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Abstract: Autoimmune demyelinating diseases—including multiple sclerosis, neuromyelitis optica
spectrum disorder, anti-myelin oligodendrocyte glycoprotein-associated disease, acute disseminated
encephalomyelitis, and glial fibrillary acidic protein (GFAP)-associated meningoencephalomyelitis—
are a heterogeneous group of diseases even though their common pathology is characterized by
neuroinflammation, loss of myelin, and reactive astrogliosis. The lack of safe pharmacological
therapies has purported the notion that cell-based treatments could be introduced to cure these
patients. Among stem cells, mesenchymal stem cells (MSCs), obtained from various sources, are
considered to be the ones with more interesting features in the context of demyelinating disorders,
given that their secretome is fully equipped with an array of anti-inflammatory and neuroprotective
molecules, such as mRNAs, miRNAs, lipids, and proteins with multiple functions. In this review, we
discuss the potential of cell-free therapeutics utilizing MSC secretome-derived extracellular vesicles—
and in particular exosomes—in the treatment of autoimmune demyelinating diseases, and provide
an outlook for studies of their future applications.

Keywords: autoimmune demyelinating diseases; neuroinflammation; mesenchymal stem cells;
secretome; extracellular vesicles; exosomes; miRNAs

1. Introduction

Central nervous system (CNS) autoimmune demyelinating disorders present with
a broad clinical disease spectrum, including multiple sclerosis (MS), neuromyelitis op-
tica spectrum disorder (NMOSD), anti-myelin oligodendrocyte glycoprotein-associated
disease (MOGAD), acute disseminated encephalomyelitis (ADEM), and glial fibrillary
acidic protein (GFAP)-associated meningoencephalomyelitis. The autoantigen is unknown
in MS and ADEM, while it has been identified for NMSOD (aquaporin-4 water channel
(AQP4)), MOGAD (myelin oligodendrocyte glycoprotein), and GFAP-associated menin-
goencephalomyelitis [1-3].

CNS autoimmune diseases have peculiar clinical manifestations and diagnostic cri-
teria. MS is unpredictable in terms of disease course and clinical manifestation, and is
the resultant of various degrees of inflammatory, demyelinating, and degenerative pro-
cesses [4-7]. Diagnosis is confirmed by the revised McDonald criteria [8]. MS shows a
variable course, and according to the clinical evolution of the disease may be classified
into types including relapsing-remitting MS (RRMS), which starts with clinical relapses
with near or complete recovery, but over time recovery may be incomplete, disability
often accumulates, and approximately 20% of patients with RRMS develop progressive
neurologic decline later in the disease and transition to secondary progressive MS (SPMS).
A small proportion of individuals (15%) have progression from onset defined as primary
progressive MS (PPMS) [9,10]. Despite decades of research, only a few reliable biomarkers
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remain for monitoring the course and treatment response of MS [11]. Currently, it is not
possible to predict which MS patients could suffer from a more severe disease course based
on biological markers [12]. The abnormal immune responses that involve the trafficking
of peripherally activated immune cells into the CNS are major drivers of inflammatory
disease activity in relapsing forms, as underscored by the success of immune-targeting
therapies [13,14].

The new diagnostic criteria for NMOSD further stratify this condition by serologi-
cal testing (NMOSD with or without AQP4-IgG), leading to more stringent diagnostic
requirements in those without AQP4-IgG [13]. In detail, for such patients, two core clinical
characteristics—one of which has to be optic neuritis, acute myelitis with longitudinally
extensive transverse myelitis (LETM), or lesions in certain areas of the brain that cause
typical NMOSD syndromes—are required. Meanwhile, those who are AQP4-IgG-positive
require just one core clinical characteristic [14,15].

In 21% of AQP-4 IgG seronegative patients, antibodies against myelin oligodendrocyte
glycoprotein (MOG) were identified [16]. Anti-MOG antibodies have been investigated
over the last 30 years, showing that MOG is an important antigen responsible for inducing
autoimmune-mediated demyelination in a similar way as in MS [17,18]. Many further
reports have suggested that the detection of anti-MOG antibodies in some patients was
associated with a clinical syndrome different not only from MS, but from NMO as well,
and in recent years, criteria of the new nosological entity of MOG-associated disease (MO-
GAD) have been postulated [17]. MOGAD is a neurological, immune-mediated disorder in
which there is inflammation in the optic nerve, spinal cord, and/or brain. The diagnosis is
confirmed when MOG antibodies are found in patients who have repeated inflammatory
attacks of the central nervous system. The specific symptoms and severity of MOGAD
show extreme variability, but blurred vision and myelitis remain the most frequent clinical
onset [16,19]. ADEM is an inflammatory demyelinating disease of the CNS, and usually
involves multifocal areas of the white matter (rarely the gray matter and/or spinal cord),
and mainly affects children [20,21]. It mostly occurs 1-2 weeks after infections or, more
rarely, after vaccinations. From a clinical point of view, it is characterized by an acute en-
cephalopathy with polyfocal neurological deficits, and its diagnosis is still based on clinical
features and magnetic resonance imaging (MRI) evidence of widespread demyelination,
after ruling out other possible better explanations for acute encephalopathy [21]. GFAP
astrocytopathy is a recently characterized autoimmune, inflammatory CNS disorder, and
may affect any CNS region, from the optic nerve to the spinal cord, although meningoen-
cephalitis is predominant [22]. The diagnosis is based on the detection and confirmation in
cerebrospinal fluid (CSF) of IgG anti-GFAP, which is an intracellular astrocytic intermediate
filament. In some patients, a paraneoplastic cause is described (usually related to teratoma),
but its pathogenesis remains to be elucidated. The disorder is typically monophasic and
corticosteroid-responsive, although a relapsing course has been described [22].

2. Immunity and Neuroinflammation
2.1. Multiple Sclerosis

In MS, immune cells—predominantly CD8+ T cells, CD4+ T-helper cells, and CD20+
B cells—infiltrate the CNS and promote an inflammatory response, resulting in focal
demyelinating lesions and diffuse neurodegeneration [3]. Although the pathogenesis
remains elusive, the immune response to foreign antigens and self-antigens (Ags) is thought
to start in the periphery with their presentation to autoreactive T cells. Loss of blood-brain
barrier (BBB), especially during acute and relapsing MS, may allow T cells to enter the
CNS and be reactivated by Ag-presenting cells—mainly by microglial cells and dendritic
cells [23,24]. Cytokines secreted by these T cells, such as interleukin (IL)-2, interferon
(IEN)-y, IL-17, and IL-22, have pleiotropic effects on other immune cells in the CNS.
They activate resident microglia, macrophages, and CD8+ cells that, in turn, determine
oligodendrocyte death and attack the myelin sheath of oligodendrocytes via cytotoxic
mediators—mainly tumor necrosis factor-o (TNF-«), oxygen radicals, and nitric oxide
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(NO) [25,26]. Monocytes infiltrating the CNS transform into the pro-inflammatory M1
phenotype, with only a small percentage of M2 anti-inflammatory polarized cells, and
70% showing an intermediate activation status [27]. While active demyelination and
neurodegeneration are clearly associated with a dominant M1 phenotype of phagocytes,
the peak expression of anti-inflammatory M2 macrophages can be seen in inactive lesions,
likely involved in remyelination stimulation [28]. M2 polarized microglia have been shown
to promote remyelination in a murine experimental autoimmune encephalomyelitis (EAE)
model through IL-4 secretion, which enhances oligodendrogenesis [29], and activin A,
which promotes oligodendrocyte differentiation [30].

Plasma cells, derived from activated B cells, secrete demyelinating antibodies that can
guide and activate macrophages, and incite the complement cascade, which causes assem-
bly of the membrane attack complex and causes pore formation in myelin membranes [26].
While IFN-y- and IL-17-secreting CD4+ T cells are believed to be the pathogenic initiators of
MS [31], regulatory T cells (Tregs) fail to suppress the functions of T cells [32], due to both an
inherent defect in Tregs—determined by their enhanced apoptosis in MS lesions [33]—and
a resistance to Treg suppression by effector T cells [34].

Other pathological processes include distal oligodendrogliopathy, oligodendrocyte
apoptosis, and primary oligodendrocyte degeneration, which occur independently of
infiltration by lymphocytes or peripheral macrophages in areas of initial oligodendrocyte
loss [35], indicating that non-immune-mediated mechanisms contribute to the plaque
formation, i.e. where focal demyelination occurs.

2.2. Neuromyelitis Optica Spectrum Disorder

In NMOSD, AQP4-IgG targeting astrocytes (ASTs) [36,37] leads to optic nerve, spinal
cord, and brain lesions through complement and cell-mediated mechanisms [38]. AQP4-IgG
enters through defects in the BBB, binds to AQP4 located on AST foot processes in the
perivessel and subpial areas of the brain, and initiates complement-dependent cytotoxi-
city by activating the complement cascade through C1q binding. Complement products
stimulate recruitment of polymorphonuclear cells (PMNs), causing further damage [39].
A bystander mechanism is implied in membrane attack complex (MAC) deposition on
adjacent neurons, causing cell death [40], and on oligodendrocytes, resulting in myelin vesic-
ulation and demyelination [41,42]. Primary injury to ASTs resulted in secondary axon injury
in the form of progressive swellings [43]. AQP4-IgG also activates antibody-dependent
cell-mediated cytotoxicity (ADCC) by natural killer (NK) cells [39]. Macrophages and
activated microglia have been shown to play a prominent role in the pathogenesis of NMO
lesions, potentiating the lesions produced by the AQP4-IgG and complement [39].

2.3. MOG-Associated Disease

MOG autoantibodies (MOG-IgG) can incite demyelination—likely through complement-
mediated cytotoxicity (CDC) and ADCC—in an Fc-dependent manner [44]. In EAE models,
MOG-IgG drives an enhancement of T-cell activation by facilitating opsonization and
accumulation in antigen-presenting cells in the CNS and periphery [45,46]. In an EAE
model obtained by co-injecting MOG-IgG and MOG-specific T cells, patient-derived MOG
autoantibodies were not only shown to enhance T-cell infiltration, but also stimulated
microglia/macrophage infiltration in the subpial gray matter [47]. Since injury also occurs
in the absence of MOG-IgG—resulting from sequential microglial activation, astrogliosis,
immune cell infiltration, and neuronal degeneration [48-50]—perivenous and confluent
demyelination are mediated by combined humoral and cellular mechanisms. The current
view is that CD4-lymphocytes and PMN infiltrates emerging from venous and meningeal
sources result in focal and confluent regions of demyelination characterized by nascent
lesions with split myelin sheaths and vesiculation, myelin-laden macrophages within
active demyelinating regions, and activated microglia in the periplaque area. Peripherally
generated MOG-IgG may contribute to myelin destruction through CDC, ADCC, and
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MAC deposition, as well as activated T-cell infiltration by facilitating phagocytosis and
antigen presentation.

2.4. ADEM

In ADEM, MOG antibodies may be present in serum in up to 50% of cases [51], and
this condition can be considered a spectrum of MOG-associated disorders [52]. Molecular
mimicry of viral or bacterial antigenic determinants with myelin autoantigens such as
MOG—but also myelin basic protein (MBP), myelin-associated oligodendrocyte basic pro-
tein (MOBP), oligodendrocyte-specific protein (OSP), and proteolipid protein (PLP)—has
been hypothesized. The presence of anti-MOG antibodies in serum and CSF has been
reported during the acute phase of the disease, along with their progressive decline with
disease resolution [53,54], although there is no clear relationship between MOG-IgG levels
at onset and disease severity. ADEM pathological findings include focal lesions of perivenu-
lar sleeves of demyelination, edema, and perivenous inflammation with myelin-laden
macrophages, T and B lymphocytes, granulocytes, and occasional plasma cells [54-56].
Axons in demyelinating lesions are relatively sparse; however, axonal damage is indicated
by the increased levels of tau proteins in the CSF of ADEM children [57]. Various cytokines
related to activation of macrophages/microglia (e.g., IL-13, IL-8, IL-6, and MIP-1f3) and
Th1 and Th2 cells (e.g., IL-2, IL-4, IL-5, IL-10, IFN-y, TNF-c«, and G-CSF) have been found
to be upregulated in CSF in ADEM [58].

2.5. GEAP

The pathogenesis of GFAP-autoantibody-positive meningoencephalomyelitis remains
uncertain [59]. Whether autoantibodies to GFAP—the main intermediate filament protein
in mature astrocytes—are truly pathogenic remains to be determined. Histopathological
findings report prominent perivascular B cells (CD20+), brain parenchymal T-cell infiltrates
(CD3+), and abundant CD138+ plasma cells in the Virchow—Robin spaces [60]. Due to the
intracellular location of the antigen, it is likely that GFAP-derived peptides, expressed with
major histocompatibility complex class 1 molecules upregulated on inflamed meningeal
astrocytes by IFN-y, are plausible targets for cytotoxic T-cell attack in autoimmune GFAP-
associated meningoencephalomyelitis [59,61]. The role of CD8 T cells in targeting GFAP
has been studied in the context of different triggering events and heterogeneity in CNS au-
toimmunity and clinical disease course; while spontaneous relapsing-remitting and chronic
disease are associated with CD8 T cells with tissue-resident memory-like phenotypes in-
filtrating the CNS parenchyma, rapid acute disease following a viral trigger originates
from CD8 T cells that are located primarily within the meninges and vascular/perivascular
space [62].

3. Mesenchymal Stem (Stromal) Cells (MSCs)

MSCs are adult multipotent progenitors, initially isolated from the bone marrow
(BM-MSCs), capable of self-renewal in vitro [63]. Today, we know that they can be derived
from various tissues, displaying definite morphology and a unique expression of surface
molecules [64]. In addition to bone marrow, adipose tissue (AD-MSCs) and the umbilical
cord (UC-MSCs) are the most affordable sources. The interest of regenerative medicine in
MSCs is highlighted by many of their hallmarks. MSCs have a great capacity for expan-
sion in vitro while retaining their multipotent potential [63]. They can be administered to
rodents and humans with no adverse events and without eliciting tumor formation [65].
Moreover, upon transplantation, they can migrate towards neural lesions that secrete
chemoattractant molecules—namely, chemokines [66,67]. Finally, and more recently, MSCs
have been recognized to offer a wealth of paracrine actions through their secretome, consid-
ered as the set of MSC-derived bioactive factors (i.e., soluble proteins, nucleic acids, lipids,
and extracellular vesicles), thus regulating the immune system, angiogenesis, apoptosis,
oxidative stress, cell differentiation, and extracellular matrix composition [68]. BM-MSCs
incubated with cerebral extracts from traumatic or ischemic rat brains secrete neurotrophins
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and angiogenic growth factors [69,70], and induced the expression of growth factors within
the parenchymal cells in a rat model of stroke upon their systemic injection [71]. In an EAE
model, Zhang et al. showed that the area of demyelination decreased and cell proliferation
and BDNF+ cells increased after hBM-MSC treatment, compared with phosphate-buffered
saline (PBS)-treated EAE mice [72].

In consideration of the amelioration of neurodegenerative diseases, molecular and
cellular mechanisms contributing to MSCs’ therapeutic potential include neuronal regener-
ation, neurotrophic factor (NF)-mediated protection, enhanced neurogenesis, modulation
of inflammation, and abnormal protein aggregate clearance [73]. Neurogenesis by MSC
administration in experimental models of neurodegenerative diseases has been attributed
to NF secretion, providing neuroprotection, reduction in oxidative stress, induced neuroge-
nesis, and modulation of the inflammatory response (reviewed in [73]).

MSCs were shown to modulate microglia and their pro-inflammatory status through
secreted factors. When exposed to LPS-activated astrocyte-conditioned medium, human
placental MSCs (hPMSC) expressed the anti-inflammatory protein TSG-6 mRNA sevenfold
more than when exposed to a saline solution [74]. The immunomodulatory effects of the
MSC secretome have been studied in the murine EAE models of demyelinating diseases.
Zhang et al. showed that hBM-MSC treatment increased both axonal density in the white
matter of EAE mice brain and numbers of NGF-reactive brain parenchymal cells [75].

MSC-based therapies for immune disorders—i.e., autoimmune diseases—have shown
to be promising due to immunomodulatory and anti-inflammatory activities presented
by these cells [76,77]. MSCs have been tested in animal models of demyelinating diseases,
such as EAE, either alone or in combination with other agents, as genetically modified cells,
or as culture medium from MSCs [78,79].

Unfortunately, preclinical studies and clinical trials using MSCs have produced
mixed outcomes because of the limited understanding of their mechanisms of action [76].
Moreover, Fischer et al. [80] have demonstrated that, following systemic transplantation,
MSCs are quickly entrapped in the lung vasculature bed due to their large size, with
typically <1% of MSCs reaching and engrafting at the target sites.

