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Abstract: It is being increasingly demonstrated that extracellular vesicles (EVs) are deeply involved
in the physiology of the central nervous system (CNS). Processes such as synaptic activity,
neuron-glia communication, myelination and immune response are modulated by EVs. Likewise,
these vesicles may participate in many pathological processes, both as triggers of disease or,
on the contrary, as mechanisms of repair. EVs play relevant roles in neurodegenerative disorders
such as Alzheimer’s or Parkinson’s diseases, in viral infections of the CNS and in demyelinating
pathologies such as multiple sclerosis (MS). This review describes the involvement of these membrane
vesicles in major demyelinating diseases, including MS, neuromyelitis optica, progressive multifocal
leukoencephalopathy and demyelination associated to herpesviruses.
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1. Introduction

Extracellular vesicles (EVs) are a heterogeneous group of double-layered phospholipid membrane
vesicles secreted by most cell types belonging to the three domains of life, Bacteria, Archaea and
Eukarya [1–4]. EVs have been isolated from numerous biological fluids such as blood, amniotic fluid,
saliva, cerebrospinal fluid (CSF), ascitic fluid and urine [5–7]. EVs are currently considered to be key
mediators of intercellular communication, and are increasingly being associated with physiological and
pathological processes across all fields of biomedicine, including cancer [8,9], immune response [10–13]
and infection [14]. EVs may enclose proteins, lipids, nucleic acids, metabolites or even pathogens,
and their participation in viral infection has been extensively demonstrated, both for enveloped and
naked viruses [15–17]. EVs influence viral entry, spread and immune evasion, and these vesicles may
play crucial roles in communication between infected and uninfected cells [18,19].

The classification and nomenclature of EVs is challenging, given the current difficulty of
separating complex populations of EVs into subtypes of particular size, composition and biogenesis
pathway [4]. However, three major categories of EVs can be broadly established: apoptotic bodies,
microvesicles (MVs) and exosomes, distinguishable by their size, markers, biogenesis, release pathways
and function [20]. MVs derive from shedding of the plasma membrane [21,22], and they have a
heterogeneous size, ranging from 100 nm to 1 µm in diameter [23]. These shedding vesicles are
enriched in lipid rafts and proteins such as flotillin-1 or integrins [24], and expose phosphatidylserine
(PS) on the outer leaflet of the plasma membrane [25]. Exosomes are the intraluminal vesicles released
to the extracellular space after fusion of multivesicular bodies (MVBs) with the cell membrane [26].
They have a typical diameter of 30–100 nm and are enriched in tetraspanins such as CD9, CD63 and
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CD81, and endosomal markers including TSG101 and Alix [27]. Exosome biogenesis is regulated by
endosomal sorting complexes required for transport ESCRT machinery and, therefore, ESCRT proteins
and the accessory proteins Alix, TSG101, HSC70 or HSP90β are generally found in exosomes. However,
exosomes release may also depend on sphingomyelinase, an ESCRT-independent mechanism.

However, although tetraspanins were initially considered specific markers of exosomes,
these proteins have also been found in MVs and apoptotic bodies [20]. The presence of cytosolic
and cell membrane-associated proteins in MVs is easily understandable, given that these vesicles are
formed by budding of the plasma membrane [20].

Several methods to isolate EVs are currently available. The classical method separates EVs by
ultracentrifugation. The relative centrifugal force needed to isolate MVs varies frequently between
10,000 and 20,000× g [28], whereas around 100,000× g are typically used to pellet exosomes [13,29–31].
To avoid the co-precipitation of unwanted structures such as apoptotic bodies or protein aggregates,
density gradient centrifugation may be a useful alternative to differential centrifugation [32].
Filtration can also be used alone or in combination with these methods. EVs can also be isolated,
targeting their different protein markers by immune-magnetic beads. Other methods to isolate
EVs include microfluidic devices, size exclusion chromatography and precipitation protocols using
polymers [33].

EVs can enter recipient cells by fusion with the plasma membrane or by endocytic
pathways. Endocytosis can be dependent or independent of clathrin, and may also involve other
mechanisms, such as phagocytosis, macropinocytosis, caveolin-dependent uptake or lipid raft-mediated
endocytosis [34].

