy et al. 1997), have also been found
inMSpatients (Garren et al. 1998;Wucherpfennig et al.
1997). MBP in particular, is the major EAE-inducing
myelin antigen in the CNS (Fujinami and Oldstone
1985; Swanborg 1988). It has been further demon-
strated that a naturally occurring infectionwith a virus
that expressed an epitope similar to human myelin,
can cause an immune-mediated demyelinating dis-
ease inmice, viamolecularmimicry (Olson et al. 2001).
Finally, a study in pre- and post-vaccinated in-
dividuals has reported antigenic mimicry and
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immunological cross-reactivity involving Hepatitis B
surface antigen and myelin antigens following vacci-
nation, though none of the healthy individuals who
were vaccinated for hepatitis B virus developed MS
(Bogdanos et al. 2005).

– “Epitope spreading” is the activated immune
response against other antigenic epitopes, besides the
primary one. Intramolecular spreading refers to epi-
topes on the same molecule, whereas intermolecular
spreading refers to epitopes on different molecules.
This can also occur upon CNS damage, which provides
plenty new self-antigens, after a persistent virus
infection (Grigoriadis and Hadjigeorgiou 2006; Tuohy
et al. 1997). On the basis of that mechanism, PLP was
experimentally shown to stimulate lymphocytes from
mice, chronically infected with Theiler’s murine
encephalomyelitis virus (TMEV), leading them to
provoke myelin sheath destruction in organotypic
cultures (Dal Canto et al. 2000).

– “Bystander activation” is the concomitant activation
of autoreactive cells due to the surrounding nonspe-
cific inflammatory environment, following a viral
infection (Fujinami et al. 2006).

– “Superantigens” are antigens that possess the ability
to activate T cells specific for other self-antigens and
have also been shown to reactivate EAE processes
(Marrodan et al. 2019; Schiffenbauer et al. 1993).

– “Cryptic antigens” may be exposed and activated
during a supervened infection and induce another
wave of immune response, which can consequently
attack the CNS and trigger autoimmune responses
(Marrodan et al. 2019; Sfriso et al. 2010).

Finally, Lucchinetti et al. in 2000, described four funda-
mental patterns of demyelination in MS lesions, differen-
tiated by the topography of myelin loss, the extension of
the demyelination plaques, the oligodendrocyte depletion
and the complement involvement. Two of them resemble
T-cell mediated processes, but two of thempresent features
of primary oligodendrocyte dystrophy, something that
hints toward processes induced by viruses or toxins (Luc-
chinetti et al. 2000).

Presence of coronaviruses in MS

Brain tissue

As already mentioned, CoVs were found in the CNS of MS
patients from the first years of their appearance in humans,
and for this reason suspicion regarding their causal

relationship with MS was raised. Moreover, it has been
demonstrated that the initial CoV infections and the sub-
sequently built immunity, typically occur in late child-
hood, when the establishment of environmental exposure
to the various possible MS risk factors is thought to take
place (Fleming et al. 1988). CoVs have been since detec-
ted in various other neurological diseases, including Alz-
heimer’s disease, Parkinson’s disease (Hovanec and
Flanagan 1983) and ADEM (Yeh et al. 2004), but most
commonly in tissues from MS patients (Arbour et al. 2000;
Murray et al. 1992a, 1992b). HCoV-229E and HCoV-OC43
weremore frequently encountered (Hovanec and Flanagan
1983), and in a significantly higher rate than in control
individuals (Arbour et al. 2000).

More specifically, earlier studies have found CoV ele-
ments, such as specific antigens and RNA, in MS brain
specimens (Murray et al. 1992a; Murray et al. 1993; Stewart
et al. 1992) through several detection methods (Burks et al.
1980; Murray et al. 1992a; Stewart et al. 1992), and more
importantly, in plaques with ongoing demyelination
(Murray et al. 1992a).