Due to the safety profile of MSCs when used for the treatment of other diseases—such
as hematological malignancy, breast cancer, ischemic heart disease, and graft-versus-host
disease—MSC-based therapy has been evoked for curing neurodegenerative diseases,
including MS [81,82]. Most of the phase 1 or 2 clinical trials have employed autologous
BM-MSCs or AD-MSCs, but allogeneic UC-MSCs and PMSCs have been also trialed [83].
A number of studies have demonstrated the feasibility and safety of intravenous (IV)
or intrathecal (IT) administration, with disease stabilization and mitigation of clinical
symptoms. However, a recent report on the MEsenchymal StEm cells for Multiple Sclerosis
(MESEMS) study—a placebo-controlled, crossover phase 1/2 study [84]—failed to meet
the primary efficacy endpoint represented by the reduction in the number of contrast-
enhancing lesions detected by MRI at 24 weeks [85]. Other phase 2 and 3 clinical trials are
either completed or ongoing [83]; however, it may be possible to assert at this stage of trial
completion that MSCs are the main stem cell type sourced for clinical trials on MS to date.

The fate of MSCs after clinical infusion, along with the extent of engraftment and the
duration of survival of donor MSCs after transplantation in humans, is not fully under-
stood. Autopsies of 18 patients who received HLA-mismatched MSCs for complications of
hematopoietic stem cell transplantation (HSCT) showed no signs of ectopic tissue formation
or malignant tumors of MSC-donor origin, but also very low or undetectable levels of MSC
DNA in the donor tissue [86]. The limited clinical efficacy demonstrated thus far might be
attributed to various drawbacks represented by short-life engraftment duration, limited
in vivo transdifferentiation, and restricted accessibility to damaged sites [87]. Moreover,
extensive preclinical evidence supports the paracrine and immunomodulatory effects of
MSCs (or their acellular products) in preclinical models of MS [88].
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4. MSC-Derived EVs

These shortcomings in the use of MSCs emphasize the need for a cell-free approach
that utilizes the paracrine effects of extracellular vesicles (EVs) produced by MSCs. MSCs
can secrete a wealth of paracrine factors with pleiotropic effects on the inflammatory
response, the immune system, and wound healing. This “secretome” has been well charac-
terized for MSCs obtained from different sources [89-92]. A number of studies have shown
the regenerative potential of MSC-derived EVs (MSC-EVs) following organ injury [93]. In
agreement with the position of the International Society for Extracellular Vesicles (ISEV),
EVs are particles with a lipid bilayer naturally released from the cells, and cannot repli-
cate [94]. They are divided into apoptotic bodies (1000-5000 nm in diameter), membrane
vesicles containing the remains of apoptotic cells released during programmed cell death,
microvesicles (MVs) or ectosomes, and exosomes (EXOs) [95-97]. MVs are large vesicles
(150-1000 nm in diameter) that bud off from the plasma membrane, while EXOs are small
vesicles (30-150 nm in diameter) of endocytic origin. In particular, EXOs arise from larger
intracellular vesicles called multivesicular bodies (MVBs), and are secreted via exocytosis
as a consequence of fusion between MVBs and the plasma membrane. EXOs are considered
to be one of the major modes of cellular communication, and are proposed today as the
main mediators of MSCs’ paracrine beneficial effects [98]. However, it is worth consider-
ing that EVs are themselves a heterogeneous pool of many possible subsets with unique
roles in biological processes [99,100]. Zhang et al. [101], using asymmetric-flow field-flow
fractionation, which separates nanoparticles based on their density and hydrodynamic
properties via two perpendicular flows, identified EVs not previously described—named
“exomeres”—and two EXO subpopulations with distinct biophysical and molecular prop-
erties. Exomeres are smaller than 50 nm (~35 nm), clearly lack an external membrane
structure, and are selectively enriched in proteins involved in metabolism and associated
with coagulation and hypoxia. The other two nanoparticle subpopulations can be distin-
guished in small EXOs (EXO-S; 60-80 nm) and large EXOs (EXO-L; 90-120 nm). EXOs
are enriched in proteins such as Rab proteins, annexins, Hsp40 members, and proteins
involved in multiple signaling transduction pathways. Components of ESCRTs (endo-
somal sorting complexes required for transport) are specifically expressed in EXO-S and
EXO-L, but not observed within exomeres, suggesting a major role for ESCRT complexes in
EXO-S/L, but not exomere biogenesis. Proteomic analysis also revealed a different protein
cargo between EXO-S and EXO-L. Proteins associated with endosomes, MVBs, vacuoles,
and phagocytic vesicles are enriched in EXO-S, while in the EXO-L plasma membrane,
cell—cell contact/junction, late-endosome, and trans-Golgi network proteins have been
found. Moreover, exomeres contain fewer lipids and higher levels of triglycerides and
ceramides compared to exosome subpopulations [101]. Single-vesicle analysis has recently
opened the way for new opportunities for the examination of heterogeneity within EV
(sub)populations that will be paramount for unraveling biological processes such as disease
progression, physiological responses, and biomarker discovery [102].

MSC-EVs, in studies employing BM-MSCs or UC-MSCs, have been studied in various
human diseases, such as brain injury [103], Alzheimer’s disease [104], bone defects [105],
osteoarthritis [106], liver fibrosis [107], kidney injury [108], myocardial infarction [109],
wound healing, and angiogenesis [110]. Several recent studies demonstrated that MSC-EVs
possess therapeutic effects in autoimmune diseases such as type 1 diabetes and uveoretini-
tis [111], progressive MS [112], and graft-versus-host disease (GvHD) [113,114], and could
be considered as a surrogate treatment to cell therapy. In neurological diseases, MSC-EVs
are capable of improving functional recovery, fiber tract integrity, axonal sprouting, and
white matter repair markers [115,116]. As reviewed by Aneesh et al. [117], MSC-EXOs have
the advantage of autologous treatment, and are cheaper and safer compared to current
therapies for autoimmune demyelinating diseases, including ON for regeneration of lost
neurons and preservation of vision.

Indeed, EVs are safer and more specific than stem cells, meaning that exosomes
are formed under specific conditions of stress or injury [118]. EVs can pass through the
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BBB [119], and have low immunogenicity due to the lack of MHC-II and low expression
of MHC-I, much like their parental cells [120]. Thus, they can be administered with-
out immunosuppression [121-123]. They are stable, and show longer half-life and shelf
life [124,125]. Moreover, EVs are devoid of viable cells, they present no risk of tumor
formation, and they are easier to store and deliver than MSCs [126].

EVs encapsulate nucleic acids—mainly RNA—and proteins that are responsible for
phenotypic changes in recipient cells. Several studies have demonstrated that the thera-
peutic and anti-inflammatory effect of MSC-EVs is due to their content. Interestingly, this
content does not necessarily reflect the cytoplasm of the parental cells, but it is affected by
environmental stimuli [127]. Recent findings have shown that preconditioning of MSCs
with hypoxia [128] or IFN-y [129,130] influences the mRNA, miRNA, and protein cargoes of
MSC-EVs by improving their immunomodulatory properties (Figure 1). Riazifar et al. [129],
in EXOs from BM- and UC-MSCs, identified a repertoire of anti-inflammatory mRNAs such
as indoleamine 2,3- dioxygenase 1 (IDO-1), thymosin beta 10 pseudogene 1 (TMSB10P-1),
and CD74 molecules—particularly overexpressed in EXOs from MSCs primed with IFN-y
(IFN-y-EXOs) compared to EXOs from unprimed MSCs (Native-EXOs).
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Figure 1. Molecular cargo of EVs from unstimulated (Native-EVs) and IFN-y (IFN-y-EVs and hypoxia
(H-EVs)-primed MSCs. Treatment with IFN-y and hypoxia implicates the high expression of specific
immunomodulatory molecules, indicated by an upward arrow. Preconditioning of MSCs with
IFN-y causes an overexpression of indoleamine 2,3- dioxygenase 1 (IDO-1) mRNA, miR-467f, miR-
466q, annexin A4 (ANXA4), and histones, while hypoxic conditions cause an increase in miR-216a.
Moreover, IFN-y-EVs contain several apolipoproteins and complement-related proteins. Created
with BioRender.com.

Interestingly, in MSC-EVs there are a large number of noncoding RNAs with regu-
latory roles, including miRNAs, tRNAs, lincRNAs, and antisense RNAs. miRNAs are
highly enriched in MSC-EVs—notably those involved in niche maintenance, proliferation,
differentiation, and homing of stem cells (e.g., miR-486, miR-143, miR-10a) [131-134]. In
addition, MSC-EVs carry miRNAs implicated in cell cycle regulation, angiogenesis, and
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endothelial cell differentiation [135,136]. Vilaca-Faria et al. [137] identified in MSC-EXOs a
set of miRNAs (miR-17, miR-18a, miR-19a/b, miR-20a, and miR-90a) that promote CNS
recovery by modulating neurogenesis and stimulating axonal growth.

It has been demonstrated that priming MSCs with IFN-y causes an overexpression of
specific miRNAs in MSC-EVs—in particular miR-467f and miR-466q, which exert an anti-
inflammatory effect on M1-activated microglia [130]. Liu et al. [128] showed a significant
upregulation of some miRNAs in EXOs from BM-MSCs under hypoxic conditions—mostly
of miR-216a-5p, a regulator of M1/M2 microglial shift in vivo and in vitro.

Moreover, MSC-EVs carry tRNAs—specifically tRNA halves. Baglio et al. [89] have
demonstrated that AD-MSC-EXOs principally include tRNA halves, and they are missing
of full-length transcripts, whereas in BM-MSC-EXOs there are two different tRNA length
profiles related to differentiation status.

Regarding protein cargo, Li et al. [138], in BM-MSC-EXOs, identified proteins related
to inflammatory and immune response, such as complement C3, macrophage colony-
stimulating factor 1, thrombospondin 1, lymphocyte cytosolic protein 1, pentraxin 3, etc.,
as well as proteins involved in myelination process, such as beta-hexosaminidase subunit
alpha and integrin-linked protein kinase.

MSC-EVs contain several immunomodulatory and/or neuroprotective factors, includ-
ing transforming growth factor- (TGF-f3), growth factors (e.g., HGF, VEGEF, FGF), IDO-1,
anti-inflammatory interleukins (in particular IL-10), IL-1 receptor antagonist (IL-1Ra), and
prostaglandin E2 (PGE2) [139]. Interestingly, MSC-EVs encapsulate proteins involved in
neural development, synaptogenesis, and angiogenesis, such as nestin, neuro-D, growth-
associated protein 43, synaptophysins, VEGF, and FGF [140].

The presence of membrane proteins that bind to specific lipids—such as lactadherin,
annexins, and prominins—has also been reported [141]. Moreover, MSC-EVs express
factors with immunosuppressive effects on T cells; among these, galectin-1 and PD-L1
promote Treg proliferation [142]. Riazifar et al. [129] showed that preconditioning of
MSCs with IFN-y causes the release of EXOs enriched in protein, with anti-inflammatory
or neuroprotective properties, such as laminin subunit beta-2, macrophage inhibitory
cytokine 1 (MIC-1), gremlin-1, annexin A4, etc.

Moreover, Kilpinen et al. [142] observed that UC-MSC-MVs contain proteins from
different cellular compartments—mainly nuclear, cytoplasmic, and membrane proteins, but
also those of endosomal and mitochondrial origin. They asserted that IFN-y stimulation
induces significant changes in the protein content of the MVs, and compared the cargo
of MVs in the presence (IFN-y-MVs) or absence (Native-MVs) of inflammatory stimuli.
Both groups contained proteins involved in T-cell regulation (i.e., galectin-1 and -3); MSC
markers; apoptosis regulators such as caspases, annexins, and histones; cytoskeletons;
and adhesion proteins. On the one hand, several apolipoproteins (i.e., APOA1, APOA2,
APOA4, and APOC3) and complement-related proteins (i.e., C3, C4A, C5, and CD93) were
found only in Native-MVs. On the other hand, IFN-y-MVs were enriched in tetraspanins
(i.e., CD63, CD81, CDY) and molecules involved in antigen presentation and T-cell activa-
tion (e.g., MHC-I and proteasome complex subunits). Moreover, the number of histones and
ribosome subunits was found to be increased in stimulated MVs compared to unstimulated
ones [142].

Therefore, RNA and protein cargoes seem to be key mediators of the therapeutic and
immunomodulatory effects of MSC-EVs under pathological conditions.

Despite therapeutic advantages, MSC-EV cryopreservation methods, along with their
in vivo tracking, have not yet been fully clarified. EVs in their original form are rapidly
cleared from the body [143-145]. However, the content of the EVs seems to mediate
activation of a cascade whose effect is maintained over time. Nevertheless, the question of
whether EV treatment is likely to have a long-lasting effect requires further investigation.
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5. MSC-Derived EVs in Autoimmune Demyelinating Diseases
5.1. MSC-EVs in In Vivo Animal Studies

The features described above make MSC-EVs suitable for the treatment of CNS dis-
eases. MSC-EVs are an ideal choice for the treatment of neuroimmune disorders due to
their roles in immune modulation, neuroprotection, and anti-inflammatory mechanisms.
Table 1 summarizes findings achieved with MSC-EVs in preclinical models of autoimmune
demyelinating diseases. Most of these studies used an MOG peptide to immunize animals
and pertussis toxin to allow an increase in the blood—brain barrier’s permeability in order

to facilitate the incursion of the different molecules, cells, and treatments into the CNS.

Table 1. Efficacy of MSC-EVs in preclinical models of demyelinating diseases.

Study

Animal Model

EV Source/Administration
Schedule

Main Outcomes

BM-MSCs and
UC-MSCs

Riazifar et al.,
2019 [129]

Lietal., 2019 [138]

Giunti et al.,
2021 [130]

MOGgs-55 and pertussis
toxin in C57BL/6] and
FOXP3-eGFP “Treg
reporter” EAE mouse
models

Subcutaneously injected
guinea pig spinal cord
homogenate in Sprague
Dawley rats

MOGgs-55 and pertussis
toxin in a C57BL/6]
mouse EAE model

BM-MSCs and UC-MSCs
treated with IFNy
(IFN-y-EXO)/1V
Immunization — 15-20 days
— EXOs administration —
evaluation on day 40
post-immunization

Rat BM-MSCs/IV
Immunization — 24 h —
EXOs administration —

evaluation on day 15
post-immunization

Murine IFN-y-stimulated
MSC-EXOs/1IV and IP
immunization —10 days —
administration of multiple
EXOs — evaluation on day 23
post-immunization

IFN-y-EXO reduced the mean clinical score of
EAE mice compared to PBS controls; reduced
demyelination; decreased
macrophage/microglia, CD4+, and CD8+ cell
infiltration; upregulated the number of
CD4+CD25+FOXP3+
regulatory T cells (Tregs), and reduced the
numbers of total macrophages/microglia and
pro-inflammatory T cells within the
spinal cords.

EXO treatment significantly decreased neural
behavioral scores, reduced the infiltration of
inflammatory cells into the CNS, prompted
M2 microglia polarization, and decreased
demyelination in comparison to
untreated EAE rats.

Repeated administrations did not alter the
clinical course, while they reduced the
expression of Tnf, II1b, 116, and Nos2 in the
spinal cord.

AD-MSCs

Laso-Garcia et al.,
2018 [112]

Farinazzo et al.,
2018 [146]

Jafarinia et al.,
2020 [147]

Theiler’s
murine
encephalomyelitis virus
(TMEV) infection in
SJL/J mice

MOGgs-55 and pertussis
toxin in a
C57BL/6 mouse
EAE model

MOGgs-55 and pertussis
toxin in a
C57BL/6 mouse EAE
model

Human AD-MSC-EXQOs/IV

infection — 60 days — EXO

administration — evaluation
on day 75 post-infection

Murine AD-MSC-NVs/IV
immunization — EXO
administration at 3, 8, and
13 dpi (preventive protocol)
orat 12, 16, and 20 dpi
(therapeutic protocol) —
evaluation at 25 dpi

Human AD-MSC-EXQOs/IV
immunization — EXO
administration at day 10 —
evaluation on day 30
post-immunization

MSC-EXO-treated mice showed improved
motor deficits, reduced brain atrophy,
increased cell proliferation in the
subventricular zone, decreased inflammatory
infiltrate in the spinal cord, reduced GFAP and
Iba-1, and increased white-matter-associated
markers (i.e., CNPase and MBP) staining in the
brain, along with a modulated activation state
of the microglia, and reduced plasma cytokine
levels—mainly in the Th1 and
Th17 phenotypes.

Mice treated with AD-MSC-NVs before
disease onset showed a drastic reduction in
the clinical score, reduction in the areas of
demyelination and in the number of CD3+
T cells infiltrating the CNS, and a reduced
number of Iba-1+ microglial cells in the spinal
cord. Treatment with AD-MSC-NVs after
disease onset failed to modify the clinical
course of EAE.

MSC-EXO treatment ameliorated the clinical
score, decreased MOG-induced proliferation
of splenocytes, increased the frequency of
CD4+ CD25+ Foxp3+ cells, decreased the
inflammation score, and decreased the
demyelination areas. There were no significant
differences of MSC-EXOs vs. MSCs.
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Table 1. Cont.