The multifaceted functions of EVs in the nervous system are increasingly being studied [35–38],
revealing that EVs are crucial mediators of processes such as inflammation [39,40], myelination [41,42]
and neuron-glia communication [43,44]. In addition, several studies have reported the participation of
EVs in myelination and demyelination [45]. In this review, we will describe the role of EVs in diseases
of the central nervous system (CNS), focusing on current knowledge about the involvement of EVs in
demyelinating processes.

2. Extracellular Vesicles in the CNS

Several studies have evidenced the significant contribution of EVs to physiological and pathological
processes of the CNS, with bi-directional effects: providing protection against injury or favoring
disease. EVs are secreted by all neural cell types [35,36,46]. These vesicles have a functional role in
several physiological processes such as development, myelination, regeneration, immune response
or regulation of synaptic activity, and might be involved in neuropathology or to the contrary,
in neuro-regeneration and repair [35,36,47]. EVs have been implicated in brain tumors [48–52],
stroke [53–55] and neurodegenerative disorders such as Alzheimer’s or Parkinson’s diseases [56–60],
viral infections of the nervous system [61] and demyelinating pathologies such as multiple sclerosis
(MS) [62–64]. In neurodegeneration, EVs have been proposed as vehicles for the packaging and spread
of toxic or misfolded proteins [65–67]. For instance, phosphorylated tau protein has been found in
secreted exosomes [68]. A fraction of beta-amyloid peptide is secreted into the extracellular medium
associated with exosomes, and exosomal proteins are also enriched in the amyloid plaques [69].
Regarding Parkinson’s disease, α-synuclein—a neuronal protein whose misfolding and aggregation
are linked to pathology—is exported via exosomes [70]. The enzyme Cu/Zn superoxide dismutase
1 (SOD1), whose alteration is associated with amyotrophic lateral sclerosis, is also associated with
exosomes [71,72]. Furthermore, exosomes may also contribute to the spread of prions, since cellular
prion protein (PrPc) and the abnormally folded PrP scrapie (PrPsc) have been associated with exosomes,
which were additionally shown to be infectious [73].

EVs have also been implicated in demyelinating diseases. The myelin sheath is a lipid-rich layer
that electrically insulates axons and allows the saltatory conduction of action potentials. Myelin is
a crucial evolutionary advancement that permits an increased speed of nerve impulses without a



Int. J. Mol. Sci. 2020, 21, 9111 3 of 18

concomitant rise in axon diameter. Regarding EVs, oligodendrocytes (OLs), the myelin-forming
cells of the CNS, also secrete both exosomes and MVs, which may influence myelination and
neuron-glia communication [43,74,75]. OLs secrete exosomes harboring several enzymes and myelin
proteins such as myelin basic protein (MBP), 2′3′-cyclic nucleotide phosphodiesterase (CNPase),
myelin oligodendrocyte glycoprotein (MOG) and proteolipid protein (PLP), the major myelin protein
in the CNS [43,76]. Moreover, in response to neuronal signals, OLs secrete exosomes in an electric
activity-dependent manner which are internalized by neurons, affecting their activity. Conversely,
neurons can also secrete exosomes that may influence myelin maintenance and regeneration [41].
In addition, OLs stimulated with glutamate secrete exosomes which, when internalized by neurons,
have been shown to exert several positive effects, such as resistance to oxidative stress (via transfer
of superoxide dismutase and catalase), enhancement of neuronal survival during oxygen-glucose
deprivation and increased neuronal firing rate [43,77]. Therefore, exosomes secreted by OLs after
neuronal signals may transport components for myelin membrane biogenesis and, moreover, they may
transfer trophic and survival factors to nearby axons under homeostatic and stress conditions, in order to
support myelination and myelin maintenance [41].

3. Demyelinating Diseases of the CNS

Demyelinating diseases of the CNS are acquired pathologies characterized by a primary destruction
of central myelin sheaths, although myelin damage may concomitantly induce damage to axons [78,79].
Conversely, axon injury can also trigger secondary destruction of myelin [80]. Demyelinating diseases
must not be confused with dysmyelinating diseases or leukodystrophies, in which myelin damage
is produced by a genetically determined process [81,82]. Several causes, such as inflammation and
viral infections, may lead to demyelination, although those triggers may also interact to produce
disease [83].