Cerebrospinal fluid

An early study on CSF samples from MS patients reported
that CoV antibodies were found in more patients and in
higher levels than in controls, while intrathecal antibody
synthesis against HCoV-OC43 and HCoV-229E viruses was
only documented in samples of MS patients, and not at all in
the control group (Salmi et al. 1982). However, another study
found an increase in positive CSF responses against HCoV--
OC43 inMSpatients, but this could not reach the significance
threshold (Fleming et al. 1988). In addition, CoV-RNAs have
been extracted from CSF samples of MS patients, but also
from patients with other neurological disorders, such as
Parkinson’s disease, dementia, and polyneuropathy (Cris-
tallo et al. 1997), so this reduced the specificity of this find-
ings, albeit tying CoVs to neurological disorders.

Serum antibodies

A line of studies has delved into the comparison of serum
antibodies against CoVs titers between MS patients and
healthy individuals. Some reported that although most
of the population carries antibodies against CoVs, MS
patients had slightly more elevated titers (Burks et al.
1980). Thiswas not reciprocated in other studies, where the
noted differences could not reach statistical significance,
though this could have been the result of methodological
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discrepancies (Hovanec and Flanagan 1983; Madden et al.
1981; Salmi et al. 1982). In any case, these studies do not
present evidence strong enough that CoVs are or are not
causally associated with MS (Fleming et al. 1982). Indeed,
CoVs are ubiquitous in nature and their infections,
asymptomatic or not, are very common, so investigating a
possible association with neurological diseases cannot be
accurately done on serological grounds only. This is not
only encountered with CoVs; JCV is usually present in the
general population but can only lead to PML under specific
circumstances. And finally, serum findings do not reflect
the immunological processes taking place within the CNS,
since several studies have also shown that serum antiviral
antibody levels do not correlate with the degree of viral
activity anddisease severity in the CNS (Fleming et al. 1982;
Stohlman and Weiner 1981).

Leukocytes

An interesting study by Talbot et al. in 1996, isolated T cells
from 16 MS patients and 14 healthy controls and showed
that the cells stemming from the patients exhibited cross-
reactivity between the MBP protein and HCoV-229E anti-
gens at amuch higher rate than healthy donor cells (Talbot
et al. 1996). These findings support the notion that molec-
ular mimicry may indeed be a possible immunopatholog-
ical mechanism in MS.

CoV-induced demyelinating
disease: an MS-mimic in animal
models

Common elements with MS

Many experimental studies in animal models, mainly from
the last half of the 20th century, proved that CοVs can
induce demyelination in the CNS of infected animals
(Bailey et al. 1949; Herndon et al. 1975; Lane and Hosking
2010; Lavi et al. 1984; Nagashima et al. 1978; Pappen-
heimer 1958), primates included (Cabirac et al. 1993). Τhis
CoV-induced Demyelinating Disease (CIDD) shares several
features with MS (Lavi et al. 1999), including genetic sus-
ceptibility (Knobler et al. 1984; Owens et al. 2011; Stohlman
and Frelinger 1978), multiple and recurrent demyelinating
lesions affecting only the CNS (Nagashima et al. 1978),
chronic demyelination (Fleming et al. 1988; Herndon et al.
1975) with a relapsing and remitting character (Wege et al.
1983), several histopathological features (Cheever and

Daniels 1949; Lampert et al. 1973), such as extra- and
intracellular vacuolation and neuronal loss (Lavi et al.
1984), and immunologic abnormalities, including intra-
thecal antibody synthesis and oligoclonal CSF antibody
(Dörries et al. 1986; Fleming et al. 1983). As previously
mentioned, MHV is the main strand that has been used in
the animal projects that explored CIDD, and more specif-
ically its neurotropic strain, JHM, but similar studies have
been conducted with other CoVs as well (Brison et al. 2011;
Fleming et al. 1988). MHV is also genetically related to
HCoV-OC43 (Bergmann et al. 2006; Jacomy and Talbot
2003), so it is reasonable to assume that many similarities
amongst the two exist.