Study Animal Model EV Sourcsecll?:ldmuiglstratlon Main Outcomes
Miscellaneous
MSCs
Irrespective of the source, h\PDLSC-CM
hPDLSC-CM and purified and purified
hPDLSC-EMVs from hPDLSC-EMVs reversed
MOGg3s_55 and pertussis relapsing-remitting (RR)MS disease progression by restoring tissue
Rajan et al., toxin in a patients and healthy integrity via remyelination in the spinal cord,
2016 [148] C57BL/6 mouse EAE donors/IV induced anti-inflammatory and
model immunization — CM or immunosuppressive effects in the spinal cord
EMVs at day 15 — evaluation and spleen, and reduced apoptosis-related
on day 28 post-immunization  STAT1, p53, caspase 3, and Bax expression in
the spinal cord.
PMSCs (PMSCs)/IV Animals treated with high-dose PMSC-EVs
Clark ot al MOGgs-55 and pertussis ) immupization — (1 x 1019 displayed improved motor function,
2019 [1 49]" toxin in a C57BL /6] administration of EVs at day reduced DNA damage in oligodendroglia
mouse EAE model 19 — evaluation onday 40 or  populations, and increased myelination within
43 post-immunization the spinal cords of treated mice.

AD-MSC: adipose-derived MSC; BM-MSC: bone marrow-derived MSC; CM: conditioned medium; CNPase:
2’,3’-cyclic-nucleotide 3’-phosphodiesterase; dpi: days post-immunization; EMVs: exosomes /microvesicles; EXOs:
exosomes; GFAP: glial fibrillary acidic protein; hPDLSCs: human periodontal ligament stem cells; Iba-1: Ionized
calcium-binding adaptor protein; MBP: myelin basic protein; PMSC: placental-derived MSC; UC-MSC: umbilical
cord-derived MSC.

Riazifar et al. [129] demonstrated that systemic injection of IFN-y-EXOs enhances
motor skills and reduces neuroinflammation and demyelination in vivo in a murine EAE
model, by increasing Tregs and reducing macrophages/microglia and pro-inflammatory
T cells within the spinal cord. Additionally, they found a reduction in peripheral blood
mononuclear cell (PBMC) proliferation and pro-inflammatory Th1 and Th17 cytokine levels.
Native-EXOs also ameliorated the disease, but less than IFN-y-EXOs.

Li et al. [138] showed that the injection of EXOs isolated from rat primary BM-MSCs
into the tail veins of EAE rats, 24 h after immunization with guinea pig spinal cord, de-
creases neuronal symptoms, attenuating inflammation and demyelination in the CNS. They
demonstrated that treatment with BM-MSC-EXOs significantly reduced the secretion of
TNF-« and enhanced that of IL-10 and TGF-f3, and induced microglial polarization toward
the anti-inflammatory/pro-regenerative phenotype (M2) in treated animals. However, the
same or even better effects were obtained with MSCs.

Giunti et al. [130] showed that when EAE-affected mice received repeated intravenous
or intraperitoneal injections of IFN-y-EXOs, any effect on disease course was observed
independently of the administration route. Nevertheless, analysis of the mRNA expression
of pro-inflammatory molecules (Tnf, 111D, Il6 and Nos2) in spinal cord tissue indicated that
all markers were strongly downregulated, suggesting that they exert an anti-inflammatory
effect in vivo, albeit not sufficient to affect the clinical expression of disease.

In an experimental model of primary progressive MS, using Theiler’s murine en-
cephalomyelitis virus (TMEV)-induced demyelinating disease to reproduce the neurode-
generative component of demyelinating diseases, Laso-Garcia et al. [112] observed an
improvement in motor deficits and a reduction in brain atrophy following intravenous
administration of EVs (<100 nm in size) from AD-MSCs after the induction of disease.
They demonstrated the ability of AD-MSC-EVs to induce repair of white matter fiber tracts
(as assessed by higher levels of white-matter-associated markers, i.e., CNPase and MBP),
to decrease inflammatory infiltrates in the spinal cord, to increase glial markers (such as
GFAP for astrocytes and Iba-1 for microglia in the brain), to induce a shift in microglial cells
towards an anti-inflammatory phenotype, and to reduce Thl and Th17 plasma cytokine
levels in treated mice.

Farinazzo et al. [146] have shown the beneficial effects of nanovesicles (NVs) from
murine AD-MSCs, administered to EAE mice during early disease phases, by inhibiting
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T-cell adhesion in inflamed CNS venules and their trafficking in the inflamed CNS, leading
to reduced spinal cord inflammation, microglial activation, and demyelination. However,
unlike their parental cells [150], AD-MSC-NVs had no effect when administered at disease
onset, and displayed limited effects on T-cell activation and cytokine production. These
results are likely due to the anti-adhesive—but not cytostatic—effect of ASC-NVs on
autoreactive T cells, as in the therapeutic protocol ASC-NVs were administered after
disease onset (i.e., once inflammatory cells had already entered the CNS).

In a recent study [147], it was demonstrated that IV administration of human AD-MSC-
EVs in chronic EAE mice lowered the maximum mean clinical score and MOG-induced
proliferation of splenocytes, and increased the frequency of CD4+ CD25+ Foxp3+ cells,
as well as decreasing demyelination areas and infiltrating inflammatory cells in treated
animals. However, the same results were obtained with IV infusion of AD-MSCs.

Rajan et al. [148] used human periodontal ligament stem cells (hPDLSCs), which reside
in the perivascular space of the periodontium and possess characteristics of MSCs [151].
Intravenous administration of hPDLSC-conditioned whole culture medium (hPDLSCs-CM)
and purified exosomes/microvesicles ("PDLSC-EMVs) obtained from RRMS patients and
healthy donors ameliorated EAE by increasing dendritic spine density, inducing remyelina-
tion in the spinal cord, and suppressing production of pro-inflammatory cytokines (e.g.,
IL-17, IFN-y, TNF-«, IL-6, IL-13) while elevating IL-10 in the spinal cords of EAE mice.
Interestingly, these anti-inflammatory and immunomodulatory effects could be seen also
in the spleens of EAE mice. Moreover, levels of apoptosis-related proteins—such as STAT1,
P53, caspase 3, and Bax—were significantly reduced in the spinal cord by administration of
hPDLSC-CM or hPDLSC-EMVs derived from MS patients and donors.

PMSC-EVs were effective when administered IV to EAE mice at high doses
(1 x 1010 particles, whose number was determined by nanoparticle tracking analysis),
since improved motor functions, reduced oligodendroglia degeneration and DNA damage,
and myelin loss in spinal cord white matter were observed [149]. Interestingly, high-
dose PMSC-EV treatments led to comparable responses to PMSC treatments, suggest-
ing that PMSC-mediated clinical improvements in this EAE model occur through an
EV-mediated mechanism.

The above mentioned discoveries were obtained in the EAE animal model, which
presents its own limits as representative of MS. EAE is considered more a model of acute
CNS inflammation than the counterpart of MS or other autoimmune demyelinating dis-
eases [152]. The point is to carefully evaluate pathological outcomes derived from these
models following diverse treatments, and this consideration also holds for MSC-EVs.
For example, several features of human MS cannot be adequately captured by the EAE
model [152-154]. Indeed, the administration of myelin antigens—such MOG, which is
the most used EAE model—perfectly reproduces MOGAD inflammatory demyelinating
disease which, however, is different from classical MS [3]. On top of this, differences in the
outcomes were obtained in the various models. More representative of the need for a care-
ful standardization of animal models and EV regimen treatments are the contrasting results
obtained by two studies conducted with AD-MSC-EVs. Farinazzo et al. [146] observed
that therapeutic treatment with murine AD-MSC-EVs did not ameliorate EAE, whereas
the results obtained by Jafarinia et al. [147] showed the significant therapeutic effects of
hAD-MSC-EVs after the disease onset. This contradiction might be due to differences in
the dose of injected hAD-MSC-EVs—60 pg of hAD-MSC-EVs in one dose vs. three 5 pg
doses—or differences in the species origin of adipose tissue (human vs. mouse). Finally, a
certain variability in animal responses was noted in regard to motor improvements, mild
increases in DNA damage, and demyelination [149], attributed to the use of both male and
female mice and variability in disease onset [155], again accounting for the necessity of
standardized animal models.
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5.2. MSC-EVs in In Vitro Studies

In vitro studies have elucidated some molecular mechanisms underlying the effects of
MSC-EVs on neuroinflammation, immunomodulation, microglial activation, demyelina-
tion, and astrogliosis (Table 2).

Table 2. MSC-EVs and in vitro molecular mechanisms.

Study

In Vitro Model

EV Source

Main Outcomes

Mokarizadeh et al.,
2012 [156]

Mokarizadeh et al.,
2012 [157]

Riazifar et al.,
2019 [129]

Lietal., 2019 [138]

Giunti et al.,
2021 [130]

Xian et al., 2019 [158]

Farinazzo et al.,
2015 [159]

Kumar et al.,
2019 [160]

Lymphocytes isolated from
MOG35_55 EAE mice

Mononuclear cells isolated
from MOGgss_55 EAE mice

Human peripheral blood
mononuclear
cells (PBMCs)

HAPI microglial cell line
model

N9 microglial cell line model

Primary murine
hippocampal astrocytes

SH-SY5Y neuroblastoma cells
and primary murine
hippocampal neurons.
Demyelinated
cerebellar slices.

SH-SY5Y neuroblastoma cells

Murine BM-MSC-EXOs

Murine BM-MSC-EXOs

BM-MSCs treated with IFN-y
(IFN-y-EXOs)

Rat BM-MSCs

IFN-y-primed murine
BM-MSCs

Human UC-MSCs

Murine AD-MSCs

Human PMSCs

Autoreactive lymphocytes showed
increases in surface expression of
PD-L1, TGF-B, and galectin-1, and
decreases in IL-17 and IFN-y secretion.
MSC-EXOs inhibited lymphocyte
proliferation, induced apoptotic activity
towards activated T cells, increased
IL-10 and TGF-f secretion, and
promoted CD4+ CD25+ Foxp3+
regulatory T-cell generation.
IFN-y-EXOs suppressed activation of
the gated T cells, increased IDO levels,
and reduced the levels ofseveral Th1
and Th17 cytokines, including IL-6,
IL-12p70, IL-17AF, and IL-22.
IFN-y-EXOs enhanced the frequency of
CD4+ CD25+ FOXP3+ Tregs in murine
splenocytes.

EXOs inhibited the LPS-induced
upregulation of TNF-oc and IL-12, and
promoted the upregulation of IL-10 and
TGF-$3, in a dose-dependent manner, at
both the protein and mRNA levels.
IFN-y-EXOs downregulated the
expression of Tnf, I11b, and II18, and
upregulated the expression of Cx3cr1,
Cd206, and Nr4a2.
MSC-EXOs attenuated the LPS-induced
cytotoxicity and reduced the expression
of GFAP (a reactive astrogliosis
marker), C3 (an Al astrocyte marker),
CD81 (an essential regulator of
astrocytic activation), and ki67 (a cell
proliferation marker). MSC-EXOs also
reduced TNF-« and IL-1§3, but not IL-6,
in the culture medium. MSC-EXO
treatment ameliorated LPS-induced
aberrant calcium signaling and
mitochondrial dysfunction.

NVs and MVs rescued neurons from
H;,0O;-induced cell death and apoptosis,
and increased MBP+ areas and nestin
expression in demyelinated slices.

CM and EXOs from PMSCs increased
neurite outgrowth and the number of
cells in staurosporine-treated cells.

CM: conditioned medium; EXOs: exosomes; GFAP: glial fibrillary acidic protein; IDO: indoleamine 2,3- dioxy-
genase 1; LPS: lipopolysaccharide; MBP: myelin basic protein; MVs: microvesicles; NVs: nanovesicles; PD-L1:
programmed death ligand; PMSCs: placenta-derived MSCs.
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Mokarizadeh et al. [156] co-cultured MSC-EXOs with lymphocytes, which were har-
vested from established EAE mice in the presence of antigenic MOGgs_s5 peptide, finding
the insertion of exosomal tolerogenic molecules (e.g., PD-L1, TGF-f3, galectin-1) into autore-
active cells after 24 h. Additionally, the decreased secretion of IFN-y and IL-17 was detected
in exosome-pretreated lymphocytes upon stimulation with MOG peptide. In another
parallel study [157], this research group showed that murine BM-MSC-EXOs expressed
surface-regulatory molecules such as PD-L1, Gal-1, and TGF-3, whose levels increased in
IL-1B-stimulated MSC-EXOs. BM-MSC-derived EXOs in co-cultures with mononuclear
cells from EAE mice caused a significant increase in the secretion levels of IL-10 and TGF-{31,
inhibited autoreactive lymphocyte proliferation, induced apoptosis in MOG-activated T
cells, and increased the proportion of Tregs.

In the study of Riazifar et al. [129], it was possible to determine that both Native-EXOs
and IFN-y-EXOs suppressed activation of T cells gated from a PBMC population, with IFN-
v-EXOs being considerably more suppressive. Levels of the immunosuppressive enzyme
IDO were significantly increased in the PBMC co-culture in the presence of IFN-y-EXOs.
While incubation of murine splenocytes enhanced the frequency of CD4+ CD25+ FOXP3+
Tregs in a dose-dependent manner, this did not occur in cultures of purified CD4+ and CD8+
T cells, suggesting that IFN-y-EXOs may target accessory cells such as antigen-presenting
cells (APCs), rather than targeting T cells directly.

In vitro studies showed that exposure to murine primary BM-MSC-EVs significantly
upregulated the expression of markers associated with an M2 phenotype on LPS-activated
NO cells [130] and activated HAPI microglial cells [138].

It has been shown that several miRNAs play an important role in the control of
neuroinflammatory mechanisms. Indeed, Giunti et al. [130] showed that miR-467f and miR-
466q—enriched miRNAs in IFN-y-EXOs—can affect microglial activation by inhibiting the
expression of pro-inflammatory cytokines (i.e., Tnf, Il1b, and 1/18) and upregulating the
expression of markers associated with an anti-inflammatory /neuroprotective phenotype,
including Cx3cr1, Cd206, and Nr4a2. IFN-y-EXOs significantly decreased the mRNA expres-
sion of Map3k8 and MK?2 in pro-inflammatory microglia—an effect that was reproduced by
the transfection of miR-467f and miR-466q mimics, indicating the molecular mechanism by
which MSC-EXOs reduce the inflammatory phenotype of activated microglia.

Targeting reactive astrocytes could be an effective therapeutic strategy for neurode-
generative diseases and GFAP-associated demyelinating disease [161]. Xian et al. showed
that human UC-MSC-EXOs are a potential nanotherapeutic agent for amelioration of
inflammation-dependent astrocytic alterations [158]. Indeed, they observed a significant
reduction in LPS-induced cytotoxicity, reactive astrogliosis, and inflammatory responses,
and improvements in LPS-induced aberrant calcium signaling and mitochondrial dys-
function in the primary culture of hippocampal astrocytes. Moreover, they found that
MSC-EXO-induced prevention of astrocytic activation is dependent on the NF-«B-Nrf2
signaling pathway.

AD-MSC-EVs have been shown to exert neuroprotective and neuroregenerative effects
in vitro. Farinazzo et al. [159] reported that AD-MSC-NVs and MVs protected neuronal
cultures from apoptosis after oxidative stress, and stimulated remyelination in ex vivo cul-
tured cerebellar slices demyelinated by lysophosphatidylcholine (LPC). In this organotypic
model, NVs and MVs significantly increased MBP areas as well as the signal for nestin by
immunoblotting, indicating an activation of oligodendroglial precursors.

PMSC-EVs have potent neuroprotective properties, and contain key proteins and
RNAs that contribute to neuronal survival [160]. In particular, both CM and EXOs increased
neurite outgrowth and cell numbers in cultures of apoptotic SH-SY5Y neuroblastoma cells,
and decreased caspase 3 activity, suggesting that this pathway could be one of the ways
that PMSCs impart their neuroprotective function. The binding of galectin 1 present on
the surface of the exosomes to the apoptotic SH-SY5Y cells was shown to be partially
responsible for the neuroprotective effect imparted by PMSC exosomes.
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These in vitro findings have shown how MSC-EVs’ molecular content affects the
pathogenic mechanisms of different CNS demyelinating disorders. In particular, miR-
NAs are involved in neurogenesis, synapse development, and plasticity [162-164], as
well as in neuroinflammation [165]. MiRNAs play a key role in many disorders, includ-
ing demyelinating and neuroinflammatory diseases [166,167]. They could be used as
biomarkers to monitor disease progression [168,169] and treatment response in MS pa-
tients [170]. Circulating miRNAs have been shown to be differentially expressed in RRMS
and SPMS [171].

MiRNA dysregulation has also been demonstrated in EAE mice [172]. Juzwik et al. [173]
identified an upregulation of neuronal miRNAs in EAE mice that target genes involved in
repair and regeneration processes. Furthermore, several studies have investigated the role
of miRNAs in regulating T cells [174]. For example, miR-155 causes inflammatory T-cell
development, promoting autoimmune inflammation of EAE [175]. MiR-155 is also involved
in BBB permeability and immune-mediated destruction of the myelin sheath [176].