The major demyelinating inflammatory disorder is MS, a progressive autoimmune disease of
unknown etiology characterized by inflammation, blood–brain barrier (BBB) disruption, demyelination,
OL and axonal loss and gliosis [84]. In addition, there are other idiopathic inflammatory-demyelinating
diseases (IIDDs) such as optic neuritis, neuromyelitis optica (NMO) and transverse myelitis [85].
Acute disseminated encephalomyelitis (ADEM) is also an inflammatory autoimmune disorder of the
CNS myelin, but, in this case, an infectious etiology has been observed in most cases: the first symptoms
are frequently preceded by viral or bacterial infections [79]. Acute hemorrhagic leukoencephalitis
(AHL), a variant of ADEM, is a human autoimmune disorder probably caused by molecular mimicry
stimulated by viral or bacterial pathogens [86]. On the other hand, several demyelinating CNS diseases
have a defined etiology such as viral infection, immunological mechanisms, toxins, metabolic disorders
or ischemia (Figure 1).

Several species have been linked to viral demyelination (Figure 1). For example, progressive
multifocal leukoencephalopathy (PML) is a rare human demyelinating disease caused by the JC virus
(JCV). Subacute sclerosing panencephalitis (SSPE) has also been related to viral infection in humans.
Thus, several years after infection, persistent measles virus (MeV) may trigger destruction of OLs and
neurons in a progressive course that presents a high mortality rate [81]. Although vaccination has
reduced the number of cases of measles (and therefore, SSPE), recent anti-vaccination campaigns have
resulted in a worrying increase in measles outbreaks [87]. In addition, this disease remains endemic in
many developing countries [88].
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disease of unknown etiology. There are other idiopathic inflammatory-demyelinating diseases 
(IIDDs) such as optic neuritis, neuromyelitis optica and transverse myelitis. Another IIDD is acute 
disseminated encephalomyelitis (ADEM), an inflammatory autoimmune disorder with a likely 
infectious etiology. Acute hemorrhagic leukoencephalitis (AHL), a variant of ADEM, is possibly 
elicited by an infectious trigger. Other demyelinating CNS diseases have an identified etiology, such 
as viral infections, for instance, subacute sclerosing panencephalitis (SSPE) or progressive multifocal 
leukoencephalopathy (PML), immunological mechanisms, toxins, metabolic disorders or ischemia. 
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endemic in many developing countries [88]. 

In animals, the neurotropic coronavirus mouse hepatitis virus (MHV) may also induce 
neurovirulence and demyelination, depending on the strain and route of inoculation [89]. In 
particular, strains JHM and A59 can infect the brain and induce demyelination. Ten days after 
intracranial inoculation, the A59 strain is usually cleared, but mice can develop demyelination at 3 to 
4 weeks post-infection [89]. Regarding the JHM strain, the virus is not cleared from the CNS, and 
consequently it can produce persistent infection [90]. The JHM strain spike (S) glycoprotein has been 
reported to be the major determinant of neurovirulence [91]. 
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Figure 1. Major demyelinating diseases of the central nervous system (CNS). The major demyelinating
inflammatory CNS disorder is multiple sclerosis (MS), a progressive autoimmune disease of
unknown etiology. There are other idiopathic inflammatory-demyelinating diseases (IIDDs) such
as optic neuritis, neuromyelitis optica and transverse myelitis. Another IIDD is acute disseminated
encephalomyelitis (ADEM), an inflammatory autoimmune disorder with a likely infectious etiology.
Acute hemorrhagic leukoencephalitis (AHL), a variant of ADEM, is possibly elicited by an infectious
trigger. Other demyelinating CNS diseases have an identified etiology, such as viral infections,
for instance, subacute sclerosing panencephalitis (SSPE) or progressive multifocal leukoencephalopathy
(PML), immunological mechanisms, toxins, metabolic disorders or ischemia.