Course and pathophysiology of CoV-induced
demyelinating disease

The course of CIDD is in many cases biphasic (Lavi et al.
1984). First, it develops as an acute demyelinating
encephalomyelitis (Dandekar et al. 2003) or mild enceph-
alitis/meningoencephalitis (Lavi et al. 1984), and then a
late onset symptomatic demyelinating disease (Lau et al.
2004), or otherwise a chronic demyelinating disease, is
developed (Gonzales et al. 2004; Lavi et al. 1984), which is
similar to MS. This MS-like demyelinating procedure has
also been used as a model for MS in experimental studies
(Houtman and Fleming 1996). As mentioned above,
already since 1947, scientists have noticed brain and spinal
cord lesions in of pure inflammation, combined with
diffuse demyelination of CNS nerve tracts, in the acute
phase of CIDD (Cheever andDaniels 1949). Viral replication
was abundant in white and gray matter alike (Jordan et al.
1989), though viral antigens were most frequently
encountered in white matter cells (Nagashima et al. 1978),
leading directly to demyelination via infection of glial cells
(Jordan et al. 1989; Lavi et al. 1984; Weiner 1973). Addi-
tional findings are those of inflammatory cells, oligoden-
drocyte depletion and a considerable reduction in myelin
gene transcription products (Jordan et al. 1989). A few
weeks after infection, no viral transcripts are usually
found, while the myelin genes become steadily more
transcribed and the remyelination commences (Jordan
et al. 1989). This first type of demyelination was considered
to stem from the direct destruction of oligodendrocytes
from the virus itself (Cheever and Daniels 1949; Lampert
et al. 1973). Interestingly, in a CIDD study, antibodies were
detected in the lesions on the 6th post infection day,
although CoVs could be detected in the CNS only after the
12th (Mendelman et al. 1983), which advocates for demy-
elination as a consequence of an immunological response.
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In the second phase of the disease, animals have been
shown to develop neurological signs from the 6th (Naga-
shima et al. 1978) until the 16th month after the infection
(Herndon et al. 1975). The morphological examination
revealed patterns of RRMS, i.e. chronic demyelination
(Herndon et al. 1975), remyelination and new active
demyelinating lesions (Nagashima et al. 1978). In asymp-
tomatic mice, JHM virus-like particles that resembled the
JHM virus were detected in cells in closeness, proximity to
demyelinating regions (Herndon et al. 1975). In CIDD, the
presence of virions in oligodendrocytes has not been
proven. This opposes the case of acute CoV-induced
demyelination, where the direct infection of oligodendro-
cytes is a typical feature (Lampert et al. 1973). In this late
demyelination, the delayed nature of lesions suggests an
immunopathologic process (Lampert et al. 1973), while the
subacute or chronic demyelinating state is characterized
by an abundance of plasma cells and mononuclear cells,
which create the so-called perivascular cuffings (Naga-
shima et al. 1978).

This late onset demyelinating encephalomyelitis in-
dicates that CoV, upon infiltrating the CNS, has the capa-
bility of triggering autoimmune responses, probably via
T-cell mediated immune reactions against antigens (Kyuwa
et al. 1991; Murray et al. 1993; Stohlman and Weiner 1981;
Watanabe et al. 1983), promoting demyelination (Owens
et al. 2011; Wu et al. 2000). An early study had shown that
MBP could restimulate lymphocytes from diseased rats and
when these cells were reinstituted to tissues, the transfer led
to the creation of lesions similar to those of EAE (Watanabe
et al. 1983). This cross-reaction of autoreactive lymphocytes
with both CoV antigens and human myelin, underlines the
molecular mimicry as an important mechanism via which
CoV can possibly induce autoimmune CNS diseases
(Desforges et al. 2020). In addition, bystander CD8+
T-cell-mediated demyelination has also been reported, in
which IFN-γ activates macrophages/microglia (Dandekar
et al. 2004; Haring et al. 2002). Moreover, the CoV infection
of pericytes, macrophages, microglia and astrocytes, and
the persistence of the viral infection are also important
factors and can lead to a pro-inflammatory state, which
could in turn favor autoimmunity (Li et al. 2004).