MiRNAs’ profiles can be used to discriminate MS and other demyelinating disorders.
Chen et al. [177] reported a different miRNA profile in serum exosomes of NMOSD patients
compared to MS patients and healthy controls. Moreover, they found a positive correlation
between miR-122-3p, miR-200a-5p, and NMOSD severity [177]. In another study, Keller
et al. [178] asserted that serum miRNAs have no potential as diagnostic biomarkers for
NMOSD; conversely, they identified a set of miRNAs in whole blood that were differentially
expressed in NMOSD and RRMS patients and in healthy controls. In particular, they found
an enrichment of miRNAs involved in the regulation of neutrophils/eosinophils—cell
types implicated in the immunopathogenesis of NMOSD.

In recent years, the use of miRNAs as therapeutic targets or as therapeutic agents them-
selves has also attracted considerable interest in demyelinating diseases. Indeed, miRNAs
also participate in oligodendrocyte (OL) differentiation by supporting remyelination [179].
For example, miR-219—a key regulator of OL differentiation—inhibits the expression of
the PDGFR, Hes5, Sox6, ZFP238, and Fox]3 proteins that maintain OL progenitor cells
(OPCs) in their proliferative or undifferentiated state, thus promoting OL differentiation
and myelination [179,180].

However, the same miRNAs can have both beneficial and detrimental effects on
the remyelination process. Indeed, infusion of miR-146a mimics into the corpus callo-
sum promoted OPC differentiation and synthesis of myelin basic proteins in a murine
cuprizone-induced toxic demyelination model [181]. On the other hand, miR-146a, trans-
ferred by inflammatory microglial EVs, damages dendritic spine density in hippocampal
neurons [182].

Opverall, all these studies highlight the relevance of miRNAs in demyelinating diseases,
and that their role in mediating either pathological or protective changes depends on the
milieu of parental cells and differential miRNA enrichment of the EVs released. It has been
recently shown that priming of MSCs with the secretome of LPS-activated microglia results
in the release of miRNAs from MSC-EVs with enhanced immune regulatory potential, able
to fight neuroinflammation, and promoting remyelination [183]. Thus, further studies are
warranted to explore whether MSC-EV-mediated miRNA delivery has therapeutic effects
on neurons, microglia, astrocytes, and ependymal cells in demyelinating diseases.

6. Conclusions and Future Outlook

In this review, we have focused on the main biological, molecular, and pathological
outcomes achieved when MSC-EVs are administered to EAE rodent models or to in vitro
cultures of CNS and immune cells (Figure 2). In summary, MSC-EVs—mainly EXOs—are
capable of ameliorating neuroinflammation and inducing a more favorable microglial po-
larization, giving important stimulus to neuroprotective effects and remyelination. In vitro,
MSC-EVs attenuate neuroinflammation through regulating T cells, macrophages, astrocytes,
and microglia.
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Figure 2. MSC-EVs’ in vivo and in vitro effects: Treatment with MSC-EVs showed their immunomod-
ulatory, neuroprotective, and anti-inflammatory effects by enhancing Treg numbers and neurite
outgrowth, and by diminishing pro-inflammatory cytokines (e.g., TNF-«, IL-1) in favor of anti-
inflammatory ones (e.g., IL-10, TGF-f3), in EAE animal models (injecting MOGg3s_s5 peptide/pertussis
toxin, TMEYV, or spinal cord homogenates) and in different cell cultures. Created with BioRender.com.

As a cell-free therapy for autoimmune demyelinating diseases, MSC-EVs possess
important advantages: they can cross the BBB, making them suitable for the treatment of
CNS diseases; they can be administered safely without immunosuppression; and they can
be loaded with anti-inflammatory agents. MSC-EVs’ therapeutic effects, stability, low toxic-
ity profile, and biocompatibility constitute a step forward in drug delivery and precision
medicine for the treatment of neuroinflammation and neurodegeneration associated with
autoimmune demyelinating diseases.

However, before considering MSC-EVs as an optional treatment for autoimmune
demyelinating diseases, several hurdles must be overcome. First, challenges exist in large-
scale exosome production, isolation, and storage stability [117]. These hurdles are closely
linked to the EVs’ heterogeneity and low productivity [184]. Furthermore, the impact of
MSC-derived EVs should be improved. Some studies have shown that MSCs and MSC-EVs
have the same effects [138,147]. In principle, this aim could be achieved by two main
avenues, i.e., by overexpressing either miRNAs that have been shown to enhance EXOs’
therapeutic effects [185,186], or proteins that change the expression profiles of miRNAs
and proteins [187,188]. Finally, EVs are rapidly cleared from the circulation upon intra-
venous injection, accumulating in the liver, spleen, and lungs [189,190] due to macrophage
uptake [191,192]. To enable more efficient secretome and/or EV delivery to the CNS and
increase their half-life for uptake by neighboring and distant target cells, other applica-
tive steps are mandatory. EXOs have many similarities with small unilamellar, vesicle
(SUV)-type liposomes, which are today the most used nanostructured vehicles for effi-
cient and therapeutic drug delivery—especially in cancer [193]. Both EXOs and SUV-type
liposomes are composed of one lipid bilayer, with mean diameters ranging from 50 nm
to 120 nm, and can be loaded with lipophilic and hydrophilic drugs. Nevertheless, they
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present differences, amongst which the most important is the complex surface composition
of EXOs—and more specifically the array of tetraspanins and integrins, conferring organ-
otropism to EXOs [194]—whereas SUV-type liposomes do not usually have proteins in or
on their lipid bilayer. Moreover, EXOs contain complex intraluminal contents (thousands
of proteins and several types of RNA) that may render their drug loading and/or retention
difficult and insufficient, while SUV-type liposomes can accommodate high payloads of
drugs [195,196]. On the other hand, the functionalization of liposomes, rendering them
stealthy to the innate immune system by adding polyethylene glycol to their surface, might
also be an option for increasing EXO half-life in circulation and tissues [197]. The com-
bination of the advantages of EXOs and SUV-type liposomes is driving the design of ex
novo nanovesicles as targeted drug carriers for therapeutic applications [196]. Finally, it
is conceivable to harness EXOs and EXO-inspired nanovesicles with biocompatible nano-
and microstructured materials for in vivo direct delivery to the CNS [198]. It is envisioned
that hydrogels—fabricated with either natural or synthetic compounds, allowing precise
and controlled release of EVs and their payloads—will be the preferred tissue engineering
option for clinical application.

Author Contributions: Conceptualization, E.D., C.A. (Carlo Avolio) and M.C.; writing—original
draft preparation, C.A. (Carlo Avolio), E.D., C.A. (Caterina Allegretta) and M.C.; writing—review
and editing, C.A. (Carlo Avolio), E.D., C.A. (Caterina Allegretta), V.M. and M.C.; visualization, C.A.
(Caterina Allegretta); supervision, M.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: All of the illustrations in the text were created with Biorender.com.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. De Lott, L.B.; Bennett, J.L.; Costello, F. The changing landscape of optic neuritis: A narrative review. J. Neurol. 2022, 269, 111-124.
[CrossRef] [PubMed]

2. Bhagavati, S. Autoimmune Disorders of the Nervous System: Pathophysiology, Clinical Features, and Therapy. Front. Neurol.
2021, 12, 664664. [CrossRef] [PubMed]

3.  Lassmann, H. The changing concepts in the neuropathology of acquired demyelinating central nervous system disorders. Curr.
Opin. Neurol. 2019, 32, 313-319. [CrossRef] [PubMed]

4.  Kirieger, S.C.; Cook, K.; De Nino, S.; Fletcher, M. The topographical model of multiple sclerosis. Neurol. Neuroimmunol.
Neuroinflammation 2016, 3, €279. [CrossRef]

5. Thompson, A.].; Baranzini, S.E.; Geurts, ].; Hemmer, B.; Ciccarelli, O. Multiple sclerosis. Lancet 2018, 391, 1622-1636. [CrossRef]

6. D’Amico, E.; Patti, F.; Zanghi, A.; Zappia, M. A Personalized Approach in Progressive Multiple Sclerosis: The Current Status of
Disease Modifying Therapies (DMTs) and Future Perspectives. Int. J. Mol. Sci. 2016, 17, 1725. [CrossRef]

7. D’Amico, E,; Zanghi, A ; Serra, A.; Murabito, P.; Zappia, M.; Patti, F; Cocuzza, S. Management of dysphagia in multiple sclerosis:
Current best practice. Expert Rev. Gastroenterol. Hepatol. 2019, 13, 47-54. [CrossRef]

8. Thompson, A.].; Banwell, B.L.; Barkhof, F.; Carroll, WM.; Coetzee, T.; Comi, G.; Correale, J.; Fazekas, E.; Filippi, M.; Freedman,
M.S,; et al. Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria. Lancet Neurol. 2018, 17, 162-173. [CrossRef]

9.  Lublin, ED.; Coetzee, T.; Cohen, J.A.; Marrie, R.A.; Thompson, A.J.; International Advisory Committee on Clinical Trials in MS.
The 2013 clinical course descriptors for multiple sclerosis: A clarification. Neurology 2020, 94, 1088-1092. [CrossRef]

10. Lassmann, H. Pathogenic Mechanisms Associated With Different Clinical Courses of Multiple Sclerosis. Front. Immunol. 2018, 9,
3116. [CrossRef]

11. Malpas, C.B.; Manouchehrinia, A.; Sharmin, S.; Roos, I.; Horakova, D.; Havrdova, E.K; Trojano, M.; Izquierdo, G.; Eichau, S.;
Bergamaschi, R.; et al. Early clinical markers of aggressive multiple sclerosis. Brain 2020, 143, 1400-1413. [CrossRef] [PubMed]

12.  Andreas, L.; Thomas, B.; Markus, R. Biological Markers for Multiple Sclerosis. Curr. Med. Chem. 2007, 14, 1956-1965. [CrossRef]
[PubMed]

13. Jones, A.P; Kermode, A.G.; Lucas, R M.; Carroll, WM.; Nolan, D.; Hart, PH. Circulating immune cells in multiple sclerosis. Clin.

Exp. Immunol. 2017, 187, 193-203. [CrossRef] [PubMed]


http://doi.org/10.1007/s00415-020-10352-1
http://www.ncbi.nlm.nih.gov/pubmed/33389032
http://doi.org/10.3389/fneur.2021.664664
http://www.ncbi.nlm.nih.gov/pubmed/33935958
http://doi.org/10.1097/WCO.0000000000000685
http://www.ncbi.nlm.nih.gov/pubmed/30893100
http://doi.org/10.1212/NXI.0000000000000279
http://doi.org/10.1016/S0140-6736(18)30481-1
http://doi.org/10.3390/ijms17101725
http://doi.org/10.1080/17474124.2019.1544890
http://doi.org/10.1016/S1474-4422(17)30470-2
http://doi.org/10.1212/WNL.0000000000009636
http://doi.org/10.3389/fimmu.2018.03116
http://doi.org/10.1093/brain/awaa081
http://www.ncbi.nlm.nih.gov/pubmed/32386427
http://doi.org/10.2174/092986707781368478
http://www.ncbi.nlm.nih.gov/pubmed/17691938
http://doi.org/10.1111/cei.12878
http://www.ncbi.nlm.nih.gov/pubmed/27689339

Int. J. Mol. Sci. 2022, 23, 3829 17 of 24

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Martin, R.; Sospedra, M.; Rosito, M.; Engelhardt, B. Current multiple sclerosis treatments have improved our understanding of
MS autoimmune pathogenesis. Eur. J. Immunol. 2016, 46, 2078-2090. [CrossRef]

Wingerchuk, D.M.; Banwell, B.; Bennett, J.L.; Cabre, P.; Carroll, W.; Chitnis, T.; de Seze, J.; Fujihara, K.; Greenberg, B.; Jacob,
A.; et al. International consensus diagnostic criteria for neuromyelitis optica spectrum disorders. Neurology 2015, 85, 177-189.
[CrossRef] [PubMed]

D’Amico, E.; Zanghi, A.; Chisari, C.G.; Fermo, S.L.; Toscano, S.; Arena, S.; Patti, F; Zappia, M. Effectiveness and safety of
Rituximab in demyelinating diseases spectrum: An Italian experience. Mult. Scler. Relat. Disord. 2019, 27, 324-326. [CrossRef]
Kessler, R.A.; Mealy, M.A.; Levy, M. Treatment of Neuromyelitis Optica Spectrum Disorder: Acute, Preventive, and Symptomatic.
Curr. Treat. Options Neurol. 2016, 18, 2. [CrossRef]

Ambrosius, W.; Michalak, S.; Kozubski, W.; Kalinowska, A. Myelin Oligodendrocyte Glycoprotein Antibody-Associated Disease:
Current Insights into the Disease Pathophysiology, Diagnosis and Management. Int. J. Mol. Sci. 2020, 22, 100. [CrossRef]

Jarius, S.; Paul, E; Aktas, O.; Asgari, N.; Dale, R.C.; de Seze, ].; Franciotta, D.; Fujihara, K.; Jacob, A.; Kim, H.].; et al. MOG
encephalomyelitis: International recommendations on diagnosis and antibody testing. ]. Neuroinflammation 2018, 15, 134.
[CrossRef]

Barkovich, A.]J. Concepts of myelin and myelination in neuroradiology. AJNR Am. ]. Neuroradiol. 2000, 21, 1099-1109.
Ramanathan, S.; Mohammad, S.; Tantsis, E.; Nguyen, T.K.; Merheb, V.; Fung, V.5.C.; White, O.B.; Broadley, S.; Lechner-Scott, J.;
Vucic, S.; et al. Clinical course, therapeutic responses and outcomes in relapsing MOG antibody-associated demyelination. J.
Neurol. Neurosurg. Psychiatry 2018, 89, 127-137. [CrossRef] [PubMed]

Anilkumar, A.C,; Foris, L.A.; Tadi, P. Acute Disseminated Encephalomyelitis. In StatPearls; StatPearls Publishing: Treasure Island,
FL, USA, 2022.

McMahon, E.J.; Bailey, S.L.; Castenada, C.V.; Waldner, H.; Miller, S.D. Epitope spreading initiates in the CNS in two mouse models
of multiple sclerosis. Nat. Med. 2005, 11, 335-339. [CrossRef] [PubMed]

Greter, M.; Heppner, EL.; Lemos, M.P,; Odermatt, B.M.; Goebels, N.; Laufer, T.; Noelle, R.].; Becher, B. Dendritic cells permit
immune invasion of the CNS in an animal model of multiple sclerosis. Nat. Med. 2005, 11, 328-334. [CrossRef] [PubMed]
Pegoretti, V.; Swanson, K.A.; Bethea, ].R.; Probert, L.; Eisel, U.L.M.; Fischer, R. Inflammation and Oxidative Stress in Multiple
Sclerosis: Consequences for Therapy Development. Oxid. Med. Cell. Longev. 2020, 2020, 7191080. [CrossRef]

Neuhaus, O.; Archelos, ].J.; Hartung, H.P. Inmunomodulation in multiple sclerosis: From immunosuppression to neuroprotection.
Trends Pharmacol. Sci. 2003, 24, 131-138. [CrossRef]

Vogel, D.Y.; Vereyken, E.J.; Glim, J.E.; Heijnen, P.D.; Moeton, M.; van der Valk, P.; Amor, S.; Teunissen, C.E.; van Horssen, J.;
Dijkstra, C.D. Macrophages in inflammatory multiple sclerosis lesions have an intermediate activation status. J. Neuroinflamm.
2013, 10, 35. [CrossRef]

Zrzavy, T.; Hametner, S.; Wimmer, I.; Butovsky, O.; Weiner, H.L.; Lassmann, H. Loss of "homeostatic’ microglia and patterns of
their activation in active multiple sclerosis. Brain 2017, 140, 1900-1913. [CrossRef]

Butovsky, O.; Landa, G.; Kunis, G.; Ziv, Y.; Avidan, H.; Greenberg, N.; Schwartz, A.; Smirnov, L; Pollack, A.; Jung, S.; et al.
Induction and blockage of oligodendrogenesis by differently activated microglia in an animal model of multiple sclerosis. J. Clin.
Investig. 2006, 116, 905-915. [CrossRef]

Miron, V.E,; Boyd, A.; Zhao, ].W.; Yuen, T.]J.; Ruckh, ].M.; Shadrach, J.L.; van Wijngaarden, P.; Wagers, A.J.; Williams, A.; Franklin,
R.J.M.; et al. M2 microglia and macrophages drive oligodendrocyte differentiation during CNS remyelination. Nat. Neurosci.
2013, 16, 1211-1218. [CrossRef]

Baecher-Allan, C.; Kaskow, B.].; Weiner, H.L. Multiple Sclerosis: Mechanisms and Immunotherapy. Neuron 2018, 97, 742-768.
[CrossRef]

Kleinewietfeld, M.; Hafler, D.A. Regulatory T cells in autoimmune neuroinflammation. Immunol. Rev. 2014, 259, 231-244.
[CrossRef] [PubMed]