In animals, the neurotropic coronavirus mouse hepatitis virus (MHV) may also induce
neurovirulence and demyelination, depending on the strain and route of inoculation [89]. In particular,
strains JHM and A59 can infect the brain and induce demyelination. Ten days after intracranial
inoculation, the A59 strain is usually cleared, but mice can develop demyelination at 3 to 4 weeks
post-infection [89]. Regarding the JHM strain, the virus is not cleared from the CNS, and consequently
it can produce persistent infection [90]. The JHM strain spike (S) glycoprotein has been reported to be
the major determinant of neurovirulence [91].

4. Role of EVs in Demyelinating Diseases of the CNS

4.1. Multiple Sclerosis

MS is an immune-mediated, demyelinating disease of the CNS of unknown etiology. The disease
is multifactorial, and it is probably influenced by a complex array of interactions between genes
and the environment [84,92,93]. The pathology of MS is characterized by multifocal demyelinating
lesions in both the white and gray matter of the brain and spinal cord [84,94], and lesions are probably
caused by infiltration of immune cells into the CNS, where auto-reactive lymphocytes attack myelin
antigens [95]. These lesions can be associated with axonal degeneration and chronic neurodegeneration.
MS usually starts with a single episode of neurological dysfunction, the “clinically isolated syndrome”
(CIS), which sometimes can evolve towards a definite MS diagnosis. MS is usually multiphasic
(relapsing-remitting MS), with reversible episodes of neurological symptoms (relapses). However,
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occasionally it may present as a progressive course (primary progressive MS) [84]. In another form
of the disease (secondary progressive MS), patients undergo the relapsing-remitting form prior to a
progressive accumulation of neurological damage [96]. Although the etiology of MS is still unknown,
several viruses have been proposed to be involved in its pathogenesis [97–99].

One of the earliest events during the development of MS is a compromise of the BBB. In healthy
individuals, brain-endothelial tight junctions limit adhesion and migration of immune cells into the CNS.
However, inflammation can increase expression of adhesion molecules such as intracellular adhesion
molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), E-selectin, or platelet-endothelial
cell adhesion molecule-1 (PECAM-1) [100], which allow leukocytes to cross the BBB. Adhesion of
activated leukocytes to brain endothelial cells and the subsequent transendothelial migration through
the impaired BBB are considered major events in the pathogenesis of MS. Moreover, activated leukocytes
secrete pro-inflammatory cytokines, such as interleukin-1 beta (IL-1β), tumor necrosis factor alpha
(TNFα) and interferon gamma (IFNγ), which can disrupt the BBB and increase its permeability.
Pro-inflammatory cytokines also enhance leukocyte endothelial adhesion and migration and stimulate
shedding of endothelial MVs [101]. Pro-inflammatory cytokines released by effector T cells, mostly Th1
and Th17, are key players in BBB alteration, via the increase of adhesion molecules on endothelial cells
that enables lymphocytes adhesion and infiltration into the CNS [102]. BBB disruption can be detected
as a leakage of gadolinium chelates—contrast agents used in magnetic resonance imaging—into the
CNS [103,104]. BBB impairment has been suggested as an essential step in demyelination seen in MS,
though it is still unclear whether BBB rupture is causative or rather a consequence of MS [100].

A possible role for endothelial to mesenchymal transition (EndoMT)—a process by which
endothelial cells lose their specialized function and de-differentiate into mesenchymal cells—during BBB
dysfunction in MS pathogenesis has also been suggested [100]. In fact, it has been demonstrated that
transforming growth factor beta 1 (TGF-β1) and IL-1β drive EndoMT in a human brain endothelial
cell line and, in addition, vascular alterations associated with EndoMT in MS brain lesions have been
observed, suggesting that EndoMT might underlie BBB dysfunction during MS pathophysiology [105].

After demyelination, a natural mechanism aiming to repair the damaged myelin starts. This process
is mediated by the generation of new mature OLs derived from OL precursor cells (OPCs), which are
recruited to the lesions. However, remyelination can often decline due to multiple reasons, including the
unavailability of OPCs and OLs in lesions, a lack of myelin sheath assembly despite OPC and mature
OL availability, the presence of a hostile environment in lesions, or an altered expression of regulatory
molecules [106,107].