In view of all these, we now know that CoVs can
damage the CNS not only via a direct damage of CNS cells
(virus-inducedneuropathology), but also viamisdirectedhost
immune responses (virus-induced neuroimmunopathology),
which can trigger autoimmunity in genetically predisposed
individuals (Desforges et al. 2014), since it has been shown
that multiple strains of CoVs have produced immune-
mediated demyelination (Owens et al. 2011).

Covid-19, autoimmunity and demyelination

In the light of the current Covid-19 pandemia, there is a lot
of discussion and research about the relationship between
SARS-CoV-2 and autoimmune diseases. The SARS-CoV-2
infection actually shares similarities with autoimmune
diseases in terms of clinical manifestations, immune
reactions and pathogenetic mechanisms (Liu et al. 2021).
Some cases of diagnosed autoimmune diseases have been
also reported after SARS-CoV-2 infection (Ehrenfeld et al.
2020; Galeotti and Bayry 2020), such as systemic lupus
erythematosus (SLE) (Liu et al. 2021), immune thrombo-
cytopenic purpura (ITP) (Zulfiqar et al. 2020), pediatric
inflammatory multisystemic syndrome (PIMS), which in-
cludes Kawasaki-like disease in children (Galeotti and
Bayry 2020; Gkoutzourelas et al. 2020), and as regards the
PNS, Miller-Fisher (Gutiérrez-Ortiz et al. 2020) and Guil-
lain–Barré syndrome (GBS) (Alberti et al. 2020; Coen et al.
2020; Juliao Caamaño and Alonso Beato 2020; Ottaviani
et al. 2020; Toscano et al. 2020). Immunologic reactions
after a SARS-CoV-2 infection can also affect the CNS and
may even cause inflammatory injury and edema (Wu et al.
2020; Ye et al. 2020), or encephalitis/meningoencephalitis
(Bernard-Valnet et al. 2020; Moriguchi et al. 2020; Ye et al.
2020) and vascular manifestations (Ehrenfeld et al. 2020;
Oxley et al. 2020), associated in a few occasions with
antiphospholipid antibodies (Ehrenfeld et al. 2020; Zhang
et al. 2020). Autoimmune disorders of the nervous system
have been described following infections by previous
HCoV infections as well (Tsai et al. 2005; Kim et al. 2017).

More importantly, cases of Acute Disseminated
Encephalomyelitis (ADEM) have also been reported upon
SARS-CoV-2 infection (Novi et al. 2020; Parsons et al. 2020;
Paterson et al. 2020; Reichard et al. 2020; Zhang et al. 2021)
andwith previously knownCoV infections (Arabi et al. 2015;
Yeh et al. 2004). Demyelination during or after covid-19
infection has been observed in CNS, in intracranial and
spinal regions (Canavero et al. 2021; Ismail and Salama 2022;
Terruzzi et al. 2021; Zanin et al. 2020; Zoghi et al. 2020),
and SARS-CoV-2-associated myelitis with type 4 or type 2
OCBs has been described as well (Espíndola et al. 2020;
Karsidag et al. 2021). Some interesting cases that have
been so far described and are worth mentioned, are an
acute tumefactive demyelination in CNS (Agarwal et al.
2020), an acute haemorrhagic leukoencephalitis (Weston
Hurst syndrome, AHLE), a fulminant variant of ADEM, with
macroscopic hemorrhage and a concentric demyelination
pattern (Karapanayiotides et al. 2020), an isolated symmet-
rical internal capsule demyelination (Khandelwal et al.
2021), and a multifocal demyelinating neuropathy that
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included peripheral nerves and the optic nerve as well
(Elavarasi et al. 2021). Karsidag et al. described two patients
with post-covid demyelination in CNS, with two episodes
each of them, MRI findings with distribution in time and
space, and high IgG index (one of them with OCBs type 2)
supporting a diagnosis ofMS according toMcDonald criteria
(Karsidag et al. 2021). However, the appearance of these
plaques was atypical for MS, and Karsidag et al. concluded
that Covid-19 infection may result in demyelination also
through small-vessel vasculitis that can affect myelin
sheaths (Karsidag et al. 2021). According to the above find-
ings, it seems that SARS-CoV-2, like other members of its
family, can cause demyelination in CNS of humans.