Fritzsching, B.; Haas, J.; Konig, F.; Kunz, P,; Fritzsching, E.; Poschl, J.; Krammer, P.H.; Bruck, W.; Suri-Payer, E.; Wildemann, B.
Intracerebral human regulatory T cells: Analysis of CD4+ CD25+ FOXP3+ T cells in brain lesions and cerebrospinal fluid of
multiple sclerosis patients. PLoS ONE 2011, 6, €17988. [CrossRef] [PubMed]

Schneider, A.; Long, S.A.; Cerosaletti, K.; Ni, C.T.; Samuels, P.; Kita, M.; Buckner, ].H. In active relapsing-remitting multiple
sclerosis, effector T cell resistance to adaptive T(regs) involves IL-6-mediated signaling. Sci. Transl. Med. 2013, 5, 170ral15.
[CrossRef] [PubMed]

Henderson, A.P.; Barnett, M.H.; Parratt, ].D.; Prineas, ]. W. Multiple sclerosis: Distribution of inflammatory cells in newly forming
lesions. Ann. Neurol. 2009, 66, 739-753. [CrossRef] [PubMed]

Lennon, V.A.; Wingerchuk, D.M.; Kryzer, T.].; Pittock, S.J.; Lucchinetti, C.F; Fujihara, K.; Nakashima, I.; Weinshenker, B.G. A
serum autoantibody marker of neuromyelitis optica: Distinction from multiple sclerosis. Lancet 2004, 364, 2106-2112. [CrossRef]
Lennon, V.A,; Kryzer, T.J.; Pittock, S.J.; Verkman, A.S.; Hinson, S.R. IgG marker of optic-spinal multiple sclerosis binds to the
aquaporin-4 water channel. J. Exp. Med. 2005, 202, 473-477. [CrossRef]

Asavapanumas, N.; Ratelade, J.; Papadopoulos, M.C.; Bennett, J.L.; Levin, M.H.; Verkman, A.S. Experimental mouse model of
optic neuritis with inflammatory demyelination produced by passive transfer of neuromyelitis optica-immunoglobulin G. J.
Neuroinflamm. 2014, 11, 16. [CrossRef]


http://doi.org/10.1002/eji.201646485
http://doi.org/10.1212/WNL.0000000000001729
http://www.ncbi.nlm.nih.gov/pubmed/26092914
http://doi.org/10.1016/j.msard.2018.09.041
http://doi.org/10.1007/s11940-015-0387-9
http://doi.org/10.3390/ijms22010100
http://doi.org/10.1186/s12974-018-1144-2
http://doi.org/10.1136/jnnp-2017-316880
http://www.ncbi.nlm.nih.gov/pubmed/29142145
http://doi.org/10.1038/nm1202
http://www.ncbi.nlm.nih.gov/pubmed/15735651
http://doi.org/10.1038/nm1197
http://www.ncbi.nlm.nih.gov/pubmed/15735653
http://doi.org/10.1155/2020/7191080
http://doi.org/10.1016/S0165-6147(03)00028-2
http://doi.org/10.1186/1742-2094-10-35
http://doi.org/10.1093/brain/awx113
http://doi.org/10.1172/JCI26836
http://doi.org/10.1038/nn.3469
http://doi.org/10.1016/j.neuron.2018.01.021
http://doi.org/10.1111/imr.12169
http://www.ncbi.nlm.nih.gov/pubmed/24712469
http://doi.org/10.1371/journal.pone.0017988
http://www.ncbi.nlm.nih.gov/pubmed/21437244
http://doi.org/10.1126/scitranslmed.3004970
http://www.ncbi.nlm.nih.gov/pubmed/23363979
http://doi.org/10.1002/ana.21800
http://www.ncbi.nlm.nih.gov/pubmed/20035511
http://doi.org/10.1016/S0140-6736(04)17551-X
http://doi.org/10.1084/jem.20050304
http://doi.org/10.1186/1742-2094-11-16

Int. J. Mol. Sci. 2022, 23, 3829 18 of 24

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Zhang, H.; Bennett, J.L.; Verkman, A.S. Ex vivo spinal cord slice model of neuromyelitis optica reveals novel immunopathogenic
mechanisms. Ann. Neurol. 2011, 70, 943-954. [CrossRef]

Duan, T.; Smith, A.].; Verkman, A.S. Complement-dependent bystander injury to neurons in AQP4-IgG seropositive neuromyelitis
optica. J. Neuroinflamm. 2018, 15, 294. [CrossRef]

Tradtrantip, L.; Yao, X.; Su, T.; Smith, A.J.; Verkman, A.S. Bystander mechanism for complement-initiated early oligodendrocyte
injury in neuromyelitis optica. Acta Neuropathol. 2017, 134, 35-44. [CrossRef]

Weil, M.T.; Mobius, W.; Winkler, A.; Ruhwedel, T.; Wrzos, C.; Romanelli, E.; Bennett, J.L.; Enz, L.; Goebels, N.; Nave, K.A_; et al.
Loss of Myelin Basic Protein Function Triggers Myelin Breakdown in Models of Demyelinating Diseases. Cell Rep. 2016, 16,
314-322. [CrossRef] [PubMed]

Herwerth, M.; Kalluri, S.R.; Srivastava, R.; Kleele, T.; Kenet, S.; Illes, Z.; Merkler, D.; Bennett, ].L.; Misgeld, T.; Hemmer, B. In vivo
imaging reveals rapid astrocyte depletion and axon damage in a model of neuromyelitis optica-related pathology. Ann. Neurol.
2016, 79, 794-805. [CrossRef] [PubMed]

Peschl, P; Schanda, K.; Zeka, B.; Given, K.; Bohm, D.; Ruprecht, K ; Saiz, A.; Lutterotti, A.; Rostasy, K.; Hoftberger, R.; et al. Human
antibodies against the myelin oligodendrocyte glycoprotein can cause complement-dependent demyelination. J. Neuroinflamm.
2017, 14, 208. [CrossRef] [PubMed]

Kinzel, S.; Lehmann-Horn, K.; Torke, S.; Hausler, D.; Winkler, A.; Stadelmann, C.; Payne, N.; Feldmann, L.; Saiz, A.; Reindl, M;
et al. Myelin-reactive antibodies initiate T cell-mediated CNS autoimmune disease by opsonization of endogenous antigen. Acta
Neuropathol. 2016, 132, 43-58. [CrossRef] [PubMed]

Flach, A.C.; Litke, T.; Strauss, J.; Haberl, M.; Gomez, C.C.; Reindl, M.; Saiz, A.; Fehling, H.J.; Wienands, ].; Odoardi, F,; et al.
Autoantibody-boosted T-cell reactivation in the target organ triggers manifestation of autoimmune CNS disease. Proc. Natl. Acad.
Sci. USA 2016, 113, 3323-3328. [CrossRef] [PubMed]

Spadaro, M.; Winklmeier, S.; Beltran, E.; Macrini, C.; Hoftberger, R.; Schuh, E.; Thaler, ES.; Gerdes, L.A.; Laurent, S.; Gerhards, R,;
et al. Pathogenicity of human antibodies against myelin oligodendrocyte glycoprotein. Ann. Neurol. 2018, 84, 315-328. [CrossRef]
Kitley, J.; Woodhall, M.; Waters, P.; Leite, M.I.; Devenney, E.; Craig, J.; Palace, J.; Vincent, A. Myelin-oligodendrocyte glycoprotein
antibodies in adults with a neuromyelitis optica phenotype. Neurology 2012, 79, 1273-1277. [CrossRef]

Probstel, A.K.; Rudolf, G.; Dornmair, K.; Collongues, N.; Chanson, J.B.; Sanderson, N.S.; Lindberg, R.L.; Kappos, L.; de Seze, ] ;
Derfuss, T. Anti-MOG antibodies are present in a subgroup of patients with a neuromyelitis optica phenotype. ]. Neuroinflamm.
2015, 12, 46. [CrossRef]

Manogaran, P.; Samardzija, M.; Schad, A.N.; Wicki, C.A.; Walker-Egger, C.; Rudin, M.; Grimm, C.; Schippling, S. Retinal pathology
in experimental optic neuritis is characterized by retrograde degeneration and gliosis. Acta Neuropathol. Commun. 2019, 7, 116.
[CrossRef]

Lopez-Chiriboga, A.S.; Majed, M.; Fryer, ].; Dubey, D.; McKeon, A.; Flanagan, E.P; Jitprapaikulsan, J.; Kothapalli, N.; Tillema,
J.M.; Chen, J.; et al. Association of MOG-IgG Serostatus With Relapse After Acute Disseminated Encephalomyelitis and Proposed
Diagnostic Criteria for MOG-IgG-Associated Disorders. JAMA Neurol. 2018, 75, 1355-1363. [CrossRef]

Massa, S.; Fracchiolla, A.; Neglia, C.; Argentiero, A.; Esposito, S. Update on Acute Disseminated Encephalomyelitis in Children
and Adolescents. Children 2021, 8, 280. [CrossRef] [PubMed]

Filippi, M.; Rocca, M.A. Acute Disseminated Encephalomyelitis. White Matter Dis. 2020, 13, 109-125. [CrossRef]

Probstel, A.K.; Dornmair, K.; Bittner, R.; Sperl, P; Jenne, D.; Magalhaes, S.; Villalobos, A.; Breithaupt, C.; Weissert, R.; Jacob,
U,; et al. Antibodies to MOG are transient in childhood acute disseminated encephalomyelitis. Neurology 2011, 77, 580-588.
[CrossRef] [PubMed]

Pohl, D.; Alper, G.; Van Haren, K.; Kornberg, A.J.; Lucchinetti, C.F,; Tenembaum, S.; Belman, A.L. Acute disseminated en-
cephalomyelitis: Updates on an inflammatory CNS syndrome. Neurology 2016, 87, S38-545. [CrossRef] [PubMed]

Young, N.P.; Weinshenker, B.G.; Parisi, ].E.; Scheithauer, B.; Giannini, C.; Roemer, S.F.; Thomsen, K.M.; Mandrekar, ].N.; Erickson,
B.J.; Lucchinetti, C.F. Perivenous demyelination: Association with clinically defined acute disseminated encephalomyelitis and
comparison with pathologically confirmed multiple sclerosis. Brain 2010, 133, 333-348. [CrossRef]

Oka, M.; Hasegawa, S.; Matsushige, T.; Inoue, H.; Kajimoto, M.; Ishikawa, N.; Isumi, H.; Ichiyama, T. Tau protein concentrations
in the cerebrospinal fluid of children with acute disseminated encephalomyelitis. Brain Dev. 2014, 36, 16-20. [CrossRef]

Ishizu, T.; Minohara, M.; Ichiyama, T.; Kira, R.; Tanaka, M.; Osoegawa, M.; Hara, T.; Furukawa, S.; Kira, J. CSF cytokine and
chemokine profiles in acute disseminated encephalomyelitis. J. Neuroimmunol. 2006, 175, 52-58. [CrossRef]

Fang, B.; McKeon, A.; Hinson, S.R.; Kryzer, T.J.; Pittock, S.J.; Aksamit, A.].; Lennon, V.A. Autoimmune Glial Fibrillary Acidic
Protein Astrocytopathy: A Novel Meningoencephalomyelitis. JAMA Neurol. 2016, 73, 1297-1307. [CrossRef]

Long, Y.; Liang, J.; Xu, H.; Huang, Q.; Yang, J.; Gao, C.; Qiu, W,; Lin, S.; Chen, X. Autoimmune glial fibrillary acidic protein
astrocytopathy in Chinese patients: A retrospective study. Eur. J. Neurol. 2018, 25, 477-483. [CrossRef]

Kunchok, A.; Zekeridou, A.; McKeon, A. Autoimmune glial fibrillary acidic protein astrocytopathy. Curr. Opin. Neurol. 2019, 32,
452-458. [CrossRef]

Sasaki, K.; Bean, A.; Shah, S.; Schutten, E.; Huseby, P.G; Peters, B.; Shen, Z.T.; Vanguri, V.; Liggitt, D.; Huseby, E.S. Relapsing-
remitting central nervous system autoimmunity mediated by GFAP-specific CD8 T cells. J. Immunol. 2014, 192, 3029-3042.
[CrossRef] [PubMed]


http://doi.org/10.1002/ana.22551
http://doi.org/10.1186/s12974-018-1333-z
http://doi.org/10.1007/s00401-017-1734-6
http://doi.org/10.1016/j.celrep.2016.06.008
http://www.ncbi.nlm.nih.gov/pubmed/27346352
http://doi.org/10.1002/ana.24630
http://www.ncbi.nlm.nih.gov/pubmed/26946517
http://doi.org/10.1186/s12974-017-0984-5
http://www.ncbi.nlm.nih.gov/pubmed/29070051
http://doi.org/10.1007/s00401-016-1559-8
http://www.ncbi.nlm.nih.gov/pubmed/27022743
http://doi.org/10.1073/pnas.1519608113
http://www.ncbi.nlm.nih.gov/pubmed/26957602
http://doi.org/10.1002/ana.25291
http://doi.org/10.1212/WNL.0b013e31826aac4e
http://doi.org/10.1186/s12974-015-0256-1
http://doi.org/10.1186/s40478-019-0768-5
http://doi.org/10.1001/jamaneurol.2018.1814
http://doi.org/10.3390/children8040280
http://www.ncbi.nlm.nih.gov/pubmed/33917395
http://doi.org/10.1007/978-3-030-38621-4_5
http://doi.org/10.1212/WNL.0b013e318228c0b1
http://www.ncbi.nlm.nih.gov/pubmed/21795651
http://doi.org/10.1212/WNL.0000000000002825
http://www.ncbi.nlm.nih.gov/pubmed/27572859
http://doi.org/10.1093/brain/awp321
http://doi.org/10.1016/j.braindev.2012.11.013
http://doi.org/10.1016/j.jneuroim.2006.03.020
http://doi.org/10.1001/jamaneurol.2016.2549
http://doi.org/10.1111/ene.13531
http://doi.org/10.1097/WCO.0000000000000676
http://doi.org/10.4049/jimmunol.1302911
http://www.ncbi.nlm.nih.gov/pubmed/24591371

Int. J. Mol. Sci. 2022, 23, 3829 19 of 24

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Pittenger, M.F.; Mackay, A.M.; Beck, S.C.; Jaiswal, R.K.; Douglas, R.; Mosca, J.D.; Moorman, M.A.; Simonetti, D.W.; Craig, S.;
Marshak, D.R. Multilineage potential of adult human mesenchymal stem cells. Science 1999, 284, 143-147. [CrossRef] [PubMed]
Salem, HK.; Thiemermann, C. Mesenchymal stromal cells: Current understanding and clinical status. Stem Cells 2010, 28, 585-596.
[CrossRef] [PubMed]

Ra, ]J.C.; Shin, LS.; Kim, S.H.; Kang, S.K.; Kang, B.C; Lee, H.Y.; Kim, YJ.; Jo, ].Y.; Yoon, EJ.; Choi, H.J; et al. Safety of intravenous
infusion of human adipose tissue-derived mesenchymal stem cells in animals and humans. Stem Cells Dev. 2011, 20, 1297-1308.
[CrossRef]

Hellmann, M.A ; Panet, H.; Barhum, Y.; Melamed, E.; Offen, D. Increased survival and migration of engrafted mesenchymal bone
marrow stem cells in 6-hydroxydopamine-lesioned rodents. Neurosci. Lett. 2006, 395, 124-128. [CrossRef] [PubMed]

Sadan, O.; Melamed, E.; Offen, D. Bone-marrow-derived mesenchymal stem cell therapy for neurodegenerative diseases. Expert
Opin. Biol. Ther. 2009, 9, 1487-1497. [CrossRef]

Fuentes, F.; Paredes-Gonzalez, X.; Kong, A.N. Dietary Glucosinolates Sulforaphane, Phenethyl Isothiocyanate, Indole-3-
Carbinol /3,3’ -Diindolylmethane: Anti-Oxidative Stress/Inflammation, Nrf2, Epigenetics/Epigenomics and In Vivo Cancer
Chemopreventive Efficacy. Curr. Pharmacol. Rep. 2015, 1, 179-196. [CrossRef]

Chen, X.; Katakowski, M.; Li, Y.; Lu, D.; Wang, L.; Zhang, L.; Chen, J.; Xu, Y.; Gautam, S.; Mahmood, A.; et al. Human bone
marrow stromal cell cultures conditioned by traumatic brain tissue extracts: Growth factor production. J. Neurosci. Res. 2002, 69,
687-691. [CrossRef]

Chen, X,; Li, Y.; Wang, L.; Katakowski, M.; Zhang, L.; Chen, J.; Xu, Y.; Gautam, S.C.; Chopp, M. Ischemic rat brain extracts induce
human marrow stromal cell growth factor production. Neuropathology 2002, 22, 275-279. [CrossRef]