Although our understanding is still incomplete, different studies have demonstrated that EVs,
both exosomes and MVs, may be involved in MS pathogenesis [108] (Figure 2A). MVs released from
different cell types, including endothelial cells, astrocytes, leukocytes, platelets and myeloid cells,
have been linked to MS lesions [62]. A therapeutic potential for EVs in demyelinating diseases has
also been suggested [63]. In this regard, several studies have shown the therapeutical potential of
EVs from different sources [109–111]. It has been reported that EVs secreted from OLs may stimulate
remyelination in the CNS. Pusic et al. showed the ability of exosomes to improve myelination via
OPCs differentiation into mature myelin-producing cells, suggesting that exosomes might be a useful
therapy for remyelination [42]. On the other hand, EVs may also be neuroprotective after brain
injury [112]. Regarding inflammation, the therapeutic effects of exosomes loaded with curcumin or a
Stat3 inhibitor have been demonstrated in lipopolysaccharide (LPS)-induced brain inflammation and
myelin oligodendrocyte glycoprotein-induced experimental autoimmune encephalomyelitis mouse
models [113], suggesting that this therapeutic approach might be useful for brain inflammatory diseases.
Exosomes transporting RNAs and proteins have also shown a therapeutic potential. Small interfering
RNA delivery mediated by exosomes demonstrated a strong knockdown of a therapeutic target in
mice [114].
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Figure 2. Schematic diagrams depicting the implication of extracellular vesicles (EVs) in MS.
(A) MVs secreted by endothelial cells, immune cells and platelets are increased in the plasma of
MS patients compared to healthy controls. These MVs contribute to blood–brain barrier (BBB)
disruption and endothelial injury in these patients. (B) MVs isolated from the cerebrospinal fluid (CSF)
of MS patients are increased compared to controls. These EVs are enriched in membrane attack complex
(MAC) components and platelet-endothelial cell adhesion molecule-1 (PECAM-1). (C) Circulating
exosomes have a different miRNA profile in MS patients.

The first suggestion of a role for EVs in MS was reported by Scolding et al. in 1989 [115],
when they observed an increase of EVs enriched in membrane attack complex (MAC) components
in CSF isolated from MS patients, and its augmented shedding from the surface of cultured OLs
(Figure 2B). The authors suggested that those EVs might be participating in recovery from cell injury
via the shedding of vesicles enriched in MACs [115]. Later, Minagar et al. [116] measured the release of
MVs into plasma in patients with MS (both in exacerbation and in remission) compared to healthy
controls. Results showed that MVs expressing PECAM-1 were significantly increased in patients with
MS during exacerbation but not during remission (Figure 2B), suggesting endothelial dysfunction [116].
In addition, plasma from patients with MS was able to induce endothelial cell dysfunction in vitro [116].
Subsequent studies revealed that injured endothelium released MVs that bound to monocytes and
activated them, and this binding led to an enhanced inflammation and facilitated transendothelial
migration. In addition, circulating MV–monocyte complexes were significantly increased in MS patients
during exacerbations compared to remissions, a finding that was corroborated by magnetic resonance
imaging [117]. Endothelial MVs from MS patients were also shown to enhance monocyte migration
through the endothelium in vivo, an effect that was inhibited by IFN-β 1b [118]. The increased serum
levels of markers such as PECAM-1 in MS patients, as well as the increase in PECAM-1-positive MVs,
are signals of the endothelial and BBB dysfunction in MS [119–122].

Subsequent reports analyzing the content of myeloid MVs in the CSF of MS and CIS patients
also revealed higher levels of EVs compared to controls [123]. A later study confirmed the increase
of endothelial and platelet MVs in plasma from MS patients compared to healthy controls [124].
In addition, to analyze the effect of MVs isolated from MS patients on endothelial barrier function,
human umbilical vein endothelial cells HUVEC cultures were incubated with MVs from MS patients and
healthy donors, and the response of endothelial barrier to MVs was measured by electric cell-substrate
impedance sensing. Results showed that MVs from MS patients induced a stronger disruption of the
endothelial barrier than controls [124].