Additionally, OCBs were detected in the CSF of some
patients with other neurological symptoms, implying the
implication of immune-mediated processes in neurological
manifestations of SARS-CoV-2 (Espíndola et al. 2020). In
general, antigen-specific autoantibodies, the hallmarks of
autoimmune diseases, have been detected in Covid-19
patients as well (Liu et al. 2021). Such circulating autoan-
tibodies have been found in some Covid-19 patients with
known various autoimmune diseases (Halpert and Shoe-
nfeld 2020) and researchers support that SARS-CoV-2 pro-
teins can induce the production of newly-formed IgG
autoantibodies in a significant number of hospitalized
Covid-19 patients (Chang et al. 2021). The frequent detec-
tion of autoantibodies targeting the CNS, in many cases in
the absence of SARS-CoV-2 in the CSF of Covid-19 patients
(Neumann et al. 2020), may suggest a causal relationship
between autoimmune procedures and the neurological
manifestations of SARS-CoV-2, which may be mediated by
cellular or humoral autoimmunity, similar to other viral
diseases (Franke et al. 2021). Similarly, patients treated in
intensive care units could present neurological symptoms
without detection of SARS-CoV-2 in their CSF (Franke et al.
2021). Postmortem examinations in brains from Covid-19
patients revealed that the presence of the virus in the CNS
did not necessarily denote encephalitis (Serrano et al. 2021)
and was not associated with the severity of the CNS dam-
age, thus challenging the theory of it being directly
induced by the virus (Matschke et al. 2020).

Covid-19 and MS

As can be so far understood, SARS-CoV-2 is in the capacity of
inducing autoimmune reactions and causing demyelination
in humans, raising the question of whether it may be asso-
ciated with MS as well. To our knowledge, one case of a
patient with mild respiratory symptoms and an incomplete

cervical spinal cord syndrome, has been reported as a clin-
ically isolated syndrome (CIS) (Domingues et al. 2020).
Another patient was actually found to fulfill the diagnostic
criteria for MS, though it was assumed that the pathogenic
processes had begun before the SARS-CoV-2 infection and
were reactivated by the virus (Palao et al. 2020). The patients
of Karsidag et al. that we have described above, could also
fulfill the McDonald criteria for MS (Karsidag et al. 2021).
Concerning already-diagnosed MS patients, relapses during
an otherwise asymptomatic SARS-CoV-2 infection havebeen
reported (Florea et al. 2021). However, general susceptibility
toward SARS-CoV-2 and severity of disease seem to be
principally dictated by the same factors as in non-MS pa-
tients (Zabalza et al. 2021); inapostmortemcase study, direct
evidence for neuronal or glial cell infection was found
neither in healthy nor in demyelinated areas, despite the
evidence for residual BBB leakage in the examined
SARS-CoV-2 infected MS patient (Fuchs et al. 2021).

The most plausible mechanisms behind SARS-CoV-2
associating with MS are molecular mimicry between
autoantigens and viral antigens (Figure 4), and a delayed
activation of autoimmunity post infection (Franke et al.
2021). In SARS-CoV-2 patients with neurological symp-
toms, anti-neuronal and anti-glial autoantibodies in CSF
weremore frequently encountered than in patients without
such manifestations (Franke et al. 2021). Anti-neuronal
autoantibodies have also been found in serum of
SARS-CoV-2 patients and the targeted antigens were
intracellular and neuronal surface proteins, vessel endo-
thelium and astrocytic proteins (Franke et al. 2021), struc-
tures that are crucial in the development of MS. Another
study found that the SARS-CoV-2 Spike (S) protein anti-
bodies can strongly cross-react with MBP, among other
tissue proteins (Vojdani and Kharrazian 2020). This proof
of specific virus-combating antibodies cross-reacting with
CNS structures implicates specific autoimmunity in tying
MS and the Covid-19 pandemia.