Li, Y.; Chen, J.; Chen, X.G.; Wang, L.; Gautam, 5.C.; Xu, Y.X,; Katakowski, M.; Zhang, L.].; Lu, M.; Janakiraman, N.; et al. Human
marrow stromal cell therapy for stroke in rat: Neurotrophins and functional recovery. Neurology 2002, 59, 514-523. [CrossRef]
Zhang, J.; Li, Y,; Chen, ].; Cui, Y.; Lu, M,; Elias, S.B.; Mitchell, ].B.; Hammill, L.; Vanguri, P.; Chopp, M. Human bone marrow
stromal cell treatment improves neurological functional recovery in EAE mice. Exp. Neurol. 2005, 195, 16-26. [CrossRef] [PubMed]
Volkman, R.; Offen, D. Concise Review: Mesenchymal Stem Cells in Neurodegenerative Diseases. Stem Cells 2017, 35, 1867-1880.
[CrossRef] [PubMed]

Fisher-Shoval, Y.; Barhum, Y.; Sadan, O.; Yust-Katz, S.; Ben-Zur, T.; Lev, N.; Benkler, C.; Hod, M.; Melamed, E.; Offen, D.
Transplantation of placenta-derived mesenchymal stem cells in the EAE mouse model of MS. J. Mol. Neurosci. 2012, 48, 176-184.
[CrossRef] [PubMed]

Zhang, J.; Li, Y.; Lu, M,; Cui, Y,; Chen, J.; Noffsinger, L.; Elias, S.B.; Chopp, M. Bone marrow stromal cells reduce axonal loss in
experimental autoimmune encephalomyelitis mice. ]. Neurosci. Res. 2006, 84, 587-595. [CrossRef] [PubMed]

Galipeau, J.; Sensebe, L. Mesenchymal Stromal Cells: Clinical Challenges and Therapeutic Opportunities. Cell Stem Cell 2018, 22,
824-833. [CrossRef]

Singer, N.G.; Caplan, A.I. Mesenchymal stem cells: Mechanisms of inflammation. Annu. Rev. Pathol. 2011, 6, 457-478. [CrossRef]
Lotfy, A.; Ali, N.S.; Abdelgawad, M.; Salama, M. Mesenchymal stem cells as a treatment for multiple sclerosis: A focus on
experimental animal studies. Rev. Neurosci. 2020, 31, 161-179. [CrossRef]

Rivera, FJ.; Aigner, L. Adult mesenchymal stem cell therapy for myelin repair in multiple sclerosis. Biol. Res. 2012, 45, 257-268.
[CrossRef]

Fischer, U.M.; Harting, M.T.; Jimenez, F.; Monzon-Posadas, W.O.; Xue, H.; Savitz, S.I.; Laine, G.A.; Cox, C.S., Jr. Pulmonary
passage is a major obstacle for intravenous stem cell delivery: The pulmonary first-pass effect. Stem Cells Dev. 2009, 18, 683-692.
[CrossRef]

Sarkar, P; Rice, C.M.; Scolding, N.J. Cell Therapy for Multiple Sclerosis. CNS Drugs 2017, 31, 453-469. [CrossRef]

Puranik, N.; Arukha, A.P; Yadav, S.K.; Yadav, D.; Jin, J.O. Exploring the role of stem cell therapy in treating neurodegenerative
diseases: Challenges and current perspectives. Curr. Stem Cell Res. Ther. 2021, 17, 113-125. [CrossRef] [PubMed]

Smith, J.A.; Nicaise, A.M.; Ionescu, R.B.; Hamel, R.; Peruzzotti-Jametti, L.; Pluchino, S. Stem Cell Therapies for Progressive
Multiple Sclerosis. Front. Cell Dev. Biol. 2021, 9, 696434. [CrossRef] [PubMed]

Uccelli, A.; Laroni, A.; Brundin, L.; Clanet, M.; Fernandez, O.; Nabavi, S.M.; Muraro, P.A.; Oliveri, R.S.; Radue, EZW.,; Sellner, J.;
et al. MEsenchymal StEm cells for Multiple Sclerosis (MESEMS): A randomized, double blind, cross-over phase 1/1I clinical trial
with autologous mesenchymal stem cells for the therapy of multiple sclerosis. Trials 2019, 20, 263. [CrossRef] [PubMed]

Uccelli, A.; Laroni, A.; Brundin, L.; Clanet, M.; Fernandez, O.; Nabavi, S.M.; Muraro, P.A.; Oliveri, R.; Radue, E.W.; Sellner, J.;
et al. MEsenchymal StEm cells for Multiple Sclerosis (MESEMS) study: Results from a multi-center, randomized, double blind,
cross-over phase 2 clinical trial with autologous Mesenchymal Stem Cells (MSC) for the therapy of multiple sclerosis. Eur. |.
Neurol. 2020, 27, 27.

Von Bahr, L.; Batsis, I.; Moll, G.; Hagg, M.; Szakos, A.; Sundberg, B.; Uzunel, M.; Ringden, O.; Le Blanc, K. Analysis of tissues
following mesenchymal stromal cell therapy in humans indicates limited long-term engraftment and no ectopic tissue formation.
Stem Cells 2012, 30, 1575-1578. [CrossRef]

Yousefi, F.; Lavi Arab, F.; Saeidi, K.; Amiri, H.; Mahmoudi, M. Various strategies to improve efficacy of stem cell transplantation
in multiple sclerosis: Focus on mesenchymal stem cells and neuroprotection. J. Neuroimmunol. 2019, 328, 20-34. [CrossRef]
Gugliandolo, A.; Bramanti, P.; Mazzon, E. Mesenchymal Stem Cells in Multiple Sclerosis: Recent Evidence from Pre-Clinical to
Clinical Studies. Int. ]. Mol. Sci. 2020, 21, 8662. [CrossRef]


http://doi.org/10.1126/science.284.5411.143
http://www.ncbi.nlm.nih.gov/pubmed/10102814
http://doi.org/10.1002/stem.269
http://www.ncbi.nlm.nih.gov/pubmed/19967788
http://doi.org/10.1089/scd.2010.0466
http://doi.org/10.1016/j.neulet.2005.10.097
http://www.ncbi.nlm.nih.gov/pubmed/16359791
http://doi.org/10.1517/14712590903321439
http://doi.org/10.1007/s40495-015-0017-y
http://doi.org/10.1002/jnr.10334
http://doi.org/10.1046/j.1440-1789.2002.00450.x
http://doi.org/10.1212/WNL.59.4.514
http://doi.org/10.1016/j.expneurol.2005.03.018
http://www.ncbi.nlm.nih.gov/pubmed/15904921
http://doi.org/10.1002/stem.2651
http://www.ncbi.nlm.nih.gov/pubmed/28589621
http://doi.org/10.1007/s12031-012-9805-6
http://www.ncbi.nlm.nih.gov/pubmed/22638856
http://doi.org/10.1002/jnr.20962
http://www.ncbi.nlm.nih.gov/pubmed/16773650
http://doi.org/10.1016/j.stem.2018.05.004
http://doi.org/10.1146/annurev-pathol-011110-130230
http://doi.org/10.1515/revneuro-2019-0040
http://doi.org/10.4067/S0716-97602012000300007
http://doi.org/10.1089/scd.2008.0253
http://doi.org/10.1007/s40263-017-0429-9
http://doi.org/10.2174/1574888X16666210810103838
http://www.ncbi.nlm.nih.gov/pubmed/35135462
http://doi.org/10.3389/fcell.2021.696434
http://www.ncbi.nlm.nih.gov/pubmed/34307372
http://doi.org/10.1186/s13063-019-3346-z
http://www.ncbi.nlm.nih.gov/pubmed/31072380
http://doi.org/10.1002/stem.1118
http://doi.org/10.1016/j.jneuroim.2018.11.015
http://doi.org/10.3390/ijms21228662

Int. J. Mol. Sci. 2022, 23, 3829 20 of 24

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Baglio, S.R.; Rooijers, K.; Koppers-Lalic, D.; Verweij, EJ.; Perez Lanzon, M.; Zini, N.; Naaijkens, B.; Perut, F; Niessen, HW.;
Baldini, N.; et al. Human bone marrow- and adipose-mesenchymal stem cells secrete exosomes enriched in distinctive miRNA
and tRNA species. Stemn Cell Res. Ther. 2015, 6, 127. [CrossRef]

Shin, S.; Lee, J.; Kwon, Y,; Park, K.S.; Jeong, ].H.; Choi, S.J.; Bang, S.I.; Chang, ].W.; Lee, C. Comparative Proteomic Analysis of the
Mesenchymal Stem Cells Secretome from Adipose, Bone Marrow, Placenta and Wharton’s Jelly. Int. J. Mol. Sci. 2021, 22, 845.
[CrossRef]

Konala, V.B.R.; Bhonde, R.; Pal, R. Secretome studies of mesenchymal stromal cells (MSCs) isolated from three tissue sources
reveal subtle differences in potency. In Vitro Cell. Dev. Biol. Anim. 2020, 56, 689-700. [CrossRef]

Kehl, D.; Generali, M.; Mallone, A.; Heller, M.; Uldry, A.C.; Cheng, P.; Gantenbein, B.; Hoerstrup, S.P.; Weber, B. Proteomic
analysis of human mesenchymal stromal cell secretomes: A systematic comparison of the angiogenic potential. NP] Regen. Med.
2019, 4, 8. [CrossRef] [PubMed]

Akyurekli, C.; Le, Y.; Richardson, R.B.; Fergusson, D.; Tay, J.; Allan, D.S. A systematic review of preclinical studies on the
therapeutic potential of mesenchymal stromal cell-derived microvesicles. Stem Cell Rev. Rep. 2015, 11, 150-160. [CrossRef]
[PubMed]

Thery, C.; Witwer, KW.; Aikawa, E.; Alcaraz, M.].; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F,;
Atkin-Smith, G.K,; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the
International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750.
[CrossRef] [PubMed]

Nederveen, ].P.; Warnier, G.; Di Carlo, A.; Nilsson, M.L; Tarnopolsky, M. A. Extracellular Vesicles and Exosomes: Insights From
Exercise Science. Front. Physiol. 2020, 11, 604274. [CrossRef] [PubMed]

Spakova, T.; Janockova, J.; Rosocha, J. Characterization and Therapeutic Use of Extracellular Vesicles Derived from Platelets. Int.
J. Mol. Sci. 2021, 22,9701. [CrossRef]

Doyle, L.M.; Wang, M.Z. Overview of Extracellular Vesicles, Their Origin, Composition, Purpose, and Methods for Exosome
Isolation and Analysis. Cells 2019, 8, 727. [CrossRef]

Joo,H.S.;Suh, J.H.; Lee, H].; Bang, E.S.; Lee, ].M. Current Knowledge and Future Perspectives on Mesenchymal Stem Cell-Derived
Exosomes as a New Therapeutic Agent. Int. J. Mol. Sci. 2020, 21, 727. [CrossRef]

Willms, E.; Cabanas, C.; Mager, I.; Wood, M.J.A.; Vader, P. Extracellular Vesicle Heterogeneity: Subpopulations, Isolation
Techniques, and Diverse Functions in Cancer Progression. Front. Immunol. 2018, 9, 738. [CrossRef]

Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367, eaau6977. [CrossRef]
Zhang, H.; Freitas, D.; Kim, H.S.; Fabijanic, K.; Li, Z.; Chen, H.; Mark, M.T.; Molina, H.; Martin, A.B.; Bojmar, L.; et al. Identification
of distinct nanoparticles and subsets of extracellular vesicles by asymmetric flow field-flow fractionation. Nat. Cell Biol. 2018, 20,
332-343. [CrossRef]

Bordanaba-Florit, G.; Royo, E; Kruglik, S.G.; Falcon-Perez, ]. M. Using single-vesicle technologies to unravel the heterogeneity of
extracellular vesicles. Nat. Protoc. 2021, 16, 3163-3185. [CrossRef] [PubMed]

Zhang, Y.; Chopp, M.; Zhang, Z.G.; Katakowski, M.; Xin, H.; Qu, C.; Ali, M.; Mahmood, A.; Xiong, Y. Systemic administration of
cell-free exosomes generated by human bone marrow derived mesenchymal stem cells cultured under 2D and 3D conditions
improves functional recovery in rats after traumatic brain injury. Neurochem. Int. 2017, 111, 69-81. [CrossRef] [PubMed]

Cui, G.H.,; Wu, J.; Mou, EE; Xie, WH.; Wang, EB.; Wang, Q.L.; Fang, J.; Xu, YW.; Dong, Y.R.; Liu, ].R; et al. Exosomes derived
from hypoxia-preconditioned mesenchymal stromal cells ameliorate cognitive decline by rescuing synaptic dysfunction and
regulating inflammatory responses in APP/PS1 mice. FASEB |. 2018, 32, 654-668. [CrossRef] [PubMed]

Qin, Y.; Wang, L.; Gao, Z.; Chen, G.; Zhang, C. Bone marrow stromal/stem cell-derived extracellular vesicles regulate osteoblast
activity and differentiation in vitro and promote bone regeneration in vivo. Sci. Rep. 2016, 6, 21961. [CrossRef]

Cosenza, S.; Ruiz, M.; Toupet, K.; Jorgensen, C.; Noel, D. Mesenchymal stem cells derived exosomes and microparticles protect
cartilage and bone from degradation in osteoarthritis. Sci. Rep. 2017, 7, 16214. [CrossRef]

Rong, X,; Liu, J.; Yao, X,; Jiang, T.; Wang, Y.; Xie, F. Human bone marrow mesenchymal stem cells-derived exosomes alleviate
liver fibrosis through the Wnt/beta-catenin pathway. Stem Cell Res. Ther. 2019, 10, 98. [CrossRef]

Zou, X.; Gu, D,; Xing, X.; Cheng, Z.; Gong, D.; Zhang, G.; Zhu, Y. Human mesenchymal stromal cell-derived extracellular vesicles
alleviate renal ischemic reperfusion injury and enhance angiogenesis in rats. Am. J. Transl. Res. 2016, 8, 4289-4299.

Zou, L.; Ma, X; Lin, S.; Wu, B.; Chen, Y.; Peng, C. Bone marrow mesenchymal stem cell-derived exosomes protect against
myocardial infarction by promoting autophagy. Exp. Ther. Med. 2019, 18, 2574-2582. [CrossRef]

Zhang, B.; Wu, X.; Zhang, X.; Sun, Y,; Yan, Y.; Shi, H.; Zhu, Y,; Wu, L.; Pan, Z.; Zhu, W.; et al. Human umbilical cord mesenchymal
stem cell exosomes enhance angiogenesis through the Wnt4/beta-catenin pathway. Stem Cells Transl. Med. 2015, 4, 513-522.
[CrossRef]

Shigemoto-Kuroda, T.; Oh, ].Y.;; Kim, D.K,; Jeong, H.J.; Park, S.Y.; Lee, H.].; Park, J W,; Kim, T.W.; An, S.Y.; Prockop, D.].; et al.
MSC-derived Extracellular Vesicles Attenuate Immune Responses in Two Autoimmune Murine Models: Type 1 Diabetes and
Uveoretinitis. Sterm Cell Rep. 2017, 8, 1214-1225. [CrossRef]

Laso-Garcia, F.; Ramos-Cejudo, J.; Carrillo-Salinas, F]J.; Otero-Ortega, L.; Feliu, A.; Gomez-de Frutos, M.; Mecha, M.; Diez-Tejedor,
E.; Guaza, C.; Gutierrez-Fernandez, M. Therapeutic potential of extracellular vesicles derived from human mesenchymal stem
cells in a model of progressive multiple sclerosis. PLoS ONE 2018, 13, e0202590. [CrossRef]


http://doi.org/10.1186/s13287-015-0116-z
http://doi.org/10.3390/ijms22020845
http://doi.org/10.1007/s11626-020-00501-1
http://doi.org/10.1038/s41536-019-0070-y
http://www.ncbi.nlm.nih.gov/pubmed/31016031
http://doi.org/10.1007/s12015-014-9545-9
http://www.ncbi.nlm.nih.gov/pubmed/25091427
http://doi.org/10.1080/20013078.2018.1535750
http://www.ncbi.nlm.nih.gov/pubmed/30637094
http://doi.org/10.3389/fphys.2020.604274
http://www.ncbi.nlm.nih.gov/pubmed/33597890
http://doi.org/10.3390/ijms22189701
http://doi.org/10.3390/cells8070727
http://doi.org/10.3390/ijms21030727
http://doi.org/10.3389/fimmu.2018.00738
http://doi.org/10.1126/science.aau6977
http://doi.org/10.1038/s41556-018-0040-4
http://doi.org/10.1038/s41596-021-00551-z
http://www.ncbi.nlm.nih.gov/pubmed/34135505
http://doi.org/10.1016/j.neuint.2016.08.003
http://www.ncbi.nlm.nih.gov/pubmed/27539657
http://doi.org/10.1096/fj.201700600R
http://www.ncbi.nlm.nih.gov/pubmed/28970251
http://doi.org/10.1038/srep21961
http://doi.org/10.1038/s41598-017-15376-8
http://doi.org/10.1186/s13287-019-1204-2
http://doi.org/10.3892/etm.2019.7874
http://doi.org/10.5966/sctm.2014-0267
http://doi.org/10.1016/j.stemcr.2017.04.008
http://doi.org/10.1371/journal.pone.0202590