Among their diverse cargo, exosomes can transport functional RNAs, mostly mRNAs and
micro-RNAs (miRNAs), which can stimulate different phenotypic responses in recipient cells [125].
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In this sense, the differential expression of exosomal miRNAs in MS patients’ sera [126,127] (Figure 2C)
has been recently reported, showing that circulating exosomes have a different RNA profile that may
distinguish relapsing-remitting from progressive disease and suggesting that exosomal-associated
miRNAs may be useful biomarkers for MS. Given the ability of Th17 cells to release large amounts
of the pro-inflammatory cytokine IL-17, and the role of Treg cells promoting tolerance, the balance
between these two lymphocytes subsets plays a central role in autoimmunity. Cellular miRNAs
have been proposed as mechanisms of inflammation involved in the pathogenesis of MS, altering the
balance of Th17/Treg cells [128–130]. Specifically, miR-155, which expression is upregulated in MS
lesions [131], has been shown to promote the development of inflammatory Th1/Th17 cell subsets [132].
Enhanced secretion of EVs containing miRNA-155 has been suggested as a mechanism of inflammation
in MS [102,129].

4.2. Neuromyelitis Optica (NMO)

NMO is an autoimmune inflammatory disease of the CNS in which pathogenic antibodies
auto-react against the astrocytic aquaporin-4 (AQP4) water channel protein, affecting the optic nerve
and spinal cord [133]. This IIDD was initially considered a variant of MS, but the discovery of
autoantibodies against AQP4 led to its recognition as a distinct disease. Exosomes isolated from the
CSF of NMO patients have displayed specific variations compared to those of MS and idiopathic
longitudinally extensive transverse myelitis (Figure 3A), indicating that CSF exosomes may be a useful
means to differentiate those diseases [134]. An increase of AQP4-positive EVs has recently been reported
in the CSF of an NMO patient (Figure 3B), suggesting that these EVs might influence the pathogenesis
and could serve as biomarkers for this disease [135]. Further research will be necessary to ascertain
whether AQP4 autoantibodies found in NMO are triggered by an increase in AQP4-positive EVs.

4.3. Progressive Multifocal Leukoencephalopathy

PML is a rare disease of the CNS caused by JCV [136], named for John Cunningham, the first patient
from whom the virus was isolated in 1971 [137]. JCV, a nonenveloped double-stranded DNA virus
that belongs to the Polyomaviridae family [138], is a widespread opportunistic human pathogen which
infects more than 70% of the population. JCV infection is asymptomatic and frequently occurs early in
life, establishing latency in several cell types and organs such as the brain, tonsils, lungs, B lymphocytes
and kidneys [139]. Under certain poorly understood circumstances, usually accompanied by host
immunosuppression, the virus may spread to the CNS, crossing the BBB and reactivating to cause
PML. Thus, latent JCV, termed the “archetype” form that is incapable of productively infecting glial
cells [140], may transform into the neurotropic “prototype” form, which may in turn infect OLs and
cause CNS disease [139]. Within the CNS, JCV infects OLs and astrocytes and induces demyelination.
PML involves progressive damage to white matter elicited by the infection and subsequent loss of OLs,
resulting in demyelination and neurodegeneration [140]. PML can be a serious complication in MS
and AIDS patients, and it has been frequently associated with other autoimmune and inflammatory
diseases such as rheumatoid arthritis or systemic lupus erythematosus. It can also be a side effect of
treatment such as monoclonal antibody therapy or immunosuppressant drugs [136].

In immunocompetent individuals, JCV attachment is mediated by pentasaccharide lactoseries
tetrasaccharide c (LSTc) [141]. The serotonin receptor 5-hydroxytryptamine (5-HT) mediates viral
entry [142], which proceeds via clathrin-mediated endocytosis. Since OLs and astrocytes lack LSTc
receptors, additional models of transmission have been hypothesized and examined, finding that JCV
may spread by EVs [138,143,144]. In this regard, recent investigations carried out with the SVG-A cell
line found JCV particles enclosed in EVs which were able to infect target cells independently of viral
receptors (Figure 3C). Treatment with neutralizing antisera was only able to reduce infectivity of purified
virions, whereas treatment of EV-associated virus had no effect [143]. In addition, choroid plexus
epithelial cells infected with JCV were also demonstrated to produce virion-containing EVs. These EVs,
which expressed exosomal markers such as CD9 and TSG101, entered glial cells by macropinocytosis
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and clathrin-dependent endocytosis [144]. This mode of infection by EVs probably plays a crucial role
in JCV’s spread into and within the CNS, since the major targets of JCV (OLs and astrocytes) do not
express the viral receptors needed for viral entry.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 8 of 19 
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and induces demyelination. PML involves progressive damage to white matter elicited by the 
infection and subsequent loss of OLs, resulting in demyelination and neurodegeneration [140]. PML 