Previous studies with other HCoVs have shown that
autoreactive T cells can lead to T-cell-associated myelin
destruction in MS patients, as the cells can target myelin
proteins, namely MBP and PLP (Boucher et al. 2007; Talbot
et al. 1996). More specifically, one study had reported that
almost one in three of the peripheral T-cell lines isolated
from 10 out of 16 MS patients reacted against both HCoV
and myelin proteins, in contrast to only two out of 14 iso-
lated from control individuals (Talbot et al. 1996). As such,
SARS-CoV-2 antibodies may also cross-react with myelin
and lead to demyelination.

Moving on, in the pathogenesis of these autoimmune
diseases, cytokines, fever and hyperferritinhemia (Halpert

M. Lima et al.: CoVs and MS 711



and Shoenfeld 2020) are thought to play a significant role
(Low et al. 2020), while indirect effects caused by systemic
reactions to critical illness may further lead to neurological
manifestations (Serrano et al. 2021). It was reported that
early anti-inflammatory intervention in patients with
severe SARS-CoV-2 pneumonia with a systemic inflamma-
tory response syndrome (SIRS) could protect against
immune-mediated damage and nervous system damage
(Fu et al. 2020; Mehta et al. 2020). This inflammation and
the deregulation of immune responses after a SARS-CoV-2
infection might assist other environmental factors in trig-
gering autoimmune disorders in susceptible individuals
(Galeotti and Bayry 2020).

As already mentioned, CoVs can infect leukocytes,
such as monocytes/macrophages (Collins 2002; Desforges
et al. 2007; Gu et al. 2005), and dendritic cells, expressing
the human aminopeptidase N (Mesel-Lemoine et al. 2012;
Wentworth et al. 2005), and can thus migrate into other

tissues, the CNS being included (Lima et al. 2020). In this
process, the viral S glycoprotein constitutes an important
player in neurodegeneration and neurovirulence (Brison
et al. 2011; Jacomy et al. 2010), and in the ability of CoVs to
persistently infect host cells (Arbour et al. 2000; Desforges
et al. 2007). In this way, they can “modulate” the immune
system and establish a persistent presence in a human
leukocyte (Desforges et al. 2007; Lima et al. 2020). Immune
and neural cells can thus become reservoirs of latent CoV,
possibly paving the way to neurodegenerative processes,
that develop after the acute phase (Desforges et al. 2020)
and to manifestations such as encephalomyelitis and MS
(Lau et al. 2004; Talbot and Falsey 2010; Yeh et al. 2004;
Zlateva and Van Ranst 2004). It is well known that chronic
inflammation in the body can potentially induce autoim-
mune diseases (Vojdani and Kharrazian 2020). The con-
stant presence of CoVs in the CNS, combined with the
simultaneous inflammation may be responsible for the

Figure 4: A hypothesis of immunological cross-reactivity implicating homologous SARS-CoV-2 andMS-specific autoantigens leading to disease
onset.
(A) An adaptive immune response initiated upon exposure to SARS-CoV-2 infection induces B- and T-cell responses against specific viral
immunodominant epitopes. (B) The immune response activates peptide-specific T-cells and SARS-CoV-2 specific antibodies (such as those
against the spike protein S1 of the virus). (C) If the immunodominant epitopes of the virus share antigenic mimicry with MS, cross-reactive
antibodies are induced against myelin or other related autoantigen epitopes (D), as well as antigen-specific T-cell responses cross-
recognizing the homologous epitopes (E). Thus, molecular mimicry and immunological cross-reactive adaptive immune responses may
account for cell/tissue destruction and initiation of full-blown disease (F). The Figure was prepared using the BioRender platform (under
license to DPB).
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development and/or the exacerbation of chronic neuro-
logical disorders (Arbour et al. 2000; Cristallo et al. 1997;
Stewart et al. 1992). Regarding SARS-CoV-2 in particular,
the immune-mediated demyelination is thought to stem
from the virus’ presence in oligodendrocytes (DosSantos
et al. 2020). Moreover, Angiotensin-converting enzyme 2
(ACE2) receptor, a known SARS-CoV-2 receptor, is
expressed in brain cells and in oligodendrocyte progenitor
cells too. Consequently, SARS-CoV-2 can hinder oligo-
dendrocyte differentiation and myelin repair, aggravating
chronic and progressive demyelinating conditions (Chen
et al. 2020; Meshkat et al. 2020)