Int. J. Mol. Sci. 2022, 23, 3829 21 of 24

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Kordelas, L.; Rebmann, V.; Ludwig, A.K.; Radtke, S.; Ruesing, ].; Doeppner, T.R.; Epple, M.; Horn, P.A.; Beelen, D.W.; Giebel, B.
MSC-derived exosomes: A novel tool to treat therapy-refractory graft-versus-host disease. Leukemia 2014, 28, 970-973. [CrossRef]
Fujii, S.; Miura, Y.; Fujishiro, A.; Shindo, T.; Shimazu, Y.; Hirai, H.; Tahara, H.; Takaori-Kondo, A.; Ichinohe, T.; Maekawa,
T. Graft-Versus-Host Disease Amelioration by Human Bone Marrow Mesenchymal Stromal/Stem Cell-Derived Extracellular
Vesicles Is Associated with Peripheral Preservation of Naive T Cell Populations. Stem Cells 2018, 36, 434—445. [CrossRef]
Chopp, M.; Zhang, Z.G. Emerging potential of exosomes and noncoding microRNAs for the treatment of neurological in-
jury/diseases. Expert Opin. Emerg. Drugs 2015, 20, 523-526. [CrossRef]

Otero-Ortega, L.; Laso-Garcia, F.; Gomez-de Frutos, M.D.; Rodriguez-Frutos, B.; Pascual-Guerra, J.; Fuentes, B.; Diez-Tejedor, E.;
Gutierrez-Fernandez, M. White Matter Repair After Extracellular Vesicles Administration in an Experimental Animal Model of
Subcortical Stroke. Sci. Rep. 2017, 7, 44433. [CrossRef]

Aneesh, A.; Liu, A.; Moss, H.E.; Feinstein, D.; Ravindran, S.; Mathew, B.; Roth, S. Emerging concepts in the treatment of optic
neuritis: Mesenchymal stem cell-derived extracellular vesicles. Stem Cell Res. Ther. 2021, 12, 594. [CrossRef]

Jung, ].H.; Fu, X,; Yang, P.C. Exosomes Generated From iPSC-Derivatives: New Direction for Stem Cell Therapy in Human Heart
Diseases. Circ. Res. 2017, 120, 407-417. [CrossRef]

Ochocinska, M.].; Zlokovic, B.V.; Searson, P.C.; Crowder, A.T,; Kraig, R.P.; Ljubimova, ].Y.; Mainprize, T.G.; Banks, W.A.; Warren,
R.Q.; Kindzelski, A.; et al. NIH workshop report on the trans-agency blood-brain interface workshop 2016: Exploring key
challenges and opportunities associated with the blood, brain and their interface. Fluids Barriers CNS 2017, 14, 12. [CrossRef]
Klyushnenkova, E.; Mosca, ].D.; Zernetkina, V.; Majumdar, M.K,; Beggs, K.J.; Simonetti, D.W.; Deans, R.].; McIntosh, K.R. T cell
responses to allogeneic human mesenchymal stem cells: Immunogenicity, tolerance, and suppression. J. Biomed. Sci. 2005, 12,
47-57. [CrossRef]

Swanson, W.B.; Gong, T.; Zhang, Z.; Eberle, M.; Niemann, D.; Dong, R.; Rambhia, K.J.; Ma, PX. Controlled release of odontogenic
exosomes from a biodegradable vehicle mediates dentinogenesis as a novel biomimetic pulp capping therapy. J. Control. Release
2020, 324, 679-694. [CrossRef]

Mathew, B.; Torres, L.A.; Gamboa Acha, L.; Tran, S.; Liu, A.; Patel, R.; Chennakesavalu, M.; Aneesh, A.; Huang, C.C.; Feinstein,
D.L.; et al. Uptake and Distribution of Administered Bone Marrow Mesenchymal Stem Cell Extracellular Vesicles in Retina. Cells
2021, 10, 730. [CrossRef]

Mathew, B.; Ravindran, S.; Liu, X,; Torres, L.; Chennakesavalu, M.; Huang, C.C.; Feng, L.; Zelka, R.; Lopez, J.; Sharma, M.; et al.
Mesenchymal stem cell-derived extracellular vesicles and retinal ischemia-reperfusion. Biomaterials 2019, 197, 146-160. [CrossRef]
Rani, S.; Ryan, A.E,; Griffin, M.D.; Ritter, T. Mesenchymal Stem Cell-derived Extracellular Vesicles: Toward Cell-free Therapeutic
Applications. Mol. Ther. 2015, 23, 812-823. [CrossRef]

Maumus, M.; Rozier, P.; Boulestreau, J.; Jorgensen, C.; Noel, D. Mesenchymal Stem Cell-Derived Extracellular Vesicles: Opportu-
nities and Challenges for Clinical Translation. Front. Bioeng. Biotechnol. 2020, 8, 997. [CrossRef]

Lou, G.; Chen, Z.; Zheng, M,; Liu, Y. Mesenchymal stem cell-derived exosomes as a new therapeutic strategy for liver diseases.
Exp. Mol. Med. 2017, 49, e346. [CrossRef]

Valadi, H.; Ekstrom, K.; Bossios, A.; Sjostrand, M.; Lee, ].].; Lotvall, J].O. Exosome-mediated transfer of mRNAs and microRNAs is
a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 2007, 9, 654—659. [CrossRef]

Liu, W,; Rong, Y,; Wang, J.; Zhou, Z.; Ge, X,; Ji, C.; Jiang, D.; Gong, E,; Li, L.; Chen, J.; et al. Exosome-shuttled miR-216a-5p from
hypoxic preconditioned mesenchymal stem cells repair traumatic spinal cord injury by shifting microglial M1/M2 polarization. .
Neuroinflamm. 2020, 17, 47. [CrossRef]

Riazifar, M.; Mohammadi, M.R; Pone, E.J.; Yeri, A.; Lasser, C.; Segaliny, A.L; McIntyre, L.L.; Shelke, G.V,; Hutchins, E.; Hamamoto,
A.; et al. Stem Cell-Derived Exosomes as Nanotherapeutics for Autoimmune and Neurodegenerative Disorders. ACS Nano 2019,
13, 6670-6688. [CrossRef]

Giunti, D.; Marini, C.; Parodi, B.; Usai, C.; Milanese, M.; Bonanno, G.; Kerlero de Rosbo, N.; Uccelli, A. Role of miRNAs shuttled
by mesenchymal stem cell-derived small extracellular vesicles in modulating neuroinflammation. Sci. Rep. 2021, 11, 1740.
[CrossRef]

Clark, E.A.; Kalomoiris, S.; Nolta, J.A.; Fierro, F.A. Concise review: MicroRNA function in multipotent mesenchymal stromal
cells. Stem Cells 2014, 32, 1074-1082. [CrossRef]

Kim, YJ.; Hwang, S.H.; Lee, S.Y.; Shin, KK.; Cho, H.H.; Bae, Y.C.; Jung, ].S. miR-486-5p induces replicative senescence of
human adipose tissue-derived mesenchymal stem cells and its expression is controlled by high glucose. Stem Cells Dev. 2012, 21,
1749-1760. [CrossRef]

Zhao, X.; Liu, D.; Gong, W.; Zhao, G; Liu, L.; Yang, L.; Hou, Y. The toll-like receptor 3 ligand, poly(I:C), improves immunosup-
pressive function and therapeutic effect of mesenchymal stem cells on sepsis via inhibiting MiR-143. Stem Cells 2014, 32, 521-533.
[CrossRef]

Li, J.; Dong, J.; Zhang, Z.H.; Zhang, D.C.; You, X.Y,; Zhong, Y.; Chen, M.S.; Liu, S.M. miR-10a restores human mesenchymal stem
cell differentiation by repressing KLF4. J. Cell. Physiol. 2013, 228, 2324-2336. [CrossRef]

Urbich, C.; Kuehbacher, A.; Dimmeler, S. Role of microRNAs in vascular diseases, inflammation, and angiogenesis. Cardiovasc.
Res. 2008, 79, 581-588. [CrossRef]


http://doi.org/10.1038/leu.2014.41
http://doi.org/10.1002/stem.2759
http://doi.org/10.1517/14728214.2015.1061993
http://doi.org/10.1038/srep44433
http://doi.org/10.1186/s13287-021-02645-7
http://doi.org/10.1161/CIRCRESAHA.116.309307
http://doi.org/10.1186/s12987-017-0061-6
http://doi.org/10.1007/s11373-004-8183-7
http://doi.org/10.1016/j.jconrel.2020.06.006
http://doi.org/10.3390/cells10040730
http://doi.org/10.1016/j.biomaterials.2019.01.016
http://doi.org/10.1038/mt.2015.44
http://doi.org/10.3389/fbioe.2020.00997
http://doi.org/10.1038/emm.2017.63
http://doi.org/10.1038/ncb1596
http://doi.org/10.1186/s12974-020-1726-7
http://doi.org/10.1021/acsnano.9b01004
http://doi.org/10.1038/s41598-021-81039-4
http://doi.org/10.1002/stem.1623
http://doi.org/10.1089/scd.2011.0429
http://doi.org/10.1002/stem.1543
http://doi.org/10.1002/jcp.24402
http://doi.org/10.1093/cvr/cvn156

Int. J. Mol. Sci. 2022, 23, 3829 22 of 24

136.

137.

138.

139.
140.

141.
142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Yoo, J.K.; Kim, J.; Choi, S.J.; Noh, HM.; Kwon, Y.D.; Yoo, H.; Yi, H.S.; Chung, H.M.; Kim, ].K. Discovery and characterization
of novel microRNAs during endothelial differentiation of human embryonic stem cells. Stem Cells Dev. 2012, 21, 2049-2057.
[CrossRef]

Vilaca-Faria, H.; Salgado, A J.; Teixeira, F.G. Mesenchymal Stem Cells-derived Exosomes: A New Possible Therapeutic Strategy
for Parkinson’s Disease? Cells 2019, 8, 118. [CrossRef]

Li, Z; Liu, E; He, X,; Yang, X.; Shan, E; Feng, J. Exosomes derived from mesenchymal stem cells attenuate inflammation and
demyelination of the central nervous system in EAE rats by regulating the polarization of microglia. Int. Immunopharmacol. 2019,
67,268-280. [CrossRef]

Harrell, C.R.; Fellabaum, C.; Jovicic, N.; Djonov, V.; Arsenijevic, N.; Volarevic, V. Molecular Mechanisms Responsible for
Therapeutic Potential of Mesenchymal Stem Cell-Derived Secretome. Cells 2019, 8, 467. [CrossRef]

Chopp, M.; Li, Y. Treatment of neural injury with marrow stromal cells. Lancet Neurol. 2002, 1, 92-100. [CrossRef]

Marzesco, A.M. Prominin-1-containing membrane vesicles: Origins, formation, and utility. Adv. Exp. Med. Biol. 2013, 777, 41-54.
Kilpinen, L.; Impola, U.; Sankkila, L.; Ritamo, I.; Aatonen, M.; Kilpinen, S.; Tuimala, J.; Valmu, L.; Levijoki, J.; Finckenberg, P.; et al.
Extracellular membrane vesicles from umbilical cord blood-derived MSC protect against ischemic acute kidney injury, a feature
that is lost after inflammatory conditioning. J. Extracell. Vesicles 2013, 2. [CrossRef]

Goran Ronquist, K. Extracellular vesicles and energy metabolism. Clin. Chim. Acta 2019, 488, 116-121. [CrossRef]

Riau, A K; Ong, H.S.; Yam, G.H.F,; Mehta, ].S. Sustained Delivery System for Stem Cell-Derived Exosomes. Front. Pharmacol.
2019, 10, 1368. [CrossRef]

Yamashita, T.; Takahashi, Y.; Nishikawa, M.; Takakura, Y. Effect of exosome isolation methods on physicochemical properties of
exosomes and clearance of exosomes from the blood circulation. Eur. J. Pharm. Biopharm. 2016, 98, 1-8. [CrossRef]

Farinazzo, A.; Angiari, S.; Turano, E.; Bistaffa, E.; Dusi, S.; Ruggieri, S.; Bonafede, R.; Mariotti, R.; Constantin, G.; Bonetti, B.
Nanovesicles from adipose-derived mesenchymal stem cells inhibit T lymphocyte trafficking and ameliorate chronic experimental
autoimmune encephalomyelitis. Sci. Rep. 2018, 8, 7473. [CrossRef]

Jafarinia, M.; Alsahebfosoul, E; Salehi, H.; Eskandari, N.; Azimzadeh, M.; Mahmoodi, M.; Asgary, S.; Hakemi, M.G. Therapeutic
effects of extracellular vesicles from human adipose-derived mesenchymal stem cells on chronic experimental autoimmune
encephalomyelitis. J. Cell. Physiol. 2020, 235, 8779-8790. [CrossRef]

Rajan, T.S.; Giacoppo, S.; Diomede, F.; Ballerini, P.; Paolantonio, M.; Marchisio, M.; Piattelli, A.; Bramanti, P.; Mazzon, E.; Trubiani,
O. The secretome of periodontal ligament stem cells from MS patients protects against EAE. Sci. Rep. 2016, 6, 38734. [CrossRef]
Clark, K.; Zhang, S.; Barthe, S.; Kumar, P.; Pivetti, C.; Kreutzberg, N.; Reed, C.; Wang, Y.; Paxton, Z.; Farmer, D.; et al. Placental
Mesenchymal Stem Cell-Derived Extracellular Vesicles Promote Myelin Regeneration in an Animal Model of Multiple Sclerosis.
Cells 2019, 8, 1497. [CrossRef]

Constantin, G.; Marconi, S.; Rossi, B.; Angiari, S.; Calderan, L.; Anghileri, E.; Gini, B.; Bach, S.D.; Martinello, M.; Bifari, F,; et al.
Adipose-derived mesenchymal stem cells ameliorate chronic experimental autoimmune encephalomyelitis. Stem Cells 2009, 27,
2624-2635. [CrossRef]

Zhu, W.; Liang, M. Periodontal ligament stem cells: Current status, concerns, and future prospects. Stem Cells Int. 2015, 2015,
972313. [CrossRef]

Sriram, S.; Steiner, I. Experimental allergic encephalomyelitis: A misleading model of multiple sclerosis. Ann. Neurol. 2005, 58,
939-945. [CrossRef] [PubMed]

Pirko, I.; Noseworthy, ].H. Demyelinating Disorders of the Central Nervous System. In Textbook of Clinical Neurology, 3rd ed.;
Goetz, C.G., Ed.; WB Saunders: Philadelphia, PA, USA, 2007; pp. 1103-1133.