Figure 3. Schematic diagrams depicting the implication of EVs in other CNS demyelinating diseases.
Analysis of the CSF of neuromyelitis optica (NMO) patients has shown a distinct exosomal profile
(A) and an increase in astrocytic aquaporin-4 (AQP4)-positive microvesicles (MVs) (B) in these
patients compared to healthy controls. (C) JCV, the virus associated with the etiology of progressive
multifocal leukoencephalopathy (PML), may be secreted enclosed in exosomes that can infect target cells
independently of viral receptors. (D) Herpes simplex virus type 1 (HSV-1), another virus implicated in
demyelination, may also be spread enclosed in MVs. Transmission electron micrograph shows a HSV-1
virion enclosed in a double-membraned MV, and is thus covered by three lipid membrane layers.

4.4. EVs as Putative Means for Herpesvirus Spread with Relevance in Demyelination

There is no single microorganism that has been accepted to be the causal agent of MS,
and indeed, several pathogens have been associated with this disease, including bacteria—such as
Chlamydia pneumoniae and Staphylococcus aureus—and viruses, especially members of the family
Herpesviridae [98,99,145,146] and endogenous retroviruses (ERV) [147]. However, it may be more
likely that viruses act not as causative agents but rather as risk factors. Some herpesviruses have
been implicated in demyelinating diseases, especially Epstein-Barr virus (EBV) [93,148,149] and
human herpesvirus 6 (HHV6) [150,151]. In addition, studies in murine models and human patients
have suggested a link between herpes simplex virus type 1 (HSV-1) and the infectious etiology of
demyelinating diseases [147], although the ubiquitous nature of this virus makes it difficult to study
the role of this herpesvirus in demyelination. A direct epidemiological association between microbial
agents and MS is difficult for several reasons: (1) the agent in question may be cleared by the time of



Int. J. Mol. Sci. 2020, 21, 9111 9 of 18

diagnosis, (2) specific antibodies or autoreactive T cells may be present both in patients and healthy
controls and (3) microorganisms may inhibit immune responses at later stages [152].

Several systematic reviews and meta-analyses have studied the involvement of HHV6 in MS,
and although some of them have shown a significant relationship [150], others concluded that further
work is necessary to corroborate the link [153]. On the other hand, HHV6 type A has been detected
predominantly in MS lesions, and initial studies based on detection of viral DNA in the CSF supported
a pathogenic role for HHV6 in MS, although later studies showed contradictory results [152].

Regarding the gammaherpesvirus EBV, several findings have also suggested its association with
MS [149,154]. Several epidemiological studies have shown that acquiring infectious mononucleosis
later in life is a risk factor for MS. Also, viral DNA in the blood has been detected more frequently
in MS patients compared to healthy controls [152]. EBV may also contribute to MS pathogenesis by
activating human ERV-W [154]. In summary, the causative role of EBV in MS remains controversial.

The presence of oligoclonal IgG bands (OCBs) in the CSF of patients is a hallmark of MS. OCBs are
characteristically detected in inflammatory and infectious disorders of the CNS (they are found in
the CSF of greater than 95% of MS patients), and they are an indication of an anomalous intrathecal
B-cell response [147]. OCBs directed against EBV and HHV6 [155] as well as HSV-1 [156] have been
identified in MS patients, although other studies reported opposing results [157], with the antigen
reactivity of most OCBs remaining unidentified, to date.