Last but not least, the results of a recent study sug-
gested that SARS-CoV-2 can alter human proteins, which
can in turn be falsely recognized from the immune system
as foreign and induce an autoimmune attack (Wang et al.
2021). In particular, 150 altered proteins have been found,
which bear ties with the nervous system, including axon
and myelin sheath proteins. Their existence supports the
hypothesis that SARS-CoV-2 can indeed spur autoimmu-
nity in the CNS (Wang et al. 2021).

Coming back to the original question of whether this
pandemia viral disease might raise the numbers of MS
patients in the years to come, the current prevalence of the
disease in countries heavily afflicted by the pandemia need
to be studied. Regarding the United States (US), a cumu-
lative approach based on health claims data, published in
2019, calculated the 2010 US prevalence at 309.2 per
100,000, and estimated the 2017 prevalence between 337.9
and 362.6 per 100,000 (Wallin et al. 2019). Based on pre-
vious records, the prevalence of MS is on the rise due to
various preexisting factors, but whether the pandemia
would give a further boost to it or not, remains to be
established within the next five to 10 years, if it surpasses
this prediction. Regarding a country quite different from
US, the MS prevalence in Brazil seems to heavily vary from
region to region, and to be much lower than in the US; a
2015 systematic review placed its prevalence from 1.36 to
27.2 per 100,000 (da Gama Pereira et al. 2015). This is not a
surprise since MS prevalence has been shown to increase
as geographic latitude increases (Wood 2017). However,
Brazil has had one of the fastest SARS-CoV-2 spreads (Lobo
et al. 2020) and death counts worldwide (Melo et al. 2020),
while vaccination efforts have delayed considerably, in
comparison to other countries. As such, with this viral
burden, it shall be particularly interesting to monitor MS
prevalence and incidence rates in Brazil in the years to
come, since with this low number of MS patients, an
increasing trend, possibly due to the pandemia, would be
easier to be evaluated.

Conclusions

The occurrence of the Covid-19 pandemia, the impact
that CoVs and SARS-CoV-2 seem to have on the activation
of autoimmunity, and the ability of CoVs to lead to demy-
elination in the CNS, have brought the viral hypothesis of
MS to the consideration again. Data from experimental
studies with CoV infections that can induce an MS-like
demyelinating disease, epidemiological data and findings
fromMSpatients, the known extent of MS pathophysiology
that supports the existence of an environmental factor that
could trigger autoimmune and pathological reactions in
genetically predisposed individuals, are all adding to new
data from the current pandemia and have given hypostasis
to the viral theory and especially regarding CoVs. Accord-
ing to the recent findings, SARS-CoV-2 could indeed trigger
demyelination and autoimmune reactions, and it would be
possible that the rate of autoimmune diseases, and MS as
well, may raise in the coming years. If this is true, younger
ages are in greater risk of autoimmune diseases and MS, so
these populations should be more closely monitored. More
research needs to be conducted in order to try to answer
these emerging questions, and to propose health and
vaccination policies that will look to the future and attempt
to prevent, in any possible way, an increase in the preva-
lence of MS. It is yet to be seen, whether the frequency of
MS is going to rise in the post-Covid-19 pandemia era.
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