Lassmann, H.; Ransohoff, R.M. The CD4-Th1 model for multiple sclerosis: A critical [correction of crucial] re-appraisal. Trends
Immunol. 2004, 25, 132-137. [CrossRef] [PubMed]

Constantinescu, C.S.; Farooqi, N.; O’Brien, K.; Gran, B. Experimental autoimmune encephalomyelitis (EAE) as a model for
multiple sclerosis (MS). Br. |. Pharmacol. 2011, 164, 1079-1106. [CrossRef]

Mokarizadeh, A.; Delirezh, N.; Morshedi, A.; Mosayebi, G.; Farshid, A.A.; Dalir-Naghadeh, B. Phenotypic modulation of
auto-reactive cells by insertion of tolerogenic molecules via MSC-derived exosomes. Vet. Res. Forum 2012, 3, 257-261.
Mokarizadeh, A.; Delirezh, N.; Morshedi, A.; Mosayebi, G.; Farshid, A.A.; Mardani, K. Microvesicles derived from mesenchymal
stem cells: Potent organelles for induction of tolerogenic signaling. Immunol. Lett. 2012, 147, 47-54. [CrossRef]

Xian, P.; Hei, Y.; Wang, R.; Wang, T.; Yang, J.; Li, J.; Di, Z,; Liu, Z.; Baskys, A.; Liu, W.; et al. Mesenchymal stem cell-derived
exosomes as a nanotherapeutic agent for amelioration of inflammation-induced astrocyte alterations in mice. Theranostics 2019, 9,
5956-5975. [CrossRef]

Farinazzo, A.; Turano, E.; Marconi, S.; Bistaffa, E.; Bazzoli, E.; Bonetti, B. Murine adipose-derived mesenchymal stromal cell
vesicles: In vitro clues for neuroprotective and neuroregenerative approaches. Cytotherapy 2015, 17, 571-578. [CrossRef]

Kumar, P; Becker, ].C.; Gao, K.; Carney, R.P; Lankford, L.; Keller, B.A.; Herout, K.; Lam, K.S.; Farmer, D.L.; Wang, A. Neuroprotec-
tive effect of placenta-derived mesenchymal stromal cells: Role of exosomes. FASEB J. 2019, 33, 5836-5849. [CrossRef]

Pekny, M.; Pekna, M.; Messing, A.; Steinhauser, C.; Lee, ].M.; Parpura, V.; Hol, E.M.; Sofroniew, M.V.; Verkhratsky, A. Astrocytes:
A central element in neurological diseases. Acta Neuropathol. 2016, 131, 323-345. [CrossRef]

Zhao, C.; Sun, G; Li, S; Lang, ML.E; Yang, S.; Li, W.; Shi, Y. MicroRNA let-7b regulates neural stem cell proliferation and
differentiation by targeting nuclear receptor TLX signaling. Proc. Natl. Acad. Sci. USA 2010, 107, 1876-1881. [CrossRef]


http://doi.org/10.1089/scd.2011.0500
http://doi.org/10.3390/cells8020118
http://doi.org/10.1016/j.intimp.2018.12.001
http://doi.org/10.3390/cells8050467
http://doi.org/10.1016/S1474-4422(02)00040-6
http://doi.org/10.3402/jev.v2i0.21927
http://doi.org/10.1016/j.cca.2018.10.044
http://doi.org/10.3389/fphar.2019.01368
http://doi.org/10.1016/j.ejpb.2015.10.017
http://doi.org/10.1038/s41598-018-25676-2
http://doi.org/10.1002/jcp.29721
http://doi.org/10.1038/srep38743
http://doi.org/10.3390/cells8121497
http://doi.org/10.1002/stem.194
http://doi.org/10.1155/2015/972313
http://doi.org/10.1002/ana.20743
http://www.ncbi.nlm.nih.gov/pubmed/16315280
http://doi.org/10.1016/j.it.2004.01.007
http://www.ncbi.nlm.nih.gov/pubmed/15036040
http://doi.org/10.1111/j.1476-5381.2011.01302.x
http://doi.org/10.1016/j.imlet.2012.06.001
http://doi.org/10.7150/thno.33872
http://doi.org/10.1016/j.jcyt.2015.01.005
http://doi.org/10.1096/fj.201800972R
http://doi.org/10.1007/s00401-015-1513-1
http://doi.org/10.1073/pnas.0908750107

Int. J. Mol. Sci. 2022, 23, 3829 23 of 24

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

Vo, N.K.; Cambronne, X.A.; Goodman, R.H. MicroRNA pathways in neural development and plasticity. Curr. Opin. Neurobiol.
2010, 20, 457-465. [CrossRef] [PubMed]

Hu, Z; Li, Z. miRNAs in synapse development and synaptic plasticity. Curr. Opin. Neurobiol. 2017, 45, 24-31. [CrossRef]
[PubMed]

Gaudet, A.D.; Fonken, L.K.; Watkins, L.R.; Nelson, R.J.; Popovich, P.G. MicroRNAs: Roles in Regulating Neuroinflammation.
Neuroscientist 2018, 24, 221-245. [CrossRef] [PubMed]

De Faria, O., Jr.; Moore, C.S.; Kennedy, T.E.; Antel, ].P; Bar-Or, A.; Dhaunchak, A.S. MicroRNA dysregulation in multiple sclerosis.
Front. Genet. 2012, 3, 311.

Andersen, H.H.; Duroux, M.; Gazerani, P. MicroRNAs as modulators and biomarkers of inflammatory and neuropathic pain
conditions. Neurobiol. Dis. 2014, 71, 159-168. [CrossRef]

Selmaj, I.; Cichalewska, M.; Namiecinska, M.; Galazka, G.; Horzelski, W.; Selmaj, K.W.; Mycko, M.P. Global exosome transcriptome
profiling reveals biomarkers for multiple sclerosis. Ann. Neurol. 2017, 81, 703-717. [CrossRef]

Vistbakka, J.; Elovaara, I.; Lehtimaki, T.; Hagman, S. Circulating microRNAs as biomarkers in progressive multiple sclerosis.
Mult. Scler. 2017, 23, 403-412. [CrossRef]

Ingwersen, J.; Menge, T.; Wingerath, B.; Kaya, D.; Graf, ].; Prozorovski, T.; Keller, A.; Backes, C.; Beier, M.; Scheffler, M.; et al.
Natalizumab restores aberrant miRNA expression profile in multiple sclerosis and reveals a critical role for miR-20b. Ann. Clin.
Transl. Neurol. 2015, 2, 43-55. [CrossRef]

Gandhi, R.; Healy, B.; Gholipour, T.; Egorova, S.; Musallam, A.; Hussain, M.S.; Nejad, P,; Patel, B.; Hei, H.; Khoury, S.; et al.
Circulating microRNAs as biomarkers for disease staging in multiple sclerosis. Ann. Neurol. 2013, 73, 729-740. [CrossRef]
Lewkowicz, P; Cwiklinska, H.; Mycko, M.P.; Cichalewska, M.; Domowicz, M.; Lewkowicz, N.; Jurewicz, A.; Selmaj, K.W.
Dysregulated RNA-Induced Silencing Complex (RISC) Assembly within CNS Corresponds with Abnormal miRNA Expression
during Autoimmune Demyelination. J. Neurosci. 2015, 35, 7521-7537. [CrossRef]

Juzwik, C.A,; Drake, S.; Lecuyer, M.A.; Johnson, R.M.; Morquette, B.; Zhang, Y.; Charabati, M.; Sagan, S.M.; Bar-Or, A.; Prat, A.;
et al. Neuronal microRNA regulation in Experimental Autoimmune Encephalomyelitis. Sci. Rep. 2018, 8, 13437. [CrossRef]
[PubMed]

Martin, A.J.; Zhou, L.; Miller, S.D. MicroRNA—Managing the TH-17 inflammatory response. Nat. Immunol. 2009, 10, 1229-1231.
[CrossRef] [PubMed]

O’Connell, R.M.; Kahn, D.; Gibson, W.S.; Round, J.L.; Scholz, R.L.; Chaudhuri, A.A.; Kahn, M.E.; Rao, D.S.; Baltimore, D.
MicroRNA-155 promotes autoimmune inflammation by enhancing inflammatory T cell development. Immunity 2010, 33, 607-619.
[CrossRef] [PubMed]

McCoy, C.E. miR-155 Dysregulation and Therapeutic Intervention in Multiple Sclerosis. Adv. Exp. Med. Biol. 2017, 1024, 111-131.
Chen, C.; Wu, Y,; Li, M,; Cui, C.; Zhao, Y.; Sun, X.; Wang, Y.; Liu, C.; Wu, H.; Zhong, X,; et al. Different Exosomal microRNA
Profile in Aquaporin-4 Antibody Positive Neuromyelitis Optica Spectrum Disorders. Front. Immunol. 2020, 11, 1064. [CrossRef]
Keller, A.; Leidinger, P.; Meese, E.; Haas, ].; Backes, C.; Rasche, L.; Behrens, J.R.; Pfuhl, C.; Wakonig, K.; Giess, R.M.; et al.
Next-generation sequencing identifies altered whole blood microRNAs in neuromyelitis optica spectrum disorder which may
permit discrimination from multiple sclerosis. J. Neuroinflamm. 2015, 12, 196. [CrossRef]

Dugas, ]J.C.; Cuellar, T.L.; Scholze, A.; Ason, B.; Ibrahim, A.; Emery, B.; Zamanian, J.L.; Foo, L.C.; McManus, M.T.; Barres,
B.A. Dicerl and miR-219 Are required for normal oligodendrocyte differentiation and myelination. Neuron 2010, 65, 597-611.
[CrossRef]

Zhao, X.; He, X.; Han, X;; Yu, Y.; Ye, F; Chen, Y.; Hoang, T.; Xu, X.; Mi, Q.S.; Xin, M.; et al. MicroRNA-mediated control of
oligodendrocyte differentiation. Neuron 2010, 65, 612-626. [CrossRef]

Zhang, J.; Zhang, Z.G.; Lu, M.; Wang, X.; Shang, X.; Elias, S.B.; Chopp, M. MiR-146a promotes remyelination in a cuprizone
model of demyelinating injury. Neuroscience 2017, 348, 252-263. [CrossRef]

Prada, I.; Gabrielli, M.; Turola, E.; Iorio, A.; D’Arrigo, G.; Parolisi, R.; De Luca, M.; Pacifici, M.; Bastoni, M.; Lombardi, M.; et al.
Glia-to-neuron transfer of miRNAs via extracellular vesicles: A new mechanism underlying inflammation-induced synaptic
alterations. Acta Neuropathol. 2018, 135, 529-550. [CrossRef]

Markoutsa, E.; Mayilsamy, K.; Gulick, D.; Mohapatra, S.S.; Mohapatra, S. Extracellular vesicles derived from inflammatory-
educated stem cells reverse brain inflammation-implication of miRNAs. Mol. Ther. 2022, 30, 816-830. [CrossRef] [PubMed]
Yamashita, T.; Takahashi, Y.; Takakura, Y. Possibility of Exosome-Based Therapeutics and Challenges in Production of Exosomes
Eligible for Therapeutic Application. Biol. Pharm. Bull. 2018, 41, 835-842. [CrossRef] [PubMed]

Qu, Y;; Zhang, Q.; Cai, X,; Li, F; Ma, Z.; Xu, M.; Lu, L. Exosomes derived from miR-181-5p-modified adipose-derived mesenchymal
stem cells prevent liver fibrosis via autophagy activation. J. Cell. Mol. Med. 2017, 21, 2491-2502. [CrossRef] [PubMed]

Zhang, ].; Ma, J.; Long, K; Qiu, W,; Wang, Y,; Hu, Z; Liu, C,; Luo, Y,; Jiang, A,; Jin, L.; et al. Overexpression of Exosomal
Cardioprotective miRNAs Mitigates Hypoxia-Induced H9¢2 Cells Apoptosis. Int. . Mol. Sci. 2017, 18, 711. [CrossRef]

Yu, B.; Kim, HW.; Gong, M.; Wang, J.; Millard, RW.; Wang, Y.; Ashraf, M.; Xu, M. Exosomes secreted from GATA-4 overexpressing
mesenchymal stem cells serve as a reservoir of anti-apoptotic microRNAs for cardioprotection. Int. J. Cardiol. 2015, 182, 349-360.
[CrossRef]

Yang, M.Q.; Du, Q.; Varley, PR.; Goswami, J.; Liang, Z.; Wang, R.; Li, H; Stolz, D.B.; Geller, D.A. Interferon regulatory factor 1
priming of tumour-derived exosomes enhances the antitumour immune response. Br. J. Cancer 2018, 118, 62-71. [CrossRef]


http://doi.org/10.1016/j.conb.2010.04.002
http://www.ncbi.nlm.nih.gov/pubmed/20447821
http://doi.org/10.1016/j.conb.2017.02.014
http://www.ncbi.nlm.nih.gov/pubmed/28334640
http://doi.org/10.1177/1073858417721150
http://www.ncbi.nlm.nih.gov/pubmed/28737113
http://doi.org/10.1016/j.nbd.2014.08.003
http://doi.org/10.1002/ana.24931
http://doi.org/10.1177/1352458516651141
http://doi.org/10.1002/acn3.152
http://doi.org/10.1002/ana.23880
http://doi.org/10.1523/JNEUROSCI.4794-14.2015
http://doi.org/10.1038/s41598-018-31542-y
http://www.ncbi.nlm.nih.gov/pubmed/30194392
http://doi.org/10.1038/ni1209-1229
http://www.ncbi.nlm.nih.gov/pubmed/19915620
http://doi.org/10.1016/j.immuni.2010.09.009
http://www.ncbi.nlm.nih.gov/pubmed/20888269
http://doi.org/10.3389/fimmu.2020.01064
http://doi.org/10.1186/s12974-015-0418-1
http://doi.org/10.1016/j.neuron.2010.01.027
http://doi.org/10.1016/j.neuron.2010.02.018
http://doi.org/10.1016/j.neuroscience.2017.02.029
http://doi.org/10.1007/s00401-017-1803-x
http://doi.org/10.1016/j.ymthe.2021.08.008
http://www.ncbi.nlm.nih.gov/pubmed/34371179
http://doi.org/10.1248/bpb.b18-00133
http://www.ncbi.nlm.nih.gov/pubmed/29863072
http://doi.org/10.1111/jcmm.13170
http://www.ncbi.nlm.nih.gov/pubmed/28382720
http://doi.org/10.3390/ijms18040711
http://doi.org/10.1016/j.ijcard.2014.12.043
http://doi.org/10.1038/bjc.2017.389

Int. J. Mol. Sci. 2022, 23, 3829 24 of 24

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

Takahashi, Y.; Nishikawa, M.; Shinotsuka, H.; Matsui, Y.; Ohara, S.; Imai, T.; Takakura, Y. Visualization and in vivo tracking of the
exosomes of murine melanoma B16-BL6 cells in mice after intravenous injection. . Biotechnol. 2013, 165, 77-84. [CrossRef]
Morishita, M.; Takahashi, Y.; Nishikawa, M.; Sano, K.; Kato, K.; Yamashita, T.; Imai, T.; Saji, H.; Takakura, Y. Quantitative analysis
of tissue distribution of the B16BL6-derived exosomes using a streptavidin-lactadherin fusion protein and iodine-125-labeled
biotin derivative after intravenous injection in mice. J. Pharm. Sci. 2015, 104, 705-713. [CrossRef]

Imai, T.; Takahashi, Y.; Nishikawa, M.; Kato, K.; Morishita, M.; Yamashita, T.; Matsumoto, A.; Charoenviriyakul, C.; Takakura, Y.
Macrophage-dependent clearance of systemically administered B16BL6-derived exosomes from the blood circulation in mice. J.
Extracell. Vesicles 2015, 4, 26238. [CrossRef]

Matsumoto, A.; Takahashi, Y.; Nishikawa, M.; Sano, K.; Morishita, M.; Charoenviriyakul, C.; Saji, H.; Takakura, Y. Role of
Phosphatidylserine-Derived Negative Surface Charges in the Recognition and Uptake of Intravenously Injected B16BL6-Derived
Exosomes by Macrophages. J. Pharm. Sci. 2017, 106, 168-175. [CrossRef]

Deshpande, P.P.; Biswas, S.; Torchilin, V.P. Current trends in the use of liposomes for tumor targeting. Nanomedicine 2013, 8,
1509-1528. [CrossRef] [PubMed]

Gebeyehu, A.; Kommineni, N.; Meckes, D.G., Jr.; Sachdeva, M.S. Role of Exosomes for Delivery of Chemotherapeutic Drugs. Crit.
Rev. Ther. Drug Carr. Syst. 2021, 38, 53-97. [CrossRef] [PubMed]

Johnsen, K.B.; Gudbergsson, ].M.; Skov, M.N.; Pilgaard, L.; Moos, T.; Duroux, M. A comprehensive overview of exosomes as
drug delivery vehicles-endogenous nanocarriers for targeted cancer therapy. Biochim. Biophys. Acta 2014, 1846, 75-87. [CrossRef]
[PubMed]

Antimisiaris, S.G.; Mourtas, S.; Marazioti, A. Exosomes and Exosome-Inspired Vesicles for Targeted Drug Delivery. Pharmaceutics
2018, 10, 218. [CrossRef]

Kooijmans, S.A.A.; Fliervoet, L.A.L.; van der Meel, R.; Fens, M.; Heijnen, H.EG.; van Bergen En Henegouwen, PM.P; Vader, P;
Schiffelers, R.M. PEGylated and targeted extracellular vesicles display enhanced cell specificity and circulation time. J. Control.
Release 2016, 224, 77-85. [CrossRef]

Conese, M.; Cassano, R.; Gavini, E.; Trapani, G.; Rassu, G.; Sanna, E.; Di Gioia, S.; Trapani, A. Harnessing Stem Cells and
Neurotrophic Factors with Novel Technologies in the Treatment of Parkinson’s Disease. Curr. Stem Cell Res. Ther. 2019, 14,
549-569. [CrossRef]


http://doi.org/10.1016/j.jbiotec.2013.03.013
http://doi.org/10.1002/jps.24251
http://doi.org/10.3402/jev.v4.26238
http://doi.org/10.1016/j.xphs.2016.07.022
http://doi.org/10.2217/nnm.13.118
http://www.ncbi.nlm.nih.gov/pubmed/23914966
http://doi.org/10.1615/CritRevTherDrugCarrierSyst.2021036301
http://www.ncbi.nlm.nih.gov/pubmed/34375513
http://doi.org/10.1016/j.bbcan.2014.04.005
http://www.ncbi.nlm.nih.gov/pubmed/24747178
http://doi.org/10.3390/pharmaceutics10040218
http://doi.org/10.1016/j.jconrel.2016.01.009
http://doi.org/10.2174/1574888X14666190301150210

	Introduction 
	Immunity and Neuroinflammation 
	Multiple Sclerosis 
	Neuromyelitis Optica Spectrum Disorder 
	MOG-Associated Disease 
	ADEM 
	GFAP 

	Mesenchymal Stem (Stromal) Cells (MSCs) 
	MSC-Derived EVs 
	MSC-Derived EVs in Autoimmune Demyelinating Diseases 
	MSC-EVs in In Vivo Animal Studies 
	MSC-EVs in In Vitro Studies 

	Conclusions and Future Outlook 
	References