All subfamilies belonging to the Herpesviridae are known to exploit EVs during their viral cycle [158].
In this regard, the betaherpesvirus HHV6 can modify the molecular transport machinery in infected
cells, and the exosome secretion pathway plays a significant role in its life cycle. Indeed, HHV6 virions
are released via the exosomal pathway and, similarly, the human gammaherpesvirus EBV may exploit
exosomes to enhance viral infection [158]. Participation of the alphaherpesvirus HSV-1 in secretion
of EVs is widely accepted. In fact, the transfer of exosomes secreted by cells infected with HSV-1
containing viral RNAs and interferon stimulator genes (STING) to uninfected cells was discovered
not long ago [159,160]. Infected cells appear to use exosomes as a mechanism to transport STING,
along with mRNAs, miRNAs and the CD9 exosome marker to uninfected cells, suggesting that HSV-1
may control infection spread and limit its virulence in order to facilitate spread among individuals.
Moreover, our recent studies have shown that MVs released by HSV-1-infected cells may harbor
viral particles, which can be endocytosed by naïve cells leading to productive infection (Figure 3D).
This mechanism can allow HSV-1 to expand its tropism and evade the immune response [16,161].
However, in spite of the evidence suggesting involvement of some herpesviruses in demyelination,
and despite the capacity of those viruses to exploit the EV pathway, no data has been reported that
confirms that EVs secreted by infected cells serve as causative factors for demyelinating diseases.

4.5. Human Endogenous Retroviruses

There is a solid epidemiological association between MS and the expression of human ERVs,
which is upregulated in the brains of MS patients compared to healthy controls [162–166]. In addition,
the MS-associated retrovirus (MSRV) has been frequently isolated from MS patients, and its expression
in the CSF has been linked with the rate of progression of the disease [167,168]. Also involved in MS,
syncytins are Env glycoproteins encoded by ERV genes that stimulate cell-to-cell fusion in mammalian
placental morphogenesis, promoting the formation of syncytia [169,170]. In this regard, syncytin-1,
which can trigger neuroimmune activation and OL damage [171], may also inhibit the differentiation
of oligodendroglial precursors, a process that can lead to remyelination failure [172]. In addition,
expression of syncytin-1 in glial cells is upregulated in demyelinating lesions of MS patients. In this
context, HSV-1 has been demonstrated to upregulate syncytin-1 [173], and therefore, a role for this
virus in HERV-mediated demyelination should not be discarded. However, an association of HERV
with MS etiology has not been demonstrated, although immunopathogenic properties of syncytin-1
suggest an influence on MS clinical manifestations [152]. Horizontal gene transfer mediated by EVs
carrying syncytin-1 has been demonstrated, suggesting that endogenous syncytin-1 facilitates fusion of
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EVs with target cells [174]. Moreover, syncytins incorporated in exosomes have been demonstrated to
mediate cell uptake [175]. Nevertheless, regarding the pathogenesis of MS, no studies have yet linked
EVs to the spread of HERV.

5. Conclusions

EVs are crucially involved in the physiology and pathology of the CNS. Physiological processes
such as neuron-glia communication or myelination and disorders such as Alzheimer’s or Parkinson’s
diseases, viral infections and demyelinating diseases, are significantly affected by EVs. MVs secreted
by endothelial or immune cells are increased in plasma from MS patients compared to healthy controls.
These MVs may contribute to BBB disruption and endothelial injury in these patients. In addition,
circulating exosomes have a different miRNA profile in MS patients, a fact that may be useful to
distinguish relapsing-remitting from progressive disease, and suggests that exosomal-associated
miRNAs may be useful biomarkers in MS. EVs isolated from CSF and serum of MS and NMO patients
are also increased compared to controls and, finally, HSV-1, another virus associated to demyelination,
may also be spread enclosed in MVs, a mechanism that can permit HSV-1 to expand its tropism
and evade the immune response. Overall, these findings demonstrate that it is essential to deepen
the knowledge of EVs, since these vesicles may be not only markers, but also therapeutic targets
of demyelination. Drug development and therapeutic treatments for demyelinating diseases may,
in the future, depend on the knowledge of EVs. This review has described the function of EVs in
CNS diseases, focusing on MS, neuromyelitis optica, progressive multifocal leukoencephalopathy and
demyelination associated to herpesviruses. Further investigation will be necessary to determine the
involvement of EVs in other demyelinating diseases of the CNS.
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